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Abstract
Soil respiration (SRTOT) and its main components, soil heterotrophic (SRH) and autotrophic respiration (SRA), were monitored in
response to within-season drought events of increasing duration and soil N enrichment in a semiarid meadow steppe. The
experiment consisted of the combination of five drought periods (0 days, 15 days, 30 days, 45 days, and 60 days) and two N
addition levels (0 and 10 g N m−2 year−1 applied as urea). Soil respiration decreased after 30 days of drought, with the response
being driven by soil heterotrophs. Moreover, N addition increased the sensitivity of soil respiration to soil water content, which
we attributed to greater plant C inputs and soil microbial C and N content in the N addition treatment. Our results highlight the
role of SRH as a key regulator of C fluxes in nutrient-poor semiarid meadow steppe in response to extreme within-season drought
and the role of soil N availability in modulating this response.
Keywords Extreme drought . N addition . Soil respiration . Autotrophic respiration . Heterotrophic respiration

Introduction
Soil respiration represents one of the main C fluxes between
the biosphere and the atmosphere (60 Gt annually), greatly
exceeding the amount of C emitted as a result of human activities (8–9 Gt C annually) (Stockmann et al. 2013). Thus,
any alteration of this critical component of the global C cycle
may have far-reaching interactions with global warming
(Goulden et al. 1996; Grace 2004). There are two major components of soil respiration: autotrophic respiration (SRA)
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contributed by plant roots and prototrophic microorganisms,
and heterotrophic respiration (SRH) contributed by soil microorganisms and micro- and macrofauna found in the bulk and
rhizosphere soils (Hanson et al. 2000; Kuzyakov 2006), both
of which are sensitive to changes in environmental conditions
and nutrient supply (Moinet et al. 2016; Nguyen et al. 2018;
Yan et al. 2010). Understanding the relative response of the
two soil respiration components to changing environmental
conditions and soil eutrophication is critical to forecast future
changes in global C cycling in terrestrial ecosystems (Adams
et al. 1990; Grace 2004), including grasslands. Grasslands
cover more than one-third of the global terrestrial area and
store 20–30% of terrestrial C, most of it in the soil (Conant
et al. 2017; O’Mara 2012; Scurlock and Hall 1998). Thus,
understanding how autotrophic and heterotrophic components
in grassland soils respond to human-induced environmental
impacts is critical to predict and model C fluxes that will
impact the pace of climate change in the future (Adams et al.
1990; Wang and Fang 2009).
Soil respiration in grasslands is tightly controlled by the
availability of water (Borken et al. 2006; Li et al. 2018).
Climate change is increasing both the likelihood and the intensity of drought events as a result of the intensification of the
global hydrological cycle (Dai 2013; Trenberth et al. 2014). It
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is well-established that greater water deficit will suppress SRA
by decreasing plant metabolic activity and thus C fixation,
although the magnitude of the response will directly depend
on the plastic responses (or adaptability) of plants under
drought (Zhang et al. 2019a). In contrast, during drought
events, soil microbial activity is co-regulated by soil water
content and the supply of C substrates from rhizo-deposition
(Sun et al. 2019; Williams and de Vries 2020). Thus, two
respiration components might asymmetrically respond to severe reductions of soil water content (Borken et al. 2006; Sun
et al. 2019). For example, Liu et al. (2002) showed that the
response of SRH to changes in precipitation was quicker than
the response of total soil respiration, while Zhang et al.
(2019a) observed that SRH exhibited a higher water sensitivity
due to a shift in soil microbial composition. Yet many other
studies have shown SRH to be insensitive to drought stress
(Hinko-Najera et al. 2015; Moinet et al. 2016; Sun et al.
2019). Hence, we still lack a clear understanding of the coordinated response of the two soil respiration components (i.e.,
SRA and SRH) during periods of increasing within-season
drought intensity and even less of the interactions between
these two components under the simultaneous co-occurrence
of other global change factors, such as increased availability
of biologically limiting soil nutrients like N (Kuzyakov 2006).
The availability of soil nutrients, such as N, is an important
driver of the metabolic activity of soil organisms and, thus, of
soil respiration rates (Ochoa-Hueso et al. 2018; Zhang et al.
2014). Meta-analytical studies showed that N addition consistently increased soil respiration due to the stimulation of SRA
in grasslands around the world (Zhou et al. 2014), while the
effects on SRH are widely variable (Janssens et al. 2010;
Subedi et al. 2019; Treseder 2008). For example, the frequently reported negative effects of N addition on SRH have been
attributed to (1) reductions in belowground C allocation; (2)
reductions in microbial activity; (3) abiotic stabilization of soil
organic matter; (4) N toxicity; and/or (5) soil acidification
(Freedman et al. 2016; Janssens et al. 2010; Treseder 2008).
However, greater soil N availability has also been shown to
increase soil microbial biomass C and N, and the activity of
hydrolytic enzymes via greater plant C inputs, with knock-on
effects on soil respiration (Zeng et al. 2018; Chen et al. 2017).
These inconsistencies in the microbial respiration response to N may also be due to variations in soil moisture conditions and/or precipitation variability (Chen
et al. 2019; Nguyen et al. 2018). While the effects of
N enrichment on soil C flux have received considerable
attention (Riggs and Hobbie 2016; Song et al. 2020),
we know much less about how concurrent global increases in soil N availability and precipitation variability
affect soil respiration. This highlights the need for experimental studies that consider simultaneously the impacts of N enrichment and drought intensity on autotrophic and heterotrophic soil respiration to fully unravel
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the potential consequences of human impacts on this
globally relevant aspect of the C cycle.
To fill this knowledge gap, we conducted a field study in a
semiarid meadow steppe that has historically experienced frequent within-season drought events (Liu et al. 2014). In this
steppe, we experimentally manipulated the duration of period
without rain (i.e., droughts of increasing duration) and N fertilization. Precipitation exclusion was simulated for 15, 30, 45,
and 60 days in plots that had been N-fertilized or left unfertilized for 3 years. We hypothesized that (1) given that soil
respiration is highly sensitive to changes in soil water availability (Li et al. 2018), soil respiration will decrease more
quickly during the initial drought stages. We also hypothesized that (2) during the early stages of drought (15 days and
30 days), plants would allocate more C belowground
(Hasibeder et al. 2015), which would cause an increase in
the proportion of SRA relative to SRH. However, after 60 days
of extreme drought, we predicted (3) a widespread decline of
autotrophic and heterotrophic activity. Finally, we hypothesized that (4) N addition would consistently increase SRH
and SRA due to severe N limitation in this grassland ecosystem (Bai et al. 2010), but also that (5) this stimulation would
be limited under extreme drought stress (Dijkstra et al. 2010;
Liu et al. 2009).

Materials and methods
Study site
This research was carried out at Changling Horse Breeding
Farm (44° 30′–44° 45′ N, 123° 31′–123° 56′ E) in Western
Jilin Province, Northeast China, which is a meadow steppe
dominated by Leymus chinensis and other accompanying perennials, such as Phragmites australis, Kalimeris integrifolia,
and Chloris virgata, with a semiarid continental climate. The
main soil types in the area are chernozems with high pH (8.5–
9.5), and low soil total N (0.15%) and organic C (2.0%) contents. Soil texture is 35% clay, 45% silt, and 20% sand on
average (Wang et al. 2008; Yin et al. 2018). Bulk density is
1.44 g cm−3, and field capacity (gravimetric soil water content
after excess water has drained away followed saturation) is
approximately 0.255 (g g−1). The mean annual temperature
is 6.4 °C and the average growing season (May to
September) precipitation is 411 mm over the past five decades. Mean number of consecutive days without rain during
the growing season is 17.4–21.9 in this semiarid region (Liu
et al. 2014), while the 90th percentile of consecutive days
without rain is a month or more (Lei and Duan 2011). The
study area (100 m × 100 m) was fenced to exclude grazing and
mowing since 2010. Before that, the study site was lightly
grazed by large livestock herds dominated by cattle and sheep
and annually mowed in August.
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Drought and N addition treatments
We randomly assigned different within-season drought periods (0 days [i.e., no drought], 15 days, 30 days, 45 days,
and 60 days without precipitation) and two N addition treatments to 40 plots (2.5 m × 2.5 m), with a buffer zone of at least
2 m between plots. Plots were arranged in 4 blocks of 10 m ×
20 m, respectively, which were similar in vegetation composition prior to the initiation of the experimental treatments. All
drought treatments started on 22th May 2017 (DOY 142), for
which we used rainout shelters of 3 × 3 m with transparent
acrylic roofs (> 90% light permeability). Prior to the start of
the experiment, all drought plots were enclosed by a 2-mm
thick stainless-steel plate (10 cm aboveground and 50 cm belowground) to prevent the plots from receiving overland runoff and belowground lateral soil infiltration. Drought plots
were manually irrigated to equalize annual precipitation after
sampling at the end of each drought period. Irrigation after 45
days and 60 days drought events were distributed over 1 week
to avoid adding one large rain pulse to the treatments. Starting
in 2015, we applied 2 g N m −2 month−1 from May to
September (total of 10 g N m−2 year−1) to half of the plots
(Bai et al. 2010). Fertilizers were applied during rainy days to
avoid toxicity of accumulated N. Given that this meadow
steppe is embedded within an important agricultural region,
the spill-over effects of chemical fertilizer application could be
an important factor driving the N economy of this grassland;
therefore, we used granular urea which is also widely used as
fertilizer throughout the region.
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total soil respiration (SRTOT) into SRH and SRA, assuming
that root growth will be greatly suppressed without aboveground C input (Yan et al. 2010; Zeng et al. 2018). Two types
of PVC collars (10.4 cm inner diameter) differing in height (5
and 32.5 cm) were randomly installed into the ground in the
fall of 2016. In each plot, three short PVC collars placed
2.5 cm deep into the soil were used to measure SRTOT, and
three long PVC collars driven 30 cm deep into the soil were
used to measure SRH. To measure SRH, the aboveground
portions of plants were clipped each week from the beginning
of April 2017 and throughout the duration of the experiment
to minimize the impacts of dead roots, whereas the aboveground portions of plants inside the short collars were removed 1 day before each SRTOT measurement. SRA was then
determined by the difference between SRTOT and SRH as follows:
SRA ¼ SRTOT −SRH
Given that it is difficult to achieve complete removal
of living roots in a short time, and the potential increase
in the proportion of dead roots after clipping, the clipping approach might overestimate the contribution of
SRH. But compared with other partitioning approaches,
such as component integration and excised roots
(Hanson et al. 2000; Kuzyakov 2006), we considered
it the most feasible method for separating soil respiration components in this semiarid grassland (Chen et al.
2009; Yang et al. 2012).

Environmental conditions

Belowground biomass and soil properties

Natural precipitation and air temperature were monitored by
RG2-M sensors (Onset Computer Corporation, Bourne, MA,
USA) from April to October of 2017. Simultaneous with each
measurement of soil respiration, soil water content (SWC) at
0–10 cm depth was determined by oven-drying 100 cm−3 soil
samples collected from each plot, and soil temperature (ST)
was measured using a thermocouple penetration probe (Li6400-09 TC, LI-COR, Inc.). Meanwhile, soil moisture sensors
(S-SMC-M005, Decagon, Pullman, WA, USA) were
employed to continuously monitor SWC throughout the study
period in two representative blocks.

Belowground biomass (BGB) (0–30 cm depth) was sampled
in three locations in each plot using a soil corer (10 cm diameter) before each measurement of soil respiration. Then, live
roots were washed to remove soil particles and oven-dried at
70 °C to constant weight (48 h).
Simultaneous with the sampling of BGB, six 4 cm
diameter by 15 cm deep soil cores were collected and
bulked into a single soil sample from each plot. Roots
and other organic debris were removed using a 2-mm
mesh stainless-steel sieve. Half of the bulk soil sample
was placed on ice in a cooler for transportation back to
the laboratory and stored at 4 °C until the soil microbial
measurements (within 1 week of field collection). The
other half was used to measure soil pH, total C, and
total N content after air-drying for several days. Soil pH
was measured using a pH meter (PHS-3E INESA
Scientific Instrument Co., Ltd., Shanghai, P. R. China)
in a 1:5 mass:volume ratio. Soil total C and N content
were determined using an elemental analyzer (vario EL
cube, Elementar, Langenselbold, Germany). Soil C/N
ratio was calculated as total C/total N.

Soil respiration measurements and component
separation
Soil respiration was measured at the end of each drought period and the end of the growing season using a portable CO2
infrared gas analyzer (LI-6400, LI-COR Inc., Lincoln, NE,
USA) with a soil CO2 flux chamber (6400-9, LI-COR Inc.,
Lincoln, NE, USA) between 8:00 and 11:00 h (Jian et al.
2018). The modified clipping method was used to partition
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Soil microbial C and N
Soil microbial biomass C (MBC) and N (MBN) were estimated using the chloroform fumigation-extraction method
(Brookes et al. 1985; Vance et al. 1987). Briefly, samples of
12.5 g soil were fumigated with chloroform for 48 h in vacuum desiccators, and an additional set of 12.5 g freeze-dried
soil samples was analyzed for dissolved organic C (DOC) and
total extractable N (TEN). After that, non-fumigated and fumigated soils were extracted by 0.5 M K2SO4 (1:4). Total
dissolved C and N in the filtered soil extracts were measured
with a total organic C analyzer (vario TOC, Elementar,
Langenselbold, Germany). MBC and MBN were determined
as the difference between the total dissolved C and N extracted
from the fumigated and non-fumigated soil samples. The extraction efficiency factors of 0.45 and 0.54 were applied for
MBC and MBN, respectively.

Data analyses
We used an empirical model approach to estimate the relationship between soil respiration (SRTOT and SRH) and soil temperature (ST) and soil water content (SWC) (Borken et al.
2006):
SR ¼ AeðbSTÞ ð1 þ dSWCÞ
where A is an Arrhenius constant, b is the fitted parameter
that describes the influence of ST on SR, and d is the fitted
parameter that describes the sensitivity of SR to SWC. The
relative change in SR by an increase in ST of 10 °C was
calculated as Q10 = e10 × b.
We used two-way analysis of variance (ANOVA) to determine the univariate and interactive effects of drought and N
addition on SRTOT, SRH, SRA, and other abiotic or biotic factors. Block was included as a random factor in the analysis. We
used Pearson correlation to examine the covariation among soil
respiration components and all the abiotic and biotic explanatory variables measured. These analyses were performed using
SPSS software 22.0 (SPSS Inc., Chicago, USA).
Finally, we used structural equation modelling (SEM) to
build a more holistic, system-level understanding of the responses of soil respiration to changes in the duration of
drought events and soil N availability (Grace 2004). We constructed our a priori model based on expectations from the
literature and observed correlations within our dataset. In our
model, N fertilization was predicted to affect plant biomass,
soil N content, MBC & MBN, and DOC. These soil response
variables considered in our model were consistently measured
in the non-droughted plots. The effect of drought was only
considered for C fluxes and was evaluated as the difference
between the droughted and non-droughted plots. The response
difference (RD) of soil respiration was calculated as RD =
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SRdrought–SRnon-drought. This model design allowed us to simultaneously evaluate how seasonal variations in soil parameters and variations in the response of soil parameters to N
addition modulated the response of C fluxes to increasing
drought duration. We tested our conceptual model using the
piecewiseSEM package (version 2.0.2) (Lefcheck, 2016) in R
(3.4.0), in which a set of linear structured equations are evaluated individually. We used the lm function of the stats package to model response variables. Good fit of the SEM was
assumed when Fisher’s C values were non-significant (P >
0.05).

Results
Environmental conditions
Precipitation during the growing season of 2017 was 415.4
mm, which is close to the long-term mean of 411 mm. During
the whole drought period, the rainout shelters excluded about
130.6 mm of precipitation, with 24.5 mm in the first 15 days,
52 mm after 30 days, and 61.8 mm after 45 days (Fig. 1). An
additional 251.4 mm of precipitation occurred after the
drought treatments ended (DOY 203-253). Soil water content
decreased gradually during the first 30 days of drought, and
stabilized at 0.04 (g g −1 , 15.5% of field capacity).
Experimental drought significantly reduced soil water content
after 45 days (P = 0.02) and 60 days (P < 0.01). N addition had
no effect on SWC (Fig. 2B). Soil temperature increased from
18.4 to 25.4 °C over the drought period. There was no difference in soil temperature between treatments (Fig. 2A).

Soil respiration and component separation
On average, drought significantly decreased SRTOT by about
25% after 30 days in both unfertilized and fertilized conditions
(P < 0.05). Although we observed a trend of N addition induced increase in SRTOT and its components, differences were
not statistically significant between drought and the combination of N addition and drought (Fig. 3). The SRH exhibited a
greater negative response to drought than SRTOT, with 20%
reduction after 15 days of drought, 34% after 30 days, 40%
after 45 days, and 29% after 60 days under unfertilized conditions; and 26% reduction after 15 days of drought, 39% after
30 days, 53% after 45 days, and 41% after 60 days under
fertilized conditions (all P value < 0.01). In contrast, only
the 60 days drought downregulated SR A (Fig. 3C).
Additionally, we detected that SRA/SRTOT was significantly
greater after 15 days (P = 0.04) and 30 days (P = 0.02) in the
droughted plots than under ambient conditions (Fig. 3D). By
the end of the growing season in 2017, no significant legacy
effects of each treatment on SRTOT, SRH, and SRA were detected (Fig. 3E, F, G).
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Fig. 1 Daily precipitation (mm)
and air temperature (°C) in 2017.
The light gray shading represents
the drought period (day 142–202
in 2017)

Belowground biomass and soil properties
Sixty days of extreme drought and 10 g N m−2 were not
enough to impact root biomass, despite a trend of increasing
root biomass in response to N addition. Nitrogen addition
significantly increased DOC and TEN, but soil pH and soil
C/N ratio were not significantly influenced (Table 1).

Soil microbial C and N
The prolonged drought (45–60 days) significantly reduced
MBC (20–30% in unfertilized plots, and 38–33% in fertilized
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Fig. 2 Soil temperature (A, °C)
and soil water content (B, g g−1) at
0–10 cm soil depth for four treatments (C, ambient precipitation;
D, drought; N, ambient precipitation plus N addition; ND, drought
plus N addition). Data are reported as mean ± 1 SE (n = 4). The
non-significant effects of block
are not shown in this figure.
Asterisks indicate significant differences. ns: P > 0.05; *P < 0.05;
**P < 0.01
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Fig. 3 Responses of total soil
respiration (SRTOT; A and E),
heterotrophic soil respiration
(SRH; B and F), autotrophic soil
respiration (SRA; C and G), and
SRA/SRTOT (D and H) to the four
treatments (C, ambient
precipitation; D, drought; N,
ambient precipitation plus N
addition; ND, drought plus N
addition) during the experimental
drought period through the end of
the growing season in 2017. Data
are reported as mean ± 1 SE (n =
6). Asterisks indicate significant
differences. ns: P > 0.05; *P <
0.05; **P < 0.01
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plots) and MBN (30–42% in unfertilized plots, and 38–52% in
fertilized plots) (Table 1). Nitrogen addition increased MBC
by 23% (P < 0.01) and MBN by 42.1% (P < 0.01) after 60
days under ambient precipitation, but no significant interactions between drought and N addition occurred (Table 1).

Controlling factors of soil respiration
We observed significant positive correlations between
SR TOT and SWC and ST (both P < 0.01, Fig. 4).
Nitrogen addition increased the water sensitivity of
SRTOT and SRH by 26% and 36%; however, Q10 decreased from 2.31 to 1.68 and 2.45 to 1.73, respectively

Unfertilized

Fertilized

End of growing season

(Fig. 4 and Table S1). DOC and MBC and MBN were
positively correlated with SRH, while soil C/N ratio and
SRH were negatively correlated (Table S2). BGB and
SRA were positively correlated (Table S2).
Our integrative SEM analysis showed that the response of SRTOT to drought was co-regulated by changes in SRH and SRA. However, the increasing divergence
of SRH in droughted plots as compared to control plots
over periods of increasing within-season drought duration was driven by increasing differences in MBC, particularly under N fertilization conditions. Our results
also indicated a direct negative effect of drought duration on SRA (Fig. 5).
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Table 1 Drought duration (15, 30, 45, 60 days) and N addition (C,
ambient precipitation; D, drought; N, ambient precipitation plus N
addition; ND, drought plus N addition) effects on abiotic and biotic
factors at the end of each drought period (15, 30, 45, 60 days) in 2017.

Data are reported as mean ± 1 SE (n = 4). ns: P > 0.05; *P < 0.05; **P <
0.01. DOC, dissolved organic C; TEN, total extractable N; BGB,
belowground biomass; MBC, microbial biomass C; MBN, microbial
biomass N

Abiotic factors

15 days

Significance

30 days

Significance

45 days

Significance

60 days

Significance

Biotic factors

Soil pH

Soil C/N

DOC (μg g−1)

TEN (μg g−1)

BGB (g m−2)

MBC (μg g−1)

MBN (μg g−1)

C
D
N
ND
N
D
N×D
C
D
N
ND
N
D
N×D
C
D
N
ND

9.06 ± 0.2
9.07 ± 0.2
9.00 ± 0.2
9.05 ± 0.2
ns
ns
ns
9.13 ± 0.3
9.05 ± 0.2
9.14 ± 0.2
8.95 ± 0.1
ns
ns
ns
9.17 ± 0.2
9.10 ± 0.2
9.08 ± 0.2
9.22 ± 0.1

22.9 ± 2.5
23.2 ± 2.2
21.7 ± 2.6
22.6 ± 2.3
ns
ns
ns
22.3 ± 2.4
23.9 ± 2.3
17.8 ± 0.9
20.0 ± 0.6
ns
ns
ns
18.9 ± 0.5
18.8 ± 0.8
17.2 ± 0.7
19.1 ± 1.3

283 ± 36
319 ± 42
368 ± 39
370 ± 49
ns
ns
ns
318 ± 39
346 ± 20
467 ± 39
399 ± 32
*
ns
ns
351 ± 13
441 ± 17
451 ± 27
475 ± 32

17.1 ± 2.7
17.3 ± 1.8
24.2 ± 1.2
17.3 ± 1.9
*
ns
ns
18.0 ± 0.3
17.7 ± 1.2
21.8 ± 1.5
17.7 ± 1.2
*
ns
ns
19.2 ± 1.1
17.0 ± 1.6
25.0 ± 2.5
17.0 ± 1.6

1216 ± 107
1143 ± 96
1310 ± 180
1281 ± 165
ns
ns
ns
1169 ± 44
1115 ± 142
1462 ± 147
1192 ± 175
ns
ns
ns
1431 ± 221
1705 ± 164
1456 ± 137
2019 ± 251

321 ± 21
314 ± 20
334 ± 18
343 ± 42
ns
ns
ns
307 ± 18
290 ± 20
346 ± 22
280 ± 23
ns
ns
ns
352 ± 17
282 ± 30
416 ± 16
263 ± 18

25.8 ± 4.4
24.5 ± 4.0
31.7 ± 3.7
30.4 ± 4.4
ns
ns
ns
25.4 ± 4.1
21.4 ± 4.8
28.1 ± 3.1
22.3 ± 3.5
ns
ns
ns
31.6 ± 2.2
22.2 ± 4.3
38.8 ± 4.2
24.2 ± 1.7

N
D
N×D
C
D
N
ND
N
D
N×D

ns
ns
ns
9.55 ± 0.2
9.30 ± 0.2
9.20 ± 0.2
9.20 ± 0.2
ns
ns
ns

ns
ns
ns
19.9 ± 1.3
18.3 ± 1.9
21.5 ± 0.9
19.6 ± 1.4
ns
ns
ns

*
*
ns
358 ± 26
436 ± 21
438 ± 17
468 ± 18
*
*
ns

**
ns
ns
17.9 ± 1.7
17.0 ± 1.2
28.3 ± 1.2
17.0 ± 1.2
**
ns
ns

ns
ns
ns
1327 ± 117
1571 ± 127
1683 ± 130
2013 ± 239
ns
ns
ns

ns
**
ns
358 ± 35
250 ± 27
440 ± 12
297 ± 31
**
**
ns

ns
**
ns
32.8 ± 4.1
19.0 ± 4.2
46.6 ± 3.4
22.3 ± 2.1
*
**
ns

Discussion
In this study, we have demonstrated that increasing withinseason drought duration reduced soil respiration in a meadow
steppe in a nonlinear fashion, with the heterotrophic component showing a faster response to water limitation due to lower
MBC later in the growing season. In contrast, greater N availability resulted in greater soil respiration. These responses
were directly linked to variations in soil microbial biomass,
but also to above and belowground plant biomass. Taken together, our results demonstrate soil C fluxes in this meadow
steppe are sensitive to forecasted increases in the frequency
and severity of drought events and soil N availability.
However, they also suggest a strong capacity for recovery of
these ecosystems from short-term, within-season drought, as

indicated by the lack of legacy effects on soil C flux after
rainfall conditions returned to normal.
Our experimental drought resulted in a significant reduction in SRTOT after 30 days, most likely driven by changes in
SWC. This is in agreement with previous experiments that
suggested that soil respiration should strongly respond to water limitation (Borken et al. 2006; Sowerby et al. 2008; Vargas
et al. 2012; Yu et al. 2017). However, we did not observe a
rapid decrease in SRTOT during the first 30 days, as we initially predicted (hypothesis 1). We detected that SRTOT and SRA
were not altered by the 15 days of drought, which was not
surprising given that 15 days drought is comparable to the
historical mean number of consecutive days without rain during the growing season. However, SRTOT consistently increased following the natural increase in temperature during
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Fig. 4 Linear regressions of total soil respiration (SRTOT; A) and heterotrophic soil respiration (SRH; B) with soil temperature (ST) and soil water content
(SWC)

the season, even in droughted plots, implying that the effects
of drought need to be put in the context of natural seasonal
variations of ecosystems in terms of both water availability
and temperature (Schindlbacher et al. 2012).
In line with hypotheses 2 and 3, we observed a nonlinear
response in the contribution of SRA to SRTOT after 60 days of
drought. Our results showed that the proportion of SRA in the

drought treatment was significantly larger after 15 days and 30
days. However, this pattern was weakened after 30 days (Fig.
3D), suggesting that the response of SRA to drought was
slower than that of SRH. Although this result was supported
by previous studies in similar ecosystems (Carbone et al.
2008; Zhang et al. 2019a; Zhao et al. 2016), studies carried
out in forests and other mesic ecosystems suggested that SRA

Fig. 5 Structural equation model depicting the experimental, soil, and
plant drivers of soil respiration. Black lines indicate positive effects (P
≤ 0.1), while red lines indicate negative effects (P ≤ 0.1). The width of the
arrow is proportional to the magnitude of the effect. Non-significant

Fisherta C value (P > 0.05) indicates good fit of the model. Grey boxes
represent experimental treatments and seasonal effects. RD, response
difference. ***P < 0.001; **P < 0.01; *P < 0.05; †P < 0.1
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may be more sensitive to changes in soil water content than
SRH (Gomez-Casanovas et al. 2012; Kopittke et al. 2014).
This can be explained by greater drought adaptability of the
plants living in the semiarid steppe (Stpaul et al. 2012) and
greater water sensitivity of soil microbial activity at lower than
at higher soil moisture conditions (Liu et al. 2009; OchoaHueso et al. 2018). Furthermore, increased C allocation to
roots can also directly impact the contribution from SRA during the early drought period (Burri et al. 2013). Interestingly,
Balogh et al. (2016) found that SRA was more sensitive to
drought in a dry grassland, with its relative contribution
dropping from 66 to 35%. This was attributed to the greater
relative contribution of SRA in their control plots, up to twice
as much, as compared to this meadow steppe system.
Consistent with the results of several previous studies in
other N-poor ecosystems (Craine et al. 2001; Xu and Wan
2008; Zhang et al. 2019b), we observed a trend of N addition
induced increase in SRTOT and SRH (Fig 3). This result was
further supported by the significant negative correlation between soil C/N and SRH (Table S2), which was likely due to
the N-driven increase of MBC (Table 1 and Fig. 5).
Considering the potential mechanisms of SRH suppression
proposed by Janssens et al. (2010) and Treseder (2008), including decreased microbial activity and soil acidification, we
posit that the reported inconsistent responses of SRH could be
explained by different ecosystem contexts. In our case, saline
and alkaline soils could rule out the negative effects of acidification on microbial activity induced by N addition (Table 1).
Also, N-induced stimulation of grassland primary productivity may have consistently resulted in greater availability of C
for soil microorganisms due to increased plant production and
litter inputs (Riggs and Hobbie 2016; Zhang et al. 2014).
Moreover, the non-significant difference between drought
and the combination of N addition and drought supported
our hypotheses 4 and 5, demonstrating the predominance of
water deficit over N enrichment as a control on soil C flux.
The use of SEM allowed us to gain a more holistic perspective on how N addition may impact the response of soil respiration to drought. For example, N addition under ambient
rainfall conditions resulted in greater soil microbial biomass
and activity potential, which amplified the difference in SRH
between the fertilized and unfertilized treatments as the season
progressed (Fig. 5). Moreover, the SEM results further indicated that seasonal variation also played an important role in
the response of soil respiration to drought via seasonal increases of MBC and plant biomass. In line with our expectations, the extended drought period directly suppressed SRA
(Fig. 5). Moreover, our results also showed that N addition
could decrease the sensitivity of both SRTOT and SRH to increases in temperature (Q10), which is opposite to the effects
of N addition on water sensitivity. (Fig. 4 and Table S1). The
sensitivity of SR to temperature and water availability is usually regulated by similar mechanisms, such as the lignin and
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phenolic compounds accumulated in N-enriched soil, which is
difficult to degrade by microbes when labile C is in short
supply thereby decreasing SR H (Chang et al. 2016;
Davidson et al. 2006; Janssens et al. 2010). However, because
this semiarid grassland is dominated by C3 plants, higher temperature may suppress SRA and belowground C input, an
effect opposite that of increasing water availability.
The pulse of soil C flux after the rewetting of dry soil has
been widely observed in laboratory incubation experiments
and in field observations, suggesting that rewetting will cause
rapid disintegration of soil aggregates and organic debris, such
as microbial cells killed by drought, thereby accelerating soil
C loss (Casals et al. 2011; Cosentino et al. 2006; Kopittke
et al. 2014). Although we did not immediately measure
SRTOT after rewetting, our results indicate a significant soil
DOC enrichment following 45- and 60-day drought treatments (Table 1), implying greater substrate availability for
the C flux pulse after rewetting. However, we did not observe
any legacy effect on SRA during the post-drought period, as
grassland soil C flux and its components quickly recovered
even after 60 days of drought regardless of the N treatment
(Fig. 3E). This rapid recovery could be attributed to a highly
resilient soil microbial community in this grassland (Li et al.
2018), and the non-significant response of roots during the
drought period (Table 1).

Conclusion
By experimentally manipulating drought duration and N
availability, we have shown that the two main components
of soil respiration, SRH and SRA, displayed an asymmetric
response to prolonged drought in a meadow steppe ecosystem,
and that higher soil N availability altered how components of
soil respiration responded to drought. Our results further indicated that N addition increased the water sensitivity and reduced temperature sensitivity of SRTOT in this N-poor ecosystem. Moreover, our results not only showed that SRH was
more sensitive to changes soil water availability than SRA in
the early stages of drought but they also suggested that SRH
plays a more important role than SRA in the increased drought
sensitivity induced by N addition. However, the lack of legacy
effects even after 60 days of drought indicated the strong
recovery potential of soil C flux in this semiarid grassland.
Our results suggest that a clearer understanding of the mechanisms driving C fluxes in grasslands simultaneously subjected to drought and nutrient enrichment is urgently needed to
develop sustainable ecosystem management strategies and to
estimate the contribution of these ecosystems to the global C
budget.
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00374-020-01524-2.

290
Author contribution BM and WS designed the experiment. BM, JL, SZ,
YY and XY performed the field and laboratory work. BM and ROH
analyzed the data. BM, ROH, and WS wrote the manuscript. SLC provided valuable comments and suggestions on the manuscript.
Funding This study was supported by the National Key Research and
Development Program of China (2016YFC0500602), National Natural
Science Foundation of China (31570470, 31870456), and the Program of
Introducing Talents of Discipline to Universities (B16011). BM’s stay at
UNM was supported by China Scholarship Council (CSC). R.O.-H. is
financially supported by the Ramón y Cajal program from the Spanish
MICIU (RYC-2017 22032) and projects (PID2019-106004RA-I00). ).
S.L.C. was partially supported by NSF DEB-1856383.

Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.

References
Adams JM, Faure H, Faure-Denard L, McGlade JM, Woodward FI
(1990) Increases in terrestrial carbon storage from the Last Glacial
Maximum to the present. Nature 348:711–714
Bai Y, Wu J, Clark CM, Naeem S, Pan Q, Huang J, Zhang L, Guohan X
(2010) Tradeoffs and thresholds in the effects of nitrogen addition
on biodiversity and ecosystem functioning: evidence from inner
Mongolia Grasslands. Glob Chang Biol 16:358–372
Balogh J, Papp M, Pinter K, Foti S, Posta K, Eugster W, Nagy Z (2016)
Autotrophic component of soil respiration is repressed by drought
more than the heterotrophic one in a dry grassland. Biogeosciences
13:5171–5182
Borken W, Savage K, Davidson EA, Trumbore SE (2006) Effects of
experimental drought on soil respiration and radiocarbon efflux
from a temperate forest soil. Glob Chang Biol 12:177–193
Brookes PC, Landman A, Pruden G, Jenkinson DS (1985) Chloroform
fumigation and the release of soil nitrogen: a rapid direct extraction
method to measure microbial biomass nitrogen in soil. Soil Biol
Biochem 17:837–842
Burri S, Sturm P, Prechsl UE, Knohl A, Buchmann N (2013) The impact
of extreme summer drought on the short-term carbon coupling of
photosynthesis to soil CO 2 efflux in a temperate grassland.
Biogeosciences 10:961–975
Carbone MS, Winston GC, Trumbore SE (2008) Soil respiration in perennial grass and shrub ecosystems: linking environmental controls
with plant and microbial sources on seasonal and diel timescales. J
Geophys Res-Biogeo 113:G02022
Casals P, Lopez-Sangil L, Carrara A, Gimeno C, Nogués S (2011)
Autotrophic and heterotrophic contributions to short-term soil CO2
efflux following simulated summer precipitation pulses in a
Mediterranean dehesa. Global Biogeochem Cy 25:GB3012
Chang SX, Shi Z, Thomas BR (2016) Soil respiration and its temperature
sensitivity in agricultural and afforested poplar plantation systems in
northern Alberta. Biol Fertil Soils 52:629–641
Chen S, Lin G, Huang J, Jenerette GD (2009) Dependence of carbon
sequestration on the differential responses of ecosystem photosynthesis and respiration to rain pulses in a semiarid steppe. Glob Chang
Biol 15:2450–2461
Chen J, Luo Y, Li J, Zhou X, Cao J, Wang R-W, Wang Y, Shelton S, Jin
Z, Walker LM, Feng Z, Niu S, Feng W, Jian S, Zhou L (2017)
Costimulation of soil glycosidase activity and soil respiration by
nitrogen addition. Glob Chang Biol 23:1328–1337

Biol Fertil Soils (2021) 57:281–291
Chen F, Yan G, Xing Y, Zhang J, Wang Q, Wang H, Huang B, Hong Z,
Dai G, Xingbo Z, Liu T (2019) Effects of N addition and precipitation reduction on soil respiration and its components in a temperate
forest. Agric For Meteorol 271:336–345
Conant RT, Cerri CEP, Osborne BB, Paustian K (2017) Grassland management impacts on soil carbon stocks: a new synthesis. Ecol Appl
27:662–668
Cosentino D, Chenu C, Bissonnais YL (2006) Aggregate stability and
microbial community dynamics under drying–wetting cycles in a
silt loam soil. Soil Biol Biochem 38:2053–2062
Craine JM, Wedin DA, Reich PB (2001) The response of soil CO2 flux to
changes in atmospheric CO2, nitrogen supply and plant diversity.
Glob Chang Biol 7:947–953
Dai A (2013) Increasing drought under global warming in observations
and models. Nat Clim Chang 3:52–58
Davidson EA, JanssensS IA, Luo Y (2006) On the variability of respiration in terrestrial ecosystems: moving beyond Q10. Glob Chang Biol
12:154–164
Dijkstra FA, Morgan JA, Blumenthal DM, Follett RF (2010) Water limitation and plant inter-specific competition reduce rhizosphereinduced C decomposition and plant N uptake. Soil Biol Biochem
42:1073–1082
Freedman ZB, Upchurch RA, Zak DR, Cline LC (2016) Anthropogenic
N deposition slows decay by favoring bacterial metabolism: insights
from metagenomic analyses. Front Microbiol 7:259–259
Gomez-Casanovas N, Matamala R, Cook DR, Gonzalez-Meler MA
(2012) Net ecosystem exchange modifies the relationship between
the autotrophic and heterotrophic components of soil respiration
with abiotic factors in prairie grasslands. Glob Chang Biol 18:
2532–2545
Goulden ML, Munger JW, Fan S, Daube BC, Wofsy SC (1996)
Exchange of carbon dioxide by a deciduous forest: response to interannual climate variability. Science 271:1576–1578
Grace J (2004) Understanding and managing the global carbon cycle. J
Ecol 92:189–202
Hanson PJ, Edwards NT, Garten CT, Andrews JA (2000) Separating root
and soil microbial contributions to soil respiration: a review of
methods and observations. Biogeochemistry 48:115–146
Hasibeder R, Fuchslueger L, Richter A, Bahn M (2015) Summer drought
alters carbon allocation to roots and root respiration in mountain
grassland. New Phytol 205:1117–1127
Hinko-Najera N, Fest B, Livesley SJ, Arndt SK (2015) Reduced
throughfall decreases autotrophic respiration, but not heterotrophic
respiration in a dry temperate broadleaved evergreen forest. Agric
For Meteorol 200:66–77
Janssens IA, Dieleman W, Luyssaert S, Subke J, Reichstein M,
Ceulemans R, Ciais P, Dolman AJ, Grace J, Matteucci G (2010)
Reduction of forest soil respiration in response to nitrogen deposition. Nat Geosci 3:315–322
Jian J, Steele MK, Day SD, Quinn Thomas R, Hodges SC (2018)
Measurement strategies to account for soil respiration temporal heterogeneity across diverse regions. Soil Biol Biochem 125:167–177
Kopittke GR, Tietema A, van Loon EE, Asscheman D (2014) Fourteen
annually repeated droughts suppressed autotrophic soil respiration
and resulted in an ecosystem change. Ecosystems 17:242–257
Kuzyakov Y (2006) Sources of CO2 efflux from soil and review of
partitioning methods. Soil Biol Biochem 38:425–448
Lei Y, Duan A (2011) Prolonged dry episodes and drought over China.
Int J Climatol 31:1831–1840
Li J-T, Wang J-J, Zeng D-H, Zhao S-Y, Huang W-L, Sun X-K, Hu Y-L
(2018) The influence of drought intensity on soil respiration during
and after multiple drying-rewetting cycles. Soil Biol Biochem 127:
82–89
Liu X, Wan S, Su B, Hui D, Luo Y (2002) Response of soil CO2 efflux to
water manipulation in a tallgrass prairie ecosystem. Plant Soil 240:
213–223

Biol Fertil Soils (2021) 57:281–291
Liu W, Zhang Z, Wan S (2009) Predominant role of water in regulating
soil and microbial respiration and their responses to climate change
in a semiarid grassland. Glob Chang Biol 15:184–195
Liu X, Liu B, Henderson M, Xu M, Zhou D (2014) Observed changes in
dry day frequency and prolonged dry episodes in Northeast China.
Int J Climatol 35:196–214
Moinet GYK, Cieraad E, Hunt JE, Fraser A, Turnbull MH, Whitehead D
(2016) Soil heterotrophic respiration is insensitive to changes in soil
water content but related to microbial access to organic matter.
Geoderma 274:68–78
Nguyen LTT, Osanai Y, Lai K, Anderson IC, Bange MP, Tissue DT,
Singh BK (2018) Responses of the soil microbial community to
nitrogen fertilizer regimes and historical exposure to extreme weather events: flooding or prolonged-drought. Soil Biol Biochem 118:
227–236
O’Mara FP (2012) The role of grasslands in food security and climate
change. Ann Bot-London 110:1263–1270
Ochoa-Hueso R, Collins S, Delgado-Baquerizo M, Hamonts K, Pockman
W, Sinsabaugh R, Smith M, Knapp A, Power S (2018) Drought
consistently alters the composition of soil fungal and bacterial communities in grasslands from two continents. Glob Chang Biol 24:
2818–2827
Riggs CE, Hobbie SE (2016) Mechanisms driving the soil organic matter
decomposition response to nitrogen enrichment in grassland soils.
Soil Biol Biochem 99:54–65
Schindlbacher A, Wunderlich S, Borken W, Kitzler B, ZechmeisterBoltenstern S, Jandl R (2012) Soil respiration under climate change:
prolonged summer drought offsets soil warming effects. Glob
Chang Biol 18:2270–2279
Scurlock JMO, Hall DO (1998) The global carbon sink: a grassland
perspective. Glob Chang Biol 4:229–233
Song H, Yan T, Wang J, Sun Z (2020) Precipitation variability drives the
reduction of total soil respiration and heterotrophic respiration in
response to nitrogen addition in a temperate forest plantation. Biol
Fertil Soils 56:273–279
Sowerby A, Emmett BA, Tietema A, Beier C (2008) Contrasting effects
of repeated summer drought on soil carbon efflux in hydric and
mesic heathland soils. Glob Chang Biol 14:2388–2404
Stockmann U, Adams MA, Crawford JW, Field DJ, Henakaarchchi N,
Jenkins M, Minasny B, McBratney AB, VdRd C, Singh K, Wheeler
I, Abbott L, Angers DA, Baldock J, Bird M, Brookes PC, Chenu C,
Jastrow JD, Lal R, Lehmann J, O’Donnell AG, Parton WJ,
Whitehead D, Zimmermann M (2013) The knowns, known unknowns and unknowns of sequestration of soil organic carbon.
Agric Ecosyst Environ 164:80–99
Stpaul NKM, Limousin JM, Rodrígesuez-Calcerrada J, Ruffault J,
Rambal S, Letts MG, Misson L (2012) Photosynthetic sensitivity
to drought varies among populations of Quercus ilex along a rainfall
gradient. Funct Plant Biol 39:25–37
Subedi P, Jokela EJ, Vogel JG (2019) Soil respiration and organic matter
decomposition dynamics respond to legacy fertilizer and weed control treatments in loblolly pine stands. Soil Biol Biochem 137:
107548
Sun S, Lei H, Chang SX (2019) Drought differentially affects autotrophic
and heterotrophic soil respiration rates and their temperature sensitivity. Biol Fertil Soils 55:275–283
Trenberth KE, Dai A, Der Schrier GV, Jones PD, Barichivich J, Briffa
KR, Sheffield J (2014) Global warming and changes in drought. Nat
Clim Chang 4:17–22
Treseder KK (2008) Nitrogen additions and microbial biomass: a metaanalysis of ecosystem studies. Ecol Lett 11:1111–1120

291
Vance ED, Brookes PC, Jenkinson DS (1987) Microbial biomass measurements in forest soils: the use of the chloroform fumigationincubation method in strongly acid soils. Soil Biol Biochem 19:
697–702
Vargas R, Collins SL, Thomey ML, Johnson JE, Brown RF, Natvig DO,
Friggens MT (2012) Precipitation variability and fire influence the
temporal dynamics of soil CO2 efflux in an arid grassland. Glob
Chang Biol 18:1401–1411
Wang W, Fang J (2009) Soil respiration and human effects on global
grasslands. Glob Planet Chang 67:20–28
Wang Y, Zhou G, Jia B (2008) Modeling SOC and NPP responses of
meadow steppe to different grazing intensities in Northeast China.
Ecol Model 217:72–78
Williams A, de Vries FT (2020) Plant root exudation under drought:
implications for ecosystem functioning. New Phytol 225:1899–
1905
Xu W, Wan S (2008) Water- and plant-mediated responses of soil respiration to topography, fire, and nitrogen fertilization in a semiarid
grassland in northern China. Soil Biol Biochem 40:679–687
Yan L, Shiping C, Huang J, Lin G (2010) Differential responses of autoand heterotrophic soil respiration to water and nitrogen addition in a
semiarid temperate steppe. Glob Chang Biol 16:2345–2357
Yang H, Jiang L, Li L, Li A, Wu M, Wan S (2012) Diversity-dependent
stability under mowing and nutrient addition: evidence from a 7year grassland experiment. Ecol Lett 15:619–626
Yin X, Ma C, He H, Wang Z, Li X, Fu G, Liu J, Zheng Y (2018)
Distribution and diversity patterns of soil fauna in different salinization habitats of Songnen Grasslands, China. Appl Soil Ecol 123:
375–383
Yu C-L, Hui D, Deng Q, Kudjo Dzantor E, Fay PA, Shen W, Luo Y
(2017) Responses of switchgrass soil respiration and its components
to precipitation gradient in a mesocosm study. Plant Soil 420:105–
117
Zeng W, Chen J, Liu H, Wang W (2018) Soil respiration and its autotrophic and heterotrophic components in response to nitrogen addition
among different degraded temperate grasslands. Soil Biol Biochem
124:255–265
Zhang C, Niu D, Hall SJ, Wen H, Li X, Fu H, Wan C, Elser JJ (2014)
Effects of simulated nitrogen deposition on soil respiration components and their temperature sensitivities in a semiarid grassland. Soil
Biol Biochem 75:113–123
Zhang B, Li W, Chen S, Tan X, Wang S, Chen M, Ren T, Xia J, Huang J,
Han X (2019a) Changing precipitation exerts greater influence on
soil heterotrophic than autotrophic respiration in a semiarid steppe.
Agric For Meteorol 271:413–421
Zhang C, Song Z, Zhuang D, Wang J, Xie S, Liu G (2019b) Urea fertilization decreases soil bacterial diversity, but improves microbial
biomass, respiration, and N-cycling potential in a semiarid grassland. Biol Fertil Soils 55:229–242
Zhao C, Miao Y, Yu C, Zhu L, Wang F, Jiang L, Hui D, Wan S (2016)
Soil microbial community composition and respiration along an
experimental precipitation gradient in a semiarid steppe. Sci RepUK 6:24317
Zhou L, Zhou X, Zhang B, Lu M, Luo Y, Liu L, Li B (2014) Different
responses of soil respiration and its components to nitrogen addition
among biomes: a meta-analysis. Glob Chang Biol 20:2332–2343
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

