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Abstract: Inspired by the strict constraint ratio (relatively low variability) between carbon (C),
nitrogen (N), and phosphorus (P) in global soils and soil microbial biomass, our study explores
the biogeographic distribution of C:N:P stoichiometric ratios in soils and soil microbial biomass
in China and seeks to identify areas with similar ratios. Our study also attempts to determine the
impacts of soil and soil microbial biomass C:N:P in China and the factors determining the ratio. The
element concentrations may vary in each phylogenetic group of soils and soil microbial communities
in China’s terrestrial ecosystems, as they do in global terrestrial ecosystems. However, on average,
the C:N:P ratios for soil (66:5:1) and soil microbial biomass (22:2:1) are highly constrained within
China. Soil microbial biomass C, N, and P concentrations have relatively weak internal stability,
while soil microbial biomass C:N, C:P, and N:P ratios do not have internal stability at the national
scale and in different terrestrial ecosystems of China. Unlike plant N:P, which can be used as the
basis for evaluations of nutrient restrictions, the use of soil or soil microbial biomass N:P to evaluate
soil nutrients is not universal. Latitude is the main factor influencing the patterns of soil C, N, and P.
Longitude is the main factor determining the patterns of soil microbial biomass C, N, and P. pH is
the main nonzonal factor affecting the patterns of soil and soil microbial biomass C, N, and P. The
findings of this study are helpful in understanding the spatial pattern of soils and soil microbial
biomass and their influencing factors in regions with complex ecosystems.

Keywords: spatial pattern; C:N:P; vegetation types; nutrient limitation; homeostasis

1. Introduction

Soil is an important part of terrestrial ecosystems and the main source of the nutrients
required for plant growth and development [1]. Soil microorganisms are the main drivers
of soil material circulation and energy circulation. These organisms control the supply,
conversion, and circulation of soil nutrients and have beneficial effects on the structure,
function, and service of ecosystems [2] and are thus commonly used as an indicator of
soil quality changes [3,4]. Soil microbial biomass, which functions as a fast-turnover
nutrient reservoir, plays an important role in driving the biogeochemical cycles of chemical
elements such as C, N, and P and is closely correlated with soil physical and chemical
characteristics [5]. The relationship between ecological stoichiometric characteristics and
soil microbial biomass is very important for understanding not only biogeochemical cycling
but also microbial biogeography in terrestrial ecosystems, but few studies have examined
this relationship [6].

Ecological stoichiometry describes the balance of the various chemical substances
involved in the interactions and transformations within ecosystems and is an important
tool for the study of soil nutrient cycling and limitations. Initially, the theory was mainly
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applied to aquatic ecosystems [7-9]. Terrestrial ecosystems have more variable habitats,
biota, and environmental factors than aquatic ecosystems, thus they are more complex [10].
Moreover, in all terrestrial ecosystems, soil is complex and dynamic. Differences in climatic
factors, changes in land use, and the influence of human factors increase the spatial
heterogeneity of the nutrient cycle in the soil [11,12]. Previous studies have explored
the spatial distribution of C, N, and P in soils and soil microbial biomass in terrestrial
ecosystems. For instance, Cleveland and Liptzin integrated soil microbial biomass data in
global terrestrial ecosystems and found that the ecological stoichiometric characteristics of
soils and soil microbial biomass on a large regional scale include relatively stable C:N:P
ratios (186:13:1 and 60:7:1, respectively) [13]. Furthermore, Tian et al. [14] studied the
characteristics of soil stoichiometry in China and found that, in topsoils rich in organic
matter, the stoichiometric ratio is limited to a certain range (the ratios of C:N, C:P, and
N:P in soils are 11.9, 61, and 5.2, respectively, and the ratio of C:N:P is stable at 60:5:1). A
global meta-analysis showed that although the concentrations of C, N, and P in soils and
soil microbial biomass vary greatly in different ecosystems, their ecological stoichiometric
ratio has an optimal value on a global scale, and their molar ratios are 287:17:1 and 42:6:1,
respectively [6]. Therefore, inspired by previous studies, we hypothesize that there is a soil
microbial biomass element ratio in China similar to the Redfield ratio in oceans.

Climatic changes, vegetation changes, and pH have been shown to significantly
influence soils and soil microbial biomass [15-18]. For instance, higher plant biomass is
usually related to higher nutrient inputs into soils [11,19]. In addition, precipitation and
temperature determine the spatial patterns of C, N, and P in soil microbial biomass by
regulating plant growth and soil moisture [20]. Although previous studies have described
the factors influencing the patterns of soils and soil microbial biomass, there are still
knowledge gaps. First, the terrestrial ecosystems in China are highly complex and diverse,
and the vegetation distribution covers a variety of climate types, from cold temperate
zones to tropical zones. Therefore, the study of C, N, P, and stoichiometry have only been
carried out at the local scale [21]. In addition, there are very limited studies of C, N, and
P concentrations and the effects of multiple factors on them based on coarse (national)
scales. Second, most studies are limited to a certain ecosystem, and few studies have
investigated C, N, P, and stoichiometry in different terrestrial ecosystems. To address the
above questions, we used Web of Science, CNKI, and other databases to search for previous
studies and extract soil and soil microbial biomass C, N, and P data from the original
publications to answer the following questions: (1) On a nationwide scale, is there a ratio
of soil and soil microbial biomass C:N:P in terrestrial ecosystems of China similar to the
Redfield ratio for marine plankton? (2) On a national scale, can the ecological stoichiometric
characteristics of soil microbial biomass be used to evaluate ecosystem nutrient limitations?
(3) What are the effects of environmental factors and climate zones across the country on
soils and soil microbial biomass C, N, and P and their ecological stoichiometric and internal
stability characteristics? This study will help clarify the relationships between multiple
factors and the soil material cycle in China’s terrestrial ecosystems.

2. Materials and Methods
2.1. Distribution of Types of Terrestrial Ecosystems in China

According to the statistical analysis of the macrostructure data of terrestrial ecosystems
in China (Figure 1), grassland ecosystems accounted for the greatest proportion at 31.47%,
including three types of grasslands: those with high coverage, those with medium coverage,
and those with low coverage. Forest ecosystems followed, at 23.96%, including forests,
brushy areas, open woodlands, and other woodlands. Cropland ecosystems (the type
of terrestrial ecosystem most affected by human activities) accounted for 18.79%, mainly
including dry lands and paddy fields. Desert ecosystems accounted for 13.41%, mainly
including sandy lands, Gobi Desert, saline-alkali lands, and alpine deserts. Wetland
ecosystems accounted for 3.78%, including swamps, canals, lakes, reservoirs, glaciers,
permanent snow, and beaches. Developed ecosystems accounted for 2.33%, including
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towns, rural residential areas, and industrial and mining ecosystems. Other ecosystems
(bare land and bare rock and gravel land) accounted for 6.64% of the total area of China’s
terrestrial ecosystems.

Legend
- Cropland ecosystem(18.79%)

- Forest ecosystem (23.57%)

- Grassland ecosystem(31.47%)
B Vit and Wetland ecosystem(3.78%)
- Settlement ecosystem(13.41%)
- Desert system(2.33%)

- Other ecosystems(6.64%)
0
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Figure 1. Distribution map of ecosystem types of China. The data were acquired from the Resource

and Environmental Science Data Center of the Chinese Academy of Sciences (https://www.resdc.
cn/data.aspx?DATAID=198) (accessed on 3 November 2021).

2.2. Data Acquisition

Data from papers published in English were based on the three main databases of Clar-
ivate Analytics’ ISI Web of Sciences Core Collection™ (WOS, http:/ /apps.webofknowledge.
com/ accessed on 20 September 2021): Science Citation Index-Expanded™ (SCI-E, Science
Citation Index), Social Sciences Citation Index™ (SSCI, Social Sciences Citation Index), and
Art & Humanities Citation Index® (A & HCI, Arts and Humanities Citation Index). An
advanced search function was adopted, and the source of the journal was not limited. The
subject heading used was “(TS = microbial C OR TS = microbial N OR TS = microbial P)”.
Data from papers published in Chinese came from the Chinese Journals Full-text Database
of China National Knowledge Infrastructure (CNKI, http://www.cnki.net/ accessed on
20 September 2021) using professional retrieval, unlimited journal sources, and the sub-
ject words “microbial biomass carbon (MBC)”, “microbial biomass nitrogen (MBN)”, and
“microbial biomass phosphorus (MBP)”. Nonacademic newspapers, publications, calls
for papers, reports, international and domestic conferences, miscellaneous talks, scientific
anecdotes, and other papers that were not significantly related were excluded. To achieve
the purpose of our studies and reduce the potential bias in the screening of papers, three
screening criteria for the collected data were used: (a) the papers contained concentrations
of at least two elements for soil C, N, and P and soil microbial biomass C, N, and P mea-
surements; (b) the soil microbial biomass (including bacteria and fungi) in the papers was
determined based on the fumigation-extraction (FE) method [22]; (c) papers examining the
addition of nutrients to the soil were not included; (d) the content of soil C, N, and P in
the study was greater than the content of soil microbial biomass C, N, and P; and (e) if the
original study reported the vertical distribution of elements in the soil, only the surface
(thickness 0-20 cm) soil data were selected for our study. Based on the above screening
criteria, 170 research papers that met the requirements were finally obtained, and 404 sets of
data were extracted (using Getdata software to extract the data from graphs in the original
papers or directly extracting the data from tables in the original papers). According to the
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sample plot locations and vegetation coverage given in the literature, all sample plots in
the database were divided for statistical analysis into 6 specific ecosystem types: grassland
(91), forest (122), cropland (157), wetland (14), desert (18), and bare land (2) (Figure 2).
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Figure 2. Distribution of sampling sites used in this synthesis; 386 out of 404 data points with
geographical coordinates are shown in this map.

2.3. Data Analysis

The stoichiometric ratios of soils and soil microbial biomass C, N, and P are expressed
in molar ratios (molar ratios are commonly used in physiology; unless otherwise specified
below, the units are all expressed in molar ratios). The statistical data were preliminarily
sorted and calculated using Microsoft Excel 2019, and SPSS PASW (Predictive Analytics
Suite Workstation) Statistics 22.0 (IBM, Armonk, N, USA) software was used for statistical
analysis. Before data analysis, the Levene homogeneity test was used, and the homogeneity
of variance was not uniform. The data were log;( transformed to meet the normal distri-
bution required for statistical analysis. After the analysis was complete, the results were
restored to the original numerical state through logarithmic conversion. One-way analysis
of variance (one-way ANOVA) was used to compare the means and test for significant
differences among three or more samples (o« = 0.05); Pearson correlation analysis was
used to analyze soil and soil microbial C, N, and P concentrations and the corresponding
relationships of C:N, C:P, and N:P. Statistical drawing was performed using Origin 2021
(Originlab Inc., Northampton, MA, USA) and SigmaPlot 14.0 software. ArcGIS 10.2 was
used for sampling point mapping.

The internal stability is represented by the internal stability index (obtained through
the regression analysis of the internal stability model using data that were not transformed
using the logg function) and the internal stability model defined by the formula [23]:

d 1 dx
i M
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In this model, y represents the percentage of element concentration or the ratio of
element content in the organism, such as C%, N%, and P% or C:N, C:P, and N:P, and x
refers to the supply of nutrients in the environment. Performing exponential conversion of
Formula (1), the following exponential expression can be obtained:

-

2

y = cx

The logarithmic conversion of Formula (2) yields the following logarithmic expression:

Iny = Inc + %lnx (3)
Inx
o Iny — Inc @)

In Formula (4), c is a constant, H represents the homeostasis index, which can deter-
mine the degree of urgency of changes. H > 1 can be regarded as the ability to maintain
homeostasis. The greater the value of H, the more biological organisms maintain their
own chemical composition in a variable environment, and the stronger the ability of the
organisms to maintain homeostasis [23]. To facilitate statistical analysis, 1/H (0 <1/H < 1)
is often used to measure the strength of internal stability. The homeostasis index was
classified as follows: 0 < 1/H < 0.25, steady-state type; 0.25 < 1/H < 0.5, weak steady-state
type; 0.5 <1/H < 0.75, weakly sensitive type; and 1/H > 0.75, sensitive type [24,25]. When
the homeostasis index is negative, the absolute value of the index is used to characterize
the strength of biological stoichiometric homeostasis [25,26].

3. Results
3.1. Summary of Soil and Soil Microbial Biomass Carbon (C), Nitrogen (N), and Phosphorus (P)
Concentrations in Different Ecosystem Types

The soil and soil microbial C, N, and P concentrations differed significantly among
ecosystem types (p < 0.05) (Figure 3). Among them, the values of wetland soil C, N, and P
(2225.8 mmol-kg !, 185.5 mmol-kg !, and 56.2 mmol-kg !, respectively) and soil microbial
C,N, and P (65.4 mmol-kg !, 7.4 mmol-kg~!, and 1.6 mmol-kg !, respectively) were signif-
icantly higher than those of other ecosystem types (p < 0.05) and higher than the averages
of all types (1020.7 mm01~kg_1, 86.4 mmol-kg_l, and 18.3 mmol~kg_1, respectively), while
desert and bare land soil and soil microbial C, N, and P concentrations were relatively low.
The changes in soil and soil microbial C and N concentrations were similar, and the overall
performance was in the order wetland > cropland > forest > grassland > desert. However,
the changes in P content were slightly different (wetland > forest > grassland > cropland >
desert > bare land).

Table 1 shows that the C:N of soil in China’s terrestrial ecosystems ranges from 8.11
to 16.94, with an average of 10.69; the C:P ranges from 34.97 to 143.36, with an average
of 100.19; and the N:P ranges from 2.88 to 13.83, with an average of 10.33. The average
soil C:N, C:P, and N:P ratios are mainly distributed in the intervals 8-32, 1664, and 2-8,
and the soil C:N, C:P, and N:P ratios obey a positive state distribution (Figure 4). The
soil microbial biomass C:N ranges from 8.55 to 26.96, with an average value of 13.7; the
C:P ranges from 1.48 to 181.85, with an average value of 85.15; and the N:P ranges from
0.20 to 10.61, with an average value of 9.23. The average ratios of C:N, C:P, and N:P are
mainly distributed in the intervals 4-16, 16-64, and 2-8, and the soil microbial C:N, C:P,
and N:P ratios also obeyed a normal distribution (Figure 4). Under the different vegetation
types, the soil C:N ratio of wetland ecosystems was significantly lower than that of desert
ecosystems (p < 0.05), and there were no significant differences among other ecosystems
(p > 0.05). The soil microbial C:N ratio of desert ecosystems was significantly lower than
that of wetland ecosystems (p < 0.05). The soil microbial C:P ratio was greatest in grasslands,
followed by forests, with deserts and wetlands having the smallest ratio (p < 0.05). The soil
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microbial N:P ratio was greatest in wetlands, followed by croplands and grasslands, with
deserts having the smallest ratio (p < 0.05).
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Figure 3. Soils (a) and soil microbial biomass (b) carbon (C), nitrogen (N), and phosphorus (P) concentrations for each
vegetation type across global forest ecosystems. Different lowercase letters indicate significant differences among vegetation
types at p < 0.05. MBC, soil microbial biomass carbon content; MBN, soil microbial biomass nitrogen content; MBP, soil
microbial biomass phosphorus content. The same abbreviations are used in subsequent tables and figures.

Table 1. Soil and soil microbial biomass C:N, N:P, and C:P in different terrestrial ecosystems of China.

Different

C:N C:P N:P MBC:MBN MBC:MBP MBN:MBP
Ecosystems
Grassland 1192 4+9.193> 14336 +£253.322 13.08 £17.962 1453 +1029P 181.85+241912 10.61 + 14.35"
Forest 8.43 + 3.35 b 92,54 +130.092  13.83+22.762 1412 £5.77P 97.56 + 196.69 P 6.07 + 4.49 be
Cropland ~ 12.01 £10.352  113.85 £296.642  8.89 + 8.462 12.60 +£17.09°  73.03 & 52.09 b¢ 6.29 +3.98 P
Desert 12.56 +3.312 34.97 4+ 26.62 2 2.88 +2.092 855+ 3.79¢ 148 +0.99°¢ 0.20 +0.20 4
Wetland 16.94 +1.89P Na Na 26.96 + 16.97 2 223 +17.50¢ 2.32+0.882
Other 8.11 + 3.99 ab 63.19 £ 25502 7.33 £ 4572 1229 + 440b¢ 5857 4 41.32bc 472 +3.18¢
Overall 10.69 100.19 10.33 13.7 85.15 9.23

Note: Values are means. Different letters above the table indicate significant differences among different ecosystems at p < 0.05. Na, not
available. MBC:MBN, soil microbial biomass C and N ratio; MBC:MBP, soil microbial biomass C and P ratio; MBN:MBP, soil microbial
biomass N and P ratio. The same abbreviations are used in subsequent tables and figures.
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Figure 4. Frequency distributions of C:N (a), C:P (b), and N:P (c) for terrestrial ecosystems in China.
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3.2. Correlation Analysis of Soil and Soil Microbial Biomass C, N, and P Concentrations and Their
Ecological Stoichiometric Characteristics

Figure 5 shows significant correlations for soil and microbial C, N, and P in terrestrial
ecosystems. The correlation coefficients between MBC and MBN, MBC and MBP, and
MBN and MBP were 0.715, 0.479, and 0.428, respectively, and their correlations reached a
significance level of p < 0.01; the correlation coefficients of soil C and N, C and P, and N and
P were 0.894, 0.168, and 0.245, respectively, and the correlations were significant (p < 0.01).
Correlation analysis of soils and soil microbial C, N, and P and their stoichiometric ratios
(Figure 5) showed that MBC, MBN, and MBC:MBN were non-significantly correlated
(p > 0.05), but MBC:MBP had a significant positive correlation with MBN:MBP (p < 0.05);
MBP was non-significantly correlated with MBC:MBN and MBC:MBP (p > 0.05), but
was significantly positively correlated with MBN:MBP (p < 0.05). MBC and MBN were
significantly correlated with the C:N ratio (p < 0.05), but they were non-significantly
correlated with the C:P and N:P ratios (p > 0.05), while MBP was correlated with the
C:N, C:P, and N ratios. There were no correlations between the P ratios. In addition, the
correlations between MBC, MBN and MBP, and the MBP:P ratio were extremely significant
(p < 0.01). MBC:MBN had a significant negative correlation with soil C:P and N:P (p < 0.01);
MBC:MBP and MBN:MBP had nonsignificant correlations with soil C:N, C:P, and N:P
(p > 0.05), but N:P was significantly correlated with MBP:P.
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Figure 5. Relationships between the C, N, and P concentrations of the soil and soil microbial biomass.
Red indicates a positive correlation, and blue indicates a negative correlation.

3.3. Relationships between Environmental Factors and Ecological Stoichiometry of Soil and Soil
Microbial Biomass

Figure 6 shows that the C, N, and P concentrations of the soil were extremely neg-
atively correlated with soil pH and latitude (p < 0.01), the C:N and C:P ratios of the soil
were significantly negatively correlated with longitude (p < 0.05), and the C:P ratio was
significantly positively correlated with latitude (p < 0.05). The C, N, and P concentra-
tions of the soil microbial biomass were closely related to longitude, latitude, and pH
(p < 0.01). MBC:MBN and MBC:MBP were mainly affected by pH. Principal component
analysis of soil and soil microbial biomass C, N, and P concentrations revealed significant
correlations between the soil C, N, and P concentrations and the soil MBC, MBN, and
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MBP concentrations (Figure 7). Principal component 1 explains 24.4% of the variation
in the dependent variable variation, and principal component 2 explains 17%; principal
component 1 is mainly related to latitude and pH, and principal component 2 is mainly
positively correlated with longitude.

o — 0T8—
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Figure 6. Structural equation modeling of the effects of different ecological variables on the C,
N, and P concentrations and the C:N, N:P, and C:P ratios in soil and soil microbial biomass. The
dotted lines indicate a significant negative correlation (0.01 < p < 0.05), and the solid lines indicate a
significant positive correlation (0.01 < p < 0.05). * and ** indicate significant correlation at the 0.05

and 0.01 level, respectively.
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Figure 7. Relationships between environmental factors and ecological stoichiometry of soil and soil

microbial biomass.
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3.4. Characteristics of the Internal Stability of Soil Microbial C, N and P

Figure 8 shows that the concentration of soil microbial biomass C, N, and P increased
with increasing soil C, N, and P concentrations. Correlation analysis and t-tests showed that
the two were extremely significantly correlated (p < 0.001) (Figure 8a—c). The homeostasis
index H values of soil microbial biomass C, N, and P were 2.13 (1/H = 0.47, weak steady-
state type), 2.08 (1/H = 0.48, weak steady-state type), and 1.33 (1/H) = 0.75, sensitive type),
showing weaker internal stability. Based on the p value and R? shown in Figure 8d—f,
the internal stability index values of the soil microbial biomass C:N, C:P, and N:P ratios
cannot be calculated. In summary, soil microbial biomass C, N, and P concentrations have

relatively weak internal stability, while soil microbial biomass C:N, C:P, and N:P ratios do
not have internal stability.

40
o a (] Grassland(Y:3.79x°-°3, R?=0.29, p<0.001, H=3.33) 60 b @  Grassland(Y=1.36x"?', R>=0.09, p=0.0058)
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Figure 8. Internal stability index values in different terrestrial ecosystems of China. (a—f) respectively represent the internal
stability index of soil MBC, MBN, MBP, MBC: MBN, MBC: MBP, MBN: MBP under different terrestrial ecosystems.
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Figure 8 shows that the internal stability indexes of different ecosystem types are
quite different. In the grassland ecosystem type, only MBC satisfies the internal stabil-
ity model, with values of H = 3.33, 1/H = 0.30, weak steady-state type, which is higher
than the national-scale internal stability index (H = 2.13, 1/H = 0.47, weak steady-state
type). The MBC:MBN, MBC:MBP, and MBN:MBP ratios do not exhibit internal stability.
Under forest vegetation types, only MBC and MBN have internal stability indexes, with
values of 1.89 (1/H = 0.53, weakly sensitive type) and 1.67 (1/H = 0.60, weakly sensitive
type), respectively. The forest ecosystem MBC internal stability index (HC = 1.89, weak
steady-state type) is lower than the MBC internal stability index for grassland ecosys-
tems (H =3.33, 1/H = 0.30, weak steady-state type), and the MBC:MBN, MBC:MBP, and
MBN:MBP ratios are the same for forests and grasslands and do not have the characteristics
of internal stability. MBC and MBN in cropland ecosystems have some internal stability,
1.01 (1/H = 0.99, sensitive type) and 1.23 (1/H = 0.81, sensitive type), respectively, but
this stability is weaker than that of forest ecosystems. The internal stability index values
of MBC:MBN, MBC:MBP, and MBN:MBP for cropland ecosystems cannot be calculated
according to the internal stability model. For wetlands, the internal stability index values
of MBC and MBN (H =1.03, 1/H = 0.97, sensitive; H = 0.53, 1/H = 1.89, sensitive type,
respectively) are significantly lower than the soil microbial homeostasis index of grassland,
forest, and cropland ecosystems, and although the N:P ratio indicates internal stability
(H=217,1/H = 0.46, weak steady-state type), the other measurements lack internal stabil-
ity characteristics. In desert ecosystems, MBC, MBN, and MBP have no internal stability
characteristics. In summary, soil microbial biomass C:N, C:P, and N:P ratios do not have
internal stability in different terrestrial ecosystems.

4. Discussion
4.1. Is There a “Redfield-like” Ratio for Soil and Soil Microbial Biomass C:N:P in China’s
Terrestrial Ecosystems?

Research on stoichiometric relationships mainly focuses on the three elements C, N,
and P and was originally based on the study of phytoplankton in marine ecosystems.
Scientists have discussed C:N:P stoichiometric characteristics from the perspectives of
leaves, litter, and roots. For example, McGroddy et al. [27] studied the C:N:P metrologi-
cal relationship between global forest leaves and litter and found that the C:N:P ratio is
12:28:1 for forest plant leaves and 3007:45:1 for litter. However, there are few reports of
stoichiometric characteristics at the soil ecosystem scale. In contrast to marine ecosystems,
strong spatial heterogeneity is the main reason for the variation in stoichiometric rela-
tionships in terrestrial ecosystems. The spatial heterogeneity of climate, topography, soil
matrix (including soil depth), and biodiversity will affect the stoichiometric relationship of
terrestrial ecosystems, complicating the study of ecological stoichiometry. Some scholars
have concluded that C:N:P has relatively stable characteristics based on integrations of
the stoichiometric characteristics of C, N, and P in the soil on a large scale, and this ratio
usually fluctuates within a certain range [6,13]. For example, Cleveland and Liptzin [13]
found that although the concentrations of C, N, and P in the soil vary widely globally, the
C, N, and P concentrations in the soil have significant positive correlations. The ecological
stoichiometric ratio of C, N, and P is also restricted to a very narrow range, where C:N
is 2-30 (molar ratio) and N:P is 1-77. On average, the C:N:P ratio is 186:13:1, which is
similar to the Redfield ratio in marine ecosystems. Tian et al. [14] found that, in the soil
of China, the average C:N, C:P, and N:P ratios at depths (some soil profiles as deep as
250 cm) were 11.9, 61.0, and 5.2, respectively, and the C:N:P ratio was 60:5:1. These values
are also similar to the ocean Redfield ratio. Our study analyzed 404 sets of data extracted
from 170 published papers and found that the average C:N, C:P, and N:P ratios of soils
in China’s terrestrial ecosystems were 10.7, 100.2, and 10.3, respectively, and the C:N:P
ratio was stable at 66:5:1, which is close to the results reported by Tian et al. [14] (Table 2).
In addition, there is a significant correlation between the content of C, N, and P in the
soil, which verifies that there is a soil ratio similar to the Redfield ratio found in the ocean.
However, the soil C:N:P ratios in this study and those reported by Tian et al. [14] are
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far lower than the average ratios of global soils [6,13], which shows that although C, N,
and P restrict each other in different regions, their ecological stoichiometry changes with
environmental changes. In our study, the C:N, C:P, and N:P ratios of soil microbial biomass
elements were 13.7, 85.2, and 9.2, respectively, and the C:N:P molar ratio was 22:2:1, which
was compared with the results of Cleveland and Liptzin [13] and Xu et al. [6]. There was a
significant difference from the research results at the global scale (p > 0.05). However, there
was an extremely significant positive correlation between the content of C, N, and P in the
soil microbial biomass (Figure 5), which indicated that the soil microbial biomass C:N:P of
China’s terrestrial ecosystems had a fixed Redfield ratio.

4.2. Can Soil Microbial Biomass N:P Be Used as a Tool to Evaluate Nutrient Limitations?

N and P are generally considered to be the most important limiting elements of
plants in terrestrial ecosystems. Most scholars use the critical N:P ratio of plant leaves
as an indicator of the nutrient supply status of the environment for plant growth [28,29].
However, soil N mainly comes from organic matter derived from litter and atmospheric
nitrogen deposition. Its spatial distribution is mainly controlled by climatic conditions and
soil-forming mechanisms [30], and their spatial distribution varies greatly, while soil P is
mainly from rock weathering [31], with low spatial variability. Therefore, soil N:P was
used as a diagnostic index of N saturation to determine the threshold of nutrient limitation.
For example, the average soil N:P value of the loess hilly and gully area was 0.86, which is
lower than the average value for Chinese soils, indicating that the soil in the loess hilly and
gully area was N limited [32]. In 2007, Cleveland and Liptzin proved that soil microbial
biomass N:P can also be used to reflect soil nutrient limitations in low-latitude tropical
ecosystems [13]. Their research showed that high soil microbial biomass N:P indicates P
limitation.

Research by Ren et al. [33] confirmed this view. However, their study did not examine
the internal stability of soil microorganisms. Our study revealed that, in China’s terrestrial
ecosystems, where the terrain is complex and changeable, there was a significant difference
between the soil microbial biomass N:P (9.2) ratio and the average global N:P (6.9) (Table 2)
as well as between the soil microbial biomass N:P ratio and the soil N:P ratio. The supply
ratio is irrelevant (Figure 5). Furthermore, soil microbial biomass N:P is insensitive to
vegetation zone changes (i.e., latitude changes) (Figure 6), which is inconsistent with the
research results of Cleveland and Liptzin [13], indicating that soil microbes in China’s
terrestrial ecosystems have no internal stability and may not be suitable for using to
reflect the nutrient limitations of these ecosystems. Moreover, Figure 6 shows that the
soil microbial biomass C, N, and P have relatively weak internal stability, while the soil
microbial biomass C:N, C:P, and N:P do not have the characteristics of internal stability
in different terrestrial ecosystems (Figure 6). Therefore, the use of soil microbial N:P as
an indicator of the effect of soil nutrients is not universal, and there may be an inhibitory
effect according to the soil and the environment in different regions.
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Table 2. Molar ratios in the microbial biomass and total soil element pools compared to other Redfield-like ratios.

. Soil Nutrients Soil Microbial Biomass
Region Citations
C:N C:P N:P C:N:P C:N C:P N:P C:N:P
Global 143 +05* 186.0 = 12.9* 13.1+£08* 186:13:01 8.6 £0.3 59.5 4+ 3.6 6.9 +£04 60:07:01 Cleveland & Liptzin [13]
oba 16.4 * 286.5 * 17.5% 287:17:01 7.6 42.4 5.6 42:06:01 Xu et al. [6]
Chi 119 +0.1 61.0 = 0.9 52+0.1 60:05:01 - - - - Tian et al. [14]
na 10.7 100.2 10.3 66:05:01 13.7 * 85.2 % 9.2% 22:02:01 Our study

Note: * indicate significant correlation at the 0.05 level.
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4.3. What Are the Factors Affecting the C:N:P Ratio of Soil and Soil Microbial Biomass in China?

China has a vast territory, complex geographic environment, rich plant resources, and a
high spatial heterogeneity of soil. Various environmental factors affecting soil development
and geographic distribution will directly or indirectly influence the material cycle processes
of C, N, and P in the soil [11,34]. The spatial patterns of soil and soil microbial biomass
C:N:P have been extensively studied. Previous studies have shown that vegetation types
have a greater impact on the chemical properties of soil than do other factors. Different
vegetation types have a greater influence on the absorption, transportation, and distribution
of chemical elements. Significant differences in utilization and release processes [35]
can change soil properties (physical, chemical, and biological characteristics) and soil
environmental conditions and affect many ecological processes [36,37]. For example, Bui
and Henderson [38] studied soil C, N, and P under the main vegetation types in Australia
and found that soil N:P and C:P have greater variability under different vegetation types.
In our study, the C:P ratio of soil under all vegetation types except forest ecosystems
was significantly lower than that of grasslands and wetlands (p < 0.05), and there were
no significant differences among the other ecosystems (p > 0.05). The C:N ratio of soil
microbial biomass differed significantly (wetlands had the greatest C:N ratio, grasslands
and farmlands had the second greatest C:N ratio, and bare land had the lowest C:N ratio)
(p < 0.05). There was no significant difference in C:P and N:P among different vegetation
types. The influence of vegetation types on soils and soil microbial biomass and its
stoichiometric characteristics does not show a universal pattern of spatial change.

The climate zone determines the soil development process, the vegetation succession
sequence, and many other ecological processes on a large geographic scale. Climate zones
reflect the distribution of water and heat characteristics across latitude and longitude [39].
Studies have confirmed that soil C mainly depends on the decomposition of litter and the
soil organic matter content. Soil N mainly comes from organic matter derived from litter
and the deposition of atmospheric nitrogen. Its spatial distribution is mainly controlled
by climatic conditions and soil-forming mechanisms [30]; to a certain extent, C and N
usually have the same, highly variable spatial distribution pattern [13]. Soil P exists and
is stored in the form of sediment and has a specific chemical behavior in the soil [31],
with low spatial variability, but climate change is the most important factor affecting the
spatial distribution of soil P [40]. Therefore, in low-latitude regions, high temperatures and
humid environments are conducive to the accumulation of soil organic matter [41] and
rock weathering [42], and as latitude increases, these favorable hydrothermal conditions
decrease. The aboveground biomass and litter of plants are continuously decreasing, and
the weathering of rocks is weakened, resulting in a decrease in the content of decomposed
and litter-derived organic matter that is transported to the soil [43]. From south to north,
the concentrations of soil C, N, and P decrease. For example, Li et al. [42] found that global
forest soil microbial biomass N:P decreases with increasing latitude, indicating that low-
latitude areas and higher latitude areas are more restricted by P. The results of this study
show that latitude has a very significant negative correlation with soil C, N, and P (p < 0.01),
which is in line with the conclusions of previous studies. In contrast with soil C, N, and P,
the correlations between soil microbial biomass C, N, and P and latitude were not significant
(p > 0.05), but these soil factors had a significant positive correlation with longitude
(p < 0.05) due to the zonality of longitude. The dominant factor influencing the pattern
of differentiation is water, and water status is an important factor affecting soil microbial
biomass. The availability of water directly affects microbial activity [44]. There are three
obvious isohyets (800 mm, 400 mm, and 200 mm) from east to west in the area investigated
in this study. The precipitation generally decreases from southeast to northwest, which
greatly affects the soil moisture content. Some studies report that an increase in moisture
leads to decreases in soil microbial biomass C:N and C:P [45-48], but Figure 7 shows that
longitude has a significant negative correlation with soil microbial biomass C:N and C:P
(p < 0.05), which is consistent with previous studies. This negative correlation exists
because the increase in precipitation causes an increase in soil moisture, and the effect of



Forests 2021, 12, 1544

14 of 16

soil microbes on N immobilization and enhanced P mineralization reduces soil microbial
biomass C:N and C:P [49,50]. In addition, Chen et al. [51] found that the increase in moisture
had no significant effect on soil microbial biomass N:P, but it changed the concentrations
of soil microbial biomass N and P. In this study, longitude had no significant correlation
with soil microbial biomass N:P (p > 0.05), but it had a very significant positive correlation
with soil microbial biomass C, N, and P (p < 0.05), which is consistent with the conclusions
of Chen et al. [49], indicating that changes in humidity increase mineralization and the
absorption rate of soil nutrients.

Soil pH is an important controlling factor of the growth of soil bacterial communities.
A decrease or increase in pH reflects the accumulation and decomposition of nutrients in the
soil, with increasing pH resulting in changes in the concentration of soil and soil microbial
biomass C, N, and P [51]. One study observed no correlation or a weak correlation between
soil pH and soil microbial biomass C:N, C:P, and N:P ratios [52]. With the exception of the
soil microbial biomass P and pH, which were not significantly correlated (p > 0.05), our
study found that the other elements were extremely significantly negatively correlated
with pH (Figure 7). However, soil pH was insignificantly correlated with soil C:N, C:P, N:P,
or with MBC:MBN, MBC:MBP, MBN:MBP(p > 0.05) (Figure 6). This finding is similar to the
results of previous studies and indicates that the pH value has a greater impact on the C, N,
and P in the soil and its soil microorganisms, while the stoichiometric ratio of N and P has
little effect. The ratios of soil and soil microbial biomass C:N, C:P, and N:P are internally
stable, in line with the results of previous studies [13,14].

5. Conclusions

The molar C:N:P ratios in the soil (66:5:1 on average) and soil microbial biomass
(22:2:1 on average) were both considered constrained. The former elemental ratio was
remarkably close to the overall area- and depth-weighted atomic C:N:P ratio (60:5:1)
reported by Tian [14]. The latter elemental ratio was significantly different from the global
average soil microbial biomass atomic C:N:P ratio (60:7:1) for soil [13]. However, there is a
significant correlation between the contents of C, N, and P in the soil microbial biomass,
which indicates that the soil microbial biomass C:N:P of China’s terrestrial ecosystems
has a fixed Redfield ratio. Our dataset revealed that soil microbial biomass C, N, and P
concentrations have relatively weak internal stability, while soil microbial biomass C:N, C:P,
and N:P ratios do not have internal stability at the national scale and in different terrestrial
ecosystems. Therefore, we believe that using soil microbial biomass N:P as an indicator
of soil nutrients does not have universal applicability. In addition, we found that latitude
(heat) is the main factor that determines the change in soil C, N, and P, and longitude
(moisture) is the main factor that determines the pattern of soil microbial biomass C, N,
and P. Consequently, our study demonstrates that the spatial patterns of China’s soil and
soil microbial biomass C, N, and P were statistically significant. Our dataset and analysis
provide valuable supplementary information for the study of soil elemental ratios in China,
especially soil microbial biomass C:N, C:P, and N:P ratios.
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