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Abstract. Understanding the response of grassland production and carbon exchange to
intra-annual variation in precipitation and nitrogen addition is critical for sustainable grass-
land management and ecosystem restoration. We introduced growing-season drought treat-
ments of different lengths (15, 30, 45 and 60 d drought) by delaying growing-season
precipitation in a long-term nitrogen addition experiment in a low diversity meadow steppe in
northeast China. Response variables included aboveground biomass (AGB), ecosystem net car-
bon exchange (NEE), and leaf net carbon assimilation rate (A). In unfertilized plots drought
decreased AGB by 13.7% after a 45-d drought and 31.7% after a 60-d drought (47.6% in fertil-
ized plots). Progressive increases in the drought response of NEE were also observed. The
effects of N addition on the drought response of productivity increased as drought duration
increased, and these responses were a function of changes in AGB and biomass allocation, par-
ticularly root to shoot ratio. However, no significant effects of drought occurred in fertilized or
unfertilized plots in the growing season a year after the experiment, N addition did limit the
recovery of AGB from severe drought during the remainder of the current growing season.
Our results imply that chronic N enrichment could exacerbate the effects of growing-season
drought on grassland productivity caused by altered precipitation seasonality under climate
change, but that these effects do not carry over to the next growing season.

Key words: drought period; grassland productivity; Leymus chinensis; net ecosystem carbon exchange;
nitrogen addition; root : shoot ratio.

INTRODUCTION

Evidence is mounting that more frequent and intense
drought events are occurring globally (Lei and Duan
2011, Spinoni et al. 2014), and such changes are forecast
to continue or intensify, especially in arid and semiarid
regions (Davidowitz 2002, Touma et al. 2015). Com-
pounding the effects of drought, the nitrogen economies
of grasslands are being altered through deposition and
fertilization (Reay et al. 2008), with consequent effects
on community resistance to, and recovery from, distur-
bances that affect primary production, species domi-
nance, and other ecosystem processes or states (Clark
et al. 2007, Collins et al. 2017).

In the absence of changes in total precipitation
amount, the effect of rainfall variability on grassland
ecosystem function may become more significant as
within-year drought episodes increase in duration
(Knapp et al. 2002). While a significant number of stud-
ies have examined the effect of interannual variability in
precipitation on grassland productivity (Knapp et al.
2017, Gherardi and Sala 2019, Maurer et al. 2020), few
have attempted to isolate the effect of growing-season
drought duration on primary production. Indeed, vege-
tation in arid and semiarid grassland could exhibit
greater stability under within-season drought than mesic
ecosystem due to historically high precipitation variabil-
ity (Davidowitz 2002, Ruppert et al. 2015), and because
dominant species in these grasslands may have high
physiological or morphological tolerance to drought
(Craine et al. 2013). Plant responses to temporary pre-
cipitation shortages occur via multiple physiological pro-
cesses, including stomatal closure, photosynthetic
apparatus damage, and reductions in cell division and
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elongation, and these responses may compound with the
prolongation of drought events (Chaves et al. 2003).
Thus, it may be that prolonged drought episodes induce
concurrent nonlinear responses in grassland productiv-
ity, and significant post-drought effects on annual pro-
ductivity (Griffin-Nolan et al. 2018).
Soil N enrichment through agricultural management

and atmospheric N deposition can influence grassland
community responses to precipitation variability
through several possible mechanisms (Fig. 1). First, N
addition may decrease in species richness (Stevens et al.
2004, Zhang et al. 2019), which may lead to declines in
ecosystem stability since greater species richness is asso-
ciated with stronger compensatory effects through spe-
cies asynchrony (Zhang et al. 2019). Second, N addition
can lead to greater aboveground biomass, which
increases transpiration and consumes soil water more
rapidly (Wang et al. 2007, 2018). Third, soil nutrient
addition can decrease belowground biomass allocation
(Poorter et al. 2012), which limits plant acquisition of
soil water resources (Comas et al. 2013). However, sta-
bility mechanisms may be context dependent. For exam-
ple, the diversity–stability relationship is weakened in
some communities with strong dominance and low even-
ness (Hallett et al. 2014), which can occur under N addi-
tion. Despite the increase in experimental studies
demonstrating relationships between N addition and

ecosystem response to drought, these relationships, par-
ticularly with respect to plant production, remain
unclear.
The effects of drought on annual productivity not only

depend on the sensitivity of grasslands but also on their
ability to recover following drought (Fig. 1). Empirical
data and ecosystem models predict that N addition will
enhance post-drought recovery of grassland productivity
(Kinugasa et al. 2012, Bharath et al. 2020). Indeed,
results from drought experiments in temperate grass-
lands suggest that in communities with larger plant size
and/or more shoots, N addition can increase seed pro-
duction (Wesche and Ronnenberg 2010) and promote
photosynthetic C assimilation (Chen et al. 2005),
thereby speeding up post-drought recovery of productiv-
ity. However, other studies have reported nonsignificant
effects of N addition on post-drought recovery (Tilman
1996, Xu et al. 2014) because N addition was associated
with stronger responses by plant shoots, such as mortal-
ity or wilting, during drought periods (Southon et al.
2012) offsetting the positive effects of N addition on
post-drought recovery. Wilcox et al. (2020) suggested
that compensation plays a critical role in ecosystem resi-
lience to extreme drought in savanna grasslands, and
thus long-term N addition will negatively impact recov-
ery if diversity or compensation are reduced. Hence, we
still do not have a clear understanding of the effects of N

FIG. 1. Hypothesized positive (+) and negative (−) relationships between nitrogen addition, grassland productivity, and pro-
longed within-season drought.
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addition on grassland recovery immediately after
drought events or at longer time scales.
In this study, we induced growing-season droughts of

varying lengths in fertilized and un-fertilized plots to
observe the responses of productivity, biomass alloca-
tion, and species richness of a semiarid grassland that
has historically experienced frequent drought episodes
(Lei and Duan 2011, Liu et al. 2014). This manipulative
experiment in a low-diversity meadow steppe (>90%
dominance by a perennial grass Leymus chinensis)
included one N addition level, five drought durations,
and a post-drought irrigation to equalize annual precipi-
tation during the growing season. We observed ecosys-
tem responses immediately after drought, at the end of
the growing season, and one year later. We hypothesized
that (1) grassland productivity and C exchange will non-
linearly decrease as drought duration continues; (2) the
N-induced enhancement of drought response in produc-
tivity will increase with drought duration; and (3) long-
term N addition will not accelerate recovery following
drought because of drought-induced injury to plant tis-
sues.

MATERIALS AND METHODS

Study site

The study site was located at Changling Horse Breed-
ing Farm (44°300–44°450 N, 123°310–123°560 E) in Wes-
tern Jilin Province, Northeast China. The grassland is
part of the Songnen meadow steppe, which has a semi-
arid continental climate with a mean annual temperature
of 6.4°C (1950–2004). The average growing season lasts
from mid-April to September, with an average growing
season precipitation of 411 mm. The average length of
prolonged drought episodes, defined as more than 10
consecutive days without significant rainfall (≤2 mm),
during the growing season is 17.4–21.9 d (Liu et al.
2014). The 90th percentile length of a drought episode
can last a month or more over this semiarid region (Lei
and Duan 2011).
Vegetation in the studied grassland was dominated by

the C3 rhizomatous perennial grass Leymus chinensis
(over 90% of plant abundance). Other accompanying
perennials (Phragmites australis and Kalimeris integrifo-
lia) and annuals, such as Chloris virgata, were also pre-
sent at lower densities (Wang et al. 2018). The maximal
rooting depth of L. chinensis was no more than 30 cm,
and 70% of the roots were located from 0–15 cm soil
depth in this study site. The main soil type of the study
area is chernozem with a pH of 8.5–9.5, 0.15% total
nitrogen, and 2.0% total organic carbon content. Soil
field capacity is approximately 0.255 g/g.

Experimental design

Starting in 2010, a 100 × 100 m area of grassland was
fenced to exclude grazing and mowing. In May 2015,

four blocks, each with an area of 10 × 20 m and similar
in vegetation composition, were laid out within the
fenced grassland. We divided each block into 10
2.5 × 2.5 m plots and randomly assigned a combination
of ambient and N addition (10 g N�m−2�yr−1 as granular
urea) treatments crossed with drought (precipitation
exclusion) as follows: unfertilized with ambient precipi-
tation (Ambient), 15 d drought (15D), 30 d drought
(30D), 45 d drought (45D), and 60 d drought (60D); fer-
tilized with ambient precipitation (Ambient + N), 15 d
drought (15D + N), 30 d drought (30D + N), 45 d
drought (45D + N), and 60 d drought (60D + N). Buffer
zones were 2 m wide between the adjacent plots. The N
addition treatment started in May 2015. For each year,
the N fertilizer was evenly divided into five parts and
manually spread on the plots once per month on a rainy
day (2 g N�m−2�month−1) from May to September.
A 2 mm thick stainless-steel plate was placed around

the drought plots (10 cm aboveground and 50 cm below-
ground) to prevent water from overland runoff and
belowground lateral soil infiltration. All drought manip-
ulations were simultaneously started on 22 May (day of
the year [DOY] 142) in 2017. Experimental droughts
were imposed for the specified periods by installing
3 × 3 m rainout shelters with transparent acrylic roofs.
After each experimental drought period, the excluded
rainfall was immediately irrigated onto the drought plots
so that total precipitation was the same among all treat-
ments. To avoid waterlogging, the excluded rainwater
from 45- and 60-d droughts was added over multiple
days in one week.

Environmental conditions

Precipitation and air temperature were measured
using an RG2-M sensor (Onset Computer Corporation,
Bourne, Massachusetts, USA). Gravimetric soil water
content at 0–10 cm depth (SWC) was measured by oven
drying 100-cm3 soil samples collected from all plots. At
the end of each drought treatment, SWC measurements
were made in the corresponding drought plots and in all
ambient precipitation plots. Two blocks were randomly
selected for continuous monitoring of soil water content
at 10 cm depth in all 10 treatment plots throughout the
growing season of 2017 using soil moisture sensors (S-
SMC-M005, Decagon, Pullman, Washington, USA).

Vegetation sampling

Vegetation surveys were conducted four times: (1) at
the beginning of the drought treatments, on or around
22 May 2017, (2) immediately after each 15-, 30-, 45-, or
60-d drought treatment ended, (3) at the end of the 2017
growing season (September 4), and (4) approximately
one year later in mid-August of 2018. In each plot, we
surveyed the number of plant species, and counted the
number of individuals for each species in three randomly
placed 0.5 × 0.5 m quadrats. For each survey, 20 live
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shoots of L. chinensis were randomly collected from
each plot to calculate the proportion of dead leaves
(Meng et al. 2019).
After the vegetation survey, one of the quadrats was

randomly selected for the measurement of aboveground
biomass (AGB) by harvesting all aboveground live plant
shoots. Harvest quadrats were not allowed to overlap.
For belowground biomass (BGB), we washed the roots
out of three soil cores with a diameter of 10 cm and a
depth of 30 cm. The soil cores were randomly collected
in the quadrat used for the harvesting of AGB. The har-
vested plant and root materials were oven-dried at 70°C
to a constant mass (48 h). Leaf C:N ratio was deter-
mined by an elemental analyzer (vario EL cube, Ele
mentar, Langenselbold, Germany). The root : shoot (R:
S) ratio was calculated as BGB/AGB.
The densities of buds and tillering nodes were mea-

sured at the end of the 2017 growing season (14 Septem-
ber). A soil sample with an area of 0.25 × 0.25 m and a
depth of 0.2 m was collected from each plot. The col-
lected soil was gently crushed by hand, and the numbers
of buds and tillering nodes of L. chinensis were counted
directly in the field to avoid damage of the buds by dehy-
dration.

Leaf carbon exchange measurements

The measurements of leaf net carbon assimilation rate
(A) and transpiration rate (E) were conducted from
08:00 to 10:00 on a sunny day at the end of each drought
treatment using a portable infrared gas analyzer (LI-
6400, LiCor, Lincoln, Nebraska, USA). Five representa-
tive intact L. chinensis leaves (uppermost, fully
expanded) were randomly selected in each plot for leaf
gas exchange measurements. Photon flux density and
CO2 concentration in the leaf chamber were set at
1,500 μmol�m−2�s−1 and 400 μmol/mol, respectively.
Leaf chamber temperature was set to match the ambient
value.

Ecosystem carbon exchange measurements

Concurrently with leaf-level measurements, we mea-
sured short-term net ecosystem CO2 exchange (NEE)
and evapotranspiration (ET) using an infrared gas
analyzer (LI-6400, LiCor) attached to a transparent
chamber (0.5 × 0.5 × 1 m polymethyl methacrylate).
To stabilize the transparent chamber, an iron frame
(0.5 × 0.5 m) was fixed in the center of each plot in
early 2017. For each measurement, 11 consecutive
recordings of CO2 and H2O concentration were logged
at 10-s intervals during a 2-minute period after the
chamber was mounted on top of the iron frame, then
the slope of the linear regression of CO2 and H2O
concentration was used to determine NEE and ET
(Wang et al. 2018). Within the chamber, four small
electric fans ran continuously to mix air during the
measurement.

Statistical analysis

The response ratio of productivity to drought was cal-
culated as the ratio of differences in AGB or NEE
between the drought and ambient precipitation plots to
the AGB or NEE in ambient precipitation plots

RRAGB ¼Mean AGBDð Þ�AGBD

Mean AGBAð Þ �100%

RRNEE ¼Mean NEEDð Þ�NEED

Mean NEEAð Þ �100%

where RRAGB and RRNEE is the drought response ratio
of AGB and NEE, respectively; AGBD and AGBA are
the AGB of the drought plots and the ambient precipita-
tion plots at the end of each drought period; NEED and
NEEA are the values of NEE in the drought plots and
the ambient precipitation plots, respectively. The treat-
ment effect on productivity recovery was assessed by
comparing AGB and NEE with ambient precipitation
plots at the end of the 2017 growing season and one year
later in mid-August of 2018.
Two-way analysis of variance (ANOVA; with block as

a random factor) was used to analyze the effects of
drought duration, N addition, and their interaction on
AGB, BGB, R:S ratio, bud density, A, E, NEE and ET.
One-way ANOVAs followed by Tukey post hoc tests
were used to further assess differences in the recovery of
AGB, BGB, A, and NEE among different drought treat-
ments under the unfertilized or fertilized conditions.
Regression analysis was employed to evaluate the change
of drought response ratio with length of drought. Final
regression models were selected on the basis of Akaike
information criterion (AICc) and coefficient of determi-
nation (R2). The relationship between RRAGB (or
RRNEE) and AGB was tested by linear mixed models
(LMM) with AGB as a fixed effect, drought and N treat-
ment as a random effect. A statistical probability of
P < 0.05 determined significance. All statistical analyses
were performed using SPSS software 22.0 (SPSS, Chi-
cago, Illinois, USA).

RESULTS

Environmental conditions

The amount of precipitation during the 2017 growing
season (415.4 mm) was similar to the average precipita-
tion of the last 50 yr (1962–2012). The ambient plots
received 130.6 mm of precipitation during the 60 d
drought treatment (DOY 142–202, Appendix S1: Fig.
S1). Compared to the start of the drought treatments,
soil moisture rapidly decreased in the 15-d drought plots
(37% in unfertilized and 40% in fertilized plots) and 30-d
drought plots (59% in unfertilized and 64% in fertilized
plots). In the 45- and 60-d drought treatments, soil mois-
ture dropped significantly below the ambient
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precipitation plot values to around 0.04 g/g, approxi-
mately 15.5% of field capacity (Fig. 2). Soil moisture did
not differ between fertilized and unfertilized treatments.

Vegetation and biomass

Average species richness was 4.2 and relative abun-
dance of L. chinensis was 97.5% in ambient precipitation
plots at the end of the 60-d experimental period.
Although N addition significantly increased AGB, no
significant effects of both N addition and drought treat-
ments were detected on richness or relative abundance of
L. chinensis (Appendix S1: Table S2). The 45-d drought
treatment decreased AGB by 13.7% in the unfertilized
plots and 19.5% in the fertilized plots (F1,3 = 10.3,
P = 0.05), and the 60-d drought reduced AGB by 31.7%
in the unfertilized plots and 47.6% in the fertilized plots
(F1,3 = 34.2, P = 0.01, Fig. 3A). Average BGB was
1285.6 g/m2 in ambient precipitation plots. No signifi-
cant effect of N addition, drought, or their interactions
on BGB were detected following the drought treatments
(Appendix S1: Fig. S3). Drought treatments signifi-
cantly increased the R:S ratio from 5.8 to 10.9 in the
unfertilized plots and from 5.2 to 11.4 and in the fertil-
ized plots after 60-d drought treatments (F1,3 = 22.9,
P = 0.02). Although we observed a trend of N addition-
induced decrease in R:S ratio, the R:S ratio showed a
greater drought response in N addition plots (Appendix
S1: Fig. S3). Moreover, we found that drought signifi-
cantly decreased L. chinensis density in the 60-d drought
plots, and a significant interaction occurred between N
addition and drought on L. chinensis density in the 60-d
drought treatment (F1,3 = 10.3, P = 0.05, Table 1). The

percentage of dead leaves also significantly increased in
the 45-d (F1,3 = 11.4, P = 0.04) and 60-d drought treat-
ments (F1,3 = 12.7, P = 0.03, Table 1). Fertilized plots
had a lower leaf C:N ratio than unfertilized plots, but
the C:N ratio gradually increased as drought continued
in both fertilized and unfertilized plots (Appendix S1:
Fig. S4).
At the end of the 2017 growing season, there were

significant differences in AGB among the drought
treatments in the fertilized plots, but no difference in
the unfertilized plots (Fig. 3B). There were no signifi-
cant effects of the drought treatment on the density
of buds and rhizome tillering nodes at the end of the
growing season in 2017 (Appendix S1: Fig. S5). In
2018, no significant drought effects on AGB were
observed in either fertilized or unfertilized plots
(Fig. 3C).

Leaf and ecosystem carbon exchange

Nitrogen addition tended to enhance leaf net carbon
assimilation rate (A) and short-term net ecosystem CO2

exchange (NEE) during the drought treatments, but the
effects were not statistically significant (Fig. 3D, G). Sig-
nificant drought-induced reductions in A were detected
in the 30, 45 and 60 d drought treatments (Fig. 3D).
The 45 d drought treatment decreased NEE by 19.7% in
the unfertilized plots and 65.6% in the fertilized plots,
and the 60-d drought treatment decreased NEE by
34.3% in the unfertilized plots and 81.0% in the fertilized
plots (Fig. 3G). Significant drought effects on NEE were
only detected in the 60-d drought treatments
(F1,3 = 280, P < 0.01, Fig. 3G). No significant N

FIG. 2. Soil water content (SWC, g/g) at 0–10 cm soil depth for four treatment combinations (Ambient, Drought, Ambient +
N, and Drought + N) at the start of the drought treatments and at the end of each drought period. Data are reported as mean � SE
(n = 4). SWC in Ambient + N and Drought + N treatments was measured periodically during drought treatments. Values in bold-
face type indicate significant treatment effects at P < 0.05. Full statistical results are showed in Appendix S1: Table S3.
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addition treatment effects on ET or E were observed
during drought treatments (Appendix S1: Fig. S6). At
the end of the 2017 growing season, no significant effects
of the drought treatment on A were observed (Fig. 3E),
but we detected significant reductions in NEE in the 45-
and 60-d plots in N addition treatments (Fig. 3H). A
year later, in the 2018 growing season, there were no sig-
nificant effects of the drought treatments on NEE in
either fertilized or unfertilized plots (Fig. 3I).

Drought response ratio

We found that RRAGB increased nonlinearly (quadra-
tic function) with the duration of the drought treat-
ments, and that the increase of RRAGB was greater in
the fertilized than the unfertilized treatment when
drought duration was greater than 30 d (Fig. 4A).
Although RRNEE also increased as drought continued,
the trend was more linear than that of RRAGB (Fig. 4B).

Both RRAGB and RRNEE were positively correlated with
the AGB of the ambient precipitation plots (Fig. 4C, D).

DISCUSSION

Our results provide experimental evidence that
enhanced soil nitrogen availability leads to greater
drought-induced declines in grassland productivity and
CO2 exchange, and that this effect increases with dura-
tion of growing-season drought. Nitrogen addition pro-
longed the recovery period of AGB and NEE, which
implies that soil N enrichment may increase grassland
sensitivity to growing-season drought and, potentially,
intra-annual precipitation variation.

Effects of nitrogen on the drought response of productivity

Relative to ambient precipitation plots, AGB declined
progressively under prolonged drought (Fig. 3A). Plants

FIG. 3. Responses of (A, B, C) aboveground biomass (AGB), (D, E, F) leaf net carbon assimilation rate (A), and (G, H, I)
short-term net ecosystem C change (NEE) to the four treatment combinations (Ambient, Drought, Ambient + N, and Drought +
N) during and after drought treatments in 2017, and at peak AGB in the following growing season (2018). Data are reported as
mean � SE (n = 4). Different letters and values in boldface type denote significant differences between treatments (P < 0.05). Full
statistical results are shown in Appendix S1: Tables S3, S4.
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in semiarid areas may already be adapted to tolerate mod-
erate drought stress, such as the 15- to 30-d droughts that
commonly occur in our study region (Liu et al. 2014), but
they may be vulnerable to prolonged growing-season
drought. We detected that leaf A responded to drought
before AGB (Fig. 3D). However, contrary to our expecta-
tion, significant drought impacts on NEE were detected
only for the 60-d drought treatment, and we found a lin-
ear increase in RRNEE. Given that NEE is co-regulated
by photosynthesis and effective canopy area, this result
may be partially explained by lower ambient precipitation
early in the drought treatments and lower AGB in the first
half of the growing season.
Despite the fact that N addition increased AGB, it can

also increase grassland vulnerability to extreme climate
events, especially drought (Bharath et al. 2020). As
expected, N addition increased the sensitivity of AGB
and NEE to drought, and N-induced enhancement of
the drought response increased as drought duration
increased, and there were significant interactions
between these two effects (Fig. 3A, D, G). Regression
analyses suggested that the quadratic drought response
of grassland productivity is amplified by N addition
(Fig. 4A, B). This pattern explains other observations
that the effects of drought and N on grassland produc-
tivity may be non-additive (Niu et al. 2009, Shi et al.
2018).

Mechanisms explaining the effects of N addition on
drought sensitivity

In line with Wang et al. (2007) who concluded that
a low biomass community exhibited greater resistance
to drought stress, positive effects of AGB on RRAGB

and RRNEE were also observed in this (Fig. 4) and
previous studies in this system (Wang et al. 2018).
Interestingly, we observed no significant increases in
evapotranspiration in the fertilized plots, which we
attribute to lower leaf transpiration in the nitrogen
plus drought treatment (Appendix S1: Fig. S6). Fur-
ther, Huxman et al. (2004) proposed that limited soil
resources, such as nitrogen, may enhance the response
of productivity to precipitation due to greater water
use efficiency. In our study, nitrogen addition induced
faster growth and led to greater biomass in ambient
precipitation plots. Our results indicated that the
increased productive potential may have led to greater
sensitivity to drought (Fig. 4C, D), and may explain
the positive effects of N addition on productivity
responses to drought we observed. These results also
highlight the importance of productive potential,
which is altered by N addition, and consequences for
drought response.
Our four-year N addition treatment had few effects on

species richness or diversity (Shannon-Weiner index), or

TABLE 1. Response of L. chinensis density and percentage of dead-leaves to combinations of drought and N addition (A, ambient
precipitation, unfertilized; D, drought, unfertilized; A + N, ambient precipitation, fertilized; D + N, drought, fertilized).

Drought period

Factor 15D 30D 45D 60D

L. chinensis density (no./m2)
Treatments
A 753 � 47 690 � 37 692 � 32 670 � 32
D 693 � 55 684 � 60 662 � 27 579 � 52
A + N 890 � 50 811 � 67 857 � 99 799 � 40
D + N 798 � 64 750 � 61 694 � 57 459 � 47

F
N
D F1,3 = 49.2**
N × D F1,3 = 10.3*

Percentage of dead-leaves (%)
Treatments
A 9.82 � 2.1 19.3 � 2.3 24.1 � 1.4 30.9 � 1.7
D 9.36 � 1.6 22.5 � 1.9 27.1 � 1.0 36.1 � 1.5
A + N 10.8 � 1.4 21.8 � 1.4 24.3 � 1.7 29.9 � 1.4
D + N 11.6 � 1.5 22.7 � 1.2 28.9 � 1.9 41.1 � 1.8

F
N
D F1,3 = 11.4* F1,3 = 17.2*
N × D

Notes: Treatments are unfertilized with ambient precipitation (Ambient, A); nitrogen addition (N); and drought (D). Drought
periods are15 d drought (15D), 30 d drought (30D), 45 d drought (45D), and 60 d drought (60D). Data are reported as mean � SE
(n = 4). F statistics for two-way ANOVA (with block as a random factor) are provided. Values in boldface type indicate significant
treatment effect.
* P < 0.05; ** P < 0.01.
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the proportion of dominant species (Appendix S1: Table
S1). The lack of observed diversity effects likely resulted
from the strong dominance by a single perennial grass
(L. chinensis), which may be well adapted to the frequent
droughts that occur in this semiarid system. This result
implies that, relative to richness, the effect of N addition
on the drought tolerance of the dominant species gov-
erns the stability of low-diversity semiarid ecosystems.
As expected, a decrease in R:S ratio was detected in the
fertilized plots (Appendix S1: Fig. S3). Interestingly, the
difference in mean R:S ratio between the fertilized and
unfertilized treatments diminished as the drought treat-
ments lengthened, which is inconsistent with N driven
enhancement of drought response. This attenuation of
the N effects on biomass allocation might be explained
by shifts in limiting resources. On one hand, drought
stress directly promotes allocation to belowground bio-
mass (Poorter et al. 2012). On the other hand, N accu-
mulation in plants declined with the prolongation of
drought (Appendix S1: Fig. S4). Although these results
indicate that the decrease in R:S ratio partially explained
greater drought sensitivity in the fertilized plots, rapid
adaptive adjustments in biomass allocation stimulated
by drought can also act as a counterbalance that
enhances ecosystem stability. This phenomenon should
be further tested.

Post-drought recovery of productivity

Although our results are consistent with studies
showing drought sensitivity to be co-regulated by N
and water (Xu et al. 2014, Bharath et al. 2020), we
did not observe any positive effects, as hypothesized,
on post-drought recovery in N addition plots.
Although leaf photosynthesis entirely recovered in
both fertilized and unfertilized plots (Fig. 3E), fertil-
ized plots had significantly lower AGB in the 60-d
drought treatment, and significantly lower NEE in the
45- and 60-d drought treatments at the end of the
growing season (2017, Fig. 3B, H). The legacy effects
of each drought treatment in the unfertilized plots,
however, were not statistically significant. Therefore,
although our observations in the unfertilized plots dif-
fered from previous studies on intra-annual precipita-
tion variability (Knapp et al. 2002, Fay et al. 2003),
they do show that N addition could amplify the nega-
tive effect of seasonal reductions in precipitation on
annual productivity.
Further, our results support the hypothesis that

greater drought response resulted in greater productivity
losses and more serious physiological damage in severe
drought events. N addition and drought interacted to
alter (reduce) the density of the dominant species, and

FIG. 4. Regression analysis of (A) the drought response ratio of AGB (RRAGB) and (B) the drought response ratio of NEE
(RRNEE) during the experimental drought period. The relationships between (C) drought response ratio of AGB (RRAGB) and
AGB in ambient precipitation treatments, as well as (D) drought response ratio of NEE (RRNEE) and AGB. Black solid lines are
mixed-effects model fits and gray shading represents their respective 95% confidence intervals in panel C and D. Full regression
results are shown in Appendix S1: Table S5.
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there were greater proportions of dead leaves in the
drought-N treatment than drought-only treatment after
60 d of drought (Table 1). Thus, drought-induced plant
mortality or senescence constrains productivity recovery
in the post-drought period of the same year (Yahdjian
and Sala 2006, Southon et al. 2012). Limitations on
post-drought recovery probably also occur because N
addition can decrease energy distribution to below-
ground organs (Poorter et al. 2012). Altogether, our
results suggest that N addition probably has a negative
effect on the recovery of plant productivity immediately
following severe growing-season drought.
In line with previous research in different systems,

substantial recovery of grassland productivity occurred
after drought (Hoover et al. 2014, Stampfli et al. 2018).
We observed no legacy effects of our drought treatments
on community productivity in the next year (2018, Fig. 3
C), even when imposing an historically unprecedented
60-d growing-season drought. Given that a large propor-
tion of legacy effects result from changes in previous-
year tiller and bud density in semiarid and arid ecosys-
tems (Reichmann et al. 2013, Reichmann and Sala
2014), this strong recovery could be attributed to rapid
recruitment of belowground plant meristems at the end
of the growing season when precipitation alleviated the
water deficit (Appendix S1: Fig. S2, S5). The rapid
recruitment from the underground bud bank of the dom-
inant species ensures the longer-term stability of ecosys-
tem function.

CONCLUSIONS

Grasslands are known to be prone to drought-
induced declines in primary production. This study
highlights significant interactions between N enrich-
ment and drought duration as grasslands respond to
growing season drought. In this monodominant grass-
land, N addition significantly increased productivity,
but also increased sensitivity to drought and hindered
recovery from drought during the growing season,
particularly as experimental droughts lengthened.
Nitrogen impacts on drought sensitivity and recovery
appear to be a consequence of the simultaneous
increases in productive potential and declines in
belowground biomass allocation that we observed.
Though this is a decidedly low-diversity ecosystem, it
is possible that similar mismatches between above-
ground and belowground processes are a mechanism
for the destabilizing effect of N enrichment even in
more diverse ecosystems. For many grasslands, both
climate and N cycling are changing in tandem, which
has important implications for estimating future grass-
land productivity and carbon balance. Sustainable
management of grassland ecosystems will thereby
require a nuanced, mechanistic understanding of
aboveground and belowground interactions between N
enrichment, drought response, and drought recovery.
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