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Abstract. Ongoing climate change is increasing rainfall variability in many parts of the world; in particular,
the heaviest rainfall events are becoming heavier. In terrestrial ecosystems, nitrogen deposition is increasing as
a result of emissions from fossil fuel burning and volatilization of nitrogen-based fertilizers. These changes in
the timing and rate of resource inputs can impact plant communities by altering competitive dynamics, succes-
sion, and community composition. In many systems, these are occurring alongside successional dynamics,
making it difficult to tease apart mechanisms. Here, we resampled a nitrogen by rainfall variability manipula-
tion experiment in a restored tallgrass prairie to examine the relative role of background community dynamics
and treatment effects on plant diversity. During the treatment period, nitrogen addition and increased rainfall
variability reduced diversity. Here, four and five years after the treatments were halted, we found similarly
low levels of diversity across all treatments—an effect driven by dominance of a tall, fast-growing, clonal forb,
Solidago canadensis. The convergence of plots toward a low diversity state suggests that all experimental com-
munities were gradually becoming dominated by S. canadensis, including in the absence of rainfall or nitrogen
treatments. In contrast to short-term findings from the same experiment, we conclude that our treatments
accelerated succession toward a tall, clonal forb-dominated community along an existing sere, but did not fun-
damentally alter longer-term community composition—a result that was only apparent several years after the
conclusion of the experiment. These findings reinforce the need to interpret the results from short-term experi-
mental manipulations within the context of long-term successional change.
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INTRODUCTION

Plant community assembly and function are
influenced by a suite of anthropogenic forcings,
including land-use change and disturbance,
increased nitrogen (N) deposition, and concur-
rent changes in climate (Fujimaki et al. 2009, Por-
ter et al. 2013, Perring et al. 2016). Ongoing

global changes may have a particularly strong
effect on grassland ecosystems, often altering
aboveground net primary productivity (ANPP)
and plant community composition (Reyer et al.
2013, Knapp et al. 2015, Smith et al. 2015).
Ongoing changes in nitrogen deposition

(Vitousek et al. 1997, Galloway et al. 2004) and
rainfall variability (Alexander et al. 2006) are
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likely to alter resource availability in grasslands,
possibly leading to changes in plant community
structure and function (Reyer et al. 2013, Harpole
et al. 2016) by favoring species with traits best
suited for the new environment (Lloret et al.
2012, Isbell et al. 2013, Perring et al. 2016). Stud-
ies exploring responses to nitrogen and altered
precipitation patterns, either together or in isola-
tion, have found differential responses of plant
species between functional groups associated
with differences in N-use strategies (Klanderud
and Totland 2005, Yang et al. 2011). These differ-
ent responses can lead to changes in competitive
interactions and dominance hierarchies within
the plant community, altering structure and com-
position (Klanderud and Totland 2005, Yang
et al. 2011).

While plant community responses to altered
resource availability have been well studied (e.g.,
Clark and Tilman 2008, Cherwin and Knapp
2012, Borer et al. 2014, Koerner and Collins 2014,
Harpole et al. 2016), fewer researchers have
examined the conditions under which the effects
of short-term manipulations last beyond the
extent of the treatment period. These effects alter
system dynamics to send ecosystems on a trajec-
tory of compositional and functional change that
lasts beyond the cessation of a particular anthro-
pogenic forcing (Perring et al. 2016). The dura-
tion and magnitude of any such legacy effects
remain largely unexplored. By sampling global
change experiments after the treatments end, it is
possible to examine the lasting effects that
human activity may have on ecosystems (Smith
2011).

Studies that have explored legacy effects of
short-term environmental changes on plant com-
munities have found variable results (Smith
2011), from transient responses (e.g., Arnone
et al. 2011) to lasting alterations to community
structure (e.g., MacGillivray and Grime 1995).
Nonetheless, these studies typically only con-
sider short-term (e.g., <1 yr) responses following
pulse events, neglecting impacts in the later years
following the event. The few observational or
experimental studies that have studied plant
responses in years following a short-term change
in resources, notably precipitation, have focused
on changes in productivity (e.g., Arredondo et al.
2016, Sternberg et al. 2017, Stampfli et al. 2018,
Gong et al. 2020). These studies have revealed

that the previous-year precipitation patterns
sometimes significantly impact current-year pro-
ductivity (Arredondo et al. 2016, Gong et al.
2020), but in other cases have no effect (Sternberg
et al. 2017, Stampfli et al. 2018). One study found
lasting negative effects of drought on plant com-
munity diversity (Stampfli et al. 2018). Most of
these studies have only considered a single envi-
ronmental variable, even through resource avail-
ability impacts can be non-additive and context-
dependent (Fay et al. 2015), and can potentially
alter the long-term trajectory of the system.
To fully understand the temporal impact of

global changes on plant communities, it is impor-
tant to not only take into account post-treatment
responses, but also the ongoing background
(e.g., successional) changes to the plant commu-
nity. These successional changes can be stronger
than treatment effects (Langley et al. 2018), but
are difficult to evaluate in short-term studies.
Langley et al. (2018) used a meta-analytical
approach to show that background fluctuations
of most species exceeded the responses to the
manipulations in soil resource manipulation field
studies. However, one factor that was not consid-
ered was the age of the system studied and it is
likely that younger systems, undergoing stronger
successional dynamics, may show an even
greater difference between background and
treatment responses. In addition, Langley et al.
(2018) only examined responses during the treat-
ment period, whereas coupled within and post-
treatment sampling would help to understand
the impacts of treatments on the trajectory of suc-
cession.
In an experiment exploring the effects of three

years of increased rainfall variability and N fertil-
ization in a mesic, restored, tallgrass prairie,
Smith et al. (2016) found that N addition and
increased rainfall variability both elevated
belowground nitrogen availability during a two-
year treatment period. This increase in resource
availability favored fast-growing, tall-statured,
C3 forbs, particularly the dominant species, Sol-
idago canadensis, over species adapted to low
resource availability, specifically C4 grasses and
N-fixing forbs. These changes in community
composition subsequently reduced diversity and
evenness in plots receiving both increased rain-
fall variability and supplemental N (Smith et al.
2016); effects that persisted during a third year of
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treatment (Schuster and Dukes 2017). The likely
primary driver of the increased dominance of S.
canadensis was the increased competition for
aboveground resources that resulted from the
reduced belowground resource limitation, as S.
canadensis is tall-statured and has been found to
be a strong competitor for light in other studies
(Banta et al. 2008). S. canadensis may have further
exploited experimental changes in resource avail-
ability to accelerate nutrient cycling, possibly
through niche construction mechanisms that dis-
proportionately favored it over other plant func-
tional types (Schuster 2015, Schuster et al. 2016).

The dominance of species such as S. canadensis
can be self-perpetuating and result in stagnant
community composition that inhibits succession
and resists active restoration (Lepš et al. 2007,
Török et al. 2011). Successional processes on ex-
arable lands can slow down or stop at an early
stage as a result of an increase in the dominance
of a strong competitor (e.g., S. canadensis), result-
ing in decreased community richness (Lepš et al.
2007, Török et al. 2011, Smith et al. 2016). As
early successional communities such as old fields
and young semi-natural grasslands appear to be
particularly sensitive to changes in climate and
resource availability (Grime et al. 2000, Morecroft
et al. 2004), a global change-induced increase in a
dominant species may alter natural successional
processes.

To explore the extended temporal impact of
multiple short-term environmental changes on
plant community dynamics, we resampled a
restored tallgrass prairie four and five years
after the cessation of a three-year experiment
simulating increased rainfall variability and N
deposition. Increased rainfall variability and N
deposition are ongoing global changes (Gal-
loway et al. 2004, Alexander et al. 2006) that are
known to impact plant community structure
and functioning (Reyer et al. 2013, Harpole et al.
2016). Both factors can be short-term in nature;
rainfall variability by definition, and N deposi-
tion as a consequence of the pulsed nature of
fertilizer applications and wet deposition events.
In our system, we hypothesized that S. canaden-
sis would retain a competitive advantage within
the treatment plots even after the treatments
ended, as a result of the species’ rapid clonal
reproduction and growth strategies as well as
accelerated ecosystem nutrient cycling, which

could perpetuate its dominance. As a result of
this positive feedback, we expected treatment
plots to show an even greater reduction in
diversity and evenness at this later sampling
date than during the treatment period itself. In
contrast, we expected that the community struc-
ture of the control plots would have reached
equilibrium prior to the beginning of the treat-
ment period and would thus have remained rel-
atively unchanged since the end of the
treatment period.

MATERIALS AND METHODS

Experimental site
The experiment was conducted at the Prairie

Invasion and Climate Experiment (PRICLE) in
West Lafayette, Indiana, USA (40.4° N, 86.9° W).
The mean annual temperature and precipitation
at the site over the five-month growing season
(1901–2011) were 20.3°C and 495 mm, respec-
tively (iclimate.org; weather station ID 129430).
The experiment took place in a restored mixed-
grass prairie dominated by C4 grasses, C3 forbs,
and leguminous forbs (a full list of restoration
species and planting densities can be found in
Smith et al. 2016). The prairie was restored in
2008 and burnt prior to the beginning of the
experiment in April 2012. The soil at the site was
a mixed, sandy loam (66% sand, 24% silt, 10%
clay).
In May of 2012, three experimental blocks

were established using a randomized block
design along a relatively uniform strip of the
restored prairie in the middle of a larger area of
restored fields. Each block included four adjacent
rectangular plots that were 2 m wide × 3 m
long. Plots had 1-m buffers to minimize edge
effects. Plots were separated by 4.27 m of non-ex-
perimental, restored prairie to maintain hydro-
logical isolation. Within each block, we
implemented a fully factorial combination of
rainfall variability (2 levels, ambient and
increased rainfall variability) by nitrogen input
(2 levels, ambient and added) plots. We manipu-
lated rainfall variability using a combination of
rainout shelters and watering within the
increased rainfall variability plots. We installed
4.27 × 5.29 m partial rainout shelters above each
of the increased variability plots. These shelters
were built with an A-frame design and were
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positioned 1.5 m above the long edges of the
plot, rising to 2 m above plot centers. Shelters
were covered with 0.33 m wide clear polycar-
bonate slats, spaced to remove 50% of ambient
rainfall. Removed rainfall was directed away
from the plot using gutters. These structures
were kept in place throughout the growing sea-
sons (May–October) of 2012–2014. Similar frames
without slats were placed over the ambient rain-
fall plots. We placed black nylon netting over
these plots to control for shading effects of the
clear plastic slats (~5% reduction in photosyn-
thetically active radiation). Ambient rainfall
totals at the site were continuously monitored
using an automatic rain gauge at the site (Onset
Computer, Bourne, Massachusetts, USA). Every
30 d during the growing season, we applied a
volume of water equivalent to 50% of ambient
rainfall to the increased rainfall variability plots
in a single event during midday hours
(9:00–15:00) on cloudy days. Events of this size
represent an event that would be seen, on aver-
age, once every two years at the site (based on
analysis of climate data from 1901 to 2012). A
very small amount of water was also added to
the ambient plots in order to keep the number of
rainfall events similar across treatments. Added
water came from a nearby well and was chemi-
cally similar to rainwater (Smith et al. 2016). As a
result of the treatments, the total rainfall experi-
enced by all plots was similar over the duration
of the experiment. As reported in Smith et al.
(2016), the increased rainfall variability plots
acted to increase volumetric water content in the
top 10 cm by 7% in 2012–2013, an effect that per-
sisted through 2014 (Schuster et al. 2016). Soil
moisture was not monitored following the cessa-
tion of the treatments.

Five g N/m2 was applied to the added nitrogen
plots via slow-release fertilizer in June of
2012–2014 (Environmentally Smart Nitrogen;
ESN; Agrium Advanced Technologies, Loveland,
Colorado, USA). Smith et al. (2016) further
describe the site and experimental design.

Community composition sampling
The cover of each species was estimated within

a 2 × 2 m square quadrat in the center of each
plot during the peak of the growing season (mid-
July) four and five years following the cessation
of the treatments (2018 and 2019). Cover was

estimated as the proportion of total plot area and
could add to more than 100%. During each sea-
son, two individuals measured cover indepen-
dently and results were averaged. Species
richness (R), Simpson’s diversity (D), and Simp-
son’s evenness (E) were calculated using the
cover estimates as

D¼ 1

∑
R

i¼1
p2i

, (1)

where pi is the percentage cover of the ith species
in the plot and

E¼D
R
: (2)

Statistical analysis
To examine treatment effects on diversity

across time, we fit mixed-effects models for D, E,
and R. The models included a fully factorial com-
bination of rainfall treatment and nitrogen treat-
ment as categorical fixed effects. The models
included block and year as random intercept
terms and plot number as an index of the
repeated measure. We identified significant dif-
ferences between specific treatments using post
hoc Tukey’s tests.
To examine the impact of the treatments on

plant-type components of diversity, we pooled
our cover estimates by plant functional type
(PFT). The PFTs chosen were similar to those
in Smith et al. (2016): C3 grasses (C3G), C4

grasses (C4G), clonal forbs (CF), nitrogen-fixing
forbs (NF), and other forbs (OF). We then fit a
linear mixed-effects model separately for each
PFT that included a fully factorial combination
of rainfall treatment and nitrogen treatment as
categorical fixed effects. The models included
block and year as random intercept terms and
plot number as an index of the repeated mea-
sure. We used Wald’s chi-squared statistic to
test for significance of fixed effects in our
models. We used post hoc Tukey’s tests to
examine the influence of our treatments during
each time point. Throughout, models were fit
using the lmer function in the lme4 package
(Bates et al. 2015) in R. Post hoc tests were
performed using the emmeans package (Lenth
2019) in R. All analyses were performed in R
version 3.5.2 (R Core Team 2019).
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RESULTS

Diversity metrics
Four and five years after the treatments had

ceased, Simpson’s diversity (D) was not different
across the rainfall treatments (P > 0.05) or nitro-
gen treatments (P > 0.05) and there was no inter-
action between treatments (P > 0.05; Table 1 and
Fig. 1). Similarly, Simpson’s evenness (E) was not
significantly influenced by the rainfall treatments
(P > 0.05), nitrogen treatments (P > 0.05), or
their interaction (P > 0.05; Table 1 and Fig. 1).
There was a marginally significant (P < 0.10;
Table 1) 12% reduction in evenness in the nitro-
gen treatment plots compared to the control, an
effect due to marginally significant (P < 0.10;
Table 1) 12% increase in richness in those plots
(Fig. 1). However, post hoc Tukey’s tests found
no significant differences in evenness or richness
among any of the treatments (P > 0.10 in all
cases).

Plant-type cover
We assessed the impact of our treatments on

PFT four and five years after the cessation of the
treatments. The dominant PFT in the system, clo-
nal forbs (CF), did not differ in abundance across
treatments, as indicated by a lack of significant
main effect (P > 0.05) and treatment interaction
terms (P > 0.05; Table 2 and Fig. 2).

The codominant PFT in the system at the
beginning of the experiment was C4 grasses
(C4G). Mean cover of C4G was 47% lower in
plots that had received more variable rainfall
(Fig. 2), although this treatment effect was only
marginally significant (P < 0.10; Table 2). Cover
of C4G was also 79% higher in plots that had

received added nitrogen (Fig. 2), but again, this
treatment effect was only marginally significant
(P < 0.10; Table 2). Post hoc Tukey’s tests found
no significant difference in C4G cover among
any treatments (P > 0.10 in all cases).
The subdominant PFTs in the community were

nitrogen-fixing forbs (NF), C3 grasses (C3G), and
other forbs (OF). The NF group showed a large
(162%), but only marginally significant increase
in cover as a result of the historical nitrogen
addition treatments (P < 0.10; Table 2 and
Fig. 2). However, post hoc Tukey’s tests found no
significant differences in NF cover among treat-
ments (P > 0.10 in all cases). C3G’s showed no
significant response to the treatments (P > 0.05
in all cases; Table 2). The OF group showed a
marginally significant 187% increase in cover as
a result of the historical rainfall variability treat-
ments (P < 0.10; Table 2). However, post hoc
Tukey’s tests again found no significant differ-
ences among treatments (P > 0.10 in all cases).

DISCUSSION

At the beginning of our experiment in 2012,
we set out to examine how changes in resource
availability (i.e., nitrogen and water) might influ-
ence community dynamics of a restored tallgrass
prairie that was approximately equally domi-
nated by grasses and forbs (Smith et al. 2016).
Our treatments quickly resulted in a community
dominated by relatively few clonal forb species,
an effect that reduced community diversity
(Smith et al. 2016). This effect persisted through-
out the duration of the three-year treatment per-
iod (Smith et al. 2016, Schuster and Dukes 2017).
However, resampling of the same plots four and
five years after the cessation of the global change
treatments revealed that the plant community, as
a whole, was moving toward a low diversity, clo-
nal forb-dominated state. These results provide
greater clarity to the Smith et al. (2016) findings
and suggest that rather than inducing a funda-
mental state change, the nitrogen and rainfall
treatments at PRICLE accelerated underlying
shifts in the plant community.
Our short- and long-term results are consistent

with multiple resource limitation seen in other
grasslands (Fay et al. 2015). Our study site was
located near the eastern, mesic end of the histori-
cal tallgrass prairie range (Samson and Knopf

Table 1. Results of Wald’s chi-squared test examining
the influence of precipitation and nitrogen treat-
ments on plant species diversity (D), evenness (E),
and richness (R).

Variable df

D E R

χ2 P χ2 P χ2 P

Precipitation
(P)

1 0.32 0.575 0.64 0.424 0.27 0.605

Nitrogen (N) 1 0.20 0.651 2.97 0.085 3.72 0.054
P × N 1 0.62 0.432 0.10 0.756 0.17 0.683

Note: Marginally significant P values are italicized.
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1994), in a large agricultural region experiencing
high levels of nitrogen input (Tilman et al. 1999).
Consequently, total plant cover is high (>100%)
by mid-summer, and tall-statured species,

primarily S. canadensis, commonly shade out
other species. Therefore, light was likely limiting
to varying degrees before, during, and after our
experiment. As our rainfall variability

Fig. 1. Simpson’s diversity (top), evenness (middle), and richness (bottom) over time, including during
(2012–2014) and following the cessation of the experimental treatments (2018–2019; A, C, E). Box plots in panels
B, D, and F show treatment-level data pooled over the two years following the cessation of the experimental
treatments (i.e., 2018–2019). Colors correspond to the applied treatments: ambient (white), nitrogen addition
(+N; red), variable precipitation (+VR; blue), and variable precipitation plus nitrogen addition (+VR + N; pur-
ple). Boxes show median and 25th and 75th percentiles or first and third quartiles, respectively. Whiskers extend
to the largest and smallest values or, at most, 1.5 times the inner quartile range. Points indicate data beyond the
whiskers. Insets represent the statistical significance of the treatment effects on data from 2018 to 2019: not signif-
icant (ns; P > 0.1) and marginally significant †; 0.05 < P < 0.1).
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manipulations increased soil moisture (Smith
et al. 2016, Schuster and Dukes 2017), our treat-
ments acted to reduce water and nitrogen limita-
tion and conversely enhance light limitation.
This effect benefited the tall-statured clonal forbs,
which are strong competitors for space and light
in this grassland system (Banta et al. 2008, Dema-
lach et al. 2016) at the expense of the codominant,
short-statured grass S. scoparium. Our treatments
promoted a quick shift in dominance to clonal
forbs and S. canadensis in particular. However,
our post-treatment sampling indicated that this
shift may have been happening all along, possi-
bly through a similar mechanism. We might
expect a similar acceleration of background com-
munity changes in systems that see increasing
limitation from the primary limiting resource as
a result of global change.

Our findings suggest that the results from glo-
bal change manipulation experiments should be
viewed in the context of background succes-
sional changes happening in the system. A recent
meta-analysis of long-term global change experi-
ments found that changes in plant species abun-
dance over time in control plots are often greater
than the size of the treatment effects (Langley
et al. 2018). This was most certainly the case in
our study. It is difficult to shield control plots
from global change impacts in semi-natural
experiments, as anthropogenic activities continue
to alter terrestrial ecosystems around the world
(Fenn et al. 2003, Körner and Basler 2010, Keenan
et al. 2013, Meir et al. 2015). The longer-term
changes we observed may also be a product of
disturbance history (Jentsch et al. 2007). Indeed,
our plots were set up in a restored prairie, with
treatments first implemented just 4 yr following
the restoration. Our results indicate that commu-
nity equilibrium had not been reached when the
global change treatments were implemented.

Communities dominated by S. canadensis dur-
ing initial stages of succession on abandoned agri-
cultural lands may resist further successional
changes (Gusev 2015). In addition when prairies
are left unburned, C4 species and all grasses are
known to decrease in abundance over time (Gib-
son and Hulbert 1987). In our study, the site had
last been burned in spring 2012, prior to the start
of the treatments. However, S. canadensis is known
to compete well following fire (Fenesi et al. 2015),
so the same effects may have been expected even
in the presence of more frequent fire.
Our post-treatment resampling efforts were ini-

tially developed to assess whether our treatment
effects were transient or resulted in a state change
to the system (Smith 2011). However, our findings
instead highlight the complexities associated with
these types of investigations. Our findings during
the period of treatment application (Smith et al.
2016, Schuster and Dukes 2017) were a product
not only of our imposed treatments, but also the
site’s disturbance history and background global
changes. As such, we must view the impacts of
our treatments not as impacts to the state of the
system, per se, but as impacts to the background
trajectory of the system (Langley et al. 2018).
Although extreme drought, like that which
occurred during the first year of this study (2012),
has been shown to lead to stochastic patterns of
community assembly (Jentsch et al. 2011, Kreyling
et al. 2011), we found consistent convergence of
communities over time. Our treatments were, in a
sense, transient, as they did not impact the
longer-term trajectory of the system. Instead, our
treatments expedited shifts in community compo-
sition by enhancing competitive dominance of
clonal forbs.
In sum, we found that increased rainfall vari-

ability and nitrogen addition accelerated the ongo-
ing successional trajectory of a restored tallgrass

Table 2. Results of Wald’s chi-squared test examining the influence of precipitation and nitrogen treatments on
clonal forb (CF), C4 grass (C4G), nitrogen-fixing forb (NF), other forb (OF), and C3 grass cover functional
types.

Variable df

CF C4G NF OF C3G

χ2 P χ2 P χ2 P χ2 P χ2 P

Precipitation (P) 1 0.04 0.844 3.66 0.056 0.00 0.958 3.76 0.053 0.72 0.395
Nitrogen (N) 1 0.04 0.848 3.17 0.075 3.65 0.056 2.61 0.106 0.48 0.488
P × N 1 0.81 0.368 0.19 0.665 0.04 0.833 0.44 0.509 0.01 0.935

Note: Marginally significant P values are italicized.
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prairie. Our post-treatment resampling revealed a
plant community that was losing diversity and
becoming more dominated by a few species that
compete well for light. The treatments had

accelerated this community change by reducing
water and nitrogen limitation, but the longer-term
perspective provided by subsequent resampling
clarified that the community was already heading

Fig. 2. Percentage cover of clonal forbs (top), C4 grasses (middle), and nitrogen-fixing forbs (bottom) over time,
including during (2012–2014) and following the cessation of the experimental treatments (2018–2019; A, C, E).
Box plots in panels B, D, and F show treatment-level data pooled over the two years following the cessation of
the experimental treatments (i.e., 2018–2019). Colors correspond to the applied treatments: ambient (white),
nitrogen addition (+N; red), variable precipitation (+VR; blue), and variable precipitation plus nitrogen addition
(+VR + N; purple). Boxes show median and 25th and 75th percentiles or first and third quartiles, respectively.
Whiskers extend to the largest and smallest values or, at most, 1.5 times the inner quartile range. Points indicate
data beyond the whiskers. Insets represent the statistical significance of the treatment effects on data from 2018
to 2019: not significant (ns; P > 0.1) and marginally significant †; 0.05 < P < 0.1).
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in this direction. These results emphasize the
importance of considering the full context of a sys-
tem, including its successional trajectory and any
ongoing environmental changes, when designing
management plans or interpreting experimental
outcomes.
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Lepš, J., et al. 2007. Long-term effectiveness of sowing
high and low diversity seed mixtures to enhance
plant community development on ex-arable fields.
Applied Vegetation Science 10:97–110.

Lloret, F., A. Escudero, J. M. Iriondo, J. Martinez-
Vilalta, and F. Valladares. 2012. Extreme climatic
events and vegetation: the role of stabilizing pro-
cesses. Global Change Biology 18:797–805.

MacGillivray, C. W., and J. P. Grime. 1995. Testing pre-
dictions of the resistance and resilience of vegeta-
tion subjected to extreme events. Functional
Ecology 9:640.

Meir, P., P. Meir, M. Mencuccini, and R. C. Dewar.
2015. Drought-related tree mortality: addressing
the gaps in understanding and prediction. New
Phytologist 207:28–33.

Morecroft, M. D., G. J. Masters, V. K. Brown, I. P.
Clarke, M. E. Taylor, and A. T. Whitehouse. 2004.
Changing precipitation patterns alter plant com-
munity dynamics and succession in an ex-arable
grassland. Functional Ecology 18:648–655.

Perring, M. P., P. D. E. Frenne, L. Baeten, and S. L.
Maes. 2016. Global environmental change effects

on ecosystems : the importance of land-use lega-
cies. Global Change Biology 22:1361–1371.

Porter, E. M., W. D. Bowman, C. M. Clark, J. E. Comp-
ton, L. H. Pardo, and J. L. Soong. 2013. Interactive
effects of anthropogenic nitrogen enrichment and
climate change on terrestrial and aquatic biodiver-
sity. Biogeochemistry 114:93–120.

R Core Team. 2019. 2019. R: a language and environ-
ment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.

Reyer, C. P. O., et al. 2013. A plant’s perspective of
extremes: terrestrial plant responses to changing
climatic variability. Global Change Biology 19:75–
89.

Samson, F., and F. Knopf. 1994. Prairie conservation in
North America. BioScience 44:418–421.

Schuster, M. J. 2015. Increased rainfall variability and
N addition accelerate litter decomposition in a
restored prairie. Oecologia 180:645–655.

Schuster, M. J., and J. S. Dukes. 2017. Rainfall variabil-
ity counteracts N addition by promoting invasive
Lonicera maackii and extending phenology in
prairie. Ecological Applications 27:1555–1563.

Schuster, M. J., N. G. Smith, and J. S. Dukes. 2016.
Responses of aboveground C and N pools to
rainfall variability and nitrogen deposition are
mediated by seasonal precipitation and plant
community dynamics. Biogeochemistry 129:389–
400.

Smith, M. D. 2011. An ecological perspective on
extreme climatic events: a synthetic definition and
framework to guide future research. Journal of
Ecology 99:656–663.

Smith, M. D., et al. 2015. Global environmental change
and the nature of aboveground net primary pro-
ductivity responses: insights from long-term exper-
iments. Oecologia 177:935–947.

Smith, N. G., M. J. Schuster, and J. S. Dukes. 2016.
Rainfall variability and nitrogen addition synergis-
tically reduce plant diversity in a restored tallgrass
prairie. Journal of Applied Ecology 53:579–586.

Stampfli, A., J. M. G. Bloor, M. Fischer, and M. Zeiter.
2018. High land-use intensity exacerbates shifts in
grassland vegetation composition after severe
experimental drought. Global Change Biology
24:2021–2034.

Sternberg, M., C. Golodets, M. Gutman, A. Perevolot-
sky, J. Kigel, and Z. Henkin. 2017. No precipitation
legacy effects on above-ground net primary pro-
duction and species diversity in grazed Mediter-
ranean grassland: a 21-year experiment. Journal of
Vegetation Science 28:260–269.

Tilman, D., C. Balzer, J. Hill, and B. L. Befort. 1999.
Global food demand and the sustainable intensifi-
cation of agriculture. Proceedings of the National

 v www.esajournals.org 10 January 2021 v Volume 12(1) v Article e03313

PLOUGHE ETAL.

https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans


Academy of Sciences of the United States of Amer-
ica 108:20260–20264.

Török, P., E. Vida, B. Deák, S. Lengyel, and B.
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