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Abstract. Human activities are enriching many of Earth’s ecosystems with biologically
limiting mineral nutrients such as nitrogen (N) and phosphorus (P). In grasslands, this enrich-
ment generally reduces plant diversity and increases productivity. The widely demonstrated
positive effect of diversity on productivity suggests a potential negative feedback, whereby
nutrient-induced declines in diversity reduce the initial gains in productivity arising from nutri-
ent enrichment. In addition, plant productivity and diversity can be inhibited by accumulations
of dead biomass, which may be altered by nutrient enrichment. Over longer time frames, nutri-
ent addition may increase soil fertility by increasing soil organic matter and nutrient pools. We
examined the effects of 5–11 yr of nutrient addition at 47 grasslands in 12 countries. Nutrient
enrichment increased aboveground live biomass and reduced plant diversity at nearly all sites,
and these effects became stronger over time. We did not find evidence that nutrient-induced
losses of diversity reduced the positive effects of nutrients on biomass; however, nutrient effects
on live biomass increased more slowly at sites where litter was also increasing, regardless of
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plant diversity. This work suggests that short-term experiments may underestimate the long-
term nutrient enrichment effects on global grassland ecosystems.

Key words: biodiversity; community ecology; ecosystem ecology, grasslands; NutNet; nutrient network.

INTRODUCTION

Human activities have increased the input of limiting
nutrients into many ecosystems through fossil fuel burn-
ing, agricultural fertilizer use, and other activities that
create and distribute biologically available nutrients
(Vitousek et al. 1997a, b, Steffen et al. 2015). This
enrichment can alter ecosystem productivity, biogeo-
chemistry, species richness, and species composition
(Lawes and Gilbert 1880, Vitousek et al. 1997b, Elser
et al. 2007, Hillebrand et al. 2007, Lewandowska et al.
2016, Simkin et al. 2016, Midolo et al. 2019). Because of
the tight coupling between fluxes of inorganic and
organic material and the effects of biodiversity on
ecosystem processes (Hobbie 2008, Tilman et al. 2014,
Hobbie 2015, Riggs et al. 2015), there is the potential for
indirect effects or feedbacks that may increase or dam-
pen the effects of global nutrient enrichment over time
(Smith et al. 2009, Isbell et al. 2013a, Avolio et al. 2014,
Smith et al. 2015).
Experimental work in grassland ecosystems illustrates

the potential for indirect effects and feedbacks to alter
the impacts of nutrient enrichment over time. In many
types of grasslands (e.g., alpine tundra, Africa grassveld,
montane meadows, mesic grasslands, prairies, desert
grasslands, and old fields), addition of limiting mineral
nutrients, such as N and P, often rapidly leads to an
increase in biomass production and a loss of plant diver-
sity (Lawes and Gilbert 1880, Elser et al. 2007, Borer
et al. 2014b, Fay et al. 2015, Gasarch and Seastedt 2015,
Ward et al. 2017). Because of the negative effect of plant
diversity loss on productivity (Reich et al. 2001, Tilman
et al. 2014), nutrient-induced biodiversity losses may
diminish the effect of nutrient addition on productivity
over time (Isbell et al. 2013a). Nutrient enrichment also
can alter decomposition rates and carbon cycling (Knorr
et al. 2005, Hobbie 2008, Hobbie 2015, Riggs et al.
2015), which may change the accumulation of dead plant
biomass. This accumulated dead biomass may limit
plant productivity over time by creating a physical bar-
rier or reducing light at ground level (Seastedt et al.
1991, Foster and Gross 1998, Coleman and Levine 2007,
Clark and Tilman 2010, Seabloom 2010, Hobbie 2015).
Alternatively, positive feedbacks may enhance nutrient

effects over time. For example, increased productivity
can increase soil organic matter (Conant et al. 2001, For-
nara and Tilman 2012), which in turn may increase
water holding and cation exchange capacity, thereby
reducing leaching and increasing nutrient retention
(Hobbie 2008, Fornara and Tilman 2012, Isbell et al.
2013b, Hobbie 2015), potentially leading to further pro-
ductivity increases. If nutrient effects on ecosystems
develop slowly over time because of long-term feedbacks

(Smith et al. 2009, Isbell et al. 2013a, Avolio et al. 2014,
Smith et al. 2015), our understanding of nutrient effects
on ecosystems may be biased, because most experiments
in ecology are relatively short term (<5 yr; Elser et al.
2007, Silvertown et al. 2010, Pierik et al. 2011, Smith
et al. 2015, Hughes et al. 2017).
Although fertilization experiments in grasslands have

found that nutrient addition often initially increases
aboveground plant biomass and decreases plant diver-
sity (Elser et al. 2007, Borer et al. 2014b, Fay et al.
2015), a few longer-term (> 5 yr) experiments suggest
that the positive effects of nutrients on aboveground live
biomass will either remain constant or decline with time
(Jenkinson et al. 1994, Isbell et al. 2013a, Avolio et al.
2014), whereas the effects on diversity or richness may
continue to increase (Isbell et al. 2013a, Harpole et al.
2016; but see Pierik et al. 2011). However, drawing gen-
eral inference about how nutrient effects might unfold
over time is difficult, because of the conflicting evidence
from experiments conducted at different locations using
different treatments and sampling methodologies.
Here we address this knowledge gap by examining

how increased nutrient supply (N, P, potassium, and
micronutrients) affects aboveground live biomass, dead
biomass (plant litter), and diversity over time using a
5–11-yr nutrient-addition experiment replicated at 47
grassland sites in 12 countries on six continents that are
part of the Nutrient Network (NutNet) distributed
experiment (Borer et al. 2014a, Borer et al. 2017). This
experimental network provides novel insights, because
each site uses the same treatments and sampling
methodologies, in contrast to meta-analyses in which
methodological and biological signals are often con-
founded (Elser et al. 2007, Gruner et al. 2008, Midolo
et al. 2019). Furthermore, these nutrient additions are
replicated across a wide range of grassland ecosystems
including alpine tundra, montane meadows, mesic grass-
lands, prairies, desert grasslands, and old fields, thereby
capturing important environmental gradients of eleva-
tion (0–4,241 m), latitude (38° S to 69° N), mean annual
precipitation (250–900 mm/yr), soil nutrient levels (e.g.,
270–1,200 ppm N, 10–230 ppm P), species richness
(3–26 species/m2), and aboveground live biomass
(28–870 g/m2), our measure of net primary production.
Analyses of short-term NutNet data have shown that
nutrient addition generally decreases diversity and
increases aboveground biomass (Borer et al. 2014b, Fay
et al. 2015).
We focus on grasslands, because these systems have

been used extensively to test the interactive effects of
nutrient enrichment and biodiversity on ecosystem
processes (Elser et al. 2007, Tilman et al. 2014), and
because grasslands account for about a third of
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terrestrial productivity (Chapin et al. 2002), making
them important regulators of the global carbon cycle
and climate. From a conservation perspective, grass-
lands are among the most endangered of the terres-
trial ecosystems because of extensive conversion to
human-dominated land uses, biological invasions, and
well-documented loss of diversity in response to nutri-
ent enrichment (Hoekstra et al. 2005, Ramankutty
et al. 2008, Seabloom et al. 2013). Grasslands are also
logistically tractable, as the small stature of the plants
allows for smaller plot sizes. In addition, a few plant
families of similar structure dominate grasslands
worldwide, which makes it easier to compare results
across global grasslands.
In our analyses, we explicitly ask (1) if the strength of

nutrient effects on plant biomass and diversity changes
over time, (2) if nutrient-induced diversity loss reduces
the positive effects of nutrient addition on plant bio-
mass, and (3) whether the nutrient-induced accumula-
tion of dead biomass reduces the positive effects of
nutrient addition on plant biomass?

METHODS

Study system and experimental design

This work was conducted within the Nutrient Net-
work Distributed Experiment, a globally replicated
nutrient and herbivore manipulation experiment
(NutNet; www.nutnet.org) (Borer et al. 2014a, Borer
et al. 2017). For this study, we used data from 47
sites that had been receiving nutrient addition for
5–11 yr (Appendix S1: Table S7). At each of these
sites, we replicated an identical experiment that facto-
rially combined three nutrient-addition treatments
each at two levels (Control or Fertilized): Nitrogen
Addition (+N; 10 g N∙m−2∙yr−1 as timed-release
urea), Phosphorus Addition (+P; 10 g P∙m−2∙yr−1 as
triple-super phosphate), and Potassium and Micronu-
trient Addition (+K; 10 g K∙m−2∙yr−1 as potassium
sulfate and 100 g∙m−2∙yr−1 of a micronutrient mix
(6% Ca, 3% Mg, 12% S, 0.1% B, 1% Cu, 17% Fe,
2.5% Mn, 0.05% Mo, and 1% Zn). N, P, and K were
applied annually, and the micronutrient mix was
applied once at the start of the study to avoid toxic-
ity of largely immobile micronutrients.
The N addition rate (10 g N∙m−2∙yr−1) was chosen to

overcome N limitation, and is higher than would be used
if the goal were to mimic anthropogenic N deposition
(Clark and Tilman 2008, Stevens et al. 2015). Ammo-
nium nitrate was used in 2007 instead of urea at some
sites, but there were no detectable differences between
these N sources on plant biomass or diversity (Seabloom
et al. 2015).
Each site was set up as a completely randomized

blocked design typically with three replicates (ranged
from 1 to 6). The experimental unit was a 5 × 5 m plot.

Data collection

Starting in the year prior to fertilization, we annu-
ally sampled aboveground plant biomass and plant
community composition. Biomass was sampled by
clipping all aboveground biomass (live and dead) in
two 0.1 × 1 m strips, sorting current year’s biomass
(live biomass) from previous year’s biomass (dead
biomass), drying the biomass to a constant mass at
60 °C, and weighing it to the nearest 0.01 g. The
locations of the biomass strips were moved each year
to avoid effect of previous harvests on production
estimates in subsequent years. We sampled plant com-
munity composition in a permanent 1 × 1 m quadrat
by visually estimating the areal cover of each species
independently, such that the total summed cover may
exceed 100% in multilayer communities.
Soil samples were collected in the year before fertiliza-

tion started and every 3–5 yr thereafter. For this, soil
from several 10-cm-deep cores was combined for each
plot and air-dried to a constant mass. All soils were then
shipped to a lab at the University of Minnesota (USA)
for storage and processing prior to analyses. Total car-
bon (C) and N were measured at the UMN lab. Soils
were shipped to Waypoint Analytical (Memphis, Ten-
nessee, USA) to measure major nutrients (P and K),
micronutrients (e.g., Ca and Mg), soil pH, organic mat-
ter, cation exchange capacity (CEC), and texture of the
soil (percent sand, silt and clay; only measured in the
Control Plots). Detailed soil methods are presented in
Appendix S1.

Diversity metrics

We measured plant diversity as the Effective Number
of Species based on the Probability of Interspecific
Encounter (ENSPIE), as this measure provides a more
scale-independent measure of potential biodiversity
effects than richness and is more robust to the effect of
rare species than species richness (Chase and Knight
2013). ENSPIE is equivalent to the Inverse Simpson’s

index of diversity. We calculated ENSPIE as 1=∑
S

i¼1
p2i

where S is the total number of species and pi is the pro-
portion of the community cover represented by species i
(Chase and Knight 2013). Simpson’s evenness (E) is
directly related to ENSPIE through the relationship E =-
ENSPIE/S (Smith and Wilson 1996); thus we can factor
diversity directly into its richness and evenness compo-
nents through the relationship:

ENSPIE ¼ S∗E

ENSPIE was positively correlated with richness
(r = 0.74) but only weakly correlated with evenness
(r = 0.16) across all samples in our data. Richness and
evenness were negatively correlated (r = −0.41).
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Data analyses

Ecosystem responses to nutrient enrichment may fol-
low a variety of different trajectories over time (e.g., no
change or accelerating, decelerating, or linear change)
(Smith et al. 2009, Smith et al. 2015). To capture these
different trajectories, we fit a flexible model that allowed
for nutrient effects to increase or decrease in strength
over time and for the shape of these curves to vary. Con-
sidering the case where nutrient effects are getting stron-
ger over time, we might see a number of different curve
shapes:

Case 1. Decelerating effects over time.—This would be
the case where effects initially increase in strength, but
this rate of change slows as the system starts equilibrat-
ing to a new level (e.g., Isbell et al. 2013a). In this case, a
plot of effect size over time will be concave down.

Case 2. Accelerating effects over time.—In this case, we
would see little response for a period of time and then a
rapidly increasing effect size. This could occur in a buf-
fered system, where a treatment needs to exceed a thresh-
old before the system changes. In this case, a plot of
effect size over time will be concave up.

Case 3. Linear effects over time.—We used a statistical
model that allows all of these shapes. Specifically, our
statistical model of biomass or diversity change over
time was as follows:

log yð Þ¼ β0þβ1Nþβ2log tð Þþβ3log tð ÞN

where βi is the ith regression coefficient, N is a dummy
variable that indicates whether a sample is from a con-
trol plot (N = 0) or a nutrient addition plot (N = 1),
and t is the duration of the experiment (years of treat-
ment). For control plots (N = 0), our predictive equa-
tion in log space is

log yð Þ¼ β0þβ2log tð Þ

and for nutrient addition plots, our predictive equa-
tion is

log yð Þ¼ ðβ0þβ1Þþðβ2þβ3Þlog tð Þ:

In the case where we were modeling plant biomass
(y = log(biomass), β0 is the mean biomass (log g/m2) in
a control plot at time = 1, β1 is the marginal increase in
biomass (log g/m2) due to adding nutrients in year 1, β2
is the change in mean biomass (log g per log yr), and β3
is the marginal effect of adding nutrients on the change
in mean biomass (log g per log yr).
In backtransformed space, we get the following rela-

tionship:

y¼ eβ0þβ1Ntβ2þβ3N :

For control plots (N = 0), our predictive equation is

y¼ eβ0 tβ2 :

In this case, if β2 < 1 the rate of biomass change over
time is slowing (Case 1), if β2> 1 the rate of biomass
change over time is increasing (Case 2), and if β2 = 1
there is a linear change in biomass over time (Case 3).
The mean biomass (g) in a control plot in year 1 (t = 1)
is eβ0.
For nutrient addition plots, our predictive equation is

y¼ eβ0þβ1 tβ2þβ3 :

In this case, if (β2 + β3) < 1 the rate of biomass change
over time is slowing (Case 1), if (β2 + β3) > 1 the rate of
biomass change over time is increasing (Case 2), and if
β2 + β3) = 1 there is a linear change in biomass over time
(Case 3). The mean biomass (g) in a fertilized plot in
year 1 (t = 1) is e(β0

+ β
1).

To test whether the effects of nutrient addition
increased over time, we used a mixed-effects model
with +N, +P, and +Kμ, and experimental duration.
Experimental duration is the number of years the nutri-
ent treatments had been applied; experimental duration
was log10 transformed. We included experimental dura-
tion and site as random effects. Because of the large
number of parameters, the model with effects of all eight
nutrient treatments (+N × +P × +Kμ) and their interac-
tions with experimental duration with random slope and
intercepts for each site did not converge. For this reason,
we estimated treatment differences among sites (random
slopes and intercept) over time using only the Control
and All Nutrient (+N, +P, and +Kμ). Model specifica-
tions in R are included with each table of regression
results (Tables S1-S5).
We tested for interactions between nutrient addition

effects on live biomass, dead biomass, and diversity over
time, to determine if nutrient effects became weaker over
time at sites where nutrients lead to rapid declines in
diversity or increases in dead biomass. To do this, we
tested for correlations between the slopes of the nutrient
effect on each of these metrics and experimental dura-
tion, as estimated by the nutrient effect by experimental
duration interaction. For example, we tested if sites with
increasing diversity losses over time would also eventu-
ally have weakening nutrient effects on live biomass over
time. Similarly, if nutrient-induced increases in dead bio-
mass reduced productivity, we would expect a negative
correlation between the nutrient by experimental dura-
tion interaction for live and dead biomass, indicating
that nutrient effects on dead biomass were increasing
and nutrient effects on live biomass were decreasing over
time. We tested this relationship using standardized
major axis (SMA) estimation (Warton et al. 2012). SMA
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summarizes the relationship between two variables, as
opposed to predicting the value of one variable (i.e., the
dependent variable in regression) using a second variable
(the independent variable in regression). We used the
sma function in the smatr R library.
We also used regressions to examine whether nutrient

effects on live biomass, dead biomass, and plant diver-
sity increased or decreased over time. At the site level,
we included a water-availability index (Mean Annual
Precipitation/Potential Evapotranspiration), mean
annual precipitation, mean annual temperature, mean
diurnal temperature range, mean annual temperature
range, and temperature in the wettest quarter. The plot-
level soil predictors were pretreatment soil pH, total base
cations (sum of Ca, Mg, and K), % soil N, and the soil
C:N ratio. Note that % soil N, % soil organic matter,
and % soil organic C are all highly correlated (r > 0.92
for all comparisons), so we only included % soil N in the
regression models. Similarly, cation exchange capacity
and base cations are highly correlated (r = 0.93), so we
only include base cations in the regression models. The
plant community measures included were pretreatment
live biomass, dead biomass, and plant diversity. Finally,
we included the change in nutrient effect over time as
described in the correlation analysis above. For example,
we included the change in nutrient effect over time on
dead biomass and plant diversity as explanatory vari-
ables of the change in nutrient effect over time on live
biomass. In our regression of site-level characteristics
that may predict the change in nutrient effects over time,
many of our predictor variables covaried (e.g., pretreat-
ment live biomass, soil N, soil C:N, and water availabil-
ity index). To account for the potential of multiple
models that had similar explanatory power because of
this correlation, we used a multimodel approach, as
described in Grueber et al. (2011) using the dredge and
model.avg functions in the MuMIn R library. We stan-
dardized the input variables using the arm R library. In
the model averaging, we included all models within 4
corrected Akaike’s information criterion (AICc) units of
the best model. We ran these models with and without
soils data, as we were missing soils data at some sites.
All analyses were conducted in R (v. 3.4.1; R Core

Team, 2018). Mixed effects models were fit using the
lmer function in the lme4 R library.

RESULTS

Contrary to our expectations, we found increasing
effects of nutrient addition on live biomass over time at
most sites despite increasing losses of diversity (Figs. 1
and 2), and an overall significant interaction between
treatment duration and fertilization (Appendix S1:
Table S2). Although the nutrient effects grew stronger
over time, the rate of change decelerated at most sites.
Nutrient enrichment, especially the addition of N,
increased live biomass but did not have a consistent
effect on dead biomass, and there was not an interaction

between fertilization and treatment duration (Figs. 1
and 3; Appendix S1: Tables S1 and S2). The effects of
nutrient enrichment on live biomass increased at most
sites for up to 11 yr (Fig. 1; Appendix S1: Tables S1 and
S2). In contrast to the consistent effects of nutrient addi-
tion on live biomass, nutrient effects on dead biomass
were inconsistent, becoming stronger at some sites and
weaker at others (Fig. 1; Appendix S1: Tables S1 and
S2).
Nutrient addition caused increasingly strong reduc-

tions in plant diversity (ENSPIE) at nearly all sites
(Figs. 2 and 3; Appendix S1: Tables S1 and S2), primar-
ily because of the effects of N addition (Fig. 3, Appendix
S1: Table S1). This loss in diversity was caused by
increasing losses of richness at all sites (Figs. 2 and 3);
nutrient effects on evenness did not show a consistent
increase over time (Fig. 2).
The change in nutrient effects on diversity over time

was not correlated with change in nutrient effects on live
biomass over time (Fig. 4); however, there was a negative
correlation between the trajectory of nutrient effects on
live and dead biomass over time (Fig. 4). In addition to
the negative effects of dead biomass on live biomass, we
found evidence that nutrient effects on live biomass were
stronger at more productive sites with higher pretreat-
ment biomass (Appendix S1: Fig. S6, Tables S4 and S5).
Similarly, we found that nutrient effects on diversity loss
increased in strength faster at sites with higher initial
diversity (Appendix S1: Fig. S6, Tables S4 and S5).
Nutrient effects on dead biomass were weaker at sites
with high levels of pretreatment dead biomass when we
included soil chemistry in the models for 37 of 47 sites,
but this effect was not significant for the full set of sites
(Appendix S1: Fig. S6, Tables S4 and S5). Note that
sites with domestic grazers had lower amounts of dead
biomass in the control plots (P = 0.011).
There was no evidence that estimates of the change in

nutrient effects over time were affected by among-site
differences in experiment duration, which ranged from 5
to 11 yr (Appendix S1: Tables S4 and S5). Furthermore,
the change in nutrient effects over time was not depen-
dent on a site’s climate or soil chemistry (Appendix S1:
Tables S4 and S5).
Nutrient addition increased soil nutrient pools, car-

bon, and organic matter. Specifically, N addition led to
increased soil C and N (Appendix S1: Fig. S7, Table S6),
and P addition increased soil P, cation exchange capac-
ity, and base cations (Appendix S1: Fig. S7, Table S6).

DISCUSSION

Short- and long-term studies have identified different
responses to chronic nutrient enrichment. Although an
analysis of nutrient responses at 42 grassland sites in the
NutNet experiment found increasing effects of fertiliza-
tion on live biomass over the short term (3 yr; Fay et al.
2015), we expected, based on previous long-term fertil-
ization experiments, that the positive effects of nutrients
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on aboveground live biomass would either plateau and
remain constant or decline with time (Jenkinson et al.
1994, Isbell et al. 2013a, Avolio et al. 2014). In contrast,
we found that the effect of nutrient enrichment on live
biomass continued to increase at nearly all sites for 11 yr
(Fig. 1; Appendix S1: Tables S1 and S2), despite increas-
ing plant diversity losses and increasing dead biomass
accumulation at some sites. Dead biomass accumulation

was the strongest predictor of the nutrient effect trajec-
tory over time, with increased biomass accumulation
reducing the effects of nutrients on live biomass. We did
not find any evidence that increasing diversity losses
caused the nutrient effects on biomass to decline over
time.
A possible mechanism explaining the increasingly

strong fertilization effects on biomass is a concomitant
increase in soil nutrient pools combined with a buildup
of soil C and organic matter (Fornara and Tilman 2012,
Crowther et al. 2019), which can lead to increased water
holding capacity, cation exchange capacity, and nutrient
retention (Fornara and Tilman 2012, Isbell et al. 2013b,
Hobbie 2015). We found that N addition increased soil
C and N (Appendix S1: Fig. S7, Table S4), and P addi-
tion increased soil P, cation exchange capacity, and base
cations, possibly because of the calcium (Ca) in the P
source (triple-super-phosphate; Appendix S1: Fig. S7,
Table S6). These nutrient-induced alterations to soil
chemistry may have caused the increase in productivity
over time.
Although many studies have examined nutrient effects

on plant productivity and biomass (Elser et al. 2007),
there is little basis for a priori expectations of how nutri-
ent effects on dead biomass accumulation would change
over time, although we did expect a general coupling
between live and dead biomass (Hobbie 2015, Grace
et al. 2016). Dead biomass accumulation can directly
reduce plant growth by acting as a physical barrier and
reducing light to young plants (Foster and Gross 1998,
Coleman and Levine 2007, Clark and Tilman 2010, Sea-
bloom 2010). In the longer term, dead biomass can
affect productivity through the influence of senesced
plant material on nutrient cycling, either facilitating or
delaying nutrient release to plants (Hobbie 2015). In
contrast to the consistently positive effects of nutrients
on live biomass, nutrient effects on the accumulation of
dead biomass were inconsistent over time, increasing at
some sites and decreasing at others (Fig. 1; Appendix
S1: Tables S1 and S2).
Although we did not measure decomposition rates

directly, our results suggest that nutrient addition may
be increasing the rate of turnover of dead biomass,
because fertilization increased biomass production and
soil carbon, but it did not consistently increase total
standing dead biomass. The effects of nutrients on
decomposition are governed by complex feedbacks
between primary productivity, plant tissue chemistry,
and soil nutrient cycling (Knorr et al. 2005, Hobbie
2008, Hobbie 2015), and the effects can vary among dif-
ferent locations (Knorr et al. 2005, Hobbie 2008). Given
the potential for increased nutrient supply rates to alter
decomposition and ultimately carbon storage, develop-
ing a general understanding of nutrient supply on
decomposition remains an important unresolved chal-
lenge in ecosystem ecology (Hobbie 2008).
Based on past work, we expected nutrients to reduce

diversity over time (Isbell et al. 2013a, Harpole et al.
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FIG. 1. Effect of nutrient enrichment on live (A) and dead
(B) aboveground plant biomass in grassland ecosystems.
Colored lines indicate individual sites, and the solid black line
shows the mean response across sites. Models were fit using
log10 (Treatment/Control) vs. log10 (Number of Years of Treat-
ment), and backtransformed for plotting as the difference
between Treatment (i.e., all nutrients added) and Control plots.
Standard errors of all parameter estimates are presented in
Appendix S1: Table S2, and site species models with raw data
are presented in Appendix S1: Figs. S1 and S2.
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2016), and our results confirm this (Fig. 2; Appendix S1:
Tables S1 and S2) and point to N as the main driver of
increasing effects over time (Appendix S1: Table S1).
Declines in diversity could arise either through reduced
richness, because of increased extinction or reduced col-
onization rates, or reduced evenness, reflecting an
increasingly skewed abundance distribution of species.
We found that loss in diversity in response to nutrients
was driven primarily by continuing richness loss at all
sites (Fig. 2). In contrast to richness, nutrient addition
did not have a consistent effect on evenness (Appendix
S1: Tables S1 and S2), and nutrient effects on evenness
did not show a consistent increase over time (Fig. 2),
although evenness varied widely among sites and across
years and nutrient addition did change evenness at indi-
vidual sites (Appendix S1: Fig. S5).
Past work suggests that the positive effects of nutrient

enrichment on live biomass declines when there is a con-
current loss in plant diversity (Isbell et al. 2013a) or
increase in dead biomass. We tested for this relationship
by examining the correlations between the change over
time in the nutrient effects on live biomass, dead bio-
mass, and plant diversity. We found no evidence of a
negative feedback between fertilization-induced diversity

loss and live biomass; live biomass continued to increase
in response to nutrient addition for up to 11 yr. Further-
more, sites experiencing ongoing diversity loss did not
have declining nutrient effects on live biomass over time
(Fig. 4), as would be expected if the nutrient-induced
diversity loss were counteracting nutrient effects on pro-
ductivity (Isbell et al. 2013a). It is possible that the diver-
sity loss may eventually start to counteract the positive
effects of nutrients on plant biomass, as has been shown
in an experiment that added nutrients for more than
25 yr (Isbell et al. 2013a). However, the longest-running
nutrient addition experiment has not shown large shifts
after more than a century (Jenkinson et al. 1994). Thus,
there is currently no consensus on how changes in biodi-
versity will influence nutrient effects on biomass produc-
tion over multidecadal time periods.
Ultimately, standardized, long-term experiments repli-

cated at sites representing a range of conditions are nec-
essary to distinguish biological from methodological
effects of nutrient addition studies (Borer et al. 2017).
For example, Avolio et al. (2014) found that a decade of
N and P addition did not alter the richness in a tallgrass
prairie community, whereas Isbell et al. (2013a), using
different methods, found that the effects of nutrient
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FIG. 2. Effects of nutrient enrichment on diversity (ENSPIE) (A), richness (S, species/m2) (B), and evenness (ENSPIE S−1) (C) in
grassland ecosystems. Colored lines indicate individual sites, and the solid black line shows the mean response across sites. Models
were fit using log10 (Treatment/Control) vs. log10 (Number of Years of Treatment), and backtransformed for plotting as the differ-
ence between Treatment (i.e., all nutrients added) and Control plots. Standard errors of all parameter estimates are presented in
Appendix S1: Table S2, and site species models with raw data are presented in Appendix S1: Figs. S3, S4, and S5.
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addition on richness strengthened over time in a differ-
ent tallgrass prairie. In contrast, our standardized exper-
iment collocated with these previous studies showed a
consistent response of increasing richness declines over
time (konz.us and cdcr.us; Appendix S1: Figs. S1, S3,
and S4), suggesting that methodological differences,
such as nutrient addition rates or sampling protocols, do
influence study results and conclusions (Isbell et al.
2013a, Avolio et al. 2014).
Our experiment was replicated across a wide range

of conditions globally, underscoring the generality of
the strengthening of nutrient effects over time. At

FIG. 3. Effects of nutrient addition treatments on live (A)
and dead (B) aboveground plant biomass and diversity
(ENSPIE) (C), richness (S, species/m2) (D), and evenness
(ENSPIE S−1) (E) in grassland ecosystems. Error bars indicate 1
standard error (SE) among site means for each treatment.
Parameter estimates and standard errors for all treatment
effects are shown in Appendix S1: Table S1.

(A)

(B)

FIG. 4. Change over time of the effects of nutrient enrich-
ment on live biomass (A, B), dead biomass (B), and diversity
(A) at individual sites (slopes in Fig. 1). Values of zero (dashed
lines) indicate effects that are constant over time, positive values
indicate increasing effects over time, and negative values indi-
cate decreasing effects over time. All slopes are from log10-trans-
formed variables versus log10-transformed number of years of
treatment. Diversity is measured as ENSPIE. Correlations and
significant tests are based on standardized major axis (SMA)
estimation and are detailed in Appendix S1: Table S3. Large
open circles represent the mean value across all sites with error
bars representing two standard errors of the mean (SEM).
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nearly all sites, nutrient effects on live biomass and
diversity became stronger over time. This suggests that
short-term experiments (<5 yr) will underestimate the
effects of nutrient enrichment on ecosystems and com-
munities. Experiments spanning multiple decades have
shown that short-term experiments may generate
biased estimates of long-term treatment effects (Reich
et al. 2012, Isbell et al. 2013a, Komatsu et al. 2019),
highlighting the value of long-term ecological data
(Hughes et al. 2017).
In interpreting our results, it is important to note that

the N addition rates (10 g N∙m−2∙yr−1) we use were cho-
sen to overcome N limitation, and are higher than would
be used if the goal were to mimic anthropogenic N depo-
sition (Clark and Tilman 2008, Stevens et al. 2015).
Lower rates of N addition would likely lead to weaker
effects, though still positive, effects on live biomass and
richness, and could potentially inhibit decomposition
rates (Knorr et al. 2005, Isbell et al. 2013a, Midolo et al.
2019).
Many experiments and models have demonstrated

that nutrient addition in grassland ecosystems can
induce plant diversity declines (Lawes and Gilbert 1880,
Miller et al. 2005, Clark et al. 2007, Harpole and Tilman
2007, Hautier et al. 2009, Borer et al. 2014c, Harpole
et al. 2016, Ward et al. 2017), and the few long-term
experiments have shown that these effects can continue
for decades (Lawes and Gilbert 1880, Jenkinson et al.
1994, Isbell et al. 2013a, Ward et al. 2017). Here we have
shown that an increasing effect of nutrients on diversity
loss over time is a general phenomenon in many grass-
land ecosystems. This result suggests that current under-
standing, which is largely based on short-term
experiments (<5 yr; Elser et al. 2007), may be underesti-
mating the consequences of nutrient enrichment for bio-
diversity loss. The mismatch between short experimental
duration and the time for ecosystems to respond fully to
nutrient enrichment is particularly problematic, given
that human activities are continuing to increase the sup-
plies of limiting nutrients into many of Earth’s ecosys-
tems (Vitousek et al. 1997a, Galloway et al. 2008,
Steffen et al. 2015).
Human activities are concurrently altering a variety of

interacting environmental factors that drive ecosystem
processes and ultimately ecosystem services that are nec-
essary for human well-being (Vitousek et al. 1997a, b,
Steffen et al. 2015), and the ecosystem-level effects of
many of these changes may not be fully evident for a
decade or more (Reich et al. 2012, Isbell et al. 2013a).
For this reason, long-term experiments are critical for
predicting the effects of humans on ecological systems
(Silvertown et al. 2010, Hughes et al. 2017). Neverthe-
less, long-term experiments in ecology remain relatively
rare, and funding such experiments is increasingly diffi-
cult (Silvertown et al. 2010, Hughes et al. 2017). Human
impacts on ecosystems also vary spatially, and ecologists

have recently started replicating experiments at global
scales (Borer et al. 2014a, Borer et al. 2017). Now that
some distributed experiments have been in place for
more than a decade, we can ask novel questions about
the factors that determine the trajectory of ecosystem
response to global change (Borer et al. 2017). Here we
have shown a remarkably consistent increasing effect of
nutrient addition on plant production and concomitant
decline in diversity in a wide array of grassland ecosys-
tems including deserts, prairies, and alpine tundra. How-
ever, these responses were not fully coupled; nutrient-
induced declines in diversity did not reduce the effects of
nutrients on live biomass. These results suggest that,
because of their short duration, many experiments to
date have likely underestimated the effects of human-dri-
ven eutrophication on biodiversity loss and ecosystem
productivity.
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