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ARTICLE INFO ABSTRACT

Handling Editor: Daniel Said-Pullicino Grasslands are expected to experience extreme climatic events such as extreme drought due to rising global
temperatures. However, we still lack evidence of how extreme drought influence soil organic carbon (SOC)

Keywords: content in grassland ecosystems. We experimentally imposed extreme drought in two ways — chronic drought

Climate change (66 % reduction in precipitation from May to August) and intense drought (100 % reduction in precipitation

Carbon cycling
Extreme drought
Grassland ecosystem
Primary productivity

from June to July) to measure the effects of these two drought types on (SOC) content across six grassland sites
that spanning desert steppe, typical steppe and meadow steppe in northern China. The experiment followed a
randomized complete block design with six replicates of each treatment at each site. Our results showed that both
chronic and intense drought decreased SOC content in the topsoil (0-10 cm) and the loss was higher in arid
grasslands (desert steppe and typical steppe). Chronic drought decreased SOC content more than intense
drought, with the effect again being strongest in arid grasslands. Furthermore, the response of SOC content to
extreme drought was linked with the response of net primary productivity. Specifically, the response of SOC
content was negatively correlated with drought sensitivity of above-ground net primary productivity (ANPP) but
positively correlated with drought sensitivity of belowground NPP (BNPP). Overall, our results suggest that shifts
in grassland SOC content with future drought will depend on the types of drought as well as the productivity
responses and local climatic conditions such as precipitation, temperature, and aridity. The differential extreme
drought impacts described here may facilitate predictions of climate change impacts on ecosystem carbon

cycling.
1. Introduction frequency of droughts due to higher temperatures and changes in pre-
cipitation by the end of the 21st century (Cook et al., 2015; Wang et al.,
Global climate models predict an increase in the severity and 2018). Recent observations revealed that drought severity and
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frequency have already increased in the past two decades (Williams
et al., 2020) and many grasslands ecosystems are experiencing drought
stress globally (Wang and others, 2019¢). ‘Drought’- described here as
‘meteorological drought” which is defined as a period characterized by
precipitation absence or marked rainfall deficiency (i.e. <50 %) in a
particular site or region relative to normal (Slette et al., 2019)- can
negatively affect plant growth and plant nutrient uptake (Chaves et al.,
2003). On the other hand ‘extreme drought’ is also a ‘meteorological
drought’ defined as a statistically rare, prolonged rainfall deficit in a
region that alters ecosystem structure and function through increased
vapor pressure deficit, increase plant soil respiration and severely
reduced soil water content (Carroll et al., 2021; Knapp et al., 2020;
Smith, 2011). Generally, there are two types of extreme drought:
‘chronic’ and ‘intense’, which differ in rainfall event size (i.e., the
amount of precipitation reduction) and pattern (i.e., the intra-annual
rainfall event frequency). Intense droughts (i.e., 100 % removal of
precipitation in a period of time) are usually short in duration and are
expected to increase in frequency (Luo et al., 2020). On the other hand,
chronic droughts involve a reduction in precipitation event size over a
longer duration in a particular site or region (Carroll et al., 2021).
Covering approximately 40 % of the Earth’s land surface, grasslands
store nearly ~ 34 % of the terrestrial carbon with ~ 30 % of their carbon
stored as soil carbon (Bai and Cotrufo, 2022; Wang et al., 2019¢). In
addition, grasslands cover 68 % of the total global agricultural area
(Bossio et al., 2020) and stores almost 245 Pg SOC (Poeplau et al., 2019)
thus playing a vital role in global terrestrial C cycle (Wang et al., 2019b).
Extreme drought can alter ecosystem carbon cycling (Karlowsky et al.,
2018) via changes to soil organic carbon (SOC) which is sensitive to
many abiotic (soil moisture, respiration and temperature) (Jentsch et al.,
2011) and biotic (plant and microbial activity) processes (Fuchslueger
et al., 2014; Zhao et al., 2022). Chronic drought in arid and semi-arid
grasslands caused losses of SOC content in top (0-10 cm) soil due to
decrease productivity, disturbance of root physiology, modification of
root structure and root-microbes interaction (Bogati and Walczak, 2022;
Luo et al., 2020). Likewise, during the 2000-2004 chronic drought event
of western North America, the strength of the grasslands carbon sink
declined substantially, with reductions ranging between 30 and 298 Tg
C yr*1 (Schwalm et al., 2012) while variable response of SOC to extreme
drought were also observed in more mesic grasslands (Hasibeder et al.,
2015; Sippel et al., 2018). Impacts of chronic drought on SOC are often
severe due to decreasing soil water availability (Bradford et al., 2020),
large-scale vegetation die-off (Breshears et al., 2005), loss of soil mi-
croorganisms (Jiang et al., 2013), and reduced formation of soil organic
matter (Schaeffer et al., 2017; Smith, 2011). However, some studies
report semiarid and humid grassland ecosystems exhibit high resilience
capacity (ability to recovery of function e.g., biomass productivity and
microbial activities) after drought has subsided (Hoover et al., 2015).
However, more arid grasslands may recover more slowly due to greater
resource limitation compared to semiarid and mesic grasslands (Stuart-
Haéntjens et al., 2018). Earlier studies also found that chronic drought
changes microbial metabolic products which impact the chemistry of
soil organic matter (Bradford et al., 2020; Malik and Bouskill, 2022),
disrupting soil substrate availability and soil nutrient mobility leading to
loss of grassland SOC content across different climatic regions from arid
to mesic (Frank et al., 2015; Knapp and Smith, 2001). Similarly,
manipulated intense drought reduced plant growth and poses significant
stress to microbial communities (Malik and Bouskill, 2022) which lead
to greater loss of SOC content in arid and semi-arid grasslands (Luo et al.,
2020). In temperate and mesic grassland, plants may increase their in-
vestment on belowground growth to overcome extreme drought stress
and may increase the diversity and activities of soil microbes which
accelerate the input of organic C content to soil (Burri et al., 2014). Past
manipulated drought experiments have explored the impact of both
chronic and intense droughts on SOC content at a single site and climatic
region, yet it is unlikely that ecosystem responses to altered rainfall
patterns and drought can be extrapolated to other sites with multiple
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climatic zones (Hoover et al., 2015; Luo et al., 2020). To better predict
the effect of extreme drought types on SOC content from arid to mesic
grasslands, research needs to incorporate information from global and
regional scales.

A recent study found that intense drought decreased aboveground
primary productivity greater than chronic drought (Carroll et al., 2021),
although, neither the chronic nor intense drought significantly affected
belowground productivity and SOC content (Luo et al., 2020). It is ex-
pected that a loss of aboveground primary productivity following
intense drought alters plant-driven carbon inputs to soil and enhances
SOC decomposition (Knorr et al., 2005). Although increased root growth
enhances SOC, a considerable proportion of SOC content increases
under extreme drought which is likely driven by the suppression of the
soil decomposer community (Crowther et al., 2019; Luo et al., 2020). To
date, there are no clear evidence exists regarding the differential effect
of intense and chronic drought on SOC content (Burri et al., 2014; Luo
et al., 2020). In addition, sufficient information is also missing how
chronic and intense drought influences the response of above-
belowground productivity and SOC content across aridity. Therefore,
we have conducted a 4-yr drought experiment to examine the effect of
chronic vs. intense drought on SOC content in top (0-10 cm) soil across
six grasslands that encompass desert steppe, typical steppe, and meadow
steppe in northern China. We also examined how the response of
grasslands net productivity influence SOC content under two drought
types. Specifically, we hypothesized that (1) SOC content would
decrease due to extreme drought with the effect being stronger at drier
sites; (2) the response of SOC content would depend on drought type,
with chronic drought having a larger impact than intense drought; and
(3) the response of SOC content to extreme drought will be positively
correlated with BNPP and negatively correlated with ANPP.

2. Material and methods
2.1. Study sites

This study was conducted as part of the Extreme Drought in Grass-
lands Experiment (EDGE) in six grasslands distributed along an aridity
gradient. These six sites represent the major grassland types in Inner
Mongolia, northern China (106°58'00"E-120°06'00"E, 41°25'00"N-
49°21'00"N): desert steppe, typical steppe, and meadow steppe (Fig. 1a).
Northern China grasslands are experienced frequent land use change (e.
g., grassland into cropland, grassland into farmland) particularly from
1949 t01980. After 1980 s grasslands restoration, improvement and
broad research are carrying out across Eurasian steppe in Inner
Mongolia (Wu et al., 2015). The mean annual temperature (MAT) and
mean annual precipitation (MAP) of study area ranged from 5.3 to
—2.4 °C and 137.5 to 397.8 mm respectively in dry to wet sites during
the experimental years which are derived from meteorological stations
at each site (Table 1). The desert steppe is in the western region is
dominated by drought-tolerant dominant short C3 grasses, such as Stipa
klemengzii and Stipa breviflora (Sui and Zhou, 2013). The typical steppe is
in the middle part of the region and is mainly composed of perennial
xerophytic grasses, such as Stipa grandis and Leymus chinensis. Finally,
the meadow steppes are situated in the sub-humid zone of the eastern
part of the study area and are dominated by the perennial rhizomatous
grass, L. chinensis, as well as an abundance of perennial mesophytic and
xerophytic species such as Stipa baicalensis and Filifolium sibiricum (Lei
et al., 2015). May to August is considered as the growing seasons of the
major three grassland types. Soils in this region are predominantly dark
brown, humus rich-chestnut and chernozem soils according to the US
system of soil taxonomy and world soil information system database
popularly known as International Soil Reference and Information Centre
(ISRIC, http://www.isric.org) (Batjes et al., 2017). Additionally, some
areas include cinnamon soil, ash soil, meadow soil, sand and dark brown
soil (Ma et al., 2008). The soils derived from loess and rich in calcium
mainly were silty to sandy in texture, with >60 % sand and a strong acid
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Fig. 1. Locations of the six grassland sites and model rainout shelters. The sites (UT = ‘Urat’, SM = ‘SheilaMuren’, XLL = ‘Xilinhot-Laymus’, XLS = ‘Xilinhot-Stipa’,
EG = ‘Erguna’, and ST = ‘SherTara’) were ranked based on mean annual precipitation from low to high along a natural aridity gradient from the desert (arid) to
Meadow (semi-arid) steppe in the grasslands of northern China (Muraina et al., 2021) (a). Two model rainout shelters are shown here: Intense and Chronic drought
treatments (b). A layout of the experimental design (c). Detailed site information is provided in Table 1.

reaction (pH > 7.0) (Luo et al., 2020). Moreover, the typical steppe
grasslands soil mainly characterized by loamy textured with sand con-
tent at 59.6 + 0.6 %, silt at 23.8 + 0.4 %, and clay at 16.7 + 0.4 % and
freeze to a maximum depth of about 1910 mm during the winter.
Average bulk density in our desert, typical and meadow steppe grassland
sites were 1.52 + 0.10, 1.38 + 0.12, and 1.26 + 0.19 g em
respectively.

2.2. Experimental design

In April 2014, we established identical precipitation manipulation
experiments with three treatments at each site: control (i.e., ambient
precipitation), chronic drought, and intense drought (Fig. 1b). The
experiment was a randomized complete block design with six replicates

of each treatment at each site. All plots were arranged in blocks, with
each treatment randomly allotted within each block (Fig. 1c), to control
for possible differences in environmental and soil gradients (Muraina
et al., 2021). We imposed our treatments by constructing three types of
rainout shelters: control plots (open-air shelters without roofs), chronic
drought (open-air shelters with roofs omitting 66 % of rainfall from May
to August), and intense drought (open-air shelters with roofs omitting
100 % of rainfall from June to July). Both chronic and intense drought-
treatment plots were covered by a light scaffold that supported by
transparent polyethylene sheet (Beijing Plastics Research Institute,
Beijing, China). For chronic drought, the clear corrugated polyethylene
sheet was arranged at such a density sufficient to passively reduce each
rainfall event by ~ 66 % during the growing season while intense
treatment was achieved with a complete roof made from panels of clear
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Fig. 1. (continued).

Table 1

Characteristics of six grassland sites in Northern China grasslands. MAP® (mm) represents mean annual precipitation from 1972 to 2018 and MAP® (mm) represents
mean annual precipitation and MAT (°C) represents mean annual temperature during the experiment from 2015 to 2018 derived from meteorological stations at each

site.

Site name Urat SheilaMuren Xilinhot-Leymus Xilinhot-Stipa Erguna Sher Tara
Latitude 41°25'00'N 41°47'00'N 43°33'6'N 43°3225'N 50°10'46'N 49°21'00'N
Longitude 106°58'00"E 111°53'00"E 116°40'20"E 116°33'18'E 119°22'56'E 120°06'00"E
Terrain Mountains, hills, high Mountains, hills, high Mainly Hilly Mainly Hilly Hills and high mesa Hills and high mesa
plains plains
Climate Arid continental Arid continental Temperate semi- Temperate semi- Temperate continental Temperate continental
arid arid monsoon monsoon
Soil type Light chestnut soil Light chestnut soil Dark chestnut soil Dark chestnut soil Chernozem Chernozem
MAT 5.3 3.4 0.3 0.3 -2.0 -2.4
[§9)
MAP? (mm) 175 236 323 323 354 363
MAP® (mm) 137.5 233.5 311.5 311.5 307.8 297.8
Aridity 0.166 0.253 0.395 0.420 0.490 0.514
Index
Vegetation Desert steppe Desert steppe Typical steppe Typical steppe Meadow steppe Meadow steppe
types

corrugated polyethylene sheeting and permit no rain for two months
during growing season. The control precipitation treatments did not
have rainout shelters in place, but have widely spaced (2 m) metal
support structures. Rainout shelters permit 90 % of photosynthetically
active radiation to pass through and minimize microclimatic effects
(Yahdjian and Sala, 2002). To minimize potential greenhouse effects, we
installed roofs 2 m above the ground surface. Every plot was 6 x 6 m in
size which we established at each grassland in randomized locations,
with at least 2 m spacing from the closest plot. We hydrologically iso-
lated each plot from the surrounding soil matrix by trenching and
burying 6 mil aluminum flashing 1 m deep to prevent surface and sub-
surface water flow. Aboveground, 10 cm of aluminum flashing was
partially buried around the perimeter of each plot to limit overland flow.
All plots included a 1 m external buffer zone to allow access to the plot
and minimize the edge effects associated with the infrastructure.

2.3. Sampling and measurement

We collected soil samples from a single 1 m x 1 m sub-plot in each
replicate of 6 m x 6 m plot during the peak growing season in the end of
August of each experimental year e.g., 2015, 2016, 2017, and 2018.
Following the removal of litter, five soil cores were collected from each
sub-plot using a soil corer (2.5 cm diameter) at (0-10 cm) soil depth (Luo
et al., 2020). The soil samples collected in the same layer from each
quadrant were mixed evenly to form a composite sample. Each sample
was fumigated with 12 M HCI vapor for 12 h to removal of carbonates.

Generally, the carbonates are released as CO; by the HCL treatments in 6
to 8 h. Fumigating the soil with HCl may reduce or eliminate any organic
C losses from the soil. After homogenization by hand a total 432 (18
plots x 6 sites x 4 years) soil samples were stored immediately in the
refrigerator at 4°C. This storage temperature is recommended to slow
down the soil microbial and other enzymatic activities. Later, all the soil
samples were air dried in the laboratory and passed through a 2-mm
sieve to remove coarse roots, stones and easily detectable plant litter
prior to laboratory analysis. SOC content (g kg~!) was determined using
a PE 2400 Series II CHN Elemental Analyzer (Perkin-Elmer, Norwalk,
CT, USA). We harvested all aboveground biomass at the end of the
growing season (i.e., August) in each experimental year. Biomass was
clipped at the ground level from a 1 m x 1 m sub-plot which was placed
randomly in one of two sub-plots designated for destructive measure-
ments (altering between years). Biomass was sorted to remove the pre-
vious year’s growth. We estimated belowground net primary production
(BNPP g m~2) using root ingrowth cores to measure fine root mass
production. At the beginning of each growing season, two 2.5 cm
diameter soil cores were sampled at 0-10 cm depth in each plot. A 20-cm
cylindrical mesh basket filled with sieved, root-free soil was placed into
each of the holes created by the soil cores. Any space between the
ingrowth core and the intact soil was carefully filled with sieved soil. All
ingrowth cores were removed at the end of the growing season, placed in
plastic bags, and stored at 4 °C until processing. All soil was washed off
the roots by first wet sieving the ingrowth core depth (0-10 cm) to
remove excess soil and then submerging the remaining sample in a



Md.S. Jaman et al.

shallow bowl of water and carefully picking out roots and removing any
attached soil. Finally, all sorted aboveground and belowground biomass
were immediately dried at 105 °C for 30 min to minimize respiration
and decomposition and later were completely oven-dried at 60 °C for 48
h and weighed to estimate ANPP and BNPP in the laboratory (Table S2).
The biomass was weighed twice with several hours’ interval to ensure
completed drying. Although SOC accumulation can still be substantial
below 10 cm depths, our results do not reflect extreme drought effects on
total soil carbon content but organic carbon only. However, this upper
soil horizon (0-10 cm) represents the most biologically active compo-
nent of soil and stores by far the greatest content of soil organic carbon
(Crowther et al., 2019). In addition, most roots of Stipa grandis and
Leymus chinensis, Stipa klemenzii and Stipa breviflora were distributed in
the soil depth of 0-10 cm (Ao et al., 2009).
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2.4. Statistical analysis

We performed all statistical tests using R Studio v.4.1.2 (R Cor-
eTeam, 2021) and produced graphs using the ggplot2, tibble, plyr package
(Wickham, 2016). We used some other packages of R studio ggpubr
(Kassambara, 2017), ggpmisc (Aphalo, 2017), gridextra (Auguie and
Antonov, 2017), nlme (Pinheiro et al., 2018) while plotting the graphs.
We calculated the mean SOC content of control and treatment (e.g.,
chronic and intense drought) plots across individual years (e.g., 2015,
2016, 2017 and 2018) (Fig. 2) as well as mean SOC content of four years
(Fig. 3) in six different study sites. Before statistical analysis, Shapir-
o-Wilk tests were used to test the normality and heteroscedasticity of all
data. Due to the normal distribution of all data and homogeneity of
variance, original data were used in our statistical analysis without log-
transformation. The response ratio of SOC in each plot was calculated as
the relative response ratio of SOC content in drought plots versus control
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Fig. 2. Effects of chronic and intense droughts on soil organic C content for the six grasslands sites along the aridity gradient for individual years: 2015 (a), 2016 (b),
2017 (c), and 2018 (d). Error bars represent mean + standard deviation (SD). Lowercase letters above the bars indicate differences among the three treatments at
each site. Capital letters above the bars indicate differences among grasslands with different aridity (Urat and SheilaMuren are ‘Arid’ sites, Xilinhot-Leymus and
Xilinhot-Stipa are ‘Semi-arid’ sites, Erguna and SherTara are ‘Mesic’ sites). Please see Table 1 for detailed site description.
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Fig. 3. Effects of chronic and intense droughts on soil organic carbon (SOC) content for the six grassland sites along the aridity gradient averaged across experimental
years (2015-2018). Error bars represent mean =+ standard deviation (SD). Lowercase letters above the bars indicate differences among the three treatments at each
site. Capital letters above the bars indicate differences among grasslands with different aridities (Urat and SheilaMuren are ‘Arid’ sites, Xilinhot-Leymus and Xilinhot-
Stipa are ‘Semi-arid’ sites, Erguna and SherTara are ‘Mesic’ sites). Please see Table 1 for detailed site description.

plots: SOC response ratio= (SOCrreatment - SOCcontrol)/SOCcontrol (Hsu
et al., 2012; Zhang et al., 2017). This was estimated separately for each
drought type (i.e., chronic vs. intense). We calculated response ratios for
both ANPP and BNPP independently. This allowed us to test for potential
relationships between the drought sensitivity of SOC content and that of
primary productivity at each site (Crowther et al., 2019). To measure the
effect of treatments and year on SOC content at each site, we used one-
way analysis of variance (ANOVA) for treatment and year separately.
Further, two-way ANOVA was applied to identify the interaction of
treatments and year (Table 2). Repeated-measures analysis of variance
(RMANOVA) was used for testing the effects of treatments, years, sites,
and their interaction on SOC content where, site, treatment, and year
were included as fixed effects, and the block was included as a random
effect (Table 3). These factors i.e., year, treatment, sites and their
interaction analysis independently allowed us to focus on responses to
the two types of droughts on SOC content within each site. We used
Tukey’s HSD test to test for significant differences between treatments.
To assess the relationships across sites and to avoid potential pseudo-
replication (Griffin-Nolan et al.,, 2019), we used generalized linear
mixed-effects models fit by residuals maximum likelihood (REML)
approach using the ‘lme’ function from the ‘nlme’ library (Pinheiro
et al., 2018) where SOC is the ‘dependent variable’ and response ratio of
ANPP or BNPP is the ‘independent variable’ in the models. Both mar-
ginal and conditional R? values for generalized mixed-effects models
were calculated using the r.squaredGLMM function of the MuMIn
package (Barton, 2016) developed by Nakagawa and Schielzeth, 2013 to
show the relationship between the drought-induced response ratio of
SOC content with the response ratio of net primary productivity while
accounting for site differences. In each general linear mixed effect
models, rainout shelter (blocks) was considered as a ‘fixed factor’ and

Table 2

Results of two-way ANOVAs testing the effects of treatment and year on soil
organic carbon (SOC) content in six grasslands across 2015-2018. Degrees of
freedom (df), F-test values, and P-values are given. Significant P values (P <
0.05) are shown in bold.

Sites Variable SOC
Actual .
(Actual name) af F I
A Treatment 2 4.24 0.018
(Urat) Year 1 8.31 0.005
Treatment x Year 2 5.10 0.031
B Treatment 2 0.47 0.622
(SheilaMuren) Year 1 4.45 0.038
Treatment x Year 2 0.735 0.482
C Treatment 2 5.17 0.008
(XilinhotStipa) Year 1 3.62 0.041
Treatment x Year 2 3.14 0.032
D Treatment 2 3.38 0.039
(XilinhotL) Year 1 7.01 0.010
Treatment x Year 2 2.53 0.022
E Treatment 2 0.389 0.679
(Erguna) Year 1 22.20 <0.001
Treatment x Year 2 5.83 0.035
F Treatment 2 1.29 0.280
(SherTara) Year 1 5.15 0.026
Treatment x Year 2 0.304 0.738
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Table 3

Results of repeated-measures ANOVAs testing the effects of treatment, site and
year on the soil organic carbon (SOC) content in six grasslands across
2015-2018. Degrees of freedom (df), F-test values, and P-values are given.
Significant P values (P < 0.05) are shown in bold.

SOC
df F P
Treatments 2 3.27 0.024
Sites 5 1332.76 <0.001
Years 1 2.37 0.012
Treatments x Years 2 0.52 0.095
Treatments x Sites 10 1.99 0.050
Years x Sites 5 8.08 <0.001
Treatments x Years x Sites 17 3.72 <0.001

sites as a ‘random factor’. Further regression analysis was applied to
assess the proportional changes (response ratio) of SOC content in
response to climatic variables of each site: mean annual precipitation
(MAP), mean annual temperature (MAT) and aridity index (AL). Aridity
index was calculated as the ratio of MAP to potential evapotranspiration
(PET), with values closer to O-denoting greater aridity) (Li et al., 2017).
We calculated PET using a method given by (Hargreaves and Samani,
1985):

PET = 0.0023 X R, X (Tpax — Toin)0.5 % (T + 17.8)

Where R, is the extraterrestrial solar radiation (MJ/mZ/day), Tmax and
Tmin are the maximum and minimum temperatures (°C), respectively;
and T is the mean air temperature (°C).

3. Results

Overall extreme drought significantly decreased SOC content among
grasslands with the effect being more pronounced in more arid sites
(across aridity i.e., mesic-Erguna, SherTara vs semi-arid-Xilinhot-
Laymus, Xilinhot-Stipa vs arid-Urat, SheilaMuren: P < 0.05). In Urat
site chronic drought significantly decreased SOC content (mean: 5.39
mg kg ! + sd: 2.19 mg kg™ !) in 2015 (Fig. 2a), (mean: 6.86 mg kg ' +
sd: 2.65 mg kg’l) in 2016 (Fig. 2b) and both chronic (mean: 8.66 mg
kg~! + sd: 1.36 mg kg~!) and intense (mean: 8.77 mg kg~! + sd: 0.95
mg kg™ 1) drought in 2018 respectively compared to control (Fig. 2d). In
SheilaMuren site intense drought significantly decreased SOC content
(mean: 13.42 mg kg ™! + sd: 0.62 mg kg™ 1) in 2015 (Fig. 2a) and both
chronic (mean: 12.40 mg kg~! + sd: 2.53 mg kg™ 1), (mean: 11.47 mg
kg~! + sd: 1.76 mg kg 1) (Fig. 2¢) and intense drought (mean: 12.02 mg
kg! + sd: 1.24 mg kg™!), (mean: 11.54 mg kg~ ' + sd: 2.02 mg kg™1)
(Fig. 2d) in 2017 and 2018 respectively compared to control. Xillinhot
stipa sites experienced to decreased SOC content only under intense
drought (mean: 16.54 mg kg™! + sd: 1.20 mg kg™!) in 2018 (Fig. 2d).
Both chronic (mean: 18.24 mg kg™! + sd: 2.43 mg kg™!) and intense
(mean: 19.25 mg kg~! + sd: 2.72 mg kg™!) drought decreased SOC
content in Xillinhot Leymus sites in 2017 (Fig. 2c) and only chronic
drought (mean: 20.01 mg kg ™! + sd: 1.84 mg kg™!) in 2018 (Fig. 2d),
however intense drought increase SOC content in Xillinhot Leymus sites
in 2015 (Fig. 2a) and 2016 (Fig. 2b) respectively compared to control.
Similarly, intense drought increased SOC content at Erguna sites in 2018
(mean: 35.14 mg kg ™! = sd: 3.33 mg kg~ !) (Fig. 2d) and at SherTara site
in 2015 (mean: 47.69 mg kg’1 + sd: 3.44 mg kg’l) (Fig. 2a) and (mean:
58.12 mg kg~ =+ sd: 6.70 mg kg™!) (Fig. 2¢) in 2017 respectively
compared to control.

When averaged across years we found that chronic drought
decreased SOC content from 2015 to 2018 in site Urat (4.20 mg kg™ '; P
= 0.026; mean =+ sd: 7.63 + 2.58 mg kg !), SheilaMuren (3.92 mg kg ™};
P = 0.039; mean =+ sd:13.70 + 2.70 mg kg™ 1), Xilinhot-Leymus (2.72
mg kg™!; P = 0.023; mean =+ sd: 21 + 3.82 mg kg 1) and SherTara (2.83
mg kg™!; P = 0.005; mean =+ sd: 45.60 + 7.40 mg kg~!) compared to
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control. On the other hand, intense drought decreased SOC content in
SheilaMuren (3.72 mg kg™!; P = 0.039; mean + sd: 13.28 + 1.79 mg
kg™ 1) and Xilinhot-Stipa (2.27 mg kg %; P = 0.039; mean =+ sd: 17.97 +
1.85 mg kg’l). The mesic site (SherTara) was the only site where SOC
content increased during the intense drought (4.18 mg kg™'; P = 0.018;
mean + sd: 50.30 + 7.01 mg kg™!) compared to control (Fig. 3). We
observed no effect of chronic drought at Xilinhot-Stipa (mean =+ sd:
19.90 + 2.11 mg kg™ %; P = 0.121) and Erguna (mean + sd: 29.67 +
2.89 mg kg~ !; P = 0.077), and no effect of intense drought at Urat (mean
+ sd: 8.85 =+ 1.79 mg kg~ %; P = 0.204), Xilinhot-Leymus (mean + sd:
23.54 + 4.15 mg kg~; P = 0.318) and Erguna (mean =+ sd: 30.64 +
4.31 mg kg~ 1; P = 0.474) sites respectively (Fig. 3). The response of SOC
content to drought depended on site-level drought extremity and the
responses varied by treatment (chronic or intense drought) (Fig. 4b) and
sites (arid, semi-arid, or mesic) (Fig. 4a). Chronic drought reduced SOC
content by 9-13.8 % at the high aridity sites (Urat: P = 0.007), 11.4 % at
the semi-arid sites (Xilinhot-Laymus: P = 0.010), and 4.4-8.6 % at mesic
sites (SherTara: P = 0.031) (Fig. 4a). Intense drought had an inconsistent
effect on SOC content across sites. Specifically, it decreased SOC content
by 3.2-9.4 % in arid sites (SheilaMuren P = 0.022) and 8.3 % in semi-
arid site (Xilinhot-Stipa P = 0.043). However, it increased SOC con-
tent by 0.2-7.70 % in the mesic grassland site (SherTara: P = 0.037)
(Fig. 4a). When averaged all sites and years, extreme drought typically
lead to decreased SOC content by 1.8-7.5 % compared to control and the
effect being higher for chronic drought (P = 0.008) (Fig. 4b).

To understand how SOC content is influenced by NPP, we investi-
gated the response ratio of SOC content in response to ANPP and BNPP.
The response of SOC content across sites was correlated with the
response in aboveground net primary productivity (ANPP) and below-
ground net primary productivity (BNPP). Specifically, we showed evi-
dence that the response of SOC content to chronic drought is negatively
related in response of ANPP (RZ marginal = 0.17, R? conditional = 0.32,
P < 0.001), but there was no relationship between the two for the
intense drought (R? marginal = 0.015, R? conditional = 0.18, P =0.21)
(Fig. 5a-b). Our results also showed that the response ratio of SOC
content in response to intense drought is positively related to response of
BNPP (R? marginal = 0.39, R? conditional = 0.45, P < 0.001) but not for
chronic drought (R? marginal = 0.038, R? conditional = 0.051, P =
0.062) (Fig. 5c-d). To test whether the SOC content under both chronic
and intense droughts were driven by climatic variables e.g., MAP, MAT
and Al, we examined linear regression model, between response ratio of
SOC content with climatic variables. Our results showed that the
response ratio for SOC content significantly and positively correlated
with MAP which indicates that SOC content increase with MAP under
both chronic (RZ = 0.53, P = 0.01) and intense drought (RZ =0.45,P =
0.021) (Fig. 6a-b). In contrast, we found a significant negative rela-
tionship between response ratio SOC content with mean annual tem-
perature (MAT) and aridity index (AI) under chronic (MAT: R?= 0.63,P
=0.009; AL: R? = 0.68, P = 0.039) and intense drought (MAT: R = 0.39,
P=0.018; AL R?= 0.36, P =0.032) (Fig. 6¢-f) which exhibited that SOC
content decreased with increases MAT and AL

4. Discussion

To understand how two types of extreme drought (chronic vs.
intense) influence grassland SOC content across an aridity gradient, we
experimentally imposed extreme drought across six grassland sites
ranging from desert to meadow steppe in northern China. Our results
generally support our first hypothesis that drought negatively influ-
enced SOC content in top soil (0-10 cm) and the response was site as
well as time-dependent where arid and semi-arid grasslands experienced
greater loss and intense drought increased SOC content in the most
mesic grassland site (Table 3, Fig. 2). Generally, extreme droughts lead
to decreased carbon allocation in plants biomass (Ingrisch et al., 2018;
Naudts et al., 2011) and reduced carbon transfer to the roots and the
rhizosphere (Fuchslueger et al., 2014; Hasibeder et al., 2015) causing
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Fig. 4. Response ratios of soil organic carbon (SOC) content to chronic and intense droughts. Results for each grassland site (a) and for all combined sites (b) are
shown. Two different colors (red and blue) square symbols indicate the mean value of the response ratio of soil organic C for each treatment in a site and vertical bars
represent 95% confidence intervals. Negative and positive values indicate decline and increase in SOC compared to the control (the horizontal red dashed line). The
SOC response ratio was calculated as (SOCrreatment - SOCcontrol)/ SOCcontrol- Asterisks over the error bars represent significant treatment effects at the 0.05 (*) and
0.01 (**) levels of probability. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

lower SOC content in top (0-10 cm) soil (Barthel et al., 2011; Burri et al.,
2014). Although the supply of carbon from belowground roots to soil via
root death and turnover are strongly dependent on soil microorganisms
(Bardgett et al., 2005), extreme drought can suppress microbial miner-
alization and root exudation which in turn reduces SOC (Canarini and
Dijkstra, 2015; Fuchslueger et al., 2014). Several studies have illustrated
that extreme summer short term drought alters the allocation of fresh
assimilates to roots thereby increasing root and microbial respiration in
mountainous meadow grasslands—a primary cause of SOC loss (Bahn
etal., 2009; Hasibeder et al., 2015). Similar and slightly opposite results
was observed from a recent extreme drought experiment (growing
season precipitation reduction for 2 years) which suggested that extreme
drought significantly reduced SOC content in a moderately arid grass-
land but increased in a low aridity grassland (Luo et al., 2020). Impor-
tantly we observed the difference in SOC content across treatments was
lower during the first year of our experiment and this difference was
maintained and greater over the four years across six sites. Thus,
treatment, time, and site also significantly influenced SOC content
(Table 3). We also observed a mixed effect (mostly negative) of extreme
drought on SOC content across the different grassland except most mesic
sites (Fig. 3). Mesic sites with tall grasses generally have the greatest soil
moisture availability and higher productivity which positively in-
fluences SOC content (5.1 mg kg™!) directly through physical and
chemical protection of soil organic matter and indirectly through soil
available moisture and controls plant productivity under drought
(Anacker et al., 2021; Collins and Calabrese, 2012; Luo et al., 2020). In
addition, our mesic grassland sites are characterized by chernozem soil
with a high percentage of humus (5-15 %), available calcium ions bound
to soil particles, and rich organic matter which protects, stabilizes and
increase (4.18 mg kg~!) SOC content in a well-aggregated soil structure
(Guillaume et al., 2022; Percival et al., 2000; Rasmussen et al., 2018).
Previous extreme drought experiments with very similar site charac-
teristics to our sites suggested that extreme drought decrease 2.4 mg

kg~! SOC content in top soil (e.g., 0-10 cm) (Karlowsky et al., 2018; Luo
et al., 2020). This is probably because drying of soil during extreme
drought has major impacts on the activity of rhizosphere microorgan-
isms especially in arid and semi-arid grassland which limit the soil
substrate mobility and slow down the soil microbial metabolism that
alter organic C release in soil (Karlowsky et al., 2018; Nunan et al.,
2017). While we did not measure the drought induced change in mi-
crobial metabolism, considering site similarities we may assume similar
mechanisms as well as suggest for future study. In addition, we hope our
study will prompt numerous calls for regionally to globally distributed
grassland experiments to better predict why grasslands SOC in some
climatic gradients (mostly arid sites grasslands) are more sensitive to
climate extreme than semi-arid and mesic.

Our results further demonstrated that drought type (i.e., chronic vs.
intense) differentially influenced SOC content depending on site char-
acteristics (Table 2). Similar to our second hypothesis we found, chronic
drought reduced SOC content more than the intense drought. Although
intense drought decreased SOC content in arid and semi-arid grasslands,
it increased in the most mesic grassland site (Fig. 4). This is probably
because intense drought restricted organic C accumulation into soils by
drought sensitive plant roots in arid and semi-arid grasslands (Luo et al.,
2015). Our results showed that both chronic and intense drought
significantly influences grassland productivity although the response
may vary depending on grassland type. For example, chronic drought
had a more negative effect on ANPP than intense drought in four North
American desert grasslands abundant with Bouteloua eriopoda, Bouteloua
gracilis and mixed-grass prairie dominated by Pascopyron smithii and
B. gracilis (Griffin-Nolan et al., 2019) although intense drought had a
larger impact on BNPP for the most mesic of these sites (Carroll et al.,
2021). While one might expect that reduced BNPP in mesic grasslands
has a negative effect on SOC content (Carroll et al., 2021; Hasibeder
etal., 2015), our results do not support this prediction and we found that
intense drought increase SOC content in most mesic grassland sites. In
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contrast with previous findings, Liu et al., 2020 found that extreme
water stress (e.g., 40 % of soil field capacity for one month-September)
increased fine root turnover and decreased root longevity leading to an
increase in SOC content. Another 2-year extreme drought study in the
same climatic region of China found that neither chronic (66 % pre-
cipitation reduction in May - August) nor intense drought (100 % pre-
cipitation reduction in June - July) drought significantly decreased SOC
content up to top 10 cm, however, the mesic grassland sites showed
increased SOC for intense drought (Luo et al., 2020) which is similar to
our findings. It is unknown what mechanisms drives the intense
droughts having a greater effect on SOC content than chronic drought in
that study. While we did not measure the mechanism behind this but
based on past results we can assume that drought type influences arid
and semi-arid grassland SOC dynamics differently (Hoover et al., 2015).
These specific results suggest that types of extreme drought along with

site characteristics are key for understanding drought impacts on SOC
content. Our results will have direct implications for future extreme
drought model simulations to determine soil carbon dynamics on global
grasslands with identical protocol to fight against climate extreme.

We third hypothesis is that the response of SOC content to extreme
drought would be associated with simultaneous changes in plant pro-
ductivity (both ANPP and BNPP). We found that chronic drought
decreased both ANPP and SOC content and this effect increased with
increasing aridity (i.e., SOC reductions were greater in arid compared to
mesic grasslands) (Fig. 5a). This is because decreases in ANPP at drier
sites (Table S2) affect soil processes by lowering soil moisture avail-
ability and soil solute mobility, while increasing soil carbon decompo-
sition and respiration (Ren et al., 2017a,b; Schrama and Bardgett, 2016).
Despite plants in semi-arid grasslands being adapted to short-term
drought, ANPP declined progressively under prolonged chronic
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drought (Meng et al., 2021). SOC content can also be constrained by
drought-induced suppression of plants physiological activities (e.g.,
increased respiration, disturb the availability of microbiota to the plant
roots and decrease in enzymes activity) resulting in a loss of SOC as well
as other soil nutrient (e.g., N and P) in arid grasslands (Bogati and
Walczak, 2022; Li et al., 2017; Sardans and Penuelas, 2012). However,
we did not observe a significant relationship between ANPP and SOC

10

sensitivity to intense drought (Fig. 5b). It is likely that intense drought
decreased the aboveground productivity of dominant species (e.g.,
S. grandis, L. chinensis, S. baicalensis) in arid sites and influenced the
aboveground carbon available to transfer to belowground structures or
fixed in plant root exudates and rhizosphere where it is urgently needed
rather than release into the soil (Xu and Zhou, 2005) which could result
in no significant interaction between ANPP and SOC relationship.
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However, further studies are needed to identify the mechanism behind
the lack of an ANPP-SOC relationship under intense drought. The
response of SOC to extreme drought was also influenced by BNPP
sensitivity —increase belowground net primary productivity led to
enhance SOC content. Because root allocation is critical for plant sur-
vival during droughts (Harrison and LaForgia, 2019), it is important to
understand how extreme drought influences belowground productivity
and associated changes to SOC content. Our results suggest that the ef-
fects of extreme drought on the belowground productivity-SOC rela-
tionship also depended on drought types and sites. Specifically, intense
drought increased SOC with increasing BNPP, except in arid grassland
sites (Fig. 5d). Intense drought leads to dramatic reductions in photo-
synthesis and a shift in the allocation of plant biomass belowground
which stimulates belowground microbial processing (microbial
biomass, necromass, growth and turnover of soil microbes) — all factors
that contribute to increased SOC content (Burri et al., 2014; Liu et al.,
2017). Remus and Augustin (2016) and Hoover et al. (2015) each re-
ported strong relationships between root growth, rhizodeposition (a
mechanism of carbon release to soil through plant root), and root-
derived C input when herbaceous annual or perennial grass species
experienced extreme drought (35 % reduction of precipitation in year
round) during the growing season. In addition, extreme drought (e.g.,
intense summer drought for 8 weeks) influenced rhizodeposition which
increased the activity of soil microbial populations, therefore adding
easily accessible C source to the soil (from the rhizodeposits) (Hasibeder
et al., 2015; Lynch, 2002; Preece and Penuelas, 2016), and increasing
SOC content (Pausch and Kuzyakov, 2018; Sanaullah et al., 2012).
Nevertheless, we did not observe a significant relationship between
BNPP and SOC sensitivity to chronic drought (Fig. 5¢). Although chronic
drought has positive (Jaman et al., 2022), stable or no effect (Kreyling
et al., 2008) on belowground biomass carbon in arid, semi-arid and
temperate grassland, no significant effect on SOC content was also
observed due to chronic drought in our study. While the intense drought
often does not show widespread grass mortality, chronic drought may
push them beyond mortality thresholds both in aboveground biomass
and belowground roots with a substantial impact to the soil microbial
function and SOC content (Lei et al., 2020). Moreover, long term pre-
cipitation absence in chronic drought causes reduce perennial grass
cover in arid and semi-arid ecosystem (<40 %) which leaves these
ecosystems susceptible to soil erosion, surface soil textures and soil
parent material (Hoover et al., 2015). Similar to our findings, Luo et al.,
2020, reported that chronic drought had no effect on SOC in high and
medium aridity grassland. Our result further suggests that BNPP and
SOC responses are not linked with chronic drought, however response of
BNPP and SOC was influenced by intense drought (Fig. 5d). Primary
productivity (ANPP and BNPP) was significantly correlated to the wet
and dry climatic characteristics. The highest primary productivity was in
the wet climatic zone dominated by perennial mesophytic and xero-
phytic species, such as Stipa baicalensis, Filifolium sibiricum, and the
lowest primary productivity were during the drier sites dominated by
short grasses, such as S. klemenzii and S. breviflora were recorded in Inner
Mongolia grassland (Chen et al., 2012). Lei et al. (2015) also reported
that total loss of NPP among meadow steppe, typical steppe and desert
steppe decreased by 4067.35, 1403.94 and 1363.43 g C/m ™2 over nearly
50 years, respectively. These results closely related to the species di-
versity, richness and composition in the different types of grasslands and
the environmental adaptability of these different species (Tilman et al.,
1997). The plant diversity of grassland provides a buffer against envi-
ronmental fluctuations because different species respond differently to
these fluctuations, leading to functional compensations among species.

We also observed that SOC was significantly regulated by climatic
factors such as aridity, temperature, and precipitation. Higher temper-
atures had a similar influence as aridity on SOC (Fig. 6c¢-f). Earlier
research reported that increased temperature can have a positive effect
on SOC due to the transfer of new fresh C substrates to soil from different
SOC pools e.g., plant litter, root, and microbial residues (Luo et al., 2017;
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Wang et al., 2019a); however, increased temperature often has a nega-
tive effect due to accelerated decomposition (Liu et al., 2016; Nie et al.,
2019). There is a general expectation that increasing temperature (but
not limited with water) leads to increases in net primary productivity
which provides the input to SOC (Kirschbaum, 1995). Previous experi-
ments have demonstrated that increasing temperature can promote SOC
mineralization via an effect on microbial metabolic activities (Yu et al.,
2022). Moreover, increased temperature increases root biomass and
enhances root microbial interactions with drought resistance species
and may be attributable to the ready availability of C substrates to soil
(Dheri and Nazir, 2021). In contrast, increased temperature enhance the
rates of enzymatic reactions, extracellular enzyme activity and soil
respiration which together substantially increase SOC loss (Wang et al.,
2020). SOC was found to be higher in cooler and wetter ecosystem
compared to hotter and drier ecosystem as decomposition is more sen-
sitive to higher temperature (Torn et al., 2009). Increasing precipitation
can stimulate productivity, which contributes to more litter and root
inputs into soil, accelerating SOC accumulation in water-restricted arid
regions (Beer et al., 2010; Wynn et al., 2006). However, SOC has a
positive relationship with precipitation in both dry and wet environ-
ments (Hossain and Beierkuhnlein, 2018). Although climatic parameters
(e.g., temperature and precipitation) may influence SOC depending on
dry vs wet sites, overall, we found temperature and aridity had a
negative effect on SOC content under both chronic and intense droughts
while precipitation may mitigate the negative effects of SOC loss
(Fig. 6a-f).

5. Conclusions

Effects of extreme drought on SOC content of grasslands vary
depending on drought type (chronic vs. intense) as well as site charac-
teristics. Our empirical approach revealed that extreme drought lead to
decreased grassland organic carbon content in topsoil (0-10 cm), with
greater losses observed in more arid grasslands under chronic drought
conditions. While intense drought actually increased SOC content in the
most mesic grasslands, it led to losses in other more arid grasslands.
Importantly, our study also shows that SOC content responded variably
to drought depending on the response of primary productivity (e.g.,
ANPP and BNPP) and climate (e.g., MAT, MAP and AI) which indicates
that productivity (both ANPP and BNPP) and climate together regulate
SOC content potential of grasslands during drought. Although our 4
years’ extreme drought experiment provide a valuable understanding of
how extreme drought-impacted SOC content, we suggest a long-term
extreme drought experiment (more than a decades) to detect the ef-
fects of extreme drought on SOC content. In addition, given these find-
ings, the authorities and policy makers responsibility for protection,
restoration and grassland management should prioritize in these
geographic regions which are highly sensitive to extreme drought and
low drought resistance.
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