
RESEARCH ARTICLE

Soil C-N-P pools and stoichiometry as affected

by intensive management of camellia oleifera

plantations

Liangying Liu, Ling ZhangID, Jun Pan, Jiehui Niu, Xinyue Yuan, Sizhe Hu, Chunmei Liu,

Nasir Shad, Jiahui Huang, Bangliang Deng, Wenping Deng, Xiaojun Liu, Wenyuan Zhang,

Yuanqiu Liu*

Jiangxi Provincial Key Laboratory of Silviculture, College of Forestry, Jiangxi Agricultural University,

Nanchang, China

* liuyq404@163.com

Abstract

Intensive management of C. oleifera has produced many pure C. oleifera plantations. The

transmission of C. oleifera plantation will potentially affect soil C, N, and P pools as well as

their stoichiometric characteristics both in top soil layer and vertical soil profile due to the

intensive management. To understand changes in vertical pools and stoichiometric charac-

teristics of soil C, N, and P as affected by intensive management of C. oleifera plantations,

both mixed and pure C. oleifera plantations were studied. We conducted studies in five loca-

tions in Jiangxi, China with both pure and mixed C. oleifera plantations, to compare changes

in vertical pools and stoichiometry of C, N, and P. Both C and N pools were significantly dif-

ferent between mixed and pure plantation types of C. oleifera. However, the ratio of C:N, C:

P, and N:P was consistently higher in mixed plantations with C:P and N:P altered but C:N

ratio did not change with soil depth. The intensive management significantly impact both C

and N pools and the stoichiometry of C, N, and P. Intensive management of C. oleifera plan-

tations decreased both C and N pools, especially at the depth of 30–50 cm soil layer. C. olei-

fera plantation alteration from mixed to pure should be considered in future forest

management practice considering the substantial effects on soil element cycling and distri-

bution along vertical soil profile.

Introduction

Soil carbon (C), nitrogen (N), and phosphorus (P) are three functionally important elements

associated with ecosystem nutrient cycling process and stability [1, 2]. While soil C pools

account for substantial component of global C, slight changes in soil C pools may generate

substantial alterations in global C distribution [2]. Nitrogen and P are two vital nutrients regu-

lating plant growth and vegetation distribution [3]. The stoichiometric ratio of C, N, and P has

been widely studied and considered as an important index reflecting ecosystem function and

development [1, 2, 4]. Thereby, understanding the distribution of C, N, and P as well as their

stoichiometric ratio will further our understanding of ecosystem function and stability,
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benefitting future management and exploration of both natural and human disturbed ecosys-

tems [1].

Intensive management of forests or plantations have been widely implemented across the

world [5]. Intensive management will generally enhance biomass accumulation [5], alterations

in microbial community compositions [6, 7], increases in soil C, N, and P pools [7], and poten-

tially alter the stoichiometric ratios. The stoichiometric ratio of C, N, and P could be influ-

enced by vegetation, soil types, and disturbance [1, 8]. In general, the vertical distributions of

C, N, and P along soil profiles experience effects of all factors mentioned above via root depth,

aeration, soil moisture, fertilization or tillage [9]. Changes in vertical distribution of C, N, and

P concentrations will be followed by changes in both pools and stoichiometric ratio of C, N,

and P [9, 10]. Therefore, changes in vegetation types or plantation management will generally

lead to altered C, N, and P pools or their stoichiometric ratio in vertical distribution along soil

profile [9]. Changes in soil C, N, and P pools or their stoichiometric ratio will impact the sus-

tainable development of natural forests or artificial plantations via changes in soil elements bal-

ance and nutrient availability or even microbial community compositions [10].

While most studies focused on forests producing timber or providing service [11], the

intensive management of woody oil plant, Camellia oleifera, which could produce high-quality

edible oil from its fruit has not been thoroughly studied [12–14]. The main distribution area of

C. oleifera is red soil area in subtropical China, especially Jiangxi and Hunan province [12, 14].

Plantations of C. oleifera could be managed in hilly areas with lower nutrients that are not suit-

able for development of agricultural farmland [14, 15]. The development of C. oleifera planta-

tion could thereby increase land use efficiency and provide edible oil, increasing both living

standard and income of local citizens [15]. Cultivation of C. oleifera has been strongly sup-

ported and encouraged by the government in the past twenty years, increasing the distribution

area of C. oleifera up to three million ha [15]. The intensive management of C. oleifera, espe-

cially fertilization, will impact soil C, N, and P balance by alterations in soil elements input [1,

3]. Compared with the natural wild plantations, intensively managed C. oleifera plantation

received more N and other nutrients input and soil disturbance by tillage, which potentially

impact both pools and stoichiometric ratio of soil C, N, and P along soil profile. Among all soil

C, N, and P characteristics, the vertical distribution of pools and stoichiometric ratio of C, N,

and P in agricultural soils contribute significantly to global element cycling and hence global

change. However, no study has tried to examine changes in both pools and stoichiometric

ratio of C, N, and P along vertical soil profile as affected by intensively management of C. olei-
fera plantations [9].

Here, we investigated both pools and stoichiometric ratio of C, N, and P along vertical soil pro-

file as affected by intensive management of C. oleifera plantations in Jiangxi province. We aimed

to answer the following questions: (1) How do pools and stoichiometry of C, N, and P change

along soil profile in C. oleifera plantations? (2) How do intensive management and soil depth

interact impacting pools and stoichiometric ratio of C, N, and P in C. oleifera plantation soil?

Materials and methods

Study sites

This study was conducted across Jiangxi province (113˚34ʹ36ʺ~118˚28ʹ58ʺE,

24˚29ʹ14ʺ~30˚04ʹ41ʺ N), where is the main distribution area of C. oleifera plantations (S1

Table). Jiangxi province lies in south part of China, characterized by subtropical climate.

Annual average precipitation here is 1341–1943 mm, and annual mean temperature ranges

from 16.3 to 19.5˚C. Most soils are classified as red soil which are highly weathered and low in

available N and P nutrients.

PLOS ONE Pools and stoichiometric characteristics of soil C, N, and P

PLOS ONE | https://doi.org/10.1371/journal.pone.0238227 September 4, 2020 2 / 9

https://doi.org/10.1371/journal.pone.0238227


Camellia oleifera plantations haven been cultivated in Jiangxi province for decades. Both

intensively managed and naturally existed C. oleifera plantations could be found from north to

south in Jiangxi province. Presently, the distribution area of C. oleifera plantations is estimated

to be 0.75 million ha, which represents around a quarter of the total area of C. oleifera planta-

tions in China. Thereby, this area could be used as an ideal place studying the effects of C. olei-
fera plantation management on soil C, N, and P dynamics.

Experimental design and sample collection

We investigated the distribution of both pure and mixed C. oleifera plantations across Jiangxi

province from south to north (S1 Table). Within each sampled plantation, we collected soil

samples by circular soil cutter from vertical soil profile of 0–10 cm, 10–20 cm, 20–30 cm, 30–

50 cm, and 50–100 cm layers from November 2017 to January 2018. All plots were publicly

owned and no specific permissions were required. Soil thickness was measured from soil sur-

face after removing covered plant litter or other materials not belong to soil. We also collected

soil samples by circular soil cutter with known volume from each layer to obtain soil bulk den-

sity using dry soil weight. We collected three samples as replication within each plantation

type. At each studied site, two to eleven plantations were used depending on the distribution,

details are shown in S1 Table. Soil sample used for C, N, and P measurements was processed

by removing stones, passed through 2-mm sieve, and visible plant roots, and air-dried for use.

Soil C, N and P measurement and pools calculation

Air-dried soil samples that had been passed through a 2 mm sieve were further ground to pass

through a 0.149 mm sieve for the determination of organic C, total N, and total P [16, 17]. Soil

organic C was determined by the potassium dichromate (H2SO4-K2Cr2O7) oxidation method

[18, 19]. The H2SO4-HClO4 digestion method an automatic discrete chemical analyzer (Smart

Chem 200, Westco, Italy) was used for analysis of N and P [20]. We calculated soil C, N and P

stoichiometric ratio using dry weight basis concentrations and obtained C, N, and P pools

using concentration, soil bulk density and soil layer thickness [21]. Related data was included

in supporting files (S2 Table).

Data analyses

We conducted two-way analysis of variance (ANOVA) to analyze the dependence of soil C, N,

and P concentrations on C. oleifera plantation stand types and soil depth. We used the same

method to analyze dependence of soil C, N, and P stoichiometric ratio as affected by C. oleifera
plantation stand types and soil depth. We used post-hoc means comparisons to compare dif-

ferences in C, N, and P concentrations or their stoichiometric ratios between C. oleifera planta-

tion stand types when significant effects of plantation types were observed.

All statistical analyses were conducted by JMP 9.0 (SAS Institute, Cary, NC, USA).

Results

Soil C, N and P pools

Both soil C and N pools were significantly affected by C. oleifera plantation stand types, while

soil P pools were not influenced (Table 1). Similarly, soil C and N pools were also impacted by

soil depth, which means soil C and N pools changed along the investigated vertical soil profile

(Table 1). Soil P pools did not differ along vertical soil profile either (Table 1).

Specifically, both soil C and N pools were significantly decreased by intensively managed C.

oleifera plantation, which were generally lower in pure plantation (C pools, 11.9 vs. 7.6 t ha-1
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for mixed and pure plantations, respectively; N pools, 1.3 vs. 0.9 t ha-1 for mixed and pure

plantations, respectively; Fig 1). Soil C pools were significantly lower at 10–20 cm, 20–30 cm,

and 30–50 cm soil depth along vertical soil profile. The difference in soil N pools was observed

at 30–50 cm depth between pure and mixed C. oleifera plantations (Fig 1). Soil P pools did not

differ at any of the soil depth investigated (0.28 t ha-1 for both plantation types; Fig 1).

Soil C, N and P stoichiometric ratio

Soil C, N and P stoichiometric ratio, including C:N, N:P, and C:P were significantly affected by

plantation types (Table 2). While C:N was not differ among soil depth, both N:P and C:P were

also impacted by soil depth (Table 2).

Specifically, ratios of C:N, N:P, and C:P were all different at the depth of 10–20 cm and 20–

30 cm, with N:P and C:P were also different at 30–50 cm depth (Fig 2). Except C:N, both N:P,

and C:P showed decreasing trend along soil depth (Fig 2).

Discussion

Carbon, N and P pools in soil as well as their stoichiometric characteristics play important role

in maintenance of ecosystem function and stability [1]. Anthropogenic activities including fer-

tilization, forest or plantation management will impose substantial effects on soil C, N, and P

cycling process, balance and stoichiometry [1, 22]. Due to the great size of soil C, N, and P

pools in the world, slight changes in their pools will generate significant alterations in element

cycling [1]. Under the context of global change, it is crucial to understand changes in soil ele-

ment cycling process as effected by intensive anthropogenic disturbance [1, 2, 23].

Table 1. Soil C, N, and P pools (t ha-1) in C. oleifera plantation as affected by plantation types (plantations), soil depth and their interactions in two-way analysis of

variance.

Factor df C pools N pools P pools

SS F P SS F P SS F P

Plantations 1 757 19 <0.0001 6 12 0.0006 0.00 0.01 0.9032

Soil depth 4 1684 11 <0.0001 10 5 0.0005 0.01 0.06 0.9925

Interaction 4 189 1 0.3174 0 0 0.9834 0.00 0.04 0.9968

https://doi.org/10.1371/journal.pone.0238227.t001

Fig 1. Changes in soil C, N, and P pools (t ha-1) as affected by C. oleifera plantation types and soil depth. Asterisks indicate significantly different between pure and

mixed C. oleifera plantation types at the corresponding depth in post-hoc tests.

https://doi.org/10.1371/journal.pone.0238227.g001
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Changes in soil C, N and P as affected by plantation types

The alteration in both C and N status by intensive management of C. oleifera plantation indi-

cated potential impact on C and N content in underneath soils [22]. As an important non-tim-

ber woody oil plant, C. oleifera has been widely planted and intensively cultivated in

subtropical China [12, 13]. Intensive management practice in C. oleifera plantations generally

including tillage, grass control, fertilization, thinning or removing other tree or grass species

[14, 15, 22], converting C. oleifera plantations from mixed plantations to pure plantations.

Compared with the mixed plantations, pure C. oleifera plantations are generally sensitive to

disturbance such as drought, plant disease or insect pests. Thereby, the intensively managed

plantations will generally need more input of fertilization, insecticide or even irrigation. All of

these practices will substantially impact materials input into C. oleifera plantation soil, which

will be consequently followed by altered C, N, and P pools [14].

The changes in soil C and N pools as affected by C. oleifera plantation types might have

effects on atmospheric composition [14, 24]. Due to the great size in stocking C and N, soil

ecosystems are extremely important in regulating atmospheric composition, such as concen-

trations of carbon dioxide, nitrous oxide in the atmosphere. Both carbon dioxide and nitrous

oxide are important components of greenhouse gases associated with global warming and

other climate change [16, 17, 25]. The significantly decreased C and N pools in intensively

managed pure C. oleifera plantation suggested more C and N loss from soil during the conver-

sion by intensive management (Fig 1A and 1B), which might negatively impact the C and N

sequestration ability of non-timber field soil and the mitigation of global climate change [26].

Thereby, mixed plantation of C. oleifera might benefit mitigation of greenhouse gas emissions

more than intensively managed pure C. oleifera plantation. In future management practice of

Table 2. The ratio of soil C, N, and P stoichiometry in C. oleifera plantation as affected by plantation types (plantations), soil depth, and their interaction in two-

way analysis of variance.

Factor df C/N C/P N/P

SS F P SS F P SS F P

Plantations 1 288 10 0.0017 9243 24 < .0001 45 19 < .0001

Soil depth 4 104 1 0.4550 16994 111 < .0001 90 9 < .0001

Interaction 4 111 1 0.4203 1870 1 0.3104 1 0 0.9877

https://doi.org/10.1371/journal.pone.0238227.t002

Fig 2. Changes in soil C, N, and P stoichiometry as affected by C. oleifera plantation types and soil depth. Asterisks indicate significantly different between pure and

mixed C. oleifera plantation types at the corresponding depth in post-hoc tests.

https://doi.org/10.1371/journal.pone.0238227.g002
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C. oleifera, this should be considered to increase soil C and N sequestration ability and mitiga-

tion of global climate change [2, 23].

Due to tight stoichiometric correlations between C, and N, the C:N ratio was significantly

influenced by plantation type of C. oleifera (Table 2 and Fig 2). In general, C:N ratio was an

index used to reflect microbial activities or microbial compositions [27, 28]. Higher and lower

soil C:N ratios were usually associated with more fungus and bacteria, respectively [20].

Thereby, the changes in plantation composition from mixed to pure C. oleifera plantations

might have altered soil microbial community compositions by increasing bacterial communi-

ties (Fig 2A), but this need to be examined in future studies.

However, soil P pools did not differ between pure and mixed C. oleifera plantations

(Table 1 and Fig 1C), indicating changes in species composition and management practice of

C. oleifera plantations did not influence soil P concentrations. The main distribution area of C.

oleifera is subtropical area with highly weathered soil and extremely low soil nutrients, espe-

cially P [29]. The shift of C. oleifera plantation types from mixed to pure altered plant species

composition substantially. However, P as one important major nutrient for plant growth, the

immobilization of P in acid soil by Fe3+ or Al3+ is substantial [30, 31]. Changes in plant compo-

sition may impose slight effects on uptake of P from soil, but minimal on total P along the dis-

tribution profiles due to the easily immobilization characteristics. Interestingly, both C:P and

N:P ratios were significantly different between pure and mixed C. oleifera plantations (Table 2

and Fig 2), indicating changes in soil C and N as affected by C. oleifera plantation types also

exerted effects on the stoichiometric correlations between C, N, and P via ratios. Changes in

N:P ratio indicating potential variations in element limitation for plant growth [4, 8, 32]. In

this study, the changes in N:P ratio was not as large as that could be used as index of element

limitation [8], but prolonged study will be necessary to examine the scale of alteration with

time.

Thereby, shifts from pure to mixed C. oleifera plantations during intensive management

have potentially alter soil C, N, and P status. Considering the vital role played by C, N, and P

stoichiometry in forest ecosystems, intensive management of C. oleifera should be considered

when its effects on element cycling will be evaluated.

Changes in soil C, N and P as affected by soil depth

Nitrogen and P are the main limiting elements of plant growth in terrestrial ecosystems, their

concentration and stoichiometric ratios played important role in plant growth and ecosystem

function [33]. In general, soils with N:P ratio lower than fourteen are not able to provide suffi-

cient N for plant growth, while those with N:P ratio above sixteen suggest P limitation [8]. In

this study, N:P ratios in both plantation types were lower than seven point five, which indicted

potential N limitation for plant growth in the investigated area [4]. Thereby, compared with

the lower soil P availability in growth area of C. oleifera, intensive management might have

resulted in further N limitation for plant growth.

Both C and N pools showed significant difference between pure and mixed C. oleifera plan-

tations at the depth of 30–50 cm (Fig 1A), indicating effects on C and N occurred at this depth.

While fertilization practice in the intensively managed C. oleifera plantation was usually con-

ducted to this depth, fine root system of was mainly distributed within this layer. However,

both C and N pools were decreased by intensive management of C. oleifera (Fig 1A and 1B),

indicating negative effects by intensive management of C. oleifera plantations. Since soils are

main sources of carbon dioxide and nitrous oxide, the decrease in soil C and N pools may gen-

erate higher C and N concentrations in atmospheric environment by increasing the concentra-

tion of carbon dioxide and nitrous oxide [12, 17, 25]. Under the context of global change,
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carbon dioxide and nitrous oxide increase in atmosphere will increase global temperature via

global warming, resulting in series of global change events [27, 34, 35]. Thereby, the expanding

intensive management of C. oleifera plantation in subtropical area might have impacted C and

N exchange at the soil-atmosphere interface, which should be examined by prolonged in situ
studies in the future and the results will benefit sustainable development of C. oleifera indus-

tries in the world.

Conclusions

The intensive management of C. oleifera shifting mixed C. oleifera plantation to pure C. olei-
fera plantation significantly impact both C and N pools and the stoichiometric correlations

between each pair of C, N, and P, while P pools were not influenced by C. oleifera plantation

types and soil depth. Intensive management of C. oleifera plantations decreased both C and N

pools at the depth of 30–50 cm soil layer, indicating potential effects on atmospheric C and N

compositions. Under the context of global climate change, in situ study of changes in C and N

efflux at the soil-atmosphere interface will be needed to understand the effects of intensive

management of C. oleifera on carbon dioxide and nitrous oxide from intensively managed C.

oleifera fields.

Supporting information

S1 Table. The characteristics of the sampling area used for the study. Pure plantation indi-

cates plantations with intensive management, mixed plantation indicates plantations without

intensive management.

(DOCX)

S2 Table. Soil C-N-P pools and stoichiometry in both pure and mixed Camellia oleifera
plantations.

(TXT)
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4. Güsewell S. N: P ratios in terrestrial plants: variation and functional significance. New Phytologist. 2004;

164(2):243–66. https://doi.org/10.1111/j.1469-8137.2004.01192.x

5. Brancalion PHS, Campoe O, Mendes JCT, Noel C, Moreira GG, van Melis J, et al. Intensive silviculture

enhances biomass accumulation and tree diversity recovery in tropical forest restoration. Ecological

Applications. 2019; 29(2):e01847. https://doi.org/10.1002/eap.1847 PMID: 30779867

6. Li W, Tian X, Sheng H, Ekawati D, Zhou Y, Zhang R. Response of bacterial compositions to soil bio-

chemical properties under mulching-intensive management in a Phyllostachys edulis forest. Applied

Soil Ecology. 2020; 150:103436. https://doi.org/10.1016/j.apsoil.2019.103436.

7. Chen J, Wu Q, Li S, Ge J, Liang C, Qin H, et al. Diversity and function of soil bacterial communities in

response to long-term intensive management in a subtropical bamboo forest. Geoderma. 2019;

354:113894. https://doi.org/10.1016/j.geoderma.2019.113894.

8. Xie J, Fang H, Zhang Q, Chen M, Xu X, Pan J, et al. Understory Plant Functional Types Alter Stoichiom-

etry Correlations between Litter and Soil in Chinese Fir Plantations with N and P Addition. Forests.

2019; 10(9):742. 10.3390/f10090742

9. Jiao S, Li J, Li Y, Jia J, Xu Z. Soil C, N, and P distribution as affected by plant communities in the Yellow

River Delta, China. PLOS ONE. 2019; 14(12):e0226887. 10.1371/journal.pone.0226887 PMID:

31860646

10. Qiao Y, Wang J, Liu H, Huang K, Yang Q, Lu R, et al. Depth-dependent soil C-N-P stoichiometry in a

mature subtropical broadleaf forest. Geoderma. 2020; 370:114357. https://doi.org/10.1016/j.geoderma.

2020.114357.

11. Hou J, Yin R, Wu W. Intensifying forest management in China: What does it mean, why, and how? For-

est Policy and Economics. 2019; 98:82–9. https://doi.org/10.1016/j.forpol.2017.10.014.

12. Deng B, Fang H, Jiang N, Feng W, Luo L, Wang J, et al. Biochar Is Comparable to Dicyandiamide in the

Mitigation of Nitrous Oxide Emissions from Camellia oleifera Abel. Fields. Forests. 2019; 10(12):1076.

10.3390/f10121076

13. Deng B, Wang S, Xu X, Wang H, Hu D, Guo X, et al. Effects of biochar and dicyandiamide combination

on nitrous oxide emissions from Camellia oleifera field soil. Environmental Science and Pollution

Research. 2019; 26(4):4070–7. 10.1007/s11356-018-3900-3 PMID: 30554317

14. Liu J, Wu L, Chen D, Li M, Wei C. Soil quality assessment of different Camellia oleifera stands in mid-

subtropical China. Applied Soil Ecology. 2017; 113:29–35. https://doi.org/10.1016/j.apsoil.2017.01.010.

15. Liu C, Chen L, Tang W, Peng S, Li M, Deng N, et al. Predicting Potential Distribution and Evaluating

Suitable Soil Condition of Oil Tea Camellia in China. Forests. 2018; 9(8). 10.3390/f9080487

16. Hu Y, Zhang L, Deng B, Liu Y, Liu Q, Zheng X, et al. The non-additive effects of temperature and nitro-

gen deposition on CO2 emissions, nitrification, and nitrogen mineralization in soils mixed with termite

nests. CATENA. 2017; 154:12–20. 10.1016/j.catena.2017.02.014

17. Deng BL, Li ZZ, Zhang L, Ma YC, Li Z, Zhang WY, et al. Increases in soil CO2 and N2O emissions with

warming depend on plant species in restored alpine meadows of Wugong Mountain, China. Journal of

Soils and Sediments. 2016; 16(3):777–84. 10.1007/s11368-015-1307-z

18. Lu R. Soil and agro-chemical analytical methods. China Agricultural Science and Technology Press

Beijing. 1999:146–95.

19. Deng B, Zheng L, Ma Y, Zhang L, Liu X, Zhang X, et al. Effects of mixing biochar on soil N2O, CO2, and

CH4 emissions after prescribed fire in alpine meadows of Wugong Mountain, China. Journal of Soils

and Sediments. 2020; 20:3062–3072. 10.1007/s11368-019-02552-8

20. Liu X, Siemann E, Cui C, Liu Y, Guo X, Zhang L. Moso bamboo (Phyllostachys edulis) invasion effects

on litter, soil and microbial PLFA characteristics depend on sites and invaded forests. Plant and Soil.

2019; 438(1):85–99. 10.1007/s11104-019-04010-3

21. You M, Han X, Hu N, Du S, Doane TA, Li L-J. Profile storage and vertical distribution (0–150 cm) of soil

inorganic carbon in croplands in northeast China. CATENA. 2020; 185:104302. https://doi.org/10.1016/

j.catena.2019.104302.

PLOS ONE Pools and stoichiometric characteristics of soil C, N, and P

PLOS ONE | https://doi.org/10.1371/journal.pone.0238227 September 4, 2020 8 / 9

https://doi.org/10.1007/s11104-013-1823-9
https://doi.org/10.1007/s10533-009-9382-0
https://doi.org/10.1007/s10533-009-9382-0
https://doi.org/10.1073/pnas.0403588101
http://www.ncbi.nlm.nih.gov/pubmed/15213326
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1002/eap.1847
http://www.ncbi.nlm.nih.gov/pubmed/30779867
https://doi.org/10.1016/j.apsoil.2019.103436
https://doi.org/10.1016/j.geoderma.2019.113894
https://doi.org/10.3390/f10090742
https://doi.org/10.1371/journal.pone.0226887
http://www.ncbi.nlm.nih.gov/pubmed/31860646
https://doi.org/10.1016/j.geoderma.2020.114357
https://doi.org/10.1016/j.geoderma.2020.114357
https://doi.org/10.1016/j.forpol.2017.10.014
https://doi.org/10.3390/f10121076
https://doi.org/10.1007/s11356-018-3900-3
http://www.ncbi.nlm.nih.gov/pubmed/30554317
https://doi.org/10.1016/j.apsoil.2017.01.010
https://doi.org/10.3390/f9080487
https://doi.org/10.1016/j.catena.2017.02.014
https://doi.org/10.1007/s11368-015-1307-z
https://doi.org/10.1007/s11368-019-02552-8
https://doi.org/10.1007/s11104-019-04010-3
https://doi.org/10.1016/j.catena.2019.104302
https://doi.org/10.1016/j.catena.2019.104302
https://doi.org/10.1371/journal.pone.0238227


22. Peñuelas J, Sardans J, Rivas-ubach A, Janssens IA. The human-induced imbalance between C, N and

P in Earth’s life system. Global Change Biology. 2012; 18(1):3–6. 10.1111/j.1365-2486.2011.02568.x

23. Tipping E, Somerville CJ, Luster J. The C:N:P:S stoichiometry of soil organic matter. Biogeochemistry.

2016; 130(1):117–31. 10.1007/s10533-016-0247-z PMID: 32355381

24. Shi S, Peng C, Wang M, Zhu Q, Yang G, Yang Y, et al. A global meta-analysis of changes in soil carbon,

nitrogen, phosphorus and sulfur, and stoichiometric shifts after forestation. Plant and Soil. 2016; 407.

10.1007/s11104-016-2889-y

25. Deng B, Shi Y, Zhang L, Fang H, Gao Y, Luo L, et al. Effects of spent mushroom substrate-derived bio-

char on soil CO2 and N2O emissions depend on pyrolysis temperature. Chemosphere. 2020;

246:125608. 10.1016/j.chemosphere.2019.125608 PMID: 31884231

26. Kirkby C, Kirkegaard J, Richardson A, Wade L, Blanchard C, Batten G. Stable soil organic matter: A

comparison of C:N:P:S ratios in Australian and other world soils. Geoderma. 2011; 163:197–208. 10.

1016/j.geoderma.2011.04.010

27. Zhang L, Ma X, Wang H, Liu S, Siemann E, Zou J. Soil Respiration and Litter Decomposition Increased

Following Perennial Forb Invasion into an Annual Grassland. Pedosphere. 2016; 26(4):567–76. 10.

1016/S1002-0160(15)60066-2

28. Zhang L, Wang H, Zou J, Rogers WE, Siemann E. Non-Native Plant Litter Enhances Soil Carbon Diox-

ide Emissions in an Invaded Annual Grassland. PLOS ONE. 2014; 9(3):e92301. 10.1371/journal.pone.

0092301 PMID: 24647312

29. Li S, Li H, Yang C, Wang Y, Xue H, Niu Y. Rates of soil acidification in tea plantations and possible

causes. Agriculture, Ecosystems & Environment. 2016; 233:60–6. https://doi.org/10.1016/j.agee.2016.

08.036.

30. Alekseeva T, Alekseev A, Xu R-K, Zhao A-Z, Kalinin P. Effect of soil acidification induced by a tea plan-

tation on chemical and mineralogical properties of Alfisols in eastern China. Environmental geochemis-

try and health. 2011; 33:137–48. 10.1007/s10653-010-9327-5 PMID: 20563880

31. Guo J, Liu X, Zhang Y, Shen J, Han X-W, Zhang W, et al. Significant Acidification in Major Chinese

Croplands. Science. 2010; 327:1008–10. 10.1126/science.1182570 PMID: 20150447

32. von Oheimb G, Power SA, Falk K, Friedrich U, Mohamed A, Krug A, et al. N:P Ratio and the Nature of

Nutrient Limitation in Calluna-Dominated Heathlands. Ecosystems. 2010; 13(2):317–27. 10.1007/

s10021-010-9320-y

33. Pan P, Zhao F, Ning J, Zhang L, Ouyang X, Zang H. Impact of understory vegetation on soil carbon and

nitrogen dynamic in aerially seeded Pinus massoniana plantations. PLOS ONE. 2018; 13(1):e0191952.

10.1371/journal.pone.0191952 PMID: 29377926

34. Zhang L, Liu X. Nitrogen Transformations Associated with N2O Emissions in Agricultural Soils. In: Ama-

nullah Fahad S editors. Nitrogen in Agriculture—Updates. Rijeka: InTech; 2018. p. Ch. 02.

35. Zhang L, Wang S, Liu S, Liu X, Zou J, Siemann E. Perennial forb invasions alter greenhouse gas bal-

ance between ecosystem and atmosphere in an annual grassland in China. Science of The Total Envi-

ronment. 2018; 642:781–8. 10.1016/j.scitotenv.2018.06.111 PMID: 29920464

PLOS ONE Pools and stoichiometric characteristics of soil C, N, and P

PLOS ONE | https://doi.org/10.1371/journal.pone.0238227 September 4, 2020 9 / 9

https://doi.org/10.1111/j.1365-2486.2011.02568.x
https://doi.org/10.1007/s10533-016-0247-z
http://www.ncbi.nlm.nih.gov/pubmed/32355381
https://doi.org/10.1007/s11104-016-2889-y
https://doi.org/10.1016/j.chemosphere.2019.125608
http://www.ncbi.nlm.nih.gov/pubmed/31884231
https://doi.org/10.1016/j.geoderma.2011.04.010
https://doi.org/10.1016/j.geoderma.2011.04.010
https://doi.org/10.1016/S1002-0160(15)60066-2
https://doi.org/10.1016/S1002-0160(15)60066-2
https://doi.org/10.1371/journal.pone.0092301
https://doi.org/10.1371/journal.pone.0092301
http://www.ncbi.nlm.nih.gov/pubmed/24647312
https://doi.org/10.1016/j.agee.2016.08.036
https://doi.org/10.1016/j.agee.2016.08.036
https://doi.org/10.1007/s10653-010-9327-5
http://www.ncbi.nlm.nih.gov/pubmed/20563880
https://doi.org/10.1126/science.1182570
http://www.ncbi.nlm.nih.gov/pubmed/20150447
https://doi.org/10.1007/s10021-010-9320-y
https://doi.org/10.1007/s10021-010-9320-y
https://doi.org/10.1371/journal.pone.0191952
http://www.ncbi.nlm.nih.gov/pubmed/29377926
https://doi.org/10.1016/j.scitotenv.2018.06.111
http://www.ncbi.nlm.nih.gov/pubmed/29920464
https://doi.org/10.1371/journal.pone.0238227

