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Abstract
Background and Aims Declaring the drought-resistance
of plant communities in grassland and the underlying
mechanisms is crucial under climatic change scenario.
Here we aimed to quantify aboveground & below-
ground net primary productivity (ANPP & BNPP) and
their allocation in response to extreme droughts, and to
uncover any underlying factors of drought resistance.
Methods We experimentally reduced growing season
rainfall by 66% for four years in two grassland sites
(Sandy and Loamy site respectively), and measured
ANPP and BNPP yearly and evaluated the relatedness
of drought-induced changes for them to plant traits

(Plant height, δ13C, SLA and LNC) and community
composition.
Results Experimental drought decreased species rich-
ness, ANPP of forbs and the total at both sites, but
decreased ANPP of grasses only at the Sandy site.
Experimental drought has non-significant effect on total
BNPP at both sites, but increased 10–20 cm BNPP and
decreased 0–10 cm BNPP. BNPP ratio was kept un-
changed at the Loamy site but increased at the Sandy
site. Moreover, the communities at the Loamy site
showed lower δ13C, SLA and LNC, but greater height.
Conclusions Our study demonstrates that extreme
drought can impact community productivity and struc-
ture, and highlights the importance of plant traits, com-
munity composition and soil properties in modulating
the responses and resistance of steppe communities to
extreme drought.

Keywords Climate change . Temperate steppe . Plant
functional traits . Aboveground and belowground net
primary productivity . Vertical root distribution

Introduction

As an ecosystem attribute, resistance is usually defined
as the capacity of an ecosystem to remain relatively
stable levels of structure and function in face of distur-
bance or extreme climatic fluctuations (Grime et al.
2000; Grman et al. 2010; Pfisterer and Schmid 2002).
Mechanisms of ecosystem resistance have been a hot
topic in ecology and have been intensively studied, but
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understanding is still limited due to the complexity of
natural ecosystems (Donohue et al. 2013). A large num-
ber of studies have assessed community resistance to
changes in precipitation, temperature and climate ex-
tremes by evaluating the changes of productivity, diver-
sity, species composition and functional traits (Byrne
et al. 2017; Griffin-Nolan et al. 2019; Knapp et al. 2015;
Ruppert et al. 2015). However, the ecological mecha-
nisms underlying community resistance are far from
clear, probably because of previous preponderance of
exploration of aboveground rather than belowground
responses (Li et al. 2019).

Extreme drought events occur more and more fre-
quently and produce profound influences on grassland
ecosystem structure and functions through changing soil
water content (Barbeta et al. 2015; Dong et al. 2011;
Evans et al. 2011; Vicente-Serrano et al. 2013). Up to
now, aboveground net primary productivity (ANPP) is
the most common indicator or function for evaluating
the community resistance to extreme drought (Hoover
et al. 2014; Knapp et al. 2015; Ruppert et al. 2015),
despite that belowground net primary productivity
(BNPP) accounts for > 60% of total productivity espe-
cially in arid and semi-arid grasslands (Fan et al. 2009;
Gao et al. 2011; Milchunas and Lauenroth 2001). Re-
cent studies suggest that BNPP responses to reduced
precipitation are different in magnitude or even opposite
ways from those of ANPP (Byrne et al. 2013; Wilcox
et al. 2017). Such difference in resistance between
ANPP and BNPP is often explained by the optimal
partitioning theory (OPT) (Shipley and Meziane
2002). According to OPT, plants usually allocate more
biomass into roots for water uptake in response to de-
creased precipitation, thus leading to increased fraction
of BNPP to NPP (referred to as fBNPP hereafter) and
enhanced BNPP resistance (Mokany et al. 2006; Xu
et al. 2015). However, OPT was not universally sup-
ported by empirical studies, and the plasticity for bio-
mass allocation varied among communities with differ-
ent soil water contents (Bernacchi et al. 2000; Frank
2007; Meier and Leuschner 2008). Hence, it is neces-
sary to simultaneously consider both ANPP and BNPP
when evaluating community resistance to extreme
drought, because there is possibility of introducing bias
when only ANPP is taken into account.

Since ecosystem attributes and environmental con-
texts varied among ecosystems or even among commu-
nities of the same grassland type, it is likely that extreme
drought do not have consistent effects across grassland

communities. Actually, it has been proved that soil
water is an important limiting factor impacting commu-
nities’ responses to environmental changes, and that the
arid and semiarid plant communities had weak re-
sponses to precipitation reduction (Gilgen and
Buchmann 2009; Tielbörger et al. 2014; Vicente-
Serrano et al. 2013), i.e., they had relatively high
drought resistance. It was also reported that drought
resistance in terms of ANPP and BNPP may be affected
by community functional composition, such as
community-weighted trait mean (CWM) and functional
dispersion (FDis) (Griffin-Nolan et al. 2019). For in-
stance, the resistance of community in dry site may be
facilitated via selecting those species with lower leaf
nitrogen content (LNC) and/or specific leaf area
(SLA), the traits enabling plants to tolerate water deficits
(Lavorel and Garnier 2002; Luo et al. 2018). Mean-
while, communities with higher drought-resistance
may have a lower FDis value due to greater similarity
of the coexisting species in related plant traits. Thus,
comparing community responses to extreme drought
among sites will help to uncover the potential mecha-
nisms underlying differential resistance.

Hulunbeir grassland located in the east of Eur-
asian Steppes, providing a major forage food supply
for domestic livestock in northeast China (Dong
et al. 2011; Wang and Ba 2008). Although extreme
droughts are predicted to increase dramatically in this
area (Dai 2013; Li et al. 2017), yet their ecological
consequences for this meadow steppe are scarcely ex-
plored, hampering the identification of the mechanisms
underlying the resistance to climatic extremes. There-
fore, we conducted a standardized extreme drought
manipulative experiment by reducing 66% of the grow-
ing season precipitation over four consecutive years at
two sites within Hulunbeir grassland. The two sites have
same dominant species, species richness and average
annual precipitation but differ in soil physical properties
such as soil texture. Here, we attempt to address the
following questions: (1) how does extreme drought
affect the aboveground and belowground net primary
productivity (ANPP and BNPP respectively), their allo-
cation and the vertical distributions of BNPP in the soil?
(2) how does the community-level drought resistance
(in terms of drought-responses of ANPP and BNPP)
differ between the two grassland sites? (3) how is the
drought resistance of ANPP and/or BNPP at the com-
munity level related to functional traits and soil
properties?
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Materials and methods

Study area

In 2015, the experiment was carried out simultaneously
at two grassland sites in Hulunbeir, east Inner Mongolia,
China. One site was located in the field plot of the
Erguna Forest-Steppe Ecotone Research Station, Insti-
tute of Applied Ecology, CAS (Sandy: 50.16°N,
119.39°E), and the other site was located nearby the
National Hulunbeir Grassland Ecosystem Observation
and Research Station, Institute of Agricultural Re-
sources and Regional Planning, Chinese Academy of
Agricultural Sciences (Loamy: 49.35°N, 120.01°E).
These grassland sites are quite well representative of
the vegetation of the region, and have been enclosed to
exclude grazing for at least three years when our exper-
iments started. Both sites are classified as temperate
steppe, with 80% of the annual precipitation falling from
May to August. The mean annual precipitation is
362 mm and 349 mm, and the mean annual temperature
is -2.4 °C and − 1.1 °C at the Sandy and Loamy sites
(1957–2016), respectively.

Both communities are dominated by C3 perennial
rhizomatous grass, Leymus chinensis. Common sub-
dominant species include the perennial grass Stipa
baicalensis and forbs Carex duriuscula and Pulsatilla
turczaninovi at the Sandy site, and include the forbs
P. turczaninovi, Artemisia tanacetifolia and Iris
ventricosa at the Loamy site. The two grassland sites
differ noticeably in soil properties, which, at least in part,
lead to distinct community productivity and species abun-
dance ranking within their communities, and may result
in distinct drought resistance. Soil at the Loamy site not
only has higher saturated moisture content, but also hold
greater available P, total C and N than at the Sandy site.
Meanwhile, soil at the Loamy site has lower bulk density,
percentage of sands and available N, and is covered with
thicker litter layer than at the Sandy site (Table 1).

Experimental design

At both sites, the experiment used a randomized block
design with two treatments, including control and the
drought treatment by intercepting 66% of growing sea-
son (May-August) precipitation from 2015 to 2018. The
drought treatment can reduce the annual precipitation by
approximately 50%, and actually result in an extreme
drought, which is defined as annual precipitation below

the 5th percentile of the historical probability distribu-
tion (Fig. S1) (Hoover et al. 2014; Luo et al. 2018;
Zhang et al. 2019). Each treatment had six replicates.
Each experimental plot was 36 m2 (6 m × 6 m) in size,
including a central zone (4 m × 4 m) and a 1 m wide
buffer belt at the periphery of the central zone to mini-
mize edge effects. The buffer belt in each plot always
received exactly the same treatment as the central zone.
In each drought manipulated plot, the interception of
66% growing season rainfall was fulfilled by installing a
rainout shelter and evenly arraying polypropylene strips
to shield 2/3 vertical projected area of shelter roof, while
minimally affecting microclimate (Fig. S1 and S2)
(Hoover et al. 2014; Luo et al. 2018). To prevent the
external subsurface water permeation into the experi-
mental plots, watertight aluminum plates were buried
around the plots by trenching to a depth of 1 m. Adja-
cent plots were located 2 m apart.

Measuring and monitoring

Before the start of the experiment, a square-shaped
quarter (2 m × 2 m in size) of the central zone within

Table 1 The soil properties and quantity of litter in the Sandy and
Loamy site, shown as mean values with the standard deviation in
parentheses, and the results for their comparision between the two
sites, shown as F and P values

Soil properties Loamy Site Sandy Site F
value

P

Ammonium
(mg·kg− 1)

3.32 (0.04) 3.71(0.05) 169.4 < 0.001

Nitrate
(mg·kg− 1)

3.34(0.12) 3.72(0.07) 38.81 < 0.001

Available N
(mg·kg− 1)

6.67(0.16) 7.43(0.09) 96.47 < 0.001

Available P
(mg·kg-1)

5.99(0.62) 1.13(1.12) 86.31 < 0.001

Total C% 5.28(0.36) 3.11(0.17) 140.30 < 0.001

Total N% 0.42(0.02) 0.24(0.01) 169.40 < 0.001

Total S% 0.05(0.007) 0.05(0.001) 3.48 0.09

pH 6.8(0.06) 6.8(0.18) 0.05 0.82

Bulk density
(g·cm− 2)

1.04(0.018) 1.13(0.012) 40.27 < 0.01

Saturated
moisture
content (%)

54.07 (0.02) 47.21 (0.23) 362.60 < 0.001

Sand (%) 27.33 (8.68) 49.43 (2.44) 31.01 < 0.001

Clay + Silt (%) 72.66 (8.68) 50.56 (2.44) 30.01 < 0.001

Quantity of
litter (g·m− 2)

133.27 (18.72) 75.95 (9.97) 66.28 < 0.001
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each plot was selected and further divided into four
quadrats (1 m × 1 m), which would be used in the four
consecutive years from 2015 to 2018 (each quadrate for
a year). Within each quadrate, two diagonal sub-
quadrats (50 cm × 50 cm) were used to survey commu-
nity composition and ANPP, while the other two sub-
quadrates were used for functional trait investigation.
During the peak of plant growth in each growing season,
all aboveground live plant material was harvested in the
ANPP survey sub-quadrates, and the plant samples were
pooled together, sorted into species, then oven-dried and
weighed. The aboveground biomass of the main quad-
rate was calculated as the sum of aboveground dry
weight of all the species present in plant samples from
the quadrats. We classified the species into two func-
tional groups, i.e., forbs and grasses, to evaluate the
difference of their responses to drought. ANPP was
calculated as the aboveground biomass per square me-
ter. We also calculated species richness (number of
species present in each main plot), Shannon diversity
index and evenness index for experimental plots (based
on species relative biomass).

To examine the drought response of water-use effi-
ciency at species level, we selected several dominant
species in both control and drought-treated plots in 2016
and measured the foliar carbon isotope composition
(δ13C). δ13C was determined using Finnigan continuous
flow isotope ratio mass spectrometer (Delta C) via a
ConFlo II interface (Thermo Finnigan, Bremen,
Germany).

In 2017 and 2018, plant height, specific leaf area
(SLA), leaf dry matter content (LDMC) and leaf nitro-
gen content (LNC) were measured for those species
whose cumulative relative abundance reached at least
80% at each community. Five individuals (defined as
clonal ramets and clusters for rhizomatous and bunch
grass respectively) of each species per plot were selected
and their traits were measured following standard pro-
tocols (Pérez-Harguindeguy et al. 2013).

BNPP was measured using root ingrowth core meth-
od (Persson 1980), from 2016 to 2018. In early May of
the three years, two holes 5 cm in diameter were drilled
to 20 cm deep into the ground at each plot, and re-filled
with original soil surrounded by nylon net mesh (2 mm)
from which original roots were already removed. At the
end of August, soil cores were extracted, and each soil
core was divided into 0 ~ 10 cm and 10 ~ 20 cm seg-
ments. Roots therein were picked out by hand washing,
oven-dried and weighed to achieve dry weight. The dry

root weight per square meter in the 0 ~ 10 cm and 10 ~
20 cm segment were calculated as the belowground net
primary productivity for the two layers (hereafter re-
ferred to as BNPP0 − 10 and BNPP10 − 20 respectively).
So in the present study, the total BNPP was equaled to
the sum of the BNPP0 − 10 and BNPP10 − 20 as defined
above. The fBNPP was calculated as dividing BNPP by
total NPP (BNPP/ [ANPP + BNPP]).

Four soil cores (0 ~ 10 cm) were collected from the
two biomass survey sub-quadrats in each plot in August
2017 using a soil auger (3.5-cm diameter), and the soil
samples were mixed by hand, and then passed through
2 mm sieve. Each sieved soil sample was divided into
two sub-samples, with one stored at 4 °C as fresh soil for
later measurement of the gravimetric moisture content,
NH4

+ and NO3
−, with the other one dried and stored at

room temperature for later measurement of total N, total
C, pH, and available P. Fresh soil (10 g) was dried at
105 °C for 48 h to determine the gravimetric moisture
content, and additional fresh soil (8 g) was mixed into
40 ml of 2 mol/L KCL, and the extract was used to
measure NH4

+ and NO3
− using discontinuous analyzer

(Cleverchem 200+, DeChem-Tech. GmbH, Germany).
Total C and N were determined by Elementar, Vario
EL III, and pH values were measured by PHS-25 pH
meter. Available P was analyzed by the molybdenum
blue-ascorbic acid method. Soil saturated moisture con-
tent was measured using cutting ring method only for the
soil from control plots. Particle size analysis was con-
ducted using Hydrometer method, with particles larger
than 0.05 mm in size classified as sands and those smaller
than 0.05mm in size classified as clay and silt (Table S2).

Soil moisture sensors (PG-110; Jingchuang Electron-
ic Technology Co., Handan, China) were installed in the
center of each plot in the early spring of 2015, used to
continuously measure 0 ~ 10 cm soil moisture and tem-
perature in situ. Data from sensors were collected using
Campbell Scientific CR1000. Daily precipitation data
during 2016 to 2017 were obtained from the meteoro-
logical station near experimental area to evaluate the
amount and proportion of reduced natural rainfall due
to drought manipulation.

Statistical analyses

Community trait means for height, SLA, LDMC and
LNC were calculated by the biomass-weighted average
of all measured species in each plot according to Lepš
et al. (2011).
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CWM ¼
XS

i¼1
pixi

where pi is the relative biomass of species i, xi is the trait
value of species i, and S is the plant species number in
the plot.

Functional dispersion (FDis), defined as the dissim-
ilarity of functional trait among co-existing species
(Laliberté and Legendre 2010), was quantified for
height, SLA, LDMC and LNC, separately, using the
dbFD function in the R package FD. FDis is calculated
as:

FDis¼
P

ajzjP
aj

where aj is the relative biomass of species j and zj is the
distance of species j to the weighted centroid c. The
centroid c is calculated as:

c ¼
P

ajxijP
aj

where xij is the value of species j for trait i.
For each site, the effects of extreme drought on all the

response variables (including NPP components, species
richness, diversity and evenness, as well as functional
traits) were analyzed using repeated-measures mixed-
effect models with drought as fixed factor, year as
repeated factor, and block as a random factor. When
interactive effects of drought treatment and year were
significant, a post-hoc test of the binary treatments for
each year was performed. To explain how community
changes impact drought resistance for various produc-
tivity metrics, we performed repeated-measures mixed-
effect models based on the later two years of sampling
(2017 and 2018), with drought and richness as fixed
factors, year as repeated factor, and block as a random
factor. We also assessed the correlation of community
productivity components with functional traits and spe-
cies composition using mixed effect models with block
as a random factor and year as a repeated factor.

Since δ13C value was measured only in 2016 for the
selected species, the effect of extreme drought on δ13C
was analyzed using mixed-effect model with drought as
fixed factor, species as random factor nested within
block.

To quantify the magnitude and direction of each
individual species’ contribution to total ANPP response
to extreme drought, we calculated a ratio of biomass

change for a given species to summed absolute value of
biomass changes for all species in the drought-
manipulated plots compared with the control plots in
each year, separately. To quantify the community struc-
tural difference between treatments at each site for each
year, the analysis of similarities (ANOSIM) was con-
ducted using species relative biomass and presence/
absence data.

The community resistance was calculated for ANPP
and BNPP as follows, referring to Isbell et al. (2015):

Resistance ¼ ControlY
DroughtyY � ControlY
�� ��

whereControlY is the mean productivity value of control

for Y year, and DroughtY is mean productivity value of
drought treatment for Y year. The low resistance value is
characteristic of large proportional changes of commu-
nity productivity, indicating higher drought sensitivity,
and vice versa. The resistance has no upper boundary.
All statistical analyses were performed in R 3.4.2 (R
Core Team 2017).

Results

Validity of the experimental treatment

During the 4-yr experiment, both the annual mean
precipitation and growing season precipitation were at
similar level between the Sandy and the Loamy site
(Table S1). Experimental drought reduced growing sea-
son precipitation to the level below the 5th percentiles of
historic precipitation probability distribution functions
based on nearly fifty year records for both sites, which is
defined as an extreme drought (Fig. S1). Average soil
moistures were 23% and 35% in control plots, and were
reduced to 13% and 21% in extreme drought treatment
plots at the Sandy and Loamy site respectively (Fig. S3),
suggestive of the validity of the experimental treatment.

Productivity response to extreme drought

Under ambient conditions, the community at the Loamy
site had greater ANPP and BNPP than at the Sandy site
(Fig. 1). In response to experimental drought, the com-
munities at the two sites behaved very differently:
ANPP was significantly reduced by 45% and BNPP
was kept unchanged at the Sandy site, while at the
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Loamy site ANPP and BNPP were significantly or
marginally reduced by 11% and 15%, respectively
(Fig. 1; Table 2). As a result, fBNPP was significantly
increased at the Sandy site but was kept unchanged at
the Loamy site (Fig. 3a). Apparently, BNPP showed
greater drought resistance than ANPP at the Sandy site
(t=-4.8, P = 0.035), but there was non-significant differ-
ence in drought resistance between ANPP and BNPP at
the Loamy site (t = 0.12, P = 0.906). In the later two
years of the experiment (2017 and 2018), both richness
and drought showed significant effect on ANPP at the
Sandy site, but only drought did at the Loamy site
(Table S6).

Experimental drought significantly reduced the
ANPP of forbs by 63% and 23%, at the Sandy and
Loamy sites, respectively, but reduced that of grasses
(31%) only at the Sandy site (Fig. 2; Table 2). At the
Sandy site, experimental drought significantly de-
creased the growth of P. turczaninovii, S. baicalensis
and C. duriuscula, but not that of L. chinensis
(Tables 3 and 4 and S3). At the Loamy site, experi-
mental drought had no significant effect on growth of
all the four species (including L. chinensis ,
A. tanacetifolia, I. ventricosa and P. turczaninovii),
the main contributors to the changes of community
biomass (Tables 3 and 4 and S3).
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Fig. 1 Responses of above-
(ANPP) and belowground net
primary productivity (BNPP) to
experimentally imposed growing
season drought at the Sandy (a)
and Loamy site (b). The open bars
indicate the control, and the
closed bars indicate the drought
treatment. Statistical significance
is depicted as: ^, 0.05 < p < 0.1; *,
0.01 < p < 0.05; **, 0.05 <
p < 0.01; ***, p < 0.001

Table 2 Results of repeated measure analysis of variance for species composition and net primary productivity

Site Effect community structure Aboveground productivity Belowground productivity

Richness Diversity Evenness Total Grasses Forbs BNPP0-20 BNPP0-10 BNPP10-20 fBNPP

Sandy Site Drought 57*** 61*** 9** 139*** 13 ** 57 *** 0 13** 13** 29 ***

Year 20*** 7** 5** 20 *** 10*** 5*** 21*** 19** 13** 24***

Drought*Year 5** 5** 0 15 *** 0 9*** 0 0 0 1

Loamy Site Drought 9** 8** 1 8 ** 0 10** 3^ 20*** 23*** 0

Year 0 0 0 12 *** 4* 5** 7** 8** 9** 13**

Drought*Year 0 0 0 1 0 1 0 0 1 1

Drought treatment was used as fixed factor, year as repeated measure factor and block as random factor. F-values and the significance levels
were shown

Statistical significance is depicted as: ^, 0.05 < p < 0.1; *, 0.01 < p < 0.05; **, 0.05 < p < 0.01; ***, p < 0.001
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Experimental drought significantly decreased BNPP0
− 10 by 33% and 37%, and significantly increased
BNPP10− 20 by 44% and 42%, at the Sandy and Loamy
site, respectively (Fig. 3b, c). At the Sandy site, BNPP0 −
10 show significantly positive relationship with ANPP of
both grass and forb, and BNPP10 − 20 show significantly
negative relationship only with ANPP of forb; At the
Loamy site, BNPP0 − 10 and BNPP10 − 20 show signifi-
cantly positive and negative relationship with ANPP of
forb and grass, respectively (Table S9). In the later two

years of the experiment (2017 and 2018), BNPP0 − 10 and
BNPP10− 20 were affected by richness at the Sandy site,
however, theywere both affected by richness and drought
at the Loamy site (Table S6).

Responses of species diversity and functional traits
to extreme drought

On average, 15 species per square meter were observed
in the control plots of both sites, and species richness
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Fig. 2 Responses of grass and
forb productivity to
experimentally imposed growing
season drought at the Sandy (a)
and Loamy site (b). The open
circles indicate the control, and
the closed circles indicate the
drought treatment. Statistical
significance is depicted as: ^,
0.05 < p < 0.1; *, 0.01 < p < 0.05;
**, 0.05 < p < 0.01; ***,
p < 0.001

Table 3 Results of repeated measure analysis of variance for productivity of dominant species at the Sandy site and the Loamy site

Site Effect Species

L. chinensis P. turczaninovii S. baicalensis C. duriuscula

Sandy Site Drought 2.70 7.21* 5.92* 26.32***

Year 7.90** 0.38 2.35 0.42

Drought*Year 0.86 1.51 2.96^ 2.01

L. chinensis A. tanacetifolia I. ventricosa P. turczaninovii

Loamy Site Drought 0.19 0.97 0.41 0.25

Year 2.92^ 2.60^ 0.82 1.69

Drought*Year 0.94 1.64 1.48 1.45

Drought treatment was used as fixed factor, year as repeated measure factor and block as random factor. F-values and the significance levels
were shown

Statistical significance is depicted as:

^, 0.05 < p < 0.1; *, 0.01 < p < 0.05; **, 0.05 < p < 0.01; ***, p < 0.001
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and diversity were significantly reduced by experimen-
tal drought (Table 2 and Fig. S4). Relative to the Loamy
site, community structure in the Sandy site was signifi-
cantly altered by experimental drought in 2017 and
2018, and a significant negative drought effect on even-
ness was observed (Table 2 and Table S4).

Under experimental drought, community-weighted
mean and functional dispersion of SLA and LDMC
remains unchanged at both sites. Community-weighted
plant height decreased at both sites, while functional
dispersion of plant height decreased at the Sandy site
but remain unchanged at the Loamy site (Fig. 4 and
Table S5). Conversely, community-weighted LNC in-
creased at the Sandy site but remained unchanged at the
Loamy site, while the functional dispersion of LNC

decreased at both sites (Fig. 4 and Table S5). Species
at the Loamy site showed lower δ13C than at the Sandy
site (F = 196, P < 0.0001), and experimental drought did
not exert any significant effect on δ13C at either site
(Fig. 5). Communities at the Loamy site showed smaller
SLA (F = 28.2, P < 0.0001) and LNC (F = 28.2,
P < 0.0001), but greater height (F = 19.1, P = 0.001)
than at the Sandy site (Fig. 4).

Discussion

Briefly, plant communities were affected by experimen-
tal drought, and their resistance differed between the
two study sites. First, experimental drought biased the
NPP allocation towards belowground by almost halving
the ANPP at the Sandy site, while kept it unchanged at
the Loamy site by reducing ANPP and BNPP simulta-
neously but to a lesser extent. Second, experimental
drought affected the community structure reflected as
the effects on functional groups (forb and grass) and
species, but muchmore severely at the Sandy site than at
the Loamy site. Moreover, experimental drought deep-
ened the BNPP distribution and also reduced species
richness and diversity at both sites. Communities and
most species at the Sandy site showed greater δ13C,
SLA and LNC, but smaller plant height than at the
Loamy site. Under experimental drought, plant height
decreased at both sites, but converged only at the Sandy
site, whereas LNC converged at both sites, but its
community-level mean increased only at the Sandy site.
BNPP in both sites appeared less sensitive to extreme
drought. Instead, total ANPP was reduced in the year
starting extreme drought treatment at the Sandy site,
while such reduction was not observed until the fourth
year at the Loamy site, combining with the fact that
community composition was altered significantly at
the Sandy site but remained relatively stable at the
Loamy site, suggesting that the communities at the
Sandy site had higher resistance to drought. The re-
sponses and the resistance of the communities to ex-
treme drought may be modulated by functional traits,
community structure and soil water conditions.

From perspective of plant adaptation, the different
resistance between the two sites might be attributed to
distinct plant strategy of resource utilization reflected by
functional leaf traits. Indeed, we found a great difference
between the two sites in such functional traits of com-
munities or species as plant height, SLA, leaf δ13C and
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LNC (Table 4 and S7), which are closely related to
resource use strategies (Wright et al. 2004). Smaller
SLA and LNC at the Loamy site suggested that com-
munities were dominated by resource-conservative spe-
cies, which may be less sensitive to resource changes
like extreme drought (Reich 2014). The community-
weighted mean and functional dispersion of height and

LNC at the Sandy site were changed by experimental
drought and linked to the changes of ANPP (Table S8),
implying that experimental drought might have acted as
an environmental filter to limit interspecific trait expres-
sion and thus affected the community aboveground
productivity. Furthermore, we observed that all the stud-
ied species at the Sandy site had larger water use
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efficiency (lower leaf δ13C) than those at the Loamy
site, even for co-dominant species L. chinensis and
P. turczaninovii (Table 4 and S7). Since there’s little
C4 plant species present at either site, we cannot refer to
the C3 vs. C4 difference to explain this δ13C value
discrepancy. We suspected that the higher δ13C value
at the Sandy site is the evolutionary outcome under the
long-term pressure of soil water deficit or that the plas-
ticity in their morpho-physiology may play an important
role for these species to behave more water efficient.
Comparatively, at the Loamy site, the soil water deficit
was not so severe due to the higher soil water content
even under the similar ambient precipitation.

In our study, reduction in total ANPP was mainly
driven by forbs at both sites. This suggested that forbs
were more vulnerable to extreme drought than grasses,
which coincides with previous work (Chelli et al. 2016;
Hoover et al. 2014). Moreover, at the Sandy site the
dominant species L. chinensis exhibited greater drought
resistance than sub-dominants species, usually forbs,
resulting in a significant shift in species composition.
Many forbs have simpler taproots, while lack a large,
extensive fibrous root system as grasses, which likely
allows better tolerance to drought. Greater drought resis-
tance for L. chinensis at the Sandy site may also benefit
from its higher LNC, as plants usually increase their LNC
with increasing natural aridity or under experimental
drought (Liu et al. 2010; Luo et al. 2018). Increasing
LNC would enhance photosynthesis and/or nutrient-rich
soluble compound accumulation (Luo et al. 2015), help-
ing plants better adapt to drought. Instead, we found no
significant drought effect on individual species at the
Loamy site, and this further supported that soil water
deficit was not so severe at the Loamy site. In addition,
we observed great difference in functional traits of
L. chinensis between the two sites, as reflected by height,
leaf δ13C, SLA, LDMC and LNC. Such variation in
functional traits through phenotypic plasticity or genetic
variation was speculated to help L. chinensis adapt to
different soil water conditions. Although the communi-
ties at both sites were dominated by L. chinensis, they still
exhibited different drought resistance in the present study.
This implied that same dominant species does not neces-
sarily render the communities similarly resistant to
drought, because the drought-resistance of the communi-
ties could also be influenced by other factors, such as
functional structure of communities and soil properties.
However, L. chinensis was still important at both sites,
and perhaps more important in the Sandy site.

Unlike ANPP, total BNPP at both sites was not
significantly affected by experimental drought, suggest-
ing that BNPP apparently had greater drought resistance
than ANPP. Generally, root fraction was sensitive to
changes of soil water content, because root allocation
would always be adjusted to attain an optimal match
between the above- and belowground resource acquisi-
tion, particularly in time of water shortage (Li et al.
2011; Pang et al. 2011; Xu et al. 2015). Although the
drought-induced increase of community-level fBNPP at
the Sandy site is obviously resulted by the unchanged
BNPP and largely reduced ANPP, we still believe that
the increase of fBNPP was a combination of coordinated
plastic responses of every plant individual within the
community, and the species turnover towards a more
drought-resistant composition (Table S6 and S9). This
suggested that communities at this place have great
plasticity in root vs. shoot allocation and are able to
allocate proportionally more biomass into roots, the
structures responsible for water acquisition. Instead,
the unchanged fBNPP in response to experimental
drought at the Loamy site suggested that the communi-
ties had not experienced such high water limitation that
could stimulate the adjustment of root vs. shoot
allocation.

Different responses of biomass allocation between
the two sites implied that it was not necessary for the
communities to alter biomass allocation, unless extreme
drought occurred. Instead, the communities tend to pref-
erentially alter their vertical root distribution rather than
adjust their root vs. shoot allocation in response to the
experimental drought, as found by Zhang et al. (2019).
In the present study, we did observe deepened root
vertical distribution in response to experimental drought
at both sites; however, changing of vertical root distri-
bution mainly resulted from simultaneous increase of
BNPP in 10–20 cm and decrease of BNPP in 0–10 cm.
We acknowledged that roots deeper than 20 cm are not
quantified, root sampling depth is insufficient to declare
the panorama of BNPP, and root growth at deeper layer
may be most important in regulating plant drought re-
sistance. Therefore, deepened root vertical distribution
and increased fBNPP are not to be taken as absolute
estimates. Despite that, BNPP in 0–20 cm soil depth
accounted for nearly 70 percent of belowground bio-
mass according to the survey by Ma et al. (2008). After
all, even based on this upper layer roots, we did observe
the deepening of the root production in response to
extreme drought, which is an important result that we

191Plant Soil (2022) 473:181–194



expected. Adjusting root vertical distribution in re-
sponse to experimental drought indicated strong root
plasticity and flexible biomass allocation for plants to
maximize water uptake. Under increased drought, the
roots would be deepened because deeper roots are more
accessible to water and thus facilitate their drought-
resistance (Comas et al. 2013; Uga et al. 2013). Further-
more, we inferred that alteration of root vertical distri-
bution at community level under drought condition was
also driven by species composition changes and/or plas-
tic adaptation (Table S6 and S9). For example, many
forbs were identified as the shallow-rooted species, and
decreasing proportion of forbs under experimental
drought might underlie the lower BNPP in the shallow
soil (Table S9). Instead, many grasses had a larger and
deeper, more extensive fibrous root system and stronger
capacity to shift the root vertical distribution (Skinner
and Comas 2010). Therefore, the increased BNPP in
10–20 cm soil layer might be driven mainly by grasses.

Difference in drought resistance in terms of ANPP
between the two sites could be attributed to the discrep-
ancy of soil water content, as they were sharing domi-
nant species, bearing same species richness and
experiencing similar precipitation, which were usually
identified as main drivers of variation in resistance for
aboveground community attributes (Byrne et al. 2017;
Isbell et al. 2015; Knapp et al. 2015; Sasaki and
Lauenroth 2011). In our study, it may be such soil
physical properties as smaller bulk density and finer
texture that render better soil water condition at the
Loamy site rather than at the Sandy site, leading to
higher ANPP. As a result, greater litter coverage due
to higher ANPP would further improve soil physical
properties by increasing soil organic matter content, so
a benign cycling was formed. In addition, the thicker
litter layer, higher soil organic carbon and smaller spe-
cific leaf area would be more effective in preventing soil
water losing through evaporation and plant transpira-
tion. Both greater soil water retention and lower evapo-
transpiration resulted in higher soil water content at the
Loamy than at the Sandy site. Indeed, soil moisture at
the Loamy site under experimental drought was still
about 20%, i.e., at the similar level as the control plots
of the Sandy site. Thus, plant growth at the Sandy site
was strongly limited by soil water and thus appeared
more sensitive to experimental drought. Higher
drought-resistance in terms of ANPP at the Loamy site
suggested that soil water was not so scarce as to limit
plant growth so much as at the Sandy site. Although the

productivity of the temperate grasslands was usually co-
limited by nitrogen and water (Lü et al. 2018), there is
no evidence showing that nitrogen limitation levels
differ between the two sites.

Conclusions

The responses and resistance of the steppe communities
in terms of aboveground & belowground net primary
productivity and their allocation are subject to physiolog-
ical, morphological and community-level adjustments.
Our study supports the theory of hierarchical reaction of
plant communities, i.e., in response to drought, physio-
logical reaction (modifying LNC and water use efficien-
cy) is always the first, probably due to its reversibility and
thus least costly and risky, then followed by morpholog-
ical adjustment (changing productivity allocation, plant
height and SLA), and lastly by community-level species
turnover (shifting proportion of forbs and grass). Despite
of the limitation of the experiment, i.e., lack of rigorous
test due to only two study sites incorporated, our study
highlighted the importance of plant traits, community
composition and soil properties in modulating drought-
resistance of plant communities in grasslands, and at least
clued us on the underlying mechanisms.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
020-04767-y.
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