Aridity and overgrazing decrease soil carbon storage by
decreasing grassland plant diversity

Jushan Liu', Forest Isbell?, Quanhui Ma!, Ying Chen!, Fu Xing!, Wei Sun', Ling Wang!,
Jian Li', Yunbo Wang !, Fujiang Hou?®, Xiaoping Xin*, Zhibiao Nan?®, Nico Eisenhauer®,
and Deli Wang!

'Northeast Normal University

2University of Minnesota Twin Cities

3Lanzhou University

“the Chinese Academy of Agricultural Sciences

®German Institute for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig
SUniversity of Leipzig

September 11, 2020

Abstract

Climate and land-use change are some of the most profound threats to the biodiversity and functioning of the Earth’s ecosystems,
yet potential synergistic effects remain unclear. Here we examined how aridity and land-use (overgrazing and haying) affect
aboveground biomass and soil organic carbon (SOC) through changes in plant species richness across 716 grassland sites in
northern China. We found that aridity and grazing reduced aboveground biomass and SOC through decreasing plant species
richness. Notably, we observed strong negative synergistic effects of aridity and grazing, suggesting that soil carbon storage
was particularly threatened by grazing in arid environments. By contrast, haying reduced aboveground biomass and had no
significant effect on SOC, although it increased plant species richness. Together, the results demonstrate that climate change and
overgrazing mainly threaten soil carbon storage via their detrimental effects on plant diversity, and the detrimental overgrazing

effects are particularly strong under arid conditions.

Introduction

Earth’s ecosystems have been severely affected by anthropogenically driven environmental change (Barnosky
et al. 2012), causing dramatic biodiversity loss (Diaz et al. 2019) and, consequently, threatening their capacity
to provide ecosystem functioning and services (Cardinale et al. 2012; Brose & Hillebrand 2016; Diaz et al.
2019). Grasslands are a globally important biome that comprises approximately 22% of the Earth’s ice-
free land (White et al.2000), and provides an important contribution to global food supply and security
(O’Mara 2012). Grasslands are the most endangered terrestrial ecosystem type due to overexploitation by
rapidly increasing human population and consumption (Millenium Ecosystem Assessment 2005), and are
more vulnerable to environmental change than some other ecosystems (Hoekstra et al. 2005). Therefore,
understanding how grasslands respond to environmental change and land-use is extremely important for
global sustainability. However, the combined effects of climate change and land-use on biodiversity and
ecosystem functioning are still poorly understood (Siebert et al. 2019).

Biodiversity has been increasingly recognized as a major determinant of ecosystem dynamics and functioning
(Tilman et al. 2014), partly because species vary in their contributions to different functions (Isbell et al.
2011; Meyer et al. 2018). Empirical evidence comes from both experimental and observational studies (Duffyet
al. 2017), and indicates that complementarity effects mainly explain the positive effects of biodiversity on



ecosystem functions (Loreau & Hector 2001; Reich et al. 2012). For example, plant communities with higher
diversity are able to capture more resources due to dissimilar resource use strategies, convert them into new
biomass, and store more carbon (Hooper et al. 2005; Cardinale et al. 2011; Carol et al. 2018). Indeed, recent
studies indicate that effects of environmental change and human disturbances are mediated by changes in
biodiversity (Isbell et al. 2013; Allan et al. 2015; Dainese et al. 2019; Beaumelle et al. 2020). However, the
relative importance of different, co-occurring environmental change drivers in driving biodiversity-mediated
changes in ecosystem functioning and their potential context-dependencies have rarely been studied (Eisen-
hauer et al. 2019; Giling et al.2019). Biodiversity effects may depend on the environmental context and stress
(Guerrero-Ramirez et al. 2017; Ratcliffe et al.2017), driving the balance between competitive and facilitative
interactions (Wright et al. 2017).

Aridity is the most important abiotic factor influencing many grassland ecosystems, because most grasslands
are water limited (Knapp & Smith 2001; Merbold et al. 2009; Harpole et al. 2011). The projected increases in
aridity will diminish the ability of global grasslands to provide life-supporting ecosystem services (Dai 2013;
Sherwood & Fu 2014; Trenberth et al. 2014; Berdugo et al.2020). Aridity has been reported to reduce plant
species richness and productivity, and alter the structure of above- and belowground communities from local
to global scales (Tilman & EI Haddi 1992; Zhao & Running 2010; Maestre et al. 2015; Berdugo et al.2020).
Because ecosystem functions, such as nitrogen cycling, carbon sequestration, and litter decomposition, are
regulated by these biotic attributes, ecosystem functioning is likely to decline with increasing aridity (Maestre
et al. 2012; Delgado-Baquerizo et al.2013; Berdugo et al. 2017; Durdn et al. 2018; Beaumelleet al. 2020).
Furthermore, land-use strategies have been found to modulate the response of grasslands to climate change
(Jonas et al. 2015; Karlowsky et al. 2018; Stampfli et al. 2018). Yet, how land-use and aridity interactively
affect grassland biodiversity and ecosystem functioning has been rarely explored, particularly so at large
spatial scales.

Livestock grazing and haying are prevalent land-use types in global grasslands, and occur across virtually
all biomes from arid to wet climates (Asner et al. 2004; Steinfeld et al. 2006; Erbet al. 2017). The growing
human population and mounting food demands require an increase of livestock production (Bouwman et al.
2005; Tilman et al. 2011), which will likely lead to higher grazing and haying intensity in natural grasslands.
Grazing, especially by native ungulates, and haying have been reported to facilitate plant diversity and
productivity and increase soil carbon (C) and nitrogen (N) stocks (Sirotnak & Huntly 2000; Socher et al.
2012; Conget al. 2014; Wang et al. 2019). However, overgrazing and intensive haying can reduce plant diversity
and biomass as well as soil functions, and exacerbate grassland degradation (Eldridge et al.2016; Eldridge
et al. 2017). The stocking rates and grazing intensities that plants experience under managed grazing by
livestock can be extremely high relative to the levels of grazing by native ungulates that plants experienced
throughout their evolutionary histories (Milchunas & Lauenroth 1993). For example, herbivore biomass per
unit primary productivity can be an order of magnitude greater in managed livestock grazing systems than in
natural grazing systems (Oesterheld et al. 1992). Further, the influence of grazing on grasslands will be altered
with environmental change. For instance, in arid lands, grazing is a pervasive driver of loss of soil functions
(Bridges & Oldeman 1999), resulting in reductions in soil organic C and aboveground biomass (Gallardo &
Schlesinger 1992; Asner et al.2004). In semiarid regions, grazing could lead to woody encroachment and thus
to an increase in both above- and belowground carbon stocks (Eldridge et al. 2011; Anadén et al. 2014).
A global meta-analysis revealed large differences in the response of Cs- and Cy-dominated grasslands to
grazing under different rainfall regimes (McSherry & Ritchie 2013). Therefore, grazing and haying may have
context-dependent effects, which is why the ecosystem consequences of land-use on grasslands need to be
examined in a wide range of environments.

Here we examine how plant species richness, plant biomass, and soil C concentrations respond to a spatial
gradient of aridity (ranging from 0.25 to 0.89, covering major global ecosystem thresholds; Berdugoet al .
2020) and land-use (grazing and haying) at 716 sites along an extensive environmental gradient of 2,200
km across China (Fig. S1). This region is one of the major sources of animal products in China and acts
as a natural green barrier towards the vast cropland regions, thus having crucial ecological and economic
importance (Kang et al.2007). We hypothesized that (1) aridity and land use will decrease plant diversity,



(2) ecosystem functioning would increase with increasing plant species richness, (3) effects of aridity, grazing,
and haying on ecosystem functioning would be mediated via variation in plant species richness.

Material and methods
Sampling sites

We set up a north-east to south-west grassland transect across Inner Mongolia, Jiling, and Heilongjiang
provinces in northern China (Fig. S1). The transect was approximately 2,200 km long and covered latitudes
from 36.1 to 50.9° N and longitudes from 105.6 to 126.4° E. The climate was predominantly arid and
semi-arid continental. Mean annual temperature along the transect ranged from -4.5 to 9.5°C, and mean
annual precipitation ranged from 119 to 540 mm. The main vegetation types that were distributed from
the west to east across this transect were desert steppe, typical steppe, and meadow steppe. Soil types were
predominantly arid, sandy, brown loess rich in calcium, and belonged to Kastanozem soil group in the Food
and Agriculture Organization (FAQO) classification system.

Data collection

Over the period of the three summers (late July to early August) of 2013-2015, in total 716 field sites were
surveyed across the transect (Fig. S1). The spatial geographical coordinates of each site were recorded by
GPS (62 s, Garmin, USA), and the land-use type of each site was also recorded: exclosure (51 sites), grazing
(461 sites), or haying (212 sites). Most of the grazing sites were under heavy grazing (which is why we are
referring to ‘overgrazing’ in the following), but we lack the data on accurate grazing intensity. For the haying
sites, the aboveground biomass is harvested once every year.

At each site, vegetation was sampled with five to eight 0.5 m x 0.5 m plots (4748 plots in total), and all
vascular plant species and their cover and density were recorded. The aboveground biomass was then harves-
ted to ground level, oven-dried at 65°C for 48 h, and then weighed when returned to the laboratory. Species
richness was defined as the number of species in each plot, based on cover data from field investigation. Soil
samples were collected from three randomly assigned quadrats at each site, and a composite sample consis-
ting of three soil cores (3-cm diameter, 10-cm depth) was collected from each quadrat (carefully removing
the surface organic materials). After field collection, soil samples were taken to the laboratory, where they
were sieved, air-dried for one month, and stored for laboratory analyses. Soil organic carbon (SOC) was
determined with a total organic C analyzer (vario Toc, Elementar, Germany).

The aridity index (AI, the ratio of precipitation to potential evapotranspiration) of each site was calculated
using data from WorldClim, including annual mean precipitation and temperature. To facilitate the interpre-
tation of our results, we used 1-Al as our surrogate of aridity, and this index increases with decreasing annual
mean precipitation (Pearson’s r = -0.87, P < 0.001) and increasing annual mean temperature (Pearson’s r =
0.28, P < 0.001) in our database. To examine how the relationships between species richness and ecosystem
functioning change with environments, the sites were divided into four aridity gradients: < 0.5 (231 sites),
0.5-0.6 (250 sites), 0.6-0.7 (161 sites), and > 0.7 (82 sites). These classes cover major global aridity-related
ecosystem thresholds (Berdugo et al. 2020).

Data analysis

Linear mixed-effects models were used to investigate the effects of aridity, grazing, haying and their interaction
on plant species richness and ecosystem functions. First, we tested the response of plant species richness to
the fixed effects of aridity (as a continuous, linear predictor), grazing (as a binary predictor: 0 = no grazing
or 1 = grazing), and haying (as a binary predictor: 0 = no haying or 1 = haying). These models included
the two-way interactions between aridity and grazing or haying. None of the sites had both grazing and
haying, and thus the models did not include the grazing x haying interactions. A random intercept was
included for each site. The fixed effects model structure is shown in Table 1. Second, we tested the response
of aboveground biomass and soil organic C to these same predictors, and also included plant species richness
(continuous, linear predictor) and its interaction with aridity as fixed effects (see model structure in Table 1).



The sites were classified into three land-use types (exclosure, grazing, or haying), and land-use was divided
into the two factors grazing (yes or no) and haying (yes or no).

Piecewise structural equation modelling (SEM) was used to examine if aridity and land-use affect above-
ground plant biomass and SOC through changes in plant species richness (Lefcheck 2016). SEM was per-
formed with the specification of a conceptual model of hypothetical relationships, based on a priori and
theoretical knowledge (Grace 2006). The initial model included the paths from aridity, grazing, and haying
to plant species richness, aboveground biomass, and SOC, and from species richness to aboveground biomass
and SOC. According to modification indices, the correlation between grazing and haying was added to the
model. Results of linear mixed-effects models showed that there were significant interaction effects between
aridity and grazing on species richness and between aridity and haying on aboveground biomass. The paths
from aridity X grazing to species richness and from aridity x haying to aboveground biomass were added
to the SEM model. The path from aridity x haying to aboveground biomass was not significant, and it was
removed from the model. Grazing is binary (0 = no or 1 = yes), haying is binary (0 = no or 1 = yes), and the
aridity x grazing interaction is the product of aridity and grazing. The Akaike information criterion (AIC)
and Shipley’s test of d -separation were used to evaluate the fit of the models (Grace 2006; Lefcheck 2016),
and the final test of d-separation (Fisher’s C' = 4.51, P = 0.11) showed a good model fit. Response variables
were log transformed to meet linear model assumptions where appropriate. Linear mixed-effects models and
SEM were conducted using the “Ime” and “piecewiseSEM” packages in R 4.0.2 (R Development Core Team
2013; Lefcheck 2016; Pinheiro & Sarkar 2016).

Results
Response of plant species richness and ecosystem functioning to aridity and land-use

Plant species richness, aboveground biomass, and SOC decreased with increasing aridity (Table 1, Figs. 1,
2). Grazing reduced plant species richness, aboveground biomass, and SOC (Fig. 2), and the negative effects
on species richness and SOC were greater at dry sites (aridity x grazing interaction effect in Table 1). Haying
increased species richness and reduced aboveground biomass, but did not affect SOC (Fig. 2). Haying had a
greater negative effect on aboveground biomass at dry sites (aridity x haying interaction effect in Table 1).

Plant species richness was positively associated with aboveground biomass and SOC, and this relationship
became stronger with increasing aridity (Fig. 3 and the aridity x species richness interaction effect on above-
ground biomass in Table 1). The slopes of the relationships between plant species richness and aboveground
biomass as well as SOC along the aridity gradients showed that species richness had a greater effect on SOC
than on aboveground biomass, and both effects increased with increasing aridity.

Plant diversity-mediated effects of aridity and land-use on ecosystem functioning

Results of SEM showed that aridity and grazing had strong interactive negative effects on species richness,
which led to negative effects on plant aboveground biomass and SOC (Fig. 4). Aridity directly decreased
aboveground biomass and SOC, and haying directly decreased aboveground biomass, while grazing had direct
negative and indirect positive effects (through increasing species richness) on aboveground biomass and SOC.
Plant species richness had greater effects on SOC than on aboveground biomass.

Discussion
Relationship between plant richness and ecosystem functioning

In accordance with our hypothesis, aboveground biomass and SOC were positively associated with species
richness in this study. This is consistent with previous biodiversity and ecosystem function (BEF) work (e.g.
Ma et al. 2010; Maestre et al. 2012; Pasari et al. 2013; Wagg et al. 2014; Jing et al. 2015). Though there
is still debate about the mechanisms by which biodiversity impacts ecosystem function (Eisenhauer et al.
2019), many studies have demonstrated that biodiversity is a major determinant of ecosystem functioning
(Isbell et al. 2011; Tilman et al. 2014; Isbell et al. 2017; Seabloom et al. 2017). Moreover, there have been
several studies showing that positive biodiversity effects on ecosystem functioning are particularly strong



when multiple ecosystem functions are considered (Isbell et al. 2011; Maestre et al. 2012; Pasari et al. 2013;
Jing et al. 2015; Van Der Plas et al. 2016; Fanin et al. 2018; Hautier et al.2018; Meyer et al. 2018). Our
study, across an extensive aridity gradient, complements the growing BEF literature by demonstrating strong
plant diversity effects on both plant biomass production and SOC (Table 1, Figs. 3 and 4). Although the
present study was not designed to identify the underlying mechanisms, based on previous work we speculate
that positive effects of species richness on ecosystem functions may be mediated by complementarity in the
resource use and increased plant productivity, and cascading effects on multiple organisms and ecosystem
processes (Pringle et al. 2007; Maestre et al. 2012; Tilman et al. 2014). Notably, in this study, plant species
richness had greater effect on SOC than on aboveground biomass, underlining the significant role of plant
diversity for soil carbon storage in grassland (Lange et al. 2015).

In addition, the positive relationships between plant species richness and aboveground biomass as well as SOC
were stronger at more arid sites (Fig. 3). This suggests that plant diversity has stronger beneficial effects
on ecosystem functioning in dry regions, supporting the hypothesis that biodiversity may be particularly
important to maintain ecosystem functions under stressful environmental conditions (Callawayet al. 2002;
Ratcliffe et al. 2017; Baert et al.2018). In the more humid regions, the weaker effects of species richness on
ecosystem functioning may result from reduced complementarity effects (Wright et al. 2017) and increased
functional redundancy at high diversity (Craven et al. 2016). These results have significant implications
for land management in a changing climate, as they indicate that the preservation of plant diversity is
particularly important to maintain ecosystem functioning and services in arid environments.

Effects of aridity on ecosystem functioning through plant diversity

The negative effects of aridity on ecosystem functioning were mainly mediated by a reduction in plant
species richness, in this study, which was in accordance with earlier studies at local to global scales (Delgado-
Baquerizo et al. 2013; Wang et al. 2014; Brookshire & Weaver 2015; Durdn et al. 2018). Global grasslands
are mainly distributed in arid and semiarid regions, and water availability is the most important limiting
factor for grassland structure and ecosystem functioning (Harpole et al. 2007; Merboldet al. 2009). Drought is
predicted to become more severe in many places across the globe (Dai 2013; Sherwood & Fu 2014; Trenberthet
al. 2014). In arid environment, water availability is the main driver of biological activities, and thus, an
increase in aridity would have substantial effects on ecosystem structure and biogeochemical cycles (Austin
et al. 2004; Schwinning & Sala 2004; Delgado-Baquerizo et al. 2013; Wang et al. 2014). The present findings
indicate that adverse climatic conditions have direct and indirect negative effects on aboveground plant
biomass production and SOC and that the deterioration of ecosystem functions was mostly mediated by
a reduction in plant diversity. This finding suggests that the preservation of plant biodiversity can buffer
decreased ecosystem functioning due to climate change.

Effects of land-use on ecosystem functioning through plant diversity

Partially consistent with our hypothesis, overgrazing reduced plant species richness and ecosystem functions,
whereas haying increased species richness and reduced aboveground biomass, but had no significant effect on
SOC (Fig. 2). Despite the plant’s capacity for compensatory growth, overgrazing has resulted in widespread
decline in biodiversity and ecosystem functioning and services in grasslands worldwide (Milchunas & Lauen-
roth 1993; Diaz et al. 2007; McSherry & Ritchie 2013; Erb et al. 2017). As a consequence, overgrazing has
been reported to decrease plant species diversity, productivity, and SOC, and to alter C, N, and P pools
and stoichiometry of steppe ecosystems (Gallardo & Schlesinger 1992; Bridges & Oldeman 1999; Asneret al.
2004; Bai et al. 2007; Bai et al. 2012). In this study, the negative effects of grazing on plant species richness,
aboveground biomass, and SOC may result from overgrazing for most sites of this region (Liu & Diamond
2005; Han et al. 2008; Yanet al. 2013), although we lack data on accurate grazing intensity for this study.
The differential effects of grazing and haying can be attributed to their different influence on dominant
perennial grasses in this region (Fig. S2), which is dominated by Stipasbaicalensis , S. grandis , S krylovii |
Leymus chinensis etc. The hay harvest occurs every year over many years, which reduces the resource store
of the perennial species for regeneration and aboveground biomass in the following growing season (Wyka
1999; Klimes & Klimesovd 2001; KlimeSova et al. 2017). In addition, haying typically occurs during a time



of the year, when most other species have reached their peak productivity and finished seed reproduction.
As a consequence, haying may particularly reduce the biomass of dominant plant species, which resulted in
a decrease on aboveground plant biomass and an increase in plant species richness. The little influence of
haying on other species may explain the non-significant impact on SOC.

Interactions between aridity and land-use on ecosystem functioning

In this study, we observed significant synergistic effects of aridity and overgrazing on plant species richness
and SOC, as well as of aridity and haying on aboveground biomass (Table 1, Fig. 4). These findings suggest
that the effects of land-use on grassland diversity and functioning can be altered by climate. Overgrazing
is a pervasive driver of soil function loss (Bridges & Oldeman 1999), resulting in reductions in SOC and
aboveground biomass in arid lands, while detrimental effects may be less pronounced in semiarid lands
(Eldridge et al. 2011; Anadoén et al. 2014). In this study, grazing and haying effects on ecosystem functioning
were greater at more arid sites than those at more humid sites. This may be due to the higher diversity and
plant recovery capacity in humid environments. The present results highlight that it is more important to
preserve biodiversity in arid regions to alleviate the negative effects of land-use on grassland structure and
ecosystem functioning, while biodiversity may be particularly threatened in arid lands.

Although there have been several studies on effects of diversity, aridity, and land-use on grassland functioning
at the global scale (Maestre et al. 2012; Delgado-Baquerizo et al. 2013; McSherry & Ritchie 2013; Petz et al.
2014; Ruppert et al.2015), the joint and synergistic effects of these factors have not been examined at such
a large scale as this study. Implications of our study can provide guidelines for mitigating the impacts of
global change and improving adaptive grassland management. In the future, multi-factor experiments with
grazing or haying intensities at such large scale and on the above-belowground mechanisms underlying these
effects would provide a more comprehensive understanding for sustainable grassland management.

Conclusions

In this study, we found that both aboveground plant biomass and SOC increased with increasing plant
species richness. Plant species richness had greater effects on SOC than on aboveground biomass. Aridity
and overgrazing decreased aboveground plant biomass and SOC through decreasing plant species richness,
whereas haying had less detrimental effects on ecosystem functions and enhanced plant diversity. Together,
the results demonstrated that climate change and grazing mainly threaten soil carbon storage in a synergistic
way via their detrimental effects on plant diversity. However, the study also shows that certain management
types like haying can maintain plant diversity and soil carbon storage. Moreover, the beneficial effects of
plant diversity are particularly important in arid environments. Therefore, grassland management should be
adapted to ongoing global climate change.
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Species richness  Aboveground biomass Soil organic C

F1, 710 F1, 710 F1, 700
Aridity 4.02" 60.63""" 2.67
Grazing 4.98" 2.29 1.64
Aridity x Grazing 15.51"" 1.68 5.12"
Haying 0.28 1.20 1.96
Aridity x Haying 0.56 6.24" 1.19
Species richness 58.50""" 51.05"""
Aridity x Species richness 80.52""" 0.56

kK k

* P [?]0.05, ™ P [?]0.01,"" P [?]0.001.
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Figure 1. Relationshipes between aridity and plant species richness, aboveground plant biomass, and SOC
across exclosed, grazed, and hayed sites. Relationshipes between aridity and species richness (a), aboveground
biomass (b), and SOC (c). “P [?]0.05, ™ P [?]0.01,”" P [?]0.001.
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Figure 2. Boxplots showing effects of aridity (a, ¢, ) and land-use (b, d, f) on plant species richness,
aboveground plant biomass, and SOC. Bars with varying letters (LSD test, P < 0.05) differ significantly.
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Figure 3. Effects of aridity on the relationships between plant species richness and ecosystem functioning.
Relationships between plant species richness and aboveground biomass (a) and SOC (b), and effects of plant
species richness on ecosystem functions (c, the slope of the relationships between plant species richness and
aboveground biomass and SOC) along aridity gradients. * P [?]0.05,"" P [?]0.01, " P[?]0.001.
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image4.emf available at https://authorea.com/users/357827/articles/480222-aridity-and-
overgrazing-decrease-soil-carbon-storage-by-decreasing-grassland-plant-diversity

Figure 4. Structural equation model testing effects of aridity, grazing, and haying on plant species richness,
abovegound plant biomass, and SOC. Blue and red solid arrows indicate positive and negative significant
effects, respectively, and thickness of the colored solid arrows reflects the magnitude of the standardized path
coefficients. Grey arrows indicate non-significant effects.
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