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The variety of life forms on Earth, ‘biodiversity’, and the con-
version of sunlight energy and carbon into plant biomass, 
‘productivity’, are two of the most fundamental properties 

of ecosystems and are changing globally1,2 in response to ongo-
ing changes in many factors3,4, including nutrient pollution, spe-
cies invasions, temperature, precipitation, and the distribution and 
density of domestic and wild grazers5–7. Ecosystem- and human-
health both depend on biodiversity and productivity8,9, highlighting 
the pressing need to understand how changing environments will 
influence ecological communities. The rich theoretical lineage of 
ecology provides generalizable, mechanistic hypotheses that guide 
empirical inquiry into the effects of a changing environment on 
biodiversity and primary productivity. A mechanistic understand-
ing of this relationship has relevance for understanding how spe-
cies interactions shape functional processes in communities, which 
in turn can predict the conditions under which species will buffer 
or exacerbate global environmental change. Historically, empirical 
tests of the hypotheses generated by theory have taken the form of 
observations at various scales10–12, experiments at single sites13,14, and 
meta-analyses that seek generality by quantitatively synthesizing the 
results of single-site experiments15,16. 

Meta-analysis, in particular, has provided a powerful tool to 
synthesize decades of empirical work in community ecology to 
generate insights into the drivers of—and linkages between—diver-
sity and productivity. For example, meta-analyses spanning eco-
systems and spatial scales have revealed little evidence for a single 
relationship between the existence (and shape) of the association 
between environmental productivity and species diversity in natu-
ral eco systems17,18, providing important evidence in a long-standing 
debate. Other long-standing paradigms hypothesized control of 
productivity and diversity by factors such as nutrients or herbivory. 
Meta-analysis overturned one prevailing ‘bottom-up’ paradigm, that 
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nitrogen (N) limited productivity on land and in the ocean, whereas 
phosphorus (P) predominantly limited productivity in freshwater, 
by demonstrating strong similarities among ecosystems, with wide-
spread evidence for co-limitation of primary production by both 
nitrogen and phosphorus across ecosystems16,19. Meta-analysis was 
also effective in tackling long-standing paradigms about the degree 
to which productivity and diversity were controlled by consum-
ers from the ‘top-down’, demonstrating that across terrestrial and 
aquatic systems producer biomass and diversity are regulated by 
both consumers and nutrients, and that nutrient supply rates can 
mediate the effects of consumers15,20–22. However, in spite of the ana-
lytical strengths of this approach, meta-analyses rely on compari-
sons among data generated with differing goals and methodologies 
and are limited to the taxa and ecosystems that have been studied, all 
of which can leave substantial ambiguity in interpretation of results.

A decade ago, in response to both the insights and limitations of 
meta-analysis, the Nutrient Network (NutNet, www.nutnet.org), a 
distributed, coordinated experiment was designed to generate a new 
type of empirical data to directly inform fundamental questions 
about biodiversity and productivity23 (Fig.  1). By using standard-
ized methods to supply nutrients and fence out large herbivores23 at 
nearly 80 sites (with observational data spanning >100 sites; Fig. 2) 
ranging from arctic, high alpine, and desert grasslands to tropical 
savannah and salt marshes, NutNet has created a unique capacity 
to test the generality of ecological theories about the relationships 
between diversity and productivity under widely varying biotic 
and abiotic conditions. With many sites within and among global 
ecoregions, these data have shed light on the biotic and abiotic con-
ditions under which impacts of these experimental treatments are 
either mediated or exacerbated. Further, by adopting an integrative 
approach to the possible mechanisms that might control ecological 
communities, the NutNet study measures a large number of system 
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properties, thereby maximizing the suite of questions that can be 
addressed and supporting fair tests of competing hypotheses about 
underlying mechanisms. Because of rapid advances in this field, the 
current intensive international work on policies for biodiversity24, 
and the increasingly clear importance of distributed experimental 
networks for addressing questions at relevant scales, we synthesize 
a decade of the conceptual advances stemming from NutNet’s dis-
tributed experimental approach. In the following sections of this 
Review, we lay out the scientific context that gave rise to this distrib-
uted experiment, then focus on advances in three areas motivated by 
theory and meta-analyses: productivity–diversity relationships; the 
ecological role of multiple nutrients; and the interactions between 
nutrient supply and herbivory.

Developing a new tool for global ecology
Observational studies, single-site experiments and meta-analysis 
are foundational approaches for empirical ecology that can produce 
novel insights. However, each also lacks temporal, spatial or meth-
odological generality, obscuring the ecological mechanisms that 
will determine ecosystem responses to new environments or novel, 
‘non-analogue’ future conditions25. For example, observational data 
reflect natural conditions, often describing patterns across relevant 
gradients, but cannot unambiguously assign causation. Single-site 
experiments can assign causation but strong inference is restricted 
to local conditions26. Long-term studies within single sites expand 
insights into responses across a wider range of climatic conditions 
occurring at a site27, but inference remains limited to local conditions 
(for example, soils) and species combinations.

Inference from meta-analysis has been particularly important 
for examining the effects of changes to consumers and eco system 
nutrient supply. This approach, imported into ecology from the 
social sciences in the 1990s28, makes quantitative comparisons 
among the results of many individual studies to test theories and 
seek generality that transcends sites and species29. However, meta-
analysis relies on comparison among data generated with differing 

goals and methodologies, thus it is limited by a variety of factors, 
especially methodological inconsistencies among original studies 
leading to heterogeneous data, such that analyses must be based on 
unitless response metrics and coarse community metrics (for exam-
ple, aggregate biomass or number of species) and variable spatial, 
temporal, and taxonomic scales of resolution in the original stud-
ies29,30. In addition, some ecosystems and taxa are underrepresented 
in the literature; for example, terrestrial studies comprised only 
7–9% of studies in cross-ecosystem meta-analyses of experimental 
consumer and fertilization manipulations15,22 and 14% of the studies 
in a cross-ecosystem meta-analysis of fertilization studies19. Of the 
studies manipulating both fertilization and consumers in terrestrial 
systems, consumer manipulations are heavily dominated by studies 
of invertebrates (for example, 83% of the studies in ref.  15). Thus, 
while meta-analytical syntheses have advanced our understanding 
of the role of environmental productivity, nutrients and consum-
ers in controlling biodiversity and ecosystem functioning, they also 
have highlighted key data and knowledge gaps30.

NutNet was conceived as a collaborative experimental approach 
to quantify site-scale responses to nutrient and consumer manipu-
lations. By following the same treatments and data collection pro-
tocols at all sites over a decade, the aggregate dataset was designed 
to combine the strengths of meta-analysis, short- and long-term 
observational studies and single-site experiments23. The major goal 
of this hypothesis-based, question-driven initiative was to test the 
hypotheses arising from competing ecological theories and thereby 
gain empirical insights into the generality of diversity and produc-
tivity responses to changing environments, spanning a wide array of 
environmental conditions. Factorial experiments manipulating verte-
brate herbivores and multiple nutrients in grasslands were the chosen 
approach for several reasons. First, grasslands span much of Earth’s 
latitudes, elevations and precipitation, but are dominated by a single 
plant family (Poaceae), making manipulations and responses directly 
comparable. The grassland biome is highly sensitive to climatic 
change, particularly on geological time frames31, shifting to desert or 
forest with long-term changes in regional temperature or precipita-
tion. Grasslands have been heavily impacted by humans; more than 
two-thirds have been converted to human-dominated uses (primarily 
agriculture)32,33, and a large proportion of the noxious weeds in many 
countries are grasses invading grasslands34. Finally, in spite of clear 
links between human impacts and ecological theory of biodiversity 
and productivity, grasslands, and the large vertebrate herbivores that 
roam them on nearly every continent, are substantially underrepre-
sented in experimental manipulations of nutrients and grazers15,19,22,35. 
Data generated by this project have been used to address a wide vari-
ety of questions; here we review and synthesize the results from this 
project that have shed light on how globally changing nutrients and 
consumers will influence ecological communities. 

Relationship of productivity with diversity
A plethora of hypotheses about the mechanistic relationship 
between productivity and diversity have been proposed and hotly 
debated (reviewed in ref. 36 and the supplement to ref. 11). However, 
experimental and observational studies have led to different con-
clusions about the mechanisms connecting productivity and spe-
cies diversity10,11,26,37–42. For example, experimentally increased 
productivity in response to fertilization often reduces diversity22,39, 
whereas experimentally increased species diversity often leads to 
increased productivity37,38,43,44. In unmanipulated ecosystems, in 
contrast, meta-analyses have found weak and inconsistent evidence 
for productivity as a determinant of diversity, while also detecting 
weaker relationships between diversity and productivity compared 
to the relationships between abiotic factors and both diversity and 
productivity17,18,45. Synthetic studies have commonly bemoaned the 
lack of appropriate data, especially data collected using consist-
ent methods, to concurrently assess the relative importance of the 
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Figure 1 | The NutNet collaborative experiment tests the interactive 
factors and feedbacks determining grassland biodiversity and 
productivity. NutNet experimental treatments (green) are replicated at 
sites spanning a wide range of Earth’s climate, soils, and biota (orange). 
Measurements at the plot and site scale (flowchart at the bottom) are used 
to test the generality of ecological theory. μ, micronutrients. Photo of E.W.S. 
by E.T.B.
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many hypothesized mechanisms linking diversity and productivity 
in natural systems30,46,47.

NutNet’s methodologically consistent data collection across a 
wide range of environmental conditions (Figs 1,2) has shown that 
productivity, alone, explains very little of the variation in plant 
diversity within and among natural grasslands12, consistent with 
earlier meta-analyses17,18. A sampling effort launched in response to 
Adler et al.12 by Fraser et al.10 also employed a distributed, collabora-
tive model to collect data on diversity across productivity gradients, 
and found a similarly weak bivariate relationship between these two 
factors, with productivity explaining approximately 1% of the over-
all variation in richness in both studies10,48. Importantly, both papers 
ended by recognizing the significant limitations of these bivariate 
results for predicting species diversity10–12,48, and each concluded 
that a more predictive understanding would come from evaluation 
of multiple competing hypotheses about the multivariate controls 
on species richness10,12.

Because NutNet measurements include a broad range of cova-
rying and possible controlling factors (for example, climate and 
soil nutrients) characterizing each site and plot, these data support 
a unique integration and concurrent testing of multiple compet-
ing hypotheses. Using data from more than a thousand plots col-
lected from sites spanning five continents, NutNet data significantly 
advance our understanding of productivity–diversity relation-
ships by demonstrating that variation in environmental factors 
(for example, climate, soil fertility, herbivory and light) can explain 
60% (site) to 65% (regional) of the variation in species richness11, 
whereas productivity alone can explain up to a maximum of 10% 
of this variation (and often far less)10–12,48. Further, concurrently 
examining many competing mechanisms clarifies that productivity 
also increases with increasing plant species richness, and both local 
competition and regional climate are important for predicting pro-
ductivity. Thus, NutNet data provide a more comprehensive, mecha-
nistic understanding of the relationships between productivity and 
diversity than was previously possible11,46,49.

Regulation of diversity and composition: species invasions. 
Plant productivity and diversity relationships are also relevant for 
understanding compositional changes such as biological invasions. 
Hypotheses about the forces leading to species invasions generally seek 
to explain invasions via differences between invaded and uninvaded 
sites (that is, environmental filtering) or trait differences between 
invaders and the invaded community50,51. Empirical tests of the causes 
of species invasions have generated variable support for each of these 
classes of drivers, resulting in a context-dependent perception of 
invasion that often defies generalization across species or environ-
ments50. By employing data on the same species spanning many sites 
in their native and exotic ranges, information on both presence and 
proportional cover of exotics in each plot, and responses to identi-
cal experimental treatments in different regional contexts, NutNet 
data integrate and clarify many single-factor invasion hypotheses, 
supporting a multivariate perspective on invasion.

NutNet data demonstrate that traits underpinning the differ-
ing sensitivity of native and invading species to interacting global 
changes can lead to invasion, and these differences probably have 
evolutionary origins. In particular, NutNet data demonstrate that 
invaders can tolerate and even thrive with environmental change, 
especially nitrogen addition, whereas native species decline or are 
driven to local extinction52. However, nutrients and climate can 
interact, causing non-native species to increase more strongly with 
eutrophication at warmer and wetter sites53, thus the underlying local 
conditions generate a range of observed invasion outcomes among 
regions and sites within a region53. Regional variation in levels of 
human disturbance, especially settlement and cultivation, is also 
strongly associated with plot-level richness and dominance by exotic 
species54,55, further supporting the importance for invasion of differ-
ing sensitivity of native and exotic species to global change. NutNet 
data provide some evidence for evolutionary under pinnings of this 
difference: shared traits determine patterns of exotic species among 
sites, whereas natives are sorted by evolutionary differentiation56. 
However, at the scale of individual species, those that are successful 

Figure 2 | The spatial and environmental range of the >100 sites participating in the NutNet project. NutNet sites (map made in R v. 3.1.1) overlain 
on a satellite image of Earth. Satellite image credit: NASA Goddard Space Flight Center Image by Reto Stöckli (land surface, shallow water, clouds). 
Enhancements by Robert Simmon (ocean colour, compositing, 3D globes, animation). Data and technical support: MODIS Land Group; MODIS Science 
Data Support Team; MODIS Atmosphere Group; MODIS Ocean Group Additional data: USGS EROS Data Center (topography); USGS Terrestrial Remote 
Sensing Flagstaff Field Center (Antarctica); Defense Meteorological Satellite Program (city lights).
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in managed grasslands of Europe also tend to be successful in grass-
lands managed the same way elsewhere in the world, even in very 
different climates, suggesting that invasion success derives from the 
simultaneous ‘invasion’ of both species and land-management tech-
nologies57. Taken together, these results arising from identical exper-
imental methods demonstrate that invasion outcomes vary among 
regions, are often tightly coupled with human activities, and the dif-
fering importance of evolutionary and ecological forces for natives 
versus non-natives leads to the divergent environ mental responses 
of these groups.

Interactive effects of multiple nutrients
Human activities are radically changing global nutrient cycles58: 
humans have doubled the cycling of nitrogen relative to natural rates 
and tripled that of phosphorus, and our impact on carbon cycling 
is a dominant contributor to global climate change59. However, the 
ways in which changes to multiple nutrients interact and the ways 
that changes in nutrient availability impact diversity loss and eco-
system carbon balance is mainly understood through a few related 
paradigms. One of the most general theoretical paradigms is that 
local species diversity can be maintained by spatial variability in 
the relative availability of resources60,61, suggesting that high rates 
of input by one element may reduce diversity by reducing environ-
mental heterogeneity. In contrast to the direct effects of resource 
limitation on diversity, increased plant biomass resulting from ele-
vated nutrient supply can reduce diversity by increasing the inten-
sity of aboveground competition for light, causing extinction of the 
poorest competitors11,18,62. In spite of many documented exceptions, 
nitrogen is canonically identified as the primary limiting resource 
for productivity—and strongly related to diversity loss—in terres-
trial grasslands63. However, both diversity and productivity of plants 
are affected by a range of shared or unique causal factors11,46, and 
identifying and quantifying the strength of these factors is neces-
sary for mechanistic predictions of the impacts of environmental 
changes such as nutrient pollution on fixation and storage of carbon 
by plants11.

Multiple nutrient limitation of grassland biomass production. 
Meta-analyses undertaken a decade ago supported the emerging 
para digm that producer community biomass production is co- 
limited by multiple nutrients19. Although meta-analyses have demon-
strated that N and P co-limitation is common in marine, freshwater 
and terrestrial ecosystems16,19,64, our understanding of the roles of 
other limiting nutrients remains limited because the vast majority of 
studies manipulate only N or P (refs 64,65), offering little information 
about the roles of elements such as K, Mg, S, Mo and Fe in natural 
systems, in spite of their known critical biochemical roles64.

One primary goal in the establishment of NutNet was to address 
the degree and generality of grassland productivity limitation by 
more than two nutrients (that is, N and P). The NutNet fertiliza-
tion experiment, a factorial combination of N, P and potassium 
(K) with micronutrients23, is the first global-scale assessment of 
the relative importance of nutrients other than N and P in natural 
systems (Fig. 1). NutNet data have revealed surprising variation in 
the effect of nutrients on productivity in the world’s grasslands66. 
For example, nutrient addition increased biomass production at 
74% of the sites but, surprisingly, did not increase production at 
26% of the sites. In addition, some form of nutrient co-limita-
tion occurred at 69% of the sites, and limitation or co-limitation 
including K and micronutrients occurred at more than 50% of the 
sites66. This experiment has clearly demonstrated that nutrient co-
limitation of grassland productivity is common and widespread. 
Given ongoing changes in regional nutrient supply to grasslands, 
these results highlight the need to further understand the condi-
tions under which different elements play key roles in nutrient 
co-limitation.

NutNet data have further clarified the ways in which nutrients 
control many ecosystem properties in the world’s grasslands, ulti-
mately controlling primary productivity. Observational data from 
across NutNet show that variation in the balance of nutrients can 
alter diversity and species evenness, controlling ecosystem produc-
tivity67, consistent with results of NutNet experimental nutrient 
addition11,68. Variation in plant composition is a strong predictor 
of soil microbial composition69, suggesting the strong potential 
for feedbacks between plant compositional change and ecosystem 
function. Further, nutrient addition increases the synchrony of spe-
cies in diverse grasslands, reducing the stabilizing effect of diversity 
on grassland primary production70, consistent with experimentally 
planted diversity experiments43. Because NutNet has several sites 
within and among global regions, these data further demonstrate 
that the drivers of vegetation productivity can differ predictably 
among regions66,71–73. For example, NutNet data have discerned 
a pervasive signal of increased primary production in the world’s 
grasslands in response to regionally elevated rates of anthropogenic 
N deposition72, but in a region of low N deposition, precipitation is 
a stronger determinant of grassland productivity71.

Multiple nutrient limitation of grassland diversity. Theory sug-
gests that diversity may be maintained by trade-offs among species 
for below- and aboveground resources74 or via trade-offs among 
species for ratios of essential elemental nutrients75, with the potential 
for high-dimensional trade-offs to allow many more species than 
limiting resources76. If coexistence is mediated via below- versus 
aboveground competition, then fertilization, resulting in increased 
biomass, will cause decreased light availability, thus causing diver-
sity loss via a shift from belowground competition to more intense 
aboveground competition11. If coexistence is mediated through 
competition for multiple resources, and if species have the appropri-
ate trade-offs in terms of their requirements for different resources, 
then increased resource supply rates should reduce diversity by 
reducing niche dimensionality74.

Analysis of NutNet data has demonstrated that light limita-
tion in fertilized or more productive plots reduces plot scale plant 
diversity11,68,77,78. These data also support the niche dimensionality 
hypothesis, because diversity declines with the number of nutri-
ents, even after controlling for the effect of nutrients on biomass 
and light68. Addition of different nutrients (for example, N, P or K) 
led to local communities with differing plant68 and soil microbial79 
compositions, with nutrient-induced turnover in grassland plant 
composition frequently leading to greater loss of native species 
and increased dominance by exotic species52,53. Taken together, 
these results are consistent with resource competition theory74 and 
high-dimensional trade-offs between species for multiple limiting 
resources including light, extending our understanding of species 
losses and gains in response to elevated resource supply.

NutNet’s multiple nutrient experimental work provides added 
insights into the shared drivers and feedbacks between produc-
tivity and diversity in unmanipulated ecosystems10–12,48, because 
multiple resources interact to determine ecosystem production, 
species diversity and composition52,66,68. A key synthetic finding 
from NutNet is that multiple factors concurrently contribute to 
species coexistence and diversity, and bivariate explanations of bio-
diversity are generally inadequate for effective predictions; spurious 
relationships between productivity and diversity can be found when 
the interrelated factors determining these responses are ignored 
because the factors that control diversity may also be the factors that 
limit production11,46,49. Observational and experimental evidence 
from NutNet provides consistent and strong support for the impor-
tance of multiple interacting factors in determining biodiversity and 
ecosystem productivity, pushing the field to move from simple para-
digms of nutrient limitation to paradigms that embrace meaningful 
complexity and dimensionality.
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Interactive effects of herbivory and nutrients
Because altered herbivore communities and increasing rates of nutri-
ent deposition may jointly determine future plant diversity and pro-
ductivity in many of Earth’s ecosystems, the conditions under which 
plant diversity is most limited by nutrients or herbivores has been 
hotly debated for decades22,80,81. Meta-analyses of hundreds of experi-
ments have demonstrated that autotroph biomass and diversity are 
regulated by a combination of both top-down and bottom-up pro-
cesses in nearly all situations15,20,22. Most studies find that consumer 
effects on biomass remain constant across nutrient supply gradi-
ents15,20, but consumer effects also increase with plant tissue nutri-
ent concentrations82. In contrast, top-down and bottom-up effects 
on autotroph diversity are mediated by nutrient supply and com-
munity structure22. While these extensive syntheses have informed 
our understanding of responses across ecosystem types, factorial 
experiments examining key habitats and organisms (for example, 
vertebrates in grasslands) are lacking15, as are data to support a more 
extensive evaluation of the biological and abiotic contingencies of 
these responses.

By filling this data gap, NutNet data have demonstrated that nutri-
ent addition decreases diversity68,77, often by causing local extinc-
tions of native species52. However, in both fertilized and unfertilized 
grassland plots, vertebrate herbivores can maintain plant diversity 
where grazing increases ground-level light77 by benefitting native 
flowering plants52. Further, although a trade-off between competi-
tion for belowground resources and defence against herbivory char-
acterizes the mechanistic basis for diversity maintenance in some 
cases83, across NutNet (Fig. 2), species tend to increase in response 
to both nutrient availability and protection from vertebrate her-
bivory (fencing), suggesting that a growth–defence trade-off, not a 
competition–defence trade-off, dominates in herbaceous plant sys-
tems84. Thus, across a wide range of climatic conditions and species 
identities, species that increase in abundance with elevated nutri-
ents are relatively more susceptible to vertebrate herbivory84. These 
results suggest that retention of resources, or herbivory defence, is 
another major niche axis determining which species will be lost 
under elevated nutrient conditions. When nutrients become less 
limiting66,68,77, competition for light increases, spurring increased 
mean community height78 and local extinction of small-statured 
native forbs52. Taken together, these results provide a more mech-
anistic understanding of patterns of species persistence and local 
extinction in the world’s grasslands, suggesting that diversity, inva-
sion and composition can be predicted based upon the independent 
and joint effects of nutrients and herbivores on plant acquisition of 
ground-level light85.

Future prospects
A decade of question-driven collaboration across NutNet has led 
to a variety of novel insights that, in turn, point to future directions 
for the field. For example, NutNet work has revealed that several 
proposed mechanisms act concurrently to determine species diver-
sity in unmanipulated ecosystems11. Species diversity concurrently 
promotes and maintains productivity, although this effect is often 
not apparent in observational data. As global environments change, 
native plant diversity will likely decline with increasing numbers 
of added nutrients68, and where nutrient addition or herbivore 
exclusion reduce ground-level light, plant diversity will decline77; 
these effects on diversity are predicted to play out via composi-
tional shifts, including extinction of native species and invasions 
by human-adapted species52,84. Further, NutNet data have demon-
strated that the inadvertent addition of atmospheric nitrogen by 
human activities is currently a dominant driver of global grassland 
productivity72. These results suggest areas in which new single-site 
studies and meta-analysis of existing data also could make impor-
tant contributions to filling knowledge gaps. For example, while dis-
tributed experiments can assess the generality of factors controlling 

biodiversity and productivity across sites, site-specific studies can 
use this information as a starting point for assessing the relative 
importance of factors that generate and maintain diversity in local 
communities. The frequent importance of multiple interacting fac-
tors for predicting responses to NutNet experimental treatments 
additionally suggests that future work should focus on simultane-
ous effects of multiple factors rather than performing independent 
tests of single factors. In addition, while NutNet has demonstrated 
that relatively high rates of nutrient supply predictably reduce diver-
sity and increase productivity66,68,77, new experiments will be needed 
to test for the conditions under which communities or ecosystems 
experience non-linear responses across gradients of single nutrients 
and changing ratios of nutrient supply. 

As the timescale of NutNet’s large-scale and increasingly long-
term dataset grows, so does the capacity of the dataset to quantify 
factors determining trajectories of ecosystem change. Unexpected 
outcomes, such as time lags, tipping points, cumulative effects or 
responses that change direction with time, can overturn paradigms, 
and long-term experimental data, particularly when replicated 
across sites with different characteristics, maximize the probabil-
ity of capturing these events27,86,87. For example, the temporal turn-
over of species or feedbacks from dead biomass or soil microbial 
communities to composition or productivity in response to altered 
herbivory or nutrient enrichment may operate on decadal time-
scales88. Climate also is changing directionally over multi-decadal 
time scales59, and this experiment promises to generate important 
insights into regional differences in grassland responses to interac-
tions between nutrient enrichment and changing climate, a predic-
tive capacity that will be necessary for future decisions about food, 
energy, and transportation89. However, the long-term, spatially 
replicated ecological data necessary for understanding the effects 
of these phenomena are exceedingly rare. Thus, the expanding tem-
poral scale of this experiment will open up new classes of questions 
about the generality of biodiversity and productivity responses 
across globally relevant ecological gradients while also clarifying 
the role of context-dependence in these responses. A decade of 
NutNet research has demonstrated that a multi-continental, dis-
tributed, experimental approach, if designed well, can be a sustain-
able approach for generating high-quality, large-scale, long-term 
ecological datasets.

Finally, this globally extensive experimental study demonstrates 
that simultaneous testing of multiple hypotheses significantly 
advances our understanding of the causes and consequences of bio-
diversity and primary productivity. By testing a priori, theoretically 
grounded hypotheses across globally extensive biotic and abiotic 
gradients using identical treatments and broadly focused sam-
pling of system attributes, the distributed experimental approach 
of NutNet allows testing and integration of ‘competing’ hypoth-
eses. Thus, NutNet provides a proof of concept for the distributed 
experimental approach as a powerful empirical tool for generating 
predictions about conditions under which communities and eco-
systems will respond most strongly to concurrent global changes. 
While the multi-continental, distributed, experimental approach 
is not a silver bullet for empirical ecology, a decade of this global 
scientific collaboration demonstrates that it is an approach comple-
mentary to single-site studies and meta-analysis for generating new 
empirical insights that can serve as a model to address a diversity of 
questions in ecology.

Received 29 September 2016; accepted 16 February 2017; 
published 20 April 2017

References
1. Running, S. W. et al. A continuous satellite-derived measure of global terrestrial 

primary production. BioScience 54, 547–560 (2004).
2. Butchart, S. H. M. et al. Global biodiversity: indicators of recent declines. 

Science 328, 1164–1168 (2010).

http://dx.doi.org/10.1038/s41559-017-0118


6 NATURE ECOLOGY & EVOLUTION 1, 0118 (2017) | DOI: 10.1038/s41559-017-0118 | www.nature.com/natecolevol

REVIEW ARTICLE NATURE ECOLOGY & EVOLUTION

3. Pan, S. et al. Modeling and monitoring terrestrial primary production in a 
changing global environment: toward a multiscale synthesis of observation and 
simulation. Adv. Meteorol. 2014, 965936 (2014).

4. Franklin, J., Serra-Diaz, J. M., Syphard, A. D. & Regan, H. M. Global change 
and terrestrial plant community dynamics. Proc. Natl Acad. Sci. USA 
113, 3725–3734 (2016).

5. Zavaleta, E. S., Shaw, M. R., Chiariello, N. R., Mooney, H. A. & Field, 
C. B. Additive effects of simulated climate changes, elevated CO2, and 
nitrogen deposition on grassland diversity. Proc. Natl Acad. Sci. USA 
100, 7650–7654 (2003).

6. Thornton, P. K. Livestock production: recent trends, future prospects. 
Phil. Trans. R. Soc. B 365, 2853–2867 (2010).

7. Ripple, W. J. et al. Collapse of the world’s largest herbivores. Sci. Adv. 
1, e1400103 (2015).

8. Hector, A. & Bagchi, R. Biodiversity and ecosystem multifunctionality. Nature 
448, 188–190 (2007).

9. Worm, B. et al. Impacts of biodiversity loss on ocean ecosystem services. Science 
314, 787–790 (2006).

10. Fraser, L. H. et al. Worldwide evidence of a unimodal relationship between 
productivity and plant species richness. Science 349, 302–305 (2015).

11. Grace, J. B. et al. Integrative modelling reveals mechanisms linking productivity 
and plant species richness. Nature 529, 390–393 (2016).

12. Adler, P. B. et al. Productivity is a poor predictor of plant species richness. 
Science 333, 1750–1753 (2011).

13. Clark, C. M. & Tilman, D. Loss of plant species after chronic low-level nitrogen 
deposition to prairie grasslands. Nature 451, 712–715 (2008).

14. Scherber, C. et al. Bottom-up effects of plant diversity on multitrophic 
interactions in a biodiversity experiment. Nature 468, 553–556 (2010).

15. Gruner, D. S. et al. A cross-system synthesis of consumer and nutrient resource 
control on producer biomass. Ecol. Lett. 11, 740–755 (2008).

16. Harpole, W. S. et al. Nutrient co-limitation of primary producer communities. 
Ecol. Lett. 14, 852–862 (2011).

17. Waide, R. B. et al. The relationship between productivity and species richness. 
Annu. Rev. Ecol. Syst. 30, 257–300 (1999).

18. Mittelbach, G. G. et al. What is the observed relationship between species 
richness and productivity? Ecology 82, 2381–2396 (2001).

19. Elser, J. J. et al. Global analysis of nitrogen and phosphorus limitation of 
primary producers in freshwater, marine and terrestrial ecosystems. Ecol. Lett. 
10, 1135–1142 (2007).

20. Borer, E. T., Halpern, B. S. & Seabloom, E. W. Asymmetry in community 
regulation: Effects of predators and productivity. Ecology 87, 2813–2820 (2006).

21. Borer, E. T. et al. What determines the strength of a trophic cascade? Ecology 
86, 528–537 (2005).

22. Hillebrand, H. et al. Consumer versus resource control of producer 
diversity depends on ecosystem type and producer community structure. 
Proc. Natl Acad. Sci. USA 104, 10904–10909 (2007).

23. Borer, E. T. et al. Finding generality in ecology: a model for globally distributed 
experiments. Methods Ecol. Evol. 5, 65–73 (2014).

24. Leadley, P. W. et al. Progress Towards the Aichi Biodiversity Targets: 
An Assessment of Biodiversity Trends, Policy Scenarios and Key Actions 
(Secretariat of the Convention on Biological Diversity, 2014).

25. Williams, J. W. & Jackson, S. T. Novel climates, no-analog communities, and 
ecological surprises. Front. Ecol. Environ. 5, 475–482 (2007).

26. Hector, A. et al. Biodiversity and ecosystem functioning: reconciling the results 
of experimental and observational studies. Funct. Ecol. 21, 998–1002 (2007).

27. Lindenmayer, D. B. et al. Value of long-term ecological studies. Austral. Ecol. 
37, 745–757 (2012).

28. Osenberg, C. W., Sarnelle, O., Cooper, S. D. & Holt, R. D. Resolving ecological 
questions through meta-analysis: goals, metrics, and models. Ecology 
80, 1105–1117 (1999).

29. Koricheva, J., Gurevitch, J. & Mengersen, K. (eds) Handbook of Meta-analysis in 
Ecology and Evolution (Princeton Univ. Press, 2013). 

30. Whittaker, R. J. Meta-analyses and mega-mistakes: calling time on meta-analysis 
of the species richness–productivity relationship. Ecology 91, 2522–2533 (2010).

31. Axelrod, D. I. Rise of the grassland biome, central North America. Botan. Rev. 
51, 163–201 (1985).

32. Foley, J. A. et al. Global consequences of land use. Science 309, 570–574 (2005).
33. Ellis, E. C. & Ramankutty, N. Putting people in the map: anthropogenic biomes 

of the world. Front. Ecol. Environ. 6, 439–447 (2008).
34. The PLANTS Database (USDA, NRCS, National Plant Data Team, 2016);  

http://plants.usda.gov 
35. Turkington, R. Top-down and bottom-up forces in mammalian herbivore - 

vegetation systems: an essay review. Botany 87, 723–739 (2009).
36. Willig, M. R. Biodiversity and productivity. Science 333, 1709–1710 (2011).
37. Wardle, D. A. Do experiments exploring plant diversity–ecosystem functioning 

relationships inform how biodiversity loss impacts natural ecosystems? 
J. Veg. Sci. 27, 646–653 (2016).

38. Eisenhauer, N. et al. Biodiversity–ecosystem function experiments reveal the 
mechanisms underlying the consequences of biodiversity change in real world 
ecosystems. J. Veg. Sci. (2016).

39. Isbell, F. et al. Nutrient enrichment, biodiversity loss, and consequent declines 
in ecosystem productivity. Proc. Natl Acad. Sci. USA 110, 11911–11916 (2013).

40. Striebel, M., Behl, S. & Stibor, H. The coupling of biodiversity and productivity 
in phytoplankton communities: consequences for biomass stoichiometry. 
Ecology 90, 2025–2031 (2009).

41. Cardinale, B. J., Bennett, D. M., Nelson, C. E. & Gross, K. Does productivity 
drive diversity or vice versa? A test of the multivariate productivity-diversity 
hypothesis in streams. Ecology 90, 1227–1241 (2009).

42. Gross, K. & Cardinale, B. J. Does species richness drive community production 
or vice versa? Reconciling historical and contemporary paradigms in 
competitive communities. Am. Nat. 170, 207–220 (2007).

43. Hooper, D. U. et al. A global synthesis reveals biodiversity loss as a major 
driver of ecosystem change. Nature 486, 105–108 (2012).

44. Tilman, D. et al. Diversity and productivity in a long-term grassland 
experiment. Science 294, 843–845 (2001).

45. Grace, J. B. et al. Does species diversity limit productivity in natural grassland 
communities? Ecol. Lett. 10, 680–689 (2007).

46. Grace, J. B., Adler, P. B., Harpole, W. S., Borer, E. T. & Seabloom, E. W. Causal 
networks clarify productivity-richness interrelations, bivariate plots do not. 
Funct. Ecol. 28, 787–798 (2014).

47. Mittelbach, G. G. Understanding species richness–productivity relationships: 
the importance of meta-analyses. Ecology 91, 2540–2544 (2010).

48. Tredennick, A. T. et al. Comment on “Worldwide evidence of a unimodal 
relationship between productivity and plant species richness”. Science 
351, 457 (2016).

49. Grace, J. B. et al. Response to comments on “Productivity is a poor predictor of 
plant species richness”. Science 335, 1441 (2012).

50. Fridley, J. D. et al. The invasion paradox: reconciling pattern and process in 
species invasions. Ecology 88, 3–17 (2007).

51. Sax, D. F. & Brown, J. H. The paradox of invasion. Global Ecol. Biogeogr. 
9, 363–371 (2000).

52. Seabloom, E. W. et al. Plant species’ origin predicts dominance and response 
to nutrient enrichment and herbivores in global grasslands. Nat. Commun. 
6, 7710 (2015).

53. Flores-Moreno, H. et al. Climate modifies response of non-native and 
native species richness to nutrient enrichment. Phil. Trans. R. Soc. Lon. B 
371, 20150273 (2016).

54. MacDougall, A. S. et al. Anthropogenic-based regional-scale factors 
most consistently explain plot-level exotic diversity in grasslands. 
Global Ecol. Biogeogr. 23, 802–810 (2014).

55. Seabloom, E. W. et al. Predicting invasion in grassland ecosystems: is 
exotic dominance the real embarrassment of richness? Global Change Biol. 
19, 3677–3687 (2013).

56. Cadotte, M. W. et al. Phylogenetic patterns differ for native and exotic plant 
communities across a richness gradient in Northern California. Divers. Distrib. 
16, 892–901 (2010).

57. Firn, J. et al. Abundance of introduced species at home predicts abundance 
away in herbaceous communities. Ecol. Lett. 14, 274–281 (2011).

58. Rockström, J. et al. A safe operating space for humanity. Nature 
461, 472–475 (2009).

59. Climate Change 2014: Synthesis Report (eds Core Writing Team, Pachauri, R. K. 
& Meyer, L. A.) (IPCC, 2015).

60. Harpole, W. S. & Tilman, D. Grassland species loss resulting from reduced 
niche dimension. Nature 446, 791–793 (2007).

61. Chesson, P. Mechanisms of maintenance of species diversity. 
Annu. Rev. Ecol. Syst. 31, 343–366 (2000).

62. Grime, J. P. Competitive exclusion in herbaceous vegetation. Nature 
242, 344–347 (1973).

63. LeBauer, D. S. & Treseder, K. K. Nitrogen limitation of net primary 
productivity in terrestrial ecosystems is globally distributed. Ecology 
89, 371–379 (2008).

64. Kaspari, M. & Powers, J. S. Biogeochemistry and geographical ecology: 
embracing all twenty-five elements required to build organisms. Am. Nat. 
188, S62–S73 (2016).

65. Harpole, W. S., Goldstein, L. & Aicher, R. J. in California Grasslands Ecology 
and Management (eds Stromberg, M. R., Corbin, J. D. & D’Antonio, C.) Ch. 10, 
119–127 (Univ. California Press, 2007).

66. Fay, P. A. et al. Grassland productivity limited by multiple nutrients. Nat. Plants 
1, 15080 (2015).

67. Lewandowska, A. M. et al. The influence of balanced and imbalanced 
resource supply on biodiversity–functioning relationship across ecosystems. 
Phil. Trans. R. Soc. B 371, 20150283 (2016).

68. Harpole, W. S. et al. Addition of multiple limiting resources reduces grassland 
diversity. Nature 537, 93–96 (2016).

http://dx.doi.org/10.1038/s41559-017-0118
http://plants.usda.gov


NATURE ECOLOGY & EVOLUTION 1, 0118 (2017) | DOI: 10.1038/s41559-017-0118 | www.nature.com/natecolevol 7

REVIEW ARTICLENATURE ECOLOGY & EVOLUTION

69. Prober, S. M. et al. Plant diversity predicts beta but not alpha diversity of soil 
microbes across grasslands worldwide. Ecol. Lett. 18, 85–95 (2015).

70. Hautier, Y. et al. Eutrophication weakens stabilizing effects of diversity in 
natural grasslands. Nature 508, 521–525 (2014).

71. Morgan, J. W. et al. Species origin affects the rate of response to inter-annual 
growing season precipitation and nutrient addition in four Australian native 
grasslands. J. Veg. Sci. 27, 1164–1176 (2016).

72. Stevens, C. J. et al. Anthropogenic nitrogen deposition predicts local grassland 
primary production worldwide. Ecology 96, 1459–1465 (2015).

73. O’Halloran, L. R. et al. Regional contingencies in the relationship between 
aboveground biomass and litter in the world’s grasslands. PLoS ONE 
8, e54988 (2013).

74. Tilman, D. Resource Competition and Community Structure. (Princeton Univ. 
Press, 1982).

75. Tilman, D. The resource-ratio hypothesis of plant succession. Am. Nat. 
125, 827–852 (1985).

76. Huisman, J. & Weissing, F. J. Light-limited growth and competition for 
light in well-mixed aquatic environments - an elementary model. Ecology 
75, 507–520 (1994).

77. Borer, E. T. et al. Herbivores and nutrients control grassland plant diversity via 
light limitation. Nature 508, 517–520 (2014).

78. La Pierre, K. J., Blumenthal, D. M., Brown, C. S., Klein, J. A. & Smith, M. D. 
Drivers of variation in aboveground net primary productivity and plant 
community composition differ across a broad precipitation gradient. 
Ecosystems 19, 521–533 (2016).

79. Leff, J. W. et al. Consistent responses of soil microbial communities to elevated 
nutrient inputs in grasslands across the globe. Proc. Natl Acad. Sci. USA 
112, 10967–10972 (2015).

80. Hunter, M. D. & Price, P. W. Playing chutes and ladders - heterogeneity and 
the relative roles of bottom-up and top-down forces in natural communities. 
Ecology 73, 724–732 (1992).

81. Polis, G. A. & Strong, D. R. Food web complexity and community dynamics. 
Am. Nat. 147, 813–846 (1996).

82. Cebrian, J. et al. Producer nutritional quality controls ecosystem trophic 
structure. PLoS ONE 4, e4929 (2009).

83. Viola, D. V. et al. Competition–defense tradeoffs and the maintenance of plant 
diversity. Proc. Natl Acad. Sci. USA 107, 17217–17222 (2010).

84. Lind, E. M. et al. Life-history constraints in grassland plant species: a growth-
defence trade-off is the norm. Ecol. Lett. 16, 513–521 (2013).

85. Hautier, Y., Niklaus, P. A. & Hector, A. Competition for light causes plant 
biodiversity loss after eutrophication. Science 324, 636–638 (2009).

86. Knapp, A. K. et al. Past, present, and future roles of long-term experiments in 
the LTER network. BioScience 62, 377–389 (2012).

87. Dodds, W. K. et al. Surprises and insights from long-term aquatic data sets and 
experiments. BioScience 62, 709–721 (2012).

88. Bonan, G. B., Hartman, M. D., Parton, W. J. & Wieder, W. R. Evaluating 
litter decomposition in earth system models with long-term litterbag 
experiments: an example using the Community Land Model version 4 (CLM4). 
Global Change Biol. 19, 957–974 (2013).  

89. Suddick, E. C., Whitney, P., Townsend, A. R. & Davidson, E. A. The 
role of nitrogen in climate change and the impacts of nitrogen–climate 
interactions in the United States: foreword to thematic issue. Biogeochemistry 
114, 1–10 (2013).

Acknowledgements
We thank each of the researchers who have contributed data and ideas to the Nutrient 
Network (http://www.nutnet.org), Supplementary Table 1 lists contributing sites 
(2007–2016). Grants to E.T.B. and E.W.S. from the National Science Foundation (NSF-
DEB-1042132, NSF-DEB-1234162), and the Institute on the Environment (DG-0001-13) 
supported parts of this work. J.B.G. was supported by the USGS Ecosystems and Climate 
and Land Use Change programmes.

Author contributions
E.T.B. conceived and drafted the manuscript; J.B.G., W.S.H., A.S.M. and E.W.S. 
contributed to writing.

Additional information
Supplementary information is available for this paper. 
Reprints and permissions information is available at www.nature.com/reprints.
Correspondence should be addressed to E.T.B.
How to cite this article: Borer, E. T., Grace, J. B., Harpole, W. S., MacDougall, A. S. 
& Seabloom, E. W. A decade of insights into grassland ecosystem responses to global 
environmental change. Nat. Ecol. Evol. 1, 0118 (2017).
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Competing interests
The authors declare no competing financial interests. 

http://dx.doi.org/10.1038/s41559-017-0118
http://www.nutnet.org
http://dx.doi.org/10.1038/s41559-017-0118
http://www.nature.com/reprints

	A decade of insights into grassland ecosystem responses to global environmental change
	Figure 1 | The NutNet collaborative experiment tests the interactive factors and feedbacks determining grassland biodiversity and productivity.
	Developing a new tool for global ecology
	Relationship of productivity with diversity
	Figure 2 | The spatial and environmental range of the >100 sites participating in the NutNet project.
	Interactive effects of multiple nutrients
	Interactive effects of herbivory and nutrients
	Future prospects
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing interests

