
Introduction

Vegetation is an important part of terrestrial ecosys-
tems and plays an important role in water conservation 
and environmental protection [1]. In recent years, the global 
climate is changeable, natural disasters occur frequently, 
unreasonable human activities occur, and vegetation deg-
radation occurs locally or globally, resulting in a reduc-
tion of vegetation coverage, soil organic carbon (SOC), 
and total nitrogen (TN) content [2, 3]. Therefore, carrying 
out regional vegetation related research and investigation 
is the premise and foundation of natural ecosystem resto-
ration, which is very effective in improving regional soil 

quality and curbing the deterioration of the ecological envi-
ronment. Ecological stoichiometry focuses on the balance 
and coupling of the main elements, such as carbon, nitrogen, 
and phosphorus, and organically unifies the research theories 
of different levels of molecules, cells, organisms, popula-
tions, and ecosystems based on the ratio between elements 
and elements [4–6]. Soil ecological stoichiometry provides 
a basis for understanding ecosystem processes, such as pri-
mary production and nutrient cycling, through the relative 
proportion and balance of C elements in soil, N, and P [7]. 
Soil C:N:P stoichiometry can represent the characteristics 
of nutrient cycling in different vegetation soil microenviron-
ments [8]. C:N and C:P affect the growth rate of vegetation 
[9], which also reflects the utilization efficiency of vegetation 
on soils N and P. Previous studies have conducted a lot of re-
search on soil stoichiometry in the central Himalayas [10], 
the Loess Plateau of China [11], southwestern China [12], 
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Abstract
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and South China [13], with few studies on Karst areas [14, 
15]. Most of the existing studies have focused on the effects 
of different land use patterns [16–18], vegetation recovery 
patterns [19], and fertilization measures [20–22] on soil 
stoichiometric changes. Climate conditions, terrain, parent 
material, anthropogenic, and many other factors will affect 
the soil stoichiometry [2, 23–25]. For example, warming 
increases in soil N:P and vectorial angle (reflecting P limita-
tion by soil microbes) of 4.2% and 2.0%, respectively [26]. 
A large number of studies have shown that soil carbon, ni-
trogen, and phosphorus content and reserve changes respond 
to vegetation [19, 22], and different vegetation have found 
inconsistent C, N, and P content and their stoichiometry.

The ecosystem of the Karst region in southwest China 
is extremely fragile, with low disaster threshold elasticity 
and sensitivity that is susceptible to adverse factors. Veg-
etation restoration is an important ecological management 
measure in this region, and vegetation restoration is con-
sidered to be an effective measure to increase the retention 
of SOC [27, 28]. Vegetation species can affect the number, 
composition, and law of litter and ultimately affect soil 
carbon, nitrogen, and phosphorus [17, 19, 28].

At present, the research on soil stoichiometry in Karst 
areas mainly focuses on different vegetation types [19, 29] 
and restoration measures [15]. However, the C, N, and P 
content, reserves, and stoichiometric evolution of limestone 
soil in Karst areas are rarely reported. We hypothesized that 
the C, N, and P stoichiometric characteristics in Karst lime 
soil varied according to the vegetation. This paper veri-
fies the hypothesis of different vegetation recovery types, 
recovery years (15a), terrain, and soil types and discusses 
the stoichiometry of soil C:N:P under different vegetation 
of adjacent agricultural land control (ZM), grassland (IC), 
shrub land (PF), and orchard (AP).

Experimental  

Study Area 

Pingba District, Anshun City, Guizhou Province, 
in the central part of Guizhou Province, Southwest China, 

is the study area of this project (26°11′07″~26°36′56″N, 
105°56′20″~106°39′10″E), and has a humid subtropi-
cal climate with an average annual rainfall of 1165 mm 
and a temperature range of 12.80 to 16.20°C. The moun-
tain system is part of the Miaoling mountain range, which 
is mostly northeast-southwest oriented, non-parallel, 
and poorly continuous. The mountain system belongs to 
the Miaoling mountain range and is mostly north–east–
south–west oriented, non-parallel, and poorly continuous. 
Most of the area is hilly, and the Karst landscape is very 
pronounced, with a thin layer of soil and a high propor-
tion of gravel in the soil. The parent rocks of the area are 
mainly limestone and muddy gray rocks, and the soil type 
is predominantly calcareous. There are diverse vegetation 
types, dominated by scrub, arable, woodland, and grass-
land, with vegetation dominated by hawthorn, artemisia, 
raspberry, rowan, parkland, and white fescue.

 
Sample Sampling and Determination 

Soils of three vegetation types (15a) were selected 
in the study area through a survey of the main vegetation 
types in the area in August 2022, identifying grassland 
(Imperata cylindrical (L.) Beauv., IC), shrubs (Pyracantha 
fortuneana., PF), and orchards (Amygdalus persica L., AP), 
with an adjacent agricultural field as a control (Zea mays., 
ZM) (Table 1). The selected sampling sites had the same 
time of vegetation restoration and geographic characteris-
tics, including elevation, slope, and parent material, except 
for the different vegetation types. The vegetation types 
and years of restoration at the sample sites were determined 
by research and visits.

Soil sampling is to select a typical sample point accord-
ing to the 0~5, 5~10, 10~20, 20~30, and 30~40 cm soil lay-
ers. Using the “S” shaped distribution points, each sample 
point repeated sampling 3 times. Roots, pebbles, and plant 
and animal remains visible to the naked eye were removed 
from the soil samples to ensure that the mass of each soil 
sample was ≥1 kg. After collection, soil samples were 
naturally air-dried to remove roots, stems, and pebbles. 
They were then ground and sieved through 2 mm mesh 
for indoor chemical analysis.

Table 1. Basic information on the sample plots in the southwest karst area

Vegetation types Altitude (m) Repair period 
(years) Latitude and longitude Primary Vegetation

ZM 1211 0 26°20′52″N
106°32′19″E Zea mays

IC 1285 15 26°20′05″N
106°27′56″E Imperata cylindrical (L.) Beauv.

PF 1243 15 26°19′15″N
106°28′41″E

Pyracantha fortuneana, Artemisia annua, Rubus 
idaeus L. and Zanthoxylum simulans

AP 1215 15 26°21′04″N
106°32′21″E Amygdalus persica L.

Abbreviations:Zea mays (ZM), Imperata cylindrical (L.) Beauv. (IC), Pyracantha fortuneana (PF), Amygdalus persica L. (AP). The same is 
true below.
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Soil organic carbon (SOC) was determined using 
external heating, total nitrogen (TN) using semi-micro 
Kjeldahl, total phosphorus (TP) using NaOH melting, 
alkaline nitrogen (AN) was determined by the alkaline 
diffusion method, and quick-acting phosphorus (AP) by 
the 0.5 mol L-1 NaHCO3 method [30], pH using potentiom-
etry (water:soil = 2.5:1), and soil moisture content (SMC) 
using the desiccation method, Soil bulk density (BD) was 
determined by the ring knife method [31]. Soil texture was 
estimated using the hydrometer method [31].

 
Statistical Analysis

Soil SOCstock(Cs), TNstock(Ns), and TPstock(Ps) (t hm-1) 
were calculated [32, 33] as follows:

Soil (Cs, Ns, Ps)i = Soil (C,N,P)i × BDi × Di/10

where Ci, Ni, and Pi are the SOC, TN, and TP contents 
in soil depth i (g kg-1), BDi is the BD of soil depth i, and Di 
is the soil depth of soil depth i.

Excel 2019, SPSS 22.0, and OriginPro 2021 software 
were used for data processing and plotting. One-way analy-
sis of variance (ANOVA) with the LSD method was used to 
test the significance (α  =  0.05) of SOC, TN, and TP stock 
characteristics and soil stoichiometric ratios in the 0~40 cm 
range of the soil layer under different vegetation. The effects 
of vegetation type and soil depth on soil physico-chemical 
properties and on SOC, TN, and TP stocks and stoichio-
metric ratios were investigated using a two-way ANOVA. 

Results and Discussion

 Results

Different Vegetation Soil Profile Stoichiometry

The study found that the carbon, nitrogen, and phospho-
rus content of ZM, IC, PF, and AP soils all decreased with 
the increase in soil depth. According to Fig. 1, the content 
of carbon, nitrogen, and phosphorus in 0–10 cm in each 
vegetation is significantly higher than that at the bottom 
(10~20 cm, 20~30 cm, 30~40 cm), showing the surface 
aggregation phenomenon. PF soil SOC content peaked at 
0~5 cm, and IC and PF soil SOC content were significantly 
greater than AP at 0~20 cm (P < 0.05). IC, PF, and AP soil 
TN content varied not significantly between different soil 
layers. The TP content of AP soil was significantly greater 
than IC and PF (P < 0.05). IC and PF soil C:P values decrease 
with the deepening of the soil layer and are significantly 
greater than the C:P values of ZM and AP. From 0~40 cm, 
C:N, N, P, C:N:ZM soil were not significantly different 
(P > 0.05). In the soil profile, the orders of SOC and TP 
content in different vegetation were PF > IC > AP > ZM, 
AP > ZM  =  PF > IC, and the difference in TN content was 
not significant (P > 0.05) (Table 2). The mean SOC content 
of IC, PF, and AP compared to ZM increased by 80.93%, 
37.59%, and 101.34% at 0~40 cm soil depth, respectively. Ta
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Stoichiometric Stocks of Different Vegetation Soil Profiles

The SOCStock, TNStock, and TPStock ranges of the soil 
profile depths in the study area were 12.65–45.40, 1.36–
3.11, and 0.08–0.18 Mg ha-1, respectively, and from 
0–40 cm soil depth, their reserves were 131.88, 11.70, 
and 0.64 Mg ha-1. IC, PF, and AP soil SOCStock and TNStock 
were higher than those of ZM compared to the control. 
The C, N, and P reserves of IC, PF, and AP all peaked 
at 10~20 cm in the soil depth, and in terms of carbon 
accumulation capacity, the trend of soil SOCStock was 
IC, PF > AP, with no significant difference in SOCStock 
between IC and PF, making them important soil “car-
bon sinks “in the region”. From the effect of N fixation, 
the trend of TNStock of IC, PF, and AP was not significant. 
From the effect of P fixation, the trend of TPStock change 
was AP > PF > IC, and AP was a soil “phosphorus sink” 
in the region (Table 2, Fig. 2).

Soil Carbon, Nitrogen, and Phosphorus 
Relationships Among Different Vegetation

As shown in Table 3–3, by two-way ANOVA, vegeta-
tion type had a highly significant (P < 0.001) influence on 
soil SOC, TP, C:P, and SOCStock, and soil depth had a sig-
nificant influence on SOC, TN, TP, C:P, SOCStock, TNStock, 
and TPStock indicators. Soil SOC, C:P, and SOCStock were 
significantly (P < 0.01) influenced by the combination 
of vegetation type and soil depth. C:N and N:P are not 
affected by the interaction of vegetation, soil layer, or SD 
(P > 0.05). From 0 to 10 cm, the C:N ratio size is sorted as 
IC > PF > AP > ZM (Fig. 3a). The C of PF and IC:P values 
decreased with the deepening of the soil layer (Figures 
3–3b). From 0~10 cm, the N:P value of IC, ZM, and PF is 
greater than the bottom layer (Fig. 3c). C:N for IC, ZM, 
and PF:P values decreased with the deepening of the soil 
layer, but the opposite was true for AP (Fig. 3d).
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As can be seen in Fig. 4, SOC showed a highly signifi-
cant positive correlation (P < 0.01) with TN (R2 = 0.63), TP 
(R2 = 0.45), N:P (R2 = 0.38), C:P (R2 = 0.84), Cs (R2 = 0.57), 
SMC (R2 = 0.37), Sand (R2 = 0.64), and AN (R2 = 0.93), 
and highly significant negative correlation (P<0.01) with 
BD (R2 = 0.61), Clay (R2 = 0.56) were highly signifi-
cant negatively correlated (P < 0.001); and significantly 
negatively correlated with Ps (R2 = 0.26); TN showed 
highly significant positive correlation (P < 0.001) with 
SOC (R2 = 0.63), TP (R2 = 0.50), N:P (R2 = 0.77), C:P 
(R2 = 0.45), Ns (R2 = 0.56), AN (R2 = 0.62); significant 
positive correlation (P  <0.001) with SMC (R2 = 0.30), 
Sand (R2 = 0.31), AP (R2 =  0.26) were significantly posi-
tively correlated (P < 0.05); TP showed highly significant 
positive correlation (P < 0.001) with SOC (R2 = 0.45), TN 
(R2 = 0.50), AP (R2 = 0.80), AN (R2 = 0.47); and significant 
positive correlation (P < 0.05) with Ps (R2 = 0.28).

C:N showed highly significant negative correlation 
(P < 0.01) with TN (R2 = 0.36), N:P (R2 = 0.43), Ns 
(R2 = 0.48) and significant negative correlation (P < 0.05) 
with Clay (R2 = 0.29); C:P showed highly significant posi-
tive correlation (P < 0.001) with SOC (R2 = 0.84), TN 
(R2 = 0.45), N:P (R2 = 0.57), Cs (R2 = 0.56), pH (R2 = 0.39), 
SMC (R2 = 0.48), AN (R2 = 0.79), Sand (R2 = 0.67), 
and highly significant positive correlation (P < 0.001) 
with BD (R2 = 0.53), Ps (R2 = 0.46), and Clay (R2 = 0.63) 
were highly significant negatively correlated (P < 0.001); 
and with AP (R2 = 0.28) were significantly negatively 
correlated (P < 0.05); N:P was significantly positively cor-
related (P < 0.01) with SOC (R2 = 0.38), TN (R2 = 0.77), 
C:P (R2 = 0.57), Ns (R2 = 0.56), SMC (R2 = 0.43), AN 
(R2 = 0.38); significantly positively correlated (P < 0.05) 
with Sand (R2 = 0.27); significantly positively correlat-
ed (P < 0.05) with BD (R2 = 0.42), Ps (R2 = 0.45), C:N 
(R2 = 0.43) were highly significant negative correlation 
(P < 0.001); and with Clay (R2 = 0.25) were significant 
negative correlation (P < 0.05).

Discussion

Characteristics of C, N, and P Content and Stocks 
of Different Vegetation Soil Profiles

The average contents of SOC, TN, and TP 
in the 0–40 cm soil layer in the study area were 26.68±4.14, 
2.35±1.05, and 0.13±0.04 g kg-1, respectively, which 
were comparable to the mean values of SOC, TN, and TP 
in terrestrial soils of China (29.51, 2.30, and 0.53 g kg-1), 
and to the soils of the Karst region of southwestern China 
(6.44–45.17 g kg-1, 0.56–2.57 g kg-1, and 0.30–1.83 g kg-1). 
TN, TP range values (6.44–45.17 g kg-1, 0.56–2.57 g kg-1, 
and 0.30–1.83 g kg-1) were compared with the mean values 
of SOC, TN, and TP in Chinese terrestrial soils [34, 35]. 
Chinese terrestrial soil mean, SOC content was lower than 
the Chinese terrestrial soil mean in the Southwest China 
Karst area range value, and TP content was lower than 
the Chinese terrestrial soil mean and the Southwest China 
Karst area range value in the Southwest China Karst area 
range value.Ta
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In this study, the contents of SOC, TN, and TP decreased 
with the deepening of the soil profile, and the positive 
correlation between SOC, TN, TP, and AN was highly 
significant (P < 0.001), and the positive correlation between 
TN, TP, and AP was significant (P < 0.05), which indicated 
that the total amount and effectiveness of carbon, nitrogen, 
and phosphorus in the top 0–5 cm layer had the phenom-
enon of “surface aggregation”, which retarded the cycling 
of these elements to a certain extent. This indicates that 
the total amount and effectiveness of carbon, nitrogen, 
and phosphorus in the top 0–5 cm layer had the phenom-
enon of “surface aggregation”, which retarded the cycling 
of these elements to a certain extent. This may be due to 
the fact that plant and animal residues mainly accumulate 
in the soil surface layer, and thus higher biological activ-
ity in the surface soil may be a key factor contributing to 
this phenomenon [7]. In addition, the presence of surface 

apoplastic litter can significantly improve soil structure 
and nutrient cycling [36].

In the study area, soil SOC content and storage between 
0–20 cm soil layers were significantly higher in natural 
recovery (PF, IC) than in anthropogenic intervention (ZM, 
AP), on the one hand, because the vegetation was richer 
under natural recovery and the nutrients would be concen-
trated in the soil surface layer before being transported to 
the lower layer [37]. On the other hand, the upper layer 
of the soil had more microorganisms in the soil relative to 
the bottom layer, better aeration of soil structure, and faster 
nutrient cycling, which are conducive to the accumulation 
of organic carbon, suggesting that biological action has 
a more significant role in the regulation of SOC and TN 
[19]. In soils where ZM and AP are highly influenced by 
humans, the decrease in organic carbon may be due to 
the increase in soil permeability caused by agricultural 

0~5 5~10 10~20 20~30 30~40 0~5 5~10 10~20 20~30 30~40

0~5 5~10 10~20 20~30 30~40 0~5 5~10 10~20 20~30 30~40

10

20

30

C:
N

 ZM  PF IC  AP

a) b)

c) d)

100

150

200

250

300

350

400

450

C:
P

10

15

20

25

30

35

N
:P

Soil depth (cm)

40

60

80

100

120

140

160
C:

N
:P

Soil depth (cm)

Fig. 3. Change of soil stoichiometric ratio under different vegetation
Abbreviations:SOC:TN ratio (C:N), SOC:TP ratio (C:P) and TN:TP ratio (N:P).



Xianghuan Gong, et al.8

operations, which promotes soil SOC mineralization and re-
lease, leading to a decrease in soil carbon stock. The TN 
content in the study area showed PF > AP > IC > ZM, but 
there was no significant difference, indicating that vegeta-
tion restoration in the area had little effect on elemental N 
cycling. The TP content showed that AP was higher than 
PF, IC, and ZM, and there was no significant difference 
in the soil P content of each vegetation type among the soil 
layers except for the 0–5 and 5–10 cm soil layers, indicating 
that the P cycle was greatly affected by anthropogenic influ-
ences; however, in natural restoration, the soil P content 
of PF was higher than the soil P content of IC soil P content 
was higher, which may be related to the low bioavailability 
of soil P [38], suggesting that perennial shrub vegetation 
is more conducive to the biosmall cycle of P than annual 
herbaceous vegetation.

Ratios of Soil Profiles C, N, and P in Different Vegetation 

The total stoichiometric mass ratio of soil carbon, ni-
trogen, and phosphorus can not only be used as a judgment 
indicator of soil nutrient supply, but also reflect soil quality 
and composition. Soil carbon and nitrogen are key ele-
ments required for vegetation growth, most of which exist 
in the form of organic matter, and their ratios are relatively 
stable due to strong coupling [39, 40]. Although organisms 
may not be able to directly regulate soil TP, TP can indi-
rectly link SOC and TN by directly affecting the reactive 
phosphorus available for plant productivity and leading to 
strong coupling between SOC, TP, and TN [41]. However, 
due to the different turnover rates of SOC, TN, and TP along 
the soil profile, C:N, C:P, and N:P ratios may also increase 
with vertical depth, decreasing significantly, suggesting that 
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changes in SOC, TN, and TP did not vary proportionally 
across different soil horizons [19].

The average value of soil C:N in China is in the range 
of 10.00–12.00 [34], and the average value of soil C:N 
in the study area is 12.64, which is higher than the national 
average. The higher C:N indicates that the decomposition 
and mineralization rate of soil organic matter in the study 
area is slower, which is conducive to the accumulation 
of soil nutrients. Soil C:P is a sign of phosphorus miner-
alization capacity [42]. The mean value of soil C:P in this 
study area was 211.56, which was significantly higher 
than the average level in China (61) [34], and the C:P ratio 
differed significantly among vegetation types and depths, 
and the C:P ratio was greater than 200 and significantly 
higher than that of anthropogenic interventions (ZM, AP) 
in the profile (0–40 cm) and among soil layers (Fig. 1, 
Table 2–3), indicating that the phosphorus effectiveness 
in naturally restored (PF, IC) soils was lower, the miner-
alization rate was slower, and plant growth was restricted 
by phosphorus, which may be related to the fact that total 
phosphorus in Karst areas is not easy to convert into ef-
fective phosphorus [42]. N:P can reflect the decomposabil-
ity of organic matter and determine the status of nutrient 
limitation in soils, and it is generally considered that N:P 
of less than 10 or greater than 20 is used as an indica-
tor of the evaluation of vegetative productivity restricted 
by N or P limitation. Soil N:P (18.78) in the study area 
ranged from 10 to 20, indicating that the soil was limited 
by both nitrogen and phosphorus, natural restoration (PF, 
IC) soil N/P ratio > 20, the soil was limited by phosphorus 
and anthropogenic intervention (ZM, AP) soil N:P ratio 
ranged from 10 to 20, the soil was limited by both nitrogen 
and phosphorus.

The medium and primary productivity of most terrestrial 
ecosystems is constrained by TN or TP [43], and the stable 
functioning of these ecosystems relies on the availability 
of TN, TP to sustain soil SOC accumulation [7, 43, 44]. In 
agricultural systems, nitrogen and phosphorus deficiencies 
are usually addressed through the application of fertilizers 
as a way to maximize productivity. However, harvested 
agricultural products take away large amounts of nutrients, 
which need to be replenished through fertilizer application 
to prevent nutrient deficiencies over time. Unlike agriculture, 
large nutrient losses are not usually experienced under natu-
rally restored vegetation because the amount of removal is 
small. As a result, soils under naturally restored vegetation 
are sufficient to maintain the nutrient levels they inherited 
from previous land uses. Nevertheless, the reduction of Ps 
in the naturally restored (PF, IC) substrate suggests that 
phosphorus may be a limiting factor for vegetation growth 
under naturally restored (PF, IC) conditions.

Factors Regulating the Ecological 
Stoichiometry of Different Vegetation Soils

Soil C content can be determined by the coefficients 
of humus and organic matter entering the soil, where-
as N comes from biological nitrogen fixation or enters 
the soil through precipitation, and the main sources of P are 

leaching and rock weathering [45, 46]. Similar to the results 
of many previous studies, SOC and TN had an extremely 
significant correlation because soil C and N are important 
components of soil organic matter, and SOC is the main 
source of N that affects the level of TN [47]. The signifi-
cant correlation between SOC and TP was different from 
the results of Qiao et al. [48], which proved that SOC did 
not affect the spatial distribution. Notably, TN was also sig-
nificantly correlated with TP (P < 0.01) and AP (P < 0.05). 
The C:P and N:P ratios were highly significantly positively 
correlated with a correlation coefficient of 0.57; similar to 
the relationship between SOC and TN, the C:P and C:N 
ratios were non-significantly correlated with a correlation 
coefficient of 0.23, as well as the C:N and N:P ratios were 
highly significantly negatively correlated with a correlation 
coefficient of 0.43. The correlation between C, N, and P 
stoichiometry values actually corresponds to the correlation 
between their nutrient contents.

Soil C, N, and P content, storage, and stoichiometry 
usually vary with vegetation type, soil depth, and soil 
properties [49]. Soil texture also affects the variation of C, 
N, and P content and their storage [49, 50]. In this study, 
soil SMC, Sand, and AN showed highly significant posi-
tive correlation (P < 0.01) with SOC and TN, and BD 
and Clay showed highly significant negative correlation 
(P < 0.001) with SOC, which was in agreement with the re-
sults of the previous study [46]. Soil capacity reflects the re-
sistance, permeability, and aeration of the soil during root 
extension [51]. Soil water content can directly or indirectly 
affect soil nutrient content by altering ion transport, organic 
matter decomposition, and air heat transfer [52]. Soil C, N, 
and P stoichiometric ratios are affected by a combination 
of environmental factors such as soil-forming factors, soil 
water content, vegetation type, and human disturbance [53]. 
Therefore, the study of soil stoichiometric characteristics 
under different vegetation types under the same growing 
environmental conditions is of great significance in re-
vealing the soil nutrient supply capacity under different 
vegetation types and the effects of different plant species 
on soil improvement.

 Conclusions

The results of this study showed that vegetation type 
and soil depth had a significant effect on SOC and TP con-
tent and storage. SOC, TN, and TP content all decreased 
with increasing soil depth and had a significant surface 
aggregation effect. TN content and storage were less af-
fected by vegetation type. Soil C:N values were relatively 
stable, while soil C:P and N:P values were correlated with 
changes in SOC and TN contents. Soil phosphorus effec-
tiveness is lower, and vegetation restoration is more af-
fected by phosphorus. Soil carbon and nitrogen contents are 
higher under the PF vegetation type than other vegetation 
types, so shrubs are more suitable for ecological restoration 
and environmental reconstruction in this area. Vegetation 
restoration in Karst areas of southwest China should first 
consider shrub vegetation types and pay attention to soil P 
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levels; soil texture, soil water content, and soil bulk weight 
should also be considered in the process of vegetation 
restoration with regard to the impacts of soil C, N, and P.

Acknowledgements

We are greatful to the National Natural Science Founda-
tion of China (NSFC)(31460133).

Conflict of Interest

The authors declare that they have no known compet-
ing financial interests or personal relationships that could 
have appeared to influence the work reported in this paper. 

References

1. BING K., SHI R.L., YUAN G.W., YUE J.Z., JIAN G.C. 
Population dynamics during succession of secondary natu-
ral forest in daqingshan, guangxi, china. Journal of Plant 
Ecology, 30 (6), 940, 2006.

2. LI Z., QIU X.R., SUN Y., LIU S., HU H., XIE J., CHEN G., 
XIAO Y., TANG Y., TU L. C:N:P stoichiometry responses 
to 10 years of nitrogen addition differ across soil components 
and plant organs in a subtropical Pleioblastus amarus for-
est. The Science of the total environment, 796, 148925, 2021.

3. AIHUA H., XIAN X., FEI P., QUANGANG Y., JIE L., 
HANCHEN D., CUIHUA H., SIYANG D. Different veg-
etation and soil degradation characteristics of a typical 
grassland in the Qinghai-Tibetan Plateau. Acta Ecologica 
Sinica, 40 (3), 975, 2022. 

4. WANG S.Q., YU G.R. Ecological stoichiometry character-
istics of ecosystem carbon, nitrogen and phosphorus ele-
ments. Acta Ecologica Sinica, 28 (8), 3947, 2008. 

5. HAN X.G. Ecological stoichiometry:searching for unify-
ing principles from individuals to ecosystems. Chinese 
Journal of Plant Ecology, 34 (1), 6, 2010 [In Chinese]. 

6. DONGPING Z., LILING J., CONGSHENG Z., WEIQI W., 
CHUN W. Reviews on the ecological stoichiometry characteris-
tics and its applications. Acta Ecologica Sinica, 33, 5492, 2013. 

7. ZHANG Y., XU X., LI Z., LIU M., XU C., ZHANG R., 
LUO W. Effects of vegetation restoration on soil quality 
in degraded Karst landscapes of southwest China. The Sci-
ence of the total environment, 650, Pt 2, 2665, 2019. 

8. YANG Y., LUO Y. Carbon:nitrogen stoichiometry in for-
est ecosystems during stand development. Global Ecology 
and Biogeography, 20, 361, 2011. 

9. GREN G.I. The C:N:P stoichiometry of autotrophs–theory 
and observations. Ecology Letters, 7 (3), 191, 2004. 

10. JOSHI R.K., GARTOKT S.C. Influence of vegetation 
types on soil physical and chemical properties, microbial 
biomass and stoichiometry in the central Himalaya. CATE-
NA, 222, 106835, 2023.

11. WANG L., ZHANG G., ZHU P., XING S., WANG C. 
Soil C, N and P contents and their stoichiometry as af-
fected by typical plant communities on steep gully slopes 
of the Loess Plateau, China. CATENA, 208, 105740, 2022. 

12. WEI S., DING S., LIN H., LI Y., ZHANG E., LIU T., 
DUAN X. Microbial and enzymatic C:N:P stoichiometry 
are affected by soil C:N in the forest ecosystems in south-
western China. Geoderma, 443, 116819, 2024.

13. TANG X., HU J., LU Y., QIU J., DONG Y., LI B. Soil C, 
N, P stocks and stoichiometry as related to land use types 
and erosion conditions in lateritic red soil region, south 
China. CATENA, 210, 105888, 2022.

14. PANG D., CUI M., LIU Y., WANG G., CAO J., WANG 
X., DAN X., ZHOU J.  Responses of soil labile organic 
carbon fractions and stocks to different vegetation restora-
tion strategies in degraded Karst ecosystems of southwest 
China. Ecological Engineering, 138, 402, 2019. 

15. WEN L., LI D., XIAO K., TANG H., XIAO X., LI C. 
Difference in total N and its aggregate-associated N fol-
lowing cropland restoration in a Karst region, Southwest 
China. Environmental Science and Pollution Research, 30, 
50771, 2023. 

16. SU L., DU H., ZENG F., PENG W., RIZWAN M., NUNEZ 
D.A., ZHOU Y., SONG T., WAMG H. Soil and fine roots 
ecological stoichiometry in different vegetation restoration 
stages in a Karst area, southwest China. Journal of envi-
ronmental management, 252, 109694, 2019. 

17. BAI Y., CHEN S., SHI S., QI M., LIU X., WANG H., 
WANG Y., JIANG C. Effects of different management ap-
proaches on the stoichiometric characteristics of soil C, 
N, and P in a mature Chinese fir plantation. The Science 
of the total environment, 723, 137868, 2020. 

18. KIM D., KIRSCHBAUM M.U., EICHLER L.B., GIF-
FORD R.M., LIANG L.L. The effect of land-use change 
on soil C, N, P, and their stoichiometries:A global synthe-
sis. Agriculture, Ecosystems Environment, 348, 108402, 
2023. 

19. CHEN M., YANG X., SHAO M., WEI X., LI T. Changes 
in soil C-N-P stoichiometry after 20 years of typical arti-
ficial vegetation restoration in semiarid continental climate 
zones. The Science of the total environment, 852, 158380, 
2022. 

20. YAO X., HUI D., XING S., ZHANG Q., CHEN J., LI Z., 
XU Y., DENG Q. Mixed plantations with N-fixing tree spe-
cies maintain ecosystem C:N:P stoichiometry:Implication 
for sustainable production.Soil Biology and Biochemistry, 
191, 109356, 2024.

21. CHEN G., YUAN J., WANG S., LIANG Y., WANG D., 
ZHU Y., WANG Y. Soil and microbial C:N:P stoichio-
metries play vital roles in regulating P transformation 
in agricultural ecosystems:A review. Pedosphere, 34 (1), 
51, 2024.

22. ALAVAISHA E., MANZONI S., LINDBORG R. Different 
agricultural practices affect soil carbon, nitrogen and phos-
phorous in Kilombero -Tanzania. Journal of environmental 
management, 234, 166, 2019. 

23. CHENG R., WANG N., XIAO W., SHEN Y., LIU Z. Ad-
vances in Studies of Ecological Stoichiometry of Terres-
trial Ecosystems. entia silvae sinicae, 54 (07), 136, 2018. 

24. LI Y., ZHAO Y., BAO X., XIE H., LU X., FU Y., TANG 
S., GE C., LIANG C. Soil total and available C:N:P stoi-
chiometry among different parent material soil profiles 
in rubber plantations of Hainan Island, China. Geoderma 
Regional, 36, e00765, 2024.

25. CHEN X., FENG J., DING Z., TANG M., ZHU B. Chang-
es in soil total, microbial and enzymatic C-N-P contents 
and stoichiometry with depth and latitude in forest ecosys-
tems. The Science of the total environment, 816, 151583, 
2021. 

26. XU H., WANG M., YOU C., TAN B., XU L., LI H., 
ZHANG L., WANG L., LIU S., HOU G. Warming effects 
on C:N:P stoichiometry and nutrient limitation in terres-
trial ecosystems. Soil and Tillage Research, 235, 105896, 
2024.



Characterising Soil Ecological... 11

27. XIAO K., HE T., CHEN H., PENG W., SONG T., WANG 
K., LI D. Impacts of vegetation restoration strategies on 
soil organic carbon and nitrogen dynamics in a Karst area, 
southwest China. Ecological Engineering, 101, 254, 2017. 

28. CAI H., SHU Y., WANG C., LIAO Y., LUO X., LONG 
H., LI X. Evolution Characteristics of Soil Active Organic 
Carbon and Carbon Pool Management Index Under Veg-
etation Restoration in Karst Area. Huan jing ke xue =  
Huanjing kexue, 44 (12), 6893, 2023 [In Chinese]. 

29. YANG T., ZHANG H., ZHENG C., WU X., ZHAO Y., LI 
X., LIU H., DONG L., LU Z., ZHOU J. Bacteria life-his-
tory strategies and the linkage of soil C-N-P stoichiometry 
to microbial resource limitation differed in Karst and non-
Karst plantation forests in southwest China. CATENA, 
231, 107341, 2023.

30. BAO S.D. Analytical Methods of soil and Agro-chemistry. 
Chinese Agriculture press, Beijing, China, 3, 2000 [In 
Chinese].

31. ZHANG G.L., GONG Z.T. Soil Survey Laboratory Meth-
ods. Science Press, Beijing, China, 25, 2012 [In Chinese].

32. DENG L., HAN Q., ZHANG C., TANG Z., SHANG-
GUAN Z. Above‐Ground and Below‐Ground Ecosystem 
Biomass Accumulation and Carbon Sequestration with 
Caragana korshinskii Kom Plantation Development. Land 
Degradation and Development, 28, 917, 2017. 

33. ZHANG P., LIU G., YU Y. Ecological Stoichiometry 
of Soil Carbon, Nitrogen and Phosphorus in Reclaimed 
Farmland in Coal Mining Subsidence Area. Journal of Soil 
Science and Plant Nutrition, 23, 2511, 2023. 

34. TIAN H., CHEN G., ZHANG C., MELILLO J.M., HALL 
C.A.S. Pattern and variation of C:N:P ratios in China's 
soils:a synthesis of observational data. Biogeochemistry, 
98 (3), 139, 2010.

35. ZHENG X., SHENG M., ZHANG Y., GONG Z., WANG 
L. PhytOC sequestration characteristics and phytolith car-
bon sink potential of Karst Masson pine forest in south-
ern China.Science of The Total Environment, 913, 169688, 
2024.

36. ANGST Š., MUELLER C.W., CAJTHAML T., ANGST 
G., LHOTÁKOVÁ Z., BARTUŠKA M., ŠPALDOŇOVÁ 
A., FROUZ J. Stabilization of soil organic matter by earth-
worms is connected with physical protection rather than 
with chemical changes of organic matter. Geoderma, 289, 
29, 2017.

37. WANG Y.D., WEI J.S., ZHOU M. Soil stoichiometric 
characteris⁃tics in the poplar and birch secondary forests 
in southern GreaterXing’an Mountains. Chinese Journal 
of Soil Science, 51 (5), 1056, 2020.

38. RODRIGUES M., WITHERS P.J.A., SOLTANGHEISI A., 
VARGAS V., HOLZSCHUH M., PAVINATO P.S. Tillage 
systems and cover crops affecting soil phosphorus bio-
availability in Brazilian Cerrado Oxisols. Soil & Tillage 
Research, 205 (1), 104, 2021.

39. YANG Y., FANG J., JI C., DATTA A., LI P., MA W., MO-
HAAMMAT A., SHEN H., HU H., KNAPP B.O., SMITH 
P. Stoichiometric shifts in surface soils over broad geo-
graphical scales:evidence from China's grasslands. Global 
Ecology and Biogeography, 23, 955, 2014. 

40. CLEVELAND C.C., LIPTZIN D. C:N:P stoichiometry 
in soil:is there a “Redfield ratio” for the microbial bio-
mass? Biogeochemistry, 85, 252, 2007. 

41. SABINE GUSEWELL. N:P ratios in terrestrial 
plants:variation and functional significance. New Phytolo-
gist, 164 (2), 266, 2010. 

42. ÅGREN G.I. Stoichiometry and Nutrition of Plant Growth 
in Natural Communities. Annual Review of Ecology, Evo-
lution, and Systematics, 39, 153, 2008.

43. DU C., WANG X., ZHANG M., JING J., GAO Y. Effects 
of elevated CO2 on plant C-N-P stoichiometry in terres-
trial ecosystems:A meta-analysis. Science of The Total En-
vironment, 650, 697, 2019.

44. MA W., LI J., GAO Y., XING F., SUN S., ZHANG T., 
ZHU X., CHEN C., LI Z.  Responses of soil extracellu-
lar enzyme activities and microbial community properties 
to interaction between nitrogen addition and increased 
precipitation in a semi-arid grassland ecosystem. Science 
of The Total Environment, 703, 134691, 2020.

45. XIAOHUI D., SHUZHENG L., JINWEI L., KUI L.I., 
GUOHUA L. Longitude gradient changes on plant com-
munity and soil stoichiometry characteristics of grassland 
in Hulunbeir. Acta Ecologica Sinica, 32 (11), 3467, 2012.

46. WANG H., ZHANG G., LI N., ZHANG B., YANG H. 
Variation in soil erodibility under five typical land uses 
in a small watershed on the Loess Plateau, China. CAT-
ENA, 174, 24, 2019.

47. LIU J., WANG Y., LI Y., LIU X., JIANG Y., FU Y., JIN 
W., WU J. Ecosystem N:P stoichiometric ratios determine 
the catchment surface water N:P ratio through subsurface 
hydrological processes. CATENA, 194, 104740, 2020.

48. QIAO J., ZHU Y., JIA X., HUANG L., SHAO M. Vertical 
distribution of soil total nitrogen and soil total phosphorus 
in the critical zone on the Loess Plateau, China. CATENA, 
166, 310, 2018.

49. JIANG F., WU X., XIANG W., FANG X., ZENG Y., 
OUYANG S., LEI P., DENG X.,  PENG C. Spatial varia-
tions in soil organic carbon, nitrogen and phosphorus con-
centrations related to stand characteristics in subtropical 
areas. Plant and Soil, 413 (1), 289, 2017.

50. LIU S., ZHANG W., WANG K., PAN F., YANG S., SHU 
S. Factors controlling accumulation of soil organic car-
bon along vegetation succession in a typical Karst region 
in Southwest China. Science of The Total Environment, 
521, 52, 2015.

51. ZHENG Y.S., CHEN L.G., HONG W. Study on produc-
tivity and soil properties of mixed forests of Chinese fir 
and Phyllostachys heterocycla cv. Pubescens, 34, 16, 1998.

52. LUO G.H., MA F.L., FU S.H. Effects of Waterlogging on 
Soil Nutrient on the Gentle Slope Zone in the Black Soil 
Region of Northeast China. Journal of Anhui Agricultural 
Sciences, 43 (15), 95, 2015.

53. ACHAT D.L., BAKKER M.R., ZELLER B., DERRIEN 
D., NIKITICH P. Phosphorus status of soils from contrast-
ing forested ecosystems in southwestern Siberia:effects 
of microbiological and physicochemical properties. Bio-
geosciences, 10 (2), 733, 2013.


