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A B S T R A C T   

Quantifying the sensitivity of ecosystems to droughts, particularly with different seasonal timing, could improve 
our predictions of ecosystem-climate feedbacks, but few experiments have explicitly addressed seasonal timing 
per se effects on ecosystem sensitivity to droughts. Here, we present a seasonal timing × drought manipulation 
experiment to examine sensitivity (relative change in response parameters to the relative change in precipitation) 
of key ecosystem processes (community biomass and ecosystem CO2 fluxes) to pulse-drought with different 
seasonal timing (early, middle or late) on a temperate semiarid grassland. We found belowground and total 
biomass were positively sensitive (i.e. ecological processes promoted by droughts and vice versa) to early and 
middle droughts but negatively sensitive to late drought while aboveground biomass was insensitive to all 
droughts. Ecosystem CO2 fluxes had the largest negative sensitivity to early drought and smallest negative 
sensitivity to middle drought, although gross ecosystem production showed larger negative response to droughts 
than ecosystem respiration, leading to reduction in net ecosystem production, regardless of seasonal timing. Our 
results highlight the crucial role of seasonal drought timing in regulating sensitivity of key carbon cycle processes 
to droughts and suggest that droughts at plant peak stage cause the least detrimental ecological consequences.   

1. Introduction 

Global climate models predict significant increases in the frequency 
and intensity of droughts as a result of ongoing global warming and an 
intensification of the hydrological cycle (Dai 2011; Sherwood & Fu 
2014). At the global scale, droughts are considered the most widespread 
climate factor impacting the terrestrial carbon cycle (Reichstein et al. 
2013; Frank et al. 2015). Occupying ca. 40% of the global terrestrial 
landscape (O’Mara 2012), grasslands store approximately one-third of 

global terrestrial carbon (Schuman et al. 2002; Poulter et al. 2014; 
Ahlström et al. 2015) and are particularly sensitive to climatic change 
(Christensen et al. 2004; Scott et al. 2015; Biederman et al. 2016), as 
most of them exist in dryland where growth-limiting precipitation is 
highly variable (Smith et al, 2019) and often becoming more erratic (e.g. 
Zhang et al., 2021). Notably, compared to chronic but subtle ‘press- 
droughts’, shorter term but extreme ‘pulse-droughts’ can cause greater 
carbon loss for an equivalent precipitation reduction (Hoover & Rogers 
2016). As such, assessing how grasslands respond to pulse-drought is 
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critically important for predicting climate-carbon cycle feedbacks. 
Nevertheless, we know little about whether and how the timing of 
drought events impacts key carbon cycling responses including biomass 
production and ecosystem CO2 fluxes. 

Droughts can occur throughout the year (Li et al., 2020a, Li et al., 
2020b; Wang et al., 2020). Because plants at different phenological 
stages may have different resistance and resilience to drought, the 
response of ecosystems to droughts may vary with different seasonal 
drought timing. For example, droughts occurring in the early season 
have caused large reductions in current-year biomass due to limitation 
of peak biomass accumulation (D’Orangeville et al. 2018; Meng et al. 
2019). In contrast, late season droughts have had little adverse impacts 
on current-year biomass but created large negative legacy effects on the 
following year biomass (Kannenberg et al. 2019). Besides, droughts ef-
fects on ecosystems may be context-dependence. Indeed, based on a 
global database of ring-width index, Huang et al. (2018) found that the 
average integrated legacy effects of droughts from dry season droughts 
was about nine times that from wet season droughts. Droughts 
happening in the hot summer were likely to cause larger water stress due 
to higher evapotranspiration than that in the relatively cool autumn (De 
Boeck et al. 2011). Additionally, leaf photosynthesis, ecosystem CO2 
fluxes, flowering and reproductive output responded differently to 
droughts in different times of the year (Dietrich & Smith 2016; Zeiter 
et al. 2016; Meng et al. 2019). Collectively, these findings highlight that 
the expected magnitude of drought impacts on terrestrial ecosystems 
likely depends on the seasonal timing. However, to date, how seasonal 
timing regulates effects of drought on belowground biomass is largely 
understudied. 

Past studies have examined drought timing impacts, including field 
observations during naturally occurring droughts (Craine et al. 2012), 
experimental drought manipulations (De Boeck et al. 2011; Denton 
et al., 2016; Meng et al. 2019), and tree-ring research (D’Orangeville 
et al. 2018; Huang et al. 2018; Kannenberg et al. 2019). While often 
valuable, studies comparing droughted treatments against ambient 
control plots are subject to both the seasonal cycles of precipitation and 
interannual variability. For tree-ring research, droughts were usually 
identified in terms of climatic water deficit, which was calculated as the 
difference between precipitation and potential evaporation. In essence, 
this method hardly distinguished effects of drought timing and drought 
intensity. For experimental drought manipulations, a pulse-drought is 
normally defined as a precipitation-free period. Even though a constant 
length of the precipitation-free period is imposed in different times of 
year, the natural precipitation during the periods were not necessarily 
equal. In other words, various ecosystem responses to drought in 
different times of year may be attributable to not only timing but also 
intensity, limiting our understanding of drought timing effects per se. 

Assessing ecosystem sensitivity to droughts with varied seasonal 
timing is an effective approach to address this knowledge gap. Ecolog-
ical sensitivity may be defined as the unit change of output per unit 
change of input in either absolute terms (Wilcox et al. 2017) or relative 
terms (Zhang et al. 2017). In particular, the latter can maximize our 
ability to compare across response variables (e.g. among components of 
ecosystem CO2 or biomass), multiple research approaches (e.g. manip-
ulative experiment vs. model simulation) and different communities and 
ecosystems (e.g. tallgrass prairie vs. shortgrass prairie) (Smith et al. 
2017). 

Here, we aimed at studying whether and how drought timing per se 
would impact sensitivity of biomass and ecosystem CO2 fluxes to 
drought. We asked: (a) Would different components of biomass or 
ecosystem CO2 fluxes have similar sensitivities to the same drought? (b) 
Do drought effects on biomass and ecosystem CO2 fluxes vary among 
drought events with different timing? To address these questions, an 
experimental pulse-drought was imposed in early-, middle-, or late- 
growing season for 3 years in a temperate semiarid grassland. Compo-
nents of biomass (aboveground, belowground and total biomass) and 
ecosystem CO2 fluxes were estimated and corresponding sensitivities 

(relative change in output per unit of relative change in input) to 
droughts were quantified. 

2. Materials and methods 

2.1. Site description 

We conducted this study in the Extreme Climate Events and 
Biodiversity-II (ECEB-II) experiment at the Inner Mongolia Grassland 
Ecosystem Research Station in the Xilin River Basin (43◦32′ N, 116◦40′

E, 1,200 m a.s.l), located in the Inner Mongolia Autonomous region, 
China. Mean annual temperature (1953–2017) is 2.5 ◦C and mean 
annual precipitation is 281 mm with 86% falling during the growing 
season from May to September. The experiment was established in a 
temperate semiarid steppe, dominated by Leymus chinensis, Agropyron 
cristatum, Cleistogenes squarrosa, and Carexduriuscula, which has not 
been grazed since 1979. Aboveground biomass progressively increased 
from May to August and reached peak at mid-August, then slightly 
decreased in September (Zhang et al., 2018). The soil at this experi-
mental site is classified as Dark Chestnut in the Chinese soil classification 
Calcic Chernozem in World Reference Base for Soil Resources, with 60% 
sand, 21% clay and 19% silt (Hao et al. 2013). 

2.2. Experiment design 

In this study, a pulse-drought was considered a precipitation-free 
period. The longest rainfall interval between two successive precipita-
tion events in the growing season from 1953 to 2010 (the longest 
weather record for this site) was 30 days. Thus, the extreme drought was 
defined as a rain-free period of 30 days (Li et al. 2020). In accordance 
with the observed timing of seedling establishment, growth and vege-
tation senescence, the growing season was divided into early (from early 
May to mid-June), middle (from late June to mid-August) and late (from 
late August to the end of September) periods. The treatments included: 
(1) ambient conditions for control (Ambient), (2) extreme drought 
imposed in the early-growing season (Early: 15 May-13 June), (3) 
extreme drought imposed in the mid-growing season (Middle: 20 July- 
18 August) and (4) extreme drought imposed in the later-growing sea-
son (Late: 20 August-18 September). Although the duration of each 
drought was 30 days, the natural ambient precipitation excluded during 
the periods was different. Thus, the three droughts in the same year 
correspond to different growing season precipitation reductions. Simi-
larly, the same drought in different years corresponds to different 
growing season precipitation reductions. There were three replicates for 
each treatment and sixteen plots in total using a random block layout. 
The experiment is a part of the Extreme Climate Events and Biodiversity- 
II (ECEB-II) experiment that began in 2012. 

Each plot (2.0 m × 2.0 m) was surrounded with a metal frame (40 cm 
deep in soil and 10 cm above ground) to prevent water exchange across 
plot boundaries. There is 2.0 m distance between blocks and 1.0 m 
distance between plots within each block. Droughts were achieved by 
rain shelters (3 m × 3 m), which consisted of a steel frame supporting a 
transparent polyester fiber board (permitting nearly 90% penetration of 
photosynthetically active radiation without limiting plant photosyn-
thesis (Li et al., 2019)). The shelters were high enough (2.1 m and 1.8 m 
maximum and minimum heights, respectively) to maximize air move-
ment and minimize temperature rise (Liu et al., 2017). The shelters were 
installed to cover the plots over the experimental drought periods to 
intercept all ambient rainfall into plots during the treatment periods and 
removed during the remainder of each growing season (Li et al., 2016). 

2.3. Precipitation and soil water content measurements 

Daily air temperature and precipitation data were obtained from a 
nearby (50 m approximately) temperature probe (HMP45C, VAISALA, 
Woburn, MA, USA) and a tipping bucket rain gauge (TE525MM, 
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Campbell Scientific Inc., Logan, UT, USA) at 2.2 and 1.5 m above 
ground, respectively. During the growing season, soil water content 
(SWC) in the 0–20 cm soil layer was measured in three randomly 
selected locations per plot during each measurement (every c. 5 d in 
2015 and 2016 and every c. 10 d in 2014) by manually inserting a time 
domain reflectrometry probe (TDR 300, Spectrum Technologies, Inc. 
CST, USA) into the soil, and their mean was used to represent the plot- 
level SWC for that day, similar to prior studies (Ru et al., 2018; Zhong 
et al., 2019). The probability of measuring the same location across 
subsequent measurements and potentially influencing measurement 
accuracy is small. We have good confidence in SWC measurement by 
this method because the variations in SWC across three locations per 
plot were small over the growing season (Fig. S2) and they matched SWC 
measured by a moisture sensor (CS616; Campbell Scientific Inc., Logan, 
UT, USA) which is located at 50-meter distance from the experiment 
platform (Fig. S3). 

2.4. Community biomass measurements 

Aboveground biomass (AGB) was estimated once a year by har-
vesting all aboveground plant materials in one 0.25 m2 quadrat located 
within each 4 m2 plot at the end of treatments (around 15th September). 
All live plant tissues (excluding dead tissues and litter) were oven dried 
at 65 ◦C for 48 h and weighed as AGB. We changed the locations of 
quadrats each year to prevent resampling of the same quadrat. 

We used root length and specific root length to estimate below-
ground biomass (BGB) at the end of the growing season (late September) 
in 2014 to 2016 (Li et al. 2019; Li et al. 2020). Briefly, first, one trans-
parent minirhizotron tube (45◦ angle from the ground surface, 70 mm 
external diameter, 100 cm length and 20 cm remaining above ground) 
was installed in the soil of each plot in May 2012. Then, a root scanner 
system (CI-600 Root Growth Monitoring System, CID Inc., Vancouver, 
WA, USA) was inserted into the transparent minirhizotron tube to scan 
images (grayscale with 400 dpi) at three vertical depths of 0–14 cm, 
14–28 cm and 28–42 cm. Next, the program RootAnalysis (Analysis Ome 
Co. Ltd, Beijing, China) was used to analyze root length in each image. 
The sum of the root lengths at the three depths in each tube was the plot- 
level root length. Last, BGB was estimated according to Equation (1) 
(Fischer et al. 2007). 

BGB
(
gm− 2) =

L × D
SRL × AOI × DOF

(1)  

where L was the measured root length; D was the vertical depth sampled 
(m), SRL was specific root length (estimated at 36 m g− 1 in this site 
(Cheng et al. 2016)); AOI was the measurement area of an image (m2); 
and DOF was depth of field of each image (0.0025 m in this study). This 
method has been validated with traditional soil-coring methods at this 
site (Li et al. 2019). Total biomass (TB) was calculated as the sum of AGB 
and BGB. 

2.5. CO2 flux measurements 

One square stainless steel frame (50 cm × 50 cm, 10 cm high) was 
inserted 7 cm into the soil in each plot in May 2012. We used an infrared 
gas analyser (LI-840A, LI-COR Inc., Lincoln, NE, USA) and a transparent 
chamber (50 cm × 50 cm × 50 cm with a placket on one side), connected 
with one air pump (6262–04, LI-COR Inc. Lincoln, NE, USA) and two 
plastic tubes to measure ecosystem CO2 fluxes. The chamber was placed 
on the frame without and with a lightproof cloth cover to respectively 
measure net ecosystem exchange (NEE) and ecosystem respiration (ER) 
between 9:00 and 11:30 on sunny days. Thus, photosynthetically active 
radiation is sufficient, and the air/soil temperature are relatively stable 
during the measurements. The difference in ecosystem CO2 fluxes across 
four treatments were mainly determined by treatment-induced changes 
in soil water availability and thereby biological processes (e.g. plant 

photosynthesis and respiration). Every measurement continued for 90 s, 
and the data (CO2 and H2O concentration, etc.) were recorded per sec-
ond. Only the middle 70 s of the records were used to calculate CO2 
fluxes (the time-gradient of CO2 concentration changes). The chamber 
was lifted and vented between two consecutive measurements to replace 
the air in the chamber. CO2 fluxes were measured at approximately 10- 
day intervals throughout the whole growing season (Fig. 4). For detailed 
information about the measurement and calculation, see Chen et al. 
(2009). Gross ecosystem production (GEP) was calculated as the dif-
ference between NEE and ER. Net ecosystem production (NEP) was the 
net ecosystem CO2 uptake (i.e. NEP = -NEE = GEP - ER). 

2.6. Statistical analyses 

For manipulative precipitation drought experiments, droughts in-
tensity was normally indicated by the amount of decreased precipitation 
given that precipitation was the only changed environmental variable 
while temperature may not be directly affected in plot-scale experi-
ments. Therefore, when calculating sensitivity of ecological attributes to 
precipitation drought in this plot-scale experiment, only precipitation 
amount was involved in the equation. Sensitivity was calculated ac-
cording to equation (2), which represents relative change in output per 
unit of relative change in input and has been widely used in previous 
studies (Smith et al. 2017; Zhang et al. 2017). This metric allowed us to 
eliminate effects caused by different amounts of precipitation during 
drought periods and directly compare the timing effects per se. 

Sensitivity =
(Yd − Yc)/Yc

(GSPc − GSPd)/GSPc
(2)  

where Yd and Yc are the variables’ means across replicates of drought 
and control groups, respectively, and GSPd and GSPc are the precipita-
tion amounts in drought and control groups during the growing season, 
respectively. There was one sensitivity value for each variable each 
drought treatment each year. Negative sensitivity represents suppres-
sion of ecological response by droughts while positive sensitivity rep-
resents promotion of ecological response by droughts. A sensitivity of +
1/-1 indicates that a relative reduction in precipitation (e.g. − 10%) 
induces the same relative increase/decrease in response parameters (e. 
g. + 10%/-10%). The absolute sensitivity value is not of primary 
importance. Instead, this study focuses on sensitivity differences in 
various components of biomass and in ecosystem CO2 fluxes with 
respect to the seasonal timing of drought. 

Because water loss through evaporation affects ecological drought 
intensity, we also calculated the sensitivity to precipitation deficit 
(precipitation minus potential evaporation) (Text S1). Overall, the 
sensitivities to precipitation amount showed a similar pattern with the 
sensitivities to precipitation deficit although the magnitude of these two 
sensitivities differed (Table 2 vs. Table S1, Fig. 3 vs. Fig. S5). To facilitate 
comparison with past studies (Smith et al. 2017; Wilcox et al. 2017; 
Zhang et al. 2017), we mainly focused on the sensitivity to precipitation 
amount. 

Mixed-effects models were employed to test the drought and year 
effects on AGB, BGB, and TB while plots were included as a random 
effect using package nlme in R. Duncan’s test was used to assess the 
differences among four treatments in these variables each year and in 
ecosystem CO2 fluxes in each measurement. 

Additionally, we used student’s t-test to assess whether the sensi-
tivities of each variable significantly differed from zero. Duncan’s test 
was also used to assess the differences in sensitivity of each component 
of CO2 fluxes (NEE, ER, and GEP) and biomass (AGB, BGB and TB) 
among the three drought treatments, respectively. Treatment effects 
were considered to be statistically significant at P ≤ 0.05 and marginally 
significant at P ≤ 0.10 given the small sample size (n = 3). All statistical 
analyses were performed with R v.3.4.4. 
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3. Results 

3.1. Rainfall, air temperature, and soil water content 

The growing season (1 May-30 September) precipitation (GSP) was 
256 mm, 243 mm and 186 mm in 2014, 2015 and 2016, respectively. 
GSP in the early, middle and later drought treatments was reduced by 
13.2%, 14.6% and 19.0% in 2014, 13.6%, 21.6% and 15.5% in 2015, 
and 22.4%, 22.3% and 24.6% in 2016, respectively (Fig. S1). Mean Air 
temperature across the growing season was 15.1, 14.9 and 15.9 ℃. Air 
temperature during the middle drought was obviously higher than that 
during early and later droughts (Fig. S2). There were no significant 
differences in soil water content between treatments prior to the treat-
ment implementation. Soil water content continually decreased in 
drought plots during each treatment period and rapidly recovered when 
rewetting again after drought (Fig. 1). Soil water content had significant 
negative sensitivity to all three droughts, but differences in sensitivities 
were not significant (Fig. S6). 

3.2. Community biomass 

The effects of three precipitation droughts on absolute values of each 
component of biomass (BGB, AGB and TB) were not significant (Fig. 2 
and Table 1). Nevertheless, overall, the sensitivities of biomasses to 
droughts (relative change in biomass per unit of relative change in 
precipitation) were significant or marginally significantly higher than 
zero at (Table 2). Thereinto, AGB was not sensitive to early and late 
droughts but had a marginally significantly positive sensitivity to the 
middle drought (Table 2; Fig. 3a). There were no significant differences 
in AGB sensitivity between different drought timings (Fig. 3a). In 
contrast, BGB and TB had significant or marginally significant sensi-
tivities to all three droughts (Table 2), but the direction and magnitude 

of the sensitivities depended on drought timing. BGB and TB showed 
negative sensitivities to the middle and early droughts but positive 
sensitivities to the late drought (Fig. 3a). 

3.3. Ecosystem CO2 fluxes 

The magnitude of ER NEP, and GEP significantly decreased during 
the drought periods regardless of timing. Thus, both ecosystem carbon 
absorption and emission were suppressed by drought (Fig. 4). After the 
middle drought, the suppressed ecosystem CO2 fluxes rapidly recovered 
to ambient control levels and, in some cases, even higher than that in 
ambient control (such as ER in 2014, Fig. 3g). Nevertheless, the negative 
effects of the early drought on CO2 fluxes continued for relatively longer 
times after the treatment was finished. ER and GEP recovery after the 
late drought treatment were incomplete due to lack of adequate time at 
the end of each growing season (Fig. 4). 

All CO2 fluxes had significant negative sensitivity to drought (Fig. 3b 
and Table 2). However, GEP was more sensitive to any drought than was 
ER. Generally, sensitivities of CO2 fluxes were highest in the early 
drought treatment but lowest in the middle drought treatment (Fig. 3b). 

4. Discussion 

4.1. Effects of droughts on community biomass 

Different biomass components showed various sensitivities to 
droughts; belowground biomass, which was the dominant influence on 
total biomass, had marked responses (Fig. 3) while aboveground 
biomass was generally insensitive to droughts. In a meta-analysis study, 
Wilcox et al. (2017) reported that there were no significant differences 
between the positive sensitivity of aboveground and below biomass to 
precipitation decreases. Here, the greater belowground biomass 

Fig. 1. Natural precipitation (black column) and soil water content (line) in four treatments during growing season from 2014 to 2016. Ambient, Early, Middle and 
Late represent ambient control, and drought imposed in early-, mid- and late-growing season, respectively. Three grey shaded strips indicate three drought periods in 
order. Error bars indicate 1 SE. 
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sensitivity to reduced precipitation than aboveground biomass sensi-
tivity seems to conflict with this claim. Unexpectedly, the large ranges of 
belowground biomass sensitivity from positive (early and middle 
drought) to negative (late drought) values in this study suggested that 
early and middle droughts enhanced belowground biomass while late 
drought reduced belowground biomass. However, droughts did not 

show significant effects on absolute values of biomass, highlighting that 
directly assessing drought timing impacts without eliminating differ-
ences in reduced precipitation amount may confound the effects of 
drought intensity and drought timing. To date, a general pattern of 
belowground biomass responses to drought is still lacking (Luo et al. 
2017). Kahmen et al. (2005) suggested that belowground biomass re-
sponses to drought depend on plant diversity while aboveground 
biomass was independent of plant diversity. Past studies examining 
drought effects usually did not consider drought timing. In some 
manipulative experiments, materials and methods clearly reveal 
drought treatments applied at different times, but the impacts of sea-
sonal timing were not addressed. For example, for a multiple-year 
drought experiment in a pasture at Früebüel, the drought period var-
ied in different years (from August 3 to September 27 in 2007 but from 
June 26 to August 13 in 2008) (Hartmann and Niklaus, 2012). Our re-
sults provided an example that discrepant impacts of drought on 
biomass across studies may have resulted from different drought timing. 

In this study, early and middle drought increased belowground 
biomass but caused no dramatic changes in aboveground biomass, thus 
increasing total biomass and root-shoot ratios. Similar results were found 
in another drought experiment (Dreesen et al. 2012). Our results differ 
from a semiarid grassland study where spring and summer droughts 
reduced aboveground biomass but did not affect belowground biomass 
(Meng et al. 2019), and from a mesic grassland study where late spring 
drought, early summer drought and late summer drought had no effects 
on belowground net primary productivity but the latter two droughts 
reduced aboveground net primary productivity (Denton et al., 2016). In 
fact, most previous studies have found that drought increased below-
ground biomass, usually at the cost of decreasing above ground biomass 
and consequently reducing total biomass (Carter et al. 1997; Kahmen 
et al. 2005). Carbon isotope labelling experiments have shown that 
drought caused translocation of a relatively larger portion of newly 
assimilated carbon to root rather than shoot (Huang & Fu 2000; San-
aullah et al. 2012; Burri et al. 2014; Karlowsky et al. 2018). Further-
more, increased nutrient availability resulting from rewetting after 
drought (“Birch effect”, (Birch 1958, 1964; Evans & Burke 2013)) had 
potential to stimulate or even overcompensate plant growth (Dreesen 
et al. 2012), particularly in high plant diversity systems (Isbell et al. 
2015; Kreyling et al. 2017; Wagg et al. 2017). In our study, the plant root 
biomass could have decreased during the early or middle drought but 
recovered after drought. Consequently, the plant community could have 
maintained or even further strengthened the root system, particularly in 
July when the plant community had peak canopy and maximum 
growing rates for acquiring water and nutrition under the ongoing 
drought regime (growing season precipitation was 287 mm, 256 mm, 
243 mm and 186 mm from 2013 to 2016). In turn, the stronger root 
system would have contributed to the stability of the plant community in 
response to droughts. Besides, compensation effects between grass and 

Fig. 2. Response of biomass to three precipitation droughts from 2014 to 2016. 
Empty column, solid column in upper part, solid column in lower part of graph 
indicate total biomass and aboveground biomass and belowground biomass, 
respectively. Ambient, Early, Middle and Late represent ambient control, and 
drought imposed in early-, mid- and late growing season, respectively. ns rep-
resents no significant differences in responses at α = 0.05. Error bars indicate 
1 SE. 

Table 1 
Results from mixed-effects model analyses about the effects of precipitation 
drought imposed in early-, mid-, and late-growing season on aboveground, 
belowground and total biomass (AGB, BGB, and TB).  

Fixed effect df AGB BGB TB 

num den F P F P F P 

Early 1 8  0.26  0.62  0.52  0.49  0.32  0.59 
Middle 1 8  0.25  0.63  0.31  0.10  0.42  0.10 
Late 1 8  3.07  0.12  0.81  0.39  1.37  0.27 
Year 2 16  3.53  0.05  3.95  0.04  2.32  0.13 
Early × year 2 16  0.32  0.73  0.88  0.43  0.26  0.77 
Middle × year 3 16  0.14  0.87  0.57  0.59  0.20  0.82 
Late × year 3 16  0.41  0.67  0.70  0.51  1.05  0.37 

Early, Middle and Late represent drought imposed in early, middle and late 
growing season, respectively. 
P values in bold are statistically significant to an alpha value of 0.05. 
den df, denominator degrees of freedom; num df, numerator degrees of freedom 

Table 2 
Results from t-test of sensitivity of ecosystem CO2 fluxes and biomass to pre-
cipitation drought imposed in early-, mid- and late-growing season, respectively.   

df Early Middle Late 

t P t P t P 

NEP 2  8.90  0.01  5.53  0.03  15.38  <0.01 
ER 2  5.43  0.03  5.82  0.03  9.54  0.01 
GEP 2  6.01  0.03  5.78  0.03  14.25  <0.01 
AGB 2  1.83  0.21  4.06  0.06  2.64  0.11 
BGB 2  − 27.92  <0.01  − 2.92  0.10  3.67  0.07 
TB 2  − 3.64  0.07  − 2.84  0.10  3.44  0.07 

Early, Middle and Late represent drought imposed in early-, mid- and late 
growing season, respectively. 
NEP: net ecosystem production, ER: ecosystem respiration, GEP: gross ecosystem 
production, AGB: aboveground biomass, BGB: belowground biomass, and TB: 
total biomass. 
P values in bold are statistically significant at an alpha value of 0.05. 
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non-grass functional groups buffered effects of droughts on above-
ground biomass (Li et al., 2020a, Li et al., 2020b). 

The decreases in belowground and total biomass in the late drought 
treatment might be because the plants in these plots had already suffered 
from soil water deficiency (soil water content was lower than the wilting 
point of 0.12 m3 m− 3) for some time before the start of treatment 
(Fig. 1). Low ambient precipitation before the treatment, combined with 
subsequent artificial drought, might have exceeded the tolerance 
threshold of the plant community. This highlighted the important role of 
antecedent effects (i.e. soil water state in this study) in ecosystem re-
sponses to climate extremes (Potts et al. 2006; Wu et al. 2011; Li et al. 
2016). Another possible reason for the reduction in belowground and 
total biomass of the late drought treatment was that the limited 
photosynthetic capacity in the 10 days following the drought was unable 
to produce adequate carbohydrates to rebuild the root system at the end 
of the growing season. Collectively, antecedent effects of soil moisture 
and recovery after drought could have co-determined the sensitivity of 
belowground biomass to droughts. 

4.2. Effects of droughts on ecosystem CO2 fluxes 

In this study, both gross and net ecosystem CO2 uptake (GEP and 
NEP) and emission (ER) were suppressed by drought regardless of sea-
sonal timing (Fig. 3). This was most likely due to stomatal closure and 
leaf abscission in order to prevent transpiration, as well as inhibition of 
soil microbial activity under water stress (Li et al. 2020). Additionally, 
gross ecosystem production was more sensitive than ecosystem respi-
ration to the three drought treatments, resulting in decreases in net 
carbon sink (Fig. 4a), which is consistent with previous general findings 
(Chen et al. 2009; Wu et al. 2011; Yu et al. 2013; Li et al. 2016; Bie-
derman et al. 2016). 

However, the sensitivity of specific CO2 fluxes to drought depended 
on the drought timing in our experiment. Variations in the precipitation 
effects on carbon exchange with drought timing have also been observed 
in many previous studies but with high context-dependence (Chou et al. 
2008; Hao et al. 2010; Jongen et al. 2011). For example, both commu-
nity photosynthesis and ecosystem respiration were more negatively 
affected by drought in summer than in spring or autumn in an experi-
mental herbaceous community (De Boeck et al. 2011). In contrast, 
similar to our study, reduction in carbon exchange induced by drought 
was larger at the beginning than at the end of the growing season in a 
poplar plantation, (Zhou et al. 2013), although there are many differ-
ences in characteristics between forests and grasslands. The variability 

of drought effects with seasonal timing was mainly attributed to two 
factors, magnitude and duration of droughts. When drought occurred at 
the stage of canopy development, normally in spring or early growing 
season, the adverse ecological effects caused by drought might continue 
throughout the rest of the growing season (Zhou et al. 2013). On the 
other hand, if drought happened in times with high air temperature, 
more likely in summer or middle growing season, higher evapotrans-
piration could cause greater water stress by such drought compared to 
one in a relatively cool period with equal precipitation decline. Thus, 
drought in a hot season could cause higher plant mortality than in a cool 
season, triggering more profound impacts (De Boeck et al. 2011). It also 
suggested that quantifying precipitation drought alone may not fully 
reflect impacts on ecosystem water status. Instead, indexes taking into 
account both moisture input (precipitation amount) and output (e.g. 
potential evapotranspiration), such as precipitation deficits (precipita-
tion amount minus potential evapotranspiration), should also be 
considered. 

In this study, the sensitivity of CO2 fluxes was higher to early drought 
and lower to middle drought (Fig. 3). The large magnitude of early 
drought sensitivity is associated with large drought legacy effects on 
ecosystem CO2 fluxes. In other words, the negative effects of the early 
drought on CO2 fluxes continued for relatively longer times after the 
treatment was finished (Fig. 4). A typical example is the large reductions 
in all three ecosystem CO2 fluxes at the ninth day (day of year is 174) 
after the early treatment finished in 2015 (Fig. 4c, h, and k). This could 
be because early drought damaged leaf and thereby canopy develop-
ment (Zhou et al. 2013). The small middle drought sensitivity was 
related to great resilience. Ecosystem CO2 fluxes rapidly recovered as 
soon as the middle drought finished. We unexpectedly observed that 
ecosystem respiration in middle drought after the treatment was higher 
than that of ambient control in 2014 (Fig. 4g). The great resilience of 
ecosystem CO2 fluxes to middle drought might be due to large positive 
responses of belowground biomass. Strong root systems promoted up-
take of water and nutrients, contributing to the restoration of drought- 
induced leaf damage and subsequent leaf physiological processes. 

5. Conclusion 

Drought timing regulated drought effects on ecosystem carbon 
cycling. The larger gross ecosystem production sensitivity to droughts 
than ecosystem respiration regardless of seasonal timing demonstrated 
that drought could cause adverse impacts on the carbon exchange. 
Importantly, ecosystem CO2 fluxes were more sensitive to early drought 

Fig. 3. Sensitivity of biomass (left panel) and 
ecosystem CO2 fluxes (right panel) to three pre-
cipitation droughts across three years. Early, 
Middle and Late represent drought imposed in 
early-, mid- and late growing season, respectively. 
Sensitivity is calculated as the relative amount of 
productivity decrease divided by the relative 
amount of precipitation decrease. Negative sensi-
tivity represents suppression of ecological 
response by droughts while positive sensitivity 
represents promotion of ecological response by 
droughts. NEP: net ecosystem production, ER: 
ecosystem respiration, GEP: gross ecosystem pro-
duction, AGB: aboveground biomass, BGB: 
belowground biomass, and TB: total biomass. 
Different letters represent significantly different 
sensitivity across three droughts for each variable 
at α = 0.05. Error bars indicate 1 SE.   
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than middle and late droughts, suggesting that reduction in the carbon 
uptake could be most severe if drought occurred in the early-growing 
season. In addition, belowground biomass was a major contributor to 
total biomass in this grassland. The sensitivity of belowground and total 
biomass even varied from positive (either early or middle drought) to 
negative (late drought). Our study indicated that when assessing 
ecosystem sensitivity to climate change, especially extreme events, it is 
necessary to take into account the events’ timing in addition to its 
magnitude. Incorporating seasonal timing effects of drought in C cycling 
models can improve simulation of carbon dynamics. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

This project was funded by the CAS Strategic Priority Research 
Programme (A) (Grant No. XDA19030202), the National Natural Sci-
ence Foundation of China (Grant No. 32101313) and Fundamental 
Research Funds for the Central Universities (Grant No. E1E40511). J. 
Biederman’s contributions were supported by the US Department of 
Agriculture, Agricultural Research Service. USDA is an equal- 
opportunity employer. Great thanks for the help of the Inner Mongolia 
Grassland Ecosystem Research Station. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.geoderma.2022.115714. 

References 

Ahlström, A., Raupach, M.R., Schurgers, G., Smith, B., Arneth, A., Jung, M., 
Reichstein, M., Canadell, J.G., Friedlingstein, P., Jain, A.K., Kato, E., Poulter, B., 

Fig. 4. Temporal dynamics of CO2 fluxes in ambient control (a, b, c) and treatment effect (Δ) on CO2 fluxes from 2014 to 2016. Δ is calculated as mean of treatment 
minus that in ambient control. NEP: net ecosystem production, ER: ecosystem respiration, and GEP: gross ecosystem production. Early, Middle and Late represent 
drought imposed in early-, mid- and late growing season, respectively. Duncan’s test, based on raw data (i.e. three values (replicates) for each treatment each 
measurement), was used to assess the differences among four treatments Different letters represent different sensitivity at α = 0.05 (values of ambient defaulted as a). 
Only significant difference among treatments was showed. Error bars in a-c indicate 1 SE. Because the variability of Δ value made no sense, the error bars for each 
delta value were not presented. Three grey shaded strips between indicate three drought periods in order. Error bars indicate 1 SE. 

L. Li et al.                                                                                                                                                                                                                                        

https://doi.org/10.1016/j.geoderma.2022.115714
https://doi.org/10.1016/j.geoderma.2022.115714
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0005
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0005


Geoderma 412 (2022) 115714

8

Sitch, S., Stocker, B.D., Viovy, N., Wang, Y.P., Wiltshire, A., Zaehle, S., Zeng, N., 
2015. The dominant role of semi-arid ecosystems in the trend and variability of the 
land CO2 sink. Science 348 (6237), 895–899. 

Biederman, J.A., Scott, R.L., Goulden, M.L., Vargas, R., Litvak, M.E., Kolb, T.E., Yepez, E. 
A., Oechel, W.C., Blanken, P.D., Bell, T.W., Garatuza-Payan, J., Maurer, G.E., 
Dore, S., Burns, S.P., 2016. Terrestrial carbon balance in a drier world: the effects of 
water availability in southwestern North America. Glob. Change Biol. 22 (5), 
1867–1879. 

Birch, H.F., 1958. The effect of soil drying on humus decomposition and nitrogen 
availability. Plant Soil 10 (1), 9–31. 

Birch, H.F., 1964. Mineralisation of plant nitrogen following alternate wet and dry 
conditions. Plant Soil 20 (1), 43–49. https://doi.org/10.1007/BF01378096. 

Burri, S., Sturm, P., Prechsl, U.E., Knohl, A., Buchmann, N., 2014. The impact of extreme 
summer drought on the short-term carbon coupling of photosynthesis to soil CO2 
efflux in a temperate grassland. Biogeosciences 11, 961–975. https://doi.org/ 
10.5194/bg-11-961-201. 

Carter, E.B., Theodorou, M.K., Morris, P., 1997. Responses of Lotus corniculatus to 
environmental change I. Effects of elevated CO2, temperature and drought on growth 
and plant development. New Phytol. 136 (2), 245–253. https://doi.org/10.1046/ 
j.1469-8137.1997.00733.x. 

Chen, S., Lin, G., Huang, J., Jenerette, G.D., 2009. Dependence of carbon sequestration 
on the differential responses of ecosystem photosynthesis and respiration to rain 
pulses in a semiarid steppe. Glob. Change Biol. 15, 2450–2461. https://doi.org/ 
10.1111/j.1365-2486.2009.01879.x. 

Cheng, J., Chu, P., Chen, D., Bai, Y., Niu, S., 2016. Functional correlations between 
specific leaf area and specific root length along a regional environmental gradient in 
Inner Mongolia grasslands. Funct. Ecol. 30 (6), 985–997. https://doi.org/10.1111/ 
1365-2435.12569. 

Chou, W.W., Silver, W.L., Jackson, R.D., Thompson, A.W., Allen-Diaz, B., 2008. The 
sensitivity of annual grassland carbon cycling to the quantity and timing of rainfall. 
Glob. Change Biol. 14, 1382–1394. https://doi.org/10.1111/j.1365- 
2486.2008.01572.x. 

Christensen, L., Coughenour, M.B., Ellis, J.E., Chen, Z.Z., 2004. Vulnerability of the Asian 
typical steppe to grazing and climate change. Clim. Change 63 (3), 351–368. https:// 
doi.org/10.1023/B:CLIM.0000018513.60904.fe. 

Craine, J.M., Nippert, J.B., Elmore, A.J., Skibbe, A.M., Hutchinson, S.L., Brunsell, N.A., 
2012. Timing of climate variability and grassland productivity. P. Natl. Acad. Sc. U. 
S.A. 109 (9), 3401–3405. https://doi.org/10.1073/pnas.1118438109. 

D’Orangeville, L., Maxwell, J., Kneeshaw, D., Pederson, N., Duchesne, L., Logan, T., 
Houle, D., Arseneault, D., Beier, C.M., Bishop, D.A., Druckenbrod, D., Fraver, S., 
Girard, F., Halman, J., Hansen, C., Hart, J.L., Hartmann, H., Kaye, M., Leblanc, D., 
Manzoni, S., Ouimet, R., Rayback, S., Rollinson, C.R., Phillips, R.P., 2018. Drought 
timing and local climate determine the sensitivity of eastern temperate forests to 
drought. Glob. Change Biol. 24 (6), 2339–2351. https://doi.org/10.1111/ 
gcb.14096. 

Dai, A., 2011. Characteristics and trends in various forms of the Palmer Drought Severity 
Index during 1900–2008. J. Geophys. Res. [Atmos.] 116, D12115. https://doi.org/ 
10.1029/2010JD015541. 

De Boeck, H.J., Dreesen, F.E., Janssens, I.A., Nijs, I., 2011. Whole-system responses of 
experimental plant communities to climate extremes imposed in different seasons. 
New Phytol. 189 (3), 806–817. https://doi.org/10.1111/j.1469-8137.2010.03515.x. 

Denton, E.M., Dietrich, J.D., Smith, M.D., Knapp, A.K., 2016. Drought timing 
differentially affects above- and belowground productivity in a mesic grassland. 
Plant Ecol. 218 (3), 317–328. https://doi.org/10.1007/s11258-016-0690-x. 

Dietrich, J.D., Smith, M.D., 2016. The effect of timing of growing season drought on 
flowering of a dominant C4 grass. Oecologia 181 (2), 391–399. https://doi.org/ 
10.1007/s00442-016-3579-4. 

Dreesen, F.E., De Boeck, H.J., Janssens, I.A., Nijs, I., 2012. Summer heat and drought 
extremes trigger unexpected changes in productivity of a temperate annual/biannual 
plant community. Environ. Exp. Bot. 79, 21–30. https://doi.org/10.1016/j. 
envexpbot.2012.01.005. 

Evans, S.E., Burke, I.C., 2013. Carbon and Nitrogen Decoupling Under an 11-Year 
Drought in the Shortgrass Steppe. Ecosystems 16 (1), 20–33. https://doi.org/ 
10.1007/s10021-012-9593-4. 

Fischer, D.G., Hart, S.C., LeRoy, C.J., Whitham, T.G., 2007. Variation in below-ground 
carbon fluxes along a Populus hybridization gradient. New Phytol. 176 (2), 415–425. 

Frank, D., Reichstein, M., Bahn, M., Thonicke, K., Frank, D., Mahecha, M.D., Smith, P., 
Velde, M., Vicca, S., Babst, F., Beer, C., Buchmann, N., Canadell, J.G., Ciais, P., 
Cramer, W., Ibrom, A., Miglietta, F., Poulter, B., Rammig, A., Seneviratne, S.I., 
Walz, A., Wattenbach, M., Zavala, M.A., Zscheischler, J., 2015. Effects of climate 
extremes on the terrestrial carbon cycle: concepts, processes and potential future 
impacts. Glob. Change Biol. 21 (8), 2861–2880. 

Hao, Y., Kang, X., Wu, X., Cui, X., Liu, W., Zhang, H., Li, Y., Wang, Y.F., Xu, Z.H., 
Zhao, H.T., 2013. Is frequency or amount of precipitation more important in 
controlling CO2 fluxes in the 30-year-old fenced and the moderately grazed 
temperate steppe? Agr. Ecosyst. Environ. 171, 63–71. 

Hao, Y., Wang, Y., Mei, X., Cui, X., Zhou, X., Huang, X., 2010. The sensitivity of 
temperate steppe CO2 exchange to the quantity and timing of natural interannual 
rainfall. Eco. Inform. 5, 222–228. 

Hartmann Adrian, A., Niklaus Pascal, A., 2012. Effects of simulated drought and nitrogen 
fertilizer on plant productivity and nitrous oxide (N2O) emissions of two pastures. 
Plant Soil 361, 411–426. https://doi.org/10.1007/s11104-012-1248-x. 

Hoover, D.L., Rogers, B.M., 2016. Not all droughts are created equal: the impacts of 
interannual drought pattern and magnitude on grassland carbon cycling. Glob. 
Change Biol. 22 (5), 1809–1820. https://doi.org/10.1111/gcb.13161. 

Huang, B., Fu, J., 2000. Photosynthesis, respiration, and carbon allocation of two cool- 
season perennial grasses in response to surface soil drying. Plant Soil 227, 17–26. 
https://doi.org/10.1023/A:1026512212113. 

Huang, M., Wang, X., Keenan, T.F., Piao, S., 2018. Drought timing influences the legacy 
of tree growth recovery. Glob. Change Biol. 24 (8), 3546–3559. https://doi.org/ 
10.1111/gcb.14294. 

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., Bezemer, T. 
M., Bonin, C., Bruelheide, H., de Luca, E., Ebeling, A., Griffin, J.N., Guo, Q., 
Hautier, Y., Hector, A., Jentsch, A., Kreyling, J., Lanta, V., Manning, P., Meyer, S.T., 
Mori, A.S., Naeem, S., Niklaus, P.A., Polley, H.W., Reich, P.B., Roscher, C., 
Seabloom, E.W., Smith, M.D., Thakur, M.P., Tilman, D., Tracy, B.F., van der 
Putten, W.H., van Ruijven, J., Weigelt, A., Weisser, W.W., Wilsey, B., Eisenhauer, N., 
2015. Biodiversity increases the resistance of ecosystem productivity to climate 
extremes. Nature 526 (7574), 574–577. https://doi.org/10.1038/nature15374. 

Jongen, M., Pereira, J.S., Aires, L.M.I., Pio, C.A., 2011. The effects of drought and timing 
of precipitation on the inter-annual variation in ecosystem-atmosphere exchange in a 
Mediterranean grassland. Agr. Ecosyst. Environ. 151 (5), 595–606. https://doi.org/ 
10.1016/j.agrformet.2011.01.008. 

Kahmen, A., Perner, J., Buchmann, N., 2005. Diversity-dependent productivity in semi- 
natural grasslands following climate perturbations. Funct. Ecol. 19 (4), 594–601. 
https://doi.org/10.1111/j.1365-2435.2005.01001.x. 

Kannenberg, S.A., Maxwell, J.T., Pederson, N., D’Orangeville, L., Ficklin, D.L., 
Phillips, R.P., Williams, J., 2019. Drought legacies are dependent on water table 
depth, wood anatomy and drought timing across the eastern US. Ecol. Lett. 22 (1), 
119–127. https://doi.org/10.1111/ele.13173. 

Karlowsky, S., Augusti, A., Ingrisch, J., Hasibeder, R., Lange, M., Lavorel, S., Bahn, M., 
Gleixner, G., Wurzburger, N., 2018. Land use in mountain grasslands alters drought 
response and recovery of carbon allocation and plant-microbial interactions. J. Ecol. 
106 (3), 1230–1243. https://doi.org/10.1111/1365-2745.12910. 

Kreyling, J., Dengler, J., Walter, J., Velev, N., Ugurlu, E., Sopotlieva, D., Ransijn, J., 
Picon-Cochard, C., Nijs, I., Hernandez, P., Güler, B., von Gillhaussen, P., De 
Boeck, H.J., Bloor, J.M.G., Berwaers, S., Beierkuhnlein, C., Arfin Khan, M.A.S., 
Apostolova, I., Altan, Y., Zeiter, M., Wellstein, C., Sternberg, M., Stampfli, A., 
Campetella, G., Bartha, S., Bahn, M., Jentsch, A., Penuelas, J., 2017. Species richness 
effects on grassland recovery from drought depend on community productivity in a 
multisite experiment. Ecol. Lett. 20 (11), 1405–1413. https://doi.org/10.1111/ 
ele.12848. 

Li, L., Fan, W., Kang, X., Wang, Y., Cui, X., Xu, C., Griffin, K.L., Hao, Y.B., 2016. 
Responses of greenhouse gas fluxes to climate extremes in a semiarid grassland. 
Atmos. Environ. 142, 32–42. https://doi.org/10.1016/j.atmosenv.2016.07.039. 

Li, L., Zheng, Z., Biederman, J.A., Qian, R., Ran, Q., Zhang, B., Xu, C., Wang, F., Zhou, S., 
Che, R., Dong, J., Xu, Z., Cui, X., Hao, Y., Wang, Y., 2021. Drought and heat wave 
impacts on grassland carbon cycling across hierarchical levels. Plant, Cell Environ. 
44 (7), 2402–2413. 

Li, L., Zheng, Z., Biederman, J.A., Xu, C., Xu, Z., Che, R., Wang, Y., Cui, X., Hao, Y., 2019. 
Ecological responses to heavy rainfall depend on seasonal timing and multi-year 
recurrence. New Phytol. 223 (2), 647–660. https://doi.org/10.1111/nph.15832. 

Li, Y., Tong, S., Bao, Y., Guo, E., Bao, Y., 2020b. Prediction of droughts in the mongolian 
plateau based on the CMIP5 Model. Water 12 (10), 2774. https://doi.org/10.3390/ 
w12102774. 

Liu, W., Li, L., Biederman, J.A., Hao, Y., Zhang, H., Kang, X., Cui, X., Wang, Y., Li, M., 
Xu, Z., Griffin, K.L., Xu, C., 2017. Repackaging precipitation into fewer, larger storms 
reduces ecosystem exchanges of CO2 and H2O in a semiarid steppe. Agr. Forest 
Meteorol. 247, 356–364. https://doi.org/10.1016/j.agrformet.2017.08.029. 

Luo, Y., Jiang, L., Niu, S., Zhou, X., 2017. Nonlinear responses of land ecosystems to 
variation in precipitation. New Phytol. 214 (1), 5–7. https://doi.org/10.1111/ 
nph.14476. 

Meng, B.o., Shi, B., Zhong, S., Chai, H., Li, S., Wang, Y., Henry, H.A.L., Ma, J.-Y., Sun, W., 
2019. Drought sensitivity of aboveground productivity in Leymus chinensis meadow 
steppe depends on drought timing. Oecologia 191 (3), 685–696. https://doi.org/ 
10.1007/s00442-019-04506-w. 

O’Mara, F.P., 2012. The role of grasslands in food security and climate change. Ann. Bot. 
110, 1263–1270. https://doi.org/10.1093/aob/mcs209. 

Potts, D.L., Huxman, T.E., Cable, J.M., English, N.B., Ignace, D.D., Eilts, J.A., Mason, M. 
J., Weltzin, J.F., Williams, D.G., 2006. Antecedent moisture and seasonal 
precipitation influence the response of canopy-scale carbon and water exchange to 
rainfall pulses in a semi-arid grassland. New Phytol. 170 (4), 849–860. https://doi. 
org/10.1111/j.1469-8137.2006.01732.x. 

Poulter, B., Frank, D., Ciais, P., Myneni, R.B., Andela, N., Bi, J., Broquet, G., Canadell, J. 
G., Chevallier, F., Liu, Y.Y., Running, S.W., Sitch, S., van der Werf, G.R., 2014. 
Contribution of semi-arid ecosystems to interannual variability of the global carbon 
cycle. Nature 509 (7502), 600–603. 

Reichstein, M., Bahn, M., Ciais, P., Frank, D., Mahecha, M.D., Seneviratne, S.I., 
Zscheischler, J., Beer, C., Buchmann, N., Frank, D.C., Papale, D., Rammig, A., 
Smith, P., Thonicke, K., van der Velde, M., Vicca, S., Walz, A., Wattenbach, M., 2013. 
Climate extremes and the carbon cycle. Nature 500 (7462), 287–295. https://doi. 
org/10.1038/nature12350. 

Ru, J., Zhou, Y., Hui, D., Zheng, M., Wan, S., 2018. Shifts of growing-season precipitation 
peaks decrease soil respiration in a semiarid grassland. Glob Chang Biol 24 (3), 
1001–1011. https://doi.org/10.1111/gcb.13941. 

Sanaullah, M., Chabbi, A., Rumpel, C., Kuzyakov, Y., 2012. Carbon allocation in 
grassland communities under drought stress followed by 14C pulse labeling. Soil 
Biol. Biochem. 55, 132–139. https://doi.org/10.1016/j.soilbio.2012.06.004. 

Schuman, G.E., Janzen, H.H., Herrick, J.E., 2002. Soil carbon dynamics and potential 
carbon sequestration by rangelands. Environ. Pollut. 116 (3), 391–396. https://doi. 
org/10.1016/S0269-7491(01)00215-9. 

L. Li et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0016-7061(22)00021-0/h0005
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0005
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0005
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0010
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0010
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0010
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0010
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0010
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0015
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0015
https://doi.org/10.1007/BF01378096
https://doi.org/10.5194/bg-11-961-201
https://doi.org/10.5194/bg-11-961-201
https://doi.org/10.1046/j.1469-8137.1997.00733.x
https://doi.org/10.1046/j.1469-8137.1997.00733.x
https://doi.org/10.1111/j.1365-2486.2009.01879.x
https://doi.org/10.1111/j.1365-2486.2009.01879.x
https://doi.org/10.1111/1365-2435.12569
https://doi.org/10.1111/1365-2435.12569
https://doi.org/10.1111/j.1365-2486.2008.01572.x
https://doi.org/10.1111/j.1365-2486.2008.01572.x
https://doi.org/10.1023/B:CLIM.0000018513.60904.fe
https://doi.org/10.1023/B:CLIM.0000018513.60904.fe
https://doi.org/10.1073/pnas.1118438109
https://doi.org/10.1111/gcb.14096
https://doi.org/10.1111/gcb.14096
https://doi.org/10.1029/2010JD015541
https://doi.org/10.1029/2010JD015541
https://doi.org/10.1111/j.1469-8137.2010.03515.x
https://doi.org/10.1007/s11258-016-0690-x
https://doi.org/10.1007/s00442-016-3579-4
https://doi.org/10.1007/s00442-016-3579-4
https://doi.org/10.1016/j.envexpbot.2012.01.005
https://doi.org/10.1016/j.envexpbot.2012.01.005
https://doi.org/10.1007/s10021-012-9593-4
https://doi.org/10.1007/s10021-012-9593-4
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0095
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0095
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0100
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0100
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0100
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0100
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0100
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0100
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0105
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0105
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0105
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0105
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0110
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0110
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0110
https://doi.org/10.1007/s11104-012-1248-x
https://doi.org/10.1111/gcb.13161
https://doi.org/10.1023/A:1026512212113
https://doi.org/10.1111/gcb.14294
https://doi.org/10.1111/gcb.14294
https://doi.org/10.1038/nature15374
https://doi.org/10.1016/j.agrformet.2011.01.008
https://doi.org/10.1016/j.agrformet.2011.01.008
https://doi.org/10.1111/j.1365-2435.2005.01001.x
https://doi.org/10.1111/ele.13173
https://doi.org/10.1111/1365-2745.12910
https://doi.org/10.1111/ele.12848
https://doi.org/10.1111/ele.12848
https://doi.org/10.1016/j.atmosenv.2016.07.039
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0165
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0165
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0165
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0165
https://doi.org/10.1111/nph.15832
https://doi.org/10.3390/w12102774
https://doi.org/10.3390/w12102774
https://doi.org/10.1016/j.agrformet.2017.08.029
https://doi.org/10.1111/nph.14476
https://doi.org/10.1111/nph.14476
https://doi.org/10.1007/s00442-019-04506-w
https://doi.org/10.1007/s00442-019-04506-w
https://doi.org/10.1093/aob/mcs209
https://doi.org/10.1111/j.1469-8137.2006.01732.x
https://doi.org/10.1111/j.1469-8137.2006.01732.x
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0205
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0205
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0205
http://refhub.elsevier.com/S0016-7061(22)00021-0/h0205
https://doi.org/10.1038/nature12350
https://doi.org/10.1038/nature12350
https://doi.org/10.1111/gcb.13941
https://doi.org/10.1016/j.soilbio.2012.06.004
https://doi.org/10.1016/S0269-7491(01)00215-9
https://doi.org/10.1016/S0269-7491(01)00215-9


Geoderma 412 (2022) 115714

9

Scott, R.L., Biederman, J.A., Hamerlynck, E.P., Barron-Gafford, G.A., 2015. The carbon 
balance pivot point of southwestern US semiarid ecosystems: Insights from the 21st 
century drought. J. Geophys. Res. Biogeosci. 120 (12), 2612–2624. https://doi.org/ 
10.1002/2015JG003181. 

Sherwood, S., Fu, Q., 2014. A drier future? Science 343 (6172), 737–739. 
Smith, M.D., Wilcox, K.R., Power, S.A., Tissue, D.T., Knapp, A.K., 2017. Assessing 

community and ecosystem sensitivity to climate change–toward a more comparative 
approach. J. Veg. Sci. 28 (2), 235–237. https://doi.org/10.1111/jvs.12524. 

Smith, W.K., Dannenberg, M.P., Yan, D., Herrmann, S., Barnes, M.L., Barron-Gafford, G. 
A., Biederman, J.A., Ferrenberg, S., Fox, A.M., Hudson, A., Knowles, J.F., 
MacBean, N., Moore, D.J.P., Nagler, P.L., Reed, S.C., Rutherford, W.A., Scott, R.L., 
Wang, X., Yang, J., 2019. Remote sensing of dryland ecosystem structure and 
function: Progress, challenges and opportunities. Remote Sens. Environ. 233, 
111401. https://doi.org/10.1016/j.rse.2019.111401. 

Wagg, C., O’Brien, M.J., Vogel, A., Scherer-Lorenzen, M., Eisenhauer, N., Schmid, B., 
Weigelt, A., 2017. Plant diversity maintains long-term ecosystem productivity under 
frequent drought by increasing short-term variation. Ecology 98 (11), 2952–2961. 
https://doi.org/10.1002/ecy.2003. 

Wang, L., Kotani, A., Tanaka, T., Ohta, T., 2020. Application of Improved Remotely 
Sensed Drought Severity Index Based on Soil Moisture Product in Inner Mongolia. 
Sola 16 (0), 259–264. https://doi.org/10.2151/sola.2020-043. 

Wilcox, K.R., Shi, Z., Gherardi, L.A., Lemoine, N.P., Koerner, S.E., Hoover, D.L., Bork, E., 
Byrne, K.M., Cahill, J., Collins, S.L., Evans, S., Gilgen, A.K., Holub, P., Jiang, L., 
Knapp, A.K., LeCain, D., Liang, J., Garcia-Palacios, P., Peñuelas, J., Pockman, W.T., 
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