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Editorial on the Research Topic

Dynamics of Asia’s and Australasia’s forests in a changing world

The world’s forests are under extraordinary pressure. Increasingly frequent droughts
(Alizadeh et al., 2020), more extreme heat (Hammond et al., 2022), more frequent and
severe storms (Senf and Seidl, 2021; Seidl and Turner, 2022), tree decline and dieback from
increased insect pressures (Sallé and Bouget, 2020), and other effects of global warming
are taking their toll, as well as anthropogenic disturbance which is affecting pristine forests
at an unprecedented speed (Stibig et al., 2014; Ferrante and Fearnside, 2020). Biological
invasions contribute to the complexity of interacting challenges (Seebens et al., 2023).
At the same time, foresters and the forest economy in total struggle to adapt to rapidly
changing conditions to achieve sustainability (Raj et al., 2024).

When precipitation patterns, temperatures and light availability suddenly deviate
significantly from the usual values, this can, for instance, result in increased tree
mortality (Hartmann et al., 2018), reduced reproductive success and a shift in species
and ecosystem ranges (Pouteau et al., 2018; O’Sullivan et al., 2021). Consequently, some
forest ecosystems have become particularly vulnerable through synergetic effects of climate
change (Boehmer, 2011), and provision of their ecosystem services such as freshwater
retention and disaster risk reduction is likely to becomemore andmore limited (Sudmeyer-
Rieux et al., 2021). Additionally, long-term analysis by Schmidt et al. underscores the
significant impact of fire frequency, intensity, and burn severity on Kalimantan’s peatland
areas, highlighting the need for comprehensive firemanagement strategies. Forest structure
and dynamics under these conditions have now become one of the research fronts of
ecology (Ehbrecht et al., 2021; Hammond et al., 2022; Boehmer and Galvin, 2024), and
what is being worked out is as interesting as it is concerning (Engert et al., 2024).

Meanwhile, the Global Agreement reached at the 26th Conference of the Parties
(COP26) to the UNFCCC, signed by over 100 world leaders, represents a significant
commitment to restore forests by 2030. This landmark pledge, endorsed by countries
representing 85% of the world’s forests, aims to halt and reverse forest loss and land
degradation. Such initiatives are crucial for addressing deforestation and promoting
sustainable land use practices. They leverage the latest research in forest ecology,
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conservation biology, and environmental science to ensure that
forest management strategies are both sustainable and effective
(UNFCCC, 2021). Thus, scientific research underpins these
global agreements and initiatives, providing essential data and
methodologies to guide effective policy and practice.

The Research Topic entitled “The Forest Science Regional
Spotlight: Asia and Australasia” provides a snapshot of current
research on forest ecosystems in this region wheremajor issues have
been highlighted since the 1970s (Collins et al., 1991; Huettl and
Mueller-Dombois, 1993). The Research Topic of 21 articles explores
various dimensions of forest science, offering critical insights that
align with international efforts to combat deforestation, enhance
biodiversity, and promote sustainable land use practices.

The Research Topic begins with a focus on carbon
sequestration and the impact of climate change on forests.
For instance, Mu et al. explore the role of soil in absorbing
isoprenoids in a Eucalyptus urophylla plantation in subtropical
China. This study highlights the importance of soil chemistry
in carbon storage processes. Similarly, Lee and Kim examine
the potential for reforestation to sequester CO2 on the Korean
Peninsula, offering a spatiotemporal approach that underscores
reforestation’s role in mitigating climate change.

Ecosystem management and restoration practices are
prominently featured in the Research Topic. Lin and Fu provide a
comprehensive study on optimizing tropical rainforest ecosystem
management in Hainan Tropical Rainforest National Park,
China. Their research tracks changes in ecosystem service
values over the past 40 years, providing valuable insights for
future management practices. In a related study, Zhu et al.
investigate the challenges posed by monoculture plantations
in the regeneration of lowland subtropical forests in Hong
Kong, advocating for more diverse planting strategies to
enhance the recovery of this biologically important forest
community. Guan et al. model the branch attributes and
biomass for Catalpa bungei plantations under various fertilization
regimes, offering insights into the impacts of fertilization on
forest growth.

The intricate relationships between environmental factors and
biological processes are examined in several studies. Takeda et al.
reveal how global warming increases soil respiration across a 1200-
meter elevational gradient, highlighting broader climate change
impacts on soil processes. In addition, Lai et al. explore the
complex interplay between microbial activity and the growth of
the invasive plant Triadica sebifera, illustrating the multifaceted
nature of ecosystem interactions. A study by Wang C. et al.
examines the dynamics of opposite wood and compression wood
formation in Pinus massoniana, revealing how mechanical stress
influences xylem cell division and wood formation under varying
climatic conditions. Moreover, the study by Choi et al. utilizes
tree-ring oxygen isotope chronologies to reveal significant regional
climate differences and their correlations with temperature and
precipitation across the Korean Peninsula, providing a valuable
reference for understanding rainfall variations in East Asia.
Chen et al. show how radiation and temperature dominate the
spatiotemporal variability in resilience of subtropical evergreen
forests in China, emphasizing the influence of climatic factors on
forest health.

Socioeconomic perspectives and policy implications are
addressed through research on economic incentives and market
dynamics. Han et al. analyze the willingness of farmers to enter the
forestry property market in southern China, shedding light on the
economic motivations behind forest conservation. Complementing
this, Ding et al. present a dynamic game model to determine
effective subsidy standards for public welfare forests in Jiangxi,
China, providing a useful framework for designing sustainable
forestry policies.

Biodiversity and ecosystem health are critical themes
throughout the collection of this Research Topic. Cheng et al. study
the effects of elevation, aspect, and slope on woody vegetation
structure in northwestern Yunnan, China, providing insights
into biodiversity conservation in human-altered landscapes.
Meanwhile, Wang K. et al. examine the dynamic variation of
non-structural carbohydrates in temperate broad-leaved trees,
offering a deeper understanding of tree physiology and its
response to environmental changes. Research by Jin et al. analyzes
further into the responses of economic and anatomical leaf traits
to soil fertility factors in eight coexisting broadleaf species in
temperate forests, further contributing to our understanding of
forest ecology.

The Research Topic also explores the effects of mixed planting
and species interactions on forest health. He et al. demonstrate
that mixed planting improves soil aggregate stability and aggregate-
associated C-N-P accumulation in subtropical China, suggesting
benefits for soil health and nutrient cycling. Cui et al. report that
mixed Eucalyptus plantations enhance phosphorus accumulation
and transformation in soil aggregates, underscoring the potential
of mixed-species plantations for sustainable forest management.

Additional research highlights the influence of atmospheric
conditions on forest ecosystems. For example, Kim and Lee
investigate the potential effects of surface ozone on forests in
Gangwon Province, South Korea, based on critical thresholds,
revealing the impact of air pollution on forest health. Zhao et al.
explore the influence of hydrothermal factors on a coniferous forest
canopy in the semiarid alpine region of Northwest China, providing
insights into the adaptive strategies of forests under varying
climatic conditions. Finally, Shin et al. emphasize the importance of
improving the accuracy of plant phenology observations and land-
cover and land-use detection by optical satellite remote-sensing in
the Asian tropics, showcasing the role of advanced technologies in
forest monitoring and management.

This Research Topic underscores the importance of
interdisciplinary approaches to understanding and managing
forests in Asia and Australasia. From carbon sequestration
to biodiversity conservation, these studies provide valuable
knowledge that can help inform policy, guide sustainable
management practices, and address the pressing challenges of
climate change and ecological degradation.

We hope this Research Topic inspires further research and
action toward preserving the vital forests of this region for future
generations. The diversity and depth of these studies demonstrate
the dynamic interplay between natural processes and human
activities, highlighting the critical role forests play in maintaining
ecological balance and supporting human well-being. Further, by
aligning with global agreements such as the Paris Agreement and
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the Sustainable Development Goals, this Research Topic aims to
contribute to international efforts in environmental conservation
and sustainable development.

Explore these insightful articles and join the ongoing
conversation about forest science in Asia and Australasia here.
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High hourly concentrations of ozone, a secondary pollutant produced from

the photochemical reactions of primary precursors, have been increasing in

South Korea, bringing potential adverse effects on vegetation. Deforestation

caused by high ozone concentrations has been investigated in China and

Japan. Using ozone measurements from East and West, Gangwon Province,

South Korea, from 2001 to 2018, this study compared changes in surface

ozone concentrations and analyzed the influences of meteorological factors

and air pollutants. This study calculated accumulated ozone exposure

over a threshold of 40 ppb (AOT40) and investigated the possibility of

ozone affecting deforestation. Monthly average surface ozone concentrations

increased rapidly in both regions from 2009. Although the daily total insolation

(a meteorological factor that significantly impacts photochemical reactions)

of West Gangwon and East Gangwon did not differ significantly, the ozone

concentration was lower in East Gangwon than in West Gangwon (1.5 times

lower from 2001 to 2018) owing to local strong winds. Moreover, there was a

negative correlation between nitrogen dioxide and ozone generation. AOT40

in West Gangwon was about twice that in East Gangwon and exceeded

10,000 ppbh, the critical level for forests, every year since 2003. Potential

damage from high concentrations of ozone was higher in West Gangwon than

in East Gangwon.

KEYWORDS

surface ozone, forest, daily total insolation, AOT40, critical level

Introduction

Ozone (O3) is a secondary pollutant generated from photochemical reactions by
ultraviolet rays when precursors, nitrogen oxides (NOx) and volatile organic compounds
(VOCs), are present in the atmosphere. NOx is generated during fossil fuel combustion.
In the Seoul metropolitan area, 57% of NOx emissions come from road transportation
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pollution sources, such as automobiles (Ministry of the
Environment Metropolitan Air Quality Management Office,
2022). VOCs easily evaporate in the atmosphere owing to their
low boiling point, and 72% come from the use of organic
solvents, such as in chemical and pharmaceutical factories
and plastic drying processes (Ministry of the Environment
Metropolitan Air Quality Management Office, 2022). Owing
to rising emissions of NOx and VOCs from anthropogenic
sources, O3 concentrations have been steadily increasing (Volz
and Kley, 1988) and are expected to further increase in the future
with rising anthropogenic pollutant emissions (Vingarzan, 2004;
Meehl et al., 2007).

Although primary air pollutants play a role in the generation
of high O3 concentrations, meteorological conditions, such as
temperature, insolation, relative humidity, and wind speed, are
also key factors (Osrodka and Swiech-Skiba, 1997; Treffeisen
and Halder, 2000; Walczewski, 2005). Among meteorological
conditions, O3 tends to rise in proportion to insolation and
temperature and decreases with increasing cloud and rain
(Ferretti et al., 2003). When the temperature rises, emissions
of volatile hydrocarbons increase and solar radiation increases,
thereby increasing photochemical processes, accelerating the
formation of O3 (Fiala et al., 2003).

According to the Seoul Metropolitan Area Atmospheric
Environment Agency (2005) published by the Metropolitan Air
Environment Agency of the Korean Ministry of Environment,
meteorological conditions in which high concentrations of O3

occur can be largely categorized as follows: (1) temperature
of 25◦C or higher, (2) relative humidity of 75% or lower, (3)
continuous wind speed of 4 m/s or less, (4) total insolation
from sunrise to noon of 6.4 MJ/m2 or more, and (5)
continuous strong insolation and no clouds in sunny weather.
When high concentrations of O3 occur, if the atmosphere
is stable and convection does not occur owing to frontal or
subsidence inversion, then anthropogenic air pollutants emitted
by anthropogenic activities become trapped near the earth’s
surface with the surrounding air, which can adversely impact
human health and forest ecosystems. It is necessary to monitor
the interaction between weather factors and air pollutants for a
long time to identify the condition of the atmosphere and the
degree of air pollutants and establish air pollution policies.

High concentrations of O3 adversely impact the human
body and are highly toxic to plants and the degree of damage
varies with the O3 concentration and period of exposure.
During gas exchange between leaves and the environment, O3

penetrating through open stomata (Rich et al., 1970) can lead to
acute damage, such as necrosis and spots, and chronic damage,
such as pigmentation and dieback (Krupa and Manning,
1988). Long-term exposure to high O3 concentrations adversely
impacts crop yields, forest growth, and species composition
(Ashmore, 2005).

The critical level of O3 for vegetation was first defined in
Germany in 1988 (ECE, 1988). This was further developed and

the concept of accumulated exposure to O3 above the critical
level for a given time was adopted. The indicator for the impact
of O3 exposure on vegetation is accumulated O3 exposure over
a threshold of 40 ppb (AOT40), which set a concentration of
40 ppb (0.04 ppm) for the AOTx indicator widely used in
Europe. The average AOT40 in East Asia is steadily increasing,
and damage from ozone is expected to increase (Chang et al.,
2017). In order to manage the damage caused by ozone in the
long term, it is necessary to study at a local level.

As forests occupy approximately 63% of the total land in
South Korea (Korea Forest Service Home, 2022), forest damage
caused by O3 is expected to grow in severity. Recently, high O3

concentrations are frequently occurring in South Korea and the
number of O3 warnings issued is increasing (Air Korea, 2022).

As climate change becomes serious, the function of forests in
carbon absorption is being discussed as a means of responding
to climate change. However, there are concerns about the decline
of forests owing to air pollutants (Takahashi et al., 2020). To
prevent forest reduction, it is necessary to study the regional
critical level and create and manage forests accordingly. As
such, there is a growing need for studies on the impacts of O3

on forests, but such research is insufficient. The primary aim
of this study is to investigate the possibility of O3 adversely
impacting the productivity of forests in South Korea. Long-term
changes in O3 concentration and AOT40 were calculated and
analyzed using national data on surface O3 concentrations in
East Gangwon and West Gangwon, Gangwon Province, from
2001 to 2018.

Materials and methods

Monitoring sites

Gangwon Province, South Korea, has a total area of
16,875 km2, approximately 17% of the country’s total land
area. About 81% (13,716 km2) of Gangwon Province’s total
area is forest, making it the largest forest area in South Korea
[approximately 21.6% of national forest cover (Korea Forest
Service, 2021)]. Gangwon Province is divided into East
Gangwon and West Gangwon by the Taebaek Mountains,
the longest mountain range in South Korea, stretching from
South Hamgyong Province in North Korea to Busan in
South Korea, known as the backbone of the Korean Peninsula.
The Taebaek Mountains crossing Gangwon Province consist of
a continuously connected high and wide mountain range with
an average elevation of 800–1,000 m above sea level. They act as
a boundary, separating cultures within the province and causing
distinct climates.

Regarding general meteorological characteristics, in East
Gangwon, the steep slopes of the mountain range are
connected to the sea and form a narrow and long topography
along the coastline with barely any plains. Consequently,
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the region has many meteorological characteristics associated
with oceanic climates, such as heavy rain and heavy snowfall
during northeasterly currents. It also experiences warm winters
and relatively cool summers for its latitude, so the annual
temperature difference is relatively small (Gangwon Regional
Meteorological Administration, 2011).

In West Gangwon, there is a gradual distribution of
mountain ranges and basins to the west, plains are more
developed than in East Gangwon, and springs from the
Gwangju, Charyeong, and Sobaek Mountains gather to become
the source of the Han River and other major rivers. Owing to
its central inland location, West Gangwon has characteristics
closer to a continental climate, with less precipitation than East
Gangwon (Gangwon Regional Meteorological Administration,
2011).

Changes in O3 can be clearly observed in Gangwon
Province depending on the region when diverse variables
are considered, such as meteorological conditions and air
pollutant emission concentrations. Accordingly, to compare
East Gangwon and West Gangwon centered around the
Taebaek Mountains, this study selected Gangneung-si (East
Gangwon) and Wonju-si (West Gangwon) as the monitoring
sites (Figure 1). From the monitoring network, measurement
data from Okcheon-dong [2179 Gyeonggang-ro, Gangneung-
si, Gangwon-do (37◦45′36.6′′N 128◦54′10.6′′E)] were used for
East Gangwon and measurement data from Myeongnyun-
dong [171 Dangu-ro, Wonju-si, Gangwon-do (37◦21′12.6′′N
127◦56′54.7′′E)] for West Gangwon.

Database and data processing

Since 2021, the public website Air Korea has provided real-
time air pollution information for South Korea consisting of air
quality standard data measured from 600 urban atmospheric
monitoring networks installed in 228 cities and counties
nationwide, roadside atmospheric monitoring networks,
national baseline concentration monitoring networks,
suburban atmospheric monitoring networks, and port
atmospheric monitoring networks. In this study, national
data that conducted QA/QC according to Korea’s air pollution
measurement network operating guidelines were used, and a
total of two urban air measurement stations were used, one each
in Gangneung and Wonju.

The measurement methods of each air quality standard
item vary; O3 is measured hourly and daily using the UV
photometric method. Observational data from nationwide air-
quality monitoring stations were collected and converted to the
maximum daily 8 h ozone average (MDA8O3). To calculate
MDA8O3 for a given calendar day, we selected the highest value
among 24 possible 8 h rolling mean concentrations from the
hourly ozone data observed at each station. If >25% of hourly
data for a given day were not valid, MDA8O3 was not calculated

for those days and was excluded from further analysis. Yearly
MDA8O3 averages were calculated from daily values. This study
used hourly O3 measurements from January 2001 to December
2018 from the urban atmospheric monitoring networks and
calculated the annual and monthly average O3 concentrations
based on 8 hours during the daytime (9:00 to 17:00), when
photosynthesis is active.

To analyze the O3 concentrations according to
meteorological factors and primary pollutants, this study used
public national data on nitrogen dioxide (NO2) concentrations
and meteorological factors, including average temperature,
average relative humidity, average wind speed, average cloud
cover, and daily total insolation. As daily total insolation is
a major factor affecting the O3 concentrations according to
photochemical reactions (Massambani and Andrade, 1994;
Ellis et al., 2000; Kumar et al., 2010), this study analyzed its
correlation using meteorological data from the same regions as
the O3 monitoring stations.

Ozone exposure indices

Two indices for analyzing the long-term effects of O3

exposure on vegetation (e.g., crops and trees) are AOT40, which
is mainly used in Europe, and SUM60, which is mainly used
in the US (Tong et al., 2009). AOT40 and SUM60 are similar
evaluation measures, but in the case of AOT40, experimental
data on trees or crops exist. In this study, AOT40 was used
to determine the biological relevance according to the O3

concentration.

AOT40 =
n∑

i = 1
[CO3−40] i for CO3 ≥ 40ppb (1)

AOT40 refers to the accumulated quantity of O3 exceeding
a concentration of 40 ppb in a specific period. Studies have
reported that forest production declines by over 10% when the
AOT40 value from April to September, the growth period of
trees, exceeds 10,000 ppbh, which was defined as the O3 critical
level for forests (Loibl et al., 2004; Kohno et al., 2005). Deciduous
tree species, such as ash (Fraxinus excelsior) and black alder
(Alnus glutinosa), have higher sensitivity to O3 (Ozolincius et al.,
2005), and based on the O3 exposure index, a study showed that
the growth of beech (Fagus sylvatica) considerably decreased
when AOT40 exceeded 10,000 ppbh (Braun and Flückiger,
1995). Given that vegetation mainly absorbs O3 during the
daytime when the stomata are open, only the period when
solar radiation energy exceeds 50 W/m2 should be considered
when calculating AOT40 (World Health Organization [WHO],
2000). As such, to calculate AOT40, this study extracted only O3

concentrations of 40 ppb or higher during 8 h in the daytime
(9:00 to 17:00) from the hourly O3 concentration measurement
data from 1 January 2001 to 31 December 2018. Additionally,
the daily averages were calculated and AOT40 of East Gangwon
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FIGURE 1

Monitoring sites (East Gangwon, West Gangwon).

and West Gangwon was obtained using the accumulated sum of
6 months (180 days). For 2001, data for calculating AOT40 were
available starting from July. The changes in AOT40 by year were
observed by dividing the research period into 2001–2008 and
2009–2018. This divide was chosen because O3 concentrations
surged in 2009.

Results and discussion

Comparison of ozone concentrations
in East Gangwon and West Gangwon

Figure 2 compared yearly atmospheric O3 concentrations
in East Gangwon and West Gangwon from 2001 to 2018 and
South Korea’s O3 air quality standard of 60 ppb is indicated by
the dotted line. Owing to the absence of measurement data for
2007 in East Gangwon, we could not confirm measurement data
from April to June, when high O3 concentrations are expected,
so this period was excluded from the study. The average O3

concentration over 18 years was confirmed to be higher in West
Gangwon (32.63 ppb) than in East Gangwon (29.85 ppb). The
average annual O3 concentration was highest in 2009 (35.18 and
34.00 ppb in East Gangwon and West Gangwon, respectively;

Supplementary Table 1). The average O3 concentrations in
East Gangwon and West Gangwon were 30.10 ± 2.77 and
30.73 ± 2.32 ppb from 2001 to 2008 and 32.75 ± 2.83 and
34.65± 2.27 from 2009 to 2018, respectively, indicating that the
O3 concentrations rose in both regions from 2009.

According to a comparison of the average monthly O3

concentrations in the two regions by year, the highest in East
Gangwon was 54.48 ppb, measured in May 2017 and the highest
in West Gangwon was 67.87 ppb, measured in May 2014. In
terms of the maximum average monthly O3 concentrations
per year from 2001 to 2018, in East Gangwon, maximum
concentrations were observed once in February, six times in
April, seven times in May, and three times in June, indicating
that O3 concentrations frequently peaked in April and May. In
West Gangwon, maximum concentrations were observed four
times in May and 14 times in June, indicating that O3 generation
peaked in May and June (Supplementary Table 1).

To clearly observe the changes in O3 concentration from
2001 to 2018, the period was divided into two (2001–2008 and
2009–2018). The overall O3 concentration rose more from 2009
to 2018 than from 2001 to 2008 in both regions, though O3

concentrations declined from December to February from 2009
to 2018 (Figure 3). East Gangwon showed the largest increase
in April–May, whereas West Gangwon showed the largest
increase in June–July. West Gangwon showed higher monthly
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FIGURE 2

Changes in average O3 concentration from 2001 to 2018.

average O3 concentrations than East Gangwon and tended to
show higher concentrations from April–September, when the
meteorological conditions for high O3 concentration were met.
In contrast, from October–March, East Gangwon showed higher
O3 concentrations than West Gangwon. This is likely because
the average winter temperature in East Gangwon is higher than
that in West Gangwon, providing better conditions for the
generation of O3 (Gangwon Province, 2022).

Changes in ozone concentration
according to meteorological factors
and air pollutants

Meteorological factors
Ozone is a secondary pollutant generated from the

photochemical reactions of primary pollutants in the
atmosphere. Therefore, insolation, which is directly related
to the photochemical reactions, is a major meteorological
factor affecting O3 generation. General linear regression
analysis between insolation and O3 in East Gangwon and West
Gangwon achieved R2 of 0.61 (y1) and 0.84 (y2), respectively
(Figure 4). Insolation and O3 showed a positive correlation
in both regions; however, surface O3 was more influenced
by insolation in West Gangwon than in East Gangwon, as

high O3 concentrations of 60 ppb or more were generated as
insolation increased. In general, O3 is actively generated and
deposited in a stable atmosphere (Jacob et al., 1992; Helmig
et al., 2008, 2012; Xing et al., 2017; Karle et al., 2020). In East
Gangwon, a regional meteorological phenomenon occurs in
which a continuous wind current in the central inland region
crosses the Taebaek Mountains and reaches East Gangwon,
forming a temperature inversion layer on the downwind side
and producing dry strong winds (Lee, 2003). Therefore, the
relatively low R2 between insolation and O3 in East Gangwon
despite the identical insolation can be attributed to the reduced
generation of O3. Accordingly, given that East Gangwon and
West Gangwon in Gangwon Province have different climatic
characteristics, including average temperature, average wind
speed, and insolation owing to the Taebaek Mountains’ unique
geographical characteristics, O3 management measures should
consider individual microclimate (Gangwon Province, 2022).

Air pollutants
Nitrogen oxides are a major determinant of atmospheric

O3 concentrations (Grewe et al., 2012; He et al., 2013). In
West Gangwon, there was a negative correlation between NO2

and O3, which can be explained by seasonal effects and the
effects of VOCs-limited regime in the heavily polluted urban
areas (National Research Council, 1992). In West Gangwon,
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FIGURE 3

Monthly average O3 concentrations from 2001 to 2008 and 2009 to 2018 in East Gangwon and West Gangwon.

FIGURE 4

Changes in O3 concentration according to daily total insolation.

from April to June, O3 concentrations were high and NO2

concentrations were low, with O3 then decreasing from July
and NO2 increasing from September (Figure 6). During July
and August at the monitoring sites, intensive rainfall occurred
and insolation decreased, whereas insolation was highest from
April to June (Isaksen et al., 1978). As insolation rises owing

to seasonal factors, solar radiation increases, photochemical
reactions become active, NO2 is converted to O3, and the
concentration of atmospheric NO2 declines (Yienger et al., 1999;
Liu and Shi, 2021), whereas that of O3 rises (Sillman, 1999;
Yienger et al., 1999; Chang et al., 2017). In addition, unlike other
air pollutants, O3 has non-linear efficiency, so the reduction of
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FIGURE 5

Changes in O3 concentration according to NO2.

NOx can exacerbate O3 in the short term. As O3 concentrations
change according to the ratio of atmospheric VOCs and NOx

(Sillman and He, 2002; Jeon et al., 2017), it is important to
control NOx and VOCs to reduce O3 concentrations. Generally,
regions with a VOCs/NOx ratio of 6 or less are classified as
VOCs-limited regions, which applies to large cities with heavy
traffic such as Seoul, Busan, and Wonju. Researchers have
reported that in Seoul, NOx is already saturated and VOCs
act as a limiting factor for O3 generation (Korean Statistical
Information Service, 2022a). Therefore, in large cities with high
NOx emissions, control of VOCs is necessary for the effective
integrated management of O3.

In contrast, NO2 concentrations throughout the year were
lower in East Gangwon than in West Gangwon, and there
were no large differences by month (Figure 6B). In this
regard, as East Gangwon has a smaller population [as of
2021: East Gangwon 215,322 and West Gangwon 361,056
(Korean Statistical Information Service, 2022a)], traffic volume
[registered vehicles as of 2022: East Gangwon 115,464 and West
Gangwon 186,896 (Korea Industrial Complex Corporation,
2022)], and industrial complex size (total area of general
industrial complexes as of 2015: East Gangwon 2.144 km2 and
West Gangwon 2.198 km2) (Matsumura, 1997), NO2 emissions
from non-point and point sources were lower than those in West
Gangwon. Figures 4, 5 show that in East Gangwon, changes
in O3 concentration were barely influenced by NO2 and were
mainly influenced by meteorological factors, such as insolation.
In East Gangwon, the atmospheric NO2 concentration is low
and the atmosphere is unstable owing to its topographical

features. Hence, East Gangwon had lower O3 concentrations
from April to June and smaller fluctuations in O3 throughout
the year than West Gangwon (Figure 6B). On the other hand,
East Gangwon had higher O3 concentrations from November
to February than West Gangwon (Figure 6B).

Calculation of accumulated ozone
exposure over a threshold of 40 ppb
and impact assessment

When trees are exposed to high O3 concentrations over long
periods, damage can occur, such as leaf necrosis, browning, and
spots (Günthardt-Goerg and Vollenweider, 2007). If damage
accumulates, tree growth can be inhibited and species diversity
reduced, leading to a decline in forest productivity. Therefore,
this study observed AOT40 in East Gangwon and West
Gangwon based on AOT40 10,000 ppbh, the critical level
for forests reported by WHO. In South Korea, high O3

concentrations of 40 ppb and higher occur from April to June
and the AOT40 accumulated over the previous 6 months was
highest from July to September (Figure 7). Figure 7 shows
the changes in East Gangwon and West Gangwon by year for
6 months from April to September. AOT40 in both regions
fluctuated every year according to pollution and meteorological
conditions in the region but there were clear differences between
East Gangwon and West Gangwon. The average AOT40 in
West Gangwon over the 18 years (10,106 ppbh) was about
twice that of East Gangwon (5,383 ppbh). In East Gangwon, the
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FIGURE 6

Monthly average NO2 and O3 concentrations and insolation from 2001 to 2018: (A) West Gangwon; (B) East Gangwon.

critical level was first exceeded in 2009 (September: 12,546 ppbh)
and then decreased, but starting in 2012, it showed a steady
increase every year. AOT40 exceeded the critical level from 2017
(September: 12,984 ppbh) to 2018 (September: 12,483 ppbh).
In West Gangwon, AOT40 began to approach the critical
level from 2002 and then exceeded the critical level from
July to September every year from 2003 to 2018. AOT40 rose
particularly quickly in 2009 (September: 19,039 ppbh) and
peaked across the whole study period in 2014 (September:
23,804 ppbh). From 2014 to 2018 in West Gangwon, the average
AOT40 in September was 20,714 ppbh, more than twice the
critical level. This value is higher than the average AOT40
(19,600 ppbh) in summer in East Asia (Chang et al., 2017). As
such, there is a greater concern in West Gangwon than in East
Gangwon about declining forest productivity from long-term
exposure to high surface O3 concentrations.

Nevertheless, it is important to note that there is uncertainty
regarding applying the AOT40 critical level, which was
developed for Europe, in South Korea. Although this study
matched the AOT40 calculation formula and critical level
with the guidelines for Europe (World Health Organization
[WHO], 2000), differences in forest biodiversity between
Europe and East Asia and the air pollution tolerance
index for each tree species lead to uncertainty in the
assessment of O3 exposure in South Korea. In the neighboring
country of Japan, based on a study on the O3 exposure
of 16 representative native tree species (Izuta et al., 2001),
researchers suggested that the AOT40 critical level for forest
protection in Japan may range from 8,000 to 21,000 ppbh
(Li et al., 2016). Moreover, owing to high background O3

concentration levels in East Asia (Sillman, 1999; Pochanart
et al., 2002) and increased photosynthetic activity at lower
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FIGURE 7

Changes in AOT40 values over 6 months by year in East Gangwon and West Gangwon.

latitudes compared with Europe, high O3 values from early
spring to fall can influence forest damage (Chang et al.,
2017).

Although there are limitations in applying AOT40 to
South Korea owing to uncertainty, it is judged to be valuable
as an index showing changes in atmospheric O3 concentrations.
To set O3 concentration indices suitable for a specific region,
there is a need for more research and long-term monitoring to
identify the long-term effects of O3 concentrations.

Conclusion

West Gangwon showed substantially higher average O3

concentrations than East Gangwon, and in terms of maximum
O3 concentrations, there were frequent occurrences of high
O3 concentrations close to 60 ppb, the Korean O3 air
quality standard. Both regions showed sharp increases in
O3 concentrations in 2009 and long-term rising trends
began from that year.

Insolation showed a positive correlation with O3, whereas
NO2 showed a negative correlation. O3 concentrations
increased as insolation increased in both regions but was
less influenced by insolation in East Gangwon than in West
Gangwon, even with identical insolation, owing to local
meteorological phenomena, such as strong winds caused by the
Taebaek Mountains. In West Gangwon, O3 and NO2 showed

a completely inversely proportional relationship, which is
attributed to seasonal effects and the fact that the region is
VOCs-limited. Moreover, because East Gangwon has a lower
population density, traffic volume, and industrial complex
size than West Gangwon, NO2 concentration had a smaller
influence. West Gangwon had a much higher AOT40 than East
Gangwon. Although the critical level for forests (10,000 ppbh)
was exceeded three times in East Gangwon (2009, 2017, and
2018), in West Gangwon, the AOT40 critical level was exceeded
every year from 2003. Particularly, in West Gangwon, from 2014
to 2018, the average AOT40 in September was 20,714 ppbh,
more than twice the critical level. As high O3 concentrations
occurred more frequently and AOT40 values were much higher
in West Gangwon than in East Gangwon, forests are expected
to decline faster in West Gangwon.

Even within the same administrative zone of Gangwon
Province, the O3 concentrations are not homogeneous
owing to geographical features and climatic differences.
As such, it is necessary to establish regional measures for
managing O3. To examine the specific long-term effects
of O3 on forests, it is necessary to conduct research to
determine an AOT40 critical level appropriate for forest
tree species in South Korea. Particularly, given that biotic
factors and abiotic stresses are important factors in forest
ecosystems, there is a need for research that considers diverse
meteorological factors and tree stress factors in addition
to air pollutants.
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rozprzestrzeniania się zanieczyszczeń powietrza Prz. Geofiz. 3–4, 177–193.

World Health Organization [WHO] (2000). Air Quality Guidelines for Europe.
Copenhagen: WHO Regional Publications.

Xing, J., Wang, J., Mathur, R., Wang, S., Sarwar, G., Pleim, J., et al. (2017).
Impacts of aerosol direct effects on tropospheric ozone through changes in
atmospheric dynamics and photolysis rates. Atmos. Chem. Phys. 17, 9869–9883.
doi: 10.5194/acp-17-9869-2017

Yienger, J. J., Klonecki, A. A., Levy, H., Moxim, W. J., and Carmichael, G. R.
(1999). An evaluation of chemistry’s role in the winter-spring ozone maximum
found in the northern midlatitude free troposphere. J. Geophys. Res. 104, 3655–
3667. doi: 10.1029/1998JD100043

Frontiers in Forests and Global Change 11 frontiersin.org

19

https://doi.org/10.3389/ffgc.2022.996859
https://english.forest.go.kr/kfsweb/kfi/kfs/cms/cmsView.do?cmsId=FC_001679&mn=UENG_01_03
https://english.forest.go.kr/kfsweb/kfi/kfs/cms/cmsView.do?cmsId=FC_001679&mn=UENG_01_03
https://kosis.kr/statHtml/statHtml.do?orgId=211&tblId=DT_211N_B00100&conn_path=I2
https://kosis.kr/statHtml/statHtml.do?orgId=211&tblId=DT_211N_B00100&conn_path=I2
https://kosis.kr/statHtml/statHtml.do?orgId=116&tblId=DT_MLTM_5498&conn_path=I2
https://kosis.kr/statHtml/statHtml.do?orgId=116&tblId=DT_MLTM_5498&conn_path=I2
https://doi.org/10.1016/0269-7491(88)90187-x
https://doi.org/10.1016/0269-7491(88)90187-x
https://doi.org/10.1029/2009JD013715
https://doi.org/10.5322/JES.2003.12.12.1245
https://doi.org/10.1016/j.atmosres.2015.07.010
https://doi.org/10.1016/j.envpol.2021.118249
https://doi.org/10.1007/BF02979672
https://doi.org/10.1007/BF02979672
https://doi.org/10.1016/1352-2310(94)00152-B
https://me.go.kr/mamo/web/index.do?menuId=590
https://doi.org/10.1016/j.envpol.2005.01.044
https://doi.org/10.1016/j.envpol.2005.01.044
https://doi.org/10.1016/S1352-2310(02)00339-4
https://doi.org/10.1016/S1352-2310(02)00339-4
https://doi.org/10.1126/science.169.3940.79
https://doi.org/10.1016/S1352-2310(98)00345-8
https://doi.org/10.1016/S1352-2310(98)00345-8
https://doi.org/10.1029/2001JD001123
https://doi.org/10.1016/j.scitotenv.2020.14028
https://doi.org/10.1016/j.atmosenv.2008.09.084
https://doi.org/10.1023/A:1006405420701
https://doi.org/10.1016/j.atmosenv.2004.03.030
https://doi.org/10.1016/j.atmosenv.2004.03.030
https://doi.org/10.1038/332240a0
https://doi.org/10.1038/332240a0
https://doi.org/10.5194/acp-17-9869-2017
https://doi.org/10.1029/1998JD100043
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1098666 January 25, 2023 Time: 16:46 # 1

TYPE Original Research
PUBLISHED 01 February 2023
DOI 10.3389/ffgc.2023.1098666

OPEN ACCESS

EDITED BY

Nophea Sasaki,
Asian Institute of Technology, Thailand

REVIEWED BY

Bhoj Raj Ghimire,
Nepal Open University, Nepal
Yan Gao,
Universidad Nacional Autónoma de México,
Mexico

*CORRESPONDENCE

Jinlong Zhang
jlzhang@kfbg.org

Stephan W. Gale
stephangale@kfbg.org

SPECIALTY SECTION

This article was submitted to
Planted Forests,
a section of the journal
Frontiers in Forests and Global Change

RECEIVED 15 November 2022
ACCEPTED 05 January 2023
PUBLISHED 01 February 2023

CITATION

Zhu H, Zhang J, Cheuk ML, Hau BCH,
Fischer GA and Gale SW (2023) Monoculture
plantations impede forest recovery: Evidence
from the regeneration of lowland subtropical
forest in Hong Kong.
Front. For. Glob. Change 6:1098666.
doi: 10.3389/ffgc.2023.1098666

COPYRIGHT

© 2023 Zhu, Zhang, Cheuk, Hau, Fischer and
Gale. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Monoculture plantations impede
forest recovery: Evidence from the
regeneration of lowland
subtropical forest in Hong Kong
Huiling Zhu1, Jinlong Zhang1*, Mang Lung Cheuk1,
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1Flora Conservation Department, Kadoorie Farm and Botanic Garden, Tai Po, Hong Kong SAR, China,
2School of Biological Sciences, The University of Hong Kong, Pokfulam, Hong Kong SAR, China, 3Missouri
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Anthropogenic disturbance has led to widespread clearance and degradation of

tropical forests, and tree planting has been promoted as an effective solution for

recovery. However, trees have been overwhelmingly planted in monocultures or

low-diversity mixes and this is expected to have profound, lasting impacts on forest

structure, diversity, and functioning. In this study, we tested the extent to which

historical vegetation transition types (VTTs) constrain forest recovery in a secondary

tropical landscape in Hong Kong, South China. To do so, we overlaid vegetation

types (forest, shrubland, pine plantation, grassland) identified in aerial photographs

taken in 1956 and 1963 of a 20-ha plot situated in Tai Po Kau Nature Reserve,

allowing us to define six historic VTTs, namely: FF (forest to forest), GP (grassland to

plantation), GS (grassland to shrubland), SS (shrubland to shrubland), SF (shrubland to

forest), and SP (shrubland to plantation). We compared present-day forest structure

and species diversity among these VTTs, as determined from a census conducted

in 2015, using incidence- and abundance-based rarefaction and extrapolation, and

we assessed species’ association within VTTs using a torus translation test. Our

results reveal that stem density and species diversity in naturally regenerated forests

were more similar to those of old-growth forest, whereas species diversity in areas

occupied by pine plantations was significantly lower as compared with naturally

regenerated areas. Despite 60 years of recovery, pine plantations were characterised

by a significantly greater proportion of negatively associated species, and late-

seral species were still predominantly confined to old-growth patches. Present-day

species distribution is chiefly explained by the combined effects of topography and

VTT (17.1%), with VTT alone explaining 4.4%. Our study demonstrates that VTT has a

significant long-term impact on forest regeneration and community assembly and,

importantly, that monocultural plantations (forest plantation) can greatly impede

forest recovery. Remnant old-growth forest patches merit priority protection, and

active restoration, including thinning and enhancement planting, is necessary to

facilitate forest succession.

KEYWORDS

subtropical forest, land-use history, biodiversity, aerial photograph, torus translation test,
succession, forest restoration, vegetation transition types
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1. Introduction

The occurrence of tree species within forest communities is
defined by an interplay of environmental variables and historic
disturbance (Hermy and Verheyen, 2007). Key environmental
variables that contribute to the establishment and survival of a
tree within its habitat include topographic factors, light availability,
moisture, humidity, and soil properties (Harms et al., 2001; Comita
et al., 2007; Zuleta et al., 2020). A habitat-association relationship
of this sort has been confirmed by a number of studies conducted
in forest dynamic plots in the tropics (Gunatilleke et al., 2006;
Lai et al., 2009; Bin et al., 2016; Guo et al., 2016). However, as
most forest dynamic plots are established in primary forest, these
studies overwhelmingly focus on quantifying the relative importance
of various environmental factors and tend to disregard the role of
anthropogenic disturbances (Uriarte et al., 2004; Thompson et al.,
2007). Indeed, forest plots in primary forest do not generally account
for a human disturbance dimension and may therefore not be suitable
for testing the relative contribution of historic disturbance regimes in
limiting species distributions (Davies et al., 2021).

However, more than half of all tropical moist forests globally are
at various stages of secondary regrowth following human-induced
impact and conversion (Wright, 2005; Brancalion et al., 2019). Such
disturbance may not only lead to the loss of canopy cover and
biodiversity, but also fundamentally alter environmental conditions
and constrain the forest’s capacity to regenerate (Chazdon, 2003).
Depending on the degree of degradation and specific land-use
history, secondary forests (Brown and Lugo, 1990; Corlett, 1994;
Dent and Wright, 2009) undergo contrasting successional pathways
(Norden et al., 2011; Arroyo-Rodríguez et al., 2017). The particular
pathway taken and the rate of succession will both be closely related to
the initial composition during succession (Egler, 1954) and the same
factors that govern the distribution of species in communities, that
is, environmental variables and land-use history (Arroyo-Rodríguez
et al., 2017). Both factors determine the remaining species pool
(Karger et al., 2015), which comprises the species present in situ
and/or those able to disperse out of remnant forest fragments nearby,
as well as those represented in the soil seed bank (de Medeiros-
Sarmento et al., 2021). Because the scale and intensity of disturbance
dictates which species survive and remain locally able to reproduce,
disperse and recruit, it also characterises the species pool available for
recolonisation and succession (Brown and Boutin, 2009; Chase, 2003;
Rozendaal et al., 2019).

Species pool is often greatly reduced after a clear-cut event and
may only be able to partially recover (Xu et al., 2015). However,
subsequent land-use type is also an important determining factor. In
mountainous parts of South China, for example, where landscape-
level forest clearance for agriculture dates back thousands of years,
species survive in small, isolated, remnant forest fragments, or in
secondary associations, forming small pockets of native biodiversity
(Turner and Corlett, 1996). These pockets often conserve a significant
proportion of the original species pool, some of which may be able
to recolonise adjacent areas and thus contribute to the regeneration
of continuous canopy cover given enough time (Turner and Corlett,
1996).

Whilst the remnant species pool determines which species are
available to recolonise, the precise species composition of newly
regenerated secondary communities at a given location is primarily
defined by priority effect (Fukami, 2015; Fukami et al., 2016). This

is an aggregate ecological mechanism that allows those species that
remain present in the soil seed bank, or which arrive at a disturbed
site sooner, to attain dominance at an early stage of succession, thus
enabling them to replace themselves repeatedly from seed where no
competing late-seral species are present to initiate species turn-over
(Ashton et al., 2001; Paul et al., 2004; Goldsmith et al., 2011). This
can lead to arrested succession (Goldsmith et al., 2011; Young and
Peffer, 2010). Priority effects have a significant impact not only on the
dynamics of forest ecosystems, but also on the properties of the active
species pool (Fukami, 2015). As the recovery of tree species diversity
and community composition is often a long-term process (Osazuwa-
Peters et al., 2015), historic disturbance and subsequent priority effect
can constrain succession for decades or centuries to come. It is
thus hypothesised that the signature of different disturbance regimes
can be detected in forest communities even over exceptionally long
timespans (Johnstone et al., 2016).

Planting trees is considered an effective approach to overcome
priority effects (Weidlich et al., 2021) and thereby facilitate natural
succession of degraded tropical lands (Lugo, 1992; Lamb et al.,
2005; Crouzeilles et al., 2017; Meli et al., 2017). It has generally
been argued that biodiversity and ecosystem functioning are better
restored via tree planting (i.e., active restoration) than by natural
succession (i.e., passive restoration) alone (Crouzeilles et al., 2017;
Atkinson and Bonser, 2020). However, whether this is true or not in
all cases remains contentious (Reid et al., 2019). Monocultures and
plantation forest comprising exceptionally low diversity (Food and
Agriculture Organization of the United Nations, 2018) may hamper
natural succession as the species pool will be limited and regeneration
capacity thereby constrained through priority effects (Maestre and
Cortina, 2004; Holl et al., 2013; Liu et al., 2018). Indeed, whether
or not active restoration is more effective than natural regeneration
will depend on the degree of disturbance and the remaining species
pool, as well as the selection of species planted and method of
restoration (Chazdon, 2003; Reid et al., 2019). An inappropriate
restoration method–for example, the use of a limited species mix
or of species not suited to the modified environment–often results
in lower diversity and delayed succession (Reid et al., 2019). Exotic
tree plantations often further exacerbate the degradation of ecological
functioning, via accelerated soil erosion, the promotion of pest
outbreaks, and suppression of recovery in other dependent taxa, such
as birds (Maestre and Cortina, 2004). In this sense, tree planting
could actually delay or stall recovery. Indeed, analyses in Hong Kong
revealed that, at the landscape level, secondary succession of tropical
forest can be much faster in naturally regenerated areas as compared
to areas planted with monocultural stands of exotic Eucalyptus, Pinus,
and Acacia species (Abbas et al., 2019).

In the present study, we sought to assess the impact of different
disturbance regimes caused by historic land-use changes on the
current distribution of tree species in South China’s secondary forest
communities. To do so, we established a 20-ha forest dynamic
plot following ForestGEO standards (Anderson-Teixeira et al., 2015;
Davies et al., 2021) in Hong Kong. All trees inside the plot with a DBH
(Diameter at Breast Height) ≥ 1 cm were mapped and identified,
and their DBH was measured. To determine changes in forest cover
over time and characterise specific vegetation transition types, we
mapped historic vegetation cover as inferred from a time series of
historic black and white aerial photographs. We hypothesise that the
spatial distribution of species recovery will reflect historic disturbance
regimes and that areas with the highest species diversity today will
therefore be associated with small pockets of remnant old-growth
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forest. We test the correlation between present forest structure
[standing tree stem density and above-ground biomass (AGB)],
diversity, species composition, and species-vegetation associations
with different historic disturbance regimes to address the following
questions: (i) do species richness, diversity and the presence/absence
of indicator species differ among present-day vegetation types
characterised by different disturbance regimes, and (ii), what are the
relative influences of disturbance regime and environmental factors
on present-day species composition? We discuss our findings in the
context of the regenerative potential of degraded tropical lands and
the potential for active restoration to overcome inherent barriers to
secondary succession.

2. Materials and methods

2.1. Study site

Hong Kong is located on the coast of South China and has
a marginally tropical climate with an annual average rainfall of
2,325 mm and an annual mean temperature of 23◦C (Abbas, 2017).
The zonal vegetation is usually considered evergreen broad-leaved
forest (Zhuang and Corlett, 1997). However, due to widespread
anthropogenic activities over the past several centuries, no primary
forest remains in the territory (Zhuang and Corlett, 1997; Corlett,
1999). Our study site is located in the Tai Po Kau Nature (henceforth,
TPK) Reserve, which is situated in Hong Kong’s New Territories
with an area of 460 ha and a steep, hilly topography. Despite the
prevalence of plantations containing a mixture of native (Castanopsis
fissa, Cinnamomum camphora, and Pinus massoniana) and exotic
(Acacia confusa, Eucalyptus tereticornis, and Lophostemon confertus)
species planted between 1956 and 1963, TPK’s numerous remote,
narrow gullies have protected small fragments of old-growth forest
that pre-date WWII. As such, the reserve is regarded as one of the
most biologically important secondary lowland woodlands in the
territory (Nicholson, 1996).

A 400 × 500 m 20-ha plot was established inside TPK (22.42◦N,
114.17◦E) in 2012 (Figure 1A). The elevation of the plot ranges
from 214 to 344 m, and the incline of the slope varies from 0.9
to 33.6◦ (Figure 1B). A full tree census (Condit, 1998; Anderson-
Teixeira et al., 2015) was undertaken in the plot in 2015. A total
of 81,019 individual trees (117,203 stems, including branches) with
DBH ≥ 1 cm were recorded, belonging to 172 species, 111 genera
and 53 families. The most abundant species was the shrub Psychotria
asiatica with 26,646 individuals, which accounted for 33% of all
individuals (Supplementary Table 1). Data pertaining to dead trees
(1,876 stems or branches) were removed, including one species that
was represented by a single individual, leaving 171 species for further
analysis.

2.2. Classification of historic vegetation
types and change in vegetation transition
type over time

We obtained three black-and-white aerial photographs of TPK
from the Lands Department of the Hong Kong SAR Government,
one from 1956 (Supplementary Figure 1A) representing the
initial degraded state, one from 1963 (Supplementary Figure 1B)

representing the early regeneration state, and one from 1983
(Supplementary Figure 1C) representing the closed canopy state.
As the entire area was forested by 1983, the following assignment
of vegetation to transition types was conducted for 1956 and 1963
only. The aerial photographs for these 2 years were firstly geo-
referenced, co-registrated and resampled to the same 1 m resolution
for comparison. Then, we used the “segment mean shift” algorithms
(Comaniciu and Meer, 1999) in ArcGIS 10.7 (ESRI, 2019, Redlands,
California, USA) to delineate vegetation parcels with similar texture
and grey tone. Segmented vegetation parcels were then divided into
three groups based on the K-means clustering of averaged grey tone
values within each parcel (Yadav and Sharma, 2013). Finally, manual
refinements were made by considering the spatial continuity of each
vegetation type.

Four vegetation types were identified in the aerial photographs:
grassland, shrubland, pine plantation, and mixed natural forest.
Whereas in 1956 the site comprised grassland, shrubland, and mixed
natural forest (Supplementary Figure 1D), by 1963 the grassland had
been substituted by pine plantation and shrubland (Supplementary
Figure 1E). We overlaid the classified vegetation types in both images
to derive six vegetation transition types (VTTs; Figure 2), namely,
forest to forest (FF), grassland to pine plantation (GP), grassland
to shrubland (GS), shrubland to shrubland (SS), shrubland to forest
(SF), and shrubland to pine plantation (SP). Each VTT was regarded
as reflecting a distinct vegetation change history. Because the FF VTT
represented the occurrence of the oldest canopy cover in the plot,
this vegetation was taken as reference old-growth forest. Whereas
the GS, SS, and SF VTTs represented natural transitions were thus
considered passive restoration, the GP VTT entailed management
intervention was thus regarded as active restoration. The resulting
vegetation transition map was converted to 20 m resolution (500 20
× 20 m subplots, Figure 2) based on the dominant rule (in which
each grid cell was classified according to the VTT that accounted for
the largest area within it) for further analyses. Since the area of SP
(including six 20 × 20 m subplots, Figure 2) was <1 ha, this VTT
was excluded from subsequent analysis.

2.3. Data analysis

2.3.1. Comparison of stem density and
above-ground biomass among VTTs

We used stem density and AGB to compare present-day forest
structure, as determined by the 2015 census, between VTTs. We
calculated AGB in kg based on DBH for all the species occurring in
each VTT following Chave et al. (2005), using the following equation:

AGBest = ρ × exp[−1.499 + 2.148ln(D)+

0.207 [ln(D)]2 − 0.0281 [ln(D)]3] (1)

Where ρ is wood density (g/cm3) and D is DBH (cm).
Wood densities were mainly compiled from studies conducted in

Dinghushan (Zhang et al., 2018) and Heishiding (Yin et al., 2021),
which represent the two closest ForestGEO plots to Hong Kong.
Where data for certain species were not available from these sources,
we obtained them from the R package BIOMASS (Réjou-Méchain
et al., 2017). Where no wood density data were available, a mean value
was derived from all other congeners, or from all species belonging to
the same family, present in the plot.
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FIGURE 1

(A) Location and (B) topography of the Tai Po Kau 20-ha forest plot.

FIGURE 2

Classification of vegetation transition types (VTTs) from 1956 to 1963
at 20 m resolution. FF, forest to forest; GP, grassland to plantation; GS,
grassland to shrubland; SS, shrubland to shrubland; SF, shrubland to
forest; SP, shrubland to plantation.

We tested for significant differences in stem density and AGB
between VTTs using resampling, which can reduce the effect of
differences due to environmental factors and variable sample size
(Chao and Jost, 2012; Chao et al., 2014). Twenty-five 20 × 20 m
quadrats (total 1 ha) were randomly sampled for each VTT,
and indices for both metrics were calculated in each quadrat.
This procedure was repeated 1,000 times with replacement. 95%
confidence intervals (CIs) were generated from the 2.5 and 97.5%
quantiles, corresponding to significance at the 0.05 level (Goldsmith
et al., 2006).

2.3.2. Comparison of diversity using rarefaction
and extrapolation with Hill’s numbers

We used Hill’s numbers curves to determine the effect of VTT
on biodiversity (Jost, 2007; Chao and Jost, 2012; Chao et al., 2014).
The first three Hill’s numbers are: (1) species richness (q = 0), (2) the
exponential of Shannon’s entropy index (q = 1), and (3) the inverse of
Simpson’s concentration index (q = 2) (Hill, 1973). These values were
calculated using both incidence-based and abundance-based data for
each VTT using the “iNEXT” package in R (Hsieh et al., 2016). The
equation for abundance-based Hill’s numbers is:

qD =

( S∑
i=1

pq
i

) 1
(1−q)

(2)

And the equation for incidence-based Hill’s numbers is:

q1 =

[ S∑
i = 1

(
πi∑S

j = 1 πj

)q] 1
(1−q)

(3)

Where S is the number of species; pi is the relative abundance
of the ith species; and πi is the relative incidence of the ith
species. Incidence was calculated based on occurrence in the
20× 20 m quadrats.

2.3.3. Species turnover in different VTTs
In comparing Hill’s numbers among different vegetation types,

we also tested if species turnover differs among VTTs (Wilson
and Shmida, 1984; Koleff et al., 2003). Species turnover was
visualised using an RGB colour map derived from non-metric
multidimensional scaling (NMDS) (Thessler et al., 2005). To do so,
we computed Bray–Curtis dissimilarities (Bray and Curtis, 1957)
between all 20 × 20 m quadrats and constrained the results to
three axes using the function “metaMDS” in the “vegan” package
(Oksanen et al., 2022). The scores of the first three axes were
converted to hexadecimal colour values for red, blue, and green,
respectively. As the value of RGB colours must be positive integers,
we added a constant (1.0) to the NMDS ordination axis scores
to make them positive, multiplied them by 100 and then rounded
the product. The red, green, and blue layers of each quadrat were
overlaid and visualised to create an RGB colour map in ArcGIS
(Thessler et al., 2005). Using this map, we were able to compare
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FIGURE 3

Schematic representation of the area accounted for by each vegetation type within the TPK plot at each time point.

species composition chromatically (Thessler et al., 2005; Hogan et al.,
2016), with greater similarity in colour being indicative of greater
similarity in the range of species present.

2.3.4. Quantifying the relative importance of VTT
and topography

We recorded elevation, slope incline, curvature and aspect in
each 20 × 20 m quadrat. These variables have been widely used to
define topography in other forest dynamic plots (Harms et al., 2001;
Lai et al., 2009; Guo et al., 2017; Davies et al., 2021). All variables
were standardised through z-score standardisation (see R code
in Supplementary material). We then used variation partitioning
to quantify the relative importance of VTT and topography in
explaining species turnover (Legendre, 2008; Legendre and Legendre,
2012; Peres-Neto et al., 2006). This was carried out using the function
“varpart” (Borcard et al., 1992; Legendre and Legendre, 2012) in
vegan (Oksanen et al., 2022).

2.3.5. Species–VTT association using torus
translation test

We used a torus translation test to evaluate the strength of
association between species and VTT (Harms et al., 2001; Zuleta
et al., 2020). This approach allowed us to compare the observed
relative densities of a species with the expected densities generated
from simulated habitat maps for each vegetation type (Harms et al.,
2001; Comita et al., 2007; Lai et al., 2009). We shifted the observed
vegetation map by 20 m increments in the four cardinal directions
and calculated a relative density for each species. We then ran
the torus translation procedure for three simulated maps based on
the original map: mirror image, 180◦ rotation and 180◦ rotation
of the mirror image. As the TPK plot has 500 (20 × 25) 20 m
cells, we generated 1999 (500 × 4 − 1) simulated maps. If the

relative density of a species determined from the original vegetation
map deviated from 97.5% of the simulated relative densities (i.e.,
0.05 significance for a two-tailed test), the species was judged to
be statistically associated (either positively or negatively) with that
VTT (Harms et al., 2001). Sixty-three species represented by <20
individuals were excluded for the purpose of this analysis, leaving
108 species (of a total of 171). Analyses were conducted with
fgeo.habitat (Lepore, 2018) in R (see R code in Supplementary
material).

3. Results

3.1. Change in vegetation type over time

The study area was found to have gradually transformed from
a grassland-dominated landscape to a forest-dominated one as a
result of natural succession and active restoration over the study
period (Figure 3). Whereas 54.4% (108,770 m2) of the plot was
grassland in 1956, with scattered patches of mixed natural forest
occurring only in ravines along streams and accounting for just
15.9% of the total area (Figure 3), forests occupied 26.1% of the
plot in 1963 and 100% in 1983. This transformation was mainly
achieved through expansion of remnant natural forest from the
streams. However, nearly half (GP: 50,814 m2) of the area occupied
by grassland in 1956 had been replaced by pine plantation in
1963, with the remaining half (GS: 57,956 m2) becoming shrubland
(Figure 4). More than half of the shrubland present in 1956 was
still shrubland in 1963 (SS: 34,783 m2). Only a very small fraction
(SP: 4,317 m2) of shrubland had been replaced by pine plantation
in 1963.
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FIGURE 4

Area of each vegetation transition type from 1956 to 1963.

3.2. Stem density and above-ground
biomass among VTTs

Stem density was highest in SF and lowest in FF, and whilst
there was no significant difference among GS, SS, and FF, it was
significantly higher in GP than in SS and FF (Figure 5A). A similar
pattern was observed in AGB, although the differences among VTTs
were smaller, with that associated with GP being almost the same
as for GS (Figure 5B). Differences in stem density were mainly
caused by smaller trees (DBH 1–5 cm), while differences in AGB were
mainly contributed by the trees with intermediate or large diameters
(DBH ≥ 10 cm) (Supplementary Figure 2).

3.3. Comparing Hill’s numbers among
VTTs

Numbers of species and individuals associated with different
VTTs are shown in Table 1. Psychotria asiatica was the dominant
species in all vegetation types (Supplementary Table 2). Whereas
FF was ascribed the highest values for all Hill’s numbers, diversity
curves were the lowest for GP (Figures 6A–F). GS was significantly
higher and closer to FF than it was to GP. For the abundance-
based curves, Hill’s numbers for richness (q = 0) declined in the
order FF > SS > GS > SF > GP. However, 95% CIs overlapped for
GS, SS, and FF, indicating no significant difference. Hill’s numbers
for the exponential of Shannon’s entropy index (q = 1) and for the
inverse of Simpson’s concentration index (q = 2) declined in the
order FF > SS > SF > GS > GP. In both cases, most curves were
widely separated from one another, apart from GS and SF for q = 1
(Figures 6B,C). In the incidence-based curves, whereas the 95% CIs
for GS, SS, and SF overlapped with one another and were close to
those for FF, those for GP were much lower and clearly separated
(Figures 6D–F). Coverage of sample size approximated to one for
both abundance (Figure 6G) and incidence data (Figure 6H).

3.4. Species turnover in different VTTs

Species composition was closely correlated with topography and
varied across VTTs (Figure 7). Meanwhile, compositional differences

FIGURE 5

Structural attributes of the forest within the TPK plot in 2015, based on
census data associated with each vegetation transition type. (A)
Overall stem density. (B) Overall above-ground woody biomass (AGB).
Confidence intervals (red dots) indicate the 2.5 and 97.5% quantiles.

TABLE 1 Number of species and individuals in each vegetation transition
type (see main text for definition of each acronym).

Type GS GP FF SS SF SP

No. of species 152 123 143 135 106 60

No. of individuals 27,733 24,683 11,146 10,351 5,137 763

were captured along the elevational gradient in all VTTs except for
the area of pine plantation represented by GP (Figure 7).

3.5. The relative importance of VTT and
topography

Variation partitioning showed that VTT and topography
accounted for 17.1% of total variation in species composition.
Whereas VTT alone explained 4.4% of total variance and topography
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FIGURE 6

Curves of Hill’s numbers for each vegetation transition types (VTTs). (A–C) Abundance-based Hill’s numbers. (D–F) Incidence-based Hill’s numbers. In
panels (A) and (D): q = 0 (species richness); in panels (B) and (E): q = 1 (exponential of Shannon’s entropy index); in panels (C) and (F): q = 2 (inverse of
Simpson’s concentration index). (G) Sample completeness (sample-coverage) curve for abundance data. (H) Sample completeness (sample-coverage)
curve for incidence data. 95% confidence intervals (CIs) were indicated by the shade areas above and below each curve and were obtained by
bootstrapping 1,000 replicates. The sampling unit is 400 m2 (20 × 20 m quadrat) in the incidence-based analyses.

alone explained 9.7%, both factors together explained 2.9% of
variance (Figure 8).

3.6. Species–VTT association using torus
translation test

Of the 108 species tested in the torus translation test, 70 (64.8%)
were significantly associated with at least one VTT (Supplementary
Table 2). Twenty-seven species (25.0%) were negatively associated
with GP (Table 2), which was the highest number of species among
all VTTs, and 17 species (15.7%) were negatively associated with
SF. Equally, different VTTs were significantly associated with certain
species. FF had the highest number of positively associated species
(31) (Table 3), which was significantly greater than that for all other

VTTs, whereas FF, GS, and SS had relatively few negatively associated
species (Table 2).

4. Discussion

In this study, we explored the impact of historical vegetation type
changes, as characterised by a series of empirically defined VTTs, on
stem density, AGB, species diversity, and species composition in a
secondary lowland forest in South China. We quantified the relative
contribution of VTT and topographic variables on the fine-scale
distribution of tree species. We report that, at the landscape scale,
the distribution of trees today is still heavily constrained by historical
VTTs, even after 60 years of combined passive and active recovery.
Our findings clearly demonstrate that, although stem density and
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FIGURE 7

Species composition map, showing the colours derived from the three
axes of the NMDS ordination analysis. The more similar the colour, the
more similar the species composition. Cell size is 20 × 20 m.

FIGURE 8

Variation partitioning for vegetation transition types (VTTs) and
topography. The entire panel (black outline) indicates total variation
partitioning in species composition between explained (coloured
circles) and unexplained (white background, the residual)
components. Non-overlapping parts of the two circles represent the
variation accounted for each factor alone and overlapping parts
represent the variation accounted for by both factors together.

AGB may recover in a few decades, species diversity and composition
do not recover that rapidly.

4.1. Generalists dominate the entire plot

Species colonising during early succession are usually regarded
as generalists or “winner” species (McKinney and Lockwood, 1999;
Zhao et al., 2015) owing to their ability to tolerate, and attain
dominance under harsh conditions. This appears to be the case at
our study site. The common understorey shrub Psychotria asiatica
alone accounted for 33% of all stems, and the fast-growing trees

Aporosa dioica, Diospyros morrisiana, and Machilus chekiangensis
were among the most abundant species throughout the entire plot
(Supplementary Table 1). These species exhibit several ecological
traits characteristic of generalists, including fruits that are attractive
to common wildlife and which are consequently widely dispersed,
and high drought-tolerance during the early growth phase, allowing
them to compete with grasses and so colonise grassland (Tabarelli
et al., 2012; Zhao et al., 2015). The seed source of these winner species
may have been nearby patches of old-growth forest or shrubland
during the initial degraded phase, or they could have dispersed into
the plot from further afield.

Classical models of forest succession predict that once the canopy
has closed, mid- or late-seral species arrive and establish, thereby
facilitating community enrichment (Ashton et al., 2001; Poorter et al.,
2021). Our results show that this may be unlikely to happen rapidly,
given that late-seral species are often rare and overwhelmingly
restricted to small patches of old-growth forest (FF), and that
seed dispersers are locally extinct, hence limiting opportunities for
recovery.

4.2. Forest structure and diversity of
different VTTs

Whilst initial vegetation type was found to have a significant
impact on present-day abundance-based diversity indices, impact in
terms of stem density, AGB and incidence-based diversity indices,
which relate to spatial distribution, was limited. In terms of forest
age, the different VVTs identified in the TPK plot decline in the order
FF > (SF, SS) > (GP, GS). In old-growth forest, individual tree girth is
usually greater and stem density is lower as compared with younger
secondary forest (but see Augusto et al., 2000). Indeed, our results
confirm that, at TPK, younger forest (i.e., SF, SS, GP, and GS) tends to
have a higher stem density than does older forest (FF). This difference
appears to be primarily caused by the presence of very large numbers
of small saplings and shrubs (1 cm < DBH≤ 5 cm) in shrubland and
young forest.

Higher stem densities in these younger forest communities could
indicate that competition among individuals is intense (Picard, 2019)
and that natural stem-thinning is therefore likely to ensue (Field
et al., 2020; Wu et al., 2020). However, stem density peaks in SF,
despite this representing a comparatively advanced state of secondary
succession in the sequence observed at TPK, suggesting that self-
thinning has failed along this successional pathway. We note that
an over-dominance of generalist shrubs (e.g., Psychotria asiatica)
and faster growing, early seral trees (e.g., Machilus checkiangensis)
in the SF VTT is linked to lower species diversity, higher stem
density, and crucially, an absence of late-seral species, as compared
with old-growth FF. This appears to limit tree girth increment
and prevent species turnover, two features consistent with arrested
succession (Kennard, 2002; Whitfeld et al., 2014). The markedly
different species composition observed between the SF and FF VTTs
reinforces this inference and suggests that the successional pathway
taken by post-disturbance secondary vegetation at TPK does not lead
to reinstatement of authentic late-seral communities.

Poorter et al. (2016) found that AGB can recover by up to 90% of
old-growth values after more than 60 years of succession, and that
the impact of land-use history on present-day forest composition
and structure may be limited in the neotropics. In contrast, our
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TABLE 2 Species negatively associated with each vegetation transition type (VTT).

Vegetation
transition type

No. of
species

Species

FF 7 Aporosa dioica, Daphniphyllum calycinum, Ilex asprella, Glochidion wrightii, Cratoxylum cochinchinense, Cinnamomum
parthenoxylon, Castanopsis lamontii

GP 27 Ardisia quinquegona, Ilex pubescens, Sterculia lanceolata, Ilex viridis, Casearia velutina, Ficus fistulosa, Dichroa febrifuga, Turpinia
arguta, Adina pilulifera, Vitex quinata, Archidendron clypearia, Carallia brachiata, Glochidion eriocarpum, Saurauia tristyla,
Macaranga sampsonii, Zanthoxylum avicennae, Eurya distichophylla, Cleistocalyx nervosus, Alleizettella leucocarpa, Antidesma
venosum, Ardisia hanceana, Huodendron biaristatum var. parviflorum, Mallotus hookerianus, Ficus pyriformis, Antidesma japonicum,
Cunninghamia lanceolata, Elaeocarpus nitentifolius

GS 4 Machilus chekiangensis, Castanopsis carlesii, Syzygium championii, Mallotus hookerianus

SF 17 Schefflera heptaphylla, Dichroa febrifuga, Lithocarpus elizabethiae, Macaranga sampsonii, Sloanea sinensis, Eurya distichophylla,
Breynia fruticosa, Homalium cochinchinense, Maesa perlaria, Huodendron biaristatum var. parviflorum, Sapium discolor, Antidesma
fordii, Mallotus hookerianus, Myrica rubra, Ficus pyriformis, Acacia confusa, Antidesma japonicum

SS 5 Castanopsis faberi, Macaranga sampsonii, Castanopsis carlesii, Huodendron biaristatum var. parviflorum, Antidesma japonicum

TABLE 3 Species positively associated with each vegetation transition type (VTT).

Vegetation
transition type

No. of
species

Species

FF 31 Ardisia quinquegona, Euonymus sp., Ilex pubescens, Sterculia lanceolata, Ilex viridis, Blastus cochinchinensis, Syzygium rehderianum,
Wikstroemia nutans, Turpinia arguta, Archidendron clypearia, Ilex kwangtungensis, Carallia brachiata, Macaranga sampsonii,
Sloanea sinensis, Callicarpa brevipes, Aidia canthioides, Aquilaria sinensis, Lithocarpus glaber, Eurya distichophylla, Gardenia
jasminoides, Sinosideroxylon wightianum, Ixonanthes reticulata, Antidesma venosum, Huodendron biaristatum var. parviflorum,
Artocarpus styracifolius, Ehretia longiflora, Mallotus hookerianus, Ficus pyriformis, Acacia confusa, Antidesma japonicum,
Elaeocarpus nitentifolius

GP 8 Machilus chekiangensis, Aporosa dioica, Ilex asprella, Litsea rotundifolia var. oblongifolia, Castanopsis lamontii, Castanopsis faberi,
Castanopsis carlesii, Myrica rubra

GS 9 Machilus pauhoi, Machilus velutina, Machilus breviflora, Adina pilulifera, Cratoxylum cochinchinense, Zanthoxylum avicennae, Maesa
perlaria, Sapium discolor, Viburnum odoratissimum

SF 4 Itea chinensis, Reevesia thyrsoidea, Ixonanthes reticulata, Artocarpus styracifolius

SS 4 Garcinia oblongifolia, Ardisia quinquegona, Vitex quinata, Carallia brachiata

findings demonstrate that land-use history as reflected by historical
VTTs can have a significant impact on the recovery of AGB, even
after six decades of post-disturbance recovery, which is more in line
with predictions made by Jakovac et al. (2021). Previous studies
have shown that AGB is mainly accounted for by large-diameter
stems (Stephenson et al., 2014; Lutz et al., 2018) and that large trees
are expected to occur more in old-growth forest than in younger
associations (Brown et al., 1997). Our results show that in tropical
Asia, where old-growth forest has been extensively converted into
agricultural lands, this may not be entirely correct. We find that
comparatively young secondary communities, represented by GS, GP,
and SF in our study, have higher AGB than FF, the oldest forest
community in our analysis. This appears to be because the number of
small stems is significantly greater in the younger communities and
the number of larger trees is low in FF. Indeed, tree size in South
China’s remnant old-growth patches are limited owing to several
factors. Firstly, although the remnant patches may contain late-seral
species, they too have usually been subject to intensive disturbance
histories, including fire (Chau and Corlett, 1994), firewood collection
(Corlett, 1999), and selective logging (Zhuang and Corlett, 1997) over
a period of centuries. Secondly, because these patches are generally
restricted to steep ravines, tree size may have been limited by rocky
conditions and a lack of top soil due to seasonal flooding, which can
lead to stunted tree growth (Lopez and Kursar, 2003). Thirdly, once
the canopy of immediately adjacent secondary forest has been able to

close through regeneration, the environment along the streams could
be too dark and therefore less suitable for remaining late-seral species
to recruit and spread (Lebrija-Trejos et al., 2011).

In comparison, GS, GP, and SF appear to have higher AGB
because winner, generalist species (McKinney and Lockwood, 1999;
Tabarelli et al., 2012; Filgueiras et al., 2021) can successfully establish
and grow to a larger size or attain a higher stem density on nearby
slopes (Zhao et al., 2015). Indeed, significant increases in AGB are
mainly generated by the presence of larger stems (DBH > 20 cm)
throughout all VTTs, but because high stem density is associated
with higher AGB, it does not necessarily reflect a recovery in species
composition (Rozendaal et al., 2019). The exceptionally high number
of stems in the young secondary forest communities studied here
is primarily made up of generalist and winner species, indicative of
arrested succession (Goldsmith et al., 2011).

4.3. Factors affecting species
accumulation and seedling establishment

In analysing forest succession, it is common to substitute space
for time to represent a chronosequence (Abbas et al., 2016, 2019;
Poorter et al., 2021). In the present study, however, we used historic
aerial photographs to identify past vegetation types and reconstruct
successional pathways, allowing us to estimate the impact of historic
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land use more accurately. Although species composition was not
documented in each subplot at the time the photographs were taken,
we were able to retrospectively determine vegetation type using a
statistical approach. By overlaying vegetation type distributions as
inferred from the resulting time sequence, the specific disturbance
history of each subplot could be inferred. This approach reduces
ambiguity and highlights subtle but important differences between
diverging successional pathways (Norden et al., 2011; Arroyo-
Rodríguez et al., 2017; Jakovac et al., 2021).

Vegetation transition types alone was found to explain 4.4% of
variation in present-day species distribution, as compared to 9.7%
contributed by topography. A further 2.9% of variation was explained
by both factors combined. It is not surprising that the effects of
VTT are confounded with those caused by topography, given that
both factors tend to act synergistically in constraining ecological
tolerance (Guo et al., 2017; Schmitt et al., 2021). For example, it
is conceivable that in ravines that are too steep or too rocky for
conversion to agriculture, pre-existing forest cover was deliberately
retained to maintain water supply (Luke et al., 2017).

Previous studies have shown that, although species richness can
recover within a few decades in the tropics (Abbas et al., 2019),
species composition may only partially recover (Xu et al., 2015).
Similarly, our data reveal that, whereas species richness in the various
VTTs was able to recover within six decades, species composition
has not converged with that observed in old-growth patches (FF)
over the same period, indicating that passive forest succession in
these VTTs is slow. Potential underlying reasons for this include
dispersal limitation (Palma et al., 2021), reduced species pool (Zobel
et al., 1998), priority effects (Fukami, 2015; Fukami et al., 2016),
competition (Connell and Slatyer, 1977; Chen et al., 2019), and
environmental filtering (Jakovac et al., 2016, 2021), all of which are
known to affect both tree seedlings and saplings.

4.4. Why are late-seral species restricted
to small old-growth patches?

Multiple studies have found that differences in species
composition can be explained by dispersal limitation (Condit
et al., 2002; Shen et al., 2009; Palma et al., 2021), environmental
gradients (Graco-Roza et al., 2022), and stochasticity (Asefa et al.,
2020). However, the term “dispersal limitation” may be too general,
encompassing numerous inter-related factors. In fact, there may be
several inter-dependent reasons for the failure of establishment of
late-successional species (Uhl, 1987), such as those which were found
to be restricted to FF in the present study.

Firstly, the number of seeds that allow these species to establish
in neighbouring areas may be far below the minimum threshold
required for successful expansion (Palma et al., 2020) due, for
example, to high rates of seed predation (Chung and Corlett, 2006)
or because mother trees are confined to less than optimal conditions
and are thus suppressed by over-dominant surrounding trees (Ding
and Zang, 2021).

Secondly, a species’ ability to germinate and persist will be
affected by seed quality, which is itself influenced by genetic
factors (Leimu et al., 2010). Trees occurring in old-growth
patches within secondary forest are often isolated from other
conspecific populations, and hence subject to reduced gene flow
(Zeng et al., 2012). Consequently, these species typically exhibit the
effects of inbreeding (Leimu et al., 2010; Young et al., 1996) and so

exhibit reduced seed viability and depressed seed-set (Kuussaari et al.,
2009; Dullinger et al., 2012). Since this is often indicative of extinction
debt (Kuussaari et al., 2009), conservation attention is important.

Thirdly, even if the species were able to produce a sufficient
number of viable seeds, an absence of suitable dispersal agents
may prevent them from recolonising surrounding vegetation types
(Corlett, 2017; Silva et al., 2020). Brancalion et al. (2018) have shown
that late-seral species tend to have larger fruits or seeds that are
dispersed by animals or birds. In our study, a number of species
within the FF VTT have larger fruits or seeds that are attractive
to animals, for example, Lithocarpus elizabethae, Sloanea sinensis,
Artocarpus styracifolius, and Elaeocarpus nitentifolius (Corlett, 2011).
Successful dispersal of these species into adjacent areas is dependent
on a range of dispersal agents, including hornbills, large squirrels,
gibbons and other birds and mammals which are no longer
present in Hong Kong (Corlett, 2011). One solution for overcoming
this ecological barrier and associated extinction debt would be
to reintroduce these locally extinct animal species back into
Hong Kong’s secondary forests (Svenning and Faurby, 2017; Carver
et al., 2021). However, it is questionable whether today’s secondary
vegetation could support the survival of these large dispersal agents:
Hong Kong’s secondary forests are mostly too homogenised to
provide year-round food supply (van Schaik et al., 1993; Lichstein
et al., 2004; Keith et al., 2009; Corlett, 2011).

4.5. Low-diversity forest plantations can
impede natural recovery

Pine trees have been widely used for afforestation in Hong Kong
(Corlett, 1999). However, the pine trees previously planted in TPK
(P. massoniana) were mostly eradicated by wilt disease during the
1970s, resulting in reversion to grassland and shrubland (Zhuang,
1997). The impact of this can be seen in our results: species diversity
was significantly greater in GS than in GP, and it approximated
more closely to that found in FF, indicating that natural regeneration
was more effective than low diversity active restoration in terms
of overall ecological recovery. Indeed, species composition in areas
previously under pine plantation differed markedly from that in other
VTTs, even after decades of recovery and natural succession. The
number of negatively associated species within the pine plantation
area was much greater than that in other VTTs, particularly with
respect to species indicative of old-growth primary forest, such
as Turpinia arguta, Mallotus hookerianus, and Ficus pyriformis.
Previous research suggests that Pinus species impose an intense
priority effect on natural regeneration (Tomimura et al., 2012)
through niche pre-emption and modification (Fukami, 2015). In
addition, monocultural plantations are known to negatively affect
soil properties, including cation exchange capacity and availability
of phosphorous and potassium (Caravaca et al., 2002; Maestre and
Cortina, 2004), plus they can adversely affect the composition and
diversity of the seedling layer (Comita et al., 2010). It thus seems
important to recognise that any short- to medium-term benefits
associated with monocultural plantations in terms of soil stabilisation
and reduced fire risk (Corlett, 1999) could be counteracted by these
kinds of long-term detrimental impacts, which can in turn lead to
arrested succession (Goldsmith et al., 2011). Indeed, planting low
diversity species mixes can be risky (Holl et al., 2022), strongly
influencing the successional pathway and available species pool in a
way that can mean complete canopy coverage is not attained.
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4.6. Management and conservation
implications

Although biotic homogenisation is often prevalent in secondary
forests (McKinney and Lockwood, 1999; Holl et al., 2022), secondary
forests themselves are not necessarily homogeneous. In particular,
patches of old-growth forest that harbour a diverse set of late-
seral species may be scattered within a secondary forest matrix in
a non-random manner (Liu et al., 2019; Liu and Slik, 2014). Such
patches are likely to retain higher species diversity and thus be of
greater conservation value (Cardoso et al., 2022), and our results
underscore the importance of ensuring that they serve as reservoirs
of regenerative potential by identifying and removing key barriers to
spread.

Indeed, we reveal that the effects of historical VTTs can persist
for 60 years or longer, demonstrating that past disturbance regimes
should be taken into account in studies of community assembly and
forest succession in degraded tropical landscapes. Our data indicate
that many species are unable to colonise monocultural plantations,
reinforcing their artificially low diversity, and secondarily making
them more vulnerable to pests and diseases, thereby retarding
succession (Siemann and Rogers, 2006; Liu et al., 2018; Wu et al.,
2021). Conversely, multispecies forest plantations are likely to offer
preferable outcomes in terms of ecosystem services (Feng et al., 2022).

Conservation intervention is clearly necessary to secure the
long-term persistence of rare, late-seral species, and overcome the
bottlenecks discussed here, by, for instance, selectively thinning the
understorey to improve fine-scale conditions that support dispersal,
establishment and turnover (Deng et al., 2020; Ding and Zang, 2021).
Enhancement planting should also be considered to increase overall
biodiversity after thinning (Corlett, 2011; Abbas et al., 2020), and such
interventions may not only be critical for trees and shrubs, but also
herbaceous elements, too.
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Recent advances in satellite-borne optical sensors led to important developments

in the monitoring of tropical ecosystems in Asia, which have been strongly

affected by recent anthropogenic activities and climate change. Based on our

feasibility analyses conducted in Indonesia in Sumatra and Sarawak, Malaysia in

Borneo, we discuss the current situation, problems, recent improvements, and

future tasks regarding plant phenology observations and land-cover and land-

use detection. We found that the Multispectral Instrument (MSI) on board the

Sentinel-2A/2B satellites with a 10-m spatial resolution and 5-day observational

intervals could be used to monitor phenology among tree species. For the

Advanced Himawari Imager (AHI) on board the Himawari-8 geostationary

satellite with a 1,000-m spatial resolution and 10-min observational intervals,

we found that the time-series in vegetation indices without gaps due to cloud

contamination may be used to accurately detect the timing and patterns of

phenology among tree species, although the spatial resolution of the sensor

requires further improvement. We also found and validated that text and pictures

with geolocation information published on the Internet, and historical field notes
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could be used for ground-truthing land cover and land use in the past and present

time. The future development of both high frequency (≤ 10 min) and high spatial

resolution (≤ 10 m) optical sensors aboard satellites is expected to dramatically

improve our understanding of ecosystems in the tropical Asia.

KEYWORDS

deforestation, general flowering event, geostationary satellite (GEO), optical sensor,
cloud contamination, Sarawak (Malaysia), Sumatra

1. Introduction

In the tropics, where biodiversity is the highest (FAO,
and UNEP, 2020; Secretariat of the Convention on Biological
Diversity, 2020), there is an urgent need to accurately evaluate
the spatiotemporal variation of ecosystem functions, ecosystem
services which have recently been called “nature’s contributions
to people” (Díaz et al., 2018), 1and biodiversity under the
rapid anthropogenic impacts and climate change occurring there
(Estoque et al., 2019). Toward this aim, we require accurate and
continuous observations of plant phenology (e.g., flowering, leaf
flush, leaf coloring, and leaf fall), which serve as proxies of the
responses of organisms and ecosystems to the environment (Tang
et al., 2016; Piao et al., 2019), and of land-cover and land-use
change. Data on plant phenology, and land-cover and land-use
change help to explain the spatiotemporal variability of ecosystem
properties (e.g., photosynthesis and evapotranspiration, carbon
stocks and flows, the land surface’s albedo, and energy balances;
Penþuelas et al., 2009; Kumagai et al., 2013; Richardson et al.,
2013; Wu et al., 2016), emission of biogenic volatile organic
compounds (BVOCs; Penþuelas et al., 2009; Richardson et al.,
2013; IPCC, 2021), cultural ecosystem services (e.g., festivals
and recreation opportunities; Sakurai et al., 2011; Sparks, 2014;
Nagai et al., 2019), regulating ecosystem services (e.g., pollinator
abundances and pollination; Lautenbach et al., 2012; Rohde
and Pilliod, 2021), environmental changes in various habitats
(Muraoka et al., 2012; Gray and Ewers, 2021), and biodiversity
conservation (Morisette et al., 2009; Secades et al., 2014; Morellato
et al., 2016). Phenological mismatch between plants and their
animal pollinators and consumers caused by the changes of
the timing of each phenology due to climate change, reduces
the biodiversity (Visser and Gienapp, 2019; Secretariat of the
Convention on Biological Diversity, 2020). The evaluation of
spatial-temporal variability of the interaction between landscape,
which is mainly explained by land cover and land use, and
anthropogenic activities, also provides fundamental knowledge to
deeply understand the spatial-temporal variability of ecosystem
functions, ecosystem services and biodiversity under climate and
societal changes.

Satellite remote-sensing by optical sensors is useful for
evaluating the spatiotemporal variation of plant phenology, land
cover, and land use over a broad scale (Muraoka et al., 2012;

1 https://ipbes.net/news/natures-contributions-people-ncp-article-
ipbes-experts-science

Nagai et al., 2020a; Shin et al., 2023). Since 1972 when Landsat-
1 was launched, 2satellite optical sensors that observe visible
and near-infrared regions of the electro-magnetic spectrum have
continuously monitored the state of the ground surface from plot
to global scales (Table 1 shows a summary of the specification of
optical sensors on board satellites shown in this perspective paper).
However, these optical sensors are affected by atmospheric noise
and cloud contamination, which is the biggest disadvantage of
optical sensors. The opportunity for observation under clear sky
conditions in the tropics is much rarer than in other regions (Nagai
et al., 2011, 2014a).

In contrast, synthetic aperture radar (SAR) on board satellites
is not affected by atmospheric noise and cloud contamination
and allows for nighttime observation (e.g., Phased-Array type
L-band Synthetic Aperture Radar 2 on board the Advanced
Land Observing Satellite [ALOS]-2) and measurement of the
spatiotemporal variation of ecosystem structures. SAR transmits
microwaves and then actively receives the returned microwave
off the ground surface, allowing the detection of forest/non-forest
domains, land use and land cover, and aboveground biomass of
forests (Miettinen and Liew, 2011; Avtar et al., 2014; Shimada et al.,
2014; Kou et al., 2015; Li L. et al., 2015; Stelmaszczuk-Górska et al.,
2018). However, SAR cannot observe plant phenology, which is
mainly shown as a characteristic of color change of canopy surface
on satellite remote-sensing in optical signals. Thus, advancement in
SAR technology and/or the integration of SAR and optical sensors
will be needed for the accurate detection of land cover and land use
(Najib et al., 2020).

To improve the accuracy of phenology observations (e.g.,
detection of accurate timing of flowering, leaf-flush, and leaf-fall
in each ecosystem and/or tree species) and land-cover and land-
use detection (e.g., categorization of various land use type and
immediate detection of land cover change with a high spatial
resolution), we ideally require an optical sensor with high spatial
(e.g., 10 m), temporal (e.g., daily interval), and wavelength (many
narrow spectral bands) resolutions. However, these three properties
have not yet been attained simultaneously with a single sensor due
to trade-offs especially between spatial and temporal resolutions
(Nagai et al., 2020a). This limitation has made it difficult to
accurately monitor the ground surface in the tropics, where the
plant phenology and its synchrony among tree species are much
less clear than in temperate and boreal vegetation (Harrison, 2001;
Nakaji et al., 2014; Nagai et al., 2016a; Osada, 2018; Nakagawa et al.,

2 https://landsat.gsfc.nasa.gov/
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2019). Higher diversity and heterogeneity of tree species in the
Asian tropics (Lee et al., 2002) make satellite-based phenological
observations difficult. Marked land-cover and land-use changes
have accelerated in the tropics due to anthropogenic activities (e.g.,
deforestation) and climate change (e.g., forest fires triggered by the
El Niño–Southern Oscillation; Ichikawa, 2007; Segah et al., 2010;
Wooster et al., 2012; Hansen et al., 2013; Nagai et al., 2014a; Marlier
et al., 2015; Spessa et al., 2015).

For phenology observations and detection of the interannual
variation of land cover and land use, researchers have frequently
used data observed by optical sensors on board public satellites with
high frequency but a coarse spatial resolution, such as the Advanced
Very High Resolution Radiometer (AVHRR) on board the National
Oceanic and Atmospheric Administration satellite (NOAA; 1100-
m spatial resolution at a daily interval; e.g., Erasmi et al., 2014;
Garonna et al., 2014; Buitenwerf et al., 2015; Gao et al., 2019),
the Moderate Resolution Imaging Spectroradiometer (MODIS)
on board the Terra and Aqua satellites (250- to 500-m spatial
resolution at a daily interval; e.g., Zhang et al., 2003; Miettinen et al.,
2011; Pennec et al., 2011; Jin et al., 2019), and the VEGETATION
optical sensor on board the Satellite Pour l’Observation de la Terre
(SPOT; 1000-m spatial resolution at a daily interval, 3e.g., Delbart
et al., 2006, 2015; Segah et al., 2010; Kobayashi et al., 2016). Also
for this purpose, researchers have frequently used data observed by
optical sensors on board public satellites with low frequency (16-
day intervals) but a moderately high spatial resolution (30 m) such
as the Landsat series of satellites (Segah et al., 2010; Kou et al.,
2015; Li P. et al., 2015; Ishihara and Tadano, 2017; Morozumi et al.,
2019). In contrast, for the detection of land cover and land use
with a fine-scale, they have frequently used data observed by optical
sensors on board commercial satellites (e.g., the RapidEye: Imukova
et al., 2015; Pfeifer et al., 2016; the WorldView series satellites: 4

Nomura and Mitchard, 2018; Rahmandhana et al., 2022) with a
high spatial resolution (e.g., 50 cm) but quite low frequency (e.g.,
46-day intervals).

Some advantages of optical sensors on board public satellites
are the uniformity of observed data coverage, stable long-term
continuous observations from the long-term missions (e.g., the
Landsat series of satellites: See text footnote 2), and free usage
on the Internet. In contrast, the data observed by optical sensors
on board commercial satellites tend to be low-frequency data
distributed in urban areas, meaning that we cannot easily access
satellite data in remote regions. Although researchers could request
satellite image acquisitions of remote regions to these companies,
it is an impractical idea to request periodic broad-scale satellite
observations in remote regions over a long period due to the cost
of obtaining such commercial data.

In the latter half of the 2010s, the spatiotemporal resolution
of optical sensors on board public satellites remarkably progressed
with the launch of the Multispectral Instrument (MSI) on board
the Sentinel-2A/2B satellites, with a 10-m spatial resolution at 5-
day intervals (; e.g., Nomura and Mitchard, 2018; Persson et al.,
2018; Vrieling et al., 2018; Chang et al., 2021), 5and the Advanced
Himawari Imager (AHI) on board the Himawari-8 geostationary

3 https://spot-vegetation.com/en

4 https://earth.esa.int/eogateway/missions/worldview

5 https://sentinel.esa.int/web/sentinel/missions/sentinel-2

satellite, with a 1,000-m spatial resolution at 10-min intervals (at
2.5-min intervals around Japan; Miura et al., 2019; Yan et al.,
2019; Miura and Nagai, 2020). 6Although these optical sensors
do not satisfy the need for simultaneous high spatial, temporal,
and wavelength resolutions, these optical sensors will be expected
to provide much more accurate and precise satellite observations,
along with a reduction of uncertainties and systematic noise in
land-cover and land-use detection and phenology observations
(Shin et al., 2023). Continuous and extensive satellite observations
by these optical sensors will be also expected to develop
spatiotemporally interpolating and extrapolating in situ observed
data on ecosystem functions and biodiversity in each tropical
observation field.

In this perspective paper, based on this recent progress in
the optical sensors on board satellites and the development of
observation systems in the latter half of the 2010s, we focus on
satellite optical sensors and discuss the current situation, problems,
and recent improvements, as well as future tasks regarding
phenology observations and land-cover and land-use detection in
the Asian tropics. Here, we focus on island or maritime Southeast
Asia. In order to discuss concretely, we review our feasibility
analyses in Sarawak, Malaysia in Borneo, where our research group
has conducted field studies to validate satellite remote-sensing
since the 2010s, and Indonesia in Sumatra by using data from
the Sentinel-2A/2B–MSI and the Himawari-8–AHI satellites. In
Section 2, we describe how the accuracy of satellite phenology
observations can be improved from the viewpoints of advanced
resolution sensors and frequency of satellite observations. Next, in
Section 3, we describe how to improve the accuracy of land-cover
and land-use detection from the viewpoints of detection of year-
to-year variability and collection of past and present ground-truth
information. Then, in Section 4, we discuss the future tasks to help
improve our understanding of Asian tropical ecosystems. Finally,
in Section 5, we conclude our discussions in this perspective paper.

2. Improvements in the accuracy of
satellite phenology observations

2.1. Monitoring of plant phenology by
using advanced resolution sensors

Figure 1 shows the time-series of vegetation indices of Lambir
Hills National Park (primary tropical rain forest; 4◦12’04"N,
114◦02’21"E; Nakagawa et al., 2019) and the Lambir oil palm
plantation (4◦09’07"N, 113◦57’58"E) in Sarawak, Malaysia in
Borneo observed by the Sentinel-2A/2B–MSI (atmosphere
corrected data) and Himawari-8–AHI satellites. Primary tropical
rain forests, oil palm plantation forests, and secondary forests
are typical landscape features in this area (Ichikawa, 2007). In
addition, typical canopy surface images of Lambir Hills National
Park are shown in Figure 2. We show only NDVI values for the
Himawari-8–AHI satellite because we used the reflectance data at
the top of the atmosphere (i.e., atmosphere uncorrected data). For
the Sentinel-2A/2B–MSI satellites, we selected observation scenes

6 https://www.data.jma.go.jp/mscweb/en/index.html
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TABLE 1 Summary of the optical sensors on board public satellite.

Sensor Satellite Spatial
resolution

Temporal
resolution

Spectral
bands

Swath Period URL of
specification

Multispectral Scannar (MSS),
Thematic Mapper (TM),
Enhanced Thematic Mapper
Plus (ETM +), Operational
Land Imager (OLI), and
OLI-2

Landsat series 68 × 83 m (MSS);
30, 120 m (TM); 15,
30, 60 m (ETM +,
OLI); 15, 30, 100 m
(OLI-2)

18-days (MSS);
16-days

0.5-1.1µm (4 or 5
bands; MSS), 0.45-
12.5µm (7 bands,
TM); 0.45-12.5µm (8
bands, ETM +);
0.435-12.51 µm (11
bands, ETM +);
0.433-12.5 µm (11
bands, OLI-2)

185 km (MSS, TM,
OLI, OLI-2); 183 km
(ETM +)

Since 1972 https://landsat.gsfc.
nasa.gov/

Advanced Very High
Resolution Radiometer
(AVHRR)

NOAA Polar
Orbiting
Environmental
Satellites (POES),
Meteorological
Operational
Satellite (MetOp)

1,100 m daily 0.58-12.5 µm (4 or 5
bands)

2399 km Since 1981 https://www.avl.class.
noaa.gov/release/data_
available/avhrr/index.
htm;
https://www.eumetsat.
int/oursatellites/
metop-series

Moderate Resolution
Imaging Spectroradiometer
(MODIS)

Terra and Aqua 250, 500, 1,000 m daily 0.405-14.385 µm (36
bands)

2330 km Since 1999 and
2002,
respectively

https:
//modis.gsfc.nasa.gov/

Vegetation-1/2 Satellite Pour
l’Observation de
la Terre
(SPOT)-4/5

1,000 m daily 0.43-1.75 µm (4
bands)

2200 km Since 1998 https://earth.esa.int/
eogateway/missions/
spot

Advanced Visible and Near
Infrared Radiometer type 2
(AVNIR-2)

Advanced Land
Observing
Satellite (ALOS)

10 m 46-days 0.42-0.89 µm (4
bands)

70 km 2006-2011 https:
//www.eorc.jaxa.jp/
ALOS/en/index_e.htm

MultiSpectral Instrument
(MSI)

Sentinel-2A/2B 10, 20, 60 m 5-days 0.4924-21.857 µm
(13 bands)

290 km Since 2015 and
2017,
respectively

https://sentinel.esa.int/
web/sentinel/
missions/sentinel-2

Advanced Himawari Imager
(AHI)

Himawari-8 1000 m 10 min.
(2.5 min. around
Japan)

0.47-13.3µm (16
bands)

Geostationary
position: 140.7◦E

Since 2015 https://www.data.jma.
go.jp/mscweb/en/
index.html

Revised in this table in Shin et al. (2023).

with cloud cover ≤ 10%, but we plotted all values observed by the
Himawari-8–AHI satellites. For the Himawari-8–AHI satellite,
we plotted values observed at 3 h around the culmination time
because there was no property in the data regarding the cloud
contamination. Despite the occurrence of general flowering in
Lambir Hills National Park in May 2019, which occurs every
1–4 years, and the color of the canopy surface changing from
dark green to whitish green (Sakai et al., 2006; Azmy et al., 2016;
Chechina and Hamann, 2019; Ushio et al., 2020), every vegetation
index showed no clear seasonal change (low values may be affected
by cloud contamination). During the general flowering period, no
data were observed by the Sentinel-2A/2B–MSI satellites under
clear sky conditions (Figure 1). MSI Green-Red Vegetation Index
(GRVI; Motohka et al., 2010) values observed at Lambir Hills
National Park were about 0.05 smaller than those at the Lambir
oil palm plantation, reflecting the difference in color of the canopy
surface between tropical rain forest (dark green) and the oil palm
plantation (light green). Nagai et al. (2016a) reported that NDVI
and GRVI values observed by the photodiode sensors installed
at the top of a crane tower in Lambir Hills National Park were
almost constant throughout the year. In contrast, the time-series
of the ratio of R, G, and B digital numbers to the total RGB digital
numbers extracted from daily canopy surface images taken at

Lambir Hills National Park showed characteristics of leaf flush and
flowering among individual trees (Nagai et al., 2016a). These results
indicate the possibility that long-term continuous observations
by future advanced optical sensors on board satellites with a high
spatial resolution and high temporal resolution (high frequent)
may detect characteristics of phenology for each tree species in a
tropical rain forest. In fact, the RGB composite images observed
by the PlanetScope constellation of satellites, which consist of
approximately 180 microsatellites (as of 16 November 2022;
a commercial endeavor),78 with an approximately 3-m spatial
resolution at a daily interval could detect the characteristics of
flowering phenology among tree species in Lambir Hills National
Park during the general flowering event in May 2019 (Miura
et al., 2023). The swath range that can be observed at one time
by each PlanetScope microsatellite is narrow (25 km), but the
entire observation system of approximately 180 microsatellites
resolved the trade-off between spatial and temporal resolutions.
Some previous studies indicated this advantage of PlanetScope
constellation of satellites observations in alpine, temperate, and

7 https://earth.esa.int/eogateway/missions/planetscope

8 https://www.planet.com/products/planet-imagery/
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FIGURE 1

Time-series of vegetation indices observed by (A,B) the Sentinel-2A/2B–MSI and (C,D) the Himawari-8–AHI satellites in Lambir Hills National Park
(primitive tropical rain forests; 4◦12’04"N, 114◦02’21"E) and the Lambir oil palm plantation (4◦09’07"N, 113◦57’58"E) in northwestern Borneo. The thick
vertical solid lines in (A,C) indicate the dates of canopy surface images in Figure 2. Cloud contamination appeared in Lambir Hills National Park and
the Lambir oil palm plantation images on 5 March, 10 March (only in the Lambir oil palm plantation), 25 March, 4 April, and 20 November (only in the
Lambir oil palm plantation). A cloud shadow appeared in Lambir Hills National Park image on 20 November.

FIGURE 2

Typical canopy surface images taken at the top of a crane tower in Lambir Hills National Park (http://www.pheno-eye.org/). The day of year (DOY) is
shown in the bottom-right corners of each image. General flowering was shown on DOY 123.

tropical regions (Leach et al., 2019; John et al., 2020; Wang et al.,
2020, 2023; Moon et al., 2021; Wu et al., 2021).

How can we detect the characteristics of phenology in tropical
rain forests consisting of evergreen broad-leaved trees, with
seasonality much less clear than that of deciduous trees, with
optical sensors on board satellites? Previous studies reported that
the RGB composite images observed by the Sentinel-2A/2B–MSI
satellites, with the highest spatial resolution among the optical
sensors on board public satellites, detected the color change on
the canopy surface of Castanopsis sieboldii, Castanopsis cuspidate,
and Lithocarpus edulis (evergreen oak tree species) caused by leaf

flush (light green) and successive flowering (cream) in Japan (Nagai
et al., 2020b; Shinohara and Nasahara, 2022; Shin et al., 2023). These
plants are insect-pollinated flowers of Fagaceae and their flowers
bloom across the whole canopy surface. The timing of flowering
is different among these tree species (L. edulis is approximately
one month later than C. sieboldii and C. cuspidate). In a tropical
rainforest in Borneo (Lambir Hills National Park), Miura et al.
(2023) reported that the spectral reflectance observed by the
PlanetScope constellation satellites detected the characteristic of
color change on the canopy surface of Dryobalanops aromatica,
Shorea ochracea, Swintonia foxworthyi, and Pentace borneensis

Frontiers in Forests and Global Change 05 frontiersin.org38

https://doi.org/10.3389/ffgc.2023.1106723
http://www.pheno-eye.org/
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1106723 February 16, 2023 Time: 14:15 # 6

Shin et al. 10.3389/ffgc.2023.1106723

FIGURE 3

Relationship between NDVI values observed by the Himawari-8–AHI satellite and state of cloud cover based on in situ observed sky images in
Lambir Hills National Park during 8:05 and 16:45 LST (UTC + 8) from (A) 2015 and (B) 2016 (sky images from Nagai et al., 2018).

during a general flowering in 2019. These results indicate the
possibility that satellite-based observations may be used to track the
phenological timing and patterns of various tree species in tropical
rain forests in tandem with ground-truth information.

Remote-sensing can detect the color of the canopy surface
of various tree species, which indicate the characteristics of leaf
traits (leaf size, leaf biomass, leaf thickness, amount of pigments
in a leaf, and angle of leaves) and structures (tree structure and
height) (Sims and Gamon, 2002; Luke et al., 2013; Noda et al.,
2014; Asner et al., 2015; Noda et al., 2021; Rahmandhana et al.,
2022). The characteristics of leaf longevity, which is explained by
leaf-flush and leaf-fall phenology, were correlated with the type of
photosynthesis, leaf traits and structures, and climate (Wright et al.,
2004; Kikuzawa, 2005; Onoda et al., 2011; Kikuzawa et al., 2013).
These facts indicate the importance of discriminating each tree
species by referring to the characteristics of phenology and canopy
structures and mapping the geographic distributions for each tree
species at a broad scale. In Lambir Hills National Park, however, the

geographic distribution of each tree species is heterogeneous due to
microtopography (Lee et al., 2002). The collection of ground-truth
information for various tree species, thus, is both an important and
challenging task. Integrating in situ and satellite-based phenological
observations should also result in the tree discrimination of forests
in the Asian tropics.

2.2. Improvement of the frequency of
satellite observations

As mentioned above, the Sentinel-2A/2B–MSI satellites have
the potential to remarkably improve phenology observations in the
tropics. The MSI observations occur at 5-day intervals, however,
and in 2019, we only obtained seven scenes with cloud cover ≤ 10%
(Figure 1). In addition, we confirmed that cloud contamination
appeared in Lambir Hills National Park and the Lambir oil palm
plantation images on 5 March, 10 March (only in the Lambir oil
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FIGURE 4

Spatiotemporal variation of deforestation in Indonesia in Sumatra from 2001 to 2020 detected by analyzing the time-series of daily GRVI observed
by the Terra/Aqua–MODIS satellites (adapted from Nagai et al., 2014b). Each color indicates the latest deforested year. The dashed squares in (A) are
enlarged in (B) and (C). Boundary and river data come from the “1:10 m cultural vectors” published by Natural Earth
(https://www.naturalearthdata.com).

palm plantation), 25 March, 4 April, and 20 November (only in
the Lambir oil palm plantation) by visually checking the RGB
composite images. In addition, we confirmed that a cloud shadow
appeared in Lambir Hills National Park image on 20 November.
Therefore, it appears that the Sentinel-2A/2B–MSI satellites cannot
observe the characteristics of phenology for each tree species in
the suitable period under clear sky conditions. In contrast, the
observation frequency of the Himawari-8–AHI satellite under clear
sky conditions is much higher than that of the Sentinel-2A/2B–
MSI (Figure 1). In fact, even though the sky image taken at 10:30
(LST) in Lambir Hills National Park, which was the time of the
Sentinel-2A/2B–MSI satellites passage, showed cloudy skies, many
other images showed clear skies at other times (Nagai et al., 2018).

In previous phenology studies that analyzed time-series of
satellite-observed vegetation indices, the researchers used the 8-
day, 10-day, and bimonthly composite data in order to eliminate
noise and missing data caused by atmospheric noise and cloud
contamination and smoothed the composite time-series data by
applying some fitting functions (Zhang et al., 2003; Delbart et al.,
2006, 2015; Erasmi et al., 2009, 2014; Pennec et al., 2011; Wu
et al., 2014; Garonna et al., 2014; Buitenwerf et al., 2015; Kobayashi
et al., 2016; Park et al., 2016; Gao et al., 2019; Jin et al., 2019).
These analyses were based on the hypothesis that vegetation indices
observed under clear sky conditions, which might show the most
accurate value, were higher than those under cloudy and rainy
conditions. Therefore, the smoothed values are estimated values
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FIGURE 5

RGB composite images of Indonesia in Sumatra observed by the
Sentinel-2A/2B–MSI satellites in 2020. The RGB composite images
for the Sentinel-2A/2B–MSI satellites were composed of 73 days of
data observed under clear sky conditions. For the
Sentinels-2A/2B–MSI satellites, we estimated the atmospheric
corrected ground surface reflectance data by using the SNAP
application (Sentinel Toolboxes:
https://step.esa.int/main/download/snap-download/). The dashed
squares in (A) are enlarged in (B,C). The colored symbols mark the
locations of rice paddy, banana, cassava, and rubber recorded in
field notes in 1978 (https://fieldnote.archiving.jp/). Boundary and
river data come from the “1:10 m cultural vectors” published by
Natural Earth (https://www.naturalearthdata.com).

but not true values. The values smoothed by applying the fitting
functions may include two types of systematic errors: (1) an actual
value was eventually eliminated, or (2) an actual missing value was
eventually misread as a true value. For instance, in the case of
an abrupt decrease of vegetation caused by a landslide, vegetation
indices after the landslide may be eliminated as noise by applying

some fitting functions. In addition, in the case of successive cloudy
and rainy conditions in a certain period, smoothed vegetation
indices may be misinterpreted as a decrease of vegetation. Thus,
from a statistical viewpoint, we should avoid smoothing as much as
possible.

The frequency of the observations of vegetation indices in East
Asia by the Himawari-8–AHI satellite is 10-min intervals. If we only
select the vegetation indices observed during the daytime that were
little affected by the solar elevation angle (e.g., 3 h around noon), we
can obtain many data observed under clear sky conditions (Miura
et al., 2019). Figure 3 shows the relationship between NDVI values
observed by the Himawari-8–AHI satellite and state of cloud cover
based on in situ observed sky images in Lambir Hills National Park
during 8:05 and 16:45 LST (UTC + 8) from 2015 to 2016. The
occurrences of higher NDVI values (> 0.8) coincided well with the
timings of in situ “very sunny” or “sunny” sky conditions, despite
including missing data of sky images. The analysis of Figure 3
indicated that the number of days with clear sky conditions ranged
from 57 to 96, which was much more than vegetation index
observed by the Terra/Aqua–MODIS satellites (1–5 days per month
in the southwest monsoon period [May–October] and 0–2 days
per month in the northeast monsoon period [November–April] in
Borneo; at a daily interval; Nagai et al., 2014a). In addition, the
confidence in the change in vegetation indices, which was detected
by the actual change of vegetation or not (i.e., systematic noise
caused by atmospheric noise and cloud contamination), may also
increase by checking high-frequency continuously observed data
under clear sky conditions. So, if we can extract data observed only
under clear sky conditions, we scarcely need to smooth by applying
fitting functions. Despite a coarse spatial resolution (1,000 m), the
vegetation indices observed by the Himawari-8–AHI satellite may
indicate fairly accurate values.

At present, however, the Himawari-8–AHI satellite is still
not suitable with regard to spatial resolution for phenology
observations in tropical rain forests. In fact, despite the high
frequency of observations under clear sky conditions, no
characteristic change in the time-series of NDVI was shown in
May 2019, when the general flowering occurred in Lambir Hills
National Park (Figures 1, 2). The time-series in GRVI, which can
detect the change of color of the canopy surface (Motohka et al.,
2010; Nagai et al., 2014b), might capture some characteristic of
temporal change. In Lambir Hills National Park, the time-series in
the ratio of RGB digital numbers for each individual tree extracted
from daily canopy surface images showed differences among tree
species around the general flowering period (Nagai et al., 2016a).
In contrast, those for the whole canopy showed almost constant
values throughout the year (Nagai et al., 2016a), perhaps because
not all individuals and tree species flowered at the same time. In this
case, the target region of canopy surface images was within at most
100 m (Nagai et al., 2016a), but in the Lambir Hills National Park,
which consists of over 1000 tree species (Lee et al., 2002), vegetation
indices observed by the Himawari-8–AHI satellite can detect the
average phenology of various tree species within a 1,000-m-by-
1,000-m area. Therefore, for accurate phenology observations in
tropical rain forests, we require an onboard optical sensor with a
high spatial resolution to discriminate each tree individual (≤ 10
m) at high temporal frequencies (on the order of 10-min interval)
to eliminate cloud contaminations in satellite data.
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Despite the uncertainty caused by the heterogeneity of tree
species and microtopography, previous studies indicated that the
time-series of vegetation indices could be used to accurately
detect the spatiotemporal variation of leaf flush and leaf fall in
deciduous forests in Japan by validating the indices against long-
term continuous in situ observed data (Miura et al., 2019; Yan
et al., 2019). Despite the effect of microtopography (elevation)
on phenology and the differences in timing and patterns of leaf
flush and leaf fall among tree species (Inoue et al., 2014; Nagai
et al., 2014b; Shin et al., 2021a), leaf flush and leaf fall within
a narrow region (e.g., 1,000-m square) occur rapidly and nearly
simultaneously. The Japanese government is planning to launch
a geostationary satellite with an optical sensor with a 3- to 4-m
spatial resolution. 9Such future developments in optical sensors on
board satellites with high observation frequency and high spatial
resolution will remarkably improve the accuracy of phenology
observations in tropical rain forests, where the phenological timing
and patterns differ among the numerous and highly diverse tree
species (Osada, 2018; Reich et al., 2004).

3. Improvements in the accuracy of
land-cover and land-use detection

3.1. Detection of year-to-year variability
of land-cover and land-use change

Figure 4 shows that the interannual variation of deforestation
from 2001 to 2020 could be detected by analyzing the time-series
of the daily GRVI observed by the Terra/Aqua–MODIS satellites
[500-m spatial resolution; adapted from Nagai et al. (2014b)] in
Indonesia in Sumatra, where marked land-cover and land-use
change has occurred due to deforestation and expansion of oil
palm plantations (Ichikawa, 2007; Fitzherbert et al., 2008; GEAS,
2011; Koh et al., 2011; Miettinen et al., 2011; Hansen et al., 2013;
Carlson et al., 2014; Nagai et al., 2014a; Estoque et al., 2019; Najib
et al., 2020). Here, we defined deforestation as having occurred
at points where the ratio of number of days observed GRVI < 0
under clear sky conditions to total observed GRVI under clear sky
conditions was above 80% (Nagai et al., 2014a). This hypothesis
was based on the fact that GRVI < 0 after leaf fall or when there
was no vegetation (Motohka et al., 2010; Nagai et al., 2014b). In
the deforested area detected by the Terra/Aqua–MODIS satellites
(Figure 4), we also identify that vegetation is sparse by visually
inspecting the RGB composite images observed by the Sentinel-
2A/2B–MSI satellites with a 10-m spatial resolution (shown in
brown; Figure 5). In addition, we identify that GRVI observed by
the Sentinel-2A/2B–MSI satellites showed under 0 (Figure 6). From
2001 to 2020, the deforested areas continuously expanded in Riau
(central Sumatra; Figure 4C) and Lampung (southern Sumatra;
Figure 4B). In Indonesia, the loss rate of primary forests has
declined since 2016 according to the Secretariat of the Convention
on Biological Diversity (2020); however, our analysis suggests that
the deforestation is still ongoing.

9 https://www8.cao.go.jp/space/comittee/27-anpo/anpo-dai32/siryou1-
1.pdf

FIGURE 6

GRVI of Indonesia in Sumatra observed by the Sentinel-2A/2B–MSI
satellites in 2020. No algorithm was applied to remove cloud
contamination. The black symbols mark the locations of rice paddy,
banana, cassava, and rubber recorded in field notes in 1978
(https://fieldnote.archiving.jp/). Boundary and river data come from
the “1:10 m cultural vectors” published by Natural Earth
(https://www.naturalearthdata.com). The dashed squares in (a) are
enlarged in (b) and (c).

Interannual variation of deforestation in the tropics has been
detected by analyzing the time-series of vegetation indices observed
by the Landsat series (30-m spatial resolution at 16-day intervals;
Hansen et al., 2013). However, for those satellites capturing data
at 16-day intervals, it is possible that no data are observed under
clear sky conditions throughout an entire year especially in the
Asian tropics, which is one of regions with active atmospheric
water circulation. In addition, in the case of the ETM + sensor
on board the Landsat-7 satellite, each observation scene always
included partial missing data due to a systematic error in the sensor
(malfunction of the scan line corrector; Wang et al., 2021). For
the Terra/Aqua–MODIS satellite observations with a 500-m spatial
resolution, we could detect large-scale land-cover and land-use
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FIGURE 7

Example of Mapillary images (https://www.mapillary.com/) taken at four points where the typical landscapes in Indonesia in Sumatra were recorded
in field notes in 1978 (https://fieldnote.archiving.jp/): (a) rice paddy (geolocation based on the field note: 0◦41’58.9"S, 100◦36’02.4"E; geolocation
based on the Mapillary image: 0◦42’13.0"S, 100◦35’56.0"E; location gap of about 500 m), (b) banana (geolocation based on the field note:
3◦44’18.5"S, 104◦39’33.6"E; geolocation based on the Mapillary image: 3◦44’52.2"S, 104◦39’28.1"E; location gap of about 1,100 m), (c) cassava
(geolocation based on the field note: 5◦19’12.9"S, 105◦11’59.1"E; geolocation based on the Mapillary image: 5◦18’40.0"S, 105◦11’21.4"E; location gap
of about 1,500 m), and (d) rubber (geolocation based on the field note: 5◦19’49.6"S, 105◦12’20.5"E; geolocation based on the Mapillary image:
5◦19’54.4"S, 105◦11’47.2"E; location gap of about 1,100 m). The Mapillary images are provided under the Creative Commons Attribution ShareAlike
license (CC-BY-SA; https://www.mapillary.com/).

change in the tropics, including the establishment of oil palm and
acacia plantations after deforestation (Nagai et al., 2014a), but we
could not accurately detect local-scale changes such as the loss of
vegetation caused by a landslide, which typically occurs at an area
smaller than a footprint of satellite data (1 pixel size of satellite
data) with a coarse spatial resolution (500-m or 1,000-m; Miura
and Nagai, 2020). In contrast, high-frequency observations by the
Sentinel-2A/2B–MSI satellites with a 10-m spatial resolution at 5-
day intervals may improve the accuracy of detecting interannual
variation of land cover and land use in the tropics. Using the time-
series of the vegetation index observed by the Sentinel-2A/2B–MSI
satellites, whose data will be accumulated over a long period, should
help us to more accurately detect the interannual variation of
the geographic distribution of deforestation by applying the same
analysis as was applied to the Terra/Aqua–MODIS satellites data.

3.2. Collection of past and present
ground-truth information

To improve and validate the accuracy of satellite-based
land-cover and land-use maps, we must collect ground-truth
information at multiple points (Tsutsumida et al., 2019). One way to
achieve this is by using digital camera images with the geolocation
information, time, and date shot at multiple points that have been

uploaded on the Mapillary website, 10which is a crowdsourcing
project. For some reported points, we can use images taken on
different dates, thus allowing us to obtain evidence of land-cover
and land-use change over a short period. Funada and Tsutsumida
(2022) also indicated the usability of the street-level photographs
published on the Mapillary to map the geographical distribution
of cherry flowering in Fukushima in Japan. The text and images
uploaded to the Degree Conference Project (DCP) website11 are
also useful ground-truth information regarding land cover and land
use. Previous studies reported the suitability of information on the
DCP for use in validating satellite-based land-cover and land-use
maps (Iwao et al., 2011; Soyama et al., 2017).

Figure 7 shows Mapillary images at four locations that were
typical landscapes in Indonesia in Sumatra, according to field notes
recorded in 1978 (full details are mentioned later). Mapillary also
contains many images taken at intervals along the route of a
participant’s trip by using a car-mounted camera. Such uploaded
data may have a geographic bias and be concentrated in areas
that are strongly affected by anthropogenic activities (e.g., on
streets). Compared with Mapillary, there is less systematic bias
in the geographic distribution of target points published on the
DCP website, which allows users to choose the intersection of

10 https://www.mapillary.com/

11 https://confluence.org/
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latitude and longitude integer values in remote regions that have
been little affected by human activities. However, the data volume
of Mapillary (more than 1.8 billion street-level images as of 16
November 2022; See text footnote 10) is much larger than that of
the DCP (about 1.32 million photographs as of 16 November 2022;
See text footnote 11), making the usability of Mapillary superior. By
actively uploading captured images with geolocation information
on Mapillary, especially in the points and areas where images have
not yet been uploaded, field scientists can help to reduce the missing
areas of in situ observations.

Another important issue is how to obtain ground-truth
information regarding land cover and land use in the past. This
solution deepens our understanding of the conversion processes
of deforestation and agricultural expansion. We may estimate
the historical land cover and land use by examining the present
conditions. For instance, we can assume that areas now covered
by oil palm and acacia plantations in Sarawak, Malaysia in Borneo
were once covered by tropical rain forests (Nagai et al., 2014a).
Without ground-truthing, however, those values will always remain
as estimates. To solve this issue, landscape descriptions in research
field notes may provide useful ground-truth information regarding
past land cover and land use. A group of Japanese scientists at Kyoto
University launched the “Inheriting field notes” project (Takata
et al., 2014; Yamada, 2015)12 and have published 46,281 sets of
digitalized field notes on their website. 13Those field notes include
field trips in the Middle East, the Mediterranean, Africa, South Asia,
East Asia, Southeast Asia, and Oceania from 1967 to 2016 (mainly
the 1980s and 1990s). At the time of the field trips, researchers
could not use the tools to capture geolocation information, such as
a Global Positioning System (GPS) receiver or a digital camera with
this function. However, by thoroughly examining the time-series of
objective descriptions in the field notes, we can roughly identify the
landscape at a certain point.

For instance, by applying a text mining approach to field notes
recorded in Indonesia in Sumatra in 1978 (1802 items) we analyzed
the frequency of the words used (Yamamoto et al., 2015). The
field notes included typical words regarding landscapes, such as
rice paddy (total of 283 cases), banana (164 cases), cassava (136
cases), and rubber (185 cases), which allowed us to identify the
landscape at that time. These words are also useful ground-truth
information regarding the land cover and land use in Indonesia in
Sumatra in 1978. We plotted the locations of rice paddy, banana,
cassava, and rubber extracted from the field notes in Figure 5. In
addition, by using the Mapillary images (Figure 7), we compared
the land cover and land use in 1978 published on field notes with
those at the present time. Despite the difficulty in checking precise
geolocations, we could validate that there was no land-cover and
land-use change at two points, where rice paddy and banana were
recorded in the field notes. However, like the Mapillary images,
many points recorded on the field notes may be located in areas that
were strongly affected by anthropogenic activities. The retirement
and decease of owners will accelerate the loss of personal analog
data such as field notes. Rescuing and archiving of these analog data
and information is an urgent issue (Shin et al., 2020).

12 https://newsletter.cseas.kyoto-u.ac.jp/jp/02/02_02_yanagisawa.html

13 https://fieldnote.archiving.jp/

4. Future tasks to help improve our
understanding of Asian tropical
ecosystems

To improve our understanding of Asian tropical ecosystems,
we propose five issues that need to be addressed: (1) further
collecting ground-truth information from multiple locations and
various periods; (2) improving the classification of plant functional
types (PFTs) on land-cover and land-use maps and detecting the
interannual variation of PFTs; (3) studying the interactions between
terrestrial and marine ecosystems; (4) investigating the interaction
between land-cover and land-use change and anthropogenic
activities; and (5) developing integrative analysis and evaluation of
in situ and satellite-observed data.

4.1. Further collection of ground-truth
information from multiple locations and
various periods

In conjunction with the development of optical sensors on
board satellites, researchers also need to gather ground-truth
information obtained at multiple locations in various periods. The
quality of satellite data depends on the accuracy and precision
of atmospheric and geometric corrections of those data. Previous
studies used locally collected data such as daily phenology images
and spectrum data observed from towers (Nagai et al., 2014a,
2020a,b; Nakaji et al., 2014; Lopes et al., 2016). Such ground-truth
information provides accurate and precise data collected over a
long period. However, the number of locations in the tropics where
phenology images and spectrum data are being collected is still
limited (Nakaji et al., 2014; Nasahara and Nagai, 2015; Lopes et al.,
2016; Alberton et al., 2017; Nagai et al., 2018, 2020a).

Another way to obtain detailed ground-truth information from
multiple locations for a broad-scale picture of historical changes in
land cover and land use is to examine “social sensing data,” a type of
big data. These include videos posted to YouTube and old television
programs (De Frenne et al., 2018; Shin et al., 2022b), and text and
photographs with geotag information posted to social networking
services (e.g., Twitter, Instagram, and Flickr; Fernández-Bellon and
Kane, 2020; Silva et al., 2018; Song et al., 2020; Yoshimura and
Hiura, 2017). The interests and movement of people at various
locations can also be tracked by analyzing the access statistics
of Google (Google Trends: Takada, 2012; Proulx et al., 2013),
14number of visitors at Wikipedia (Fernández-Bellon and Kane,
2020), and geolocation information of mobile phones (Chang et al.,
2021; Pintér and Felde, 2021). For instance, the analysis of Twitter
posts was useful for evaluating the spatiotemporal variation of the
timing of leaf coloring in Japan (Shin et al., 2021b). Kotani et al.
(2021) and Shin et al. (2022a) analyzed the time-series of Google
Trends and/or Yandex statistics (a major search engine in Russia)15

to assess the spatiotemporal characteristics of people’s interest in
the use of berries in Arctic and the Russian Far East regions,

14 https://trends.google.com/trends/

15 https://wordstat.yandex.com
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which the authors used as proxy data of ripening phenology.
Likewise, people’s interests in oil extracted from illipe nuts (Borneo
tallow nut), which are seeds of Dipterocarpaceae species (Blicher-
Mathiesen, 1994), may be useful as ground-truth information for
ripening phenology in Sarawak, Malaysia Borneo.

4.2. Improving classification of PFTs on
land-cover and land-use maps and
detecting interannual variation of PFTs

As an example of a detailed land-cover and land-use map
in Asia with a high spatial resolution, the Japan Aerospace
Exploration Agency has published the land-cover and land-use
maps of Japan and Vietnam with 10-m or 30-m spatial resolutions
by integrative analysis of data from multi-satellites such as the
Sentinel-2A/2B–MSI, the ALOS–AVNIR2 (Advanced Visible and
Near Infrared Radiometer type 2), the Landsat series satellites,
and the ALOS2–PALSAR2 (Hirayama et al., 2022; Hoang et al.,
2020). 16However, these maps of Japan did not account for the
interannual variation in land cover and land use. In addition,
PFTs were classified into broad categories, such as deciduous
broad-leaved forest and evergreen coniferous forest. To accurately
evaluate the spatiotemporal variation of the heat, water, and carbon
cycles and biodiversity in the tropics, and to understand the
sensitivity of vegetation to environmental change and succession,
accurate classification of PFTs and detection of their interannual
variation are needed. For instance, traits of photosynthesis and
evapotranspiration differ among ecosystems and tree species in the
tropics (Ishida et al., 2005; Kenzo et al., 2004, 2006, 2011, 2015). The
improved classification of PFTs and discrimination of tree species
based on photosynthesis, leaf traits, and leaf and canopy structures
are important tasks because these traits help to account for the
sensitivity of the flowering, leaf-flush, and leaf-fall phenology and
leaf longevity to environmental changes and succession.

4.3. Studying the interactions between
terrestrial and marine ecosystems

The soil in the tropics is oligotrophic (Fujii et al., 2018), and
land-cover and land-use change due to deforestation has strongly
affected not only the heat, water, and carbon cycles (Carlson
et al., 2014; Kumagai et al., 2013; Takahashi et al., 2017), but
also coastal ecosystems due to the outflow of nutrients from the
soil surface to rivers (Tanaka et al., 2021). To accurately evaluate
the spatiotemporal variation of ecosystem functions, ecosystem
services, and biodiversity triggered by anthropogenic activities
and climate change, we need to improve our understanding
of the interactions between terrestrial and marine ecosystems.
The SeaWiFS (1.13-km at a daily interval) 17and Aqua–MODIS
satellites, which were launched around 2000, observe ocean color
and allow for estimation of chlorophyll concentration (O’Reilly
et al., 1998; Schollaert et al., 2003; Gregg and Casey, 2004;

16 https://www.eorc.jaxa.jp/ALOS/jp/dataset/lulc_j.htm

17 https://oceancolor.gsfc.nasa.gov/SeaWiFS/

Siswanto and Tanaka, 2014; Groom et al., 2019). In addition, the
Second Generation Global Imager (SGLI) on board the Global
Change Observation Mission-Climate (GCOM-C) satellite (250-
m at 2-day intervals)18 improved the accuracy and precision of
ocean color observations (Murakami, 2016; Matsuoka et al., 2021).
Further research should examine, for instance, the relationship
between the interannual variation of deforestation and the
spatiotemporal variation of the chlorophyll concentrations in the
coastal areas of some river basins.

4.4. Investigating the interaction
between land-cover and land-use
change and anthropogenic activities

To understand the spatiotemporal variation of ecosystem
services and biodiversity, we must evaluate the spatiotemporal
variation of the interaction between land-cover and land-use
change and anthropogenic activities. For this, the nighttime light
data observed by the Visible Infrared Imaging Radiometer Suite
(VIIRS) on board the Suomi NPP satellite (Day/Night Band [DNB];
750-m at a daily interval; Elvidge et al., 2017, 2021)19 may be useful,
as land-cover and land-use change has caused the spatiotemporal
variation of nighttime light. In a study of 46 cities with more than
50,000 inhabitants, Ivan et al. (2020) reported the suitability of the
Suomi NPP–VIIRS satellite-observed nighttime light to evaluate
the geographic variation of income. Studies of tropical regions
could use these satellite data to examine the relationship between
the interannual variation of deforestation and spatiotemporal
expansion of the nighttime light.

4.5. Developing integrative analysis and
evaluation of in situ and
satellite-observed data

Despite the language barrier (Amano et al., 2016), the collection
of in situ observed data and ecophysiological information in each
country and region (especially non-English data and information;
Nagai et al., 2016b; Takeuchi et al., 2021) will accelerate the
development of integrative analysis and evaluation of in situ
and satellite-observed data. As noted by Farley et al. (2018),
researchers should aim to conduct more big data analyses by
integrating citizen science, which has superior veracity; real-
time sensor networks, which have superior velocity; in situ
observed data collected by scientists, which have superior variety;
and remote-sensing, which has a superior volume. The support
of international scientific networking communities such as the
Asia-Pacific Biodiversity Observation Network (Takeuchi et al.,
2021)20, the Asia-Oceania GEO, 21and the East Asia and Pacific
International Long-Term Ecological Research Network (Kim et al.,
2018)22 is indispensable for the development of these integrated

18 https://suzaku.eorc.jaxa.jp/GCOM_C/index.html

19 https://ncc.nesdis.noaa.gov/VIIRS/

20 http://www.esabii.biodic.go.jp/ap-bon/japanese/index.html

21 https://aogeo.net/en/

22 https://www.ilter.network/
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studies. Takeuchi et al. (2021) emphasized the necessity of satellite
observations that provide the academic perspectives and evidence
needed to implement natural ecosystem conservation policies. We
further encourage the use of in situ observed data to improve the
accuracy and precision of analyses of satellite observations and
reinforcing the networking of research communities working with
in situ and satellite observations in the Asian tropics (Dronova and
Taddeo, 2022; Shin et al., 2023).

5. Conclusion

Our discussions in this perspective paper can be summarized
that future advances in the optical sensors on board satellites with
high frequency (≤ 10 min) and high spatial resolution (≤ 10 m) are
expected to deepen our understanding of ecosystems in the Asian
tropics, thus improving our knowledge of phenological changes
as well as land-cover and land-use changes due to anthropogenic
activities and climate change. Consequently, we could deeply
understand the temporal change of the friction between people and
ecosystems in the Asian tropics (i.e., degree of the unsustainable
circumstances) under societal and climate changes. Despite unclear
phenology with a high biodiversity as well as high heterogeneity of
land cover and land use, the day is undoubtedly coming when we
can monitor tropical ecosystems in Asia even at the individual tree
scale. Now, we are in the beginning of a new era of satellite remote-
sensing.
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The composition of non-structural carbohydrates (NSC), one of the

photosynthetic products of plants, reflects the survival strategy of a plant.

Although several studies have investigated variation of NSC content in woody

plants over a set time scale, few studies have considered the dynamic variation

of NSC over a continuous life history. In this study, the leaves, new twigs, and old

branches of seven temperate broad-leaved tree species (diffuse-porous species:

Betula platyphylla, Betula costata, Tilia amurensis, Acer pictum subsp. mono;

ring-porous species: Ulmus davidiana var. japonica, Ulmus laciniata, Fraxinus

mandshurica) were observed at three life history stages (seedling, sapling, and

mature tree) to measure the dynamic changes of NSC and its influencing factors

throughout the entire life cycles of these species. The results showed that life

history, wood type, and environmental factors (soil nitrogen and phosphorus

content, soil pH) significantly affected the NSC content in leaves and branches

(including both new twigs and old branches). As plants grew, the NSC content

in the leaves and branches generally showed an upward trend, meaning the

total non-structural carbohydrate (TNC) content and soluble sugar (SS) content

increased significantly, and the starch (ST) content was relatively stable. Lastly,

there was no significant difference in NSC content between the canopy layers

of mature trees. This indicates that the influence of life stage on NSC content in

leaves and branches of plants may be dominated by genetics instead of being

regulated by light factors.

KEYWORDS

broad-leaved tree species, leaves and branches, non-structural carbohydrates, survival
strategies, life history

1. Introduction

Forest vegetation, due to its role as a vital carbon sink in the global ecosystem (Yadav
et al., 2022), is essential for the regulation of climate and carbon balance. To be a sink instead
of a source, the net photosynthesis of forest vegetation must be positive (Beer et al., 2010),
and thus photosynthetic products play a role in regulating forest productivity (Bonan, 2008).
Non-structural carbohydrate (NSC), comprised of one of the photosynthetic products of
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plants (Zhang et al., 2013), is a mobile carbon pool (Wang and
Wang, 2019). It participates in multiple physiological activities of
plants, such as respiratory processes, metabolic activities, signal
transduction, etc., and is of great significance for maintaining
plant life activities. NSC mainly exists in the forms of soluble
sugar (SS) and starch (ST) (Furze et al., 2021). SS, which
includes oligosaccharides (sucrose, raffinose, and stachyose) and
monosaccharides (glucose and fructose), provides direct energy
materials for respiration, defense, plant stress signaling, phloem
transport, and osmoregulation, while ST exists as a temporary or
long-term energy store that plants can convert into SS when carbon
demand exceeds supply (Piper and Paula, 2020; Signori-Müller
et al., 2021a). The absorption and utilization of plant carbon can be
judged based on variations in plant NSC content (Hoch et al., 2003),
which reflect the adaptation strategies of plants when experiencing
changes in the external environment (Myers and Kitajima, 2007).
When the NSC content in plant tissues continues to decline, it
means that the carbon demand is higher than the supply, and the
carbon reserve is inadequate. When the NSC content is elevated
or relatively stable, it means that the supply of carbon is greater
than the demand, so carbon does not limit growth at all (Hoch
et al., 2002). Thus, the growth status of forest vegetation can be
characterized by the variation in a plant’s NSC content.

Studies on NSC in tree organs have mainly focused on the
differences in intra- or interspecific concentration over various
spatiotemporal scales, mostly in saplings and mature trees.
However, there are few studies investigating the dynamic changes
in NSC content over a continuous life history at the temporal
scale. Some studies have shown that deciduous plants have evident
seasonal fluctuations in the content of NSC and its components,
with the lowest SS content in early summer and the highest
content during dormancy, which is related to the germination
and apoptosis of plant leaves (Piispanen and Saranpää, 2001;
Regier et al., 2010). Similarly, at each developmental stage, woody
plants differ in branch and leaf physiological and morphological
characteristics (Mediavilla et al., 2013), and they vary in their
adaptation strategies in response to a changing environment.
This in turn leads to differences in carbon fixation, metabolism,
allocation, and storage in vivo (Grulke and Retzlaff, 2001). In
general, specific leaf weight, leaf nitrogen content, water use
efficiency, stomatal conductance, and carbon assimilation all
increase as diameter at breast height (DBH) increases (Thomas and
Winner, 2002; Song et al., 2019). For example, in Pinus ponderosa,
the concentration of mobile carbon pools increased significantly
in the upper canopy tissues as tree height increased (Sala and
Hoch, 2009); in Pinus koraiensis, the NSC content of current-
year needles increased significantly at the leaf unfolding period as
age increased, and the NSC content of current-year and perennial
needles generally decreased significantly at the leaf fall period as
age increased (Yan et al., 2022). Plants within the same community
at different life history stages are subject to similar climatic and
soil conditions (Zhang et al., 2018), but seedlings and saplings
have relatively weaker light resources compared to mature trees
(Liu et al., 2019). Further, plants at the seedling stage are more
sensitive and vulnerable to changes in the external environment.
In addition, organ age is one of the driving forces behind the
shift in plant ecological strategies (Liu et al., 2021). It has been
shown that tree size has a stronger effect on leaf traits than do
environmental factors (Liu et al., 2020). Therefore, the patterns of
change in NSC and the regulatory factors still need to be studied

in depth at different life history stages (e.g., seedlings, saplings, and
mature trees) (Hartmann et al., 2018; Signori-Müller et al., 2021b).

Non-structural carbohydrates (NSC) is distributed in most tree
organs, such as the leaves, branches, trunks, and roots. Furze et al.
(2019) showed that branches were the largest reservoir of total NSC
and fluctuated seasonally, while total NSC in roots remained stable
throughout the year. This is because the NSC content in branches
were used to support springtime growth, and roots need relatively
stable NSC content to cope with catastrophic situations. NSC is
used for different purposes in different organs, and as a result, its
distribution varies across organs. Similarly, species differ in their
NSC distributions, which are one reason why NSC distributions
are commonly associated with different biological characteristics of
tree species (Hoch et al., 2003). Because most of the water absorbed
by plant roots from the soil is dissipated by transpiration, and a
small portion is transported to the leaves for photosynthesis, one
wonders whether differences in water transport among plants lead
to differences in NSC levels among species. Angiosperms can be
divided into diffuse-porous species (relatively small diameter of the
inner lumen of the duct) and ring-porous species (relatively large
diameter of the inner lumen of the duct) (Taneda and Sperry, 2008).
Studies have shown that the NSC storage of the entire tree overall
is higher in ring-porous than in diffuse-porous species (Barbaroux
and Bréda, 2002; Furze et al., 2019). In one example, the ST content
of the whole tree was also higher in Quercus petraea, a ring-porous
species, than in Fagus sylvatica, a diffuse-porous species (Barbaroux
et al., 2003).

Numerous studies have confirmed that physiological ecological
factors related to plant photosynthesis may affect the synthesis and
distribution of NSC in plants to some extent, such as Nitrogen
(N) and phosphorus (P) (Farrar and Jones, 2000; Millard et al.,
2007). It has been shown that the response of TNC to soil N
content varies. For example, TNC in plants increases with soil N
content, but the increase is inhibited when the N content exceeds
a certain threshold (Thomas et al., 2005). TNC content has a
positive or insignificant response to the increase of environmental P
content (Wang et al., 2014). However, few studies have explored the
impact of multiple environmental factors along with plant size on
NSC, simultaneously. Light intensity is another dominant factor in
plant photosynthesis. Even in a single individual, different canopy
positions can cause differences in plant light intensity and water
availability (Yan et al., 2012). Therefore, canopy differences may
lead to different NSC contents in different plants, even though
several studies have found that canopy position had no significant
effect on NSC (Yan et al., 2012, 2022; Li et al., 2017).

In this study, four diffuse-porous species (Betula platyphylla,
Betula costata, Tilia amurensis, Acer pictum subsp. mono) and
three ring-porous species (Ulmus davidiana var. japonica, Ulmus
laciniata, Fraxinus mandshurica) in a broad-leaved Korean pine
forest in Northeast China were selected as the research subjects.
The NSC content was determined in leaves, new twigs, and old
branches in different life history stages (seedling, sapling, and
mature trees) to explore whether life history, wood type, and soil
factors (soil water content, soil N and P content, soil pH) would
affect the NSC content in branches (new twigs, old branches)
and leaves, and to analyze the dynamics of NSC in leaves, new
twigs, and old branches throughout the duration of a continuous
life history. In this regard, the following hypotheses were made:
(1) life history, wood type, and soil factors all affect the NSC
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FIGURE 1

Hypothetical diagram of the changing trend of non-structural carbohydrates (NSC) content with life history. (A) SS and ST both tend to increase;
(B) one of SS and ST tends to increase and the other is in a stable state; (C) one of SS and ST shows an increasing trend and the other shows a
decreasing trend, but the increase will be greater than the decrease.

TABLE 1 Statistical information of diameter at breast height (DBH) (cm).

Species Life history Mean ± SD Minimum Maximum CV (%)

Betula platyphylla Seedling 5.1 ± 0.3 4.8 5.5 4.9

Sapling 18.8 ± 1.4 15.3 20.0 7.3

Mature tree 41.0 ± 2.2 37.6 44.4 5.3

Betula costata Seedling 4.9 ± 0.9 3.2 6.3 18.4

Sapling 17.3 ± 0.6 16.2 18.1 3.7

Mature tree 41.8 ± 1.8 39.5 44.2 4.3

Tilia amurensis Seedling 4.4 ± 0.6 3.5 5.3 14.0

Sapling 17.7 ± 1.5 15.3 19.8 8.4

Mature tree 43.0 ± 2.8 39.8 49.5 6.5

Acer pictum subsp. mono Seedling 3.8 ± 0.6 2.7 4.8 16.5

Sapling 17.2 ± 1.8 15.0 19.1 10.7

Mature tree 41.3 ± 2.2 38.3 44.7 5.3

Ulmus davidiana var. japonica Seedling 4.0 ± 0.7 2.8 5.0 17.0

Sapling 17.8 ± 1.7 15.2 20.0 9.3

Mature tree 42.2 ± 2.0 38.3 45.0 4.7

Ulmus laciniata Seedling 3.8 ± 0.6 2.8 5.0 16.1

Sapling 18.3 ± 1.1 16.7 20.0 6.2

Mature tree 41.3 ± 0.9 39.5 42.5 2.2

Fraxinus mandshurica Seedling 4.8 ± 0.7 3.7 6.0 13.7

Sapling 17.8 ± 1.1 16.0 19.1 6.3

Mature tree 42.1 ± 1.4 40.0 44.3 3.4

content of leaves, new twigs, and old branches; (2) the total non-
structural carbohydrate (TNC) content in leaves, new twigs, and
old branches tends to increase with tree growth, according to one
of the following three conjectures (Figure 1): SS and ST both
tend to increase; one of SS and ST tends to increase and the
other is in a stable state; one of SS and ST shows an increasing
trend and the other shows a decreasing trend, but the increase
will be greater than the decrease; (3) The NSC content in leaves,
new twigs, and old branches will not differ significantly among
canopy layers.

2. Materials and methods

2.1. Study region

The field survey was conducted in August 2020 in the
Heilongjiang Liangshui National Nature Reserve (47◦10’50"N,
128◦53’20"E), located on the southern slope of the Xiao Hinggan
Mountains. The reserve has an altitude range of 300–780 m and
an average slope of 10◦–15◦, which classifies the region as having a
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temperate continental monsoon climate with four distinct seasons.
The winter is lengthy and cold, and the summer is short and
warm, with an average annual precipitation of about 676 mm.
The average annual maximum temperature is 7.5◦ and minimum
temperature is −6.6◦, with a large annual temperature difference.
The reserve is the most typical and intact coniferous and broad-
leaved mixed forest in the northern temperate zone of China.
P. koraiensis is the main established species, but other broad-leaved
species are also abundant.

2.2. Experimental design

Seven broad-leaved tree species, which include B. platyphylla,
B. albosinensis, T. amurensis, A. pictum subsp. mono, U. davidiana
var. japonica, U. laciniata, and F. mandshurica were selected
for study and classified into two major wood types, the first
four of which were diffuse-porous species and the latter three
of which were ring-porous species. To reduce the effect of light
conditions on tree NSC, 30 individuals of each tree species were
selected under full light conditions as far away from each other as
possible and classified into different life history stages, according
to the difference in DBH (Thomas, 2010; Masaki et al., 2021).
And each of the three life stages, 10 individuals growing on the
approximate south slope and well into their life history stage
were selected. The categories were seedlings (DBH = 0∼3 cm),
saplings (DBH = 18∼23 cm), and mature trees (DBH = 35∼40 cm)
(Table 1). Leaves (morphologically intact and in great growth), new
twigs (current year), and old branches (perennial) were sampled
within each life history stage. To distinguish between new twigs
and old branches, the nodal rings, which are formed by bud scale
scars on the branches, were checked. Subsequently, the collected
branches and leaves were marked and placed in a cryogenic foam
box. After being brought back to the laboratory, they were placed in
the oven at 105◦C for 20 min and then dried at 65◦C to a constant
weight. Finally, the sample was crushed for the NSC determination.

Seedlings and saplings were measured twice. Mature trees were
divided into three canopy layers—upper, middle, and lower, and
measurements on each canopy layer were also repeated twice. In
order to avoid the influence of spatial autocorrelation among the
sample trees on the experimental results, the distance between any
two sample trees had to be greater than 5 m.

2.3. NSC measurements

In this paper, NSC is defined as the free, low molecular weight
sugars SS and ST, the sum of which is denoted as TNC (Liu
et al., 2019; Signori-Müller et al., 2021a). NSC incorporates TNC,
SS, and ST. These contents were measured using an improved
phenol-sulfuric acid method (Buysse and Merckx, 1993), and their
concentrations are expressed here as percentage dry weight (%DM).

First, 40 mg of the ground dry sample was inserted into a 10 mL
centrifuge tube and soaked overnight in 10 mL of 80% ethanol. The
soaked sample was centrifuged twice at 4,000 rpm in a DT5-4B low-
speed benchtop centrifuge (Beijing Era Beili Centrifuge Co., Ltd.,
Beijing, China), and the supernatant was poured into a volumetric
flask for constant volume, which was used to determine the SS. T
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FIGURE 2

Non-structural carbohydrates (NSC) content in different organs of diffuse-porous and ring-porous species at each life history stage. Capital and
lowercase letters indicate the differences between life history stages and organs under same wood types, respectively; P-values represent the
comparison of leaves, new twigs and old branches in two species of wood types at the same life history stage, in which L, N, and O represent leaves,
new twigs and old branches respectively; 1, 2, and 3 represent seedlings, sapling, and mature trees, respectively. Dots indicate outliers and “+”
indicates mean values. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Then, the residue remaining after ethanol extraction was dried.
Next 10 mL of deionized water was added, and the solution was
mixed well. After gelatinization in a boiling water bath, the solution
was cooled to below 60◦C. One mL of 0.5% α-amylase solution was
added, and the water bath was kept at 60◦C for 1 h. The enzymatic
solution was centrifuged at 2,000 rpm and filtered to maintain a
constant volume with the deionized water for the determination of
the ST content. Finally, SS and ST were determined. One mL of the
sugar solution was taken into the glass tube, and then one mL of
28% phenol solution (dissolved in 80% ethanol) was added. Next,

concentrated sulfuric acid was added immediately, and the glass
tube was shaken for 1 min. The absorption value was measured by
a spectrophotometer (722 N, Shanghai Yidi Analytical Instrument
Co., Ltd., Shanghai, China) at 490 nm after 15 min.

2.4. Soil water and nutrient availability

Around the sample tree, a soil corer was used to collect
about 10 cm of soil at the base of the trunk at three sampling
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FIGURE 3

Variations of non-structural carbohydrates (NSC) components with life history in different organs of diffuse-porous and ring-porous species. (A,B)
Shows leaf composition; (C,D) shows new twig composition; (E,F) shows old branch composition. The dashed lines indicate non-significant
variation. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

points (the angle between any two sampling points was about
120◦). The three soil samples were mixed evenly after removing
obvious impurities, and then the soil water content (g/g) was
determined by the oven-drying method (Liu et al., 2020).
Soil total N content (mg/g) and total P content (mg/g) were
measured using the AQ 400 automatic intermittent chemical
analyzer (SEAL Analytical, Mequon, WI, USA) (Jing et al.,
2017). Soil pH was measured by pH meter (HANNA pH211,
Italy).

2.5. Data analysis

In this study, data was statistically analyzed in SPSS 22.0 and
R-4.1.0 (R Core Team, 2021) and plotted in GraphPad Prism 8.0.
Generalized linear models of DBH, wood type and environmental
factors (soil water content, soil N and P content, soil pH) with
NSC components were constructed using the “glm” function in R.
One-way analysis of variance (ANOVA) and the least significant
difference (LSD) was used to compare the differences in organ
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FIGURE 4

Differences among mature tree canopy layers of species by different wood types. Blue represents diffuse-porous species, orange represents
ring-porous species. ns, no significant difference.

and life history of tree species under different wood types. The
same method was used to test for differences between the different
canopy layers of mature tree’s branches and leaves. To compare
organs at different stages of life history in the two wood types, an
independent sample T-test was performed. A linear regression was
also run with NSC components against life history stages. All tests
were performed at a significance level of α = 0.05.

3. Result

3.1. Factors influencing NSC
concentration

Life history (DBH) had a significant effect on SS and TNC in
leaves, new twigs, and old branches (p < 0.05), but only on ST in old
branches (p < 0.05). The effect of wood type on TNC was significant
in leaves, new twigs, and old branches (p < 0.05) (Table 2). The
effects of environmental factors on NSC varied by organ (Table 2):

soil water content only had a significant effect on SS and TNC
content in leaves; soil N content had significant effects on TNC of
leaves and new twigs, soil P content only had significant effects on
TNC of new twigs, and soil pH had significant effects on TNC of
leaves, new twigs, and old branches. Compared with soil P content,
the effect of soil N content on leaves and branches (new twigs and
old branches) was more significant and tended to be negatively
correlated (Table 2).

3.2. Variations in NSC concentration with
life history and organ

For the seven tree species, there was an overall increasing trend
in the NSC content of leaves, new twigs, and old branches as the
plant grew. For the diffuse-porous species, the SS content of leaves,
new twigs, and old branches was significantly higher in the mature
tree stage than in the other two life history stages, and the TNC
content was significantly higher than in the seedling stage, while
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the ST content was stable in all life history stages of leaves and old
branches, without significant differences (Figure 2). For the ring-
porous species, the SS and TNC contents of leaves, new twigs, and
old branches were significantly lower in the seedling stage than in
the other two life history stages, while ST contents in leaves and
new twigs did not differ significantly among the life history stages
(Figure 2).

For diffuse-porous species, at the sapling stage, SS content was
significantly lower in leaves than in branches, while ST content was
significantly higher. At the mature tree stage, SS content was also
significantly lower in leaves than in branches, while ST content
was significantly lower in old branches than in leaves and new
twigs, and TNC content was significantly higher in new twigs than
in leaves and old branches (Figure 2). However, there was no
significant difference in NSC content between leaves and branches
at the seedling stage, and the fluctuation was slight among the three
organs (Supplementary Table 1). For the ring-porous species, the
differences in NSC content in leaves and branches were similar
among the three life history stages, with the overall performance
being higher in SS and TNC content for branches than for leaves,
and significantly higher in ST content for new twigs than for leaves
and old branches (Figure 2).

Diffuse-porous species had a higher NSC content in their leaves
and a lower content in their new twigs than ring-porous species.
The NSC content of the old branches was higher than that of
the ring-porous species at the seedling stage only. In contrast,
NSC content was lower than that of the ring-porous species at the
other two life history stages (Figure 2). Comparing the two wood
types, leaves were the only organ in which NSC content differed
significantly at the seedling stage, but at the sapling and mature tree
stages, the ST content in leaves differed significantly, and the NSC
content in branches showed significant differences too (Figure 2).

Across both wood types, SS and TNC contents in leaves and
branches increased significantly as life history stages progressed
(Figure 3). For the diffuse-porous species, ST content decreased
significantly only in leaves at a later life history stage (Figure 3A),
while ST content in branches did not vary significantly with life
history (Figures 3C, E). For the ring-porous species, ST content
varied significantly only in old branches, and ST content in
leaves and new twigs did not vary significantly with life history
(Figures 3B, D, F).

3.3. Variation in NSC concentration with
canopy

Among species of the same wood type, there was no significant
difference in NSC content between different canopy layers in
leaves and branches of the mature trees (Figure 4). The CV of
NSC content in all three canopy layers of diffuse-porous species
were: leaf TNC, 0.152∼0.178; new twig TNC, 0.236∼0.253; old
branch TNC, 0.166∼0.194 (Supplementary Table 3). The CV of
NSC content in leaves and branches of ring-porous species, in
all three canopy layers, were: leaf TNC, 0.375∼0.425; new twig
TNC, 0.332∼0.381; old branch TNC, 0.262∼0.299 (Supplementary
Table 3). The CV of NSC content was similar among the three
canopy layers of all species, regardless of wood type. The CV of NSC

content in the canopy layers were smaller in the diffuse-porous than
in the ring-porous species (Supplementary Table 3).

4. Discussion

4.1. Factors influencing NSC
concentration

The functional traits of plants vary throughout the life cycle,
from the time it is a seed, to when it becomes a full-grown
individual, and so do the trade-offs between different stages
of branches and leaves (Wright et al., 2010; Liu et al., 2019,
2021). Compared to mature trees, seedlings experience poor light
conditions, have large, thin leaves (Augspurger and Bartlett, 2003;
He and Yan, 2018), and have a relatively weak ability to intercept
light and synthesize carbon (Niklas et al., 2007). Thus seedlings
tend to compensate for the harsh environment with a relatively
high specific leaf area (He and Yan, 2018). As trees grow, the
plant exerts more energy into the branches to enhance their
functions of mechanical support and water supply capacity so as
to accommodate the increased leaf area and transpiration rate
(Niinemets et al., 2004; Fan et al., 2017). Seedlings experience a
stronger trade-off between growth rate and mortality compared
to mature trees (Wright et al., 2010), and thus at the seedling
stage, plants are resource acquisition-oriented. This means that
seedlings prioritize nutrients for growth and development. In
contrast, mature trees are relatively conservative in their resource
use, and they only use increased resources when resisting adverse
environments (He and Yan, 2018). From this, it has been inferred
that carbohydrates, as essential energy substances for the growth
and development processes of plants, are equally affected by the
stages of life and the environmental factors in their distribution.
This inference was verified in this study—-life history has a
significant effect on NSC (Table 2).

It was confirmed that the diffuse- and ring-porous species differ
in their TNC content (Barbaroux and Bréda, 2002; Barbaroux et al.,
2003). Our results also showed that wood type had a significant
effect on TNC content in leaves and branches (p < 0.05) (Table 2),
which was consistent with previous studies. The synthesis of TNC
is inseparable from the operation of the hydraulic system of various
plant organs, and the water conductivity of the hydraulic system
is also different due to the differences in xylem vessels in the two
wood types (Taneda and Sperry, 2008; McCulloh et al., 2010). This
may be one of the reasons for the significant effect of materiality on
NSC.

Soil water content only had a significant effect on leaf TNC
content (Table 2), which opposed Hypothesis 1. However, it is
consistent with the findings of Lintunen et al. (2016). Soil N content
had significant effects on the TNC of leaves and branches, and it
was negatively correlated with NSC (Table 2). The N element is
related to the synthesis of plant photosynthetic pigments, which in
a certain range can promote the photosynthesis of plants (Nakaji
et al., 2001). That a high N content inhibits photosynthetic pigment
synthesis may be the reason for the negative correlation between
soil N content and NSC. On the other hand, it is possible that
plants need to absorb large amounts of N from the soil during
their growing season, and this leads to higher carbon input for their
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morphogenesis (Eissenstat and Yanai, 1997; Wang et al., 2017). Soil
pH affects the photosynthetic and osmoregulatory systems of plants
(Yang et al., 2022), so it is significantly correlated with leaf and
branch NSC components (Table 2).

4.2. Variation of NSC concentration with
life history and organ

The differences in NSC across different life histories and organs
characterize the differences in physiological regulation and adaptive
strategies to the external environment (Augspurger and Bartlett,
2003). Overall, the NSC content in leaves and branches increased
with maturing life stages, which is consistent with hypothesis 2.
Sala and Hoch (2009) and Zhang et al. (2018) also showed that
TNC storage in trees increases from the seedling to the mature
tree stage. During these three growth stages, the photosynthetic
capacity and water use efficiency of the plant gradually increases
(Cavender-Bares and Bazzaz, 2000; Thomas, 2010), and hence the
TNC synthesis content also showed an increasing trend. With the
growth of trees, the tension of the xylem increases, and cavitation
and embolism are more likely to occur (Sala and Hoch, 2009). The
repair process may require a large amount of SS. The ST content
of mature trees is higher than in saplings and seedlings, which
is related to the survival strategy where big trees tend to reserve
more energy in the event they must resist various environmental
stresses. The results of this study further showed that the SS and
TNC contents in leaves and branches of species of both wood types
increased significantly with life history, and the ST content did
not change significantly throughout the life history stages in either
leaves or branches (Figure 3). This result confirmed conjecture
2 in hypothesis 2, that the variation in TNC was mainly caused
by SS. This is consistent with the results of Zhang et al. (2013),
where the changes in TNC were caused by NSC components in
branches. Zhang et al. (2013) and Yan et al. (2022) also found that
the increase of TNC in needles was more closely related to the
increase of SS during the leaf unfolding period for P. koraiensis.
This may be related to the season of the plant. Plants consume
a large amount of ST in winter in response to cold stress and
germination in spring (Piispanen and Saranpää, 2001; Lintunen
et al., 2016), so a part of SS produced in the growing season was
converted into ST to make up for the consumption, which may
result in the change of TNC in summer more closely related to
SS. However, Hoch et al. (2003) and Schadel et al. (2009) showed
that the changes in branch TNC were more closely related to
ST. It may be due to differences in sampling seasons and tree
species.

By comparing the NSC contents in leaves, new twigs, and old
branches of species of the two wood types in each life history stage,
it was found that the SS content was higher in branches than in
leaves, and the ST content was higher in leaves than in branches
(Figure 2). However, TNC content did not change consistently
in the life stages of the diffuse-porous species, and for the ring-
porous species, the contents were higher in the branches than in
the leaves (Figure 2). Furze et al. (2019) suggested that high SS
concentrations in branches helps trees resist low temperatures in
the canopy. The carbon limitation hypothesis indicates that the
stress of low temperatures weakens the photosynthetic capacity of

plants and reduces their carbon assimilation capacity, which results
in insufficient carbon supply, reduced NSC content, and reduced
growth rate (Wardle, 1993; Wang and Wang, 2019). Therefore,
increasing SS content in branches may be a conservative survival
strategy for plants that need to resist external low-temperature
environments. Ring-porous species are not only less resistant to
low temperatures and drought (Yuan et al., 2021), but they also
tend to have a higher risk of embolism and cavitation (Hack et al.,
2006; Taneda and Sperry, 2008), which may result in higher SS
content than in diffuse-porous species (Figure 2). Signori-Müller
et al. (2021b) studied two types of plants with different growth
rates in the Amazon forest. The results showed that the NSC
content was higher in branches than in leaves for fast-growing
species under sufficient light conditions, while the opposite was true
for slow-growing species. Thus, the difference in NSC content in
leaves and branches of woody plants is the embodiment of different
survival strategies. Further discussion on the dynamic changes of
NSC content in new twigs and old branches showed that the NSC
content was higher in new twigs than in old branches, at all three
life history stages (Figure 2). The results were similar to those
of Zhang et al. (2013), regarding the NSC of new twigs and old
branches of 12 tree species in temperate zones. According to the
principle of near distribution of carbon sources, branches are the
closest organ to the carbon source of leaves, and thus they have
priority for claiming photosynthetic products. Further, because of
their proximity to buds, old branches may be the most vital carbon
source for tree germination and growth in the spring (Wong et al.,
2003; Spann et al., 2008). The new twigs in the current growing
season are old relative to the sprouting branches of the coming
year, thus it is inferred that new twigs store more NSC than old
branches during the growing season. This is both to maintain the
growth and development of the current year, and to provide a
source of carbon for the sprouting of leaves and branches in the
coming year.

4.3. Variation of NSC concentration with
canopy

To test hypothesis 3, this study analyzed the NSC content
of mature tree canopies, and the results were consistent with
our hypothesis (Figure 4). Zhang et al. (2015) studied the NSC
concentration in temperate canopy branches and leaves and
found that the canopy had no significant effect on the NSC
concentration in leaves and twigs, but had a significant effect on
coarse branches, which was relatively consistent with the results
of this study. In the study on the effect of the canopy on the
NSC of fast-growing and slow-growing trees in the Amazon
forest, no significant difference was found in NSC concentration
between different canopy branches and leaves (Signori-Müller et al.,
2021b). The result suggests that variability in plant NSC may be
more so determined by genetic characteristics than by variations
in the vertical gradient of light environmental factors. However,
Woodruff and Meinzer (2011) showed that the NSC content of
branches above the canopy differed significantly among Douglas-
fir (Pseudotsuga menziesii Mirb. Franco) individuals of different
tree heights. Heights can indicate life history stages to a certain
extent (Liu et al., 2020; Masaki et al., 2021), so the source of this
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difference may not only be attributed to changes in light gradients.
Studies on evergreen conifer species have shown that the canopy
layer influences needle NSC concentrations (Gholz and Cropper,
1991; Niinemets, 1997), which may be related to the selection of
tree species types, their different habitats and phenological periods.

5. Conclusion

According to the dynamic NSC contents in leaves and branches
of seven broad-leaved tree species in different life history stages,
it was found that the NSC content of woody plants was not only
affected by external environmental factors (soil N and P content,
soil pH), but also correlated with their genetic characteristics (life
history, wood type, etc.). As the trees aged and grew, the NSC
content in leaves and branches also increased, while the ST content
was relatively stable throughout the life history stages. Therefore,
the increase of NSC content in plants during the growing season
was likely caused by SS. The NSC content differed between the
species of different wood types. Overall, the NSC content was
higher in the leaves of the diffuse-porous than of the ring-porous
species, while the NSC content was lower in the branches. However,
this study found no significant difference in NSC content between
the canopy layers of mature trees. Although the light environment
was associated with NSC content in plants, the dynamic changes of
NSC throughout the continuous life history of these seven broad-
leaved species were not driven mainly by light factors, and the
content fluctuations may be more closely related to their genetic
characteristics.
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Research on the variations in soil aggregate stability and ecological stoichiometry

at aggregate scales by stand type is of great significance in investigating

the distribution, limitation, balance, and cycling of organic carbon, nitrogen,

and phosphorus (C-N-P). However, the effect of pure and mixed Chinese fir

plantations on soil aggregate stability, organic carbon (OC), total nitrogen (TN),

and total phosphorus (TP) stoichiometry characteristics at aggregate scales is

still unclear. In this research, we explored the variations in soil aggregate mean

weight diameter (MWD) and geometric mean diameter (GMD); soil OC, TN, and

TP contents and stocks and the C:N:P ratios as affected by different stand types

(mixed stands of Chinese fir and Mytilaria laosensis, mixed stands of Chinese fir

and Michelia macclurei, and pure stand of Chinese fir); and aggregate size (<0.25,

0.25–1, 1–2, and >2 mm) at 0–20 and 20–40 cm depths in subtropical China.

The soil OC and TN contents, as well as C:N:P ratios declined as aggregate size

increased, whereas the C-N-P stocks showed the opposite tendencies, which

were more distributed in >2 mm aggregates. Mixed stands of Chinese fir and

M. laosensis with Chinese fir and M. macclurei displayed significantly higher

soil aggregate stability, aggregate-associated TP content, OC and TN contents

and stocks, and C:N and C:P ratios than did pure stands of Chinese fir. Soil

aggregate stability was significantly positively correlated with the C-N-P contents

and stocks as well as the C:N and C:P ratios, especially the C:N ratio and TN

content. Overall, this work offers further information for scientific management

and sustainable development of Chinese fir plantations, soil OC and nutrient

cycling with ecological stoichiometry in the global terrestrial ecosystem.
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1. Introduction

Plantations are considered one of the most widely distributed
forest types worldwide, mitigating land degradation and facilitating
material cycles and energy fluxes in ecosystems (Yang et al., 2021).
China has the greatest plantation area (Zhou L. et al., 2020).
Among different plantations, Chinese fir, also called Cunninghamia
lanceolata, is a vital afforestation species in China, due to
its rapid growth, superior material, and high economic value,
with plantations comprising approximately 19% of the country’s
plantation area (Zhou L. et al., 2020; Tong et al., 2021). Guangxi
has one of the most major Chinese fir plantations (CFPs) in widely
cultivated provinces in China, and this is due to its unique climate
and geographical location. However, the decreased productivity
of CFPs has long been a major impediment in Guangxi. To
pursue rapid tree growth and timber productivity, long-term
succession cropping of CFPs has resulted in homogeneous stand
structures and decreased soil fertility and productivity (Wang et al.,
2020). Mixed forests of Chinese fir can also contribute to soil
productivity, quality and health (Huang K. X. et al., 2020). Thus,
the establishment of mixed forests is an effective approach for
stabilizing soil structure and enhancing the soil nutrient status
and sustainability of CFPs. This research has important theoretical
guidance and practical significance for improving the quality and
sustainable development of CFPs and the sustainable utilization of
soil resources in CFPs.

Aggregates widely constitute the basic unit of soil structure,
and they can affect soil structural stability and fertility maintenance
(Six and Paustian, 2014). Soil aggregate stability is a vital index
that is closely associated with soil organic carbon (OC) mitigation
and nutrient restitution (Guo et al., 2020; Ma et al., 2022). It
is generally evaluated by using the changes in the mean weight
diameter (MWD, mm) and geometric mean diameter (GMD, mm)
(Zhang Y. et al., 2021). Soil aggregate stability is impacted by soil
physical-chemical properties, tree litter, root exudates, and surface
runoff (Rivera and Bonilla, 2020; Feng et al., 2021). In addition,
the stability of soil aggregates is strongly closely related to soil
C and nitrogen (N) stability (Lu et al., 2019). Substantial studies
have focused on exploring the relationship between soil aggregate
stability and organic carbon (OC) content (Shen et al., 2021; Ma
et al., 2022; Yao et al., 2022), indicating that OC content is a key
factor affecting soil aggregate stability. During Chinese fir planting,
soil OC and total nitrogen (TN) contents have a significant positive
correlation with soil aggregate stability (Mao et al., 2021). Forest
conversion can impact soil aggregate stability (Li et al., 2022).
Additionally, introducing broadleaved tree species into CFPs can
improve soil aggregate stability (Gao et al., 2022; Tang et al.,
2023). However, most studies have not determined the key factors
affecting variation in soil aggregate stability under different stand
types of CFPs. Therefore, it is vital to reveal the soil aggregate
stability of CFPs with different stand types to evaluate the soil
structure and storage stability of soil nutrients.

Ecological chemometrics is an excellent way to determine
covariation patterns and coupling relations of chemical elements
(such as major elements: C, N, P), and this method has received
more attention in exploring soil nutrient cycling and limiting
effects (Zhang J. H. et al., 2021). Soil aggregates with different
particle sizes have specific roles in nutrient supply, storage, and

limiting elements. In addition, the composition of aggregates
can significantly affect the distribution of C–N–P contents, and
the changes in their content distribution significantly impact the
regulation of soil aggregate stability (Xu et al., 2019). A common
agreement among studies is that mixed stands of Chinese fir
increase the contents of OC and TN within different sizes of
aggregates (Wang et al., 2020; Xu et al., 2020). Moreover, compared
to pure stands, mixed stands have shown a significant increase
in soil C:N:P ratios (Xu et al., 2020). Soil C–N–P contents and
stocks are significantly influenced by various sizes of aggregates, but
these studies display different results (Six et al., 2004). According
to certain research, soil C, N, and P contents decrease as aggregate
size increases (Tang and Wang, 2022), although the soil C, N, and
P stocks show the opposite trend (Wang et al., 2020). Thus, further
studies should investigate the variations in aggregate-associated C–
N–P stoichiometry in relation to multiple stand types of CFPs to
provide a new strategy for evaluating the correlations between soil
aggregate stability and soil nutrient stoichiometry in plantation
ecosystems.

Our previous research showed that soil depth can affect
aggregate-associated C-N-P stoichiometry in a chronosequence of
CFPs (Tang and Wang, 2022). However, how soil aggregate size
and stand type in CFPs affect soil aggregate stability and C, N, and
P stoichiometric properties is still unknown. Therefore, this study
aimed to comprehensively quantify the responses of soil aggregate
stability, the C–N–P contents and stocks, and the ratio of C:N:P to
aggregate sizes (>2, 1–2, 0.25–1, and <0.25 mm) and stand types
(mixed Chinese fir with Mytilaria laosensis Lecomte plantations,
mixed Chinese fir with Michelia macclurei Dandy plantations, and
pure CFPs) at 0–20 and 20–40 cm. This research assumed that (i)
soil C–N–P stocks are more distributed in >2 mm aggregates; (ii)
mixed CFPs have higher soil aggregate stability, aggregate-related
C–N–P contents and stocks than pure CFPs; and (iii) soil TN
content is the key parameter related to the changes in soil aggregate
stability.

2. Materials and methods

2.1. Experimental site

We conducted this study in November 2020 at the Qingshan
Experimental Field, which is in Longzhou County, Chongzuo city,
Guangxi Zhuang Autonomous Region, China (22◦08′–22◦44′ N,
106◦33′–107◦12′ E) (Figure 1). The Qingshan Experimental Field
has a subtropical monsoon environment and is in the concentrated
production region of Chinese fir in Guangxi. The annual mean
temperature and precipitation are 21◦C and 1400 mm, respectively.
The primary types of terrains include low mountains and hills.
The native rock is dominated by limestone. The soil type is mainly
latosol (pH 4.8–5.5), and the soil depth is over 80 cm. Due to
long-term and intense human disturbance, the native vegetation in
the region has been almost completely destroyed, and large-scale
CFPs have rapidly expanded. Experimental and demonstration
forests of valuable and high-quality Chinese fir mixed with broad-
leaved tree species are mainly plantations of mixed Chinese fir and
M. laosensis as well as mixed Chinese fir and M. macclurei in this
study region. Meanwhile, Maesa japonica, Brassaia actinophylla,
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Rubus alceaefolius, Litsea variabilis, Blechnum orientale, Mussaenda
pubescens, Pteris semipinnata, and Evodia lepta comprise most of
the understory vegetation.

2.2. Experimental design

In this research, we collected soil samples from three stand
types of CFPs, which were established in 1992 (Table 1). To reduce
soil spatial variations, the three stand types were placed in similar
geomorphologic units with similar altitude, slope gradient and
aspect, soil parent material, and fertilization practices. The spacing
between the three stand types was 2 m × 3 m. Mixed stands
had a 3:1 mixed proportion. For each stand type, we performed
a complete random design and duplicated in quintuplicate to
produce in fifteen CFPs (3 stand types × 5 replicates) (Figure 1).
Every two CFPs were separated by more than 800 m to avoid
pseudo-replication and reduce spatial self-correlation. A plot
(20 m × 20 m) was randomly selected at more than 50 m across
the plantation edge for each CFP.

2.3. Litter and soil sampling

The mixed litterfall samples were acquired from the soil surface
by five randomized 1 m × 1 m subplots. The 15 mixed litterfall
samples (3 stand types × 5 replicates) were then desiccated in
an oven at 80◦C until they reached a constant weight (Table 1).
In addition, soil specimens in the research were acquired from
places similar to the litterfall samples and were collected through
spades from 0 to 20 and 20 to 40 cm, separately. Afterward, 5
soil samples were combined. Then, 30 mixed soil specimens (3
stand types × 5 replicates × 2 soil depths) were separated into
natural aggregates, and macrofauna, coarse roots, and stones were
removed. To measure the bulk density (BD), total porosity (Pt), pH,
OC, TN, and TP contents in bulk soil, cutting rings were used to
randomly collect from every soil layer for the other 5 soil samples
for each plot (Table 2).

2.4. Soil aggregate separation

Different sized sieves (continuous diameters: 2, 1, 0.25 mm)
were used for soil aggregate isolation by a dry-sieving approach
(Six and Paustian, 2014). Eventually, the aggregate sizes were
categorized as >2, 1–2, 0.25–1, and <0.25 mm.

2.5. Soil property analyses

Before examining the physical-chemical characteristics of the
soil, air drying at room temperature was applied to soil samples,
including aggregates and bulk soil. Soil BD and Pt were detected
using a cutting ring (Lu, 1999). A glass electrode was used to
measure soil pH (Lu, 1999). The micro-Kjeldahl approach was
performed to measure soil TN (Bremner, 1996), while the Olsen
approach was used to detect soil TP (Bray and Kurtz, 1945). The
acid dichromate wet oxidation approach by Nelson and Sommers
(1996) was used to detect soil OC.

2.6. Data statistics

Soil MWD and GMD are the key indicators used to evaluate
the stability of soil aggregates (Kong et al., 2022). Larger values of
MWD and GMD indicate stronger soil aggregate stability (Zhou L.
et al., 2020). The formula calculations for MWD and GMD are as
follows (Zhang Y. et al., 2021):

MWD =
4∑

i = 1

(Xi × Wi) (1)

GMD = exp

[ 4∑
i = 1

(Wi × ln(Xi))/

4∑
i = 1

(Wi)

]
(2)

where Xi (mm) is the mean diameter of the ith-sized aggregates,
and Wi (% in weight) is the proportion of the ith-sized
aggregates in bulk soil.

The formula used to calculate soil OC stocks (OCS, g m−2) is
as follows (Eynard et al., 2005):

OCS =
4∑

i = 1

(Xi × Wi) × B × H × 10 (3)

where B (g cm−3), H (cm), and Xi (g kg−1) denote the bulk density,
soil depth, and OC content within ith size aggregates, respectively.
The number 10 is the unit conversion factor. Similarly, soil TN and
TP stocks (TNS and TPS, g m−2) were also calculated.

Since stand type and aggregate size were the two main
factors, statistical analyses were performed according to soil depth.
SPSS 26.0 was used to conduct statistical analysis (Table 3). All
datasets were tested for homogeneity of variances and the normal
distribution of residuals prior to performing analysis of variance
(ANOVA) to ensure that the assumptions of statistical analysis were
met. We performed one-way and two-way ANOVAs to explore
the effects of stand type on litter and bulk soil properties and
the influences of aggregate size and stand type on soil aggregate
properties, respectively. Then, to compare various stand types
and aggregate sizes, the post-hoc Tukey HSD test was used, with
P < 0.05 denoting statistical significance. The effect of different soil
depths on aggregates in the same stand type was evaluated using
a two-tailed independent sample t test, with P < 0.05 considered
statistically significant. Furthermore, a generalized linear model
was utilized to analyze the correlation between aggregate-related
OC and nutrients in different stand types. Redundancy analysis
(RDA) was utilized by CANOCO 5.0 to determine the influences
of environmental parameters on soil aggregate stability. The
association of soil aggregate stability with ecological stoichiometric
characteristics in bulk soil was analyzed by Pearson’s correlation
analysis.

3. Results

3.1. Bulk soil properties under different
stand types

The soil Pt, OC, TN, TP, OCS, TNS, TPS, C/N, and C/P in
mixed stands had significantly higher levels than those in pure
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FIGURE 1

Study site. Stand A indicates a mixed plantation of Chinese fir and Mytilaria laosensis. Stand B indicates a mixed plantation of Chinese fir and Michelia
macclurei. Stand C indicates a pure plantation of Chinese fir.

TABLE 1 Basic information of sample plots in Chinese fir plantations with different stand types.

Stand type Altitude
(m)

Slope (◦) Aspect (◦) Mean
height (m)

Mean
diameter (cm)

Crown
density

Litterfall amount
(gm−2)

Stand A 730 27 185 16.29± 0.21 a 21.03± 0.63 a 0.85± 0.01 a 455± 23 b

Stand B 725 25 178 16.47± 0.33 a 21.30± 0.49 a 0.85± 0.01 a 504± 27 a

Stand C 728 30 183 13.64± 0.12 b 16.92± 0.37 b 0.85± 0.01 a 324± 12 c

Data indicate the average of five replicates ± standard deviations. Stand A indicates a mixed plantation of Chinese fir and Mytilaria laosensis. Stand B indicates a mixed plantation of Chinese
fir and Michelia macclurei. Stand C indicates pure plantation of Chinese fir. Various lowercase letters indicate significant differences among the different stand types at P < 0.05.

stands among both layers (0–40 cm), whereas the soil BD and pH
showed opposite trends (Table 2). In the three stands, soil OC and
nutrients significantly decreased with increasing, whereas soil BD
presented the opposite trend.

3.2. Aggregate distribution and stability
among diverse stand types and
aggregate sizes

Most fractions, regardless of the stand type, were composed
of >2 mm aggregates, with average proportions of 43.33% (0–
20 cm) and 39.26% (20–40 cm) (Figure 2). Mixed stands had
considerably greater distributions of >2 mm and <0.25 mm
aggregates at both depths compared to pure stands, but this
tendency was reversed for the 1–2 mm and 0.25–1 mm
aggregates. Additionally, for every soil profile, mixed stands

had much higher MWD (Figure 3A) and GMD (Figure 3B)
values than did pure stands. The MWD and GMD values
increased significantly among the three stands as the soil depth
decreased.

3.3. Aggregate-associated OC, TN, and
TP contents and stoichiometric
characteristics

The soil OC and TN contents among the three stands
displayed significant increases with decreasing aggregate size at
both depths, but the TP content showed no significant variations
in aggregates (Table 4). Moreover, the OC, TN, and TP contents
in aggregates among mixed stands were higher than those
among pure stands at both depths, especially in mixed stand
B. Besides, soil aggregate-associated OC, TN, and TP contents
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TABLE 2 Bulk soil properties in Chinese fir plantations with different stand types.

Variable 0–20 cm soil depth 20–40 cm soil depth

Stand A Stand B Stand C Stand A Stand B Stand C

BD (g cm−3) 1.26± 0.01 b* 1.24± 0.01 b* 1.31± 0.02 a** 1.27± 0.01 b* 1.26± 0.01 b* 1.33± 0.01 a**

Pt (%) 52.38± 0.38 a** 53.13± 0.22 a** 50.42± 0.28 b** 52.92± 0.19 a** 52.60± 0.19 a** 49.96± 0.83 b**

pH 4.33± 0.01 b** 4.31± 0.01 c** 4.37± 0.00 a** 4.30± 0.01 b** 4.27± 0.01 b** 4.41± 0.02 a**

OC (g kg−1) 24.80± 0.84 b** 33.34± 1.16 a** 20.96± 0.42 c** 10.17± 0.73 b** 17.16± 0.82 a** 7.25± 0.47 c**

TN (g kg−1) 1.25± 0.03 b** 1.46± 0.01 a** 1.26± 0.01 b** 0.75± 0.01 b** 1.21± 0.03 a** 0.68± 0.02 c**

TP (g kg−1) 0.27± 0.00 a** 0.28± 0.00 a* 0.24± 0.01 b** 0.25± 0.00 a** 0.25± 0.01 a* 0.20± 0.01 b**

C/N 19.92± 0.53 b** 22.9± 0.88 a** 16.67± 0.33 c** 13.38± 0.86 a** 14.14± 0.61 a** 10.67± 0.40 b**

C/P 95.75± 4.61 b** 124.52± 5.71 a** 90.15± 2.70 b** 42.43± 3.46 b** 71.14± 5.40 a** 37.56± 2.02 b**

N/P 4.82± 0.13 b** 5.43± 0.07 a** 5.38± 0.19 a** 3.13± 0.07 b** 4.95± 0.30 a** 3.52± 0.17 b**

OCS (g m−2) 624.93± 47.31 b** 826.83± 64.48 a** 549.05± 24.62 c** 258.42± 41.48 b** 426.1± 44.88 a** 192.81± 27.87 c**

TNS (g m−2) 31.39± 1.52 b** 36.24± 0.51 a** 32.96± 0.39 b** 19.17± 0.43 b** 30.45± 1.61 a** 18.01± 1.26 b**

TPS (g m−2) 6.72± 0.26 a** 6.83± 0.2 ans 6.32± 0.38 b** 6.23± 0.21b** 6.33± 0.51 ans 5.23± 0.55 c**

Pt stands for total porosity. BD stands for bulk density. OC, TN and TP represent the organic carbon, total nitrogen and total phosphorus contents in bulk soil, respectively. C/N, C/P and
N/P represent the organic carbon, total nitrogen and total phosphorus ratios in bulk soil, respectively. OCS, TNS and TPS represent the stocks of organic carbon, total nitrogen, and total
phosphorus in bulk soil, respectively. Various lowercase letters indicate significant differences among the different stand types at P < 0.05. ** and * stand for significant differences among the
different soil depths at P < 0.01 and P < 0.05, respectively. nsStands for no significant differences among the different soil depths.

TABLE 3 Litterfall and soil properties as influenced by aggregate size and stand type in Chinese fir plantations.

Variable Litterfall 0–20 cm soil depth 20–40 cm soil depth

S S A S × A S A S × A

Litterfall amount (g m−2) **

BD (g cm−3) ** **

Pt (%) ** **

Soil pH ** **

Soil aggregate proportion Ns ** ** Ns ** **

MWD ** ** ** ** ** **

GMD ** ** ** ** ** **

OC (g kg−1) ** ** Ns ** ** **

TN (g kg−1) ** ** ** ** ** Ns

TP (g kg−1) ** Ns ** ** Ns Ns

C/N ratio ** ** Ns ** ** *

C/P ratio ** ** ** ** ** **

N/P ratio Ns ** ** ** ** Ns

OCS (g m−2) ** ** ** ** ** **

TNS (g m−2) ** ** ** ** ** **

TPS (g m−2) Ns ** ** ** ** **

Percentage contribution of OCS (%) Ns ** ** Ns ** **

Percentage contribution of TNS (%) Ns ** ** Ns ** **

Percentage contribution of TPS (%) Ns ** ** Ns ** **

S stands for stand type. A stands for aggregate size. Ns stands for no significant differences. MWD and GMD stand for mean weight diameter and geometric mean diameter, respectively. OC,
TN and TP stand for organic carbon, total nitrogen and total phosphorus contents, respectively. OCS, TNS with TPS stand for the stock of organic carbon, total nitrogen, and total phosphorus,
respectively. C/N, C/P and N/P stand for organic carbon, total nitrogen and total phosphorus ratios, respectively.
*P < 0.05; **P < 0.01.

among the three stands increased as the soil depth decreased.
There was a significant positive correlation (P < 0.05) between
the OC, TN and TP contents for different soil aggregate sizes
in the three stand types (Figure 4). The linear relationship

between the OC and TN contents is shown in Figure 4A
(R2 = 0.86, P < 0.01). However, the linear fits between OC
and TP contents (Figure 4B) as well as the TN and TP
contents (Figure 4C) were low. In addition, the change in TP
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FIGURE 2

Soil aggregate distribution in Chinese fir plantations with different
stand types. Data indicate the average of 5 replicates ± standard
deviations. Various capital letters stand for significant differences
among the different aggregate sizes at P < 0.05. Various lowercase
letters stand for significant differences among the different stand
types at P < 0.05. ** and * stand for significant differences among
the different soil depths at P < 0.01 and P < 0.05, respectively.
nsStands for no significant differences among the different soil
depths.

content lagged behind TN and OC contents based on the slope
(Figures 4B, C).

Irrespective of the stand type, the C:N:P ratio (Table 4)
significantly increased as aggregate size decreased at both depths.
In the 0–40 cm layer, the mixed stands aggregate-associated C/N
(12.02–23.66) and C/P ratios (36.19–136.3) were greater than those
in pure stands (C/N: 10.39–19.46; C/P: 31.79–116.57). Additionally,
the aggregate-associated N/P ratio in stand B was notably higher
than that of stands A and C at the 20–40 cm depth.

3.4. Aggregate-associated OCS, TNS, and
TPS under different stand types

Regardless of the stand type, OCS (Figure 5A), TNS
(Figure 5B), and TPS (Figure 5C) and their contribution
percentages had a dominant distribution in >2 mm aggregates
at both depths. For example, among the three stands, the OCS
associated with the >2 mm aggregates was 196.92–381.01 g m−2

(0–20 cm) and 60.36–164.93 g m−2 (20–40 cm), accounting
for 35.59–45.75% (0–20 cm) and 31.40–38.02% (20–40 cm) of
the OCS in bulk soil (Supplementary Figure 1A), respectively,
but the OCS associated with the <0.25 mm aggregates was
only 46.12–66.54 g m−2 (0–20 cm) and 22.69–68.86 g m−2

(20–40 cm) (Figure 5A), contributing to 8.34–10.74% (0–
20 cm) and 11.81–15.84% (20–40 cm) of the OCS in bulk soil
(Supplementary Figure 1A), respectively. The TNS (Figure 5B)
and TPS (Figure 5C) associated with soil aggregates showed similar
trends. Regardless of the soil depth, the aggregate-associated OCS,
TNS, and TPS showed the higher levels in mixed stand than
those in pure stand. Notably, mixed stands had greater percentage
contributions of OCS, TNS, and TPS within the >2 and <0.25 mm
aggregates than did pure stands, while other aggregates showed the
opposite pattern.

3.5. Soil aggregate stability as influenced
by soil ecological stoichiometric
characteristics

The influences of soil ecological stoichiometric characteristics
(such as OC, TN, TP, C/N, C/P, N/P, OCS, TNS, and TPS) on
soil aggregate stability (such as MWD and GMD) across the three
stands of Chinese fir were determined by RDA. The influence order
was C/N > TP > TPS > N/P > C/P > OCS > OC > TN > TNS
at the 0–20 cm depth (Figure 6A). Specifically, the C/N and
TP represented the key factors that explained 77.4 and 11.3% of

FIGURE 3

Distribution of mean weight diameter (A) and geometric mean diameter (B) in Chinese fir plantations with different stand types.
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TABLE 4 Aggregate-associated OC, TN and TP contents and stoichiometric characteristics.

Variable Soil depth
(cm)

Stand type Aggregate size (mm)

>2 1–2 0.25–1 <0.25

OC (g kg−1) 0–20 Stand A 21.42± 2.13 Bb** 24.77± 2.76 Bb** 29.02± 3.7 Ab** 30.88± 2.81 Ab**

Stand B 31.82± 3.14 Ba** 32.85± 3.73 Ba** 35.07± 2.45 ABa** 38.37± 2.3 Aa**

Stand C 19.81± 0.86 Bb** 20.11± 1.63 Bc** 22.58± 1.89 Ac** 24.33± 2.16 Ac**

20–40 Stand A 8.57± 1.87 Bb** 9.22± 1.76 Bb** 12.28± 1.54 Ab** 13.25± 2.2 Ab**

Stand B 14.38± 2.9 Ba** 15.49± 2.49 Ba** 22.41± 3.29 Aa** 22.75± 3.02 Aa**

Stand C 6.46± 0.55 Bb** 7.25± 1.69 ABb** 7.71± 1.53 ABc** 8.76± 1.05 Ac**

TN (g kg−1) 0–20 Stand A 1.1± 0.12 Cc** 1.33± 0.03 Bb** 1.34± 0.11 Bb** 1.5± 0.03 Ab**

Stand B 1.36± 0.06 Da** 1.57± 0.04 Ba** 1.48± 0.04 Ca* 1.68± 0.05 Aa**

Stand C 1.25± 0.04 Ab** 1.27± 0.06 Ab** 1.26± 0.02 Ac** 1.25± 0.06 Ac**

20–40 Stand A 0.68± 0.04 Bb** 0.72± 0.04 Bb** 0.85± 0.02 Ab** 0.88± 0.07 Ab**

Stand B 1.19± 0.04 Aa** 1.17± 0.09 Aa** 1.26± 0.14 Aa* 1.26± 0.09 Aa**

Stand C 0.63± 0.08 Bb** 0.68± 0.08 ABb** 0.71± 0.05 ABc** 0.76± 0.03 Ac**

TP (g kg−1) 0–20 Stand A 0.29± 0.02 Aans 0.21± 0.04 Bbns 0.27± 0.01 Aans 0.27± 0.03 Aans

Stand B 0.23± 0.01 Bc* 0.33± 0.02 Aa** 0.32± 0.04 Aa** 0.25± 0.03 Ba**

Stand C 0.26± 0.02 Ab** 0.24± 0.05 Abns 0.22± 0.05 Abns 0.21± 0.01 Abns

20–40 Stand A 0.25± 0.04 Aabns 0.24± 0.03 Aans 0.25± 0.04 Aans 0.23± 0.01 Aabns

Stand B 0.27± 0.03 Aa* 0.24± 0.03 ABa** 0.22± 0.05 Bab** 0.25± 0.01ABa**

Stand C 0.21± 0.02 Ab** 0.19± 0.03 Abns 0.18± 0.03 Abns 0.21± 0.04 Abns

C/N 0–20 Stand A 19.60± 1.28 Ab** 18.63± 0.95 Aa** 21.60± 0.64 Aa** 20.60± 0.74 Ab**

Stand B 23.49± 1.33 Aa** 20.87± 0.99 Aa** 23.66± 0.92 Aa** 22.90± 0.49 Aa**

Stand C 15.88± 0.36 Bc** 15.80± 0.55 Bb** 17.96± 0.73 Ab** 19.46± 0.74 Ab**

20–40 Stand A 12.52± 1.05 Aa** 12.89± 1.04 Aa** 14.47± 0.96 Ab** 15.02± 0.90 Ab**

Stand B 12.02± 0.98 Ba** 13.32± 0.90 Ba** 17.82± 1.26 Aa** 17.96± 0.70 Aa**

Stand C 10.39± 0.46 Aa** 10.55± 0.79 Aa** 10.80± 0.71 Ac** 11.60± 0.52 Ac**

C/P 0–20 Stand A 73.58± 3.77 Bb** 119.05± 11.89 Aa** 107.54± 5.78 Aa** 114.96± 6.85 Ab**

Stand B 136.3± 8.35 Aa** 99.63± 6.49 Bab** 111.36± 8.25 Ba** 151.59± 5.94 Aa**

Stand C 76.27± 3.75 Cb** 84.93± 7.04 BCb** 108.24± 12.31 ABa** 116.57± 7.91 Ab**

20–40 Stand A 36.19± 5.17 Bb** 38.81± 4.65 Bb** 49.19± 3.85 ABb** 57.48± 5.46 Ab**

Stand B 53.20± 5.20 Ba** 65.62± 5.67 Ba** 108.43± 13.68 Aa** 90.98± 4.13 Aa**

Stand C 31.79± 2.13 Ab** 38.50± 4.62 Ab** 42.38± 3.80 Ab** 41.89± 1.71 Ac**

N/P 0–20 Stand A 3.78± 0.15 Cc* 6.38± 0.48 Aa** 4.97± 0.16 Bab** 5.59± 0.30 ABb**

Stand B 5.81± 0.16 Ba** 4.77± 0.14 Cbns 4.71± 0.30 Cbns 6.62± 0.25 Aa**

Stand C 4.80± 0.16 Ab** 5.43± 0.59 Aab* 5.98± 0.51 Aa** 5.97± 0.24 Aab**

20–40 Stand A 2.85± 0.27 Bb* 2.99± 0.18 Bb** 3.41± 0.19 ABb** 3.82± 0.21 Ab**

Stand B 4.43± 0.25 Ba** 4.97± 0.40 ABans 6.13± 0.77 Aans 5.06± 0.05 ABa**

Stand C 3.07± 0.18 Ab** 3.65± 0.39 Ab* 3.93± 0.25 Ab** 3.65± 0.23 Ab**

Various capital letters stand for significant differences among the different aggregate sizes at P < 0.05. Various lowercase letters stand for significant differences among the different stand types
at P < 0.05. ** and * stand for significant differences among the different soil depths at P < 0.01 and P < 0.05, respectively. nsStands for no significant differences among the different soil depths.

the stand type variations in soil aggregate stability, respectively.
However, it is worth noting that the influence order was
TN > TPS > N/P > TNS > TP > C/P > OC > C/N > OCS
at the 20–40 cm depth (Figure 6B). Specifically, TN and TPS
explained 96.4 and 1.1% of the stand type variations in soil

aggregate stability, respectively. In addition, there was consensus
between the Pearson’s correlation analysis results (Supplementary
Figure 2) and the RDA results. We also found that MWD and GMD
had significant and positive correlations with C/N, C/P, OC, TN, TP,
OCS, TNS, and TPS.

Frontiers in Forests and Global Change 07 frontiersin.org68

https://doi.org/10.3389/ffgc.2023.1141953
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1141953 March 3, 2023 Time: 15:13 # 8

He et al. 10.3389/ffgc.2023.1141953

FIGURE 4

Relationships of aggregate-associated OC (A), TN (B), and TP (C) contents in Chinese fir plantations with different stand types. OC, TN, and TP stand
for the contents of organic carbon, total nitrogen and total phosphorus in different aggregate sizes, respectively. ** and * stand for significant
correlations at P < 0.01 and P < 0.05, respectively.

FIGURE 5

Aggregate-associated OCS (A), TNS (B), and TPS (C) in Chinese fir plantations with different stand types. OCS, TNS and TPS stand for the stocks of
organic carbon, total nitrogen, and total phosphorus in different aggregate sizes, respectively. ** and * stand for significant differences among the
different soil depths at P < 0.01 and P < 0.05, respectively. nsStands for no significant differences among the different soil depths.

FIGURE 6

Redundancy analysis of soil aggregate stability and soil ecological stoichiometric characteristics across the three stand types at 0–20 cm (A) and
20–40 cm (B). MWD and GMD stand for mean weight diameter and geometric mean diameter, respectively. OC, TN, and TP stand for the contents
of organic carbon, total nitrogen and total phosphorus in bulk soil, respectively. OCS, TNS, and TPS stand for the stocks of organic carbon, total
nitrogen, and total phosphorus in bulk soil, respectively. C/N, C/P, and N/P stand for the ratios of organic carbon, total nitrogen and total
phosphorus in bulk soil, respectively. The red and blue arrows stand for explanatory variable and response variable, respectively.
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4. Discussion

4.1. Aggregate distribution and stability

Variation in the proportion of soil aggregates confirms the
distribution of soil porosity and its morphological characteristics
(Six et al., 2004). Moreover, soil aggregate stability can represent
the ability of soil to supply and store soil nutrients (Gelaw et al.,
2015). Therefore, exploring soil aggregate distribution and stability
is vital for evaluating soil structure. In this study, mixed stands
favored the formation of >2 mm aggregates, confirming earlier
studies that aggregate distribution is significantly affected by stand
type (Wang S. Q. et al., 2021). According to the hierarchical concept
of soil aggregates, plant litterfall quality can be used to identify
soil aggregate distribution, thereby influencing the composition of
soil aggregates (Six and Paustian, 2014; Tang and Wang, 2022).
In this study, the litter amount (Table 1) in the mixed stands
was significantly higher than that in the pure stands. Likewise,
the increased amount of plant litterfall and coverage area in the
mixed stands decreased rainfall leaching, thus resulting in the
protection of >2 mm aggregates from dispersion with water. To
encourage the creation of cementing agents and the development of
>2 mm aggregates, mixed forests have a better capacity to contain
a significant amount of organic matter derived from plant residue
inputs (Picariello et al., 2021; Zhao et al., 2021). Moreover, organic
matter can stimulate the formation of soil aggregates and regulate
soil aggregation (Feng et al., 2020).

The conversion of forest can significantly impact soil aggregate
stability (Meng et al., 2022). Forest conversion affects the
decomposition of litter to change organic colloids, thereby
modifying soil aggregation and stability (Kerdraon et al., 2020; Li
et al., 2022). Likewise, based on Table 3, the MWD and GMD were
influenced by stand type. Due to the greater stability index (MWD,
GMD) values (Figure 3) in mixed stands, the mixed stands in this
study had had stronger soil aggregate stability than pure stands,
which is consistent with the findings from Tang et al. (2023). This
result might be due to the greater litterfall residue (Table 1) and
the proportion of >2 mm aggregates proportions (Figure 2) in
the mixed stands. The >2 mm aggregates can provide a physical
protection for organic matter, resulting in a significant increase
in soil aggregate stability (Xie et al., 2018). In addition, a highly
significant correlation between soil aggregate stability and organic
matter has been reported (Li et al., 2022). Soil aggregate stability
has a negative relationship with BD and a positive relationship
with Pt (Liu et al., 2021). In contrast to pure stands, where the
soil BD was much higher, mixed stands had significantly lower
soil BD (Table 3), while soil Pt showed the reverse pattern, which
suggested the mixed stands had higher soil aggregate stability.
The reduced soil organic matter may be driven by increased soil
densification, causing lower soil aggregate stability in pure stands
(Faustino et al., 2020). Notably, this study discovered that there
were more >2 mm aggregates in the 0–20 cm layer than in the 20–
40 cm layer (Figure 2). Similarly, a large amount of organic matter
from litter is mostly distributed in the soil surface (You et al., 2020).
Organic matter is one of the most important persistent binding
agents for facilitating soil aggregate formation (Smith et al., 2014).
Organic matter is beneficial for the soil aggregation process because
it binds different chemical bonds in the form of micelles (Sarker

et al., 2018). Moreover, some studies have demonstrated that the
interaction between organic matter and metal oxides is a key factor
promoting soil aggregate formation and affecting aggregate stability
(Li et al., 2023). These factors might explain the higher stability of
soil aggregates in the 0–20 cm layer.

4.2. Aggregate-associated OC, TN, and
TP contents under different stand types

In this research, OC and TN (Table 4) contents were mainly
distributed in <0.25 mm aggregates. Because <0.25 mm aggregates
have larger specific surface areas than other aggregates, they
have a higher adsorption capacity for nutrients derived from
litter residues and root exudates (Egan et al., 2018). Therefore,
OC and TN contents showed significant decreases as aggregate
size increased. However, Xu et al. (2020) reported the opposite
result, probably because plantation management measures and
site conditions can influence the OC and TN contents in the
various-sized aggregates. Similarly, in the present study, there was
a covariation pattern between the contents of OC and TN within
different-sized aggregates. Since C and N act on the structural
elements of organic matter, the aggregate-associated OC and TN
contents within aggregates can affect variations in the content of
soil organic matter (Cooper et al., 2020). However, TP has different
responses to aggregate size. Some studies have demonstrated that
aggregate size has no significant effects on TP, which showed a
random distribution in different-sized aggregates (Huang K. X.
et al., 2020; Wang S. Q. et al., 2021). Notably, consistent with
other studies, the soil TP contents of the three stands were spread
uniformly throughout the aggregates (Zhang et al., 2022). P is a
sedimentary mineral that readily mixes in soil with iron (Fe) and
aluminum (Al) but is not utilized by plants (Dong et al., 2020).
In this study, the change in soil TP content lagged behind the
soil OC and TN contents at aggregate scale, indicating that soil
TP content is a limiting nutrient. In addition, the soil TP content
was relatively low (Table 2) due to the relatively fixed P sources,
which is a common phenomenon in subtropical China (Tong
et al., 2021). Meanwhile, the soil in southern China is typically
acidic, and the utilization of soil TP for plant growth is commonly
low in these subtropical regions (Hou et al., 2020; Zhang et al.,
2022).

Stand conversion could affect soil physicochemical properties
and soil nutrient inputs due to variations in forest structure and
tree species composition by changing litterfall quality and tree root
exudates (Koutika et al., 2020). Our findings demonstrated that
mixed stands, particularly mixed Chinese fir with M. macclurei
plantations, significantly enhanced the accumulation of aggregate-
related OC and nutrients compared to pure stands. The promotion
of mixed stands was mainly driven by the higher soil aggregate
stability and increased litter volumes, which are key factors for
improving soil structure and organic matter content accumulation
by regulating microbial communities, thereby increasing the soil
OC and TN contents in aggregates (Huang K. X. et al., 2020; Gao
et al., 2022). Moreover, the litter quality and root distribution of
M. macclurei were better than those of M. laosensis and Chinese fir;
therefore, M. macclurei has a stronger capacity for nutrient return
and availability to plant residue decomposition and stimulates
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organic matter production for soil aggregation (Xu et al., 2020;
Wang S. Q. et al., 2021).

4.3. Aggregate-associated stoichiometric
ratios under different stand types

Generally, stoichiometric ratios, as key parameters of soil
fertility and quality, are important for determining the cycling
and limitation of chemical elements (Wang et al., 2022). The C/N
rate impacts organic matter degradation according to the study
by Six and Paustian (2014). In this current research, C/N was
higher in <0.25 mm aggregates across various stands, suggesting
that the organic matter in the <0.25 mm aggregates was more
stable and older than that in other sized aggregates, confirming
the results of the study from Six et al. (2004). Our research found
that the contents of OC and TN were also higher in the aggregate
of <0.25 mm across various stand types, but the TP content
was even in diverse-sized aggregates. This result is because P has
selective adsorption properties on aggregates of different particle
sizes (Huang Y. Z. et al., 2020). A coordinated trend was visible
in the OC and TN components that were related to aggregates
(Figure 4A). Thus, the present study indicated that the responses
of C/P and N/P to different aggregate sizes mainly determined the
responses of OC and TN to the different-sized aggregates. Despite
the results being consistent with those of the studies from Cui
et al. (2021), previous studies have reported that the aggregate
distribution can influence the key biogeochemical cycling of N
and P. The high ratio of C/N improves OC as well as nutrient
retention in the short term (Six and Paustian, 2014). Moreover,
C/P and N/P can be widely used to represent the vegetation
constraints by nutrient demand and soil nutrient supply. The
aggregate-related C/N and C/P were considerably higher in the
mixed stands than in the pure stand at both depths, favoring OC
and nutrient accumulation. Our most recent findings relate to the
mechanisms described in the paragraphs below. This result may
have occurred as a result of the higher soil aggregate stability in
mixed stands, which offered physical protection for soil organic
matter and nutrients (Six et al., 2004). More importantly, our
study suggested that the contents of OC, TN, and TP in mixed
stands had significantly greater distributions than those in pure
stands, increasing the inputs of organic matter in the mixed stands
(Wang Z. C. et al., 2021). The introduction of broadleaf trees into
monoculture coniferous stands (Chinese fir) can improve plant
species composition and diversity to increase quantity and quality
of litterfall and soil nutrient return (Tan et al., 2022). Additionally,
M. laosensis and M. macclurei produce litterfall residues of greater
quality than Chinese fir, promoting the growth and reproduction
of soil microorganisms or increasing enzyme activity (Wang S. Q.
et al., 2021). Previous studies confirmed that the C:N:P ratio in
the >2 mm aggregates among mixed stands notably increased (Xu
et al., 2020), resulting in a lower consumption of soil OC and
nutrients and a greater nutrient availability in mixed stands.

Among the three CFPs, the mean ratio of the soil C/N ratio
(16.28) was higher than the mean soil in China (14.3) and the
mean soil globally (11.9), while the mean ratios of C/P (76.93) and
N/P (4.54) were lower than the average soil in China (136.93 and
186.13, respectively) and the average soil globally (Tian et al., 2010;

Tang and Wang, 2022). This result indicated that the organic matter
decomposition rates were relatively low and that soil specimens in
the study site were possibly limited by the OC or TN contents. This
result may be due to the fast growth of Chinese fir, and many soil
nutrients are supplied, generally leading to soil nutrient limitations.
Moreover, these results were mainly related to the low levels of OC
and nutrients. The average soil OC, TN, and TP contents across
all stand types in this study were 18.95, 1.10, and 0.25 g kg−1,
respectively. These values were lower than the average soil OC, TN,
and TP contents in China, which were 30.40, 2.21, and 0.20–1.10 g
kg−1, respectively (Tian et al., 2010). Early studies have indicated
that N is regarded as a common nutrient limitation in the CFPs of
Guangxi (Tong et al., 2020; Tang and Wang, 2022), while China
has one of the highest N levels reported worldwide, especially in
subtropical forests (Wang et al., 2018). This study site with long-
term high temperatures and heavy rainfall has experienced surface
weathering and erosion, which accelerated significant losses in the
contents of OC and TN, thus resulting in lower C/P and N/P with
the limitations of OC and TN.

4.4. Aggregate-associated OCS, TNS, and
TPS under different stand types

In this study, the OCS, TNS, and TPS in the >2 mm aggregates
were the highest, indicating that the >2 mm aggregates mainly
carried soil OC and nutrients. Thus, this finding supports our first
hypothesis. Generally, the OCS, TNS, and TPS distributions were
closely related to their contents with aggregate size (Egan et al.,
2018). The >2 mm aggregates had the lowest contents of C–N–
P (Figure 5) but made the largest contributions to the OCS, TNS,
and TPS (Supplementary Figure 1). The turnover time of the OC
content in the >2 mm aggregates was shorter than that in the
<0.25 mm aggregates, thus promoting the higher OCS in >2 mm
aggregates (Lu et al., 2019; Wang et al., 2023). In addition, it is
considered that the litter residues are easily combined with >2 mm
aggregates (Six et al., 2004). According to this research, aggregate-
associated OCS, TNS, and TPS would be influenced by aggregate
size, not the aggregate-associated OC, TN, and TP contents. Thus,
>2 mm aggregates were the greatest contributors to the OCS, TNS,
and TPS, as evidenced by the highest composition of >2 mm
aggregates compared with the other fractions (Figure 2). Our result
was confirmed in previous study findings (Wu et al., 2022).

In comparison to pure stands, mixed stands showed greater
levels of OCS (Figure 5A), TNS (Figure 5B), and TPS (Figure 5C)
among the different-sized aggregates, suggesting that mixed stands
were better able to store OC and nutrients. Due to the stability
of the soil aggregates, mixed stands in this study had much
higher tree height and diameter with litter quantities than did
pure stands, which increased the ability of the plantations to
intercept rainwater and lessened the effects of leaching. Moreover,
stable soil aggregates can store more organic matter and nutrients,
thereby achieving soil fertilizer retention (Gelaw et al., 2015). The
successive cropping of CFPs resulted in excessive accumulation
of alleles and relatively low accumulation rates of soil organic
matter, which caused the occurrence of self-toxicity, influenced soil
enzyme activity and decreased soil fertility (Huang et al., 2000), thus
returning fewer nutrients to the soil. Overall, the above explanation
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of the mechanism supports our second hypothesis. Notably, OCS,
TNS and TPS within 0.25–1 mm and 1–2 mm aggregates in mixed
stands were greater than those in pure stand (Figure 5), but the
percentage contribution of OCS, TNS and TPS in 0.25–1 mm and
1–2 mm aggregates to bulk soil in pure stand were greater than that
in mixed stands (Supplementary Figure 1). This may be owing
to the significant higher proportion of 0.25–1 mm and 1-2 mm
aggregates in pure stand. Consequently, based on our results, the
effect of stand type on the OCS, TNS and TPS within soil aggregates
seem to be mostly depended on the composition of different soil
sized aggregates.

4.5. Soil aggregate stability as influenced
by soil ecological stoichiometric
characteristics

In this study, the stability of soil aggregates in mixed stands
was dramatically greater than that in pure stands, which positively
affected OC and nutrient accumulation. Thus, the stability of
aggregates may be influenced by forest management, mixed
plantation structure and tree species. This is likely because mixed
stands have improved stand structural heterogeneity, species
richness and litter amount. Moreover, mixed stands improve
soil structure to reduce nutrient loss from the soil. Similarly,
our results were confirmed by RDA (Figure 6) and Pearson’s
correlation analysis (Supplementary Figure 2). Likewise, there is
a notably positive correlation between soil aggregate stability and
the contents of TN with TP, TPS, in addition to the C/N ratio.
The results of this study differed from those of Mao et al. (2021),
who found that the contents of OC and TN can have a significant
impact on soil aggregate stability across different stand ages of
CFPs. Rather, this study found that the C/N ratio and TN content in
0-20 cm (Figure 6A) and 20-40 cm (Figure 6B), respectively, were
the main key factors of variation in soil aggregate stability across
various stands. The soil C/N ratio is considered the best predictor
of soil aggregate stability, and the impacts of the soil C/N ratio on
soil aggregate stability have been reported (Liu et al., 2020). The
higher soil C/N ratio could reduce the degree of humification to
increase the retention of organic matter. Similarly, higher contents
of OC and nutrients were found in mixed stands, while this result
can be explained by the greater organic matter input in mixed
stands. Generally, soil aggregate stability is strongly associated with
organic matter. Organic matter plays a critical role in the cementing
agents of soil aggregation, and it has an impact on soil aggregation
stabilization. Moreover, C and N are structural elements of organic
matter, which can provide material for soil aggregation (Cooper
et al., 2020). Our results showed that the accumulation and
decomposition of the OC and TN in soil were relatively consistent
and probably limiting elements of plant growth, especially TN. In
addition, soil TN has a significant positive correlation with soil
aggregate stability (Zhu et al., 2021). In particular, the study site has
been affected by strong weathering due to extreme heat and rainfall,
resulting in the P limitation of the regional soils, which affects plant
growth and causes a decrease in organic matter inputs; thus, soil
aggregate stability declines (Wu et al., 2018; Zhang et al., 2022).
As a result, the four parameters, including the C/N ratio, the TN
and TP concentrations, and the TPS, had a substantial impact on

soil aggregate stability with stand type in CFPs. Specifically, the TN
content and C/N ratio were key contributors affecting soil aggregate
stability in the three stands, which supports our third hypothesis.

5. Conclusion

Irrespective of the diverse stand types of CFPs, the soil OC
and TN contents together with the C/N, C/P, and N/P ratios
significantly increased as the aggregate size decreased in all soil
profiles, but the OCS, TNS, and TPS showed clearly opposite trends.
At the aggregate scale, mixed CFPs with M. laosensis and mixed
CFPs with M. macclurei had better soil aggregate stability and
nutrient conditions than did pure CFPs at both soil depths. The
soil C/N ratio in this research region was higher than that in other
CFP planted regions in China and around the world, while the
C/P and N/P ratios were much lower, indicating lower OC and
TN contents, especially TN content. In addition, soil aggregate
stability was dominantly influenced by the C/N ratio, TN, TP, and
TPS. Therefore, the present research is conducive to providing
supplementary information for our understanding of promoting
degraded soil restoration and sustainable forest management in
global forest ecosystems.
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Radiation and temperature
dominate the spatiotemporal
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subtropical evergreen forests in
China
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Junbang Wang1,2, Chen Zheng1,2 and Kai Zhu1,2

1Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences
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of Regional Ecological Process and Environment Evolution, School of Geography and Information
Engineering, China University of Geosciences, Wuhan, China, 4State Key Laboratory of Urban
and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,
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Forest resilience is crucial to the mitigation of climate change, due to

the enormous potential of forests to reduce atmospheric carbon dioxide

concentrations and the possible conversion of forests from net carbon sinks into

carbon sources following external disturbances. Subtropical forests are suffering

the highest rates of forest change, but how they are evolving in response to

climate change is little known. In this study, we estimated the spatial pattern

and temporal trend of the resilience of subtropical evergreen forests in China by

applying the lag-one autocorrelation (AC1) method to satellite kernel normalized

difference vegetation index (kNDVI) data over the past two decades and identified

the influential environmental factors that affect the ecosystem resilience by

developing random forest (RF) regression models. The computed long-term AC1

based on kNDVI for the 2001–2020 period depicts considerable spatial variability

in the resilience of the subtropical evergreen forests in China, with lower resilience

at lower latitudes. The RF regression analysis suggests that the spatial variability

in the forest resilience can be re-established by forest and climatic variables,

and is largely affected by climate, with the three most influential variables

being solar radiation (SR, %incMSE = 20.7 ± 1.8%), vapor pressure deficit (VPD,

%incMSE = 13.8± 0.2%) and minimum temperature (Tmin, %incMSE = 13.3± 1.2%).

Higher forest resilience is more likely to be located in areas with less radiation

stress, adequate water availability, and less warming. Trend analysis shows a

declining trend for the resilience of subtropical evergreen forests in China

since the 2000s but an increasing forest resilience in the last decade, which

is mainly dominated by temperature changes, including average and minimum

temperatures. Considering the expected warming-dominated period in times of

rapid climatic change, we suggest potential critical responses for subtropical

forest productivity to the disturbances should be of greater concern in the future.
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1. Introduction

Forests cover nearly 30% of the global land surface, or
approximately 41 million km2. Forest ecosystems play an
essential role in global carbon cycle, offsetting one-third of the
anthropogenic carbon emissions (Pan et al., 2011; Friedlingstein
et al., 2022). They are regarded as a core component of mitigating
future climate change. However, forest ecosystems are severely
threatened by more frequent and severe disturbances due to
climate change. The persistence and functionality of forests are
highly dependent on their ability to withstand and recover from
environmental disturbances, that is, their resilience (Ibáñez et al.,
2019; Forzieri et al., 2022). Resilience is the ability of a system
to absorb change and disturbance and recover to pre-disturbance
structure and function (Holling, 1973; Bai et al., 2019; Yi and
Jackson, 2021). Forest resilience may not withstand an increase
in disturbances caused by climate change, resulting in permanent
alterations of ecosystems or transitions to non-forest ecosystems
when tipping points are reached (Seidl et al., 2017). There is a
possibility of the transition of tropical rainforests to savanna due
to the trigger of external disturbances (Verbesselt et al., 2016;
Lovejoy and Nobre, 2018; Hubau et al., 2020). Moreover, the risk of
transitions to alternative ecosystem states becomes a global feature,
and extends to higher latitudes (Abis and Brovkin, 2017). Forests
hold enormous potential for reducing atmospheric carbon dioxide
concentrations (Lewis et al., 2019), but ecosystem transitions could
convert net carbon sinks into sources (Hubau et al., 2020), so
the resilience of forests is essential to the mitigation of climate
change.

Resilience can be characterized by the rate of an ecosystem
recovering to equilibrium from disturbances (Scheffer et al., 2009).
Theoretically, the recovery rate of an ecosystem after external
disturbances can be detected by its internal natural fluctuations.
The state fluctuations of the ecosystem resulting from disturbances
can reflect the declines in recovery rates through an increase
in temporal autocorrelation, i.e., the ecosystem state becomes
more correlated in subsequent time (Verbesselt et al., 2016).
Thus, the lag-one autocorrelation (AC1), which measures the
degree to which adjacent time spans of a given time series are
correlated, has been proposed as a gauge of vegetation resilience
in several studies (Dakos et al., 2012; Verbesselt et al., 2016;
Liu et al., 2019). Higher AC1 represents lower resilience, and
the increase in AC1 has been termed as an early-warning signal
for critical transition. Empirically, recovery rate can be estimated
by fitting the time series of vegetation structure or function to
an exponential function, as it recovers toward its previous state
after each abrupt negative transition (Smith et al., 2022). Studies
on the empirical recovery rate (r) have demonstrated that the
theoretical resilience AC1 is related to the empirical resilience r
through an exponential relationship, that is, AC1 = er1t , which
corroborates the effectiveness of AC1 by the empirical recovery
rate from external disturbances (Scheffer et al., 2009; Smith et al.,
2022).

Recent studies reveal that global forests have experienced a
significant decline in resilience since the early 2000s, but the
trends were spatially heterogeneous (Forzieri et al., 2022; Smith
et al., 2022). It’s shown that (1) tropical, temperate, and arid
forests have experienced the significant decreases in resilience,

presumably blamed on increased water scarcity and climate
variability, and (2) boreal forests are differently characterized
with an overall upward trend in resilience, perhaps benefiting
from warming and CO2 fertilization (Forzieri et al., 2022).
Moreover, previous research has explored the possible factors
contributing to the regional variations in forest resilience. Boulton
et al. (2022) stated that the resilience of the Amazon rainforest
was deteriorating faster in areas with less rainfall and closer
to human activity. Fang and Zhang (2019) illustrated that tree
resilience to drought in the Tibetan Plateau was linked to
moisture availability, diurnal temperature range, and growth
consistency. Higher moisture has great effects on recovery as
regional humidity increases in arid boreal forests (Ibáñez et al.,
2019).

Numerous studies focus on the resilience of tropical rainforests
due to their importance in providing ecosystem services and
complexity in responding to climate change (Cole et al., 2014;
Verbesselt et al., 2016). In contrast, subtropical forests are suffering
the highest rates of disturbance globally due to the practice
of intensive forestry (Hansen et al., 2013), whereas how they
are evolving in response to climate change is little known. The
knowledge gap regarding the lack of spatial patterns and its
mechanism in promoting resilience in subtropical forests remains
to be filled.

China has 208 million hectares of forest, of which the
southern forests account for about 44.7% (Zhao et al., 2015).
The vast hills and mountains of southern China have a warm
and humid climate, providing superior natural conditions for
forest growth. The subtropical forests in southern China are
a crucial component of the carbon sink in the East Asian
monsoon region (Yu et al., 2014). Unfortunately, with the
intensification of global warming, the forests in southern China
are increasingly endangered by numerous disturbances. Since
the 21st century, the southern region of China has suffered
several consecutive climatic extremes, including the 2008 winter
storm, the 2010 spring drought, the 2013 heat waves (Zhang
et al., 2012; Huang et al., 2013; Pei et al., 2013), and the
recent 2022 heat waves. Experimental evidence of increased
extreme weather is raising concerns about variability in the
resilience of the evergreen forests in southern China; further
assessment of the resilience of these forests is still required
to fully comprehend the response of ecosystems in China to
climate change.

Here, we estimate the resilience from a time series of satellite-
based vegetation index data to investigate the spatial pattern of
subtropical evergreen forest resilience over the past two decades
in southern China. The objectives of this study are to (1) quantify
the resilience and its trend in subtropical evergreen forests, and (2)
reveal the key drivers of forest resilience. The kernel normalized
difference vegetation index (kNDVI), which has recently been
suggested as a reliable substitute for ecosystem productivity
(Camps-Valls et al., 2021), is used here as an appropriate metric to
represent ecosystem function. Specifically, we computed the AC1 as
a resilience indicator from satellite-based kNDVI data for the 2001–
2020 period at 0.05◦ spatial resolution, and developed random
forest regression models to identify the interplay of environmental
drivers that affect the ability of ecosystems to recover from
disturbances.
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2. Materials and methods

2.1. Study area

Southern China (97◦31′–122◦57′E, 18◦10′–34◦14′N) includes
the enormous region bordered by the Qinling–Huaihe Line to
the north and the Qinghai-Tibet Plateau to the west (Figure 1).
The topography of the region varies greatly from east to west,
with plateau and basins dominating in the west and plains and
hills widespread in the east. The major climate type in the region
is subtropical monsoon climate, which is warm and humid. The
average annual temperature here is 17.3◦C and the average annual
precipitation is 1,480 mm during the years 2001–2020. Southern
China has a large vegetation cover of around 2.3 million km2,
46.1% of which is evergreen forests, including evergreen needleleaf
forest (ENF, 26.5%), evergreen broadleaf forest (EBF, 15.8%), and
mixed forest (MF, 3.9%) (Wu et al., 2014). The study area is
usually accompanied by sufficient rainfall and high temperatures,
but seasonal and even extreme drought conditions can occur
occasionally.

2.2. Datasets

We collected satellite kNDVI, forest age, and meteorological
data from various sources. All input data were resampled to 0.05◦

of spatial resolution and a monthly time scale, and masked by the
evergreen forest cover extracted from the land cover map of China.

2.2.1. kNDVI data
The kNDVI is a newly developed nonlinear generalization of

the well-known normalized difference vegetation index (NDVI)
by using the kernel method, which exhibits consistently strong
correlations with ecosystem productivity (Camps-Valls et al., 2021).
kNDVI can be calculated using the following computational
equation:

kNDVI = tanh (NDVI2) (1)

Here, kNDVI was used as a functional indicator to detect state
changes in forest ecosystems (Hu et al., 2022). The monthly MODIS
NDVI product (MOD13C2; Collection 6) at 0.05◦ spatial resolution
from 2001 to 2020 was obtained from the online Data Pool
at the USGS Land Processes Distributed Active Archive Centre
(LPDAAC).1 The data quality assessment product (QA-data) of
the MOD13C2 product provides pixel-by-pixel information on the
cloud conditions and overall data usefulness. We retained cloud-
free pixels with good and marginal overall quality.

2.2.2. Forest age
The forest stand age data used in this study was obtained from

a map of China’s forest stand age with a spatial resolution of 1 km,
which was estimated from the remotely sensed forest height in 2005
using the relationship between tree height and forest age from forest
inventory data (Zhang C. et al., 2014). The map illustrates that the
mean forest age across China was 43 years in 2005. Young and

1 http://lpdaac.usgs.gov

middle-aged forests occupy the majority of forests in current China.
The map also demonstrates a great spatial heterogeneity in China’s
forest age, with young forests in south and east and old forests
in southwest, northwest, and northeast. The forest age across our
study area is 36.9 ± 24.8 years. The forest age map was resampled
to a 0.5◦ × 0.5◦ spatial resolution to match the satellite data.

2.2.3. Meteorological data
The gridded meteorological data, including air temperature,

precipitation, solar radiation, and vapor pressure deficit during
2001–2020, were retrieved from the interpolation using the
ANUSPLIN software (Hutchinson, 1995) based on 836
meteorological station data from the National Meteorological
Information Centre of the China Meteorological Administration
(Wang et al., 2017). The gridded meteorological data has
1 km of spatial resolution and an 8-day time step. The station
observation data include daily average, maximum, and minimum
air temperatures (Ta, Tmin, and Tmax in ◦C), daily total precipitation
(Pre in mm), relative humidity (RH in %), and sunshine hour (SH
in h). The daily total solar radiation (SR in W m−2) was acquired
from the interpolated sunshine hour data through the use of the
solar radiation model developed by Bonan (1989). Vapor pressure
deficit (VPD, kPa) was quantified as a function of temperature
and relative humidity (Murray, 1966). All meteorological data
were interpolated to daily scales using the spline method, and then
aggregated into monthly averages or totals (Pre), and spatially
resampled to the 0.5◦ × 0.5◦ resolution.

2.2.4. Land cover
The land cover data were derived from ChinaCover2010,2 a

land cover map of China in 2010. The ChinaCover2010 dataset
was produced on the basis of Chinese domestic HJ 1A/1B satellite
and in situ data, and classified by an object-oriented method (Wu
et al., 2014). The spatial resolution of ChinaCover2010 is 30 m,
and the classification accuracy reaches 85% (Zhang L. et al., 2014).
The dataset classifies Chinese land surface into 38 types, including
evergreen needleleaf forests (ENF), evergreen broadleaf forests
(EBF), and mixed forests (MF). The evergreen forest cover was
extracted from the land cover map, which was also resampled to
0.05◦ spatial resolution using the majority method.

2.3. Resilience indicator of forest
ecosystems

We estimated the resilience of forest ecosystems using lag-
one autocorrelation (AC1) (Dakos et al., 2015; Verbesselt et al.,
2016). The AC1 was computed on the detrended and deseasoned
kNDVI time series for each forest pixel. The kNDVI data were
detrended and deseasoned through seasonal trend decomposition
by loess (STL) (Cleveland et al., 1990; Smith et al., 2022). We used
a period of 12 (1 year on monthly scale) and an adaptive loess filter
to decompose the full-year signal. Following the rules of thumb
originally proposed by Cleveland et al. (1990), we set 23 (1 month
less than 2 years) and 13 (1 month more than 1 year) as the values

2 http://www.geodata.cn
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for the trend smoother and the low-pass filter, respectively. Thus,
the residual time-series term was detrended and deseasoned from
the original kNDVI data, and used for the further AC1 calculation.
The AC1 computation on the whole kNDVI residual time series
(2001–2020) was referred to as long-term AC1. To detect the
temporal dynamics of the forest resilience, we also computed AC1
on a monthly scale over 5-year rolling windows over the 2001–2020
period, which was referred to as AC1 time series.

To support the resilience revealed by the kNDVI-based AC1,
we applied an empirical method proposed by Smith et al. (2022)
to estimate the recovery rate and compared it with the theoretical
AC1. Firstly, we applied a 9-month moving window over the
residual time series of kNDVI data and calculated the mean
difference between the preceding and rest halves of the moving
window. We then used a Savitzky–Golay filter (Savitzky and Golay,
1964) to smooth the aforementioned time series for the purpose
of eliminating high-frequency noise. Next, values above the 99th
percentile were distinguished and the subsequent time spans were
labeled as disturbance periods. For each detected disturbance
period, we used a 4-month constraint to locate local minima of
the residual time series as the starting point of recovery. Finally,
we fitted an exponential function to the 5-year time series after the
starting point to compute the exponent r, which is regarded as the
empirical recovery rate. Subsequently, we performed a comparative
analysis between the empirical r and the theoretical one computed
via rAC1 = log(AC1).

2.4. Trends analysis of the forest
resilience

Mann–Kendall (MK) trend test with Sen’s slope estimator was
used in this study to analyze the temporal trend of evergreen forest
resilience in China over the last two decades. The MK test is a
non-parametric model on the basis of the rank system proposed
by Mann (1945) and Kendall (1975). For the time series X1, X2,. . .,
Xn, the MK statistic (S) can be computed as:

S =
n−1∑
i=1

n∑
j=i+1

sgn
(
Xj − Xi

)
(2)

where n represents the number of observations, Xi and Xj are
the successive information estimation on occasion i and j. sgn
represents the sign function given by:

sgn
(
Xj − Xi

)
=


1

(
Xj − Xi

)
> 0

0
(
Xj − Xi

)
= 0

−1
(
Xj − Xi

)
< 0

(3)

Thus, standardized test statistic (Z) can be computed with variance
var(S) by utilizing the following equations:

Z =


S−1
√

var(S) S > 0

0 S = 0
S+1
√

var(S) S < 0
(4)

The determined Z values follow the normal distribution and is
utilized as a measure of trend significance. Given a significance
level of α, the null hypothesis of no trend was rejected when

|Z|≥ Z1−α/2, indicating a significant trend of the series. Otherwise,
the null hypothesis was accepted at the significance level of α. We
here set the significant level α = 0.05 and thus Z1−α/2 = 1.96.

The magnitude of the trend in the data time series was
determined using Sen’s estimator (Sen, 1968). The Sen’s estimator
is simple to compute, robust to outliers, and requires limited priori
information about measurement errors (Fernandes and Leblanc,
2005). The slope of data can be calculated as follows:

β = Median
(

Xj − Xi

j− i

)
(5)

where β denotes the trend degree, which is used to determine
the rise (positive β values) and fall (negative β values) of the
time series trend.

To verify the rationality and robustness of the trend analysis,
we also applied the univariate stationary first-order Gaussian
autoregressive (AR) method, which could avoid the issue that the
MK method may not fully account for the temporal autocorrelation
(Ives et al., 2021). We fit the time series using the model:

Xi (t) = ai + cit + εi(t) (6)

where εi(t) is a univariate stationary first-order Gaussian
autoregressive process with mean zero for each separate time
series, and the vector of εi(t) (t = 1, 2, . . ., T) has a multivariate
Gaussian distribution [details in Ives et al. (2021)]. This regression
model with lag-1 autoregressive error terms for every time series is
fitted by Restricted Maximum Likelihood (REML). The AR method
was conducted using the remotePARTS package in RStudio.

2.5. Random forest regression analysis of
forest resilience

In order to quantify the environmental factors modulating the
forest resilience, we applied random forest (RF) regression analysis
to explore the relationship between AC1 and explanatory variables.
The RF analysis was applied not only for the spatial pattern of the
entire long-term AC1, but also for the time series data in each
grid cell. The environmental explanatory variables contain forest
properties (forest age and annual averaged kNDVI) and climatic
variables (temperature, precipitation, solar radiation, and VPD).
The climatic variables were expressed as averages and extremes
shown in Table 1. All climatic variables were computed annually
and then averaged over time as background climate. Maximum
and minimum temperatures were collected on a daily scale and
integrated for the study period. Maximum precipitation was
calculated from the monthly total precipitation, while maximum
VPD was the maximum value for the period. These four factors
were regarded as extreme climate. Thus, a set of 10 predictor
variables representing the forest attribute, background climate, and
extreme climate were considered here (Table 1). All environmental
variables were calculated for the same period as the long-term AC1
and AC1 time series, respectively, for subsequent spatial and time
series analysis.

The existence of multicollinearity among environmental
variables produces inconsistent model outputs and reduces the
prediction accuracy of the models (Midi and Bagheri, 2010).
Therefore, we used variance inflation factor (VIF) in this study
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FIGURE 1

Distribution of evergreen forests in Southern China. ENF, evergreen needleleaf forests; EBF, evergreen broadleaf forests; MF, mixed forests.

to detect the multicollinearity among the ten environmental
variables and select the least correlated variables before building the
regression models. The VIF analysis was conducted, respectively,
for the spatial pattern of the environmental variables and the time
series of the variables in each grid cell. Several VIF thresholds, i.e.,
10, 5, or 3.3, are recommended for selection of variables (Hair et al.,
2009; Kock and Lynn, 2012). Given the magnitude of the sample
sizes, we fixed the VIF threshold at 3.3 for the spatial grid analysis
and at 10 for the time series analysis. We iteratively eliminated
the variable with the largest VIF, until the VIFs of all remaining
variables were less than the threshold values.

The RF regression models were then developed to identify
the emergent relationships between AC1 and the selected forest
and climate metrics. We divided the dataset randomly into two
subsets to develop the RF model: one training subset with 75%
of records used for model calibration, and one test subset with
the remaining 25% of records used for model validation. The key

TABLE 1 Environmental explanatory variables used in the forest
resilience model.

Variable name Category Abbreviation

Forest age Forest attribute Age

Average annual kNDVI Forest attribute kNDVI

Average annual temperature Background climate Ta

Average annual precipitation Background climate Pre

Average annual solar radiation Background climate SR

Average annual VPD Background climate VPD

Minimum temperature Extreme climate Tmin

Maximum temperature Extreme climate Tmax

Maximum precipitation Extreme climate Pmax

Maximum VPD Extreme climate VPDmax

parameters used in the RF model implemented here, including
the number of regression trees in the forest, the maximum depth
of the tree, the number of features considered at each split and
so on, were identified using the method of RandomizedSearchCV
algorithm (details in Supplementary Table 1) from Python Scikit-
learn package (Pedregosa et al., 2011). The model performances
were assessed on the basis of coefficient of determination (R2), root
mean squared error (rMSE), and percentage bias (PBIAS).

Variable importance ranking was synchronously calculated in
the RF regression model and used to quantify how individual
environmental factors influence the forest resilience (i.e., AC1). The
variable importance was quantified by the increase in mean square
error of predictions (%IncMSE) caused by scrambling the values
of a variable. Larger error before and after permutation indicates
that the variable is more important in the forest and contributes
more to predictive accuracy than the others (Breiman, 2001). And
we explored the AC1 across gradients of influential vegetation and
climate features using partial dependence plots, which show the
dependence between the response variable and a set of explanatory
variables. Partial dependency plots evaluate the impact of each
individual driver by holding the impacts of all the other potential
drivers constant (Geng et al., 2021). Furthermore, we also used
partial correlation analysis to confirm the robustness of the analysis.

3. Results

3.1. Spatial variation of forest resilience in
southern China

We explored the long-term lag-one autocorrelation (AC1)
at pixel level from the kNDVI time series (2001–2020) for the
subtropical evergreen forests in China. Results demonstrate that
the evergreen forests exhibit considerable spatial variability in
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long-term AC1 (Figure 2A). The long-term AC1 increases with
decreasing latitude (Figure 2B), indicating that the resilience
of the subtropical evergreen forest may be reduced at lower
latitudes. Low-resilience forests are mainly located in the Yunnan-
Guizhou plateau, Hainan Island, and the coastal hilly regions.
AC1 increases with mean annual temperature under a given
precipitation while decreasing with total annual precipitation
under a given temperature (Figure 2C). Low resilience (high values
in AC1) is observed for temperatures above 18◦C and precipitation
levels below 1,600 mm. Moreover, higher temperatures (above
24◦C) lead to low resilience despite adequate precipitation.

We tested the indication of the kNDVI-based AC1 for the
subtropical evergreen forests in China based on an empirical
method of detecting disturbances and estimating recovery rates
proposed by Smith et al. (2022). The comparison of theoretical
and empirical estimates of the recovery rate reveals broad spatial
consistency between the theoretical rAC1 and the empirical r
for areas where the recovery rate can be estimated empirically
(Figures 3A, C). The theoretical AC1 and the empirical recovery
rate support the theoretically expected exponential relationships
(Figure 3B, R2 = 0.91 for the exponential fit). Moreover,
the correspondence between theoretical and empirical estimates
remains good even if different R2 thresholds for the exponential
fit to the recovering time series after external disturbances are
considered (Figure 3D, R2

≥ 0.84 for the exponential fit).

3.2. Driving forces of the spatial
variability in forest resilience

A random forest (RF) regression model was developed to
identify the relationships between long-term AC1 and the selected
forest and climatic metrics. Age, kNDVI, SR, VPD, Tmin, Tmax,
Pmax, and VPDmax were selected as predictor variables, while
Ta and Pre were eliminated due to exceeding the VIF threshold
(Supplementary Table 2). The variations in AC1 were well
reproduced by the RF model with the predictor variables as
input (Supplementary Figure 1). Results of RF analysis show that
the spatial variability in long-term AC1 of the evergreen forests
in southern China is largely explained by local environmental
conditions (R2 = 0.70, rMSE = 0.0004, PBIAS = 0.034, Figure 4A).
The RF regression analysis shows that the most influential predictor
of the spatial variability in the evergreen forest resilience is solar
radiation (SR), with %incMSE = 20.7 ± 1.8 %. Vapor pressure
deficit (VPD, %incMSE = 13.8± 0.2 %) and minimum temperature
(Tmin, %incMSE = 13.3 ± 1.2 %) are also important to the forest
resilience. SR, VPD, and Tmin are the major driving forces behind
the resilience of subtropical evergreen forests in China among
the climatic and biotic factors, accounting for roughly half of
the variability in the forest resilience (Figure 4B). The remaining
variables are of secondary importance to the forest resilience. The
findings of the partial correlation analysis similarly show that SR
has the highest partial correlation with the long-term AC1, followed
by Ta and Tmin (Supplementary Figure 2). Ta was excluded from
the VIF variable selection due to its high correlation with VPD
(Pearson r = 0.79, p < 0.001, Supplementary Figure 3).

The partial dependence plots (Figure 5) show that the long-
term AC1 increased with SR, VPD, and Tmin, indicating that the
forest resilience decreased with the increases in these variables. Low

SR (<150 W m−2) leads to high resilience (low AC1) of evergreen
forests, while the value of AC1 remains high (low resilience) when
SR > 180 W m−2 (Figure 5A). AC1 increases (resilience decreases)
as the VPD value rises, and the rate of increase is gradually
accelerated (Figure 5B). The forest resilience remains constantly
low with Tmin less than −15◦C, then sharply increases until Tmin
reaches −10◦C, and finally stays high (Figure 5C). Overall, areas
with less radiation stress, adequate water availability, and less
warming are more likely to have higher forest resilience when
taking the magnitude of the effects of these dominant drivers into
account.

3.3. Temporal trends of forest resilience
and their dominant factors

Figure 6 depicts the temporal trend of the forest resilience
for the entire subtropical evergreen forests and in each grid
cell using the MK trend test. For the entire study period,
the AC1 significantly increased (β > 0, |Z| > Z1−α/2) when
considering the subtropical evergreen forests as a whole, indicating
a declining trend in its forest resilience (Figure 6A). Besides,
the trend distribution of all forest grid cells also shows that the
increasing trend of AC1 dominates (Figure 6A). The AR method
shows the spatial consistency of the trend in the majority of
grid cells with the results of the MK method (Supplementary
Figure 4), revealing a decreasing resilience in subtropical evergreen
forests in China since the 2000s through the upward trend
of AC1. But the trends of AC1 differ across plant functional
types (PFT) and time periods (Figures 6A, C–E; Table 2).
Over the last two decades, there was a significant decreasing
trend in forest resilience for ENF, but an insignificant increasing
trend for EBF, and even a significant increasing trend for MF.
As for different time periods, all three forest types showed a
significant increase in resilience in 2005–2010 and 2015–2020,
but a decrease in resilience in 2010–2014 (significant in all
but MF). Thus, although the resilience of subtropical evergreen
forests in China has shown an overall decreasing trend in the
past 20 years, the resilience has been gradually rising in recent
years.

We then assessed the dominant driving forces for the temporal
variability in forest resilience by applying the VIF analysis and
RF regression analysis with the AC1 time series in each grid cell.
We found that the temporal variation of AC1 in these evergreen
forest grid cells was not driven by one or two uniform variables.
However, the most dominant driving variables are temperatures,
including average and minimum temperatures (Ta and Tmin)
(Figure 7A). The grid cells with Ta as the most important variable
occupy 15.8% of all forest grid cells, and the grid cells with
Tmin occupy 13.2% of all grid cells. VPD and Pre followed with
a cover percentage of 11.5 and 10.8%, respectively. The cover
percentages of the other variables are all less than 10%. We also
assessed the cover percentages of the most influential variables
for different PFTs (Figure 7B). Ta is still the most important
variable with the highest percentages for ENF, EBF, and MF.
Tmin is the second important variable for ENF and EBF, while
forest age influences the trends of resilience in MF more than
Tmin (Figure 7B).
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FIGURE 2

Spatial variation in the resilience of subtropical evergreen forests in China. (A) Spatial map of long-term lag-one autocorrelation (AC1) computed
from kNDVI data for the whole 2001–2020 period. (B) Long-term AC1 with latitude. (C) Long-term AC1 binned as a function of precipitation and
temperature.

FIGURE 3

Comparison between theoretical resilience (AC1) metrics and empirical recovery rates based on satellite kNDVI data. (A) Theoretical estimate of the
recovery rate computed from the AC1 at each grid. (B) Empirical estimate of the recovery rate (for well-determined exponential fits, R2 > 0.2).
(C) Relationship between AC1 and empirical recovery rates from exponential fits with R2 > 0.5. (D) Binned means of AC1 as a function of the
empirically estimated recovery rate under different R2 thresholds.

4. Discussion

4.1. Indication of AC1 to forest resilience

The previous studies on ecosystem resilience mostly quantified
the recovery time or the extent of ecosystem loss after a single
special disturbance, such as drought (Longo et al., 2018; Huang
and Xia, 2019), heat wave (Tatarinov et al., 2016; Guha et al.,
2018), and wildfire (Stevens-Rumann et al., 2018; Hart et al.,

2019). For example, Huang and Xia (2019) define resilience to
drought as the rate of EVI recovering to its pre-drought level; Hart
et al. (2019) defines resilience to wildfire as the probability of the
forest state recovering to its original state after a stand-replacing
wildfire. But this definition is only applicable if strong external
disturbances occur to natural vegetation systems (Smith et al.,
2022). The resilience of natural ecosystems is hardly quantified in
the above ways due to the scarcity of strong external disturbances.
The temporal autocorrelation from long-term satellite vegetation
datasets, namely the kNDVI-based AC1 in this study, breaks
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FIGURE 4

Model performance and variable importance of the selected variables for explaining the spatial long-term AC1 using a random forest regression
model. (A) Comparison between measured AC1 and modeled AC1. (B) Variable importance of the predictor variables within the RF regression model.
Variable importance is quantified by the increase in mean square error (%IncMSE).

FIGURE 5

Partial dependence plots for the three most influential variables in the model for long-term AC1. (A) For solar radiation (SR), (B) for vapor pressure
deficit (VPD), and (C) for minimum temperature (Tmin).

TABLE 2 Temporal trends of forest resilience for different time periods and plant functional types.

2005–2020 2005–2009 2010–2014 2015–2020

β (× 10−4) Z β (× 10−4) Z β (× 10−4) Z β (× 10−4) Z

ALL 0.56 2.58 −3.49 −4.96 4.77 9.69 −3.53 −9.00

ENF 1.13 5.18 −2.69 −4.92 5.46 9.84 −3.80 −8.74

EBF −0.34 −1.43 −5.11 −5.68 4.21 9.10 −2.73 −7.51

MF −2.35 −12.60 −5.34 −5.66 1.12 1.72 −5.12 −7.85

“ALL” means the entire subtropical evergreen forests; “ENF” means evergreen needleleaf forests; “EBF” means evergreen broadleaf forests; “MF” means mixed forests. “β” is the trend degree,
with positive ones representing declining resilience and negative ones representing increasing resilience. “Z” is utilized as a measure of trend significance, with |Z| ≥ 1.96 indicating a
significant trend.

the limitation of the absence of strong disturbances and can be
leveraged to evaluate broader spatial patterns of forest resilience.

Besides, ecosystem resilience metrics are typically computed by
ecosystem state variables (such as biomass and species abundance),
which are difficult to directly connect to ecosystem processes

described by rates (Hu et al., 2022). Spectral indices are convenient
proxies for canopy structure and leaf biochemical features, and
consequently to track the dynamics of vegetation photosynthetic
activity [i.e., gross primary production (GPP)]. But the celebrated
NDVI has well-known issues with nonlinearities and saturation
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FIGURE 6

Temporal trends of the resilience of subtropical evergreen forests in China. (A) Temporal changes in AC1 computed in a 5-year moving window over
2001–2020 kNDVI time series for the subtropical evergreen forests. (B) Spatial map of the temporal trends in AC1 time series during 2005–2020.
(C) Spatial map of the temporal trends in AC1 time series during 2005–2009. (D) Spatial map of the temporal trends in AC1 time series during
2010–2014. (E) Spatial map of the temporal trends in AC1 time series during 2015–2020. “ALL” means the entire subtropical evergreen forests.

FIGURE 7

Variable importance of selected environmental variables for explaining the AC1 time series in each grid of subtropical evergreen forests in China.
(A) Cover percentages of different most influential environmental variables. (B) Cover percentages of the most influential variables across the plant
functional types.

effects at high vegetation productivity (Huete et al., 1997). A new
index called NIRv, calculated by multiplying NDVI with NIR, is
not a dimensionless quantity (or actual index) despite its good
performance in relation to GPP (Wang et al., 2023). kNDVI shows
good characteristics like boundedness, low error propagation, and

less sensitivity to orbital drifts (Wang et al., 2021, 2023), and is
therefore a more appropriate proxy for GPP than NDVI and NIRv.
Thus, we used kNDVI as an indicator of ecosystem function to
compute the lag-one autocorrelation (AC1) from its time series as
a measure of forest resilience.
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The indication of kNDVI-based AC1 to the evergreen forest
resilience has been supported by the empirical recovery rate
proposed by Smith et al. (2022) in an intuitive way and on
a per-point basis (Figure 3). The empirical recovery rate was
computed by delineating the large disturbances using the 99%
percentile method and then curve-fitting the subsequent time series
of recovering ecosystem state. It might be more realistic because it
clearly detected disturbances. We found that the empirical recovery
rate from external disturbances was more sparsely distributed than
the AC1-based recovery rate (Figures 3A, C). Not all forest areas
have undergone rapid and drastic changes during the period; thus,
vegetation resilience in these areas is impossible to be directly
quantified through recovery from an external disturbance (Smith
et al., 2022). In contrast, AC1-based recovery rate can be obtained
under a broader range of conditions. In areas where the recovery
rate can be estimated empirically from large disturbances, the
empirical recovery rate shows broad spatial consistency with the
theoretically computed rAC1 and binned means or medians of AC1
can be well-fitted as a function of the empirical recovery rate. Thus,
the AC1 from the kNDVI data reveals the forest resilience of the
subtropical evergreen forests.

4.2. Drivers of the evergreen forest
resilience

Some hypotheses on abiotic and biotic factors that can influence
resilience have been tested with numerous spatial and temporal
datasets. Consistent with our study, climate is a key abiotic factor
hypothesized to affect ecosystem resilience (Willis et al., 2018).
We found that solar radiation is the dominant driver influencing
the spatial pattern of forest resilience in the subtropical evergreen
forests of China (Figures 4B, 5A), which is in line with the
results in Forzieri et al. (2022). Higher solar radiation leads to
less resilient forests, which explains the decreasing forest resilience
with decreasing latitude (Figure 2B). It’s well-founded that elevated
temperatures and water limitations are systematically associated
with worldwide cases of massive tree mortality (Ibáñez et al., 2019).
Our analysis shows that temperature rather than precipitation
has a clear influence on both the spatial variability and temporal
trend in the resilience of subtropical evergreen forests in China
(Figures 4B, 7B). The findings here imply that resilience of
the subtropical evergreen forest may be declined at higher daily
minimum temperature (Tmin), which may be explained by the
decelerating growth rates with higher Tmin in forest trees (Feeley
et al., 2007). We also found that water limitation (high VPD)
slows down the forests’ capacity to recover after disturbances
(Figure 5B). Poorter et al. (2016) also reported that the recovery
of above-ground biomass increased with water availability (higher
precipitation and lower water deficit) in neotropical dry forests.
Under water-deficit conditions, trees close their stomata, reduce
photosynthesis, and consume stored carbohydrates to maintain
metabolism, hindering growth and recovery of trees. Besides, rising
temperatures may amplify the impacts of water deficit on tree
mortality, then on forest resilience (Adams et al., 2009).

In addition, a suite of biotic factors needs to be considered.
In this study, we assumed forest age and the average annual
forest photosynthetic activity as possible biotic factors influencing

forest resilience. Although they are of secondary importance in
the spatiotemporal variations in forest resilience, high values of
AC1 (low resilience) typically occur at locations characterized by
high long-term average kNDVI and forest age (Supplementary
Figure 2). This suggests that high productivity does not mean
high resilience, but rather the opposite. Nonproductive forests
may be more resilient to disturbances, because their previous
states are more easily attained. Older forests may provide more
various stem diameter sizes and thus, more complex structure
than younger forests (Jeffries et al., 2006), making it more difficult
to recover to the previous states. It’s also reported that increases
in plant flammability and wind damage vulnerability with forest
age promote reduced resilience to climate variability (Oliver and
Larson, 1996; Kitzberger et al., 2012).

Other abiotic factors such as soil attributes and number of
disturbances are also proven to be influential to the forest resilience.
High soil fertility has a positive influence on biomass recovery,
and soils with low clay content have higher resilience (Oliveras
and Malhi, 2016; Poorter et al., 2016). A system experiences more
disturbances recovers faster, perhaps because the vegetation is
gradually dominated by species with fast response and adaptation
abilities to disturbance (Cole et al., 2014; Willis et al., 2018).
Another biotic factor that has been widely considered but not
in this study is biodiversity (Hodgson et al., 2015). Ecosystems
with greater biodiversity will be more resilient to disturbances, but
this is not always the case. African regions with the highest plant
species richness exhibit the greatest sensitivity to environmental
disturbances (Liu et al., 2022). Our study focuses more on the
characteristics of vegetation and meteorology, which reproduce the
spatial and temporal variation of resilience well despite ignoring
the above factors. In the future, these factors need to be studied for
better identifying the underlying mechanisms of the tempo-spatial
variations in resilience of subtropical evergreen forests in China.

5. Conclusion

In this study, we estimated the temporal autocorrelation (AC1)
from a time series of the satellite kNDVI dataset to investigate
the spatial pattern and temporal variability of evergreen forest
resilience over the past two decades in southern China. The major
conclusions are drawn as follows:

(1) The computed long-term AC1 depicts considerable spatial
variability in the resilience of the subtropical evergreen forests
in China, with low resilience occurring in low-latitude areas
such as the Yunnan-Guizhou plateau, Hainan Island, and the
coastal hilly regions.

(2) The spatial variability in the forest resilience can be re-
established with RF model by forest and climatic variables,
and is largely affected by SR, VPD, and Tmin. Higher forest
resilience is more likely to be found in locations with less
radiation stress, adequate water availability, and less warming.

(3) The forest resilience has shown a declining trend over the
past two decades but has increased in the recent decade.
Temperature changes, including average and minimum
temperatures, dominate the temporal trends in the resilience
of subtropical evergreen forests in China.
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From the findings of this study, we suggest more attention
should be paid to the subtropical evergreen forests to deal with the
warming climate in times of rapid global change.

Data availability statement

The original contributions presented in this study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding authors.

Author contributions

JC, SW, and HS contributed to the conception and design
of the study. JC and BC performed the statistical analysis. JW
collected and processed the data. JC and SW wrote the first draft
of the manuscript. CZ and KZ wrote sections of the manuscript.
All authors discussed the results, contributed to the revisions, and
approved the submitted version.

Funding

This work was financially supported by the National Natural
Science Foundation of China (grant numbers: 41871342 and
42101479), the Strategic Priority Research Program of the Chinese

Academy of Sciences (grant number: XDA23100202), and the China
Postdoctoral Science Foundation (grant number: 2020M680654).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/ffgc.2023.1166481/
full#supplementary-material

References

Abis, B., and Brovkin, V. (2017). Environmental conditions for alternative tree-
cover states in high latitudes. Biogeosciences 14, 511–527. doi: 10.5194/bg-14-511-
2017

Adams, H. D., Guardiola-Claramonte, M., Barron-Gafford, G. A., Villegas, J. C.,
Breshears, D. D., Zou, C. B., et al. (2009). Temperature sensitivity of drought-
induced tree mortality portends increased regional die-off under global-change-type
drought. Proc. Natl. Acad. Sci. U.S.A. 106, 7063–7066. doi: 10.1073/pnas.090143
8106

Bai, J., Shi, H., Yu, Q., Xie, Z., Li, L., Luo, G., et al. (2019). Satellite-observed
vegetation stability in response to changes in climate and total water storage in Central
Asia. Sci. Total Environ. 659, 862–871. doi: 10.1016/j.scitotenv.2018.12.418

Bonan, G. B. (1989). A computer model of the solar radiation, soil moisture, and
soil thermal regimes in boreal forests. Ecol. Modell. 45, 275–306. doi: 10.1016/0304-
3800(89)90076-8

Boulton, C. A., Lenton, T. M., and Boers, N. (2022). Pronounced loss of Amazon
rainforest resilience since the early 2000s. Nat. Clim. Change 12, 271–278. doi: 10.1038/
s41558-022-01287-8

Breiman, L. (2001). Random forests. Mach. Learn. 45, 5–32. doi: 10.1023/A:
1010933404324

Camps-Valls, G., Campos-Taberner, M., Moreno-Martínez, Á, Walther, S.,
Duveiller, G., Cescatti, A., et al. (2021). A unified vegetation index for quantifying the
terrestrial biosphere. Sci. Adv. 7:eabc7447. doi: 10.1126/sciadv.abc7447

Cleveland, R. B., Cleveland, W. S., McRae, J. E., and Terpenning, I. (1990). STL: A
seasonal-trend decomposition. J. Off. Stat. 6, 3–73.

Cole, L. E., Bhagwat, S. A., and Willis, K. J. (2014). Recovery and resilience of tropical
forests after disturbance. Nat. Commun. 5, 1–7. doi: 10.1038/ncomms4906

Dakos, V., Carpenter, S. R., van Nes, E. H., and Scheffer, M. (2015). Resilience
indicators: Prospects and limitations for early warnings of regime shifts. Philos. Trans.
R. Soc. B Biol. Sci. 370:20130263. doi: 10.1098/rstb.2013.0263

Dakos, V., Van Nes, E. H., d’Odorico, P., and Scheffer, M. (2012). Robustness
of variance and autocorrelation as indicators of critical slowing down. Ecology 93,
264–271. doi: 10.1890/11-0889.1

Fang, O., and Zhang, Q. B. (2019). Tree resilience to drought increases in the Tibetan
Plateau. Glob. Change Biol. 25, 245–253. doi: 10.1111/gcb.14470

Feeley, K. J., Joseph Wright, S., Nur Supardi, M., Kassim, A. R., and Davies, S. J.
(2007). Decelerating growth in tropical forest trees. Ecol. Lett. 10, 461–469. doi: 10.
1111/j.1461-0248.2007.01033.x

Fernandes, R., and Leblanc, S. G. (2005). Parametric (modified least squares) and
non-parametric (Theil–Sen) linear regressions for predicting biophysical parameters
in the presence of measurement errors. Remote Sens. Environ. 95, 303–316. doi: 10.
1016/j.rse.2005.01.005

Forzieri, G., Dakos, V., McDowell, N. G., Ramdane, A., and Cescatti, A. (2022).
Emerging signals of declining forest resilience under climate change. Nature 608,
534–539. doi: 10.1038/s41586-022-04959-9

Friedlingstein, P., Jones, M. W., O’Sullivan, M., Andrew, R. M., Bakker, D. C.,
Hauck, J., et al. (2022). Global carbon budget 2021. Earth Syst. Sci. Data 14, 1917–2005.
doi: 10.5194/essd-14-1917-2022

Geng, S., Yang, L., Sun, Z., Wang, Z., Qian, J., Jiang, C., et al. (2021). Spatiotemporal
patterns and driving forces of remotely sensed urban agglomeration heat islands in
South China. Sci. Total Environ. 800:149499. doi: 10.1016/j.scitotenv.2021.149499

Guha, A., Han, J., Cummings, C., McLennan, D. A., and Warren, J. M. (2018).
Differential ecophysiological responses and resilience to heat wave events in four co-
occurring temperate tree species. Environ. Res. Lett. 13:065008. doi: 10.1088/1748-
9326/aabcd8

Hair, J. F., Black, W. C., Babin, B. J., and Anderson, R. E. (2009). Multivariate data
analysis, Vol. 24. Upper Saddle River, NJ: Macmillan, 899.

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A.,
Tyukavina, A., et al. (2013). High-resolution global maps of 21st-century forest cover
change. Science 342, 850–853. doi: 10.1126/science.1244693

Hart, S. J., Henkelman, J., McLoughlin, P. D., Nielsen, S. E., Truchon-Savard, A.,
and Johnstone, J. F. (2019). Examining forest resilience to changing fire frequency in
a fire-prone region of boreal forest. Glob. Change Biol. 25, 869–884. doi: 10.1111/gcb.
14550

Hodgson, D., McDonald, J. L., and Hosken, D. J. (2015). What do you mean,
‘resilient’? Trends Ecol. Evol. 30, 503–506. doi: 10.1016/j.tree.2015.06.010

Frontiers in Forests and Global Change 11 frontiersin.org85

https://doi.org/10.3389/ffgc.2023.1166481
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1166481/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1166481/full#supplementary-material
https://doi.org/10.5194/bg-14-511-2017
https://doi.org/10.5194/bg-14-511-2017
https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1016/j.scitotenv.2018.12.418
https://doi.org/10.1016/0304-3800(89)90076-8
https://doi.org/10.1016/0304-3800(89)90076-8
https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1126/sciadv.abc7447
https://doi.org/10.1038/ncomms4906
https://doi.org/10.1098/rstb.2013.0263
https://doi.org/10.1890/11-0889.1
https://doi.org/10.1111/gcb.14470
https://doi.org/10.1111/j.1461-0248.2007.01033.x
https://doi.org/10.1111/j.1461-0248.2007.01033.x
https://doi.org/10.1016/j.rse.2005.01.005
https://doi.org/10.1016/j.rse.2005.01.005
https://doi.org/10.1038/s41586-022-04959-9
https://doi.org/10.5194/essd-14-1917-2022
https://doi.org/10.1016/j.scitotenv.2021.149499
https://doi.org/10.1088/1748-9326/aabcd8
https://doi.org/10.1088/1748-9326/aabcd8
https://doi.org/10.1126/science.1244693
https://doi.org/10.1111/gcb.14550
https://doi.org/10.1111/gcb.14550
https://doi.org/10.1016/j.tree.2015.06.010
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1166481 April 10, 2023 Time: 12:41 # 12

Chen et al. 10.3389/ffgc.2023.1166481

Holling, C. S. (1973). Resilience and stability of ecological systems. Annu. Rev. Ecol.
Evol. Syst. 4, 1–23. doi: 10.1146/annurev.es.04.110173.000245

Hu, Z., Dakos, V., and Rietkerk, M. (2022). Using functional indicators to detect
state changes in terrestrial ecosystems. Trends Ecol. Evol. 37, 1036–1045. doi: 10.1016/
j.tree.2022.07.011

Huang, K., and Xia, J. (2019). High ecosystem stability of evergreen broadleaf forests
under severe droughts. Glob. Change Biol. 25, 3494–3503. doi: 10.1111/gcb.14748

Huang, K., Wang, S., Zhou, L., Wang, H., Liu, Y., and Yang, F. (2013). Effects of
drought and ice rain on potential productivity of a subtropical coniferous plantation
from 2003 to 2010 based on eddy covariance flux observation. Environ. Res. Lett.
8:035021. doi: 10.1088/1748-9326/8/3/035021

Hubau, W., Lewis, S. L., Phillips, O. L., Affum-Baffoe, K., Beeckman, H., Cuní-
Sanchez, A., et al. (2020). Asynchronous carbon sink saturation in African and
Amazonian tropical forests. Nature 579, 80–87. doi: 10.1038/s41586-020-2035-0

Huete, A. R., Liu, H., and van Leeuwen, W. J. (1997). “The use of vegetation indices
in forested regions: Issues of linearity and saturation,” in Proceedings of the IGARSS’97.
1997 IEEE international geoscience and remote sensing symposium proceedings. Remote
sensing-a scientific vision for sustainable development, Vol. 4 (Piscataway, NJ: IEEE),
1966–1968.

Hutchinson, M. F. (1995). Interpolating mean rainfall using thin plate smoothing
splines. Int. J. Geogr. Inf. Sci. 9, 385–403. doi: 10.1080/02693799508902045

Ibáñez, I., Acharya, K., Juno, E., Karounos, C., Lee, B. R., McCollum, C., et al. (2019).
Forest resilience under global environmental change: Do we have the information we
need? A systematic review. PLoS One 14:e0222207. doi: 10.1371/journal.pone.0222207

Ives, A. R., Zhu, L., Wang, F., Zhu, J., Morrow, C. J., and Radeloff, V. C.
(2021). Statistical inference for trends in spatiotemporal data. Remote Sens. Environ.
266:112678. doi: 10.1016/j.rse.2021.112678

Jeffries, J. M., Marquis, R. J., and Forkner, R. E. (2006). Forest age influences oak
insect herbivore community structure, richness, and density. Ecol. Appl. 16, 901–912.
doi: 10.1890/1051-0761(2006)016[0901:FAIOIH]2.0.CO;2

Kendall, M. G. (1975). Rank correlation measures. London: Charles Griffin.

Kitzberger, T., Aráoz, E., Gowda, J. H., Mermoz, M., and Morales, J. M. (2012).
Decreases in fire spread probability with forest age promotes alternative community
states, reduced resilience to climate variability and large fire regime shifts. Ecosystems
15, 97–112. doi: 10.1007/s10021-011-9494-y

Kock, N., and Lynn, G. (2012). Lateral collinearity and misleading results in
variance-based SEM: An illustration and recommendations. J. Assoc. Inf. Sci. Technol.
13, 546–580. doi: 10.17705/1jais.00302

Lewis, S. L., Wheeler, C. E., Mitchard, E. T., and Koch, A. (2019). Restoring natural
forests is the best way to remove atmospheric carbon. Nature 568, 25–28. doi: 10.1038/
d41586-019-01026-8

Liu, D., Wang, T., Peñuelas, J., and Piao, S. (2022). Drought resistance enhanced by
tree species diversity in global forests. Nat. Geosci. 15, 800–804. doi: 10.1038/s41561-
022-01026-w

Liu, Y., Kumar, M., Katul, G. G., and Porporato, A. (2019). Reduced resilience
as an early warning signal of forest mortality. Nat. Clim. Change 9, 880–885. doi:
10.1038/s41558-019-0583-9

Longo, M., Knox, R. G., Levine, N. M., Alves, L. F., Bonal, D., Camargo, P. B., et al.
(2018). Ecosystem heterogeneity and diversity mitigate Amazon forest resilience to
frequent extreme droughts. New Phytol. 219, 914–931. doi: 10.1111/nph.15185

Lovejoy, T. E., and Nobre, C. (2018). Amazon tipping point. Sci. Adv. 4:eaat2340.
doi: 10.1126/sciadv.aat2340

Mann, H. B. (1945). Nonparametric tests against trend. Econometrica 13, 245–259.
doi: 10.2307/1907187

Midi, H., and Bagheri, A. (2010). “Robust multicollinearity diagnostic measure
in collinear data set,” in Proceedings of the 4th international conference on
applied mathematics, simulation, modeling (Stevens Point, WI: World Scientific and
Engineering Academy and Society (WSEAS)), 138–142.

Murray, F. W. (1966). On the computation of saturation vapor pressure. Santa
Monica, CA: Rand Corp.

Oliver, C. D., and Larson, B. C. (1996). Forest stand dynamics: Updated edition.
Hoboken, NJ: John Wiley and sons.

Oliveras, I., and Malhi, Y. (2016). Many shades of green: The dynamic tropical
forest–savannah transition zones. Philos. Trans. R. Soc. B Biol. Sci. 371:20150308.
doi: 10.1098/rstb.2015.0308

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., et al.
(2011). A large and persistent carbon sink in the world’s forests. Science 333, 988–993.
doi: 10.1126/science.1201609

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O.,
et al. (2011). Scikit-learn: Machine learning in Python. J. Mach. Learn. Technol. 12,
2825–2830.

Pei, F., Li, X., Liu, X., and Lao, C. (2013). Assessing the impacts of droughts on
net primary productivity in China. J. Environ. Manage. 114, 362–371. doi: 10.1016/j.
jenvman.2012.10.031

Poorter, L., Bongers, F., Aide, T. M., Almeyda Zambrano, A. M., Balvanera, P.,
Becknell, J. M., et al. (2016). Biomass resilience of Neotropical secondary forests.
Nature 530, 211–214. doi: 10.1038/nature16512

Savitzky, A., and Golay, M. J. (1964). Smoothing and differentiation of data
by simplified least squares procedures. Anal. Chem. 36, 1627–1639. doi: 10.1021/
ac60214a047

Scheffer, M., Bascompte, J., Brock, W. A., Brovkin, V., Carpenter, S. R., Dakos,
V., et al. (2009). Early-warning signals for critical transitions. Nature 461, 53–59.
doi: 10.1038/nature08227

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G.,
et al. (2017). Forest disturbances under climate change. Nat. Clim. Change 7, 395–402.
doi: 10.1038/nclimate3303

Sen, P. K. (1968). Estimates of the regression coefficient based on Kendall’s tau.
J. Am. Stat. Assoc. 63, 1379–1389. doi: 10.1080/01621459.1968.10480934

Smith, T., Traxl, D., and Boers, N. (2022). Empirical evidence for recent global
shifts in vegetation resilience. Nat. Clim. Change 12, 477–484. doi: 10.1038/s41558-
022-01352-2

Stevens-Rumann, C. S., Kemp, K. B., Higuera, P. E., Harvey, B. J., Rother, M. T.,
Donato, D. C., et al. (2018). Evidence for declining forest resilience to wildfires under
climate change. Ecol. Lett. 21, 243–252. doi: 10.1111/ele.12889

Tatarinov, F., Rotenberg, E., Maseyk, K., Ogée, J., Klein, T., and Yakir, D. (2016).
Resilience to seasonal heat wave episodes in a Mediterranean pine forest. New Phytol.
210, 485–496. doi: 10.1111/nph.13791

Verbesselt, J., Umlauf, N., Hirota, M., Holmgren, M., Van Nes, E. H., Herold, M.,
et al. (2016). Remotely sensed resilience of tropical forests. Nat. Clim. Change 6,
1028–1031. doi: 10.1038/nclimate3108

Wang, J., Wang, J., Ye, H., Liu, Y., and He, H. (2017). An interpolated temperature
and precipitation dataset at 1-km grid resolution in China (2000–2012). China Sci.
Data 2, 88–95.

Wang, Q., Moreno-Martínez, Á, Muñoz-Marí, J., Campos-Taberner, M., and
Camps-Valls, G. (2023). Estimation of vegetation traits with kernel NDVI. ISPRS J.
Photogramm. Remote Sens. 195, 408–417. doi: 10.1016/j.isprsjprs.2022.12.019

Wang, S., Zhang, Y., Ju, W., Chen, J. M., Cescatti, A., Sardans, J., et al. (2021).
Response to comments on “recent global decline of CO2 fertilization effects on
vegetation photosynthesis”. Science 373:eabg7484. doi: 10.1126/science.abg7484

Willis, K. J., Jeffers, E. S., and Tovar, C. (2018). What makes a terrestrial ecosystem
resilient? Science 359, 988–989. doi: 10.1126/science.aar5439

Wu, B., Yuan, Q., Yan, C., Wang, Z., Yu, X., Li, A., et al. (2014). Land cover changes
of china from 2000 to 2010. Quat. Res. 34, 723–731.

Yi, C., and Jackson, N. (2021). A review of measuring ecosystem resilience to
disturbance. Environ. Res. Lett. 16:053008. doi: 10.1088/1748-9326/abdf09

Yu, G., Chen, Z., Piao, S., Peng, C., Ciais, P., Wang, Q., et al. (2014). High
carbon dioxide uptake by subtropical forest ecosystems in the East Asian monsoon
region. Proc. Natl. Acad. Sci. U.S.A. 111, 4910–4915. doi: 10.1073/pnas.131706
5111

Zhang, C., Ju, W., Chen, J. M., Li, D., Wang, X., Fan, W., et al. (2014). Mapping
forest stand age in China using remotely sensed forest height and observation data.
J. Geophys. Res. Biogeosci 119, 1163–1179. doi: 10.1002/2013JG002515

Zhang, L., Li, X., Yuan, Q., and Liu, Y. (2014). Object-based approach to national
land cover mapping using HJ satellite imagery. J. Appl. Remote Sens. 8:083686. doi:
10.1117/1.JRS.8.083686

Zhang, L., Xiao, J., Li, J., Wang, K., Lei, L., and Guo, H. (2012). The 2010 spring
drought reduced primary productivity in southwestern China. Environ. Res. Lett.
7:045706. doi: 10.1088/1748-9326/7/4/045706

Zhao, Q., Huang, G., and Wang, L. (2015). Forest ecosystems in the south China:
Functions, problems and countermeasures. J. For. Environ. 35, 289–296.

Frontiers in Forests and Global Change 12 frontiersin.org86

https://doi.org/10.3389/ffgc.2023.1166481
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1016/j.tree.2022.07.011
https://doi.org/10.1016/j.tree.2022.07.011
https://doi.org/10.1111/gcb.14748
https://doi.org/10.1088/1748-9326/8/3/035021
https://doi.org/10.1038/s41586-020-2035-0
https://doi.org/10.1080/02693799508902045
https://doi.org/10.1371/journal.pone.0222207
https://doi.org/10.1016/j.rse.2021.112678
https://doi.org/10.1890/1051-0761(2006)016[0901:FAIOIH]2.0.CO;2
https://doi.org/10.1007/s10021-011-9494-y
https://doi.org/10.17705/1jais.00302
https://doi.org/10.1038/d41586-019-01026-8
https://doi.org/10.1038/d41586-019-01026-8
https://doi.org/10.1038/s41561-022-01026-w
https://doi.org/10.1038/s41561-022-01026-w
https://doi.org/10.1038/s41558-019-0583-9
https://doi.org/10.1038/s41558-019-0583-9
https://doi.org/10.1111/nph.15185
https://doi.org/10.1126/sciadv.aat2340
https://doi.org/10.2307/1907187
https://doi.org/10.1098/rstb.2015.0308
https://doi.org/10.1126/science.1201609
https://doi.org/10.1016/j.jenvman.2012.10.031
https://doi.org/10.1016/j.jenvman.2012.10.031
https://doi.org/10.1038/nature16512
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1038/nature08227
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1038/s41558-022-01352-2
https://doi.org/10.1038/s41558-022-01352-2
https://doi.org/10.1111/ele.12889
https://doi.org/10.1111/nph.13791
https://doi.org/10.1038/nclimate3108
https://doi.org/10.1016/j.isprsjprs.2022.12.019
https://doi.org/10.1126/science.abg7484
https://doi.org/10.1126/science.aar5439
https://doi.org/10.1088/1748-9326/abdf09
https://doi.org/10.1073/pnas.1317065111
https://doi.org/10.1073/pnas.1317065111
https://doi.org/10.1002/2013JG002515
https://doi.org/10.1117/1.JRS.8.083686
https://doi.org/10.1117/1.JRS.8.083686
https://doi.org/10.1088/1748-9326/7/4/045706
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1183336 May 18, 2023 Time: 12:57 # 1

TYPE Original Research
PUBLISHED 24 May 2023
DOI 10.3389/ffgc.2023.1183336

OPEN ACCESS

EDITED BY

Matthieu Chauvat,
Université de Rouen, France

REVIEWED BY

Qiang Yang,
Lanzhou University, China
Christina Biasi,
University of Eastern Finland, Finland

*CORRESPONDENCE

Ling Zhang
lingzhang09@126.com

RECEIVED 10 March 2023
ACCEPTED 05 May 2023
PUBLISHED 24 May 2023

CITATION

Lai XQ, Luo LC, Fang HF, Zhang L, Shad N,
Bai J, Li AX, Zhang X, Yu YD, Wang H and
Siemann E (2023) Bacterial and fungal
inhibitor interacted impacting growth of
invasive Triadica sebifera and soil N2O
emissions.
Front. For. Glob. Change 6:1183336.
doi: 10.3389/ffgc.2023.1183336

COPYRIGHT

© 2023 Lai, Luo, Fang, Zhang, Shad, Bai, Li,
Zhang, Yu, Wang and Siemann. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Bacterial and fungal inhibitor
interacted impacting growth of
invasive Triadica sebifera and soil
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Plant invasions affect biodiversity and seriously endanger the stability of

ecosystems. Invasive plants show strong adaptability and growth advantages

but are influenced by various factors. Soil bacteria and fungi are critical to

plant growth and are important factors affecting plant invasions. Plant invasions

also affect soil N2O emissions, but the effects of invasive plants from different

population origins on N2O emissions and their microbial mechanisms are not

clear. In this experiment, we grew Triadica sebifera from native (China) and

invasive (USA) populations with or without bacterial (streptomycin) and/or fungal

(iprodione) inhibitors in a factorial experiment in which we measured plant

growth and soil N2O emissions of T. sebifera. Plants from invasive populations

had higher leaf masses than those from native populations when soil bacteria

were not inhibited (with or without fungal inhibition) which might reflect that

they are more dependent on soil bacteria. Cumulative N2O emissions were

higher for soils with invasive T. sebifera than those with a plant from a native

population. Bacterial inhibitor application reduced cumulative N2O emissions but

reductions were larger with application of the fungal inhibitor either alone or in

combination with the bacterial inhibitor. This suggests that fungi play a strong

role in plant performance and soil N2O emissions. Therefore, it is important to

further understand the effects of soil microorganisms on the growth of T. sebifera

and soil N2O emissions to provide a more comprehensive scientific basis for

understanding the causes and consequences of plant invasions.

KEYWORDS

bacterial inhibitor, fungal inhibitor, soil microorganisms, plant growth, soil N2O
emissions, invasive plant

1. Introduction

With rapid industrialization, the concentration of greenhouse gases in the atmosphere
has increased significantly, and global climate change is becoming increasingly problematic.
The Paris Agreement proposed the goal of keeping the global average temperature less than
2◦C above pre-industrial warming by 2,100. However, it is difficult to control warming below
1.5◦C at present (Rogelj et al., 2016), and it is necessary to reduce total GHG emissions.
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Nitrous oxide (N2O) is an important greenhouse gas (Walling
and Vaneeckhaute, 2020) that persists in the atmosphere for
121 years with a warming potential 265 times higher than
that of CO2 on a 100-year scale (IPCC, 2014). N2O is also
extremely damaging to the ozone layer (Ravishankara et al., 2009).
While a variety of CO2 reduction measures are emerging, non-
CO2 greenhouse gas reduction such as N2O should also receive
attention.

Nitrous oxide is produced by complex nitrification and
denitrification processes carried out by various microbial
communities, including bacteria, fungi and archaea (Zhong
et al., 2022). Soil N2O emissions are largely derived from
these two processes (Hu et al., 2015), accounting for 70% of
total global emissions (Fowler et al., 2013). Bacteria have been
the main contributors to N2O release from soils (Johnson
et al., 1996). However, in desert and semi-arid grassland
soils, fungi are the main contributors (>70%) to N2O release
(Marusenko et al., 2013). In order to reduce N2O emissions
from agroforestry systems, studies have been conducted on the
effects of bacterial and fungal inhibitors on N2O emissions.
Herold et al. (2012) studied the effect of tilled soil on fungal and
bacterial denitrification and biomass by adding cycloheximide
(fungal inhibitor) and streptomycin (bacterial inhibitor). Castaldi
and Smith (1998) found that the addition of peptone to forest
soils significantly stimulated the release of N2O, while low
concentrations of cycloheximide rapidly reduced N2O release,
indicating that fungi are the main contributors to N2O release
in forest soils. Biological inhibitors can be used to inhibit
the activity of bacteria and fungi involved in nitrification
and denitrification processes, and further studies are needed
to investigate the effect of biological inhibitors on soil N2O
emissions.

In the context of global climate change, plant invasion
can affect biodiversity and jeopardize the stability of forest
ecosystems (Bradley et al., 2010; Ehrenfeld, 2010). Soil microbes
are an important component of forest ecosystems (Fritze et al.,
1994), and bacteria and fungi are major components of soil
microbial communities (Rousk et al., 2009). Soil biology is
an important factor affecting plant performance and invasion
potential (Reinhart and Callaway, 2006). Soil microorganisms (e.g.,
mycorrhizal fungi, rhizobia, etc.) can efficiently assist invasive
plants to utilize nutrients such as nitrogen (Huang et al., 2016)
and phosphorus (Zhang et al., 2013) to facilitate plant invasion.
Invasive plants show strong adaptability and growth advantages
but are influenced by various factors (Zou et al., 2006; Ehrenfeld,
2010; De Marco et al., 2022). For example, nitrogen deposition
enhances the biomass and leaf area of invasive Triadica sebifera
(Deng et al., 2019b) and increases the invasive potential of
Mikania micrantha and Chromolaena odorata (Zhang et al., 2016).
Higher temperatures, increased CO2, and nitrogen deposition
can exacerbate plant invasion, and conversely, plant invasion can
affect greenhouse gas emissions (Lei et al., 2010). Although there
have been numerous studies on the impact of invasive exotic
plants on ecosystem carbon and nitrogen cycles (Liao et al.,
2007, 2008) knowledge of the mechanisms of N2O emissions is
limited.

The growth and activity of soil microorganisms can
be stimulated due to greater root biomass of invasive
plants, production of more secretions, easier access to soil

microorganisms, and increased rate of N uptake (Zou et al.,
2006). Nijjer et al. (2008) found that exotic tree species benefited
more from soil arbuscular mycorrhizal compared to native
species in a pot experiment. This suggests that soil organisms
play an important role in the invasion of alien species. There
is also variation among populations of exotic plants in their
interactions with soil organisms (Yang et al., 2015). For instance,
T. sebifera plants from invasive populations have stronger soil
microbial utilization capacity compared to those from native
populations, confirming the role of soil microbes in promoting
the growth of invasive T. sebifera (Zhang et al., 2012). However,
the effects of invasive plants with different populations origins
on N2O emissions and their microbial mechanisms are not
clear.

Triadica sebifera (Euphorbiaceae; synonym Sapium sebiferum)
is an economic tree endemic to China with a long history of
cultivation and is an important industrial oilseed tree in China,
combining economic and ornamental values. It was introduced to
the United States as an oil species and ornamental tree in the late
18th century and has become invasive and impacted ecosystems
in the southeastern United States in part because of increased
competitive ability of invasive populations (Huang et al., 2012;
Zhang et al., 2012, 2013, 2020). The effects of biotic and abiotic
factors on plants of different species origins are complex (Reinhart
and Callaway, 2006; Bradley et al., 2010). Invasive T. sebifera
has higher plant height, stem and total biomass, higher nitrogen
uptake rate and relative growth rate than native T. sebifera (Zou
et al., 2007; Zhang et al., 2013; Deng et al., 2017), and lower
root to shoot ratio (Zhang et al., 2017). Zou et al. (2006) found
soil CO2 and N2O emissions were higher for soils associated
with T. sebifera from invasive vs. native populations. But, the
contributions of soil fungi and bacteria to growth of T. sebifera
plants from different population origins and associated soil N2O
emissions are unclear.

In this experiment, we grew T. sebifera from native (China)
and invasive (USA) populations with or without bacterial
(streptomycin) and/or fungal (iprodione) inhibitors in a factorial
experiment in which we measured plant growth and soil N2O
emissions of T. sebifera. We hypothesized that: (1) T. sebifera plants
from invasive populations will be impacted more negatively by
suppression of soil microbes than ones from native populations. (2)
Suppression of soil microbes will have a larger impact on soil N2O
emissions with T. sebifera plants from invasive populations.

2. Materials and methods

2.1. Seed and soil collection

In November 2018, we collected seeds from three populations
of T. sebifera in both China (where it is native) and the United States
(where it is introduced and now invasive) (Table 1). In April 2019,
we collected T. sebifera non-rhizosphere soil (depth 0–20 cm after
removing surface litter) from under three trees (>300 m apart) in
Nanchang Jiangxi, China. We removed visible stones, plant root
fragments and other intrusive materials from the soil, sieved the
soil with a 2 cm sieve and mixed it thoroughly (Yang et al., 2013;
Deng et al., 2019b).
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TABLE 1 Locations of native and invasive Triadica sebifera populations
used in the study.

Source population Longitude Latitude

China

Jiangxi 117.12◦E 28.45◦N

Jiangsu 118.37◦E 31.23◦N

Zhejiang 118.20◦E 27.12◦N

USA

Georgia 81.01◦W 32.01◦N

Texas 95.03◦W 29.78◦N

Louisiana 93.15◦W 30.23◦N

2.2. Experimental design

This study site is located at Jiangxi Agricultural University,
Nanchang, China (115◦50′10′′ E, 28◦45′53′′ N). It has a subtropical
humid monsoon climate. The average annual temperature is 18◦C,
the maximum temperature in midsummer can reach above 40◦C,
and the minimum temperature in winter can reach below −10◦C;
the average annual rainfall is 1,600–1,700 mm, the rainfall is uneven
in the year, the rainfall is concentrated in April-June, the soil type
is typical red soil.

We conducted a factorial experiment in pots in a greenhouse.
The experimental factors were bacterial inhibitor (control vs.
streptomycin), fungal inhibitor (control vs. iprodione) and plant
population origin (native vs. invasive). We applied 5ml of
streptomycin solution (3 g kg−1) to bacterial inhibitor pots and
5ml of iprodione solution (1 g kg−1) to fungal inhibitor pots (Nijjer
et al., 2008; Fang et al., 2021). We applied 5 ml of deionized water
to control soils. We included three T. sebifera populations for each
range. In total, there were 72 pots (two bacterial inhibitor × two
fungal inhibitor × two origins × three populations × three
replications).

Soil characteristics were: organic carbon 14.41 ± 2.19 g
kg−1, total N 1.33 g kg−1, NH4

+-N 1.12 mg kg−1, NO3
−-N

1.24 ± 0.42 mg kg−1, total phosphorus 0.32 ± 0.03 g kg−1 and
soil pH 5.26 ± 0.01 (Fang et al., 2021). In April 2019, we planted
seeds into trays filled with potting soil. After seed germination, we
selected similar-sized seedlings and individually transplanted them
into 1.5 L plastic pots, which were filled with 1.5 kg of the treated
T. sebifera non-rhizosphere soil. Each pot had a ring for mounting
a gas collection chamber.

We measured N2O fluxes by gas chromatography of air
samples collected in static opaque chambers. We placed the
plexiglass, foil-wrapped chamber (60 cm tall, 18 cm diameter)
into the water filled ring (between 2:30 and 5:30 p.m.). We
collected 40 ml of gas with a plastic 60 ml syringe 0, 10, 20,
and 30 min after chamber installation which we brought back
to the laboratory for analysis. We took gas samples from July to
October in 2019, at days 1, 6, 9, 12, 18, 28, 35, 38, 41, 48, 56,
65, and 80, starting 1 week after transplantation. Soil temperature
(Supplementary Figures 1A, B), and moisture (5 cm depth)
(Supplementary Figures 2A, B) were monitored simultaneously
when N2O emission rates (Supplementary Figures 3A, B)
were measured.

We measured plant height and leaf number then harvested
leaves, stems, and roots separately. We dried them at 60◦C
for 72 h then weighed them and calculated root to shoot
ratio and total mass.

2.3. Soil N2O emission determination

We estimated soil N2O emission rates as:

F = P × V ×
4c
4t
×

1
RT
× M ×

1
S

where F indicates soil N2O emission rate (µg m−2h−1),P stands
for standard atmospheric pressure (Pa) (which should be adjusted
if partial pressure of water vapor of chamber air taken into
consideration) (Carter and Gregorich, 2007; Deng et al., 2019a), V
refers to the volume of chamber headspace (m3), Mc/Mt means the
rate of N2O (ppb) concentration change with time based on linear
regressions (Domeignoz-Horta et al., 2018; Pärn et al., 2018), R
stands for universal gas constant (m3 mol−1 k−1), T is the absolute
air temperature (k), M means the molecular mass N2O (g mol−1),
and S indicates the collar area (m2).

We estimated cumulative soil N2O emissions as:

E =
n∑

i = 1

(Fi + Fi+1)

2
× (ti+1 − ti) × 24

where E indicates cumulative soil N2O emissions (µg m−2) (Deng
et al., 2019a; He et al., 2019), F indicates soil N2O emission rate
(µg m−2 h−1), i means the ith measurement, (ti+1-ti) refers to the
time span (days) between two measurements, and n means the total
number of the measurements.

2.4. Date analyses

We used ANOVAs to test the fixed effects of bacterial
inhibitor, fungal inhibitor, T. sebifera origin and the their
interactions on plant height, root mass, stem mass, leaf mass,
total mass, root to shoot ratio, soil N2O emission rate and
cumulative N2O emissions. We included population nested
within origin as a random effect. We used least significant
difference (LSD) tests to distinguish among means for significant
factors with more than two levels (α = 0.05). We performed
all statistical analyses using JMP 9.0 Software (Gary, NC,
USA).

3. Results

3.1. Soil temperature and soil moisture

Soil temperatures and moisture were similar among
treatments for both invasive and native T. sebifera population
pots (Supplementary Figures 1, 2). Soil temperature and moisture
reached their minimum and maximums, respectively, in October
at the end of the experiment (Supplementary Figures 1, 2).
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FIGURE 1

Effect of origin, bacterial and fungal inhibitor on height (A), leaf mass (B), height (C), leaf mass (D), stem mass (E), root mass (F) of Triadica sebifera
(mean ± se). Con, control; B, bacteria inhibitor; F, fungal inhibitor; BF, bacteria inhibitor and fungal inhibitor. Means with the same letters did not
differ in post-hoc tests (p < 0.05).

3.2. Plant growth

Plant height depended on the interaction of bacterial inhibitor
with fungal inhibitor and with population origin (Figure 1 and

Table 2). Plants from invasive populations in control soils were
taller than those from native populations with bacterial inhibitor
(Figure 1A). Plants were shorter with bacterial inhibitor than in
control soils but plants were even shorter with fungal inhibitor
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TABLE 2 The dependence of growth on Triadica sebifera with different populations, origin (O), bacteria inhibitor (B), fungal inhibitor (F), and their
interaction in ANOVAs.

Height Root mass Stem mass Leaf mass Total mass R:S

Fixed effects df F P F P F P F P F P F P

O 1.4 1.24 0.3278 1.20 0.3350 1.30 0.3183 0.77 0.4306 1.40 0.3028 <0.01 0.9501

B 1.60 14.07 0.0004 1.13 0.2930 4.55 0.0370 0.59 0.4441 4.71 0.0339 0.06 0.8075

F 1.60 48.94 <0.0001 10.32 0.0021 12.56 0.0008 5.41 0.0235 13.21 0.0006 0.73 0.3975

B× F 1.60 12.63 0.0007 11.90 0.0010 8.03 0.0062 0.72 0.3993 13.00 0.0006 8.58 0.0048

O× B 1.60 5.68 0.0203 2.50 0.1194 1.31 0.2576 5.16 0.0266 1.64 0.2050 0.01 0.9364

O× F 1.60 2.01 0.1618 0.89 0.3499 0.35 0.5574 1.38 0.2447 0.13 0.7168 1.37 0.2457

O× B× F 1.60 0.05 0.8301 1.25 0.2671 0.18 0.6724 0.24 0.6256 0.07 0.7863 1.56 0.2172

Random effect z P z P z P z P z P z P

Populations 1.33 0.0917 0.83 0.2027 1.21 0.1135 0.62 0.2675 1.06 0.1436 0.98 0.1636

Significant results are shown in bold.

FIGURE 2

Cumulative N2O emissions (mean ± se) (A) population origin treatments, and (B) under control (Con), bacterial inhibitor (B), fungal inhibitor (F) and
combination (BF) treatments. Different capital letters indicate significant differences (p < 0.05).

applied alone or with both the fungal and bacterial inhibitor
(Figure 1C). A similar pattern was found for root, stem and total
mass (Figures 1E, F and Table 2).

Leaf mass was lower with fungal inhibitor (Figure 1D and
Table 2). The interaction between the bacterial inhibitor and
T. sebifera population origin had a significant effect on the leaf
mass of T. sebifera (Table 2). Under the control, the leaf mass of
T. sebifera was significantly higher than that of the native T. sebifera,
while the leaf mass of T. sebifera of the invasive population origin
was significantly lower after the application of bacterial inhibitors
(Figure 1B). Root:shoot depended on the interaction of bacterial
and fungal inhibitors with lower root:shoot with either inhibitor

applied alone (B = 0.60, F = 0.52) than when neither (0.66) or both
(0.69) were applied (Table 2). Population did not significantly affect
any variable (Table 2).

3.3. Soil N2O emission rate and
cumulative N2O emission

Both N2O emission rate (+13.73%) and cumulative N2O
emissions were higher with soils associated with plants from
invasive vs. native populations (Figure 2A, Table 3, and
Supplementary Figure 3A). The strength of this effect on soil
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TABLE 3 The dependence of N2O emission on Triadica sebifera with different populations, origin (O), bacteria inhibitor (B), fungal inhibitor (F), and
their inhibitor as a fixed factor and measurement time (day) as a random factor in ANOVAs.

N2O emission rate Cumulative N2O emissions

Fixed effects df F P df F P

O 1.64 44.46 <0.0001 1,4 79.46 0.0009

B 1.64 283.07 <0.0001 1,60 16.75 0.0001

F 1.64 2163.59 <0.0001 1,60 121.61 <0.0001

B× F 1.64 189.35 <0.0001 1,60 21.57 <0.0001

O× B 1.64 1.09 0.3004 1,60 0.34 0.5620

O× F 1.64 0.04 0.8508 1,60 0.46 0.5024

O× B× F 1.64 0.03 0.8679 1,60 0.28 0.5974

Days 12.768 194.73 <0.0001

× O 12.768 10.71 <0.0001

× B 12.768 6.02 <0.0001

× F 12.768 38.62 <0.0001

× B× F 12.768 3.45 <0.0001

× O× B 12.768 0.80 0.6550

× O× F 12.768 0.72 0.7374

× O× B× F 12.768 0.52 0.9051

Random effect z P z p

Populations 1.29 0.3050 2.32 0.0204

Significant results are shown in bold.

N2O emissions was stronger later in the experiment (Figure 3A
and Table 3). Application of bacterial inhibitors, fungal inhibitors
and both had significant negative effects on N2O emission
rates compared to untreated control soils (decreased by −22.23,
−43.81, and −46.04%, respectively) (Supplementary Figure 3B
and Table 3). These effects were stronger at times of higher
N2O emissions (Figure 3B). Cumulative N2O emissions showed
a similar dependence on inhibitors with smaller reductions with
bacterial inhibitor alone than with the application of fungal
inhibitor alone or with the bacterial inhibitor (Figure 2B and
Table 3).

4. Discussion

4.1. Effect of population origin and
inhibitors on growth of T. sebifera

The bacterial inhibitor had a larger negative impact on
the height and leaf mass of T. sebifera plants from invasive
populations more than ones from native populations (Figures 1A,
B). Other studies have found that the interactions of T. sebifera
from invasive populations with soil microbes differ from those
of plants from native populations (e.g., Zou et al., 2007;
Yang et al., 2015; Shad et al., 2022). For instance, soil
microorganisms can promote the rapid mineralization and
uptake of soil organic N by T. sebifera, and it has been
found that invasive T. sebifera promotes soil N mineralization
more than native T. sebifera (Zhang et al., 2012, 2017).
Increased rates of N uptake by invasive T. sebifera will likely

also stimulate the growth and activity of soil microorganisms
(Zou et al., 2006, 2007; Zhang et al., 2013). Soil microbial
communities play a critical role in the successful invasion of
plants (Reinhart and Callaway, 2006; Callaway et al., 2011;
Zhang et al., 2012) so this finding that invasive and native
populations differ in their responses to inhibition of soil
bacteria suggests that there may be important differences in the
interactions of T. sebifera with soil bacteria in the invasive vs.
native ranges.

The bacterial and fungal inhibitors had widespread effects
on T. sebifera performance that did not depend on plant
population origin. Across a number of response variables, the
bacterial inhibitor decreased T. sebifera performance but these
decreases were generally much smaller than the negative impacts
of application of the fungal inhibitor alone or in combination
with the bacterial inhibitor. Soil beneficial microorganisms (e.g.,
mycorrhizal fungi, rhizobia, etc.) can promote plant invasions by
increasing uptake of nitrogen, water and phosphorus from the
soil (Reinhart and Callaway, 2006; Callaway et al., 2011; Huang
et al., 2016). Because T. sebifera receives significant benefits from
mycorrhizal associations, it is likely suppression of mycorrhizae
contributed to the large negative effect of the fungal inhibitor on
plant performance (Nijjer et al., 2007, 2008; Yang et al., 2015;
Deng et al., 2017). The relatively lower impact of suppression
of soil bacteria on T. sebifera performance may reflect the
fact that it does not have a close symbiotic relationship with
bacteria such as hosting nitrogen fixing bacteria (Pile et al.,
2017). However, a larger impact of bacterial inhibition vs. fungal
inhibition might occur for a plant that hosts rhizobia but is
not mycorrhizal.
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FIGURE 3

Dynamics of soil N2O emission of different origins in the (A) native (China) and (B) invasive sites (USA) with bacterial and fungal inhibitor (mean ± se).

4.2. Effect of population origin and
inhibitors on soil N2O emissions of
T. sebifera

Soil N2O emissions are mainly produced by microbially
mediated nitrification and denitrification (Hu et al., 2015), and
microbial community structure and abundance affect soil N2O
emissions (Banerjee et al., 2016). Zhang et al. (2018) found that
perennial invasive plants affect soil GHG emissions, and invasive
sites increased soil N2O emissions compared to the native sites.
Triadica sebifera plants from invasive populations had a higher
N2O emission rate (Supplementary Figure 3A) and cumulative
N2O emission (Figure 2A) than those from native populations,
which is consistent with the findings of Zou et al. (2006) and Zhang
et al. (2018). One likely explanation for this stimulation of N2O

emissions is the higher root activity found for T. sebifera from
invasive populations reviewed by Pile et al. (2017).

Fang et al. (2022) found that nitrification and denitrification
rates and subsequent soil N2O emissions were inhibited when
bacterial and fungal inhibitors were applied, and that streptomycin
and iprodione applied alone or simultaneously had an inhibitory
effect on N2O emission rates. This is consistent with our
experimental results, where both bacterial and fungal inhibitors and
their interactions had a significant inhibitory effect on cumulative
N2O emission compared to the control (Figure 2B). Not only
are bacteria the main contributors to N2O release from soil
(Johnson et al., 1996), but fungi also play an important role.
Fungal nitrification occurs mainly in acidic forest soils, and
denitrification occurs mainly in forest soils, grassland soils, and
semi-arid areas, where it plays a major role in N2O release
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(Huang and Long, 2014). Cumulative N2O emissions with fungal
inhibitors were significantly lower than those from bacterial
inhibitors (Figure 2B). It showed that both fungi and bacteria
played an important role in soil N2O emissions, but fungi
contributed more to promote T. sebifera soil N2O emissions. It is
important to note, however, that there could be non-target effects
of the bacterial and/or fungal inhibitors that we did not explicitly
test in this experiment.

Climate change can lead to changes in soil temperature and
humidity, which can affect the rate of nitrogen mineralization
(Guntiñas et al., 2012), and it is important to include soil
temperature and humidity when studying soil greenhouse
gas emissions. It has been shown that CO2 emissions
from different land uses are significantly and positively
correlated with soil temperature, and that N2O emission
fluxes from different land use types increase and then
decrease with increasing soil moisture, reaching a maximum
at 25% gravity water content (Sang et al., 2021). Although
soil temperature and moisture were not confounded with
our treatments here, the insights from this research area
would be strengthened by having a variety of environmental
treatments.

Exotic plant invasion and global climate change interact to
shape greenhouse gas emissions with climate change promoting
plant invasion and plant invasion affecting greenhouse gas
emissions such as N2O by influencing ecosystem carbon and
nitrogen cycles (Yuan et al., 2015). Plant invasion can have
an impact on GHG emissions, such as increasing soil N2O
emissions (Zou et al., 2006; Zhang et al., 2018). Increased
nitrogen deposition, increased greenhouse gas emissions, and
higher temperatures affect ecosystem stability and lead to increased
plant invasiveness (Lei et al., 2010; Bradley et al., 2012; Deng
et al., 2019b). Studies have been conducted to combine global
climate change and plant invasion (Fennell et al., 2013; Huang
et al., 2013; Sorte et al., 2013), but scientific studies on how
non-CO2 greenhouse gases such as N2O interact with plant
invasion are still lacking, and research in this area should continue
to be strengthened to understand the causes and consequences
of plant invasions, especially in the context of greenhouse gas
emissions.

5. Conclusion

We found that soil microorganisms play an important
role in the performance of T. sebifera with fungal inhibition
causing large decreases in plant performance and bacterial
inhibition causing smaller decreases in plant performance,
especially for plants from native populations that were
less sensitive to bacterial suppression. The application of
bacterial and fungal inhibitors was effective in mitigating soil
N2O emissions, with fungal inhibitors being more effective.
Application of fungal inhibitors alone had lower cumulative
N2O emission than bacterial inhibitors alone, indicating
that fungi played an important role in contributing to soil
N2O emissions. More long-term, comprehensive studies are
needed to more fully understand the effects of this potential
microbial mechanism on invasive plant growth and soil
N2O emissions.
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To understand the behavior of the main participants in public welfare forest

projects, this article constructs a “forest farmers–local government–central

government” dynamic game model by setting the game scope and game

principles. The game payment matrix and game equilibrium solutions show that

(1) expanding the value of ecological products in the forest to improve operating

income will increase the participation of forest farmers; (2) the local government’s

enthusiasm for leading public welfare forest projects is mainly influenced by the

positive e�ects of planting and management costs, which provides the theoretical

basis for central government to intervene in regional ecological governance; (3)

when the central government leads public welfare forest projects, the enthusiasm

of the local government for a�orestation is positively influenced by the central

government’s subsidies. Finally, based on the game equilibrium solution, the

expected results of forest farmers’ operational income are calculated using the

case of Jiangxi, which confirms the importance of increasing forest farmers’

operational income.

KEYWORDS

public welfare forests, subsidy standard, major players, game model, Jiangxi

1. Introduction

Since the turn of the 21st century, the contradiction between the environment and
the development of China has become increasingly prominent. Ecological problems, such
as haze and sandstorms, are frequent. On this basis, the government has decided to
develop a forestry plan. In recent years, the number of public welfare forestry projects
has been increasing rapidly, and the amount of investment has also gradually increased,
especially in construction to maintain the original ecological environment. The government
has promoted several key forestry projects in succession, for example, natural forest
protection projects, forestation engineering, and the “Jing-Jin-Ji” sandstorm control project.
In public welfare forestry projects, the distribution of interests and responsibilities among
themajor players has become increasingly obvious and important. This article focuses on the
application of fund allocation, economic benefits, responsibility, and reciprocity in a game,
which involves the main participants of a public welfare forestry project.

Forestry projects have both material and ecological implications for public welfare. A
public welfare forestry project needs the participation of farmers, village collectives, the
government, and various social organizations. After the forestry project forms at a certain
scale, it shows the externality of forestry. Therefore, it is necessary to identify and deepen
the analysis of many key players in public welfare forestry projects to clarify the role
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and influence of the main participants in reform to facilitate
the implementation of public welfare forestry projects and to
ensure the distribution of ultimate ecological, economic, and
social benefits.

1.1. Public welfare forestry project

The government’s investment project is a fixed asset investment
project constructed through financial investment, issuance
of treasury bonds or local fiscal bonds, foreign government
grants, financial guarantees of domestic and foreign financial
organizations, loans, and administrative income (Shen et al., 2014).
Governmental investment project funds mainly come from public
funds, which ultimately come from all taxpayers. This defines the
public nature of government investment projects, meaning these
projects impact broad masses of people (Zhang and Feng, 2014).

A public welfare forestry project is a project in which
investment by the government is the main activity. Forestry
has a complex ecological, economic, and social function. It
cannot be a substitute for the construction of diverse ecological
environments and is a powerful guarantee of the development of
an ecological civilization. A public welfare forestry project defines
forestry’s economic externalities, which include carbon sinks, sand
fixation, and water conservation (Milton and Gregory, 2008).
Therefore, in the obvious contradiction between the ecological
environment and economic development, the problem faced in
Chinese contemporary forestry is how to promote a favorable
relationship between the two. It also means that the government’s
dominant position in China’s forestry construction cannot be
shaken in the short term. The special nature of public welfare
forestry projects is that the short-term/long-term benefits of
forestry projects show strong ecological and social benefits but
have few economic benefits. Thus, public welfare forestry projects
should emphasize economic externalities when defining the main
players’ motivation.

1.2. Major players in public welfare forestry
projects

Project participants belong to a biological system, and their
purpose and various activities are to achieve the functions
such as carbon sequestration, water conservation, biodiversity,
etc. (Wu et al., 2021). In organizations, people’s behavior is
influenced by factors related to measurement standards and
remuneration in their thought (Wang, 2011). The most important
stakeholders in a construction project are the project owners,
construction supervision companies, and construction contractors;
thus, project participants mainly refer to the owners, contractors,
and supervisors participating in the construction project and who
should be regarded as equal in terms of their interests and positions
(Peng et al., 2007).

Based on the above definition of the major players, the major
players’ definition of a public welfare forestry project in this article
is as follows: it defines people who have “Put a certain ‘specific
investment’ into the individual or organization of the public welfare

forestry project, and therefore, they need to take some form of risk
in this course of the project, for they can influence the expectations
and implementation of the project”.

This definition reflects the fact that the major players
in a public welfare forestry project must carry out “specific
investments” for this reform (Liu and Li, 2016). The government’s
“specialized investment” includes financial investment, human
capital investment, and monopoly resources (Xu, 2016), while the
forest farmers’ “specialized investment” includes skill investment
and labor investment (Wu and Zhang, 2015). In addition, the main
participants in a public forestry project should bear the risks faced
in the public welfare forestry projects (Ji, 2015). Finally, the main
participants in a public forestry project must be affected by the
objectives of the implementation project, which may have either
negative or positive effect (Fei, 2015). According to research, the
main determinant participants in the reform of the collective forest
tenure system include the central government, local government,
and forest farmers, which have high legitimacy, high influence, and
high urgency and have the closest relationship with the project
(Wu, 2014).

1.3. Analysis of rights of the major players

The article defines foresters as “social beings” because they seek
to maximize their interests and also measure the social impact of
their behavior, which is the basis of all behavioral strategies (Lin,
2013; Qian, 2015; Wang, 2015).

As a member of society, foresters do not have long-term
income from afforestation or public welfare forest projects. Their
compensation includes government funding, subsidies, salary
income, and income from the undergrowth economy. Therefore,
whether foresters participate in afforestation projects depends on
the government’s labor compensation for them and also on the
individual forester’s sense of social responsibility (Zhang, 2012;
Han and Fei, 2013; Zhou, 2014). According to externality theory,
the standard of forestry subsidies should reach an ecological value
that it can achieve; that is, the subsidy of forestry production
should reach the marginal external benefit level of the optimal
production level (Zhang et al., 2000). Local governments serve as
intermediaries between the central government and foresters. To
foresters, local governments are the promoters of afforestation and
public welfare forest projects, while for the central government,
local governments are the implementers of these projects (Zhou,
2021). In addition, the central government is the implementer
of afforestation projects. Local governments also display some
“seeking profit” behaviors as they need to measure how to use
land or areas of forest to improve economic performance, but they
must also consider ecological benefits at the local level, showing it’s
complex “social” nature of these initiatives (Liu, 2012).

The central government in China develops specific policies
that represent the common interests of the masses. The “social
nature” of the central government is strengthened as the public
nature of these policies becomes more prominent. That is, the
central government is not limited by immediate interests and also
considers long-term targets to develop policy options compared to
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the other two major players (Wu, 2011; Xu et al., 2011; Yuan and
Ma, 2012).

The central government, therefore, considers whether the
long-term benefits of public welfare forest projects are consistent
with the overall national interest to determine whether to
implement them.

2. Methods

The definitions and analysis of the key players provide us with
three major players in public welfare forestry projects, including
the central government, local governments, and foresters. In this
section, we discuss the tripartite relationship within the game in
detail and build a dynamic game model of the major players in a
public welfare forestry project.

According to incomplete information dynamic game theory,
in a dynamic game, actions have a prioritized sequence. Under
the conditions of incomplete information, each game participant
knows the relationships of the other player types involved in
the game, as well as the probabilities of corresponding choices
likely to be made by the “economic” persons involved. However,
participants do not know which specific type belongs to the other
people involved (Li et al., 2019). Moreover, because there is an
action sequence, later actors can observe the behavior of the first
players and obtain information concerning the players first, thus
confirming or correcting their actions toward the first players (Wu
and Zhang, 2014).

2.1. Related concepts

The article clarifies the basic concepts (ecological loss
and ecological benefit), and policy-related concepts such as
establishment and maintenance cost, sunk cost, and management
expenses. The explanations of these concepts are as follows:

1. Ecological loss

The destruction of ecological resources and the resultant
economic losses are called ecological losses. The versatility of
ecological resources determines their multiple values, therefore,
measuring economic loss due to the destruction of ecological
resources should be based on themeasurement of the various values
of the ecological functions. For example, economic losses due to the
destruction of ecological resources should be the sum of the value
of the ecological loss of resources (Zi, 2004).

2. Ecological benefit

Ecological benefit and loss are equal. The economic benefits
of general ecological resources are calculated by the method of
calculating ecological losses.

3. Establishment and maintenance cost

The establishment and maintenance cost consists of
afforestation costs and nurturing costs. Afforestation costs

refer to the expenses incurred before the forest closure, including
investigation and design, land preparation, planting, and
replanting. Nurturing costs refer to the expenses incurred after
afforestation until the forest is accepted as qualified, including
loosening soil, weeding, drought prevention, frost protection,
and fertilization.

4. Management expenses

Management expenses refer to expenses incurred after the
forest has been accepted as qualified until harvesting (or achieving
the predetermined production and management objectives) to
prevent and eliminate various damages and disasters to forests,
ensure the healthy growth of trees, and avoid or reduce the loss of
forest resources. Specific components include forest protection fees,
nurturing thinning fees, afforestation facility fees, fine seed testing
fees, investigation and design fees, and other management fees.

5. Government subsidies

Government subsidies contain the management and
maintenance subsidies provided by the government to encourage
farmers to participate in public welfare forest projects.

6. Management expenses

Management expenses depend on the public management
expenses and regulatory expenditures of government departments.

2.2. Dynamic game framework

According to the characteristics, relationships, and related
concepts of public welfare forestry projects, a dynamic game
framework of the major players is given as follows:

2.2.1. Game subjects
The central government, local government, and foresters.

2.2.2. Game subject action order
The central government is the sponsor of a public welfare

forestry project, and it develops the plan first; then, the local
government implements it, and the foresters ultimatelymanage and
protect it.

2.2.3. Game principle
First, an ecological loss is equal to an ecological benefit. It

shows that the profit (loss) coefficients are consistent, and the
central government’s and the local government’s revenue (loss)
are proportional to the distribution (Wang and Deng, 2009).
As shown below, the coefficient of the local ecological profit
(loss) is (1–θ), and the coefficient of the central government’s
ecological profit (loss) is θ. Second, the stakeholder who has
dominant power pays for the establishment and maintenance
costs. Lastly, the level of enthusiasm of local governments in
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constructing public welfare forest projects is judged by the
proportion of management expenses paid. We believe that
the payment proportion of local governments is consistent
with the ecological benefit (loss) coefficient, which is (1–
θ).

2.2.4. Foresters
1. The probability of foresters participating in the public welfare

forestry project: η; the probability of not participating in the
public welfare forestry project: 1–η.(0 ≤ η ≤ 1)

2. The foresters’ government subsidies received by participating
in the public welfare forestry project: I; the opportunity cost of
not participating in public service forest projects: A.

3. The cost of afforestation and nurturing in the absence of
access to government subsidies: M0.

4. The foresters’ operating income obtained when participating
in public welfare forest projects, which is income obtained
from a variety of business activities conducted outside
forestry, such as catering, tourism, and undergrowth economy
activities: U.

2.2.5. Local government
1. The probability of the local government actively promoting

the public welfare forestry project: ζ; the probability of not
promoting the project: 1–ζ. (0 ≤ ζ ≤ 1).

2. The cost of afforestation and nurturing: M0; the management
expenses of public welfare forest projects: (1–θ)M1.

3. The local government’s revenue (profit) after the foresters
participate in the public welfare forestry project: (1–θ)P.

4. The local government’s loss (loss) if the foresters do not
participate in the public welfare forestry project: (1–θ)L.

5. The central government’s punishment of the local
government’s failure to implement the public welfare
forestry project (money): B.

6. The central government reward for the local government
actively implementing the public welfare forestry project
(money): R.

2.2.6. Central government
1. The probability that the central government actively promotes

the public welfare forestry project: ε; the probability of
negative promotion: 1–ε, (0 ≤ ε ≤ 1).

2. The pure cost of the afforestation for the central government:
M0; the cost of afforestation and nurturing: M2.

3. The central government’s revenue (profit) after the
foresters participate in the public welfare forestry
project: θP.

4. The central government’s loss (loss) if the foresters
do not participate in the public welfare forestry
project: θL.

5. Dominated by the central government, punishment (funding
or rights) for passively promoting public welfare forest
projects by local government: B.

6. Reward (funding) from the central government for
actively constructing public welfare forest projects by
local governments: R.

A game tree of the major players is obtained in the public
welfare forestry project according to the game sequence and
game relationships. The end node of the game tree is marked
by the numbers 1–8, which represents the information set of
the eight different game situations. The game tree is given in
Figure 1.

The nodes (1–8) in the game tree are each a state
of the dynamic game. For example, node 5 represents that
the central government positively promotes the public welfare
forestry project, the local government actively promotes the
public welfare forestry project, and the foresters participate
in the public welfare forestry project. The payoff matrix
(foresters, local government, and central government) order is
as follows:

[I − A+ U,−M0 −M1 + (1− θ) P − I, θP] .

3. Results

The following part departs from this model step by step, from
shallower to deeper. In increasing order, they are Forester’s “self-
game” model, the “local government–foresters game” model, and
the “central government–local government–foresters game” model.
The model should be interpreted progressively.

3.1. Foresters self-game model

The foresters, as social persons, will consider whether to
participate in the public welfare forestry project and start the
interests of the game in the absence of central government or local
government financial subsidies (Lu et al., 2021).

The final node in the game tree is marked by numbers 7–
8, which represent the information set of two different game
situations. The forester’s self-game tree is shown in Figure 2.

Thus, the foresters’ payment matrix is obtained, as shown in
Table 1.

When the income for participating is equal to foresters not
participating in public welfare forest projects, the game reaches
equilibrium. Thus,

η (−A−M0 −M1 + U) = (1− η) (A− U) ,

η =
U − A

M0 +M1
.

It can be inferred that the enthusiasm of forest farmers
to participate in public welfare forest projects increases with
the improvement of public welfare forest operating income and
decreases with the increase of establishment andmaintenance costs,
management expenses, and opportunity costs.
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FIGURE 1

Dynamic game tree of major players in the public welfare forests project.

FIGURE 2

Forester’s self-game tree.

TABLE 1 Foresters payment matrix.

Node Foresters payment matrix

7 [–A–M0-M1 + U]

8 [A–U]

3.2. Local government–foresters game
model

In the absence of the central government’s involvement in the
public welfare forestry project, local governments and foresters, as
participants in the game, will consider whether to construct public
welfare forestry project, and then start the interesting game.

We can obtain the game tree according to the order and
relationships of the game. The final node of the game tree is marked

FIGURE 3

Local government–foresters game tree.

TABLE 2 Local government–foresters payment matrix.

Node Local government–foresters
payment matrix

5 [I–A+U, – M0-M1-I+(1–θ) P]

6 [A–I–U, –(1–θ) L]

7 [–A– M0- M1 +U, (1–θ) P]

8 [A–U, –(1–θ) L]

by the numbers 5–8, which represents four kinds of information
sets of different game situations.

The local government–foresters game tree is shown in Figure 3.
Thus, we can obtain the local government–foresters’ payment

matrix, as shown in Table 2.
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FIGURE 4

Central government–local government–foresters game tree.

According to the payment matrix, it can be inferred that the
profit function of forest farmers is as follows:

F1 = ηζ (I − A+ U) + (1− η) ζ (A− I − U)

+ (1− ζ ) η (−A−M0 −M1 + U) + (1− ζ ) (1− η) (A− U) .

When ∂F1
∂η

= 0, to maximize the payment function of forest
farmers, the formula is as follows:

ζ ∗
= 1−

2I + 3U − 3A

2I − A+ U +M0 +M1
.

The profit function of local governments is as follows:

F2 = ηζ [−M0 −M1 + (1− θ) P − I]+ (1− η) ζ [− (1− θ) L]

+ η (1− ζ ) (1− θ) P + (1− η) (1− ζ ) [− (1− θ) L] .

The partial derivative of the payment function of local governments
with respect to ζ is ∂F2

∂ζ
= ζ (M0 +M1 + I). It can be inferred that

when η = 1, the payment function of local governments reaches
its maximum value of [−ζ (M0 +M1 + I)], and local governments
will choose to make ζ = 0 to achieve this maximum value. At this
time, U = A +

M0+M1
2 . This means that forest farmers will only

have the initiative to participate in afforestation independently if
U ≥ A +

M0+M1
2 . That is, even if the operating income of public

welfare forest projects is greater than the opportunity cost, it is still
not enough to motivate forest farmers to participate unless it is
added with half of the sum of establishment and maintenance costs
and management expenses.

3.3. Central government–local
government–foresters game model

In the case of the central government, local governments, and
forest farmers, all of whom are participating in the public welfare
forestry project as game participants will consider whether to carry
out the public welfare forestry project and the interests of the game.

TABLE 3 Central government–local government–foresters payment

matrix.

Node Central government–local
government–foresters payment matrix.

1 [U+I–A, –(1–θ)M1+(1–θ) P+R, θP– M0-θM1 –R–I]

2 [A–I–U, –(1–θ) L+R, –θL–R]

3 [U+I–A, –B+(1–θ) P, – M0- M1+B+θP–I]

4 [A–I–U, –B–(1–θ)L, B–θL]

5 [I–A+U, – M0- M1-I+ (1–θ) P, θP]

6 [A–I–U, –(1–θ) L, –θL]

7 [–A– M0- M1 +U, (1–θ) P, θP]

8 [A–U, –(1–θ) L, –θL]

According to the game order and the game relationships,
the game tree of the main participants in the public welfare
forestry project is obtained. The final node of the game tree is
denoted by the numbers 1–8, which represent the information sets
of eight different game situations. The central government–local
government–forest farmer’s game tree is given in Figure 4.

Thus, we can get the central government–local government–
foresters payment matrix, as given in Table 3.

According to the payment matrix, the profit function of the
three stakeholders can be known. The profit function of forest
farmers is as follows:

F1 = ηζε (U + I − A) + (1− η) ζε (A− I − U)

+ η (1− ζ ) ε (U + I − A) + (1− η) (1− ζ ) ε (A− I − U)

+ ηζ (1− ε) (U + I − A) + (1− η) ζ (1− ε) (A− I − U)

+ η (1− ζ ) (1− ε) (−A−M0 −M1

+ U) + (1− η) (1− ζ ) (1− ε) (A− U)
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Therefore, to maximize the payment function of forest farmers,
∂F1
∂η

= 0,

ζ ∗
= 1−

U + I − A

I + 1
2(M0+M1)

.

Similarly, the profit function of local governments is as follows:

F2 = ηζε [− (1− θ)M1 + (1− θ) P + R]

+ (1− η) ζε [− (1− θ) L+ R]

+ η (1− ζ ) ε [−B+ (1− θ) P]

+ (1− η) (1− ζ ) ε [−B− (1− θ) L]

+ ηζ (1− ε) [−M0 +M1 − I + (1− θ) P]

+ (1− η) ζ (1− ε) [− (1− θ) L]

η (1− ζ ) (1− ε) [(1− θ) P]

+ (1− η) (1− ζ ) (1− ε) [− (1− θ) L] .

Therefore, tomaximize the payment function of local governments,
∂F2
∂ζ

= 0,

η
∗

=
ε (R+ B)

(M0 +M1 + I) − ε (M0 + θM1 + I)
.

The profit function of the central government is as follows:

F3 = ηζε [θP −M0 − θM1 − R− I]+ (1− η) ζε (−θL− R)

+ η (1− ζ ) ε (−M0 −M1 + B+ θP − I)

+ (1− η) (1− ζ ) ε (B− θL)

+ ηζ (1− ε) θP − (1− η) ζ (1− ε) θL

+ η (1− ζ ) (1− ε) θP − (1− η) (1− ζ ) (1ε) θL.

According to the results, the initiative of local governments to
promote public welfare forest projects is not determined by the
initiative of the central government or forest farmers. The value
of ζ∗ shows that the initiative of local governments to promote
public welfare forest projects mainly includes two aspects: (1)
market factors, including the operating income U of forest farmers
participating in public welfare forest projects, opportunity cost
A, establishment and maintenance costs M0, and management
expenses M1, and (2) government factors, including the subsidies
paid by the government I. It is particularly important to note
that the central government’s funding reward and punishment
mechanism has no effect on the initiative of local governments, and
other incentive measures are needed. Consistent with the results of
the “game model of local government and forest farmers”, when ζ

= 0, U = A +
M0+M1

2 . In contrast, when ζ = 1, A = I-U, which
indicates that, when the opportunity cost is high, the government
must establish a public welfare forest construction mechanism and
implement public welfare forest projects by increasing subsidies.

The result of η∗ shows that the initiative of the central
government and forest farmers to participate in public welfare
forest projects mutually influence each other. Considering that the
decision-making of the central government is dominant, two cases
are considered when ε∗ = 0 and 1, respectively.

When ε∗ = 0, η = 0, indicating that if the central
government does not lead public welfare forest projects, the central

government’s revenue will be –θL. When ε∗ = 1, η =
R+B

(1−θ)M1
, it

can be observed that, if the central government leads public welfare
forest projects, the enthusiasm of forest farmers to participate
in such projects mainly includes two aspects: (1) market factors,
mainly referring to the management fees M1 that forest farmers
need to pay for participating in public welfare forest projects, and
(2) governmental factors, including the punishment B and reward
R that local governments bear from the central government, as well
as the responsibility-sharing ratio θ between the central and local
governments. As the proportion θ of responsibility-sharing by the
central government increases, the enthusiasm of forest farmers also
increases. Of course, this also means that the ecological importance
of public welfare forest projects becomes higher and must be led
by the central government. Such projects generally refer to regional
and watershed projects.

3.4. Case study in Jiangxi province

In 2021, the total area of public forest in Jiangxi Province was
3.4248 million hm2, of which the area of national public forests was
2.1857 million hm2, accounting for 63.82%, and the area of local
public forests was 1.2392 million hm2, accounting for 36.18%.

The total value of the public welfare forest ecosystem
services reached RMBU 527.846 billion. In 2020, the average
compensation standard for ecological public welfare forests was
RMBU 322.5/hm2, including the management and protection
subsidy, which was RMBU 315/hm2, and the average public
management and protection subsidy was RMBU 7.5/hm2.

In 2020, the compensation funds for ecological public
welfare forests were arranged and used (Liu et al., 2013),
and the requirements of the Management Measures for
Ecological Public Welfare Forests in Jiangxi Province (No.
4, 2019) were implemented (Lou et al., 2008). Among
the labor subsidies for the collective and individual
management and protection of public welfare forests, the
supervision expenditure for township governments, grassroots
forestry stations, and administrative law enforcement
should not be higher than RMBU 7.5/hm2 (count as
RMBU 7.5/hm2).

Therefore, it can be observed that the management cost M1 =

RMBU 322.5/hm2.
The total ecological benefits of public welfare forests are RMBU

5,278.46 billion (P), among which the national public welfare forest
ecological benefits are RMBU 3,368.71 billion, and the local public
welfare forest ecological benefits are RMBU 1,909.75 billion.

According to the relevant forest land transfer website, the
transfer price of some forest land is approximately RMBU
4,500/(hm2.year). Then, the opportunity costs for the forest farmers
are RMBU 4,500/hm2(A).

In Jiangxi Province, the main problem is the forest division,
suppose the cost of afforestation M0 is 0.

According to the equilibrium result of the game
model, when neither the central nor the local government
participates in public welfare forest projects, the operating
income value of forest farmers is U = M1 + M0 + A,
which is RMBU 4,822.5/hm2, and an operating income of
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RMBU 165.16 billion needs to be guaranteed each year
to independently construct 3.4248 million hm2 of public
welfare forests. Currently, it is necessary to expand market
channels, especially when there are costs for establishing
and tending the public welfare forest projects, which require
more investment.

4. Conclusion

This article presents a three-stage dynamic game model to
theoretically deduce the game equilibrium solution among the
main participants of public welfare forest projects (foresters, local
governments, and the central government), providing theoretical
guidance for the subsequent construction of public welfare forest
projects. The main conclusions are as follows:

1. Forest farmers will only actively engage in afforestation if their
operating income is high. In recent years, the transformations
created through different potential approaches to public
welfare forest projects, especially collective public welfare
forests, have been explored. The conclusion of this article
suggests that the undergrowth economy, carbon sinks,
ecotourism, and value realization of ecological products could
increase operating income and improve the enthusiasm of
forest farmers to participate. The main difficulties faced by
forest farmers are afforestation costs, the temptation to secure
income through other work, and the main limitation is the
lack of deserved government subsidies.

2. When the local government leads public welfare forest
projects, its enthusiasm for participation is mainly affected by
afforestation costs and management fees. The greater the two
factors, the lower the enthusiasm. This provides a theoretical
basis for the central government to intervene in regional
ecological governance.

3. When the central government leads public welfare forest
projects, the afforestation enthusiasm of the local government
is not related to the central government’s reward and
punishment measures (R and B). That is, as long as the central

government releases a public welfare forest plan, the local
government will implement it according to the plan. However,
the enthusiasm of the local government is still affected by
the central government’s subsidies. The higher the subsidies,
the more public management subsidies the local government
can obtain, and the higher the participation enthusiasm. This
shows that management subsidies are an effective means of
motivating participation at the local level.
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Elevation-for-latitude substitution offers a tool for studying the influence

of temperature and precipitation variability on vegetation structure and

composition. Understanding how elevation, aspect, and slope influence

vegetation patterns may help in predicting how climate change influences

human forest usage and in developing strategies for ensuring the sustained

provision of ecosystem services. However, most ecological studies have been

carried out in protected areas, leaving forest areas used by humans to lesser

attention. Therefore, we asked how elevation, aspect, and slope impact the

vegetation on a human-influenced mountain. We measured woody vegetation

size, richness, and composition on a mountain with plots set systematically in

four cardinal directions at 100-m elevational intervals from the peak, from 1900

to 4200 m above sea level, in the Hengduan Mountains in eastern Himalaya,

southwestern China. We quantified how tree maximum height, basal area,

aboveground biomass (AGB), tree and shrub species richness, and woody species

composition changed with elevation, aspect, and slope. Based on generalized

linear models, the maximum tree height, tree basal area, and woody species

AGB followed a unimodal trend along elevational gradients, with tree height and

basal area peaking at 3100 m, while AGB was highest at 3300 m and somewhat

higher on the southern slope. Basal area increased with slope degree. Neither

tree nor shrub species richness was influenced by elevation, aspect, or slope.

According to canonical correspondence analysis and TWINSPAN classification,

elevation and north-south orientation of the slope were major factors influencing

woody species compositions, and vegetation was classified into five types of

communities. Our results indicated that the influences of elevation, aspect, and

slope on woody vegetation structure were similar in a human-influenced forested

mountain area as in protected mountain landscapes based on the literature.

However, as forests in this area are used more intensively at low and middle
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elevations of the southern and western slopes, where aridity restricts tree size

and AGB, climate change is likely to challenge traditional harvesting practices and

place pressure on moving forest usage to higher altitudes.

KEYWORDS

elevational gradients, aspect, slope degree, vegetation structure, vegetation composition

1. Introduction

Understanding how vegetation structure and dynamics depend
on climate is a fundamental basis for predicting their phenotypes
among various environmental conditions (Moritz and Agudo,
2013), and their fate under a changing climate (Bonan, 2008; Xu
et al., 2019). Such predictions are important for understanding
species range shifts and biodiversity more generally (Elsen and
Tingley, 2015). These changes can have detrimental consequences,
such as decreasing forest productivity and increasing risk of
natural disturbances, for human communities that rely on forest
ecosystems.

Studying how climate impacts vegetation by field sampling
large areas using standardized field techniques is arduous and
is often hampered by variation in confounding environmental
factors (Sanders and Rahbek, 2012). An alternative is to set such
studies in smaller areas with elevational variation, i.e., substituting
elevation for latitude (Jump et al., 2009). As an example, a
5.2–6.5◦C decrease in mean annual temperature every 1000 km
toward a higher latitudinal in the temperate region corresponds
to a mere 1000 m upslope elevation shift (Colwell et al., 2008).
As this elevation-for-latitude substitution allows covering climate
gradients over short distances (Sanders and Rahbek, 2012; Rahbek
et al., 2019a), many confounding factors, such as biogeographical
history, time since glaciation, and soil formation, which covary
along latitudinal gradients may change less along elevational
gradients (Körner, 2007). Mountains could consequently be treated
as relatively uniform and continuous entities at a regional scale
(Moeslund et al., 2013). Mountain topography can thus serve as
an excellent substitution of a global environment for studying
vegetation distributions and functions in the context of climate
change (Sanders and Rahbek, 2012).

Topography, specifically elevation, slope, and aspect, influence
vegetation structures and dynamics (Grytnes, 2003; Sanders and
Rahbek, 2012). Of these, the effect of elevation on vegetation is
the most studied topographic factor. Atmospheric pressure and
air temperature consistently decrease while radiation under a
cloudless sky and the fraction of ultraviolet-B uniformly increase
with elevation, whereas other factors, such as precipitation, hours
of sunshine, growing season length, geology, and human land use,
are mountain-specific variables (Körner, 2007).

A combination of environmental factors at each elevational
belt shapes the vegetation structure and composition by controlling
the temperature, soil moisture, and light availably (Sanders and
Rahbek, 2012; Moeslund et al., 2013). A low temperature at high
elevations limits tree growth (Fan et al., 2009; Wang et al., 2014,
2021; Gaire et al., 2020), height (Kunwar et al., 2021), basal area

(Acharya et al., 2011), and living biomass (Lin et al., 2012; Wang
et al., 2014).

Species richness at the community level may vary with elevation
in four ways: a monotonic decrease, a plateau before descent, and
hump-shaped and inverse hump-shaped curves. These patterns
commonly result from a combination of decreasing temperature
and mountain-specific precipitation patterns along elevational
gradients (Tang and Fang, 2004; Tang et al., 2012; Yang et al., 2016a).

In addition to the effect of elevation, the slope degree controls
vegetation size, composition, and distribution by influencing wind
speed, soil water and nutrient content, solar radiation intensity,
and seed dispersal distance (Moeslund et al., 2013) and more
indirectly by influencing fire severities and frequencies (Rogeau
and Armstrong, 2017; Gowda et al., 2019). On steeper slopes,
higher wind speeds lead to shorter trees (Gardiner et al., 2016).
Deep-rooted species are potentially better adapted to steeper slopes
because of wind conditions but also due to soil stability issues
(Moore et al., 2018). Litter depth changes with slope degree due to
sliding caused by wind and gravity, leading to spatial variations in
soil moisture, nutrient status, and soil temperature (Dulamsuren
and Hauck, 2008), which again indirectly influence fire regimes
(Luo et al., 2021).

Aspect influences solar radiation, precipitation, and wind,
which in turn impact vegetation composition, structure, and
growth (Burnett et al., 2008; Moeslund et al., 2013; Qin et al., 2021).
In the temperate region of the Northern Hemisphere, equator-
facing aspects between the south and southwest experience a
remarkably warmer microclimate than other slopes (Perring, 1959).
This temperature difference has been demonstrated to influence
species composition and diversity at various scales in several
mountain ranges (Yang et al., 2016b; Heydari et al., 2021; Qin
et al., 2021). The dryness of equator-facing slopes increases fire
severity, consequently influencing vegetation (Beaty and Taylor,
2001). These could either change the vegetation structure and
species richness (Gowda et al., 2019) or alter fire return intervals
(Rogeau and Armstrong, 2017).

Studies on vegetation patterns show that less-human-impacted
study sites are typically preferred to avoid the confounding factors
caused by human influence. However, completely intact forest
landscapes only covered 22% of forested land globally in 2000
(Potapov et al., 2017). Although many researchers have already
emphasized the importance of understanding human impacts on
forest ecosystems at local (Monge-González et al., 2019), regional
(Qu et al., 2020; Ge et al., 2021), and global scales (Isbell et al., 2017),
most ecological studies were nonetheless conducted in protected
areas (Martin et al., 2012). Because of this systematic bias, studies
in unprotected landscapes are especially valuable for understanding
the current state of forested ecosystems of the world. More
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importantly, the management of managed landscapes benefits from
evidence-based guidelines that can ensure the sustained provision
of ecosystem services in the changing world.

To set up our research, we chose Wujing county, a sparsely
populated (population density 12.2 people km−2) region in
northwestern Yunnan, China. As in most of the world, most
vegetation ecological research in northwestern Yunnan has been
carried out in protected areas, but we selected a mountain where
local people still utilize wood from the forests. We arranged the
sample plots systematically and objectively along cardinal compass
directions and contours, thereby avoiding a potential bias from
restricting the sampling close to roads or trails. Specifically, we
studied how three topographic factors, i.e., elevation, aspect, and
slope, influence (1) vegetation structure, represented by maximum
height, basal area, and aboveground biomass (AGB); (2) woody
species richness; and (3) woody species composition in this
human-impacted landscape. For each of these, we hypothesized
that (1) vegetation structure and richness would follow a hump-
shaped pattern along elevational gradients due to more frequent
disturbances and a more xeric climate at lowest elevations, and
cold temperatures at highest elevations that constrain vegetation
growth; (2) these vegetation attributes would show a linear increase
from cooler to warmer aspects along both north-south and east-
west orientations; and (3) these attributes would also show an
increase with slope steepness due to less human activity at steeper
slopes; (4) Vegetation composition would be driven by elevation,
aspect, and slope degree.

2. Materials and methods

2.1. Location and geography

We chose Shangri-La, Diqing Tibetan Autonomous Prefecture,
in the northwestern corner of Yunnan Province in China as
our study area. It is part of the eastern Himalaya-Hengduan
Mountain region, which is characterized by dramatic topographical
differences. This area is a globally recognized hotspot for
biodiversity conservation (Myers et al., 2000; Sloan et al., 2014;
Rahbek et al., 2019b) and a high-priority area for restoration
efforts (Strassburg et al., 2020). For example, the area has the
highest number of gymnosperm species in the world (Barthlott
et al., 2007). The climate is controlled by the Indian southwest
monsoon in the southwest and the southeast Pacific monsoon in the
southeast (Li et al., 2011; Shen, 2016). Three parallel rivers, Jinsha
River, Nu River, and Lancang River, running from north to south,
are separated by the Hengduan Mountains. The area has distinct
dry and wet seasons, with rainy summers and dry winters. The
dramatic topography results in broad climatic gradients ranging
from subtropical to polar along elevational gradients (Liu et al.,
2016).

We narrowed down our study area to Wujing County
in Shangri-La by balancing accessibility and remoteness, and
by utilizing the digital elevation model (DEM) to locate the
greatest elevational difference. To explore the area, we interviewed
local people and conducted field visits to various mountains in
Wujing. We tried to avoid recent major construction projects in
the mountains and protected areas, ensuring that the selected

mountain represented the region. Ultimately, we selected a
mountain (27.66–27.73◦N, 99.45–99.54◦E) peaking at 4231 m. Its
base reaches the Jinsha River, a tributary of the Yangtze River,
at 1920 m above sea level to the west, while Wujing town is
located nearby. The majority of settled villages are situated at
approximately 3000 m on the western and southern slopes of
the mountain. Although the land is owned by the state, the local
community can use the forest with permission.

Before the Natural Forest Protection Program was launched in
1998 (Hua et al., 2018), large-scale logging operations were carried
out in the region including the studied landscape. Significant tree
harvesting has probably been carried out, and in the decades
before this project, logs have been floating in the Yangtze river for
transportation to eastern China (Isbell et al., 2017). Unfortunately,
at the time of interviewing the local people and discussing the
history of the mountain and residents’ livelihoods, we lacked
scientific data on this harvesting history and on other impacts by
people on these forests. Nowadays, villagers can apply for cutting
permits from the local state-owned forest farm to log timber for
building houses or to use as firewood. Meanwhile, when funding is
available, the local forest farm calls on villagers to afforest the open
land areas and along the roads, by seeding or planting seedlings.
Villagers also used to grow crops at some distance from the village
among the forests, but this practice was abandoned after the Grain
for Green Project launched in 1999 (Hua et al., 2016). Three ethnic
minorities live in the area. Naxi and Lisu peoples mainly cultivate
lower-elevation land, while Tibetans additionally raise yaks and
cattle at elevations above 3500 m.

During 1958–2021, the mean annual air temperature (MAT)
of the closest meteorological station (28.02◦ N; 99.73◦E) at
3290 m was 5.2◦C and the mean annual precipitation (MAP)
was 702 mm, with >90% of the precipitation falling from April
to October according to climatic data derived from the National
Meteorological Information Center of China.1 Soils at altitudes
between 2000 and 4000 m can be classified as yellow cinnamon
soil, mountain dark brown soil, mountain brown coniferous forest
soil, or alpine meadow soil (Huang et al., 2020). In terms of IUCN
Global Ecosystem Typology (Keith et al., 2020), the study area is
tropical or subtropical lowland rainforests, boreal and temperate
high montane forests and woodlands, deciduous temperate forests,
and pastures.

2.2. Study design

To determine the sampling plots, we utilized the Advanced
Land Observing Satellite (ALOS) DEM with 30-m resolution to
locate the contours. The mountain’s highest point was identified as
the primary reference point (Peak in Figure 1). Four transects were
drawn at the cardinal north, east, south, and west of the peak, which
continued until they intersected with a river or a significant incline
where the subsequent plot would be higher than the previous plot.
Circular plots were placed at the intersections of the contours and
transects, except in the presence of a village, cropland, or road.
In total, we established 50 plots: eight plots at 3500–4200 m in
the north transect, four plots at 3900–4200 m in the east transect,

1 http://data.cma.cn/
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FIGURE 1

Research area location and plot arrangement.

twenty plots at 2200–4200 m in the south transect (excluding
2300 m due to a cliff), and eighteen plots at 2000–4200 m in the west
transect (excluding 2100, 2200, 2300, 2600, and 2700 m due to the
presence of villages). North and east transects were shorter because
the mountain is asymmetric with longer slopes to deep valleys in
the south and west. We derived plot information on elevation,
aspect in azimuth degree, and slope degree from the DEM. All
the procedures were carried out using ArcGIS 10.6 software (ESRI,
USA).

2.3. Field sampling

To maintain a relatively consistent number of trees across
all plots, we calculated the radius of each circular plot based
on the number of trees with a diameter at breast height
(DBH) greater than 3 cm found within a 5-m radius plot
centered around the plot’s midpoint. If more than 25 trees
were counted, the plot radius was set at 5 m. If the plot
contained between 11 and 25 trees, a 10-m radius was used.
If the plot contained between 6 and 11 trees, a 15-m radius
was used. If the plot contained less than 6 trees, a 20-m
radius was used.

The plots were named based on a combination of the compass
direction of each transect and the elevation of the plot. However,
for three of the 50 plots, the standard radius could not be used.
Plot S2200, located at the southernmost point of the transect, was

situated on the edge of a riverbank that we wished to exclude.
Therefore, we reduced the plot radius to 6 m. Plot S2600 was located
on abandoned cropland that was surrounded by planted trees. To
exclude the trees, we set the plot radius to 2.5 m, extending to the
border of the planted area. Plot S3200 was located at a cliff edge, and
we reduced the plot radius to 2.5 m to accommodate the terrain.

Starting from the north direction, trees with diameter at
1.3 m height (DBH) of more than 3 cm were counted clockwise,
mapped, and measured. Trees that were forked below 1.3 m were
counted as separate individuals. Each tree was numbered with
an aluminum tag. Tree mapping was performed by recording
the azimuth (measured by Garmin GPSMAP 66i) and distance
(measured by Haglöf Vertex Laser Geo, Haglöf Ltd., Sweden) of
the tree from the plot center. The DBH of all trees were measured
with a DBH tape. To reduce the amount of fieldwork, the heights
of the first five trees (measured with a Vertex Laser Geo or a 20-
m fishing rod) were measured for each species in the plots, and
subsequently the height was measured whenever the DBH of a tree
was either larger or smaller than the first five trees. Heights for
the remaining trees were estimated based on plot- and- species-
specific height–DBH relationships. Dead standing trees with DBH
>10 cm were recorded if they were in the early stage of decay,
their heights were measured only if the remaining stem was more
than half of their final height. Cut stumps were mostly shorter than
1.3 m, and they are not considered. The species, height, diameter,
coverage of the plot in percentage, number, and distribution was
recorded for shrubs with more than one main stem growing from
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the ground in the 2.5-m radius subplot with the same center. For
herbaceous vascular plants, their species, height, cover, and number
were recorded in the 1-m radius subplot with the same center.
Species identification and their scientific name were checked using
the Flora of China online edition (Institute of Botany, Chinese
Academy of Sciences).

2.4. Statistical analysis

All statistical data analyses were computed in R language using
R Studio (Crawley, 2013).

Non-linear regression analysis was carried out to estimate the
heights of unmeasured trees. The relationship between height and
DBH was expressed as the function (Zhang et al., 2020) (Eq. 1):

log (y) = a+ b log (x) (1)

where x is DBH, y is height, respectively; a, b are the
estimated parameters.

To obtain comparable values for plots of varying sizes for
species richness and maximum height, we used the area from 5-m
radius plots, namely 78.5 m2, as the basis for these two attributes.
We used the actual measured value when plot radius was 5 m.
Otherwise, we used the relationship between richness and area
as the basic model, which also followed the same form as Eq. 1,
where x was area computed based on the distance of the tree to
the plot center and y was either the tree species richness or the
maximum height, respectively (Scheiner, 2003; Lyman and Ames,
2007). All non-linear parameter analyses were carried out with the
nls function in the dplyr package (Hadley et al., 2023). However, this
function in R requires more than three observations. Thus, if a plot
had two tree species, we recorded the number of species within a 5-
m radius. For plots that had only one species, the estimated number
was one.

For calculating the AGB of tree species (Mg ha−1), we first
searched for species- and genus-specific allometric equations.
However, for Quercus and Juglans these were parameterized with
much smaller trees than what were growing on our plots. Therefore,
instead of extrapolating, which could potentially have led to severe
biases, we used a pantropical AGB model from Equation 4 in Chave
et al. (2014):

AGB = 0.0673× (ρD2H)0.976, (2)

where ρ is wood-specific gravity in g cm−3 derived from a wood
density dataset in the BIOMASS package; D is DBH of a tree in
cm; H is height in m. This calculation was carried out with the
BIOMASS package (Rejou-Mechain et al., 2017).

We used species-, genus-, or community-specific allometric
equations for calculating the AGB of shrub species (Zhang and Liu,
2010; Wang J. et al., 2012; Xie et al., 2018). We first investigated
species-specific allometric equations, and if no matching ones were
found, we used equations from the same genus. If no such equations
were available, we used general equations from the vegetation
community located in a region close by that contained similar
species. The allometric equations for shrubs are in Supplementary
Table 1.

In addition to estimating the maximum height of tree species,
AGB, and tree species richness, BA per hectare was calculated based

on individual DBH, plot area, and the number of trees. These
values were then converted to hectares. Shrub species richness
was determined by analyzing the data collected from a subplot
with a 2.5-m radius.

Plot aspects in azimuth degrees were sine transformed to
provide information of each plot’s east–west orientation (aspect
EW), from west (sine = −1), north or south (sine = 0), to east
(sine = 1). Similarly, they were cosine transformed to represent
north–south orientation (aspect NS), from south (cosine = −1),
east or west (cosine = 0), to north (cosine = 1) (Joly and Gillet,
2017).

Canonical correspondence analysis (CCA) was used to identify
relationships with species and elevation, aspect EW, aspect NS, and
slope. The proportions of each species out of the total AGB were
used to estimate the importance of each species and was log (1 + x)
transformed. ANOVA and Monte Carlo significance tests were
used to check whether CCA ordination for both axes and for all
environmental factors were significant. Multicollinearity between
environmental factors was evaluated with variance inflation
factors (VIFs). We used variation partitioning to distinguish the
contribution proportion of these four environmental factors to
the vegetation distribution pattern. TWINSPAN classification was
implemented for grouping plots. Jaccard similarity index was used
to classify vegetation community groups. A height 1.5 m was
used where the hierarchical cluster of woody species shall be cut.
Ordination was carried out with the vegan package (Oksanen
et al., 2022), and classification was performed with packages vegan
(Oksanen et al., 2022) and twinspanR (Zeleny, 2021).

Generalized linear models (GLM) were used to detect the
responses of AGB per ha, the estimated maximum tree height
in the 5-m radius, basal area per hectare, estimated tree species
richness in the 5-m radius, and shrub species richness in the 2.5-m
radius to elevation, aspect EW, aspect NS, and slope. Considering
that the response variable to elevation could either be monotone
or a second-order polynomial (Rowe and Lidgard, 2009), the
testing environmental independent variables were second-order
polynomial elevation, elevation, aspect EW, aspect NS, slope,
interaction of elevation and aspect EW, interaction of elevation
and aspect NS, interaction of elevation and slope, interaction of
aspect EW and slope, and interaction of aspect NS and slope. We
used a log-transformed value with Gaussian distribution for AGB,
maximum tree height in the 5-m radius, and basal area per hectare,
while we log transformed the number of species and used the
Poisson distribution for tree and shrub species richness. Akaike
information criterion (AIC) (Akaike, 1973) was used to select the
best model. χ2 was defined as null deviance minus the residual
deviance of the best model. The models were validated by checking
whether the assumptions are met. The residuals plot for regression
models were presented in Supplementary Figure 1. GLM was
carried out using the lme4 package (Bates et al., 2015), and AIC
evaluation was calculated with the MuMIn package (Bartoń, 2022).

3. Results

There were 42 plots with trees, including young forests,
secondary forests after disturbance, and mature forests. The eight
treeless plots were all located at least 3900 m above sea level in
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the west and south transects, except plot S2600, which was on
abandoned cropland. We tagged 1225 trees, 34 of which were
standing dead trees. The mean tree density of all plots was 1548
trees ha−1. Stand density was greatest in a pure Pinus yunnanensis
forest in W2400 (6875 trees ha−1), followed by 5603 trees ha−1

in S3200, where Quercus aquifolioides and Pinus yunnanensis were
the dominant tree species. The third highest density was found in
N4200, 4170 trees ha−1, with Rhododendron beesianum the only
species. Tree density was very low in W3600 and W3700, only 64
and 96 trees ha−1. We recorded 76 woody species, including 59
tree species, 22 shrub species, and 5 species that were either trees
or shrubs. The five species were: Camellia yunnanensis, Juniperus
squamata, Quercus aquifolioides, Rhododendron anthosphaerum,
and Rhododendron beesianum. Their shrub form is defined as
lacking a clear main stem.

In the 42 tree plots, the estimated maximum height in the 5-
m radius plot ranged from a 3.5-m Rhododendron beesianum in
N4200 to a 27.8 m Quercus aquifolioides in S3300 (Figures 2A1–
A4). The tallest tree for which height was measured was an
Abies georgei, 31.8 m in N3900. Elevation strongly influenced the
estimated maximum height in the 5-m radius with a hump-shaped
trend along the elevational gradient (Table 1 and Figure 2A1).

The BA for all 42 tree plots ranged from 1.5 to 85.4 m2 ha−1

(Figures 2B1–B4). The smallest BA occurred in W2000, which was
just above the main road and the Yangtze River, dominated by
Pistacia weinmanniifolia. The largest BA was recorded in S3200,
with Quercus aquifolioides as the dominant species. Both elevation
and slope had significant effects on BA (Table 1). BA was higher at
medium elevations than at low and high elevations (Figure 2B1).
According to the AIC score of the GLM model selection, slope
showed one of the lowest AIC scores despite being insignificant in
the full model (p = 0,122; Table 1), and BA increased with slope
degree (Figure 2B4).

The AGB of woody species for all plots ranged from <0.1 to
656.3 Mg ha−1, with a mean value of 128.8 Mg ha−1 (Figures 2C1–
C4). For the eight treeless plots, the total woody species AGBs
were <1.0 Mg ha−1. The lowest AGB in the tree plots was W2000
(3.1 Mg ha−1). The highest AGBs were found in S3200, S3300,
and W3400 (480.3, 602.9, and 656.3 Mg ha−1, respectively), which
were all dominated by Quercus aquifolioides. The AGBs of the
two deadwood-dominated plots, W3600 and W3700, were 34.4
and 23.1 Mg ha−1, respectively. AGB was significantly influenced
by elevation (Table 1). The trend of AGB along elevational
gradients followed a hump-shaped curve, which peaked at 3300 m
(Figure 2C1). Even though the residuals of AGB against aspect
NS showed heteroscedasticity, AGB decreased slightly from the
south to the north aspect (Figure 2C3). Furthermore, AGB
was significantly influenced by their interaction (Table 1 and
Supplementary Figure 2).

W3000 had the highest estimated tree species richness with
12 tree species. S2700, S2800, and W3200 had 12, 10, and 11
tree species within the 10-m radius, which resulted in estimated
5-m radius plot values of 4.3, 6.0, and 6.6 species, respectively
(Figures 2D1–D4). There were only 0.24 tree species in the 5-
m radius in W3300, yet the plot’s actual tree species richness is 7
dues to the plot radius being 20 m. Similarly, the estimated tree
richness in the 5-m radius was 0.36 species in W3700, while the
measured number in the 20-m radius plot was 5. We observed
no clear pattern of tree species richness in the 5-m radius along

environmental gradients, except for a potential unimodal trend
of tree species richness along elevational gradients (p = 0.0529;
Figure 2 and Table 1).

Thirty-nine of the 50 plots contained shrubs. The number
of species per plot ranged from one to three (Figures 2D1–
D4). Tree plot E4200 had three shrub species: Rhododendron
beesianum, Rhododendron rupicola var. chryseum, and Berberis
yunnanensis. Fargesia spathacea, Rhododendron beesianum, and
Asparagus miscanthus were found in S3000, and Fargesia spathacea,
Rhododendron beesianum, and Cotoneaster franchetii grew in
S3300. Three shrub species found in treeless plot S4100 were
Rhododendron rupicola var. chryseum, Berberis yunnanensis, and
Juniperus squamata. Like tree species richness, shrub species
richness did not show any clear trends along environmental
gradients (Figure 2 and Table 1).

Elevation, aspect EW, aspect NS, and slope showed significant
effects on woody vegetation community composition in the study
area, explaining 51.9% of the variation in vegetation composition
data (F = 2.0669, p = 0.001). Elevation explained 27.9% of the
variation, while aspect EW, aspect NS, and slope explained 11.2%,
19.3%, and 10.0% of the variation, respectively. The interactions
between these topographic factors have less significant impacts than
their individual effects (see Supplementary Figure 3).

The eigenvalue and proportion of explanatory variables in
the selected CCA1 and CCA2 were 0.870 and 6.40% (F = 3.408,
p = 0.001), and 0.563 and 4.14 (F = 2.205, p = 0.002), respectively.
The first two axes of CCA accumulate explained 67.9% of
the relationship between environmental factors and vegetation
composition. Elevation and aspect EW were negatively correlated,
and aspect NS and slope were positively correlated to CCA1.
Elevation, aspect EW, and aspect NS were positively connected,
and slope was negatively connected to CCA2 (Table 2). CCA1 was
mainly constituted by elevation and slope, CCA2 was composed
by aspect NS and aspect EW. Elevation and aspect NS were
the most relevant variables in predicting vegetation community
compositions, accounting for 9.88 and 7.14% of the variation,
respectively.

The ordination of 50 sample plots indicated that all studied
plots can be divided into five groups based on their woody
species biomass proportion (Figure 3). Both W2000 (green color
in Figure 3), located close to the Yangtze River, and S2600 (sky
blue color in Figure 3), which was on abandoned cropland, were
isolated plots, as they did not correlate with the other plots. S2200–
2500, S2700–3300, W2400–2800, and W3000–3100 (red color in
Figure 3) were positively correlated, and they were mainly tree
plots at medium to low elevation in the west and south transects.
W2900, W3300–3900, S3400–3800, E3900–4100, and N3500–4200
(black color in Figure 3) illustrated positive correlations among
each other and were in the medium to high elevation. S3900, S4000,
S4100, S4200, W4000, W4100, W4200, and E4200 (navy blue in
Figure 3) were positively correlated, representing alpine shrub and
grassland in the south and west transects. Specifically, W2900,
W3300–3600, and S3400 were placed in between two communities
(red and black ones), meaning they shared some similar woody
species compositions. Similarly, E4200 was located close to the tree
plots at a high elevation in the north and east transects because it is
in forested part of the tree and alpine grassland ecotone.

The ordination of 76 sample species illustrated five vegetation
community types (Supplementary Figure 4, same below) with four
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FIGURE 2

Relationship between elevation, aspect east–west orientation (EW), aspect north-south orientation (NS), slope, and (A1–A4) estimated maximum
tree heights in the 5-m radius (m), (B1–B4) basal area (BA, m2

·ha−1), (C1–C4) aboveground biomass (AGB; Mg·ha−1), (D1–D4) estimated tree
species richness in the 5-m radius, and (E1–E4) shrub richness in the 2.5-m radius. Smoothing lines for one given environmental variable to the
response variables were fitted by GLMs (p < 0.05), and median values of other variables were used.

TABLE 1 Summary of GLM regression.

Response variables Estimated regression
parameters

Coefficients T-value P of
parameters

χ2 P-value of
model*

R2*

Estimated maximum height in
the 5-m radius (m)

Intercept −8.400 −2.699 0.011* 333.7 <0.001*** 0.330

Elevationˆ2 <− 0.001 −3.618 0.001***

Elevation 0.007 3.537 0.001**

BA (m2
·ha−1) Intercept −12.200 −1.999 0.053 5164 <0.001*** 0.307

Elevationˆ2 <− 0.001 −2.430 0.020*

Elevation 0.009 2.426 0.020*

Slope 0.023 1.580 0.122

AGB Mg·ha−1 Intercept −23.248 −0.244 0.808 589888 <0.001*** 0.555

Elevationˆ2 −485.138 −3.517 0.902

Elevation 17.252 0.123 0.001***

AspectNS −10.252 −3.111 0.003**

AspectNS: Elevation 0.004 3.129 0.003**

*Coefficient of determination calculated based on the likelihood-ratio test (R_LR2). ***P < 0.001, **P < 0.01, *P < 0.01. BA denotes basal area, AGB denotes aboveground biomass.
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TABLE 2 Conditional effects table from canonical correspondence analysis (CCA) ordination showing the partial effect of each environmental factor,
representing the F-value (and its significance) on woody vegetation community composition, its variance inflation factor (VIF), and its correlations
with two CCA axes.

Environmental variables Variance (%) F P VIF CCA1 CCA2

Elevation 10.83 3.348 0.001*** 1.374 -0.985 0.057

Aspect EW 1.16 1.514 0.026* 1.099 -0.233 0.121

Aspect NS 8.57 2.164 0.001*** 1.126 0.217 0.953

Slope 3.28 1.242 0.170 1.192 0.487 −0.051

EW, east-west orientation; NS, north-south orientation. ***P < 0.001, *P < 0.01.

distinct vegetation communities. Pseudotsuga, Padus, Camellia,
Pinus, and Cinnamomum occurrences (green in Supplementary
Figure 4) correlated positively with each other at medium elevation
on a moderate slope. Castanopsis, Sophora, and Malus (navy blue
in Supplementary Figure 4) had positive associations and were
located at lower altitudes than the previous community, with a
more southern or western aspect. The physical environment of
Cornus, Acer, Machilus, Toxicodendron, etc. (red in Supplementary
Figure 4) was quite similar to Castanopsis, Sophora, and Malus, but
could still be divided into two distinct communities. Tilia, Tsuga,
Rhododendron, Crataegus, Taxus, etc. (light blue in Supplementary
Figure 4) were located at medium elevation on the southern or
western aspect on a medium slope. The remaining species were
positively connected to each other regardless of variations in their
environmental factors, which could possibly be explained by their
wide distributions in the study area.

4. Discussions

Our study demonstrated the influence of elevation, aspect, and
slope on the woody vegetation in a human-impacted landscape.
Consistent with previous research (Wang et al., 2014; Ullah
et al., 2021), we found that elevation is a significant predictor of
vegetation size. Specifically, the estimated maximum height, BA,
and AGB followed a unimodal trend along the elevational gradient,
peaking at 3100 m for maximum tree height and BA, and at
3300 m for AGB, before decreasing at higher elevations. However,
we did not observe a clear relationship between species richness
and any topographical attributes. Additionally, BA increased with
slope steepness, while AGB decreased with a south to north aspect.
We also generated separate visualizations of the five vegetation
attributes along elevation for each of the four transects (see
Supplementary Figure 5). The compositions and distributions of
vegetation communities were primarily determined by elevation
and north–south orientation.

Vegetation size and biomass largely influenced by climatic
factors, e.g., mean annual temperature, total annual precipitation,
and annual solar radiation that determine vegetation patterns along
environmental gradients (Šímová et al., 2018; O’Brien et al., 2000).
We found maximum tree height, BA, and AGB to each follow a
unimodal pattern along the elevational gradients. The climate in
our research area is reportedly dry at lower elevations of the valley
in the west transect facing the Yangtze River (Shen, 2016; Yang
et al., 2016a), making aridity one of the constraint factors limiting
tree size (Munne-Bosch, 2018) and biomass accumulation (Muller-
Landau et al., 2021) at lower elevations. If precipitation does not

FIGURE 3

Canonical correspondence analysis (CCA) ordination of 50 plots
classified into four vegetation communities using WA scores
(calculate based on plot, same below) classified by TWINSPAN
classification.

vary greatly, temperature becomes the most limiting climate factor
in AGB. In northern Pakistan, for instance, forest AGB presented
a monotonous decline from 850 to 8600 m, where mean annual
precipitation is consistently lower than at 200 m while the mean
annual temperature ranges from 40 to−10◦C (Ullah et al., 2021).

Both natural and anthropogenic disturbances influence
vegetation patterns in unprotected mountain landscapes. Villages
are mainly located below 3000 m and activities such as wood
harvesting, grazing, and igniting fires, both intentional and
unintentional, have likely decreased tree size and AGB in lower
elevations where human presence is more frequent, making it
occasionally difficult to distinguish the climatic effects of elevation
from human use of the forest. As an example, Acharya et al.
(2011) found a unimodal pattern of BA from 300 m to 4700 m
in the eastern Himalayas to be due to human disturbances
from surrounding lower elevation villages. Occasionally ancient
human-use of the forest can be inferred from vegetation structure
and composition (Foster et al., 1992). In our study area, the
shrub growth form of Quercus aquifolioides at low elevations was
potentially one such indicator.

The range of elevation sampled may have influenced observed
patterns of vegetation structure along elevational gradients. Our
findings differ from those of Alves et al. (2010), who found AGB
to increase with elevation up to 1100 m in a coastal Atlantic
forest, and from those of Wang Y. et al. (2012) and Wang et al.
(2014), who found that maximum tree height and AGB of Abies
georgei decreased along elevational gradients, peaked at 3800 m and
3100 m, respectively, in the Tibetan Plateau. Our study covered an
elevation range of 2000–4200 m above sea level, with structural
attributes peaking around 3000 m and declining as elevation
increased. This emphasizes the importance of sampling the entire
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elevational gradient to accurately describe the relationship between
vegetation and the environment.

We observed a slightly higher AGB at the southern aspect than
the northern aspect, which was consistent with a result focusing on
the effects of elevation on vegetation, where a warmer climate in the
southern aspect is conducive to AGB accumulation (Pepin et al.,
2017).

The influence of elevation on aboveground biomass (AGB) can
vary depending on the north-south orientation of aspect, and vice
versa. In our study, we observed that AGB tends to be higher at
mid-elevation on south-facing slopes.

In addition, BA increased slightly with slope degree, which is
less straightforward to explain. However, one possible explanation
is that steep slopes may reduce fire occurrence and spread due to a
lack of fuel, allowing trees to grow taller and have larger basal area
compared to areas with more frequent fires (Morandini et al., 2002;
Gowda et al., 2019).

Although woody species richness appears to reach its
highest values at mid-elevations, none of the trends of woody
species richness along environmental gradients encompassed in
the topographic variables were statistically significant. This is
inconsistent with many studies conducted in protected forests
located close to our research area (Wang et al., 2007; Xu et al., 2016;
Yang et al., 2016a). However, this finding is consistent with earlier
findings concerning the absence of β-diversity trends for tree and
shrub species along elevational gradients in 46 mountains of China
(Tang et al., 2012) that were well protected only from 1997 to 2008.

Topographic heterogeneity is strongly connected with species
diversity (Stein et al., 2014). Other researchers have concluded
from nearby protected areas that vascular plant richness along
elevational gradients, ranging from either 3100–4300 m or from
2000 to 4300 m in the Hengduan Mountain presented a unimodal
shape, with highest richness in the mid- elevational range (Wang
et al., 2007; Yang et al., 2016b). We did not find a clear trend of
woody species richness changes along EW or NS orientations. Yang
et al. (2016b) found 300 vascular plant species on the western aspect
compared with 501 vascular plant species on the eastern aspect of
Baima Snow Mountain Reserves, very close to our study area. Our
results demonstrated that tree species richness tended to increase
with slope degree, although this was not statistically significant.

Elevation and NS aspect were the two dominant topographical
factors determining woody species distributions in our study area.
Slope had a relatively minor effect on these factors. The impact
of the NS aspect was much greater than that of the EW aspect.
Woody vegetation in the 50 sample plots could be grouped into
five types: hot-dry valley shrub-like forests, abandoned cropland,
mid-low warm aspect forests, high elevation forests, and alpine
shrub and grassland. When considering the indicator woody
species in the area, all woody species classified into five vegetation
communities, four of which placed in their distinct environmental
conditions. Pseudotsuga, Pinus, and Cinnamomum communities
were placed at medium elevation, both the Acer community and
Castanopsis community were at the medium-to-low elevation on a
steeper slope, Tilia, Tsuga, Taxus, and Picea communities were in
the medium elevation at a warm aspect. The remaining species,
though grouped into one, presented little information of their
environmental preferences.

Previous studies have indicated that topographic factors
are major drivers of vascular plant distribution patterns

(Moeslund et al., 2013). We found elevation and aspect to be
the two most relevant variables defining vegetation composition,
with slope degree playing a smaller role. Similarly, Fadl et al. (2021)
reported the distribution of vascular plant species to be strongly
affected by elevation and NS aspect at an elevation range from 1060
to 1240 m in Sarawat Mountain, Saudi Arabia. Bai et al. (2021)
demonstrated elevation to be the primary driving factor of vascular
plant distribution in a Larix gmelinii forest in northeast China,
while aspect was the second most important factor and slope had
only minor importance.

Our study had limitations that either constrained the external
use of the results or called for further research. Firstly, our sampling
design, based on contours, led to a slight overrepresentation of
steep slopes. Secondly, our research was based on landscape-
scale sampling, and the results should not be assumed to hold
in other regions. Thirdly, earlier studies have shown that forests
in southwestern China are commonly disturbed by fire (Han
et al., 2015) and potentially other major natural disturbances,
which should optimally be included in forest structure studies.
Future research on disturbance history would therefore be valuable.
Topographic attributes indirectly affected vegetation via different
climatic variables at each site. Detecting climatic factors at each
plot to link with the topographic attributes would be helpful for
understanding the influence of the local climate on vegetation
in mountainous regions. Despite these problems, our results are
valuable for understanding vegetation structure changes along
environmental gradients, but the picture would improve further
with more information on these listed problems.

Our study highlights that differences in vegetation structure,
richness, and composition were correlated with elevation, aspect,
and slope degree, which can be used as a baseline for predicting
AGB shifting under climate change. At higher elevations, close
to the peak of our research area, AGB decreased with increasing
elevation, suggesting an increase under a warming climate. While
at elevations of 2000–3300 m in this study, warmer temperatures
are likely to reduce AGB via increased disturbances, assuming that
precipitation is not changing.

Our results on tree size and biomass could be used to
provide recommendations for designing forest management plans
including carbon sequestration objectives. As most settlements in
this area are below 3000 m and harvesting Pinus and Quercus trunks
currently occurs mainly at this range of elevation, increasing aridity
caused by climate change is likely to cause challenges, eventually
leading to a pressure to move human activities upward.
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Analyzing the physiological response of trees to climate change in the Qilian

Mountains region is key to studying the impact of global change on forest

ecosystems in the semiarid alpine region of Northwest China. The leaf area

index (LAI) of the canopy of a forest is an important input parameter for

simulating carbon andwater cycles in forest ecosystems. Studying the relationship

between LAI and environmental factors can provide a scientific basis for

accurately describing the structure, function, and ecohydrological processes of

forest ecosystems and theoretically guide for sustainable management of water

conservation in forests. Methods: In this study, the LAI of the Picea crassifolia

canopy was monitored for 2 years (2015–2016) by field observations, and its

dynamic changes were analyzed. The relations between LAI and air temperature

(AT), precipitation (P), soil temperature (ST), and soil water content (SWC) were

studied using Pearson’s correlation and multiple regression analyses. The results

were as follows: seasonal variations in LAI showed a single-peak curve, which first

increased, reached a maximum, remained relatively stable, and then decreased.

The maximum value was 4.02 and 4.18 relatively observed in mid-August 2015

and 2016. The LAI of the P. crassifolia canopy in di�erent months was positively

correlated with AT and P. It was correlated between the LAI of the canopy with

ST40−60 in May and June (p < 0.05) and was also highly positively correlated

between the LAI of the canopy with ST60−80, STmean, and SWC60−80 in July and

August (p < 0.01). There was a positive correlation between the LAI of the canopy

with SWC0−60 and SWCmean in July and SWC0−60 and SWCmean in August (p <

0.05). The LAI of the canopy was a�ected by AT and ST in May and July, AT and P

in June, P in August, and P and ST in September. Our study implied that the rapid

increase period of the LAI of the canopy was from late May to early July. The LAI

of the canopy was more influenced by temperature and water in July and August.

In addition, the LAI of the canopy has significant seasonal variation although it is

evergreen coniferous tree species.

KEYWORDS

leaf area index, air temperature, soil temperature, precipitation, soil water content, Qilian

Mountains

1. Introduction

Leaf area index (LAI), the ratio of the surface area of a plant leaf to the surface area
of land LAI, is used to quantitatively describe changes in leaf growth and density at the
community level (Watson, 1958). LAI is an important input parameter for simulating
the carbon and water cycles in forest ecosystems (Weiss et al., 2004; Wang et al., 2005);
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(Bequet et al., 2011) and is the key factor in explaining the variation
in the net primary productivity of aboveground vegetation
(Leuschner et al., 2006; Kinane et al., 2022), which is an important
factor in describing the structural characteristics of forest canopies.
It controls many physiological and ecological processes within
forest ecosystems, such as plant photosynthesis and transpiration,
canopy interception of precipitation, and exchange of matter and
energy between the atmosphere and canopy (Dermody et al., 2006;
Liu et al., 2013). LAI is closely related to ecological processes in
forests, and accurate determination of seasonal changes in LAI

is conducive to simulating the response of vegetation to climate
change and predicting forest growth status (Liu, 2015). LAI plays
an important role in studying energy cycles of the ecosystem at the
forest stand, landscape, and regional scales.

At present, the methods to measure forest LAI include
the indirect measurement method and the direct measurement
method (Bréda, 2003; Cerný et al., 2020). The former is simple
and convenient; however, its accuracy of measurement must
be calibrated. However, some optical instrument methods based
on radiometric measurements need to assume uniform canopy,
random leaf distribution, and elliptical leaf angle distribution,
such as LAI-2000, while Tracing Radiation and Architecture of
Canopies (TRAC) can effectively address the agglomeration effect
by measuring the agglomeration index and without needing to
assume a random leaf distribution in space (Chen, 1996; Zhao
et al., 2009a; Behera et al., 2010; Cerný et al., 2020). The latter
technology is mature and accurate, and its measured value is
usually considered a real LAI; however, it is time-consuming,
laborious, and destructive (Yan et al., 2019; Cerný et al., 2020; Fang,
2021). Optical instruments mainly include digital hemispherical
photography, LAI-2000/2200 plant canopy analyzer, TRAC, CI-
110 LICOR DEMON, and other equipment, among which digital
hemispherical photography and LAI-2200 plant canopy analyzer
are widely used to simultaneously observe the structural parameters
of the canopy at different zenith angles (Behling et al., 2016; Fang
et al., 2021). Direct measurement methods mainly include the
destructive sampling method (Chason et al., 1991), the allometric
growth equation method (Vyas et al., 2010), the oblique point
sampling method (Wilson, 1960), and the litter method (Sprintsin
et al., 2011).

The leaf area index is affected by several factors and exhibits
varying degrees of temporal and spatial heterogeneity (Luo
et al., 2011). The relationship between LAI and climatic factors
(temperature, precipitation, and soil moisture) can efficiently
reflect the interactions between vegetation and the environment
and is suitable for studying the ecohydrological processes under
climate change (Huang et al., 2016; Karimi et al., 2020; Kinane
et al., 2022). Li et al. (2012) used a simple biological model, the SiB2
method, to calculate LAI and to study the annual and interannual
variations in different vegetation cover types of LAI in the Poyang
Lake Basin and their relation with precipitation and air temperature
(AT). They highlighted that the responses of LAI to precipitation
and air temperature have, respectively, a time lag of 3 months and
1 month in the annual variation, and the interannual variation
of LAI is mainly affected by the precipitation between May and
July (Li et al., 2012). Wang et al. (2008) analyzed the influence of
hydrothermal conditions on vegetation LAI in the Qinghai–Tibet
Plateau at temporal and spatial scales using remote sensing data

and showed that LAI is correlated with temperature, soil moisture,
and precipitation. Shao and Zeng (2011) compared potential LAI
simulated by the dynamic vegetationmodel (CLM3.0-DGVM)with
LAI derived from moderate-resolution imaging spectroradiometer
(MODIS) and analyzed the spatial and temporal relations between
LAI of different plant functional types on the current different
types and climatic factors on the interannual scale. In addition,
studies on Hippophae rhamnoides Linn and Caragana intermedia

on the Loess Plateau indicated that LAI increased rapidly when
precipitation and the water supply were sufficient, leading to a
significant increase in the total amount of transpiration (Guo et al.,
2007). However, an analysis of the US East Texas Pinus taeda stand
canopy showed no significant relation between LAI and actual
evapotranspiration (r2 = 0.06) (Hebert and Jack, 1998), and plants
from different biomes tended to grow relatively small leaves in
arid environments to reduce the total leaf area, thereby reducing
transpiration (Meier and Leuschner, 2008). In general, the main
factors affecting vegetation LAI are temperature, water, and species.

Several studies have been conducted on vegetation LAI

measurement methods and dynamic spatial and temporal (seasonal
and interannual dynamics) changes in LAI; however, the relation
between vegetation LAI and hydrothermal factors is not well
understood. In particular, the relations between LAI of P. crassifolia,
soil temperature (ST), and soil water content (SWC) in the
Qilian Mountains of Northwest China are largely unexplored.
Therefore, this study investigated the influence of hydrothermal
factors on coniferous forest canopies in the semiarid alpine
region of Northwest China. We monitored air temperature(AT),
precipitation, ST, and SWC in the study area from 2015 to 2016 in
this study. The objectives of this study are as follows: (1) to observe
accurate monthly LAI dynamics using an LAI-2200C in coniferous
stands; (2) to estimate the maximum stand LAI within the growing
season indirectly using an LAI-2200C; and (3) to study the relation
between LAI and AT, P, ST, and SWC in the Qilian Mountains.

2. Materials and methods

2.1. Study area

The study area is located in the Xishui Forest Area of the
Qilian Mountains Natural Reserve. The geographical coordinates
are approximately between 38◦32

′

-38◦33
′

N and 100◦17
′

-100◦18
′

E. These areas have the climate of alpine mountain forest grassland,
with an annual P of 290–468mm. The rainy season is mainly
distributed fromMay to September, accounting for∼85% of annual
P. The climatic characteristics were an average annual evaporation
capacity of 1,082.7mm, an annual average temperature of −0.6 to
2.1◦C, and an annual average sunshine of 1,895 h. The average daily
solar radiation intensity in 2015 and 2016 was 79.2 W·m−2·d−1.

P. crassifolia is distributed in patches on shady and semi-shady
slopes at altitudes of 2,500–3,300m. The sunny slope is dominated
by grasslands with scattered Sabina przewalskii and shrubs. The
herbs mainly include Carex lancifolia, Stipa purpurea, Agropyron

cristatum, Leontopodium longifolium, Taraxacum monogolicum,
Potentilla bifurca, and Pedicularis. The shrubs in the basin
mainly include alpine shrubs such as Caragana tangutica

and Berberis diaphana Maxin. Under the forest, moss is
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more developed; however, a few species, mainly Abietinella

abietina, are scattered with Bryoerythrophyllum tecurvirestrum and
Tortula longimcronata.

2.2. Sample plots

Three pure forest sample plots with P. crassifolia (25 ×25m)
were selected to observe the LAI of P. crassifolia in the study area
in the growing season from May to October in 2015 and 2016 at
an altitude of 2,700m (38◦33

′

14.8
′′

N, 100◦17
′

5.4
′′

E). The selected
plots were pure forests containing P. crassifolia, which originated
from a natural secondary forest belonging to semi-mature forests.
The horizontal distance between the three sample plots was∼50m.
Height and diameter at the breast of all trees with a diameter at
breast height > 5 cm were measured with a wooden ruler in the
sample plots during the stable growth period in 2016. The surveyed
parameters included tree height, diameter at breast height, crown
width, canopy closure, and forest age.

2.3. LAI measurement

An LAI-2200C plant canopy analyzer (LICOR, Lincoln,
Nebraska, USA) was used to measure the canopy LAI of P.

crassifolia sample plots every 10 days from May to October in 2015
and 2016. The measurement frequency was appropriately increased
because of the rapid growth and change in the new branches of P.
crassifolia at the beginning of the growing season, which means,
the LAI of P. crassifolia canopy was measured every 6 days in May.
A total of 25 points were measured in each sample plot according
to a fixed S-shaped route, and the average value was taken as the
characteristic LAI of the canopy layer of the sample plot. To ensure
that the canopy layer outside the sample plot was not detected, the
distance from the observation point to the upper and lower edges of
the sample plot was 3m (slope length), and the left and right edges
were 2.5m each. Two LAI-2200C plant canopy analyzers were used
for synchronous and accurate measurement; one was placed in
an open space outside the forest to measure the A value, and the
other was placed in the sample plot to measure the value under
the canopy (B value). A camera (D80, Nikon) was used to obtain
hemispherical images of the vegetation canopy and to calculate the
LAI of the forest canopy (Chen, 1996; Zhao et al., 2009a).

2.4. AT and P measurement

We used an automatic weather station (Campbell Scientific,
Inc., Logan, Utah, USA) above 15m height in the third sample
plot to continuously obtain the data of P (P/mm) with a rain
gauge (TE525MM, Campbell Sci., Logan, USA), solar radiation
intensity (Rs/w·m−2) with a solar radiation sensor (Li200X, LICOR,
Lincoln, Nebraska, USA), AT (T/◦C) with a temperature sensor
(HMP115A, Campbell Sci., Logan, USA), and relative humidity of
the air (RH/%) with a humidity sensor (HMP45A, Campbell Sci.,
Logan, USA). The interval of data collection was 10 min.

2.5. ST and SWC measurement

A HOBO U30 sensor (Campbell Scientific, Inc. Logan, Utah,
USA) was installed in 0–10, 10–20, 20–40, 40–60, and 60–80 cm soil
layers in each different sample plot to monitor ST (◦C) and SWC

(m3·m−3). The interval of data collection was 30 min.

2.6. Data processing

A correction coefficient was required to adjust the measured
LAI, which was low owing to the clustering effect of the coniferous
forest. The measured LAI value used to calculate the correction
coefficient was 0.996 (Le). The aggregation coefficient (�E) of P.
crassifolia forest was 0.93 measured by Tracing Radiation and
Architecture of Canopies (TRAC, Canada Center For Remote
Sensing, Ottawa, Canada) (Zhao et al., 2009a), and the adjustment
coefficient was calculated according to formula (1):

L =
(1− α ) LeγE

�E
, (1)

where Le is the effective LAI (acquired by instrumental
observation), γE is the ratio of the total area of coniferous leaves
to the cluster area, the conifer species is 1.4, and α, the ratio of non-
leaf factors, such as the trunk, to total leaf area, was 0.12 (Chen,
1996). The adjustment coefficient was calculated as 1.32, which was
multiplied by LAI measured by the LAI−2000C canopy analyzer to
adjust the canopy LAI value according to formula (1).

Data were plotted using R version 4.2.1 software (AT&T Bell
Laboratories, New Jersey, USA) and WPS Office 2021(Kingsoft,
Beijing, PRC). The relations between LAI of P. crassifolia and P,
AT, ST, and SWC were analyzed using SPSS v.21.0 (SPSS Inc.,
Chicago, IL, USA) with Pearson correlation. Multiple stepwise
linear regressions were used to examine the relation of LAI with
hydrothermal factors. The multiple linear regression model mainly
studies the relationship between a dependent variable and multiple
independent variables, and its general form can be expressed as
formula (2):

y = β0 + β1x1 + β2x2 + ...+ βkxk + ε, (2)

where y is the dependent variable, x is the independent variable,
β1, ... βk are model parameters, and ε is Stochastic error. In this
study, LAI is used as the dependent variable, and AT, P, ST, and
SWC are used as independent variables to explore the relationship
between them through this model.

3. Results

3.1. Hydrothermal conditions of the study
site

Figure 1 shows that the thermal and water of three sample plots
in the study site were synchronization. P and high temperature
were all concentrated in the growing season (May to September).
The maximum monthly P was 97.4 and 103.3mm, respectively, in
July 2015 and September 2016. The maximum monthly average
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FIGURE 1

(a, b) Monthly average ST, AT, P, and SWC of three sample plots in 2015 and 2016.

AT was 13.7 and 21.8◦C, respectively, in July 2015 and July 2016.
The maximummonthly average ST was 8.5 and 8.6◦C, respectively,
in August 2015 and August 2016. The maximum monthly average
SWC was 0.16 and 0.15, respectively, in October 2015 and October
2016.

3.2. Seasonal variation of LAI

As shown in Figure 2, the LAI of P. crassifolia in the three
sample plots initially increased and then decreased during the
two growth seasons (from May to September) in 2015 and 2016.
The period from late May to early July was characterized by the
rapid growth of LAI. Several withered and yellow coniferous leaves
fell off in September, even though P. crassifolia is an evergreen
coniferous forest, and LAI started decreasing. According to our
field observations, over 2 consecutive years, these fallen leaves
were old perennial or diseased withered leaves. In addition, the
average, minimum, and maximum LAI values of the 1# sample
plot were 3.39, 2.57, and 3.99, respectively. The average, minimum,
and maximum LAI values of the 2# sample plot were 3.51, 2.73,

and 4.10, respectively. The average, minimum, and maximum LAI

values of the 3# sample plot were 3.17, 2.37, and 3.84, respectively.
The LAI of the 1# and 2# sample plots was similar and higher than
the LAI of the 3# sample plot. This result is consistent with the
surveyed parameters summarized in Table 1.

3.3. Relation between LAI and AT

Table 2 shows the results of the Pearson correlation analysis
between the LAI of P. crassifolia and AT. LAI was positively
correlated with AT, and a significant positive correlation (p < 0.05)
was observed between LAI and AT during July–August 2015. LAI
was positively correlated with AT in July and August of 2016 (p <

0.05).

3.4. Relation between LAI and ST

As shown in Figure 3, P. crassifolia LAI was positively
correlated with ST in 2015 and 2016. In 2015, LAI was correlated
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FIGURE 2

Seasonal variation of monthly average LAI in di�erent sample plots in 2015 and 2016.

TABLE 1 Investigation of sample sites.

Sample
number

Canopy
closure

Average
forest age (a)

Stand density

(strain · ha−1)

Average breast
diameter (cm)

Average tree
height (m)

Average
crown (m)

1 0.66 83 1,344 10.4± 4.2 7.9± 3.9 2.9± 0.9

2 0.68 84 1,328 11.9± 6.3 8.9± 4.0 3.0± 0.9

3 0.56 86 1,128 15.5± 9.1 10.7± 5.6 3.9± 1.1

TABLE 2 Pearson’s correlation coe�cient between LAI and AT in 2015

and 2016.

Year Month

May June July August September

2015 0.402 0.334 0.533∗ 0.878∗ 0.335

2016 0.434 0.421 0.870∗ 0.916∗ 0.418

∗p < 0.05; ∗∗p < 0.01.

with ST0−40 and STmean in May, ST0−20 and STmean in June, and
ST0−80 and STmean in September (p > 0.05). It was positively
correlated with ST40−80 in May, ST20−80 in June, ST0−60 and
STmean in July, and ST0−60 and STmean in August (p < 0.05). It
was significantly positively correlated with ST60−80 in July and
August (p < 0.01). In 2016, LAI was correlated with ST0−20 and

STmean inMay and June, and ST0−80 and STmean in September (p>

0.05). It was positively correlated with ST20−80 in May and July and
ST0−80 in July and August (p < 0.05). It was significantly positively
correlated with STmean in July and August (p < 0.01).

3.5. Relation between LAI and P

The results in Table 3 show that the relation between the LAI
of P. crassifolia and P in 2015 was consistent with that of 2016. P.
crassifolia LAI was correlated (p > 0.05) with P in May 2015 and
2016. It was positively correlated (p< 0.05) with P in June, July, and
August. It was negatively correlated (p> 0.05) with P in September.
The rainfall distribution showed a large amount of P in July and
August, during which the values of LAI were relatively larger. The
maximum LAI was 4.02 and 4.18, respectively, which appeared in
August 2015 and 2016.
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FIGURE 3

Pearson’s coe�cient of correlation between the monthly average LAI and monthly average ST across the three plots calculated for each month of

the years 2015 and 2016. *p < 0.05; **p < 0.01.

TABLE 3 Pearson’s correlation coe�cient between LAI and P in 2015 and

2016.

Year Month

May June July August September

2015 0.313 0.461∗ 0.861∗ 0.546∗ −0.321

2016 0.298 0.553∗ 0.649∗ 0.713∗ −0.247

∗p < 0.05; ∗∗p < 0.01.

3.6. Relation between LAI and SWC

The results of a Pearson correlation analysis between the LAI
of P. crassifolia and SWC in different soil layers are presented
in Figure 4. The LAI of P. crassifolia was correlated with SWC,
which was different between months. In 2015, it was correlated
with SWC0−10, SWC20−80, and SWCmean in May, SWC0−80 and
SWCmean in June, and SWC0−80 and SWCmean in September (p
> 0.05). It was positively correlated with SWC0−80 and SWCmean

in July and August (p < 0.05). It was negatively correlated with
SWC10−20 in May (p > 0.05). In 2016, the LAI of P. crassifolia
was correlated with SWC0−20, SWC40−80, and SWCmean in May,
SWC0−80 and SWCmean in June, and SWC0−40, SWC60−80, and
SWCmean in September (p > 0.05). It was positively correlated
with SWC0−60 and SWCmean in July and SWC0−60 and SWCmean

in August (p < 0.05). It was significantly positively correlated
with SWC60−80 in July and August (p < 0.01). It was negatively
correlated with SWC20−40 in May and SWC40−60 in September (p
> 0.05).

3.7. Multiple linear regression analysis
between LAI and hydrothermal factors

Multiple linear regression analysis was performed between the
LAI of P. crassifolia and AT, P, ST, and SWC during different
months of the growing season in 2015 and 2016. The results of
the multiple linear regression equations are presented in Table 4.

The multiple linear regression model fits the relations between
LAI and AT, P, ST, and SWC. The model passed this test and was
statistically significant.

The leaf area index was affected by AT and ST in May 2015 and
2016.AT and Pmainly affected LAI in June 2015 and 2016. LAI was
affected byAT, ST, and SWC in July 2015 but was affected byAT and
ST in July 2016. LAI was affected by P and ST in August 2015 but
was affected by AT, P, and SWC in August 2016. LAI was affected
by P, ST, and SWC in September 2015 but was affected by P and
ST in September 2016. On a monthly average, AT increased by 1◦C
and LAI changed by 2.30. P increased by 1mm, and LAI changed by
5.39. ST increased by 1◦C, and LAI changed by 3.18. SWC increased
by 1, and LAI changed by 5.24. Overall, the main hydrothermal
factors affecting the canopy LAI of P. crassifolia differed in July,
August, and September.

4. Discussion

Canopy LAI often shows highly complex temporal and spatial
variations (Zhao et al., 2009b; Liu et al., 2017), even in pure
forests of the same age with a single stand structure (Bequet
et al., 2012) because of many common environmental factors,
such as forest structure, soil factors (moisture and physical and
chemical properties), topographical factors (altitude, slope, and
aspect) (Bequet et al., 2011; Kinane et al., 2022), and meteorological
conditions (Luo et al., 2011; Li et al., 2012). Therefore, attention
has been paid to temporal variations in the canopy LAI of different
vegetation types in different regions.

4.1. Temporal and spatial variation of LAI

4.1.1. Temporal variation of LAI
Our study showed that LAI of P. crassifolia exhibited significant

seasonal variation. LAI reached its maximum value in early
August and slightly declined during late September. The large
number of new shoots of P. crassifolia caused LAI to increase
in the early growing season, and the fallen leaves led to a slight
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FIGURE 4

Pearson’s coe�cient of correlation between the monthly average LAI and monthly average SWC across the three plots calculated for each month of

the years 2015 and 2016. *p < 0.05; **p < 0.01.

TABLE 4 Multiple linear regression models of LAIwith hydrothermal factors in 2015 and 2016.

Years Month Stepwise regression
equation

N R2 F p

2015 May y = 1.362x1 + 0.287x3 15 0.754 13.065 0.084

June y = 3.295x1 + 14.769x2 9 0.923 12.348 0.037

July y = 0.895x1 + 0.205x3 + 5.872x4 9 0.901 15.792 0.020

August y = 2.125x2 + 5.365x3 9 0.815 10.631 0.135

September y = 1.09x2 + 0.145x3 − 0.029x4 9 0.982 16.304 0.036

2016 May y = 6.954x1 + 14.253x3 15 0.629 20.127 0.041

June y = 3.254x1 + 7.158x2 9 0.775 13.396 0.039

July y = 0.042x1 + 0.556x3 9 0.854 26.671 0.044

August y = 0.327x1 + 2.836x2 + 9.879x4 9 0.840 15.738 0.019

September y = 4.346x2 + 1.442x3 9 0.967 29.595 0.153

where y, x1 , x2 , x3 , and x4 represent LAI, AT, P, ST (weighted average of soil temperature) in different soil layers), and SWC (weighted average soil water content in different soil layers),

respectively. N represents the number of LAI observations.

decrease in LAI throughout the growing season. LAI in 2016 was
slightly larger than that in 2015, which may be because the newly
accumulated branches contributed to certain LAI based on our
field observations. Our study suggests that the LAI of evergreen
coniferous forests shows significant seasonal variation.

The annual and interannual variations in pure oak forest LAI
were studied in the Champenoux forest in France. The results
showed that oak LAI increased with the growth of new branches
at the beginning of the annual growth season; however, the
interannual changes were not significant (Bréda andGranier, 1996).
The annual and interannual dynamics of vegetation LAI were also
analyzed using the simple biosphere model (SiB2) method for the
Poyang Lake Basin. The results showed that overall LAI of different
vegetation cover types did not increase or decrease for 20 years
but showed an alternating increasing or decreasing trend every 2–
3 years, and the variation of evergreen coniferous forest LAI was
significant (Li et al., 2012), which was consistent with our study. A
seasonal dynamic study in the Liupan Mountains of North China
showed that larch LAI increased linearly with an increase in canopy
density, and the change in LAI in the growing season presented a
single-peak curve (Han et al., 2015).

4.1.2. Spatial variation of LAI
As three sample plots were selected at the same altitude and

slope, only the seasonal variation in the canopy LAI of P. crassifolia
was studied. However, the spatial distribution of canopy LAI

of P. crassifolia in the Qilian Mountains has been studied. The
results showed that the LAI of P. crassifolia initially increased and
then decreased with altitude in the Tianlaochi Basin of Sidalong
Forestland in the Qilian Mountains because the limiting factors
for the growth of P. crassifolia are mainly controlled by water
at the low altitude and by the temperature at the high altitude
(Zhao et al., 2009b). The spatial variability of canopy LAI in
dark coniferous forests has also been studied in subalpine western
Sichuan. The results indicated that altitude is an important factor
affecting LAI. The difference in LAI between different altitude
gradients is extremely significant, and the LAI of subalpine dark
coniferous forests in western Sichuan increases with altitude (Lǔ
et al., 2007). Analysis of the variogram of fir forest LAI in the
Daxing’an Mountains showed that LAI depended on the spatial
heterogeneity of months. The spatial heterogeneity of LAI in July
and November was mainly induced by spatial autocorrelation and
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accounted for 99.8% and 66.9% of the total spatial heterogeneity,
respectively (Liu et al., 2013).

4.2. E�ects of hydrothermal conditions on
LAI

The response of vegetation to hydrothermal conditions is a
key process in understanding the terrestrial carbon–water cycle,
and attention has been paid to the relationship between vegetation
LAI and environmental factors (Hebert and Jack, 1998; Meier and
Leuschner, 2008; Luo et al., 2011; Shao and Zeng, 2011).

4.2.1. E�ects of water on LAI

The leaf area index of the different vegetation types was highly
correlated with P in the preceding 3 months and with an average
temperature in the preceding 1 month in the Poyanghu Basin, and
both of them were 95% significant. Interannual changes in LAI of
different vegetation types were highly influenced by interannual
changes in P in the Poyanghu Basin from May to July (Li et al.,
2012). P mainly affected the seasonal variation in LAI, as was
noticed by studying the relation between LAI and climatic factors
in a Quercus variabilis plantation at the southern foot of Taihang
Mountain between 2001 and 2019 (Huang et al., 2022). The LAI

of beech has been found to be mainly controlled by physiological
factors related to forest age, while the effects of chemical properties
of soil and P are relatively low (Bequet et al., 2011). The CMIP5
model was used to study the response of LAI to drought, and LAI

showed irregular increases and decreases with decreasing soil water
content (Huang et al., 2016).

Our study implied that the LAI of P. crassifolia was positively
correlated with P and highly positively correlated with SWC60−80.
This may be related to the root distribution of P. crassifolia. LAI was
negatively correlated with P in September, probably because of the
decrease in P in September in the alpine region.

4.2.2. E�ects of temperature on LAI

Leaf area index data from remote sensing were used to study the
response of global vegetation LAI to temperature, which indicated
that the season and interannual changes in temperature on a global
scale were significantly different in different ecosystems (Zhang
et al., 2002). The effect of the slope scale on the LAI of Larix
principis-rupprechtii was studied in the small basin of Liupan
Mountain, which showed that the main influencing factors in May
were solar radiation and air temperature (Wang et al., 2016; Liu
et al., 2017). The monthly maximum temperature was found to be
the most influential factor in the dynamics of LAI in loblolly pine
plantations (Kinane et al., 2022). The correlation between LAI and
hydrothermal conditions was positive on a time scale and a spatial
scale in most regions on the Tibetan Plateau (Wang et al., 2008).

Our study implies that LAI is influenced more by temperature
and water in July and August in alpine Northwest China. Therefore,
an accurate understanding of the temporal and spatial variability
of forest canopy LAI is highly significant for evaluating forest

productivity at multiple scales and for studying the energy and
water balance from the basin to the region.

5. Conclusion

The rapidly increasing period of LAI of P. crassifolia canopy
was from late May to early July. The maximum LAI of P. crassifolia
occurred in mid-August. LAI of P. crassifolia forests also has
significant seasonal variation although it is an evergreen coniferous
tree species. The main hydrothermal factors affecting the canopy
LAI of P. crassifolia differed in July, August, and September. The
LAI of P. crassifolia was more influenced by temperature and water
in July and August. The LAI-2200 and TRACmethods are valid for
measuring the LAI of P. crassifolia canopy forests. This study may
provide a scientific basis for studying the impact of global change
on forest ecosystems.
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The multidimensionality of leaf traits allows plants to have diverse survival

strategies to adapt to complex living environments. Whether the anatomical traits

of leaves are associated with leaf economic traits and which group of traits are

more strongly correlated with soil fertility factors remains unclear. We measured

four leaf economic traits, four anatomical traits, and five soil fertility factors

of eight coexisting broadleaf species distributed in mixed broadleaved-Korean

pine (Pinus koraiensis) forests located in Northeast China. Results show a strong

interdependence between economic and anatomical traits (p < 0.05). The range

of variation between economic and anatomical traits were almost equal, but the

causes of variation were different. Specific leaf area was positively correlated

with the abaxial epidermis, negatively correlated with the ratio of spongy tissue

to leaf thickness (ST/LT), and not correlated with adaxial epidermis. Leaf dry

matter content was negatively correlated with the abaxial epidermis and adaxial

epidermis, positively correlated with ST/LT. Specific leaf area, palisade tissue, and

ST/LT showed stronger correlation with soil fertility factors than other traits. Soil

fertility factors dominating trait variation were dependent upon the trait. Our

results suggest anatomical traits can be considered in economic trait dimension.

The coupled relationship between anatomical and economic traits is potentially a

cost-effective adaptation strategy for species to improve efficiency in resource

utilization. Our results provide evidence for the complex soil-trait relationship

and suggest that future studies should emphasize the role of anatomic traits in

predicting soil fertility changes.

KEYWORDS

leaf trait multidimensionality, economic traits, anatomical traits, soil fertility factors, plant
adaptive strategy

1. Introduction

Plant leaf functional traits, specifically traits related to leaf persistence such as light
capture and gas exchange, are important indicators in identifying plant life history strategies
and predicting community assembly (Valladares and Niinemets, 2008; Terashima et al., 2011;
Liu C. C. et al., 2020; Ni et al., 2022). Many studies have shown that traits vary along certain
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dimensions (Wright et al., 2007; Li et al., 2015; Liu C. C. et al., 2019;
Yang Y. Z. et al., 2019). For example, the leaf economics spectrum
dimension, represented by the negative correlation between specific
leaf area (SLA), leaf nitrogen content (LN) and leaf lifespan, is the
balance between plant leaf resource acquisition (higher SLA, LN but
shorter leaf lifespan) and conservation (lower SLA, LN but longer
leaf lifespan) (Wright et al., 2004); In recent years, anatomical
traits [e.g., adaxial and abaxial epidermis (AD; AB) and palisade
tissue (PT)] attracted more attention from ecologists (Chen and
Wang, 2009; Santos et al., 2015), because of the critical role in light
absorption and gas exchange capacity of a leaf (Evans et al., 2009;
Kröber et al., 2014; Ni et al., 2022). In this dimension, thinner
epidermal thickness and thicker PT tend to allow deeper light
penetration and faster gas diffusion rates (Verboven et al., 2015).
However, the relationship between these two trait dimensions and
their response to soil fertility remains unclear.

Relationships between leaf economic and anatomical traits have
been examined at the species and community level. Coble and
Cavaleri (2017) reported a positive correlation between PT and
leaf mass per area (the reciprocal of the SLA) in sugar maple. Liu
C. C. et al. (2019) found AB was negatively correlated with leaf dry
matter content (LDMC) and reported a weak correlation between
anatomical and economic traits in temperate and subtropical
forests. Several of the relevant studies are limited when exploring
the correlation between individual traits. The correlation between
anatomical and economic traits has rarely been verified, especially
for co-existing species in the same forest type at a regional scale.

The correlation between soil fertility factors and leaf
traits reflects the trade-off between plant growth and nutrient
conservation (Liu Z. L. et al., 2020). However, which groups of
functional traits are strongly associated with soil fertility gradients
remains unclear (Wright et al., 2005; Maire et al., 2015; Stark
et al., 2017; Peng et al., 2018). Leaf economic traits, such as SLA,
are considered good predictors of soil fertility. Hodgson et al.
(2011) studied the correlation between economic traits and soil
fertility and found SLA had a better response to soil fertility
than other traits. Widely accepted is Westoby’s (1998) conclusion
that SLA is good indicator of soil fertility (Laughlin et al., 2010;
De Frenne et al., 2011). Therefore, economic traits may have a
stronger correlation with soil fertility factors. Anatomical traits
are often reported as being closely related to the acquisition
and utilization of light. PT can affect photosynthetic efficiency
by regulating chloroplast content (Terashima et al., 2011; He
et al., 2017) and sponge tissue can affect light density in leaves
by regulating intercellular spaces (Kröber et al., 2014). Thus,
anatomical traits may be more correlated with environmental
factors significantly affecting the composition and structure of leaf
cells and intercellular air space.

Soil fertility clearly influences the variation of leaf traits, but
which soil fertility factors dominates the trait variation is unclear
(Chartzoulakis et al., 2002; Ordoñez et al., 2009; Maire et al., 2015).
Soil pH is closely related to soil mineralogical composition and
can significantly affect the distribution of nutrients in soil (Uehara
and Gilman, 1981; Quesada et al., 2010), and ultimately lead to
changes in relative above-ground biomass (Zheng and Ma, 2018).
Nutrient elements in the soil, which are important source of organic
compounds for plants, significantly affect the variation in plant
traits (Fan et al., 2015; Yang D. X. et al., 2019). Plants adapted to
low soil fertility environments usually build leaves adapted to lower

respiratory carbon and water loss, e.g., higher LDMC but lower LN
(Ordoñe et al., 2010; Jager et al., 2015; Lin et al., 2020). In addition,
soil water content (SWC) affects the efficiency of plant nutrient and
water uptake and utilization by affecting soil microbial viability and
root development (Liu et al., 2010; Liu C. et al., 2019). The response
of plants to soil gradient is related to the cause and extent of trait
variation (Funk, 2008; Siefert and Ritchie, 2016; Zhou et al., 2018).
A wider range of intraspecific traits variation is thought to provide
plants with greater access to limiting resources (Lin et al., 2020).
da Silveira Pontes et al. (2010) found trait plasticity regulates plant
responses to nitrogen enrichment in grasslands. Ishii et al. (2018)
found plants with higher intra-individual plasticity had greater
acclimation potential to environmental perturbation. Therefore,
intraspecific traits variation should be considered when predicting
the response of plant to soil fertility gradients.

In this study, we selected eight coexisting broadleaf species
as target species, as they are dominant and commonly associated
with the distribution of mixed broadleaved-Korean pine (Pinus
koraiensis) forests in Northeast China (Wang, 1994). Eight leaf
traits (including four leaf economic traits and four anatomical
traits) and five soil fertility factors were measured. The variation
in soil fertility factors in the study area provide an ideal setting
for testing soil fertility-trait relationships. We sought to answer
the following questions: (1) what is the relationship between
economic and anatomical traits? We hypothesize that there should
be coupling relationship between economic traits and vein traits.
(2) Which group of functional traits are more strongly associated
with soil fertility gradients? We hypothesize that economic traits
would show a stronger correlation with soil fertility than vein traits.
(3) Which soil fertility factor dominates leaf trait variation? We
hypothesize that soil nutrient may dominate traits variation.

2. Materials and methods

2.1. Sample design

Our study sites are distributed in the mixed broadleaved-
Korean pine forests in Northeast China (Wang, 1994;
Supplementary Table 1). Within each site, we selected eight
coexisting broadleaf species in mid-July to August (Supplementary
Table 2). Leaf sample collection for each species took place in south
facing slopes with similar slope degrees. Three trees with similar
tree height (measured by tree altimeter) and diameter at breast
height were selected. Information for the sampled trees is shown
in Supplementary Table 2. We cut 6 branches beginning at
the first living branch to the top of the tree: upper south and
north, middle south and north, lower south and north. In each
sampling unit, 5 healthy and fully expanded leaves were selected
to measure SLA and LDMC, and five leaves were selected to be
fixed in a buffered formalin-acetic acid-alcohol fixation solution
(70% ethanol: formalin: glacial acetic acid = 90: 5: 5) to measure
anatomical traits, e.g., AB, AD, PT, and spongy tissue (ST). Totally,
we collected 180 leaves to measure SLA, LDMC and anatomical
traits for each tree species. Additionally, 10–20 leaves were used
to measure LN and leaf phosphorus content (LP) (Table 1). Soil
samples were collected for each sample tree. We removed the leaf
litter and then collected soil samples at 0–10 cm depth, with three
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TABLE 1 Information of eight leaf functional traits for all species.

Leaf traits Abbrev Unit Mean SE CV Max Min

Specific leaf area SLA cm2 g−1 185.41 2.63 0.29 447.38 95.95

Leaf dry matter content LDMC g g−1 0.34 0.00 0.15 0.47 0.22

Leaf nitrogen content LN mg g−1 33.82 0.17 0.10 44.17 23.83

Leaf phosphorus content LP mg g−1 1.60 0.02 0.31 3.57 0.67

Abaxial epidermis thickness AB µm 11.50 0.09 0.17 18.34 6.44

Adaxial epidermis thickness AD µm 15.69 0.16 0.22 25.55 10.20

Palisade tissue PT µm 15.44 0.19 0.25 30.20 6.60

Spongy tissue/Leaf thickness ST/LT % 65.60 0.92 0.29 123.17 25.65

replicates. The three subsamples were then mixed together, stored
in vacuum plastic bags and transported to the lab.

2.2. Leaf trait measurements

For each sampled leaf, we used a micrometer to measure the
non-main vein three times and then took the average value of the
leaf thickness (precision: 0.01). We then measured fresh leaf mass
(precision: 0.0001 g) and scanned leaf area (precision: 0.01 cm2;
BenQ Corporation, Suzhou, China, 300 dpi resolution). After, we
oven-dried the leaves to a constant weight (65◦C, at least 72 h) and
measured the mass (precision: 0.0001 g). SLA (cm2 g −1, SLA = leaf
area/leaf dry mass) and LDMC (g g−1, LDMC = leaf dry mass/fresh
mass) were then calculated. We used a pulverizer to grind all
the leaves into powder and oven-dried them. We then measured
LN [mg g−1, Hanon K9840 auto-Kjeldahl analyzer (Jinan Hanon
Instruments Co. Ltd., Jinan, China)] and LP [mg g−1, molybdenum
blue colorimetric method, AQ2 automatic discontinuous chemical
analyzer (SEAL Analytical, Inc., Mequon, WI, USA)] after digested
with H2SO4-H2O2.

To measure anatomical traits, we first progressively dehydrated
the leaves with ethanol series (70, 85, 95, and 100%) and
then infiltrated them with warm paraffin. We obtained the leaf
sections (7 µm) using a rotary microtome (KD-2258, Zhejiang,
China). We then stained (Safranin and Fast Green), mounted and
sealed (neutral glue) the leaves to take photographs. We used a
light microscope (Olympus Electronics, Inc., Tsukuba, Japan) to
measure AB, AD, PT, and ST [by using electronic image analysis
equipment (cellSens Standard 1.11 software, Olympus Electronics
Inc., Tsukuba, Japan)]. The ratio of spongy tissue to leaf thickness
(ST/LT) was calculated by dividing the ST by the LT.

2.3. Soil factors measurements

After measuring soil samples for SWC [g g−1, oven-drying
method (Liu Z. L. et al., 2020)], we dried the soils and measured
soil pH (HANNAPH2l1 pH meter), soil total carbon [mg g−1,
multiN/C3000 (Analytic Jena AG, Jena, Germany)], soil total
nitrogen [mg g−1, Hanon K9840 auto Kjeldahl analyzer (Jinan
Hanon Instruments Co. Ltd., Jinan, China)] and soil total
phosphorus (mg g−1, molybdenum blue colorimetric method).

2.4. Statistical analysis

We used principal component analysis (PCAs) to determine
the multivariate associations of leaf traits (PCAs) in R 3.4.2 (R
Core Team, 2017). Eight leaf traits of eight species from three
sites were input in the PCA. The first principal axis values of
economic and anatomical traits were used to analyze the correlation
between the two groups of traits (Li et al., 2015). For eight leaf
traits, we used “lme” function in the “nlme” package to fit a
linear mixed model (nested levels: leaf, direction, canopy, tree,
and site). The “varcomp” function in the “ape” package was used
to calculate the variance components associated with the nested
level. The correlation between economic and anatomical traits, the
correlation between the two sets of traits, and the correlation of soil
fertility factors were analyzed using Pearson correlation analysis.
General linear model was used to estimate responses of the eight
leaf traits to soil fertility factors. We calculated the variance inflation
factor (VIF) between every two bivariate independent variables in
the model to prevent collinearity from affecting model accuracy
(Supplementary Table 3). VIF was all less than 10, indicating no
issues with collinearity (Dormann et al., 2013).

3. Results

The first two axis described 55.9% of the total variance
(Figure 1A and Supplementary Figure 1). The first PCA axis
(PC1) explained 33.5% of the variance and showed strong loadings
from SLA and LDMC. The second PCA axis (PC2) explained an
additional 22.4% of the variance and showed strong loadings from
AD, AB, and ST/LT (Figure 1A and Table 2). Covariation occurred
between the PC1 scores of leaf economics traits and anatomical
traits (p < 0.05). The covariation further confirmed anatomical
traits could be assigned to economic traits (Figure 1B).

The variation range of economic traits (17–30%) and
anatomical traits (18–29%) was similar but the causes
of trait variation were different. Intraspecific factors
(tree + canopy + direction) explained most of the variation in
economic traits (34–65%); while interspecific factors (species + site)
explained most for most of the variation in anatomical traits (55–
71%) (Figure 2). For economic traits, among the three intraspecific
factors, direction explained the most trait changes in SLA, LN,
and LP, followed by canopy. For LDMC, canopy explained the
most trait variation followed by direction. For anatomical traits,
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FIGURE 1

Principal component analysis (PCA) of eight leaf traits of eight species. (A) Biplot of the first two principal components loaded by trait variables.
Arrows represent the principal component loadings associated with the leaf traits. The proportion of the total variation explained by the first two
components is shown in parentheses next to the axis label. (B) The bivariate relationships between PC1 scores of economic trait and anatomical
traits. All traits were log-transformed before analysis. Leaf trait abbreviations are provided in Table 1.

TABLE 2 Principal component analysis (PCA) results for the
eight leaf traits.

PC1 PC2

Eigenvalue 2.68 1.79

Variation explained
(%)

33.50% 22.40%

Interpretation of axis Economic traits Anatomical traits

SLA 0.52 0.23

LDMC −0.46 0.11

LN 0.37 0.05

LP 0.15 −0.24

AB 0.29 −0.52

AD 0.21 −0.59

PT −0.36 −0.19

ST/LT −0.31 −0.48

For each axis, the eigenvalues, proportion of variance explained and the loading scores of
each trait on the first two components are provided. Trait abbreviations are provided in
Table 1. | eigenvectors| > 0.4 are in bold.

tree species explained the most trait variation (Figure 2). We
observed a significant correlation between economic traits and
anatomical traits except for SLA vs. AD (p < 0.05; Figure 3). SLA
was negatively correlated with AD and positively correlated with
ST/LT. LDMC was positively correlated with AD and AB and
negatively correlated with ST/LT (Figure 3).

Significant correlations occurred between most economic and
anatomical traits and soil fertility factors (p < 0.05; Figures 4, 5).
For economic traits, SLA was significantly correlated with five soil
fertility factors. Other economic traits were not correlated with soil
fertility factors, with the exception of LDMC vs. pH and STN, LN
vs. pH and SWC, LP vs. STP and SWC (Figure 4). For anatomical
traits, AB was significantly correlated with STN and pH, and AD

was significantly correlated with STN and SWC, PT and ST/LT were
significantly correlated with soil fertility factors except PT vs. pH
and ST/LT vs. SWC (Figure 5).

Soil fertility factors had stronger effects on anatomical traits
compared to economic traits (Table 3). For economic traits, STN
significantly affected SLA and LDMC. STP and SWC significantly
affected SLA and LP. pH significantly affected SLA, LDMC, and LN
(Table 3). For anatomical traits, STC significantly affected PT. STN
affected all anatomical traits except AB. STP affected all anatomical
traits except AD. pH significantly affected AB and PT, and SWC
affected all anatomical traits (Table 3).

4. Discussion

4.1. Relationships between economic
traits and anatomical traits

We found a strong interdependence between economic
traits and anatomical traits in mixed broadleaved-Korean pine
(P. koraiensis) forests (Figure 1). Our results support the first
hypothesis. The coupled correlations are potentially a more cost-
effective adaptation strategy for species to improve resource
utilization efficiency (Yin et al., 2017; Liu C. C. et al., 2020). Our
study is consistent with the findings of Liu C. C. et al. (2019).
The leaf economic trait axis showed strong loadings from SLA and
LDMC. This describes a shift from higher leaf dry-mass investment
efficiency and lower moisture diffusion resistance to lower leaf dry-
mass investment efficiency and higher moisture diffusion resistance
(Wilson et al., 1999; Wright et al., 2004). Leaf anatomical trait axis
showed strong loadings from AB, AD, and ST/LT. This describes
the co-variation of leaf mechanical stability and gas exchange rate.
Anatomical traits are often considered to be important indicators of
photosynthesis (Terashima et al., 2011; Coble and Cavaleri, 2017).
Leaf photosynthesis is constrained by economic traits because high
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FIGURE 2

Variance partitioning of the full nested linear models on four economic traits and four anatomical traits across five nested ecological scales. The
number in brackets above the graph is the overall variation coefficient (%) of this trait. The 50% thresholds are given by a dashed line. Leaf trait
abbreviations are provided in Table 1.

FIGURE 3

Pearson’s correlations between economic traits and anatomical traits. The solid line indicates that the correlation between leaf traits and soil fertility
factor is significant at the 0.05 level. Slope and correlation significance in each figure were calculated at the interspecific level. (A–C) The
relationship between SLA and AB, AD, ST/LT; (D–F) the relationship between LDMC and AB, AD, ST/LT.
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FIGURE 4

Correlation between soil fertility factors and economic traits. The solid line indicates that the correlation between leaf traits and soil fertility factor is
significant at the 0.05 level. Slope and correlation significance in each figure were calculated at the interspecific level. (A–D) The relationship
between STC and economic traits; (E–H) the relationship between STN and economic traits; (I–L) the relationship between STP and economic
traits; (M–P) the relationship between soil pH and economic traits; (Q–T) the relationship between SWC and economic traits.

photosynthetic rates need efficient water supply and thus higher
dry-mass investment (for example, to build a vein structure) (Sack
and Scoffoni, 2013). Therefore, coupling between leaf construction
costs and leaf photosynthesis might drive the coordination of plant
economic and anatomical traits.

The range of intraspecific variation of economic traits and
anatomical traits was almost equal, but the causes of intraspecific
variation were different (Figure 2). For economic traits (except
LDMC), intraspecific factors explain most of the trait variation.
Among intraspecific factors, direction explained the most trait
variation (22–37%, Figure 2), indicating these traits were highly
responsive to light variation (Coble et al., 2017). For anatomical
traits, interspecific factors explain most of the trait variation.
Among interspecific factors, tree species explained most of the
variation (48–71%, Figure 2), suggesting anatomical traits were less
influenced by microclimate factors and more influenced by leaf
construction traits or large-scale environmental factor variation.
The target tree species selected for our study have a wide range
of shade tolerance. The significant effect of shade tolerance on
anatomical traits supports the results of Zhang et al. (2019). In
addition, mycorrhizal differences between tree species may also
be the cause of trait variation, because different mycorrhizal tree
species may adapt to different soil nutrients (e.g., arbuscular
mycorrhizal species tend to be adapted to areas with fertile soil;

while ectomycorrhizal species tend to be adapted to areas with
infertile soil) (Phillips et al., 2013; Mao et al., 2019). Our results
suggest when examining the effects of intraspecific variation on
traits, the causes of intraspecific variation should be considered.

Significant correlations between economic and anatomical
traits reflect trade-offs between plant leaf construction cost and
photosynthetic capacity (Supplementary Figure 2). SLA was
positively correlated with AB (Figure 3A). SLA reflects the light-
capturing ability of the leaf (Wright et al., 2004) and AB reflects
the ability to reduce the reflection of scattered light (Liu C. C.
et al., 2019). Therefore, higher AB corresponds to a higher SLA
and may signify the adaptation of plants to low light environment.
SLA was negatively correlated with ST/LT (Figure 3C). This
trade-off was also found at the intraspecific level in large-scale
environments (Liu C. C. et al., 2019). For leaves, a higher ST/LT
represents a higher proportion of ST and a higher ST is beneficial
for leaves to better utilize scattered light (Terashima et al., 2011;
Kröber et al., 2014). This may be the reason for the negative
correlation between ST/LT and SLA. With the increase of LDMC,
AB and AD decrease but ST/LT increases (Figures 3D–F). LDMC
is an indicator of leaf moisture content. The increase in LDMC
prompted a decrease in intercellular space and water content but
increase in dry matter mass per volume (Wilson et al., 1999; Shipley
and Vu, 2002). The thicker epidermis helps increase radiation
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FIGURE 5

Correlation between soil fertility factors and anatomical traits. The solid line indicates that the correlation between leaf traits and soil fertility factor is
significant at the 0.05 level. Slope and correlation significance in each figure were calculated at the interspecific level. (A–D) The relationship
between STC and anatomical traits; (E–H) the relationship between STN and anatomical traits; (I–L) the relationship between STP and anatomical
traits; (M–P) the relationship between soil pH and anatomical traits; (Q–T) the relationship between SWC and anatomical traits.

intensity inside the leaf and reduce mechanical damage from
herbivores and wind (Thomas and Winner, 2002). The negative
correlation between LDMC and the epidermis may be a trade-
off between nutrient accumulation and protection. Higher LDMC
corresponds to higher ST/LT, which may be an adaptive strategy
for plants to maintain minimum water content and maximize light
absorption.

4.2. Economic and anatomical traits
show specific responses to soil fertility

The results showed that the response of economic and
anatomical traits to soil fertility was different, and the main driving
factors of trait variation depended on the trait, which may be
related to the potential tradeoff between leaf light capture and
water conduction. Our results do not support the second and
third hypotheses.

For economic traits, SLA demonstrated a stronger correlation
with soil fertility factors than other economic traits (e.g., LDMC,
Table 3). This supports the findings from Laughlin et al. (2010)
and De Frenne et al. (2011), who suggested SLA can better predict

soil fertility than other traits. The correlation between SLA and
soil nutrients in our study (Figures 4A, E, I) were inconsistent
with previous research results (Ordoñez et al., 2009; Maire et al.,
2015). This may be attributed to the sampling site location in
northeast China. The northeastern Chinese climate may affect the
correlation between SLA and soil nutrients factors (Simpson et al.,
2016). We also found a negative correlation between LDMC and
STN, suggesting the preservation of more organic matter in leaves
from infertile soil is of great significance for plant survival (Jager
et al., 2015). In addition, past studies report soil nutrients usually
correspond to leaf nutrient content, such as low LP was often
found in low soil P environment (Ordoñez et al., 2009; Fan et al.,
2015). The correlation between LP and STP in our study also fit
into this framework (Figure 4L), however, no such relationship
was found between other leaf nutrients and soil nutrient factors.
The negative correlation between LP and SWC supports the results
of Ordoñez et al. (2009) and Maire et al. (2015). The area with
high soil moisture is also relatively high in soil P due to leaching,
thus corresponding higher LP. We also found a positive correlation
between LN and SWC (Wright et al., 2003), which may be because
in arid areas, lower LN was beneficial to reduce photosynthetic
water consumption and provide a conservative survival strategy
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for plants (Wright et al., 2005). Similar correlations were not
found between SLA and SWC (Figure 4Q), which may be due
to the large difference in shade tolerance of the selected tree
species in our study. In addition, higher pH often implies higher
nutrient utilization efficiency and usually corresponds to higher
SLA, LN and lower LDMC. However, our results were contrary
to this and may be due to the lower precipitation levels of our
sampling area. Additionally, soil pH was more related to non-
climatic factors, such as topography (Jenny, 1941), thus showing
contrary results.

For anatomical traits, ST/LT and PT were positively correlated
with STC, STN, and STP, while AB and AD were negatively
correlated with STN. Soil nutrients, aboveground biomass, and
canopy cover increase while the light density decreases (Hautier
et al., 2009; Lin et al., 2020). Thicker PT and ST can contain more
chloroplasts and have larger intercellular spaces (Mendes et al.,
2001; Terashima et al., 2011; He et al., 2017). Thinner epidermis
allows for facilitated CO2 diffusion within a leaf (Verboven et al.,
2015), thereby optimizing photosynthesis to adapt to low light
environment. Plants tend to choose the quick-return strategy in
lower pH soils. A thicker AB helps to reduce reflected light
(Liu C. C. et al., 2019) and a larger ST/LT can improve the
gas transport efficiency, both of which support rapid resource
acquisition by plants (Verboven et al., 2015). Lower AD and PT
correspond to soil with lower water content (Figures 5R, S).
Leaves building smaller cells to maintain turgor may be a survival
strategy against drought (Li et al., 2011), such results are also
found in herbs and shrubs (He et al., 2017). Furthermore, we
emphasize the importance of PT and ST/LT in predicting soil
fertility due to the strong correlation between these two anatomical
traits and soil fertility factors (Figure 5). This result may be
related to the close relationship between these two traits and
SLA, as SLA can be explained by the inverse of leaf thickness
and leaf density (Poorter et al., 2009). Intercellular space size
determines leaf thickness, while PT thickness determines leaf
density (Sack et al., 2013; Onoda et al., 2017). Therefore, PT and
ST/LT show a stronger response to soil fertility than epidermal
thickness.

5. Conclusion

Our results clearly show a coupling relationship between
economic and anatomical traits. We found difference in the
causes of trait variation. Relative to economic traits, SLA had a
stronger correlation with soil fertility than other traits. Relative to
anatomical traits, PT and ST/LT had a stronger correlation with soil
fertility than other traits and the main soil fertility factors driving
the variation was dependent on traits. Our results provide a new
perspective for understanding the correlation between leaf traits
and soil fertility factors.
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Soil respiration is a major pathway for CO2 emissions from ecosystems. Owing

to its temperature dependency, the soil respiration rate is expected to increase

due to global warming, particularly at high elevations. To clarify the effects of

soil temperature and volumetric soil water content on soil respiration rates (RS),

we examined seasonal changes in RS at five elevations of 1600–2800 m in

subalpine coniferous forests in Japan for 5 years. The aboveground biomass

of forest stands decreased from 282 to 29 Mg/ha as elevation increased. The

monthly mean RS was lower at higher elevations from July to October. While RS

was positively correlated with soil temperature at each elevation, the effect of

soil water content on RS varied among the five elevations. Seasonal changes in

RS could be reproduced from soil temperature and soil water content for each

elevation in each year. RS at any temperature was lower at higher elevations

because RS was also positively correlated with aboveground biomass. From 1600

to 2800 m, the annual RS was estimated to decrease from 2.79 to 0.74 kg

CO2 year−1 m−2. The annual RS along the elevational gradient was predicted to

increase by 9–12% and 30–42% under low and high greenhouse gas emission

scenarios (annual mean temperature 0.76◦C and 3.3◦C increases), respectively,

during 2095–2100 compared to the current period 2015–2020. Increased soil

respiration rate will accelerate global warming via the positive feedback. Overall,

our findings suggest that soil respiration evaluation is important not only for

calculating the carbon balance of forest stands due to global warming but also

for predicting global warming owing to the feedback of CO2 emission from soil

to atmosphere.

KEYWORDS

CO2 emission, elevation, Q10, representative concentration pathways, soil respiration

1. Introduction

Soil respiration is a major pathway for CO2 emissions from ecosystems (Bond-
Lamberty and Thomson, 2010a). In forest ecosystems, soil contributes 60–80% of total
ecosystem respiration (Law et al., 1999; Janssens et al., 2001). Soil respiration is the sum
of the respiration of plant roots and microorganisms (Hanson et al., 2000). Notably, root
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respiration accounts for an average of 46% of total soil respiration
in forests (Hanson et al., 2000). The annual soil respiration rate,
on a global scale, correlates positively with the mean annual
temperature, annual precipitation, soil organic matter content,
and productivity (Raich, 1998; Chen et al., 2014; Zhao et al.,
2017). Owing to the suppression of plant’s photosynthetic and
organic matter decomposition rates in cold regions (Couteaux
et al., 2002; Cornelissen et al., 2007; Takeda and Takahashi, 2020),
global warming would increase the plants photosynthetic rate and
consequently both root respiration rate and rate of plant detritus
inputs to soil thereby increasing substrate availability or microbial
decomposition/respiration. Notably, the soil respiration rate was
shown to increase at a rate of 0.1 Pg C year−1 during 1989–2008 on
a global scale (Bond-Lamberty and Thomson, 2010b). Cold regions,
such as those at high latitudes and elevations, are expected to shift
from carbon sinks to carbon sources (Moore et al., 1999; McGuire
et al., 2002) because the temperature sensitivities of organic matter
decomposition and soil respiration rates are high in cold regions
(Hendrickson, 2003; Janssens and Pilegaard, 2003; Xu et al., 2015;
Klimek et al., 2016; Zhao et al., 2017). Therefore, soil respiration
evaluation is important in considering the carbon balance in the
ecosystems of cold regions (Rustad et al., 2001). However, no
studies have predicted future soil respiration rates at high elevations
in mountainous areas—a topic examined in this study.

Soil respiration is usually reported to be lower at higher
elevations because of lower air temperature (or soil temperature)
(Niklińska and Klimek, 2007; Badraghi et al., 2021), and lower
aboveground and belowground biomass of plant communities
(Shibistova et al., 2002; Epron et al., 2006; Jiang et al., 2013;
Zhao et al., 2017; Zhang et al., 2021). In general, forest biomass
decreases with increasing elevation (Takahashi, 2021). Therefore,
the decreased soil respiration rate at high elevations is due to low
temperatures and declined plant biomass.

Further, soil respiration changes seasonally and is usually
highest in the summer (Kang et al., 2003; Soe and Buchmann, 2005;
Caprez et al., 2012). As the high photosynthetic rate of plants in
summer affects seasonal changes in the soil respiration rate via
root respiration (Högberg et al., 2001; Curiel Yuste et al., 2004),
temperature can be used to explain many variations in seasonal
changes in soil respiration (Soe and Buchmann, 2005; Zhang et al.,
2010; Chen et al., 2013). However, the effect of soil water content
often varies with elevation. For example, while the soil respiration
rate correlated positively with soil water content at low elevations,
it correlated negatively with the same variable at high elevations
(Huang et al., 2017).

Because central Japan has many high mountains, estimating
carbon uptake at the landscape level requires investigating soil
respiration along elevational gradients. Further, examining the
change in the soil respiration rate along elevational gradients is
necessary to clarify the impact of global warming on the carbon
balance of forest stands. However, soil respiration measurements
along elevational gradients have not yet been made in Japan.
Therefore, the purpose of this study is to answer the following
questions:

(1) Does the soil respiration rate decrease with increasing
elevation, and can the seasonal change in the soil

respiration rate at each elevation be explained by soil
temperature and soil water content?

(2) Can the mean annual temperature and stand biomass of
trees explain the elevational variation in the annual soil
respiration rate?

(3) How much will global warming increase soil respiration
rates along the elevational gradient by the year 2100?

2. Materials and methods

2.1. Study site

This study was conducted at five elevations (1600, 2000,
2300, 2500, and 2800 m) in a subalpine coniferous forest on
the eastern slope of Mt. Norikura (36◦06′N, 137◦33′E, summit
elevation 3026 m) in Chubu Sangaku National Park, Japan. Mt.
Norikura is a volcano, but the last eruption was approximately
9000 years ago (Nakano and Uto, 1995). The soil substrate of the
study site of 2800 m was scoria deposition with thin topsoil, while
the study site of 1600 m was brown forest soil. An elevation of
1600 m is the lowest range limit of the subalpine zone. The treeline
ecotone (sensu Körner, 2012) is located between 2500 and 2850 m
(Takahashi and Yoshida, 2009; Takahashi et al., 2012). The mean
annual temperatures of the study sites were estimated from the
Nagawa Observatory (1068 m), which is the closest to the study
sites, during the past 30 years (1981–2010) with the standard lapse
rate (-0.6◦C/100 m). The mean annual temperatures were 5.1◦C at
1600 m, 2.7◦C at 2000 m, 0.9◦C at 2300 m, –0.3◦C at 2500 m, and
–2.1◦C at 2800 m.

Four evergreen conifers (Abies veitchii Lindl., A. mariesii Mast.,
Tsuga diversifolia Mast., and Picea jezoensis var. hondoensis Rehder)
were distributed between 1600 and 2500 m (Miyajima et al., 2007).
However, the abundances of the four conifers were not uniform
along the elevational gradient. A. veitchii dominates between
1600 m and 2200 m and A. mariesii dominates between 2000 m
and 2500 m. The abundances of T. diversifolia and P. jezoensis
var. hondoensis were lower than those of the two Abies species.
Subordinate trees were all deciduous broad-leaved trees, such as
Betula ermanii Cham. and Sorbus commixta Hedland. Dwarf pine
Pinus pumila Regel dominated the treeline ecotone between 2500
and 2850 m (Miyajima et al., 2007), i.e., the study sites of 2500 and
2800 m were the lower and upper distribution limits of P. pumila,
respectively. Dwarf bamboo Sasa senanensis Rehder is patchily
distributed at 1600 m (Miyajima et al., 2007). The canopy height
decreased with increasing elevation and was about 20 m at 1600 and
2000 m, about 10 m at 2300 m, 2 m at 2500 m, and 1 m at 2800 m
(Miyajima and Takahashi, 2007; Takahashi and Yoshida, 2009).

2.2. Soil respiration measurements

Plots of 1.0, 0.6, 1.0, 0.05, and 0.004 ha were established at
elevations of 1600, 2000, 2300, 2500, and 2800 m on the eastern
slope of Mt. Norikura, respectively (Takeda and Takahashi, 2020).
Soil respiration was measured at each plot in each elevation from
July 2, 2015 to November 28, 2019. Measurements were performed
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once a week on sunny or cloudy days at each elevation after snow
melting (May–July) to the end of October each year. In addition,
measurements were taken once a month during the snow cover
period (December–April) at 1600 m from 2017 onward (i.e., two
winter seasons). Soil respiration was measured on the snow surface.
Measurements were conducted at three points in each elevation. No
soil collar was installed at each elevation, but measurements were
taken at the same three points at each elevation. Soil respiration
rates were measured for 5 min at each point using a closed static
chamber (a volume of 8.83 liter, base area of 0.05 m2), equipped
with a portable CO2 sensor (Vaisala, GMP343, Helsinki) and a
data logger (Vaisala, MI70, Helsinki). The CO2 concentration was
recorded at 15-s intervals, and the soil respiration rate (Rs, g
CO2 h−1 m−2) was calculated using Equation 1 (Bekku et al., 1995).

Rs = 60 × 10−6 αρV/S, (1)

where α is the time rate of change in CO2 concentration in
the chamber (ppm/min), ρ is the density of CO2 (mg/m3), V
is the volume of the chamber (m3), and S is the basal area of
the chamber (m2). Furthermore, the air temperature, volumetric
soil water content, and soil temperature at a depth of 5 cm were
measured along with the soil respiration measurement, except for
the snow period at 1600 m. Air temperature was measured using a
bar mercury thermometer. Soil water content and soil temperature
were measured using a soil moisture sensor (EC-5, Meter Group,
Inc., Pullman) and a digital thermometer (D619, Tateyama Kagaku
Co., Ltd., Toyama), respectively. The soil temperature and soil
water content at a depth of 5 cm were manually measured
three times for each point of the soil respiration measurement,
and the mean values of the three measurements were used for
statistical analysis.

In addition to the manual measurements of soil temperature
and soil water content at the time of the measurements of soil
respiration rates, the soil water content and soil temperature at
a depth of 5 cm were automatically recorded at hourly intervals
during the 5 years from 2015 to 2019 near the soil respiration
measurement site at each elevation, using five soil moisture sensors
(EC-5, Meter Group, Inc., Pullman) equipped with a data logger
(Em50, Meter Group, Inc., Pullman) and a thermometer (TR-52i, T
& D Corporation, Matsumoto), respectively. The values of the five
soil water contents of each elevation were averaged for each hour.
Hourly automatic measurement data of the soil temperature and
soil water content at a depth of 5 cm were used for the snow period
at 1600 m because the soil temperature and soil water content could
not be measured manually during the snow period.

2.3. Statistical analysis

A generalized linear model (GLM) was used to analyze the
effects of the soil water content, soil temperature at a depth of
5 cm, and the observation year on the soil respiration rate for each
elevation as follows:

ln Rs = a0 + a1Ts + a2WS + a3W2
S + Yi, (2)

where ln is the natural logarithm, Rs is the soil respiration rate
(g CO2 h−1 m−2), Ts is the soil temperature (◦C), WS is the

volumetric soil water content (%), Yi is the observation year i,
a0 is the constant, and a1–a3 are regression coefficients. The
squared value of WS was included as an independent variable
because the soil respiration rate may be at its peak at a certain
WS. The observation year was added as an explanatory variable
because the soil respiration rate may be affected by unknown factors
specific to the observation year (i.e., human error and interannual
meteorological variation) other than the soil temperature and soil
water content at the time of measurement. The observation year
was used as a categorical variable. The effect of each observation
year i between 2016 and 2019 on the soil respiration rate was
expressed as the difference from that of 2015 (i.e., the constant value
of Y2015 is zero).

Data of non-snow periods at the five elevations and those
of the snow period at 1600 m after 2017 were also included in
the dataset. The GLM analysis was performed for each elevation
because the stand biomass of the trees differed along the elevational
gradient. The number of measurements of soil respiration rates
used for the statistical analysis were 376, 274, 239, 235, and 217
at 1600, 2000, 2300, 2500, and 2800 m, respectively. The selection
of explanatory variables was performed by the Akaike Information
Criteria (AIC) for Equation 2, and the model with the lowest AIC
was selected as the best.

Sensitivity analysis was performed to examine the effects of soil
temperature and soil water content on the soil respiration rate. The
soil respiration rate was calculated using Equation 2 (the year was
set as 2015) for the actual observed range of soil water content
(about 10–60%) and for four soil temperature conditions (0-5.0,
5.1-10.0, 10.1-15.0, and 15.1-20.0◦C).

Although soil temperature and soil water content at a depth of
5 cm were automatically measured at hourly intervals for 5 years at
each elevation, the year-round measurements of soil temperature
and soil water content at the five elevations could be performed for
only 2 years (2018 and 2019) because of measurement challenges
at certain elevations each year. Therefore, annual soil respiration
rates at the five elevations were estimated using soil temperature
and soil water content for the 2 years (2018 and 2019) only.
Hourly soil respiration rates at each elevation were calculated by
substituting hourly soil temperature and soil water content in 2018
and 2019 into Equation 2, and the annual soil respiration rate of
each elevation in each year was obtained by summing the hourly
soil respiration rates.

The temperature sensitivity (Q10) of the soil respiration rate was
calculated for each elevation in each year using Equations 3 and 4:

Rs = b0 × eb1Ts , (3)

Q10 = e10b1 , (4)

where RS is the soil respiration rate (g CO2 h−1 m−2), TS
is the soil temperature, and b0 and b1 are the constant and
exponent, respectively.

2.4. Future prediction of soil respiration
rates

This study used the Agro-Meteorological Grid Square
Data (AMGSD), the National Agriculture and Food Research
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FIGURE 1

Seasonal changes in soil respiration rates (top row), soil temperature (middle row), volumetric soil water content (bottom row, lines) at a depth of
5 cm, and daily precipitation (bottom row, bars) at five elevations in 2019 on Mt. Norikura, central Japan. The elevation is 1600, 2000, 2300, 2500,
and 2800 m from the left to the right for each row of five panels. The day of the year (X axis) is depicted between 100 and 350 for each panel.

FIGURE 2

Elevational changes in monthly mean soil respiration rates from July to October for 5 years (2015–2019). A Pearson correlation coefficient (R) is
shown in each panel. Each correlation coefficient is significant (P < 0.001).
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Organization (NARO) in Japan (Ohno et al., 2016; Kominami
et al., 2019) to predict the change in the soil respiration rate at each
elevation by climate change. Two climate change scenarios were
used in this study: representative concentration pathways (RCP)
2.6 and 8.5 of the atmosphere–ocean general circulation model,
the Model for Interdisciplinary Research on Climate (MIROC5).
RCP 2.6 and RCP 8.5 are low- and high-future greenhouse gas
emission scenarios, respectively. Under the RCP 2.6 scenario, the
temperature will rise by 0.70◦C during 2055–2060 and by 0.76◦C
during 2095–2100 compared to the current period 2015–2020.
Under the RCP 8.5 scenario, the temperature will rise by 1.5◦C
during 2055–2060 and by 3.3◦C during 2095–2100 compared to the
current period 2015–2020. The third-order mesh data (1 × 1 km
resolution) of AMGSD were obtained from NARO, and we used
daily mean air temperatures of the two climate change scenarios.

Soil respiration rates at the five elevations were calculated for
2015–2020, 2055–2060, and 2095–2100. The soil respiration rate at
each elevation was calculated using Equation 5, with only the soil
temperature and stand biomass of trees as explanatory variables:

ln Rs = c0 + c1Ts + c2B, (5)

where RS is soil respiration rate (g CO2 h−1 m−2), Ts is soil
temperature (◦C), B is aboveground biomass (Mg/ha), c0 is a
constant, c1 and c2 are regression coefficients. The aboveground
biomass values at 1600, 2000, 2300, 2500, and 2800 m were
282.4, 267.6, 195.3, 50.1, and 29.0 Mg/ha, respectively (Takeda and
Takahashi, 2020). Soil water content was excluded from Equation
5 due to the difficulty of estimating it in the future, although it
affects the soil respiration rate. Using the same dataset of the five
elevations with which Equation 2 was analyzed, co-c2 of Equation
5 were estimated by GLM (n = 1341). The selection of explanatory
variables was performed by AIC for Equation 5, and the model with
the lowest AIC was selected as the best.

The daily mean soil temperature was estimated from the
daily mean air temperature because soil temperature is omitted
in AMGSD. Regression equations were made to estimate the
soil temperature from the air temperature at the soil respiration
measurement during the 5 years (2015–2019) for each elevation
(Supplementary Table 1). Daily mean soil temperatures for 2015–
2020, 2055–2060, and 2095–2100 were estimated by substituting
the daily mean air temperature of AMGSD into the regression
equation for each elevation. The soil temperature was almost 0◦C
in winter due to the insulation effect of snow cover from the results
of year-round measurements of soil temperature. Therefore, this
study assumed that soil temperature does not drop below 0◦C even
in winter. Furthermore, assuming that the aboveground biomass
of each elevation is the same between the current period (2015–
2020) and the two future periods (2055–2060, 2095–2100), this
study calculated the soil respiration rates of the current and the two
future periods from the aboveground biomass and the estimated
daily mean soil temperature for each elevation. Because the soil
respiration rate of Equation 5 is per hour, the daily soil respiration
rate was calculated by multiplying this by 24. The annual soil
respiration rate was estimated by summing the daily soil respiration
rates for each year.

TABLE 1 Results of model selection for Equation 2, listed below, at
five elevations.

Elevation (m)

1600 2000 2300 2500 2800

a0 −2.9093*** −2.6558*** −1.9745*** −3.7264*** −4.0979***

a1 0.1543*** 0.1354*** 0.1204*** 0.1610*** 0.1564***

a2 0.0069** 0.0454 0.0940**

a3 −0.0002** −0.0007* −0.0019**

Yi

2016 −0.5566*** −0.8664*** −0.5591*** −0.8845***

2017 −0.1343 0.1309 0.0548 −0.2511

2018 −0.0285 −0.0801 −0.2147 −0.3197

2019 −0.0716 −0.0815 0.1926 0.0885

n 342 274 239 235 217

*P< 0.065, **P< 0.01, ***P< 0.001. lnRS = a0+a1 TS+a2 WS+a3 WS
2+Yi . The independent

variables of Equation 2 are soil temperature (TS), volumetric soil water content (WS)
and the square of WS , and the observation year i (Yi). The observation year was treated
as a categorical variable, and is expressed as a difference from 2015 (i.e., the coefficient
of 2015 is zero).

3. Results

Soil respiration rates at the five elevations in 2019 are shown
as examples of elevational and seasonal changes in soil respiration
rates (Figure 1). The soil water content tended to be lower
throughout the year at 2800 m than at the other elevations
because of the scoria substrate at 2800 m. The soil respiration
rate was highest during early August (day of the year 210–220) at
each elevation. This period also corresponded to the highest soil
temperatures (Figure 1). The monthly mean soil respiration rate
was lower at higher elevations for each month from July to October
(Pearson correlation test, P < 0.001 for each month, Figure 2). The
soil respiration rate in 2016 (especially July) tended to be lower than
in the other years at each elevation, except for 2000 m (Figure 2 and
Table 1).

Seasonal changes in soil respiration rates at the five elevations
could be reproduced using Equation 2 for each year (Table 1 and
Supplementary Figure 1). While the soil respiration rate correlated
positively with the soil temperature for each elevation (Figure 3 and
Table 1), it also correlated positively with the soil water content
at 1600 m but was uncorrelated at 2000 m (Table 1). The soil
respiration rate correlated negatively with the square of soil water
content at 2300, 2500, and 2800 m (Table 1). The sensitivity analysis
using Equation 2 revealed that the higher the soil temperature, the
higher the soil respiration rate at any elevation (Figure 4). Under
higher soil temperature conditions, the soil respiration rate at
1600 m tended to increase more with increasing soil water content,
although the variation of the soil respiration was large at any soil
water content (Figure 4). The effect of soil water content on the
soil respiration rate was not recognized at 2000 m (Figure 4). The
soil respiration rate at 2300 m tended to decrease with increasing
soil water content at any soil temperature (Figure 4). The soil
respiration rates increased with increasing soil water content until
peaking at 30 and 25% at 2500 and 2800 m, respectively, and then
soil respiration rates decreased with increasing soil water content
(Figure 4).
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FIGURE 3

Relationships of soil respiration rates with soil temperature (left column) and soil water content (right column) at a depth of 5 cm at five elevations
for 5 years (2015–2019). The elevations are 1600, 2000, 2300, 2500, and 2800 m from the top to the bottom for each column.

Annual soil respiration rates at the five elevations were
calculated by substituting hourly measurement data for soil
temperature and soil water content in 2018 and 2019 into Equation
2. Seasonal changes in the soil respiration rate at each elevation
did not differ significantly between the 2 years (Supplementary
Figure 2). Annual soil respiration rates were lower at higher

elevations, decreasing from 2.79 kg CO2 year−1 m−2 at 1600 m to
0.74 kg CO2 year−1 m−2 at 2800 m. The annual soil respiration
rate correlated positively with the mean annual temperature
(Pearson correlation test, R = 0.92, P < 0.001, n = 10) and
the aboveground biomass (R = 0.93, P < 0.001, n = 10)
(Figure 5).
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FIGURE 4

Changes in soil respiration rates with soil temperature and soil water content at a depth of 5 cm at five elevations (1600, 2000, 2300, 2500, and
2800 m). The soil respiration rate was calculated using Equation 2 in the main text for the three or four soil temperature conditions (0-5.0, 5.1-10.0,
10.1-15.0, and 15.1-20.0◦C) at each elevation. See Table 1 for equation parameters (the measurement year was set as 2015). An average soil
temperature was used to draw a regression line (Equation 2) for each soil temperature condition at each elevation (i.e., 3.6, 7.9, 12.5, 16.4◦C at
1600 m, 8.0, 12.8, 16.2◦C at 2000 m, 4.3, 7.7, 12.6◦C at 2300 m, 3.5, 7.2, 11.7◦C at 2500 m, and 3.5, 7.7, 11.6◦C at 2800 m).

The temperature sensitivity (Q10) of the soil respiration rate
showed no elevational trend, with the mean value ranging from
2.7 to 5.1 across the five elevations (Supplementary Figure 3). The
effects of soil temperature (TS, ◦C) and aboveground biomass (B,
Mg/ha) on the elevational change in the soil respiration rate (RS, g
CO2 h−1 m−2) was analyzed using Equation 5. The constant (c0)
and coefficients (c1, c2) of Equation 5 were estimated by GLM as
below (P < 0.001 for each of c0-c2, n= 1341).

ln Rs = − 3.437+ 0.168 Ts + 0.00127 B (6)

The soil respiration rate was higher at lower elevations with greater
biomass even at the same soil temperature because of the two
positive coefficients of TS and B (Figure 6).

Substituting the soil temperature estimated from the daily
mean temperature of the climate change scenarios (RCP 2.6,
RCP 8.5) into the soil temperature in Equation 6, the percent
change in the annual soil respiration rate was estimated for
the two future periods (2055–2060, 2095–2100) compared to
the current period (2015–2020). The annual soil respiration rate
along the elevational gradient was expected to increase by 9–12%
and by 30–42% under the RCP 2.6 and RCP 8.5, respectively,
during the future period (2095–2100) compared to the current
period (2015–2020) (Figure 7). Under the two RCP scenarios,
the percentage increase in the soil respiration rate was highest
at 2000 m and slightly decreased with increasing elevation
(Figure 7).
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FIGURE 5

Relationships of annual soil respiration rates with mean annual temperature (left) and aboveground biomass (right) at the five elevations (1600, 2000,
2300, 2500, and 2800 m) for the 2 years, 2018 (•) and 2019 (◦). The annual soil respiration rate was estimated by substituting hourly soil temperature
and soil water content into Equation 2 in the main text. See Table 1 for the equation parameters. The unit of Mg/ha is equivalent to × 0.1 kg/m2.

FIGURE 6

Relationship between soil respiration rate and soil temperature at a
depth of 5 cm at five elevations (1600, 2000, 2300, 2500, and
2800 m). The regression lines of elevations of 1600 and 2000 m
markedly overlapped, such that they are indistinguishable. The soil
respiration rate at each elevation was calculated by substituting
aboveground biomass into Equation 6. The aboveground biomass
was 282.4, 267.6, 195.3, 50.1, and 29.0 Mg/ha at 1600, 2000, 2300,
2500, and 2800 m, respectively.

4. Discussion

4.1. Elevational and seasonal changes in
soil respiration rates

This study showed that the soil respiration rate was lower at
higher elevations with lower soil temperatures and stand biomass.
Many studies on seasonal changes in the soil respiration rate have
found positive correlations among the soil respiration rate, soil
temperature, and biomass (Rustad et al., 2001; Wieser, 2004; Epron
et al., 2006; Zhao et al., 2017; Zhang et al., 2021). Therefore,
the soil respiration rate is often reported to be lower in higher
elevations (Niklińska and Klimek, 2007; Badraghi et al., 2021).
In addition, the photosynthetic rate of plants is temperature-
dependent (DeLucia and Smith, 1987; Mellander et al., 2004; Zaka
et al., 2016), and the root respiration rate is thought to increase
when the photosynthetic rate is high due to high air and soil

temperatures (Sampson et al., 2007; Metcalfe et al., 2011). The
photosynthetic rates of Abies veitchii, A. mariesii, and Pinus pumila,
which are dominant in the sites of the present study, are decreased
by low air and soil temperatures (Shimada and Takahashi, 2022,
Suzuki and Takahashi, 2022). Therefore, lower soil respiration rates
at higher elevations are undoubtedly caused by lower biomass and
cooler temperatures.

Q10 has been shown to correlate negatively with temperature
(Janssens and Pilegaard, 2003; Song et al., 2014; Xu et al., 2015)
and is often reported to be greater at higher elevations and latitudes
(Zhao et al., 2017; Badraghi et al., 2021). In addition, the Q10 value
is usually approximately 2 at lowlands (Hashimoto, 2005; Meyer
et al., 2018). Although no elevational trend in Q10 was found among
the five elevations (1600–2800 m) studied, the average value of
Q10 at each elevation ranged from 2.7 to 5.1. Therefore, Q10 was
clearly higher at the five elevations in the subalpine zone than in
the lowlands.

The effect of soil water content on the soil respiration rate
differed among the five elevations. The soil respiration rate slightly
increased with increasing soil water content at 1600 m when soil
temperature was high but decreased at higher elevations when
the soil water content exceeded the optimal soil water content,
corroborating Huang et al.’s (2017) findings. This elevational
change in the effects of soil water content on soil respiration
rate is thought to correspond to the elevational change in
meteorological conditions. In general, air temperature decreases
while precipitation increases with increasing elevation in central
Japan (Yamamura and Nakano, 1985; Yamada et al., 1995).
Dendrochronological studies have often reported that climatic
factors limiting tree growth change from less precipitation in
summer at low elevations to low summer temperatures at high
elevations (Adams and Kolb, 2005; Wang et al., 2005; Massaccesi
et al., 2008; Peng et al., 2008). This is also true for the elevational
gradient in the present study (Takahashi, 2003; Takahashi et al.,
2003, 2005, 2011). Therefore, the positive correlation between
the soil respiration rate and the soil water content in high soil
temperature conditions at 1600 m indicates that the decrease in
tree growth due to less precipitation (i.e., drought stress) reduces
the root respiration rate and consequently the soil respiration rate.
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FIGURE 7

Percent increases in annual soil respiration rates for the two future periods, 2055–2060 and 2095–2100, relative to the current period (2015–2020)
at the five elevations (1600, 2000, 2300, 2500, and 2800 m). Annual soil respiration rates were estimated using Equation 6 and two climate change
scenarios (RCP 2.6 and RCP 8.5).

During the 5-year measurement, the soil respiration rate in
2016 (especially July) was lower than in the other measurement
years even at the same elevation, except for 2000 m. Although the
mean monthly temperature in July 2016 was almost the same as
in the other measurement years, monthly precipitation was 48–
68% lower than in the other measurement years (Supplementary
Figure 4), resulting in longer drought stress compared to the
other measurement years. The soil respiration rate decreases under
drought stress (Davidson et al., 1998; Epron et al., 2004; Lellei-
Kovács et al., 2011). Therefore, the soil respiration rate was
considered to be low in July 2016.

4.2. Changes in soil respiration due to
global warming

In this study, the annual soil respiration rate decreased from
2.79 to 0.74 kg CO2 year−1 m−2 as elevation increased because the
soil temperature and above ground biomass were lower at higher
elevations. These annual respiration rates were within the range
of reported values for the boreal ecosystem (Bond-Lamberty and
Thomson, 2010a). The soil respiration rate at the five elevations
(1600–2800 m) was expected to increase 9–12% (RCP 2.6) and
30–42% (RCP 8.5) by the year 2100 compared to the current
period (2015–2020). The different results between the RCP 2.6 and
RCP 8.5 scenarios were absolutely due to the difference in the
temperature increase because concomitant changes in the soil water
content and biomass were not taken into account. Compared to the
current period (2015–2020), the global temperature will increase
by 0.76◦C and 3.3◦C in 2095–2100 under the RCP 2.6 and RCP 8.5
scenarios, respectively. Therefore, global warming will increase the
soil respiration rate, but the rate of the increase depends on how
much temperature increases.

Unfortunately, there were no studies that estimated future
soil respiration rates, so we cannot compare our estimates with
previous studies. However, this study has some limitations in
terms of predicting soil respiration rates by 2100. First, the
soil respiration rate was predicted using soil temperature and

biomass without considering soil water content. The increase in
temperature possibly reduces the soil water content by increasing
the evapotranspiration rate. Although a rise in soil temperature
increases the soil respiration rate, this effect can be offset by
a decrease in soil water content (Schindlbacher et al., 2012).
Second, the current relationship between soil temperature and soil
respiration rate was assumed to remain the same in the future, but
this may change. As soil temperature increases, the organic matter
decomposition rate increases (Trofymow et al., 2002; Cornelissen
et al., 2007; Takeda and Takahashi, 2020), resulting in an increased
supply rate of soil nutrients, which may increase plant growth
rate, root respiration rate, and stand biomass. Third, it is possible
that stand biomass will increase due to global warming, although
this study estimated the future soil respiration rate under the
assumption that stand biomass does not change from the current
biomass. Increase of stand biomass will increase the soil respiration
rate. Forth, as vegetation shifts to faster-growing tree species due to
global warming, the nutrient concentration of litter supplied to the
forest floor increases, and the heterotrophic respiration rate may
increase (Metcalfe et al., 2011). Given the preceding four points,
investigating the future effects of global warming on soil respiration
rates is necessary using a dynamic vegetation model (cf. Sato et al.,
2007).

5. Conclusion

This study showed that (1) the soil respiration rate was lower
at higher elevations for each month from July to October, and the
seasonal change in the soil respiration rate at each elevation could
be reproduced by the soil temperature and soil water content, (2)
the annual soil respiration rate correlated positively with the mean
annual temperature and the aboveground biomass, and (3) the
annual soil respiration rate will increase 9–12% and 30–42% under
the RCP 2.6 and RCP 8.5 scenarios, respectively, during the future
period (2095–2100) compared to the current period (2015–2020).
As a result, global warming is expected to increase soil respiration
along the elevational gradient in the future.
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In general, in high elevations with cool thermal conditions,
tree growth is limited more by low summer temperatures (Buckley
et al., 1997; Hopton and Pederson, 2005; Wang et al., 2005;
Savva et al., 2006; Levanič et al., 2009; Takahashi and Okuhara,
2013). The higher the elevation, the lower the net primary
production (NPP) along the elevational gradient of the present
study (Takeda and Takahashi, 2020). Global warming increases
NPP because of the positive correlation between mean annual
temperature and NPP from a meta-analysis (Piao et al., 2006).
However, both NPP and soil respiration rates influence the carbon
balance at the ecosystem level (Randerson et al., 2002; Bond-
Lamberty et al., 2004; Reichstein et al., 2005). Therefore, our
findings suggest that soil respiration evaluation is important not
only for calculating the carbon balance of forest stands due to
global warming but also for predicting global warming owing to the
feedback of CO2 emission from soil to the atmosphere in mountain
ecosystems.
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Optimization of tropical rainforest
ecosystem management:
implications from the responses
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landscape pattern changes in
Hainan Tropical Rainforest
National Park, China, over the
past 40 years
Xiaofu Lin and Hui Fu*

School of Tropical Agriculture and Forestry, Hainan University, Haikou, China

Exploring the comprehensive impact of landscape pattern changes on regional

ecosystem service values (ESVs) over a long time series is significant for optimizing

ecosystem management. This study took Hainan Tropical Rainforest National

Park (HTRNP) as a case and first assessed its five vital ecosystem services

(ESs): water supply (WS), water purification (WP), carbon storage (CS), soil

retention (SR), and habitat quality (HQ). Based on the ESs assessment results, we

further calculated their ESVs and quantified the responses of ESVs to landscape

pattern changes during 1980–2020. The results revealed that: (1) Forestland is

the basal landscape type of HTRNP. Landscape patterns changed significantly

after 2000; the proportion of both cultivated land and grassland decreased,

while the proportion of forestland, water, and construction land increased; with

the areas and landscape dominance of both forestland and water increased,

the agglomeration and connectivity of the overall landscape increased and its

homogenization decreased. (2) WS, WP, CS, and SR services tended to weaken,

and HQ service tended to strengthen. The spatial heterogeneities of WS and SR

changed significantly over time. WS, HQ, SR, and CS are the main contributors to

the total ESV. During 1980–2020, the four ESVs of WS, WP, SR, and CS showed

a decreasing trend; HQ’s ESV tended to increase, and the total ESV tended

to decrease. (3) The increase of areas and dominance in forestland and water

was the main reason that HQ’s ESV tended to increase, and WP’s ESV and CS’s

ESV tended to decrease. The construction land scale was relatively small, so its

impacts on ESVs were limited. The responses of both WS’s ESV and SR’s ESV to

landscape pattern changes were insignificant due to the impacts of topographic

and climatic factors. The study results provide a reference for managing and

optimizing HTRNP’s ecosystem to improve its integrated benefits of crucial ESs.

KEYWORDS

landscape pattern, ecosystem service, spatial-temporal change, ecosystem service value,
tropical rainforest, national park
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1. Introduction

The concept of ecosystem service (ES) was first introduced in
the report “Man’s Impact on the Global Environment,” published
by the United Nations University (UNU) in the early 1970s. The
introduction of this concept built a bridge between ecosystems
and humans, emphasizing the importance of ecosystems to human
welfare (Schröter et al., 2019). The welfare of humans depends on
tangible services (such as food, medicines, and raw materials) and
intangible services (such as ecotourism, aesthetic beauty, cultural
landscapes, climate regulation, and flooding resistance) provided
by forests, wetlands, and other ecological systems to maintain and
guarantee (Ayensu et al., 1999; Kemkes et al., 2010; Hernández-
Morcillo et al., 2013). The Millennium Ecosystem Assessment
(MA) (Millennium Ecosystem Assessment, 2005) defined the ESs
as the benefits humans derive from ecosystems and classified them
into four categories: provisioning services, regulating services,
supporting services, and cultural services. For human societies
to fully recognize these ESs, the ecosystem service values (ESVs)
accounting is gradually becoming an effective way to understand
ecosystems’ multiple benefits (Guo et al., 2001). Costanza et al.
(1997) have also pointed out that ESs monetization can help
increase policymakers’ attention to ESs. While this approach to
assigning economic values to ESs has raised questions and concerns
among some scholars (Fairhead et al., 2012), it is undeniable
that the approach of quantifying ESs in the form of a common
currency has allowed people to weigh the relative importance of
ESs against other services, and the importance of ESs was enhanced
(Tallis and Kareiva, 2005; De Groot et al., 2012; Guswa et al.,
2014). With the gradual development of relevant studies on ESVs
(Kroeger and Casey, 2007; Campbell and Tilley, 2014; Salzman
et al., 2018), the concept of ES has also been further improved and
promoted.

The landscape pattern is a mixture of natural and human-
managed patches (Turner, 1987). Landscape pattern changes have
been widely identified as one of the essential driving factors of
ES changes, and they affect the ESs supply by changing ecological
processes (such as material cycles and energy distributions of
regional ecosystems), thereby affecting ESVs (Lawler et al., 2014;
Wang et al., 2015; Li et al., 2021). In recent years, research about
the impacts of landscape types changes on ESs has progressed,
and the research scales cover global and national (Arowolo
et al., 2018; Kubiszewski et al., 2020), urban (Wang et al.,
2018), watershed (Loomisa et al., 2018; Kertész et al., 2019), and
agro-ecosystem (Baude et al., 2019). Research on the correlation
mechanism between ESVs and landscape pattern changes has
also made some progress: Yushanjiang et al. (2018) analyzed
the spatial correlation among ESVs and landscape patterns in
the Ebinur Lake watershed, Xinjiang; Hou et al. (2020) explored
the correlation between ESVs and landscape pattern changes in
Xi’an.

According to Aryal et al. (2022), most of the study regions are
located in temperate regions, but there is still a lack of studies
on the ESs in tropical regions, especially in developing countries.
Although tropical regions only cover 40% of the Earth’s surface,
they have the wealthiest species resources in the world (Barlow
et al., 2018). Forest ecosystems cover most of the world’s tropical
regions. They are the primary source of ESs supply in the tropics,

but their ESs supply capacity is rapidly declining as the intensity
of human activities and the demand for product supply keep
increasing (Watson et al., 2018; Hoang and Kanemoto, 2021).
Recently, some studies have been conducted on forest ecosystems
in tropical regions such as Amazon Plain (Navrud and Strand, 2018;
Piponiot et al., 2019) and Congo Basin (Cuni-Sanchez et al., 2019).
In China, relevant studies were mainly focused on the tropical
rainforest in Xishuangbanna, Yunnan Province (Liu et al., 2019;
Fang et al., 2020).

Hainan tropical rainforest is the most concentrated, best
preserved, and largest contiguity of continental island tropical
rainforest in China. It has the world’s unique plant and animal
species and germplasm gene bank; it is the only habitat for
critically endangered species such as the Hainan gibbon (Nomascus
hainanus) in the world; and it is also the ecological safety barrier
of Hainan Island. The dense tropical rainforest is the primary
source of ESs supply on Hainan Island and is an essential ecosystem
with national representation and global conservation significance.
On 12 October 2021, Hainan Tropical Rainforest National Park
(HTRNP) was officially established as one of the five national
parks in China at the 15th Conference of the Parties (COP 15)
Leaders’ Summit of the United Nations Convention on Biological
Diversity (CBD). Compared to other countries, the national park
construction in China started late, and due to the remote location
and unique island environment of Hainan Island, there need to be
more relevant studies on the ESs within the HTRNP. Recently, Li
L. et al. (2022) analyzed the spatial autocorrelation in the ESVs
and land-use types in HTRNP in 2018 using the value equivalent
conversion method proposed by Xie et al. (2015), advancing the
research process of ESV in HTRNP. However, this method is
mainly based on assigning values to each landscape type to calculate
ESVs, and its assignment is mainly based on the knowledge and
experience of experts, which has a certain degree of subjectivity
and uncertainty (Chen et al., 2020). Therefore, to more objectively
quantify the correlation between ESVs and landscape patterns,
this study aims to: (1) explore the spatial-temporal changes of
HTRNP’s landscape patterns during 1980–2020; (2) quantitatively
assess the spatial-temporal changes of ESs in HTRNP and the
trends of ESVs during 1980–2020; and (3) explore the responses
of ESVs to landscape pattern changes in HTRNP during 1980–
2020.

2. Materials and methods

2.1. Study area

Hainan Tropical Rainforest National Park (HTRNP) is located
in the central mountainous region of Hainan Island, China
(Figure 1) (18◦33′16′′-19◦14′16′′N, 108◦44′32′′-110◦04′43′′E). The
whole park reaches nine cities and counties of Wuzhishan,
Qiongzhong, Baisha, Dongfang, Lingshui, Changjiang, Ledong,
Baoting, and Wanning, covering the five National Nature Reserves
(NNRs) of Wuzhishan (WZS), Yinggeling (YGL), Jianfengling
(JFL), Bawangling (BWL), and Diaoluoshan (DLS), with a total
area of 439,800 hm2, accounting for about 14.28% of the island’s
land area. HTRNP has a tropical maritime monsoon climate with
an average annual temperature between 22.5 and 26.0◦C, average

Frontiers in Forests and Global Change 02 frontiersin.org150

https://doi.org/10.3389/ffgc.2023.1242068
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1242068 August 4, 2023 Time: 16:23 # 3

Lin and Fu 10.3389/ffgc.2023.1242068

FIGURE 1

Location of the study area. JFL, Jianfengling; YGL, Yinggeling; BWL, Bawangling; WZS, Wuzhishan; DLS, Diaoluoshan.

annual precipitation of 1,759 mm, and annual sunshine hours
between 2,000 and 2,700 h.

The unique geographical and climatic environment has
shaped China’s precious tropical rainforest ecosystem. Since the
establishment of Hainan as a province in 1988, the implementation
of a series of strategies, such as the construction of Hainan
International Tourism Island, has promoted the economic
development of cities and counties, which is bound to bring a
certain degree of impacts on the landscape patterns of the HTRNP,
and then affect some essential ESs related to human well-being.
Therefore, it is urgent to quantitatively assess the landscape pattern
changes in the HTRNP and its impacts on the critical ESs benefits.

2.2. Data sources and processing

Multi-source datasets were adopted in this study (Table 1).
The land use/land cover (LULC) data comes from China’s Multi-
Period Land Use/Land Cover Remote Sensing Monitoring Dataset
(CNLUCC) (Xu et al., 2018), and the spatial resolution is 30 m. We
unified all the raster data to a spatial resolution of 30 m based on
the ArcGIS v10.2 platform, and the projection coordinate system
was unified to WGS_1984_Albers. The framework of this study is
shown in Figure 2.

2.3. Landscape patterns analysis

2.3.1. Analysis of landscape type changes
Based on the LULC data, the landscape types of HTRNP were

divided into five categories: cultivated land, forestland, grassland,
water, and construction land. This study used the transfer matrix to
analyze the landscape types transition in two adjacent time nodes
(1980–1990, 1990–2000, 2000–2010, and 2010–2020) during 1980–
2020.

2.3.2. Analysis of landscape index changes
Based on the actual situation of HTRNP and related study (Li

L. et al., 2022), ten landscape indices were selected from Landscape
and Class levels: percent of landscape (PLAND), number of patches
(NP), patch density (PD), mean patch size (MPS), landscape shape
index (LSI), largest patch index (LPI), Shannon’s diversity index
(SHDI), Shannon’s evenness index (SHEI), contagion (CONTAG),
and aggregation index (AI). These indices were calculated based on
Fragstats v4.2 platform.

2.4. ES indicators selection and
assessment

With reference to the ES classification system of The Economic
of Ecosystems and Biodiversity (TEEB), and considering the
availability and accessibility of data, this study finally selected five
important ES indicators based on the characteristics of HTRNP:
(1) water supply (WS) and water purification (WP): HTRNP is the
source of three major rivers (Nandu, Changhua, and Wanquan)
and the primary water source of two major reservoirs (Songtao and
Daguangba) on Hainan Island, the WS and WP services of HTRNP
is essential for maintaining and regulating the hydrological services
of island-wide ecosystems (Li A. et al., 2022); (2) carbon storage
(CS), soil retention (SR), and habitat quality (HQ): HTRNP has
preserved the largest tropical rainforest and monsoon rainforest
ecosystem in China, it is not only the most significant carbon pool
of Hainan Island, but also plays a vital role in soil conservation
and biodiversity protection (Yu et al., 2016); the abundant rainfall
in HTRNP increases the potential risk of soil erosion and poses a
threat to biological habitats. The Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) (Tallis and Polasky, 2009; Sharp
et al., 2016) model has been widely used for the ESs assessment, so
we applied InVEST v3.12 model to evaluate the biophysical values
of the above five ESs. And referring to “The Technical Guideline
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TABLE 1 Data information.

Name Year Spatial
resolution/Format

Source Application

Land use/land cover (LULC) 1980, 1990, 2000, 2010, 2020 30 m/Raster Resource and Environment
Science and Data Center
(http://www.resdc.cn/)

WS, WP, CS, SR, HQ

Digital elevation model (ASTER
GDEM V3)

2009 (published in 2019) 30 m/Raster Geospatial Data Cloud
(http://www.gscloud.cn)

WS, WP, SR

Annual precipitation 1980, 1990, 2000, 2010, 2020 1 km/Raster Resource and Environment
Science and Data Center
(http://www.resdc.cn/)

WS, WP, SR

Evapotranspiration 1991–2020 30 m/Raster Institute of Mountain Hazards
and Environment, CAS

WS

Soil 2009 1 km/Raster Chinese soil data set based on
world soil database (HWSD)
(http://www.ncdc.ac.cn)

WS, SR

Road 2019 –/Vector OpenStreetMap (https:
//www.openstreetmap.org)

HQ

WS, water supply; WP, water purification; CS, carbon storage; SR, soil retention; HQ, habitat quality.

FIGURE 2

The framework of this study.

on Gross Ecosystem Product (GEP)” issued by the Ministry of
Ecology and Environment of the People’s Republic of China in
2020, and related research (Chen et al., 2021), the assessment
methods (including biophysical and monetary values) of the five
ES indicators for HTRNP were established (Table 2).

2.4.1. Water supply
The biophysical value of WS was assessed using the AWY

module. This module is based on the water balance principle and
considers several factors, such as transpiration, evaporation, and
precipitation. The calculation formula is as follows:

Yxj = (1−
AETxj

Px
) × Px

where Yxj is the annual water yield on the pixel x of the landscape
type j (mm); AETxj is the actual annual evapotranspiration on the
pixel x of the landscape type j (mm); Px is the annual precipitation
on the pixel x (mm) (Qi et al., 2019). The maximum root depth
(Root_depth), plant evapotranspiration coefficient (Kc), and actual
evapotranspiration value (LULC_veg) in the biophysical coefficient
table (Supplementary Table 1) were set according to Zheng et al.’s
(2019) research on the central mountainous region of Hainan
Island. Zhang’s coefficients for each year were set by referring to
the measured data of the Fucai hydrological station in HTRNP (Li
A. et al., 2022) after several adjustments. The monetary value of
WS was assessed using Alternative costing method. The calculation
formula is as follows:

Vws = Qws × C
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TABLE 2 Ecosystem service indicators and assessment methods for HTRNP.

First category of
ES indicators

Second category of ES
indicators

Biophysical value assessment
methods

Monetary value assessment
methods

Provisioning service Water supply (WS) InVEST model
Annual Water Yield (AWY) module

Alternative costing

Regulating service Water purification (WP) InVEST model
Nutrient Delivery Ratio (NDR) module

Alternative costing

Carbon storage (CS) InVEST model
Carbon Storage and Sequestration (CSS) module

Alternative costing, Carbon tax

Soil retention (SR) InVEST model
Sediment Delivery Ratio (SDR) module

Alternative costing

Habitat service Habitat quality (HQ) InVEST model
Habitat Quality (HQ) module

Excellent HQ region’s area

ES, ecosystem service; InVEST model, Integrated Valuation of Ecosystem Services and Tradeoffs model.

where Vws is the monetary value of WS (CNY/a); Qws is the total
annual water supply (m3/a); C is the engineering cost of reservoir
constructing per unit capacity (CNY/m3). According to the
“Yearbook of China water resources,” the average reservoir capacity
cost is 2.17 CNY/m3, then C was calculated as 7.0547 CNY/m3

based on the 2009 price index (3.251) (Fang et al., 2013).

2.4.2. Water purification
The biophysical value of WP was assessed using the NDR

module, which inversely characterizes the WP service function by
the total nitrogen (TN) and total phosphorus (TP) exports. The
higher the TN and TP exports per unit area, the weaker the WP
service function. The calculation formula is as follows:

ALVx = HSSx × polx

HSSx = λx/λw

where ALVx is the adjusted loading value on the pixel x; polx is the
export coefficient on the pixel x; HSSx is the hydrologic sensitivity
score on the pixel x, λx is the runoff index on the pixel x, λw is the
average runoff index in the watershed of interest (Qi et al., 2019).
Nitrogen (N) and phosphorus (P) export coefficients and retention
efficiency (Supplementary Table 2) for landscape types were set
with reference to relevant studies (Zhe et al., 2013; Zheng et al.,
2019). The monetary value of WP was assessed using Alternative
costing method. The calculation formula is as follows:

Vwp =
∑

TN × PN+
∑

TP × PP

where Vwp is the monetary value of WP (CNY/a); TN and TP are
the total amount of TN and TP purification (t/a); PN and PP are
the purification unit-prices of TN and TP (CNY/t), and the values
are 1,750 and 2,800 CNY/t, respectively, according to the “Levy
standard of pollution discharge fees and calculation methods” of
the National Development and Reform Commission of China (Fan
and Li, 2020).

2.4.3. Carbon storage
The biophysical value of CS was assessed using the CSS

module, which estimates CS based on each landscape type and its
corresponding four primary carbon pools. The calculation formula

is as follows:

Ctotal = Cabove+Cbelow+Csoil+Cdead

where Ctotal is the total CS (t/hm2); Cabove, Cbelow, Csoil, and
Cdead are aboveground CS (t/hm2), belowground CS (t/hm2), soil
CS (t/hm2), and dead organic CS (t/hm2), respectively. As the
vegetation of HTRNP is mainly evergreen broad-leaved species of
zonal forest type, its dead organic CS is tiny and difficult to estimate
(Gong et al., 2022). This part of CS was not calculated in this
study. Other three types of carbon density were set (Supplementary
Table 3) with reference to Liu et al.’s (2022) study. The monetary
value of CS was assessed using a combination of Alternative costing
and Carbon tax methods. The calculation formula is as follows:

Vcs = (272.65Ct+1017.675Ct)/2

where Vcs is the monetary value of CS (CNY/a); Ct is the total
CS (t/a). To obtain more accurate monetary value assessment
results, this study referred to Wang et al.’s (2017) study, the unit-
price of forest carbon sink in Alternative costing method used
the arithmetic average of four unit-prices (251.40, 260.90, 273.30,
and 305.00 CNY/t); the Carbon tax method used the international
Swedish carbon tax rate (150 USD/t = 1,017.675 CNY/t, the
exchange rate was calculated as 100 USD = 678.45 CNY on 29
January 2023).

2.4.4. Soil retention
The SDR module assesses SR’s biophysical value based on the

Revised Universal Soil Loss Equation (RUSLE). The calculation
formula is as follows:

Ax = Rx × Kx × LSx × (1−Cx × Px)

Rj = 0.0534P1.6548
j

K = (−0.01383+ 0.51575KEPIC) × 0.1317

where Ax is the SR amount on the pixel x (t·hm−2
·a−1);

Rx is the rainfall erosivity factor on the pixel x
(MJ·mm·hm−2

·h−1
·a−1); Kx is the soil erodibility factor on

the pixel x (t·hm2
·h·hm−2

·MJ−1
·mm−1); LSx is the topographical

factor on the pixel x; Cx is the crop-management factor on the pixel
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x; Px is the support practice factor (Qi et al., 2019). R was calculated
using the rainfall erosion force model (Zhang and Fu, 2003), Rj is
the rainfall erosion force in year j (MJ·mm·hm−2

·h−1
·a−1), Pj is

the rainfall in year j (mm). K was calculated using the Erosion-
Productivity Impact Calculator (EPIC) model (Williams, 1995),
the KEPIC was corrected according to Zhang et al. (2008). The
values of C and P were set (Supplementary Table 4) according to
the relevant studies (Xiao, 1999; Zheng et al., 2019). The monetary
value of SR (including the value of both sedimentation reduction
and non-point source pollution reduction) assessed using the
Alternative costing method. The calculation formula is as follows:

Vsr = Vsd + Vdpd

Vsd = λ × (Qsr/ρ) × C

Vdpd =

2∑
i = 1

Qsr × Ci × Pi

where Vsr is the monetary value of SR (CNY/a); Vsd is the value
of sedimentation reduction (CNY/a); Vdpd is the value of non-
point source pollution reduction (CNY/a); λ is the sedimentation
coefficient, taking the value of 0.24 (Sheng et al., 2010); Qsr is the
SR amount (t/a); C is the cost of reservoir desilting project per
unit area (CNY/m3), according to the “The building built water
engineering budget norm” of the Ministry of Water Resources of
the People’s Republic of China, the value of C is 17.63 CNY/m3 (Yu
et al., 2020); ρ is the soil capacity (t/m3), according to the average
of the measured data of each forest ecosystem type in the central
mountainous region of Hainan island in 2008, the value of ρ is
1.28 t/m3 (Liu et al., 2009); Ci is the pure content of N (or P) in
soil (%), and it was determined that the content of N and P in soil of
China are 0.370 and 0.108%, respectively (Wang L. et al., 2017); Pi is
the degradation cost of N (or P), according to the “Levy standard of
pollution discharge fees and calculation methods,” the degradation
costs of N and P are 1,750 and 2,800 CNY/t, respectively (Fan and
Li, 2020).

2.4.5. Habitat quality
The biophysical value of HQ was assessed using the HQ

module. The value of the HQ index is in the range of [0,1], and
the higher value indicates the higher level of biodiversity. The
calculation formula is as follows:

Qxj = Hj(1−
Dz
xj

Dz
xj+Kz )

where Qxj is the HQ on the pixel x of the landscape type j; Hj
is the habitat suitability of the landscape type j; Dxj is the total
threat level on the pixel x of the landscape type j; K is the half-
saturation coefficient, generally taking a value of 0.5; z is a scaling
factor, generally taking a value of 2.5 (Yang et al., 2021). Referring to
the studies on HTRNP and its neighboring regions (Lei et al., 2022;
Yao et al., 2022), paddy fields, dry land, rural residential areas, other
construction lands, and expressways were selected as threat factors
in this study. The impact distance and weight of the threat factors
(Supplementary Table 5) and the sensitivity of each landscape type
(Supplementary Table 6) were set with reference to the model

manual and the above studies. Referring to related research (Xiao
et al., 2014; Sun et al., 2019), the monetary value of HQ was assessed
based on the area of excellent HQ regions, and the ecological benefit
of the excellent HQ region is about 191.28 × 104 CNY/km2. The
excellent HQ regions were obtained by referring to Lei et al.’s (2022)
study using the Natural Breaks method to classify the HQ spatial
distribution into four classes (Poor: 0–0.3, Medium: 0.3–0.7, Good:
0.7–0.9, and Excellent: 0.9–1.0).

2.5. Correlation mechanism analysis
between ESVs and landscape patterns

2.5.1. Correlation test between variables
Testing whether there is a correlation between landscape

indices and various types of ESVs is a critical a priori step in
exploring the correlation between ESVs and landscape pattern
changes, to test whether correlations exist among variables, whether
the direction and magnitude of the correlations are as expected,
and whether they apply to subsequent more complex multivariate
analyses (Cen, 2016; Ge, 2020).

2.5.2. Ranking analysis of the correlation between
ESVs and landscape patterns

The ranking analysis is widely used in ecological studies
to explain the response relationships between species and
environmental variables, this method can effectively downscale
the multi-dimensional information, and its analysis results are
concise and intuitive (Legendre, 2008; Cen, 2016). According to
the results of DCA (length of gradient <3), this study applied the
Redundancy Analysis (RDA) based on the Canoco v5.0 platform
to rank the correlation between ESVs and landscape patterns.
The RDA is a ranking analysis method combining regression
and Principal Component Analysis (PCA). It is an extension of
multiple regression analysis and can be used to model multivariate
response data. The RDA ranking chart can visualize the relationship
between environment and response variables (Rao et al., 2016).
The angle between their arrows reflects the correlation between
them: when the angle <90◦, it indicates a positive correlation
between the variables, and the smaller the angle, the stronger the
positive correlation; when the angle >90◦, it indicates a negative
correlation between the variables, and the larger the angle, the
stronger the negative correlation; when the angle = 90◦, it shows
that the variables are not correlated with each other (Li C. et al.,
2022).

3. Results

3.1. Landscape pattern changes

3.1.1. Landscape type changes from 1980 to 2020
From both the distribution (Figure 3) and proportion

(Figure 4) of landscape types, forestland is the most dominant
landscape type in the HTRNP, followed by grassland, and
construction land occupies a minor proportion. During 1980–
2020, the proportion of forestland fluctuated between 89.86 and
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FIGURE 3

Spatial distribution of landscape types in HTRNP during 1980–2020.

FIGURE 4

Landscape type changes in HTRNP during 1980–2020.

90.29%, with little overall change; the proportion of cultivated
land, grassland, and water changed relatively significantly. The
conversion between different landscape types became frequent
after 2000, especially during 2000–2010. The total area conversion
reached 13,446.00 hm2 and then gradually eased after 2010.

(1) During 2000–2010, grassland, cultivated land, and
forestland areas were transferred out more obviously, accounting
for 52.06, 33.18, and 14.72% of the total area transferred out,
respectively. Although forestland was one of the primary sources
of transfer out area, its proportion showed positive growth because
of the significant area input of grassland and cultivated land
(Figure 4). The conversions of cultivated land in the northwest and
grassland in the southeast to water and forestland, respectively,
were evident (Figure 3). (2) The magnitude of changes in
landscape types during 2010–2020 was less than in the previous
period (Figure 4), and spatially (Figure 3), only the conversion
of part of the northwestern water to cultivated land was slightly

noticeable. Although the conversion between forestland and
grassland was apparent (Figure 4), the main areas’ conversion
was limited between these two types, and the number of areas
transferred between them was similar. Hence, the changes in the
proportion of these two types were relatively small.

3.1.2. Landscape index changes from 1980 to
2020

During 1980–2020, at the Landscape level (Figure 5): NP
and PD showed a trend of “slow decline – rapid decline –
rapid rise,” with a slight overall decline, indicating that landscape
fragmentation and heterogeneity of HTRNP tended to decline;
SHDI and SHEI showed a trend of “slow decline – rapid decline –
slow rise,” with an overall decline, indicating that the homogeneity
of the HTRNP’s landscape decreased, the dominant landscape patch
types tended to be prominent, and the distribution of landscape
patch types in HTRNP tended to be uneven, which may be related
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FIGURE 5

Landscape index changes in HTRNP during 1980–2020. PLAND, percent of landscape; NP, number of patches; PD, patch density; MPS, mean patch
size; LSI, landscape shape index; LPI, largest patch index; SHDI, Shannon’s diversity index; SHEI, Shannon’s evenness index; CONTAG, contagion; AI,
aggregation index.

to the shrinkage of both grassland and cultivated land and the
expansion of both forestland and water. CONTAG and AI showed
a trend of “slow rise – rapid rise – slow decline,” these two indices
tended to increase overall, indicating that the connectivity of the
dominant landscape in HTRNP was enhanced, and the degree of
landscape agglomeration was increased.

At the Class level (Figure 5): (1) Cultivated land: NP and PD
tended to increase, PLAND, LPI, and MPS tended to decrease,
indicating that the cultivated land tended to be fragmented
and its landscape dominance decreased; LSI tended to increase,
indicating that the landscape shape tended to be complex. (2)
Forestland: NP and PD tended to decrease, indicating an increase
in forestland aggregation; the three indices of PLAND, LPI, and
MPS of forestland were the highest among the five landscape
types, and all tended to increase, indicating the landscape pattern
of HTRNP were dominated by large patches of forestland, and
the landscape dominance of forestland tended to increase; LSI
tended to decrease, indicating its landscape shape become more
regularized. (3) Grassland: grassland had the highest NP and PD
among the five landscape types, indicating the highest degree
of fragmentation in grassland landscape, but its fragmentation
tended to decrease; LPI changed less, PLAND and MPS tended to

decrease, indicating a decrease in its fragmentation was related to
the conversion of some small scattered patches to other landscape
patch types; LSI tended to decrease, indicating that the landscape
shape tended to be regularized. (4) Water: NP and PD tended to
increase but at a lower rate; PLAND, LPI, and MPS all tended
to increase, indicating an increase in landscape dominance; LSI
tended to decrease in general, indicating that the landscape shape
tended to be regularized. (5) Construction land: NP, PD, PLAND,
LPI, and MPS increased slightly, indicating its area was increasing
in fragmented patches; LSI tended to increase, indicating its shape
became complex. In summary, landscape indices at both levels
changed significantly during 2000–2020.

3.2. Spatial-temporal changes of ESs

3.2.1. Temporal changes of ESs from 1980 to
2020

All the five ESs of HTRNP showed varying degrees of trends
during 1980–2020 (Figure 6).

(1) WS: WS’s biophysical value decreased continuously during
1980–2010; the decrease was more evident during 1990–2010,
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FIGURE 6

Temporal changes of ESs in HTRNP during 1980–2020. WY, water yield; TN, total nitrogen; TP, total phosphorus; CS, carbon storage; SR, soil
retention; HQ, habitat quality.

the total WY decreased by 14.16%, and the average WY depth
decreased from 1,265.83 to 1,090.93 mm; it rebounded after 2010.
There has been a declining trend in WS over the past 40 years,
with total annual WY decreasing by 7.82%. (2) WP: the average
TN and TP exports both decreased rapidly during 2000–2010, with
the average TN export decreasing from 9.19 × 10−2 kg/hm2 to
9.09 × 10−2 kg/hm2 and the average TP export decreasing from
7.13 × 10−3 kg/hm2 to 6.91 × 10−3 kg/hm2. The total exports of
both TN and TP had decreased slightly over the past 40 years, by
1.24 and 2.88%, respectively. (3) CS: the average CS declined rapidly
during 2000–2010, from 12.97 t/hm2 to 12.92 t/hm2, and the total
CS decreased by 0.53%; it rebounded slightly after 2010. There has
been a slight overall downward trend in CS over the past 40 years,
with a total reduction of 0.35%. (4) SR: the biophysical value of SR
decreased significantly during 2010–2020, with a 25.81% decrease
in total SR and a decrease in SR capacity per unit area from
908.68 t/hm2 to 673.60 t/hm2. SR decreased from 1980 to 2020,
and the total SR decreased by 33.18%. (5) HQ: the biophysical value
of HQ rose rapidly during 2000–2010, with the average HQ index
peaking at 0.964; it dropped slightly to 0.963 after 2010. The overall
HQ remained high and tended to increase during 1980–2020, the
proportion of excellent HQ zone remained above 80%, and the
average HQ index remained above 0.960.

3.2.2. Spatial changes of ESs from 1980 to 2020
The mean values of ESs at the sub-watershed scale were

calculated based on the Zonal Statistics tool of ArcGIS v10.2
platform, and the ESs were normalized from 0 to 1 (Low to High)
for each year to facilitate comparison across years (Xia et al.,
2023). All five ESs of HTRNP showed different degrees of spatial
heterogeneity during 1980–2020 (Figure 7).

(1) WS: the spatial heterogeneity of WS is “high in the east
and low in the west.” This spatial heterogeneity tended to be

significant during 2000–2010, the WS in the southwestern region
(including JFL NNR) continued to decrease, and the low-value
regions expanded toward the BWL and YGL NNRs in the central
region. This trend decreased in 2020. The high-value regions were
mainly concentrated in the southeast (including WZS and DLS
NNRs). (2) WP: the spatial distribution of both TN and TP exports
showed a gradient pattern increasing from the southwestern region
(including JFL NNR) to the central region (including BWL and
YGL NNRs) and then to the southeastern region (including WZS
and DLS NNRs). The high-value regions in the northwest showed
a transformation trend to the low-value regions. (3) CS: CS’s
spatial heterogeneity did not vary significantly, the low-value
regions were concentrated in the northwest, and the high-value
regions were concentrated in the southwest (including JFL NNR).
(4) SR: SR’s spatial heterogeneity was observed. The low-value
regions in the southwest (including JFL NNR) showed a significant
expansion during 2000–2010. This trend decreased in 2020. (5)
HQ: the spatial heterogeneity of HQ was not observed and did not
change significantly. Relatively, the HQ in the northwestern region
was slightly lower.

3.3. ESV changes from 1980 to 2020

The total ESV has decreased over the past 40 years (Figure 8),
with the most significant decrease during 2000–2010 and a slight
rebound in 2020, with a total reduction of 494,419.03 × 104

CNY. The trends of ESVs are the same as those of ESs: (1) WS’s
ESV tended to decrease, but its value weight was still the highest
among all ESVs, which may be related to the particular topography
and climate of HTRNP: the high altitude and rugged terrain of
the HTRNP have a lifting effect on moist air currents, resulting
in significant rainfall, and the high altitude also results in low
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FIGURE 7

Spatial patterns of ESs in HTRNP during 1980–2020. WS, water supply; TN, total nitrogen; TP, total phosphorus; CS, carbon storage; SR, soil
retention; HQ, habitat quality.

evapotranspiration, all of which contribute to higher WS (Xia et al.,
2023). (2) WP’s ESV showed a slight decrease, its value weight was
almost 0%, and this may be related to the low TN and TP loads
in HTRNP: most of the regions in the HTRNP are sloping and
unsuitable for cultivation, so the area of cultivated land is relatively
small, resulting in less nitrogen and phosphorus loading from
agricultural surface runoff, and thus the amount of purification
is less, leading to a low ESV of WP Zhe et al. (2013). (3) CS’s
ESV declined slightly. Its value weight fluctuated around 7% with
insignificant changes. (4) SR’s ESV continued to decrease, with a
significant drop during 2010–2020, and its value weight plummeted
to about 7%, close to that of CS. (5) HQ’s ESV tended to increase
slightly, and its value weight tended to rise, second only to WS. This
phenomenon demonstrated the overall better HQ of HTRNP and
indicated that the HQ service was gradually being valued.

3.4. Analysis of the correlation
mechanism between ESVs and landscape
patterns

3.4.1. Correlation test between variables
The landscape indices, landscape areas, and ESVs of HTRNP

during 1980–2020 were used as data sources to test the correlation
between these variables. The correlation test was performed based

on the IBM SPSS Statistics v26 platform, using the Spearman
correlation coefficient as a measure and a two-tailed t-test
for the significance of the correlation coefficient. The results
showed (Supplementary Figure 1) that the variables had different
degrees of correlation.

Based on the previous analysis of the HTRNP’s landscape
pattern changes, it can be noted that the trends between some of the
indices are very similar, indicating that there may be some degree of
correlation between them. The strong correlation between indices
will result in indices that do not satisfy the statistical properties of
mutual independence, causing duplication and redundancy in the
mathematical and theoretical significance of subsequent studies,
thus affecting the accuracy of the results (Cen, 2016; Ge, 2020).
Therefore, in this study, the landscape indices with low correlations
were further screened based on the results of the correlation test for
subsequent ranking analysis: (1) Landscape level: PD, SHDI, and
CONTAG; (2) Class level: PD, LPI, and LSI.

3.4.2. Ranking analysis of the correlation between
ESVs and landscape patterns

The RDA ranking analysis (Figure 9) was conducted based
on the Canoco v5.0 platform using ESVs as response variables
and the landscape areas and indices as environmental variables.
Based on the correlation test results between landscape indices, the
environmental variable groups are as follows: (1) Landscape level:
PD, SHDI, and CONTAG; (2) Class level: LPI, PD, and LSI.
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FIGURE 8

Ecosystem service value changes in HTRNP during 1980–2020. ES, ecosystem service; ESV, ecosystem service value; WS, water supply; WP, water
purification; CS, carbon storage; SR, soil retention; HQ, habitat quality.

(1) The changes of landscape types over the past 40 years
have impacted ESVs. The explanatory degree of cultivated land
(84.3%), forestland (85.8%), grassland (85.7%), and water (85.1%)
areas are all higher to ESVs, indicating that changes in these four
landscape types had significant effects on ESVs. In comparison,
the explanatory degree of construction land (39.5%) area is lower,
indicating that its changes had weaker effects on ESVs, which may
be related to its small area. WP and CS have a strong positive
correlation with the areas of grassland and cultivated land and a
strong negative correlation with the areas of forestland and water;
SR has a strong negative correlation with the area of construction
land; HQ has a strong positive correlation with the areas of
forestland and water and a strong negative correlation with the
areas of grassland and cultivated land.

(2) At the Class level: landscape indices’ effects on ESVs across
landscape types vary.

Cultivated land: the explanation degree of LPI to ESVs
is the highest, reaching 85.7%, followed by PD; LSI has the
lowest explanatory degree and did not explain changes in ESVs
significantly (p > 0.10), and also had a weak correlation with
ESVs. WP-LPI and CS-LPI have strong positive correlations, while
HQ-LPI and SR-PD have strong negative correlations.

Forestland: the explanation degree of LPI to ESVs is the highest,
reaching 85.8%, followed by LSI; PD has the lowest explanatory
degree and did not explain changes in ESVs significantly

(p > 0.10). WP-LSI, CS-LSI, and HQ-LPI have strong positive
correlations, while WP-LPI, CS-LPI, and HQ-LSI have strong
negative correlations.

Grassland: the explanation degree of PD to ESVs is the highest,
reaching 83.7%, followed by LPI; LSI has the lowest explanatory
degree and did not explain changes in ESVs significantly (p> 0.10).
WP-PD and CS-PD have strong positive correlations, while HQ-PD
has strong negative correlations.

Water: the explanation degree of LPI to ESVs is the highest,
reaching 84.9%, followed by LSI; PD has the lowest explanatory
degree. HQ-LPI has strong positive correlations, while WP-LPI and
CS-LPI have strong negative correlations.

Construction land: compared with other landscape types, the
explanatory degrees of landscape indices of construction land to
ESVs are lower. The index with the highest explanatory degree
is LSI (explanatory degree only reached 56.1%), followed by LPI;
PD has the lowest explanatory degree and did not explain changes
in ESVs significantly (p > 0.10). SR-LSI and SR-LPI have strong
negative correlations.

(3) At the Landscape level: the explanation degree of CONTAG
to ESVs is the highest, reaching 82.0%, followed by PD; SHDI
has the lowest explanatory degree and did not explain changes in
ESVs significantly (p > 0.10). HQ-CONTAG has strong positive
correlations, while WP-CONTAG and CS-CONTAG have strong
negative correlations.

Frontiers in Forests and Global Change 11 frontiersin.org159

https://doi.org/10.3389/ffgc.2023.1242068
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1242068 August 4, 2023 Time: 16:23 # 12

Lin and Fu 10.3389/ffgc.2023.1242068

FIGURE 9

Redundancy analysis ranking chart. (A) cultivated land area; (B) landscape indices of cultivated land; (C) forestland area; (D) landscape indices of
forestland; (E) grassland area; (F) landscape indices of grassland; (G) water area; (H) landscape indices of water; (I) construction land area; (J)
landscape indices of construction land; (K) landscape indices at landscape level. WS, water supply; WP, water purification; CS, carbon storage; SR,
soil retention; HQ, habitat quality; PD, patch density; SHDI, Shannon’s diversity index; CONTAG, contagion; LPI, largest patch index; LSI, landscape
shape index.

4. Discussion

4.1. Responses of ESVs to landscape
pattern changes

The period 2000–2020 is a period of more pronounced changes
in landscape patterns and ESVs of HTRNP, the landscape pattern
changes in the four landscape types of cultivated land, forestland,
grassland, and water had significant effects on the three types of
ESVs: WP, CS, and HQ.

For WP’s ESV, the increases in areas and landscape dominance
of both forestland and water had adverse inhibitory effects on WP’s
ESV. As mentioned previously, the WP’s ESV in HTRNP is strongly
influenced by loads of TN and TP, from which it can be inferred
that the decrease of WP’s ESV may be related to the decrease of
the total load. Different landscape types have different TN and
TP loads per unit area: water has less TN and TP loads per unit
area than cultivated land, and forestland has less TN and TP loads
per unit area than grassland. During 2000–2010, as a result of the
Daguangba Reservoir construction and tropical economic forest
planting (Han et al., 2022; Li A. et al., 2022), cultivated land was

converted to water mainly in the northwestern region in the form of
aggregated large patches, and grassland was converted to forestland
mainly in the southeastern region in the form of scattered small
patches, resulted in increases in the areas and landscape dominance
of both water and forestland (Figure 10A), and the decrease in
total loads that was greater than the decrease in total exports, which
ultimately led to the decrease in WP’s ESV.

The response of CS’s ESV to the landscape pattern changes was
similar to that of WP’s ESV. Although the expansion of forestland
has driven CS growth, it was insufficient to compensate for the loss
of CS due to the shrinkage of cultivated land and grassland. Thus,
the CS’s ESV showed a slightly decreasing trend.

The increases in areas and landscape dominance of forestland
and water significantly affected HQ’s ESV. As their areas and
landscape dominance increased, the landscape connectivity in
HTRNP was enhanced, promoting the formation of intact habitats.
Thus, the HQ’s ESV showed an increasing trend.

For HTRNP, although the decreases in cultivated land area and
its LPI, grassland area and its PD led to the decrease of WP’s ESV,
from a macro perspective, it reduced the water purification pressure
of HTRNP. This finding is consistent with the conclusion of Xia
et al. (2021). The areas and LPIs of forestland and water showed
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FIGURE 10

Spatial changes in landscape types of HTRNP. (A) Spatial changes in landscape types during 2000–2010; (B) spatial changes in landscape types
during 2010–2020. JFL, Jianfengling; YGL, Yinggeling; BWL, Bawangling; WZS, Wuzhishan; DLS, Diaoluoshan.

significant positive driving effects on HQ’s ESV, cultivated land
area and LPI, grassland area and PD showed significant adverse
inhibitory effects on HQ’s ESV. These findings are consistent with
the conclusions of Dai et al. (2019) and Mandal and Chatterjee
(2021).

For WS’s ESV, the increases in areas and landscape dominance
of both forestland and water had adverse inhibitory effects,
resulting in a decrease in WS’s ESV. This may be related to the
difference in the ability of different landscape types to intercept
surface runoff: the water yield of cultivated land and grassland
is generally more significant than that of water and forestland
because their ability to impound surface runoff is weaker than
that of water and forestland (Li A. et al., 2022). Therefore, WS’s
ESV tended to decrease with the conversion of cultivated land
to water and grassland to forestland. In 2010, the construction
of International Tourism Island in Hainan Province was officially
elevated to a national strategy, converting some forestland to
construction land in HTRNP (Li, 2022). For SR’s ESV, the increase
in the area and the shape complexity of construction land after 2010
had a slightly significant negative inhibitory effect on SR’s ESV.
However, the effect degree was limited, which may be related to
its small expansion scale (Figure 10B). In addition, the increasing
fragmentation of cultivated land also had a slightly significant
negative inhibitory effect on the SR’s ESV, which is consistent with
the conclusion of Xia et al. (2021). This may be due to the increased
soil erosion caused by cultivated land fragmentation (Mitchell et al.,
2015). Compared with other ESs, the factors affecting WS and SR
services are more comprehensive and complex, these two ESs are
not only affected by the landscape pattern changes but also related
to various factors such as precipitation and topography, so the
responses of these two ESVs to the landscape pattern changes were
not very significant (Rao et al., 2013).

At the overall landscape level, the increase in CONTAG had
a significant positive driving effect on HQ’s ESV. PD showed a
negative correlation with HQ’s ESV, similar to the conclusion of
Zhang et al. (2022). As the basal landscape type of HTRNP, the
changes of forestland had a certain degree of guiding effect on
the overall landscape pattern changes of HTRNP. As the scale,
dominance, aggregation, and connectivity of the forestland have

increased over the past 40 years, the aggregation and connectivity
of the landscape in HTRNP have increased, which promoted the
improvement of the biological HQ in the park. Due to the guiding
effect of forestland’s landscape changes, the increase in CONTAG
had adverse inhibitory effects on the ESVs of WP, CS, WS, and SR
to varying degrees, similar to the conclusions of Ma et al. (2022).

4.2. Implications for ecosystem
management in HTRNP

Rubber plantations are often an essential economic source
in tropical regions of China, especially for people living near
ecological reserves. However, expanding plantations may pose a
potential threat to landscape connectivity. The conclusions of
Liu et al. (2017) and Hu et al. (2021) for the Xishuangbanna
tropical rainforest region are broadly consistent. I.e., the rapid
expansion of plantations has led to a significant decline in landscape
connectivity, with significant negative impacts on ESVs. The
rubber industry is also one of the main economic pillars of
Hainan Province, and some plantations are distributed in the
HTRNP. In order to improve the economic conditions of the
residents, the scales of plantations were expanded, resulting in
some scattered grassland patches in the park being invaded by
rubber forests. However, from the overall results, the expansion
of these plantations did not significantly affect the landscape
connectivity of HTRNP, which may be related to the enhancement
of local ecosystem protection and the improvement of conservation
methods: the five NNRs of BWL, JFL, WZS, DLS, and YGL were
established successively, which further strengthened the protection
of ecosystem within the scope of the reserves. Thus, even from
2000 to 2010, there were no significant changes in landscape
patterns within these five NNRs (Figure 10A); “The Hainan
Tropical Rainforest National Park System Pilot Program” adopted
in 2019 had connected these five NNRs into a single piece,
initially establishing a relatively complete HTRNP system. The
implementation of these conservation policies is the main reason
for the maintenance of HTRNP’s landscape connectivity. These
conservation measures should be maintained and improved in the
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future management of the park’s ecosystems. Rubber plantation is
still one of the primary economic sources to maintain the residents’
survival. Its expansion trend may continue in the short term.
The areas of low importance and unavailable for wildlife in the
park should be the leading site for future plantation expansion
(Liu et al., 2017), and the expansion scale should be strictly
restricted.

Based on the results of this study, it can be surmised that: if
the cultivated land area expands in the form of large patches and
the grassland area expands in the form of scattered small patches,
the water purification pressure of HTRNP will increase, which is
not conducive to the sustainable development of its ecosystems.
For HTRNP, WP’s ESV is more suitable as a negative indicator to
monitor nitrogen and phosphorus loads. As the primary source
of nitrogen and phosphorus loads, controlling the cultivated land
patch size within a reasonable range is necessary. We proposed to
gradually convert some unproductive cultivated land into grassland
or forestland, which will not only reduce the pressure of water
purification in the park but also help to enhance the connectivity
and integrity of grassland and forestland, thus improving the
ESVs of CS and HQ; some of the retained cultivated land can
be converted to increase the CS in the soil through conservation
tillage with cover crops, which will also help to improve the CS’s
ESV (Martín et al., 2016). In addition, controlling the conversion
of cultivated land to water, reducing the size of construction land
patches, and the complexity of their shapes will help to curb the
decline of both WS and SR ESVs to some extent.

Hainan is a province based on ecology. The construction of
HTRNP is not only one of the landmark projects of Hainan
Province to promote the construction of the national ecological
civilization pilot zone but also a concrete practice to explore
the path of transforming clear waters and green mountains into
mountains of gold and silver for realization. The monetization
of ES helps people to link ES with human well-being better and
raise awareness and attention to ES. In recent years, assessments
on the Gross Ecosystem Product (GEP) of the HTRNP have been
gradually conducted. Chen et al. (2021) conducted a preliminary
assessment of the HTRNP’s GEP in 2019. In 2023, Hainan Province
launched the construction of the HTRNP’s ecosystem positioning
observation network system, aiming to meet the construction needs
of HTRNP further. Since the HTRNP was officially selected as one
of the first five national parks in China in 2021, the conservation
effectiveness of the ecosystem in the park and its ES benefits
have received increasing attention. This study analyzed the spatial-
temporal changes of five essential ESs in HTRNP over the past
40 years. And revealed the responses of ESVs to landscape pattern
changes, further complementing and improving the related studies
on the HTRNP. The results can provide some references for future
ecosystem management and optimization to improve the overall ES
benefits of the HTRNP continuously.

4.3. Limitations and perspectives

The diversity of ES assessment methods, the subjectivity of
parameter selection, and the multi-source nature of the data are
the main influencing factors that lead to different ES assessment
results for the same region in many studies. For example, in the

CS assessment, some studies have reached different conclusions on
CS services in Hainan Island, Ren et al. (2014) suggested that these
differences may be related to some factors, such as the different
methods of CS calculation adopted by the studies and the different
carbon concentration factors used (Wang et al., 2001; Cao et al.,
2002). Other ES assessments, such as WS, WP, SR, and HQ, are also
affected by similar factors. In addition, there are similar problems
with the ESVs’ assessments: Lei et al. (2020) used the revised unit
area value equivalent factor method to assess the ESVs of Hainan
Island during 1980–2018, which differed significantly from Xie
et al. (2015). In this study, relevant parameters were selected and
set using the relevant studies on the HTRNP and its neighboring
regions as the primary reference to maximize the closeness of the
assessment results to the actual situation of HTRNP. However, as
the construction of the national park in China is at an initial stage,
there are few studies for reference on ESs of HTRNP. The setting
of relevant parameters is mainly based on studies in neighboring
regions, inevitably resulting in discrepancies between the research
results and the actual situation. Besides, this study used first-class
landscape types to assess the ESs. The results may be slightly
rough. Therefore, the landscape types of HTRNP need to be further
refined in subsequent studies. For example, its landscape types can
be divided into evergreen broad-leaved forests, deciduous broad-
leaved forests, etc., to further explore the differences in ESs supply
capacity among different plant cover types.

5. Conclusion

This study analyzed the changes of landscape patterns, ESs, and
ESVs in the HTRNP during 1980–2020 and further explored the
responses of ESVs to the landscape pattern changes. The results
revealed that:

1. Forestland is the most dominant landscape type in HTRNP,
followed by grassland. The landscape pattern changed
significantly after 2000, with the conversions of cultivated
land to water in the form of large patches and grassland
to forestland in the form of scattered small patches, the
landscape dominance and connectivity of both forestland and
water increased, and the overall landscape agglomeration and
connectivity tended to increase.

2. WS, WP, CS, and SR services tended to weaken, and HQ
service tended to strengthen. The spatial heterogeneities of
WS and SR changed significantly over time. The four ESVs
of WS, HQ, SR, and CS are the main contributors to the total
ESV of HTRNP. Over the past 40 years, the four ESVs of WS,
WP, SR, and CS showed a decreasing trend; the HQ’s ESV
tended to increase; and the total ESV tended to decrease.

3. With the transfer of some cultivated land patches and
grassland patches to water and forestland in different forms,
respectively, the areas and dominance of both forestland and
water tended to increase, which was the main reason that HQ’s
ESV tended to increase, and WP’s ESV and CS’s ESV tended to
decrease. The construction land scale was relatively small, so
its impacts on ESVs were limited. The responses of both WS’s
ESV and SR’s ESV to the landscape pattern changes were not
very significant due to topographic and climatic factors.
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The Chinese government encourages farmers to enter the forestry property

market for forestry property trading and promotes the standardization of the

forestry property trading market. Unfortunately, the development of the forestry

property market is still very slow. Farmers are the most important subject of

mountain and forest management and the micro foundation of forestry property

market operation, and their active market participation is the key to the healthy

development of forestry property market. Based on the theory of planned

behavior, this paper used the survey data of farmers in collective forest areas in

three southern provinces of China to reveal the psychological decision-making

process of farmers entering the forestry property market by structural equation

model (SEM). The research results show that: (1) Farmers’ behavioral attitudes

(AB), subjective norms (SN) and perceptual behavioral control (PBC) positively

influence farmers’ willingness to enter the forestry property market. (2) An

important reason why farmers’ intentions are largely not effectively translated into

behavior is the constraint of PBC. (3) Reducing the risk of transfer and maintaining

the interests of both parties constitute the main factors of AB, and the greatest

external pressure on farmers’ willingness to enter the forestry property market

comes from the opinions of village collectives. (4) PBC has a significant impact on

behavior, where unfamiliarity with the forestry property market is the main factor

affecting farmers’ PBC. Therefore, the government should further strengthen

the propaganda of forestry property right market, improve the market service

system, reduce the transaction cost, introduce specific encouragement policies

and measures, and effectively consider farmers’ interest demands on forestry

property trading; in addition, the power of grassroots organizations should be

emphasized when formulating forestry property trading policies.
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1. Introduction

In 2003, the Chinese government launched a new round of reform of the
collective forestry rights system, granting farmers the right to use, dispose of and earn
income from forest land, and implementing related supporting measures, including
issuing forestry property rights certificates and establishing a forestry property market
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(Chen and Innes, 2013). As the first province of forestry
reform, Fujian took the lead in establishing the Yongan Forestry
Element Market. Subsequently, other provinces have also started
to build regional forestry property markets. Different provinces
have different names for the forestry property market, such as
“forestry element market,” “forest rights trading center” and “rural
property market,” but their basic functions are the same. The
forestry property market is a comprehensive platform for forestry
property transactions, where all administrative and financial
functions related to forestry activities can be realized, such as
forestry property transactions, forest property rights registration,
and forestry property mortgage (Yang and Ming, 2006). The
establishment of the forestry property market can, on the one
hand, promote the flow of property rights of mountain and
forest resources to reorganize and revitalize forest resources, and
on the other hand, facilitate direct face-to-face negotiations and
transactions between the two sides of forestry property transactions
(Wang et al., 2007). This not only eliminates many intermediate
links in the transaction process, but also reduces the cost of forest
rights transactions and the probability of forest rights disputes, and
protects the property rights interests of farmers. In addition, the
trading platform can also provide relevant consulting services for
both parties (Lin et al., 2022a). The forestry property market plays a
bridge role in collective forestry property trading activities, which is
of great significance to improving the rural property rights trading
market.

China has introduced many policies to encourage farmers
and other forestry operators to trade on the forest rights trading
market. However, the establishment of a sound market system for
forest rights trading requires not only state support and policy
promotion, but also active market participation by farmers. The
majority of farmers is the most important subject of mountain
and forest management, and is also the micro-foundation of
forestry property market operation. Farmers’ market participation
and forestry property market development are interrelated and
mutually constrained, and what kind of attitude do farmers have
toward forestry property market? Are they willing to enter a more
secure and regulated forestry property market when conducting
forestry rights transactions? What factors will influence their
willingness and behavior? At present, scholars have paid less
attention to these questions, and answering the above questions
will help promote the healthy and standardized operation and
sustainable development of forestry property markets.

At present, scholars have conducted rich research on the issues
related to the forestry property market from different research
perspectives. From the aspect of institutional guarantee, scholars
mainly study the development of the forestry property market
from the aspects of market development, institutional design,
government function, and legal improvement (Kong and Du, 2008;
Xu et al., 2020; Lin et al., 2022b), and believe that a mature forestry
property trading market should be diversified in terms of flowing
subjects and forms, and have developed intermediary organizations
and a perfect policy and legal environment (Xie et al., 2014). From
a functional point of view, the forestry property rights system has
deficiencies and blind spots, insufficient specification of the system,
coordination to be strengthened, and an imperfect matching of
the system (Aggarwal et al., 2021). And, based on the process of
forestry property transaction, the paper proposes the development
and improvement of the government supervision system of forestry
property transfer (Xu et al., 2013). In terms of farmers’ behavior,

scholars mainly focus on farmers’ transfer transaction behavior
and influencing factors. In terms of the characteristics of farmers’
subjects, they mainly focus on individual characteristics, family
characteristics, and factors of forest land resource endowment, etc
(Feng and Heerink, 2008; Li, 2011; Tang and Wang, 2013; Deng
et al., 2019; Li et al., 2020). A few scholars have also studied
other aspects, for example, some scholars have confirmed that
transaction costs are an important constraint to agricultural land
transfer through the analysis of farm household survey data (Jin
and Deininger, 2009; Li and Ito, 2021). In addition, property rights
arrangement, risk perception also affects farmers’ land transfer
behavior (Deininger et al., 2014; Li et al., 2014; Cheng et al.,
2019; Xu et al., 2021). Other scholars argue that factors such as
the number of land plots and the accessibility of transportation
networks also affect the transfer of agricultural land (Jiang et al.,
2019). In addition, some scholars have observed that these studies
are based on the assumption that “the objective facts faced by
farmers are the basis for their decisions,” but in fact, the decisions
made by farmers are based on their cognitive trade-offs, because
farmers’ decisions are not only influenced by external objective
factors, but also subjective cognitive constraints formed by farmers
under specific circumstances (Shi et al., 2022).

In addition, many studies have focused on the application
of the theory of planned behavior (TPB) to the behavioral
decisions of farm households. TPB is one of the most influential
behavior prediction theories in the field of social psychology.
Ajzen and Madden (1986) proposed that behavioral attitudes
(AB), subjective norms (SN), and perceived behavioral control
(PBC) can help predict and explain behavioral intentions
(BI) and thus influence individual behavior. As a successful
application of the limited rationality assumption of behaviorist
psychology to economics, TPB introduces psychological analysis
to the study of economic behavior by incorporating individuals’
multidimensional behavioral motivations (including earnings
maximization, emotional satisfaction, and social approval) into
behavioral explanations and predictions (Chen, 2022). Due to the
close relationship between agricultural decision making and social
psychology, agricultural economists and social psychologists have
widely applied TPB to agricultural research, effectively solving the
problem of limited rationality in farmers’ decision making (Yang
et al., 2022). This theory has been applied by scholars in various
countries to explain cognition and behavior of farmers toward
agricultural reform (Donati et al., 2015), homestead transfer (Lu
et al., 2022), sustainable agriculture (Sarkar et al., 2022), ecological
protection (Yaghoubi Farani et al., 2019), etc. And the significant
effects of variables such as perceived benefits, perceived risks,
and perceived fairness (Deng et al., 2022) on behavioral attitudes
have been confirmed with different cases. Clearly, TPB is a valid
analytical framework for supporting research related to sustainable
behavior, and there is sufficient evidence that it is feasible in
the study of most behaviors (Xie et al., 2013). In this way, the
TPB provides a thorough understanding of the formation of the
mechanisms of farmers’ willingness to enter the forestry property
markets.

The above research results have important theoretical value and
practical significance for guiding farmers’ forestry property transfer
behavior and regulating the forestry property market. However,
there are still two shortcomings in the existing research: firstly, it
focuses on whether farmers have property rights trading behavior
and the influence of various factors on property rights trading
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behavior, but pays less attention to whether farmers are willing
to enter the forestry property market for trading; secondly, it is
insufficient to analyze the path of transforming farmers’ behavior
will into actual behavior. In view of this, this paper empirically
analyzes the psychological decision-making process of farmers’
entry into the forestry property market using farm household
survey data under the framework of the theory of planned behavior
(TPB) using structural equation modeling (SEM) with three
provinces in the collective forestry region of southern China as the
study area. It also compares behavioral attitudes, subjective norms
and perceptual behavioral controls and their effects on farmers’
entry into the forestry property market to better understand
the determinants of farmers’ behavioral intentions. The research
results provide scientific references and policy recommendations
for regulating the order of forestry property transactions and
promoting the construction of a forestry property market.

2. Theoretical framework and
research hypothesis

2.1. Analytical framework construction

The theory of planned behavior (TPB), derived from social
psychology, is dedicated to the study of conscious human behavior,
and is an important tool for explaining the logical relationship
between “cognition-will-behavior” and action (Ajzen, 2020),
and provides a complete theoretical and analytical framework
for the study of the role of human psychological cognition
on behavior. It uses latent variables to construct behavioral
determinants, stating that an individual’s specific behavior is
determined by his behavioral intention (BI), which is influenced
by a combination of individual psycho-cognitive factors, namely
behavioral attitudes (AB), subjectivity norms (SN), and perceived
behavioral control (PBC) (Ajzen, 1991). This paper introduces
the theory of planned behavior into the scenario of farmers’
forestry property transactions, explores the psychological factors
and driving mechanisms of farmers’ willingness to enter the forestry
property market, and explains the decision-making process of
farmers’ behavior through the theory of planned behavior. Several
scholars have researched and confirmed that the theory of planned
behavior can significantly improve the explanatory power and
prediction of behavioral intentions in research (Wauters et al.,
2010; Borges et al., 2014; Schroeder et al., 2015; Hall et al.,
2019). Therefore, based on the theory of planned behavior, we
construct a psychological decision model for farmers to enter the
forestry property market from three psychological cognitive factors:
behavioral attitudes, subjective norms and perceptual behavioral
control. The specific model structure is shown in Figure 1.

2.2. Theoretical analysis and research
hypothesis

2.2.1. Behavioral attitude
The natural motivation for the formation of subjective behavior

is formed through the individual’s knowledge, analysis, and
judgment of external or internal things, which is a psychological

cognitive process (Biddle et al., 1994). The theory of planned
behavior defines behavioral attitudes as general and stable
subjective evaluations with distinct tendencies that behavioral
individuals hold about performing a behavior (Ajzen and Fishbein,
2008). Many current studies on farm household behavior consider
behavioral attitudes as the single most important predictor variable
(Deng et al., 2016; Wang et al., 2019). In this paper, we define
behavioral attitude as farmers’ perceptions of the necessity of
entering the forestry property market and their perceptions of their
main responsibility when they make forestry property transactions.
This is reflected in three aspects: perceived benefits, perceived risks,
and perceived utility, i.e., farmers weigh the benefits and risks of
entering the forestry property market when making decisions on
forestry property transactions. Based on this, we measure farmers’
behavioral attitudes toward the forestry property market by six
indicators: “farmers believe that entering the forestry property
market can improve the efficiency of forestry property transactions
and reduce costs (AB1),” “reduce the risk of forestry property
transfer (AB2),” “help achieve open, fair and just forestry property
transactions (AB3),” “protect the legal rights and interests of both
parties to the transactions (AB4),” “help reduce the occurrence
of forestry property disputes (AB5),” and “help promote scale
management and optimal allocation of production factors (AB6).”
Theoretically, farmers’ good perceptions of forestry property
market in terms of reducing transaction costs and risks and
safeguarding the legal rights and interests of both parties to the
transaction can increase farmers’ willingness to enter the forestry
property market. Therefore, this paper proposes hypothesis 1.

H1: Behavioral attitudes (AB) have a significant positive
effect on farmers’ willingness to enter the forestry
property market (PW).

2.2.2. Subjective norms
Subjective norms refer to the individual’s subjective judgment

on whether other important relations will agree with him to
perform a certain behavior, that is, the pressure on an individual
to perform a certain behavior (Ajzen and Fishbein, 1977). In simple
terms, the subjective norms of the actor are mainly derived from
the perceived social norms and the behavioral patterns of the
reference population. Park (2000) and Lam et al. (2003) jointly
suggest that perceived pressure from social norms and group
behavior is more pronounced in the Chinese cultural context,
where behavioral norms reinforce the individual’s avoidance of
criticism and desire to gain recognition through social integration
(Park, 2000; Lam et al., 2003). This is even more evident in
rural China, which still retains the characteristics of “acquaintance
society.” In this study, subjective norms are defined as the social
normative pressures and governmental constraints that farmers feel
when trading forestry property through forestry property markets.
When farmers recognize that important people or organizations
around them (e.g., family members, village collectives, forestry
departments, etc.) support their choice of forestry property markets
for trading, they are likely to adopt their opinions to fit the
expectations of the surrounding groups and the needs of social
development. In addition, the reference to other farmers’ norms
is also a psychological effect of farmers’ own conformity to group
behavior to avoid being a “special case.” Therefore, this paper
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FIGURE 1

Psychological decision model for farmers to enter the forestry property market.

defines the subjective norms of farmers as three factors from
social normative pressure, governmental constraint pressure, and
group behavior reference. Specifically, the subjective norms are
measured by four indicators: “the village collective believes that
it should enter the forestry property market for trading (SN1),”
“the government or forestry department believes that it should
enter the forestry property market for trading (SN2),” “neighboring
farmers believe that it should enter the forestry property market for
trading (SN3),” and “family members believe that it should enter the
forestry property market for trading (SN4).” Usually, the stronger
the external pressure felt by farmers, the stronger their willingness
to enter the forestry property market for forestry property trading.
Therefore, this paper proposes hypothesis 2.

H2: There is a significant positive effect of subjective
norms (SN) on farmers’ willingness to enter the forestry
property market (PW).

2.2.3. Perceptual behavior control
Ajzen (1991) added perceptual behavioral control to the theory

of rational behavior in order to overcome the unreasonable
assumption of the individual’s full capacity to act, as a way
to reflect the influence of external conditions on the acting
subject. Since external behavioral conditions are often difficult to
measure directly, he further proposed to characterize the behavioral
control situation as perceived by the actor. Behavioral control
perceptions are mainly expressed as self-efficacy (Conner and
Armitage, 1998), which is the farmer’s perception of the extent
of control of his own will and ability. In layman’s terms, this
refers to the perception of relevant factors that facilitate or hinder
behavioral effects, including three aspects of perceived behavioral
motivation, behavioral barriers, and behavioral efficacy (Fishbein
and Ajzen, 2011). Self-efficacy reflects the perceived facilitative
conditions or implementation barriers that facilitate or hinder
farmers’ willingness to enter the forestry property market to some
extent. Therefore, this paper measures perceptual behavior control
by five indicators: “farmers have sufficient tolerance for forestry
property trading risks (PBC1),” “unfamiliarity with the forestry
property market processes affects my entry into trading (PBC2),”
“the state has good supporting policies (PBC3),” “the degree of
regulation of the forestry property trading market (PBC4),” and

“the degree of difficulty in obtaining trading information (PBC5).”
If farmers’ perceptual behavioral control is stronger, it means that
farmers perceive greater social utility from entering the forestry
property market, i.e., higher self-efficacy, and farmers are more
inclined to enter forestry property market. Therefore, this paper
proposes the following research hypothesis.

H3: Perceived behavioral control (PBC) has a significant
positive effect on farmers’ willingness to enter the forestry
property market (PW).

H4: Perceived behavioral control (PBC) has a significant
positive effect on farmers’ behavior to enter the forestry
property market (PB).

3. Materials and methods

3.1. Data collection

The data in this study were derived from the survey of farmers
in three southern collective forest areas in Fujian, Zhejiang, and
Jiangxi provinces from 2018 to 2020 by our research group. In
the survey, we used all farmers who own forest land in these
areas as the survey population and conducted the survey using
stratified random sampling. Firstly, in the stratified sampling, we
identified Fujian, Zhejiang, and Jiangxi provinces as the survey
areas among the southern collective forest areas according to the
economic development and forest resources. Then, we took 1∼2
typical prefecture-level cities from each of the three provinces
as the survey areas. It should be noted that the distribution of
forest resources in China varies widely, with primary and state-
owned forests dominating in the northern regions, while collective
forests dominate in the south, with a more even distribution of
forest resources. The southern region is the region with the best
natural conditions in China, and it’s also the region with historically
developed forestry, where planted forests occupy a high proportion
and farmers in mountainous areas have the habit of operating
forestry. In addition, these three provinces ranked first, third and

Frontiers in Forests and Global Change 04 frontiersin.org169

https://doi.org/10.3389/ffgc.2023.1147233
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1147233 August 7, 2023 Time: 14:17 # 5

Han et al. 10.3389/ffgc.2023.1147233

TABLE 1 Distribution of samples.

Cities Counties Total
sample size

Valid sample
size

Sanming Shaxian 64 52

Youxi 75 66

Nanping Jiangle 82 66

Wuyi 84 65

Quanzhou Dehua 66 62

Ganzhou Quannan 60 56

Anyuan 57 54

Lishui Songyang 57 44

Suichang 59 54

Total samples 604 519

sixth in forest cover, while the management species are mainly
timber forests, Moso bamboo forests and economic forests. Fujian
was the first pilot province in the country to carry out a new
round of collective forest rights system reform in 2003, followed by
Jiangxi and Zhejiang. The three provinces have adopted different
approaches in the construction of forestry property rights market,
and it is typical and representative to carry out forestry property
rights market-related investigations in these regions.

Secondly, we used a random sampling method to select 2∼3
counties in each prefecture-level city, 5∼6 townships in each
county, and 10∼15 sample farm households in each township. The
survey was conducted in a one-to-one, face-to-face manner with
questionnaires and semi-structured interviews. We obtained a total
of 604 questionnaires, and after eliminating invalid questionnaires
such as those with incomplete answers and inconsistencies, we
finally obtained 519 valid questionnaires, with an effective rate of
85.93%. The distribution of the samples are showed in Table 1. The
distribution of the study area is shown in Figure 2.

3.2. Questionnaire design and sample
descriptive statistics

We designed the questionnaire from the following aspects:
farmers’ individual and household characteristics, forest land
resource endowment, forest rights trading, farmers’ cognition and
demand for forestry property market, and farmers’ willingness
and behavior to enter the forestry property market. Of these,
the latter two components were the main data sources for this
study. In the cognitive survey, we mainly interviewed farmers’
views on the advantages and disadvantages of forestry property
market, and assigned “1–5” points according to the five-level
Likert scale, indicating “strongly disagree ∼ strongly agree.” The
survey results showed that 66.9% of the farmers think it was
necessary to enter the forestry property market for trading. The
three advantages of “entering the forestry property market can
protect the legitimate rights and interests of both parties,” “reduce
disputes over forest rights” and “fair, open and just transactions”
were the most widely recognized. In the demand survey, we
set “What services do you want the forestry property market to
provide or improve?” According to the survey results, the top

three businesses in demand were “registration and certification of
forest rights,” “assessment of forestry assets” and “release of forest
rights trading information.” The results also reflected the obstacles
in realizing the value of forestry resources and the asymmetry of
market information.

From the basic characteristics of the sample farmers (as shown
in Table 2), the age of farmers was mainly distributed between
46 and 55 years old, with a sample proportion as high as 48.94%;
their education level was concentrated in primary and junior
high schools, accounting for 39.7 and 35.5% of the total sample,
respectively, and their comprehensive quality and literacy were
low; In terms of annual household income, 26.97% of the sample
farmers’ annual household income is below 50,000, 26.01% of
the sample farmers’ annual household income is between 50,000
and 100,000, more than half of the total sample farmers have an
income below 100,000, and up to 22.35% of the farmers have
an income above 200,000, with a serious polarization between
farmers with high income and low income; The sample farmers also
showed a bifurcation in the size of their woodlands, with 46.82%
of farmers with woodlands under 5 hectares, 25.2% of farmers
with woodlands over 20 hectares, and 28.08% of farmers with
woodlands between 5 and 20 hectares. From the basic situation of
the survey sample, it is basically consistent with the current reality
of collective forest area farmers, and the data is real, reliable, and
representative.

3.3. Research methodology

We used structural equation modeling (SEM) to analyze
farmers’ willingness to enter the forestry property market and
the main influencing factors. Structural equation modeling is a
statistical method to explore the relationship and structure between
theories and concepts. Using structural equation model can
simultaneously simulate the internal logical relationship between
multiple factors, and analyze the relationship between multiple
causes and multiple effects and the relationship between latent
variables. It is a widely used multivariate data analysis tool.
SEM provides an analytical tool for latent variables that are
difficult to observe directly that can be observed and processed
and can incorporate unavoidable errors into the model. SEM
is generally represented by a system of linear equations, which
is divided into two parts: the measurement model and the
structural model. The measurement model reflects the relationship
between the latent variables and the observed variables, and the
latent variables can be defined by the observed variables through
the measurement model; the structural model represents the
relationship between the latent variables. The matrix equations of
the measurement and structural models and the meanings they
represent are shown below.

Measurement model:

X = 3Xξ+δ (1)

Y = 3Yξ+ε (2)

Structural model:

η = βηξ+0ξ+ζ (3)
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FIGURE 2

Distribution map of study areas.

In the above equations, ξ and ηare the exogenous latent
variables and endogenous latent variables, X is the observed
variable of ξ , Y is the observed variable of η, 3X is the coefficient
linking the variable X to the variable ξ ,3Y is the coefficient linking
the variable Y to the variable η, δ and εare the errors of the variables
X and Y, respectively, β is the regression coefficient of the variable
η, 0 is the regression coefficient of the effect of the variable ξ on the
variable η, ζ is the error of η .

3.4. Variable selection

Based on the above theoretical analysis, we designed three
psychological cognitive factors, including behavioral attitudes,
subjective norms, and perceived behavioral control, taking into
account the characteristics of the forestry property market and
farmers’ perspectives. Then, we designed 4–6 observed variables
for each latent variable using a 5-point Likert scale, with each item
measured according to whether one agrees with the statement, with
the number 1 indicating “strongly disagree” and the number 5
indicating “strongly agree,” and the degree of agreement increasing
from 1 to 5. The willingness and behavior of farmers to enter
the forestry property trading center were dichotomized, with 1
indicating “yes” and 0 indicating “no.” The specific question
settings of the scale are shown in Table 3.

3.5. Reliability and validity test

In order to ensure the credibility and validity of the study
findings, the scale was tested for reliability and validity, and the
results are shown in Table 4. We examined the reliability of
the sample data by Cronbach’s α and combined reliability, and
the Cronbach’s α coefficients of the three dimensional observed
variables of behavioral attitudes, subjective norms, and perceptual
behavioral control were all above 0.8, indicating good agreement of

the measures. Also, the combined reliability of each latent variable
is greater than 0.8, and the extracted squared extracted variance
of all latent variables is higher than the evaluation criterion of
0.5, indicating that the model has good reliability. In addition, a
factor analysis of the sample data using SPSS 24.0 software yielded
a Kaiser-Meyer-Olkin value of 0.956 and a cumulative variance
contribution of 78.159%. Taken together, the model data were

TABLE 2 Basic characteristics of sample farm households.

Variable Classification
rule

Frequency Frequency%

Age < 35 13 2.51

(year) 36∼45 107 20.62

46∼55 254 48.94

56∼65 106 20.42

> 65 39 7.51

Household income < 50,000 140 26.97

Chinese Yuan
(CNY)

50,000∼100,000 135 26.01

100,000∼150,000 79 15.22

150,000∼200,000 49 9.44

> 200,000 116 22.35

Education level < 6 206 39.7

(year) 6∼9 184 35.5

9∼12 108 20.8

> 12 21 4.0

Forest land size < 5 243 46.82

(hectare) 5∼10 67 12.98

10∼15 47 9.1

15∼20 31 6.0

> 20 131 25.2
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TABLE 3 Latent variables, observed variables and code settings.

Latent
variable

Abbr. Observation variable
definition

Behavioral attitude
(AB)

AB1 Improve efficiency and reduce costs
of forestry property transactions

AB2 Reduce the risk of forestry property
trading

AB3 Facilitate open, fair and just
transactions

AB4 Protect the legal rights of both parties
to the transaction

AB5 Reduce the occurrence of forestry
property disputes

AB6 Promote large-scale operation and
optimal allocation of production

factors

Subjective norms
(SN)

SN1 The village collective believes that it
should enter the forestry property

market for trading

SN2 The government or forestry
department thinks it should enter the
forestry property market for trading

SN3 Neighboring farmers think it should
enter the forestry property market

for trading

SN4 Family believes it should be traded in
the forestry property market

Perceptual
behavioral control
(PBC)

PBC1 I have sufficient tolerance for trading
risk

PBC2 Unfamiliarity with the forestry
property market process affected my

entry into the transaction

PBC3 The country has a very good support
policy

PBC4 The degree of regulation of forestry
property trading market

PBC5 Ease of access to transaction
information

Willingness (PW) PW1 Willingness to enter the forestry
property market for forestry property

trading

Behavior (PB) PB1 Access to the forestry property
market for forestry property trading

suitable for factor analysis, and the model had high construct
validity.

4. Results and discussions

4.1. Structural equation model fitness
test results and model correction

Based on this study’s hypotheses, measurement indicators, and
test results, we constructed the structural equation model. The
results of the structural equation model fitness test are shown in
Table 5. According to the model path coefficients and correction

indices, we revised the model in the order of the correction indices
from largest to smallest, and added residual correlations between
the variables SN3 and SN4, AB5 and AB6, AB6 and PB1, PBC1 and
PBC5, and SN3 and PB1. The cardinality values can be effectively
reduced after releasing the correlations between these groups of
variables, and the theoretical assumptions are not violated. After the
correction, the overall model fitness evaluation indexes all meet the
evaluation criteria, indicating that the overall model fit is optimized
and the analysis results are more accurate after the parameters
are released. The modified structural equation model is shown in
Figure 3.

4.2. Estimation results and discussions

Table 6 shows the structural equation model path coefficients.
From the table, we can see that the three latent variables
that determine the willingness of farmers to enter the forestry
property market do not differ greatly in their degree of influence,
“AB→PW1,” “SN→PW1,” “PBC→PW1” the three paths influence
coefficients of 0.301, 0.338, and 0.341, respectively, and the three
are not independently influencing farmers’ willingness to make
decisions, but there is a large interaction between them. The path
“PBC→PB1” was significant with an effect coefficient of 0.367,
indicating that perceptual behavioral control has a significant effect
on behavior. The coefficients of the above paths are all significant at
the 1% level, indicating that the four research hypotheses proposed
in this paper have been verified, while the coefficient of the effect
of farmers’ willingness (PW1) on decision-making behavior (PB1)
is 0.157, but it is not significant, indicating that the willingness
is not completely transformed into behavior, and that the process
of transforming farmers’ willingness into behavior is hindered or
interfered with by some external factors. In the following section
we will discuss the impact of each path specifically.

4.2.1. The effect of AB on farmers’ willingness to
enter the forestry property market

Table 6 shows that in the psychological decision-making model
of farmers, behavioral attitudes have a positive influence on farmers’
willingness to enter the forestry property market, indicating that
the more positive farmers’ behavioral attitudes are, the higher
their recognition of the forestry property market and the stronger
their willingness to choose, so hypothesis 1 is verified. Hansson
et al. (2012) also found a significant positive relationship between
indirect attitudes and intentions, indicating that behavioral beliefs
about possible outcomes influenced farmers’ intentions.

Among the behavioral attitudes, the loading of AB1 factor
loadings amount to 0.809, reflecting farmers’ recognition of the
transaction services provided by the forestry property market. The
forestry property market generally has multiple comprehensive
functions, in addition to organizing transactions and intermediary
service. it also has a number of functions such as property rights
management and information release (FAO, 2012). Farmers can
enjoy one-stop services through the forestry property market,
which simplifies the transaction process and improves the efficiency
of the transaction, and therefore can stimulate the enthusiasm of
farmers. Although many services in the forestry property market
are free, there are still some items in some parts of the transaction
that require certain fees, which should be reduced as much as
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TABLE 4 Reliability and validity test results.

Latent variable Cumulative variance
contribution rate (%)

Cronbach’s α Combinatorial
reliability

Mean refinement
variance

AB 54.022 0.923 0.925 0.675

SN 67.028 0.830 0.827 0.645

PBC 78.159 0.809 0.812 0.528

TABLE 5 Evaluation index system and fitting results of the overall SEM suitability.

Type of index Abbr. Acceptable fit values Fit values Result

Absolute fit index X2/df < 3.00 1.959 Accept

RMR < 0.05 0.020 Accept

RMSEA < 0.05 0.043 Accept

GFI > 0.90 0.954 Accept

AGFI > 0.90 0.935 Accept

Incremental fit index NFI > 0.90 0.964 Accept

RFI > 0.90 0.955 Accept

IFI > 0.90 0.982 Accept

TLI > 0.90 0.978 Accept

CFI > 0.90 0.982 Accept

Parsimonious fit index PCFI > 0.50 0.780 Accept

PNFI > 0.50 0.766 Accept

AIC Less than both the independent model value and the
saturated model value

301.520< 306.000
301.520< 5,990.535

Accept

CAIC 537.856< 1,109.541
537.856< 6,079.817

Accept

FIGURE 3

Modified structural equation model.
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TABLE 6 Estimation results of the SEM.

Path Standardized path coefficient Standard error Threshold ratio value Hypothesis test

Structural model

AB→PW1 0.301*** 0.091 4.315 H1 accepted

SN→PW1 0.338*** 0.067 5.991 H2 accepted

PBC→PW1 0.341*** 0.097 4.687 H3 accepted

PBC→PB1 0.367*** 0.060 3.330 H4 accepted

PW1→PB1 0.157 0.042 1.519

Measurement models

AB→AB1 0.809*** 0.056 18.870

AB→AB2 0.857*** 0.057 20.095

AB→AB3 0.847*** 0.055 19.840

AB→AB4 0.862*** 0.059 20.246

AB→AB5 0.827*** 0.060 17.964

AB→AB6 0.739*** – –

SN→SN1 0.802*** – –

SN→SN2 0.764*** 0.050 18.264

SN→SN3 0.682*** 0.056 15.920

SN→SN4 0.609*** 0.056 13.936

PBC→PBC1 0.667*** 0.062 14.057

PBC→PBC2 0.796*** 0.066 16.588

PBC→PBC3 0.657*** 0.079 13.876

PBC→PBC4 0.696 – –

PBC→PBC5 0.549*** 0.065 11.634

*** indicates 1% significance level.

possible, lower the fee standard, and lower the forest resources
assessment fee to attract traders.

AB2 factor loadings amount to 0.857, indicating that the risk of
current forestry property trading is an important factor for farmers
to choose the trading route, and that most of the current forestry
property markets are government forestry department-affiliated
institutions with a certain degree of authority, the relevant property
rights registration and change procedures for trading are more
complete, and the trading risk is relatively low.

AB3 factor loadings amounted to 0.847, indicating that the
process through the forestry property market is more open,
fair, and equitable than private transactions, and that the
standardized transaction procedures play an important role in
farmers’ willingness and are more likely to be recognized by both
sides of the transaction.

The AB4 coefficient reaches 0.862, which indicate that farmers’
own rights and interests are the important aspect they consider
when making forestry property rights transaction decisions, which
largely determines the choice intention. Farmers generally lack
a sense of security about the ownership of forestry rights (Liu
et al., 2022), therefore, only when their own rights and interests
are guaranteed, farmers are willing to trade through the forestry
property market. The forestry property market should focus
on serving forestry reform, starting with the comprehensive
improvement of forestry’s ability to serve social and economic
development, actively expanding and extending the coverage

of public service platform of forestry production, explore the
construction of “forestry remote education service points” covering
townships (towns), establish a “forest products information
service platform,” and optimizing the sharing of scientific and
technological information services, so that the majority of farmers,
forest enterprises cognitive benefits.

AB5 factor loadings amount to 0.827, indicating that
unregulated forestry property transactions are likely to cause
related forestry property disputes, while the forestry property
market can eliminate related forestry property dispute potential
problems, such as confirming whether the subject matter is
defective before the transaction, supervising whether the trader
is in breach of contract after the transaction, and the transaction
process is relatively regulated and complete, avoiding disputes and
safeguarding their own interests through regulated transactions.
Forest tenure reform has often focused on formalizing the collective
rights of communities to forest resources (Duguma et al., 2018),
and the establishment of forestry property markets has further
facilitated the formalization of forest rights transactions.

AB6 factor loadings amount to 0.739. The new round of forest
reform has led to the fragmentation of forest land operations,
which has hindered the enhancement of the scale efficiency of
forest land operations and the optimal allocation of resources.
The emergence of this institution, the forestry property market,
has built an interconnected trading platform for both sides of

Frontiers in Forests and Global Change 09 frontiersin.org174

https://doi.org/10.3389/ffgc.2023.1147233
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1147233 August 7, 2023 Time: 14:17 # 10

Han et al. 10.3389/ffgc.2023.1147233

the transaction, and its role has been recognized by farmers and
enhanced their willingness to a large extent.

4.2.2. The influence of SN on farmers’ willingness
to enter the forestry property market

The path of influence of subjective norms on farmers’
willingness to enter the forestry property market is significant,
indicating that a farmer feels pressure from the surrounding
group when deciding whether to trade through the forestry
property market, and this pressure may lead him to make
decisions that are consistent with the opinions of others, and
hypothesis 2 is tested. Among the subjective normative constructs,
the factor loadings of SN1, SN2, SN3, and SN4 are 0.802,
0.764, 0.682, and 0.609, respectively, indicating that norms from
different levels have different degrees of influence on farmers’
psychological decisions to enter the forestry property market, and
the magnitude of their influence is in the following order: village
collective or group opinion > government or forestry department
opinion > neighboring farmers’ opinion > family opinion. This
reflects that the influence of organizational-level norms on farmers’
decision making is greater than that of individual-level norms.

Before the establishment of the forestry property market in
collective forest areas, most of the forestry property transfer
transactions were organized by village collectives (Kumar et al.,
2015), therefore, the views of village collectives in the transfer
transaction activities were regarded as important norms by farmers.
After the establishment of the forestry property market, forestry
property transfer regulations in some areas stipulate that state
or collective forestry property transactions must be transacted
through the forestry property market. Farmers are guided by
the forestry property transfer policy and have a strong policy
perception, which also strengthens their perceived social and policy
pressure. On the other hand, the opinions of neighboring groups,
such as neighbors or family and friends, may exert pressure on
farmers’ decisions on transfer transactions, prompting them to
make decisions consistent with their opinions; family members’
opinions are generally more consistent and are more likely to arise
through the influence of external opinions.

4.2.3. The effect of PBC on farmers’ willingness to
enter the forestry property market

Perceived behavioral control refers to the ability, resources, or
implementation barriers that farmers perceive when they perform
certain behaviors, which can promote or hinder the willingness
and behavior of farmers to some extent (Elsawah et al., 2017). The
load coefficient of the effect of perceived behavioral control on
farmers’ willingness to enter the forestry property market was 0.341
and statistically significant, indicating that perceived behavioral
control has a large effect on farmers’ willingness and is an important
aspect of willingness formation. The load coefficient of the effect
of perceptual behavioral control on farmers’ behavior was 0.367
and statistically significant, indicating that perceptual behavioral
control had a large impact on farmers’ behavior, i.e., an important
reason why farmers’ intentions were not effectively translated into
behavior to a large extent was due to the influence of perceptual
behavioral control. As reviewed by Jones et al. (2011), literature
has focused on the dynamic capacities and abilities of mental
models.

Perceived behavioral control includes the ability, resources,
or barriers (external factors) to the farmer’s choice, which
largely constrain the farmer’s choice behavior. Among them, the
PBC2 factor loading is the largest, at 0.796, indicating that the
government’s propaganda for the forestry property market is not yet
in place, hindering the willingness of farmers to enter. One of the
important reasons why forestry property market transactions are
insufficient and the function of property rights transactions cannot
be effectively played is that farmers do not know much about
the stability of forestry reform policy, the function and operation
process of forestry property market. The PBC4 factor loading is
0.696, indicating that there are still irregularities in the current
forestry property trading market, the forestry property trading
process requires forestry departments to provide forestry property
registration, change procedures, and other related services, and
good and sound market conditions play a positive role in farmers’
decision making. The loading of PBC1 factor is 0.667, indicating
that farmers’ own risk tolerance is one of the important factors
in their choice of forestry property trading method. Most farmers
are risk-averse (Duan et al., 2021), and forestry property trading
faces many uncertain risks, so if farmers perceive that forestry
property trading activities through the forestry property market
can improve the safety of trading, then their willingness will
be higher. The PBC3 factor loading was 0.657, indicating that
the support from the state policy has an important guiding
effect on farmers’ decision making, and the state’s support policy
can effectively enhance farmers’ enthusiasm to participate in the
early stages of forestry property trading market establishment.
The factor loading of PBC5 is 0.549, which indicates that the
information asymmetry between the two sides of the transaction
in the forest in rights trading market is prominent, and the
forestry property market helps to promote farmers to enter the
forestry property market transaction by releasing information
about forestry property trading.

4.2.4. Interaction of AB, SN, and PBC
The three latent variables of behavioral attitudes, subjective

norms, and perceptual behavioral control are bipartite and
interact with each other (Senger et al., 2017). The interaction
between behavioral attitude and perceived behavioral control is
the strongest, with a loading coefficient of 0.89 between the two
latent variables. Farmers who have greater ability and resources
to adopt positive attitudes toward forestry property markets have
a stronger perception of behavioral control. And farmers with
higher perceptions of behavior control expect safer and more
secure transaction services and have a more positive attitude
toward the forestry property market. The influence between
behavioral attitudes and subjective norms is the second most
important, with a loading coefficient of 0.84. The choice of forestry
property trading method is a rational behavior, which is not only
influenced by objective conditions, but also swayed by subjective
factors. Farmers’ attitudes toward entering the forestry property
market interact with subjective norms. The more positive farmers’
behavioral attitudes are, the more likely they are to feel pressure
from surrounding groups or organizations, and the greater this
social pressure is, the greater the influence on their attitudes
(Borges and Lansink, 2016). The loading coefficient between
subjective norm and perceived behavioral control is 0.82. The
stronger the perceived behavioral control, the more adequate the
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farmers’ conditions are, and the more they want the forestry
property trading policy to be recognized by more people, so the
subjective norm and perceived behavioral control also influence
each other.

5. Study limitations

It is acknowledged that there are some limitations to this
study. Firstly, this paper only analyzes the factors influencing
farmers’ willingness to enter the forestry property market
according to the theory of planned behavior. The selected
factors are not comprehensive enough, for example, the model
does not take the difference of forest land management scale
into account. Secondly, due to the large geographical area
of China, each province has a different degree of market
development. This study only selects Fujian, Jiangxi, and
Zhejiang provinces for research, which has certain limitations.
Therefore, many future studies can extend this research to
provide a research basis for the sustainable development
of forestry property market, as well as Chinese experience
for the development of forestry property market in other
countries in the world.

6. Conclusion and policy
recommendations

6.1. Conclusion

This paper combines the theory of planned behavior and
structural equation modeling to analyze the psychological decision-
making process of farmers’ entry into the forestry property
market from the perspective of psychological characteristics. The
research results show that: (1) Three psychological cognitive
factors of farmers’ behavioral attitudes, subjective norms, and
perceptual behavioral control play an important role in influencing
their psychological decision willingness, and the three factors
do not independently affect farmers’ choice willingness, but
have a large interactive effect. (2) An important reason why
farmers’ willingness is not effectively transformed into behavior
is that they are constrained by their own ability and resource
endowment, as well as the interference of external factors such
as an imperfect forestry property trading market and inadequate
policy publicity. (3) Reducing the risk of transfer and protecting
the rights and interests of both parties constitute the main factors
of behavioral attitudes, and the greatest external pressure on
farmers’ willingness to enter the forestry property market comes
from the opinions of village collectives. (4) Perceptual behavior
control has an important restraining effect on behavior, among
which unfamiliarity with the forestry property market is the main
factor affecting farmers’ perceptual behavior control. Farmers are
micro subjects of forestry property market, and it is of great
practical significance to study farmers’ behavioral decisions to
enter the forestry property market and to improve farmers’ market
participation behavior for the healthy development of the forestry
property market.

6.2. Policy recommendations

Based on the findings of the study, we propose the following
policy recommendations.

First, improve and perfect the service system of forestry
property market, and combine multiple supporting policies to
protect the vital interests of farmers. Simplify the procedure of
forest rights trading, reduce the transaction cost, improve the
efficiency of the transaction, and effectively consider the farmers’
interest demands on forest rights trading.

Second, cultivate and enhance farmers’ awareness of the
forestry property market. First of all, we should strengthen the
publicity of forestry property market, through the government
with the help of public media such as TV, radio, newspapers and
magazines, or use modern network, set up websites and other forms
to increase the publicity in order to enhance the influence and
attractiveness of the market. Secondly, popularize the information
related to the forestry property market and enhance the farmers’
awareness of the forestry property market.

Third, strengthen the policy guidance to encourage policies to
promote the flow of forest rights trading toward standardization.
Encourage forest farmers to participate in forest land and forest
management and transfer in various ways, such as through
forest rights participation, joint operation, development of forestry
cooperatives and forest rights mortgage and other forms of
property rights transfer. Respect the farmers’ right to choose,
guide farmers to enter the forestry property market and gradually
internalize off-site transactions. In addition, because of the
prominent role of village collectives in regulating the flow, the
development of forest rights trading policies should also emphasize
the power of grassroots organizations.
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A forest is one of the carbon sinks in the terrestrial ecosystem; it is a major

target for securing CO2 sequestration to achieve carbon neutrality. Reforestation

is a forest management method that could attain carbon fixation and forest

degradation recovery at the same time, but quantitative research has not been

actively conducted. The purpose of this study is to identify the target areas for

reforestation through changes in land cover in the Korean Peninsula and to

quantify the potential CO2 sequestration e�ect of reforestation. According to

the land cover change through satellite imagery, the area of settlements in the

Republic of Korea (ROK) was the most dominant (+3,371 km2), and the main

change occurred from cropland to settlements. The forest area increased by

+1,544 km2 from 68,264 km2 in the 1980s to 69,809 km2 in the late 2010s. The

forest decreased by 7,526 km2, accounting for 5.68% of the entire land area of the

Democratic People’s Republic of Korea (DPRK), and cropland increased by 5,222

km2 which is 5.12%. Assuming that the target of reforestation is an area whose

land cover was a forest in the past and then converted to cropland, wetland,

or bare ground, the area of the target decreased as the reference period was

applied more recently. As a result of comparing the late 2000s to the late 2010s,

the ROK’s annual net carbon sequestration due to reforestation is predicted to

be 10,833,600Mg CO2 yr−1 in 2050 and 20,919,200Mg CO2 yr−1 in 2070. In the

DPRK, 14,236,800MgCO2 yr
−1 in 2050 and 27,490,400MgCO2 yr

−1 in 2070 were

predicted. Reforestation in the Korean Peninsula was analyzed to have su�cient

potential to secure a carbon sink, and the DPRK in particular was analyzed to be

able to play a role in overseas reforestation.

KEYWORDS

reforestation, carbon sink, carbon dioxide sequestration, land cover change, forest

management scenarios

1. Introduction

A forest is one of the carbon sinks that compose terrestrial ecosystems and plays the
highest role in carbon sequestration among other land cover types (Saeed et al., 2016).
In particular, reforestation is known as a representative method to enhance the CO2

sequestration effect by increasing forest biomass along with afforestation (Nevle and Bird,
2008; Wang et al., 2022). As the Paris Agreement in 2012 requires activities to reduce
greenhouse gases, the importance of forests has been increasing steadily in land use, land
use change, and forestry (LULUCF). Each country makes an effort to expand the carbon
sinks to support economic sectors related to energy, industrial processes, agriculture, and
waste, which directly affect carbon emissions (Fukushima, 2013; Kim et al., 2021). Indeed,
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the Kyoto Protocol indicates that afforestation and reforestation
are instruments intended to reduce greenhouse gas emissions
(Zomer et al., 2008). The United Nations Framework Convention
on Climate Change (UNFCCC) recognizes only afforestation and
reforestation as emission reductions in the LULUCF, whereby
afforestation is the establishment of trees on the land that has
not had a forest on it for more than 50 years, and reforestation
is the establishment of trees on the land that has had a forest
on it within the last 50 years (UNFCCC, 2002a,b). According
to guidelines published by Intergovernmental Panel on Climate
Change (IPCC), cropland and settlements are regarded as carbon
sources on the surface; therefore, it is possible to secure carbon
storage through forest restoration (IPCC, 2006). The atmospheric
carbon fixation effect of the carbon reservoir is estimated through
annual changes in carbon uptake that are calculated by applying
the carbon coefficient and area for each species according to plant
growth (Lee S.-g. et al., 2018).

To obtain the emission reduction, time-series land cover
change should be preceded, and it is divided into a method using
national statistical data and a method based on spatiotemporal
activity data according to the IPCC (2003) approach level.
To obtain higher scientific reliability, it is recommended to
apply spatiotemporal activity data. When these data are absent,
a method of replacing them, with national statistical data is
proposed. In the case of the Korean Peninsula, various space-
based studies have been conducted in the Republic of Korea
(ROK), but research on the Democratic People’s Republic of
Korea (DPRK) is insufficient. The long-term spatiotemporal
data analyzed using the same criteria for the Korean Peninsula
are from the land cover maps of the ROK’s Ministry of
Environment classified as Landsat TM (30m) (https://egis.me.go.
kr/intro/land.do), it enables a space-based analysis at the level of
Approach 3.

The Korean Peninsula had a serious deforestation problem
prior to the establishment of a divided government, which
comprises the ROK and the DPRK, while a common feature was the
large-scale government-led forest restoration projects, which were
performed until the 1980s. After the completion of the reforestation
phase, the forest area in the ROK has been continuously increasing;
however, the DPRK has been gradually converted from forest to
cropland (FAO, 2006). Despite the geographical proximity between
the two countries, the difference in national policy, according to the
economic condition, has caused opposite trends in the changes to
the forest area since 1980 (Park and Park, 2012; Song et al., 2017).
Recent deforestation in the DPRK, confirmed through satellite
imagery, was shown to be more serious than what was reported
to the international community by the DPRK (Lee S.-g. et al.,
2018; Lim et al., 2019). The degraded forest was converted to
cropland for food supply under the DPRK government-led policy,
and it was discovered that the target area for restoration would
be vast (Lim et al., 2017). The main cause of the DPRK’s food
shortage is not the lack of cropland, but the lack of financial
resources, such as fertilizers, essential for crop growth and the lack
of technology required for sustainable farming. Therefore, experts
for the DPRK suggest that it does not have the capacity to carry
out food production and reforestation on its own. Considering
that forest restoration policies have been actively pursued since the

establishment of the Kim Jong-un regime, financial and technical
support for the DPRK is required from neighboring countries.

The area of forests has increased in the ROK, but the area of
cropland has decreased and the area of settlements has increased.
The recent level of deforestation in the DPRK confirmed through
satellite imagery is known to be more serious than reported by the
international community (Lee S.-g. et al., 2018). This trend has
created a difference in the area available for securing additional
carbon sinks in the forests within the Korean Peninsula. The ROK
urgently needs to increase carbon sinks according to the 2050
Carbon Neutral Plan, but research on fields where non-forests
could be converted to forests is insufficient. According to a forest
carbon study through reforestation after lumbering in the ROK, 27
million Mg CO2 yr−1 was predicted in 2050, which does not meet
the target of 36 millionMg CO2 yr−1 of the 2050 Carbon Neutrality
Plan (Hong et al., 2022). In this respect, it is urgently necessary
to identify the potential for securing additional carbon sinks, and
afforestation and reforestation could be realistic alternatives. In
contrast, the DPRK’s task is to restore forests to solve the problem
of land degradation. It is expected that the target area for forest
conversion would be wide because the DPRK has a high rate of
agricultural land conversion from forests, which means that the
restoration of degraded forests could be used as a carbon sink (Lim
et al., 2017).

Therefore, this study aims to classify the reforestation target
areas in the Korean Peninsula and quantify the potential carbon
sequestration effects by reforestation scenarios. The target area
of reforestation for the Afforestation and Reforestation Clean
Development Mechanism (A/R CDM) is identified by estimating
the change in the historical forest area since the 1980s when
the difference in land cover trends between the ROK and the
DPRK occurs. For the potential carbon sequestration in the future,
the hypothesized reforestation scenario is applied and the change
over time is estimated. The value of reforestation, which has
been underestimated, could be reconsidered and used as a basis
for forest policy decisions through the quantification of carbon
sink potential.

2. Materials and methods

2.1. Historical land cover changes using
satellite images

In this study, reforestation follows the standards of A/R CDM,
and it means reforestation on land that was previously forested
and then converted to non-forest use. Land cover change through
spatial information is essential to meet the eligibility assessment
to be selected as a target for afforestation and reforestation (Yoo
et al., 2010). Afforestation targets areas that have been non-forested
for the past 50 years; there is a limit to the application of the
Korean Peninsula because data prior to the 1970s only exist in
document statistics. The Korean Peninsula consists of the ROK and
the DPRK; however, since 1980, they have possessed contrasting
land use patterns. In particular, the trend in forest area change
appears in contrast to each other, which causes a difference in
the area for carbon sink. In terms of securing CO2 sequestration
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TABLE 1 Information on satellite image data.

Time Source image Spatial
resolution

Number of
maps

1980s Landsat TM (1987–1989) 30m 488

1990s Landsat TM (1997–1999) 30m 488

2000s Landsat TM (2008–2010) 30m 488

2010s Landsat TM (2018–2019) 30m 488

through forest conversion, the expected effect will be distinctly
different. It could be classified as a reforestation target based on
the A/R CDM standard as major changes in the forest of the
Korean Peninsula occurred after 1980. Spatial data for estimating
land cover change used the 10-year land cover map (1980s, 1990s,
2000s, and 2010s) of the Korean Peninsula officially published by
the ROK’s Ministry of Environment (Table 1) (https://egis.me.go.
kr/). Each data set was established from the Landsat TM imagery for
the Korean Peninsula. The spatial resolution is 30m, and they had
more than 70% accuracy for classification (Kang and Choi, 2014).
The resolution of the land cover map was applied in units of 30 ×
30m andwasmatchedwith themost recent land covermap in 2010.
The land cover change was estimated using a time series matrix
for each type (Klein et al., 2012). The type of land cover change
defines an area that has been converted to settlements, cropland,
wetland, bare ground, or water from a forest. The settlements have
limitations for reforestation because economic loss occurs in the
removal of urbanized land and infrastructure when it converts
into a forest. Therefore, cropland, wetland, and bare ground were
considered as possible reforestation patches, while settlements and
water were classified as impossible for reforestation.

f (x) =
1

δ
√
2π

e
−(x−µ)2

2δ2 , (1)

where δ represents the standard deviation, and µ represents the
mean value.

2.2. Reforestation scenario

To estimate the effect of carbon sequestration by reforestation
in the future, a reforestation scenario was established. The area
for reforestation varies depending on when the reference period is
established (Teuling et al., 2019). In the land cover change data,
the largest reforestation area appears when the reference period
is 1980 and the smallest area is derived in 2000 because of the
rapid forest decrease in the DPRK. The reference period for the
reforestation scenario was 2010 compared with 2020, which shows
the smallest area for reforestation in the time series. This is to
minimize the burden on food production in the DPRK, and it
could support the establishment of a feasible policy that reduces
the overestimation. The assumed reforestation area covers the total
area of the reforestation derived from each country and applies to
the same area annually. The annual reforestation area was derived
by dividing the total area of the reforestation target for each country
over 70 years from 2031 to 2100, and it was assumed that 5-year-old

TABLE 2 Species growing stock by age of stand.

Tree species Growing stock by age class

10 15 20 25 30 35 40

Pinus densiflora 34.7 62 70.2 101.85 129.25 152.05 171.05

Pinus koraiensis 17.2 42.7 71 98.9 125.2 149.5 171.8

Larix kaempferi 40.5 70.7 100.7 127.7 151.6 172.8 191.7

Pinus rigida – 35.8 65.6 95.5 122.5 145.5 164.6

Chamaecyparis obtuse – 49.1 90.8 126.4 153.5 173.7 189.1

Quercus acutissima – 56.6 85.3 112.7 138.7 163.1 186.3

Quercus mongolica 37.3 66.2 92.1 113.1 131.7 148.7 164.6

45 50 55 60 65 70 75

Pinus densiflora 187.05 200.65 212.3 222.45 231.25 239.05 245.95

Pinus koraiensis 192.3 211.3 228.8 245.2 260.5 275 288.8

Larix kaempferi 208.8 224.4 238.8 252.1 264.6 276.3 287.3

Pinus rigida 180.4 193.5 204.4 213.8 222 229.2 235.8

Chamaecyparis obtuse 201.5 211.8 220.6 228.4 235.3 241.6 247.3

Quercus acutissima 208.3 229.1 249 267.9 285.9 303.1 319.5

Quercus mongolica 180 195 209.8 224.7 239.5 254.4 269.5

woody plants were planted for the annual area. The total amount
obtained by reforestation was calculated by the planted amount in
the current year and the growing amount generated by tree growth
in the previous period (Equation 2). A temporal growing stock by
tree age is predicted according to the stand harvest table of the
Korea Forest Service (Table 2). The stand yield table presents the
growth by site index. As this study targets planting in non-forest
areas, overestimation was avoided by applying the growth amount
that appears at the lowest status index for each species. In cases of
growing stock in 10-aged Pinus rigida, Chamaecyparis obtuse and
Quercus acutissima are not known in the ROK, so it is assumed
there is half of the growing stock for the 15-age.

VTotal = V + VReforestation + Vt2−t1, (2)

whereVTotal represents the total forest stock each year,V represents
the forest stock prediction without management, VReforestation

represents the volume for the new yearly reforestation, and Vt2−t1

represents forest accumulation by growth.

2.3. Calculation of CO2 sequestration

The ROK forest types were reclassified from the forest map
made by the Korea Forest Service (https://map.forest.go.kr/forest/)
to the dominant species, which consists of pure stands, such as
Pinus densiflora, Pinus koraiensis, Larix kaempferi, Pinus rigida,
Chamaecyparis obtuse,Quercus acutissima, andQuercus mongolica,
while the tree stock was derived by applying the age of actual
vegetation (Hong et al., 2022). These plants are the main species of
the Korean Peninsula, and they have an advantage in surviving in a
wide and barren environment. It was used as a major afforestation

Frontiers in Forests andGlobal Change 03 frontiersin.org181

https://doi.org/10.3389/ffgc.2023.1106630
https://egis.me.go.kr/
https://egis.me.go.kr/
https://map.forest.go.kr/forest/
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Lee and Kim 10.3389/�gc.2023.1106630

TABLE 3 Carbon emission factors for the major tree species in the Korean Peninsula.

Tree species Basic wood density Biomass expansion factor Root/shoot ratio Carbon fraction

Pinus densiflora 0.445 1.448 0.256 0.51

Pinus koraiensis 0.408 1.742 0.276 0.51

Larix kaempferi 0.453 1.335 0.291 0.51

Pinus rigida 0.504 1.325 0.362 0.51

Chamaecyparis obtuse 0.427 1.349 0.203 0.51

Quercus acutissima 0.721 1.450 0.313 0.48

Quercus mongolica 0.663 1.603 0.388 0.48

species in the forest reforestation process of the Korean Peninsula
in the past. As a result, it constitutes the dominant species on the
Korean Peninsula. In the case of the DPRK, the amount of tree
stock was calculated using the species distribution data announced
by FAO (2020). The prediction of the forest stock change without
management was assumed as the baseline for a future period until
2100. The carbon dioxide equations (Equations 3 and 4), which
were suggested by IPCC guidelines were applied. The country-
specific coefficient derived from the National Institute of Forest
Science was used to calculate the effect from 2031 to 2100 when
the reforestation will be performed (Table 3) (Son et al., 2010).
According to the IPCCmethod, the carbon stock in the forest sector
is derived through the sum of biomass and soil, but a country-
specific coefficient that could be used in the Korean Peninsula
has only been developed for biomass. To analyze the amount of
carbon sequestration in the soil by reforestation in a time series,
it is essential to estimate the change after the early and middle
periods, but there are insufficient data to calculate this. Therefore,
the research subject was limited to biomass in this study. The
future annual net CO2 sequestration is calculated by the predicted
baseline and the reforestation effect. The change of stock volume
shows a high increasing rate during the early stage of growth and
causes a positive effect on the annual net carbon sequestration by
reforestation (Başkent et al., 2011; Seo et al., 2018).

C = Vti × Dj × BEFj × (1+ R)× CF (3)

1CO2ti =
CSti+1 − CSti
ti+1 − ti

×
44

12
, (4)

where C is carbon stock (Mg C ha−1), V is the stand volume (m3

ha−1), D is the basic density of the wood, BEF is called biomass
expansion factor, R is the root-to-shoot ratio, CF is the carbon
fraction (IPCC factor= 0.5), ti is the year, j is the tree species, ti and
ti+1 are the annual change in carbon stock (Mg C ha−1 year−1), and
44
12 is the stoichiometric ratio of CO2 and C.

3. Results

3.1. Historical land cover changes since the
1980s

As a result of the land cover changes in the Korean Peninsula,
a gradual change has occurred during the 30 years since 1980

(Figure 1). Moreover, the forest area decreased from 168,009 km2

in the late 1980s to 162,027 km2 in the late 2010s, while the
settlements increased from 3,630 km2 to 7,656 km2. The change
in the land cover of nations showed different patterns between the
ROK and the DPRK (Table 4). In the ROK, the area of forest and
settlements has been continuously increasing since 1980, while the
cropland is decreasing (Choi et al., 2021). The most distinctive
characteristic of land cover change in the ROK is that the area
of settlements increased by +3,372 km2, resulting in rapid urban
expansion and a decrease in agricultural land over the past 30
years. The forest area increased by +1,545 km2 from 68,264 km2

in the 1980s to 69,809 km2 in the late 2010s, indicating that long-
term forest management was well implemented. In contrast, there
was a clear decrease in forest area and an increase in cropland
in the DPRK (Kang and Choi, 2014). The forest decreased by
7,527 km2, accounting for 5.68% of the entire land area of the
DPRK, and cropland increased by 5,222 km2 which is 5.12%. This
confirmed, spatially, that the cropland conversion in the DPRK
has mainly occurred from the forest. Moreover, spatial distribution
demonstrated that the increased cropland gradually widens around
the periphery of the forest, meaning that farming in the DPRK has
performed at a steeper slope and a higher elevation than in the ROK
(Yu et al., 2018). The difference between the countries becomes
more pronounced when the land cover is classified into forest and
non-forest regions (Figure 2).

3.2. Analysis of reforestation target area

As a result of the reforestation target area, in the past period
compared with the current land cover (2020), it was found that
the target area decreased as the reference period got closer to
the present (Figure 3). The area of reforestation in the ROK was
10,117 km2 in the 1980s, 9,812 km2 in the 1990s, and 8,880 km2

in the 2000s, and there was no significant difference, whereas the
reforestation area in the DPRK was 16,586 km2 in the 1980s, 14,539
km2 in the 1990s, and 11,670 km2 in the 2000s. For the purpose
of expanding the carbon sink, the largest acquisition would be
expected in 1980. However, considering the economic situation of
the DPRK, the rapid reforestation of cropland could cause new
problems for the food supply. An area, which has been agricultural
land for a long time, could easily be degraded as the trees are
harvested for fuel (Byeon, 2014; Crespo Cuaresma et al., 2020).
In this respect, it is important to minimize the impact of external
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FIGURE 1

Land cover change in the Korean Peninsula.

TABLE 4 Area change for land cover types.

Land cover change in the Republic of Korea (ROK)

(km2)

Land cover change in the Democratic People’s

Republic of Korea (DPRK) (km2)

Type∗ 1980s 1990s 2000s 2010s Type∗ 1980s 1990s 2000s 2010s

S 2,136 3,488 4,134 5,508 S 1,493 2,129 2,084 2,148

C 27,680 26,283 24,045 21,651 C 28,383 32,600 33,120 33,605

F 68,264 68,088 69,519 69,809 F 99,744 94,029 93,950 92,217

W 600 396 271 810 W 542 396 260 525

B 1,234 1,641 1,566 1,492 B 991 1,919 1,244 1,664

W 2,285 2,304 2,388 2,705 W 1,593 1,650 1,995 2,244

∗S, settlement; C, cropland; F, forest; W, wetland; B, bare ground; W, water.

FIGURE 2

Temporal change for forest and non-forest areas according to the satellite image analysis.

factors by selecting a target period close to the present. Considering
the ROK, there was no critical difference regardless of the standard
reforestation period, and a difference of 4,916 km2 was found when
comparing the reforestation area between the late 1980s and 2010s
in the DPRK. This is an area where about 1.8 billion trees could be
planted assuming that 3,000 trees are planted per ha, which is 3.71%
of the DPRK’s land area.

The spatial distribution of reforestation in the Korean
Peninsula shows a different pattern between the ROK and the
DPRK, especially when the types of land cover changes were
divided into reforestation targets and settlements (Figure 4). If the
late 2000s is selected as the reference period, 7,104 km2 (79.80%)
of the land that could be reforested and 2,248 km2 (20.20%) of
the land that could not be reforested are found in the ROK. On
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FIGURE 3

Area of maximum reforestation target depending on the period.

the other hand, 11,670 km2 (92.97%) of the area is possible and
882 km2 (7.03%) of the area is impossible for reforestation in the
DPRK. Therefore, the ROK is facing spatial limitations in which
reforestation could not be carried out even though forests have been
converted to other land covers. In contrast, the DPRK appears to
have the conditions for reforestation to be applied in most of the
converted areas since the late 1980s.

3.3. Prediction of stand volume and CO2

changes by reforestation

The annual reforestation area of ROK is 126.8 km2, and
the DPRK is analyzed to be 166.7 km2, which is 1.3 times
larger when the reference period set to the late 2000s and the
reforestation scenario was applied. As a result of assuming the
forest accumulation according to the growth prediction from actual
vegetation as a baseline, it is estimated that forest accumulation
in the ROK by reforestation calculated at 17,233,460m3 in 2050,
57,848,704m3 in 2070, and 146,087,769m3 in 2100. An increase
of ∼24.17% is expected through the implementation of the
reforestation scenario compared to that of the current forest
accumulation of the ROK is estimated to be 604,395,000m3. In
the case of the DPRK, it was analyzed that a net acquisition of
22,646,764m3 in 2050, 76,019,899m3 in 2070, and 191,976,252m3

in 2100 was possible. Compared to the DPRK’s current forest
accumulation of 682,966,400m3, it was analyzed that the maximum
potential by reforestation is possible to increase the stand volume
by 28.11% compared to the late 2010s (Figure 5).

A net annual CO2 sequestration of 10,833,600Mg CO2 year−1

is expected in 2050, with 20,919,200Mg CO2 year−1 expected in
2070 in the ROK through the reforestation scenario (Figure 6).
Moreover, the DPRK forest was estimated to have a potential
net annual carbon sequestration of 14,236,800Mg CO2 year−1

in 2050 and 27,490,400Mg CO2 year−1 in 2070. The annual net
carbon sequestration would be changed according to the area and

period for reforestation because the carbon sequestration effect by
reforestation was calculated by including both the increase for tree
planting in the current year and the growth of the trees converted
to the forest in the previous period. Therefore, it was determined
that the potential for carbon sink expansion through reforestation
was higher in the DPRK than in the ROK.

4. Discussion

As forests were internationally recognized as carbon sinks,
many studies on carbon fixation have been conducted. In this
process, the problem of reducing annual carbon sequestration due
to forest aging has emerged (Ma et al., 2012; Kim et al., 2022).
While studies on forest management have been actively conducted
to overcome it, the carbon sequestration effect that could be
generated by reforestation has not been presented. The ROK’s 2050
Carbon Neutrality Plan emphasizes securing forest carbon sinks.
To achieve the target of 34 million tons of carbon sinks by 2050,
it is important to apply various forest management methods to
reduce the uncertainty of achieving the goal (Yang et al., 2022).
The main reasons for the relative lack of research on reforestation
are the difficulty of securing the target site, meeting suitability
assessment, and long-term forest management. In the case of the
ROK, the cost required to secure the site and consultation with
the landowner are major issues. Establishing a reforestation plan
should be accompanied by an economic analysis of the costs
incurred in the process of land purchase and reforestation vs.
benefits arising from carbon sequestration.

The DPRK contains uncertainty in the selection of the target
site. In the case of the land cover map used in this study, forests
were overestimated when compared to the recently published
preceding studies (Lee S.-g. et al., 2018; Piao et al., 2021). This
is not only a technical problem with image processing but also
closely related to land use. In the DPRK, rapid changes in
land cover occur due to government-led policies, and a vicious
cycle of reckless deforestation and conversion of arable land by
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FIGURE 4

Distribution map of reforestation target by the reference period.

FIGURE 5

Prediction of stand volume between baseline and reforestation e�ect in the Korean Peninsula.

residents continues after achieving the forest greening performance
assigned to each region. Therefore, the shooting timing and
resolution of images that directly reflect these characteristics
could cause differences in image classification. To overcome these
limitations, monitoring through short-period imaging of high-
resolution satellites should be analyzed on the same method over

a long period of time. Also, in the process of specifying the
reforestation target at the implementation level, consideration of
land cover changes in the future due to changes in socioeconomic
conditions should be included, but there is a limitation in
establishing a model due to a lack of data on the DPRK. To develop
the socioeconomic scenarios, reliable statistics on spatial-based
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FIGURE 6

The potential amount of annual net CO2 sequestration by reforestation.

population change and urbanization rate are required asmentioned
in the socioeconomic path scenario study for the ROK (Song et al.,
2018).

As reforestation sites are applied to non-forests in the
present, they are likely to be more easily disturbed than forest
renewal in terms of continuous forest maintenance. In the
A/R CDM, carbon sequestration is calculated through post-
planting monitoring and follow-up management, sustainable
forest maintenance is the key to being recognized for carbon
sequestration. In the DPRK’s reforestation process, this problem
could be highlighted. When intending to use the DPRK as an
overseas reforestation target, international regulations must be
followed to enable long-term forest management independent
of the unstable political situation. In addition, as the annual
reforestation area is achievable when there is no problem with
nursery stock supply, seedling production and transportation plans
need to be established. There are practical limits to supplying
the entire amount required for reforestation from abroad. Mass
production of seedlings suitable for local conditions is necessary
through advanced technical support and seed supply to local
nurseries. In the case of the DPRK, to overcome its own
technical limitations, it is receiving support for the construction
of nurseries through non-political international organizations,
and these facilities will be able to play a major role in
supplying seedlings.

5. Conclusion

The Korean Peninsula was an area that was successfully
reforested from degraded forest until the 1970s, but changes in
land cover occurred due to economic differences after the 1980s.

As a result of analyzing the satellite image data, the ROK was
characterized by an increase in the number of settlements and
a decrease in cropland, and forests increased by 1,544 km2.
Since the 1980s, the DPRK has converted forests to cropland,
resulting in forest loss of 7,526 km2 by the late 2010s. The effect
of greening the space converted from past forests to cropland,
wetland, and bare ground was analyzed to have an annual net
carbon sequestration of 10,833,600Mg CO2 year−1 in the ROK
and 14,236,800Mg CO2 year−1 in the DPRK at 2050. Considering
that the forest sector target proposed in the ROK’s 2050 Carbon
Neutrality Plan is 34,000,000Mg CO2 year−1, reforestation is a
resource that could be utilized along with carbon enhancement
through the renewal of forests maintained as forests. In terms of
the international business of securing carbon sinks, the DPRK is
free from land ownership issues and has recently been promoting
a forest greening policy, so it has a high potential to serve as an
overseas target for countries whose forest coverage has reached
its limit.
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The exchange of isoprenoids, which includes isoprene, monoterpenes, and 
sesquiterpenes, between ecosystem soils and the atmosphere plays a significant 
role in soil ecology and atmospheric chemistry. However, research on flux 
exchange rates in subtropical ecosystems has been limited, as previous studies 
have mainly focused on temperate and boreal environments. In this study, 
we  aimed to quantify the exchange of isoprenoids between the soil (with or 
without surface litter) and the atmosphere in a subtropical Eucalyptus urophylla 
plantation forest during the daytime in the wet season of subtropical China. 
Additionally, we investigated the influence of soil and litter variables on the fluxes 
of isoprenoids. Our results unveiled the exchange of isoprene and 17 terpenoid 
compounds, comprising 11 monoterpenes and 6 sesquiterpenes, between the 
studied soils and the atmosphere. Interestingly, regardless of the presence of 
surface litter, the studied soils acted as net sinks for isoprenoids, with isoprene 
being the most absorbed compound (−71.84  ±  8.26  μg  m−2 h−1). The removal of 
surface litter had a significant impact on the exchange rates of two monoterpenes 
(α-pinene and β-pinene), resulting in decreased fluxes. Furthermore, the exchange 
rates of isoprene were positively correlated with litter dry weight and negatively 
correlated with soil temperature. The higher exchange rates of monoterpenes 
and sesquiterpenes were associated with increased levels of soil respiration 
and the abundance of leaf litter. These findings suggest that, in the context of 
projected global warming scenarios, the capacity of subtropical soils to act as 
sinks for isoprenoids is expected to increase in subtropical China. These changes 
in sink capacity may have implications for regional-scale atmospheric chemistry 
and ecosystem functioning.

KEYWORDS

soil isoprenoid exchanges, isoprene, dynamic chamber, litter, soil temperature, 
Eucalyptus urophylla, plantation forest, subtropical China

OPEN ACCESS

EDITED BY

Ling Zhang,  
Jiangxi Agricultural University, China

REVIEWED BY

Dianming Wu,  
East China Normal University, China  
Clément Stahl,  
Délégation Ile-de-France Sud (CNRS), France

*CORRESPONDENCE

Xinming Wang  
 wangxm@gig.ac.cn

RECEIVED 17 July 2023
ACCEPTED 28 September 2023
PUBLISHED 12 October 2023

CITATION

Mu Z, Zeng J, Zhang Y, Song W, Pang W, Yi Z, 
Asensio D, Llusià J, Peñuelas J and 
Wang X (2023) Soil uptake of isoprenoids in a 
Eucalyptus urophylla plantation forest in 
subtropical China.
Front. For. Glob. Change 6:1260327.
doi: 10.3389/ffgc.2023.1260327

COPYRIGHT

© 2023 Mu, Zeng, Zhang, Song, Pang, Yi, 
Asensio, Llusià, Peñuelas and Wang. This is an 
open-access article distributed under the terms 
of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted which 
does not comply with these terms.

TYPE Original Research
PUBLISHED 12 October 2023
DOI 10.3389/ffgc.2023.1260327

189

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2023.1260327&domain=pdf&date_stamp=2023-10-12
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1260327/full
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1260327/full
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1260327/full
mailto:wangxm@gig.ac.cn
https://doi.org/10.3389/ffgc.2023.1260327
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2023.1260327


Mu et al. 10.3389/ffgc.2023.1260327

Frontiers in Forests and Global Change 02 frontiersin.org

1. Introduction

Forest soils can emit or absorb biogenic volatile organic 
compounds (BVOCs) due to a simultaneous occurrence of multiple 
biological and physico-chemical processes related to soil BVOC 
dynamics in complex soil environments (Asensio et al., 2007c; Leff and 
Fierer, 2008; Peñuelas et al., 2014). Isoprenoids and oxygenated BVOCs 
dominate the bidirectional fluxes between forest soils and the 
atmosphere (Hellén et al., 2006; Aaltonen et al., 2011, 2013; Mäki et al., 
2017). Understanding the direction and magnitude of these fluxes, 
driven by factors like microclimate and litter, is critical for soil ecology 
(Wenke et al., 2010; Peñuelas et al., 2014; Svendsen et al., 2018) and 
atmospheric chemistry (Kramshøj et al., 2016; Nölscher et al., 2016; 
Tang et al., 2019). Soil BVOC emissions vary depending on ecosystem 
type, environmental conditions, and season (Tang et al., 2019; Mäki 
et  al., 2019a; Mu et  al., 2020). They can originate from litter, 
microorganisms, and roots, constituting a significant fraction of 
ecosystem emissions (Aaltonen et al., 2011, 2013; Kreuzwieser and 
Rennenberg, 2013). Soil can act as a sink or source of BVOCs, 
impacting their release from the ecosystem (Owen et  al., 2007; 
Kramshøj et al., 2018). Biotic degradation and abiotic processes, such 
as physical diffusion or adsorption, and chemical reactions influence 
BVOC exchanges (Insam and Seewald, 2010; Ramirez et al., 2010; 
Albers et al., 2018; Mu et al., 2020).

Measuring soil BVOC fluxes across different climate zones is 
crucial. Previous studies focused on temperate and boreal regions 
(Asensio et al., 2007b,c; Mäki et al., 2019a,b), with limited research in 
tropical and subtropical forests. Soil BVOC fluxes in these regions 
remain inconsistent, requiring more data to improve modeling and 
ecosystem understanding (Bourtsoukidis et al., 2018; Huang et al., 
2021; Llusià et al., 2022). Subtropical China, characterized by ideal tree 
growth conditions, has plantation forests lacking BVOC flux 
information. Eucalyptus urophylla, a significant emitter of isoprenoids, 
dominates these plantations (Zeng et al., 2022a). In this exploratory 
pilot study, we quantified isoprenoid exchange rates using a dynamic 
chamber and investigated their relationship with drivers like 
temperature, moisture, and respiration in an E. urophylla plantation. 
We aimed to address the knowledge gap regarding soil BVOC fluxes 
in subtropical forests. Forest soils in subtropical regions, known for 
their warm and humid climate, play a vital role in commercial forestry 
plantations (Ming et  al., 2014; Wei and Blanco, 2014). These 
plantations cover a significant portion of the country’s forested 
landscape and are predominantly composed of monoculture 
coniferous and broadleaved species, including E. urophylla (He et al., 
2013; Wei and Blanco, 2014; Bai et al., 2021).

Despite the vital role these ecosystems play, there is currently a 
dearth of information regarding soil BVOC fluxes, particularly from 

plantation forests. Remarkably, E. urophylla stands out as a significant 
emitter of isoprenoids in subtropical China, boasting the highest 
isoprene emission factor among dominant tree species (Zeng et al., 
2022a). Consequently, our study aimed to address this 
knowledge gap by:

Quantifying the exchange rates of isoprenoids, encompassing 
individual and total monoterpenes (MTs) and sesquiterpenes (SQTs), 
in addition to isoprene, between the atmosphere and forest soils. 
We achieved this through the use of a dynamic chamber.

Exploring potential relationships between these exchange rates 
and various biotic and abiotic factors, such as soil temperature, 
moisture levels, and respiration, within the E. urophylla plantation.

2. Materials and methods

2.1. Study site and experimental design

The study was conducted in a E. urophylla plantation forest (22° 
39′ N, 112° 54′ E) located in Heshan, Guangdong Province, 
southeastern China (see Supplementary Figure S1). The E. urophylla 
trees were artificially planted at the study site and had similar sizes 
(trunk circumference at breast height: 12–20 cm). The study site 
experiences a subtropical monsoon climate with an average annual 
temperature of approximately 21.7°C, and 80% of the mean annual 
precipitation (approximately 1700 mm) occurs during the wet season 
(April to September) (Wang et al., 2010). The soils in the study area 
are classified as Ultisols that developed from sand shales (Fang et al., 
2023). The understory vegetation mainly comprised of low-statured 
species, such as Dicranopteris pedate, Pogonatherum crinitum, 
Mallotus apelta, Mikania micrantha, and Persicaria chinensis, which 
are commonly distributed throughout southeastern China.

A 50 × 50 m study plot was established in the central area of the 
plantation, and six sampling points were selected randomly within the 
central 40 × 40 m area, with a distance of more than 10 m between any 
two points. In each sampling point, two adjacent stainless steel soil 
collars were inserted into the soil (4 cm) for BVOCs and CO2 sampling, 
respectively, approximately 1.5 months before sampling began. The 
litter and understorey vegetation were not removed from the BVOC 
collars prior to sampling to ensure that the measurements reflected 
the real-world soil fluxes in field conditions, and to find out the role 
of litter in the soil exchanges of BVOCs by measuring the fluxes both 
with and without litter in the sampling campaign. The aboveground 
parts of the understorey vegetation were removed from the CO2 
collars during installation, and litter was removed both during 
installation and prior to sampling to ensure that the measurements 
represented belowground soil respiration.

Highlights

- First reported soil isoprene and sesquiterpenes in subtropics.
- Subtropical soils are a significant isoprene sink.
- Microclimate, microbes, and litter drive soil isoprenoid exchanges.
- Positive correlation of the sink with temperature: impacted by climate change.
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2.2. Isoprenoid sampling

Sampling was conducted in the middle of September 2022, 
during sunny or slightly cloudy days, between 10:00 and 15:00 h. One 
or two sampling points were sampled per day. Isoprenoids emitted 
from the soil were collected using a cylindrical semi-open dynamic 
chamber (internal diameter: 25 cm; height: 14 cm; volume: 6.8 L) 
placed over the BVOCs collar (see Supplementary Figure S2). The 
chamber and collar were fitted and water-sealed through the slot on 
the top of the collar. The chamber was constructed with polymethyl 
methacrylate and coated with fluorinated ethylene propylene (FEP) 
[Teflon film, (FEP 100, Type 200A; DuPont, United States)] on its 
inner surface. To promote uniform conditions and prevent 
condensation buildup inside the chamber, a Teflon fan (Shenzhen 
Shuangmu Plastic Material Co. Ltd., Shenzhen, China) was affixed to 
the top of the chamber, and small holes (5 mm I.D.) were drilled in 
the rim. The circulating air was generated by an air pump 
(MPU2134-N920-2.08, KNF, Freiburg, Germany) pumping the 
ambient air near the ground (approximately 18 cm above ground) 
and was controlled at a rate of 4.2 L min−1 by a mass flow controller 
(Alicat Scientific, Inc., Tucson, AZ, United States). The circulating air 
passed through two ozone scrubbers (Na2S2O3, Helmig et al., 2007; 
Zeng et al., 2022b) before being drawn into the lower position of the 
chamber through a random hole at the upper edge (see 
Supplementary Figure S3). A three-way valve was used to sample 
inlet air from circulating air just before entering the chamber, while 
the outlet air was sampled from the upper position of the chamber 
through another hole opposite to the previous one. Inlet and outlet 
air were sampled simultaneously using an automatic sampler 
(JEC921, Jectec Science and Technology, Co., Ltd., Beijing, China) 
equipped with two stainless style cartridges (see 
Supplementary Figure S4) filled with adsorbents (150 mg of Tenax TA 
and 150 mg of Carbograph 5TD, 9, Markes International Ltd., 
Bridgend, United Kingdom). The sampled air flow rate through the 
cartridges was 200 mL min−1 for 30 min. The flow rate of circulating 
air was 4 L min−1, and the residence time of circulating air was 
approximately 1.7 min during sampling. The sampled cartridges were 
detached from the automatic sampler, sealed with copper caps, and 
then stored in a portable refrigerator at 4°C in the field and at −20°C 
after being taken to the laboratory. Three samplings were conducted 
at each sampling point, with two of the three samples collected 
without removing the litter and the third sample collected after 
removing the litter with great care not to damage the superficial roots. 
The chamber was initially flushed with ambient air for 10–20 min 
before each sampling to avoid the influence of artificial disturbance 
on sampling. Air temperature was measured by a sensor (HC2A-S, 
Rotronic, Bathersdorf, Switzerland) placed over the chamber. The 
removed litter was collected and taken to the laboratory for litter 
composition and dry weight measurements.

2.3. Soil temperature, moisture, and 
respiration

The LI-6800 gas-exchange system (Li-COR Inc., Lincoln, NE, 
United States; see Supplementary Figure S3) was used to determine 
soil temperature (ST), moisture (v/v; SM), and respiration (SR), with 
6–10 replicate measurements taken during each soil BVOC sampling. 

Soil respiration was measured using a soil CO2 collar in a closed 
system with a soil CO2 flux chamber (6800-09, Li-COR Inc., Lincoln, 
NE, United States) connected to the LI-6800. Soil temperature and 
moisture were measured around the soil BVOC chamber using a 
Stevens HydraProbe (900-17114, Li-COR Inc., Lincoln, NE, 
United States) equipped for the 6800-09.

2.4. Surface litter layer

The composition of the surface litter layer was assessed by sorting 
the collected litter into two fractions: leaf material and other material 
consisting of small branches, bark material, and understory vegetation. 
The dry-mass weight of the two fractions was measured after drying 
for 48 h in an oven at 70°C, resulting in the dry weight of total litter 
(TDW), leaf material (LDW), and other material (ODW).

2.5. Isoprenoid analysis

Isoprenoid analysis was performed using a gas chromatography-
mass selective detector (GC-MSD) system (7890A GC interfaced with 
a 5975C VL MSD; Agilent Technologies, Inc., California, 
United States) coupled with an automatic thermal desorption system 
(TD-100, Markes International Ltd., United Kingdom). The sampled 
isoprenoids were thermally desorbed from cartridges by the TD-100 
at 280°C for 10 min and then transferred by pure helium into a 
cryogenic trap (U-T11PGC-2S, Markes International Ltd., Bridgend, 
United Kingdom) at −10°C. The trap was rapidly heated to transfer 
the isoprenoids to the GC-MSD system with an HP-5MS capillary 
column (30 m × 0.25 mm × 0.25 μm, Agilent Technologies, CA, 
United Kingdom). Zeng et al. (2022a) provide a detailed description 
of the chromatographic method and MSD mode for isoprenoid 
analysis. The target compounds were identified by comparing their 
retention times with standards and quantified with standard 
calibration curves. Zeng et al. (2022b) provide a detailed description 
of the identification and quantification of isoprenoids.

The soil isoprenoids fluxes (E, μg m−2 h−1) were calculated as μg of 
isoprenoids per square meter and hour using the following formula:

 
E F C C g A= × × −( ) ×( )− −60 1 0001 1min / ,h ngout in µ

Here, F (L min−1) represents the flow rate of circulating air, Cin 
(ng L−1) and Cout (ng L−1) represent the isoprenoid concentrations of 
inlet and outlet air, respectively, and A (m2) represents the area of soil 
surface enclosed by the sampling chamber.

The litter isoprenoids fluxes (Elitter, ng g−1 h−1) were calculated as 
ng of isoprenoids per gram and hour using the following formula:

 E F C C Wlitter with litter without litterh= × × −( )−60 1min /

Here, Cwith litter (ng L−1) is the difference between the concentrations 
of inlet and outlet air in samplings with litter, Cwithout litter (ng L−1) is the 
difference between the concentrations of inlet and outlet air in 
samplings without litter, and W (g) is the dry mass of the total litter 
collected in the sampling chamber.
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2.6. Statistical analyses

To test for statistical differences between samplings with and without 
litter, a student’s t-test was conducted and significance was set at p < 0.05. 
The associations between soil or litter variables and isoprenoid 
exchanges, ambient isoprenoid concentrations and isoprenoid exchanges 
were tested using Pearson correlation analysis. Pearson correlation 
coefficient (r) between soil or litter variables and isoprenoid exchanges 
were represented in a heatmap using the reshape2 package in R (v. 4.1.1). 
A principal component analysis (PCA) was performed with the 
FactoMineR and factoextra packages in R to visualize the multivariate 
correlations between the previously standardized variables. Vector 
variables were marked as isoprenoid exchanges and soil or litter variables. 
The ggplot2 package was used for visualization in R.

3. Results

3.1. Soil and litter variables

The mean soil temperatures at the sampling points ranged 
between 30.34 ± 0.25°C and 33.38 ± 0.53°C, and the mean soil 
moisture (v/v) ranged between 6.88 ± 1.41% and 19.20 ± 1.05% 
(Supplementary Figures S5A,B). The mean soil respiration ranged 
between 2.07 ± 0.10 μmol m−2  s−1 and 3.05 ± 0.17 μmol m−2  s−1 
(Supplementary Figure S5C). The mean values for soil temperature, 
moisture, and respiration across all sampling points were 
32.02 ± 0.49°C, 11.89 ± 1.78%, and 2.53 ± 0.14% μmol m−2  s−1, 
respectively. The litter collected from the surface layer of the sampling 
points was measured for dry weight, which ranged between 9.39 g and 
32.09 g with an average of 18.61 ± 3.33 g. The dry weight of leaf 
material ranged between 4.38 g and 16.73 g with an average of 
9.35 ± 2.21 g (Supplementary Figure S6).

3.2. Soil isoprenoid fluxes

We observed net uptakes of isoprene (−71.84 ± 8.26 μg m−2 h−1), 
monoterpenes (−6.20 ± 13.98 μg m−2  h−1), and sesquiterpenes 
(−6.19 ± 3.23 μg m−2  h−1), with isoprene being the most absorbed 
compound (Figure  1A). The removal of the surface layer litter 
marginally increased total monoterpene uptakes (p = 0.09; 
Supplementary Table S1), coinciding with higher uptakes of α-pinene 
(p < 0.05; Figure 1B), β-pinene (p < 0.05; Figure 1B), and limonene 
(p = 0.06; Supplementary Table S1).

We detected 17 terpenoid compounds, including 11 monoterpenes 
and 6 sesquiterpenes. The fluxes of monoterpenes were dominated by 
α-pinene, β-pinene, α-phellandrene, limonene, 1,8-cineole, and trans-
ocimene, with mean values above 1 μg m−2  h−1 (Figures  1B, 2). 
Regardless of the presence of litter, α-pinene, 1,8-cineole, and trans-
ocimene were net absorbed, and α-phellandrene was net emitted. 
β-pinene and limonene were only net absorbed after removing the 
surface layer litter. The fluxes of individual sesquiterpenes showed 
similar magnitudes, with α-longipinene, α-copaene, aromadendrene, 
and alloaromadendrene being absorbed and β-caryophyllene and 
α-humulene being emitted (Figures 1C, 2).

3.3. Litter isoprenoid fluxes

The litter in the surface layer emitted a net amount 
of isoprene (67.80 ± 16.36 ng g−1  h−1) and monoterpenes 
(109.09 ± 41.75 ng g−1  h−1) while also taking in sesquiterpenes 
(−12.64 ± 14.98 ng g−1 h−1; Figure 3A). The dominant contributors 
to the fluxes of monoterpenes were α-pinene, β-pinene, limonene, 
and 1,8-cineole, with mean values exceeding 10 ng g−1  h−1 
(Figure  3B). The fluxes of sesquiterpenes were dominated by 
aromadendrene (8.27 ± 7.12 ng g−1 h−1; Figure 3B).
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FIGURE 1

The soil exchange rates of isoprenoids (A), individual monoterpenes 
(B), and individual sesquiterpenes (C) in samplings with and without 
litter in the subtropical E. urophylla plantation forest. Vertical bars 
represent the standard errors of the means. Asterisks indicate a 
significant difference (*p  <  0.05) identified by student’s t-tests 
between samplings with and without litter (n  =  6).
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3.4. Associations of soil isoprenoid fluxes 
with soil and litter variables

The Pearson correlation analysis identified strong correlations 
(r > 0.60 and p < 0.05) between isoprenoid fluxes and soil or litter 
variables (Figure  4 and Supplementary Table S2). The fluxes of 
isoprene, 1,8-cineole, cis-ocimene, and α-longipinene were negatively 
correlated with soil temperature, whereas the fluxes of α-pinene, 
α-phellandrene, 1,8-cineole, cis-ocimene, terpinolene, total 
monoterpenes, α-longipinene, α-copaene, alloaromadendrene, and 
total sesquiterpenes were positively correlated with soil respiration.

Moreover, the fluxes of isoprene, α-pinene, 1,8-cineole, 
cis-ocimene, trans-ocimene, terpinolene, total monoterpenes, and 
α-longipinene were positively correlated with the dry weight of litter. 
Additionally, the fluxes of α-pinene, α-phellandrene, 1,8-cineole, 
terpinolene, total monoterpenes, α-longipinene, alloaromadendrene, 
and total sesquiterpenes increased with higher levels of leaf material 
mass, whereas the increases in fluxes of isoprene were correlated with 
higher levels of non-leaf materials.

The first (PC1) and second (PC2) principal components of the 
PCA explained 56% and 23% of the total variance, respectively, 
(Figure 5). The fluxes of isoprene and two terpene groups, along 

with soil respiration and temperature, total dry weight of litter 
mainly contributed to PC1, while the two dry weights of litter 
fraction and soil moisture mainly contributed to PC2. The fluxes of 
isoprene were positively correlated with the total dry weight of litter 
and soil respiration and negatively with soil temperature. The fluxes 
of the two terpene groups were positively correlated with soil 
respiration, the total dry weight of litter and the dry weight of 
leaf materials.

3.5. Ambient isoprenoid concentrations

Mean ground-level concentrations (Cin) of isoprene, 
monoterpenes, and sesquiterpenes were 17.47 ± 2.38, 14.07 ± 2.27, 
and 2.89 ± 0.55 ng L−1, respectively (Supplementary Figure S7A). 
The ambient concentrations of terpene compounds were dominated 
by α-pinene, β-pinene, limonene, 1,8-cineole, and aromadendrene, 
with mean values above 1 ng L−1 (Supplementary Figure S7B). The 
fluxes of isoprene, total monoterpenes, total sesquiterpenes, 
α-pinene, 1,8-cineole, cis-ocimene, trans-ocimene, γ-terpinene, 
terpinolene, α-longipinene, α-copaene, β-caryophyllene, 
aromadendrene, and alloaromadendrene were negatively correlated 

FIGURE 2

Distribution of soil monoterpene and sesquiterpene exchanges in samplings with and without litter in the subtropical E. urophylla plantation forest.
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with their ambient concentrations, respectively (r > 0.60 and 
p < 0.05; Supplementary Table S3).

4. Discussion

4.1. Soil isoprenoid fluxes in a subtropical 
Eucalyptus urophylla plantation forest

The isoprenoids fluxes recorded in this study showed that forest 
soils acted as sinks for isoprenoids, with net adsorption of isoprene 
occurring at high rates. This net isoprene adsorption was observed 
regardless of the presence of surface litter, consistent with previous 
studies reporting that soils act as a sink for isoprene (Cleveland and 
Yavitt, 1997, 1998; Pegoraro et al., 2005; Gray et al., 2015; Trowbridge 
et al., 2020). The surface litter layer was found to play a minor role in 
soil isoprene fluxes (Figure 1A). While low net isoprene emissions 
have been reported in some forest soils (Purser et al., 2021), significant 
emissions are rare (Rinnan and Albers, 2020). Isoprene is thought to 
be produced in soils as a microbial metabolite (Veres et al., 2014), and 
understorey vegetation such as grasses and mosses can contribute to 
soil emissions, leading to a small net isoprene emission in some 
ecosystems (Purser et al., 2021). Isoprene can also be consumed as a 
carbon and energy source for isoprene-degrading microbes (Cleveland 
and Yavitt, 1997; Pegoraro et al., 2005; Lin et al., 2007). The large 

microbial consumption of isoprene that exceeds its production could 
cause net uptake of isoprene in soils. However, the high uptake of 
isoprene in this study could be  partly due to a large isoprene 
concentration gradient between the atmosphere and the soil, as  
the high ambient isoprene concentrations (17.47 ± 2.38 ng L−1; 
Supplementary Figure S7A) observed in the study site and E. urophylla 
has a large emission factor of isoprene as reported in other studies in 
subtropical China (Zeng et al., 2022a).

In this study, forest soils acted as sinks for monoterpenes with 
large variations in fluxes that indicate the possibility of low emissions 
(Figure  1A). The surface litter layer served as a source of 
monoterpenes, with emissions (109.09 ± 41.75 ng g−1 h−1; Figure 3A) 
around one-tenth of the emission factor (1.02 ± 0.65 μg g−1 h−1; Zeng 
et  al., 2022a) of E. urophylla reported in subtropical China. This 
contrasts with previous results from tropical and subtropical soils, 
where the presence of surface litter did not affect soil monoterpene 
exchanges (Huang et  al., 2021; Llusià et  al., 2022), although the 
emitted monoterpenes may hardly escape from the litter-soil layer due 
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FIGURE 3

Litter exchange rates of isoprenoids (A) and individual terpenes (B) in 
the subtropical E. urophylla plantation forest. Vertical bars represent 
the standard errors of the means (n  =  12).

FIGURE 4

Heat map of Pearson correlation coefficient (r) between soil or litter 
variables and isoprenoid exchanges in the subtropical E. urophylla 
plantation forest. The colors represent the coefficient of correlation 
between each pair of variables, where red represents a positive 
correlation and blue represents a negative correlation. The r and 
p-values are shown in Supplementary Table S2. MTs, monoterpenes; 
SQTs, sesquiterpenes; ST, soil temperature; SM, soil moisture; SR, soil 
respiration; LDW, leaf material dry weight; ODW, other material dry 
weight; TDW, total litter dry weight.
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to higher soil uptakes of monoterpenes in this study. However, upward 
fluxes may occur when a large amount of litter (especially leaf litter, 
see below) covers the soil surface, leading to monoterpene production 
in the surface litter layer that exceeds soil uptakes of monoterpenes. 
The net monoterpene adsorption observed here contrasts with net 
emissions observed in other subtropical or tropical ecosystems, such 
as 10.4 ± 2.93 μg m−2  h−1 in two tropical forests of French Guiana 
(Llusià et al., 2022), and 15.0 ± 15.3 μg m−2 h−1in a Eucalyptus gunnii 
plantation in the United Kingdom (Purser et al., 2021). The emitted 
monoterpenes could originate from litter, whose emissions are 
associated with storage pools (Greenberg et al., 2012; Staudt et al., 
2019) and microbial decomposition (Gray et al., 2010; Viros et al., 
2021), and from soils where plant root systems (Nishida et al., 2005; 
Purser et al., 2021) and soil microbial communities (Asensio et al., 
2008a; Ramirez et  al., 2010) are major sources. Like isoprene, 
microbial uptake of monoterpenes was also widely reported and well 
understood (Insam and Seewald, 2010; Ramirez et al., 2010; Peñuelas 
et al., 2014; Tang et al., 2019). This consumption process may dominate 
monoterpene fluxes, leading to the small net adsorption observed here.

In this study, sesquiterpenes were found to be net adsorbed at 
rates similar to those of monoterpenes, with the surface litter layer and 
soil both acting as sinks for sesquiterpenes (Figures 1A, 3A). However, 
the adsorption rates (6.19 ± 3.23 μg m−2 h−1; Figure 1A) were much 
lower compared to those observed in tropical forests of French Guiana 
(65.97 ± 21.15 μg m−2 h−1; Llusià et al., 2022), and this contrasts with 
the strong sesquiterpene emissions that can be  of comparable 
magnitude to canopy emissions recorded from Amazonian soils 
(Bourtsoukidis et al., 2018). Like monoterpenes, sesquiterpenes have 
been shown to be released from litter (Isidorov et al., 2003; Svendsen 
et al., 2018), microorganisms (Horváth et al., 2012; Mäki et al., 2017; 
Bourtsoukidis et al., 2018), and roots (Lin et al., 2007; Asensio et al., 
2007a, 2008b). However, studies identifying soils as sinks for 

sesquiterpenes are scarce (Tang et al., 2019; Llusià et al., 2022). Llusià 
et al. (2022) attributed the net sinks of sesquiterpenes to the effects of 
biological factors, such as microbial consumption of soil-litter 
sesquiterpenes, and physical factors, such as high sesquiterpene 
concentration gradients between the atmosphere and soil air. These 
factors favor downward fluxes of sesquiterpenes and may also 
contribute to the small net adsorption observed in this study.

4.2. Abiotic and biotic controls of soil 
isoprenoid fluxes in the plantation forest

The fluxes of isoprene, total monoterpenes (i.e., 1,8-cineole and 
cis-ocimene), and total sesquiterpenes (i.e., α-longipinene and 
aromadendrene) were negatively correlated with soil temperature in 
our study (Figures 4, 5). Our results suggest that a linear relationship, 
as found in some temperate forest soils (Trowbridge et al., 2020), is 
sufficient to explain isoprene fluxes (r = −0.81 and p < 0.001; Figure 4 
and Supplementary Table S2). This contrasts with the decrease in the 
observed rate of isoprene uptake from temperate forest soils at high 
temperature (>30°C, Cleveland and Yavitt, 1998). The significant 
negative linear correlation between monoterpene fluxes and soil 
temperature was consistent with results found in subtropical pine and 
broad-leaved forest soils (Huang et al., 2021) and temperate forest soils 
(Trowbridge et al., 2020). However, significant correlations of soil 
temperature with monoterpenes and sesquiterpenes contrast with the 
finding that neither terpene group correlated with soil temperature in 
tropical forest soils (Llusià et al., 2022). These results suggest that 
isoprenoid emission rates decreased and/or uptake rates increased 
with increasing temperature, indicating that the soil capacity of 
isoprenoid sink is expected to increase due to global warming in 
subtropical China (IPCC, 2014; Zhang et al., 2019).

The isoprenoid fluxes were generally not correlated with soil 
moisture in this study (Figures 4, 5), and the lack of association for soil 
monoterpene fluxes was also found in previous studies conducted in 
subtropical forests (Huang et al., 2021). Similarly, Llusià et al. (2022) 
reported weak associations between the exchanges of monoterpenes 
(r = 0.45, p < 0.01) and sesquiterpenes (r = −0.38, p < 0.01) and soil 
moisture in tropical forest soils. An increase in soil moisture can 
increase microbial activity at low soil moisture content, but also 
decrease the amount of gas accessible to soil microbes (Cleveland and 
Yavitt, 1997; Asensio et  al., 2007a; Tang et  al., 2019), leading to 
increased (Asensio et al., 2007a) or decreased (Trowbridge et al., 2020) 
uptake of isoprenoids, as observed in temperate and Mediterranean 
forest soils. However, changes in soil moisture may have less effect on 
warmer and wetter subtropical and tropical ecosystems than in 
temperate ecosystems. Nevertheless, isoprenoids are hydrophobic 
VOCs, and their soil fluxes may be less dependent on soil moisture 
than those of hydrophilic VOCs (e.g., acetic acid, acetaldehyde, 
acetone; Seco et al., 2007; Baggesen et al., 2022), which could also 
contribute to the low correlation with soil moisture.

The fluxes of isoprene, total monoterpenes (i.e., cis-ocimene and 
terpinolene), and total sesquiterpenes (i.e., α-longipinene and 
α-copaene) were all positively correlated with soil respiration 
(Figures 4, 5). The positive correlation between soil isoprenoid fluxes 
and respiration may indicate that increases in microbial activity could 
promote isoprenoid production to a greater degree than consumption 
and/or mineralization in ecosystem soils. This result contrasts with the 

FIGURE 5

Two-dimensional representation defined by the first two principal 
components (PC1 and PC2) of the principal component analysis of 
soil or litter variables (blue) and isoprenoid exchanges (red) in the 
subtropical E. urophylla plantation forest. The percentages 
contributions to the total variability are in parentheses. For the 
definition of the acronyms, see Figure 4.
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negative or insignificant relationship between some monoterpenes of 
forest soils and soil respiration reported in previous studies (Leff and 
Fierer, 2008; Huang et al., 2021). It has been shown that soil isoprenoid 
flux depends on the metabolic activities of microbes (Cleveland and 
Yavitt, 1998; Albers et al., 2018), while both isoprenoid production 
and consumption associated with microbes usually occur 
simultaneously (Insam and Seewald, 2010; Peñuelas et  al., 2014). 
Nevertheless, the CO2 and isoprenoid fluxes were also a result of root 
activity (Gray et al., 2014; Tang et al., 2019; Mu et al., 2022). Thus, the 
highly variable correlation between soil isoprenoid flux and respiration 
among ecosystem soils may be  explained by differences in their 
microbial community composition.

The fluxes of isoprene, total monoterpenes (i.e., 1,8-cineole and 
cis-ocimene), and total sesquiterpenes (i.e., α-longipinene and 
α-copaene) were all positively correlated with total litter dry weight 
(Figures  4, 5), which points to an effect of the litter layer on soil 
isoprenoid fluxes. The fluxes of the two terpene groups showed a 
strong correlation with leaf litter, indicating that their emissions 
mainly originated from the evaporation of stored terpenes in leaf litter, 
as E. urophylla is a terpene-storing species (Külheim et al., 2015). 
Meanwhile, isoprene fluxes were more correlated with non-leaf litter 
(branches, barks, and understory vegetation), indicating that their 
fluxes may be more related to microbe-mediated decomposition of 
plant residues (Sivy et  al., 2002; Mancuso et  al., 2015) and/or 
adsorption–desorption processes in the litter layer. Thus, these results 
highlight the relevance of studying the effects of litter composition on 
soil isoprenoid fluxes (Purser et al., 2021).

4.3. Methodological considerations

The soil BVOCs were sampled using a soil BVOC dynamic 
chamber that evolved from a recent dynamic chamber (Zeng et al., 
2022b) designed and well-characterized for measuring branch-scale 
BVOC emissions. The short residence time (approximately 1.7 min) 
and ozone-scrubbed circulating air could reduce the adsorptive and 
reactive loss in samplings. The inlet and outlet air were sampled 
simultaneously at a constant flow rate (200 mL min−1) to avoid 
environmental and instrumental disturbance. The isoprenoids were 
identified with authentic standards and quantified with compound-
specific standard calibration curves to ensure high accuracy 
of results.

The field sampling was conducted exclusively during the hottest 
and wettest period of the year, spanning from June to September. This 
limited sampling period may not accurately represent the field 
conditions throughout the entire year, consequently constraining the 
scope of our study. For instance, our findings enable us to conclude 
that subtropical soils possess the capacity to absorb isoprenoids, with 
this absorption capacity being particularly robust during wet seasons. 
However, our study falls short of providing a comprehensive 
assessment of net soil isoprenoid fluxes across all seasons of the year. 
The soil variables (temperature, moisture, and respiration) were 
measured only during the BVOC sampling rather than throughout the 
month or season, which leads to uncertainties in the correlation 
analysis, as the effects of soil variables on BVOC fluxes may not 
be instantaneous. Moreover, it is important to consider that our results 
may have been affected by the ambient concentrations of isoprenoids. 

Elevated ambient concentrations tend to promote downward fluxes 
for most compounds examined in this study (Supplementary Table S3). 
This influence of ambient concentrations is particularly noteworthy in 
the case of isoprene, owing to its notably high ambient concentrations 
(17.47 ± 2.38 ng L−1; Supplementary Figure S7A). Additionally, there is 
a strong correlation between ambient concentrations and exchange 
rates (r = −0.96 and p < 0.001; Supplementary Table S3), which likely 
contributes to the substantial net absorption of isoprene observed in 
our study. Furthermore, we hypothesize that the soil’s ability to serve 
as a sink for isoprenoids may be regulated by soil microbes. To gain a 
more comprehensive understanding of soil BVOCs in subtropical 
ecosystems and to accurately characterize and project this sink 
capacity, it is advisable to incorporate additional microbial indicators, 
especially microbial biomass and community data. A deeper 
comprehension of the roles played by ambient concentrations and soil 
microbes in soil-atmosphere isoprenoid exchanges within subtropical 
ecosystems is essential. This understanding will enhance our capacity 
to unlock the full potential of soil BVOC carbon sinks, potentially 
contributing to climate change mitigation efforts. The method does 
have other limitations; however, through this exploratory pilot study, 
we  have gained primary insight into the complex mechanisms 
controlling the variability of soil BVOC fluxes in 
subtropical ecosystems.

5. Conclusion

Our results demonstrate the capacity of subtropical soils to 
absorb isoprenoids, emphasizing the importance of incorporating 
this data into models for soil biogenic volatile organic compounds 
(BVOCs). Our study reiterates the crucial roles played by soil 
microclimate, microbes, and litter as drivers of isoprenoid 
exchanges between soils and the atmosphere. The direction and 
magnitude of these fluxes are often determined by the combined 
effects of these factors. However, to gain a deeper understanding 
of the complex mechanisms governing the variability of soil BVOC 
fluxes, further research involving long-term field measurements 
and laboratory incubation experiments is essential. Our 
investigation reveals that under current conditions, the subtropical 
soils in our study function as significant net sinks for isoprene. This 
phenomenon can be attributed to various biological and physical 
factors, including the microbial consumption of soil-litter volatiles 
and the presence of high atmospheric isoprene concentrations, 
which promote isoprene uptake by the soil. However, as 
temperatures increase in the future, along with adequate moisture 
levels, the consumption of soil-litter isoprenoids by soil microbial 
communities may intensify, leading to a decrease in soil isoprenoid 
exchange rates. Consequently, we anticipate that the soil’s capacity 
to act as a sink for isoprenoids will increase due to climate change 
in subtropical regions of China.
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Radial growth of trees can result in opposite wood (OW) and compression wood

(CW) due to the varying impact of stem mechanical stress, such as that caused by

gravity or wind. Previous research has identified higher xylem production in CW

compared to OW. Yet, it remains unclear whether the difference in the number of

xylem cells between OW and CW results from differences in growth rate or the

duration of xylem cells. In this study, we collected wood microcores on a weekly

basis from March 2019 to January 2020 in Pinus massoniana Lamb. located on

a steep slope. Our objective was to compare the dynamic of cambial activity

and resulting cellular anatomical parameters between OW and CW in a humid

subtropical environment. Our results showed that the xylem phenology of OW

and CW was generally consistent with the xylem cell division process beginning

in early March and ceasing in November. The last latewood cell completed

its differentiation at the end of December. The response of wood formation

dynamics to climate was consistent in both OW and CW. Moreover, both wood

types exhibited a limited development of the enlargement phase due to the heat

and drought during the summer. The rate of cell division was responsible for

90.7% of the variability in the number of xylem cells. The CW xylem obtained a

larger number of cells by increasing the rate of cell division and displayed thinner

earlywood cells with larger lumens than OW cells. Our findings showed that the

xylem of conifer species responds to mechanical stress by accelerating the cell

division rate. As a result, we suggest calculating the ratio between OW and CW

widths to reconstruct wind stress changes rather than calculating the residuals

used in the current study.
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1. Introduction

Trees form annual rings due to the seasonal changes that occur
within a year (Little and Bonga, 1974). The cambium, which is
the tissue responsible for the production of new wooden cells,
typically remains active from spring to autumn (Campoy et al.,
2011; Singh et al., 2017). Environmental conditions before or
during the growing season can directly influence the characteristics
of the cells produced and the consequent functioning of xylem
(Kellomäki and Wang, 2001; Rathgeber et al., 2016; Castagneri
et al., 2017). Tree rings can provide insight into past climate
conditions, for example, missing rings may indicate very cool
summers (George and Anchukaitis, 2015) and intra-annual density
fluctuations (IADFs) indicating extreme climate events during the
growing season (De Micco et al., 2016; Zhang et al., 2020; Gao et al.,
2021). The dynamics of tree growth can reflect past environmental
changes and play a significant role in global change (Frank et al.,
2022).

However, xylem cells within the same annual rings may
exhibit distinct characteristics in different directions. For instance,
mechanical stress, such as snow pressure or prevailing winds
can cause the generation of specific wood structures, known
as “reaction wood” (Sultana and Rahman, 2013). This type of
wood induces asymmetric growth patterns (Groover, 2016) and
is responsible for controlling the response to mechanical stress
in conifers, unlike tension wood in hardwood species (Telewski,
2016). Current research indicates that the formation mechanism
of compression wood (CW) is highly intricate and regulated by
gravity, plant hormones, and gene expression (Du and Yamamoto,
2007; Yamashita et al., 2007, 2009). However, it is relatively
clear that when trees experience mechanical stress that causes
tilting, they adapt to the gravitational force, resulting in CW
formation (Yamashita et al., 2007; Sultana and Rahman, 2013). The
composition and structure of the CW’s cell wall undergo significant
changes. Notably, CW exhibits an increase in cellulose content,
and the content and composition of lignin also undergo alterations
(Peng et al., 2019; Wang et al., 2020). CW is characterized by thicker
cells with a gelatinous layer produced in the compressed stem
region, leading to stiffer mechanical characteristics (Donaldson,
2001). Moreover, annual rings in the compressed stem region are
usually larger and contain more cells than those on the opposite
side of the stem (OW, opposite wood) (Donaldson et al., 2004).

The reconstruction of mechanical stress relies on the
asymmetric growth of the stem, which typically indicates the timing
and strength of the stem eccentricity (Zhang et al., 2017; Fang
et al., 2022a). For example, Fang et al. (2022b) have proposed
a method to reconstruct wind speed by analyzing shifts in the
geometric center of tree rings. Although there is significant interest
in comprehending the drivers of wood formation, particularly in
response to climate, the formation of reaction wood has received
little attention (Palombo et al., 2018). Therefore, quantifying and
comprehending the differences between CW and OW or other
types of wood could provide valuable insights into wood formation
processes. Moreover, it could improve the use of annually datable
markers in mechanical events-related reconstruction.

In this study, we investigated the intra-annual xylem formation
dynamics of Pinus massoniana Lamb. in both OW and CW as
well as their responses to climate and mechanical stress using
microcore monitoring. We hypothesized that the intra-annual

xylem formation dynamics and climate responses would exhibit
similarities between OW and CW and that xylem would respond
to mechanical stress by accelerating the rate of cell division.
Specifically, our tasks were as follows: to (a) obtain the intra-annual
xylem formation dynamics of P. massoniana Lamb. in both OW
and CW and analyze the response of xylem cell dynamics to climate;
(b) compare the anatomical characteristics of xylem cells in OW
and CW; and (c) investigate the effect of the duration and rate of cell
division on the number of xylem cells. By doing so, we hope to gain
a better understanding of the physiological mechanisms underlying
differential growth in a tree of different aspects. Results obtained
could help to verify or propose a methodology for reconstructing
regional wind speed.

2. Materials and methods

2.1. Study region

This study was conducted at the Geshikao (GSK) nature reserve
in Sanming City, Fujian Province (26◦9′13′′’N, 117◦28′19′′E, 320 m
above sea level), which is a permanent monitoring site in the humid
subtropical region of China (Figure 1A). Specifically, the site is
located on a steep hill (slope angle of ca. 50◦) in a mixed forest of
bamboo and P. massoniana Lamb. and is 3 km away from the GSK
field station (Figure 1B). The main soil type in the study area is
mountain red soil followed by mountain yellow soil and purple soil.

The mean annual temperature at the study site between 1954
and 2019 was 19.46◦C, with the warmest and coldest monthly
mean temperatures of 34.72 and 5.84◦C being recorded in July
and January, respectively. Annual precipitation at the site is
1,573 mm, roughly 75% of which is received from March to August
(data from Yong’an meteorological station) (Figure 1C). Yong’an
meteorological station is 25.5 km away from the monitoring
site. Daily mean, maximum, and minimum air temperatures, as
well as total precipitation, were collected by the micro-automatic
meteorological station at the GSK field station (Figure 1D). The
daily-scale meteorological data was simultaneously monitored with
a 3-m high automated weather station (KME101, LSI-LASTEM,
Milan, Italy). A set of probes for measuring air temperature (Ta;
KME101, accuracy ± 0.2◦C) and precipitation (P; DQA230.1#C,
resolution 0.2 mm).

2.2. Tree selection and sample
preparation

Four healthy P. massoniana Lamb. trees were selected. The
monitored trees had an average diameter at breast height (DBH)
of 37.7± 5.5 cm, height of 13.9± 1 m, and tree age of 45± 2 years.
The sample size and tree parameters met the requirements of a
micro-sampling study (Nehrbass-Ahles et al., 2014; Huang et al.,
2018). From 11 March 2019 to 10 January 2020, weekly samples
were taken at breast height (i.e., 1.3 m above the ground) using
a Trephor (Rossi et al., 2006). Microcores were collected from
both the CW (the widest tree rings) and the OW (the narrowest
tree rings) (as seen in Supplementary Figure 2). Each core had
a diameter of 2 mm and a length of 2–3 cm that contained at
least two intact xylem and lamellar bands with adjacent phloem
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FIGURE 1

Site location and sampling design. Location of the sampling site of Geshikao station in Sanming City of Fujian Province (A). The plot is located on a
45◦ slope within a mixed forest of bamboo and Pinus massoniana Lamb. (B). The monthly climate data of Yong’an meteorology station from 1954 to
2019 (C). The daily climate data of the GSK meteorology station during 2019 (D).

(Zheng et al., 2021). To maximize the use of limited sampling
locations and minimize influences between adjacent sample areas,
samples were taken in a zigzag pattern around the trunk, with a
minimum distance of 5 cm between each sample (Supplementary
Figure 3). A total of 360 samples were collected and immediately
stored in a mixed solution of 70% alcohol and glacial acetic acid
(mixing ratio: 9:1). In the laboratory, samples were dehydrated in
different concentrations of alcohol (70, 90, 95, and 100%), soaked in
limonene, and finally embedded in paraffin. Transverse sections of
12 µm were cut using a rotary microtome and stained with safranin
and Astra blue (Li et al., 2019).

2.3. Cell types and anatomical
parameters

The three continuous columns of cell counts showing good
quality and absence of disturbances were selected for the
measurements of each sample, and the cells were identified as
cambium cells, enlargement cells, wall thickening cells, and mature
cells (Rathgeber et al., 2016). The average weekly number of cells
in each differentiation phase was then expressed as a function
of day of the year (DOY) (Rathgeber, 2012). The cambium cells
are typically flattened and have very thin walls, and enlargement
cells have an irregular radial diameter and are at least two

times larger than cambium cells. Wall-thickening cells appear
shiny under polarized light compared to enlargement cells, and
mature cells are red-stained by safranin and have mature tubular
cells (Camarero et al., 2010; Ren et al., 2018; Supplementary
Figure 4). The onset of radial stem growth was determined by the
appearance of the first enlargement cells, and radial stem growth
was considered completed when wall-thickening cells no longer
appeared (Rossi et al., 2006).

Using ImageJ (National Institutes of Health, Bethesda, MD,
USA), we measured the cell anatomical parameters of the last
collected samples after the end of the growing season (i.e., on 10
January 2020; DOY 375). These included the radial parameters:
double cell wall thickness (2CWT), radial lumen diameter (LD),
lumen area (LA), cell area (CA), and cell number (Num). Cell
wall area (CWA) was calculated as the difference between the
CA and LAs (Cuny et al., 2019). According to Mork’s criterion
(Denne, 1989), we divided mature cells into earlywood cells
(2CWT/LD < 0.5) and latewood cells (2CWT/LD ≥ 0.5).

2.4. Statistics and analysis

The number of cells can differ largely between aspects due
to differences in growth rate. Therefore, standardization of the
number of xylem cells was necessary. This can be achieved by using
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the number of cambium xylem cells of the previous tree ring width
as a reference (Rossi et al., 2006; Zhang et al., 2018). The formula
used for this standardization is as follows:

nci = ncmi × rwm/rws (1)

where nci is the standardized number of xylem cells, ncmi is the
measured number of xylem cells, rwm is the mean width of the
previous tree rings for all samples, and rws is the width of the
previous tree rings for each sample (Zheng et al., 2021).

Different from the simple unimodal growth characteristics in
the alpine region, the radial growth in the humid subtropical
region has a complex growth pattern (Huang et al., 2018; Liu
et al., 2019; Zheng et al., 2021). Given that generalized additive
models (GAMs) are data-driven, they are better able to describe
complex intra-annual wood formation dynamics than traditional
Gompertz functions (Cuny et al., 2013). So, we used GAMs to
model the growth of cambium xylem cells (enlargement + wall
thickening + mature cells) in both the CW and OW of each tree.
The model is represented by the equation

E(y/x1) = f (x1) (2)

In the equation, y is the response variable (the number of cambium
xylem cells), x1 is the DOY and f represents the smoothing
function. The Poisson link function is used given that the response
variable is a count variable. Its derivative was further calculated to
obtain the rate of cell division (Huang et al., 2018).

A model is constructed to demonstrate the correlation between
the number of cambium xylem cells (Ncell), the mean rate (rm),
and the duration (1tE) of cell production. The Ncell is the median
number of cells remaining in the sample after the cells have stopped
dividing. The rm is the average of the rate of cell division, and the
1tE is calculated from observations, which represents the during of
cell division, from the emergence to the disappearance of enlarged
cells (Rathgeber et al., 2011; Ren et al., 2019):

Ncell = f (rm ×1tE) (3)

Before determining the correlation between the number or rate of
cells at different times and climate records, average meteorological
variables were calculated over a 7- and 10-day period preceding
the sampling date. This is because xylem cell growth is affected
by climate with a lag effect (Prislan et al., 2016). The variations in
key times of xylem phenology and wood anatomy between CW and
OW were identified using ANOVA and Tukey’s test. Normality was
confirmed for all critical dates before using ANOVA.

3. Results

3.1. Xylem cell dynamics and their
response to climate

The seasonal dynamic of xylem cell numbers at different phase
in both CW and OW were very similar. Cambial cells enlarged
in early March and stopped dividing in November. The number
of cambium cells fluctuated between three and seven throughout
the growing season at both wood types and stabilized at ca. five at
the end of the xylem enlargement phase (Figure 2A). At the initial

FIGURE 2

Number of cambium cells (A), enlargement cells (B), wall thickening
cells (C), and mature cells (D) of OW (red) and CW (blue) of Pinus
massoniana Lamb. during 2019 at GSK field station. The dots and
the bars represent the mean cell number and standard errors
among the four selected trees, respectively.

sampling date (March 11, DOY 70), CW samples already presented
cells in the enlargement phase, indicating that the cambium had
begun to activate before the first date. In contrast, the OW cambium
did not activate until the second sampling date (March 16, DOY
75). The seasonal dynamic of the enlarged cells exhibited a bimodal
pattern. The enlarged cells reached a first growth peak in early
April (DOY 100), and then gradually decreased until a secondary
growth peak occurred in early October (DOY 280) (Figure 2B).
The bimodal pattern in the wall thickening phase was less evident
(Figure 2C), while the intra-annual dynamics of mature cells are
characterized by a single “S” shaped change (Figure 2D).

The response of xylem cell numbers at different phase to
climatic factors (minimum, mean and maximum temperatures,
and precipitation) was highly consistent between CW and OW.
The effects of temperature and precipitation on xylem cell
numbers between CW and OW were independent of time periods.
Precipitation had a weak promoting effect on cells in the mature
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FIGURE 3

The correlation between the number of mature cells (MC), the
number of cumulated cells (CC), and climatic variables at the
monitoring site during 2019 of OW and CW. Mean, minimum, and
maximum temperature (◦C) and total precipitation (mm) on a 7-day
(A) and 10-day (B) duration prior to the sampling. Red stands for
positive correlation while blue is negative. The number in the box
indicates the correlation coefficient (r value). Black numbers
indicate P > 0.05, and white numbers indicate P < 0.05.

phase and the cumulated cells (P > 0.05). Temperature had an
inhibiting effect on cells in the mature phase and the cumulated
cells (P > 0.05), while the temperature 10 days before sampling
significantly inhibited cells in the mature phase and the cumulated
cells (P < 0.05) (Figure 3).

3.2. Phenological timing and the rate of
xylem cell division

The phenological timings between OW and CW were
insignificantly different, while the rate of xylem cell division was
significantly different. The cambium activates at DOY 75± 3 (OW)
and DOY 73 ± 5 (CW), and cell division ended at DOY 307 ± 5
(OW) and DOY 321 ± 7 (CW), leading to 1tE of 232 ± 8 days
(OW) and 248 ± 12 days (CW), respectively. The first latewood
cells appeared at DOY 193 ± 18 (OW) and DOY 179 ± 8 (CW),
respectively. The date of first appearance of cell wall thickening cells
was on DOY 82± 10 (OW) and DOY 79± 8 (CW). The cambium
entered the dormancy stage at DOY 352 ± 3 (OW) and DOY
359 ± 5 (CW), respectively. There was no significant difference in
the growing season length between OW and CW (279 ± 13 and
284 ± 13 days for OW and CW, respectively; Table 1). The GAMs
model explained 80.9% (83.9%) of the intra-annual dynamics of
xylem cells at the OW (CW) (Figure 4A). The seasonal dynamics of
the cell division rate showed a bimodal shape, with the cell division
rate reaching a first growth peak in early March and a second
growth peak in the middle of September (Figure 4B). The rm for
OW was 0.126 cells/day and the rm for CW was 0.154 cells/day.
When compared to OW, xylem cell production and rm of CW

increased by 22.2 and 24.8%, respectively. However, the 1tE for CW
was only 6% longer than OW.

The response of cell production rates at different periods
(earlywood phase or latewood phase) to climatic factors (minimum,
mean and maximum temperatures, and precipitation) was highly
consistent between CW and OW. During earlywood formation,
temperature and precipitation did not significantly affect the
xylem cell division rate during earlywood formation, while the
precipitation the 10 days before sampling significantly promoted
the production rate of earlywood cells (P < 0.05). However, during
latewood growth temperature significantly facilitated the rate of cell
production. The mean temperature of 7 days before sampling and
both the mean and maximum temperature 10 days before sampling
significantly promoted the latewood cell production rate (P < 0.05)
(Figure 5).

3.3. Rate and duration of wood
production

A physical model was constructed to determine whether xylem
cell production is controlled by rm or 1tE. The model, which
was based on Ncell, rm, and 1tE, was found to have a good fit
(COD = 70.2%) (Figure 6A). Sensitivity analysis of the model
revealed that an increase in rm resulted in a corresponding increase
in Ncell, while 1tE had a minor effect on Ncell (Figure 6B). The
model indicated that a majority portion (90.7%) of the variability in
Ncell was attributed to rm. When rm remains constant at the mean
and 1tE varies around its mean by twice its standard deviation,
Ncell varies only in the range of 36.5–39.2 cells (a range of variation
of 2.7 cells). Similarly, when 1tE was constant at its mean and rm
varied around its mean within twice its standard deviation, Ncell
varied within a range of 24.6–51.1 cells (a range of variation of 26.5
cells).

3.4. The cellular anatomy between OW
and CW

A comparison of microcore sections revealed differences in
xylem cell anatomy between CW and OW (Supplementary
Figures 2B, C). Compared to OW, CW earlywood cells exhibited
distinct anatomical changes. Specifically, compared to OW
earlywood cells, the 2CWT of CW was slightly thinner (P > 0.05);
the LD of CW earlywood cells was significantly larger (P < 0.05);
the LA and CA were larger but insignificant (P > 0.05); and the
CWA and Num increased significantly (P < 0.05) (Figures 7A, C,
E, G, I, K). Compared to OW, CW had smaller 2CWT, LA, CWA,
LD, and CA but a higher number of latewood cells. However, it
is worth noting that none of the differences in latewood anatomy

TABLE 1 Critical dates of xylem phenology between OW (opposite wood) and CW (compressed wood) of Pinus massoniana Lamb.

Type EC onset
(DOY)

EC end
(DOY)

WT onset
(DOY)

Xylem end
(DOY)

Lw onset
(DOY)

Duration of cell
division (day)

Duration of growing
season (day)

OW 75± 3A 307± 5A 82± 10A 352± 3A 193± 18A 232± 8A 279± 13A

CW 73± 5A 321± 7A 79± 8A 359± 5A 179± 8A 248± 12A 284± 13A

Numerical values are mean ± standard error. The same letters are not statistically different at 0.05 probability. EC indicates the phase of the enlargement cell; WT indicates the phase of the
wall thickening cell; Lw indicates the phase of latewood.
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FIGURE 4

The dynamic (A) and the cell growth rate (B) of cumulated cells (enlargement cells + wall thickening cells + mature cells) of OW (red) and CW (blue)
of Pinus massoniana Lamb. modeled by the GAM model during 2019.

were significant (Figures 7B, D, F, H, J, L). When comparing the
morphology of earlywood to latewood cells, it was observed that
earlywood cells in CW had larger cells with thinner walls and larger
lumens, while latewood cells were significantly smaller with thicker
walls and smaller lumens.

FIGURE 5

The correlation between the cell growth rate of earlywood phase
(A), latewood phase (B), and climatic variables at the monitoring site
during 2019. Mean, minimum, and maximum temperature (◦C) and
total precipitation (mm) on a 7-day (P7) and 10-day (P10) duration
prior to the sampling. Red stand for positive correlation while blue is
negative. Black numbers indicate P > 0.05, white numbers indicate
P < 0.05, and yellow numbers indicate P < 0.01.

FIGURE 6

The physical simple model between the number of cambium xylem
cells (Ncell) and the rate (rm) and duration (1tE) of cell division (A).
Sensitivity analysis of the physical model (B). The dashed lines
represent the means, and the frame delimits the area of the
mean ± standard deviation; the black lines indicate the number of
cells.

4. Discussion

4.1. Dry and hot summer climate induces
bimodal growth

In this study, xylem cell division of P. massoniana Lamb.
began in March and ceased in November. The growth duration
was prolonged by 3–4 months compared to coniferous species in
cold environments (Rossi et al., 2016) but was consistent with the
findings of Huang et al. (2018) and Zheng et al. (2021) who reported
that the regional climate plays a significant role in wood formation
processes of subtropical conifers. A humid and warm climate is
optimal for leaf photosynthesis, which will further promote the
radial growth of trees (Ding et al., 2021). When favorable conditions
occur in the spring, cambium cells begin to divide and expand (Li
et al., 2017). Turgor within the cells is essential to maintain the
expansion pressure required for division and expansion, and the
availability of water plays a crucial role at this stage (as seen in
Supplementary Figure 1; Cabon et al., 2020). At the early and late
stages of cell expansion, the temperature in the study area is already
high, but the low precipitation levels do not effectively replenish
soil moisture, which has an inhibiting effect on the production of
expanding cells (Song et al., 2022).

It is worth noting that the seasonal dynamic of xylem cells
at the enlargement and wall thickening phase of P. massoniana
Lamb. in the study area presented a bimodal pattern, which is
in line with previous reports in the Mediterranean region that is
driven by seasonal changes in water availability (Pacheco et al.,
2016; Campelo et al., 2018). Radial growth of P. massoniana Lamb.
in the study area is affected by summer heat and drought (Li
et al., 2016). Studies using tree-ring isotopes and dendrometer
measurements suggest that tree growth of subtropical conifers is
constrained by summer heat and drought (Liu et al., 2019; Bing
et al., 2022), leading to the bimodal seasonal growth patterns
of trees in humid subtropical China. As the latewood cells
develop, the regulation of cell production rates transitions from
being solely dependent on precipitation to becoming modulated
by temperature. The occurrence of summer drought results in
decreased activity of the cambium or even dormancy, which
subsequently causes a seasonal alteration in limiting factors that
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FIGURE 7

Comparison of the wood anatomical parameters between opposite wood (OW, red) and compressed wood (CW, blue). Double cell wall thickness
(2CWT), radial lumen diameter (LD), lumen area (LA), cell area (CA), cell wall area (CWA), and number (Num) of earlywood (Ew) (A,C,E,G,I,K) and
latewood (Lw) (B,D,F,H,J,L). Numerical values are mean ± standard error. Shades of red indicate a significant difference at 0.05 probability.

restrict the growth rate of xylem cells (Cartenì et al., 2018; Liu X.
et al., 2018).

4.2. The influence of mechanical stress
on xylem formation

Several studies have suggested that wood production is
correlated with the length of the growing season (Rossi et al., 2012;
Liu S. et al., 2018; Camarero et al., 2022). However, others contend
that wood production may be more strongly influenced by the rate
of cell production rather than growing season length (Ren et al.,
2019; Jiang et al., 2021). Our research demonstrated that a faster
rate cell production leads to larger wood production on the CW.
The tree-ring of P. massoniana Lamb. exhibits evident eccentricity
in order to regain their upright position via maintaining balance
(Bamber, 2001; Donaldson and Singh, 2013). The tree growth
responds to mechanical stress in different aspects by changing the
rate of cell production.

During the sampling process, it was observed that on steep
slopes, the branches of P. massoniana Lamb. were primarily located
on the downhill side, and the young leaves and shoots of the
canopy were the main sites of phytohormone production (Huang
et al., 2014; Ding et al., 2021), indicating that phytohormones play
a significant role in the xylem formation of coniferous species
(Guo et al., 2022). Studies have shown that the concentration
of phytohormones in the trunk affects the rate of division
and differentiation, size, and lignin accumulation in xylem cells

(Perrot-Rechenmann, 2010; Sorce et al., 2013; Rathgeber et al.,
2016; Buttò et al., 2020). At the start of xylem activity, before the
plant begins to sprout, there is no difference in phytohormone
concentration between OW and CW, and the timing of xylem
initiation is also similar. As leaf extension and maturation occur,
phytohormones are enriched at CW and xylem cells are rapidly
produced and expanded (Rossi et al., 2009; Guo et al., 2022),
influencing tubular cell lumen and CWA (Majda and Robert, 2018).
As a result, earlywood cells at CW are significantly larger in lumen
and CWA than at OW. The transition from earlywood to latewood
in xylem cells occurs after leaf bursting and extension is completed
(Fajstavr et al., 2019), when phytohormone concentrations in the
stem are at low levels and a slight reduction in cell size at CW occurs
due to gravity (Tarmian and Azadfallah, 2009; Palombo et al., 2018).
This leads to a significant increase in the size and number of xylem
earlywood cells at CW.

4.3. Differences in wood production
between OW and CW

Previous studies have used the difference of tree ring width
between the opposite and compression sides (CW-OW) to quantify
the effect of wind stress on trees (Fang et al., 2022a). This
method extracts a composite signal that encompasses a prolonged
growing season and increased growth rate, operating under the
premise that xylem production is co-regulated by the duration
of the growing season and the growth rate (Rossi et al., 2012;
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Camarero et al., 2022). In our study, we found that the greater
accumulation of xylem cells on the CW side was primarily due
to a higher rate of cell production rather than the duration of
xylem cell production. The xylem formation process was found to
be consistent between OW and CW in response to climate, with
the CW side responding to mechanical stress by accelerating its
cell division rate. Therefore, we suggest that the impact of external
stress on trees can be studied by considering the ratio between
the two sides simultaneously. When reconstructing regional wind
speeds, using the ratio chronology will provide a more accurate
reflection of wind speed changes than a difference chronology.

However, the physiological response of trees to prevailing
winds is complex, as wind not only generates mechanical stresses
in different directions compared to the steady mechanical stresses
generated by gravity but also accelerates related physiological
processes such as leaf transpiration (Telewski, 2012; Mitchell,
2013). Therefore, we recommend that future studies to accurately
understand the effects of strong winds on wood formation in
different directions within trees should include monitoring of
multiple tree species in strong wind conditions to further clarify
the effects of wind speed on tree growth and cambium activity.

5. Conclusion

This study investigates the dynamics of xylem formation
in P. massoniana Lamb. and compares the phenological and
anatomical characteristics of trees growing on steep slopes facing
opposite directions (OW and CW) in the humid subtropics. Our
findings demonstrate that xylem formation responds similarly to
climate in both OW and CW. Moreover, the number of cells
in the enlargement phase was limited by summer drought in
P. massoniana Lamb. in both directions. We observed that the
cell division rate of xylem cells in CW was accelerated, due to the
effect of gravity, although there was no significant difference in cell
division time. The earlywood cells in CW had larger cell lumens and
thinner cell walls, while the latewood cells had smaller cell lumens
and thicker cell walls. These differences in cellular anatomical
parameters suggest that phytohormones may influence xylem cell
morphology. The results of our study imply that trees growing in
locations with different mechanical stress primarily modify the rate
of cell division. So, we suggest calculating the ratio between OW
and CW widths to reconstruct wind stress changes rather than
calculating the residuals used in the current study.
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Mixed Eucalyptus plantations in 
subtropical China enhance 
phosphorus accumulation and 
transformation in soil aggregates
Yuhong Cui 1, Yu Yan 1, Shengqiang Wang 1, Han Zhang 1, Yaqin He 1, 
Chenyang Jiang 1, Rongyuan Fan 1 and Shaoming Ye 1,2,3*
1 College of Forestry, Guangxi University, Nanning, China, 2 Guangxi Key Laboratory of Forest Ecology 
and Conservation, Nanning, China, 3 Guangxi Colleges and Universities Key Laboratory for Cultivation 
and Utilization of Subtropical Forest Plantation, Nanning, China

Introduction: The production of Eucalyptus, a principal economic tree genus in 
China, is faced with challenges related to soil phosphorus (P) limitations. In this 
study, we explore variations in phosphorus content, storage, and transformation 
in Eucalyptus forests. We hypothesize that mixed forests augment soil aggregate 
stability and P content and that microaggregates are pivotal in determining P 
differences between mixed and pure forests. Additionally, we posit that mixed 
forests foster P transformation, enhancing its efficacy in the soil. Current research 
on the distribution and transformation of soil total P (TP) and P fractions at the soil 
aggregate level is limited.

Methods: In this study, we selected soil from a Eucalyptus-Mytilaria laosensis 
Lecomte mixed forest, Eucalyptus-Erythrophleum fordii Oliv mixed forest, and 
pure Eucalyptus forest in Chongzuo County, Guangxi, China, as the research 
objects. Using a dry-sieving method, we divided the soil collected in situ from the 
0–40 cm layer into aggregates of >2, 1–2, 0.25–1, and <0.25 mm particle sizes, 
measured the TP and P fractions (resin-extractable inorganic P, bicarbonate-
extractable inorganic P, bicarbonate-extractable organic P, sodium hydroxide-
extractable inorganic P, sodium hydroxide-extractable organic P, dilute 
hydrochloric acid-extractable P, concentrated hydrochloric acid extractable 
inorganic P, concentrated hydrochloric acid-extractable organic P and residue-P) 
in different aggregates, and used redundancy analysis and PLS SEM to reveal key 
factors affecting soil P accumulation and transformation.

Results: The results showed that compared to pure Eucalyptus forests, mixed 
Eucalyptus forests significantly enhanced the stability of soil aggregates and the 
content and storage of phosphorus, especially the Eucalyptus-Mytilaria laosensis 
mixed forest. The content of total soil phosphorus and its fractions decreased with 
increasing aggregate particle size, while the opposite trend was observed for stored 
P, with aggregates <0.25 mm being the main fraction influencing soil phosphorus 
accumulation. The transformation process of P fractions was primarily constrained 
by dissolution rates, mineralization rates, biological activity, including the action of 
microbes, fungi, and plant–root interactions, and other factors.

Discussion: Mixed forests increased the transformation of phosphorus in soil 
aggregates, effectivel enhancing the availability of soil phosphorus. In summary, this 
study provides important evidence for the systematic management of subtropical 
artificia Eucalyptus forests and the sustainable utilization of soil resources.

KEYWORDS

Eucalyptus, mixed forest, soil aggregates, phosphorus fractions, phosphorus 
transformation
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1 Introduction

Plantations are considered one of the most widely distributed 
forest types worldwide, these forests play a crucial role in alleviating 
land degradation, mitigating the impacts of climate change, reducing 
air pollution, and curtailing the loss of biodiversity (Yang et al., 2021). 
Among different plantations, Eucalyptus, which is characterized by 
rapid growth rates, high productivity, and strong adaptability, is 
cultivated worldwide to meet the global demand for timber and wood 
products. Eucalyptus species are grown in more than 90 countries, 
with China ranking second globally in terms of plantation area, next 
only to Brazil (Wei et al., 2022; Hutapea et al., 2023). The Guangxi 
Zhuang Autonomous Region in China has become a principal region 
for Eucalyptus plantations in China due to its advantageous 
geographical location and favorable climatic conditions (Zhao et al., 
2018). At present, these plantations are mainly monocultures, with 
intensive management involving short rotations and continuous 
rotations (Huang et al., 2017). However, continuous cropping has led 
to severe soil nutrient losses, especially with respect to phosphorus (P) 
(Liu et al., 1998; Sicardi et al., 2004). Given that P significantly affects 
timber production efficiency, high amounts of phosphate fertilizers 
are often used to ensure high yield and sustainable forest production 
(Laclau et  al., 2013; Bazani et  al., 2014). However, this increases 
economic costs and leads to ecological problems such as soil 
acidification and groundwater pollution, generating negative 
environmental impacts (Goncalves et al., 1997). To address ongoing 
challenges associated with declining soil quality and reduced 
productivity in Eucalyptus plantations, experts advocate for a 
transition from monocultures to mixed forests (Guo et al., 2022). 
Specifically, incorporating native tree species, such as Mytilaria 
laosensis and Erythrophleum fordii, alongside Eucalyptus has been 
shown to be an effective approach. Recent studies highlight that these 
mixed plantations not only improve soil chemical properties by 
enriching the soil with vital nutrients but also enhance soil physical 
structure, leading to improved water retention and reduced soil 
erosion (Luo et al., 2015; Dawud et al., 2016; Zhang Q. et al., 2021; 
Zhang Y. et al., 2021). Furthermore, these mixed ecosystems have 
demonstrated markedly higher microbial diversity relative to 
monoculture systems, which results in improved nutrient cycling and 
overall soil health (Xu et  al., 2020; Zhang et  al., 2022; Formaglio 
et al., 2023).

Phosphorus is an essential macronutrient for forest ecosystems, 
with timber yields largely depending on the fulfilment of forestland P 
demands (Yang et al., 2019). Weathered soils in subtropical regions 
typically supply several times the amount of unstable inorganic 
phosphorus (Pi) needed by vegetation annually (Yang et al., 2011). 
Phosphorus is considered one of the nutrients that most limits the 
productivity of tropical and subtropical forests (Sullivan et al., 2014). 
This is because approximately 95%–99% of soil total P exists in 
insoluble or unavailable forms that plants cannot directly utilize 
(Richardson and Simpson, 2011). To better study soil P and improve 
plant P utilization rates, Hedley et al. (1982) developed a method for 
continuous P extraction or fractionation to characterize the different 
organic and inorganic fractions of P in soil based on solubility. This 
method has become widely accepted and used for characterizing P 
forms in soil (Condron and Newman, 2011). Later, Tiessen and Moir 
(2007) improved Hedley’s et  al. method, categorizing P into nine 
fractions. Among these, resin-extractable inorganic P (resin-Pi) is 

generally considered the most readily available form of P in soil for 
plant absorption and use, as it exists in the soil solution and can 
be directly absorbed by plant roots (Costa et al., 2016). Therefore, the 
content and availability of resin-Pi are important for plant growth. If 
the soil contains high amounts of resin-Pi, Eucalyptus can usually 
obtain sufficient P to grow and develop (Yang et  al., 2011). After 
resin-Pi is consumed, it can be replenished from lower solubility P 
pools through desorption, dissolution, and mineralization (Tiessen 
and Moir, 2007). Bicarbonate-extractable inorganic P (NaHCO3-Pi) is 
another form of inorganic P that is easily absorbed by plants. If the soil 
contains ample NaHCO3-Pi, then plants can obtain sufficient P, which 
can stimulate growth (Yang et  al., 2011). Bicarbonate-extractable 
organic P (NaHCO3-Po) must be microbially decomposed before it 
can be utilized by plants. Its impact on Eucalyptus growth depends on 
the decomposition rate of organic P and the plant’s P demand (Tiessen 
and Moir, 2007). Sodium hydroxide-extractable inorganic P (NaOH-
Pi) and sodium hydroxide-extractable organic P (NaOH-Po) typically 
exist as iron phosphates and aluminum phosphates (Hunt et al., 2007). 
They have smaller impacts on Eucalyptus growth than resin-Pi, 
NaHCO3-Pi and NaHCO3-Po, as these P compounds have low 
solubility and require a certain period of desorption, dissolution, and 
mineralization to be available for plant use (Bunemann, 2008). Dilute 
hydrochloric acid-extractable P (Dil. HCl-P) represents native mineral 
P pools bound to calcium, which can be utilized by plants after a long 
period of weathering (Yang et al., 2011). Other P fractions have low 
solubility and represent the most inaccessible occluded P pools for 
plants, requiring long-term weathering for plant uptake (Condron and 
Newman, 2011). Research has underscored that within mixed forests, 
Mytilaria laosensis and Erythrophleum fordii possess the capacity to 
access phosphorus from deep soil strata due to their expansive and 
deep root systems (Luo et  al., 2015; Zhang Q. et  al., 2021; Zhang 
Y. et al., 2021). However, the reasons for the enhanced phosphorus 
acquisition efficiency of these woodlands is still poorly understood. In 
this context, the enhanced Hedley method can be  used to study 
diverse phosphorus fractions in soil and provide insights into 
phosphorus efficacy in subtropical forest ecosystems, such as 
Eucalyptus plantations (Johnson et al., 2003).

Notably, current research on P in mixed Eucalyptus forests mainly 
focuses on entire soil layers, and studies at the microscopic level of soil 
aggregates are relatively limited. Soil aggregates are the basic units of 
the soil structure, affecting its physical, chemical, and biological 
properties (Six et al., 2004). The quantity and quality of soil aggregates 
reflect the soil’s nutrient supply and storage capabilities (Mustafa et al., 
2020). The stability of soil aggregates is an important index that is 
closely related to soil P storage and nutrient recovery (Song et al., 
2019). According to the formation and stabilization mechanisms of 
soil aggregates, they are divided into large aggregates (>0.25 mm) and 
microaggregates (≤0.25 mm) (Alag and Yilmaz, 2009). Aggregates 
serve as an important compartment for soil P storage and effective 
utilization. Aggregates of different particle sizes show significant 
differences in P adsorption, retention, and supply capabilities, which 
in turn affect the transformation and distribution of different P 
fractions (Song et al., 2019). Much research has been focused on soil 
aggregates and organic carbon (Cao et al., 2021; Li et al., 2021), but 
the related features of P fractions in aggregates are not clear. While a 
few studies exist on the effects of aggregate size on P, they are not 
comprehensive (Sun and Xiong, 1998; Rubk et al., 1999). Furthermore, 
the formation and stabilization processes of aggregates are influenced 
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by both natural conditions and human activities, leading to differences 
in the number and quality of soil aggregates in different regions (Six 
et al., 2002; Cooper et al., 2020; Liu et al., 2021). Therefore, evaluating 
differences in P fraction content and transformation in the soil of 
subtropical pure and mixed Eucalyptus forests from the perspective of 
aggregates has important practical value for elucidating the retention 
and release mechanisms of P in soil aggregates during the management 
of Eucalyptus plantations.

In this study, variations in phosphorus content, storage, and 
transformation within soil aggregates were examined across various 
Eucalyptus forest types. Based on previous research, this study 
proposes three hypotheses: (1) mixed forests show higher stability of 
soil aggregates and the content and storage of P in soil aggregates 
relative to pure forests; (2) microaggregates are the main factors 
leading to differences in total P and P fraction content between mixed 
forest and pure forest soils; and (3) mixed forests promote P 
transformation to enhance the effectiveness of P in the soil. In 
response to these hypotheses, we set the following research objectives: 
(1) to determine the impact of mixed forests on the stability, content, 
and storage of P in soil aggregates; (2) to elucidate the role of 
microaggregates in driving differences in total P and its fractions 
between mixed and pure forest soils; and (3) to analyze the degree and 
mechanisms through which mixed forests affect P transformation. To 
achieve these objectives, we performed a meticulous and systematic 
evaluation of data collected from a comprehensive set of field surveys 
and laboratory experiments.

2 Materials and methods

2.1 Study site

The study area is located in the Qing Mountain Experimental 
Field of the Experimental Center of Tropical Forestry, Chinese 
Academy of Forestry in Pingxiang County, Guangxi Zhuang 
Autonomous Region, China (21°57′-22° 19’N, 106°39′-106° 59′E) 
(Figure 1). The climate of the region is mainly subtropical monsoon, 
with an annual average rainfall of 1,500 mm and an average annual 
temperature of 18.8°C. The topography is dominated by low 
mountains and hills, with a slope of 20–22° and an altitude of 
500–900 m. The soil type of this region is mainly Latosol (IUSS 
Working Group, 2014), with sedimentary rocks as the native rock. 
Currently, the Tropical Forestry Center has 6,000 hectares of 
experimental and demonstration forests with valuable and high-
quality broad-leaved tree species, mainly Eucalyptus and Pinus 
massoniana Lamb., as well as tree species such as Mytilaria laosensis, 
Erythrophleum fordii, Castanopsis hystrix, Tectona grandis, Betula 
alnoides, Michelia gioii, and Dalbergia odorifera.

2.2 Experimental design

After field surveys, we selected a Eucalyptus-Mytilaria laosensis 
mixed forest (stand type I), a Eucalyptus-Erythrophleum fordii mixed 
forest (stand type II), and a pure Eucalyptus forest (stand type III) 
(Table 1) with similar site conditions with respect to soil type, parent 
material, altitude, slope, and aspect. All three types of forests were 
established on barren forestland in March 2012 by full reclamation 

and afforestation, with a planting density of approximately 1,666 
plants·ha−1. The ratio of Eucalyptus to other mixed species in the 
mixed forests was 2:1, with a spacing of approximately 2 m × 3 m. For 
the first 3 years after afforestation, fertilization and weeding were 
carried out once per year, with a fertilizer application of 840 kg·ha−1 
(fertilizer composition: N: 31%, P: 10%, K: 10%, B: <0.5% and Zn: 
<0.5%). Afterward, the plantation managers employed a near-natural 
management strategy, emphasizing natural tree regeneration, minimal 
chemical intervention, and selective thinning to closely simulate 
natural forest conditions and limit human interference. A completely 
randomized design was adopted in this study: five 20 m × 20 m 
standard plots were set up in each of the three stand types, totaling 15 
plots (3 stand types × 5 repetitions) (Figure 1). The distance between 
adjacent plots was greater than 1,000 m to prevent pseudoreplication 
and to reduce spatial autocorrelation. In each plot, a subplot 
(S = 20 m × 20 m) was randomly established at a distance >50 m from 
the forest edge.

2.3 Litter and soil sampling

Sampling was conducted in October 2021 for this study. Before 
soil sampling, 5 litter samples were collected from the surface of each 
of 5 random subplots (1 m × 1 m) and placed in plastic bags. Then, the 
5 litter samples were combined into a composite litter sample. The 15 
composite litter samples were dried at 80°C to a constant weight and 
were weighed after drying. Soil samples were collected from the same 
locations as the litter samples; 5 soil samples were collected with a 
spade and combined into a composite soil sample. The 30 (3 types of 
forest × 2 soil layers × 5 replicates) composite soil samples were 
carefully separated into natural aggregates. Then, a 5 mm sieve was 
used to remove small stones, coarse roots, and animal remains. Finally, 
the sieved soil aggregates (<5 mm) were further used for the 
classification of aggregates of various particle sizes. From each plot, 5 
soil samples from each soil layer within 5 small subplots were collected 
with a ring knife (depth = 50 mm, Ø = 50.46 mm, V = 100 cm−3) to 
measure bulk density, pH, and P fraction content.

2.4 Soil aggregate separation

The Savinov dry-sieving method (Wang et al., 2021) was used for 
soil aggregate separation. Air-dried soil samples (500 g) were sieved 
using sieves with apertures of 2 mm, 1 mm, and 0.25 mm that were 
vertically oscillated at a rate of 5 cm s−1 for 20 min. This resulted in the 
separation of aggregates of four grain sizes, namely, large soil 
aggregates (>2 mm), medium aggregates (1–2 mm), fine aggregates 
(0.25–1 mm), and microaggregates (<0.25 mm) (Table 2). The contents 
of clay particles and P fractions in the aggregates of each particle size 
were determined.

2.5 Soil property analyses

Before analyzing soil properties, we air-dried the soil samples at 
room temperature and then weighed them. A cutting ring was used to 
determine the soil bulk density (Lu, 2000). Soil porosity was measured 
using the ring knife method (Lu, 2000). Soil pH was determined by a 
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potentiometric method (Lu, 2000). A pycnometer (TM 85, Veichi, 
China) was used to measure soil clay content (Lu, 2000). 
Determination of soil organic carbon content was performed using 
the potassium dichromate-external heating method (Lu, 2000).

The sequential fractionation of P fractions was carried out in 
reference to the meth Sequential fractionation of P fractions was 
carried out based on the methods of Hedley et al. (1982) and Tiessen 
and Moir (2007), in which P is separated into various forms through 
a series of extractions. The extraction process was as follows: 0.5 g of 
soil was sequentially added to 30 mL H2O and a 2 cm2 ion-exchange 
resin film, followed by different extractants, i.e., 0.5 mol L−1 NaHCO3, 
0.1 mol L−1 NaOH, 1 mol L−1 HCl, and 11.3 mol L−1 HCl. Each extract 
was shaken at 60 rpm for 16 h and then centrifuged at 4,000 rpm for 
20 min. The supernatant was collected as the sample to be tested for 
these fractions. Then, the next extractant was added to the precipitated 
soil sample. Thus, the following soil fractions were sequentially 
extracted: resin-P, NaHCO3-Pi, NaHCO3-Po, NaOH-Pi, NaOH-Po, 
Dil. HCl-P, concentrated hydrochloric acid-extractable inorganic P 
(conc. HCl-Pi), concentrated hydrochloric acid-extractable organic P 
(conc. HCl-Po) and residue P.

2.6 Statistical analysis

The mean weight diameter (MWD, mm) and geometric mean 
diameter (GMD, mm) are key indicators to evaluate soil aggregate 

FIGURE 1

The location of the study area. Stand I: the mixed Eucalyptus and Mytilaria laosensis forest; stand II: the mixed Eucalyptus and Erythrophleum fordii 
forest; stand III: the pure Eucalyptus stand.

TABLE 1 Basic information for sample plots.

Stand 
type

I II III

Altitude (m) 240–245 245–255 245–260

Gradient (°) 26–30 23–27 25–32

Aspect South-facing slope South-facing slope South-facing slope

Position Upslope Upslope Upslope

Soil type Latosol Lateritic red soil Lateritic red soil

Canopy 

density
0.8 0.9 0.8

Litterfall 

amount 

(g m−2)

410.80 ± 21.82 B 491.80 ± 16.57 A 246.40 ± 10.50 C

I: The mixed Eucalyptus and Mytilaria laosensis forest; II: the mixed Eucalyptus and 
Erythrophleum fordii forest; III: the pure Eucalyptus forest.
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stability, and the calculation formulas for MWD and GMD are as 
follows (Zhang Q. et al., 2021; Zhang Y. et al., 2021):
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where xi is the average diameter of aggregates in each grade (mm) 
and wi is the weight percentage of aggregates in each grade (%).

The total P storage (TPS, g m−2) calculation formula is (Wang 
et al., 2020):
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where wi  is the mass ratio of aggregates of different sizes to total 
aggregates; TPi is the total P content of the ith aggregate size (g kg−1); 
B is the soil bulk density (g cm−3); H is the soil layer thickness (cm); 
and 10 is the unit conversion factor. Similarly, stored soil resin-Pi, 
NaHCO3-Pi, NaHCO3-Po, NaOH-Pi, NaOH-Po, Dil-HCl-P, conc. 
HCl-Pi, conc. HCl-Po, and residue-P was calculated in the same way.

TABLE 2 Litterfall and soil properties as influenced by aggregate size and stand type in Eucalyptus plantations.

Index
Litter 0–20  cm 20–40  cm

Stand type (S) S Aggregate size A S  ×  A S A S  ×  A

Litterfall quantity (g m−2) ✔✔

Bulk density (g cm−3) ✔✔ ✔✔

Total porosity (%) ✔✔ ✔✔

pH ✔✔ ✔✔

MWD ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

GMD ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

TOC (mg kg−1) ✔✔ ✔✔ ⨯ ✔✔ ✔✔ ⨯

TP (mg kg−1) ✔✔ ✔✔ ⨯ ✔✔ ⨯ ⨯

Resin-Pi (mg kg−1) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

NaHCO3-Pi (mg kg−1) ✔✔ ✔✔ ⨯ ✔✔ ✔✔ ⨯

NaHCO3-Po (mg kg−1) ✔✔ ✔ ⨯ ✔✔ ✔✔ ✔✔

NaOH-Pi (mg kg−1) ✔✔ ✔✔ ⨯ ✔✔ ✔ ⨯

NaOH-Po (mg kg−1) ✔✔ ✔✔ ✔ ✔✔ ✔✔ ⨯

Dil. HCl-P (mg kg−1) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

Conc. HCl-Pi (mg kg−1) ✔✔ ✔✔ ⨯ ⨯ ✔✔ ⨯

Conc. HCl-Po (mg kg−1) ✔✔ ✔✔ ⨯ ⨯ ✔✔ ⨯

Residue-P (mg kg−1) ✔✔ ✔✔ ⨯ ✔✔ ✔✔ ⨯

TPS (mg m−2) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

Resin-PiS (mg m−2) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

NaHCO3-PiS (mg m−2) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

NaHCO3-PoS (mg m−2) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

NaOH-PiS (mg m−2) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

NaOH-PoS (mg m−2) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

Dil. HCl-PS (mg m−2) ✔✔ ✔✔ ✔✔ ⨯ ✔✔ ✔✔

Conc. HCl-PiS (mg m−2) ✔✔ ✔✔ ✔✔ ⨯ ✔✔ ✔✔

Conc. HCl-PoS (mg m−2) ✔✔ ✔✔ ✔✔ ⨯ ✔✔ ✔✔

Residue-PS (mg m−2) ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔

“⨯” represents a nonsignificant difference (p > 0.05); S, stand type; A, aggregate size. MWD and GMD indicate the mean weight diameter and geometric mean diameter, respectively; TP, soil 
total P content; Resin-Pi, resin-extractable inorganic P content; NaHCO3-Pi, resin-extractable inorganic P content; NaHCO3-Po, bicarbonate-extractable organic P content; NaOH-Pi, sodium 
hydroxide-extractable inorganic P content; NaOH-Po, sodium hydroxide-extractable organic P content; Dil. HCL-P, dilute hydrochloric acid-extractable P content; conc. HCL-Pi, concentrated 
hydrochloric acid-extractable inorganic P content; conc. HCL-Po, concentrated hydrochloric acid-extractable organic P content; Residue-P, residue P content; TPS, soil total P stock; Resin-PiS, 
resin-extractable inorganic P stock; NaHCO3-PiS, resin-extractable inorganic P stock; NaHCO3-PoS, bicarbonate-extractable organic P stock; NaOH-PiS, sodium hydroxide-extractable 
inorganic P stock; NaOH-PoS, sodium hydroxide-extractable organic P stock; Dil. HCL-PS, dilute hydrochloric acid-extractable P stock; conc. HCL-PiS, concentrated hydrochloric acid-
extractable inorganic P stock; conc. HCL-PoS, concentrated hydrochloric “⨯” represents a nonsignificant difference (p > 0.05); “✔” and “✔✔” represent significant differences at p < 0.05 and 
p < 0.01, respectively.
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We identified two main variables in this study: stand type and 
aggregate size. Therefore, statistical analysis was conducted according 
to soil depth. Statistical analysis was performed using SPSS 22.0 (SPSS 
Inc., Chicago, IL, United States). The Shapiro–Wilk test was used to 
check the normality of the data before variance analysis was 
conducted. The Levene method was used to test variance homogeneity. 
One-way analysis of variance (ANOVA) was used to test the impact 
of stand type on litter mass and soil physicochemical properties. 
Two-way ANOVA was used to test the impact of stand type, aggregate 
size, and their interaction on soil aggregate physicochemical 
characteristics. Subsequently, the Tukey HSD post hoc test was used to 
test the significance of differences. p < 0.05 indicated that the difference 
was statistically significant. CANOCO 5.0 (CANOCO Inc., Shanghai, 
China) was used to conduct redundancy analysis to test the impact of 
soil aggregate parameters on P content and storage in the soil. In 
addition, a partial least squares structural equation model was 
constructed using Smart PLS 3.0 (SmartPLS GmbH Inc., Oststeinbek, 
Germany) to predict the P transformation patterns in different stand 
types. We  used the coefficient of determination (R2) and cross-
validated redundancy (Q2) to evaluate the structural model. R2 
measures the relationship between the explained variance of latent 
variables and total variance (Chin, 1998). R2 values of 0.670, 0.333, and 
0.190 indicate high, medium, and low explanatory rates, respectively 
(Diamantopoulos and Siguaw, 2006). Q2 measures the predictive 
relevance of a specific structural model (An et  al., 2010; Hair 
et al., 2019).

3 Results

3.1 Litter mass and overall soil 
physicochemical properties

The litter mass and total soil porosity of stand types I and II were 
significantly higher than those of stand type III (p < 0.05), whereas soil 
bulk density and pH showed the opposite trend (Table  3). In the 
0–20 cm soil layer, the contents of TOC, TP, resin-Pi, and NaHCO3-Pi 
in stand type I were significantly higher than those in stand types II 
and III. The contents of NaHCO3-Po, NaOH-Pi, NaOH-Po, Dil. 
HCl-P, conc. HCl-Pi, conc. HCl-Po and residue-P in stand types I and 
II were significantly higher than those in stand type III (p < 0.05). In 
the 20–40 cm soil layer, the TP, resin-Pi, NaHCO3-Pi, and NaHCO3-Po 
contents in stand type I were significantly higher than those in stand 
types II and III. The contents of NaOH-Pi, NaOH-Po, and residue-P 
in stand types I and II were significantly higher than those in stand 
type III (p < 0.05). However, there were no significant differences in 
the contents of Dil. HCl-P, conc. HCl-Pi, and conc. HCl-Po among the 
three types of forests. Additionally, the total soil porosity, TP, and P 
fraction contents of all three stand types decreased with increasing soil 
depth, while the soil bulk density and pH increased with increasing 
soil depth.

3.2 Distribution and stability characteristics 
of soil aggregates

In both the 0–20 cm and 20–40 cm soil layers, the proportion of 
aggregates with a diameter of >2 mm in stand types I  and II was 

significantly higher than that in stand type III (p < 0.05), while the 
proportion of aggregates with a diameter of <0.25 mm exhibited the 
opposite trend (Table 4). All three stand types were predominantly 
characterized by aggregates >2 mm in diameter, with proportions 
significantly different from those of other aggregates (p < 0.05), 
ranging from 54.10% to 69.58%. Simultaneously, in both soil layers, 
the mean weight diameter (MWD) and geometric mean diameter 
(GMD) of stand types I and II were significantly higher than those of 
stand type III (p < 0.05).

3.3 Total P and its fractions in soil 
aggregates: content, storage and 
contribution

In this study, we undertook an in-depth analysis to elucidate the 
distribution and storage of multiple phosphorus components across 
varying forest stand types and soil particle sizes. At the aggregate level, 
our experimental findings suggest that the content of diverse 
phosphorus fractions is principally confined to 0.25–1 mm aggregates 
in each type of forest stand (Figure 2). However, phosphorus storage 
exhibits a different distribution pattern; reserves are primarily 
localized in aggregates greater than 2 mm for all stand types under 
consideration. Regarding the relative contribution of aggregate sizes 
to phosphorus content, it was observed that aggregates larger than 
2 mm in size play a significantly more prominent role than their 
smaller-sized counterparts, although there are particular phosphorus 
components that show exceptions to this trend (p < 0.05) (Figure 3). 
From a stand type perspective, our data consistently demonstrate that 
stand type I exhibits appreciably higher levels of both phosphorus 
content and storage compared to stand type III. This marked 
discrepancy is observable across two distinct soil strata, namely, the 
0–20 cm and 20–40 cm layers. One commonality that was observed 
across all stand types and soil depths was a consistent decline in both 
phosphorus content and storage with increasing soil depth.

3.4 Relationship between soil aggregate 
characteristics and P content

The RDA results showed (Figure 4) that in the two soil layers 
studied, soil aggregate characteristics explained 93.83% and 98.41% of 
the soil P content. Aggregates with a diameter of <0.25 mm were the 
most critical factor affecting the soil P content in the 0–20 cm layer, 
explaining 82.70% of the variance, followed by aggregates with 
diameters of 0.25–1 mm and the MWD. Aggregates with a diameter 
of <0.25 mm were also the most critical factor affecting the soil P 
content in the 20–40 cm layer, explaining 30.70% of the variance, 
followed by aggregates with diameters of 1–2 mm and the 
MWD. Additionally, in the upper soil stratum of 0–20 cm, there was 
a positive correlation between each phosphorus component and 
parameters such as GMD and MWD, as well as with aggregates larger 
than 2 mm. In the 20–40 cm layer, a similar positive correlation was 
observed for most phosphorus components with GMD, MWD, and 
aggregates exceeding 2 mm in size. However, it is noteworthy that only 
Dil. HCl-P and Conc. HCl-Po exhibited a positive association with 
aggregates sized between 0.25–1 mm at this depth.
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3.5 P fraction transformation 
characteristics in different stand types

Based on the PLS-SEM results, the direct and indirect impacts 
of various P fractions on resin-Pi in the three stand types were 

identified, each showing different P fraction transformation 
characteristics (Figure 5). For instance, in stand type I, resin-Pi was 
directly and positively influenced by NaHCO3-Pi (total 
effect = 0.659), NaHCO3-Po (total effect = 0.459), and Dil. HCl-P 
(total effect = 0.758) and directly and negatively influenced by 

FIGURE 2 (Continued)
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NaOH-Po (total effect = −0.245). In stand type II, resin-Pi was 
directly and positively influenced by NaHCO3-Po (total 
effect = 0.559) and NaOH-Po (total effect = 0.506) and directly and 
negatively influenced by NaHCO3-Pi (total effect = −0.483). In 
stand type III, resin-Pi was directly and positively influenced by 
NaHCO3-Pi (total effect = 0.666), NaHCO3-Po (total effect = 0.203), 
and occluded-P (total effect = 0.649) and directly and negatively 
influenced by NaOH-Po (total effect = −0.483). Other P fractions 
indirectly affected resin-Pi through differential regulation. 
Furthermore, apart from the impacts of various P fractions on 
resin-Pi, other fixed P transformation pathways existed in the three 
stand types. For example, occluded-P transformed into Dil. HCl-P 
and NaOH-Pi, Dil. HCl-P transformed into NaOH-Po, and 
NaOH-Po transformed into NaHCO3-Po. In the three stand types, 
the R2 values of the P fractions all followed the trend of stand type 
I > stand type II > stand type III and were all above 0.670. The 
mixed forest model had a higher explanatory rate than the pure 
forest model, and the Q2 value displayed a similar pattern.

4 Discussion

4.1 Effects of mixed forests on soil 
aggregate stability and P distribution

Soil aggregates are the basic units of soil structure, and their 
distribution determines the size distribution of soil pores, which in 
turn influences the cycling of material and energy at the aggregate 
scale. Well-aggregated soil fosters good water cycling, absorption and 
plant growth and enables the sustainability of forest plantations (Dal 
Ferro et  al., 2012; Gao et  al., 2022). Aggregate composition and 
stability are critical for assessing soil structure, which in turn affects 
nutrient supply, storage, and erosion resistance (Fattet et al., 2011). 
Larger aggregates improve soil stability and pore structure, while an 
increase in microaggregates can elevate the risk of soil erosion (Zhang 
et al., 2008; Wang et al., 2022).

In our study, we found that mixed Eucalyptus-Mytilaria laosensis 
and Eucalyptus-Erythrophleum fordii forests have better soil aggregate 
stability than pure Eucalyptus forests. This is due to higher TOC and 
litter levels, which enhance large aggregate formation and reduce 
erosion. Consequently, these mixed forests showed improved soil 
quality metrics, such as higher MWD and GMD of aggregates (Al-
Kaisi et al., 2014; Giumbelli et al., 2020) (Table 4). The physical and 
chemical attributes of soil structure and biological factors play a 
pivotal role in determining soil stability (Wang et al., 2022). In mixed 
Eucalyptus forests, increased plant diversity often supports a broader 
range of soil fauna and flora. This biodiversity can lead to enhanced 
soil aggregation through the combined action of various organisms 
(He et al., 2023). For instance, the burrowing activities of larger soil 
animals, such as earthworms, can create channels in soils, facilitating 
root growth and water movement (Mao et al., 2022). Furthermore, in 
mixed forests, the presence of diverse plants can lead to richer fungal 
networks or mycorrhizae, which help to bind soil particles into stable 
aggregates (Tang and Wang, 2022). Mixed forests also play a pivotal 
role in addressing the triple planetary crises. The introduction of 
diverse mixed plantations can contribute to reducing biodiversity 
losses by providing varied habitats and promoting ecosystem balance. 
Additionally, increased carbon sequestration in both the biomass and 
well-aggregated soil of mixed plantations directly contributes to the 
mitigation of climate change effects. While in our research, we did not 
directly investigate the effects of mixed forests on air pollution, it is 
worth noting that healthy forests can act as filters, capturing pollutants 
and improving air quality.

P is an essential nutrients for plant growth, and soil P levels 
determine the growth status of plants (Yang et  al., 2019). At the 
aggregate level, this study revealed that TP, resin-Pi, NaHCO3-Pi, 
NaHCO3-Po, Dil. HCl-P, conc. HCl-Pi, conc. HCl-Po, and residue-P 
contents were mainly distributed in aggregates 0.25–1 mm and 
<0.25 mm in size (Figure 6). This may indicate that smaller aggregates 
have a stronger adsorption capacity for P than NaOH-Pi and 
NaOH-Po, as smaller aggregates have larger specific surface areas and 
provide more binding sites for P (Egan et al., 2018). In addition, the 

FIGURE 2

Stock of phosphorus components in soil aggregates of different Eucalyptus forest types. In different types of artificial Eucalyptus forest stands, the 
stocks of aggregate-related resin-extractable inorganic P (resin-Pi), bicarbonate-extractable inorganic P (NaHCO3-Pi), bicarbonate-extractable organic 
P (NaHCO3-Po), sodium hydroxide-extractable inorganic P (NaOH-Pi), sodium hydroxide-extractable organic P (NaOH-Po), dilute hydrochloric acid-
extractable P (Dil. HCl-P), concentrated hydrochloric acid-extractable inorganic P (conc. HCl-Pi), concentrated hydrochloric acid-extractable organic 
P (conc. HCl-Po), and residual P (residue-P) were examined. Different uppercase letters indicate significant differences between different stand types 
(p  <  0.05), and different lowercase letters indicate significant differences in aggregate particle size within the same stand type (p  <  0.05).
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fine-grained minerals in soil, mainly contained in small aggregates, 
provide protection for most organic matter through physical retention, 
thereby enhancing the adsorption capacity of small aggregates for 
organic P (Adesodun et  al., 2007). NaOH-Pi and NaOH-Po are 
primarily distributed in >2 mm and 1–2 mm aggregates (Figure 6) 
because they are easily precipitated or adsorbed by amorphous Al and 

Fe in the soil (Tiessen et al., 1984; Barrow, 2015). Studies report that 
Al3+ and Fe2+ in the soil are mainly distributed within these aggregates 
(Wang et  al., 2022). Many studies have shown that mixed forests 
significantly improve soil nutrient conditions, including soil P content 
(Huang et al., 2013; He et al., 2023). Our study also showed that the 
total P and its fractions in the soil of the Eucalyptus-Mytilaria laosensis 

TABLE 3 Litter and bulk soil properties.

Index 0–20  cm soil layer 20–40  cm soil layer

Stand I Stand II Stand III Stand I Stand II Stand III

Litterfall amount 

(g m−2)
410.80 ± 21.82 B 491.80 ± 16.57 A 246.40 ± 10.50 C

Soil texture Clay Clay Clay Clay Clay Clay

Bulk density 

(g cm−3)
1.03 ± 0.03 B 1.22 ± 0.01 AB 1.29 ± 0.07 A 1.31 ± 0.01 C 1.40 ± 0.02 B 1.48 ± 0.01 A

Total porosity (%) 54.12 ± 0.43 A 53.64 ± 0.32 A 50.22 ± 0.63 B 52.64 ± 0.83 A 52.34 ± 0.45 A 49.19 ± 0.38 B

pH 4.40 ± 0.01 A 4.35 ± 0.01 B 4.30 ± 0.01 C 4.42 ± 0.01 A 4.36 ± 0.01 B 4.31 ± 0.01 C

TOC (g kg−1) 17.41 ± 0.66 A 15.04 ± 0.56 B 14.88 ± 0.67 B 12.08 ± 0.41 A 7.93 ± 0.87 B 7.88 ± 0.89 B

TP (g kg−1) 0.19 ± 0.01 A 0.14 ± 0.01 B 0.13 ± 0.00 B 0.18 ± 0.01 A 0.12 ± 0.01 B 0.11 ± 0.01 B

C:P 92.03 ± 3.05 C 108.64 ± 6.46 B 115.60 ± 3.93 A 67.63 ± 2.93 B 70.49 ± 8.47 A 71.43 ± 2.76 A

Resin-Pi (mg kg−1) 6.71 ± 1.75 A 5.17 ± 1.12 B 4.34 ± 0.79 C 4.26 ± 0.89 A 3.84 ± 0.82 B 3.29 ± 0.64 C

NaHCO3-Pi 

(mg kg−1)
6.72 ± 0.50 A 5.05 ± 0.52 B 4.11 ± 0.64 C 4.47 ± 0.45 A 3.76 ± 0.41 B 3.05 ± 0.60 C

NaHCO3-Po 

(mg kg−1)
14.09 ± 2.24 A 14.80 ± 1.30 A 13.08 ± 1.34 B 4.73 ± 1.56 A 4.03 ± 1.38 B 3.68 ± 0.64 C

NaOH-Pi (mg kg−1) 33.59 ± 2.98 A 34.72 ± 3.73 A 28.93 ± 3.96 B 27.88 ± 2.88 A 27.22 ± 3.27 A 21.06 ± 3.63 B

NaOH-Po 

(mg kg−1)
30.42 ± 5.31 A 29.49 ± 5.26 A 24.82 ± 2.47 B 22.27 ± 4.14 A 21.87 ± 4.07 A 17.05 ± 3.32 B

Dil. HCl-P 

(mg kg−1)
0.55 ± 0.01 A 0.55 ± 0.02 A 0.35 ± 0.13 B 0.32 ± 0.01 A 0.31 ± 0.01 A 0.31 ± 0.02 A

conc. HCl-Pi 

(mg kg−1)
11.47 ± 1.77 A 11.33 ± 2.32 A 8.50 ± 1.47 B 6.74 ± 1.41 A 7.04 ± 1.59 A 7.26 ± 1.69 A

conc. HCl-Po 

(mg kg−1)
9.25 ± 1.04 A 8.78 ± 1.42 A 6.50 ± 0.84 B 6.77 ± 0.73 A 6.87 ± 1.17 A 6.91 ± 0.85 A

Residue-P 

(mg kg−1)
52.01 ± 7.84 A 50.53 ± 7.76 A 45.93 ± 7.23 B 40.47 ± 6.18 A 37.98 ± 5.90 A 32.79 ± 5.30 B

The data are presented as the mean ± standard deviation of 5 replicates. I, II, and III represent Eucalyptus-Mytilaria laosensis mixed forest, Eucalyptus-Erythrophleum fordii mixed forest, and 
Eucalyptus pure forest, respectively. The capital letters indicate a significant difference among different forest stand types (p < 0.05).

TABLE 4 Distribution and stability of soil aggregates as influenced by stand type in Eucalyptus plantations.

Index 0–20  cm soil Layer 20–40  cm soil Layer

Stand I Stand II Stand III Stand I Stand II Stand III

>2 mm 65.49 ± 1.61 Aa 63.25 ± 0.95 Aa 54.13 ± 1.93 Ba 67.10 ± 2.17 Aa 69.58 ± 0.23 Aa 54.10 ± 3.36 Ba

1–2 mm 15.42 ± 0.97 ABb 13.39 ± 0.09 Bb 16.30 ± 0.59 Ab 13.18 ± 0.25 Bb 12.11 ± 1.33 Bb 17.55 ± 0.59 Ab

0.25–1 mm 14.06 ± 0.25 Ab 12.45 ± 0.95 Ab 13.95 ± 0.95 Ab 14.19 ± 1.75 Ab 9.51 ± 0.49 Ab 13.74 ± 1.65 Ab

<0.25 mm 5.03 ± 0.39 Cc 10.92 ± 0.73 Bb 15.39 ± 1.02 Ab 5.53 ± 0.28 Bc 8.79 ± 1.52 Bb 14.69 ± 1.26 Ab

MWD 4.25 ± 0.08 A 4.09 ± 0.06 A 3.60 ± 0.11 B 4.32 ± 0.21 A 4.43 ± 0.05 A 3.61 ± 0.18 B

GMD 2.90 ± 0.10 A 2.47 ± 0.12 B 1.92 ± 0.19 C 2.94 ± 0.15 A 2.92 ± 0.12 A 1.97 ± 0.17 B

Data are the mean of 5 replicates ± standard deviations. I, II, and III represent mixed plantations of Eucalyptus and Mytilaria laosensis and of Eucalyptus and Erythrophleum fordii and a pure 
Eucalyptus plantation. Different capital letters indicate significant differences (p < 0.05) among aggregates of different sizes.
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FIGURE 3

Contribution rate of phosphorus components in soil aggregates of different Eucalyptus forest types The contribution rate of the aggregate reserves of 
resin-extractable inorganic P (resin-Pi), bicarbonate-extractable inorganic P (NaHCO3-Pi), bicarbonate-extractable organic P (NaHCO3-Po), sodium 
hydroxide-extractable inorganic P (NaOH-Pi), sodium hydroxide-extractable organic P (NaOH-Po), dilute hydrochloric acid-extractable P (Dil. HCl-P), 
concentrated hydrochloric acid-extractable inorganic P (conc. HCl-Pi), concentrated hydrochloric acid-extractable organic P (conc. HCl-Po), and 
residual P (residue-P) in aggregates of different particle sizes across various artificial Eucalyptus forest stand types. Different uppercase letters indicate 
significant differences between different stand types (p  <  0.05), and different lowercase letters indicate significant differences in aggregate particle size 
within the same stand type (p  <  0.05).
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and Eucalyptus-Erythrophleum fordii mixed forests were generally 
significantly higher than those in the pure Eucalyptus forest (Figure 6). 
This is because decomposition of plant litter is a major source of soil 
P, which not only directly replenishes P in the soil but also promotes 
P mineralization and weathering in the soil by promoting soil 
microbial proliferation and enzyme activity (Stewart and Tiessen, 
1987; Frossard et al., 2000). Moreover, mixed forests have more diverse 
litter, which often provides a greater array of enzymes and microbial 
communities than litter from pure forests, further enhancing nutrient 
cycling (Vitousek et al., 2010; Kerdraon et al., 2020; Sayer et al., 2020). 
Beyond chemical interactions, dynamic interactions among biological 
processes—including root activity, intricate microbial associations, 
and soil fauna behavior—come together in mixed forests. This 
diversity enriches the soil environment, amplifying P availability 
(Turner and Engelbrecht, 2011; Gao et  al., 2022). Moreover, the 
heterogeneous root architectures and penetration depths inherent to 
mixed plantations enable plant access to varied P stores throughout 
the soil strata, facilitating holistic nutrient cycling (Liu and Liu, 2012; 
He et  al., 2023; Yan et  al., 2023). Furthermore, the intertwined 
relationships that exist between the physical, chemical, and biological 
factors involved in soil health are magnified in mixed-species 
plantations. The combined effects of varied root systems, diverse 
microbial communities, and soil fauna activities result in a robust and 
resilient soil environment that is optimal for supporting forest 
plantations (Zhao and Hu, 2022). For instance, a balanced C:P ratio, 
influenced by decomposition rates and microbial activities, indicates 
effective nutrient cycling, and studies have pointed to the crucial role 
it plays in determining the mineralization capacity of soil P (Zeng 
et al., 2015; Zhang et al., 2023). Our study results indicate that the C:P 

ratio in the mixed forests was lower than that in the pure forest, which 
increases the soil’s P mineralization capacity (Table 3). According to a 
study by Six et al. (2004), changes in soil bulk density and porosity 
affect aeration and the permeability of soil. Excessively high soil bulk 
density or soil porosity that is very low can indirectly lead to a decrease 
in soil P content. In this study, creating mixed forests reduced soil bulk 
density and increased soil porosity (Table 3), which also resulted in a 
higher P content in mixed forests than in pure forests. In 
heterogeneous forest ecosystems, such as mixed forests, the activities 
of soil arthropods, such as centipedes and woodlice, have a significant 
impact on soil structural integrity. Centipedes, while hunting for prey, 
navigate through soil particles, inadvertently aerating the soil and 
creating minute passageways. Moreover, woodlice, by feeding on 
decaying plant material, contribute to the formation of stable soil 
aggregates by excreting fine particulate organic matter. This 
combination of activities from diverse fauna results in a well-
structured soil with enhanced porosity, which in turn facilitates better 
water storage, gas exchange, and root exploration, fortifying ecosystem 
resilience and health (Kuperman, 1996; Yang et al., 2023).

The distribution of P reserves are closely related to the P content 
of soil aggregates of different particle sizes, the composition ratio of 
soil aggregates, and soil bulk density (Tamura et  al., 2017). 
Therefore, in this study, total P (TP) and its reserves in all three 
types of forests exhibited a pattern in which they were significantly 
higher in the mixed forests than in the pure forest, and the reserves 
were mainly concentrated in aggregates with particle sizes >2 mm. 
Except for the 20–40 cm soil layer in stand type III, where the 
contribution rates of resin-Pi and NaHCO3-Pi in the >2 mm 
aggregates were not significantly different from those in the 

FIGURE 4

Redundancy analysis of chemical characteristics and soil aggregate distribution characteristics in different artificial Eucalyptus forest stands at soil 
depths of 0–20  cm and 20–40  cm. TP, resin-Pi, NaHCO3-Pi, NaHCO3-Po, NaOH-Pi, NaOH-Po, Dil. HCl-P, conc. HCl-Pi, conc. HCl-Po and residue-P 
represent the total P, resin-extractable inorganic P, bicarbonate-extractable inorganic P, bicarbonate-extractable organic P, sodium hydroxide-
extractable inorganic P, sodium hydroxide-extractable organic P, dilute hydrochloric acid-extractable P, concentrated hydrochloric acid-extractable 
inorganic P, concentrated hydrochloric acid-extractable organic P, and residual P contents in the soil, respectively. MWD and GMD represent the mean 
weight diameter and geometric mean diameter, respectively. The proportions of microaggregates (<0.25  mm), small aggregates (0.25–1  mm), medium 
aggregates (1–2  mm), and large aggregates (>2  mm) are represented.
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0.25–1 mm aggregates, the P fractions all showed that the 
contribution rate of the >2 mm aggregates was significantly higher 
than that of other particle sizes (p < 0.05). This indicates that in all 
types of forests, >2 mm aggregates were the main carriers of stored 
P, which is consistent with the research results of He et al. (2023). 
The total P and P reserves in >2 mm aggregates in stand types I and 
II were generally significantly higher than those in stand type 
III. The above results indicate that mixed planting improved the 
stability of soil aggregates and increased the content and reserves of 

total P and its fractions in soil aggregates. The above results support 
hypothesis (1) in this study.

4.2 The influence of mixed forests on P 
accumulation

Soil P content is closely related to the formation and stability of 
soil aggregates. In this study, mixed forests had a positive impact on 

FIGURE 5

PLS-SEM analysis of P dynamics in diverse Eucalyptus plantation systems. TP, resin-Pi, NaHCO3-Pi, NaHCO3-Po, NaOH-Pi, NaOH-Po, Dil. HCl-P, conc. 
HCl-Pi, conc. HCl-Po and residue-P represent resin-extractable inorganic P, bicarbonate-extractable inorganic P, bicarbonate-extractable organic P, 
sodium hydroxide-extractable inorganic P, sodium hydroxide-extractable organic P, dilute hydrochloric acid-extractable P, concentrated hydrochloric 
acid-extractable inorganic P, concentrated hydrochloric acid-extractable organic P, and the residual P content in soil, respectively. A purple line 
signifies a positive association, whereas a pink line indicates a negative association. The thickness of the line is proportional to the size of the path 
coefficient. ** and * represent significant correlations at p  <  0.01 and p  <  0.05, respectively.
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soil P accumulation by affecting the formation and stability of soil 
aggregates (Wang et  al., 2021). Some research has revealed that 
microaggregates contain more active organic P and easily 

mineralizable organic P (Rubk et al., 1999). In red soil, organic P 
mainly exists in particles <0.005 mm, and the content of different 
organic P fractions increases with decreasing particle size. Expanding 

FIGURE 6 (Continued)
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on this concept, it is plausible that the biological complexity of mixed 
forests, characterized by varied root systems and rich microbial 
diversity, is particularly favorable for facilitating the formation of 
microaggregates. Root exudates, coupled with varied microbial 
interactions, can dynamically modify the soil physicochemical 
landscape. Such alterations can, in turn, promote the formation of 
microaggregates, thereby amplifying a soil’s potential for P 
sequestration. Therefore, it is believed that increasing the proportion 
of soil microaggregates can have a positive impact on soil P 
accumulation (Sun and Xiong, 1998).

However, the results of this study present the opposite trends. The 
RDA (Figure 4) results showed that in both soil layers, the proportion 
of aggregates with particle sizes <0.25 mm had a negative impact on 
soil P accumulation and was the most significant influential factor. 
This is because large aggregates endow the soil with larger pore 
structures and are rich in organic matter; therefore, they are capable 
of forming a microenvironment suitable for P retention and 
accumulation, while the role of aggregates with particle sizes of 
<0.25 mm is the opposite (Zhang et al., 2008).

Furthermore, aggregates with particle sizes <0.25 mm increase the 
risk of soil erosion. Under rainfall or surface runoff, P in a soil is more 
likely to be lost (Giumbelli et al., 2020). However, the RDA (Figure 4) 
results showed that mean weight diameter (MWD) was the factor with 
the greatest positive impact on soil P accumulation. This is because the 
MWD is related to soil consolidation, erosion resistance, aeration, 
permeability, etc., and soils with larger particle sizes generally have lower 
degrees of consolidation and good permeability, which is beneficial for 
the activity of soil microorganisms and root growth. On the one hand, a 
good soil structure is conducive to the storage and accumulation of P, 
and on the other hand, microbial activity and root growth promote the 
decomposition of organic matter in the soil, thereby increasing P content 
(Song et al., 2019). Therefore, mixed forests had a positive effect on soil 
P accumulation by reducing the proportion of aggregates with particle 
sizes <0.25 mm and by improving the soil MWD value. The above results 
support hypothesis (2).

4.3 The influence of mixed forests on soil P 
transformation

Currently, there is limited research on how mixed forests influence 
soil P transformation. Thus, we attempted to explore this through 
partial least squares structural equation modeling (PLS-SEM). In 
research by Tiessen and Moir (2007), the P in soil was divided into 
nine fractions according to solubility. Resin-Pi and NaHCO3-Pi 
represent the two fractions that have the highest solubility and can 
be directly absorbed and utilized by plants. Their contents are directly 
related to plant growth (Yang et al., 2011). The remaining fractions, 
including NaHCO3-Po, NaOH-Pi, NaOH-Po, Dil. HCl-P, and 
occluded-P (conc. HCl-Pi, conc. HCl-Po, residue-P), have decreased 
solubility, and not all of these fractions can be directly absorbed and 
utilized by plants—they need to be  desorbed, dissolved, and 
mineralized into fractions with higher solubility to be  utilized by 
plants (Condron and Newman, 2011).

We conducted PLS-SEM based on this, and according to 
evaluations of the model, all three models showed excellent 
interpretability and predictability. The R2 values were generally 
higher than 0.67, indicating that the model had strong explanatory 
power for the data. The Q2 values were generally higher than 0.8, 
indicating that the model had good predictive ability (Figure 5). 
Overall, these results demonstrate that our model is effective 
and reliable.

Our findings revealed that in comparison to NaHCO3-Pi, 
NaHCO3-Po has a lower degree of total influence on resin-Pi. This 
differential effect arises because NaHCO3-Po must be  microbially 
decomposed prior to its conversion into resin-Pi (Reed et al., 2011, 
2015). Notably, soil microbiota, particularly fungi and bacteria, play a 
pivotal role in these transformation processes. Certain soil fungi, 
including mycorrhizal associations, have been shown to enhance the 
mobilization and uptake of phosphorus fractions, including those 
bound organically (Olander and Vitousek, 2004; Tiessen and Moir, 
2007; Spohn and Kuzyakov, 2013).

FIGURE 6

In different types of artificial Eucalyptus forest stands, the concentrations of aggregate-related resin-extractable inorganic P (resin-Pi), bicarbonate-
extractable inorganic P (NaHCO3-Pi), bicarbonate-extractable organic P (NaHCO3-Po), sodium hydroxide-extractable inorganic P (NaOH-Pi), sodium 
hydroxide-extractable organic P (NaOH-Po), dilute hydrochloric acid-extractable P (Dil. HCl-P), concentrated hydrochloric acid-extractable inorganic 
P (conc. HCl-Pi), concentrated hydrochloric acid-extractable organic P (conc. HCl-Po), and residual P (residue-P) were examined. Different uppercase 
letters indicate significant differences between different stand types (p < 0.05), and different lowercase letters indicate significant differences in 
aggregate particle size within the same stand type (p < 0.05).
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Among the three models analyzed, the influence of NaHCO3-P 
in mixed forests surpassed that in pure forests. This suggests that 
mixed forestry practices amplify microbial decomposition rates, 
thereby accelerating the conversion of NaHCO3-Po into resin-Pi. 
Notably, microbial communities enriched by the diversity of mixed 
forests could expedite this transformation. For example, bacterial 
communities, particularly phosphobacteria, are known to release 
specific enzymes, such as phosphatases, which facilitate the 
hydrolysis of organic P, making it available for plant uptake (Wan 
et al., 2020).

NaOH-Pi and NaOH-Po had minimal direct impacts on resin-Pi 
and instead indirectly influenced resin-Pi through NaHCO3-Pi or 
NaHCO3-Po. This is primarily due to two reasons: one is the low 
solubility of NaOH-P, which limits its transformation rate (Bunemann, 
2008), and the second is that most of the P released by mineralization 
is absorbed by Al/Fe minerals in the soil (Tiessen et  al., 1984; 
Barrow, 2015).

Mixed forests evidently mitigate the effect of Al/Fe minerals on 
the transformation of NaOH-P. The enhanced soil aeration and 
permeability within these mixed forests favor the weathering of highly 
insoluble P fractions, such as Dil. HCl-P and occluded-P (Song et al., 
2019). The diverse root exudates and microbial interactions within 
these forests, including those with Miscanthus and Cassia, can result 
in the production of organic acids and enzymes, modulating soil 
properties and in turn augmenting the solubility of P fractions (Liu 
and Liu, 2012; Gao et al., 2022; Yan et al., 2023).

Fractions with extremely low solubility, Dil. HCl-P and 
occluded-P, in forests I  and II directly impacted resin-Pi or 
NaHCO3-Pi, whereas in forest III, the influence was only indirect via 
NaOH-P. This is because compared to pure forests, aeration and 
permeability are better in mixed forest soil, which facilitates the 
weathering of P fractions with extremely low solubility (Song et al., 
2019). Additionally, the diverse microbial community that exists 
within mixed forests could be pivotal in mineralizing organic P forms. 
Bacterial phosphatases and fungal exoenzymes play a synergistic role 
in the mineralization of organic P, making it accessible to plants (Zhou 
et al., 2020).

In summary, mixed forests promote the transformation of soil P 
fractions into resin-Pi, increasing the effectiveness of soil P. These 
results support our third hypothesis.

5 Conclusion

Our research results clearly demonstrate that mixed forest 
cultivation significantly improved the stability of soil aggregates and 
the content and reserves of P, especially in the case of mixed 
Eucalyptus-Mytilaria laosensis forests. Additionally, soil aggregates 
with a particle size of less than 0.25 mm played a key role in influencing 
soil P accumulation. The mixed forests promoted the transformation 
of P in soil aggregates, thereby effectively enhancing the availability 
of soil P.

Notably, the positive influence of mixed forest cultivation is 
promising for the restoration of degraded lands, addressing the 
pervasive issue of soil degradation that affects vast areas globally. By 
stabilizing soil structures and enhancing nutrient content, mixed 
plantations can play a significant role in rehabilitating such lands, 
offering a solution to this pressing environmental challenge.

Overall, these results not only contribute to improving soil fertility 
management but also promote progress in soil P research, particularly 
on the distribution and transformation of P and its fractions at the soil 
aggregate level. In future investigations, diverse mixed forest 
combinations should be  considered to provide a more holistic 
understanding of the influence of species mixing on soil P dynamics, 
and biological factors influencing these mixed plantations should also 
be explored in greater detail. By integrating insights from the complex 
interplay of soil microbes, fungi, and their interactions with plant 
roots, we can further refine and optimize management strategies for 
Eucalyptus plantations. It is imperative to consider these biological 
elements to truly create a sustainable forest management framework 
that promotes both soil health and overall environmental well-being.
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Kalimantan, the Indonesian portion of the Island of Borneo, has an estimated

45,000 km2 of tropical peatland and represents one of the largest stocks

of tropical peat carbon. However, over the last three decades, the peatlands

of Indonesia, and Kalimantan in particular, have been heavily degraded or

destroyed by drainage of peatland swamps, deforestation, land cover change for

agriculture, and intentional burning. Many studies have examined degradation

of peat forests and the associated frequency of fires, often focusing on

specific regions of Kalimantan over limited periods. Here, we present our

results of a spatially comprehensive, long-term analysis of peatland fires in

Kalimantan over more than two decades from early 2001 to the end of 2021.

We examined the effects of changing climate conditions, land cover change,

and the regulatory framework on the total burned area and frequency and

severity of peatland fires over a 21-year period by combining extensive datasets

of medium-resolution and high-resolution satellite imagery. Moreover, surface

fire intensity was modeled for four dominant land use/land cover types to

determine how land use change alters fire behavior. Our results confirm a

consistent and strong spatiotemporal correlation between hydro-climatological

drivers associated with El Niño conditions on peatland fire frequencies and

burned peatland area. Changes in the number of fires and burn severity are

visible over time and are caused by a combination of large-scale meteorological

patterns and changing regulations. A significant relative increase of the “high”

and “very high” severity across all peatland fires in Kalimantan was found

for the latest period from 2015 through 2021 by 12.1 and 13.4%, compared

to the two previous 7-year periods from 2001 to 2007 period and from

2008 to 2014, respectively, whereas the total peatland area burned decreased

in 2015 to 2021 by 28.7% on average compared to the previous periods.
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The results underline the importance of a comprehensive approach considering

physical aspects of overarching climate conditions while improving political

and regulatory frameworks to mitigate the negative effects of burning tropical

peatlands.

KEYWORDS

peatland fires, changes in burn severity over 2 decades, satellite analysis of peatland
fires, fire frequency in Kalimantan, climate effects on peatland fires

1 Introduction

Indonesia is home to about 23% of the world’s tropical
peatlands with a large portion of the country’s peatland areas
(32%, an area of roughly 45,000 km2) located in Kalimantan, the
Indonesian portion of the Island of Borneo (Osaki et al., 2016;
Xu et al., 2018; Anda et al., 2021). Indonesia’s peatland ecosystems
represent one of the largest stocks of tropical forest carbon, storing
an estimated 57 Gt of carbon (Page et al., 2011; Kiely et al., 2021).
However, over the last three decades, the peat forests of Indonesia,
and Kalimantan in particular, have been heavily degraded or
destroyed by land cover change including the drainage of peatland
swamps, deforestation, and human-ignited fires primarily for land
clearing.

Analyses from remote sensing imagery indicate that more than
half of tropical peatland areas in Malaysia, Sumatra, and Borneo
have been converted (Miettinen et al., 2016). Based on the land
cover change datasets of the Indonesian Ministry of Environment
and Forestry (MoEF), Indonesia has lost about 21% of peat swamp
forests mainly due to oil palm and plantation forest development
from 2009−2019 (Indonesia Ministry of Environment and Forestry
[MoEF], 2020). This anthropogenically induced land use/land
cover (LULC) change transformed large portions of the natural
peat swamp to agricultural land primarily for oil palm plantations,
industrial timber plantation, the cultivation of rice, and the
production of rubber (e.g., Ramdani and Hino, 2013; Tacconi and
Muttaqin, 2019). The occurrence of peatland fires in Indonesia is
driven by a complex combination of overarching meteorological
conditions, the political framework, and socio-economic aspects
within agricultural communities in peatland areas (Edwards
et al., 2020; Silvianingsih et al., 2020). The province of Central
Kalimantan in Indonesia, where an estimated 10,000 km2 of
tropical peat swamp forest was cleared during the Mega Rice project
(Law et al., 2015) exhibits the highest density of peatland fires in
Southeast Asia (Miettinen et al., 2017).

Degraded peatlands are more prone to recurrent fires
(Miettinen et al., 2012). For example, Vetrita and Cochrane
(2020) analyzed fire frequencies in Indonesia’s two largest peatland
regions, Kalimantan and Sumatra during 2001−2018 and found
degraded shrublands have the highest rate of annual burning (329
and 236 km2 per year, respectively), impeding forest regeneration.
LULC change and the conversion to more flammable vegetation
increases the risk of intentionally ignited peatland fires spreading
beyond their intended extent (Goldstein et al., 2020). Peatland fires
have been attributed to negative consequences across all sectors.

In addition to the devastating effects on public health by smoke
and haze during intense drought-induced peatland fire seasons in
Indonesia (Marlier et al., 2015; Uda et al., 2019) and substantial
economic losses (Kiely et al., 2021), the peatland fires also have
a strong impact on climate change as massive amounts of carbon
stored in aboveground vegetation, roots, and soils are released
into the atmosphere (Turetsky et al., 2015; Heymann et al., 2017;
Wiggins et al., 2018; Lasslop et al., 2019; Novita et al., 2021; Ribeiro
et al., 2021; Volkova et al., 2021), intensified by contributions from
long-lasting peat smoldering below the surface (Yokelson et al.,
2022).

Hence, a comprehensive assessment of the effects of climate
and meteorological conditions on the number and behavior
of peatland fires is needed to reveal short-term and long-
term patterns in fire frequency and burn severity and to
understand how changing LULC alters landscape flammability
within Kalimantan’s threatened peatland areas and consequently
inform land management and regulatory strategies.

In recent years, peatland fire frequency has been in the focus of
the scientific community to characterize fire regimes in peatlands
and link fire occurrences to climate conditions and anthropogenic
actions. This is supported with an ever-growing number of studies
using remote sensing data and satellite imagery in combination
with process models, machine learning, and refined remote sensing
methods on various spatial scales to address the fire frequency and
fire-induced land cover changes, focusing on specific regions or
distinct periods, respectively, (e.g., Sabani et al., 2019; Gaveau et al.,
2021).

Burn severity is another key factor in characterizing fire
occurrences and is needed to estimate emissions from the fire and to
quantify the recovery potential of vegetation (Turetsky et al., 2015).
In addition, the properties of the post-fire vegetation are important
factors that define the burning conditions for following fire events
(Hoscilo et al., 2013). Many studies have linked spatiotemporal
patterns of fire frequency and burn severity and their relationship
to land cover changes to address drivers of tropical peatland fire in
distinct periods (Vetrita and Cochrane, 2020).

Yet, to the knowledge of the authors, studies emphasizing long-
term patterns of fire in response to climate-drivers in tropical
peatlands are scarce for Indonesia, especially in Kalimantan, a
region with vast peatland coverage and continuous threats of fires
within peatland ecosystems.

The Indonesian government has initiated various programs and
policies to address peatland fires in Kalimantan. These include
efforts to restore degraded peatlands, improve fire prevention
and control measures, and promote sustainable land-use practices.
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While organized efforts are needed, informed decisions require
the knowledge of causes and effects of peatland fire frequency
and severity, especially when long-term changes of climate that
affect important large-scale meteorological patterns are added
to economically driven LULC change. In this study we aim to
(1) assess the effect of climate and meteorological conditions
on the number and behavior of fires in tropical peatland (2)
analyze spatiotemporal patterns in fire frequency and burn
severity across all peatland areas of Kalimantan over more
than two decades (January 2001 through December 2021) using
medium-resolution and high-resolution satellite imagery, (3)
model potential surface fire intensity for four dominant land cover
types in Kalimantan to better understand how changing LULC
alters landscape flammability.

2 Data and methods

2.1 Study area and climate data

Our peatland study region covers an integrated area of
45,000 km2 in Kalimantan (Figure 1) and was chosen according
to the delineation of the PEATMAP landcover dataset (Xu et al.,
2018).

To spatiotemporally assess the governing climate conditions
that drive fire regime conditions and occurrences over more than
two decades (January 2001−December 2021), we used gridded
climate data with a spatial resolution 0.1× 0.1 (ca. 11 km× 11 km
in our study region) of the ERA5 - Land Reanalysis data (Muñoz-
Sabater et al., 2021) over Kalimantan provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF).

We used monthly values of synoptic means of air temperature
at 2 m a.g.l. and total precipitation accessible through the ECMWF
data repository (Muñoz-Sabater, 2019) to calculate anomalies of
air temperature and precipitation with respect to the 21-year study
period.

2.2 Moderate resolution thermal
anomalies

Moderate Resolution Imaging Spectroradiometer (MODIS,
Aqua & Terra) Thermal Anomalies / hotspot data (Ver. 6.1),
provided through U.S. Geological Survey (USGS) and the National
Aeronautics and Space Administration (NASA), was applied to
identify peatland fires in Kalimantan from January 2001 through
December 2021. While the corresponding Visible Infrared Imaging
Radiometer Suite (VIIRS) captures more small fires, the satellite
only launched in October 2011 making the dataset unsuitable for
our long-term assessment. Hence, to avoid inconsistencies, only
MODIS hotspot data was utilized to identify fires.

We combined the daily MODIS MCD14DL (Collection 6.1)
active fire product and the corresponding historic fire product
MCD14ML to track fire events detected in peatlands of Kalimantan
from 2001 through 2021. The MODIS hotspot dataset provides
daily 1 km × 1 km resolution center coordinates of fire events
and fire radiative power (FRP) values for high-intensity fire
pixels (Giglio et al., 2016). The MODIS hotspot dataset has

been proven suitable to assess fire frequency and burned area in
our study region (e.g., Tansey et al., 2008; Albar et al., 2018).
The dataset also contains values reflecting the certainty of each
thermal anomaly detection. Only data points with a certainty
value of ≥85% were considered actual peatland fire events and
used for further analyses. Using locations and dates of fire events
detected through the MODIS MCD14DL thermal anomaly/hotspot
dataset as reference, temporally corresponding and collocated high-
resolution (10 m × 10 m to 30 m × 30 m) satellite surface
reflectance data was identified and analyzed for long-term pattern
recognition in burn severity of peatland fires. The monthly long-
term USGS/NASA MCD64A1 Burned Area data product (Version
6.1) was used to trace the amount burned peatland area over time.

The MCD64A1 dataset combines MODIS active fire
observations with MODIS surface reflectance imagery providing
a global grid with 500 m × 500 m spatial resolution. The dataset
contains a classification indicating whether a pixel is a burned area,
accompanied by additional information such as burn date and
quality assessment values of the uncertainty in days for the date
of burn for each data pixel (Giglio et al., 2018). Globally, the data
product exhibits a 40.2% commission error and 72.6% omission
error after a comparison with corresponding Landsat 8 burned
area values based on 558 pre- and post-fire scenes (Boschetti et al.,
2019).

Nevertheless, using aggregated Landsat 8 raster data with
decreased spatial resolution, the coefficient of determination (R2)
for the MCD64A1 and Landsat 8 burned area data was found to be
>0.7 for the linear regression. Hence, while limited by resolution,
the global MCD64A1 dataset offers the longest standing reference
for burned area assessments.

2.3 High resolution satellite surface
reflectance imagery

To cover the 21-year study period as continuously as possible,
we combined high resolution imagery from Landsat missions
provided through the NASA/USGS Collection 2 / Level 2 data
repository (Micijevic et al., 2020) and data from the European
Space Agency (ESA) Sentinel-2 A/B satellite mission (Gascon
et al., 2014). This comprises Landsat-5 Thematic Mapper (TM),
Landsat-7 Enhanced Thematic Mapper Plus (ETM+), Landsat-
8 Operational Land Imager (OLI) and Thermal Infrared Sensor
(TIRS) multispectral data (e.g., Reuter et al., 2011, 2015; Wulder
et al., 2019) as well as data from the Copernicus Sentinel-2 mission
(Claverie et al., 2018) for the analyses of burn severity (Figure 2).
The USGS Landsat 2 / Level-2 collection datafiles are quality filtered
and flagged including cloud masking and atmospheric corrections
have been applied such as corrections for solar angle and sensor
viewing angles (Micijevic et al., 2020; Pinto et al., 2020).

We extracted data sub-grids from the Landsat and Sentinel-
2 satellite scenes for each channel for each fire event with a
2 km buffer from the centers of the MODIS hotspot data points.
The spatial buffer size was chosen empirically to safely capture
the complete extent of all burns while accounting for the spatial
accuracy of the MODIS hotspot coordinates. To maximize the
availability of high-resolution imagery data from the various
Landsat and Sentinel-2 campaigns while accounting for generally
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FIGURE 1

Overview of the study region showing the delineated peatland areas (dark green) based on PEATMAP data and the average annual precipitation for
the study period from January 2001 to December 2021.

faster regrowth in humid and tropic regions compared to temperate
ecosystems, we allowed a window-width of 90 days before and after
a fire event for the satellite scenes to be used to capture the pre-fire
and post-fire surface reflectance spectra around a specific peatland
fire event. The rasters used for the reflectance analyses of burn
severity have a spatial resolution of 30 m × 30 m for the Landsat
imagery and 20 m× 20 m for the Sentinel-2 data.

With the study area located in the tropics, cloudiness mostly
affects the quality and usability of the Landsat and Sentinel satellite
surface reflectance imagery in our study area (e.g., Sudmanns et al.,
2019). Hence, to allow for reliable comparison of pre-fire and
post-fire reflectance data, hotspot-specific Landsat, and Sentinel-2
sub-grids with more than 2% of the pixels classified as cloud cover
(clouds and cloud shadows) in the reflectance data sub-grids were
not used for further analyses.

2.4 Burn severity analyses and
classification

The differenced Normalized Burn Ratio (dNBR) was used to
assess aboveground damage to vegetated areas after fires (Brewer
et al., 2005). Unharmed vegetation exhibits high reflectance values
in the near-infrared (NIR), and low reflectance in the shortwave-
infrared (SWIR) band spectrum whereas burnt vegetation shows

low reflectance in the NIR and high reflectance in the SWIR
band. Hence, high NBR (Eq. 1) values indicate healthy unburned
vegetation while low NBR values indicate bare ground, charred
vegetation, and recently burnt areas. By comparing pre-fire
reflectance with post-fire reflectance through the dNBR (Eq. 2),
damage to the surface vegetation (i.e., burn severity) can be assessed
and classified (e.g., Miller and Yool, 2002; Cocke et al., 2005)
following Eqs 1, 2:

NBR =
(NIR− SWIR)

(NIR+ SWIR)
(1)

dNBR = NBRpre−fire − NBRpost−fire (2)

The NIR and SWIR channel assignments vary slightly with
respect to the wavelengths captured based on the satellites’
instrumentations. Details regarding the quality, spectral
comparability, as well as the classification of channels and
respective wavelengths for the various LANDSAT missions used
and the Sentinel-2 mission can be found in Chander and Markham
(2003), Irons et al. (2012), and Lamquin et al. (2019), for instance.

If more than one pre-fire or post-fire NBR raster sub-grids
were available after quality filtering, we used averages of the
corresponding NBR datasets. This dampens effects of remaining
erroneous pixel values and leads to an overall improved accuracy
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FIGURE 2

Schematic overview of processing steps and data used for the analyses.

compared to corresponding dNBR values based on only one pre-fire
and one post-fire raster pair (Parks et al., 2018).

For some peatland fire events after 2015, a combination of
Sentinel-2 and Landsat-8 data were blended after rescaling the
higher resolution rasters to 30 m x 30 m resolution, leading
to acceptable deviations compared to using post- and pre-fire
spectral data from one set of spectral data. However, using imagery
from various satellites/instruments increases the overall accuracy if
surface reflectance data closer to an actual fire date can be captured
(Quintano et al., 2018).

2.5 Fire intensity modeling

Fire behavior models are important in supporting fire
characteristics assessment and fire management (Scott and Burgan,
2005). Those models are built around mathematical equations that
predict fire spread (Rothermel, 1972; Prichard et al., 2013) based
on the amount, type, and arrangement of burnable material (fuels)
and weather conditions. Fire behavior is commonly predicted using
models that are parameterized with fuel structure and composition
data (i.e., cover, height, biomass) that are collected in situ or with
existing standard fuel models (Scott and Burgan, 2005; Heinsch
and Andrews, 2010). The Fuel Characteristic Classification System
(FCCS) in the Fuel and Fire Tool (FFT) (Prichard et al., 2013)
allows users to input site-specific fuel and weather data to estimate

potential fire behavior (e.g., rate of spread, flame length), as well
as to inform prescribed fire planning and fuel hazard assessments.
This model improved upon earlier systems (i.e., BehavePlus,
Heinsch and Andrews, 2010) by incorporating a modified version
of Rothermel (1972) equations that allowed for greater flexibility
in user inputs to fuel loads, ultimately allowing the user to set
fuel input parameters to represent a heterogeneous and layered
fuel structure (i.e., canopy, sub-canopy, understory, surface fuel,
and ground fuel) that more accurately represents field conditions
(Sandberg et al., 2008). Modeled fire behavior studies have provided
valuable information, in particular, for risk assessments (e.g., Ager
et al., 2011; Schmidt et al., 2022) and for comparisons among LULC
types or management alternatives (Brose and Wade, 2002; Evans
et al., 2015; Parsons et al., 2018; Johnston et al., 2021; Williams et al.,
2023).

To estimate the impact that different LULC types (forest,
plantation, oil palm, early successional grass and shrubland -
hereafter, grassland) have on potential fire intensity, we used the
FCCS to build custom fuel models based on field observations and
characterized surface fire intensity and canopy fire transmission
in FFT. Fuels data were derived from published and government
literature and local expert opinion for each LULC type (Novita,
2016; Basuki, 2017). The FFT estimates surface fire intensity using
ecosystem-specific fuel data and environmental scenarios (i.e.,
moisture content through the typical fire season).
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FIGURE 3

Annual number of peatland fires in Kalimantan based on MODIS hotspot data (A) and the corresponding anomalies of maximum monthly
temperature (B) and total precipitation (C) integrated over the peatland areas of Kalimantan based on ERA5 Reanalysis data. The green line in panel
(C) shows the annual mean SOI (derived from) https://www.cpc.ncep.noaa.gov/data/indices/soi with negative values indicating El Niño conditions.

TABLE 1 Applied burn severity classification.

dNBR range Severity class

<0.053 Unchanged/unburned

0.053− 0.212 Low

0.213−0.419 Moderate

0.420−0.660 High

>0.660 Very high

For each ecosystem type, fuel beds were customized to
represent the quantity and arrangement of fuel. Details about the
customized fuel beds are provided in the Supplementary material.

Environmental scenarios in the FFT model were calculated by
inclusion of a moisture dampening coefficient, which has a linear
relationship with model outputs, such that moist fuels generate
reduced fire behavior metrics, and drier fuels result in more
intense modeled fire behavior (Prichard et al., 2013). “Moderate”
and “extreme” environmental scenarios were chosen to represent

fuel moisture expected as vegetation phenology progresses from
burnable, but moderate fire risk (2/3 cured scenarios; D2L2 in
FFT), to highest fire risk, when fuels are dry and highly flammable
(fully cured scenario; D2L1). Windspeed assumptions used were
6 kph (mild wind conditions) and 32 kph (moderately high wind).
Independent model runs were done for each fuel model (forest,
plantation, oil palm, grassland) at each wind and fuel moisture
scenario. While not all combinations of influencing parameters that
occur in reality can be covered, the applied model conditions cover
a variety of meteorological and fuel conditions. Model outputs
chosen to characterize surface fire intensity included rate of spread
(ROS; m min−1), flame length (FL; m), and reaction intensity (RI;
the rate of heat release per unit area of the flaming front; kW m2

min−1) (Byram, 1959; Keeley, 2009).

3 Results and discussion

The results for study’s objectives are consecutively presented
in the following sections assessing the effect of climate and
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FIGURE 4

Frequency distribution of calculated dNBR pixel values and applied dNBR class boundaries for the burn severity classification of all fires included in
the analysis across Kalimantan.

meteorological conditions on the number and behavior of fires in
tropical peatland (section “3.1 Dependence of fire frequencies on
meteorological conditions”), analyzing long-term spatiotemporal
patterns of burn severity and peatland area burned across
Kalimantan (sections “3.2 Regional trends in peatland fire burn
severity” and “3.3 Assessment of burned peatland area over time”),
and model potential surface fire intensity for four dominant land
cover types in Kalimantan to better understand how changing
LULC alters landscape flammability (section “3.4 Modeled fire
intensity”). Furthermore, a short overview of the regulatory
framework over the two-decade study period is presented in section
“3.5 Timeline of the regulatory framework for peatland fires,”
including observed effects on the number of peatland fires.

3.1 Dependence of fire frequencies on
meteorological conditions

Using monthly ECMWF ERA5 Land Reanalysis climate
data, we calculated annual averages for air temperature and
precipitation anomalies spatially integrated over the peatland areas
of Kalimantan. The annual deviations from the 21-year average
of air temperature in 2 m a.g.l. and precipitation are shown in
Figures 3B, C, respectively. Increased numbers of fires (Figure 3A)
occur during years when the precipitation is lower than the average

and the maxima of air temperature at 2 m a.g.l. exceeds the 21-
year average value. Accordingly, years with the lower numbers
of fires (i.e., 2007, 2008, 2010, 2016, 2017, 2020, and 2021)
coincide with the years that exhibit total precipitation amounts
above average and air temperature below average, respectively,
(Figures 3A, C). The interannual variation of rainfall in Indonesia
is strongly influenced by the Southern Oscillation index (SOI)
and the associated ocean surface temperature variations, with the
El Niño–Southern Oscillation (ENSO) affecting the amounts of
precipitation during fire season and annual groundwater levels
in the tropical peatlands of Kalimantan (Susilo et al., 2013;
Alsepan and Minobe, 2020). The warmer conditions and reduced
water vapor during El-Nino years decreases precipitation resulting
in lower peatland groundwater level further increasing the fire
susceptibility of degraded and drained peatlands (Sulaiman et al.,
2023). An increase in the frequency of the El-Niño conditions of
the overarching circulation system leads to more frequent, intensely
dry fire seasons in Southeast Asia (e.g., Sun et al., 2020; Tan et al.,
2020). These meteorological conditions that define the fire regime
on a regional scale are reflected in the correlations with El Niño
conditions and the corresponding number of fire events observed
in our study region (e.g., Chen et al., 2016; Nurhayati et al., 2021).

We calculated Spearman rank correlation coefficients RS for
the time series of the number of peatland fires, SOI, precipitation
anomalies, and air temperature anomalies, confined to the peatland
areas of Kalimantan (Figure 1). With a 99% confidence level,

Frontiers in Forests and Global Change 07 frontiersin.org232

https://doi.org/10.3389/ffgc.2024.1221797
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-07-1221797 February 21, 2024 Time: 16:32 # 8

Schmidt et al. 10.3389/ffgc.2024.1221797

FIGURE 5

Histograms of average burn severities over the consecutive periods 2001–2007 (A), 2008–2014 (B), and 2015–2021 (C). To account for increased
numbers of unchanged/unburned pixels inevitably captured in satellite imagery cutouts, the histograms are plotted with breaks in the y-axes for
better visibility of the relative distribution values that refer to burned areas.

the annual number of peatland fires shows significant and strong
correlations with the anomalies of precipitation (RS = −0.92), air
temperature (RS = 0.88), and SOI values (RS =−0.67), respectively.

Annual averages of the Southern Oscillation Index for our
21-year study period are shown in Figure 3C. The negative SOI
values are associated with El Niño conditions which lead to changes
in large-scale transport of atmospheric moisture in the tropics
coupled with intensified dry seasons in our study area. This
is noticeable for the period from 2001 through 2006 and 2013
through 2016, for instance, during which also increased numbers
of peatland fires were counted across Kalimantan’s peatland areas
according to the MODIS hotspot data (Figure 3A).

This dependence of the number of peatland fires on the SOI
also persists during short-term fluctuations in 2002, 2009, and
2016 when drops in the SOI concurred with increasing numbers
of peatland fires compared to adjacent years (Figures 3A, C).

3.2 Regional trends in peatland fire burn
severity

A total of 13,307 peatland fire events with high resolution pre-
fire and post-fire surface reflectance data layers captured within
90 days before and after each analyzed fire event were available for
our burn severity analyses. We applied a burn severity classification
system developed using ground validated assessments of fire
damage to the vegetation in combination with satellite imagery
based dNBR values in Central Kalimantan to the high-resolution
surface reflectance data following Hoscilo et al. (2013). The dNBR

classification shows high correlations with corresponding pre-fire
and post-fire ground measurements of vegetation parameters such
as total woody aboveground biomass, tree density, and numbers
of small trees in the affected areas. To increase the bin resolution
for higher burn severities, we refined the classification by further
separating the “moderate” and “high severity” classes according
to Hoscilo et al. (2013), into “moderate,” “high,” and “very high”
severity classes using the European Forest Fire Information Service
(EFFIS) dNBR classification (e.g., Liu et al., 2022) for the higher
burn severity classes.

The classification system (Table 1) also matches the
partitioning of our overall distribution of dNBR pixels frequencies
(N) calculated across all fires captured in the 21-year period
(Figure 4).

Many of the peatland fires were ignited to clear the area for
establishment of crops such as oil palm plantations or rice fields.
Because we applied a constrained window of 90 days after (or
before) a fire, the number of dNBR pixel values potentially affected
by post-fire reflectance of already growing crops is kept small but
cannot completely be avoided in cases where an increased time
interval has to be applied to capture the same area before and after
a fire. In order to avoid misinterpretation of altered reflectance
spectra caused by anthropogenic LULC change after a fire, we did
not include an extra ‘enhanced regrowth’ class for negative dNBR
pixels as our analyses focus on the fire damage to the natural
peatland vegetation.

To assess long-term changes in fire severity in Kalimantan’s
peatlands, we aggregated the high-resolution satellite data into
three equal periods of 7 years (2001−2007, 2008−2014, and
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FIGURE 6

Comparison of monthly and annually accumulated burned peatland area of the MODIS MCD64A1 data for the 49 districts and the corresponding
area values from high resolution satellite imagery, including the 95% prediction interval based on the regression model.

2015−2021). The selected length of the periods assures that
different meteorological conditions with above and below average
precipitation and air temperatures are captured within each period
(Figure 2). Due to an increasing number of satellite missions
and an increasing amount of available imagery over the 21-years,
the number of available satellite scenes varies over the 7-year
data periods. Therefore, period-specific relative frequencies of
burn severity values were calculated to account for changing total
numbers that are solely based on an increasing imagery data pool
for the later years of our study period.

Figure 5 shows the resulting multi-year histograms of burn-
severity, integrated over all peatland fires in Kalimantan with pre-
and post-fire high-resolution surface reflectance imagery within
each 7-year interval. The fraction of areas with low severity
fire damage remains relatively stable with an average of 23.0%
(σ = 0.32%) across all periods. The portion of pixels with
moderate burn damages fluctuates comparatively with σ = 3.5% and
percentage values between 11 and 17% (Figure 5).

However, a strong relative increase of the “high” and “very
high” severity class allocations is noticeable for the latest period
(January 2015 through December 2021) in the dNBR frequency
distribution (Figure 5C) compared to the two previous 7-year
intervals (Figures 5A, B).

The number of pixels with high severity burn damages across all
peatland fires in Kalimantan increased by 12.1 and 13.4% compared
to the 2001−2007 period and 2008−2014 period, respectively.

While only negligible areas were classified as “very high
severity” during the first two periods, 5.5% of burned pixels
showed very high severity damage during the 2015−2021 period.

Surface reflectance spectra alone cannot explain why fires result
in more severe burn damage. Nevertheless, the highest severity
class is nearly unoccupied during the first two 7-year periods
(<1%) whereas a noticeable increase in the “highest severity” class
is observed for the later periods. The consistent and significant
changes in high severity and highest severity burns over time
indicate an overall change in the severity of fire damage to
the peat vegetation in more recent years. The latest period
(Figure 5C) also includes the two extreme years of 2015 and 2019
with large numbers of peatland fires and strongly developed El
Niño conditions (Figure 3). Moreover, both extreme years were
characterized by persisting dry conditions starting the previous year
which led to exceptionally dry fuel beds that in turn increase fire
intensity and burn severity (e.g., Davies et al., 2016; Hantson et al.,
2017).

3.3 Assessment of burned peatland area
over time

Monthly aggregated MCD64A1 burned area grid maps (Ver
6.1, section “2.2 Moderate resolution thermal anomalies”) were
applied as long-term data suitable for tracking temporal patterns
and relative changes of burned peatland area in Kalimantan. Only
grid cell values with a quality flag indicating sufficient valid data
in the reflectance time series for the grid cell to be processed
were used for the analyses. Using the available spatial resolution
of 500 m × 500 m, we classified the corresponding pixel area as
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FIGURE 7

Corrected annual and 7-year accumulated burned area values integrated over all peatland areas of Kalimantan.

burned and integrated the areas over each year covering all peatland
areas in Kalimantan.

Like all satellite imagery, the MODIS dataset is affected by
inherent commission and omission errors and furthermore is
affected by its moderate spatial resolution which limits the ability to
accurately resolve the area of smaller fires. Hence, to capitalize on
the long-term availability and consistency of the MODIS data while
accounting for its limited resolution, we used 30 m high resolution
imagery to scale MODIS derived long-term values of burned area
(Vetrita et al., 2021).

We manually delineated burned areas using LANDSAT8 and
Sentinel-2 imagery from 2015 through 2021 capturing the total
burned area for 49 districts and cities in Kalimantan (Figure 1).
To correct the long-term data for the annual total burned area
for Kalimantan, we conducted a linear regression analysis (Roy
et al., 2019; Vetrita et al., 2021) comparing annual district-specific
sums of MODIS burned area and the corresponding burned area
sums, manually delineated using high-resolution imagery from
LANDSAT8 and Sentinel-2, for each district.

To account for district-year combinations with delineated
monthly burned areas missing and to cover different temporal
scales for the comparison, we included monthly and annual sums of
delineated burned area values and corresponding MCD64A1 sums
for the regression (Figure 6).

District-specific sums of burned areas smaller than 0.25 km2

(monthly or annual sums) were removed to account for the

resolution limit of the MODIS data which cannot distinguish areas
smaller than 0.25 km2.

The annual MODIS MCD64A1 burned area sums were then
scaled using the slope and intercept of the linear regression function
leading to a corrected burned area assessment over time (Figure 7).
Using the regression equation, the burned area totals increased by
1.8% on average, compared to the original MDC64A1 data.

While the portion of high and very high severity burns
increased over time (Figure 5), the total area burned decreased over
time. The average corrected burned area between 2015 and 2021
was 31 and 26% lower than the previous 7-year averages from 2001
to 2007 and 2008 to 2014, respectively, (Figure 7). With respect
to the burned area totals, the results agree with the finding that
12% of the areas in our study region were burned twice over the
last two decades, with about 23% of the areas burned more than
twice (Vetrita and Cochrane, 2020), dominated by smaller fires
intentionally ignited for agricultural conversion.

The annual pattern of the amount of burned peatland area
follows the patterns of the annual numbers of fires observed per
year (Figures 3A, 6), with exception of the period from 2014 to
2015, where despite an increase of the total number of peatland
fires in 2015 compared to the previous year (Figure 3A), the
total peatland area burned as captured by the MCD14DL record,
decreased in 2015 compared to 2014 (Figure 6).

Potential explanations for the temporal patterns in burn
severity and number of fires or total area burned are combinations
of climate factors and the effect of the regulatory framework. With
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FIGURE 8

Surface rate of spread (A), flame length (B), and reaction intensity
(C) by LULC type (forest, plantation, oil palm, and grassland) under
modeled moderate fuel moisture and low wind (MMLW), low fuel
moisture and low wind (LMLW), moderate fuel moisture and high
wind (MMHW), and low fuel moisture and high wind (LMHW)
environmental scenarios. Moderate moisture assumes the following
fuel moistures: herbaceous, 60%; shrub, 90%; crown, 60%; 1-hr, 6%;
10-hr, 7%; 100-hr 8%. Low moisture assumes the following fuel
moistures: herbaceous, 30%; shrub, 60%; crown, 60%; 1-hr, 6%;
10-hr, 7%; 100-hr 8%. Low wind assumption is windspeed 1.67 ms−1

and high windspeed is 8.89 ms−1. All model runs assume a slope of
0%.

the 7-year periods smoothing out the effects of single years, the
7-year patterns indicate that the climate factors, mostly driven
by long-term and large-scale atmospheric circulations, led to
increased burn severities. On the other hand, the burned area
integrated over the 7-year sections was reduced due to restrictions
on the clearing of peatland through burning as imposed by the
legislature through changes in environmental laws over time,
driven particularly by the 2015 fire season in Kalimantan with
the highest number of peatland fires on record (Figure 2). In
addition, the very low area of burned peatland during the year
2020 might also be caused at least in part by the COVID-19

pandemic that temporally limited agricultural activities in the
region (Gregorioa and Ancog, 2020) in combination with the
climatic effect of a triple La Niña series in Southeast Asia from
2020-2022 which caused persisting wet conditions that likely
contributed to the decline in wildfires in 2021-2022, a phenomenon
that had previously occurred from 1973-1975 and 1998-2001,
respectively, (e.g., Tangang et al., 2017). The comparisons of the
long-term patterns of peatland fire counts, SOI, and meteorological
parameters that determine the fire regime confirm the strong effect
of large-scale atmospheric circulations and regional meteorological
conditions on peatland fire occurrences in Kalimantan over the last
two decades.

3.4 Modeled fire intensity

The model results show that flame lengths were low under
moderate moisture and low wind conditions but increased
substantially in high wind and low fuel moisture scenarios
(Figure 8A). Flame lengths were highest in dense early successional
grasslands, reaching up to 21.5 m under high wind, low fuel
moisture scenarios. Modeled surface flame lengths were higher in
oil palm than in the forests that they replace, where low-hanging
fronds and stringy bark readily ignite and contribute to the active
flaming front (Figure 9), resulting in flame lengths ranging from
2.6 to 8.4 m. Lower flame lengths in forests and plantations were
reflective of the lower statured shrubby vegetation that carried the
surface fire. As plantations had very little vegetation under the tree
canopy, there was sparse fuel to carry surface fire for any moisture
or wind scenario.

Oil palm (8.9 m min−1 at low wind and up to 89.8 m
min−1 in high wind, low fuel moisture scenarios) and grasslands
(38.3 m min−1 at low wind and 406.9 m min−1 in high wind,
low moisture) had greatly increased rates of spread (Figure 8B),
relative to the primary forests (4.3 m min−1 at low wind and
43.6 m min−1 in high wind, low moisture) that they replaced.
In contrast, timber plantations, consisting primarily of Eucalyptus
and Acacia species, had very low rates of modeled surface
fire spread (1.1−6.1 m min−1), as there is little fuel under
the tree canopies to carry surface fire. Fuel moisture was an
important driver of rates of fire spread in all LULC categories
except plantations, with modeled fires at low moisture scenarios
16−84% faster than fires at moderate moisture scenarios, with
most pronounced differences in the highly flammable grassland
LULC type.

Reaction intensity, a measure of the heat per unit area of the
flaming front of a surface fire, is dependent on the density of
flammable vegetation in each fuel type. Reaction intensities were
highest in grassland LULC types, where dense litter accumulates
under the live herbaceous vegetation (Figure 9). Dense forest
vegetation, with a complex, layered vegetation structure, large,
downed wood, and deep peat layers, also had high reaction
intensities (Figure 8C). As plantations are a greatly simplified fuel
arrangement, containing primarily merchantable timber species
without a lot of natural understory vegetation, there was little
surface fuel and greatly reduced reaction intensity. Oil palm fields
were structurally simplified relative to forests, with less burnable
material on the soil surface, and were intermediate in modeled
reaction intensities.
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FIGURE 9

Photos of field sites (A) forest, (B) plantation, (C) oil palm, and (D) early successional grassland from which fuel models were developed and fire
behavior interpreted in Kalimantan, Indonesia.

Overall, the model results confirm the superimposed influence
of meteorological conditions and indicate the significant effects
of LULC on fire behavior by showing that simulated conversions
greatly affect surface fire intensity metrics (rate of spread, flame
length, and reaction intensity).

3.5 Timeline of the regulatory framework
for peatland fires

The results show that climate conditions had a strong effect
on the number of peatland fires in Kalimantan during the last
two decades. Due to the strong correlations between driving
climatological and meteorological conditions, superimposed
effects of regulatory restrictions that restrict the burning
of natural peatland for agricultural purposes are inherently
difficult to quantify.

Due to intense fire seasons and associated effects on the
environment and public health (e.g., Kiely et al., 2021; Hein
et al., 2022), the laws pertaining to the protection of natural
peatlands including burn restrictions in Kalimantan changed
over time. Following the wildfire season of 1997−1998 when
1,10,000 km2 of peatland were burned in Indonesia, and in
recognition of the increased risk of wildfire in a warming climate,

the Government of Indonesia established the Directorate of Forest
Fire Control (renamed in 2016 to Directorate of Land and Forest
Fire Management) under the Ministry of Forestry in 2000.

Current policies on forest and fire management consist of
three main activities, fire prevention, suppression, and post-fire
recovery. Under these regulations, people are forbidden by law to
intentionally burn large areas of land for clearing or agriculture,
though there are at times exceptions and inconsistencies between
central and provincial regulations.

In 2006, the Indonesian government allowed burning under
certain conditions for farmers in Central Kalimantan, but larger
scale ignitions of peatland for land clearing remained prohibited
for large oil palm plantations in this region. The reduction of burns
after 2006 as well as the tempering of the restrictions in 2008, can
clearly be tracked in the burn frequency numbers derived from
MODIS hotspot observations across Kalimantan (Figure 3A).

After the extreme fire season of 2015, the government
reinstated a complete restriction of prescribed peatland fires for the
gain of agricultural land. There has been slow progress in reducing
anthropogenic forest and land fire occurrence in Indonesia in
the last two decades (Purnomo et al., 2017). Currently, the
Government of Indonesia focuses on fire prevention rather than
suppression, using integrated fire prevention patrol, land clearing
without burning practices, improving community livelihood, or
canal blocking and forest restoration in degraded peatlands,
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and improving fire early warning system such as SPARTAN
(Sistem Peringatan Kebakaran Hutan dan Lahan). The Indonesian
government also established the Peatland Restoration Agency
(Badan Restorasi Gambut, BRG) in January 2016 and stipulated a
permanent peatland and primary forest conversion moratorium for
business permits in August 2019 to address land and fire issues and
strengthen Indonesia’s commitment to slowing deforestation on
peatlands. Later in 2020, BRG was transformed into the Mangrove
and Peatland Restoration Agency (Badan Restorasi Gambut dan
Mangrove-BRGM) with the purpose of restoring 1.2 million ha of
peatlands and 600 thousand ha of mangrove across 13 provinces.

Furthermore, Law No 32/2009, concerning Environmental
Protection and Management particularly in Article 69, prohibits
clearing of land by burning for every entity. However, as an
exception, small, prescribed fires (maximum 2 ha) are allowed in
peatland vegetation and categorized as local wisdom practices, as
local understanding uses controlled burning to reduce the risk of
large wildfires fires fire weather with strong or gusty winds and dry
fuel conditions.

4 Conclusion

We examined long-term patterns of frequencies, and severities
of peatland fires in Kalimantan using medium-resolution and high-
resolution satellite imagery over a period of 21 years. Moreover, fire
intensity parameters were modeled with regard to conversion from
forest to agricultural land uses as has been done for decades in the
study region of Kalimantan, Indonesia.

Variations in the number of fires and burn severity are
visible over time and are caused by a combination of large-
scale meteorological patterns and changing regulations. Our results
confirm a strong spatiotemporal correlation between climatological
drivers and corresponding peatland fire frequency and burned area,
based on noticeable concurrences with spatially and temporally
well-defined El Niño-related meteorological extremes. Steep
increases of the number of peatland fires were found to be
tightly connected to increased air temperature values and reduced
precipitation in our study region over the 21-year study period
from the beginning of 2001 through the end of 2021.

The results further show a steady, regionally comprehensive
increase of burn severity of peatland fires in Kalimantan by 12.8%
on average for the latest period from 2015 through 2021 compared
to earlier periods of the same length, whereas the total peatland
area burned decreased between 2015 and 2021 by 28.7% on average
compared to the previous 7-year periods. Our fire model results
show an increased fire intensity (elevated flame lengths and rates of
spread) for grassland and oil-palm plantations compared to forest
stands prior to the LULC conversion. Thus, beyond the release of
large amounts of carbon stored above ground and below ground in
peatland and the loss of unique tropical ecosystems when peatland
is converted to arable land, the decreased fire resilience of degraded
peatland and increased proneness to fire of converted areas
exacerbates the impacts of a changing climate in this region with
increasingly extreme conditions during recurring El Niño periods
with higher temperatures and low amounts of precipitation.

As the national Indonesian government holds the highest role
as regulator but has little oversight for enforcement, it will be
critical for local government to support and uphold policy.

Hence, recommendations for better peatland fire management
are (1) more focus on fire prevention activities, (2) alignment
and harmonization of government regulations at the national
and regional levels, (3) improve availability and accessibility of
sufficient funding for pre-fire mitigation, suppression, and post-
fire recovery efforts on regional and local scales. Our results
show that LULC, regulatory frameworks, and meteorological
conditions often driven by larger scale climate patterns all
affect the frequency and severity of peatland fires across scales.
The ongoing alteration of burn frequencies and severities
shown in this study needs to be reassessed frequently while
considering ongoing LULC, evolving adaptations of regulations,
and a changing climate. Therefore, future studies need to
use comprehensive approaches that incorporate the physical
aspects of overarching climate conditions as well as political
and regulatory frameworks to assess negative effects of burning
tropical peatlands. Ultimately, research results can support decision
making that leads to a further reduction of tropical peatland
burning in Kalimantan.
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Summer climate information 
recorded in tree-ring oxygen 
isotope chronologies from seven 
locations in the Republic of Korea
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and Jeong-Wook Seo 4*
1 Department of Forest Product, College of Agriculture, Life and Environment Science, Chungbuk 
National University, Cheongju, Republic of Korea, 2 National Museum of Japanese History, Sakura, 
Japan, 3 Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan, 4 Department 
of Wood and Paper Science, College of Agriculture, Life and Environment Science, Chungbuk 
National University, Cheongju, Republic of Korea

The Republic of Korea is characterized by its north-to-south stretch and high 
mountain ranges along the eastern coast, resulting in terrain with higher elevation 
in the east and lower in the west. These geographical features typically lead to 
regional climate differences, either based on latitude or from east to west. In the 
present study, for effectiveness, the entire Korean peninsula was divided into 
four regions based on the geographical features: The Northeast Coast (NEC), 
Central Inland (MI), Southeast Coast (SEC), and South Coast (SC). Two test 
sites were chosen from each region, except for the SC. The linear relationship 
between the altitude of sites and the mean oxygen isotope ratio (δ18O) revealed 
a negative correlation; the highest (1,447  m  a.s.l.) and the lowest altitude 
(86  m  a.s.l.) sites had a mean δ18O of 27.03‰ and 29.67‰, respectively. The 
sites selected from the same region exhibited stronger correlation coefficients 
(0.75–0.79) and Glk (Gleichläufigkeit) (74–83%) between the tree-ring oxygen 
isotope chronologies (δ18OTR chronologies) than those from different regions 
(0.60–0.69/70–79%). However, subtle variations in pattern were observed in the 
comparison period during a few selected intervals (approximately 10  years). All 
the regional δ18OTR chronologies exhibited positive correlations with either June 
or July temperatures over Korea, whereas negative correlations with regional 
summer precipitation and SPEI-3. Moreover, the chronologies showed notable 
negative correlations with the water condition of western Japan. The findings 
of this study can be used as a scientific reference for the study of variations of 
rainfall in East Asia using δ18OTR chronology.

KEYWORDS

tree ring, oxygen isotope, precipitation, monsoon, East Asia

1 Introduction

Tree rings typically provide annual information on the growth duration of a tree, and 
therefore, have been used as a significant indicator in a variety of studies, such as tree 
adaptation, forest events, dating, and climate reconstruction (Fritts, 1976; Speer, 2010). Apart 
from the traditional tree-ring width, other ring parameters, such as stable isotopes, density, 
and cells have also been used in many studies (Fritts et al., 1991; Kirdyanov et al., 2008; 
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Choi et al., 2020b; Siegwolf et al., 2020; Park et al., 2021; Chen et al., 
2023; Lopez-Saez et al., 2023; Xu et al., 2023). One advantage of using 
the tree-ring width is that it allows simple and straightforward method 
of analysis. However, this width is also influenced by certain factors in 
the growing environment (Schweingruber, 1996; Larcher, 2003), such 
as environmental changes, stand dynamics, competition, soil 
conditions, and insect damage. In such cases, using tree-ring width 
chronologies for analysis becomes a challenge. Among the various 
tree-ring parameters, the stable isotopes in the tree rings become more 
sensitive during the growth period to the environmental changes, 
specifically the climatic factors than to net growth (Yakir et al., 1990; 
Roden et al., 2000; Barbour et al., 2004; Kress et al., 2010; Haupt et al., 
2011), which involves the non-climatic factors (McCarroll and Loader, 
2004; Liu et al., 2009; Young et al., 2012; Sano et al., 2013; Seo et al., 
2017, 2019; Li et al., 2022; Mandy et al., 2023).

The three main elements present in wood and commonly 
employed in research are the oxygen (16O, 18O), carbon (12C, 13C), and 
hydrogen (1H, 2H) isotopes (Leavitt and Long, 1988; McCarroll and 
Loader, 2004; Jia et al., 2023; Pandey et al., 2023). Due to different 
formation mechanisms of these isotopes in the tree rings, each 
isotope is applied either individually or in combination across 
various fields (Farquhar et al., 1989; Yakir et al., 1990; Saurer et al., 
1997; Roden and Ehleringer, 1999; Roden et al., 2000; Barbour et al., 
2004; Saurer and Siegwolf, 2007; Loader et al., 2008; Roden, 2008; 
Miles et al., 2019; Belmecheri and Lavergne, 2020; Büntgen, 2022). 
The annual oxygen isotope ratio in a tree ring reflects the isotopic 
ratio of the water the tree absorbs during its growing season. Such 
absorption largely depends upon the precipitation during that 
period. The δ18OTR chronologies are therefore greatly influenced by 
the precipitation during the growing season, and any change in 
annual precipitation patterns causes variation in the oxygen isotope 
ratio in the tree rings (Seo et al., 2019; Choi et al., 2020a; Preechamart 
et  al., 2023; Watanabe et  al., 2023). Therefore, the isotopes in 
different trees of the same species exhibit similar patterns of change 
in the same climate zone, thereby making it possible to use them in 
climate analysis and establish tree-ring oxygen isotope chronologies 
(δ18OTR chronologies) over extensive areas (Baker et al., 2015; Young 
et al., 2015; Choi et al., 2020a). Additionally, it has been confirmed 
that although the mean value of the oxygen isotope ratio may differ 
between tree species due to physiological and spatial characteristics, 
they exhibit the same pattern (Baker et al., 2015; Loader et al., 2019, 
2021; Choi et al., 2020a; Xu et al., 2021; Sano et al., 2022). These 
advantages of the tree-ring isotopes allow us to establish long-term 
δ18OTR chronology using data from different tree species over a 
wide region.

Until now, only four studies in Korea have been published which 
involved δ18OTR chronology (Seo et al., 2017, 2019; Choi et al., 2020a; 
Lee et al., 2023). These studies verified that a chronology built using 
δ18O in tree rings between study sites which are about 144 km away 
can be used as a master chronology for cross-dating (Choi et al., 
2020a) regardless of the tree species due to their high synchronization 
(Seo et al., 2017; Lee et al., 2023). The influence of water condition 
in western Japan on the δ18OTR chronology in southern Korea had 
also been reported (Seo et al., 2017). However, since these results 
were obtained from restricted regions, the data have limited 
application across the country. Korea spans along north–south 
direction (33° to 38°), and the terrain is characterized by higher 
elevation in the east, with developed mountain ranges, and lower 

elevations in the west (The Academy of Korean Studies, 2016). Such 
difference in topography results in difference in the regional climate 
(Ministry of Land Infrastructure and Transport and National 
Geography Information Institute, 2020). Therefore, studies using 
δ18OTR chronology which consider such topographical features 
are necessary.

The current study was designed under the hypothesis that local 
climatic condition is influenced by topographical features and its effect 
on δ18O in the tree rings. The main objectives of the present study are 
to investigate (1) synchronization strength between the δ18OTR 
chronologies from different regions, (2) climatic information 
embedded in the regional chronologies, and (3) the role of 
topographical and/or meteorological features on the results of (1) and 
(2). The results should play an important role in advancing our 
strategy for making a dendrochronological research plan using δ18O 
in tree rings.

2 Materials and methods

2.1 Study sites

Korea has several notable topographical features, including (1) 
an elongated north–south shape, (2) major mountains along the 
eastern coast (the Taebaek Mountains), and (3) three sides 
surrounded by ocean (Figure  1). These geographical locations, 
topographical, and sea distribution characteristics significantly 
impact the regional climate of Korea. For example, a large 
temperature difference exists between the northern and southern 
regions of Korea depending upon the latitude. On the other hand, at 
the same latitude, the eastern region is cooler in summer and 
warmer in winter compared to the western region (Ministry of Land 
Infrastructure and Transport and National Geography Information 
Institute, 2020). These variations occur because the Taebaek 
Mountain blocks the cold air from the continent, while the relatively 
deep East Sea exhibits less fluctuation in the water temperature 
compared to the Yellow Sea. In the present study, we considered 
these topographical differences and divided the study areas with 
respect to latitude and coastal/inland areas. The study sites were 
subdivided into four regions, namely (1) Northeast Coast (NEC), (2) 
Mid-Inland (MI), (3) Southeast Coast (SEC), and (4) South Coast 
(SC) of South Korea. All the sites in these regions were chosen from 
the National parks located across the country. The NEC comprises 
Mt. Seoraksan (SA) and Mt. Odaesan (OD), MI consists of Mt. 
Songnisan (SN) and Mt. Gyeryongsan (GR), SEC includes Mt. 
Juwangsan (JW) and Mt. Namsan (NS), and SC includes Jirisan (JR) 
National Park.

According to the monthly mean climate data from 1991 to 
2020, the monthly temperature was the lowest in January and 
highest in August (Figure  1, bottom right). The monthly 
precipitation was the highest in July and lowest in January (Open 
MET Data Portal, https://data.kma.go.kr/resources/html/en/
aowdp.html, accessed on July 15, 2023). During summer, the 
precipitation reached 710.9 mm, accounting for 54% of the total 
annual precipitation (1306.3 mm) in the nation. Since the 1980s, 
the average annual temperature and precipitation of South Korea 
showed significant increase, and the increase in the average annual 
precipitation was attributed to the rise in summer precipitation 
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(National Institute of Meteorological Sciences, 2018; Korea 
Meteorological Administration, 2020, 2022).

2.2 Tree-ring samples

Pinus densiflora (red pine) was chosen as the sample for the 
present study which was collected during 2019–2021 (3 years). 
P. densiflora is a coniferous tree species which occupies the largest 
area (1.5 million ha, 21.9% of all forests) among all the single tree 
species in South Korea. The red pine is used widely since the 
ancient times due to its easy accessibility and various applications 
(Park et al., 2007, 2010; Kim et al., 2013; Kong et al., 2014; Choi 
et  al., 2020a,b). Due to these qualities, the pine forests were 
designated as protected areas throughout Korea’s history (10 C–19 
C), and indiscriminate logging is strictly prohibited. In the present 
study, we have chosen the pine trees in the National parks as the 
samples because substantial number of tree rings can be obtained 
from them.

At each study site, cores were collected from minimum 10 trees. 
A core of 10 mm diameter was extracted for oxygen isotope analysis. 
All the cores were precisely dated to an accuracy of 0.01 mm using 
LINTAB (RENNTECH, Germany). Then, tree-ring width 
chronologies were established which were further used to cross-date 
each tree, identify any missing or discontinuous rings, and accurately 
deduce the growth year of each ring. The cross-dating was performed 
through statistical analysis using the TSAP program (Cook and 
Kairiukstis, 1990; Speer, 2010). For oxygen isotope measurements, 
four cores with the longest chronologies and no missing rings were 
chosen from each study site.

2.3 Tree-ring oxygen isotope chronology

The oxygen isotope ratio was measured for all the selected tree 
rings. The samples were prepared as described below (Kagawa et al., 
2015; Choi et al., 2020a,b). A 1 mm thick plate was first sliced from the 
selected cores, and α-cellulose was extracted from the plate following 
Jayme-Wise method (Jayme, 1942; Wise et al., 1946; Green, 1963; 
Loader et al., 1997; Brendel et al., 2000). From each tree ring of the 
α-cellulose plate, small specimens weighing between 120 and 250 μg 
were obtained and wrapped in silver foil. The oxygen isotope ratio 
(18O/16O) in the wrapped samples was measured via pyrolysis using 
high-temperature conversion elemental analyzer (TC/EA, Thermo 
Fisher Scientific, Germany) and isotope ratio mass spectrometer 
(IRMS, Delta V Advantage, Thermo Fisher Scientific, Germany). The 
ratio was calculated in permil (‰) against Vienna Standard Mean 
Ocean Water (VSMOW). The measurements were conducted at 
Nagoya University, Nagoya, Japan.

2.4 Statistical analyses and climate data

The R packages “Dendrochronology Program Library in R (dplR)” 
and “treeclim” (version 4.3.0) were used for all statistical analyses, 
namely cross-dating, Expressed Population Singal (EPS), 
Gleichläufigkeit (Glk) and correlation analysis with climatic 
parameters, using δ18OTR chronologies. The climatic parameters used 
in this study include temperature, precipitation, and SPEI-3. Since 
Korea lacks meteorological data for more than 100 years, the following 
data were selected for analysis of the climatic factors spanning over 
the entire study period. For temperature and precipitation, the 

FIGURE 1

Locations (left) and information about the sampling sites. The climate graph was plotted as monthly climate data for 30  years (1991–2020) (right 
bottom, blue bar: precipitation, and red line: temperature). Blue square boxes represent regions subdivided according to topographical features (NEC, 
Northeast Coast; MI, Mid-Inland; SEC, Southeast Coast; SC, South Coast).
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Climatic Research Unit gridded Time Series (CRU T.S.) 4.06 data set 
from 1901 to 2020 provided by the Centre for Environmental Data 
Analysis (CEDA) was utilized (Harris et al., 2020). For Standardized 
Precipitation-Evapotranspiration Index (SPEI), data from 1901 to 
2018 provided by Consejo Superior de Investigaciones Cientificas 
(CSIC) were used,1 and SPEI-3 accumulated in 3-month increments 
was utilized for the analysis.

3 Results and discussion

3.1 δ18O of tree ring

The mean and standard deviation of the oxygen isotope ratio 
varied across regions (Table 1; Figure 2). The altitude of the sites and 
mean oxygen isotope ratio showed a linear relationship with negative 
correlation. Specifically, the higher altitude sites, viz. JR (1,447 m a.s.l.), 
showed the lowest mean oxygen isotope ratio of 27.03‰, whereas the 
lower altitude sites, such as NS (86 m a.s.l.) and GR (190 m a.s.l.) 
showed the highest oxygen isotope ratio of 29.67‰ and 29.80‰, 
respectively.

The differences in the mean and standard deviation of the oxygen 
isotope ratio between various tree species are known to be influenced 
by complicated physiological and biochemical mechanisms (Roden 
et al., 2000; Sternberg, 2009). However, in our study, since all the 
δ18OTR chronologies were for the same tree species (P. densiflora), it is 
reasonable to state that the spatial factors of a site played a more 
significant role than the species characteristics. The oxygen isotope 
ratio of the tree rings is closely related to the temperature and/or 
precipitation conditions during the tree-ring formation (Hau et al., 
2023). Furthermore, for the oxygen isotope ratio of precipitation, 
fractionation may appear where the relative concentrations of the 
isotopes vary owing to various factors, such as altitude effect, latitude 
effect, rainfall, continental effect, surface temperature, and distance 
from the ocean (Dansgaard, 1964; Rozanski et al., 1993; Bowen and 
Wilkinson, 2002; Vuille et al., 2003; Aggarwal et al., 2012).

The altitude effect refers to lower oxygen isotope ratio with 
increasing altitude which occurs due to Rayleigh distillation (Poage 
and Chamberlain, 2001). The altitude effect occurs mainly because the 

1 https://spei.csic.es/index.html

isotopic ratio of precipitation decreases almost linearly with altitude, 
and trees at higher altitudes rely mostly on precipitation as the water 
source during the growing season. Moreover, the neutral isotope ratio 
of freshwater decreases with increasing latitude and altitude 
(Dansgaard, 1964; Eriksson, 1965; Poage and Chamberlain, 2001; 
Aggarwal et al., 2012).

3.2 Regional tree-ring δ18O chronologies

From the individual δ18OTR chronologies, we constructed seven 
site δ18OTR chronologies representing the respective sites. The 
longest site δ18OTR chronology comprised 393 years (1628–2020) 
for Mt. Odaesan, while the shortest was for 103 years (1918–2020) 
for Mt. Juwangsan. The expressed population signal (EPS) for all 
the sites was above 0.85 for the duration of the δ18OTR chronology 
(Table 1). The mean correlation obtained between the individual 
oxygen isotope ages was 0.69 (maximum SA: 0.79, minimum NS: 
0.58, p < 0.05).

The EPS in dendrochronology signifies the explanatory power of 
an infinite population chronology using finite tree-ring data. Usually, 
EPS > 0.85 is applied to determine the ability of a chronology to 
explain a common signal (Briffa and Jones, 1990; Buras, 2017; Siegwolf 
et al., 2020). In the current study, the EPS of all the 7 sites was above 
0.85 for the duration of the δ18OTR chronology. This signifies that the 
site δ18OTR chronologies can be utilized to explain a common signal 
such as climate. Typically, dendroisotope studies urge that minimum 
four trees should be used to obtain meaningful EPS values (>0.85) for 
each site (Wigley et al., 1984; Xu et al., 2017; Choi et al., 2020a,b; Li 
et  al., 2020). In the present study, significant EPS > 0.85 was also 
obtained with four trees for all the sites; EPS between 1918 and 2018 
(SA = 0.94, OD = 0.87, SN = 0.89, GR = 0.90, JW = 0.92, NS = 0.85, and 
JR = 0.93). This indicated that the δ18OTR chronologies strongly share 
a common signal with each other and meaningful climatological 
analysis is possible with these data.

The period of overlap among all the site δ18OTR chronologies was 
from 1918 to 2018, i.e., total 101 years. The standardized site δ18OTR 
chronologies displayed significant correlations (p < 0.05) (Figure 3). 
The sites in the same region showed higher correlations and Glk 
values than the sites from different regions, and a clear difference in 
correlation was observed. Specifically, the correlation and Glk values 
were 0.75 and 74% between SA and OD in NEC, 0.79 and 83% 
between SN and GR in MI, and 0.79 and 81% between JW and NS in 

TABLE 1 Information about the established δ18OTR chronologies.

Site δ18OTR chronology Correlation* δ18O (‰) EPS**

Length (year) First year Last year Mean (±std) Mean (±std)

SA 210 1809 2018 0.79 (±0.06) 27.52 (±1.01) 0.94

OD 393 1628 2020 0.67 (±0.07) 29.11 (±1.12) 0.89

SN 144 1877 2020 0.66 (±0.06) 29.04 (±1.08) 0.89

GR 126 1895 2020 0.65 (±0.05) 29.80 (±0.96) 0.87

JW 103 1918 2020 0.73 (±0.06) 27.75 (±1.24) 0.93

NS 133 1888 2020 0.58 (±0.06) 29.67 (±1.12) 0.86

JR 250 1771 2020 0.74 (±0.03) 27.03 (±1.07) 0.93

*: correlation between individual δ18OTR chronologies. **: expressed population signal.
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SEC, respectively (p < 0.05). Based on these values, three regional 
δ18OTR chronologies were constructed. A single site was chosen in the 
SC; hence, only chronology data from JR were used to construct the 
SC δ18OTR chronology.

We also examined the correlations between the regional δ18OTR 
chronologies. Most of the regional δ18OTR chronologies showed 
statistically significant correlations for the entire comparison period. 
The NEC exhibited an average correlation and Glk values of 0.64 and 
74% with other regions, MI was 0.63 and 77%, SEC was 0.68 and 
74%, and SC was 0.65 and 77% (p < 0.05). Although the regional 
δ18OTR chronologies showed statistically significant correlations for 
the entire period, the regional chronologies displayed certain 
differences in patterns between them during certain periods 

(Figure  4). These subtle differences in patterns during certain 
periods were attributed to the influence of the same large climatic 
zone in the study area along with some strong regional climates 
during certain periods. Therefore, we conducted analyses of climatic 
factors on a region-by-region basis.

3.3 Climate factors affecting oxygen 
isotope ratios in tree rings

The regional δ18OTR chronologies were correlated with temperature, 
precipitation, and SPEI-3 (Figure  5). All the three climatic factors 
showed significant correlations (p < 0.05), but the strongest correlation 

FIGURE 2

Distribution of oxygen isotope ratio according to altitudes of the sites.

FIGURE 3

Site-δ18OTR chronology (black line) and regional δ18OTR chronology (yellow line).
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coefficient was obtained for SPEI-3. Specifically, all the regional δ18OTR 
chronologies exhibited positive correlations with summer temperatures, 
and the strongest correlations were observed in either June or July. The 
NEC displayed the highest correlation with June–July temperatures 
(r = 0.33), as well as with July (r = 0.32). For MI, SEC, and SC, the most 
significant correlations were observed with the July temperatures 
(rMI = 0.45, rSEC = 0.36, rSC = 0.39), followed by June–July temperatures 
(rMI = 0.39, rSEC = 0.33, and rSC = 0.38).

The monthly mean precipitation exhibited higher negative 
correlations with regional δ18OTR chronologies when the summer 
precipitation was aggregated by month (Figure 5). This indicated 
that all the regions were strongly influenced by precipitation during 
the summer. Specifically, NEC showed a strong negative correlation 
with the early summer months, May–June (rNEC = −0.45) during the 
overall summer rainfall period. MI and SEC exhibited significant 
correlation during the entire summer rainfall period, i.e., from June 

to September, with correlation coefficient of −0.57 (rMI) and −0.62 
(rSEC), respectively. For NC, the highest correlation was observed 
between May and July (rSC = −0.47), a significant correlation was 
also observed from June to September (rSC = −0.40). SPEI-3 showed 
a strong negative correlation in July or August. NEC, SEC, and SC 
displayed maximum correlation in July (rNEC = −0.47, rSEC = −0.61, 
and rSC = −0.50), while MI is most highly correlated in August 
(rMI = −0.54).

All the regional δ18OTR chronologies presented a significant 
relationship with climate from May to September. These months are 
typically characterized by the highest temperatures, the most intense 
precipitation, and maximum growth of most of the trees in Korea. 
These findings indicate that temperature and precipitation during 
summer strongly influence the oxygen isotope ratio of the trees in the 
studied regions. However, even during summer, the regional 
differences between the climatic factors, especially the precipitation 

FIGURE 4

Comparison of δ18OTR patterns between the four composed regional δ18OTR chronologies. The gray box indicates the period in which subtle pattern 
differences were observed.

FIGURE 5

Correlation coefficients between regional δ18OTR chronology and climate data (temperature, precipitation, and SPEI-3) (black bar: p  <  0.05). The red 
inverted triangle indicates the highest statistical result, and the white inverted triangle represents the second highest statistical value.
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were evident. Unlike the other regions, NEC exhibited a significant 
impact mainly during the early summer precipitation period with 
specific correlations to temperature in June–July, precipitation in 
May–June, and SPEI-3 in July.

3.4 Spatial correlations between regional 
δ18OTR chronologies and climate

Temporal correlation analyses were conducted on the highly correlated 
periods identified in the previous correlation analysis (Figure  6). A 
comparison between the regional δ18OTR chronologies and temperature 
revealed that the tree-ring δ18OTR was governed by the July temperature of 
Korea, whereas that between the chronologies and precipitation or SPEI-3 
was governed by the study site regions. Furthermore MI, SEC, and SC also 
showed high correlations with western Japan.

Previous studies reported that the δ18OTR chronology of Taxus 
cuspidata from Mt. Jirisan has high correlations with June–July 

temperature over Korea and May–July precipitation of the study site 
and western Japan (Seo et al., 2019; Sano et al., 2022). In another study, 
using the δ18O data from rainfall, Kurita et al. (2009) interpreted that 
the high correlation with precipitation in western Japan comes from 
upstream hydrological processes, such as evaporation and 
condensation (Kurita et al., 2009). The correlations from MI, SCE, and 
SC in the present study also support the previous findings, i.e., the role 
of precipitation in the upstream regions of western Japan (Figure 6). 
As the altitude increases from the south (SC) to the north (MI), the 
rain clouds move from SC to MI during June–September. Unlike other 
regions, early summer climate in NEC is normally influenced by high 
pressure on the Okhotsk Sea (Lee, 1994). Moreover, the precipitation 
in NEC located in the east of the Taebaek Mountains is higher than 
that in the west due to the Föhn effect (WMO, 1992; Choi et al., 1997; 
Kim and Kim, 2013; Park, 2020). The Taebaek Mountains are located 
along the eastern edge of Korea. Such meteorological characteristics 
enhances the effect of early summer precipitation on the δ18O of the 
tree rings from NEC (Shin and Lee, 2023).

FIGURE 6

Spatial correlations between regional δ18OTR chronologies and statistically significant climatic factors (p  <  0.01). The white triangles represent each 
region (NEC, MI, SEC, and SC).
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4 Conclusion

From dendrochronological perspective and based on the 
comparisons between the seven site δ18OTR chronologies, several 
conclusions can be drawn. First, the site chronologies can be used for 
cross-dating even if they are tens to hundreds of kilometers apart, 
because the chronologies have similar inter-annual variations. Our 
findings support that any of the site chronologies can be used for 
cross-dating tree rings from places where there is no long chronology. 
Second, although the seven site δ18OTR chronologies show reliable 
synchronization pattern, subtle differences exist between the four 
regions (NEC, MI, SEC, and SC) due to geographical and/or 
meteorological characteristics. Therefore, at least these four regions 
should be considered for dendroclimatological study on reconstructing 
a local paleoclimate.

Temporal correlation analyses between the regional δ18OTR 
chronologies and climate data (temperature, precipitation, and 
SPEI-3) showed different results with respect to temperature and 
water condition. In the former, all the regional δ18OTR chronologies 
were mainly governed by the July temperature over Korea. In the 
latter, the regional precipitation and SPEI-3 exerted more influences 
on the corresponding regional δ18OTR chronologies. The major 
influences of the local precipitation and SPEI-3 on the δ18O in tree 
rings mainly come from the regional precipitation differences. In the 
three regions except NEC, the month affecting regional tree-ring 
oxygen chronologies shifted progressively later for higher latitudes of 
the regions. This is because the rain clouds that affect these regions 
move inland from the west of Japan to the center of Korea, changing 
the timing of their impact. Our results can serve as a reference for 
further studies about variations of rainfall in East Asia using 
δ18OTR chronology.

To investigate the effect of drought stress on δ18O in tree rings, 
SPEI, calculated from 3-month- increment data was applied since the 
results from SPEI-3 were better than SPEI-1 in the correlation analysis 
of regional δ18OTR chronologies. The trees require time for 
photosynthesis to build tree rings using water. The higher correlations 
with SPEI-3 than SPEL-1 can be  used as a scientific reference to 
improve our understanding of tree physiological process.
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Modeling branch attributes and 
biomass for Catalpa bungei 
plantations under various 
fertilization regimes
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Landscape Architecture, South China Agricultural University, Guangzhou, China, 3 Shandong Provincial 
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The development and morphology of branches, a crucial step in producing 
high-quality large-diameter lumber, may be  influenced by fertilization. The 
response of branch attributes to different fertilization regimes, however, is still 
poorly understood. The Catalpa bungei plantations, which had been growing 
for 6  years in northern China, were chosen to study how various fertilization 
measures affected branch attributes. The two fertilization techniques used 
were hole fertilization (HF) and water and fertilizer integration (WF), with no 
fertilization (CK) as a control. The quantity, density, morphology (e.g., diameter, 
length, and angle), and position (e.g., height and orientation) of branches, and 
organ biomass of 18 standard trees (total of 516 branches) were investigated. 
The results demonstrated a considerable increase in tree height, diameter 
at breast height (DBH), canopy ratio, branch quantity, and organ biomass 
following the addition of fertilizer. Both the maximum branch diameter and the 
number of branches rose with fertilization. Following fertilization, the number 
of branches rose by 16% (HF) and 28% (WF) compared to non-fertilized trees, 
while the maximum branch diameter increased by 3.5% (HF) and 17.3% (WF), 
respectively. WF led to an increase in the number of branches and largest 
branch diameter in comparison to CK and HF. The length, angle, and diameter 
of branches, however, were not affected significantly by different fertilization 
treatments. There were roughly equal amounts of branches in four orientations. 
The mixed-model analysis revealed that the number of branches was positively 
correlated with branch density and tree height. The branch diameter increased 
with the increase of branch length and angle. The branch length was negatively 
correlated with branch height and angle. The branch angle showed a larger 
angle at the bottom of the canopy. Tree height plus diameter at breast height 
combined, or just the diameter at breast height indicator alone, can both reliably 
predict the total biomass of trees. The branch models created in this research 
may offer some theoretical backing for understanding the crown dynamics of 
valuable tree species in northern China.

KEYWORDS

Catalpa bungei, fertilization, mixed-effects models, branch attributes, wood quality, 
integration of water and fertilizer
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Introduction

The vigor and yield of trees are directly determined by the size, 
composition, and morphology of the tree canopy (Hein et al., 2007; 
Newton et al., 2012). The first-order branch, a vital component of the 
crown, mainly serves as the backbone of the tree. The crown shape is 
primarily determined by the length and spatial layout of the first-order 
branch. The evaluation and selection of appropriate management 
measures are potentially more accurate and biologically realistic via 
the quantitative simulation of the quantity, size, distribution, and 
growth of first-order branches, which can accurately forecast canopy 
dynamics, tree growth, and wood quality (Hein, 2008; Danescu et al., 
2015; Wang et al., 2016, 2018).

Numerous studies have explored the branch attributes of various 
tree species, and, the majority of reports focus mostly on the linear 
and nonlinear models (Li, 2004; Liu et al., 2008; Courbet et al., 2012). 
For example, the branch models (e.g., diameter, length, angle, and 
number) are constructed directly with stand variables (e.g., site and 
density), tree variables (e.g., diameter at breast height, tree height, and 
crown length), as well as branch depth (Maguire et al., 1999; Courbet 
et  al., 2007). These models have a high level of accuracy. The 
collinearity problem must be  taken into account since variable 
components may autocorrelate. Furthermore, the model’s forest 
interpretation is subpar (Hein et al., 2007; Jiang et al., 2012). Actually, 
the fundamental data used in forest management may follow a 
hierarchical pattern. As an illustration, consider the following 
categorization system: the stand covers the sample plot, the plot covers 
the sample tree, and the sample tree covers the branch (Wang et al., 
2015, 2017, 2018). Therefore, the errors can not satisfy the assumption 
of independent distribution due to the situations of ‘plot effect’ or ‘tree 
effect’ in traditional modeling. As a result of the random selection of 
plots and trees, at least three effects should be included in the random 
errors (i.e., plots, trees, and branches).

The theoretical model (such as the nonlinear model) serves as the 
foundation for the mixed effect model. The fact that there is nesting 
in the data means that the mixed effects model can only be applied 
under this condition. The goal of mixed linear models, as opposed to 
general linear models, is to introduce random effects to create a better 
model for data interpretation. The theoretical model’s parameters are 
updated to include the variable factors that have a meaningful 
relationship with the dependent variables. The model parameters that 
were built have strong ecological or forest implications (Gao et al., 
2014). The mixed-effect models specify several covariance structures 
to describe the pertinent error scenario in order to reduce the error 
correlation and heterogeneity caused by the hierarchical structure 
data, increase the predictive power of models and illuminate the origin 
of variance components (Li and Tang, 2010).

In recent years, mixed models have been extensively utilized in 
forest investigation, such as diameter at breast height (Lei et al., 2009; 
Li, 2011), tree height (Fang and Bailey, 2001; Calegario et al., 2005), 
wood volume (Jiang et al., 2011), stem form (Jiang and Liu, 2011), and 
stand basal area (Li and Tang, 2010). Meredieu et al. (1998) established 
the length and angle models of Pinus nigra branches using a linear 
mixed model. Similarly, Beaulieu et al. (2011) developed the branch 
models of Pinus banksiana after considering the random impacts of 
the block, plot, and individual tree. Wang et al. (2018) created the 
generalized linear mixed models of live and dead branch numbers for 
Betula alnoides plantations. Dong et al. (2013) predicted the size of 

first-order branches for Pinus koraiensis forests based on mixed-effect 
models. All of the relevant reports show that the mixed models 
outweigh traditional regression techniques when modeling the 
branch properties.

Until now, research has focused primarily on the effects of 
planting density (Wang et  al., 2015, 2017), stand thinning 
(Weiskittel et al., 2007; Jia et al., 2021), and pruning (Pinkard, 2002; 
Wang and Zeng, 2016) on branch development, whereas reports on 
the effects of different fertilization regimes on branch attributes are 
scarce. Fertilization can regulate the growth of trees, which in turn 
can indirectly affect branch development. Chen (2020) discovered 
that various fertilization methods might drastically alter the branch 
diameter and length for seven-year-old Tectona grandis clones. 
Moreover, Briggs et al. (2008) noted that fertilizer intake had an 
impact on the branch diameter of coastal Douglas-fir plantings. As 
a result, we used the commercially valuable tree species Catalpa 
bungei originated from northern China as an example to investigate 
the effects of various fertilization measures, including water and 
fertilizer integration, hole fertilization, and no fertilization as a 
control, on branch attributes and tree biomass through branch 
dissection. The objectives of this study are addressed: First, create 
the mixed models that predict the quantity, diameter, angle, length 
of the branches, and tree biomass, respectively; second, explore 
whether the various fertilization regimes have an impact on the 
branch attributes. The hypothesis put forth in this study is that 
fertilization will, on the one hand, increase the biomass of trees, as 
well as the diameter and length of their branches, and will also 
significantly affect the branching angle of those branches; on the 
other hand, the branching properties of branches will be affected 
differently by different fertilization regimes. The findings of this 
study can be  used to theoretically support branch development 
forecasts in broad-leaved trees in North China.

Materials and methods

Experimental plot and tree species

The study plots are situated in the Jujube Preservation Warehouse 
in Zhangqiu District, Shandong Province, China (36°25′-37°09′ N, 
117°10′-117°35′ E). The research regions experience a moderate 
monsoon climate. The yearly average temperature is 12.8°C, with a 
maximum monthly temperature in July of 27.2°C and a minimum in 
January of-3.2°C. There is an average of 600.8 mm of precipitation, 
2647.6 h of sunshine, and 192 days without frost throughout the entire 
year. The growing seasons of C. bungei forests last 130–150 days from 
May to September.

In March 2017, we established a pure forest with a row spacing of 
3 × 4 m using a 2-year-old C. bungei clone (“9–1”). The total planting 
area was 0.8 ha with a total of 18 plots (384 m2 for each plot), and 45 
trees (5 rows × 9 columns) were planted in each plot. Since the 
planting of the trees, no tending had been done. After planting, 
C. bungei trees had an average height of 4.2 m and diameter at breast 
height (DBH) of 4.0 cm. Immediately following afforestation, the 
chemical composition of the soil was assessed, including its pH (7.67), 
organic matter content (19.64 g/kg), total nitrogen (0.91 g/kg), total 
phosphorus (0.53 g/kg), total potassium (16.70 g/kg), alkaline 
hydrolyzed nitrogen (81.88 mg/kg), available phosphorus (32.10 mg/
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kg), and available potassium (176.82 mg/kg). The majority of the soil 
in the area is brown loam.

Field fertilization

Beginning in May 2018, we  selected 9 plots at random and 
fertilized them as part of a split-plot experiment. Existing fertilization 
techniques included hole fertilization (HF) and water and fertilizer 
integration (WF), with no fertilization acting as a control. The HF 
approach was applied based on the previously fertilized forests of 
C. bungei (unpublished). The WF method was alluded to as being 
derived from the fertilization of fruits and crops in the agricultural 
ecosystem. Three plots were randomly selected for each fertilization 
treatment, and the distance between plots was around 6–8 m.

Early in May 2018, fertilization studies were carried out, with WF 
and HF applying the same quantity of fertilizers each year. In the first 
year, N (24 g/tree), P2O5 (8 g/tree), and K2O (16 g/tree) were applied as 
fertilizers. Subsequently, the annual amount of fertilizers increased by 
20% compared to the previous year. Every year in May, HF applied all 
of the fertilizers at once. We excavated a hole, with a size of 20 cm in 
diameter and 30 cm in depth in the south and north of each tree. Then 
the fertilizers were equally divided into 2 parts and placed into the 
holes. No water was added after covering the soil. WF divided its 
annual fertilizers into 12 portions that were distributed equally. 
Starting on May 1st, we fertilized once every 10 days. The fertilizers 
were correctly delivered close to the roots after being dissolved in 
1000 L of water using an intelligent drip irrigation system (HN-BXE, 
Huinong Automation Corporation, China). Potassium sulfate was 
employed as the potassium fertilizer and urea as the nitrogen fertilizer 
for HF and WF. Calcium superphosphate was utilized as a phosphate 
fertilizer for HF, whereas ammonium dihydrogen phosphate was used 
for WF. All Fertilizers were purchased on the Taobao website. The 
temperature and precipitation data from the nearby meteorological 
station for the years 2017 through 2022 were displayed in 
Supplementary Figure S1.

Branch dissection and biomass 
determination

The standard tree represents the average level of trees in each 
sample plot, including their average height and DBH. Two standard 
trees were felled in each plot, and a total of 18 trees and 516 branches 
were collected in November 2021. In short, 6 trees were felled in each 
of the three treatments. The DBH and crown width (CW) were 
measured before being cut down. The tree height (TH) and the height 
of the crown base (HCB) were determined after felling. All branches 
(except dead branches) were dissected from the crown base to the top. 
The branch height (BH) (2.30–9.13 m), diameter (BD) (6.21–
94.05 mm), angle (BA) (6.3–92.8°), length (BL) (0.45–5.10 m), 
orientation (BO) (0–355°), number of branches (NB) (20–39 
branches), and density of the branches (DB) (3–6 branches·m−1) 
were measured.

The DBH was the diameter of the trunk at 1.3 m. The CW was the 
mean of the east–west and north–south projections of the canopy. The 
TH was the vertical distance from the bottom to the top of the tree. 
The HCB was the vertical distance from the bottom of the trunk to the 

crown base. The BH was the vertical distance from the base of the 
branch to the bottom of the trunk. The BD was the diameter at the 
base of the branch. The BA was the insertion angle between the branch 
and trunk pith. The BL was the distance between the base and the tip 
of the branch. The DB was the ratio of branch number to crown 
length. In addition, the trees were divided into the individual organ, 
including stems, branches, leaves, and roots. All of the roots were dug 
up with an excavator, and any soil that was left on top of the roots was 
then removed with a brush. The fresh weight of each organ was 
determined. Then, a small portion of each organ was collected, taken 
back to the laboratory at low temperature, and dried for water 
content determination.

Statistical analysis

The biomass was the difference between the fresh weight and 
water content of the organ. The total biomass of the tree was the sum 
of trunks, branches, leaves, and roots. The differences in branch 
attributes or organ biomass in different fertilization regimes were 
compared using a one-way analysis of variance (ANOVA) and Tukey’s 
honestly significant difference test (Tukey’s HSD). Since the data for 
the branch attributes of the investigated trees had a hierarchical 
structure, linear mixed-effects models (Equations 1 and 2) were used 
to assess the significance of variations in treatment for branch 
attributes at the tree and branch level.

 ( )pt F p pt tree levely = µ + + ϕ + ϕϑ
  (1)

 ( )ptbr F p pt ptbr branch levely = µ + + ϕ + ϕ + ϕϑ
  (2)

Where y was observed value; μ was the overall mean; ϑF was the 
effect of fertilization regimes; φp, φpt, and φptbr were the random effects 
for plot (p), tree (t), and branch (br), respectively.

The restricted maximum likelihood estimation (REML) was 
employed in the mixed-model analysis, and Tukey’s HSD was utilized 
to conduct multiple range tests between treatments. Generalized 
linear mixed models (GLMM) were utilized for count variables (e.g., 
branch number) in the model-building process, and linear mixed 
models (LMM) were used for continuous variables (e.g., BD and BL). 
The following approaches were used to model the branch attributes. 
The multiple linear regression models were initially run for dependent 
variables with all pertinent independent variables to select potential 
factors. The prospective factors with statistical significance, a 
reasonable ecological explanation, and a variance inflation factor 
(VIF) that was not greater than three were then used to construct the 
mixed effects models. All of the above candidate and random 
components (such as plot and tree effects) were then evaluated using 
likelihood ratio tests (LRT) when a mixed effects model was 
constructed using the REML. Factors at a significance level of 0.05 
were incorporated into models. Generalized linear models (GLM) or 
linear models (LM) were replaced in the absence of any discernible 
random factors. Lastly, the models were updated using the previously 
selected fixed and random components, and the best-fit models were 
picked from a range of variance functions primarily based on model 
simplicity and the Akaike Information Criterion (AIC).
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Model performance was evaluated using the root mean squared 
error (RMSE), which was determined for each model on the original 
data scale. In the case of GLM, the predictive power R2 was calculated 
as the squared correlation between observations and predictions. The 
marginal R2 (Rm

2, only the fixed effects) and conditional R2 (Rc
2, 

including the fixed and random effects) were measured for LMM. The 
associations between the dependent and all independent variables 
were expressed using simulation plots built on the fitting models. All 
statistical analyses and model building were performed using SPSS 
25.0 for Windows (IBM-SPSS Inc., Chicago, IL, United  States) 
(Table 1).

Results

Tree growth

The fertilizing regimes had minimal impact on the HCB and CD but 
markedly increased the TH, DBH, and CR (Table 2). The DBH grew by 
7.8 and 19.5% and the TH increased by 1.9 and 8.2% for HF and WF in 
comparison to CK, respectively. HF and WF produced greater stems, 
branches, leaves, roots, and total biomass than CK (Table  3). WF 
dramatically enhanced the total biomass of each organ compared to 
other fertilizing methods. WF increased the stem biomass by 45.9%, 
branch biomass by 59.8%, leaf biomass by 63.8%, root biomass by 37.7%, 
and total biomass by 48.3% compared to CK, respectively. The rank of 
organ biomass in three fertilization regimes was: stem > root > branch > 
leaf. The fertilization techniques did not, however, have a significant 
impact on the allocation proportion of organ biomass.

Branch quantity and orientation

Amongst the three fertilization regimes, there was a noticeable 
difference in the total number of branches within the crown (Table 4). 
Most branches were in WF, and the fewest were in CK. Branch density 
did not considerably vary in response to fertilization regimes. The 
amount and percentage of branches at the four orientations for each 
fertilization treatment did not differ noticeably (Table 5). Thus, the 
four orientations of the branches within the crown were distributed 
roughly equally.

Branch diameter, length, and angle

Fertilization regimes had no discernible effect on the diameter, 
length, and angle of the C. bungei branches (Table 4). WF dramatically 
increased the biggest branch diameter compared to CK and HF. The 
height of the largest branch in WF was dramatically lowered than 
CK and HF.

Simulation of branch attributes and total 
biomass

Branch number
The number of branches (NB) was strongly correlated with the 

density of branches (DB), fertilization regimes (FR), and tree height 
(TH) (Equation 3). Parameter estimates, standard errors, and 

statistical significance of the intercepts and predictors of the equation 
were displayed in Table 6.

 ln ln lnNB a a DB a FR a TH( ) = + × + × ( ) + × ( )0 1 2 3  (3)

The NB increased with the increase of DB (Figure 1A) and TH 
(Figure 1B). The NB under fertilization was higher than CK, and the 
NB in WF was larger than HF. A larger percentage of the overall 
variation was explained by the model (R2 = 0.804). The accuracy of the 
model was likewise great (RMSE = 1.150).

TABLE 1 Summary of the abbreviation and symbol.

Abbreviation Indices 
implication

Precision

Fertilization

FR Fertilization regime /

CK No fertilization /

HF Hole fertilization /

WF
Integration of water and 

fertilizer
/

Tree indices

TH Tree height 0.01 m

DBH Diameter at breast height 0.01 cm

HCB Height of crown base 0.01 m

CR Crown ratio /

CD Crown diameter 0.01 m

Branch indices

BD Branch diameter 0.01 mm

BL Branch length 0.01 m

BA Branch angle 1°

BH Branch height 0.01 m

DB Density of branch /

NB Number of branch /

Biomass indices

LB Leaf biomass 0.01 kg

BB Branch biomass 0.01 kg

SB Stem biomass 0.01 kg

RB Root biomass 0.01 kg

TB Total biomass 0.01 kg

Model descriptors

a, b, c, d
Coefficients of fixed 

effect and intercept
/

p, pt., ptbr
Subscripts for plot, tree, 

and branch
/

α, β, γ
Variance component 

(random effect)
/

ln() Natural log-link /

RMSE Root mean squared error /

Rc
2, Rm

2
Conditional and 

marginal R2
/
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Branch diameter
Branch diameter (BD) was closely associated with branch length 

(BL) and angle (BA) (Equation 4). Parameter estimates, standard 
errors, and statistical significance of the intercepts, fixed and random 
effects of the equation were presented in Table 6.

 ( ) ( )0 1 2 ptbrln BD b b ln BL b BA= + × + × + α
 (4)

Branch diameter was positively correlated with branch length 
(Figure  2A) and angle (Figure  2B). Branch length had a higher 
impact on branch diameter than branch angle across the whole 
range of our dataset under consideration. The current model had a 
modestly low level of precision (RMSE = 9.300 mm), and it only 
adequately explained about 40% of the overall variance (Rm

2 = 0.363, 
Rc

2 = 0.370).

Branch length
The model showed that branch length (BL) was significantly 

correlated with branch diameter (BD), height (BH), and angle (BA) 
(Equation 5).

 ( ) ( )0 1 2 3 ptbrln BL c c ln BD c BH c BA= + × + × + × + β
 (5)

Across the whole range of the datasets we gathered, branch length 
increased as branch diameter did (Figure 3A), but it decreased when 
branch height and angle did (Figures 3B,C). Branch height and angle 
were less influential factors in determining branch length than branch 
diameter. The current model performed well in terms of prediction 
accuracy (RMSE = 0.882 m), accounting for around 50% of the overall 
variance (Rm

2 = 0.453, Rc
2 = 0.457).

Branch angle
In our study, branch angle was significantly correlated with branch 

height (BH), diameter (BD), and length (BL) (Equation 6).

( ) ( ) ( )0 1 2 3 pt ptbrln BA d d BH d ln BD d ln BL= + × + × + × + γ + γ
 (6)

The branch angle increased as branch diameter increased 
(Figure 4B), but it reduced when branch height (Figure 4A) and length 
(Figure 4C) increased. The influence of branch diameter on branch 
angle was stronger than that of branch height and length across the 
entire range of our investigated datasets. The model had a good level 
of precision (RMSE = 5.8°), and it described a significant amount of 
the overall variation (Rm

2 = 0.717, Rc
2 = 0.723).

Total biomass
We developed the models that combined individual tree biomass 

and growth parameters such as tree height, DBH, crown width, and 
so on, and discovered that a single index (DBH) or two indexes (H and 
DBH) can better predicted biomass, with adj-R2 reaching 0.95 
(Table 7). The models of H-TB, CW-TB, and H:DBH-TB with adj-R2 
only ranging from 0.34 to 0.53 had lower predictive ability for TB.

Discussion

Tree growth and biomass

Our results showed that fertilization regimes (i.e., WF and HF) 
significantly increased the tree height, DBH, and organ biomass in the 
C. bungei forests compared to no fertilization. The fertility of the soil 

TABLE 3 Summary of biomass partitions of the felled Catalpa bungei.

Biomass CK HF WF

Stem (kg) 40.13 ± 4.64 b 47.09 ± 2.16 b 58.55 ± 7.00 a

Stem ratio (%) 46 ± 1 a 48 ± 2 a 45 ± 2 a

Branch (kg) 16.10 ± 3.67 b 17.98 ± 2.84 b 25.73 ± 4.33 a

Branch ratio (%) 19 ± 3 a 18 ± 2 a 20 ± 2 a

Leaf (kg) 9.03 ± 1.62 b 9.95 ± 1.72 b 14.79 ± 0.98 a

Leaf ratio (%) 10 ± 1 a 10 ± 2 a 12 ± 1 a

Root (kg) 21.82 ± 2.73 b 23.25 ± 2.91 b 30.05 ± 1.81 a

Root ratio (%) 25 ± 4 a 24 ± 2 a 23 ± 2 a

Total (kg) 87.08 ± 9.93 b 98.27 ± 5.26 b 129.12 ± 12.21 a

Mean ± SD was shown. The different letters in the same row indicated significant differences 
between fertilization regimes at the 0.05 level (Tukey’s HSD).

TABLE 4 The branch attributes of Catalpa bungei undergoing three 
fertilization regimes.

Branch attributes Fertilization regimes

CK HF WF

Branch number 25 ± 5 b 29 ± 4 ab 32 ± 4 a

Branch density (branches·m−1) 4.64 ± 0.67 a 4.75 ± 0.63 a 4.71 ± 0.72 a

Branch diameter (mm) 23.21 ± 11.31 a 23.24 ± 11.40 a 24.73 ± 12.36 a

The largest branch diameter 

(mm)
55.25 ± 15.01 b 57.17 ± 12.42 b 64.81 ± 15.68 a

Height of the largest branch (m) 4.49 ± 0.93 a 4.37 ± 0.87 ab 3.65 ± 0.81 b

Branch length (m) 1.94 ± 0.83 a 1.91 ± 0.81 a 2.10 ± 0.88 a

Branch angle (°) 33 ± 15 a 31 ± 15 a 34 ± 15 a

Mean ± SD was shown. The abbreviations saw Table 1. The different letters in the same row 
indicated significant differences between fertilization treatments at the 0.05 level (Tukey’s 
HSD).

TABLE 2 The sampled tree attributes of Catalpa bungei.

Fertilization TH (m) DBH (cm) HCB (m) CD (m) CR

CK 8.98 ± 0.42 b 12.57 ± 0.62 c 3.51 ± 0.54 a 3.15 ± 0.64 a 0.61 ± 0.06 b

HF 9.15 ± 0.30 ab 13.55 ± 0.35 b 3.06 ± 0.30 a 3.32 ± 0.34 a 0.66 ± 0.04 ab

WF 9.72 ± 0.53 a 15.02 ± 0.56 a 2.91 ± 0.70 a 3.69 ± 0.31 a 0.70 ± 0.07 a

Mean ± SD was shown. The different letters in the same column indicated significant differences between fertilization regimes at the 0.05 level (Tukey’s HSD). CR = (TH − HCB)/TH. The 
abbreviations were referred to Table 1.
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and availability of nutrients needed for plant growth are improved 
through soil fertilization (Tumushime et al., 2019; Yang and Karban, 
2019; Li et al., 2021). In this study, the WF forests had greater tree 
growth and organ biomass than the HF forests did. Tree absorption 
and utilization for liquid fertilizer were superior to solid fertilizer, 
producing more biomass in the WF forests (Ma et al., 2019; Guan 
et al., 2022). The forest serves as a massive biomass carbon reservoir 
while also conserving water. Thus, WF forests may be recommended 
in terms of exhibiting greater water conductivity and carbon storage 
capabilities. Moreover, the DBH-TB model stated that it was possible 
to compute the total biomass of trees fairly quickly and efficiently, 
saving both time and labor, by precisely determining the DBH value.

Branch quantity
The H:D (i.e., TH: DBH) and crown ratio (i.e., CR) can 

be generally used as the indicators of tree vigor. The findings on the 
Scots pine and Norway spruce demonstrated that greater tree vigor 
increased the number of branches in a whorl (Kellomäki and Tuimala, 
1981; Hein et  al., 2007). Similarly, our results also indicated that 
fertilizer input obviously improved the CR and branch quantity 

compared to non-fertilizer added. Furthermore, WF considerably 
increased the tree height and crown ratio compared to HF, which may 
result in an increase in branch number. However, our study was not 
partly in line with the reports on Tectona grandis, where the number 
of total branches was proved to be not affected by fertilization (Chen, 
2020). Weiskittel et al. (2007) also found that the branch numbers of 
the coastal Douglas-fir were not related to the fertilizer input. But, 
instead, our results seemed to be in agreement with observations of a 
positive relationship between the number of branches and height 
growth in Norway spruce (Colin and Houllier, 1992; Klang and Ekö, 
1999), and our study showed that fertilization increased the annual 
height growth of the stem. Another finding in our study was that the 
branch quantity in the WF forests was higher than that in the HF 
forests. These differences in the above studies might originate from the 
differences in fertilizer types, duration, and frequency in different 
fertilization regimes. In addition, the varying results among studies 
may also be potentially attributable to differences in soil attributes and 
species morphology/physiology.

The fertilized trees exhibited bigger crowns than the control trees 
due to their enhanced height and branch growth. The competition for 

TABLE 5 The branch quantity at four orientations of Catalpa bungei undergoing three fertilization regimes.

Fertilization East-North (0–90°) East-South (91–180°) West-South (181–270°) West-North (271–360°)

Number Proportion Number Proportion Number Proportion Number Proportion

CK 7 ± 3 a 0.28 ± 0.12 a 7 ± 2 a 0.28 ± 0.08 a 6 ± 2 a 0.23 ± 0.06 a 5 ± 2 a 0.22 ± 0.10 a

HF 8 ± 3 a 0.28 ± 0.08 a 8 ± 1 a 0.27 ± 0.06 a 7 ± 3 a 0.24 ± 0.09 a 6 ± 2 a 0.22 ± 0.05 a

WF 9 ± 3 a 0.26 ± 0.09 a 7 ± 2 a 0.23 ± 0.06 a 8 ± 3 a 0.24 ± 0.06 a 8 ± 1 a 0.27 ± 0.05 a

Mean ± SD was shown. The abbreviations saw Table 1. The different letters in the same column indicated significant differences between fertilization treatments at the 0.05 level (Tukey’s HSD).

TABLE 6 Parameter estimates of fixed and random variables of the Equations (3–7).

Equations Response 
variables

Regression 
parameters

Predictor 
variables

Estimate Standard 
error

Significance

(3) NB

a0 Intercept −0.116 1.013 0.910

a1 DB 0.179 0.032 <0.001

a2 FR 0.121 0.053 0.038

a3 TH 1.142 0.449 0.023

(4) BD

b0 Intercept 2.481 0.023 <0.001

b1 BL 0.909 0.017 <0.001

b2 BA 0.002 0.001 0.011

αptbr 0.005 0.002 0.04

(5) BL

c0 Intercept −1.604 0.098 <0.001

c1 BD 0.830 0.021 <0.001

c2 BH −0.053 0.007 <0.001

c3 BA −0.002 0.001 0.003

βptbr 0.005 0.002 0.016

(6) BA

d0 Intercept 3.487 0.278 <0.001

d1 BH −0.115 0.017 <0.001

d2 BD 0.218 0.098 0.026

d3 BL −0.212 0.102 0.038

γpt 0.005 0.001 0.047

γptbr 0.054 0.013 <0.001

The abbreviations were referred to Table 1.
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light, thus, may be more intense in WF and HF stands. The base of the 
green crown was, however, lower in WF and HF forests than in 
non-fertilized forests, but the difference was small. This indicated that 
light limitations had not resulted in increased branch mortality at the 
bottom of the canopy in WF and HF stands. The fact that there were 
fewer living branches at the bottom of the canopy in control stands 
was probably the effect of low nutrient availability in 
non-fertilized stands.

Branch diameter
Branch characteristics, such as branch diameter, length, and angle, 

control the crown architecture and have a substantial impact on stem 
growth and knot development (Hein et al., 2008; Forrester et al., 2012; 

Nelson et  al., 2014). Our investigation found that fertilization 
schedules only increased the diameter of the largest branch but had 
no discernible impacts on the mean diameter and length of the 
branches. The results were partly different from the previous reports 
on Tectona grandis (Chen, 2020), Pseudotsuga menziesii (Briggs et al., 
2008), as well as Picea abies (Mäkinen et al., 2001). These reports all 
concluded that fertilization had a positive effect on the branch size. 
Branch diameter was directly correlated with the age and size of the 
trees. The C. bungei species under investigation was young (i.e., 6 years 
old), hence the influence of fertilization on branch growth was not 
fully reflected. As a tree ages, the effect of fertilization on mean branch 
diameter would progressively become apparent; however, for the 
largest branch in the crown, as branches with large diameters were 
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Relationships between branch number and branch density (A) and tree height (B). The abbreviations were referred to Table 1.
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also longer, competition effects between trees first became apparent 
on the larger branches. Furthermore, the position of the main branch 
on the stem is crucial to forest managers since it may shed with serious 
knot-related issues. Fertilization decreased the height of the biggest 
branch in the current study. That is to say, trees in the fertilization 
stands gave lower branches a preference for nutrients, which facilitated 
their rapid growth. Hence, pruning at the appropriate time improves 
the quality of the wood at the most desirable stem portion (e.g., below 
6 m in the stem).

Branch angle
The angle at which the branches are attached to the stem has a 

significant impact on the wood’s quality and the shape of the crown 
(Kantola and Mäkelä, 2004). On a particular tree, the factors of gravity, 
light availability, and reaction wood production dominate in 
determining branch angle. Also, the social position of the trees in the 
stand can significantly affect the branch angle (Maguire et al., 1994; 
Weiskittel et al., 2007). Hence, branch position inside the crown and 
branch diameter had a major role in determining branch angle in this 

study. The models used in the current study demonstrated that as 
branch height fell near the crown base, branch angles became flatter.

Steep branch angles can prolong the time that branch stubs are 
occluded, which can result in severe wood defects including 
discoloration and knots (Hein, 2008; Danescu et al., 2015; Wang et al., 
2015). In this study, fertilization did not seem to have much of an 
impact on the mean branch angle. The results had also been 
acknowledged by studies on Picea abies (Mäkinen et al., 2001) and 
Tectona grandis (Chen, 2020). However, research on Scots pine had 
indicated that branch angle was only marginally correlated with site 
fertility and stand structure (Mäkinen and Uusvaara, 1992). These 
different results might be properly explained by their differences in 
age, branching habits of species, and other compound effects. In our 
study, The tree-level variance component of the mixed model 
explained a moderate part of the total variation in branch angle, i.e., 
branch angles within a tree were correlated and the between-tree 
differences could not be completely explained by the fixed tree or 
stand variables. This may be the effect of the moderate heritability of 
the branch angle (Haapanen et al., 1997).
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Simulated plots (red lines) based on the model (Equation 5) for predicting branch length with 95% confidence intervals (gray shadow). (A) Relationships 
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Research limitation and prospect

The development of crown branches is influenced by a variety of 
factors, including site characteristics, stand density, management 
techniques, and tree growth potential. However, due to the limitations – a 
young stand age and a small number of sample trees – the models given 
are not suitable for widespread application. The impact of other aspects 

must also be taken into account while creating a large-scale model. A 
future study based on more extensive data from various geographic 
regions is required to create models that might be broadly utilized.

Tree branches develop inconsistently at every age stage. The 
competition between branches for water, light, and nutrients 
intensifies as trees get older, which leads to natural pruning and 
inevitable disruption of the branch indexes. Furthermore, the size of 
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Simulated plots (red lines) based on the model (Equation 6) for predicting branch angle with 95% confidence intervals (gray shadow). (A) Relationships 
between predicted branch angle and branch height based on the mean branch diameter and length. (B) Relationships between predicted branch angle 
and branch diameter based on the mean branch height and length, and (C) Relationships between predicted branch angle and branch length based on 
the mean branch diameter and height.

TABLE 7 The relationships between biomass of individual plant and growth index.

Equations RSS Adj-R2 F p

(7) TB = −169.27 + 29.53 × H 3121.35 0.53 20.22 0.00036

(8) TB = −132.40 + 17.30 × DBH 352.63 0.95 304.61 <0.00001

(9) TB = 17.32 + 25.83 × CW 4382.91 0.34 9.79 0.00647

(10) TB = 318.21–314 × (H:DBH) 4054.34 0.39 11.88 0.00331

(11) TB = −158.99 + 5.32 × H + 15.64 × DBH 286.56 0.95 177.43 <0.00001

H, DBH, CW, and H:DBH referred to tree height, diameter at breast height, crown width, and the ratio of H and DBH, respectively. TB, total biomass; RSS, residual sum of squares; Adj-R2, 
adjust R2.
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knots as well as the diameter, angle, and length of branches are 
significantly influenced by stand density. In the future, research on the 
development of large-diameter timber without knots in C. bungei 
plantations could focus on the importance of reasonable afforestation 
density and appropriate tending measures.

Conclusion

This study looked into the effects of several fertilization methods 
on the branch properties and tree growth. The biomass and 
development of C. bungei stands were positively impacted by 
fertilization. Water and fertilizer integration produced greater biomass 
and growth in comparison to hole fertilization. The number of live 
branches at age 6 years was greater on trees that had received HF and 
WF fertilization. Certain branch characteristics, like diameter, length, 
and angle, were not discovered to be significantly more sensitive to 
various fertilization regimes. Only the size and height of the largest 
branch, which was typically concerned with the quality of the wood 
at the lower stem section, were related to fertilization. With a high 
prediction accuracy and a clear understanding of the relationships and 
influencing variables between branch attributes, the mixed effect 
models of branches (including number, diameter, angle, and length) 
developed in this work might be utilized to forecast the dynamic 
evolution of the C. bungei crown. The established models could serve 
as a guide for producing high-quality wood from other valuable tree 
species in northern China.
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