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Abstract
Background and aims Nitrogen deposition and altered
precipitation regime are likely to change plant growth,
biomass allocation and community structure, which
may influence susceptibility of ecosystem functions
(i.e. ecosystem carbon exchange) to extreme climatic
events, such as drought.
Methods In a meadow steppe, we deployed a drought
treatment on a long-term water and nitrogen addition
experiment to investigate resource abundance changes
induced variation in the sensitivity of ecosystem carbon
exchange to extreme drought.

Results Compared to the control plots, long-term water
and nitrogen addition caused a strong increase in bio-
mass, and a reduction in diversity and root/shoot ratio.
Net ecosystem CO2 exchange (NEE) in water and ni-
trogen addition plots were more sensitive to drought
stress than the control plots. The enhanced NEE drought
sensitivity (SNEE) in nitrogen fertilization habitat is as-
sociated with changes in aboveground biomass and
root/shoot ratio, rather than variation in species diversi-
ty, while SNEE in the unfertilized plots was controlled by
root/shoot ratio. Compared to the water and nitrogen
addition plots, the control plots had the highest percent-
age recovery of ecosystem carbon exchange (RNEE)
during the rehydration period. RNEE is likely determined
by aboveground biomass and level of damage in the
photosynthetic organ.
Conclusion These findings suggest that long-term
changes in precipitation regimes and nitrogen deposi-
tion may significant alter the susceptibility of key eco-
system processes to drought stress.

Keywords Extreme drought . Precipitation . Nitrogen
deposition . Grassland . NEE

Introduction

The ongoing global climate changes are likely to in-
crease the occurrence of extreme climatic events
(drought etc.) on global and regional scales in the near
future (Hansen et al. 2012; IPCC 2007; Jiang et al.
2012b). Simultaneously, alterations in global
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precipitation regimes and nitrogen deposition were fore-
casted and observed by many studies over the past few
decades (Christensen et al. 2004; Galloway et al. 2008;
Wang et al. 2015a). These long-term alteration in pre-
cipitation and nitrogen deposition will not only affect
plant growth, biomass allocation and community struc-
ture (Bai et al. 2008; Xu et al. 2014; Yang et al.
2012), but also influence the resistance and resil-
ience of ecosystem processes (such as ecosystem
carbon cycling) to extreme climatic events such as
drought (Friedrich et al. 2012; Smith et al. 2016).
Recent studies have focused on the impacts of
either long-term global change factors or short-term
climate extremes on temporal variability of ecosystem
functions, for instance productivity, stability and nutri-
ent cycling, in various types of grassland (Knapp et al.
2002; Niu et al. 2010; Smith 2011; Wang et al. 2015b).
Nevertheless, there is a clear need to understand how
severe drought will impact the ecosystem, which has
been altered in species composition, biomass allocation
by long-term and chronic global change factors, such as
increase in precipitation and nitrogen deposition
(Friedrich et al. 2012; Xu et al. 2014).

The responses of ecosystem processes to drought,
especially ecosystem carbon (C) fluxes, are an important
topic of global climate change research given that al-
tered ecosystem carbon balance may have feedback
effects to climate change (Ciais et al. 2005). Due to lack
of deep roots and water storage organs, grassland plants
are very dependent on abundant natural precipitation
and suitable topsoil moisture (Cherwin and Knapp
2012). A short-term extreme drought event has the
potential to induce significant, long-term and dispropor-
tionate ecological impacts (Knapp et al. 2017; Tilman
and Elhaddi 1992). The results of previous studies on
the responses of ecosystem carbon exchange to severe
drought suggest that a severe drought will cause a great
reduction in gross primary productivity with ecosystem
respiration decreasing concurrently (Ciais et al. 2005;
Hoover et al. 2014; Shi et al. 2018; Shi et al. 2014).
Drought affects grassland ecosystem CO2 exchange
primarily through decreasing in soil water content and
breaking the balance of water supply-demand for a
given plant community, which cause CO2 starvation
and untimely senescence or mortality of photosynthetic
tissues (Bréda et al. 2006; Frank et al. 2015; Hoover
et al. 2017;Mirzaei et al. 2008). In general, the grassland

drought resistance is determined by (1) higher plants
diversity and more redundant structure (Yachi and
Loreau 1999); (2) greater water use efficiency (De
Boeck et al. 2006) and (3) better water acquisition and
conservation ability (Wang et al. 2007). However, the
impact of mechanisms (1) and (2) on resistance may
mainly be reflected in prolonged and/or frequent
drought climate, and the third mechanism may be more
valuable in shorter isolated extreme drought events due
to more direct mode of action. Overall, it is very difficult
to assess and predict exact effects of changes of envi-
ronmental factors (such as nitrogen and water addition)
on drought susceptibility of ecosystem carbon exchange
with a short period extreme drought because of un-
known complex interrelations between environmental
driving factors and plant community status, which are
varying simultaneously (Knapp et al. 2008; Pfisterer and
Schmid 2002).

Generally, most grassland ecosystems were limited
by the availability of nitrogen and water, which can
influence plant growth, biomass allocation and commu-
nity composition (Knapp et al. 2008; Niu et al. 2009;
Reynolds and D'Antonio 1996; Wang et al. 2015a; Xu
and Zhou 2005). To date, most of studies have found
that either water or nitrogen addition all could enhance
biomass production (Brueck et al. 2010; Jiang et al.
2012a; Yan et al. 2011), and reduce plant diversity and
root-shoot ratio (Gonzalez-Dugo et al. 2010;
McConnaughay and Coleman 1999). Many studies
have suggested that N and water addition could make
grassland ecosystems more sensitive to extreme drought
events (Xu et al. 2014), because of the changing of
biomass and biomass allocation, which are associated
with water acquisition and conservation ability of plant
communities (Cherwin and Knapp 2012; Frank et al.
2015; Wang et al. 2007). The results of previous studies
have shown a negative correlation between drought
resistance and aboveground biomass, which presumably
because less aboveground biomass is associated with
reduced leaf area and water consumption (Huston 1997;
Mirzaei et al. 2008). In moist subtropical grassland,
Wang et al. (2007) found the resistant to drought stress
benefits more from lower biomass than from higher
plant diversity. In addition to biomass, biomass alloca-
tion may also have profound impacts on ecosystem
drought resistance and recuperability by affecting the
coupling of water supply and demand (Tilman et al.
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2006). Previous drought studies focusedmore on chang-
es in biomass and biomass allocation. Not much infor-
mation are available on drought response and recovery
of ecosystem carbon exchange, especially at fine time-
scale. Ecosystem carbon exchange measurements at
high resolution are useful for the understanding of in-
teractive effects of chronic global change factors and
short-term climate extremes on key ecosystem functions
(carbon cycling etc.).

To examine the individual and combined effects of
long-term changes in both precipitation and nitrogen
deposition on drought sensitivity of ecosystem carbon
exchange in grassland ecosystems, we experimentally
simulated an extreme drought event in a native meadow
steppe in northeast China, which have been treated with
water and/or nitrogen addition for 3 years. We investi-
gated the response of ecosystem C fluxes to drought and
rehydration under the four experimental treatments
(control, N addition, water addition, N and water addi-
tion in combination). We hypothesized that (1) ecosys-
tem C exchanges will be inhibited by the manipulated
drought treatment; (2) drought sensitivity of ecosystem
C exchanges is likely to be enhanced in the nitrogen and
water addition plots; (3) the plant water supply - demand
balance may play important roles in regulating the re-
sponse of ecosystem carbon exchange to drought in the
studied meadow steppe.

Materials and methods

Study site

This experiment was carried out in Changling Horse
Breeding Farm (44°30′-44°45′N, 123°31′-123°56′E),
which is located in Western Jilin Province, Northeast
China. For the studied area, mean annual temperature
(1950–2004) is 6.4 °C and mean annual precipitation
(1950–2004) is 471 mm with 80% rainfall occurring
during the growing season (May to September). The
main soil type is chernozem soil with soil organic car-
bon content of 2.0% and total nitrogen content of
0.15%. In the studied area, vegetation is dominated by
perennial grass Leymus chinensis, other perennial
plants, such as Phragmites australis, and Kalimeris
integrifolia and annual plants, such as Chloris virgata
are also abundant (Brad et al. 2010; Qu and Guo 2003).

For the present study, plants were classified into three
functional groups: annuals or biennial herbage
(AH, i.e. C. virigata and Setaria viridis), perennial
grasses (PG, i.e. L. chinensis, P. australis,
K. integrifolia and Hemarthria altissima) and pe-
rennial forbs (PF, i.e. Lespedeza davurica and Artemisia
mongolica). The studied meadow has been historically
used for hay production. In 2010, we fenced an area of
100 m × 100 m experimental grassland, which has sim-
ilar vegetation composition compare to the rest of the
meadow. Grazing and mowing were excluded for the
fenced grassland.

Experimental design

In May 2012, 6 blocks (each 20 m × 20 m, 10 m apart
between each blocks at least) with similar vegetation
composition were established within the experimental
site. We divided each block into 4 plots (each plot has an
area of 10 m × 10 m), and assigned one of the four
treatments randomly (control, CK; nitrogen addition,
N; water addition, W; nitrogen and water addition,
NW). Water addition was applied manually as 15 mm
of precipitation biweekly from May to September. In
total, 120 mm water (about 25% of annual mean pre-
cipitation) was supplied throughout the growing season
from 2012 to 2014. Groundwater (120 m deep) was
used for the irrigation treatment. Compared to
rainwater, groundwater has less nitrogen content
and high pH value. Nitrogen addition plots were fertil-
ized with urea at a rate of 10 g N m−2 yr.−1 (5 g N m−2

each for May and July), which was the maximum satu-
ration nitrogen application for most grassland (Bai et al.
2010; Shi et al. 2018).

The extreme drought experiment was carried out in
2014 on the each aforementioned CK, N, W and NW
plots, in total, with 6 replications. The extreme drought
experiment consisted of a 45 d drought phase (16-Jun to
31-July). In each plot, a 3 m × 3 m sub-plot was
established. The 2 mm corrosion resistant plate was
placed around the sub-plot, with 20 cm aboveground
and 30 cm underground, to prevent water from the
overland runoff and belowground lateral soil infiltration.
The extreme drought event was simulated by installing
rainout shelters (3.5 m × 3.5 m) with transparent acrylic
roof (> 90% light permeability), and the rainfall
intercepted by the rainout shelters was collected with
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buckets and removed from the experiment blocks. At
the end of the drought phase, the rainout shelters were
removed and each subplot received a 30 mm precipita-
tion at once in one day (manually irrigated with 120 m
deep phreatic water).

Vegetation sampling

Vegetation survey was conducted on June 15th (before
the drought treatment), July 31st (after the drought
treatment) and August 30th (after the recovery period),
respectively. In each subplot, we surveyed number of
plant species, accounted individual number of each
species and estimated percentage cover of each species
in 4 randomly placed quadrats (0.5 m × 0.5 m). Plant
community diversity was calculated as the Shannon-
Wiener index:

SD ¼ − ∑
s

i¼1
Piln Pi

Where SD is the Shannon-Wiener index, Pi is the
proportion of the individual number for ith species over
the individual number of all species, and S is the number
of species.

For the 4 vegetation survey quadrats, we randomly
picked one quadrat and harvested aboveground plant
materials for the measurements of aboveground biomass
(AGB) following the vegetation survey. Belowground
biomass (BGB) was determined by washing the roots
out of a soil core with a diameter of 10 cm and a depth of
15 cm. The harvested plant materials were oven-dried at
70 °C to a constant weight. The total biomass (TB) was
calculated as the sum of AGB and BGB. The root/shoot
ratio was calculated as BGB/AGB.

Ecosystem carbon flux measurement

Ecosystem CO2 exchange was measured with a transpar-
ent chamber (width and depth of 0.5 m and height of 1 m)
attached to an infrared gas analyzer (IRGA; LI-6400,
LiCor, Lincoln, NE, USA). Within the chamber, 4 small
electric fans (about 30 cm above the plants) ran continu-
ously to promote air mixing during the ecosystem carbon
exchange measurement. An iron frame (0.5 m × 0.5 m)
was inserted into the soil to a depth of 5 cm in each
subplot before the start of the drought experiment
(May 2014). The iron frames were used to mount the
ecosystem CO2 exchange chamber. For each ecosystem

carbon exchange measurement, air inside the chamber
was allowed to equilibrium for 30 s after the chamber was
mounted on top of the iron frame. Concentrations of CO2

(μmol mol−1) and H2O (mmol mol−1) were consecutive
logged at 10 s intervals during a 120 s measurement
period. The net ecosystem CO2 exchange (NEE) and
evapotranspiration (ET) were calculated from changes
of the CO2 and H2O concentrations. After the measure-
ment of NEE, the chamber was vented with ambient air
for 30 s; CO2 concentration was measured again using
the chamber covered by an opaque cloth in order to
calculate ecosystem respiration (ER). Details about the
measurements of NEE and ER have been described in a
previous study (Jiang et al. 2012a). The gross ecosystem
production (GEP) was calculated as: NEE + ER. On sun-
ny days between 9:00 and 11:00 h, we conducted the
NEE measurements, which represent the maximum pho-
tosynthetic capacity of the studied steppe ecosystem in
the nature environment during the day. Ecosystem CO2

exchange measurements were conducted 6 times
(Jun 16th, Jun 25th, Jul 2nd, Jul 13th, Jul 22nd and
Jul 29th) during the drought phase.

Measurements of precipitation, soil moisture,
temperature and pH

Precipitation and air temperature data were obtained
from an eddy tower roughly 15 km away from the
experimental site. Soil moisture and soil temperature at
10 cm depth were recorded with the measurements of
ecosystem CO2 fluxes. Soil water content was measured
using an ECH2O soil moisture sensor (EC-5, Decagon
Ltd., Pullman, WA, USA) and data were read with a
ProCheck (Decagon Ltd., Pullman, WA, USA). Soil
temperature was measured by a temperature probe
(6000-09TC) coupled to an infrared gas analyzer (LI-
6400, LiCor Inc., Lincoln, NE, USA). In each subplot, 3
soil cores (0–15 cm) were collected and mixed into a
soil sample at the end of July. Roots and organic debris
were removed using a 2 mm sieve. After being air-dried
to a constant weight, the soils were suspended in DI
water (soil: water = 1:5) and the pH value was deter-
mined by a pH meter (PHS-3E INESA Scientific
Instrument Co., Ltd., Shanghai, P. R. China).

Statistical analysis

For the drought and recovery phase, we calculated av-
erage soil moisture, soil temperature, AGB, BGB, TB,
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and root/shoot ratio, respectively. For the drought phase,
we calculated the linear dependence of the drought
induced relative change in NEE (ΔNEEs) on drought
duration and used the slope as the sensitivity of ecosys-
tem carbon exchange to drought (SNEE). The ΔNEEs
was calculated as:

ΔNEEsi ¼ NEE0−NEEsið Þ=NEE0

whereΔNEEsi is the drought induced change in NEE at
the ith day, NEEsi is the NEE at the ith day, NEE0 is the
NEE at the beginning of the drought phase (Jun 16th).
The recuperability of ecosystem carbon exchange
(RNEE) during the recovery phase was determined as:

RNEE ¼ NEEL=NEE0

where NEEL is the NEE at the end of the rehydration
period (Aug 31st), NEE0 is the NEE at the beginning of
drought phase (Jun 16th). ANOVA were employed to
analyze the effects of water addition, nitrogen addition
and their interactions on the soil temperature, AGB,
BGB, root/shoot ratio, water use efficiency (WUE =
NEE/ET), SNEE during the drought phase and RNEE

during the recovery phase. One-way ANOVA followed
by Duncan’s post hoc tests was used to compare differ-
ences among the CK, W, N, and WN sub-plots in SNEE,
RNEE, WUE, AGB, BGB and root/shoot ratio, respec-
tively. Repeated measures analysis was performed to
compare differences among the CK, W, N, and WN
sub-plots in NEE, soil moisture and temperature during
the drought phase or recovery phase. Pearson correla-
tion was conducted among the explanatory variables
(WUE, AGB, leaf water content, root/shoot ratio, com-
munity cover, soil total nitrogen content, species diver-
sity, species richness, soil pH and soil conductivity) to
examine the covariation among variables. The principal
component analysis (PCA) was used to achieve the
representative first principal component (PC1CN ex-
plained ~ 99% of variation) for the redundancy analysis
(RDA). Multiple linear regression analysis was used to
evaluate the dependence of SNEE on AGB and
root/shoot ratio, and the dependence of RNEE on soil
moisture and AGB. Univariate linear regression analysis
was carried out to assess relationships between SNEE or
RNEE and the measured variables (AGB, root/shoot
ratio, soil temperature and soil moisture). PCA and
RDAwere conducted by CANOCO for Windows 5.0 (
www.microcomp uterpower.com , trial version from
Richard E. Furnas, New York, USA). Other statistical

analyses were performed using SAS software (SAS 8.0,
SAS Institute Inc., Cary, NC, USA).

Results

Environmental conditions

There were no significant variations in daily mean air
temperature throughout the drought and recovery phases
(Fig. 1a). During the drought period, the rainout shelter
excluded about 60 mm precipitation which was 14.6%
of the long-term average growing season precipitation
(411 mm). During the drought phase, soil moisture (0 –
10 cm) reduced by 63%, 48%, 40 and 45% in the CK,
W, N and WN sub-plots, respectively (P < 0.001), with
the relative decrease of soil moisture in the CK sub-plots
was greater than others (Fig. 1b). For each treatment, we
detected substantial temporal dynamics in 0 – 10 cm soil
temperature during the experimental period. The N
and WN sub-plots had lower 0 – 10 cm soil
temperature relative to the CK and W sub-plots (Fig.
1c). Two years of water and nitrogen addition had no
significant impacts on soil pH and soil electrical con-
ductivity (Table 1).

Vegetation and biomass

Plant community density in the N and WN plots was
significantly higher than in the control plots; whereas
water addition had no significant impacts on plant com-
munity density (Table 1). Both water and nitrogen ad-
dition reduced plant species diversity and richness; how-
ever, the magnitude of decrease was greater in the N
plots (Table 1). Plant functional group responded differ-
ently to nitrogen and water treatments, with perennial
grasses and forbs increased in aboveground biomass
(AGB) in all fertilized plots, but no apparent change in
water addition plots (Table 1). For annuals or biennial
herbage, we found a stimulating effect of the water
addition treatment on their AGB (Table 1). In all plots,
the AGB was dominated by perennial grasses.

For all treatments, the AGB and belowground bio-
mass (BGB) increased during the drought phase. The
BGB increased, whereas AGB decreased during the
recovery phase. Compared to the control treatment, the
average values of AGB and BGB were greater in the
nitrogen addition sub-plots during both drought and
recovery phases (Fig. 2). For the drought period, the
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average values of BGB were lower in the water addition
subplots relative to the control subplots; whereas no
differences were detected in AGB between the W and
CK sub-plots (Fig. 2). For the recovery phase, there
were no differences in average AGB and BGB between
the Wand CK treatments (Fig. 2). After 2 years of water

and nitrogen addition, root/shoot ratio was significantly
reduced in the N, W and WN sub-plots relative to the
control sub-plots (Fig. 2). There was no significant
difference among the CK, W and WN sub-plots in
root/shoot ratio; whereas root/shoot ratio in the N sub-
plots was lower than in the CK sub-plots during the
recovery phase (Fig. 2).

Ecosystem CO2 exchange

With the intensification of the drought stress, net eco-
system CO2 exchange (NEE) and gross ecosystem pro-
duction (GEP) showed patterns of reducing for all the
sub-plots (Fig. 3a, b). However, the magnitude of de-
crease was more significant in the N and WN sub-plots.
Compared to the CK andW sub-plots, nitrogen addition
sub-plots had faster recovery rates in NEE and GEP
(Fig. 3a). During the rehydration period, NEE increased
by 18.6%, 73.6%, 107.5 and 93.5% in the CK,W, N and
WN sub-plots, respectively. Ecosystem respiration (ER)
showed no apparent variation for both drought and
recovery phases (Fig. 3c). N addition significantly en-
hanced the values of evapotranspiration (ET) at early
period of the drought treatment (Jun 16th, Jun 25th,
Jul 2nd; P < 0.01, Fig. 3d). Decreasing patterns in ET
during the drought period were detected in the fertilized
plots but not in the unfertilized plots. There were posi-
tive correlations between NEE and SM in all treatments,

Fig. 1 Information on (a) daily precipitation (bars, mm) and daily
mean air temperature (lines, °C) of the field site during the exper-
imental period. Patterns on (b) soil moisture (V/V%) and (c) soil
temperature (°C) at 0 – 10 cm depth in the CK,W, N, andWN sub-
plots during the drought and recovery phase. Insets in panel (b)
and (c) are the means of drought-induced changes in soil moisture
and soil temperature during drought phase, respectively. Different
lowercase letters indicate significant differences (P < 0.05) among
the treatments (Duncan’s test). CK: control; W: water addition; N:
nitrogen addition; WN: water and nitrogen added in combination.
Data are reported as mean ± 1 SD (n = 6). Arrows on bottom of
panel (b) and panel (c) indicate date that the rainout shelters were
removed and the rehydration treatments were applied

Table 1 Values of soil pH (unitless value), soil electrical conduc-
tivity (EC, μs cm−1), vegetation density of the community (VD,
plant m−2), Shannon-Wiener index (SD, unitless value), species
richness (SR, species), aboveground biomass (gm−2) of annuals or
biennial herbage (AB), perennial grasses (PG) and perennial forbs
(PF) at the beginning of the drought in June of 2014. Values are
presented as mean ± 1 SD (n = 6). Different letters in a column
indicate significant difference among treatments at the P < 0.05
level (Duncan test). CK: control; W: water addition; N: nitrogen
addition; WN: water and nitrogen added in combination

CK W N WN

pH 8.87 ± 0.57a 9.05 ± 0.37a 8.99 ± 0.50a 9.16 ± 0.06a

EC 432.2 ± 83.7a 386.5 ± 48.2a 425.1 ± 89.4a 379.2 ± 57.6a

VD 445.4 ± 20.8a 487.1 ± 45.5a 851.5 ± 25.3b 988.8 ± 44.1c

SD 0.73 ± 0.07b 0.63 ± 0.08b 0.40 ± 0.17a 0.44 ± 0.09a

SR 10.5 ± 0.4c 7.5 ± 1.5b 5.6 ± 1.1a 6.9 ± 1.0ab

PG 195.9 ± 32.7a 175.6 ± 6.5a 423.7 ± 24.0b 401.9 ± 31.0b

AB 1.60 ± 0.58a 3.97 ± 1.26c 1.30 ± 0.39a 2.83 ± 1.09b

PF 5.35 ± 2.31a 3.64 ± 1.69a 11.40 ± 4.14b 11.65 ± 3.65b
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however the relationships between NEE and soil tem-
perature were insignificant (Fig. S1).

Drought susceptibility of NEE

For the drought phase, strong positive correlations were
detected between NEE and soil water content (P < 0.05).
There were significant differences in SNEE among the
treatments (Fig. 4a) with SNEE values in the water and
nitrogen addition subplots were greater than it in the CK
sub-plots (Fig. 4a). There were significant interactive
effects between nitrogen and water addition on SNEE
(Tables 2 and 3).

Redundancy analysis (RDA) was performed to dis-
cern possible linkages between community SNEE and
vegetation or environment parameters (Fig. 5). Nine
significant parameters were included in the RDA.
Samples were grouped together on the basis of experi-
mental treatments, which was consistent with the clus-
tering result of the community SNEE. The first axis was
correlated with WUE, AGB, root/shoot ratio, commu-
nity cover and soil total nitrogen content, which were
mainly caused by N fertilization. The second axis was

negatively correlated with species diversity, species
richness and root/shoot ratio. On the basis of the rela-
tionship between the variables and community stability,
the AGB, root/shoot ratio and species richness was the
major factors influencing the community SNEE.

After data from the 4 treatments were pooled togeth-
er, the SNEE values were divided into the fertilized group
and unfertilized group. SNEE was negatively correlated
with root/shoot ratio (Fig. 6b), and positive related to
AGB in both the fertilized and unfertilized plots (Fig.
6a). We also detected a significant dependence of SNEE
on AGB and root/shoot ratio in the unfertilized (SNEE =
− 0.204 Root/shoot ratio + 1.424, R2 = 0.852,P < 0.001)
and fertilized (SNEE = 5.785 AGB - 0.204 Root/shoot
ratio - 0.070, R2 = 0.722, P = 0.003) plots.

Effects of water and nitrogen addition on the recovery
of NEE

After the rainout shelters were removed and plants were
rehydrated, NEE gradually increased in all treatments;
however there were significant differences in the
recuperability of ecosystem carbon exchange (RNEE)

Fig. 2 Patterns of (a) total biomass (TB, g m−2), (b) aboveground
biomass (AGB, g m−2), (c) belowground biomass (BGB, g m−2)
and (d) root/shoot ratio during the drought and recovery phase.
The inset bar figures are the means of TB, AGB, BGB and root/
shoot ratio for the drought (left) and recovery (right) phase.

Different lowercase letters on top of the bars indicate significant
differences (P < 0.05) among the treatments (Duncan’s test). CK:
control; W: water addition; N: nitrogen addition; WN: water and
nitrogen added in combination. Data are reported as mean ± 1 SD
(n = 6)
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among the treatments (Fig. 4b). The CK subplots had
greater RNEE values relative to the W, N and WN sub-
plots (Fig. 4b), meanwhile the CK subplots also reached
the peak value faster (Fig. 3a). There were no interactive
effects between nitrogen addition and water addition on
RNEE (Table 2). For the recovery phase, we found RNEE

was positively correlated with AGB in both fertilized
and unfertilized plots (Fig. 6c), and uncorrelated with
soil water content (Fig. 6d).

Discussion

Effects of drought on ecosystem C fluxes

The ecological importance of more frequent and severe
drought in the future for terrestrial ecosystem is widely
recognized (Ciais et al. 2005; Hoover et al. 2014;
Reichstein et al. 2002). Our results revealed that the
simulated extreme drought caused sharp reduction in
surface soil moisture (Fig. 1) and significant decrease
in NEE in all experiment treatments (CK, W, N and

WN). Similar results have also been reported in other
grassland ecosystems (Jongen et al. 2011; Knapp et al.
2002; Shi et al. 2014). These results suggest that soil
water availability, but not temperature (fluctuated
randomly throughout the experimental period, Fig. 1),
play a dominating role in regulating impact of drought
events on C uptake or release in terrestrial ecosystems
(Niu et al. 2008; Wang et al. 2015a). Indeed, we found
that NEE were more tightly associated with changes in
soil moisture (P < 0.05) than the soil temperature (P >
0.05) during the drought phase (Fig. S1). The observed
water-dependent of ecosystem CO2 fluxes may be par-
tially attributed to the lack of deep roots and water
storage organs for the dominant plant community in
the Songnen meadow steppe.

In this study, the drought treatment had no apparent
impacts on ER; therefore the observed reduction in NEE
are likely primarily caused by decrease in GEP (Fig. 2).
Differential drought susceptibility between carbon as-
similation and respiration were detected previously in
other grassland ecosystems (Ciais et al. 2005; Jentsch
et al. 2011; Schwalm et al. 2010). Our results, along

Fig. 3 Variation of (a) net ecosystem CO2 exchange (NEE, μmol
CO2 m−2 s−1), (b) gross ecosystem production (GEP, µmol CO2

m−2 s−1), (C) ecosystem respiration (ER, µmol CO2 m
−2 s−1) and

(D) ecosystem transpiration (ET, mmol H2O m−2 s−1) in the CK,W,
N, and WN sub-plots during the drought and recovery phase. CK:

control; W: water addition; N: nitrogen addition; WN: water and
nitrogen added in combination. Arrows on bottom of each panel
indicate date that the rainout shelters were removed and the rehy-
dration treatments were applied. Data are reported as mean ± 1 SD
(n = 6)
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with other studies (Bloor and Bardgett 2012; Shi et al.
2014), suggest that most grassland plants, especially the
dominant perennial grasses, tend to maintain basic bio-
logical activities of the existing biomass than to give up

some existing tissues to keep carbon fixation under the
conditions of water stress. This more cautious tactic,
akin to isohydric plants, avoids the potentially fatal risks
related to an excessive reduction in water potential, and
have higher photosynthetic recovery potential after the
drought (Kursar et al. 2009; McDowell et al. 2008). In
both unfertilized and fertilized subplots, we found that
RNEE in the recovery phase was positively correlated
with the AGB (Fig. 6d), which is tightly associated with
leaf area index (LAI) and photosynthetic units. The
isohydric tactic undoubtedly benefits grassland plants
to adapt to capricious climate with frequent and transi-
tory drought events. However, the benefits associated
with isohydric tactic may diminish under conditions of
severe and prolonged drought stress because of abiding
carbon starvation (McDowell et al. 2008).

Factors affecting SNEE

In line with our expectation, we found that nitrogen
addition (with or without water addition) had strong
impacts on SNEE in the studied meadow steppe (Fig.
5c; Table 2). Recently, Hautier et al. (2014) reported that
N enrichment decreases grassland stability through a
combination of diversity-dependent effects on temporal
variation of productivity and species asynchrony. We
detected a potential positive trend, although it’s not
continuous, between SNEE and AGB when data from
the 4 treatments were pooled together (Fig. 6a). The
results of the RDA also showed that AGB and its
potentially related variables contributed the most
(38.0%) to SNEE variation (Fig. 5), indicating a signifi-
cant impact of the AGB or related factors (water demand

Fig. 4 Differences in (above) the drought sensitivity of NEE (SNEE,
% d−1) and (below) the recovery of net ecosystem CO2 exchange
(RNEE,%) among the treatments. CK: control;W:water addition; N:
nitrogen addition; WN: water and nitrogen added in combination.
Data are reported as mean ± 1 SD (n = 6). Different letters above the
bars denote significant differences among the treatments (P < 0.05)

Table 2 Results (F and P values) of a two-way ANOVA on the
effects of nitrogen addition (N), water addition (W), and their
interactions on root/shoot ratio (unitless), aboveground biomass
(AGB, kg m−2) and drought sensitivity of net ecosystem carbon

exchange (SNEE, μmol m−2 s−1/ %) during the drought phase,
root/shoot ratio (unitless), soil moisture (SM, V/V%) and
recuperability of ecosystem carbon exchange (RNEE, % /d) during
the recovery phase

Drought phase Recovery phase

Root/shoot ratio AGB SNEE AGB SM RNEE

df F P F P F P F P F P F P

N 1 82.22 <0.01 2580 <0.01 340.92 <0.01 678.32 <0.01 62.25 <0.01 22.07 <0.01

W 1 6.23 0.02 0.853 0.37 1.911 0.18 0.913 0.35 17.81 <0.01 3.841 0.06

N×W 1 87.09 <0.01 2.639 0.12 19.28 <0.01 0.313 0.58 65.11 <0.01 1.259 0.28

The bold numerals highlight significance at the P < 0.05 level
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or water transpiration etc.) on drought sensitivity of
NEE (Fan et al. 2008; Müller et al. 2000; Seagle and
McNaughton 1993). In fact, we found that the N and
WN subplots had greater ET values relative to the CK
and W subplots at early period of the drought treatment

(Jun 16th, Jun 25th, Jul 2nd; P < 0.01, Fig. 3d). It is
reasonable that greater AGB is associated with greater
resource requirements to maintain plant physiological
activities and growth, which will ultimately lead to a
larger risk that drought event make water and/or carbon
supply unable to meet plant optimal transpiration and/or
respiration demand and eventually cause more damage
on plant (Brooks and Coulombe 2009; van
Heerwaarden et al. 2005). In a previous study, Wang
et al. (2007) also suggested that the communities with
lower biomass production were more resistant to
drought stress than productive communities. Together,
these results highlight the controlling effects of above-
ground biomass on SNEE.

The addition of limiting resources (such as nitrogen
and water) not only enhance biomass production, but also
reduce root/shoot ratios, which have been observed in our
experiment and many other studies (Friedrich et al. 2012;
Wang et al. 2015a; Yan et al. 2011). In contrast to the
strong reduction in soil moisture, the manipulated drought
treatment had limited impacts on aboveground biomass
and root/shoot ratios, which was largely due to the irre-
versibility of plant growth (Fig. 2). In this study, we
observed positive effects of water and nitrogen addition
on SNEE (Fig. 4), which may partially have resulted from
differences in biomass allocation on account of the long-
term adaptation of local plants to altered environment
resource level (Tilman et al. 2006). In resource-rich hab-
itats, the assimilated carbon is primarily allocated to the
growth of the aerial portion to compete for light rather
than below-ground resource acquisition as a result of the
existing roots were enough to absorb water and nutrients

Table 3 Results (F and P values) of a repeated measure analysis
on the effects of time (T), nitrogen addition (N), water addition
(W), and their interactions on net ecosystem carbon exchange

(NEE, μmol CO2 m−2 s−1), soil moisture (SM, V/V%) and soil
temperature (ST, °C) during the drought phase or the recovery
phase

Drought phase Recovery phase

NEE SM ST NEE SM ST

df F P F P F P F P F P F P

T – 66.42 <0.01 277.37 <0.01 155.69 <0.01 86.44 <0.01 275.90 <0.01 28.80 <0.01

T ×N – 30.67 <0.01 5.463 <0.01 2.711 0.01 27.62 <0.01 3.385 0.01 0.531 0.66

T ×W – 3.311 <0.01 3.012 <0.01 0.959 0.46 10.51 <0.01 5.205 <0.01 0.470 0.70

N 1 727.31 <0.01 113.54 <0.01 5.548 0.03 451.13 <0.01 109.40 <0.01 10.76 0.04

W 1 0.002 0.96 2.630 0.12 0.009 0.93 5.457 0.03 18.13 <0.01 0.006 0.94

N×W 1 5.572 0.03 6.655 0.02 0.291 0.60 3.474 0.08 73.41 <0.01 0.681 0.42

The bold numerals highlight significance at the P < 0.05 level

Fig. 5 Redundancy analysis (RDA) with SNEE in all treatments as
response variable and nine variables constrained by plant and soil
properties as explanatory variables. The abbreviations of the ex-
planatory variables are WUE, water use efficiency; AGB, above-
ground biomass; R/S, root/shoot ratio; C, community cover; SN,
soil total nitrogen content; SD, species diversity; SR, species
richness; pH, soil pH; SC, soil conductivity. The values of Axis
1 and 2 are percentages of total variations that can be attributed to
the corresponding axis
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for plant growth (Tilman 1990). However, lower root/
shoot ratio is often associated with greater water dissipa-
tion and/or lesser water absorption ability, which may
make the balance of water supply and demand more
fragile and reduce drought tolerance of plant community.
Indeed, significant negative correlations between SNEE
and root/shoot ratio were detected in both fertilized and
unfertilized subplots (Fig. 6b), which suggest that
root/shoot ratio may play a crucial role in regulating
SNEE. Moreover, in line with the results of many drought
resistance studies, we also observed that SNEE was nega-
tively correlated with diversity (R2 = 0.752, P < 0.001)
which was altered by the water and nitrogen addition.
Nonetheless, the observed relationships between diversity
and resistance may be only a statistical artifact, which was
caused by potential link between biomass and diversity.
Moreover, over 95% of biomass in the experimental
ecosystem was contributed by a single perennial grass
species (L. chinensis), which also makes the impacts of
diversity likely ignorable.

Factors affecting RNEE

Although existing NEE and carbon sequestration poten-
tial was maintained at a higher level in resources rich
environment (Fig. 3), the water and/or nitrogen addition
strongly reduced the recuperability of ecosystem carbon
exchange during the recovery period (Fig. 4). This may
essentially just be on account of the more drought dam-
age on plant photosynthesis organ with high AGB dur-
ing the drought period, rather than AGB itself during the
recovery period (Fig. 6c). There is no doubt that the
more severe imbalance of water supply and demand
results in the dehydration of plant leaves and the damage
of photosynthetic enzyme in the fertilized subplots.
Compared to the stomatal limitation, enzymatic limita-
tion requires longer time to recover (Brad et al. 2010; Hu
et al. 2010; Taylor et al. 2011), which may responsible
for the slower recovery of NEE in the fertilized subplots
during the rehydration period. Moreover, the effects of
nitrogen and water addition on recovery of NEE may

Fig. 6 Response of the drought sensitivity of net ecosystem carbon
exchange (SNEE) to (a) aboveground biomass (AGB, g m−2), (b)
root/shoot ratio. Dependence of the recovery of net ecosystem CO2

exchange during the rehydration period (RNEE) on (c) root/shoot

ratio, (d) mean soil moisture (V/V, %). *** represents significant
relationships at the P < 0.001 level; ** represents significant rela-
tionships at the P < 0.01 level; and * represents significant relation-
ships at the P < 0.05 level
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also depend on drought intensity and/or duration
(Greaver et al. 2016).

Conclusions

In Songnen meadow steppe, 3 - year manipulated
changes in precipitation (water addition) and nitrogen
deposition (nitrogen addition) altered primary produc-
tivity biomass allocation and community composition.
With the intensification of the drought stress, NEE
showed decreasing patterns in all subplots; however,
the sensitivity of ecosystem carbon exchange to drought
in the nitrogen and water addition plots was greater than
in the control plots. Meanwhile, NEE in both nitrogen
and water subplots also had lower recuperability during
the rehydration period than in the control subplots.
Aboveground biomass and root/shoot ratio played crit-
ical roles in regulating ecosystem C exchange and its
response to drought and rehydration in the studied
meadow steppe, but they had different degrees of im-
portance depend on the level of N fertilization. Our
observations suggest the complexity and importance of
the interactive effects of global climate change factors
on ecosystem C fluxes in grassland ecosystem. The
ecosystems carbon sequestration could be benefitted
from the stimulation of plant growth by water and
nitrogen addition, despite they may also enhance eco-
system drought susceptibility and reduce recuperability.
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