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Climate factors dominate the
spatial variation of forest soil
nutrients: a meta analysis
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!College of Marine and Bioengineering, Yancheng Institute of Technology, Yancheng, Jiangsu, China,
2Key Laboratory for the Conservation and Regulation Biology of Species in Special Environments,
College of Life Science, Xinjiang Normal University, Urumqi, China

The management mode of forests has significant impacts on soil nutrients.
However, with global changes, there is scant evidence to suggest whether the
soil nutrients in planted and natural forests have a consistent response mechanism
to environmental changes. Utilizing soil nutrient data from 263 planted forests
and 434 natural forests in China, collected through field surveys of 298 forests
and literature searches from 2005 to 2020, this study explores the differences in
soil nutrients between natural and planted forests and their controlling factors.
The results indicate that the soil available phosphorus content in natural forests is
significantly higher than in planted forests (p < 0.001), and the soil pH is significantly
lower than in planted forests (p < 0.001), while there is no significant difference in
soil nitrogen content between the two (p > 0.05). With increases in Mean Annual
Temperature (MAT) and Mean Annual Precipitation (MAP), soil available phosphorus
content significantly increased, and soil pH significantly decreased (p < 0.001).
Stand factors (such as stand age and stand density) have a greater influence on soil
nutrients in natural forests than in planted forests. Climate factors contribute the
most to the spatial variability of soil nutrients in both planted and natural forests.
Compared with climate factors, stand factors and forest key leaf traits (such as
leaf area, specific leaf area, leaf nitrogen and phosphorus content) had relatively
little effect on soil nutrients in planted and natural forests. Climate factors directly
or indirectly affect the soil nutrients of planted and natural forests by influencing
stand factors and key leaf functional traits, and their direct effects are greater
than their indirect effects. The results of this study demonstrate that forest soil
nutrients of different types respond to global change in distinct patterns. In future
forest management, special attention should be paid to the differences between
artificial forests and natural forests.
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1 Introduction

Soil is the direct living environment for plants. Soil contains a large amount of nutrients
as the material basis for plant growth (Wang Z. et al., 2022), which plays a key role in plant
growth and development. Nitrogen (N) and available phosphorus (AP) are two key nutrients
that limit plant growth and development in terrestrial ecosystems (Elser et al., 2007; Reich and
Oleksyn, 2004). Soil pH is also a critical soil nutrient factor that regulates biogeochemical
processes, significantly affecting the structure and function of forest ecosystems. From 1990
to 2020, the global area of planted forests increased by 123 million hectares (FAO, 2020).
Planted forests are playing an increasingly important ecological role in global change. However,
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due to differences in forest origins, it remains unclear whether planted
and natural forests play the same role in soil nutrient retention.
Exploring the differences in soil nutrients between planted and natural
forests and their controlling factors at a macro scale is crucial for
understanding the impact of global change on the ecosystem functions
of different types of forests (planted vs. natural forests), such as surface
carbon storage, soil conservation, and water conservation (Hua
etal., 2022).

Climatic factors, especially Mean Annual Temperature (MAT)
and Mean Annual Precipitation (MAP), have a significant impact on
soil nutrients. Research indicates that reduced precipitation can limit
soil weathering as well as the production and mineralization of
organic matter, slow down the release of phosphorus from primary
substances, decrease the availability of soil nitrogen and available
phosphorus, and thereby reduce soil nutrient content (He et al., 2014).
Excessive precipitation may also lead to leaching of soluble nutrients
in the soil (especially nitrogen and available phosphorus, as well as
acidic substances like ammonium ions), which may lead to the loss of
nutrients such as secondary minerals phosphorus in the soil, reducing
soil nitrogen and available phosphorus content (Rashmi et al., 2017),
resulting in an increase in soil pH. Temperature affects the activity of
soil microbes, with higher temperatures generally accelerating
microbial metabolic processes, promoting the decomposition of
organic matter and enhancing the activity of nitrate nitrogen and
available phosphorus in soil (Li et al., 2023), and thus speeding up the
release of nutrients such as nitrogen and available phosphorus (St
Clair and Lynch, 2010).

mineralization (conversion of organic nitrogen to inorganic nitrogen)

Temperature also affects nitrogen

and nitrification (conversion of ammonium to nitrate), significantly
impacting soil nitrogen, available phosphorus content, and pH (Gao
etal, 2015). Additionally, the combined effects of temperature and
precipitation (evaporation) on soil nutrients are significant. Under
drought conditions, microbial activity is reduced due to water
limitation, slowing down the mineralization of organic nitrogen and
promoting nitrification, converting ammoniacal nitrogen to nitrate
nitrogen (Grzyb et al., 2021). Meanwhile, soil available phosphorus
mainly exists in a fixed form, and evaporation affects soil moisture
dynamics, indirectly influencing phosphorus solubility and plant
availability, leading to soil surface salinity accumulation and thereby
increasing soil pH (Naorem et al., 2023).

Stand characteristics, such as stand density, stand age, and key
leaf traits, are also crucial factors affecting forest soil nutrients.
Studies have shown that under higher stand densities, intense
competition for limited soil nutrients occurs among tree roots,
leading to a reduction in the availability of nitrogen and available
phosphorus in the soil (Bo et al., 2018). High stand density also
affects the accumulation and decomposition rate of surface litter,
further influencing the release and cycling of nutrients like
nitrogen and available phosphorus. This may result in the
accumulation of more organic litter, whose decomposition
produces acidic or alkaline substances affecting soil pH (Prescott
and Vesterdal, 2021; Wang L. et al,, 2022). In the early stages of
forest development (younger stand ages), trees generally grow
faster and have a higher demand for nutrients such as nitrogen
and available phosphorus, leading to a rapid decrease in soil
nutrients. As the forest matures, biomass accumulation increases,
as does the amount of surface litter, leading to the accumulation
of nutrients (especially nitrogen) in the soil (Chen X. et al., 2023).
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Species with higher Specific Leaf Area (SLA) and lower Leaf Dry
Matter Content (LDMC) typically have thin, fast-growing leaves,
higher photosynthetic efficiency, and faster nutrient cycling, more
rapidly cycling soil nitrogen and available phosphorus elements
(Banerjee et al., 2017). Plants with high nitrogen and phosphorus
content in their leaves usually exhibit higher productivity,
accelerating nutrient cycling, resulting in higher soil nitrogen and
available phosphorus content in litter (Ren et al., 2019). Such
plants release nitrogen and available phosphorus more quickly
during decomposition, thus affecting soil nutrient content
(Hobbie, 2015).

With global change, atmospheric nitrogen deposition also has a
significant impact on soil nutrients. Atmospheric nitrogen deposition
directly increases the supply of nitrogen in the soil, especially in
nitrogen-limited ecosystems, altering their nutrient balance and
promoting plant growth (Cheng et al., 2019). Certain forms of
nitrogen deposition, such as nitrates (NO;") and sulfates (SO,*"), can
lead to soil acidification, lowering the soil's pH (Chen C. et al., 2023).
In temperate forest soils where nitrogen does not limit microbial
growth, nitrogen deposition can hinder the decomposition of organic
matter, resulting in an increase in soil organic matter and higher soil
nutrients (Janssens et al., 2010). Studies have shown that nitrogen
deposition has increased the total nitrogen content in the leaves and
roots of both planted and natural forests (Ma et al., 2018; Tian et al.,
2018). However, other research has found that on a macro scale,
nitrogen deposition significantly increases the total nitrogen content
in the topsoil of planted forests but has no significant effect on the
total nitrogen content in the topsoil of natural forests (Song
et al., 2017).

Forests can be classified into natural and planted forests based on
their origin. Preliminary studies have found that stand type has a
significant impact on soil nutrient characteristics (Ni et al., 2022).
Natural forests are mostly mixed forests with a variety of tree species
and complex stand structures. Dozens of plant species alternate and
depend on each other, possessing strong soil and water conservation
abilities that can prevent soil erosion and water pollution. Planted
forests, due to their monoculture planting and shallower root systems,
tend to have relatively poor soil and water conservation effects (Hou
etal., 2009). However, some studies have found that certain planted
forests have a higher soil nutrient retention effect than natural forests
(Brockerhoff et al., 2008; Lugo et al., 1990). At a macro scale, there is
still no consensus on the soil nutrient retention capabilities of planted
versus natural forests.

Based on soil data collected through field surveys and literature
from 2005 to 2020, this study aims to explore the key biotic and abiotic
factors affecting the distribution of soil nutrients in natural and
planted forests at a macro scale, and to compare the soil nutrient
retention capabilities of planted and natural forests. To address the
questions above, we propose the following hypotheses: (1) The soil
nitrogen and available phosphorus content in natural forests is
significantly higher than in planted forests, while the pH is significantly
lower than in planted forests. (2) Climatic factors are the key factors
dominating the spatial distribution of soil nutrients in planted and
natural forests at a macro scale, with stand factors also playing a
non-negligible role. (3) Climatic factors can not only directly affect
soil nutrients but can also influence soil nutrients in planted and
natural forests through their effects on stand factors, with direct effects
being greater than indirect effects.
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2 Materials and methods

2.1 Experimental sites and soil nutrients
data

The data collection comes partly from literature search and
partly from field measurement. We searched relevant peer-
reviewed published journal articles from 2005 to 2020 from Web
of Science, Google Scholar, and CNKI. The key words used in the

» «

search were: “natural forest,

» «

planted forest,” “soil physical and
chemical properties” 182 relevant papers were retrieved. Then the
data was screened in the literature using the following criteria: (1)
The study should provide the latitude and longitude of the plot,
and whether the forest in the plot is a natural forest or a planted
forest. (2) The study should provide complete site and forest
information, including the plot location, tree species, age of the
stand, tree DBH, and tree density. (3) The study should provide or
allow the calculation of the mean value, standard deviation, or
standard error of the data on the physical and chemical properties
of the soil in the plot. (4) The study presents the results of field
studies rather than retrospective or simulation studies. For the
articles meeting our standards, soil nitrogen, soil available
phosphorus and soil pH indexes in the physical and chemical
properties of 0-20 cm soil surface were extracted. If a study has
multiple sampling depths from 0 to 20 cm at the same site, we treat
these observations as independent samples. In these articles, stand
characteristics such as age, stand density and DBH of each plot
were collected.

Based on field surveys, 21 sites were selected to conduct actual
measurements of soil nutrients data in 298 forests. At each site, at
least four 30 x 30 m forest plots were selected, each representing the
typical zonal vegetation of the area. We recorded the latitude,
longitude, elevation and slope of each site for comprehensive analysis,
and recorded the site location, tree species, age, DBH and tree density
in real time. In the actual sampling, we used the same method as in
the literature to measure the physical and chemical properties of soil.
In each forest plot, a five-point sampling method was adopted. Using
a soil corer, soil samples were collected from different directions at
depths of 0-30 cm. The soil samples were air-dried at room
temperature. After air drying, roots, stones, and other debris were
removed. The samples were then gently ground only and sieved
through a 2 mm mesh, and preserved for the determination of soil N
and available P contents as well as pH. The soil N content was
determined by the Kjeldahl method. KCl solution was added to the
soil samples to extract NH,* from the soil. At the same time, NO3™ in
the soil is extracted by adding saturated CaSO, solution (Verma and
Sagar, 2020). Based on the off-line column extraction method, the
soil samples were extracted using HCl and MH,SO, solutions, and
then the available phosphorus content in the soil samples was
analyzed by using the FI amperometric method (Jakmunee and
Junsomboon, 2009). And soil pH was measured in a 1:2.5 soil and
deionized water mixture for each sample using a pH meter (PHS-3C,
Lei ci). Before measurement, the soil solution was shaken for 30 min
and then boiled for 5 min. The Soil Inorganic Carbon (SIC) was
determined using the 08.53 calculator (M1.08.53.E, Eijkelkamp).
Here, SIC refers to the carbonate value measured by the amount of
carbon dioxide (CO,) emission during digestion with strong acid
(Hong et al., 2019).
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2.2 Data sources and processing

2.2.1 Climate factors data

The data for the Mean Annual Temperature (MAT), Mean Annual
Temperature of the Coldest Month (MACT), Mean Annual
Temperature of the Hottest Month (MAHT), and Mean Annual
Precipitation (MAP) were extracted from the WorldClim (version 2.0)
global climate database with a spatial resolution of 1 km." The data for
the Average Sunshine Duration (ASD) were sourced from the China
Meteorological Data Service Centre,”> and the Mean Annual
Evaporation (MAE) was also obtained from the China Meteorological
Data Service Centre (see text footnote 2).

2.2.2 Leaf functional traits data

We selected four leaf functional traits to define resource utilization
strategies for natural and planted forests in our dataset: Specific Leaf
Area (SLA), Leaf Dry Matter Content (LDMC), Leaf nitrogen (LN),
and Leaf phosphorus (LP). Trait values were obtained from the TRY.?
For sites that are actually measured in the field, we measured the fresh
single leaf area of leaves without petioles using a Japanese Cano Scan
LIDE 110 portable leaf area meter. The fresh leaf weight was measured
with an electronic balance (precision of 0.0001 g), and the leaves were
then dried in an oven at 105°C before the temperature was lowered to
60°C. After drying, the leaf dry weight was measured with a 1/10,000
electronic balance. SLA (m?/kg) is calculated as leaf area/dry leaf
weight, and LDMC (g/g) as leaf dry weight/fresh leaf weight. For the
analysis of leaf nutrient LN, LP, the Kjeldahl method is used to
determine the total nitrogen content of the leaves, and the Mo-Sb
colorimetric method is used to determine the total phosphorus
content of the leaves (Dibar et al., 2020). The functional traits in this
study refer to community-level functional traits in forest ecosystems.

2.2.3 Total nitrogen deposition data

The total nitrogen deposition includes both dry nitrogen
deposition and wet nitrogen deposition. The data on total nitrogen
deposition were extracted from the Resource Sharing Platform of the
China National Ecosystem Science Data Center, which has a spatial
resolution of 1 km.*

2.3 Statistical analysis

A t-test at a significance level of 0.05 was used to examine the
differences in soil N, available P, and pH between plantation and
natural forests. Significance analysis of differences was conducted in
the R software package (version 4.3.1) “agricolae” Principal
Component Analysis (PCA) for dimensionality reduction of leaf
functional traits data was performed using the R package
“pcaMethods,” with the two principal components (PC1 and PC2)
obtained representing key leaf functional traits (Homeier et al., 2021).
Among them, PC1 is the first principal component extracted from leaf
functional traits, and PC2 is the second principal component. Climate

1 https://worldclim.org/

2 https://data.cma.cn/site/index.html

3 https://www.try-db.org/TryWeb/Home.php
4 http://www.nesdc.org.cn/
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factors include mean annual temperature (MAT), mean temperature
of the coldest month (MACT), mean temperature of the hottest month
(MAHT), mean annual precipitation (MAP), mean annual
evaporation (MAE), and mean annual sunshine duration (ASD).
Stand factors include stand age, mean diameter at breast height, and
stand density.

A linear mixed-effects model was employed to explore the impacts
of climate factors, stand factors, key leaf traits, and nitrogen deposition
on soil nutrients in plantation and natural forests, while fully
considering the effect of random effects on the outcomes. This analysis
was conducted using the R package “lme4” (Gurevitch et al., 2018).
The R package “linkET” was used to test for multicollinearity among
various potential influencing factors, and the correlations between
these factors and soil N, available P, pH were visualized as heatmaps
(Zhao et al., 2014).

Variance decomposition analysis was used to explore the
contribution (%) of various influencing factors to the spatial variability
of soil nutrients in plantation and natural forests, and this analysis was
completed using the “vegan” package in R language (Kong et al.,
2022). The boosted regression analysis method was employed to
quantify the independent contribution of each influencing factor to
the spatial variability of soil nutrients in plantation and natural forests,
and this analysis was conducted using the “randomForest” package in
R language (Yang X. et al,, 2021).

To delve deeper into the mechanisms and pathways influencing
the spatial variability of soil nutrients in plantation and natural
forests, a structural equation model (SEM) was constructed to
examine the direct and indirect effects of key influencing factors on
soil N, available P, and pH. Observed variables were initially divided
into composite variables and incorporated into structural equation

10.3389/ffgc.2024.1525250

models (SEMs). To validate the reliability of the relationship
between key ecological factors and soil N, available P, pH,
piecewiseSEM was employed to clarify the random effects of
sampling points and provide the contributions of environmental
predictive factors. These analyses were conducted using the

» <«

“piecewiseSEM,” “nlme,” and “Ime4” packages (Yang L. et al., 2021).
The goodness of fit of the modeling results was assessed using the
Fisher C test. Based on a significance level of p <0.05 and
satisfactory model fit (0 < Fisher’s C/df < 2 and 0.05 < p < 1.00), the
model was progressively adjusted through a stepwise modification

process (Figure 1).

3 Results

3.1 Comparison of the significant
differences in soil nutrients between
planted and natural forests

The soil available P content in natural forests is approximately
9-15 mg/kg, while in planted forests, it is about 2-12 mg/kg. The
available P content in the soil of natural forests is significantly
higher than that in planted forests (p < 0.001), with the soil
available P content in natural forests being about 71.4% higher than
in planted forests. The soil pH range in natural forests is
approximately 3-6, whereas in planted forests, it ranges from about
5-7.5. The soil pH in natural forests is significantly lower than that
in planted forests (p < 0.001). However, there is no significant
difference in soil N content between natural and planted forests
(p > 0.05) (Figure 2).

Total nitrogen deposition

N03'

N0

NH; NH4* N0 Temperature
NO, NH;  NOz
NH4* NOz

lPIanted Forests

FIGURE 1

Graphic abstract on the significant differences in soil nutrients between natural forests and planted forests, and how climate factors, stand factors and
leaf functional traits affect the distribution of soil nutrients in natural and planted forests at the macro scale.
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FIGURE 2
Location of natural and planted forests sample sites in China (A) and comparison of soil nitrogen content (B), soil available phosphorus content (C),
and pH (D) differences. Differences were compared using a t-test with significance at the 0.05 level. ***p < 0.001, ns p > 0.05.

3.2 Correlations between potential
influencing factors and soil nutrients

With the increase in Mean Annual Temperature (MAT) and Mean
Annual Precipitation (MAP), soil available phosphorus (AP) content
significantly increased in both natural and planted forests (p < 0.001),
while soil pH significantly decreased. The soil nitrogen (N) content in
planted forests did not significantly change with the increase in MAT
and MAP, whereas in natural forests, soil N content significantly
decreased (p < 0.001). Additionally, under the combined effects of
MAT and MAP, Mean Annual Evaporation (MAE) showed a positive
correlation with soil N content and pH, but a negative correlation with
soil available P content (Supplementary Figures S1-53). With the
increase in nitrogen deposition, the soil N content in both planted and
natural forests increased, but the change was not significant; however,
soil pH significantly decreased. The soil available P content in planted
forests significantly increased with the increase in nitrogen deposition
(p < 0.001), while there was no significant change in the soil P content
in natural forests (p > 0.05) (Figure 3).

Overall, with the increase in stand density, average diameter at
breast height, and stand age, the soil nutrients (N, available P, and
pH) in planted forests did not show a significant trend of change
(p > 0.05). In natural forests, soil nitrogen (N) content and pH
significantly increased (p < 0.001), while soil available phosphorus
(AP) content significantly decreased. The impact of stand factors on
soil nutrients in natural forests was greater than in planted forests
(Supplementary Figure 4).

Compared to climate factors and stand factors, key leaf traits have
a relatively minor impact on both planted and natural forests. Overall,
the explanatory power of key leaf traits on the spatial variability of soil
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nutrients is stronger in planted forests than in natural forests
(Supplementary Figure 5).

3.3 Direct and indirect effects of key
factors on soil nutrients

The results of variance decomposition indicate that soil nutrients
in both planted and natural forests exhibit strong environmental
plasticity (explained R* ranging from 0.51 to 0.941). Compared to
stand factors and key leaf trait factors, climate factors contribute the
most to the spatial variability of soil nutrients in both planted and
natural forests. This finding is further validated in the gbm (Gradient
Boosting Machine) model—that is, the independent contribution of
each climate factor is significantly greater than that of other types of
influencing factors (Figure 4).

The results from the random forest show the significance of the
average predictive value of each influencing factor within the random
forest, further illustrating that climate factors are the key determinants
in driving the spatial distribution of soil nutrients in planted and
natural forests at macro scales (Figure 5). Heatmap analysis further
explains the significant correlations between soil nutrients and various
key factors (Figure 6).

The structural equation model indicates that for planted forests,
climate factors can not only directly affect soil nutrient factors but can
also indirectly influence soil nutrient factors by affecting key leaf traits,
with their direct effects being greater than their indirect effects.
However, for natural forests, climate factors only have a direct impact
on soil nutrients, with the indirect effects being not significant
(p>0.05) (Figure 7).
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4 Discussion

4.1 Differences in soil nutrients between
planted and natural forests

We found that the available phosphorus content in the soil of
natural forests is significantly higher than that in planted forests. In
natural forests, long-term biomass accumulation and decomposition
processes may lead to the accumulation of available phosphorus in the
soil (Liu et al, 2012). The decomposition of fallen leaves, dead
branches, animal remains, and other organic matter can increase the
available phosphorus content in the soil (Liu et al., 2021). Additionally,
natural forests typically have higher biodiversity, including a variety
of plants, microbes, and animals (Stephens and Wagner, 2007). This
diversity may promote more efficient available phosphorus cycling
and utilization. We also found that the soil pH values in natural forests
are significantly lower than those in planted forests. The decomposition
of organic matter in natural forests may produce acidic substances,
thereby reducing the soil pH value (Jin et al., 2022). These acidic
substances include humic and fulvic acids. There was no significant
difference in the nitrogen content of the soil between natural and
planted forests, mainly because the sources of nitrogen, such as
atmospheric deposition (ammonia and nitrogen oxides) and biological
nitrogen fixation, are similar in both types of forests (Yang Y. et al.,
2021). The nitrogen cycle in the soil is fast and easily influenced by
environmental changes. Therefore, the nitrogen content is affected by
various factors and does not reflect the differences in forest types as
directly as the available phosphorus content does.

4.2 Impacts of climate factors on soil
nutrients

Temperature is a key factor influencing soil microbial activity, and

microbes play an important role in the soil nutrient cycle (Gao et al.,
2015). Higher temperatures typically promote the growth and

Frontiers in Forests and Global Change

metabolic activity of soil microbes, accelerating the decomposition of
organic matter and releasing more mineral nutrients (such as
nitrogen, phosphorus, potassium, etc.). Precipitation directly affects
soil moisture content, which in turn influences the solubility and
availability of nutrients in the soil (Wang L. et al., 2022; Wang
7. et al.,2022). Moderate precipitation helps dissolve minerals and
organic matter in the soil, making it easier for plants to absorb
nutrients. We discovered that with the increase in temperature and
precipitation, the soil available phosphorus content in both planted
and natural forests significantly increased, while pH significantly
decreased. The increase in temperature and precipitation not only
enhances biological activity and accelerates the decomposition of
organic matter, thereby releasing more phosphorus and acidic
substances, but also enhances the growth of plant roots and microbial
activity, promoting the mineralization of soil available phosphorus,
which aids in the more efficient acquisition of phosphorus from the
soil (Lu et al., 2015). The increase in precipitation may enhance the
leaching of alkaline ions in the soil, thus leading to a decrease in pH
value (Wu et al., 2019). In recent years, an increasing number of
studies have found that nitrogen deposition significantly affects soil
nutrient content, with an increasing trend in soil nitrogen content in
both planted and natural forests as nitrogen deposition increases
(Tian et al, 2018; Zhu et al, 2015). However, we also made the
surprising discovery that the soil phosphorus content in planted
forests significantly increases with the increase in nitrogen deposition,
while there is no significant change in the soil available phosphorus
content in natural forests. Planted forests are usually composed of
single tree species, which may have specific adaptability to the
absorption and utilization of nitrogen. With increased nitrogen
deposition, these tree species may absorb available phosphorus from
the soil more effectively through enhanced root activity (Liao et al,
2024). Furthermore, root exudates (such as organic acids) may alter
soil pH, thereby increasing the availability of phosphorus (Zhang
et al., 2023). Nitrogen deposition also affects the structure and
function of the soil microbial community, which plays a key role in
the cycling of phosphorus (Ma et al., 2022). In planted forests, the
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FIGURE 4

Using variance decomposition analysis to explore the contributions of climate factors, forest factors, and leaf functional traits to soil nitrogen content,
available phosphorus content, and soil pH value in planted and natural forests. Soil nitrogen content of natural forests (A), Soil nitrogen content of
planted forests (B), Soil available phosphorus content of natural forests (C), Soil available phosphorus content of planted forests (D), Soil pH of natural
forests (E), Soil pH of planted forests (F). The average parameter estimates of model predictors (standardized regression coefficients), associated 95%
confidence intervals, and the relative importance of each factor, expressed as a percentage of explained variance. The adjusted R? of the average
model and the p-values for each predictor are as follows: *p < 0.05; **p < 0.01; ***p < 0.001.

increased nitrogen may promote the activity of certain microbes that
can release more available phosphorus (Xia et al., 2020).

4.3 Impacts of stand factors on soil
nutrients

Overall, with the increase in stand density and stand age, no
significant trend in the change of soil nutrients (N, available P, and pH)
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was observed in planted forests, whereas in natural forests, soil
nitrogen (N) content and pH significantly increased, and soil available
phosphorus (AP) content significantly decreased. A higher stand
density implies increased competition among trees, which could lead
to a reduction in nutrient absorption and cycling efficiency (Farooq
etal, 2021). In planted forests, this competition might be mitigated by
human management practices, such as thinning, thus resulting in no
significant change in nutrients (Forrester, 2013). In natural forests, due
to the more complex ecosystem, nutrient cycling may be more efficient,
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FIGURE 5
Exploring the independent contributions of various potential influencing factors on soil nutrients in planted and natural forests based on the random
forest model. Soil nitrogen content of natural forests (A), Soil nitrogen content of planted forests (B), Soil available phosphorus content of natural
forests (C), Soil available phosphorus content of planted forests (D), Soil pH of natural forests (E), Soil pH of planted forests (F). Climate factors include:
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leading to a significant increase in soil N content and pH. Additionally,
as stand age increases, soil microbial communities and activity may
change (Kang et al.,, 2018), which are crucial for soil nutrient cycling.
In planted forests, due to the monoculture of tree species and possible
human intervention, this effect might be suppressed. In natural forests,
over time, an increase in microbial diversity might promote the cycling
of N and increase in pH (Wang et al., 2023).
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4.4 Impacts of key leaf traits on soil
nutrients

Compared to climate and stand factors, the impact of key leaf
traits on soil nutrients in planted and natural forests is relatively
minor. Overall, the key leaf traits in planted forests have a stronger
explanatory power for the spatial variability of soil nutrients than in
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natural forests. Planted forests often undergo more human
management, such as regular thinning and fertilization. These
management practices may enhance the association between tree leaf
traits (such as leaf area, chlorophyll content, photosynthetic efficiency,
etc.) and soil nutrients (dos Santos et al., 2006). The growth of natural
forests relies more on natural conditions, where interactions are more
complex and uncertain. Additionally, in natural forests, different tree
species may occupy different ecological niches, each adapting to
specific soil nutrient conditions (Gu et al, 2017). This niche
differentiation leads to a more diversified relationship between leaf
traits and soil nutrients spatially (Sterck et al., 2011). In contrast, due
to the lack of such differentiation in planted forests, the leaf traits of
tree species are more likely to directly reflect uniform soil
nutrient conditions.

4.5 Combined effects of biotic and abiotic
on soil nutrients

The research further reveals that on a macro scale, the soil
nutrients in both planted and natural forests exhibit strong
environmental plasticity, with climate factors contributing more to the
spatial variability of soil nutrients in planted and natural forests
compared to stand factors and key leaf traits. Climate is a major driver
influencing soil nutrient cycling. Temperature and precipitation
directly affect soil microbial activity and the rate of organic matter
decomposition, which in turn influences nutrient release and cycling
(Yuan et al., 2021). Due to significant variations in climate factors on
a macro scale, their impact on soil nutrients often surpasses that of
local stand or vegetation characteristics. Climate conditions directly
affect plant growth patterns, photosynthetic efficiency, and water use
efficiency, which in turn affects the demand for and efficiency of soil
nutrient utilization by plants (Xu et al., 2023). On a macro scale,
variations in these factors may be more significant than differences
within a stand. The major contribution of climate factors to the spatial
variability of soil nutrients in planted and natural forests on a macro
scale is primarily due to the direct impact of climate conditions on soil
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biochemical processes and plant growth, and these impacts are more
significant and widespread on a large scale than the effects of stand
structure and plant leaf traits (Gong et al., 2023).

The direct effects of climate factors on shaping the variability of
soil nutrients in planted and natural forests are greater than their
indirect effects. The direct impact of climate on soil nutrients is usually
more rapid and intense. For example, changes in temperature and
humidity can significantly alter microbial activity and nutrient cycling
rates in a short period (Zhou et al,, 2012). In contrast, the impact of
climate on leaf traits is a more complex and time-delayed process (Wu
et al,, 2015). Changes in leaf traits first affect plant physiological
processes, and then these changes indirectly affect soil nutrient
cycling. While the indirect effects of climate factors on soil nutrients
are also important, their impact is generally more complex, time-
delayed, and more concentrated on local plant-soil systems (Faucon
etal., 2017).

5 Conclusion

Using soil nutrients data from 263 planted forests and 434 natural
forests in China, including soil nitrogen content, soil available
phosphorus content, and soil pH, this study revealed the differences
in soil nutrients between natural and planted forests and their
influencing factors. The research results found that there was no
significant difference in soil nitrogen content between planted forests
and natural forests. However, the soil available phosphorus content
of natural forests is significantly higher than that of planted forests,
and the soil pH is significantly lower than that of planted forests.
Overall, the distribution of soil nutrients in natural and planted
forests is the result of the combined effects of climate factors, stand
factors, and key leaf functional traits. Among them, climate factors
are the main driving factors for the spatial variation of soil nutrients
in both planted and natural forests. The impact of stand factors and
key leaf functional traits on soil nutrients in planted and natural
forests is smaller than that of climatic factors. Climate factors not
only directly affect the soil N, available P, and pH of planted and
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natural forests, but also indirectly affect soil nutrients in planted and
natural forests by influencing forest stands and key leaf functional
traits, and the direct effect is greater than the indirect effect.
Therefore, paying attention to global climate change plays a crucial
role in studying the spatial variability of soil nutrients in both planted
and natural forests. As the planting area of planted and natural forests
continues to expand, further research into the impact of these factors
on soil nutrients in natural and planted forests holds significant value
in the face of future climate changes. This research is crucial for
achieving carbon neutrality, mitigating climate change, improving
soil nutrients, and protecting biodiversity.
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