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Soil C:N:P stoichiometry can regulate plant survival and reflect soil fertility and

nutrient utilization. Despite the widespread conversion of old-growth forests

to plantations or secondary forests, there is little knowledge about how these

conversions affect the relation between leaf and soil stoichiometries. We

examined the topography, leaf, and soil stoichiometries of 75 plots (20 m × 20 m)

across Chinese fir plantations, secondary forests, and old-growth forests in

subtropical China. We found that: (1) There were significant differences in leaf

carbon, nitrogen, phosphorus, and their stoichiometry ratios among different

stand types (2) stand type significantly affected soil SOC, TP, C:N, C:P, and

N:P, except TN and (3) the explanation percentage of leaf stoichiometry on

soil stoichiometry doubled with the conversion of old-growth forest to Chinese

fir plantation, whereas it was twofold decreased with the conversion of old-

growth forest to secondary forest. The explanation percentage of topography

on soil stoichiometry decreased onefold at a minimum with the conversion

of the old-growth forest to the Chinese fir plantation or the secondary forest.

Our results show the shortages of soil nutrients from transforming old-growth

forests into plantations or secondary forests and indicate the urgent need

to preserve the remaining old-growth forests and increase stand ages by

reducing forest disturbances. Therefore, determining the optimal stand type and

slope location can effectively promote the accumulation of carbon, nitrogen,

and phosphorus nutrients in the topsoil, which is essential for improving the

planning and implementation of appropriate forest restoration and ecosystem

management strategies.
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1 Introduction

Three of the essential elements for plant organisms on earth are
carbon (C), nitrogen (N), and phosphorus (P) (Chen and Chen,
2021) and they represent the main research focus of ecological
stoichiometry. Ecological stoichiometry is a useful method for
examining the balance and circulation of coupled elements (e.g.,
carbon, nitrogen, and phosphorus), connecting different levels of
biology, from the gene to the globe, by scaling up elemental ratios
(Zhang et al., 2018; Li et al., 2022). Indicators of soil quality,
such as soil organic carbon (SOC), total nitrogen (TN), and total
phosphorus (TP), can be used to assess the effectiveness of soil
remediation. As the three major nutrients in the soil have the
greatest impact on the ecosystem structure and function (Tian
et al., 2010), the C:N:P ratio can be used to predict growth
rates, identify limiting elements, and show how mineral elements
distribute with the process of allometric growth (Zhao et al.,
2016; Zhang et al., 2018). The interactions between these elements
regulate ecological processes including energy transmission and
the biological elemental cycle (Ladanai et al., 2010). Soil C:N:P
stoichiometry can regulate plant survival and nutrient status
and reflects soil fertility and nutrient availability (Elisabeth and
Henderson, 2013). A meta-analysis shows that the average soil
C:N:P ratio at the global scale is 186:13:1 (Cleveland and Liptzin,
2007), while the average soil C:N:P ratio in China is 60:5:1 (Tian
et al., 2010; Zhang et al., 2013). Climate, topography, vegetation
composition, and plant physiological constraints were used to
explain the inconsistent C:N:P results between plants and soils in
different regions (Ågren and Weih, 2012).

Topography is the major environmental factor affecting the
distribution of soil nutrients on a small scale (Jiang et al., 2019).
A key driver of vegetation patterns, species distribution, and
ecosystem processes is spatial variation in slope and aspect (Bennie
et al., 2008; Wang et al., 2022). The slope gradient is an essential
local parameter that affects the erosion and deposition process
and the intensity of soil, organic components, and nutrients (Zhu
et al., 2014). Slope gradient impacts soil nutrients by altering soil
erosion processes and their spatial pattern, and N and P contents
are lower in steep slopes than those in gentle slopes (Wang et al.,
2022). A study showed that slope had a significant positive linear
correlation with the erosion intensity, due to an increase of slope
runoff (Wang et al., 2023). Elevation gradient and slope aspect
determined plant survival and leaf carbon: nitrogen: phosphorus
(C:N:P) by controlling local water and energy balances (Cao et al.,
2020). The slope aspect can regulate soil moisture and temperature
by altering solar radiation and wind direction, affecting C, N, and
P contents and their stoichiometries of plant and soil (Bennie
et al., 2008). The aspect significantly affects the concentration of
organic matter, total nitrogen, and total phosphorus in topsoil
and also causes different element restrictions on plant growth
on different slopes (Qin et al., 2021). As elevation increases,
environmental factors such as hydrothermal conditions in alpine
ecosystems will change significantly (Hu et al., 2019). These changes
strongly impact soil and plant nutrients and plant stoichiometry
(Mooshammer et al., 2017).

Plants and soils are inextricably intertwined and interact as
distinct components of the biogeochemical cycle. Plants sequester
C through photosynthesis and progressively add it to the soil

in the form of litter, whereas soil offers all plant nutrients as
the medium of plant growth (Wang and Zheng, 2021). Plant
stoichiometry plays a critical role in predicting species’ response
to the environment (Li et al., 2021). The C:N:P stoichiometric
relationship between plants and soil can be a major ecological
indicator for understanding ecosystem functions and processes
(Chen and Chen, 2021). The C:N:P stoichiometry in leaf and soil
can effectively explore the nutrient restriction, nutrient cycling, and
plant response to climate change and environmental conditions
in plants and can also be used to investigate nutrient regulators
in plant-soil interactions (Liu et al., 2015; Cao et al., 2020). For
example, a study in Taibai Mountain showed that except for the
C:N ratio, soil C:N:P stoichiometry was significantly correlated with
leaf C:N:P stoichiometry, and both had a close relationship with soil
temperature and soil moisture (Zhang et al., 2019a). The dynamics
of the leaf N:P ratio reflect soil N or P limitations across altitudinal
gradients, causing by temperature-plant physiological hypotheses
relating to C:N, C:P, and N:P (Reich and Oleksyn, 2004). A study
of vegetation communities on the Loess Plateau proved that the
stoichiometry of herbaceous communities was correlated with soil
properties (except soil P) (Fang et al., 2019). However, some studies
suggest that forest plants and soil have no relationship in C, N, and
P concentrations (Ladanai et al., 2010). Therefore, it is necessary
to further explore whether there is a strong association between
leaf and soil stoichiometry in field experiment, and how stand type
changes the correlation between leaf and soil stoichiometry.

As a result of economic development, vast tracts of old-growth
forests all over the world have been transformed into plantations
and secondary forests. It is critical to gain more knowledge on
how soil stoichiometry reacts to these forest conversions (Chen
et al., 2023). A study shows that soil nutrients are lost when old-
growth forests are converted to secondary forests or plantations
(Chen et al., 2023). The variations in soil stoichiometry and
nutrient concentration are generally related to vegetation type
(Zhang et al., 2019b). Many studies have shown that vegetation
succession significantly affects the soil organic carbon, total N
contents, and soil C:P and N:P ratios. The C:N:P in the soil served as
a direct indicator of soil fertility, controlled vegetation patterns, and
provided information about the plant’s nutritional status (Fan et al.,
2015; Guan et al., 2015). Some studies have shown that old-growth
forests have greater carbon storage capacity than plantations
(Cao and Chen, 2017), and the C:N ratio of secondary forest
plants increases significantly with increasing forest age. Vegetation
restoration can increase soil nutrient cycling and sustain soil
quality, by modifying plant species and community composition,
litter quality, and quantity. Understanding the relationship between
vegetation succession and changes in soil ecological function
requires some knowledge of forest conversions (Ma et al., 2020).
Understanding the variation of C:N:P stoichiometry in the post-
afforestation can help us better understand the nutrient coupling
between above- and below-ground ecological components and
show the response of biogeochemical cycles in the progress of forest
succession.

It is a severe threat to convert forests into other land use for
subtropical forests, more than half of natural old-growth forests
have been converted to secondary forests and plantations. In
many areas of South China, the forest land has been slashed,
burned, and planted with economic conifer species, mainly Chinese
fir [Cunninghamia lanceolata (Lamb.) Hook.] (Jin et al., 2019;
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Yang et al., 2021). Chinese fir plantation make up 25% of all
plantation stocks (0.625 billion m3) and 19% of China’s total
forest area (8.93 million ha) (Chang et al., 2022). In this study,
we aimed to assess how forest conversion (changes in stand
type) affects topsoil stoichiometry. We examined topography
factors, leaf and soil stoichiometry in Chinese fir plantations,
natural secondary forests, old-growth forests (>100 years old)
in subtropical China. The main objectives of this study were:
(i) to explore whether the stoichiometry of soil topsoil could be
predicted by leaf stoichiometry; and (ii) to explore whether different
forest conversions affect the relationship between leaf and soil
stoichiometry.

2 Materials and methods

2.1 Study site

The study area has a subtropical monsoon climate with
an average annual precipitation (2155.6 mm) average annual
temperature (16.4◦C), located in Jiulianshan of Longnan County,
Ganzhou City, Jiangxi Province, China (24◦ 30′ to 24◦ 39′ N, 114◦

22′ to 114◦ 30′ E). This area is a low hilly landscape with the slope
ranging from 10 to 50◦ and elevations between 500 and 790 m.
The soil types in this area included red soil, loess, and meadow
soil, and the soil type of this sampling was red soil. The vegetation
types mainly include evergreen broad-leaved forest, coniferous
forest, bamboo forest, mountain dwarf forest, shrub and grass, and
wetland vegetation.

2.2 Sample plot setting

There were two ways of regeneration after clear-cutting
42 years ago. Competitive vegetation was manually removed in
the first 3 years after planting for Chinese fir plantations and
then the natural recovery of forests sustained without human
intervention. The secondary forests recovered naturally after clear-
cutting without human intervention and formed by seeds of local
tree species in the soil. In addition, there were some old-growth
forests without human activities for more than a century in our
research region. Forest ages were derived from the records of forest
management, provided by Local Forestry Bureau.

We established 75 plots of three stand types (Chinese fir
plantations, secondary forests, and old-growth forests) in 2018 and
selected those spatially interspersed plots, with a minimum distance
of 100 between plots, in order to reduce spatial autocorrelation
(Figure 1). Twenty-five plots with an area of 20 m × 20 m
were randomly set up within each stand, and the diameter at
breast height (DBH ≥ 1 cm) and heights of all trees in each
plot were measured. The results of the vegetation investigation
indicate that tree species of Chinese fir plantations primarily
included Cunninghamia lanceolata, Castanopsis carlesii, Machilus
nanmu, Diospyros morrisiana, Rhododendron moulmainense, Eurya
japonica, Daphniphyllum oldhamii, Schima superba, Castanopsis
fargesii, Pinus massoniana. The dominant species of natural
secondary forests primarily included Ormosia xylocarpa, Photinia
prunifolia, Styrax confusus, Diospyros morrisiana, Eurya nitida,

Symplocos congesta, Schoepfia jasminodora, Dendropanax dentiger,
Pinus massoniana, Micromelum falcatum. The tree species of the
old-growth forests mainly included Rhododendron moulmainense,
Eurya nitida, Neolitsea chui, Litsea elongata, Adinandra millettii,
Neolitsea aurata, Cinnamomum subavenium, Alniphyllum fortunei,
Eurya japonica, Diplospora dubia.

2.3 Data collection

Using standardized protocols for measuring plant functional
traits, the leaf traits of all of these species were determined in at least
ten well-growth individuals per species (4,203 individuals in total)
in the old-growth forests, Chinese fir plantations, and secondary
forests from July to August (growing season), 2018 (Cornelissen
et al., 2003). For each individual, three to ten recently expanded
and healthy leaves were collected and put into a self-sealing bag,
including petioles and rachises of compound leaves. All leaf samples
were oven-dried at 70◦C for over 48 h to a constant mass and
retained for subsequent chemical analysis.

In each plot, the soil sampling method is a fixed random
sampling method; the 20 m × 20 m plot is divided into four
10 m × 10 m subplots, and soil samples (0–20 cm) are collected
from the diagonal center of each 10 m × 10 m small plot, and
the diagonal center of the 20 m × 20 m plot in July 2018, and
after removed the litter and moss in the topsoil. Five parts of
equal-depth soil were collected with a 5 cm diameter soil drill,
and 375 soil samples were collected from 75 plots, sealed with
a self-sealing bag, and back to the laboratory. Thegravel, visible
roots, and plant debris were selected from soil samples in the
lab. Then, samples of air-dried soil and dried leaves were ground
into a fine powder. The total C and N concentrations in the soil
and leaf samples were determined using an Elemental Analyser
(Elementar Vario EL III; Elementar, Langenselbold, Germany).
Using the molybdenum-antimony anti-colorimetric method, the
total P concentrations of leaves and soil samples were examined
and the nitrogen and phosphorus ratio was calculated (Chang et al.,
2022); mass concentrations were used to express the levels of C, N,
and P in the samples (Yang et al., 2018).

In this study, a total of 9 topography and leaf stoichiometry
factors were selected, including three topography factors, including
elevation (ELE), slope gradient (SLO), slope aspect (ASP), and six
leaf stoichiometry factors, including community leaf carbon (LCC),
leaf nitrogen (LN), leaf phosphorus (LP), leaf carbon-nitrogen
ratio (C:N), leaf carbon-phosphorus ratio (C:P), and leaf nitrogen-
phosphorus ratio (N:P). The elevation data were measured using
GPS, and the slope and aspect were calculated using the standard
method of plot data analysis (Legendre et al., 2009).

The community-level functional trait value (Community
weighted mean, CWM) is calculated by weighting the functional
trait value of the species in the plot and the abundance of each
species in the plot. The specific formula is:

CWM =
s∑

i = 1

(Wi × Ti)

Where S is the species richness, Wi is the relative abundance of the
ith species, and Ti is the trait value. CWM is calculated from the FD
package in R software (Villéger et al., 2008).
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FIGURE 1

Location of study area in the Jiangxi Province (A) and the sample plots in Jiulianshan (B). OF, old-growth forest; CF: Chinese fir plantation; SF,
secondary forest.

2.4 Data analysis

Testing for normality indicated that all data met the
assumptions of normality and homogeneity. To identify differences
in the leaf and soil C, N, and P stoichiometric characteristics
and topography among the stand types (including Chinese fir
plantation, secondary forest, and old-growth forest), one-way
ANOVA followed by multiple comparisons were performed.
Significance was set at P < 0.05. Redundancy analysis was
performed to assess the effects of leaf stoichiometry and topography
on soil stoichiometry. The package “rdacca.hp” was used to
quantify the single effect of factors and to obtain the contribution
of leaf stoichiometry and topography to soil stoichiometry across
different stand types in the redundancy analysis (Lai et al., 2022).
All statistical analyses and plotting were calculated using the
statistical software R4.2.2 (R Core Team, 2022).

3 Results

3.1 Characteristics of leaf stoichiometry
and topography

There were significant differences in leaf carbon, nitrogen,
phosphorus, and stoichiometry ratios among different stand types
(Table 1). Leaf C content was the highest in the Chinese fir
plantations (452.26 g kg−1), followed by the old-growth forests
(445.77 g kg−1), and it was the lowest in the secondary forests
(438.72 g kg−1). The leaf N content ranged from 14.51 to 20.29 g
kg−1, with the highest content in old-growth forests and the lowest
in Chinese fir plantations. The leaf P content of the Chinese fir

plantations (0.79 g kg−1) was significantly lower than that of the
other two stand types. The leaf C:N of the Chinese fir plantations
(31.21) was significantly greater than that of the secondary forests,
and there was also a significant difference between the secondary
forests and the old-growth forests. The leaf C:P (574.57) of the
Chinese fir plantations was significantly higher than that of the
other two stand types. The N:P of secondary forests (17.60) was
significantly lower than that of the other two stand types. The
elevation ranged from 528.89 to 757.00 m, and it was higher in the
secondary forests than that of the Chinese fir plantations and old-
growth forests. The slope gradient ranged from 25.28 to 37.7, the
steepest in the Chinese fir plantation and the slowest in the old-
growth forest. There were no significant differences in the slope
aspects among these stand types.

3.2 Variations in the soil stoichiometry
under different stand types

There were significant differences of soil SOC, TP, C:N, C:P,
and N:P, except TN, among different stand types (Figure 2). SOC
was the highest in the old-growth forests, followed by Chinese fir
plantations, and it was the lowest in the secondary forests. There
was a non-significant difference in soil TP between the old-growth
forests and secondary forest. Still, the soil TP of the Chinese fir
plantations was significantly lower than that of the other two stand
types. Soil C:N of the old-growth forests was significantly higher
than that of the secondary forests, while there is no significant
difference between the Chinese fir plantations and the other two
stand types. Soil C:P of the secondary forests was significantly lower
than that of old-growth forests and Chinese fir plantations. Soil
N:P of Chinese fir plantations was significantly higher than that of
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old-growth forests and secondary forests, although it was a non-
significant difference between the old-growth forests and secondary
forests.

3.3 Effects of leaf stoichiometry and
topography on soil stoichiometry

The top four important explanatory variables of the old-growth
forests and Chinese fir plantations were slope aspect, slope gradient,
leaf C:P, and leaf P for soil stoichiometry. In the old-growth forests,
the slope aspect and slope gradient of topography were the most
important factors, followed by leaf C:P, leaf P content, leaf C:N,
and leaf N content (Figure 3A). In the Chinese fir plantations,
leaf C:P and leaf P content of leaf stoichiometry are the most
important factors, followed by the slope gradient, solpe aspect, leaf
N:P, and C:N (Figure 3B). The elevation is the most important
explanatory factor for soil stoichiometry in secondary forests,
followed by leaf N:P, leaf N, and leaf C content (Figure 3C). The
total explanation percentages of leaf stoichiometry and topography
on soil stoichiometry were 51.72% for old-growth forests, 46.04%
for Chinese fir plantations, and 15.27% for secondary forests
(Figure 3D). The explanation percentage of leaf stoichiometry
on soil stoichiometry doubled with the conversion of old-growth
forests to Chinese fir plantations, whereas it was twofold decreased
with the conversion of old-growth forests to secondary forests.
The explanation percentage of topography on soil stoichiometry
decreased onefold at a minimum with the conversion of the old-
growth forests to the Chinese fir plantations or the secondary
forests.

4 Discussion

4.1 Responses of leaf stoichiometry to
stand type

Our results show significant differences in leaf carbon, nitrogen,
phosphorus and stoichiometry ratios among different stand types.
The stoichiometry ratio of C, N and P is a key indicator of plant
nutrient utilization and distribution, and the distribution ratio of
C, N, and P in plants varies with the stand type (Wang et al.,
2017). Different life forms of plants frequently exhibit varying
stoichiometry in ecosystems, with different C, N, and P utilization
strategies (Chang et al., 2022). Chinese fir plantations had the
highest LCC content (452.26 g kg−1), which indicated that the
leaves of Chinese fir plantations had higher organic compound
concentration and higher carbon storage capacity than other stand
types (Zhang et al., 2020). As with the results of a study in the
Pearl River Delta in South China, coniferous forests have higher
LCC than evergreen broadleaved forests (Wu et al., 2010). The
LN and LP content and LN:LP of evergreen broadleaf forests were
higher than those in coniferous forests (Ren et al., 2007). Evergreen
trees have a long leaf lifespan, need to accumulate more organic
substances (such as lignin, etc.) to build a defensive structure (Chen
et al., 2020). The plant body maintains high N and P content,
which is conducive to maintaining the growth and metabolism of
vegetation (Zeng et al., 2016). The highest LN content was in the
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FIGURE 2

Variations in soil stoichiometry across different stand types. The lowercase letters mean the difference between different stand types (P < 0.05).
SOC, community soil carbon; TN, community soil nitrogen; TP, community soil phosphorus; soil C:N, community soil carbon-nitrogen ratio; soil
C:P, community soil carbon-phosphorus ratio; soil N:Pcommunity soil nitrogen-phosphorus ratio.

old-growth forests, whereas it was the lowest in the Chinese fir
plantations (14.51∼20.29 g kg−1). This may be caused by conifer
green leaves having less N, P content and nutrient uptake than other
plant functional groups (Tong et al., 2021). Soil nitrogen deficiency
affects LN content, photosynthesis, and LN distribution in many
species (Tang et al., 2019). Secondary forests may have lower leaf N
content than old-growth forests due to lower soil N supply than old-
growth forests. The leaf P content and N:P value of all stand types
in this study area were lower than the Chinese average (18.6 mg
g−1) (Han et al., 2005). The main reason for the low leaf P content
of plants in this area may be that the soil P content is generally
low in southern China, resulting in low leaf P content. The LP
content (0.79 g kg−1) of the Chinese fir plantations was significantly
lower than that of the other two forest stands, which was due to
the adaptation of nutrient-deficient habitat on the one hand and
the strong coupling relationship between LP content and litter P
content on the other hand (Tong et al., 2021).

Our study showed that leaf C:N and C:P ratios in the Chinese fir
plantations were higher than that of other stand types. The C:N and
C:P ratios of leaves are important physiological indicators related
to plant growth rate and plant carbon assimilation capacity (Wang
et al., 2018). Higher Leaf C:N and C:P in Chinese fir plantations
indicates that the carbon assimilation capacity increases after being
converted into Chinese fir plantations. The leaf N:P ratio can be
used as an indicator for diagnosing nitrogen saturation and a
threshold for determining nutrient limitations (Wang et al., 2018).
The leaf N:P ratio in the three stands was larger than 16, indicating
a general phosphorus limitation in the Jiulianshan subtropical
forests. The N:P of the secondary forests was significantly lower
than that of the other two stand types. The leaf N, P content, and
N:P ratio of evergreen broadleaf forests were generally higher than
those in coniferous forests (Ren et al., 2007).

4.2 Responses of soil stoichiometry to
stand type

Our study significantly affects soil SOC, TP, C:N, C:P, and N:P,
except TN among different stand types. Soil is a key environmental
factor for plant survival, as it is an important source of plant
nutrition in forest ecosystems. To support plant growth and
development, plants absorb N and P from the soil, fix C through
photosynthesis, and form litter at the surface after completing their
life history, and some C, N, and P can gradually return to the soil
after litter decomposition (Hobbie, 2015). The SOC, TN, and TP
contents of old-growth forests were higher than those of Chinese
fir plantations and secondary forests, possibly due to the high level
of species richness and the large types and quantities of litter in
the old-growth forests, which increased the input of SOC. The TP
content of old-growth forests and secondary forests was higher
than that of Chinese fir plantations, indicating a poor TP supply
capacity in Chinese fir plantations. This may be due to the serious
consumption of TP nutrient pool in the early stage of community
formation after deforestation and the lack of fallen species and low
litter decomposition rate in the Chinese fir plantations, the nutrient
bank cannot be replenished in time, resulting in a low TP content
in the Chinese fir plantations (Lambers et al., 2009).

To adapt to the microclimate environment produced by
different stand types, plant communities adjust their nutrient
distribution mechanisms, which in turn affects the balance strategy
of soil nutrients (Sardans et al., 2012). The major forces behind soil
biogeochemical processes are plant functional groups, which alter
soil C:N:P stoichiometry through nutrient uptake, root exudates,
and litter inputs (Zhou et al., 2018). An important indicator of the
rate at which soil organic matter is mineralized and decomposed
is soil C:N (Li et al., 2015). The soil C:N of old-growth forests was
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FIGURE 3

Effects of leaf stoichiometry and topography on soil stoichiometry among old-growth forests (A), Chinese fir plantations (B), secondary forests (C),
and total effects through forest conversion (D). The size of the circle represents the content of leaf carbon, nitrogen and phosphorus, and the size of
the rectangle represents the content of soil carbon, nitrogen and phosphorus. The green arrow indicates the effect of leaf stoichiometry on soil
stoichiometry, the yellow arrow indicates the effect of topography on soil stoichiometry, and the arrow’s thickness indicates the magnitude of the
effect.

significantly higher than that of secondary forests, indicating that
there is a high rate of mineralization and decomposition rate of
soil organic matter in secondary forests. Plant residue input alters
native SOC mineralization through the priming effect, controlling
C sequestration during the process of vegetation restoration.
A recent study shows that there is a higher SOC priming in
the secondary forests of Southwest China (Cheng et al., 2022).
Soil C:P is inversely proportional to soil P’s mineralization rate,
reflecting soil P’s effectiveness (Tian et al., 2010). We found that
soil C:P in secondary forests was significantly lower than that of
old-growth forests and Chinese fir plantations, indicating a higher
mineralization rate of soil P in the secondary forests. A study in
the same region has also found that the Soil C:P increased from
conversion of secondary forests to slash pine plantations in south
China (Ding et al., 2021). In this study, the soil N:P of the Chinese
fir plantations was significantly higher than that of the old-growth
forest and secondary forest. This result indicates that an increase in
soil N:P ratio can occur because of the greater solubility and loss of

P from converting natural forests to Chinese fir plantations. A study
in Fenyi County, Jiangxi Province, China, also shows that compared
to natural forests, there is a relatively similar soil N but low soil P in
Chinese fir plantations from 6 to 50 years old (Hou et al., 2021).

4.3 Effects of leaf stoichiometry and
topography on soil stoichiometry across
different forest conversions

Our results reported that the top four important explanatory
variables of the old-growth forests and Chinese fir plantations were
slope aspect, slope gradient, leaf C:P, and LP for soil stoichiometry.
A key factor affecting vegetation patterns, species distribution,
and ecosystem processes is spatial variation in slope gradient
and slope aspect. The slope gradient mainly reflects water and
light, thereby affecting soil microorganisms and leaching degree,
indirectly affecting soil nutrients, and the underground diameter
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flow degree of different slopes after rainfall is different, resulting
in different decomposition and nutrient return of litter under the
forests (Bennie et al., 2008). Slope aspect also strongly influences
plant growth and soil stoichiometry. The north-facing shady slope
vegetation is thick and dense, and the soil is rich in nutrients,
while the south-facing sunny slope vegetation is thin and scattered,
the soil development is weak, and the erosion rate is high (Yang
et al., 2020). Slope aspect was an important explanatory factor
in soil stoichiometry due to south-facing sunny slope, sparse
vegetation and high erosion rate, which amplified the influence of
slope gradient on soil stoichiometry (Yang et al., 2020). Moreover,
topography is a long-term influencing factor, slope gradient and
slope aspect can comprehensively affect the redistribution of light,
water and nutrients, including the processes of infiltration runoff,
soil erosion and nutrient transport with the high annual average
precipitation in Jiulianshan (Zhou et al., 2023). The cumulative
effect of time continuously affects the spatial variation of soil
nutrients, which is supported by the more stronger effect of
topography of old-growth forests with more than 100 years on soil
stoichiometry than that of Chinese fir plantations with 42 years.
Vegetation cover alters ecosystem biogeochemical cycles (C, N,
P) through plant residues and organic matter input, affecting
soil physicochemical characteristics and microclimatic conditions
(Zhou et al., 2023). In our study, there was the highest C:P ratio
and lowest leaf P in the Chinese fir plantations, in contrast with
the old-growth forest. The amount of understory litter in needle
and broadleaf forests is different. The richer litter amount and
faster decomposition rate of broadleaf forests accelerate the input of
phosphorus from litter to soil. Those factors have a relatively large
impact on soil P reservoir, as plants will rapidly absorb the available
phosphorus produced by litter decomposition (Tang et al., 2013).

The total interpretation rate of leaf stoichiometry to soil
stoichiometry was 14.92% for old-growth forests, 29.35%
for Chinese fir plantations, and 4.63% for secondary forests
(Figure 3D). This result shows tight relationships between leaf and
topsoil stoichiometries after 42 years of forest conversion from
old-growth forests to Chinese fir plantations and confirms the
hypothesis (i) the stoichiometry of soil topsoil can be predicted
by leaf stoichiometry. Furthermore, the results of our study
also support the hypothesis that (ii) different forest conversions
affect the relationship between leaf and soil stoichiometry. The
explanation percentage of leaf stoichiometry on soil stoichiometry
doubled with the conversion of old-growth forests to Chinese fir
plantations, whereas it was twofold decreased with the conversion
of old-growth forests to secondary forests. There is growing
evidence that plant stoichiometry is an important driver of
soil bioprocesses, and these results enhance our understanding
of biogeographic scales in plant and soil states and ecosystem
functions (Luo et al., 2015). In old-growth forests, species
composition is usually relatively stable because of the complex
ecological interactions between individual species (Liu et al.,
2019). Since there is no human disturbance, nutrient internal
cycling has been continuously running in old-growth forests,
and it is not surprising that the correlation between leaf and soil
stoichiometry has been observed. We found that forest conversion
from old-growth forests to secondary forests and Chinese fir
plantations had strongly decreased soil SOC, TN, and TP. The
alteration of C:N:P stoichiometry in plant tissues during vegetation
change is expected to have corresponding effects on soil C:N:P

stoichiometry (Cao et al., 2018). Our results showed that leaf
stoichiometry had tightly related to the stoichiometry of the soil
after clear cutting 42 years ago, and the leaf C:P ratio and LP
content are the most important explanatory factors in the Chinese
fir plantations. P mainly depends on the decomposition of soil
parent material, and the natural decomposition cycle of soil parent
material is longer, with fewer influencing factors and less spatial
variability (Schillereff et al., 2021). After converting the old-growth
forests to a Chinese fir plantations, the low LP content of Chinese
fir results in a low TP input and nutrient return rate to the soil
through litter composition. Studies have revealed that compared
with Chinese woody trees and global woody trees, there are low
LN and LP contents in Chinese fir litter with low nutrient uptake
efficiency (Tong et al., 2021). Furthermore, our results indicate
a quickly decreased relationship between leaf stoichiometry and
soil stoichiometry from the conversion of old-growth forests
to secondary forests. The secondary forest was mainly pioneer
species in the early stage, and some shade-tolerant tree species
begin to colonize in the middle stage and initiate the process of
species turnover (Dent et al., 2013). After 42 years, the structure
of the secondary forests is mainly composed of a small number of
pioneer tree species and a lot of shade-tolerant tree species. But
soil nutrients in the secondary forest may mainly come from the
litter decomposition of early pioneer species, and shade-tolerant
tree species gradually replaced the position of pioneer species,
resulting in a weak relationship between leaf and soil stoichiometry.
A degraded tropical region of South China has undergone forest
regeneration for more than 50 years, the biomass of secondary
forests recovered quickly, but soil C stocks recovered slowly,
compared with old-growth forests (Wang et al., 2017).

The explanation percentage of topography on soil
stoichiometry decreased onefold at a minimum with the conversion
of the old-growth forests to the Chinese fir plantations or the
secondary forests. In general, nutrient stores in natural systems are
higher than those in artificial systems, because there is less surface
soil disturbance and more soil microbial activity in natural systems
(Zhang et al., 2015). With the transformation of old-growth
forests to Chinese fir plantations and secondary forests, surface
disturbance increased, SOC, TN, and TP were gradually lost, and
soil fertility decreased (Wang et al., 2014). In addition, preventing
soil erosion and soil nutrient loss from runoff and sediment
transport can alter the distribution of soil nutrients on hillsides
by increasing surface vegetation cover and long-term vegetation
restoration (Zhou et al., 2023).

5 Conclusion

Overall, our work sheds a crucial light on how forest
conversions affect leaf and soil stoichiometries. According to
our research, SOC, TN, and TP in the topsoil are significantly
impacted when old-growth forests are converted to plantations
and secondary forests. In Chinese fir plantations, the leaf traits
(mainly LP) of the planted species proved to be a key factor affecting
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surface soil stoichiometry through the conversion from old-growth
forests to Chinese fir plantations in the phosphorus-deficient
subtropical forests. We should better understand the elemental
coupling above and below ground to predict topsoil stoichiometry
through leaf stoichiometry. Our findings highlight how important
it is to preserve old-growth forests and maintain soil stoichiometry
in subtropical forests. For more than 40 years, natural restoration
alone cannot convert plantations or secondary forests into old-
growth forests, and the soil nutrients are significantly lower than
those of old-growth forests, indicating that the consequences
of forest destruction are severe and long-term. Therefore, our
study suggests promoting the accumulation of carbon, nitrogen,
and phosphorus nutrients in soil topsoil by determining optimal
stand types and slope locations. Understanding these knowledge
is essential for planning and implementing appropriate forest
restoration and ecosystem management strategies.
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