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Abstract
Drought and nutrient input are two main global change drivers that threaten ecosystem function and services. Resolving 
the interactive effects of human-induced stressors on individual species is necessary to improve our understanding of com-
munity and ecosystem responses. This study comparatively assessed how different nutrient conditions affect whole-plant 
drought responses across 13 common temperate grassland species. We conducted a fully factorial drought-fertilization 
experiment to examine the effect of nutrient addition [nitrogen (N), phosphorus (P), and combined NP] on species' drought 
survival, and on drought resistance of growth as well as drought legacy effects. Drought had an overall negative effect on 
survival and growth, and the adverse drought effects extended into the next growing season. Neither drought resistance nor 
legacy effects exhibited an overall effect of nutrients. Instead, both the size and the direction of the effects differed strongly 
among species and between nutrient conditions. Consistently, species performance ranking under drought changed with 
nitrogen availability. The idiosyncratic responses of species to drought under different nutrient conditions may underlie the 
seemingly contradicting effects of drought in studies on grassland composition and productivity along nutrient and land-use 
gradients—ranging from amplifying to dampening. Differential species’ responses to combinations of nutrients and drought, 
as observed in our study, complicate predictions of community and ecosystem responses to climate and land-use changes. 
Moreover, they highlight the urgent need for an improved understanding of the mechanisms that render species more or less 
vulnerable to drought under different nutrients.
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Introduction

Drought and increasing nutrient loads are two main global 
change drivers and threaten ecosystem function and services 
(Sala et al. 2000). The frequency and intensity of drought 

events are projected to increase with global climate change 
in temperate grassland ecosystems (IPCC 2014). Simulta-
neously, they are exposed to increased nutrient availability 
directly through fertilizer application or indirectly through 
atmospheric nitrogen deposition. Understanding the joint 
effects of drought and nutrients in temperate grasslands 
is especially important, because they are among the most 
widespread biomes, exhibit high species richness, and pro-
vide essential and economically relevant ecosystem services 
(Gibson 2009; Wilson et al. 2012). However, how drought 
and nutrients in combination affect grassland systems 
remains largely unresolved.

Individually, drought and nutrients have contrasting 
effects on plant performance. Periods of low soil water 
availability, i.e., drought (Gilbert and Medina 2016), often 
lead to decreases in plant growth and survival, as well as 
declines in community diversity and ecosystem produc-
tivity (Tilman and El Haddi 1992; Fay et al. 2003; Knapp 
et al. 2015). Such effects can occur during the drought, but 
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drought effects can also persist after the drought has ended 
(drought legacy effects, Reichmann and Sala 2014; Vilonen 
et al. 2022). On the other hand, nutrient availability, espe-
cially nitrogen, increases plant growth and ecosystem pro-
ductivity and leads to decreased diversity (Bobbink et al. 
2010; Socher et al. 2012; Soons et al. 2017). Studies con-
sidering both factors indicate pervasive interactive effects 
of nutrient and water availability. Amplifying as well as 
dampening effects of nutrients on drought responses have 
been found at both the species and community level (e.g., 
Carlsson et al. 2017; Hofer et al. 2017; Kübert et al. 2019; 
Bharath et al. 2020; Van Sundert et al. 2021; Meng et al. 
2021). Drought resistance, i.e., the ability to minimize the 
adverse effects of low water availability during drought, 
has been suggested to be low for species in high nutrient 
sites. Those species often exhibit an acquisitive resource-
use strategy, with high resource capture, fast tissue turnover, 
and high growth rates. This strategy should render species 
sensitive to drought, leading to an amplifying effect of nutri-
ents on drought responses. On the other hand, a conserva-
tive resource-use strategy should allow species associated 
with low nutrient sites to cope with both low nutrients and 
low water availability (e.g., Grime et al. 2000; Reich 2014; 
Eskelinen and Harrison 2015). Additionally, phenotypic 
changes of trait expression in response to nutrients, such as 
reduced root-shoot ratios, which are often associated with 
decreased water uptake capacity and higher transpiration, 
may lead to amplification of negative drought effects under 
high nutrients (e.g., Friedrich et al. 2012; Wang et al. 2018; 
Kübert et al. 2019; Bharath et al. 2020; Meng et al. 2021). 
Negative effects of high nutrient availability on drought 
responses have therefore been widely assumed (e.g., Bob-
bink et al. 2010; Meyer-Grünefeldt et al. 2013; Reich 2014). 
However, high nutrients have also been shown to dampen 
negative drought effects, i.e., increase plant drought perfor-
mance (Carlsson et al. 2017; Hofer et al. 2017). Improved 
plant vigor due to release from nutrient limitation, increased 
photosynthesis, deeper roots, or resource storage under high 
nutrient availability prior to drought may dampen negative 
drought effects or lead to positive legacy effects of drought 
(Karlowsky et al. 2018).

Interactions between drought and nutrients may indeed 
vary in direction and size among species and plant life 
forms. Differences in species’ resource-use strategy, their 
nutrient limitation, and/or differences in traits related to 
drought resistance and their phenotypic responses to nutri-
ents may underlie such variation (Goldstein et al. 2013; 
Hofer et al. 2017; Van Sundert et al. 2021). Indeed, sev-
eral studies suggest different effects of nutrients on drought 
performance in different life forms, based on differences in 
root traits and/or resource acquisition strategy. Finer, shal-
lower roots and a more acquisitive strategy may underlie 
observations of stronger decreases of drought resistance in 

response to nutrient in grasses than in forbs (Friedrich et al. 
2012; Kübert et al. 2019; Van Sundert et al. 2021). Other 
studies have shown that nitrogen addition released nutri-
ent limitation and enhanced drought resistance in grasses 
and non-legume forbs, but not in nitrogen-fixing legumes 
(Hofer et al. 2017; Carlsson et al. 2017). The contribu-
tion of drought resistance vs recovery for drought legacy 
effects can additionally differ among species and life forms 
(Hofer et al. 2016; Karlowsky et al. 2018). Differential per-
formance responses of species or life forms may impede 
an overall consistent positive or negative impact of nutri-
ents on drought responses across species and communities. 
If nutrients have differential effects on drought responses 
across species, this may lead to changes of species drought 
performance ranking across gradients of nutrient availabil-
ity. Altered species hierarchies can thus affect competitive 
interactions and community composition. To improve our 
understanding, we need to gain insights into the combined 
effects of nutrient availability and drought on plant perfor-
mance (i.e., growth and survival) and how these effects vary 
across species.

Toward this aim, experimental approaches are neces-
sary, which comparatively assess species' whole-plant 
performance responses, which integrate responses at vari-
ous levels of organization (genetic, physiological, organ in 
Blum 1996), and are most directly relevant for fitness and 
productivity. However, comparative studies across species 
remain scarce, especially with multiple environmental fac-
tors. So far, a few studies that explicitly focused on compar-
ing whole-plant performance responses across numerous 
species considered either drought or nutrients (e.g., drought 
in Engelbrecht et al. 2007; Jung et al. 2020, nutrients in 
Wilson and Tilman 1991; Zhang et al. 2015). Experimental 
assessments of the effects of both water and nutrient avail-
ability on performance responses were restricted to single 
or few species and/or to the addition of only one nutrient 
(e.g., Friedrich et al. 2012; Chieppa et al. 2019). The lack of 
comparative studies considering combined effects of drought 
and nutrients across species hampers the understanding and 
predictions of the role nutrients play for species and commu-
nity drought responses, including in temperate grasslands.

In this study, we comparatively quantified whole-plant 
drought responses of 13 common temperate grassland spe-
cies under different nutrient regimes in a common garden 
experiment. We assessed drought resistance (i.e., the ability 
to maintain growth during drought), drought legacy effects 
(i.e., drought effects on growth persisting after the drought 
has subsided, sensu Vilonen et al. 2022, compare Glos-
sary S1), and drought survival responses in a fully factorial 
experimental design with four nutrient treatments combined 
with two moisture treatments (drought and irrigation treat-
ment). The approach allowed us to directly compare under 
different nutrient conditions the performance of drought 
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stressed plants with plants that did not experience drought 
stress (irrigation treatment) during and after the experimen-
tal drought period. We hypothesized that a combination of 
drought and nutrient addition can have two possible out-
comes for whole-plant drought survival, drought resistance, 
and drought legacy effects: (a) nutrient addition has a con-
sistent negative effect across species, or (b) the size and/
or direction of nutrient effects varies across species (i.e., 
drought and nutrient effects interact). Such variation may 
be related to species habitat association, resource-use strate-
gies, nutrient limitation, or root allocation. We also tested 
if species performance ranks under drought change across 
nutrient conditions and if the nutrient effect on drought 
responses differs among plant life forms.

Materials and methods

Study site and study species

The experiment was conducted at the Ecological Botanical 
Garden of the University of Bayreuth, Germany (49°55′19′′ 
N, 11°34′55′′ E) in 2017–2019. The region has a temperate 
climate with a mean annual temperature of 8 °C and mean 
annual precipitation of 760 mm (see Table S1, Methods S2 
for further details). The study was conducted on 13 com-
mon temperate, perennial grassland species (Table 1) that 
are common in extensively managed grasslands in Germany 
(Socher et al. 2012) and included a wide range of mois-
ture and nutrient associations (F values 3–7, N values 1–8, 
based on Ellenberger indicator values Ellenberg et al. 1992). 
The study species consisted of six grasses and seven forbs 
(among them three legumes), and all had C3 photosynthetic 

pathway. Three additional species were planted into the 
experiment but consequently excluded from analyses of 
drought performance because of low survival in the estab-
lishment period (Medicago lupulina and Bromus hordea-
ceus) or seed contamination with another species (Trisetum 
flavescens). They were, however, considered in the models 
as 'neighbor biomass'.

Experimental design and timeline

Seedlings were germinated in the greenhouse and trans-
planted to large plastic boxes (120 × 100 × 100  cm; 
L × W × H) in a common garden in June 2017. Plants were 
grown under four different nutrient conditions: addition of 
nitrogen (N), or phosphorus (P) individually, combined 
addition (NP), and unfertilized control (C), with 18 boxes 
for each nutrient treatment. One individual per species was 
planted in each box. Plants were grown under these nutrient 
conditions with ample water supply for about 1 year (estab-
lishment period) to allow for acclimation and trait expression 
under the different nutrient treatments. Then, two soil mois-
ture treatments were applied: drought and irrigated controls. 
To that end, all boxes were covered with transparent rainout 
shelters and a drought treatment was implemented in each 
nutrient treatment for 8 weeks (56 days, drought period) to 
half of the boxes (irrigation was discontinued). The other 
half of the boxes served as control for the drought treatment 
and remained irrigated throughout (irrigation treatment). 
Each nutrient × moisture treatment was thus replicated nine 
times (for a schematic representation of the block design and 
the experimental timeline, see Figs. S1, S2, see Glossary 
S1 for summary terms). To assess potential effects persist-
ing after the drought ends (legacy effects, compare Vilonen 

Table 1   List of the study 
species

Given are the species name, code, family, and plant life form (grasses and forbs, including legumes)

Species Code Family Plant life form

Achillea millefolium L ACHI MI Asteraceae forb
Briza media L BRIZ ME Poaceae grass
Cerastium holosteoides Fr CERA HO Caryophyllaceae forb
Dactylis glomerata L. ssp. glomerata DACT GL Poaceae grass
Festuca ovinaL. agg FEST OV Poaceae grass
Helictotrichon pubescens (Huds.) Pilg. ssp. 

Pubescens
HELI PU Poaceae grass

Lotus corniculatus L LOTU CO Fabaceae legume
Phleum pratense L PHLE PR Poaceae grass
Poa trivialis L. ssp. trivialis POA TR Poaceae grass
Ranunculus bulbosus L. ssp. bulbosus RANU BU Ranunculaceae forb
Taraxacum sect. Ruderalia,
Kirschner, H. Øllg. & Štěpánek

TARA RU Asteraceae forb

Trifolium repens L TRIF RE Fabaceae legume
Vicia cracca L VICI CR Fabaceae legume
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et al. 2022), the droughted boxes were re-irrigated after ter-
mination of the moisture treatments, rainout shelters were 
removed, and all plants were irrigated and exposed to natural 
weather conditions until the following growing period (post-
drought period, until May 2019). Growing the plants jointly 
in large plastic boxes allowed for slow progressive soil dry-
ing and extended and deep root development. Furthermore, 
this approach avoided problems with comparing drought 
effects across species or growing conditions for plants in 
individual pots (Comita and Engelbrecht 2014). For plant 
performance assessments, see below.

Nutrient and moisture conditions

Plants were grown on a baseline soil substrate (sandy loam) 
with relatively low nutrient concentrations. Nutrient condi-
tions were chosen to mimic typical fertilization levels in 
agricultural grasslands in Germany (Blüthgen et al. 2012; 
Vogt et al. 2019) and to be comparable to other fertiliza-
tion studies in temperate grasslands (e.g., Borer et al. 2014; 
Weisser et al. 2017). The N-addition treatment received the 
equivalent of 100 kg N ha−1 year−1, P addition the equivalent 
of 50 kg P ha−1 year−1, and the NP treatment a combina-
tion of both. The fertilization was strongly reflected in leaf 
nutrient contents, despite only minor effects on soil nutrient 
contents (Methods S2, Tables S2, S3).

During the drought period, soil water potentials in the 
irrigation treatment stayed above—0.16 MPa (upper 20 cm), 
while in the drought treatment, soil water potentials reached 
below—1.5 MPa (considered permanent wilting point) after 
11.73 ± 0.89 days (mean ± SD). The drought condition in the 
experiment was intense, as indicated by soil water potentials 
below—3.3 MPa at the end of the 56 days of drought treat-
ment (Fig. S3) and the fact that 42 consecutive days without 
rain are considered an extreme 1000-year meteorological 
drought event in the study area (Jentsch et al. 2011). Light 
transmittance of the rainout shelters was 86% (assessed with 
AP4, Delta-T, Cambridge), and air temperature and relative 
air humidity did not differ between treatments (for details, 
see Methods S2).

Assessment of plant performance

We assessed performance based on growth and survival for 
all individual plants. Additionally, we visually classified 
drought damage weekly for all droughted plants during the 
drought period (for classification categories, see Table S4). 
Growth rates were assessed in both moisture treatments over 
the drought period (GRdrought, GRirrigated) and over the post-
drought period (GRpost-drought, GRpost-irrigated) as aboveground 

biomass increase per time, based on the biomass developed 
by each individual between two harvests. Growth rates were 
then used to calculate drought resistance and drought legacy 
effects for each species (see below). Survival was monitored 
after the post-drought phase. We did not monitor survival 
directly after the drought phase to avoid erroneously consid-
ering individuals as dead that experienced total loss above-
ground biomass during the drought phase, but resprouted 
from surviving underground meristems after the drought 
(compare Jung et al. 2020; for details, see Fig. S2, Glossary 
S1 and Methods S2).

To explicitly test for each species if the response to 
drought (resistance, legacy effects, and survival) differed 
among nutrient conditions, we calculated drought response 
ratios for each species as the performance in the drought rela-
tive to the irrigation treatment for each nutrient treatment. 
Specifically, drought resistance (Dresist) of growth was calcu-
lated for each individual plant in the drought treatment 
(GRdrought), relative to the mean growth of the species in the 
irrigation treatment 

(

GRirrigated

)

 during the drought phase in 

the respective nutrient condition:Dresist =
GRdrought

GRirrigated

 . Potential 

drought legacy effects (Dlegacy) on growth in the post-drought 
periods were analogously determined as the ratio of growth 
of each formerly droughted individual (GRpost-drought) relative 
to the mean growth of the irrigation plants in the post-drought 
phase 

(

GRpost−irrigated

)

 , separately for each species and nutri-

ent condition) as Dlegacy =
GRpost - drought

GRpost - irrigated

 . Drought survival 

response (Dsurv) was determined at the species level for each 
nutrient condition, as whole-plant survival in drought 
(Sdrought) relative to the irrigation treatment (Sirrigated) at the 
end of the experiment (after the post-drought phase) as 
Dsurv =

Sdrought

Sirrigated
 , where S was quantified as the percentage of 

surviving individuals in each species relative to the initial 
number of individuals (across boxes in each respective treat-
ment). For all three parameters, drought response values < 1 
thus indicate lower performance in the (former) drought rela-
tive to the irrigation treatment (with lower values indicating 
larger negative effects of drought), and response values > 1 
indicate higher performance of plants that experience(d) 
drought conditions. Note that our index of drought legacy 
effects compares under the same environmental conditions 
(moisture, nutrient treatment, but also light, temperature, etc.) 
the growth of individuals that have experienced experimental 
drought stress to those that have not experienced drought 
stress throughout the study period. It thus directly reflects the 
effects of former drought on growth (of the different species 
and under different nutrient conditions) after the drought has 
subsided (compare Vilonen et al. 2022).
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Statistical analyses

Effects of drought and nutrients on plant performance

We first tested the effects of nutrient conditions (N, P), 
drought (D), and all possible interactions across species on 
survival, growth rates during the drought period, and growth 
rates in the post-drought period. We fitted separate models 
for each performance parameter, using binomial generalized 
linear mixed-effects models (GLMM using the lme4 pack-
age, Bates et al. 2015) for survival and linear mixed models 
(LMM) for growth rates, respectively. Species were included 
as a random effect in these models. All analyses of growth in 
the main text refer to surviving individuals, contributing to 
future population dynamics, except for Ranunculus bulbosus 
in the NP, drought treatment, where no individuals survived. 
Here, all individuals were considered.

We then tested the effect of N addition (N), P addition 
(P), and their interactions on drought resistance and drought 
legacy effects (Dresist and Dlegacy) across all species, includ-
ing species (Sp; 13 species) or including plant life forms 
(Lf: non-leguminous forbs, legumes, and grasses), respec-
tively, and their interactions with the nutrient treatments. 
We used separate LMMs for each performance parameter 
(Dresist and Dlegacy) and each level (across species, Lf, Sp). 
Effects of nutrient conditions on drought survival responses 
(Dsurv) were tested across all species and in interaction with 
life forms. Species were included as a random effect in 
models across species and contained Lf as an explanatory 
variable. To account for the blocked design in the com-
mon garden experiment and possible effects of neighbors 
on target plants, we included block and the pooled biomass 
of directly neighboring plants as random effects. The sig-
nificance of the fixed factors in the GLMMs and LMMs 
was calculated with a Wald test on the full model using 
the car package (Fox and Weisberg 2019). The significance 
of nutrient effects (N, P) within each species or life form, 
respectively, was assessed with a post hoc test for multi-
ple comparisons among nutrient conditions using the holm 
method with the emmeans package (Lenth et al. 2018). The 
significance of random term was assessed with a likelihood-
ratio test between a model with and one without the term of 
interest (Zuur et al. 2009).

All models were tested for normal distribution (quan-
tile–quantile plots and Shapiro–Wilk test) and homosce-
dasticity (residual plots and Levene test). If these criteria 
were not met, models were corrected by including a vari-
ance function (nlme package; Pinheiro et al. 2019) or trans-
formation. Marginal R2 (fixed effects only) and conditional 
R2 (random and fixed effects) of the regression models are 
provided.

Parameters associated with variation of nutrient effects 
on drought responses

Using linear models, we assessed if variation of species 
drought responses (Dsurv, Dresist, Dlegacy) with nutrient addi-
tion is related to their habitat association (based on Ellen-
berg indicator values for moisture and nitrogen, F and N val-
ues, Ellenberg et al. 1992), resource-use strategy (based on 
specific leaf area), root allocation (based on root mass ratio 
under full recourse availability; irrigated, NP), or nutrient 
limitation [assessed as the difference in growth rate (ΔGR) 
between fertilized and unfertilized plants, separately for each 
nutrient addition (N, P, NP) under drought and irrigated con-
ditions]. For details, see Methods S2.

Effects of drought and nutrient conditions on species 
performance ranks

To test for changes in performance ranks across nutrient 
conditions within each moisture treatment, we calculated 
Spearman rank correlation coefficients between pairwise 
combinations of nutrient conditions for each of the perfor-
mance parameters (survival, growth rates during the drought 
period, and growth rates in the post-drought period). A sig-
nificant positive relation indicates that the species rank hier-
archy was maintained, and a negative relationship that the 
species rank hierarchy was reversed. A lack of significant 
correlation suggests that species hierarchical status changed 
idiosyncratically between nutrient treatments (compare, e.g., 
Kitajima and Bolker 2003).

All statistical analyses were performed in R version 3.6.2 
(R Core Team 2019). A significance level of P ≤ 0.05 was 
used throughout.

Results

Effects of nutrients and drought on survival

Under experimental drought, all species showed clear visual 
signs of drought damage, including wilting and tissue necro-
sis. However, the progression and the severity of drought 
damage varied substantially among species (Fig. 1, for 
all species, see Fig. S4). In some species, most individu-
als had little or no living aboveground biomass at the end 
of the 8-week drought period (e.g., Ranunculus bulbosus 
and Poa trivialis). In other species, individuals exhibited 
only extended drying of leaf tips, and most of their leaf area 
stayed alive throughout the drought (e.g., Achillea millefo-
lium and Helicotrichon pubescens). Visual signs of drought 
damage were similar across nutrient treatments within spe-
cies (Fig. 1, S4).
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Fig. 1   Progression of visual 
drought damage under four dif-
ferent nutrient conditions over 
8 weeks of drought. Shown is 
the percentage of individuals in 
each drought damage category 
ranging from no visible sign 
of stress (1, green) to progres-
sive signs of wilting or rolling 
and tissue necrosis to com-
plete death of all aboveground 
biomass (9, black). Shown are 
examples of forbs (top) and 
grasses (bottom) with a, c high 
drought survival and less severe, 
late signs of drought stress and 
b, d with high mortality and 
early, strong drought damage 
in the four nutrient condi-
tions (unfertilized control C, 
P addition, N addition and NP 
combined addition). For a plot 
including all species, see Fig. 
S4 and for damage categories, 
see Table S4

Table 2   Effects of drought 
(D), nitrogen addition (N), 
and phosphorus addition (P), 
and their interactions on plant 
survival and on growth rates 
during the drought period and in 
the post-drought period

Results are based on regression models (GLMM and LMM) and the post-drought GR was square-root-
transformed to improve model assumptions
Given are degrees of freedom df, χ2 values, P values, marginal R2 (fixed effects), and conditional R2 (ran-
dom and fixed effects)
Significant effects (P < 0.05) are indicated in bold, and marginal effects (P < 0.1) in cursive. The direction 
of significant and marginal effects is highlighted with arrows for increase (arrow pointing up) decrease 
(arrow pointing down). Significant random effects (P < 0.05) are highlighted with asterisks
a Survival was assessed over the drought and post-drought period combined, to account for possible 
resprouting

Fixed effects df Survivala Drought period growth Post-drought period 
growth

χ2 P χ2 P χ2 P

D 1 13.52  < 0.001 ↓ 46.74  < 0.001 ↓ 3.91 0.048 ↓
N 1 0.001 0.97 3.07 0.08 ↑ 12.11 0.001 ↑
P 1 1.54 0.21 0.32 0.57 0.42 0.51
DxN 1 0.002 0.96 0.48 0.49 0.15 0.70
DxP 1 0.49 0.48  < 0.001 0.99 0.22 0.64
NxP 1 0.90 0.34 0.19 0.66 0.03 0.86
DxNxP 1 1.09 0.30 0.16 0.69 1.52 0.22
Random effects
 (1| species) * * *
 R2 marginal 0.13 0.11 0.06
 R2 conditional 0.19 0.78 0.65
 Transformation sqrt
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Drought significantly reduced survival across species 
(P < 0.001; Table 2, Fig. 2a). Nevertheless, even under 
drought, survival was overall high (88% mean), with more 
than 60% of the species exhibiting drought survival above 
90% (Fig. S5a). Furthermore, survival did not differ between 
nutrient conditions, and overall, no interaction of drought 
with nitrogen (N) or phosphorus (P) emerged (Table 2). 
Accordingly, survival responses to drought (Dsurv, survival in 
drought relative to irrigated conditions) did not differ among 
nutrient conditions or life forms (Table 3, Fig. 2d, Fig. S6a). 
However, drought survival responses varied between species 
from a substantial decrease (Dsurv of 0.39 in Ranunculus bul-
bosus) to no response (Dsurv of 1.08 in Helicotrichon pube-
scens). Only one species, Ranunculus bulbosus, showed the 
widely expected increase of drought vulnerability with nutri-
ent availability, resulting in 100% mortality in NP-conditions 
(Fig. 3a).

Effects of nutrients on growth during drought

Across species, drought significantly reduced growth com-
pared to the irrigated treatment (by 50%; P < 0.001, Fig. 2b). 
Nitrogen addition had a less pronounced positive effect on 
growth (+ 19%, P = 0.08) and phosphorus addition had no 
significant effect. No significant interaction of drought with 
N or P addition on growth emerged across species (Table 2). 
Consistently, across species N or P addition, or their interac-
tion had no significant effect on drought resistance (Dresist; 
Table 3, Fig. 2e).

Drought resistance (Dresist) differed strongly across spe-
cies (P < 0.001). Most importantly, however, nutrient condi-
tions affected drought resistance differentially among spe-
cies, with both the magnitude and the direction of the effects 
varying across species and between N and P addition (i.e., 
significant 3-way Sp × N × P interaction, P < 0.001, Table 3, 
Fig. 3b). For example, adding a single nutrient increased 

Fig. 2   Performance in the drought and irrigation treatment, and cor-
responding drought responses under different nutrient conditions 
across 13 temperate grassland species. The top row depicts a sur-
vival, b growth during the drought period and c) growth in the post-
drought period in the two moisture treatments, averaged across all 
species and nutrient treatments. The bottom row depicts d drought 
responses of survival (Dsurv), e drought resistance (Dresist), and f 
drought legacy effects (Dlegacy) across all species in the four nutrient 

conditions (unfertilized control C, P addition, N addition, and com-
bined NP addition). Drought responses < 1 (dotted line) indicate a 
lower performance in the drought relative to the irrigation treatment. 
Significant differences between the drought and irrigated treatment 
are highlighted by asterisks for P < 0.05; n.s. is not significant. Box 
plots show the medians (horizontal lines), 25th and 75th percentiles 
(boxes), and 1.5 × lower and upper quartiles (whiskers)
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Table 3   Effects of N addition, P addition, and their interactions on drought response of survival (Dsurv), drought resistance (Dresist), and drought 
legacy (Dlegacy)

Effects were analyzed across species, including species (Sp) or plant life form (Lf) as main effects, respectively, and their interactions. Signifi-
cant effects (P < 0.05) are indicated in bold; marginal effects P < 0.1 cursive. Given are degrees of freedom df, χ2 values, P values, marginal R2 
(fixed effects), and conditional R2 (random and fixed effects)
Significant random effects (P < 0.05) are highlighted with asterisks and transformations are specified where applied. Species effects could not be 
tested as fixed effects in Dsurv, which was assessed at the species level

Across species df Survival
Dsurv

Drought period
Dresist

Post-drought period
Dlegacy

χ2 P χ2 P χ2 P

 N 1 0.30 0.59 1.58 0.21 1.36 0.24
 P 1 0.20 0.65 1.00 0.32 1.47 0.23
 NxP 1 0.83 0.36 0.05 0.83 3.54 0.06

Random effects (1| species) * * *
 R2 marginal 0.01 0.03 0.07
 R2 conditional 0.50 0.41 0.47
 Transformation log

Species df Survival
Dsurv

Drought period
Dresist

Post-drought period
Dlegacy

χ2 P χ2 P χ2 P

 Sp 12 130.31  < 0.001 262.57  < 0.001
 N 1 4.29 0.04 0.001 0.982
 P 1 1.26 0.26 9.82 0.002
 SpxN 12 27.01 0.01 46.69  < 0.001
 SpxP 12 20.60 0.06 26.63 0.01
 NxP 1 0.73 0.39 5.36 0.02
 SpxNxP 12 45.43  < 0.001 34.26 0.001

Random effects
 (1|Block) *
 (1|Neighbor biomass) * *
 R2 marginal 0.36 0.20
 R2 conditional 0.51 log0.22
 Transformation sqrt sqrt

Plant life forms df Survival
Dsurv

Drought period
Dresist

Post-drought period
Dlegacy

χ2 P χ2 P χ2 P

 Lf 2 1.83 0.40 5.71 0.06 0.87 0.65
 N 1 0.31 0.58 1.61 0.21 1.14 0.29
 P 1 0.21 0.65 1.02 0.31 1.68 0.20
 LfxN 2 3.53 0.17 4.63 0.10 0.26 0.88
 LfxP 2 1.73 0.42 0.10 0.95 5.20 0.07
 NxP 1 0.86 0.35 0.05 0.83 4.13 0.04
 LfxNxP 2 2.20 0.33 1.97 0.37 2.41 0.30

Random effects
 (1| species) * * *
 R2 marginal 0.15 0.26 0.16
 R2 conditional 0.58 0.48 0.56
 Transformation sqrt
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drought resistance in some species (up to 3.3-fold in Poa 
trivialis). In others, only combined NP addition increased 
drought resistance (about 2.5-fold in Taraxacum sp. and 
Briza media comparing unfertilized and NP). Yet, within 
most individual species, drought resistance did not differ 
significantly among nutrient conditions (Fig. 3b, Fig. S7a). 
Nutrients did not differentially affect drought resistance 
among life forms (i.e., no life form × nutrient interaction; 
Table 3, Figs. S6b, S7b).

Legacy effects of drought on growth 
in the following growing season

Drought reduced growth not only during the drought but 
also in the following growing season (negative drought leg-
acy effect). The growth rate in the spring after the drought 
(GRpost-drought) was still affected by the previous moisture 
treatments, with a mean 27% reduction in plants that had 
experienced the experimental drought treatment compared 
to irrigated ones (P = 0.048, Table 2, Fig. 2c). Nitrogen 
addition still led to an overall growth enhancement (+ 30%, 
P = 0.001, Table 2), while phosphorus addition had no effect. 
Across species, nutrient conditions did not significantly 
affect legacy effects (Dlegacy, Table 3, Fig. 2f). However, as 
we had found for drought resistance, drought legacy effects 
again differed strongly among species and between N and 
P addition (i.e., significant 3-way interaction of Sp × N × P, 
P < 0.001, Table 3, Fig. 3c). Some species had reduced, but 
others even higher growth under the formerly droughted 
than irrigated conditions, depending on the nutrient con-
dition (negative vs. positive drought legacy effect, i.e., 
Dlegacy < / > 1, respectively). Overcompensation occurred 
in Achillea millefolium under combined NP addition (post-
drought growth rate increased about 2.5-fold) and in Lotus 
corniculatus under nitrogen addition. Nitrogen addition 
also dampened negative drought legacy effects in Trifolium 
repens (but no overcompensation, Figs. 3c, S7c).

Among life forms, the effects of P addition on drought 
legacy effects differed (significant 2-way interaction Lf × P, 
P = 0.04, Table 3, Fig. S7d). Combined NP (but not P alone) 
led to negative legacy effects in legumes, while no nutrient 
effects were observed in grasses or non-leguminous forbs 
(Fig. S6c).

Species’ drought resistance and the drought legacy 
effects they exhibited were positively related (R > 0.64, 
P ≤ 0.02) under nitrogen addition (N, NP treatment). Spe-
cies that suffered stronger during the drought event, i.e., 
had lower drought resistance, thus also exhibited more 
negative drought legacy effects, i.e., their growth was still 
more strongly reduced after drought. However, this pattern 
did not hold under unfertilized conditions and P addition. 
Instead, some highly drought resistant species exhibited 
negative legacy effects (e.g., Poa trivialis with P addition). 

Fig. 3   Changes of species a drought response of survival (Dsurv), b 
drought resistance of growth (Dresist), and c drought legacy effects 
(Dlegacy) on growth in the different nutrient conditions. The dots rep-
resent the mean drought responses of the individual species under the 
respective nutrient conditions (unfertilized control C, P addition, N 
addition, and combined NP addition), colors indicate plant life forms 
(non-legume forbs in yellow, grasses in blue, and legumes in black). 
The lines connect the responses of each species under different nutri-
ent conditions and show the change of drought response between 
treatments. Note the wide variation of slopes among species. Signifi-
cant responses (P < 0.05) are highlighted with a solid, bold line and 
marginal responses (P < 0.1) are highlighted with dashed lines. Mean 
drought responses across all species are plotted in gray. Note that in 
a) Ranunculus bulbosus had no surviving individuals in the NP treat-
ment (Dsurv = 0) and in c the mean Dlegacy of Lotus corniculatus in 
the N treatment (mean ± SD = 6.32 ± 1.94) is not shown, indicated by 
the cut line, for better visibility of the remaining species. Values < 1 
indicate a lower performance in the drought relative to the irrigation 
treatment



10	 Oecologia (2023) 202:1–14

1 3

In contrast, others had reduced growth under drought (i.e., 
low drought resistance) but recovered or even exhibited a 
positive drought legacy effect (e.g., Helicotrichon pubescens 
and Achillea millefolium).

The observed interspecific variation of the size and direc-
tion of nutrient effects on drought responses (Dsurv, Dresist or 
Dlegacy) was not associated with species’ habitat association 
to nutrients or moisture, their resource-use strategy, their 
biomass allocation to roots, or the strength of nutrient limita-
tion (see Table S5).

Species performance ranks under drought changed 
with nutrient addition

Under drought conditions, species performance ranks 
changed idiosyncratically between several nutrient 

conditions (i.e., ranks were uncorrelated, P > 0.05, high-
lighted in yellow in Fig. 4). Species ranking of survival 
changed between combined NP addition compared to 
unfertilized control or P addition (Fig. 4a, NP vs. C, P), 
during the drought period ranking of growth changed with 
N addition (Fig. 4b, N vs. P) and after the drought period 
ranking of growth changed with combined NP addition 
(Fig. 4c, NP vs. C). Under irrigated conditions, species 
ranking of growth was conserved across all nutrient treat-
ments (i.e., all positive correlations), both during the 
drought and in the post-drought period. No rank reversals 
(i.e., negative correlations) emerged.

Fig. 4   Species rank correlation coefficient of a survival, b growth 
during the drought period and c in the post-drought period between 
all pairwise combinations of the nutrient conditions within the 
drought treatment. The shape of the ellipse indicates the strength of 
the correlation, with slim ellipses indicating tight correlations. Signif-
icant (P < 0.05) correlation coefficients are highlighted with asterisks. 
Non-significant correlations (n.s., P > 0.05), indicating performance 

rank changes, are highlighted in yellow. In (c) rank changes of post-
drought growth are shown for one example with rank conservation 
(i.e., positive significant correlation) and one example for idiosyn-
cratic rank changes (n.s. correlation). Note that no negative correla-
tions (rank reversals) emerged. For a version showing the correlations 
with the datapoints, see Fig. S8



11Oecologia (2023) 202:1–14	

1 3

Discussion

Nutrient conditions affected drought responses differentially 
among common temperate grassland species, resulting in 
changed species performance ranks under drought. The 
experimental approach allowed for the first time to directly 
compare the combined effects of nutrients and drought on 
whole-plant performance across multiple temperate grass-
land species.

High nutrient availability, especially nitrogen, has been 
widely assumed to increase plant vulnerability to drought 
(e.g., Bobbink et al. 1998; Grime et al. 2000). However, 
our results and several previous studies (Carlsson et al. 
2017; Hofer et al. 2017) do not support this notion. Neither 
drought resistance nor drought legacy exhibited an overall 
effect of nutrients, but effects varied strongly among species. 
Only one species (Ranunculus bulbosus) showed the widely 
assumed decrease of drought resistance and increased mor-
tality with nutrient availability. In contrast, the remaining 
species with significant responses mainly exhibited an 
increase of drought resistance or a positive drought legacy 
effect with nutrient addition. Overall, our results indicate 
that there is no overall consistent effect of nutrients on 
drought responses of common temperate grassland spe-
cies: Instead, nutrients enhance drought performance (i.e., 
dampen negative drought effects) in some species or ren-
der others more vulnerable to drought (i.e., amplify nega-
tive drought effects). However, in many of the investigated 
grassland species, the range of nutrients they experience in 
the habitat, even under fertilization, hardly affected drought 
responses even under intense drought conditions.

The wide variation of effects of nutrients on drought 
responses we observed was unrelated to species' life forms. 
Previous studies had found a positive effect of nitrogen 
addition on drought resistance of grasses and non-legume 
forbs, but not on legumes (Carlsson et al. 2017; Hofer 
et  al. 2017) or nutrient addition intensifying negative 
drought effects in grasses, but not in forbs (Van Sundert 
et al. 2021). Instead, we observed strong variation even 
within plant life forms, including legumes. The variation 
of effects of nutrient on drought responses was also not 
related with species' habitat associations to nutrients or 
moisture availability, their resource-use strategy, invest-
ment into root tissue, or nutrient limitation. Thus, while 
we observed a wide variation of the effects of nutrients 
on drought responses across species and plant life forms, 
we are currently unable to explain this variation. Fur-
ther, more detailed studies will be required to specifically 
address this question. Species idiosyncratic responses to 
drought under different nutrient conditions are instead 
likely mediated by differences across species in the phe-
notypic plasticity of traits related to drought responses. It 

is well known that trait expression of grassland species is 
strongly plastic in response to nutrients (e.g., Aerts and 
Chapin 2000). This has been shown for several traits rel-
evant to plant drought resistance (e.g., biomass allocation, 
water use efficiency, and hydraulic conductivity; Godoy 
et  al. 2011; Goldstein et  al. 2013; Meyer-Grünefeldt 
et al. 2013; Chieppa et al. 2019) and should also extend 
to others. The direction and magnitude of trait changes 
may vary depending on the considered trait, across spe-
cies and life forms, or on the nutrient added (Goldstein 
et al. 2013). Such plastic changes of trait expression and 
their coordination in response to nutrients lead to different 
and sometimes counterintuitive outcomes for whole-plant 
drought performance (Goldstein et al. 2013). Phenotypic 
trait changes in response to nutrients and drought can 
affect plant performance even after the drought and may 
underlie the drought legacy effects we observed (Reich-
mann and Sala 2014; De Boeck et al. 2018). However, the 
consequences of trait changes under nutrients for drought 
responses are hardly explored. An enhanced understand-
ing of how traits and trait plasticity in response to nutri-
ents influence drought responses in grassland species will 
contribute to understanding and predicting species, com-
munity, and ecosystem responses to combined effects of 
fertilization and drought. The comparative characteriza-
tion of the differential effects of nutrients for whole-plant 
drought responses across species in this study will provide 
a baseline for evaluating the mechanisms underlying the 
observed idiosyncratic variation across species, and to 
unravel their importance for community and ecosystem 
responses.

Consistent with the variable species responses, the spe-
cies performance hierarchy under drought changed under 
different nutrient conditions. Specifically, the ranking of spe-
cies growth rates under drought changed with nitrogen addi-
tion, but also the ranking of survival and growth rates after 
drought were affected by combined NP addition. Such idio-
syncratic changes in performance ranking may modify com-
petitive hierarchies and thus lead to pervasive differences 
in how community composition and ecosystem function of 
temperate grasslands respond to drought in high versus low 
nitrogen habitats (Harpole and Tilman 2007; Peñuelas et al. 
2013). The pronounced differences across common grass-
land species in how nutrients affect their drought responses, 
and the changes in performance hierarchies imply that the 
abundance of species with different responses should mod-
ulate how strongly and in which direction nutrients affect 
community and ecosystem responses to drought. Thus, the 
composition of plant communities should be a decisive fac-
tor for scaling responses from the species to the ecosystem 
level (Grant et al. 2014). Differential drought responses of 
individual species to nutrients, as we found in this study, 
may therefore also underlie the contrasting effects previously 
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shown at the community level, ranging from amplifying 
to dampening. Resolving the responses of individual spe-
cies to combined stressors thus remains one prerequisite to 
improve our understanding of community and ecosystem-
level responses to crucial global change drivers (Kardol et al. 
2012). Nevertheless, community and ecosystem responses to 
drought and fertilization are not only shaped by individual 
species responses but also by species interactions (e.g., com-
petition, herbivory or mutualistic interactions) as well as 
further abiotic factors or land use (e.g., light, mowing, e.g., 
Suttle et al. 2007). These additional factors make prediction 
and the development of appropriate mitigation and manage-
ment strategies even more difficult.

Conclusion

Climate change and land use simultaneously impose mul-
tiple stressors on plants through increased drought and 
fertilization. Differential effects of nutrients nutrient on 
drought resistance and drought legacy effects across indi-
vidual species, as we observed in our study, may lead to 
pervasive consequences for grassland composition and 
productivity along nutrient and land-use gradients. Idio-
syncratic species responses complicate predictions of com-
munity and ecosystem responses to climate and land-use 
changes. Unraveling the mechanisms that render species 
vulnerable to drought under different nutrient conditions, 
determining how responses are altered by species interac-
tions, and examining how they translate into community 
and ecosystem-level responses remain important topics for 
future research.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00442-​023-​05370-5.

Acknowledgements  We thank Burkhard Stumpf, Gerhard Müller, 
and many student assistants for their support in setting up and main-
taining the experiment; the staff of the Ecological Botanical Garden 
of the University of Bayreuth for their support; Nina Buchmann and 
Anna Gilgenfrom ETH Zürich for providing the rainout shelters. We 
acknowledge the BayCEER Laboratories of Isotope Biogeochemistry 
and Analytical Chemistry at the University of Bayreuth for leaf and soil 
analyses. We thank Marie Spohn, Susanne Kurze, and Marius Klotz for 
the helpful input on the project and the manuscript. We would also like 
to acknowledge the valuable comments of two anonymous reviewers 
and the handling editor. We thank everyone involved in setting up and 
organizing the DFG Priority Program 1374 “Infrastructure-Biodiver-
sity-Exploratories” (Germany).

Author contribution statement  BMJE conceived the idea and designed 
the study with input from CK and EJ. The experiment was set up, 
coordinated, and data were collected by CK with support from EJ, col-
leagues, students, and assistants (see acknowledgments). CK analyzed 
the data and created figures, and tables with suggestions from BMJE 
and EJ. CK wrote the first draft of the manuscript, and subsequent 
drafts were commented and revised by CK and BMJE with input from 
EJ. All co-authors gave final approval for publication.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This study was funded by a DFG grant within the Priority 
Program 1374 “Infrastructure-Biodiversity-Exploratories” (Germany) 
to BMJE. EJ was additionally partly funded by the program ‘Förderung 
der Chancengleichheit für Frauen in Forschung und Lehre’ from the 
University of Bayreuth.

Availability of data  Data were deposited in the Dryad Digital Reposi-
tory https://​doi.​org/​10.​5061/​dryad.​fqz61​2jws.

Code availability  Not applicable.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interests.

Ethics approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Consent to participate  Not applicable.

Consent for publication  All authors gave consent.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aerts R, Chapin FS III (2000) The mineral nutrition of wild plants 
revisited: a re-evaluation of processes and patterns. Adv Ecol Res 
30:1–67. https://​doi.​org/​10.​1016/​S0065-​2504(08)​60016-1

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:1–48. https://​doi.​org/​
10.​18637/​jss.​v067.​i01

Bharath S, Borer ET, Biederman LA, Blumenthal DM, Fay PA, 
Gherardi LA et al (2020) Nutrient addition increases grassland 
sensitivity to droughts. Ecology 101:e02981. https://​doi.​org/​10.​
1002/​ecy.​2981

Blum A (1996) Crop responses to drought and the interpretation of 
adaptation. Plant Growth Regul 20:135–148. https://​doi.​org/​10.​
1007/​BF000​24010

Blüthgen N, Dormann CF, Prati D, Klaus VH, Kleinebecker T, Hölzel 
N et al (2012) A quantitative index of land-use intensity in grass-
lands: integrating mowing, grazing and fertilization. Basic Appl 
Ecol 13:207–220. https://​doi.​org/​10.​1016/j.​baae.​2012.​04.​001

Bobbink R, Hornung M, Roelofs JGM (1998) The effects of air-borne 
nitrogen pollutants on species diversity in natural and semi-nat-
ural European vegetation. J Ecol 86:717–738. https://​doi.​org/​10.​
1046/j.​1365-​2745.​1998.​86507​17.x

Bobbink R, Hicks K, Galloway J, Spranger T, Alkemade R, Ashmore 
M et al (2010) Global assessment of nitrogen deposition effects 

https://doi.org/10.1007/s00442-023-05370-5
https://doi.org/10.5061/dryad.fqz612jws
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0065-2504(08)60016-1
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/ecy.2981
https://doi.org/10.1002/ecy.2981
https://doi.org/10.1007/BF00024010
https://doi.org/10.1007/BF00024010
https://doi.org/10.1016/j.baae.2012.04.001
https://doi.org/10.1046/j.1365-2745.1998.8650717.x
https://doi.org/10.1046/j.1365-2745.1998.8650717.x


13Oecologia (2023) 202:1–14	

1 3

on terrestrial plant diversity: a synthesis. Ecol Appl 20:30–59. 
https://​doi.​org/​10.​1890/​08-​1140.1

Borer ET, Harpole WS, Adler PB, Lind EM, Orrock JL, Seabloom EW 
et al (2014) Finding generality in ecology: A model for globally 
distributed experiments. Methods Ecol Evol 5:65–73. https://​doi.​
org/​10.​1111/​2041-​210X.​12125

Carlsson M, Merten M, Kayser M, Isselstein J, Wrage-Mönnig N 
(2017) Drought stress resistance and resilience of permanent 
grasslands are shaped by functional group composition and N 
fertilization. Agric Ecosyst Environ 236:52–60. https://​doi.​org/​
10.​1016/j.​agee.​2016.​11.​009

Chieppa J, Nielsen UN, Tissue DT, Power SA (2019) Drought and 
phosphorus affect productivity of a mesic grassland via shifts in 
root traits of dominant species. Plant Soil 444:457–473. https://​
doi.​org/​10.​1007/​s11104-​019-​04290-9

Comita LS, Engelbrecht BMJ (2014) Drought as a driver of tropi-
cal tree species regeneration dynamics and distribution patterns. 
In: Coomes DA, Burslem FRP, Simonson WD (eds) Forests 
and global change. Cambridge University Press, Cambridge, pp 
261–308

De Boeck HJ, Hiltbrunner E, Verlinden M, Bassin S, Zeiter M (2018) 
Legacy effects of climate extremes in Alpine Grassland. Front 
Plant Sci. https://​doi.​org/​10.​3389/​fpls.​2018.​01586

Ellenberg H, Weber HE, Düll R, Wirth V, Werner W, Paulißen D 
(1992) Zeigerwerte von Pflanzen in Mitteleuropa. 2. und verbes-
serte Auflage. Scr Geobot 18:1–258

Engelbrecht BMJ, Comita LS, Condit R, Kursar TA, Tyree MT, Turner 
BL et al (2007) Drought sensitivity shapes species distribution 
patterns in tropical forests. Nature 447:80–82. https://​doi.​org/​10.​
1038/​natur​e05747

Eskelinen A, Harrison SP (2015) Resource colimitation governs plant 
community responses to altered precipitation. Proc Natl Acad Sci 
112:13009–13014. https://​doi.​org/​10.​1073/​pnas.​15081​70112

Fay PA, Carlisle JD, Knapp AK, Blair JM, Collins SL (2003) Produc-
tivity responses to altered rainfall patterns in a C 4-dominated 
grassland. Oecologia 137:245–251. https://​doi.​org/​10.​1007/​
s00442-​003-​1331-3

Fox J, Weisberg S (2019) An R companion to applied regression, 3rd 
edn. Sage, Thousand Oaks

Friedrich U, von Oheimb G, Kriebitzsch WU, Schleßelmann K, Weber 
MS, Härdtle W (2012) Nitrogen deposition increases susceptibil-
ity to drought—experimental evidence with the perennial grass 
Molinia caerulea (L.) Moench. Plant Soil 353:59–71. https://​doi.​
org/​10.​1007/​s11104-​011-​1008-3

Gibson DJ (2009) Grasses and grassland ecology, 1st edn. Oxford Uni-
versity Press, New York

Gilbert ME, Medina V (2016) Drought adaptation mechanisms should 
guide experimental design. Trends Plant Sci 21:639–647

Godoy O, Valladares F, Castro-Díez P (2011) Multispecies comparison 
reveals that invasive and native plants differ in their traits but not 
in their plasticity. Funct Ecol 25:1248–1259. https://​doi.​org/​10.​
1111/j.​1365-​2435.​2011.​01886.x

Goldstein G, Bucci SJ, Scholz FG (2013) Why do trees adjust water 
relations and hydraulic architecture in response to nutrient avail-
ability? Tree Physiol 33:238–240. https://​doi.​org/​10.​1093/​treep​
hys/​tpt007

Grant K, Kreyling J, Heilmeier H, Beierkuhnlein C, Jentsch A (2014) 
Extreme weather events and plant–plant interactions: shifts 
between competition and facilitation among grassland species in 
the face of drought and heavy rainfall. Ecol Res 29:991–1001. 
https://​doi.​org/​10.​1007/​s11284-​014-​1187-5

Grime JP, Brown VK, Thompson K, Masters GJ, Hillier SH, Clarke IP 
et al (2000) The response of two contrasting limestone grasslands 
to simulated climate change. Science (80-) 289:762–765. https://​
doi.​org/​10.​1126/​scien​ce.​289.​5480.​762

Harpole WS, Tilman D (2007) Grassland species loss resulting from 
reduced niche dimension. Nature 446:791–793. https://​doi.​org/​
10.​1038/​natur​e05684

Hofer D, Suter M, Haughey E, Finn JA, Hoekstra NJ, Buchmann N 
et al (2016) Yield of temperate forage grassland species is either 
largely resistant or resilient to experimental summer drought. J 
Appl Ecol 53:1023–1034. https://​doi.​org/​10.​1111/​1365-​2664.​
12694

Hofer D, Suter M, Buchmann N, Lüscher A (2017) Nitrogen status of 
functionally different forage species explains resistance to severe 
drought and post-drought overcompensation. Agric Ecosyst Envi-
ron 236:312–322. https://​doi.​org/​10.​1016/j.​agee.​2016.​11.​022

Intergovernmental Panel on Climate Change (2014) Climate change 
2014—impacts, adaptation and vulnerability: part B: regional 
aspects: Working Group II Contribution to the IPCC Fifth Assess-
ment Report: Volume 2: Regional Aspects. Cambridge University 
Press, Cambridge

Jentsch A, Kreyling J, Elmer M, Gellesch E, Glaser B, Grant K et al 
(2011) Climate extremes initiate ecosystem-regulating functions 
while maintaining productivity. J Ecol 99:689–702. https://​doi.​
org/​10.​1111/j.​1365-​2745.​2011.​01817.x

Jung E-Y, Gaviria J, Sun S, Engelbrecht BMJ (2020) Comparative 
drought resistance of temperate grassland species: testing per-
formance trade-offs and the relation to distribution. Oecologia 
192:1023–1036. https://​doi.​org/​10.​1007/​s00442-​020-​04625-9

Kardol P, De Long JR, Sundqvist MK (2012) Crossing the thresh-
old: the power of multi-level experiments in identifying global 
change responses. New Phytol 196:323–326. https://​doi.​org/​10.​
1111/j.​1469-​8137.​2012.​04341.x

Karlowsky S, Augusti A, Ingrisch J, Hasibeder R, Lange M, Lavorel 
S et al (2018) Land use in mountain grasslands alters drought 
response and recovery of carbon allocation and plant-microbial 
interactions. J Ecol 106:1230–1243. https://​doi.​org/​10.​1111/​
1365-​2745.​12910

Kitajima K, Bolker BM (2003) Testing performance rank reversals 
among coexisting species: Crossover point irradiance analysis 
by Sack & Grubb (2001) and alternatives. Funct Ecol 17:276–
281. https://​doi.​org/​10.​1046/j.​1365-​2435.​2003.​07101.x

Knapp AK, Carroll CJW, Denton EM, La Pierre KJ, Collins SL, 
Smith MD (2015) Differential sensitivity to regional-scale 
drought in six central US grasslands. Oecologia 177:949–957. 
https://​doi.​org/​10.​1007/​s00442-​015-​3233-6

Kübert A, Götz M, Kuester E, Piayda A, Werner C, Rothfuss Y et al 
(2019) Nitrogen loading enhances stress impact of drought on 
a semi-natural temperate grassland. Front Plant Sci 10:1–16. 
https://​doi.​org/​10.​3389/​fpls.​2019.​01051

Lenth R, Singmann H, Love J, Buerkner P, Herve M (2018) 
Emmeans: Estimated marginal means, aka least-squares means. 
R package version 1.5.2-1. https://​cran.r-​proje​ct.​org/​web/​packa​
ges/​emmea​ns/​index.​html

Meng B, Li J, Maurer GE, Zhong S, Yao Y, Yang X et al (2021) 
Nitrogen addition amplifies the nonlinear drought response of 
grassland productivity to extended growing-season droughts. 
Ecology 102:e03483. https://​doi.​org/​10.​1002/​ecy.​3483

Meyer-Grünefeldt M, Friedrich U, Klotz M, Von Oheimb G, Härdtle 
W (2013) Nitrogen deposition and drought events have non-
additive effects on plant growth—evidence from greenhouse 
experiments. Plant Biosyst 3504:1–9. https://​doi.​org/​10.​1080/​
11263​504.​2013.​853699

Peñuelas J, Poulter B, Sardans J, Ciais P, Van Der Velde M, Bopp L 
et al (2013) Human-induced nitrogen-phosphorus imbalances 
alter natural and managed ecosystems across the globe. Nat 
Commun 4:2934. https://​doi.​org/​10.​1038/​ncomm​s3934

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team (2019) nlme: 
Linear and Nonlinear Mixed Effects Models. R package version 
3.1-142. https://​CRAN.R-​proje​ct.​org/​packa​ge=​nlme

https://doi.org/10.1890/08-1140.1
https://doi.org/10.1111/2041-210X.12125
https://doi.org/10.1111/2041-210X.12125
https://doi.org/10.1016/j.agee.2016.11.009
https://doi.org/10.1016/j.agee.2016.11.009
https://doi.org/10.1007/s11104-019-04290-9
https://doi.org/10.1007/s11104-019-04290-9
https://doi.org/10.3389/fpls.2018.01586
https://doi.org/10.1038/nature05747
https://doi.org/10.1038/nature05747
https://doi.org/10.1073/pnas.1508170112
https://doi.org/10.1007/s00442-003-1331-3
https://doi.org/10.1007/s00442-003-1331-3
https://doi.org/10.1007/s11104-011-1008-3
https://doi.org/10.1007/s11104-011-1008-3
https://doi.org/10.1111/j.1365-2435.2011.01886.x
https://doi.org/10.1111/j.1365-2435.2011.01886.x
https://doi.org/10.1093/treephys/tpt007
https://doi.org/10.1093/treephys/tpt007
https://doi.org/10.1007/s11284-014-1187-5
https://doi.org/10.1126/science.289.5480.762
https://doi.org/10.1126/science.289.5480.762
https://doi.org/10.1038/nature05684
https://doi.org/10.1038/nature05684
https://doi.org/10.1111/1365-2664.12694
https://doi.org/10.1111/1365-2664.12694
https://doi.org/10.1016/j.agee.2016.11.022
https://doi.org/10.1111/j.1365-2745.2011.01817.x
https://doi.org/10.1111/j.1365-2745.2011.01817.x
https://doi.org/10.1007/s00442-020-04625-9
https://doi.org/10.1111/j.1469-8137.2012.04341.x
https://doi.org/10.1111/j.1469-8137.2012.04341.x
https://doi.org/10.1111/1365-2745.12910
https://doi.org/10.1111/1365-2745.12910
https://doi.org/10.1046/j.1365-2435.2003.07101.x
https://doi.org/10.1007/s00442-015-3233-6
https://doi.org/10.3389/fpls.2019.01051
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://doi.org/10.1002/ecy.3483
https://doi.org/10.1080/11263504.2013.853699
https://doi.org/10.1080/11263504.2013.853699
https://doi.org/10.1038/ncomms3934
 https://CRAN.R-project.org/package=nlme


14	 Oecologia (2023) 202:1–14

1 3

R Core Team (2019) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna,   
Austria. https://​www.R-​proje​ct.​org/

Reich PB (2014) The world-wide “fast-slow” plant economics spec-
trum: A traits manifesto. J Ecol 102:275–301. https://​doi.​org/​
10.​1111/​1365-​2745.​12211

Reichmann LG, Sala OE (2014) Differential sensitivities of grassland 
structural components to changes in precipitation mediate pro-
ductivity response in a desert ecosystem. Funct Ecol 28:1292–
1298. https://​doi.​org/​10.​1111/​1365-​2435.​12265

Sala OE, Chapin FS III, Armesto JJ, Berlow E, Bloomfield J, Dirzo 
R et al (2000) Global biodiversity scenarios for the year 2100. 
Science (80-) 287:1770–1774. https://​doi.​org/​10.​1126/​scien​ce.​
287.​5459.​1770

Socher SA, Prati D, Boch S, Müller J, Klaus VH, Hölzel N et al 
(2012) Direct and productivity-mediated indirect effects of fer-
tilization, mowing and grazing on grassland species richness. 
J Ecol 100:1391–1399. https://​doi.​org/​10.​1111/j.​1365-​2745.​
2012.​02020.x

Soons MB, Hefting MM, Dorland E, Lamers LPM, Versteeg C, 
Bobbink R (2017) Nitrogen effects on plant species richness 
in herbaceous communities are more widespread and stronger 
than those of phosphorus. Biol Conserv 212:390–397. https://​
doi.​org/​10.​1016/j.​biocon.​2016.​12.​006

Suttle KB, Thomsen MA, Power ME (2007) Species interactions 
reverse grassland responses to changing climate. Science (80-) 
315:640–642. https://​doi.​org/​10.​1126/​scien​ce.​11364​01

Tilman D, El Haddi A (1992) Drought and biodiversity in Grasslands. 
Oecologia 89:257–264. https://​doi.​org/​10.​1007/​BF003​17226

Van Sundert K, Arfin Khan MAS, Bharath S, Buckley YM, Calde-
ira MC, Donohue I et al (2021) Fertilized graminoids intensify 

negative drought effects on grassland productivity. Glob Chang 
Biol 27:2441–2457. https://​doi.​org/​10.​1111/​gcb.​15583

Vilonen L, Ross M, Smith MD (2022) What happens after drought 
ends: synthesizing terms and definitions. New Phytol. https://​doi.​
org/​10.​1111/​nph.​18137

Vogt J, Klaus V, Both S, Fürstenau C, Gockel S, Gossner M et al (2019) 
Eleven years’ data of grassland management in Germany. Biodiv-
ers Data J 7:e36387. https://​doi.​org/​10.​3897/​bdj.7.​e36387

Wang Y, Meng B, Zhong S, Wang D, Ma J, Sun W (2018) Above-
ground biomass and root/shoot ratio regulated drought susceptibil-
ity of ecosystem carbon exchange in a meadow steppe. Plant Soil 
432:259–272. https://​doi.​org/​10.​1007/​s11104-​018-​3790-7

Weisser WW, Roscher C, Meyer ST, Ebeling A, Luo G, Allan E et al 
(2017) Biodiversity effects on ecosystem functioning in a 15-year 
grassland experiment: patterns, mechanisms, and open questions. 
Basic Appl Ecol 23:1–73. https://​doi.​org/​10.​1016/j.​baae.​2017.​06.​
002

Wilson SD, Tilman D (1991) Component of plant competition along an 
experimental gradient of nitrogen availability. Ecology 72:1050–
1065. https://​doi.​org/​10.​2307/​19406​05

Wilson JB, Peet RK, Dengler J, Pärtel M (2012) Plant species rich-
ness: the world records. J Veg Sci 23:796–802. https://​doi.​org/​10.​
1111/j.​1654-​1103.​2012.​01400.x

Zhang Y, Feng J, Isbell F, Lü X, Han X (2015) Productivity depends 
more on the rate than the frequency of N addition in a temperate 
grassland. Sci Rep 5:12558. https://​doi.​org/​10.​1038/​srep1​2558

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) Mixed 
effects models and extensions in ecology with R. Springer, New 
York

https://www.R-project.org/
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2435.12265
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1111/j.1365-2745.2012.02020.x
https://doi.org/10.1111/j.1365-2745.2012.02020.x
https://doi.org/10.1016/j.biocon.2016.12.006
https://doi.org/10.1016/j.biocon.2016.12.006
https://doi.org/10.1126/science.1136401
https://doi.org/10.1007/BF00317226
https://doi.org/10.1111/gcb.15583
https://doi.org/10.1111/nph.18137
https://doi.org/10.1111/nph.18137
https://doi.org/10.3897/bdj.7.e36387
https://doi.org/10.1007/s11104-018-3790-7
https://doi.org/10.1016/j.baae.2017.06.002
https://doi.org/10.1016/j.baae.2017.06.002
https://doi.org/10.2307/1940605
https://doi.org/10.1111/j.1654-1103.2012.01400.x
https://doi.org/10.1111/j.1654-1103.2012.01400.x
https://doi.org/10.1038/srep12558

	Nutrient effects on drought responses vary across common temperate grassland species
	Abstract
	Introduction
	Materials and methods
	Study site and study species
	Experimental design and timeline
	Nutrient and moisture conditions
	Assessment of plant performance
	Statistical analyses
	Effects of drought and nutrients on plant performance
	Parameters associated with variation of nutrient effects on drought responses
	Effects of drought and nutrient conditions on species performance ranks


	Results
	Effects of nutrients and drought on survival
	Effects of nutrients on growth during drought
	Legacy effects of drought on growth in the following growing season
	Species performance ranks under drought changed with nutrient addition

	Discussion
	Conclusion
	Anchor 20
	Acknowledgements 
	References




