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Abstract

Nutrient enrichment can simultaneously increase and destabilise plant biomass 

production, with co- limitation by multiple nutrients potentially intensifying these 

effects. Here, we test how factorial additions of nitrogen (N), phosphorus (P) and 

potassium with essential nutrients (K+) affect the stability (mean/standard devia-

tion) of aboveground biomass in 34 grasslands over 7 years. Destabilisation with 
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INTRODUCTION

Biomass production is a critical ecological function that 
supports many ecosystem services (Cardinale et al., 2012; 
Gounand et al., 2020; Kremen, 2005), especially in grass-
lands where it contributes to carbon storage and food pro-
duction (Borer et al., 2020; Haberl et al., 2007; Song et al., 
2019). Biomass may be limited by the availability of single 
resources like nitrogen (N; LeBauer & Treseder, 2008), 
phosphorus (P; Hou et al., 2020) or water (Huxman et al., 
2004; Morgan et al., 2016), or co- limited by multiple re-
sources that interactively affect biomass production (Elser 
et al., 2007; Fay et al., 2015; Harpole et al., 2011; Kaspari 
& Powers, 2016). Accordingly, human- driven increases in 
nutrient availability, a common disturbance of grasslands 
(Stevens et al., 2004), can strongly impact biomass pro-
duction and its associated ecosystem services (Song et al., 
2019; Tilman & Lehman, 2001; Tilman, 2001). Over time, 
chronic nutrient enrichment may impact different aspects 
of grassland biomass, including mean annual production 
(Fay et al., 2015; Seabloom et al., 2021), its standard de-
viation (henceforth ‘interannual variability’; Avolio et al., 
2020; Koerner et al., 2016), and its temporal stability (here, 
‘invariability’ calculated as S = mean/standard deviation; 
Tilman, 1999; Tilman et al., 2006). While previous work 
has shown that multiple nutrient inputs can exert inter-
active effects on mean biomass production (Elser et al., 
2007; Fay et al., 2015; Harpole et al., 2011), to date, it is 
not known if different single-  or multiple- nutrient inputs 
exert independent or interactive effects on its interannual 
variability or overall stability.

Several processes operating among individuals and 
populations interact to regulate community biomass pro-
duction (Hautier et al., 2014, 2020; Loreau, 2010) and its 
potential responses to different nutrients. At the individ-
ual level, resource availability limits biomass production 
by imposing physiological constraints on growth (Droop, 
1974). Subsequently, species interactions determine how 
individual growth contributes to community biomass 
production (Loreau, 2010). Trait differences between 

species, such as in their resource acquisition strategies or 
competitive abilities, enable multiple species to contribute 
to community function and can generate a positive rela-
tionship between species richness and mean community 
biomass production (Carroll et al., 2011; Tilman, 1999). 
This dynamic may be impacted by different single-  or 
multiple- nutrient inputs. The number and identity of lim-
iting resources in a system influences which species coex-
ist (Chesson, 2000; Danger et al., 2008; Harpole & Tilman, 
2006; Levin, 1970). In grasslands, changing the availabil-
ity of limiting nutrients can lead to the competitive exclu-
sion of species (Braakhekke & Hooftman, 1999; Tilman, 
1982) and a decline in species richness (Bakelaar & Odum, 
1978; Harpole et al., 2016, 2017; Harpole & Tilman, 2007). 
This may drive changes in mean biomass production that 
depend on the number or identity of enriching nutrients 
(Fay et al., 2015; Harpole et al., 2011).

Processes operating within communities also con-
tribute to the interannual variability of biomass pro-
duction, principally by determining the responsiveness 
of community productivity to interannual f luctuations 
in the environment (Loreau & de Mazancourt, 2008; 
Tilman, 1996). Species richness often minimises inter-
annual variability (Hautier et al., 2015) by increasing 
the likelihood that a community includes species that 
can produce biomass in a given environmental context 
(Loreau, 2010; MacDougall et al., 2013). This effect is 
influenced by species synchrony— a measure of the 
similarity of species responses to temporal environ-
mental f luctuations (Gilbert et al., 2020; Hector et al., 
2010; Loreau & de Mazancourt, 2013; Valencia et al., 
2020a). Low synchrony in species- level biomass pro-
duction produces compensatory dynamics that reduce 
interannual variability in community biomass pro-
duction (Brown et al., 2016; Loreau & de Mazancourt, 
2013; Tilman, 1996). As above, synchrony also depends 
on trait differences among species that allow them 
to respond differently to environmental f luctuations 
(Loreau, 2010). Where changes in limiting factor avail-
ability reduce species or trait diversity (Harpole et al., 
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fertilisation was prevalent but was driven by single nutrients, not synergistic nutri-

ent interactions. On average, N- based treatments increased mean biomass produc-

tion by 21– 51% but increased its standard deviation by 40– 68% and so consistently 

reduced stability. Adding P increased interannual variability and reduced stability 

without altering mean biomass, while K+ had no general effects. Declines in stabil-

ity were largest in the most nutrient- limited grasslands, or where nutrients reduced 

species richness or intensified species synchrony. We show that nutrients can dif-

ferentially impact the stability of biomass production, with N and P in particular 

disproportionately increasing its interannual variability.
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2016), synchrony may increase among the remaining 
species. For example eutrophication was shown to in-
crease species synchrony and, subsequently, increase 
the interannual variability of grassland biomass pro-
duction (Hautier et al., 2014).

Global changes impact the temporal stability of 
biomass production (see metric above) by altering the 
relationship between its temporal mean and standard 
deviation (Cardinale et al., 2013; Ives et al., 2000; Kohli 
et al., 2019). Different nutrient inputs may drive such tran-
sitions by affecting the mechanisms that regulate these 
aspects of biomass production, which could have serious 
implications for the maintenance of ecosystem function. 
Temporal stability provides a scaled measure of interan-
nual changes in biomass relative to the mean production 
of a community (Carnus et al., 2014; Donohue et al., 2013; 
Ives & Carpenter, 2007). Accordingly, changes in tem-
poral stability indicate deviations from average levels of 
production, a process that can increase the likelihood of 
irreversible change in community composition or func-
tioning (Beisner et al., 2003; Carpenter & Brock, 2006; 
Scheffer et al., 2001). For example large relative changes 
in primary productivity can alter food web interactions 
and cause the local extinction of consumers and their 
predators (Rosenzweig, 1971). Therefore, grasslands are 
at an increased risk of irreversible change where nutri-
ent enrichment causes interannual variability to change 
relative to mean production. While this paradox of en-
richment dynamic is well described in the theoretical 
literature (McCann et al., 2021; Rosenzweig, 1971), its 
interaction with co- limitation in empirical systems re-
mains poorly characterised.

Here, we assessed the effects of individual and com-
bined N, P and Potassium + essential nutrients (K+) en-
richment of 34 grassland sites spanning six continents 
over 7  years. We aimed to test the hypothesis that the 
effect of chronic nutrient enrichment on the mean, in-
terannual variability and temporal stability of bio-
mass production is influenced by nutrient identity and 
multiple- nutrient interactions. We also aimed to test 
potential mechanisms of temporal biomass production 
responses. We addressed our aims in three stages:

1. We assessed the temporal stability of biomass pro-
duction within nutrient treatment plots to determine 
if different individual and combined nutrient inputs 
had different stability effects.

2. We assessed the temporal mean and interannual 
variability of biomass production within treatment 
plots to determine if changes in stability were mean-  
or variability- driven (Carnus et al., 2014; Kohli et 
al., 2019) and if this differed among treatments. 
Variability- driven destabilisation would occur if the 
mechanisms that control interannual variability show 
strong responses to nutrient enrichment, causing in-
creases in the standard deviation relative to the mean. 
Alternatively, multiple nutrient inputs could cause 

synergistic increases in mean biomass (Harpole et al., 
2011) that mitigate against destabilisation.

3. We examined between- site differences in stability 
responses and tested four potential mechanisms of 
destabilisation. Specifically, we tested if destabilisa-
tion following nutrient addition was stronger at sites 
where nutrient limitation was stronger. We tested if 
enrichment had less effect on stability at sites with 
lower precipitation, where biomass was likely to be 
more limited by water availability than nutrients, and 
greater effect at sites with higher precipitation, where 
nutrient inputs could increase plant responsiveness 
to precipitation (Morgan et al., 2016; Paruelo et al., 
1999; Wang et al., 2017). Finally, we tested if changes 
in stability were driven by changes in species richness 
(Hautier et al., 2015) or species synchrony (Valencia et 
al., 2020a), such that stability decreases where species 
are lost or synchronised. We predicted that multiple 
nutrient treatments would be more destabilising than 
single nutrient treatments because they are likely to 
cause greater species loss (Harpole et al., 2016) and im-
pose greater constraints on the niche differences that 
tend to prevent synchrony.

M ATERI A LS A N D M ETHODS

Experimental design and nutrient additions

We assessed the mean, interannual variability and sta-
bility of aboveground biomass production in 34 grass-
land sites that received standardised annual inputs of N, 
P and K+ for 7 years (Table S1). These data are from the 
globally distributed Nutrient Network (NutNet) experi-
ment, described in Borer et al. (2014). We studied a 7- year 
treatment period to balance duration, thereby allowing 
temporal dynamics to unfold, with replication of sites. 
We tested the sensitivity of our analyses to these criteria 
by comparing our results with all subsets between 3 and 
12 years (Table S2).

Most sites contain three blocks (but ranges from 1 to 
6; Table S1) comprising 25 m2 treatment plots that receive 
one of the possible factorial combinations of N, P and 
K+ and an unfertilised control plot. Plots are arranged 
in a randomised block design. Nutrients were applied 
at a standardised yearly rate, using 10 g N (time- release 
urea) m−2 year−1, 10 g P (triple- super phosphate, which 
also includes Ca) m−2 year−1, and 10 g K (potassium sul-
phate, which also includes S) m−2 year−1. In the first year 
only, all K plots also received 100 g m−2 of an essential 
nutrient mix, comprising: 15% Fe, 14% S, 1.5% Mg, 2.5% 
Mn, 1% Cu, 1% Zn, 0.2% B and 0.05% Mo— forming the 
K+ treatment. All plots included in this analysis were 
open to herbivory. Site- level mean annual precipitation 
(MAP) and MAP variability data were obtained from 
the WorldClim Global Climate database (Version 1.4; 
Hijmans et al., 2005).
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Metrics

We harvested aboveground biomass annually from two 
10 × 100 cm strips in each plot at the site- specific time 
of peak biomass. Live biomass was separated from dead 
biomass, dried at 60°C and weighed to estimate biomass 
production in g m−2  year−1 for each plot (Borer et al., 
2014). Harvest strips were relocated within each plot 
each year to avoid a clipping effect. We calculated the 
temporal mean (�) of biomass within plots as the 7- year 
mean of annual biomass measurements. Data for multi-
ple nutrient effects on mean biomass over 3 years were 
previously presented (Fay et al., 2015), but did not jointly 
consider interannual variability. Considering both met-
rics concurrently is critical to interpreting stability ef-
fects (Carnus et al., 2014; Kohli et al., 2019).

Ecosystems responding to chronic nutrient inputs can 
display directional trends in biomass (Seabloom et al., 
2021) that may influence stability metrics (Lepš et al., 
2019). To focus our analysis on interannual variability in 
biomass production, we detrended our data by taking the 
residuals from a linear regression of biomass over years 
of treatment in each plot (Tilman et al., 2006). We used 
model 1 regression to isolate residuals perpendicular to 
the x axis (Legendre & Legendre, 2012). Subsequently, the 
standard deviation of residuals in a plot (�detr) was used 
as a measure of interannual variability and in calculating 
a single detrended S value for each plot, as: Sd = � ∕ �detr.

Plant species richness and percent cover (to the nearest 
1%) were surveyed in permanent 1 m2 quadrats in each 
plot, based on visual assessment. Surveys were conducted 
annually or biannually according to the growing season 
at each site. We used these data to calculate the tempo-
ral mean of species richness for each plot. Additionally, 
we used species’ percent cover to calculate detrended 
species synchrony in each plot, using the calc_sync 
function (Lepš et al., 2019) in R (v 3.6.3; R Foundation 
for Statistical Computing). This function detrends the 
φ synchrony metric (Loreau & de Mazancourt, 2008) 
by aggregating φ values from a moving 3- year window 
(φt3; Lepš et al., 2019). This mitigates against directional 
trends that can cause correlations in species abundances 
over time that are separate from the year- to- year fluctu-
ations that drive synchrony (Lepš et al., 2019; Valencia 
et al., 2020b). Values of φt3 are bounded between 0 (per-
fect asynchrony) and 1 (perfect synchrony).

We calculated treatment effects using natural- log re-
sponse ratios, as: LRR = ln(treatment∕control). This ef-
fect size highlights the change in the value of a metric in 
a treatment plot relative to control plots located within 
the same experimental block. Using LRRs standardised 
treatment effects across sites, centred values around 
zero, and improved the normality of our data (Hedges 
et al., 1999). We back- transformed LRR estimates and 
converted them to percent change relative to the control 
for presentation in figures.

Analysis

We used linear mixed effects models to test how different 
nutrient inputs impacted the Sd, � and �detr of grassland 
biomass. We assessed each metric using the model:

This model provides estimates for the kth observation 
of y in the jth nutrient treatment at the ith site. The pa-
rameter � is the fixed effect intercept for the jth level of 
the nutrient treatment and b is the random intercept for 
the ith site. The k index accounts for within- site variation 
that results from observation of multiple blocks at each 
site. We chose this model structure after trialing mod-
els including random slopes for treatment effects within 
each site, but these models did not converge. We also 
used model 1 to test for nutrient effects on species rich-
ness and species synchrony. For each response, we tested 
interactions between nutrients by replacing the � j term in 
model 1 with all interactions between dummy coded N, 
P and K+ factors.

We assessed the dependence of stability responses on 
mean biomass responses using the model:

where �1 is the fixed effect intercept for the jth nutrient 
treatment, b is the random intercept for the ith site and 
�2 is the fixed effect slope associated with � (here, mean 
biomass). We built these models and obtained estimates 
of model parameters by maximum likelihood estimation 
using the lme4 package (Bates et al., 2015) in R.

We evaluated both the statistical and biological signif-
icance of our effect size estimates (Nakagawa & Cuthill, 
2007). We present mean effects with their 95% confidence 
intervals and provide p- values that indicate whether a 
treatment effect was significantly different from controls 
(at α < 0.05). We also compare our results with effect sizes 
observed in previous studies as a benchmark for interpret-
ing nutrient effects on stability (Table S3).

To test mechanisms of nutrient effects, we built a 
model for each biomass response that included: plot- 
level LRRs of plant species richness and synchrony, 
site- level MAP and MAP variability, nutrient treatment 
and the interaction of nutrient treatment with each pre-
dictor. We evaluated the contribution of these factors to 
changes in the mean, variability and stability of biomass 
production using a model selection approach. We used 
the dredge function in the MuMIn package (Bartoń, 
2009) to determine which set of predictors and interac-
tions best explained the responses. We selected all pre-
dictors included in models within four AIC of the most 
parsimonious model and obtained their full averages 
and summary statistics using the model.avg function 
(Bartoń, 2009).

(1)yijk = � j + bi + �ijk

(2)yijk = �1j + bi + �2� ijk + �ijk



758 |   NUTRIENT CO-LIMITATION AND BIOMASS STABILITY

RESU LTS

Do nutrient identity and nutrient interactions 
impact the temporal stability of grassland 
biomass production?

At the global scale, 7  years of single nutrient N en-
richment decreased Sd by 14% relative to control plots 
(LRRN = −0.16, p < 0.001; Figure 1a, Table S4). Inputs 
of P were also generally destabilising (LRRP  =  −0.12, 
p = 0.011). In contrast, K+ did not significantly affect Sd 
(LRRK+ = −0.04, p = 0.322).

Multiple nutrient input treatments destabilised biomass 
(Figure 1a, Table S4) by 13% with NP (LRRNP = −0.14, 
p = 0.003), 15% with NK+ (LRRNK+ = −0.17, p < 0.001) and 
12% with NPK+ (LRRNPK+ = −0.13, p = 0.004). However, 
we did not observe destabilising interactions between 
any nutrients (Table S5). Instead, stability in NP, NK+ 
and NPK+ plots was equivalent to the stability of single- 
nutrient N and P input plots. Furthermore, sub- additive 
interactions between N and P acted to stabilise biomass 
relative to the potential additive effect of N and P inputs 
(LRRN*P = 0.14, p = 0.045).

Do nutrient identity and nutrient interactions 
impact the temporal mean and interannual 
variability of grassland biomass production?

At the global scale, increases in mean biomass following 
nutrient inputs were accompanied by greater increases 
in interannual variability (Figure 1b, c), a trend that de-
fines decreases in Sd. Inputs of N increased mean bio-
mass production by 21% (LRRN = 0.19, p < 0.001), while 
P and K+ did not significantly impact mean biomass 
globally (Figure 1b, Table S6). Concurrently, N additions 

increased the interannual variability of biomass by 
40% (LRRN =  0.36, p <  0.001) and P additions by 19% 
(LRRP = 0.17, p = 0.007; Figure 1c, Table S7). K+ inputs 
had no significant effect on variability.

Multiple nutrient addition effects on the mean and in-
terannual variability of biomass production were larger 
than single nutrient effects. Inputs of NP, NK+ and 
PK+ increased mean biomass by 48% (LRRNP  =  0.39, 
p  <  0.001), 28% (LRRNK+  =  0.26, p  <  0.001) and 16% 
(LRRPK+ = 0.15, p < 0.001) respectively (Figure 1b, Table 
S6). Concurrently, they increased interannual variability 
by 68% (LRRNP = 0.52, p < 0.001), 49% (LRRNK+ = 0.42, 
p  <  0.001) and 21% (LRRPK+  =  0.2, p  =  0.002) respec-
tively (Figure 1c, Table S7). Simultaneous NPK+ addi-
tions increased mean biomass by 51% (LRRNPK+ = 0.41, 
p  <  0.001), exceeding the effect of all one-  or two- 
nutrient treatments, and increased variability by 68% 
(LRRNPK+ = 0.53, p < 0.001).

We observed a general synergistic co- limitation of 
mean biomass production by N and P (LRRN*P = 0.14, 
p  =  0.011, Table S5). There was also a notable interac-
tion between P and K+ (LRRP*K+ = 0.1, p = 0.071) that 
increased biomass in PK+ plots relative to controls. In 
contrast, we did not observe any significant nutrient in-
teractions for interannual variability (Table S5). Instead, 
multiple nutrient effects on interannual variability were 
driven by significant effects of N and P that produced 
additive increases in �detr (Table S5).

How consistent were effects among the 34 
globally distributed grassland sites?

Destabilisation most frequently occurred in response 
to treatments containing N. Inputs of N alone de-
creased stability by more than 10% relative to control 

F I G U R E  1  Effect of 7 years of single-  and multiple- nutrient additions on the detrended stability (inverse CV) (a), temporal mean (b) and 
detrended standard deviation (SD) (c) of grassland biomass production in 34 sites. Different individual and combined additions of nitrogen 
(N), phosphorus (P) and potassium with essential nutrients (K) influenced the magnitude of stability, mean and interannual variability 
responses. The points show percent change relative to unenriched control plots. They represent back- transformed fixed effect estimates (with 
95% confidence intervals) from mixed effects models that accounted for site as a random grouping factor. See Supplementary Information for 
detailed model specification and summary statistics
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plots at 23 sites and by more than 20% at eight sites 
(Table S8). Similarly, large biomass and standard de-
viation responses were most frequently observed in re-
sponse to N treatments. Mean biomass increased by 
over 25% with NPK+ at 31 sites and by over 50% at 
18 sites (Table S8). Interannual variability increased 
by over 25% at 33 sites and by over 50% at 26 sites. 
Multiple nutrient treatments produced mean biomass 
and variability responses more frequently than inputs 
of single nutrients (Table S8).

Does nutrient limitation status impact the 
destabilisation potential of nutrient enrichment?

Across the study, sites with larger biomass responses, 
indicative of stronger underlying nutrient limitations, 
were associated with larger destabilisation responses to 
nutrient enrichment (Figure 2, Table S9). This relation-
ship held for all nutrient combinations except NP and 
NPK+ (Table S9).

Does average site precipitation influence the 
response of temporal stability to nutrient 
enrichment?

Average site precipitation did not strongly drive stabil-
ity effects; MAP and MAP variability were retained in 
the model selection procedure for the stability, mean 
biomass and interannual variability models but were 
not significant predictors of these responses (Table 
S10).

Do nutrient effects on species richness or species 
synchrony influence the response of temporal 
stability to nutrient enrichment?

Species richness declined with N addition and all multi-
ple nutrient treatments but was not generally impacted 
by P or K+ additions (Figure 3a, Table S11). Species loss 
was highest with simultaneous NPK+ inputs, which 
reduced species richness by 16% (LRRNPK+  =  −0.17, 
p  <  0.001) across the study. Species synchrony did not 
display a clear directional response to any nutrient treat-
ment at the global scale (Figure 3b, Table S12).
Sd was positively associated with species richness 

(p = 0.009; Figure 4a, Table S10). Specifically, species loss 
was associated with decreased stability of biomass produc-
tion whilst species gains were associated with increased 
stability. In contrast, overall mean biomass responses were 
negatively associated with species richness such that bio-
mass was most likely to increase where species were lost 
(p = 0.001; Figure 4b, Table S10). Similarly, change in the 
interannual variability of biomass production was nega-
tively associated with species richness such that plots dis-
played greater increases in interannual variability where 
species loss was higher (p < 0.001; Figure 4c, Table S10).

Species synchrony and Sd responses displayed a 
negative relationship (p  =  0.052; Figure 5, Table S10). 
Consequently, destabilisation of community biomass 
was more likely where nutrients caused species syn-
chrony to increase, and stabilisation more likely where 
nutrients promoted asynchrony (Figure 5). Species syn-
chrony was retained in the model set for the mean and 
interannual variability of biomass but was not a statisti-
cally significant predictor of these responses (Table S10).

F I G U R E  2  Relationship between change in mean biomass production and change in stability under 7 years of different individual and combined 
additions of nitrogen (N), phosphorus (P) and potassium with essential nutrients (K). Larger biomass responses were associated with larger declines in 
stability for all treatments except NP and NPK. Points show plots within blocks at 34 grassland sites. Coloured lines are fixed- effect regression slopes 
for each treatment from mixed effects models. See Supplementary Information for detailed model specification and summary statistics
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DISCUSSION

Do nutrient identity and nutrient interactions 
impact the temporal stability, mean and interannual 
variability of grassland biomass production?

Grassland biomass production is often limited or co- 
limited by nutrients (Fay et al., 2015; Harpole et al., 
2011). However, understanding of how co- limitation 
dynamics affect grassland stability is still lacking. Our 

analyses showed that N and multiple nutrient enrich-
ment generally increased mean biomass production 
but destabilised it by inducing even greater increases in 
interannual variability. This indicates that, despite el-
evated biomass production, N inputs also increased the 
magnitude of fluctuations among years (McCann et al., 
2021). Enrichment of P did not generally increase mean 
biomass but still increased its interannual variability 
and therefore had a general destabilising effect. In con-
trast, K+ enrichment did not change either the mean or 

F I G U R E  3  Effect of individual and combined additions of nitrogen (N), phosphorus (P), and potassium with essential nutrients (K) on 
the temporal mean of species richness (a) and detrended species synchrony (b) in 34 grassland sites. Positive responses in species synchrony 
indicate species were more synchronised, while negative responses indicate increased asynchrony. Points show fixed effect estimates with 95% 
confidence intervals (see Figure 1 caption and Supplementary Information)
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F I G U R E  4  Nutrient- driven changes in species richness contribute to nutrient effects on the temporal stability (inverse CV) (a), mean (b) 
and detrended standard deviation (SD) (c) of grassland biomass production. Points show plots within blocks at 34 globally distributed grassland 
sites. Coloured lines are fixed- effect regression slopes from mixed effects models for individual and combined nitrogen (N), phosphorus (P) 
and potassium with essential nutrients (K) addition treatments. Similar trends caused overlapping lines for some treatments in panels (a) (PK 
overlaps P) and (c) (PK overlaps K). See Supplementary Information for detailed model specification and summary statistics
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variability of biomass, and therefore did not impact sta-
bility at the global scale.

Multiple nutrient treatments revealed interactive ef-
fects on mean biomass production, including a general 
synergistic interaction between N and P, consistent with 
previous observations of co- limitation (Fay et al., 2015; 
Harpole et al., 2011). However, this did not directly trans-
late to stability responses. Multiple nutrient inputs did 
not drive transitions in mean- variability scaling beyond 
the effects of single N or P inputs. Consequently, nutri-
ent interaction effects on stability were generally sub- 
additive (i.e. less than the sum of multiple single- nutrient 
effects; Harpole et al., 2011). This mitigated against com-
pounding destabilisation effects that could occur if all 
added nutrients exerted additive or synergistic effects 
(Harpole et al., 2011).

Accordingly, multiple- nutrient enrichment was not 
more destabilising than single- nutrient enrichment at 
the global scale. Declining stability may indicate an in-
creased risk of reaching a minimum acceptable value of 
an ecosystem function (Carnus et al., 2014) where, for 
example substantial changes to community composition 
become likely (Beisner et al., 2003; McCann et al., 2021) 
or a food production system fails to reach a profit. Our 
study suggests that single N inputs generally increased 
mean biomass production (more reward) but decreased 
stability (more risk). In contrast, relative to N, multiple- 
nutrient NP and NPK+ inputs generally increased mean 
biomass but maintained an equivalent stability.

All inputs containing N generally increased inter-
annual variability in biomass, consistent with previous 
work (Hautier et al., 2014; Rosenzweig, 1971). However, 
while NP and NPK+ produced the same risk as N- only 

inputs, they offered greater biomass production, poten-
tially increasing ecosystem services such as food produc-
tion and soil carbon sequestration (Gounand et al., 2020). 
Nonetheless, situations where stability is equivalent but 
the means are different indicate that total interannual 
variability is greater in the high means group. Variability 
can be of interest itself as it determines the absolute size 
of fluctuations in ecosystem services (Kohli et al., 2019). 
In this study, the standard deviation was higher in NP 
and NPK+ treatments than with N only, despite equiva-
lent stability, a result that could still translate to altered 
nutrient cycling or secondary production (Kohli et al., 
2019). Accordingly, it is important to be clear about the 
aspects of variability and stability that are of concern in 
a given context (Carnus et al., 2014; Kohli et al., 2019).

Here, explicit consideration of nutrient effects on both 
the mean and variability of biomass indicated a gen-
eral effect in which adding limiting nutrients increased 
mean biomass but drove disproportionate increases in 
the standard deviation, resulting in variability- driven 
destabilisation. It also revealed that the type of multiple 
nutrient limitation of the mean (synergistic vs additive; 
Harpole et al., 2011) was not the same as multiple limita-
tion of interannual variability. While joint consideration 
of the mean and variability remains uncommon (Avolio 
et al., 2020; Hautier et al., 2015; Kohli et al., 2019), global 
change drivers do not always appear to alter mean- 
variability proportionality. For example, Kohli et al. 
(2019) observed that disturbance of consumer food webs 
had no effect on the stability of grassland biomass pro-
duction because the mean and variability responded pro-
portionately. These results show that future work should 
routinely consider how both the mean and variability of 

F I G U R E  5  Nutrient- driven changes in species synchrony contribute to nutrient effects on the stability of grassland biomass production 
over 7 years. Positive responses in species synchrony indicate species were more synchronised, while negative responses indicate increased 
asynchrony. Coloured lines show fixed- effect slopes within different nitrogen (N), phosphorus (P) and potassium with essential nutrients (K) 
treatments (see Figure 4 caption and Supplementary Information)
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ecosystem processes respond to global changes (Avolio 
et al., 2020).

How consistent was nutrient- driven 
destabilisation among 34 globally distributed 
grassland sites?

The magnitude of nutrient- driven changes in stability 
varied among sites. Twenty sites displayed 10% declines 
in stability following NPK+ enrichment and eight dis-
played reductions in stability of more than 20%. This ef-
fect size has a similar magnitude to previously reported 
stability responses. For example, declining species 
richness is a widely acknowledged driver of significant 
destabilisation (Tilman et al., 2006) and, in a recent 
meta- analysis, experimentally reducing richness from 16 
to 2 was also shown to destabilise biomass production by 
20% (Hautier et al., 2015). This suggests that the effects 
of nutrient enrichment on stability can match other key 
global change drivers. Overall, our study suggests that 
there is a wide range in the magnitude of grassland sta-
bility responses to elevated nutrient supply, but that in-
creasing eutrophication will likely drive more grasslands 
towards critical thresholds of functioning.

Nutrient effects on mean biomass production were 
more prevalent. At 31 sites, NPK+ enrichment increased 
mean biomass production by at least 25%. Nutrient 
limitation has not appeared this prevalent in previous, 
shorter assessments (Fay et al., 2015). This is consistent 
with increasing nutrient effects observed over 10  years 
(Seabloom et al., 2021) and might be explained by a pro-
gressive shift in community composition, as opposed 
to immediate and possibly transient changes in relative 
abundance and individual biomass production. Nutrient 
effects on interannual variability were even more prev-
alent, with 33 sites increasing variability by 25% and 
26 sites increasing variability by 50% following NPK+ 
enrichment.

Was there evidence for mechanisms associated 
with destabilisation following nutrient 
enrichment?

Understanding the mechanisms that determine the po-
tential for different nutrients to destabilise biomass 
production is crucial to maintaining grassland function 
over the long term. One possible cause of increased inter-
annual variability following nutrient enrichment is the 
amplified responsiveness of plant growth to precipita-
tion events (Wang et al., 2017) due to increased rain use 
efficiency (Huxman et al., 2004). In our analysis, there 
was no clear association of nutrient- driven destabilisa-
tion with MAP or the variability of MAP. This is consist-
ent with broader observations that nutrient enrichment 
can destabilise biomass production in both wet (Tilman 

et al., 2006) and dry (Wang et al., 2017) grassland systems, 
where different mechanisms mediate the relationship be-
tween moisture availability and stability, but each still 
promote destabilisation (Wang et al., 2017). Studies that 
assess wet and dry grasslands separately have provided 
better insight into the role of precipitation and moisture 
availability in mediating nutrient effects on the stability 
of grassland biomass production (Bharath et al., 2020).

Our study suggests that destabilisation following nu-
trient enrichment is partly driven by the extent of un-
derlying nutrient limitation, suggesting destabilisation 
with enrichment is stronger where nutrient limitation is 
stronger. One explanation for this is that nutrient limita-
tions can impose constraints on community composition 
by mediating competition among species (Braakhekke & 
Hooftman, 1999; Tilman, 1982). Enrichment of nutrient- 
limited communities may then cause changes in com-
munity composition that impact community biomass 
production. Despite the overall relationship between 
mean and stability effects, the response of mean biomass 
was not a significant predictor of stability within the NP 
and NPK+ treatments, suggesting these inputs also re-
duced stability where they did not limit biomass. This 
may be because NP and NPK+ enrichment can drive 
species loss even where they are not limiting factors 
(Harpole et al., 2016), causing destabilisation through 
lost diversity- stability effects.

Our results also showed that nutrient effects on spe-
cies richness contributed to changes in mean biomass 
production and its stability (Hautier et al., 2015). Plots 
that lost more species typically became more productive 
but less stable due to proportionally larger increases in 
the temporal standard deviation of biomass produc-
tion. This has not been observed in previous analyses 
of NutNet data (Hautier et al., 2014, 2020). Our ability 
to detect this here is likely due to the increased power 
afforded by including observations from all treatment 
plots (not just NPK+) and the accumulation of more sites 
with longer- term data. In addition to species richness ef-
fects, we also found that changes in species synchrony 
following enrichment contributed to changes in stabil-
ity. Overall, stability was reduced where synchrony in-
creased (Hautier et al., 2014, 2020; Muraina et al., 2021). 
However, in contrast to richness, there were no general 
effects of nutrient treatments on synchrony, nor differ-
ences between treatments.

In addition to the decreased stability observed here, 
our results also suggest a heightened destabilisation risk 
over longer periods of nutrient enrichment. Coupled 
with evidence that species loss can continue for more 
than a decade with simultaneous NPK+ enrichment 
(Seabloom et al., 2021), our observation that species loss 
contributed to nutrient- driven destabilisation suggests 
that increased variability could be exacerbated over lon-
ger periods. Furthermore, our observation of increased 
overall mean biomass with species loss was characteris-
tic of a shift in community composition towards highly 
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productive species (Tilman, 1982). Productive species 
can mitigate against destabilisation by maintaining a 
high temporal mean. However, with higher species loss 
and increased sensitivity to other environmental fluctu-
ations (MacDougall et al., 2013), mean- driven stabilisa-
tion effects may be lost, exacerbating destabilisation and 
the risk of total collapse over longer timeframes (Isbell 
et al., 2013). Our findings suggest this risk is particularly 
enhanced with N and the NP interaction that drove the 
greatest species loss.

CONCLUSIONS

Despite widespread multiple nutrient effects on mean bi-
omass production (Fay et al., 2015; Harpole et al., 2011), 
we are lacking studies investigating independent or in-
teractive effects of multiple nutrients on the interannual 
variability or temporal stability of biomass production. 
Here, we demonstrated that changes in the mean, inter-
annual variability and stability of biomass production 
with fertilisation were prevalent across 34 grasslands. 
We demonstrated that changes in stability were largely 
driven by single nutrient effects, rather than synergistic 
nutrient interactions. N-  and P- based treatments caused 
the largest destabilisation effects. Ongoing disruptions of 
multiple nutrient availability are likely to reduce the reli-
ability of grassland functioning and increase the chance 
of irreversible change in species composition. This risk is 
greatest when the most limiting nutrient for production 
is added, or where nutrients reduce species richness or 
increase species synchrony.
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