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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 become more and more 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 fire management 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 where major 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 CO, 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
model the
biomass for Catalpa bungei plantations under various fertilization

community. Guan et al branch attributes and
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.
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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
interdisciplinary approaches to understanding and managing

Research Topic underscores the importance of
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

frontiersin.org
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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
(@ 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.

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 (NOy) and volatile organic compounds
(VOCs), are present in the atmosphere. NOy is generated during fossil fuel combustion.
In the Seoul metropolitan area, 57% of NOy emissions come from road transportation
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pollution sources, such as automobiles (Ministry of the
Environment Metropolitan Air Quality Management Office,
2022). VOC:s 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 NOyx 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/m? or more, and (5)
continuous strong insolation and no clouds in sunny weather.
When high concentrations of Oz 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
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the concept of accumulated exposure to Oz 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 km?, approximately 17% of the country’s total land
area. About 81% (13,716 km?) 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; O3z 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
MDASO3 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
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for those days and was excluded from further analysis. Yearly
MDAB8O3 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 the O3
meteorological factors and primary pollutants, this study used

analyze concentrations according to
public national data on nitrogen dioxide (NO;) 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 Oj;
concentration.

n
AOT40 = > [Cos—40]ifor Cos > 40ppb

i=1

(1)

AQOTA40 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
AQOT40 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 Fliickiger,
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/m? 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 Koreas 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 O;
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;
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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

frontiersin.org


https://doi.org/10.3389/ffgc.2022.996859
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Kim and Lee

Ozone (ppb)

10.3389/ffgc.2022.996859

—O0—EG -&-WG

Jan
Mar
Mar
Mar
Mar

Ozone (ppb)

Mar
July
Sep
Nov

May

Mar

FIGURE 2
Changes in average Oz 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
the
atmosphere. Therefore, insolation, which is directly related

photochemical reactions of primary pollutants in
to the photochemical reactions, is a major meteorological
factor affecting O3z generation. General linear regression
analysis between insolation and O3 in East Gangwon and West
Gangwon achieved R? of 0.61 (y;) and 0.84 (y;), respectively
(Figure 4). Insolation and O3z showed a positive correlation
in both regions; however, surface O3 was more influenced

by insolation in West Gangwon than in East Gangwon, as
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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 R? 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 NO,
and Oj3, 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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Changes in Oz concentration according to daily total insolation.

from April to June, O3 concentrations were high and NO;
concentrations were low, with O3 then decreasing from July
and NO, 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
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to seasonal factors, solar radiation increases, photochemical
reactions become active, NO, is converted to O3z, and the
concentration of atmospheric NO; 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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NOxy can exacerbate O3 in the short term. As O3 concentrations
change according to the ratio of atmospheric VOCs and NOy
(Sillman and He, 2002; Jeon et al, 2017), it is important to
control NOy and VOC:s to reduce O3 concentrations. Generally,
regions with a VOCs/NOy 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, NOy is already saturated and VOCs
act as a limiting factor for O3 generation (Korean Statistical
Information Service, 2022a). Therefore, in large cities with high
NOy emissions, control of VOCs is necessary for the effective
integrated management of Os.

In contrast, NO, 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 km? and
West Gangwon 2.198 km?) (Matsumura, 1997), NO, 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 NO; and were
mainly influenced by meteorological factors, such as insolation.
In East Gangwon, the atmospheric NO, concentration is low
and the atmosphere is unstable owing to its topographical
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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 (Gunthardt-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 O;
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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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.
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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]J, 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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Changes in AOT40 values over 6 months by year in East Gangwon and West Gangwon.

latitudes compared with Europe, high O3z 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 Oj 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
NO, showed a negative correlation. Oz 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 NO, showed
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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, NO; 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
the O3
owing to geographical features and climatic differences.

Province, concentrations are not homogeneous
As such, it is necessary to establish regional measures for
managing Osz. 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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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.

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., 20065
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 ahuman 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-Rodriguez 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-Rodriguez
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
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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 WWIL As such, the reserve is regarded as one of the
most biologically important secondary lowland woodlands in the
territory (Nicholson, 1996).

A 400 x 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)
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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 VT'T was regarded
as reflecting a distinct vegetation change history. Because the FF VIT
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
x 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 x 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:

AGBet = p x exp[—1.499 + 2.148In(D) +
0.207 [In(D)])> — 0.0281 [In(D)]*] (1)

Where p 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
etal,, 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.
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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 x 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 (ClIs) were generated from the 2.5 and 97.5%
quantiles, corresponding to significance at the 0.05 level (Goldsmith
et al., 2006).
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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 VT'T
on biodiversity (Jost, 2007; Chao and Jost, 2012; Chao et al,, 2014).
The first three Hill's numbers are: (1) species richness (g = 0), (2) the
exponential of Shannon’s entropy index (g = 1), and (3) the inverse of
Simpson’s concentration index (g = 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:

NG
ip = Z P,q (2)
i=1
And the equation for incidence-based Hill’s numbers is:
1
$ . k=)
i=1\Zj=1%

Where S is the number of species; p; is the relative abundance
of the ith species; and m; is the relative incidence of the ith
species. Incidence was calculated based on occurrence in the
20 x 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; Kolefl 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 x 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 x 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 VIT 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 VTIT (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 x 25) 20 m
cells, we generated 1999 (500 x 4 — 1) simulated maps. If the
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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 m?) 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 m?) of the area occupied
by grassland in 1956 had been replaced by pine plantation in
1963, with the remaining half (GS: 57,956 m?) becoming shrubland
(Figure 4). More than half of the shrubland present in 1956 was
still shrubland in 1963 (SS: 34,783 m?). Only a very small fraction
(SP: 4,317 m?) of shrubland had been replaced by pine plantation
in 1963.
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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 (¢ = 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 (g = 1) and for the
inverse of Simpson’s concentration index (g = 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 g = 1
(Figures 6B,C). In the incidence-based curves, whereas the 95% Cls
for GS, SS, and SF overlapped with one another and were close to
those for FE, 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 VT Ts (Figure 7). Meanwhile, compositional differences
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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 N 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 VT'Ts except for
the area of pine plantation represented by GP (Figure 7).

3.5. The relative importance of VT T and
topography

Variation partitioning showed that VTIT 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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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): g = O (species richness); in panels (B) and (E): g = 1 (exponential of Shannon'’s entropy index); in panels (C) and (F): g = 2 (inverse of
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bootstrapping 1,000 replicates. The sampling unit is 400 m? (20 x 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 VI'T (Supplementary
Table 2). Twenty-seven species (25.0%) were negatively associated
with GP (Table 2), which was the highest number of species among
all VITs, 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
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VTTs, whereas FE, 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 VIT 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 x 20 m.

Topography

0.097

Residuals = 0.829

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
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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
etal, 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 VV'Ts identified in the TPK plot decline in the order
FF > (SE 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., SE 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 SE
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 VT'Ts
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

No. of Species
species

transition type
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

No. of Species
species

transition type

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
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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-
Rodriguez 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 VI'Ts 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),
1977; Chen et al.,, 2019), and
environmental filtering (Jakovac et al,, 2016, 2021), all of which are

competition (Connell and Slatyer,

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
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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 FE 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 VI'Ts 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.

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” (Diaz et al, 2018), 'and 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;
Penbuelas et al., 2009; Kumagai et al., 2013; Richardson et al.,
2013; Wu et al, 2016), emission of biogenic volatile organic
compounds (BVOCs; Penpuelas 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
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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
etal., 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-Gorska 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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). Higher diversity and heterogeneity of tree species in the
Asian tropics ( , ) 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 Nifio-Southern Oscillation; , ; , ;

,2015; »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., , ;
)
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., N :

H , ; , ), and the VEGETATION
optical sensor on board the Satellite Pour 'Observation de la Terre
(SPOT; 1000-m spatial resolution at a daily interval, 3e.g.,

, , ; , ; , ). 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 ( R s R

). 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:

; the WorldView series satellites: 4
, ; , ) 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., , ; >

; ) ; , ), and the Advanced
Himawari Imager (AHI) on board the Himawari-8 geostationary
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satellite, with a 1,000-m spatial resolution at 10-min intervals (at
2.5-min intervals around Japan; R ; s

H R ). SAlthough 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
( ,
by these optical sensors will be also expected to develop
spatiotemporally interpolating and extrapolating in situ observed

). Continuous and extensive satellite observations

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.

2.1. Monitoring of plant phenology by
using advanced resolution sensors

shows the time-series of vegetation indices of Lambir
Hills National Park (primary tropical rain forest; 4°12’04"N,
114°02°21"E; R ) 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
). In
addition, typical canopy surface images of Lambir Hills National
. We show only NDVI values for the
Himawari-8—AHI satellite because we used the reflectance data at

are typical landscape features in this area ( ,
Park are shown in

the top of the atmosphere (i.e., atmosphere uncorrected data). For
the Sentinel-2A/2B-MSI satellites, we selected observation scenes
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TABLE 1 Summary of the optical sensors on board public satellite.

10.3389/ffgc.2023.1106723

Spatial Temporal
resolution resolution
Multispectral Scannar (MSS), Landsat series 68 x 83 m (MSS); 18-days (MSS); |0.5-1.1um (4 or 5 185 km (MSS, TM, |Since 1972 https://landsat.gsfc.
Thematic Mapper (TM), 30,120 m (TM); 15, |16-days bands; MSS), 0.45- |OLI, OLI-2); 183 km nasa.gov/
Enhanced Thematic Mapper 30,60 m (ETM +, 12.5um (7 bands, (ETM +)
Plus (ETM +), Operational OLI); 15, 30, 100 m TM); 0.45-12.5um (8
Land Imager (OLI), and (OLI-2) bands, ETM +);
OLI-2 0.435-12.51 pm (11
bands, ETM +);
0.433-12.5 wm (11
bands, OLI-2)
Advanced Very High NOAA Polar 1,100 m daily 0.58-12.5 um (4 or 5 |2399 km Since 1981 https://www.avl.class.
Resolution Radiometer Orbiting bands) noaa.gov/release/data
(AVHRR) Environmental available/avhrr/index.
Satellites (POES), htm;
Meteorological https://www.eumetsat.
Operational int/oursatellites/
Satellite (MetOp) metop- series
Moderate Resolution Terraand Aqua {250, 500, 1,000 m daily 0.405-14.385 wm (36 12330 km Since 1999 and | https:
Imaging Spectroradiometer bands) 2002, //modis.gsfc.nasa.gov/
(MODIS) respectively
Vegetation-1/2 Satellite Pour 1,000 m daily 0.43-1.75 pm (4 2200 km Since 1998 https://earth.esa.int/
I’Observation de bands) eogateway/missions/
la Terre spot
(SPOT)-4/5
Advanced Visible and Near |Advanced Land |10 m 46-days 0.42-0.89 pum (4 70 km 2006-2011 https:
Infrared Radiometer type 2 |Observing bands) /[www.eorc.jaxa.jp/
(AVNIR-2) Satellite (ALOS) ALOS/en/index_e.htm
MultiSpectral Instrument Sentinel-2A/2B 10, 20, 60 m 5-days 0.4924-21.857 pm 290 km Since 2015 and | https://sentinel.esa.int/
(MSI) (13 bands) 2017, web/sentinel/
respectively missions/sentinel-2
Advanced Himawari Imager |Himawari-8 1000 m 10 min. 0.47-13.3pum (16 Geostationary Since 2015 https://www.data.jma.
(AHI) (2.5 min. around bands) position: 140.7°E go.jp/mscweb/en/
Japan) 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, 20165
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
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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),’® 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.

059 2019 T

FIGURE 2

113 2019

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.

123 2019

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
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flush (light green) and successive flowering (cream) in Japan (Nagai
etal., 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

frontiersin.org


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/

Shin et al.

10.3389/ffgc.2023.1106723

>
N
o
-
(6]

16
15
14
13
12

Time of Day (UTC+8)

Time of Day (UTC+8)

Very
Sunny

Sunny

Cloudy

No
Data

180

W

Time of Day (UTC+8)

Day of Year

Time of Day (UTC+8)

Very
Sunny

Sunny

Cloudy

No
Data

T T T
0 30 60 920 120 150 180

FIGURE 3

Day of Year

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).
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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

Frontiers in Forests and Global Change

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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(https://www.naturalearthdata.com).

Fig.7 - (cj; 3
Fig.7 - (d) —

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

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).
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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
etal., 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—-MS| 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
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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
etal, 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 NDVT 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,
20105 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.

frontiersin.org


https://doi.org/10.3389/ffgc.2023.1106723
https://step.esa.int/main/download/snap-download/
https://fieldnote.archiving.jp/
https://www.naturalearthdata.com
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Shin et al.

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. °Such 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/siryoul-
1.pdf
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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).

i
5

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

Frontiers in Forests and Global Change

uploaded on the Mapillary website, *°which 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) website!* 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. *Those 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/
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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; Fernandez-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),
“number of visitors at Wikipedia (Fernandez-Bellon and Kane,
2020), and geolocation information of mobile phones (Chang et al.,
20215 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)®®
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;
2020). *However, these maps of Japan did not account for the

Hoang et al,

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) Yand 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;

o0

16
17

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

https://oceancolor.gsfc.nasa.gov/SeaWiFS/
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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)!® 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)'° 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)29, the Asia-Oceania GEO, 2'and the East Asia and Pacific
International Long-Term Ecological Research Network (Kim et al,,
2018)?? 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.

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
etal, 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 ( , ), is a mobile carbon pool (

, ). 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) ( R ). 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 ( R R

, ). The absorption and utilization of plant carbon can be
judged based on variations in plant NSC content ( ) ),
which reflect the adaptation strategies of plants when experiencing
changes in the external environment ( , ).
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 (

R ). 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 ( , ;

, ). Similarly, at each developmental stage, woody
plants differ in branch and leaf physiological and morphological
characteristics ( R ), and they vary in their
adaptation strategies in response to a changing environment.
This in turn leads to differences in carbon fixation, metabolism,
). In
general, specific leaf weight, leaf nitrogen content, water use
efficiency, stomatal conductance, and carbon assimilation all

allocation, and storage in vivo ( )

increase as diameter at breast height (DBH) increases (

s ; N ). For example, in Pinus ponderosa,
the concentration of mobile carbon pools increased significantly
in the upper canopy tissues as tree height increased (

s ); 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 ( R
at different life history stages are subject to similar climatic and
soil conditions ( N ), but seedlings and saplings
have relatively weaker light resources compared to mature trees
( , ). 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 ( , ). It has been
shown that tree size has a stronger effect on leaf traits than do

). Plants within the same community

environmental factors ( R ). Therefore, the patterns of
change in NSC and the regulatory factors still need to be studied
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in depth at different life history stages (e.g., seedlings, saplings, and
mature trees) ( R ; s ).

Non-structural carbohydrates (NSC) is distributed in most tree

organs, such as the leaves, branches, trunks, and roots.
( ) 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 ( , ). 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) ( ) ).
Studies have shown that the NSC storage of the entire tree overall
is higher in ring-porous than in diffuse-porous species (

R ; R ). 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 (

»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) ( R ; ,

). 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
). TNC content has a
positive or insignificant response to the increase of environmental P

a certain threshold ( R
content ( , ). 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 ( , ). 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 ( s , ; > )-

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 51£03 4.8 5.5 4.9
Sapling 188+ 1.4 15.3 20.0 7.3
Mature tree 41.0 £2.2 37.6 44.4 5.3
Betula costata Seedling 49+09 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 44+06 35 5.3 14.0
Sapling 17.7 £ 1.5 15.3 19.8 8.4
Mature tree 43.0£28 39.8 49.5 6.5
Acer pictum subsp. mono Seedling 3.8+0.6 2.7 4.8 16.5
Sapling 172+£18 15.0 19.1 10.7
Mature tree 413+£22 38.3 44.7 5.3
Ulmus davidiana var. japonica Seedling 4.0+£0.7 2.8 5.0 17.0
Sapling 178 £1.7 15.2 20.0 9.3
Mature tree 422420 38.3 45.0 4.7
Ulmus laciniata Seedling 3.8£06 2.8 5.0 16.1
Sapling 183+ 1.1 16.7 20.0 6.2
Mature tree 41.3£0.9 39.5 42.5 2.2
Fraxinus mandshurica Seedling 48+07 3.7 6.0 13.7
Sapling 178 £ 1.1 16.0 19.1 6.3
Mature tree 42.1+14 40.0 44.3 34

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.

Frontiers in Forests and Global Change

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-Miiller 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.
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TABLE 2 The influence of wood type, life history [diameter at breast height (DBH)], and environmental factors (soil water content, soil nitrogen content, soil phosphorus content, soil pH) on non-structural

carbohydrates (NSC) content.
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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% a-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,
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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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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).

Frontiers in Forests and Global Change

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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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 o = 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):

Frontiers in Forests and Global Change

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
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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 (Ie 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
etal, 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 Saranpad, 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
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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-Miiller
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-Miiller 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,
Woodruft 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.

Chinese fir plantations, stand type, soil aggregate, ecological stoichiometry, soil organic
carbon and nutrient
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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,, 20225 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
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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 (
soil spatial variations, the three stand types were placed in similar

). To reduce

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 x 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 x 5 replicates) ( ).
Every two CFPs were separated by more than 800 m to avoid
pseudo-replication and reduce spatial self-correlation. A plot
(20 m x 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 x 1 m subplots. The 15 mixed litterfall
samples (3 stand types x 5 replicates) were then desiccated in
an oven at 80°C until they reached a constant weight ( )
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 x 5 replicates x 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 ( ).

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

( ,
categorized as >2, 1-2, 0.25-1, and <0.25 mm.

). Eventually, the aggregate sizes were

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,
measure soil pH (Lu,

). A glass electrode was used to
). The micro-Kjeldahl approach was
performed to measure soil TN ( 8 ), while the Olsen
approach was used to detect soil TP ( , ). The
acid dichromate wet oxidation approach by
( ) was used to detect soil OC.
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2.6. Data statistics

Soil MWD and GMD are the key indicators used to evaluate
the stability of soil aggregates ( ,
MWD and GMD indicate stronger soil aggregate stability (

R ). The formula calculations for MWD and GMD are as
follows ( R ):

). Larger values of

4
MWD = > (X; x W) (1)
i=1

4 4
GMD = exp [Z (W; x In(X))/ D (Wi)i| @

i=1 i=1

where X; (mm) is the mean diameter of the ith-sized aggregates,
and W; (% 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 ( R ):

4
OCS:Z(XixWi)XBxHXIO (3)

i=1

where B (g cm™3), H (cm), and X; (g kg~ !) 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 ( ). 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 ¢ 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.

3.1. 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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Longzhou County,
Chongzuo City

Guangxi
Zhuang Autonomous Region, China 7
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FIGURE 1

macclurei. Stand C indicates a pure plantation of Chinese fir.

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

""""" 2245 N

L2225 N
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TABLE 1 Basic information of sample plots in Chinese fir plantations with different stand types.

Stand type Altitude | Slope (°) Aspect (°) Mean Mean Crown Litterfall amount
’ ((30)) ’ ’ height (m) ’ diameter (cm) ’ density ’ (gm‘z)

Stand A 730 27 185 1629 +0.21a 21.034+0.63a 0.85+0.01a 455423 b

Stand B 725 25 178 1647 +0.33a 21.30 + 049 a 0.85+0.01 a 504 +27a

Stand C 728 30 183 13.64 +0.12b 16.92 +0.37b 0.85+0.01a 324+ 12¢

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

Frontiers in Forests and Global Change

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

Stand A

Stand B

Stand C

20-40 cm soil depth

Stand A

10.3389/ffgc.2023.1141953

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 £0.22a* 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 4+ 0.02 a**
OC (gkg™ D) 24.80 £ 0.84 b** 3334+ 1.16 2% 20.96 & 0.42 c** 10.17 £ 0.73 b** 17.16 £ 0.82 a** 7.25+0.47 c**
TN (gkg™!) 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 (gkg™!) 0.27 £ 0.00 a** 0.28 4 0.00 a* 0.24 £0.01 b** 0.25 4 0.00 a** 0.2540.01 a* 0.20 £ 0.01 b**
C/N 19.92 4 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** 4243 4 3.46 b** 71.14 £ 5.40 a** 37.56 & 2.02 b**
N/P 4.82 £0.13b** 5.43 +0.07 a** 538 £ 0.19a** 3.13£0.07 b** 4.9540.30 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 4= 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+0.2a™ 6.32 £ 0.38 b** 6.23 £ 0.21b** 6.33 £0.51a™ 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. ™Stands 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 ~40 cm soil depth
I
Litterfall amount (g m~2) had
BD (gecm™3) ok o
Pt (%) x o
Soil pH ot o
Soil aggregate proportion Ns ** ot Ns ok ok
MWD ot ot ot ok - ot
GMD o ok ok o o ok
OC (gkg™1) - - Ns ot ot ot
TN (gkg™ 1) - - - ot - Ns
TP (gkg™!) ot Ns o ok Ns Ns
C/N ratio o 4 Ns ok ok ¥
C/P ratio ok % 4 ok - -
N/P ratio Ns ot ot ok ot Ns
OCS (g m~2) *x ok o - ot -
TNS (g m~2) +k ot ok - ot .
TPS (g m~2) Ns ok ot ot ok ok
Percentage contribution of OCS (%) Ns i ot Ns bl i
Percentage contribution of TNS (%) Ns bl bl Ns h bl
Percentage contribution of TPS (%) Ns el e Ns b e

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

between the OC and TN contents is shown in Figure 4A
(R* = 0.86, P < 0.01). However, the linear fits between OC
and TP contents (Figure 4B) as well as the TN and TP

in the three stand types (Figure 4). The linear relationship  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.
"SStands for no significant differences among the different soil
depths.

content lagged behind TN and OC contents based on the slope
( )

Irrespective of the stand type, the C:N:P ratio ( )
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.

A 47
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FIGURE 3

Geometric mean diameter (mm)
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3.4. Aggregate-associated OCS, TNS, and
TPS under different stand types

Regardless of the stand type, OCS ( ), TNS
( ), and TPS ( ) 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 ( ), 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) ( ), contributing to 8.34-10.74% (0-
20 ¢cm) and 11.81-15.84% (20-40 cm) of the OCS in bulk soil
( ), respectively. The TNS ( )
and TPS ( ) 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 ( ). Specifically, the C/N and
TP represented the key factors that explained 77.4 and 11.3% of

2.5
2.0 a®*
b** —E— a**
o _I_
b** W
2 c
1.5 —E
1.0 4
0.5 4
0.0
Stand A [ Stand B Stand C| Stand A [ Stand B| Stand C]|

0-20 cm 20-40 cm
Stand type / Soil depth

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.

10.3389/ffgc.2023.1141953

Variable Soil depth Stand type Aggregate size (mm)
(cm)
OC (gkg™") 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 4 3.14 Ba** 32.85 4 3.73 Ba** 35.07 4 2.45 ABa*™* 38.37 + 2.3 Aa**
Stand C 19.81 = 0.86 Bb** 20.11 % 1.63 Bt 22.58 + 1.89 Ac** 24.33 +2.16 Ac**
20-40 Stand A 8.57 + 1.87 Bb** 922+ 1.76 Bb** 1228 + 1.54 Ab* 1325+ 22 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 4+ 1.53 ABc** 8.76 + 1.05 Ac**
TN (gkg™!) 0-20 Stand A 1.1+ 0.12 Ce** 1.33 4 0.03 Bb** 1.34 4 0.11 Bb* 1.5+ 0.03 Ab**
Stand B 1.36 % 0.06 Da** 1.57 4 0.04 Ba** 1.48 £ 0.04 Ca* 1.68 % 0.05 Aa**
Stand C 1.25 4 0.04 Ab** 1.27 4 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 4 0.04 Aa** 1.17 4 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 (gkg™ 1) 0-20 Stand A 0.29 + 0.02 Aa™ 0.21 = 0.04 Bb™ 0.27 £0.01 Aa"™ 0.27 £ 0.03 Aa"™
Stand B 023+ 0.01 Bc* 033+ 0.02 Aa** 032+ 0.04 Aa** 025+ 0.03 Ba**
Stand C 0.26 £ 0.02 Ab** 0.24 = 0.05 Ab™ 0.22 £ 0.05 Ab™ 0.21 % 0.01 Ab™
20-40 Stand A 0.25 £ 0.04 Aab™ 0.24 + 0.03 Aa™ 025+ 0.04 Aa"™ 0.23 £ 0.01 Aab™
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 Ab™ 0.18 £ 0.03 Ab™ 0.21 = 0.04 Ab™
CIN 0-20 Stand A 19.60 + 1.28 Ab** 18.63 £ 0.95 Aa** 21.60 4 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 4+ 1.05 Aa** 12.89 4 1.04 Aa** 14.47 + 0.96 Ab** 15.02 £ 0.90 Ab**
Stand B 12.02 + 0.98 Ba** 1332+ 0.90 Ba** 17.82 + 1.26 Aa** 17.96 £ 0.70 Aa**
Stand C 10.39 + 0.46 Aa** 10.55 4 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** | 10824+12.31ABa™ | 116.57 +7.91 Ab**
20-40 Stand A 36.19 4 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 4 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* 638 £ 0.48 Aa** 4.97 + 0.16 Bab** 5.59 + 0.30 ABb**
Stand B 581+ 0.16 Ba™* 4.77 £0.14 Cb™ 471 £ 030 Cb™ 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 4 0.18 Bb** 3.41 4 0.19 ABb* 3.82 4 0.21 Ab**
Stand B 443 £ 025 Ba** 4.97 £ 0.40 ABa™ 613+ 0.77 Aa™ 5.06 % 0.05 ABa**
Stand C 3.07 + 0.18 Ab** 3.65+ 0.39 Ab* 3.93 4+ 025 Ab* 3.65+ 023 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. ™ Stands for no significant differences among the different soil depths.

the stand type variations in soil aggregate stability, respectively.  aggregate stability, respectively. In addition, there was consensus
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

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.
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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.
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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. etal, 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
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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 (Iuang 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;
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Tangand 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~ !,
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™ !, 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
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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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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,
%IiNCMSE = 13.8 £ 0.2%) and minimum temperature (Tjn, %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.

resilience, evergreen forests, kNDVI, spatiotemporal variability, random forest analysis
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1. Introduction

Forests cover nearly 30% of the global land surface, or
approximately 41 million km?. 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 (Ibanez et al,,
20195 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, 20165
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 ACl1 represents lower resilience, and
the increase in ACI 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 = e'At 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). Its shown that (1) tropical, temperate, and arid
forests have experienced the significant decreases in resilience,
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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 CO, 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 (Ibdiez 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 21Ist 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 (kKNDVI), 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
aresilience 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 km?,
46.1% of which is evergreen forests, including evergreen needleleaf
forest (ENF, 26.5%), evergreen broadleaf forest (EBF, 15.8%), and
mixed forest (ME 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 kKNDVI is a newly developed nonlinear generalization of
the well-known normalized difference vegetation index (NDVT)
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:

kKNDVI = tanh (NDVI?) (1)

Here, kKNDVI 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).! 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
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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
toa 0.5° x 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 1995) based on 836
meteorological station data from the National Meteorological

software (Hutchinson,
Information Centre of the China Meteorological Administration
(Wang et al, 2017).
1 km of spatial resolution and an 8-day time step. The station

The gridded meteorological data has

observation data include daily average, maximum, and minimum
air temperatures (Ta, T, and T 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° x 0.5° resolution.

2.2.4. Land cover

The land cover data were derived from ChinaCover2010,% 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
KkNDVI 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 KNDVT data, and used for the further ACI calculation.
The AC1 computation on the whole kNDVT residual time series
(2001-2020) was referred to as long-term ACIl. 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 ACI time series.

To support the resilience revealed by the kNDVI-based ACI,
we applied an empirical method proposed by ( )
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 ( ,

) 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 raci = 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 ( ) and ( ). For the time series X1, Xp,. . .,
X, the MK statistic (S) can be computed as:

n—1 n
S = z Z sgn (Xj — X)) (2)

i=1 j=i+1

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

(X —X) > 0
sgn(Xj—X)) = 10  (X;—-X)=0 3)
-1 (Xj—-X;) <0

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

S—1
Vvar(S) §>0
$=0 4)

Z = 0
S+1
Jvar(S) §<0

The determined Z values follow the normal distribution and is
utilized as a measure of trend significance. Given a significance
level of a, the null hypothesis of no trend was rejected when
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|Z| > Z1_q,2, indicating a significant trend of the series. Otherwise,
the null hypothesis was accepted at the significance level of a. We
here set the significant level a = 0.05 and thus Z; _q /2 = 1.96.

The magnitude of the trend in the data time series was
determined using Sen’s estimator (Sen, ). The Sen’s estimator
is simple to compute, robust to outliers, and requires limited priori
information about measurement errors ( ,

). The slope of data can be calculated as follows:

Xj — X;
. ) (5
J—1

where B denotes the trend degree, which is used to determine

B = Median(

the rise (positive p values) and fall (negative B 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

( ;

). We fit the time series using the model:
Xi() = ai+cit +ei(t) (6)

where ¢;(t) is a univariate stationary first-order Gaussian
autoregressive process with mean zero for each separate time
series, and the vector of g;(t) (t = 1, 2, ..., T) has a multivariate
Gaussian distribution [details in ( )]. 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 ACI, 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 . 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 ( ). All environmental
variables were calculated for the same period as the long-term AC1
and ACI 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 ( , ).
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 VIE 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 ACI 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.

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 Pax
Maximum VPD Extreme climate VPDax
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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 (R?), 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 (ACI)
at pixel level from the kKNDVI 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 (
decreasing latitude (

). The long-term ACI increases with

), 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 ( ). 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 ( ). The comparison of theoretical
and empirical estimates of the recovery rate reveals broad spatial
consistency between the theoretical raci and the empirical r
for areas where the recovery rate can be estimated empirically
( ). The theoretical AC1 and the empirical recovery
rate support the theoretically expected exponential relationships
( , R =
the correspondence between theoretical and empirical estimates

091 for the exponential fit). Moreover,

remains good even if different R? thresholds for the exponential
fit to the recovering time series after external disturbances are

considered ( , R? > 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, Tin, Trmaxs
Puax, and VPD,,,, were selected as predictor variables, while
Ta and Pre were eliminated due to exceeding the VIF threshold
( ). The variations in AC1 were well
reproduced by the RF model with the predictor variables as
). Results of RF analysis show that
the spatial variability in long-term AC1 of the evergreen forests

input (

in southern China is largely explained by local environmental
conditions (R? = 0.70, rMSE = 0.0004, PBIAS = 0.034, ).
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> %IincMSE = 13.3 & 1.2 %) are also important to the forest
resilience. SR, VPD, and T, 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 ( ). 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 Tpin ( ). Ta was excluded from
the VIF variable selection due to its high correlation with VPD
(Pearson r = 0.79, p < 0.001, ).

The partial dependence plots ( ) show that the long-
term ACI increased with SR, VPD, and Ty, indicating that the
forest resilience decreased with the increases in these variables. Low
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SR (<150 W m~2) leads to high resilience (low AC1) of evergreen
forests, while the value of ACI remains high (low resilience) when
SR> 180 Wm™2(
as the VPD value rises, and the rate of increase is gradually

). ACI increases (resilience decreases)
accelerated ( ). The forest resilience remains constantly
low with Ty, less than —15°C, then sharply increases until Ty
reaches —10°C, and finally stays high (
with less radiation stress, adequate water availability, and less

). Overall, areas

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

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 ACI significantly increased (B > 0, |Z| > Zi_q/2) when
considering the subtropical evergreen forests as a whole, indicating
). Besides,
the trend distribution of all forest grid cells also shows that the
). The AR method
shows the spatial consistency of the trend in the majority of
grid cells with the results of the MK method (
), revealing a decreasing resilience in subtropical evergreen

a declining trend in its forest resilience (

increasing trend of AC1 dominates (

forests in China since the 2000s through the upward trend
of ACI. But the trends of AC1 differ across plant functional
types (PFT) and time periods ( ; ).
Over the last two decades, there was a significant decreasing
trend in forest resilience for ENE but an insignificant increasing
trend for EBE 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 Ti,)
( ). 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 ( ). Ta is still the most important
variable with the highest percentages for ENF, EBF, and MF.
Tpmin is the second important variable for ENF and EBE, while
forest age influences the trends of resilience in MF more than
Tmin ( )
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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,
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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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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 ACL1. (B) Variable importance of the predictor variables within the RF regression model.
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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
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TABLE 2 Temporal trends of forest resilience for different time periods and plant functional types.

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 —5.68 421 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. “B” 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
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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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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
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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 ACl-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 r4¢; and binned means or medians of AC1
can be well-fitted as a function of the empirical recovery rate. Thus,
the ACI from the kNDVTI 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 (Ibanez 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 (Tpin), which may be explained by the
decelerating growth rates with higher Trin 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
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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 kKNDVI 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 Tpin. 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.
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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 NoO emissions, but the effects of invasive plants from different
population origins on N>O 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 N,O emissions were
higher for soils with invasive T. sebifera than those with a plant from a native
population. Bacterial inhibitor application reduced cumulative NoO 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 NoO emissions. Therefore, it is important to
further understand the effects of soil microorganisms on the growth of T. sebifera
and soil N>O emissions to provide a more comprehensive scientific basis for
understanding the causes and consequences of plant invasions.

bacterial inhibitor, fungal inhibitor, soil microorganisms, plant growth, soil N;O
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 (N,O) 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 CO; on a 100-year scale (IPCC, 2014). N,O is also
extremely damaging to the ozone layer (Ravishankara et al., 2009).
While a variety of CO, reduction measures are emerging, non-
CO; greenhouse gas reduction such as N,O 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 N,O 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 N,O release from soils (Johnson
et al, 1996). However, in desert and semi-arid grassland
soils, fungi are the main contributors (>70%) to N,O release
(Marusenko et al,, 2013). In order to reduce N;O emissions
from agroforestry systems, studies have been conducted on the
effects of bacterial and fungal inhibitors on N,O 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 N,O, while low
concentrations of cycloheximide rapidly reduced N,O release,
indicating that fungi are the main contributors to N,O 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 N,O
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 CO,, 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 N,O emissions is
limited.

The growth and activity of soil microorganisms can
invasive

be stimulated due to greater root biomass of

plants, production of more secretions, easier access to soil
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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 N,O 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 CO, and N;O 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 N,O
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 N,O
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 N,O
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 (Vang 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™!) to bacterial inhibitor pots and
5ml of iprodione solution (1 g kg~!) 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 x two
fungal inhibitor x two origins x three populations x three
replications).

Soil characteristics were: organic carbon 1441 + 2.19 g
kg~!, total N 1.33 g kg~!, NH4T-N 1.12 mg kg~!, NO;~-N
1.24 4 0.42 mg kg~!, total phosphorus 0.32 + 0.03 g kg™! 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 N,O 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 te<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>