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Differential responses of canopy nutrients to experimental drought along
a natural aridity gradient
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Abstract.  The allocation and stoichiometry of plant nutrients in leaves reflect fundamental ecosys-
tem processes, biotic interactions, and environmental drivers such as water availability. Climate change
will lead to increases in drought severity and frequency, but how canopy nutrients will respond to
drought, and how these responses may vary with community composition along aridity gradients is
poorly understood. We experimentally addressed this issue by reducing precipitation amounts by 66%
during two consecutive growing seasons at three sites located along a natural aridity gradient. This
allowed us to assess drought effects on canopy nitrogen (N) and phosphorus (P) concentrations in arid
and semiarid grasslands of northern China. Along the aridity gradient, canopy nutrient concentrations
were positively related to aridity, with this pattern was driven primarily by species turnover (i.e., an
increase in the relative biomass of N- and P-rich species with increasing aridity). In contrast, drought
imposed experimentally increased N but decreased P concentrations in plant canopies. These changes
were driven by the combined effects of species turnover and intraspecific variation in leaf nutrient con-
centrations. In addition, the sensitivity of canopy N and P concentrations to drought varied across the
three sites. Canopy nutrient concentrations were less affected by drought at drier than wetter sites,
because of the opposing effects of species turnover and intraspecific variation, as well as greater drought
tolerance for nutrient-rich species. These contrasting effects of long-term aridity vs. short-term drought
on canopy nutrient concentrations, as well as differing sensitivities among sites in the same grassland

biome, highlight the challenge of predicting ecosystem responses to future climate change.
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INTRODUCTION

Droughts are projected to increase in magnitude and fre-
quency in terrestrial ecosystems due to climate change
(IPCC, 2013). Because nitrogen (N) and phosphorus (P) are
essential nutrients for plant growth, maintenance, and repro-
duction (Reich and Oleksyn 2004, Li et al. 2017, Sardans
et al. 2017), understanding the effects of increasing drought
on the biogeochemistry of N and P is needed (Sardans and
Penuelas 2012). Patterns of plant nutrient allocation and
stoichiometry reflect the use of N and P to sustain plant
metabolism and growth (He et al. 2006, Yuan and Chen
2015). However, biogeochemical processes affecting N and P
availability can be constrained by low soil water (Farooq
et al. 2009), and in particular, the impact of drought on
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plant N and P concentrations (hereafter [N] and [P]) remains
unclear (Hartley et al. 2007, He and Dijkstra 2014).

During drought, low soil moisture and reduced microbial
activity are known to retard decomposition and mineraliza-
tion of organic matter, which in turn reduces the amount of
N and P readily available for plant uptake (Hartley et al.
2007, He and Dijkstra 2014). Drought suppression of nutri-
ent diffusion in soils, nutrient uptake by roots and nutrient
transport in plant tissues have also been well-studied (Hart-
ley et al. 2007, He and Dijkstra 2014). Plant N and P are
tightly linked to many essential plant processes (e.g., photo-
synthesis, signal transduction, energy storage, Elser et al.
2007). However, the movement of P in soils is more sensitive
to drought stress than that of N (Lambers et al. 2008, Bel-
nap 2011). Hence, shifts in plant [N] and [P] in response to
drought stress may differ in magnitude and direction.

To date, much research has focused on assessing nutri-
tional responses of individual species to drought, while such
studies at the plant canopy scale are less common. However,
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shifts in nutrient dynamics in response to drought are more
strongly relevant to ecosystem processes and functioning
when assessed at the canopy level (Violle et al. 2012, Kiche-
nin et al. 2013). Changes in the nutrient concentrations of
plant canopies in response to drought can be due to species
turnover, a result of species with different nutrient concen-
trations replacing others and a shift in relative abundance of
each species, or intraspecific variation in nutrient concentra-
tions arising from plasticity and genetic differentiation
(Albert et al. 2010, Leps et al. 2011, Violle et al. 2012).

Quantifying the relative contribution of species turnover
and intraspecific variation is necessary to understand the
responses of canopy nutrient concentrations to environmen-
tal change. Short-term droughts, for example, may induce
canopy functional responses mainly through shifts in the rel-
ative biomass of each species and intraspecific variation,
while longer-term shifts in water availability may impact
canopies primarily through species turnover (Lajoie and
Vellend 2015, Volf et al. 2016). When changing in the same
direction, shifts in species’ relative biomass and intraspecific
variation in nutrient concentration can magnify canopy
nutrient responses to environmental changes, whereas
opposing changes can weaken responses.

Patterns of sensitivity to water limitation and drought can
be estimated by investigating the responses of canopy nutri-
ents to changes in water availability along aridity gradients
(Korner 1989, Dunne et al. 2003, Luo et al. 2015). Indeed,
the degree of species turnover observed along such gradients
may be an important factor influencing ecosystem resilience
as aridity increases (Dunne et al. 2003, 2004, Sandel et al.
2010). At shorter time scales, precipitation change can be
experimentally imposed and responses in the nutrient
dynamics of plant canopies evaluated (Korner 1989, Dunne
et al. 2003, He and Dijkstra 2014, Luo et al. 2015).
Intraspecific responses are more likely to play a role in the
resistance and stability of ecosystems to short-term drought
(Dunne et al. 2004, Sandel et al. 2010).

Conducting field drought experiments at multiple sites
across environmental gradients (e.g., precipitation) within a
biome can provide unique insights (Dunne et al. 2004,
Penuelas et al. 2004, Sandel et al. 2010, Wolkovich et al.,
2012, Yuan et al. 2017). For example, several recent studies
have concluded that responses of plant communities in the
same biome can vary dramatically with such variation (Gil-
gen and Buchmann 2009, Cherwin and Knapp 2012, Knapp
et al. 2015, Zefferman et al. 2015), often linked to differ-
ences in productivity and resource availability (Grime et al.
2000, Ochoa-Hueso et al. 2018). While observed ecological
responses to drought typically include reductions in net pri-
mary productivity and species richness, altered carbon cycle
processes and in some cases, extensive mortality (Hoover
et al. 2018), few studies have explored the responses of
canopy nutrient concentrations to reduced water availability.
Multi-site drought experiments represent one approach to
more comprehensively understand the underlying biogeo-
chemical mechanisms of the vegetation response to climate
change (Kroel-Dulay et al. 2015, Hoover et al. 2018).

We conducted a standardized climate manipulative exper-
iment across three sites that span an aridity gradient in arid
and semiarid grasslands of northern China to assess
responses of canopy nutrients to short-term drought vs.
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long-term water limitations. We selected sites with a uniform
geomorphic template, distinct precipitation amounts, similar
temperatures, and low human disturbance, to provide an
ideal platform for assessing drought sensitivity across this
water- and nutrient-limited biome. We hypothesized that
plant canopy nutrient concentrations would respond differ-
ently to short-term drought vs. long-term water stress
(assessed via the aridity gradient). Reductions in canopy
nutrient concentrations caused by natural aridity were
expected to mainly result from species turnover, while those
caused by short-term drought would be from intraspecific
variation. We also predicted that the sensitivity of canopy
nutrient concentrations to short-term drought would vary
across sites, increasing from the least to the most arid site.

MATERIAL AND METHODS

Study sites and experimental design

In 2014 (pretreatment year), three sites with a relatively
narrow range of mean annual temperature but significantly
different mean annual precipitation were established in arid
and semiarid grasslands of northern China (Fig. 1). The
eastern site (low aridity, aridity index [AI] = 0.40) with a
mean annual precipitation of 346 mm was located at the
Inner Mongolia Grassland Ecosystem Research Station
(116°33" E, 43°32" N; Bai et al. 2004). The central site
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Fic. 1. Map of the locations of study sites arranged along a nat-
ural aridity gradient in the arid and semiarid grasslands of northern
China. At each site, a manipulative drought experiment (photo) was
conducted using rainout shelters to impose a 66% reduction in
growing season precipitation. See text for further details.
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(medium aridity, Al = 0.25) with a mean annual precipita-
tion of 251 mm was located in Sheila MuRen (111°53" E,
41°47 N) and the western site (high aridity, AI = 0.17) with
a mean annual precipitation of 175 mm was located at the
Urat Desert-Grassland Research Station (106°58" E, 41°25'
N; Appendix Sl: Fig. S1). More information about the
dynamics and variation of precipitation and temperature for
the three sites is shown in Appendix S1: Fig. S1. Mean
annual temperature ranged from 1.9°C in the east to 5.9°C
in the west along this aridity gradient. Grassland communi-
ties at all sites were dominated by perennial species (90% of
the total biomass) with plant cover and productivity
decreasing with increasing aridity. The dominant species
were Stipa grandis and Leymus chinensis in the low aridity
site, S. grandis and Stellera chamaejasme in the medium
aridity site, and Stipa breviflora and Peganum harmala in the
high aridity site. Soils in this region are predominantly
chestnut soils rich in calcium, equivalent to Calcicorthic
Aridisols according to the US system of soil taxonomy.

At each site, we imposed a 66% reduction in ambient
growing season precipitation from May to August in 2015
and 2016 (Fig. 1), which was about 50% of annual precipita-
tion in those years. The experimental design was a random-
ized complete block design with six replications in a
relatively flat area with plant communities representative of
the larger area. Each 6 x 6 m plot was hydrologically iso-
lated by trenching the perimeter to a depth of 1 m; the
trench was lined with 6-mm-thick plastic and metal flashing
to prevent lateral subsurface and surface water flow into
plots. In the center of each plot, 16 m? (4 x 4 m) sampling
plots were established. The drought-treatment plots were
covered by a light scaffolding that supported strips of trans-
parent polyethylene (Beijing Plastics Research Institute, Bei-
jing, China). The clear strips were arranged at a density
sufficient to passively reduce each rainfall event by ~66%
during the growing season. The roof was 2 m above ground
at the highest point and the rain shelters did not extend to
ground level, allowing for near surface air exchange and
avoiding unwanted greenhouse effects. This rainout shelter
design was developed by Yahdjian and Sala (2002) and has
been used extensively in a wide range of ecosystems globally,
due to its low cost and minimal influence on the microcli-
mate (Yahdjian and Sala 2002, Wilcox et al. 2015).
Untreated control plots were also trenched, but lacked roof
scaffolding. We assessed shelter effects on the light environ-
ment by measuring transmittance of photosynthetically
active radiation under full sun conditions. The effects of the
shelter on the light environment were small, permitting
nearly 90% transmission, which most likely did not influence
ecosystem functions, because illumination is not a limiting
factor for plant growth in this region.

Soil temperature and moisture content were measured
with a soil temperature/moisture sensor (PG-110; Jing-
chuang Electronic Technology Co., Handan, China) placed
at 10-cm depth in the center of each sampling plot. Air tem-
perature and relative humidity were measured with an air
temperature/humidity sensor (PG-310; Jingchuang Elec-
tronic Technology Co.) mounted at 10-cm above the ground
in the center of each sampling plot. Measurements were
recorded on a data logger every hour and averaged to pro-
duce daily mean values.
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Sampling and analysis

In August 2014 (pretreatment year), a quadrat (2 x 2 m)
was established in each sampling plot and divided into four
sub-quadrats (1 x 1 m). All species present in each sub-
quadrat were recorded. Percent cover of each species was
estimated using a 1 x 1 m metal frame divided into 100
equal grids. The number of grid junctions whose vertical
projections overlapped with each plant was recorded.

In August 2016, after 2 yr of imposed drought, above-
ground biomass of each species was harvested by clipping at
ground level and plant foliage was collected from the most
abundant species. These abundant species were defined as
those that collectively comprised at least 90% of total bio-
mass in the plot. Foliage was collected from three individu-
als of each species per plot. The youngest, fully expanded
leaves of each individual were sampled for nutrient analysis.
Plant material was oven-dried at 80°C to constant weight in
the laboratory.

After removing the litter layer, five soil cores (0-10 cm
depth) were collected from each sampling plot, using a soil
corer (2.5-cm diameter). Soil samples were homogenized by
hand mixing, and separated into two sub-samples: one was
stored at 4°C immediately after collection for later measure-
ment of initial gravimetric moisture content and soil avail-
able [N] (NH4*-N plus NO3~-N); the other sample was air
dried and stored at room temperature.

Fresh soils were passed through a 2-mm sieve, and roots
and rocks were removed. Gravimetric moisture content was
measured by drying soil subsamples at 105°C for 48 h.
Additional fresh soil samples were extracted with 50 mL of
2 mol/L KCI, and the filtered soil extract was used to deter-
mine soil available [N] with a continuous flow spectropho-
tometer (FIAstar 5000, Foss Tecator, Hillerad, Denmark).

Air-dried soils were crushed and passed through a 2-mm
sieve. Available [P] was determined by extracting the soil
with 0.5 mol/L NaHCO; at pH 8.5 and analyzed using the
molybdenum blue-ascorbic acid method (Olsen 1954). Addi-
tionally, dried plant and soil samples were ground to pass
through a 1-mm sieve. Plant [P] was measured by inductively
coupled plasma emission spectroscopy (OPTIMA 3000 DV;
Perkin Elmerr, Boston, MA, USA) after H,SO4-H,0, diges-
tion (Kuo 1996). Total [N] of plants and soils was measured
using an elemental analyzer (24001 CHN elemental ana-
lyzer; Perkin-Elmer) with a combustion temperature of
950°C and a reduction temperature of 640°C.

Data analysis

For plant data recorded in August of 2014 before the
drought treatment started, species richness (S) was calcu-
lated as the number of species in each plot, while Shannon-
Weiner diversity index (H) and Pielou evenness index (FE)
were  calculated using H = — lezl P; x InP; and
E=(—X%, P, xInP;)/InS, respectively, in each plot at
each site. Where P; is the relative coverage of species i and S
is the species richness in each plot.

Plant canopy nutrient concentrations were defined as
overall mean nutrient concentrations across all species
weighted by each species’ relative biomass in each plot
(Kichenin et al. 2013). As changes in canopy nutrient
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concentrations can be attributed to both species turnover
and intraspecific variation, their relative contributions were
separated using the following equation (Jung et al. 2014):
CTum = NDr* - NCl and CInlra = NDr - NDr*~ Herea NCl
and Np, are canopy mean nutrient concentrations in the
control and drought plots, respectively, calculated from rela-
tive biomass and nutrient concentrations of each species
measured in their respective plot. N« is the canopy nutri-
ent concentrations in the drought-treated plots, recalculated
using species’ relative biomass in the drought-treated plots,
but the nutrient concentrations measured in the control
plots. Crumm and Crna represent the isolated effects of
species turnover and intraspecific variation, respectively,
in driving the canopy nutritional responses to drought
manipulation.

Using the above-mentioned methods we then calculated
the contributions of species turnover and intraspecific varia-
tion in canopy mean nutrient concentrations along the arid-
ity gradient (Kichenin et al. 2013). We recalculated Np,«
from the relative biomass of each species in the control plots
at each site, but now using the mean species nutrient concen-
trations in the control plots across all three sites.

Plant canopy [N] and [P], soil total [N] and available [IN]
and [P], as well as species richness, diversity and evenness
were analyzed using a mixed-model analysis of variance
with drought treatment and site as fixed factors and block
as a random factor. When interactive effects of drought
treatment and site were significant, the mixed model analysis
of variance was separately applied for each site with drought
treatment as fixed factor and block as random factor. Stu-
dent’s T test was performed to test the significance of the
effects of species turnover (i.e., Np+ vs. N¢y) and intraspeci-
fic variation (i.e., Np+ vs. Np,) within each site.

Relationships between canopy and soil nutrient concen-
trations and between canopy nutrient concentrations and
soil moisture were examined with a linear mixed model
incorporating random effects for each site and among the
three sites along the natural aridity gradient. Blocks were
used as a random factor within each site, while blocks nested
within site were used as the random factor among the three
sites along the aridity gradient.

For each of the six blocks at each site, plant canopy nutri-
ent concentrations in the control plots were paired with
those in the drought-treated plots, resulting in 36 data pairs.
Sensitivity was estimated by the relative change in the
drought-treated plots compared with the control plots as
follows: Sensitivity = (Np; — Nc)/Nce (Hsu et al. 2012,
Zhang et al. 2017). Sensitivity indicates a relative change in
canopy nutrient concentration (%) induced by the same rela-
tive reduction (%) in precipitation at each site. The sensitivi-
ties at the three sites were compared using one-way
ANOVAs, with Duncan’s Test as the post-hoc test for multi-
ple comparisons.

Before statistical analysis, Shapiro-Wilk and Levene’s
Tests were used to test the normality and heteroscedasticity
of all data, respectively. Due to their normal distribution
and homogeneity of variance, original data were used in our
statistical analysis without log-transformation. All statistical
analyses were carried out using the SPSS 13.0 for Windows®
statistics program (SPSS Inc., Chicago, Illinois, USA, 2004)
and the nlme package in R (R 1386 3.1.1).
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REsuLTS

During the 2015 and 2016 growing seasons, the drought
treatment reduced precipitation below the 25th percentile of
historical precipitation probability distribution functions
based on long-term records of growing season precipitation
for each site (Appendix S1: Fig. S2). In contrast, growing
season precipitation was normal in both years (approx. 50th
percentile of historic amounts) for the control treatments
(Appendix S1: Fig. S2).

Prior to imposing experimental drought, species richness,
diversity and evenness were similar between control and
treatment plots at each site (Appendix S1: Fig. S3). How-
ever, along the aridity gradient, species shifted to those with
higher [N] and [P] from the least to the most arid site
(Appendix S1: Fig. S4). Accordingly, plant canopy [N] and
[P] also increased progressively from the least to the most
arid site (P < 0.05, Fig. 2). Effects of species turnover on
canopy [N] and [P] were significantly higher in the high than
the low aridity site (P < 0.05), while intraspecific effects
were very weak and did not change along the aridity gradi-
ent (Fig. 2). Therefore, shifts in plant canopy [N] and [P]
were primarily caused by species turnover, which explained
more than 90% of the variance.

As expected, soil moisture content was greatly reduced by
the imposed drought but effects on soil and air temperature,
and relative humidity were minimal (Appendix S1: Fig. S5).
Two new species appeared within the plant community at
the low aridity site; the other species at this site had altered
relative biomass, increased average foliar [N] and reduced
average foliar [P] in drought vs. control plots (Appendix S1:
Table S1 and Fig. S4). At the medium aridity site, two spe-
cies with relatively low [N] and [P] disappeared within the
plant community under drought conditions, while relative
biomass and average foliar [N] and [P] were altered in the
remaining species (Appendix S1: Table S1 and Fig. S4).
Finally, within the plant community at the high aridity site,
one disappeared, two increased their relative biomass and
one reduced its relative biomass in response to drought
(Appendix S1: Table S1 and Fig. S4). Mean foliar [N] and
[P] were generally higher in the control than drought-treated
plots at this site (Appendix S1: Table S1 and Fig. S4).

The treatment x site interaction was significant for [N]
(P < 0.05) and marginally significant for [P] (P < 0.1), indi-
cating that the response to drought of plant canopy [N] and
[P] varied across sites (Table 1). Drought increased plant
canopy [N] at each site, but this was significant only at the
medium aridity site (P < 0.05, Fig. 3); canopy [P] was reduced
at each site, but only at the low aridity site was this response
significant (P < 0.05, Fig. 3). Changes in plant canopy [N]
and [P] caused by drought were due to both intraspecific vari-
ation (28-74%) and species turnover (26-72%; Fig. 3). The
effects of species turnover and intraspecific variation were syn-
ergistic for plant canopy [N] at the medium aridity site and for
plant canopy [P] at the low aridity site (Fig. 3). In contrast,
the effects were antagonistic for canopy [N] at both low and
high aridity sites and for canopy [P] at the medium and high
aridity sites (Fig. 3). For plant canopy [N], intraspecific varia-
tion contributed more at the low and medium aridity sites,
while species turnover contributed more at the high aridity site
(Fig. 3). Contributions of intraspecific variation were
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Fic. 2. Values of canopy [N] and [P] measured at three sites along a natural gradient in arid and semiarid grasslands of northern China.
The figure presents variations in canopy [N] and [P] due to both species turnover and intraspecific variation (total variation), species turn-
over only and intraspecific variation only along the aridity gradient. Total variation corresponds to the observed canopy [N] and [P] in the
control plots of each site; species turnover corresponds to the canopy [N] and [P] recalculated using the relative biomass of each species at
each site but mean [N] and [P] across all three sites; intraspecific variation corresponds to the difference between the above two measured
values (total variation — species turnover). Nutrient concentrations are shown as mean + SE (n = 6). Lowercase and capital letters indicate

significant differences (P < 0.05) in total variation and species turnover among sites, respectively.

TABLE 1.

Results of mixed model analysis of variance for plant canopy [N] and [P] and soil total [N], available [N] and [P]. Drought

treatment (drought vs. control) and site (low, medium and high aridity sites) were used as fixed factors and block as a random factor.

Canopy [N] Canopy [P] Total [N] Available [N] Available [P]
Treatment 0.005 0.047 0.101 0.515 0.002
Site 0.017 <0.001 <0.001 0.273 0.001
Treatment x Site 0.043 0.087 0.061 0.961 0.669

Note: Significant P values (P < 0.05) and marginally significant values (0.1 > P > 0.05) are given in bold and italics, respectively; n = 6.

significant at the low and medium aridity sites (P < 0.05),
while contributions of species turnover were significant at the
high aridity site (P < 0.01, Fig. 3). For plant canopy [P],
intraspecific variation contributed more at the high aridity
site, while species turnover contributed more at the low and
medium aridity sites (Fig. 3). Contributions of intraspecific
variation were marginally significant at the high aridity site
(P < 0.1), while contributions of species turnover were signifi-
cant at the medium aridity site (P < 0.01) and marginally sig-
nificant at the high aridity site (P < 0.1, Fig. 3).

The treatment x site interaction was marginally significant
for soil total [N] (P < 0.1), but non-significant for soil available
[N] and [P] (Table 1). Plant canopy [N] was negatively corre-
lated with soil total [N] at the medium aridity site (P < 0.05),
while canopy [P] was negatively correlated with soil available
[P] at the low aridity site (P < 0.05, Appendix S1: Fig. S6).
Along the aridity gradient, plant canopy [N] decreased with an
increase in soil total [N] (P < 0.01), while canopy [P] decreased
with an increase in available [P] (P < 0.05, Appendix Sl:
Fig. S6). Plant canopy [N] was marginally negatively corre-
lated with soil moisture content at each site (P < 0.1), whereas

canopy [P] was positively correlated with soil moisture content
at the low (P < 0.05) and medium (P < 0.1) aridity sites where
the latter was marginal (Fig. 4). Plant canopy [N] and [P] sig-
nificantly decreased with an increase in soil moisture along the
aridity gradient (P < 0.05, Fig. 4).

Sensitivities of plant canopy [N] and [P] responses to
imposed drought varied across the three sites (Fig. 5). The
medium aridity site was the most sensitive to drought for
plant canopy [N] while the low aridity site was the most sen-
sitive for plant canopy [P] (P < 0.05, Fig. 5). The high arid-
ity site was the least sensitive to drought for both plant
canopy [N] and [P] (P < 0.05, Fig. 5).

Discussion

Different responses to short-term drought and
long-term aridity

Along the aridity gradient, plant canopy nutrient concen-
trations increased with increasing aridity, primarily from the
much larger effects of species turnover in comparison with
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Changes in canopy [N] and [P] in response to drought in arid and semiarid grasslands of northern China. This figure shows the

response estimated to be due to both species turnover and intraspecific variation and due to species turnover only for each site. A and B rep-
resent the low aridity site; C and D represent the medium aridity site; E and F represent the high aridity site. Black squares correspond to
canopy [N] and [P] in the control and drought plots; Red circles correspond to canopy [N] and [P] in the drought plots recalculated from
species [N] and [P] in the control plots. Arrows indicate the contributions of species turnover (red arrows) and of intraspecific variation
(black arrows) to the change in canopy nutrient concentrations. Species turnover and intraspecific variation are expressed as percentages of
their cumulative magnitude. A parallel direction of shift in species turnover and intraspecific variation effects indicates positive (synergistic)
covariation, whereas an opposite direction of shift in species turnover and intraspecific variation indicates negative (antagonistic)
covariation. Nutrient concentrations are shown as mean + SE (rn = 6). Values of P are shown.
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intraspecific variation (Fig. 2). Overall, there was a gradual
replacement of species by those with relatively higher nutrient
concentrations with increasing aridity (Appendix Sl:
Fig. S4). These results indicate that long-term reductions in
precipitation can lead to an increase in species with higher
nutrient concentrations. Our findings are consistent with
studies reporting higher plant nutrient concentrations in arid
vs. semiarid ecosystems in northern China (Liu et al. 2010,
Luo et al. 2015) and elsewhere (Wright and Westoby 2002,
Wright et al. 2003, Sandel et al. 2010). The shift in the plant
community towards species with higher nutrient concentra-
tions may provide a competitive advantage for species under
water stress, especially when water stress persists or becomes
more severe (Waraich et al. 2011, Weih et al. 2011, Sardans
and Penuelas 2012, Li et al. 2017). Plant nutrient concentra-
tions are positively correlated with leaf area-based photosyn-
thetic rates in arid and semiarid grassland plants (Wright and
Westoby 2002, Liu et al. 2010), and thus higher nutrient con-
centrations in arid regions can help plants opportunistically

maximize photosynthesis during periods when water is avail-
able, enhancing their competitiveness in harsh environments
(Farquhar et al. 2002, Weih et al. 2011).

In contrast to these responses to the aridity gradient,
canopy [N] and [P] responses to short-term drought imposed
experimentally were more variable, with canopy nutrients
altered by both intraspecific variation and species turnover
(Fig. 3). Thus, these two approaches (experimental vs. gra-
dient) identified key differences in plant community
responses to drought at short- and long-term scales (Wilcox
et al. 2016). Manipulative experiments reveal short-term
changes in community structure in response to drought
(Sandel et al. 2010, Smith et al. 2015, Wilcox et al. 2016,
Yuan et al. 2017). In this case, plant community composi-
tion usually remains relatively constant, with variability in
canopy nutrient concentration mostly explained by
responses of the extant species to reductions in precipitation
(Smith et al. 2009, Lajoie and Vellend 2015). However, the
expectation is that initial ecosystem responses to drought
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will differ from longer-term responses, perhaps due to the
delayed responses of the plant community to long-term
resource feedbacks, growth, and competition (Dunne et al.
2004, Penuelas et al. 2004, Smith et al. 2009, 2015, Sandel
et al. 2010, Wilcox et al. 2016). In this case, both species
turnover and intraspecific variation may contribute to the
drought effects on plant canopy nutrient concentrations in
both magnitude and direction (Fig. 3). However, the
response of plant canopy [N] and [P] concentrations to long-
term drought will be much larger when the plant community
composition changes substantially (Smith et al. 2009).

Plant nutrient concentrations typically reflect soil nutrient
availability (biogeochemical hypotheses, Reich and Oleksyn
2004). Thus, we predicted that the availability of soil nutrients
may be altered by aridity/drought, altering nutrients supplied
to plants. This could also lead to variation in plant nutrient
concentrations. However, both the aridity gradient and the
drought experiment failed to show such a relationship
between plant and soil nutrient concentrations (Appendix S1:
Fig. S6). Previous studies have also reported a mismatch
between plant nutrient status and soil nutrient supply (Luo
et al. 2015, Riva et al. 2015). Such a mismatch between nutri-
ents in the soil and plants may be may be caused by severely
low soil water content, which can limit nutrient mass flow
within soils and also the nutrient acquisition by plant roots
(Khasanova et al. 2013, He and Dijkstra 2014). This inter-
pretation is supported by the correlations between canopy
nutrient concentrations and soil water availability in our
study (Fig. 4). Moreover, the lack of concordance between
soil and canopy nutrient concentration may also reflect the
difficulty in characterizing season-long nutrient availability
from one-time sampling of soils (Reichmann et al. 2013).

Different sensitivity to drought manipulation among sites

Responses in species turnover and intraspecific variation
of canopy nutrients to short-term drought were at times syn-
ergistic, and at other times antagonistic (i.e., positive and
negative covariation, Fig. 3). Interestingly, the responses of
nutrient concentrations to drought stress were significant
when the effects of species turnover and intraspecific varia-
tion on nutrients were synergistic but not antagonistic
(Fig. 3). Other studies have shown that significant reduc-
tions in plant canopy [N] (Jung et al. 2014) and [P] (Kiche-
nin et al. 2013) mediated by species turnover could be
dampened by the effect of intraspecific variation. These
results indicate that both species turnover and intraspecific
variation can play a key role in driving the net responses of
canopy nutrients to changes in precipitation.

Differential sensitivities of plant canopy nutrient concentra-
tions to drought were evident across the three sites (Fig. 5).
Similar results have been reported for plant productivity (Heis-
ler-White et al. 2009, Byrne et al. 2013, Wilcox et al. 2015),
CO; flux (Hoover et al. 2014) and plant species richness (Cle-
land et al. 2013). The sensitivity of plant canopy nutrient con-
centration to drought was highest for N at the medium aridity
site and for P at the low aridity site (Fig. 5). This result was
consistent with the positive covariation observed between spe-
cies turnover and intraspecific variation (Fig. 3). For example,
two species (A. umbellata and C. squarrosa) with relatively
low foliar [N] disappeared, while all other species increased
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their average foliar [N] and relative biomass in response to
drought at the medium aridity site (Appendix S1: Table S1
and Fig. S4). Positive covariation implies that drought selected
for species with increased nutrient concentrations and a greater
potential to increase foliar nutrients (Jung et al. 2014).

Consistent with our second hypothesis, canopy nutrient
concentrations at the site with the lowest precipitation were
least sensitivity to drought (Fig. 5), driven by equal but oppo-
site effects of among- vs. within-species variation (Fig. 3).
Increasing drought at the high aridity site favored the species
with relatively higher nutrient concentrations. Thus, A. frutic-
ulosa (relatively low nutrient concentrations) was lost from
this community, whereas A. mongolicum and P. harmala (rela-
tively high nutrient concentrations) increased their relative
biomass with drought (Appendix S1: Table S1 and Fig. S4).
However, short-term drought at the high aridity site caused an
intraspecific decrease in canopy nutrient concentrations
(Fig. 3). Mean values of nutrient concentrations for all three
species decreased due to drought (Appendix S1: Table S1 and
Fig. S4). Together, these results suggest that species with
higher nutrient concentrations have competitive advantages
and may eventually displace extant individuals with reduced
foliar nutrient concentrations with long-term drought, consis-
tent with patterns quantified along the aridity gradient.

CONCLUSIONS

We investigated both short- and long-term effects of
drought on plant canopy nutrient concentrations, using
identical drought experiments at three sites along a natural
aridity gradient. We found that plant canopy [N] and [P]
increased with increasing aridity along the aridity gradient,
while canopy [N] increased but [P] decreased in response to
short-term (2 yr) drought. Changes in canopy nutrient con-
centrations caused by long-term aridity mainly resulted
from species turnover, while those caused by short-term
drought resulted from both species turnover and intraspeci-
fic nutrient variability. The sensitivity of canopy nutrient
concentrations to drought also varied across sites, with the
most arid sites being the least sensitive. Our findings demon-
strate that responses of canopy nutrient concentrations to
drought can differ substantially between experimental and
gradient approaches, as well as among different sites within
a single biome. This implies that integrating experiments
into gradient studies (Beier et al. 2012) provides a more
comprehensive perspective for understanding and predicting
biogeochemical responses of ecosystems to drought.
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