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Abstract:
Ecosystem eutrophication often increases domination by non-natives and causes displacement of native taxa. However, variation in environmental conditions may affect the outcome of interactions between native and non-native taxa in environments where nutrient
supply is elevated. We examined the interactive effects of eutrophication, climate variability and climate average conditions on the success of native and non-native plant species
using experimental nutrient manipulations replicated at 32 grassland sites on four continents. We hypothesized that effects of nutrient addition would be greatest where climate
was stable and benign, owing to reduced niche partitioning. We found that the abundance
of non-native species increased with nutrient addition independent of climate; however,
nutrient addition increased nonnative species richness and decreased native species richness, with these effects dampened in warmer or wetter sites. Eutrophication also altered
the time scale in which grassland invasion responded to climate, decreasing the importance of long-term climate and increasing that of annual climate. Thus, climatic conditions
mediate the responses of native and non-native flora to nutrient enrichment. Our results
suggest that the negative effect of nutrient addition on native abundance is decoupled
from its effect on richness, and reduces the time scale of the links between climate and
compositional change.
Introduction
Anthropogenic eutrophication is a global problem [1,2] and leads to a myriad of effects
on plant species and ecosystem properties [3 – 5]. In general, non-native species exhibit
greater success than natives under increased nutrient addition [6,7], and often non-native
species will increase in abundance and richness in eutrophied communities at the cost of
native species [8 – 10]. This differential response of non-native and native species is related
to the tendency of non-native species to have fast growth rates and rapid resource acquisition [11,12], and to exhibit greater biomass increases under increased nutrient addition
[6,7]. Increased nutrient addition and climate conditions, however, can have interacting
effects on the success of non-native species [13 – 15]. These effects are influenced by how
variation in the mean and heterogeneity of the local environment alters the persistence
and establishment of taxa within communities, and the interactions within and among
their populations [16]. Further, non-native species differ substantially in their ecological
strategies [17,18], potentially leading to varying responses of non-natives to specific combinations of nutrient enrichment and climate conditions. Depending on climate and the
extent of nutrient enrichment, non-natives may be excluded by, exclude, or coexist with
native species. For example, evidence from studies spanning different regions suggests
that the response of non-native species to increased nutrient addition might vary depending on climatic conditions [10,19]. However, it remains unclear (i) whether, on average,
non-native species differ from native species in their response to the interaction between
nutrient enrichment and climate conditions (mean and variability); and (ii) whether the
combined effect of more stable and benign climate conditions and increased nutrients has a
net positive effect on non-native species as a group. Because changes in biodiversity (gains
and losses) have crucial implications for the functioning of ecosystems across spatial and
temporal scales [20], it is pressing that we understand how multiple concurrent environmental changes affect non-native species and invaded natural communities.
Nutrient addition and climate variability may have counteracting effects on the regulation of local diversity, including non-native and native species coexistence. Nutrient en-
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richment experiments show that eutrophication can reduce diversity by decreasing niche
dimensionality and enhancing competitive exclusion via increased light limitation [4,5,8]
or other resource limitation [21]. The effects of eutrophication may be dampened by higher
plant diversity and functional composition [22]. Climate variability can contribute to the
maintenance of divesity as species vary in their responses to climatic conditions [18,23,24].
In contrast, more constant climate conditions may offer fewer opportunities for temporal
niche partitioning [25]. However, the interactive effects of climate mean and variability
with nutrient addition on species diversity remain uncertain. Climate-based environmental heterogeneity could offset the negative effects of eutrophication on species coexistence
via mechanisms such as the temporal storage effect [26–28], as different species in a community may be favoured at different points in time [16]. Alternatively, climate variability
could interact with eutrophication to enhance species invasion by opening colonization
windows for species with strategies for high-nutrient resource capture (i.e. weakened biotic resistance, [16]).
Experimental tests suggest that environmental factors can alter the effect that nutrient
addition has on a plant’s carbon sequestration, nutrient uptake and relative growth rate,
ultimately affecting the composition and richness of a community [29 – 31]. For instance,
under elevated temperature and nutrient enrichment, plants respond faster to changes in
soil resources and to increased carbon sequestration, leading to changes in community
composition [29,31]. Similarly, experimental water and nutrient availability manipulations
lead to changes in species richness or cover, suggesting that response to nutrient treatments is influenced by water availability and differs among species [30,32,33]. In addition, trade-offs between water and nitrogen use efficiency have been found across different
growth forms (i.e. herbs, shrubs and trees), with the relative position of species on this
trade-off affecting their fitness and spatial distribution [30].
In the context of invasion ecology, the few studies that have explicitly explored the relationship between nutrient addition and climate conditions support the hypothesis that
interactions between these two factors may cause contrasting trajectories of native and
non-native abundance. Evidence from single-site studies suggests that variation in the prevailing environmental conditions affects the abundance of non-native and native species
in response to nutrient addition [10,14,15,28]. In nutrient-limited plant communities, for
example, higher water availability is not sufficient to enhance exotic species success [34].
Meanwhile, in desert communities, the positive effect that nutrient addition has on exotic
species abundance disappears during the driest years [14]. Across sites, Cleland et al. [19]
showed an increase in exotic species abundance in grasslands around the USA after nitrogen (N) addition. This response was mainly driven by an extreme response to N enrichment at a few sites. Why this was the case is unclear, but local climate conditions may have
played a role in determining the effect of eutrophication on non-native abundance. Taken
together, these studies demonstrate that the effect of nutrient addition on the relative abundance of non-native plants could vary widely depending on historical climate conditions
and the range of climatic variability to which the species in each community are adapted.
Over time, species arrival and local environmental conditions will shape the composition
of communities [25,35,36], and species characteristics will determine their success in different abiotic environments (including both mean conditions and variability) [24,25,37,38].
However, nutrient addition modifies environmental conditions, changing the composition
of communities and reducing species diversity [4,5,8], often causing losses of rare, native,
perennial and N-fixing species [8,39]. Thus, eutrophication represents a new filter, which
modifies the identity and abundance of species in communities by selecting for a different
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combination of successful species characteristics. These eutrophication-related changes in
composition may also alter the association between communities and prevalent environmental conditions, either modifying the impact of climatic factors (amount or variability)
on these communities, or modifying the time scale at which communities respond to them.
This change in the association between environment and communities could have important implications on the response of eutrophied communities to other concurrent environmental changes (e.g. global warming and altered precipitation regimes).
Here, we use data collected as part of the Nutrient Network collaborative research experiment (NutNet, www.nutnet.org; [40]). NutNet has a fully crossed experiment designed to
assess the effects of N, phosphorus (P) and potassium plus micronutrient (K) addition on
grassland communities worldwide (figure 1a; [40]). NutNet also spans globally relevant
climatic gradients, including extreme temperature seasonality and wide gradients in rainfall (figure 1b). We use these data to evaluate whether climatic extremes, means, variances,
or both mean and variance of climate conditions most effectively explain the variation and
rate of change in the abundance and richness of non-native and native grassland species.
We then assess the interactive effects of eutrophication, mean climate, and climate variability on the richness and abundance of non-native species in grassland communities around
the world.

Methods
Data
We examined plot-level data on species richness (number of species) and abundance (measured as percentage cover by species) by provenance (i.e. non-native or native) collected
in 51 grassland sites within NutNet (figure 1a; [40]). We used all 51 sites for the abundance
and richness analyses. Only 32 of these sites had at least three years of nutrient addition
response data. Therefore, we used this subset to examine the change in abundance and
richness of species by provenance in response to the nutrient treatments (figure 1a). If a
population was not native to the site in which it was sampled, it was categorized as non-
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native; if a population was native to the site in which it was sampled, it was categorized as
native. The provenance (native/non-native) of each species was determined by experts at
each site. Only sites with at least one non-native species were selected (regardless of their
dominance), as sites with no non-native species are uninformative for these analyses.
All sites followed identical treatment and sampling protocols [40]. The nutrient experiment, a factorial addition of N, P and K plus micronutrients, was replicated in three blocks
per site. All plots were 5x5 m and annually received 10 g N m22yr21 as slow-release urea
[(NH2)2CO], 10 g P m22 yr21 as triple-super phosphate, [Ca(H2PO4)2], 10 g K m22 yr21as
potassium sulfate [K2SO4]. To avoid toxicity, 100 g m22 yr21 of a micronutrient mix of Fe
(15%), S (14%), Mg (1.5%), Mn (2.5%), Cu (1%), Zn (1%), B (0.2%) and Mo (0.05%) was
added only in the first treatment year.
The vegetation in all plots was sampled annually, starting in the year prior to the application of nutrients (year 0). The aerial cover of each species rooted within a permanently
marked 1 m2 subplot within each 5 x 5 m plot was assessed annually at peak biomass.
Cover was recorded to the nearest 1%.
We used year 0 (i.e. pre-nutrient treatment data) abundance and richness data for all
plots to assess the effect of climate variability on richness and abundance (n = 51). Three
years of data after nutrient treatment started were used to assess the effect of climate (only
control plots), nutrients (all plots) and their interaction (all plots) on rate of change in abundance and richness (n = 32). We calculated the abundance of non-native and native species
as the % cover from the total for these groups. For the 32 sites for which we had sufficient
data to estimate the rates of change in either richness or abundance through time (figure 1),
we estimated the rate of change as the log-response ratio between the metric after t years
of treatment and the pre-nutrient treatment value (dR/dt = log10(Rt/R0)) in the same permanently marked plot.
Climate data
For our analyses, we focused on three climate variables: temperature, precipitation and
water availability (the balance between potential evapotranspiration and precipitation).
Precipitation, temperature and water availability are three of the most common variables
used to understand how climate shapes species distributions, diversity and trait variation
[24,37,41]. Further, these three variables impact on plants’ photosynthetic capacity, growth
rates and biomass allocation [41,42]. At the same time, plant traits related to these functions (i.e. traits related to resource capture, water use efficiency and growth rates) tend to
differ between non-native and native species [12,43], and vary along gradients on these
three climate variables [44].
We obtained monthly climate data for our sites from a 0.58 resolution gridded dataset [45] to explore effects of both means and variability in precipitation, temperature and
water availability, as well as number of days with extreme temperature and precipitation
events. We defined climate variability as the variance in the climate variable of interest.
Water availability was defined using a moisture index (MI) calculated as MI 1⁄4 PRE/PET,
where PRE is mean precipitation and PET is Thornthwaite’s index of potential evapotranspiration [42]. We quantified mean climate and climate variability over three distinct time
scales: within the growing season of species data collection (within season), within the
calendar year of species data collection (hereafter, annual climate) and across a long-term
record (1961 – 2000; hereafter, long-term climate). For each year of observation, we defined
the growing season of each site as the months with a mean minimum temperature greater
than 0.08C and MI . 0.05 [42].
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We calculated extreme events for individual sites by comparing the precipitation or
temperature values for every day of every year that species data collection took place with
the distribution of rainfall and temperature values of every month from 1961 to 2000. We
obtained the daily climate data from the National Center for Environmental Prediction
[46]. We defined extreme cold/dry events as the number of days during the species data
collection period in which temperature or rainfall was below the first percentile of the 1961
– 2000 distribution for each site. Likewise, extreme hot/wet events were defined as the
number of days in which rainfall or temperature was above the 99th percentile.
Analyses
Our overall aim was to understand whether climate conditions (means, variability and
extreme events) interacted with nutrient addition to alter the abundance and richness of
non-native and native species, and to test whether this effect differed between these two
groups of species. We focused on three response variables: species richness, abundance,
and their rate of change (i.e. dtn richness/dt0 or dtn abundance/dt0, where dtn represents
either abundance or richness after t years of nutrient treatment and dt0 represents the pretreatment measure of that metric). Abundance and richness data were derived at the site
level. Therefore, we fitted generalized linear models with a negative binomial distribution
for richness, and linear models for abundance. Rates of change in richness and in abundance were derived at the plot level, thus we fitted linear mixed-effect models with nested
random effects for plot, site and calendar year.
We first evaluated which of a suite of climate variables best explained native and non-native species variation in richness, abundance and their rate of change. All models included
a term for provenance (non-native or native), which was allowed to interact with climate
(extreme temperature and rainfall events as well as long-term, annual or growing-season
water availability, precipitation and temperature means or variances or both; electronic
supplementary material, S1). The model for extreme events also included a term for water
availability to account for the effect of differences in this variable between sites. This is
because differences in water availability between our sites could lead to distinct responses
between plant communities to extreme climate events depending on the historical water
availability of each site, which have probably shaped the composition of species present
at each site. We found strong correlations between some climate variables (r.0.7; electronic
supplementary material, S1). To avoid collinearity between these climate variables in the
models, if two or more of these variables were present in a model and showed collinearity,
we fitted all alternate multivariate models with only one of the collinear variables present
(electronic supplementary material, table S1.5). Then we used Akaike information criterion
(AIC) to assess what combination of climatic factors best explained each response variable.
For each response variable, we compared the models fitted with DAIC values (DAIC 1⁄4
AICmodel i – minAIC, where minAIC is the model with the smallest AIC value). For brevity, we present only results of the models with smallest DAIC values.
Next, we developed linear mixed-effect models to establish the relationships between
nutrient treatments and the change in richness and abundance of non-native and native
species. While these relationships are well known for our sites, and described in full detail elsewhere (see [39]), these relationships can vary in strength among sites within and
between studies [14,19,47]. Thus, we used these models to show that the relationship between nutrients and non-native species is robust and present in our dataset, and to provide
a comparison for the results from the nutrient and climate interaction tests below. In these
models, our response variables were either change in richness or change in abundance.
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The fixed effects were species provenance, nutrient treatments (N, P, K þ micros and all
their combinations) and their interactions (graphical representation of these models in
electronic supplementary material, figure S2.1 and S2.2). To assess the effect of the nutrient
treatments over time, we also included a fixed term in the model for year since the nutrient treatments started. These models included a nested random effect for plot, site and
calendar year.
Finally, we tested for the effect of the interaction between climate and nutrient treatment
on the rate of change in abundance and richness of non-native and native species. We
first selected the best model for the interaction between nutrient treatments and climate
using DAIC scores as above. Our response variables were rates of change (i.e. either dR/
dt = log10(Rt/R0) or dA/dt = log10(At/A0), where R is richness and A abundance). The
explanatory variables were species provenance, climate variables, nutrient treatment and
three-way interactions between nutrient treatment, species provenance, and each climate
variable (electronic supplementary material, table S1.5; graphical representation of these
models in electronic supplementary material, figure S2.3 and S2.4). These models included
a nested random effect for plot, site and calendar year.
Prior to analyses, we log10 transformed the precipitation data. All data were extracted
and analyzed using R v. 3.1.1 [48].
Results
Effect of climate (no nutrient treatments)
Long-term climate mean and variance were associated with both native and non-native
species richness and abundance (electronic supplementary material, table S2.1), often in
opposite directions. In both the best and second best models, increased long-term precipitation variance led to increased non-native species richness but reduced native species
richness (p < 0.0002, electronic supplementary material, tables S2.2 and S2.3). The secondbest model for richness, which was indistinguishable from the best model based on DAIC
values (electronic supplementary material, table S2.1), also suggested reduced non-native
richness and increased native richness in warmer sites (p = 0.03; electronic supplementary
material, tables S2.2 and S2.3).
The abundance of non-native and native species (electronic supplementary material,
table S2.1) differed in their response to long-term mean precipitation (p = 0.005) and longterm variance in precipitation (p < 0.0001; electronic supplementary material, table S2.4).
Non-native species were more abundant in sites with higher mean precipitation and higher variance in precipitation, whereas the abundance of native species showed the opposite
pattern (electronic supplementary material, table S2.5).
In control plots, long-term mean climate predicted the rate of change in richness and
abundance of non-native and native species (electronic supplementary material, table S2.6).
Nonnative species richness increased, and native richness was lower in sites with higher
long-term mean temperatures (p=0.0001) and long-term mean precipitation (p,0.0001; figure 2a; electronic supplementary material, tables S2.7 and S2.8). Similarly, native species
declined and non-native species increased in abundance at warmer ( p 1= 0.0002) and
wetter sites (p,0.0001), whereas the abundance of non-native species increased under these
conditions (figure 3a; electronic supplementary material, tables S2.9 and S2.10).
Effect of nutrient addition (no climate terms)
Experimental nutrient addition increased the rate of change in richness and abundance of
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non-native species (figures 2b and 3b). Richness of non-native and native species declined
with years since nutrient addition (p = 0.01; electronic supplementary material, tables S2.11
and S2.12). In contrast, the change in relative abundance of species (both native and nonnative) was unaffected by the number of years of nutrient addition (p =0.38; electronic
supplementary material, tables S2.13 and S2.14).

Interactions between species provenance, climate and nutrient addition
With nutrient addition, changes in richness and abundance of both non-native and native
species tended to shift from being predicted by long-term climate to being better predicted
by annual climate variables.
First, the effects of nutrient addition on species richness, positive for non-native species
and negative for native species (figure 2b), were generally more modest in sites that were
warmer or wetter (figure 2c). Change in native and nonnative species richness differed,
depending on the nutrient treatments and the climate variable (figure 2c), with threeway
interactions between species provenance, nutrient treatments and mean temperature (p =

Climate Modifies Resonse

9

0.002), and water availability (p = 0.0008; figure 2c) demonstrating differential effects of
the abiotic environment on native and non-native species. Where annual water availability was high, native species richness generally increased in response to elevated nutrient
supply (figure 2c). Where annual water availability was high, non-native species richness
increased weakly where N was added alone, but declined weakly when N was not added
(figure 2c). Nutrients and annual temperature affected native and non-native species differently. At warm sites, non-native species generally declined under nutrient addition, except when PK was added. Under the same conditions, native species richness increased
where K was added (K, NK, NPK; figure 2c), and phosphorus (P, PK and NPK) addition
led to weak increases in native richness (figure 2c), whereas N alone and NP addition led
to a decrease in native species richness. Across nutrient treatments, increased precipitation
variability reduced non-native richness and increased native richness. Increased temperature variability had relatively weak and inconsistent effects on both species groups (figure
2c and electronic supplementary material, table S2.17).
Although addition of nutrients generally increased the abundance of non-natives and
reduced natives (figure 3b), the effect of nutrients on the abundance of species in these
groups was not altered by climate (p > 0.06; figure 3c). However, across the nutrient treatments, native species were less abundant at sites with higher mean annual temperature
(p <, 0.0001; electronic supplementary material, table S2.18) and higher water availability
(p1⁄40.0003), whereas nonnative species increased in abundance with mean temperature
and water availability (electronic supplementary material, table S2.19).
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Discussion
Our results demonstrate that nutrient enrichment changes the time scale at which invaded
grassland communities respond to climate. Under nutrient enrichment, changes in abundance and richness of native and non-native species were more related to annual climate,
whereas under ambient conditions, longterm climate variables were better predictors. Previous studies across these grassland communities have shown that exotic species are more
likely to have annual life histories than native species [39]. Furthermore, nutrient enrichment also increases the abundance of non-native species [7,39]. Thus, the increase in nonnative species abundance is probably shifting grassland communities towards domination by short-lived species that respond to the environmental conditions over shorter time
scales. However, this change in species dominance may not accurately reflect community
changes over decadal or longer time scales [29,31]. Nevertheless, our study highlights the
importance of considering environmental conditions when assessing the effects of eutrophication on natural communities, as nutrient addition interacts with environmental conditions to determine the trajectory of species richness.
While nutrient addition controlled the abundance of native and non-native species independent of climate, its effect on grassland richness was mediated by climate conditions.
In particular, fewer native species were lost in response to nutrient addition in warmer,
wetter sites. This is contrary to previous findings that suggest that nutrient enrichment
reduces native species richness and increases non-native species richness independently
of climate [10,39]. Rare species tend to be lost from communities with nutrient enrichment
(particularly N) [8]. Non-native species, when present, are likely to be abundant rather
than rare; whereas natives can be either abundant or rare [39]. From this evidence, one
would expect that the increase in non-native abundance in the communities in this study
would come with a cost to native diversity through the loss of rare species [8]. Contrary to
this expectation, our results suggest that the consistent decrease in the abundance of native
species might not be primarily owing to declines in rare native species. While we found
that native species abundance decreased in nutrient-enriched communities, the negative
effects of nutrient enrichment on native species richness were ameliorated in warmer or
wetter sites. Thus, the decline in abundance but unchanged richness of native species may
reflect a reduction of dominant native species. This increase in evenness could be the result
of a high-niche overlap between dominant native and non-native species, with fitness differences favouring abundant non-native species over abundant native competitors [49].
Other mechanisms, such as temporal or spatial niche partitioning, might also be at play
among dominant and rare species in these two groups, and warrant further examination.
Annual mean environmental conditions interacted with the nutrient treatments, reducing the net positive effect of eutrophication on the richness of non-native species, and
generating a spectrum of scenarios depending on the nutrient treatment and climate variable. In contrast, annual variance in precipitation and variance in temperature affected the
change in richness of native and non-native species, independently of nutrient additions.
There are several mechanisms that could explain this difference. For instance, greater annual climate variability could ameliorate the effect of competitive exclusion [23,24] caused
by the addition of nutrients [50]. Climatic conditions could also reduce competitive exclusion by modifying the strength of the biotic interactions between native and nonnative
species, weakening the negative effect that nutrient enrichment has on the native taxa. For
example, in our nutrient-enriched communities, increased annual water availability could
be reducing the intensity of competition between nonnative and native species for water
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and nutrient resources. Climate variability, and the interaction between nutrient enrichment and mean climate conditions could also be promoting species with different resource
acquisition strategies; variation in the strength of these environmental factors over time
could promote stability in the invaded communities. These mechanisms are not mutually
exclusive, and most likely a combination of these mechanisms is acting across these grassland communities, weakening the negative effect of nutrient enrichment on the change in
native species richness. Diversity across plant communities worldwide is decreasing with
nutrient enrichment, often benefiting non-native species [8,39]. However, across a wide
range of communities, nonnative species display a wide range of ecological strategies [17]
that, depending on local environmental conditions, can lead to different competitive outcomes in their interaction with native species [18], not only to native species loss.
Finally, across broad environmental gradients, native and non-native species differed in
their response to climate conditions. This could be due to differences in functional traits
between native and non-native species, such as differences in water use efficiency, growth
rates or phenology [12,18,43]. At the same time, the association between some of these
climate variables and non-native species abundance or richness could also be reflecting
a strong association between non-native species and human activity in the invaded communities [51]. It is likely that the association between environmental gradients and native
and non-native species response to climate conditions can be attributed to both direct influences of climate on the growth and survival of non-native species and indirect effects,
such as association with human activity [51].
Conclusion
Using an experimental study replicated with consistent methodology at 32 sites around the
world, we have shown that the correlation between climate, nutrient and either change in
abundance or richness of grassland plants differs between non-native and native species.
The reduced abundance of native species in response to nutrient enrichment is independent of climate conditions. However, annual mean climate conditions mediate the effect
that nutrient addition has on change in richness of the two groups of species. Particularly
in warmer, wetter sites, climate can partially or fully counteract the increase in richness of
non-native species (and loss of natives) that often results from eutrophication. This result
from a multi-continent replicated study clarifies our understanding of the effects of nutrient enrichment on non-native species by reconciling previous findings that have suggested
that non-native species consistently increase in numbers under eutrophication (especially
nitrogen addition; [3,7,39]) with those that have found mixed responses [6,19,47]. Finally,
our study demonstrates that by changing the composition of communities, eutrophication
may be altering the association between communities and climate, leading to a more rapid
time-scale response of the community to climatic fluctuations. This more rapid temporal
response has important implications for the future of eutrophied grassland communities
in the context of ongoing climate change.
Authors’ contributions: H.F.M., E.T.B., P.B.R. and E.W.S. conceived the study, all the authors but H.F.M. and P.B.R. gathered biological data, H.F.M. and E.M.L. compiled data.
H.F.M. did analyses with significant contribution of LLS. H.F.M. wrote the manuscript
with significant contributions of all co-authors.
Competing interest: We have no competing interests.

12

Knops et al.

Funding: H.F.M. thanks the Institute on the Environment (DG-0001-13) for funding. S.B.
thanks the Swiss International Cooperation (SDC, https://www.eda.admin.ch/sdc) for
funding the CIMA project for the establishment of the Pichincha long-term monitoring
site conducted by CONDESAN (grant no. DDC/CG/CC/CONDESAN PA0042-C011-0031
7F-07991.01), and the Proyecto Prometeo, SENESCYT, Ecuador. This work was generated
using data from the Nutrient Network (http://nutnet.org) experiment, supported at the
site scale by individual researchers. Coordination and data management were supported
by funding to E. Borer and E. Seabloom from the National Science Foundation Research
Coordination Network (NSF-DEB-1042132), Long Term Ecological Research (NSF412
DEB1234162 to Cedar Creek LTER) programmes, and the Institute on the Environment
(DG-0001-13).
Acknowledgements: H.F.M. thanks Rhiannon Dalrymple and two anonmanuscript. We
also thank the Minnesota Supercomputer Institute ymous reviewers for comments on previous versions of the for hosting project data.
8
References
Galloway JN, Schlesinger WH, Levy II H, Michaels A, Schnoor JL. 1995 Nitrogen fixation
Anthropogenic enhancement – environmental response. Glob. Biogeochem. Cycles 9,
235 – 252. (doi:10.1029/ 95GB00158)
Filippelli GM. 2008 The global phosphorus cycle: past, present, and future. Elements 4, 89
– 95 (doi:10.2113/GSELEMENTS.4.2.89)
Wedin DA, Tilman D. 1996 Influence of nitrogen loading and species composition on the carbon balance of grasslands. Science 274, 1720 – 1723. (doi:10.1126/science.274.5293.1720)
Harpole WS, Tilman D. 2007 Grassland species loss resulting from reduced niche dimension. Nature 446, 791 – 793. (doi:10.1038/nature05684)
Borer ET et al. 2014 Herbivores and nutrients control grassland plant diversity via light
limitation. Nature 508, 517 – 520. (doi:10.1038/nature13144)
Dawson W, Fischer M, van Kleunen M. 2012 Common and rare plant species respond differently to fertilisation and competition, whether they are alien or native. Ecol. Lett. 15,
873 – 880. (doi:10. 1111/j.1461-0248.2012.01811.x)
Gonzalez AL, Kominoski JS, Danger M, Ishida S, Iwai N, Rubach A. 2010 Can ecological stoichiometry help explain patterns of biological invasions? Oikos 119, 779 – 790.
(doi:10.1111/j.1600-0706.2009. 18549.x)
Suding KN, Collins SL, Gough L, Clark C, Cleland EE, Gross KL, Milchunas DG, Pennings
S. 2005 Functionaland abundance-based mechanisms explain diversity loss due to N
fertilization. Proc. Natl Acad. Sci. USA 102, 4387 – 4392. (doi:10.1073/ pnas.0408648102)
Seabloom EW et al. 2013 Predicting invasion in grassland ecosystems: is exotic dominance
the real embarrassment of richness? Glob. Change Biol. 19, 3677 – 3687. (doi:10.1111/
gcb.12370)
Milchunas DGT, Lauenroth WK. 1995 Inertia in plant community structure: state changes after cessation of nutrient-enrichment stress. Ecol. Appl. 5, 452–458. (doi:10.2307/1942035)
Dawson W, Fischer M, van Kleunen M. 2011 The maximum relative growth rate of common UK plant species is positively associated with their global invasiveness. Glob. Ecol.
Biogeogr. 20, 299–306. (doi:10.1111/j.1466-8238.2010.00599.x)
Grotkopp E, Rejmanek M. 2007 High seedling relative growth rate and specific leaf area
are traits of invasive species: phylogenetically independent contrasts of woody angio-

Climate Modifies Resonse

13

sperms. Am. J. Bot. 94, 526–532. (doi:10.3732/ajb.94.4.526)
Bradley BA, Blumenthal DM, Wilcove DS, Ziska LH. 2010 Predicting plant invasions in an
era of global change. Trends Ecol. Evol. (Amst.) 25, 310–318.
Brooks ML. 2003 Effects of increased soil nitrogen on the dominance of alien annual plants
in the Mojave Desert. J. Appl. Ecol. 40, 344 – 353. (doi:10. 1046/j.1365-2664.2003.00789.x)
Blumenthal D, Chimner RA, Welker JM, Morgan JA. 2008 Increased snow facilitates
plant invasion in mixedgrass prairie. New Phytol. 179, 440 – 448. (doi:10.1111/j.14698137.2008.02475.x)
Melbourne BA et al. 2007 Invasion in a heterogeneous world: resistance, coexistence or
hostile takeover? Ecol. Lett. 10, 77 – 94. (doi:10. 1111/j.1461-0248.2006.00987.x)
Wolkovich EM, Cleland EE. 2010 The phenology of plant invasions: a community ecology
perspective. Front. Ecol. Environ. 9, 287 – 294. (doi:10.1890/ 100033)
Godoy O, Levine JM. 2014 Phenology effects on invasion success: insights from coupling
field experiments to coexistence theory. Ecology 95, 726 – 736. (doi:10.1890/13-1157.1)
Cleland EE, Clark CM, Collins SL, Fargione JE, Gough L, Gross KL, Pennings SC, Suding
KN. 2011 Patterns of trait convergence and divergence among native and exotic species
in herbaceous plant communities are not modified by nitrogen enrichment. J. Ecol. 99,
1327 – 1338. (doi:10.1111/j.1365-2745.2011. 01860.x)
Brose U, Hillebrand H. 2016 Biodiversity and ecosystem functioning in dynamic landscapes. Phil. Trans. R. Soc. B 371, 20150267. (doi:10.1098/rstb. 2015.0267)
Reich PB. 2009 Elevated CO2 reduces losses of plant diversity caused by nitrogen deposition. Science 326, 1399 – 1402. (doi:10.1126/science.1178820)
Craven D et al. 2016 Plant diversity effects on grassland productivity are robust to both
nutrient enrichment and drought. Phil. Trans. R. Soc. B 371, 20150277. (doi:10.1098/
rstb.2015.0277)
Chesson P, Huntly N. 1997 The roles of harsh and fluctuating conditions in the dynamics of
ecological communities. Am. Nat. 150, 519 – 553. (doi:10. 1086/286080)
Adler PB, HilleRisLambers J, Kyriakidis PC, Guan Q, Levine JM. 2006 Climate variability
has a stabilizing effect on the coexistence of prairie grasses. Proc. Natl Acad. Sci. USA
103, 12 793 – 12 798. (doi:10. 1073/pnas.0600599103)
Shurin JB et al.2010 Environmental stability and lake zooplankton diversity – contrasting
effects of chemical and thermal variability. Ecol. Lett. 13, 453 – 463. (doi:10.1111/j.14610248.2009.01438.x)
Chesson PL. 1985 Coexistence of competitors in spatially and temporally varying environments: a look at the combined effects of different sorts of variability. Theor. Popul. Biol.
28, 263 – 287. (doi:10. 1016/0040-5809(85)90030-9)
Chesson P. 2000 Mechanisms of maintenance of species diversity. Annu. Rev. Ecol. Syst.
31, 343 – 366. (doi:10.1146/annurev.ecolsys.31.1.343)
Lai HR, Mayfield MM, Gay-des-combes JM, Spiegelberger T, Dwyer JM. 2015 Distinct invasion strategies operating within a natural annual plant system. Ecol. Lett. 18, 336 –
346. (doi:10. 1111/ele.12414)
Chapin III FS, Shaver GR, Giblin AE, Nadelhoffer KJ, Laundre JA. 1995 Responses of
arctic tundra to experimental and observed changes in climate. Ecology 76, 694 – 711.
(doi:10.2307/1939337)
Silvertown J, Araya Y, Gowing D. 2015 Hydrological niches in terrestrial plant communities: a review. J. Ecol. 103, 93 – 108. (doi:10.1111/1365-2745. 12332)
HobbieSE,NadelhofferKJ,Ho ̈gbergP.2002A synthesis: the role of nutrients as constraints
on carbon balances in boreal and arctic regions. Plant Soil 242, 163 – 170. (doi:10.1023/

14

Knops et al.

A:1019670731128)
Araya YN, Gowing DJ, Dise N. 2013 Does soil nitrogen availability mediate the response of grassland composition to water regime? J. Veg. Sci. 24, 506 – 517.
(doi:10.1111/j.1654-1103.2012. 01481.x)
Nygaard B, Ejrnæs R. 2009 The impact of hydrology and nutrients on species composition and richness: evidence from a microcosm experiment. Wetlands 29, 187 – 195.
(doi:10.1672/08-13.1)
Leishman MR, Thomson VP. 2005 Experimental evidence for the effects of additional water,
nutrients and physical disturbance on invasive plants in low fertility Hawkesbury Sandstone soils, Sydney, Australia. J. Ecol. 93, 38 – 49. (doi:10.1111/ j.1365-2745.2004.00938.x)
Wright DH. 1983 Species-energy theory: an extension of species-area theory. Oikos 41, 496
– 506. (doi:10.2307/3544109)
Hopper SD. 2009 OCBIL theory: towards an integrated understanding of the evolution,
ecology and conservation of biodiversity on old, climatically buffered, infertile landscapes. Plant Soil 322, 49 – 86. (doi:10.1007/s11104-009-0068-0)
Hallett LM et al. 2014 Biotic mechanisms of community stability shift along a precipitation
gradient. Ecology 95, 1693 – 1700. (doi:10.1890/130895.1)
Westoby M, Wright IJ. 2006 Land-plant ecology on the basis of functional traits. Trends
Ecol. Evol. (Amst.) 21, 261 – 268. (doi:10.1016/j.tree.2006. 02.004)
Seabloom EW et al. 2015 Plant species’ origin predicts dominance and response to nutrient
enrichment and herbivores in global grasslands. Nat. Commun. 6, 1 – 8. (doi:10.1038/
ncomms871) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150273
Borer ET, Harpole WS, Adler PB, Lind EM, Orrock JL, Seabloom EW, Smith MD. 2014 Finding generality in ecology: a model for globally distributed experiments. Methods Ecol.
Evol. 5, 65 – 73. (doi:10. 1111/2041-210X.12125)
Reich PB, Luo Y, Bradford JB, Poorter H, Perry CH, Oleksyn J. 2014 Temperature drives
global patterns in forest biomass distribution in leaves, stems, and roots. Proc. Natl
Acad. Sci. USA 111, 13721–13 726. (doi:10.1073/pnas.1216053111)
Kerkhoff AJ, Enquist BJ, Elser JJ, Fagan WF. 2005 Plant allometry, stoichiometry and the
temperaturedependence of primary productivity. Glob. Ecol. Biogeogr. 14, 585 – 598.
(doi:10.1111/j.1466-822X. 2005.00187.x)
Leishman MR, Haslehurst T, Ares A, Baruch Z. 2007 Leaf trait relationships of native and
invasive plants: communityand global-scale comparisons. New Phytol. 176, 635–643.
(doi:10.1111/j.1469-8137. 2007.02189.x)
Reich PB. 2014 The world-wide ‘fast–slow’ plant economics spectrum: a traits manifesto. J.
Ecol. 102, 275–301. (doi:10.1111/1365-2745.12211)
Harris I, Jones PD, Osborn TJ, Lister DH. 2014 Updated high-resolution grids of monthly climatic observations – the CRU TS3.10 dataset. Int. J. Climatol. 34, 623 – 642. (doi:10.1002/
joc.3711)
Kanamitsu M, Ebisuzaki W, Woollen J, Yang S-K, Hnilo JJ, Fiorino M, Potter GL. 2002 NCEP–
DOE AMIP-II reanalysis (R-2). Bull. Am. Meteorol. Soc. 83, 1631–1643. (doi:10.1175/
BAMS-83-11-1631)
Hastwell GT, Panetta FD. 2005 Can differential responses to nutrients explain the success of
environmental weeds? J. Veg. Sci. 16, 77–84. (doi:10.1111/j.1654-1103.2005.tb02340.x) 48.
R Core Team. 2015 R: a language and environment for statistical computing [internet]. Vienna, Austria: R Foundation for Statistical Computing; 2013.
Powell KI, Chase JM, Knight TM. 2013 Invasive plants have scale-dependent effects on
diversity by altering species-area relationships. Science 339, 316–318. (doi:10.1126/sci-

Climate Modifies Resonse

15

ence.1226817)
Hautier Y et al. 2014 Eutrophication weakens stabilizing effects of diversity in natural
grasslands. Nature 508, 521–525. (doi:10.1038/nature13014)
MacDougall AS et al. 2014 Anthropogenic-based regional-scale factors most consistently explain plot-level exotic diversity in grasslands. Glob. Ecol. Biogeogr. 23, 802–810.
(doi:10.1111/ geb.12157)

