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Abstract

Grassland ecosystem functions are affected by global climate change and increasing aridity.
Belowground components of soil and vegetation, such as specific root length, belowground
biomass and soil organic carbon are important for maintaining these functions. However, aridity
affects these components in different ways. This research evaluates changes in soil properties and
plant attributes with aridity along a 2600 km aridity gradient in the arid and semiarid grasslands of
Inner Mongolia. The aridity index was used considering the ratio of precipitation to potential
evapotranspiration, where a higher value indicates greater aridity. Results showed an overall aridity
threshold for grassland ecosystems of 0.67, where abrupt changes in belowground components
were observed. The effect of aridity on specific root length changed from negative (—0.18) below
the threshold to positive (0.24) above the threshold, with the emergence of coordination between
aboveground and belowground plant characteristics. Aridity exhibited a negative effect on
belowground biomass, increasing from —0.24 below the threshold to —0.55 above the threshold as
the positive effect of relative grass abundance disappeared. The total effect of aridity on soil organic
carbon showed a subtle change, but the driving pathways through which aridity affects changed
from soil loss to aridity itself and vegetation cover at plot scale. These findings highlight how
aridity affects belowground components in grassland ecosystems above and below the aridity
threshold. They provide a basis for better understanding aridity-driven interactions in grassland
ecosystems, and can be used to inform actions to protect grasslands under future climate change.

1. Introduction

Grassland covers approximately 35.2% of the Earth’s
land surface (Bai and Cotrufo 2022), and provides
a variety of important ecosystem services such as
carbon storage, habitat for biodiversity, and food
(White et al 2000, Gibson and Newman 2019).
However, grasslands are fragile ecosystems and are
severely affected by climate change and human activ-
ities (Grime et al 2008, Gang et al 2014, Bai and
Cotrufo 2022). Approximately half of the grasslands

© 2023 The Author(s). Published by IOP Publishing Ltd

in the world have been degraded (Bardgett et al
2021). Therefore, it is imperative to explore the
responses of grassland ecosystems to climate change
and increasing aridity, and the pathways that drive
these responses, to inform the development of sus-
tainable grassland conservation strategies at regional
and global scales.

Belowground components play a key role in
maintaining grassland ecosystems, with fine roots
effectively protecting the soil from erosion (Wu
et al 2020). Grasslands store about one third of the
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terrestrial carbon stock, with approximately 90% of
their carbon stored in root biomass and soil organic
carbon (Bai and Cotrufo 2022). Effects of aridity on
belowground components vary depending on plant
characteristics, community structure, and ecosystem
function. Specific root length is a classic indicator that
reflects the response of plant roots to drought stress,
and which characterizes the plant economics spec-
trum (Ryser 2006, Ostonen et al 2007). Some stud-
ies have indicated that drought stress reduces spe-
cific root length through a conservative resource use
strategy (Larson and Funk 2016). Other researchers
found that plants increase their specific root length to
adapt to increasing aridity by improving water acquis-
ition capacity (Asefa et al 2022) by inducing larger
root hair density or root surface area (Comas et al
2013). Another study reported that aridity does not
have a clear positive or negative effect on specific
root length, but rather increased the diversity of spe-
cific root length (Butterfield et al 2017). In terms of
community structure, drought stress reduces below-
ground biomass (Huang and Fu 2000, Sanaullah et al
2012, Wang et al 2019) by decreasing the alloca-
tion of photosynthetic products to the belowground
plant system (Huang and Fu 2000, Galvez et al 2011).
However, some studies revealed that belowground
biomass may increase due to a positive root response
to aridity (Burri et al 2014, Hasibeder et al 2015,
Liu et al 2020), and because aridity induces plants
to allocate more resources to the belowground com-
ponent (Wellstein et al 2017). In terms of ecosys-
tem function, aridity modulates soil organic carbon
in grasslands by altering productivity (Berdugo et al
2020), community composition (Hu et al 2021), and
the plant parts implicated in carbon input (Hu et al
2022). Nevertheless, the pathways that reduce soil
organic carbon may shift along the aridity gradient
(Hu et al 2021). In summary, while existing research
has provided some useful insights, the effects of arid-
ity on belowground components have not been fully
elucidated.

The aridity threshold refers to the level of aridity
at which abrupt changes occur in ecosystem attrib-
utes (Berdugo et al 2020). Many previous studies
have reported that various functions and attributes
of ecosystems exhibited abrupt changes with increas-
ing aridity, including nitrogen cycling (Wang et al
2014), levels of soil metal elements (Luo et al 2016),
soil pH (Slessarev et al 2016), multifunctionality
(Berdugo et al 2017), and the ratio between soil car-
bon, nitrogen and phosphorus (Wang et al 2020).
Grasslands comprise the largest vegetation cover in
dryland regions (FAO 2019), and are expected to
experience sudden shifts with changes in aridity level.
These shifts may alter the effect of aridity on below-
ground components in grasslands. However, it is still
not known how root traits and belowground bio-
mass change with increasing aridity. In addition,
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the driving pathways of aridity impacts on below-
ground components of grasslands (i.e. specific root
length, belowground biomass and soil organic car-
bon) above and below the aridity threshold has not
been explored.

The main aim of our study is to: (i) determine the
aridity thresholds of different belowground compon-
ents (specific root length, belowground biomass and
soil organic carbon) in semi-arid grasslands; and (ii)
examine how aridity drives changes to belowground
components above and below the aridity threshold.
The hypotheses were that: (i) the belowground com-
ponents including specific root length, belowground
biomass and soil organic carbon show abrupt changes
with aridity; and (ii) the underlying driving forces
varied below and above the aridity threshold. A sys-
tematic transect survey along a 2600 km aridity gradi-
ent of the Inner Mongolia grassland was conducted
according to BIODESERT guidelines to test the hypo-
theses. A threshold model and structural equation
model were used to explore the effects of aridity
on the selected belowground components. Overall,
the findings provide a basis for better understanding
aridity-driven interactions in grassland ecosystems
and can be used to inform development of strategies
to protect of grasslands at different aridity levels in the
future.

2. Methods

2.1. Study area
This study was conducted along a 2600 km east-
west transect (longitude: 109°59’-121°32E; latitude:
40°19'-50°10'N) in the arid and semiarid grasslands
in northern China (figure 1). Mean annual precipita-
tion (MAP) of the region ranged from 161 to 463 mm,
and mean annual air temperature (MAT) ranged
from —2 to 6 °C. Mean annual potential evapo-
transpiration (PET) of the west side was approxim-
ately 986 mm whereas that at the east side was approx-
imately 735 mm. The aridity of this transect ranged
from 0.39 to 0.83 and was calculated using the follow-
ing equation (Delgado-Baquerizo et al 2013):
1 MAP
Aridity = l—ﬁ. (1)
The higher the value of the aridity, the more
arid the region. The ratio of precipitation to
potential evapotranspiration (AI) and PET data
were obtained from the Global Aridity Index and
Potential Evapotranspiration Climate database
(https://cgiarcsi.community/). MAP and MAT of
each sampling site were calculated from WorldClim
(www.worldclim.org/). Soil types varied from south-
west to northeast, and included desert, chestnut, and
black soil. Chestnut soil was observed in most of the
areas. The vegetation type was predominantly peren-
nial clustered gramineous plants, mainly consisting
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Figure 1. Map of the 40 field sites in grasslands across Inner Mongolia Autonomous Region, northern China. The sites represent
the three different dryland subtypes (i.e. dry-subhumid, semiarid, and arid), which are defined with different aridity levels, as

demonstrated in the legend. The location of the study area within China is indicated on the left. Photos at the bottom were taken
during the field sampling.
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of Leymus chinensis, Stipa capillata, and Cleistogenes
Keng.

2.2. Field survey and sampling

Sampling over the entire transect was conducted
between July and August 2020. A total of 40 sampling
sites were investigated based on a methodology util-
ized in the BIODESERT survey (Maestre et al 2022).
A 45 x 45 m plot was set up at each sampling
site starting from the upper edge of the hillslope.
Subsequently, a 45 m long transect downslope was
then located for vegetation and soil surveys. Three
parallel transects of the same length, each 10 m apart
across the slope, were added. Ground cover was recor-
ded along each of the four transects after every 20 cm.
About 20 quadrats (1.5 m x 1.5 m) were arbitrarily
selected (4 transects per plot, 5 quadrats per transect)
within each plot, thus a total of 800 quadrats were
surveyed in the study area. The presence, abundance,
coverage and height of all plant species were recorded
for each quadrat. A complete herbaceous individual
(or five annual branches for shrubs) of dominant spe-
cies was selected per transect in each plot and collec-
ted for determination of plant traits.

Soil samples were collected from each plot using
three methods: (i) cutting rings (100 cm®) were used
to collect samples for estimating the soil bulk dens-
ity at depths of 0-10, 10-20 and 20-30 cm; (ii) soil
cores (0-10, 10-20 and 20-30 cm deep) were collected

for determination of soil nutrients; and (iii) samples
for measuring soil grain size were collected at depths
of 0-10, 10-20, 20-40, 40-60, 60—-80 and 80-100 cm
using U-Tubes sampler. Each sampling method was
used to collect samples at three different locations
(including bare land, dominant species, and bio-
crust), which were at least 5 m apart.

2.3. Determination of soil and plant characteristics
Four quadrats were selected (1 quadrat per transect)
in each plot and all grasses were harvested for determ-
ination of aboveground biomass. The core-break
method was used for sampling of roots for below-
ground biomass determination in the four quadrats
under the dominant species (0-10, 10-20, 20-30 cm
deep). The belowground biomass samples were fully
soaked to remove soil and impurities. Samples were
washed repeatedly until the impurities were com-
pletely removed. After cleaning, the samples were sent
to the laboratory and dried at 65 °C for 48 h to obtain
the amount of aboveground and belowground dry
biomass.

Plant samples were obtained from each plot to
explore the basic characteristics of plant ecological
strategies. Leaf dry matter content was evaluated by
weighing the fresh and dry material of all leaves of
selected plants. Leaf carbon and nitrogen contents
were measured at the laboratory using an ele-
mental analyser (Vario MACRO Cube, PerkinFElmer,
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Waltham, Massachusetts, USA), and phosphorus
content was determined using ICP—OES (Avio 200,
PerkinElmer, Waltham, Massachusetts, USA). The
length and diameter of roots were measured with a
calliper. Information about the life cycle, life form,
seed dispersal, pollination mechanism, photosyn-
thetic pathway, leaf form, and flowering time of all
analysed species was obtained from the Flora of China
(www.iplant.cn/).

The soil properties measured at the laboratory
included soil organic carbon, total nitrogen, total
phosphorus, calcium carbonate, pH, grain size, and
bulk density. Soil organic carbon content (g/g) and
total nitrogen (g/g) were measured using a Vario
MACRO Cube Elemental Analyser (PerkinElmer,
Waltham, Massachusetts, USA). Soil total phos-
phorus (mg kg™!) was quantified using ICP—OES
(Avio 200, PerkinElmer, Waltham, Massachusetts,
USA). Soil calcium carbonate (g kg~!) was determ-
ined by the titrimetric method. Soil pH was meas-
ured using a pH meter (HQ30d, HACH, Loveland,
Colorado, USA). Soil grain size was quantified using
a laser particle sizer (Mastersizer 2000, Malvern
Panalytical, Malvern, Worcestershire, UK). Soil bulk
density (g cm®) was determined by the clod method
and the oven-dry method (at 105 °C for 48 h).

2.4. Calculation of soil and plant attributes

All indicators explored in this study were calculated
as shown in table 1. Soil properties in the sampling
sites were expressed as the average of the exper-
imental results of all samples for each indicator.
Aboveground and belowground biomass were cal-
culated as the total dry weight of aboveground and
belowground plant parts divided by the sampling
area, respectively. Vegetation coverage was presen-
ted as the ratio of vegetation records to the total
records along four transects in the sampling sites.
The effect of vegetation on soil organic carbon was
expressed as the difference between soil organic car-
bon under vegetation and soil organic carbon in bare
land.

Calculation of the plant diversity index and
community-weighted mean trait values involved
more complex expressions, where the relative abund-
ance of species is a vital parameter. The relative
abundance of species was calculated by dividing the
number of individuals of a plant species by the total
number of plants at the sampling site. The Shannon-
Weiner diversity index (Shannon and Weaver 1949),
which reflects the plant diversity was calculated using
the formula in table 1. The relative abundance of each
species was also expressed as a weight to determine
various plant functional traits (Garnier et al 2004).

2.5. Statistical analysis

Linear and nonlinear (quadratic and general addit-
ive models [GAM]) regressions were used to explore
the relationships between ecosystem variables and

4
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aridity. The Akaike information criterion (AIC)
and Bayesian information criterion (BIC) were used
to determine the model that exhibited the best fit
(Berdugo et al 2020). Segmented, step and steg-
mented regression analyses were conducted and
the best model (determined by AIC and BIC) was
used to determine the thresholds of variables. The
segmented approach was selected to identify the
threshold when the quadratic model or GAM was
the model with the best fit, considering a continuous
trend throughout the aridity gradient in this case.
Segmented/stegmented/step and GAM regression
analyses were conducted using the chngpt (Fong et al
2017) and gam (Hastie and Tibshirani 2017) packages
in R 4.0.3 (http://cran.R-project.org/), respectively.

Bootstrap analysis of the linear regressions was
conducted at both sides of all the thresholds to
determine whether the detected threshold signific-
antly affected the intercepts and slopes of the fitted
regressions (Canty and Ripley 2021) using the boot
package in R, with each side of the threshold sub-
jected to 200 bootstrap samplings. The bootstrap-
ping results below and above the threshold were com-
pared using the Mann—Whitney U test. The uncer-
tainty of thresholds is presented using confidence
intervals and highest density intervals. The threshold
values and parameters of the segments for all vari-
ables were calculated with a 95% confidence interval.
Additionally, the posterior distribution of the arid-
ity threshold for each variable was calculated to test
whether the threshold is within the highest density
interval.

Distribution of all variables was determined based
on the fitting results using MATLAB (table SI).
Analysis was conducted to evaluate whether the
variables exhibited a unimodal distribution using
the gmdistribution.fit function in MATLAB (The
MathWorks Inc., Natick, Massachusetts, USA) before
fitting threshold regressions. The models used for lin-
ear regression were modified when fitting if the data
did not exhibit unimodal distribution, by replacing
linear regressions with quantile regressions (Berdugo
et al 2020). The best models for unimodal and
bimodal distribution variables were selected (tables
S2,3 and S5, 6).

To examine the influence of inter-annual pre-
cipitation variability on aridity thresholds for these
variables, a moving-window analysis was used to
calculate the aridity threshold values with increas-
ing inter-annual precipitation variability. Threshold
models (segmented, step and stegmented) were per-
formed for a subset window of 30 study sites with the
lowest inter-annual precipitation variability values,
repeating the same calculations as many times as sites
remained.

After calculating and validating all thresholds,
cluster analysis was used to divide the thresholds into
different clusters and then evaluate the overall arid-
ity thresholds. The optimal number of clusters was
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Table 1. Variables and their calculations and descriptions used in this study.
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Variable
Data type typology Variable name Abbreviations Calculation Description
Climate Aridity Aridity = 1—AI, Aridity calculated as
Al = MAP/PET 1—AJ, in which
resolution is 30
Dataset arc-secs
Climate Inter-annual IPV IPV = SD refers to standard
I SD of annual precipitation st
precipitation — A deviation.
variability
Soil Soil organic SOC Unit: gkg™!
carbon
Soil Soil total nitrogen STN Unit: gkg ™"
Soil Soil total STP Unit: gkg™!
phosphorus
Soil Soil pH Soilindicator =
Soil Sand content Wm Unit: percentage
Soil Soil bulk density SBD Unit: g cm ™
Soil Soil calcium SCC Unit: gkg™!
carbonate content
Vegetation ~ Aboveground AB Biomass = Unit: gm ™2
biomass __Total dry weight
Vegetation  Belowground BB Sum of sampling area
biomass
Vegetation ~ Vegetation VEGCOV VEGCOV = Unit: percentage
Vegetation records
coverage Tomal eomber of tecosds
Ni /N represents the
relative abundance of
plant species i;
Shannon’s Nirepresents the
Standardized diversity SHISD I= T““?ﬂ?er of
field Vegetation  index SHDI > %ln % 1nd1\.71d1.1als of plant
sampling = species i; N represents
the total number of
individuals of all
plant species in one
particular quadrat.
Vegetation  Leaf carbon LCC CWM;represents
content community-weighted
Vegetation  Leaf nitrogen LNC mean value of plant
content functional trait j in
Vegetation  Leaf phosphorus LPC CWM; = one particular
content _ Xs: N quadrat, and the unit
Vegetation  Leaf dry matter LDMC N is same as the original
content indicator.
Vegetation  Specific root SRL Xjjrepresents
length functional trait j of
plant species i, N; / N
represents the relative
abundance of plant
species i.
Vegetation  Difference DGS DGS = Unit: unitless
between grass and Grass records —
shrub records Shrub records
Plant-Soil ~ Plant effect on PESOC PESOC = SOC Unit: gkg™!
soil organic under

carbon

vegetation—SOC
in bare land
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selected by calculating the within sum of squares
and the elbow method (Goutte et al 1999). The total
within-cluster sum of squares (TWSSs) was calcu-
lated for each of the ten cases from 1 to 10 clusters.
Subsequently, the trend of TWSS from cluster num-
bers 1-10 was explored, and the cluster number with
the largest change in slope of TWSS was selected as
the best cluster number.

Correlation analysis was used to test relation-
ships between belowground components and soil
properties, and aboveground vegetation community
characteristics, structure, and ecosystem functions
mentioned in the hypothesis. False discovery rate
(FDR) was applied to correct the significance of these
correlations.

Structural equation models were used to infer
the hypothesized direct and indirect relationships
between aridity and ecosystem attributes. All data
were standardized using Z scores. Ecosystem attrib-
utes for constructing the model were then selected
by considering the different above and belowground
components. The lavaan (Rosseel 2012) package in R
4.1.3 was used to construct the structural equation
models based on bivariate correlation analysis (Gu
et al 2014) and theoretical analysis from literature.

3. Results

3.1. Changes in multiple grassland ecosystem
attributes with aridity

The aridity thresholds associated with abrupt changes
in attributes are shown in figures 2(a), (b) and SI.
Results showed that the linear model was more suit-
able for the soil calcium carbonate content, soil pH,
leaf N content, leaf P content, specific root length
and Shannon’s diversity index (tables S4 and 5), sug-
gesting these variables had no abrupt change with
increasing aridity. The nonlinear model was more
suitable for the other 12 variables in relation to
the aridity gradient, which showed that there were
aridity thresholds where abrupt changes occurred.
These thresholds were as follows, in ascending order:
0.49 (plant effect on soil organic carbon), 0.52 (soil
bulk density), 0.56 (soil total phosphorus), 0.6 (leaf
dry matter content), 0.62 (difference between grass
and shrub records), 0.63 (belowground biomass and
vegetation cover), 0.66 (leaf carbon content), 0.67
(aboveground biomass, soil organic carbon, soil total
nitrogen), and 0.69 (soil sand content). Notably,
the aridity thresholds of these variables passed the
Mann—Whitney test (figures 2(d), (e) and S2). The
confidence intervals for these aridity thresholds and
their parameters of segments are shown in table S4.
Although the posterior distributions of the aridity
thresholds for the variables are not Gaussian, the arid-
ity thresholds for all variables are within the highest
density intervals (figure S4).

Z Ren et al

The models using inter-annual precipitation vari-
ability show nonlinear changes along the inter-annual
variability for plant effect on soil organic carbon,
soil bulk density, soil total phosphorus, belowground
biomass and sand content. Their thresholds are 20.4,
20.97, 20.97, 20.96 and 20.96, respectively (tables S5
and S6). The aridity thresholds of plant effect on soil
organic carbon, belowground biomass, and soil bulk
density remained almost unchanged with increas-
ing inter-annual precipitation variability, as shown in
table S7.

The bootstrap method was used to calculate arid-
ity thresholds of the variables and to obtain the dis-
tribution of the aridity thresholds at different aridity
levels (figure S3(c)). The clustering analysis showed
that two clusters were established (figure S3(a)), with
their centroids at 0.51 and 0.67. Specific root length
exhibited significant changes at the overall threshold
of 0.67 (figures 2(c) and (f)), and the threshold was
within the highest density interval (figure S4(m)).

3.2. Changes in correlations between belowground
components and other grassland ecosystem
attributes with aridity

Using the FDR correction for correlation analysis
between belowground components and other ecosys-
tem structural and functional attributes, our results
showed that specific root length had no significant
relationships with either soil nutrient or plant com-
munity characteristics variables individually (table 2).
Below the threshold, belowground biomass had a sig-
nificant positive correlation with difference between
grass and shrub records (0.52, P < 0.1) and a signific-
ant negative correlation with soil bulk density (—0.46,
P < 0.1), while above the threshold, these relation-
ships were not significant (table 2). Soil organic car-
bon had significant positive correlations with veget-
ation coverage (0.5, P < 0.1) and significant negative
correlations with pH (—0.73, P < 0.01) and sand con-
tent (—0.92, P < 0.01) below the threshold. However,
above the threshold, these relationships were not sig-
nificant (table 2).

3.3. Changes in effects and pathways of aridity on
belowground components in grasslands

Structural equation models were constructed on both
sides of the aridity threshold of 0.67 to explore the
direct or indirect relationships between aridity and
belowground components. Results showed that arid-
ity exhibited a direct negative effect on specific root
length, but also had an indirect effect by reducing
the soil total nitrogen below the aridity threshold of
0.67 (figure 3(a)). The relationships between arid-
ity, soil total nitrogen and specific root length all
became insignificant above the aridity threshold of
0.67 (figure 3(b)). The effect of leaf nitrogen content
on specific root length changed from insignificant to
significant, with a coefficient of 0.47 (figure 3(b)).
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Figure 2. Nonlinear responses of belowground components to increasing aridity. Nonlinear responses observed for belowground
biomass (a), soil organic carbon (b), specific root length (c). In (a)—(c), black dashed lines and blue solid lines represent the
smoothed trend fitted by a generalized additive model (GAM) and the linear fits at both sides of each threshold, respectively. Inset
numbers in red and the vertical dashed lines describe the aridity threshold identified. In (d)—(f), violin diagrams show
bootstrapped slopes or values of the predicted fitted trend at the threshold of the two regressions existing at each side of the
threshold (red: below the threshold; blue, above the threshold). Asterisks indicate significant differences when conducting a
Mann-Whitney U test between slopes or values below and above the threshold where: *P < 0.1; **P < 0.05; ***P < 0.01.

Table 2. Corrected correlations between belowground components, soil properties, and aboveground ecosystem attributes.

Below the threshold Above the threshold
Variable name R P value R P value
STN —0.28 0.976 —0.05 0.868
STP 0.12 0.976 —0.20 0.776
SRL LCC —0.01 0.976 0.05 0.868
LNC 0.10 0.976 0.38 0.615
LPC —0.04 0.976 0.24 0.776
LDMC 0.06 0.976 0.46 0.615
Sand —0.34 0.209 —0.36 0.278
BB SBD —0.46 0.099 —0.49 0.278
SHDI —0.04 0.861 0.34 0.278
DGS 0.52 0.095 0.33 0.278
PESOC —0.06 0.817 —0.27 0.370
AB —0.41 0.104 0.34 0.370
SOC VEGCOV 0.50 0.05 0.62 0.126
Soil pH —0.73 0.001 —0.29 0.370
Sand —0.92 0.000 —0.42 0.370

The coefficient of the total effect of aridity shifted
from —0.18 to 0.24 above the threshold.

The model showed an insignificant effect of arid-
ity and soil bulk density on belowground biomass
(figure 3(c)). Difference between grass and shrub
records exhibited a positive effect on belowground

biomass with a coefficient of 0.44 (P < 0.05) below
the aridity threshold. A positive effect of aridity
on soil bulk density was found (figure 3(c)). The
effect of aridity became significant when the level
of aridity was >0.67, with a coefficient of —0.44
(P < 0.1) (figure 3(d)). Difference between grass
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Figure 3. Effects and driving pathways of aridity on specific root length, belowground biomass and soil organic carbon. Structural
equation models are shown for sites with aridity <0.67 (a), (c), (e) and >0.67 (b), (d), (f). The numbers in the path diagrams
represent the standardized path coefficients, and the colours (negative and positive effects, presented as red and blue arrows,
respectively) and widths of the arrows represent the signs and magnitudes of the path coefficients, respectively. Asterisks indicate
the significance level of each coefficient: *P < 0.1; **P < 0.05; ***P < 0.01. A, B and C in the bar diagrams on the right of the
path diagrams represent the effect of three major paths; D is the total effect. LNC, leaf nitrogen content; STN, soil total nitrogen;
SRL, specific root length; DGS, difference between grass and shrub records; SBD, soil bulk density; BB, belowground biomass;

VEGCOV, vegetation coverage; Sand, sand content; SOC, soil organic carbon.

and shrub records decreased with increasing arid-
ity (figure 3(d)), but the effect of difference between
grass and shrub records on belowground biomass
became insignificant. The continuous rise in soil
bulk density was negatively correlated with differ-
ence between grass and shrub records at a threshold
above 0.67 (—0.80, P < 0.05). The total effect of arid-
ity was enhanced from —0.24 to —0.55 above the
threshold. Unlike belowground biomass, the effect of
aridity on the proportion of belowground biomass
was always positive and significant above and below
the threshold, at 0.52 and 0.45 respectively (figure S5).

Where aridity was below the threshold value
of 0.67, soil organic carbon was mainly modulated
by the indirect effect of aridity-soil sand content
(figure 3(e)). The coefficients between aridity and
soil sand content, as well as between soil sand con-
tent and soil organic carbon, were 0.74 (P < 0.01)
and —0.79 (P < 0.01), respectively. The negative
effect of soil sand content on soil organic carbon

was insignificant when the aridity level was above
the threshold at 0.67, but aridity showed a negative
effect on soil organic carbon with a coefficient of
—0.52 (P < 0.01) (figure 3(f)). After accounting for
the negative effect of aridity on vegetation coverage
(—0.39, P < 0.1), the effect of vegetation coverage on
soil organic carbon is positive with a slope of 0.40
(P < 0.01) (figure 3(f)). The total effects of aridity
below and above the threshold were similar (—0.74
and —0.75).

4, Discussion

4.1. Aridity thresholds in grassland ecosystems

The results showed abrupt changes in the grass-
land ecosystem at aridity index levels of 0.51 and
0.67. The threshold changed from negative to positive
between plants and soil organic carbon (figure S1(a)).
A previous study reported that the input of leaf lit-
ter from areas with vegetation increases the organic
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matter content of the soil compared with bare ground
(Kaouthar and Chaieb 2009). Plants can accelerate
the decomposition of soil organic carbon by stimulat-
ing soil microbial activity through rhizosphere effects
(Shahzad et al 2015). The aridity threshold obtained
for soil total phosphorus was consistent with the res-
ults reported by Hu et al (2021). However, this value
does not indicate a change in the relationship between
soil total phosphorus and other ecosystem proper-
ties, because soil phosphorus level is mainly modu-
lated by soil type and climate (Wang et al 2008) and
not the ecosystem. A previous study reported that leaf
phosphorus content and soil available and total phos-
phorus are not significantly correlated (Geng et al
2011).

Several ecosystem attributes including difference
between grass and shrub records, soil organic car-
bon, soil total nitrogen, and soil sand content changed
abruptly at approximately 0.67 aridity, which cor-
responds to the ‘soil disruption phase’ (Berdugo
et al 2020). Leaf dry matter content firstly increased
and then decreased with aridity (figure S1(d)),
which reflected a shift in leaf economic spectrum
(Blumenthal et al 2020). The nonlinear trend of spe-
cific root length decreasing first and then increas-
ing with aridity (figure 2(c)), which is contrary
to the change in leaf dry matter content, shows
the correlation between above and belowground
community characteristics. The nonlinear change
of belowground biomass with aridity, increasing
first and then decreasing, supports our hypothesis
(figure 2(a)). Belowground biomass, soil organic car-
bon, soil sand content, and soil total nitrogen all shif-
ted around 0.67 compared with the aridity threshold
of 0.51. Notably, these attributes were markedly cor-
related with the belowground components. In addi-
tion, specific root length shifted from negative to pos-
itive at around 0.67 (figures 2(c) and (f)).

Previous studies have shown that inter-annual
precipitation variability may affect ecosystem dynam-
ics (D’Odorico and Bhattachan 2012, Berdugo et al
2020). However, our results show that several ecosys-
tem attributes (plant effect on soil organic carbon, soil
bulk density, belowground biomass, soil total phos-
phorus, and sand content) have inter-annual variab-
ility thresholds, and increasing inter-annual variabil-
ity does not affect the abrupt changes of plant effect
on soil organic carbon, soil bulk density and below-
ground biomass along the aridity gradient (table
S7). This may be because the range of the inter-
annual precipitation variability in the surveyed plots
was small, ranging from 17.88 to 23.56. In addi-
tion, it has been suggested that inter-annual variab-
ility exceeding 30% can cause ecosystems to become
non-equilibrium (Illius and O’Connor 1999, von
Wehrden et al 2012), while the inter-annual variabil-
ity in our study remained below 30%. Therefore, the

Z Ren et al

structural and functional shifts of the ecosystems in
this study were mainly driven by aridity, rather than
inter-annual variability.

4.2. Effects and driving pathways of aridity on
belowground components below and above the
threshold

The correlation analysis results showed that the
belowground components were only significantly
correlated with soil properties and aboveground eco-
system attributes below the aridity threshold. Above
the threshold, there was no significant correlation
between them (table 2), which presented the need for
the involvement of aridity in the analysis. The effects
and driving pathways of aridity on belowground
components vary below and above the threshold of
0.67.

Aridity exhibited a negative effect on specific root
length of plants within communities below the arid-
ity threshold of 0.67 (figure 3(a)). This reduction
can be attributed to the reduced soil moisture due to
the increased aridity level that hinders root growth
(Grzesiak et al 2002). As a result, plants have to
enhance drought resistance of their roots (by exhib-
iting a lower specific root length). N content of the
soil also reduces with increasing aridity, which could
result in increased specific root length (Ostonen et al
2007). This implies that aridity indirectly promotes
root elongation by affecting the soil nutrient content.

The effect of aridity on specific root length
decreased and became insignificant above the aridity
threshold of 0.67 (figure 3(b)), indicating the reduced
ability of drought stress to limit root growth. The shift
in specific root length with increasing aridity is con-
firmed by the trend of leaf dry matter content increas-
ing first and then decreasing with aridity gradient,
and the positive relationship between leaf nitrogen
content and specific root length (figure 3(b)). High
leaf nitrogen content is associated with high photo-
synthetic efficiency and increased specific root length
corresponds to high water (in shallow soil) (Fort et al
2017) and nutrient acquisition capacity (Fort et al
2012, Ravenek et al 2016). Both high photosynthetic
efficiency and resource acquisition capacity are ‘fast’
economic traits, reflecting coordination between the
economic spectrum of above and belowground com-
ponents. Considering that the correlation analysis
did not show any association between specific root
length and aboveground community characteristics,
the effect of aridity may drive the emergence of this
coordination.

Aridity had different driving pathways on
belowground biomass above and below the arid-
ity threshold (figures 3(c) and (d)). The increasing
aridity level did not significantly increase the below-
ground biomass before the aridity level reached 0.67,
and the total effect was negative. Difference between
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grass and shrub records exhibited a positive effect
on the value of belowground biomass (figure 3(c)),
indicating that the relative dominance of herbaceous
plants alleviated the negative effect of aridity on
belowground biomass in grasslands.

Belowground biomass shifted to be only influ-
enced by aridity above the aridity threshold of 0.67
(figure 3(d)). Several studies report that below-
ground biomass decreases when aridity increases to
a certain level (Wang et al 2019, Hu et al 2022).
Although some findings indicate that the propor-
tion of carbon allocated to the root system increases
with aridity (Wellstein et al 2017), which is also
supported by the effect of aridity on the propor-
tion of belowground biomass (figure S5), the source
of allocation, for example, aboveground biomass
decreased significantly (figure S1(h)). This finding
may explain the negative effect of aridity on below-
ground biomass. Soil bulk density increased with
increasing aridity just below the aridity threshold
(figure 3(c)), further increased above the threshold,
and ultimately negatively affected difference between
grass and shrub records in combination with arid-
ity. Some studies have shown that certain shrub spe-
cies have more advantages than herbaceous plants
to adapt to arid climate (Berdugo et al 2020) and
compacted soils (Cai et al 2020). In addition, the
effect of difference between grass and shrub records
on belowground biomass was not observed above
the threshold (figure 3(d)). This may be because
some shrubs have deeper roots to reach the deeper
soil water layers (Berdugo et al 2022). Therefore, an
increase in the relative abundance of shrubs results in
a lower distribution of belowground biomass in shal-
low soils. The total negative effect of aridity on below-
ground biomass increased without significant effect
of difference between grass and shrub records.

The present findings show that soil organic car-
bon was mainly affected by soil sand content at arid-
ity below 0.67 (figure 3(e)). Aridity can alter soil tex-
ture by reducing soil moisture, making soil aggregates
more unstable, and increasing the risk of wind erosion
(Berdugo et al 2022). Aridity exhibited a negative
effect on soil sand content (figure 3(e)). Soil texture
directly affects soil microbial communities, seed ger-
mination and plant growth (Gaines and Gaines 1994,
Bach et al 2010), which in turn affects the decompos-
ition and input of litter into the soil. Soil clay content
declines with an increase in sand content, which dir-
ectly affects soil organic carbon stocks (O’Brien et al
2015).

Aridity showed a direct effect on soil organic
carbon at aridity more than 0.67, and the driv-
ing pathway through which aridity indirectly affects
soil organic carbon changed from sand content
to vegetation coverage (figure 3(f)). Plants can
effectively protect soils from erosion (Schlesinger
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et al 1990), therefore, when vegetation coverage is
reduced, soil resistance to erosion is weakened, result-
ing in soil organic carbon loss. The reduction in veget-
ation coverage may be accompanied by a decrease in
the amount of litter, which further reduces the input
of soil organic carbon. Notably, increasing aridity was
associated with small plant effect on soil organic car-
bon within plots (figure S1(a)). However, vegetation
coverage exhibited a significant effect on soil organic
carbon between plots, which highlights the ability of
vegetation coverage to regulate the effect of aridity on
soil organic carbon at a larger spatial scale above the
aridity threshold of 0.67.

In summary, the effects and driving pathways of
aridity on belowground components in grasslands
changed at the aridity threshold of 0.67 (figure 4).
The present findings indicate that the effect of arid-
ity on specific root length were consistent with our
hypothesis. The negative effects of aridity on below-
ground biomass and the increase of the propor-
tion of belowground biomass with aridity are con-
sistent with our hypotheses above and below the
threshold, respectively. The relative increase in grass
no longer alleviates the effects of increases in arid-
ity above the aridity threshold, supporting the hypo-
thesis that the underlying driving forces of below-
ground biomass changed across the aridity threshold.
The effect of aridity on soil organic carbon was not
significantly different below and above the threshold.
However, the driving pathways showed loss of soil fine
particles controlled pre-threshold soil organic carbon
and vegetation coverage at plot scale modulated post-
threshold soil organic carbon, which confirms our
hypothesis that the underlying driving forces of soil
organic carbon varied below and above the aridity
threshold.

4.3. Limitations and future prospects

This study used threshold models and structural
equation models to analyse the effects of aridity on
belowground components in grasslands. However,
the model did not account for the interactions
between multiple factors and ecosystem attributes.
A more sophisticated model may be better to illus-
trate how various soil and climate characteristics
affect belowground components in grasslands and
reveal their complex interactions. Our current res-
ults provide an exploratory analysis for developing
such a model. In addition, our study found that cer-
tain traits related to plant life history strategies exhibit
an aridity threshold, however, the current analytical
approach and results are insufficient to explain this
phenomenon. Further analysis is required to exam-
ine specific plant species and clarify the relationship
between individual plant behaviour and community
strategies, as well as how their balance changes along
the aridity gradient.
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5. Conclusion

The effects and driving pathways of aridity on below-
ground components changed at aridity threshold
above 0.67 in grasslands. Aridity negatively and pos-
itively affects specific root length below and above
the threshold, with total effects of —0.18 and 0.24,
respectively. This shift is influenced by soil nutrients
and indirectly driven by aridity, and is associated with
aboveground community characteristics in more arid
areas. Influence of aridity on belowground biomass
was always negative and was markedly enhanced
above the threshold from —0.24 to —0.55. The relative
increase in grass contributes to mitigating the effects
of increase in aridity below the aridity threshold.
Total effects of aridity on soil organic carbon exhib-
ited insignificant change, but the driving pathways
through which aridity affects soil organic carbon shif-
ted from soil loss to aridity and vegetation coverage.
The findings showed that spatial scale modulated the
effect of vegetation coverage on soil organic carbon
above the threshold. These findings provide a basis for
understanding the mechanisms of how belowground
components in grasslands change with aridity and
the ways they do this (driving pathways). Findings
could inform the protection of grasslands under cli-
mate change and future aridification.
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