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Introduction

Shrub encroachment has been one of the
most noticeable changes in land cover in
global rangelands (Toit et al. 2010) over the
past 150 years. Shrub encroachment de-
creases livestock production (Anadon et al.
2014), reduces plant and faunal diversity
(Koch et al. 2015), increases the fire risk,
and reduces the ecosystem and cultural
services (Nadal-Romero et al. 2018), and re-
duces the overall quality of grassland.
Shrub encroachment threatens food secu-
rity (Anadon et al. 2014), and grassland
economy, especially subalpine economy
(Nadal-Romero et al. 2018). Furthermore,

There is little information available on the mediating effects of soil nutrient
stoichiometry and enzyme stoichiometry on soil carbon (C) during shrub en-
croachment and their contributions to changes in soil C. Here, we character-
ized the concentration and stock of soil organic carbon (SOC), inorganic carbon
(SIC) and total carbon (STC) along the shrub encroachment sequence (SES). We
constructed linkages between soil C and SES with soil nutrient stoichiometric
ratios and C-, nitrogen- and phosphorus-acquiring enzyme stoichiometry ratios
using structural equation modeling (SEM), and disentangled the contributions
of the soil nutrient stoichiometric ratios and enzyme stoichiometric ratios to
shaping SOC and SIC using redundancy analysis (RDA) and SEM. Results re-
vealed that the increases in STC stock derived from the increases in both the
SOC stock and the SIC stock. Soil stoichiometric ratios played a mediating role
in structuring soil C over SES, the mediating pattern depended on soil stoi-
chiometry types (nutrient stoichiometry or enzyme stoichiometry) and soil C
types (SOC, SIC or STC). Soil nutrient stoichiometric ratios contributed more
than soil enzyme stoichiometric ratios to the variation in SOC and STC, while
the contributions of these two types of soil stoichiometric ratios to the varia-
tion in SIC changed with soil stoichiometry types. Soil nutrient stoichiometry
had positive or negative or threshold effects on soil C, but soil enzyme stoi-
chiometry had monotonously increasing effects on soil C. This study showed
that the soil stoichiometry had modulatory effects on soil C during shrub en-
croachment in the subalpine grassland, China.

Keywords: Encroachment Succession, Soil Organic Carbon, Soil Inorganic Car-
bon, Soil Total Carbon, Nutrient Stoichiometry, Enzyme Stoichiometry, Mediat-
ing Effect, Relative Importance

shrub encroachment is predicted to in-
crease over the coming century (Soliveres
etal.2014).

The soil carbon (C) pool, including SOC
(organic) and SIC (inorganic), is the largest
terrestrial C pool (Li et al. 2016a), and rep-
resents approximately 1.9 times the total
size of the atmospheric and biotic C pools
(Lal 2004). Any fluctuations in soil C may al-
ter the global C budget and atmospheric
CO, concentrations (Crowther et al. 2019).
Numerous studies quantified the effects of
plant encroachment on SOC at local (Blaser
et al. 2014), regional (McKinley & Blair
2008, Alberti et al. 2011) and global scales
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(Jobbagy & Jackson 2000). Studies demon-
strated that SOC was altered by shrub en-
croachment, with changes ranging from
-50% to + 300% (Li et al. 2016b), with a posi-
tive average accumulation effect (Eldridge
et al. 2011). These effects on SOC were reg-
ulated directly or indirectly by climate (Al-
berti et al. 2011), vegetation traits (Blaser et
al. 2014, Li et al. 2016b, Ding et al. 2019) and
soil conditions (Li et al. 2016b). However,
little information is available on the effect
of shrub encroachment on SIC and how
shrub encroachment changes both the
SOC and SIC pools.

A recent study revealed the nutrient stoi-
chiometry regulated soil C cycling (Hart-
man et al. 2017). Kirkby et al. (2013) and Al-
berti et al. (2015) showed that soil nutrient
stoichiometry controlled the soil C sink,
and Finn et al. (2016) showed that soil nu-
trient stoichiometry controlled the trans-
formation and retention of plant-derived
organic matter. Our recent analysis model
of SOC (Ding et al. 2019) showed that plant
factors, especially plant species diversity,
and soil nutrient factors were not as impor-
tant as we expected for driving SOC stock.
Instead, soil nutrient stoichiometry ratios
contributed 58.14% of the variation in SOC
stock (Ding et al. 2019). However, in that
analysis model, the roles of soil extracellu-
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lar enzymes and their stoichiometry were
not examined. Soil extracellular enzymes
activities (EEA) were shown to be the bot-
tlenecks in carbon and nutrient acquisition
(McDaniel et al. 2013). The stoichiometry of
soil EEA could be linked to both resource
availability and microbial metabolism (Sins-
abaugh et al. 2009), and could reflect the
ability of enzymatic producers to utilize nu-
trients (Sinsabaugh et al. 2008, Xu et al.
2017). Therefore, soil EEA stoichiometry,
could offer an improved understanding of
the microbial mechanisms that drive C se-
questration and decomposition (Moorhead
et al. 2013, Xu et al. 2017). In particular,
both soil nutrient stoichiometry and the
stoichiometry of soil C-, N- and P-acquiring
enzymes are increasingly recognized as
playing important roles in the dynamics of
soil C (Jiao et al. 2013). We hypothesized
that soil stoichiometry, including soil nutri-
ent stoichiometry and EEA stoichiometry
could constitute an inherent link between
shrub encroachment and soil C, thereby
driving the dynamics of soil C. So far, how-
ever, no research has focused on this.
Further quantification of the scale of the
controlling factors of SOC and SIC changes
in relation to shrub encroachment could
update our understanding of the encroach-
ment process and its ecological impact on
the carbon cycle. The objectives of this
study were to: (1) partition the effect sizes
of soil stoichiometry (nutrient ratios and
EEA ratios) on SOC, SIC and STC concentra-
tions and stocks; (2) corroborate if soil stoi-
chiometry is a mediator in the process of
shrub encroachment altering the concen-
trations and stocks of SOC, SIC and STC in
abandoned subalpine grassland on the
Yunnan-Guizhou plateau, China.

Materials and methods

Site description

The study area is located in a subalpine
Eulalia pallens (Hackel) Kuntze grassland
(26°19" 44" N-26°19' 49" N, 106° 51" 06" E —
106° 51 09", elevation around 1600 m a.s.l.)
in Longli County, Guizhou Province on the
Yunnan-Guizhou Plateau, China. The mean
annual temperature is 14.7 °C, ranging from
-3 °C in January to 35 °C in July. The mean
annual precipitation is 1160 mm, of which
nearly 85% occurs between April and Octo-
ber. E. pallens is distributed in Guizhou,
Yunnan, Sichuan and Guangxi in China and
in a small part of India (Flora of China Edi-
torial Committee 2006). Haplic Alisols (FAO
JUNESCO taxonomy, 1988) covers this area
(Ding et al. 2019).

Experimental design, soil sampling and
determination

The ‘“space-for-time” substitution meth-
od used in this study was widely adopted
for the study of successional changes in
SOC and SIC (Liu et al. 2017) and soil stoi-
chiometry (Jiao et al. 2013). Analogous to a
recent study (Zhou et al. 2018), shrub en-
croachment succession was specially cate-
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gorized as three stages (early-stage, mid-
stage and late-stage) in our study. To mini-
mize differences from non-stages sources,
three plant community plots (5 x 5 m) that
represented the above three stages were
selected in a relatively narrow geographi-
cal range with almost same elevation
(1610.2-1610.7 m a.s.L.). Our recent research
concerning SES described the experimen-
tal design and sampling process in detail
(Ding et al. 2019). Briefly, at the beginning
of October 2017, we randomly selected
three 1 x 1 m quadrats as three replicates in
each plant community plot (5 x 5 m), clear-
ing the leaf litter from each quadrat (Al-
berti et al. 2011). Then, three cores were
collected, pooled and homogenized based
on a given soil depth, and large pieces of
gravel and organic material were removed.
Finally, a mixed soil sample as a replicate of
a soil depth in a given plot was obtained.
We thus obtained 27 soil samples [3 repli-
cates x 3 soil depths (0-5, 5-10, 10-20 cm) x
3 SES]. One representative sub-sample was
used for soil nutrient concentrations mea-
surement, other sub-samples were used
for soil EEA measurement. We used cutting
rings (50 mm inner diameter, 50 mm
height) to obtain 27 soil cores for determin-
ing soil bulk density. We used the assay
methods described in Tab. S1 (Supplemen-
tary material) to determine soil bulk den-
sity (BD, g cm?), the concentrations of SOC
(SOC¢, g kg"), total nitrogen (TN, g kg”),
available nitrogen (AN, mg kg™), total phos-
phorus (TP, mg kg"), available phosphorus
(AP, mg kg™), available potassium (AK, mg
kg™"), available calcium (ACa, mg kg"') and
available magnesium (AMg, mg kg" - Ding
et al. 2019). SIC concentration (SICc, g kg™)
was determined by the HCl method (Li et
al. 2016a) using a calcimeter (Calcimeter, Ei-
jkelkamp, Netherlands). Soil sub-samples
were transported under ice bags and
stored at 4 °C until analysis. We used ELISA®
Kits (Shanghai Enzyme-linked Biotechnol-
ogy Co., Ltd., China) to assay the activities
(umol d'g" dry soil) of C-acquiring enzyme-
glucosidase, N-acquiring enzyme-leucine
aminopeptidase and N-acetyl glucosamin-
idase, and P-acquiring enzyme-acid phos-
phatase.

Data analyses

Soil nutrient stoichiometry was express-
ed as molar ratios (Zechmeister-Bolten-
stern et al. 2015), i.e., the ratio of soil OC
and TN was expressed as OC:TN, the ratio
of soil OC and TP was expressed as OC:TP,
the ratio of soil TN and TP was expressed
as TN:TP, the ratio of soil TC and TN was
expressed as TC:TN, the ratio of soil TC and
TP was expressed as TC:TP, the ratio of soil
AN and AP was expressed as AN:AP, the ra-
tio of soil AN and AK was expressed as
AN:AK, the ratio of soil AN and ACa was ex-
pressed as AN:ACa, the ratio of soil AN and
AMg was expressed as AN:AMg, the ratio
of soil AP and AK was expressed as AP:AK,
the ratio of soil AP and ACa was expressed
as AP:ACa, the ratio of soil AP and AMg

was expressed as AP:AMg. We used these
ratios because they have been adopted in
many studies (Jiao et al. 2013, Zhou et al.
2018), and because a growing number of
studies have confirmed that nutrient stoi-
chiometry ratios constrain soil carbon dy-
namics (Alberti et al. 2015, Finn et al. 2016).

Soil EEA stoichiometry was expressed as
In (natural logarithm) ratios (McDaniel et
al. 2013, Xu et al. 2017), i.e., the ratio of the
log-transformed C-acquiring enzyme activ-
ity and N-acquiring enzyme activity was ex-
pressed as INnEC:InEN, the ratio of the log-
transformed C-acquiring enzyme activity
and P-acquiring enzyme activity was ex-
pressed as InEC:InEP, the ratio of the log-
transformed N-acquiring enzyme activity
and P-acquiring enzyme activity was ex-
pressed as INEN:INEP. We used these ratios
in this study because there were stoichio-
metric relationships between the enzyme
activities of the diverse functions responsi-
ble for C, N, and P mineralization (Xu et al.
2017).

STC stock (STCs), SOC stock (SOCs) and
SIC stock (SICs) were calculated for each
depth (0-5, 5-10, 10-20 cm) and for whole
depth (0-20 cm) according to the formulas
reported by Liu et al. (2017), and expressed
as kg m*. Data were log,, transformed to
fulfill normality and homogeneity of vari-
ance if required (McDaniel et al. 2013, Peng
& Wang 2016). Both two-way ANOVA and
one-way ANOVA were used with Duncan’s
test at the threshold of a = 0.05. For two-
way ANOVA, the effects of independent
variables (SES and soil depth) on one de-
pendent variable (STCs, SOCs or SICs, etc.)
were tested by running the “Univariate”
routine in the “General linear model” mod-
ule of the package SPSS® Statistics ver. 25.0
(IBM, Armonk, NY, USA). Specially, the ef-
fect of fixed variable (SES or soil depth) on
one dependent variable (STCs, SOCs or
SICs, etc.) was tested by running the “one-
way ANOVA test” routine in the “Compare
Means” module of the SPSS Statistics pack-
age.

Redundancy analysis (RDA) was con-
ducted to partition the portion of ex-
plained SOC, SIC or STC variation attribut-
able to the significant soil nutrient stoi-
chiometry and enzyme stoichiometry fac-
tors, which were picked by forward selec-
tions. The Monte Carlo permutation test
with 999 runs was used to determine sig-
nificance of RDA results (Ding et al. 2019).

Structural equation modeling (SEM) ef-
fectively distinguished specific cause and
effect-linkages between observed varia-
bles (Qiu et al. 2018), and was utilized to es-
tablish a link between shrub encroachment
and soil C via soil nutrient stoichiometry ra-
tios and enzyme stoichiometry ratios. The
model was simplified to meet the T-rule
(Grace 2006), which specifies that the
number of estimated parameters (this
number in our study was 7 or 8) must be
less than or equal to the number of known
variances and covariances (this number in
our study was 10). Jobson transformation
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was used to normalize data and minimize
kurtosis before SEM. The Bollen-Stine
bootstrap (leverslandis et al. 2011) with
1000 draws was used because of the small
sample size. x*/df, p value (), comparative
fit index (CFl), root mean square error of
approximation (RMSEA) and standardized
root mean square residual (SRMR) were
used to test the SEM model fit. The model
was good at 0 < x*/df < 2, 0.05 < p <1,0.97
< Comparative Fit Index (CFI) < 1, 0 < Root
Mean Square Error of Approximation (RM-
SEA) < 0.05 and o < Standardized Root
Mean Square Residual (SRMR) 0.05
(Schermellehengel et al. 2003). Lower sam-
ple size-adjusted Bayesian Information Cri-
terion (BIC) was utilized to judge which
was the best-fitting model, with differ-
ences greater than 6 providing strong evi-
dence that models were different. Regres-
sion model analysis was used to explore
how the soil stoichiometry changes soil C.

Data transformation, RDA, SEM and Re-
gression analysis were conducted in R ver-
sion 3.4.4 (R Development Core Team, Vi-
enna, Austria).

Results

Distribution of SOC, SIC and STC
concentrations and stocks

Soil stores approximately twice as much
carbon as the atmosphere and fluctuations
in the size of the soil carbon pool directly
influence climatic conditions (Crowther et
al. 2019). Our data suggested that soil
depth significantly changed the SOC con-
centration (Ding et al. 2019), STC concen-
tration and SIC stock (ANOVA, p < 0.05)
(Fig. 1a, Fig. 1¢, Fig. 1e), but did not signifi-
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cantly change the SOC stock (Ding et al.
2019) and STC stock (ANOVA, p > 0.05 - Fig.
1d, Fig. 1f). Overall, the SOC concentration
and STC concentration decreased with soil
depth (Fig. 1a, Fig. 1c). SIC concentration
decreased with soil depth only in the early-
stage (Fig. 1b). Two-way ANOVA indicated
that the SOC concentration (Ding et al.
2019) and STC concentration were signifi-
cantly changed by SES, soil depth and inter-
actions between these two (p < 0.001 - Fig.
1a-c). SOC stock (Ding et al. 2019) and STC
stock (Fig. 1d, Fig. 1f) were significantly
changed only by the SES. The SIC concen-
tration was significantly changed by SES
rather than by the soil depth (ANOVA, p <
0.01 — Fig. 1b), but the SIC stock showed
the opposite (ANOVA, p < 0.05 — Fig. 1e).
Overall, the SOC concentration, SIC con-
centration, STC concentration (Fig. 1a-c),
SOC stock (Ding et al. 2019), and STC stock
(Fig. 1d, Fig. 1f) increased with SES at each
depth. The SIC stock increased only in the
10-20 cm depth (Fig. 1e). The SOC stock
(Ding et al. 2019), SIC stock, and STC stock
increased with SES across the entire depth
(Fig. 1g). Although the increases in the STC
stock with SES were derived from the in-
creases in both the SOC stock and the SIC
stock (Fig. 1g), the percentage contribution
(Fig. 1h) showed that the SOC stock was
the main C pool, the contribution of the
SOC stock to the STC stock increased with
SES, and the SIC stock showed an opposite
trend, indicating that the change of STC
stock might mainly derive from the change
of SOC stock. However, the ANOVA stated
that no statistical differences existed along
the SES.
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Soil nutrient stoichiometry and
stoichiometry of C-, N- and P-acquiring
enzymes

Soil nutrient stoichiometry ratios reflect
the quality of soil nutrients and determine
the microbial processes of soil carbon fate
(Alberti et al. 2015). Stoichiometry ratios of
C-, N- and P-acquiring enzymes reflect the
relative investment of soil microorganisms
in acquiring C, N and P (Loeppmann et al.
2016), and reveal stoichiometric and ener-
getic constraints on microbial biomass
growth (Waring et al. 2013). In this study,
one-way ANOVA indicated that SES signifi-
cantly changed both soil nutrient stoichio-
metry (Ding et al. 2019) and enzymes stoi-
chiometry, except for the ratios of AP:AK
and AP:AMg (p < 0.05 — Tab. 1), soil depth
significantly changed the ratios of OC:TP,
TN:TP, AN:AK, AN:AMg (Ding et al. 2019),
TCTP, InEC:INEN and InEC:INEP (p < 0.05 -
Tab. 1). However, two-way ANOVA indi-
cated that interactions between SES and
soil depth had significant effects on the ra-
tios of AN:AK (Ding et al. 2019), TC:TP and
INEC:INEP (p < 0.05 — Tab. 1). The changes in
these two kinds of stoichiometry ratios
could have implications to soil C changes.

Redundancy analysis

To understand the relative contributions
of soil nutrient stoichiometry and stoi-
chiometry of C-, N- and P-acquiring en-
zymes to change SOC, SIC and STC concen-
trations and stocks, RDA was used to quan-
tify the effect size of soil stoichiometry
ratios. Monte Carlo permutation tests
showed RDA models and the first canonical
axes were all highly significant (p = 0.001),
indicating that all 15 stoichiometry factors
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Tab. 1 - Results of two-way ANOVA for the effects of shrub encroachment sequence
(SES) and soil depth on soil nutrient stoichiometry (Ding et al. 2019) and C-, N- and P-
acquiring enzyme stoichiometry (mean * standard deviation, n = 9). The number out-
side each bracket is the F value, the number inside each bracket is p value in ANOVA.
The abbreviations are listed in the method section.

Soil

stoichiometry SES Soil Depth Interaction
OC: TN 16.46 (0.000) 1.71 (0.209) 0.67 (0.619)
OC: TP 7.36 (0.005) 9.81 (0.001) 1.43 (0.265)
TC: TN 7.35 (0.005) 0.56 (0.580) 1.43 (0.266)
TC: TP 23.45 (0.000) 11.44 (0.001) 3.20 (0.038)
TN: TP 11.42 (0.001) 9.82 (0.001) 2.19 (0.111)
AN: AP 4.08 (0.034) 0.56 (0.579) 0.33 (0.855)
AN: AK 49.19 (0.000) 12.27 (0.000) 5.24 (0.006)
AN: ACa 37.50 (0.000) 2.51 (0.110) 1.10 (0.386)
AN: AMg 86.27 (0.000) 10.41 (0.001) 1.88 (0.157)
AP: AK 0.58 (0.566) 0.95 (0.404) 1.38 (0.280)
AP: ACa 4.51 (0.026) 0.12 (0.885) 1.12 (0.378)
AP: AMg 1.52 (0.244) 0.68 (0.517) 0.87 (0.499)
InEC: InEN 14.23 (0.000) 6.67 (0.007) 0.80 (0.541)
InEC: InEP 72.78 (0.000) 18.22 (0.000) 3.38 (0.031)
InEN: InEP 32.84 (0.000) 2.18 (0.142) 1.59 (0.220)

(the ratios of OC:TN, OC:TP, TN:TP, TC:TN,
TC:TP, AN:AP, AN:AK, AN:ACa, AN:AMg,
AP:AK, AP:ACa, AP:AMg, InEC:InEN, InEC:
InEP and INEN:INEP) were important in ex-
plaining the variation in concentrations and
stocks of SOC, SIC and STC. After signifi-

cant stoichiometry factors had been se-
lected, the first canonical axes explained
95.88%, 47.27% and 95.31% of the variation
in concentrations and stocks in SOC, SIC
and STC, respectively. Variation partition-
ing (Tab. 2) showed that 39.20% of the vari-

Se uence ) Sequence Se uence
& q (b) S q % S a

N N £ S
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Q ] \

I A
\ 0% Q;\ \\ -,;7
2 N \y &
0.27 (0. 376) 0.53(0.039) <4

/ % %
» f
O. 6:
* D
-0.002 (0. 994)4 <

ation in the SOC concentration and SOC
stock was explained by the ratios of AN:
ACa, AN:AK, AP:ACa and OC:TP, and that
14.60% of the variation in the SOC concen-
tration and SOC stock was explained by the
INEN:INEP ratio. We found that 32.80% of
the variation in the STC concentration and
STC stock was explained by the ratios of
AN:AK, AN:ACa, AP:ACa and InEN:InEP; and
16.95% of the variation in the STC concen-
tration and STC stock was explained by the
INEN:INEP ratio. Up to 47.27% of the varia-
tion in SIC concentration and SIC stock was
explained by the AN:AMg ratio alone.

Structural equation model

Based on our hypothesis, specific cause
and effect-linkages were established. Mod-
el fit tests for 216 structural equation mod-
els showed that only 33 models could meet
the criteria 0 < ¥*/df < 2,0.05<p <1,0.97 <
CFl <1, 0 < RMSEA < 0.05 and 0 < SRMR <
0.05 (Fig. 2 and Fig. S1 in Supplementary
material), indicating the 33 models had a
good fit. Well-fitted models for SOC con-
centration and STC concentration were not
found, however, fitting models for SOC
stock, STC stock, SIC concentration and SIC
stock were found (Fig. 2 and Fig. S1in Sup-
plementary material). There were four dif-
ferent types of fitted model: (1) the signifi-
cant pathway of soil nutrient stoichiometry
(Fig. 2a-d, Fig. S1a-i). In this type of model,
soil nutrient stoichiometry ratio was the

Fig. 2 - Structural equation mod-
els showing SES effects on SOC,
SIC and STC concentration and
stock changes through hypo-
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only mediator that linked shrub encroach-
ment sequence to soil carbon concentra-
tion or storage. Taking the model in Fig. 2a
as an example, the OC:TN was the only me-
diator influenced by shrub encroachment
sequence and transferred this influence to
the SOC stock. (2) The significant pathway
of soil C-, N- and P- acquiring enzyme stoi-
chiometry (Fig. 2i, Fig. S1j-p). In this type of
model, soil enzyme stoichiometry ratio was
the only mediator that linked shrub en-
croachment sequence to soil carbon con-
centration or storage. Taking the model in
Fig. 2i as an example, the InEN:INEP was
the only mediator influenced by shrub en-
croachment sequence and delivered this in-
fluence to the SIC concentration. (3) The
significant pathway of both soil nutrient
stoichiometry and soil C-, N- and P-acquir-
ing enzyme stoichiometry (Fig. 2e-f, Fig.
S1q in Supplementary material). In this type
of model, both soil nutrient stoichiometry
ratio and soil enzyme stoichiometry ratio
were the mediators that linked shrub en-
croachment sequence to soil carbon con-
centration or storage. But there were also
differences in the effect direction and mag-
nitude of the two mediators. Taking the
model in Fig. 2e as an example, the TC:TN
and the InEC:INnEN were the mediators in-
fluenced by shrub encroachment sequence
and conveyed these influence to the SIC
concentration, but the TC:TN negatively
and InEC:InEN positively affect the SIC con-
centration. (4) The insignificant pathway of
both soil nutrient stoichiometry and soil C-,
N- and P-acquiring enzyme stoichiometry
(Fig. 2g-h, Fig. S1r-x in Supplementary ma-
terial). In this type of model, both soil nutri-
ent stoichiometry ratio and soil enzyme
stoichiometry ratio could not link shrub en-
croachment sequence to soil carbon con-
centration or storage. The significance of
these pathways indicated that there was a
mediating mechanism of soil stoichiometry
which facilitated the changes in soil C due
to shrub encroachment.

Discussion

Soil stoichiometry regulates SOC, SIC
and STC over shrub encroachment

Many factors, including ecological succes-
sion (Alberti et al. 2011, Eldridge et al. 2011,
Blaser et al. 2014, Nadal-Romero et al.
2018), soil nutrient stoichiometry (Kirkby et
al. 2013, Alberti et al. 2015) and soil EEA sto-
ichiometry, could regulate soil C. The find-
ings that shrub encroachment increased
SOC stock (Fig. 1g - Eldridge et al. 2011, Li
et al. 2016b) and STC stock (Fig. 1g — El-
dridge et al. 2011) have been widely re-
ported, but the result that shrub encroach-
ment increased SIC stock (Fig. 1g) was
studied firstly, which could help better un-
derstand and manage the soil C pool.

A growing number of studies have con-
cluded that soil stoichiometry exerted a
substantial influence on soil C (Kirkby et al.
2013, Finn et al. 2016, Ding et al. 2019).
Shifts in nutrient stoichiometry have been
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Tab. 2 - Individual contributions of each significant soil nutrient stoichiometry and C-,
N- and P-acquiring enzyme stoichiometry factors to the proportion of variation (%)
explained in soil Cin the three C types (n = 27). The number outside each bracket rep-
resents the portion of variation in soil C which is explained by the corresponding fac-
tor alone; the number inside each bracket is the p value; the interaction portion is the
variation shared by significant factors; and the unexplained portion is the variation
not attributed to significant factors. The abbreviations are listed in the method sec-
tion. (Varsoc): proportion of variation explained in SOC concentration and SOC stock;
(Varsi): proportion of variation explained in SIC concentration and SIC stock; (Varsrc):
proportion of variation explained in STC concentration and STC stock.

Factors Varsoc Varsc Varsrc

OC: TP 0.96 (0.032) -

AN: AK 3.41 (0.001) 3.61 (0.001)
AN: ACa 17.27 (0.001) - 26.59 (0.001)
AN: AMg 47.27 (0.001)

AP: ACa 2.96 (0.002) 2.60 (0.001)
INEN: InEP 14.60 (0.001) 16.95 (0.001)
Interactions 56.68 45.56 (0.001)
Unexplained 4.12 52.73 4.69

significantly associated with soil C dynam-
ics (Hartman et al. 2017). Our regression
analysis suggested that soil nutrient stoi-
chiometry drove SOC, SIC and STC (Fig. S2
in Supplementary material, panels 1-36).
Based on the regression curve, not only we
found the monotonously increasing or de-
creasing responses of soil C to soil nutrient
stoichiometry (Fig. S2, panels 1-21), but also
found the threshold responses of soil C to
soil nutrient stoichiometry (Fig. S2, panels
22-36). For instance, when the OC:TN ratio
< 6, the increasing OC:TN ratio increased
the concentration of SIC, when the OC:TN
ratio > 6, the increasing OC:TN ratio de-
creased the concentration of SIC (Fig.S2,
panel 22); when the OC:TP ratio < 280, the
increasing OC:TP ratio decreased the con-
centration of SOC and STC, and when the
OC:TP ratio > 280, the increasing OC:TP ra-
tio increased the concentration of SOC and
STC (Fig.S2, panels 34-35). A hypothesis
proposed in forest ecosystems could ac-
count for these observations (Alberti et al.
2015). This hypothesis stated that the link-
age between soil C:N stoichiometry and mi-
crobial activity controlled C sequestration
belowground, and the ratio of above-
ground net primary C production to gross
primary C production increased with in-
creasing soil C:N. Microbes activity (C use
efficiency) controlled by stoichiometry de-
termined whether SOC was lost to the at-
mosphere as carbon dioxide, or incorpo-
rated into microbial biomass, which pro-
moted C stabilization. High C use efficiency
values of microbes indicated their efficient
growth, whereas low values implied rela-
tively greater losses of C through respira-
tion (Mehnaz et al. 2019). Low soil C:N (be-
low 17.5 on a mol basis — Ding et al. 2019)
induced high C use efficiency of microbes,
where more of the fresh C input was thus
used for microbial biomass products, re-
sulting in the net formation of new SOM
(soil organic matter), and this, in turn, re-
sulted in the increase of SOC stock with soil

OC:TN (Fig. 2a, Fig. S1a-b in Supplementary
material). Since the change of STC stock
was mainly derived from the change of
SOC stock (Fig. 1h), STC stock also in-
creased with soil OC:TN (Fig. 2d, Fig. Sth-i).
However, when soil C:N was high, mi-
crobes had a low C use efficiency and
therefore they respired more of the fresh C
inputs and prime SOM decomposition,
which increased N availability and sup-
ported a higher allocation of gross primary
C production to aboveground net primary
C production. Interestingly, the general
rule described by Paul (2014) suggested
that the OC:TP ratio < 516 stimulated a net
mineralization and the OCTP ratio be-
tween 516 and 775 stimulated little change
in the soluble P concentrations. Our data
showed the OC:TP ratio ranged from 204
to 477 in the three soil depths in the early-
and mid-stages, and the OC:TP ratio of 362
in the deepest soil depth in the late-stage,
stimulated net mineralization of nutrients.
However, the OC:TP ratio ranged from 517
to 668 in the top two soil depths in the
late-stage, stimulated little change of the
soluble P concentrations. P was the limit-
ing element in our study land (Ding et al.
2019). In the late-stage, this situation of
OC:TP was conducive to reducing soil phos-
phorus loss in this high rainfall area, provid-
ing some P from deeper soil for shrubs,
which reduced soil phosphorus limitation
of shrubs, thereby increasing soil carbon
(Fig. S2, panels 19-34). These results con-
firmed previous findings (Blaser et al. 2014,
Ding et al. 2019).

Our data clearly showed that soil C-, N-
and P-acquiring enzymes stoichiometry
ranged from 0.9 to 1.6, and did not con-
verge on 1, indicating that soil C-, N- and P-
acquiring enzymes stoichiometry was not
in homeostasis (Peng & Wang 2016). In
fact, climatic, edaphic abiotic factors and
biotic factors significantly impacted soil C,
N- and P-acquiring enzymes stoichiometry
(Peng & Wang 2016). We grouped the un-
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derlying mechanisms of SES control over
soil C-, N- and P-acquiring enzymes stoi-
chiometry ratios into six pathways that can
operate simultaneously, as follows: (1) Cli-
mate regulation (Waring et al. 2013). Based
on global soils, Sinsabaugh et al. (2008)
found that the InEC:InEP was inversely re-
lated to mean annual precipitation and
temperature, while the InECINEN in-
creased with mean annual precipitation.
However, across tropical soils, Waring et al.
(2013) suggested that InEC:InEP was posi-
tively associated with mean annual temper-
ature. Conversely, across forest ecosys-
tems along the North-South Transect in
eastern China, Xu et al. (2017) found that
the InEC:INEN, InEC:INEP and InEN:InEP
were significantly and negatively related to
mean annual precipitation and tempera-
ture. These correlations between soil en-
zymes stoichiometry ratios and mean an-
nual temperature and precipitation sug-
gested climatic regulated soil enzymes stoi-
chiometry ratios; climate might regulate
the effect of SES on soil C-, N- and P-acquir-
ing enzymes stoichiometry ratios. (2) Ef-
fects of encroaching plant traits. A recent
study found that plants played a more cru-
cial role than soil properties in determining
enzymatic stoichiometry which was sub-
stantially affected by root systems (Cui et
al. 2018). Shrub encroachment shifted
plants from herbaceous and grass to
shrub, and changed the root systems, in-
cluding distribution (Jobbagy & Jackson
2000, Schenk & Jackson 2002) and quality,
thereby changing enzymatic stoichiometry.
(3) Effects of soil physical properties. A re-
cent study in the arid area of Loess Pla-
teau, China found that soil physical proper-
ties (e.g., soil moisture, silt and clay con-
tents) had more contribution to soil C-, N-
and P-acquiring enzymes stoichiometry
than the other investigated soil parameters
(Cui et al. 2018), which suggested that the
soil physical properties were the most in-
fluential factors on enzymes stoichiometry.
(4) The nutrient-dependent response of
soil enzyme stoichiometry. Peng & Wang
(2016) found that soil total C, N and P con-
tents accounted for the highest percent-
age of variation in soil C-, N- and P-acquir-
ing enzymes stoichiometry, indicating soil
enzyme stoichiometry changes depended
on the variation in nutrient availability
(Kazuki et al. 2019). (5) Soil enzymatic stoi-
chiometry ratios reflected the biogeo-
chemical equilibrium between metabolic
and element requirements (biomass ele-
mental ratios) of microbial assemblages
and the relative availability of soil nutrients
(Sinsabaugh et al. 2009, Peng & Wang
2016). Peng & Wang (2016) found that the
ratio of C-acquiring enzymes to P-acquiring
enzymes and the ratio of N-acquiring en-
zymes to P-acquiring enzymes were posi-
tively related to soil microbial biomass C, N,
and P, as well as negatively related to the
ratio of soil microbial biomass C to soil mi-
crobial biomass N and the ratio of soil mi-
crobial biomass N to soil microbial biomass
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P. Soil enzymatic stoichiometry therefore
was dependent on soil microbial biomass
elemental stoichiometry. (6) Soil nutrient
stoichiometry controls. Recently, Xu et al.
(2017) found the InEC:INEP and INEN:INEP
were adversely affected by soil C:P and N:P
ratios. Waring et al. (2013) found that InEC:
InEP were adversely affected by soil C:N ra-
tio. Our SEMs showed that soil nutrient
stoichiometry ratios increased soil enzy-
matic stoichiometry ratios (Fig. 2b, Fig. 2f,
Fig.S1s and Fig.S3, panels 1-23), therefore
confirming soil nutrient stoichiometry con-
trolled enzyme stoichiometry (Peng &
Wang 2016, Xu et al. 2017). Additionally, our
models clearly showed that the increased
soil TC:TP caused by shrub encroachment
increased the INnEN:InEP (Fig. 2f and Fig. S3
in Supplementary material, panel 23), and
consequently increased SIC stock (Fig. 2f).
This pathway has never been reported in
previous studies, thus providing a new un-
derstanding of the pathway that impacts
SIC.

Previous studies reported that the activi-
ties of C-, N- and P-acquiring enzymes were
positively related to SOC (Cenini et al.
2016). Soil EEA stoichiometry connected
the elemental stoichiometry of microbial
biomass and SOM to microbial nutrient as-
similation and growth (Sinsabaugh & Shah
2012). Interestingly, similar to soil nutrient
stoichiometry, soil C-, N- and P-acquiring
enzymes stoichiometry increased not only
the concentration and stock of SOC, but
also the concentration of SIC and the con-
centration and stock of STC (Fig. S2, panels
37-49). In general, SOC dynamics was
thought to be biological processes, while
SIC dynamics reflects physical and chemical
processes (Zhao et al. 2016). However, lit-
tle information was available on the rela-
tionship between soil enzyme stoichiome-
try and SIC. Our study showed soil C-, N-
and P-acquiring enzymes stoichiometry
monotonously increased SIC concentration
(Fig. S2; panels 38, 41, and 46). These find-
ings have improved our understanding of
soil ¢, N- and P-acquiring enzymes stoi-
chiometry and SIC. However, the underly-
ing mechanism remains unexplored. We
speculated that the linkage between SIC
and SOC could be a potential mechanism
due to the transformations between SOC
and SIC (Li et al. 2016a). SOC concentration
significantly increased SIC concentration
(Fig. S4 in Supplementary material), possi-
bly supporting this hypothesis.

Soil Cand SES are connected by soil
stoichiometry

Stoichiometry facilitates for spanning dif-
ferent levels of biological organization,
from cellular metabolism to ecosystem
structure and nutrient cycling, and it is
therefore particularly useful to establish
links between different ecosystem com-
partments (Zechmeister-Boltenstern et al.
2015). We therefore proposed the mecha-
nistic links. In fact, our results showed that
the soil C and SES are strongly connected

by mediating roles of soil stoichiometry (in-
cluding soil nutrient stoichiometry ratios
and enzyme stoichiometry ratios), and the
mediating pattern depended on soil stoi-
chiometry species and soil C types (concen-
tration and stock of SOC, SIC and STC - Fig.
2). The diversity of linkage patterns re-
vealed the complexity of the stoichiometry
factors controlling SOC, SIC and STC over
SES, and highlighted the importance of this
work.

Previous studies have found shrub en-
croachment altered soil stoichiometry
(Feng & Bao 2018), and changes in soil nu-
trients stoichiometry were significantly re-
lated to soil C dynamics (Hartman et al.
2017), but changes in soil EEA ratios were
poorly correlated with changes in soil C
pools (McDaniel et al. 2013). Our study
found many details that have not been pre-
viously reported. For SOC stock, SES in-
creased SOC stock by increasing soil nutri-
ent stoichiometry (e.g., OC:TN - Fig. 2a).
SES changed SIC concentration via: (i) the
improved TC:TN ratio decreased the SIC
concentration (Fig. 2e); and (ii) the ele-
vated AN:ACa, INnEC:INEN and InEN:InEP ra-
tio increased the SIC concentration (Fig. 2c,
Fig. 2e, Fig. 2i). SIC stock was changed by
SES because: (i) the increased TC:TN and
INEN:INEP ratio increased the SIC stock (Fig.
2b, Fig. 2f); and (ii) the increased TC:TP ra-
tio decreased SIC stock (Fig. 2f). Further,
both SIC concentration and SIC stock
showed an increasing trend (Fig. 1b, Fig.
1g), indicating that the effect of increase
exceeded the effect of decrease.

Interestingly, the effects of the same soil
stoichiometry ratios on SIC differed be-
tween concentration and stock (Fig. 2b vs.
Fig. 2e and Fig. 2h vs. Fig. 2i). The classic
carbonate-bicarbonate reaction equation
widely reported (Wu et al. 2009, Li et al.
2016a) showed that the increased cations
(Ca** and Mg*) increased SIC (Guo et al.
2016), but the increased AN reduced Ca**
and Mg* (Lu et al. 2018). Furthermore,
shrub provided more Ca* (Zhao et al. 2016)
and Mg (Vieira et al. 1994) than grass via
litter. The AN:ACa in SEM (Fig. 2¢), the
AN:AMg in RDA (Tab. 2) and the AN:AMg,
AP:ACa, AN:ACa in the regression model
(Fig. S2; panels 3, 32-33) therefore had a
marked impact on SIC concentration and/
or stock. The pathways were similar where
SES affected STC stock and SOC stock (Fig.
23, Fig. 2d), possibly because of the large
proportion (> 85%) of SOC stock in STC
stock (Fig. 2h). In addition, unexplained
variation (from 32% to 89%) in some SEMs
could be contributed by the soil stoichiom-
etry ratios included in other SEMs (Fig. 2)
and the factors not covered by this study.
For instance, soil bulk density (Yu et al.
2014) decreased SOC concentration but in-
creased SIC concentration; soil nutrient
(e.g., N, P, K) increased SOC stock (Kirkby
et al. 2013, Li et al. 20163, 2016b, Crowther
et al. 2019) and even SIC increased with
SOC (Fig. S4 - Guo et al. 2016).

Collectively, our analysis provided a new
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insight into the SOC, SIC and STC changes
caused by shrub encroachment via the
pathway of soil nutrient stoichiometry and
enzymes stoichiometry, further enlight-
ened that management practices of soil nu-
trient stoichiometry and enzymes stoi-
chiometry to stabilize and increase SOC
and SIC would play an important role in lo-
cal carbon cycles.

Contribution of significant soil stoichi-
ometry factors to SOG, SIC and STC

Although all 15 soil stoichiometry factors
were important in explaining the variation
in content and stock of SOC, SIC and STC,
RDA and SEM revealed that soil nutrient
stoichiometry was more important than
soil enzyme stoichiometry for changes in
SOC and STC. In the RDA, significant soil
nutrient stoichiometry clearly explained a
greater proportion of the variations in SOC,
SIC and STC than soil enzyme stoichiome-
try (Tab. 2). Also, in the SEM, the square
path coefficients of soil nutrient stoichiom-
etry were greater than those of soil en-
zyme stoichiometry (Fig. 2a, Fig. 2d), indi-
cating that soil nutrient stoichiometry ex-
erted a greater influence on SOC and STC
stocks than soil enzyme stoichiometry.
Three different pathway models for SIC
concentration and SIC stock indicated that
both soil nutrient stoichiometry and soil
enzyme stoichiometry were of importance
in changing SIC concentration and SIC
stock (Fig. 2b,c; Fig. 2e,f; Fig. 2i), while their
relative importance depended on soil stoi-
chiometry species (Fig. 2c vs. Fig. 2e, Fig. 2b
vs. Fig. 2f). In addition, the interactions ex-
plained the largest variation in SOC and
STC in this study (Tab. 2). The AN:ACa ex-
plained the secondary variation in SOC and
STC, and the INEN:INnEP explained the ter-
tiary one. However, the underlying mecha-
nism still needs to be elucidated.

Conclusions

This study underscored the importance of
soil stoichiometry in changing the content
and stock of SOC, SIC and STC during the
process of shrub encroachment. To our
knowledge, this study is the first to show
that the soil stoichiometry, including soil
nutrient stoichiometry and enzyme stoi-
chiometry, constituted an inherent link be-
tween SES and soil C. Also, this study is the
first to find that the linkage pattern de-
pended on soil stoichiometry species and
soil C types. Soil nutrient stoichiometry
was more important than soil enzyme stoi-
chiometry in changing SOC and STC due to
shrub encroachment, while the relative im-
portance of these two types of soil stoi-
chiometry in changing SIC depended on
soil stoichiometry species. Soil nutrient sto-
ichiometry had the positive or negative or
threshold effects on soil C, but soil C-, N-
and P-acquiring enzymes stoichiometry
had the monotonously increasing effects
on soil C. Our results have improved to
some extent the understanding of the ef-
fects of soil stoichiometry on soil C.
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