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Introduction: Soil carbon and nutrient contents and their stoichiometric

characteristics play a vital role in indicating plant growth and element balance,

which can be used to indicate nutrient limitation. However, it has been less

studied about their driving factors within forest soils at the regional scale in

southern China.

Methods: In this study, soil organic carbon (SOC), total nitrogen (TN), and total

phosphorus (TP) were analyzed in the topsoil (0–10 cm) at 345 sampling plots

representing different forest types in Guangxi Province.

Results: The results showed that the mean contents of C, N, and P were 29.80,

2.46, and 0.51 g/kg, respectively, and soil C:N, C:P, and N:P were 13.95, 69.60,

and 5.53 respectively. The ratios also showed remarkable correlations with each

other. C, N, and P contents and their ratios presented significant differences

among different soil and vegetation types. C, N, and P concentrations increased

with the increase of elevation and latitude, and decrease with the increase of

average annual temperature (MAT). Conversely, C:N showed an opposite trend.

C, N, and N:P were also increased with increasing average annual precipitation

(MAP). Collectively, soil type, vegetation type, geographical, and climatic factors

explained 43.46, 64.02, 68.61, 32.93, 39.64, and 37.87% of the variance in C, N,

P, C:N, C:P, and N:P, respectively. For Soil C, both latitude and MAP had strong

influences. Soil type was the largest explanation for soil N and P contents. Latitude

and longitude were the key factors determining the soil stoichiometric ratios.

Discussion: Overall, soil type, geographical and climatic factors were the most

vital explanation variables for soil nutrients and their stoichiometric ratios. These

results could help improve our understanding of soil stoichiometry within forest

ecosystems in southern China.
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1. Introduction

Ecological stoichiometry is a discipline that studies the balance
relationship between carbon (C) and other elements such as N, P
in soil, and how this balance affects soil properties and ecosystem
functioning (Elser et al., 2000; Cao et al., 2020). This provides a
valuable insight for us to deeply understand the nutrients cycle,
limiting elements, and structure and functions of the ecosystem
(Zhou et al., 2018; Jiang and Guo, 2019; Cao et al., 2020; Dong
et al., 2020; Tao et al., 2020; Yu and Chi, 2020; Crovo et al.,
2021; Wang et al., 2022). C, N, and P are the three basic biogenic
elements needed by organisms in the ecosystem (Sardans et al.,
2012; Tong et al., 2021). C is an energy source, and N, P are
considered the most important limiting elements for vegetation
in terrestrial ecosystems (Berg and McClaugherty, 2003; Manzoni
et al., 2010), all of which are of great significance in maintaining
the structure, function, and stability of the ecosystem (Güsewell,
2010; Jiang and Guo, 2019; Wang et al., 2022). The stoichiometry
characteristics of soil C, N, and P in terrestrial ecosystems, have
been studied extensively to provide a powerful tool to decipher
their coupling mechanisms and improve our understanding of
plant growth, nutrient cycling, and nutrient limitations to forest
productivity (Aponte et al., 2010; Kirkby et al., 2011; Ågren et al.,
2012; Ostrowska and Porêbska, 2015; Hui et al., 2021). Therefore,
quantifying the stoichiometric characteristics of soil carbon and
nutrient as well as disentangling their drivers in forest ecosystems
is of high importance.

Since the Redfield ratio was put forward, many studies have
measured ecological stoichiometric ratios and have determined
the limiting elements and nutrient cycles in different terrestrial
ecosystems (Dong et al., 2020; Yu and Chi, 2020). Quantities of
research has been implemented to investigate the stoichiometric
characteristics of soil carbon and nutrients on various scales,
including community level, landscape level, global and regional
level (Thompson et al., 2010; Wright et al., 2010; Shi et al.,
2016; Feng et al., 2017; Jiang and Guo, 2019; Hui et al., 2021;
Wang et al., 2022). For instance, related studies have shown that
the global mean molar C:N:P ratio was 212:15:1 in the upper
10 cm of surface soil (Cleveland and Liptzin, 2007), while at
the national scale in China the ratio was 134:9:1 (Tian et al.,
2010). It has also been shown the C:N ratio in soil and litter
has long been regarded as a pivotal metric for evaluating the
quality of organic matter (Bui and Henderson, 2013). For example,
C:N ratios have been shown to be high in peats but low in
subsoils (Bui and Henderson, 2013). The soil C:P ratio could
also reflect the nature of organic matter and its decomposition
rate (Bui and Henderson, 2013). The ratio of N:P in foliage and
soil can diagnose nutrient limitation in ecosystems (Hui et al.,
2021).

Soil C and N are mainly derived from litter input, resulting
in a highly restrictive relationship between them (Yang and Luo,
2011; Zhang et al., 2019). However, the formation of phosphorus in
soil is mainly related to the parent material and bedrock minerals.
Consequently, there is usually a tight coupling relationship between
SOC and TN, which is not common between SOC and TN as
well as between TN and TP (Tong et al., 2023). Older studies
also have reported that the coupling relationship between C and

nutrients occurred in karst forest soil during forest restoration (Yu
and Chi, 2020; Lu et al., 2022). Moreover, it is remained to be
further studied on whether the changes of vegetation types and soil
parent materials will affect the coupling relationship between C and
nutrients at the regional or larger scale (Tong et al., 2023).

The variation of geographical and climatic factors would cause
the change of water and temperature, and the change of water
and heat will regulate the growth of vegetation, which directly
or indirectly affect the stoichiometric characteristics of soil C, N,
and P (Zhou et al., 2018; Zhang et al., 2019; Wang et al., 2020;
Boudjabi and Chenchouni, 2022). Due to complex environmental
conditions (e.g., vegetation, topography, parent material, climate,
geography disturbance, etc.), terrestrial ecosystems exhibit high
spatial heterogeneity in terms of soil elemental distribution and
their ratios (Yang and Luo, 2011; Bing et al., 2016; Cao et al.,
2018; Dong et al., 2020; Sheng et al., 2022). Aponte et al. (2010)
concluded that in Mediterranean forests, the stoichiometry of C,
N, and P in the soils was primarily influenced by factors such as
season, vegetation type, and soil depth. Bing et al. (2016) found
that changes in vegetation type and altitude resulted in different
C:N ratios in the soil of alpine ecosystems. Yang and Luo (2011)
indicated that coniferous forests exhibited higher C:N ratios than
broadleaf forests, while temperate forests had greater C:N ratios
compared to tropical forests. Dong et al. (2020) suggested that
the soil stoichiometry of C, N, and P was mainly driven by the
soil properties and litter contents in the Tamarix cones of the
Taklimakan Desert. Cao et al. (2018) pointed out that C, N contents
and C:N:P were positively related to precipitation and negatively
related to temperature. In addition, C and N were influenced by
longitude, whereas P, C:P and N:P were influenced by latitude (Hui
et al., 2021). Feng et al. (2017) reported that elevation and latitude
had the strongest influences on soil C:N and N:P in subalpine
forests.

Forests are a vital part of the terrestrial ecosystems and account
for about 31.13% of the land area. Chinese forests account for
5.42% of the total forest area globally (FAO, 2020). Guangxi
Province is a major province of forest resources in China, with
60.17% forest coverage exhibiting rich vegetation forms, various
topographic types, and diverse climate conditions. Some previous
researches about soil C:N:P stoichiometry in this region have
mainly concentrated on land uses types or single vegetation
types (e.g., Teak, Eucalyptus, Pinus massoniana, etc.) (Lei et al.,
2017; Zhang et al., 2020; Peng et al., 2021). However, very little
research has addressed soil C:N:P stoichiometry and the influence
of environment factors at a regional scale.

In the current study, we conducted a field survey of forest soils
at a regional scale in Guangxi Province. We hypothesized that the
C, N, and P stoichiometric characteristics in Guangxi forest soils
were spatially heterogeneous. The main purpose of this research
were: (1) to verify the difference in stoichiometric ratios of C, N,
and P in forest soils with different vegetation and soil types and
(2) to reveal the possible influencing factor of the soil C, N, and P
stoichiometric in this region. Our research results will be beneficial
for the understanding of the mechanisms which maintain forest
ecosystems, and will help in forest management.
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FIGURE 1

Sampling sites arrangement diagram of study area.

2. Materials and methods

2.1. Study area

This research was carried on in Guangxi Zhuang Autonomous
Region of southwest China, with a geographic range from 20.90◦ to
26.40◦ N in latitude, 104.43◦ to 112.07◦ E in longitude, and 24.22 m
to 1,449 m elevation. The climate is warm, and belongs to the
subtropical monsoon climate. The annual average temperature is in
the range 16.5–23.1◦C, and the annual rainfall is in the range 1,080–
2,760 mm. In this region, the highest extreme temperature range
is 33.7–42.5◦C while the extreme minimum temperature range is
8.4–2.9◦C (Du et al., 2019). According to the 2015 forestry resource
inventory data, the forest coverage rate of Guangxi is 60.17%, which
is one of the largest forest areas in China. The main vegetation types
are evergreen broadleaf forest (EBF), deciduous broadleaf forest
(DBF), mixed evergreen and deciduous broadleaf forest (EDBF),
warm coniferous forest (WCF), and bamboo forest (BF). Soil types
are defined as yellow soil, red soil, lateritic red soil, and limestone
soil according to Chinese soil taxonomic classification.

2.2. Sampling and data collection

A total of 115 sample sites were chosen across the predominant
vegetation types, ground on the Guangxi Province forest inventory
(Figure 1). These sites were classified as five distinct types: 24
sites for EBF, 7 sites for DBF, 39 sites for EDBF, 39 sites for
WCF, and 6 sites for BF. Three duplicate plots (50 m × 20 m)
at a minimum distance of 200 m away were established at each
sampling point. Using a GPS to record the geographic information
(elevation, longitude, and latitude) for each plot. The DBH (1.3 m
above the forest floor), height, and species name of all individual
woody plants with a DBH ≥ 1 cm in each plot were recorded.
At each sampling plot, ten soil cores of 0–10 cm were randomly
obtained using a 5 cm diameter soil drill after removing the surface
vegetation litter. All samples from one plot were pooled into a single
sample. These samples were air-dried and sieved after removing
stones, roots, and visible plant residue.

The SOC contents were measured through oxidation with
heating in an oil bath using potassium dichromate (K2Cr2O7). The
automatic Kjeldahl nitrogen analyzer was utilized for measuring the
TN, and the determination of TP involved a Mo-Sb colorimetric
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assay following HClO4-H2SO4 digestion (Bao, 2000). The average
annual temperature (MAT) and average annual precipitation
(MAP) were obtained from the WorldClimate website1 based on
the longitude and latitude of each location.

2.3. Data analysis

One-sample Kolmogorov–Smirnov test was used to examine
the normal distributions of C, N, P concentrations and
stoichiometric ratios in soil. The relationships between these
parameters were tested by the Pearson’s correlation analysis. All
comparisons in soil concentrations of C, N, and P and their ratios
among five vegetation types and four soil types were performed
using One-way analysis of variance (ANOVA), followed by a
least significant difference (LSD) post-hoc test of significance.
The non-parametric Kruskal–Wallis test was used to examine
the significance when sample data showed unequal variance. The
relationships between the location factor (elevation, longitude,
and latitude), climatic factors (MAP and MAT), and soil C:N:P
stoichiometry were determined using regression analysis. Random
forest analysis was applied to quantify the relative importance of
geographical and climatic factors to soil C:N:P stoichiometry. We
used the machine learning technique “random forests,” which is an
ensemble regression tree approach (Breiman, 2001; Hapfelmeier
et al., 2014), using the “randomForest” package in R (version 4.1.2,
R Core Team, 2021).

3. Results

3.1. Soil C, N, and P concentrations,
stoichiometric characteristics, and their
relationships

The average C, N, and P contents for all soils were 29.80,
2.46, 0.51 g kg−1, respectively. The average stoichiometric ratios
were 13.95 for C:N, 69.60 for C:P, and 5.53 for N:P. The variation
coefficients of soil C, N, and P were 48.10, 53.65, and 61.22%,
respectively. The variation coefficients of soil C:N, C:P, and N:P
were in the range 49.46–50.40% (Table 1). Across all sites, the
contents of C, N, and P was positively correlated (Figure 2). Soil
C:N appeared a negative correlation with N and P, and appeared
a positive correlation with C concentrations. Soil C:P exhibited
a stronger significant correlation with soil P contents than with
C contents, but exhibited no significant correlation with soil N
contents. Soil N:P displayed a stronger significant correlation with
soil P contents than with N contents but displayed no significant
relationship with soil C contents.

3.2. Soil C, N, and P concentrations and
stoichiometric characteristics among soil
and vegetation types

For different soil types, the sequence of C, N, and P contents was
limestone soil > yellow soil > red soil > lateritic red soil (Figure 3).

1 https://www.worldclim.org

TABLE 1 Descriptive statistic of soil C, N, and P stoichiometry in forest on
Guangxi Province.

Stoichiometry Range Mean ± SE CV (%)

C 4.36∼75.23 g/kg 29.80 ± 0.78 48.10

N 0.27∼6.70 g/kg 2.46 ± 0.07 53.62

P 0.1∼1.82 g/kg 0.51 ± 0.02 61.22

C:N 2.33∼50.11 13.95 ± 0.38 50.40

C:P 11.13∼195.59 69.60 ± 1.87 49.46

N:P 1.17∼17.10 5.53 ± 0.15 50.15

SE, standard error; CV, coefficient of variance.

The ANOVA results identified that differences were not statistically
significant in soil C contents among limestone soil and yellow
soil, nor in the relationships with N and P contents among yellow
soil and red soil. C, N, and P concentrations showed significant
differences across other soil types. In terms of stoichiometric
characteristics, limestone soil C:N and N:P ratios were significantly
lower than the other soil types. Yellow soil C:N ratios were
significantly higher than those of red soil. Other stoichiometric
ratios were observed no significant differences among soil types.

Forest types showed significant influences on soil C, N, P, C:N,
and N:P ratios (Figure 4). The EDBF had the highest soil C, N,
and P contents, whereas EBF had the lowest soil C and N contents.
The lowest P content was in WCF. The content of C in EBF was
observed to exhibit significantly lower than that in DBF, EDBF,
and BF. Compared to other forest types, the N concentrations
in EBF were significantly lower. The content of N in EDBF was
observed to exhibit significantly higher than that in DBF and WCF.
P concentrations were significantly higher in EDBF and BF than
in EBF and WCF. The C:N ratios were significantly lower in EDBF
than in EBF, DBF, and WCF. The C:P ratios were significantly lower
in EDBF than in WCF.

3.3. Relationships between soil C, N, and
P concentrations and stoichiometric
characteristics with geographical and
climatic factors

Linear regression showed that soil C, N, and P concentrations
increased with increasing elevation and latitude, while soil
C:N ratios decreased with increasing elevation and latitude
(Figure 5). There is no significant relationship between other soil
stoichiometric properties and geographical factors. Soil C, N, and P
contents and N:P ratios decreased, while C:P ratios increased, with
increasing MAT (Figure 6). Soil C, N, and P contents and N:P ratios
increased with increasing MAP. No significant relationship was
observed between other soil stoichiometric properties and climatic
factors.

3.4. Factors contributing to soil C, N, and
P concentrations and stoichiometric
characteristics

The best-fit random forest models explained 43.46, 64.02, 68.61,
32.93, 39.64, and 37.87% of the variation in C, N, and P contents
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FIGURE 2

Correlation coefficients of soil C, N, and P stoichiometry. ***Means P < 0.001, **means P < 0.05.

and their stoichiometric characteristics, respectively (Figure 7). For
soil C, both latitude and MAP had strong influences. Soil type was
the largest explanation for soil N and P contents. Latitude and
longitude were the key factors determining the soil stoichiometric
ratios. Overall, soil types, latitude, longitude, MAP, and MAT were
the most important drivers of soil C, N, and P contents and their
stoichiometric characteristics in Guangxi forest.

4. Discussion

The contents of soil C, N, and P and their stoichiometric
characteristics play a crucial role in indicating the soil organic
matter quality, and nutrient cycling (Cleveland and Liptzin, 2007;
Bui and Henderson, 2013; Feng et al., 2017; Yang et al., 2018;
Tao et al., 2020). In the present study, soil C, N, and P contents were
determined from 115 forest plots in the subtropical/tropical area
of China. Our results showed that the average soil C (29.80 g/kg)
and N (2.46 g/kg) content were slightly higher than both global and
Chinese averages (Cleveland and Liptzin, 2007; Tian et al., 2010).
Cleveland and Liptzin (2007) showed that the global average soil
C and N concentrations are 25.71 and 2.1 g/kg, respectively. Tian
et al. (2010) documented mean soil C and N concentrations in
China’ s surface soil (0–10 cm) at 24.56 and 1.88 g/kg, respectively.
However, average C (57.22 g/kg) and N (4.07 g/kg) concentrations
were found to be higher in the 0–30 cm soil depth at the
global scale (Xu et al., 2013). Xu et al. (2013) also showed that

average soil C and N concentrations were 28.28 and 2.22 g/kg,
respectively, in tropical/subtropical forests: values which are close
to those observed in our study. The soil P concentration (0.51 g/kg)
observed by Xu et al. (2013) was lower than China’s average
(0.78 g/kg), but consistent with the global mean value (0.52 g/kg)
(Tian et al., 2010; Xu et al., 2013).

C:N is a useful and sensitive indicator of organic matter
decomposition in soils (Tian et al., 2010; Tao et al., 2020). The
C:P is commonly used as an indicator of the mineralization
capacity of organic phosphorus in soil. A lower C:P ratio generally
suggests a higher availability of phosphorus in the soil (Tao et al.,
2020; Yu and Chi, 2020). Our results show that the ratios of
C:N and C:P, were 13.95 and 69.60, respectively. Cleveland and
Liptzin (2007) demonstrated that C:N and C:P were 12.26 and
81.95 for most surface soils across a wide range of global forests.
Xu et al. (2013) founded that the average C:N and C:P ratio values
were 14.01 and 111.18, respectively, using a global dataset of 3,422
measurements. For tropical/subtropical forests only, the values
were 12.76 and 73.00, respectively (Xu et al., 2013). For Chinese
0–10 cm depth soil, Tian et al. (2010) indicated that the ratios
of C:N and C:P were 12.34 and 52.65, respectively while Hui
et al. (2021) reported ratios of 16.28 and 79.73 in tropical forests.
These C:N values are similar to those reported here. The greater
differences in C:P ratio values between our study and the above
studies are due to the different stoichiometric ratios at large spatial
scales in diverse ecosystems. However, in this study, using total P
instead of organic P causes a bias is that it is the stoichiometry
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FIGURE 3

The soil C, N, and P stoichiometric properties respectively under different soil types of the main forests in Guangxi.

of soil organic matter that relates to microbial mineralization of
organic P and to stoichiometry of microbial biomass. Thus, total
P includes inorganic P—and most of it in mineral and thus not
directly plant available form—which has nothing to do neither

with soil organic matter stoichiometry nor microbial biomass
stoichiometry. Since mineralizable organic P is part of P that
can replenish the pool of plant available P–only phosphate or its
protonated forms may directly be taken up by plants. By measuring
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FIGURE 4

The soil C, N, and P stoichiometric properties respectively under different vegetation of the main forests in Guangxi. EBF, DBF, EDBF, WCF, BF
represent evergreen broadleaf forest, deciduous broadleaf forest, mixed evergreen and deciduous broadleaf forest, warm coniferous forest, and
bamboo forest. Different lower letters indicate significant differences in soil C, N, and P and their stoichiometric properties among the five forest
types.
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FIGURE 5

Significant relationships between soil C, N, P, C:N and elevation, latitude.

total phosphorus instead of organophosphorus, researchers may
overestimate the amount of plant-available phosphorus in the
soil, as not all TP is readily available for plant uptake (Turner
and Haygarth, 2001). This could lead to incorrect conclusions
about the limiting nutrient in a given ecosystem and may

lead to inappropriate management strategies, such as overuse of
phosphorus fertilizers.

Both N and P are vital elements for plant growth and
development (Zhong et al., 2015). The N:P ratio is used to evaluate
the threshold of nutrient limitation (Penuelas et al., 2012; Tao et al.,
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FIGURE 6

Significant relationships between soil C, N, P, C:N, N:P and MAT, MAP.

2020; Yu and Chi, 2020). The average N:P value in this study was
5.53, which is consistent with those of Xu et al. (2013) and Hui
et al. (2021), who presented soil N:P values of 5.72 and 5.41 in

tropical/subtropical forest at global scale and in tropical forests on
Hainan Island, respectively. However, our result was lower than the
average (6.59) for global surface soils, and higher than the average
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FIGURE 7

Importance (the relative increase in mean square error, %IncMSE) of variables contributing to soil C, N, P concentrations and their ratios in Guangxi
forests.

(4.2) for China’s topsoil (Cleveland and Liptzin, 2007; Tian et al.,
2010).

Soil C and N are mainly derived from plant litter decomposition
above and below ground, and soil P is dependent on rock
weathering. Consistent results report that soil C and N have
higher coefficients of correlation than those among other elements
(Jiang and Guo, 2019; Yu et al., 2019; Tao et al., 2020; Wang
et al., 2022), and similar coefficients of correlation to those of the
relationship between C and P. These results are corresponding
with Tao et al. (2020) and Wang et al. (2022), who reported positive
correlations. A non-significant relationship between C and P has

also been observed in some earlier research (Qiao et al., 2018). In
our study, the correlation coefficient was lower between C:N and
C than that between C:N and N, which indicates that soil C:N is
primarily influenced by soil N. In addition, soil C:P is governed by
P rather than C, as shown by the higher correlation coefficient of
P compared with C. Meanwhile, soil N:P is also controlled by soil
P. However, these results are not consistent with Tao et al. (2020),
who demonstrated that soil C:N and C:P were primarily influenced
by soil C, whereas N:P was controlled by soil N. These different
results might be due to divergent geographical locations, land use,
and vegetation types (Zhou et al., 2015).
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As a result of differences in soil parent materials, the soil
C, N, and P contents and their stoichiometric characteristics
exhibit a clear differences across the four soil types (Li et al., 2012).
In addition, climate and vegetation are two important factors
that influence soil types. Climate influences soil formation
by influencing weathering processes, erosion rates, and soil
moisture content, while vegetation influences soil characteristics
by influencing organic matter input, nutrient cycling, and soil
structure. Our results demonstrate soil type was the crucial driving
factor for soil N and P concentrations (Figure 6). In the present
study, the N and P contents in azonal limestone soil exceeded
significantly those in zonal soil. This may reflect the high Ca
contents in limestone soil, which strongly binds C (Li et al., 2017).
C, N, and P concentrations also displayed significant relationships.
Meanwhile, the lowest C:N and C:P ratios occurred in limestone
soil compared to other soil types. Thus, soil type strongly influenced
the stoichiometric ratios. Low C:N ratios are linked to strong
microbial decomposition and rapid mineralization, perhaps due
to constrained resources in limestone soil areas (Yu and Chi,
2020). Lateritic red soil had the highest leaching effect among these
ferrallitic soils, leading to large nutrient loss. Thus, soil C, N, and P
contents in lateritic red soil were significantly lower than those in
other soil types.

Plants govern soil nutrient concentrations and their
stoichiometry ratios through nutrient absorption, litterfall
inputs, and root exudates (Bui and Henderson, 2013; Bing et al.,
2016; Jiang and Guo, 2019; Liao et al., 2022; Wang et al., 2022).
Thus, different vegetation forms could modify the soil nutrient
composition. The EBF in our study displayed lower soil C, N, and
P contents, as a result of low litter production and quality relative
to other vegetation communities. Moreover, deciduous trees can
provide richer litterfall for microbial decomposition (Bing et al.,
2016). The mean concentrations of leaf N and P were shown to
be lower in EBF than in DBF (Tang et al., 2018). We also found
that the EBDF in karst regions had the highest N concentrations,
consistent with the results of Yu and Chi (2020). However, the C:N
ratios were lower than those of other broadleaf forests.

Many previous studies have indicated that soil stoichiometries
were influenced by geographic location parameters, such as altitude
and latitude (He et al., 2016; Jiang and Guo, 2019; Hui et al.,
2021; Sheng et al., 2022). In this study, latitude and longitude
were the most important determinants of soil stoichiometry. The
concentrations of C, N and P in soil were positively correlated
with altitude and latitude (Figures 5, 6). This result conformed
to the finding from the old study that soil C and N contents
showed a significant linear increases with elevation (He et al.,
2016). Similarly, Lu et al. (2017) observed that soil N and P
contents significantly increased with the increasing elevation in
the evergreen broad-leaved forest of China. Hui et al. (2021) also
found that soil P increased with latitude. This is mainly because
the decrease in temperature with increasing altitude would inhibit
soil microbial activity, which will weaken the mineralization of
organic carbon and ammonia, and eventually lead to the increase
of soil nutrients (Han et al., 2023). We observed the soil C:N
ratios exhibited a significant negative correlation with elevation and
latitude. Jiang and Guo (2019) observed a similar trend whereby
soil C:N ratios decreased with increasing elevation. This pattern
may reflect the slow decomposition rate of organic matter at
high altitude, because of low temperatures (Zhai et al., 2019), but

could also due to differences in soil type at different elevations.
However, other related studies have demonstrated that soil C:N
values increased linearly with elevation in tropical forests (He et al.,
2016; Hui et al., 2021; Han et al., 2023). Sheng et al. (2022) also
founded that soil C:N was positively correlated with elevation in
paddy soils. For latitude, consistent results suggested that the lowest
soil C:N values were found at higher latitude (Feng et al., 2017;
Tong et al., 2023). However, Fang et al. (2019) found that there
was no significant correlation between soil C:N and latitude in the
Loess Plateau, which is inconsistent with our findings. The weak
correlation between C:N ratios and latitude may be due to the fact
that the trend of soil N with latitude is roughly similar to the trend
of soil C with dimensionality (Tian et al., 2010; Fang et al., 2019).

Climatic factors such as MAT and MAP play a vital part in
soil development, and thus affecting element cycling and nutrient
availability (Bing et al., 2016; Zhang et al., 2017; Jiang and Guo,
2019; Dong et al., 2020). In this study, we discovered that the
C, N, P contents and N:P values were significantly negatively
correlated with MAT, while C:N values was significantly positively
correlated with MAT. The positive relationships between soil C:N
ratios and MAT, indicating that soil N decreases faster than soil
C with increasing temperature. The C and N concentrations and
N:P values exhibited a positive correlation with MAP. Several
studies support our findings. Zhang et al. (2017) found that soil N
and P concentrations exhibited a negative correlation with MAT,
and that soil N concentrations and N:P values were positively
correlated with MAP in the desert environment. These results may
be attributable to higher plant productivity and organic matter
production in higher precipitation regions (Bing et al., 2016; Shi
et al., 2016). Since there is a strong correlation between soil C and N,
nitrogen concentration could also be associated with soil C. Under
variations of temperature, soil P concentration displayed a lower
slope than soil N concentration (Figure 5), thus the relationship
between N:P and MAT was dependent on the relationship between
N and MAT. Some previous results which disagree with these
findings exhibited that temperature was negatively related to soil
C:N values in cold Nordic forests (Callesen et al., 2007). Jiang and
Guo (2019) found that soil C and N concentrations and N:P values
showed a significant positive correlation with MAT in farmland.
Zhang et al. (2017) also observed a positive correlation between
N:P and MAT. This difference may be attributed to variations in
temperature range or indirectly to variations in vegetation type.

5. Conclusion

This study detected the concentrations and ratios of C,
N and P in surface soils within different soil and vegetation
types along environmental gradients in southern China. Forest
soil had relatively high concentrations of C, N, and P in this
region. Contents and stoichiometric characteristics differed among
soil types and vegetation types. The highest soil C, N, and P
concentrations and the lowest C:N and C:P ratios were observed
in limestone soil. The C, N, and P concentrations in EDBF were
significantly higher than in EBF, and the C:N and C:P ratios in
EDBF was significantly lower than that in WCF. However, the N:P
values of different soil and vegetation types were not significantly
different. Additionally, elevation, latitude, MAT, and MAP showed
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strong correlations with some elemental concentrations and ratios.
For Soil C, both latitude and MAP had strong influences. Soil type
contributed the most explanation of soil N and P. Latitude and
longitude were the key factors determining the soil stoichiometric
ratios. Collectively, soil types, vegetation types, geographical, and
climatic factors played important roles in soil C, N, and P contents
and their ratios. This research improves our understanding of
nutrient patterns and the dominant factors affecting elemental
stoichiometry in the study region, which would be beneficial
for optimizing future forest management. In addition, the study
of biotic and abiotic factors affecting soil C:N:P dynamics and
distribution is helpful to predict the response of soil C:N:P
dynamics to human disturbance and global climate change.
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