
This article has been accepted for publication and undergone full peer review but has not been 
through the copyediting, typesetting, pagination and proofreading process, which may lead to 
differences between this version and the Version of Record. Please cite this article as doi: 
10.1111/gcb.16086
 This article is protected by copyright. All rights reserved

DR. QINGQING  CHEN (Orcid ID : 0000-0003-1957-3848)

DR. ERIC WILLIAM SEABLOOM (Orcid ID : 0000-0001-6780-9259)

DR. ANU  ESKELINEN (Orcid ID : 0000-0003-1707-5263)

DR. RISTO  VIRTANEN (Orcid ID : 0000-0002-8295-8217)

DR. ANITA C. RISCH (Orcid ID : 0000-0003-0531-8336)

Article type      : Research Article

Nutrients and herbivores impact grassland stability across spatial scales through different 

pathways

Running title: Nutrient and herbivore effects on stability

Qingqing Chen1, Shaopeng Wang1*, Eric W. Seabloom2, Andrew S. MacDougall3, Elizabeth T. 

Borer2, Jonathan D. Bakker4, Ian Donohue5, Johannes M. H. Knops6, John W. Morgan7, Oliver 

Carroll3, Mick Crawley8, Miguel N. Bugalho9, Sally A. Power10, Anu Eskelinen11,12,13, Risto 

Virtanen13, Anita C. Risch14, Martin Schütz14, Carly Stevens15, Maria C. Caldeira16, Sumanta 

Bagchi17, Juan Alberti18, and Yann Hautier19

1Institute of Ecology, College of Urban and Environmental Science, and Key Laboratory for Earth 

Surface Processes of the Ministry of Education, Peking University, 100871, Beijing, China. 
2Department of Ecology, Evolution, and Behavior, University of Minnesota, St. Paul, MN 55018 

USA. 3Department of Integrative Biology, University of Guelph, Guelph, Ontario, Canada N1G2W1. 
4School of Environmental and Forest Sciences, University of Washington, Seattle, WA 98195-4115 

USA. 5Department of Zoology, School of Natural Sciences, Trinity College Dublin, Dublin, Ireland. 
6Department of Health and Environmental Sciences, Xi'an Jiaotong liverpool University, Suzhou, A

cc
ep

te
d 

A
rt

ic
le

https://doi.org/10.1111/gcb.16086
https://doi.org/10.1111/gcb.16086
https://doi.org/10.1111/gcb.16086
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.16086&domain=pdf&date_stamp=2022-01-17


This article is protected by copyright. All rights reserved

Jiangsu, 214123, China. 7Department of Ecology, Environment & Evolution, La Trobe University, 

Bundoora 3086, Australia. 8Life Sciences, Imperial College London, Silwood Park, Ascot, SL5 7PY, 

UK. 9Centre for Applied Ecology "Prof. Baeta Neves" (CEABN-InBIO), School of Agriculture, 

University of Lisbon, Portugal. 10Hawkesbury Institute for the Environment, Western Sydney 

University, Locked Bag 1797, Penrith, New South Wales 2751, Australia. 11German Centre for 

Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Deutscher Platz 5e, 04103 Leipzig, 

Germany. 12Department of Physiological Diversity, Helmholtz Centre for Environmental Research - 

UFZ, Leipzig, Germany. 13Department of Ecology and Genetics, University of Oulu, Oulu, Finland. 

14Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Zuercherstrasse 111, 8903 

Birmensdorf, Switzerland 15Lancaster Environment Centre, Lancaster University, Lancaster, LA1 

4YQ. 16Forest Research Centre, School of Agriculture, University of Lisbon, Portugal. 17 Centre for 

Ecological Sciences, Indian Institute of Science, Bangalore 560012, India. 18Instituto de 

Investigaciones Marinas y Costeras (IIMyC), FCEyN, UNMdP-CONICET, CC 1260 Correo Central, 

B7600WAG, Mar del Plata, Argentina. 19Ecology and Biodiversity Group, Department of Biology, 

Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands.

Corresponding author: Shaopeng Wang; shaopeng.wang@pku.edu.cn; 86-01062751172

A
cc

ep
te

d 
A

rt
ic

le

mailto:shaopeng.wang@pku.edu.cn


This article is protected by copyright. All rights reserved

Abstract 

Nutrients and herbivores are well-known drivers of grassland diversity and stability in local 

communities. However, whether they interact to impact the stability of aboveground biomass and 

whether these effects depend on spatial scales remain unknown. It is also unclear whether nutrients 

and herbivores impact stability via different facets of plant diversity including species richness, 

evenness, and changes in community composition through time and space. We used a replicated 

experiment adding nutrients and excluding herbivores for 5 years in 34 global grasslands to explore 

these questions. We found that both nutrient addition and herbivore exclusion alone reduced stability 

at the larger spatial scale (aggregated local communities; gamma stability), but through different 

pathways. Nutrient addition reduced gamma stability primarily by increasing changes in local 

community composition over time, which was mainly driven by species replacement. Herbivore 

exclusion reduced gamma stability primarily by decreasing asynchronous dynamics among local 

communities (spatial asynchrony). Their interaction weakly increased gamma stability by increasing 

spatial asynchrony. Our findings indicate that disentangling the processes operating at different spatial 

scales may improve conservation and management aiming at maintaining the ability of ecosystems to 

reliably provide functions and services for humanity.

Keywords: biodiversity-stability; grazing; eutrophication; cross-scale; Nutrient Network (NutNet)
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Introduction 

Quantifying the temporal stability of ecosystems has been a central quest in ecology as it informs on 

the ability of an ecosystem to provide consistent functions and services despite environmental 

perturbations. Nutrient enrichment and herbivore loss are two significant global change factors that 

are happening simultaneously in grassland ecosystems (Galloway et al. 2004; Atwood et al. 2020). 

Eutrophication induced by fossil fuels and fertilizer application is predicted to increase terrestrial N 

and P inputs by three times of the preindustrial rates by 2050 (Tilman et al. 2001). Meanwhile, 

herbivores, especially wild large herbivores, are decreasing dramatically due to hunting and habitat 

destruction (Ripple et al. 2019). During the last decades, we have accumulated knowledge about the 

separate effects of nutrients and herbivores on biodiversity, ecosystem functioning, temporal stability, 

and the links between them. For instance, nutrient addition often decreases plant diversity and 

stability in local communities, and these effects may propagate to larger spatial scales (Hautier et al. 

2015; Koerner et al. 2016; Zhang et al. 2019; Liu et al. 2019). In contrast, herbivore exclusion has 

been found to have positive, neutral, or negative effects on grassland plant diversity and stability, 

depending on the herbivore species excluded and spatial scales studied (Halpern et al. 2005; Hautier 

et al. 2015; Blüthgen et al. 2016; Ren et al. 2018; Ganjurjav et al. 2019; Qin et al. 2019; Saruul et al. 

2019; Liu et al. 2021). A range of studies has also examined the joint effects of nutrients and 

herbivores on grassland productivity (Milchunas & Lauenroth 1993; Chase et al. 2000; Moran & 

Scheidler 2002; Alberti et al. 2010, 2011; Borer et al. 2020) and plant diversity using either species 

richness (Proulx & Mazumder 1998; Worm et al. 2002; Bakker et al. 2006; Hillebrand et al. 2007; 

Alberti et al. 2010, 2011; Yang et al. 2013; Borer et al. 2014b; Beck et al. 2015; Koerner et al. 2018), 

community evenness (Hillebrand et al. 2007), or community composition (Milchunas & Lauenroth 

1993; Chase et al. 2000; Grellmann 2002; Hartley & Mitchell 2005; Alberti et al. 2017; Hodapp et al. 

2018). The majority of these studies found strong interactive effects of nutrients and herbivores. 

However, to our knowledge, no study has investigated how nutrients and herbivores jointly regulate 

the stability of aboveground biomass across multiple spatial scales in grasslands across the world. 
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Conservation and management usually focus on large spatial scales (e.g. landscape), it is therefore 

important to scale up our understanding of the effects of nutrients and herbivores on stability from 

local to larger spatial scales (Isbell et al. 2017). Stability is a multidimensional concept (Donohue et 

al. 2013). Here we use temporal stability, defined as the temporal invariability, calculated as the mean 

of aboveground biomass through time divided by its standard deviation in local communities (alpha 

stability) and at the larger spatial scales (aggregated local communities; gamma stability). Because 

plant biomass in grasslands provides food for wild animals, livestock, and humans, high temporal 

variability of plant biomass production may endanger food security and lead to ecosystem collapse 

(Macdougall et al. 2013). Understanding the mechanisms and processes by which nutrients and 

herbivores jointly impact the stability of aboveground biomass across spatial scales can therefore 

provide useful recommendations for conservation and management. 

Nutrients and herbivores may impact stability across spatial scales through multiple facets of plant 

diversity including species richness, evenness, and community dissimilarity across time and space. 

Recent theory suggests that gamma stability can be partitioned into alpha stability of local 

communities and asynchronous dynamics among local communities (i.e. spatial asynchrony) (Wang 

et al. 2019). Thus, nutrients and herbivores can impact gamma stability through changing alpha 

stability and/or spatial asynchrony. On the one hand, nutrient addition and herbivore exclusion may 

decrease alpha stability by decreasing alpha diversity (i.e. species richness in local communities) and 

evenness or by increasing temporal community dissimilarity (Grman et al. 2010; Koerner et al. 2016; 

Liang et al. 2021). Increased nutrients or reduced disturbances from herbivores may enhance 

interspecific competition, leading to increased local dominance, reduced evenness and alpha diversity, 

and increased temporal community dissimilarity (Tilman 1987; Chen et al. 2019, 2021). Decreased 

alpha diversity and evenness may decrease alpha stability due to reduced compensatory dynamics 

between species (Gonzalez & Loreau 2009; Hector et al. 2010). On the other hand, nutrient addition 

and herbivore exclusion may affect spatial asynchrony through changing spatial beta diversity and 

community dissimilarity (Liang et al. 2021; Wang et al. 2021). Spatial beta diversity emphasizes rare 

and abundant species equally, while spatial community dissimilarity emphasizes abundant species. 

Increased nutrients and decreased disturbances from herbivores may decrease spatial beta diversity A
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and community dissimilarity by homogenizing biotic and abiotic environments (Adler et al. 2001; 

Molina et al. 2021), or increase them by promoting stochasticity in local community assemblage 

(Chase 2010; Alberti et al. 2017). Moreover, nutrients and herbivores may have synergistic effects on 

stability due to their interactive effects on plant diversity facets. For instance, herbivore exclusion 

may decrease alpha diversity more under high than low nutrient conditions, because nutrient addition 

may promote dominance of fast-growing, highly nutritious plant species that attract more herbivores 

(Endara & Coley 2011). Thus, the effects of herbivore exclusion on stability may be stronger under 

higher nutrient conditions. 

Temporal and spatial community dissimilarity integrate both changes in species identities and their 

abundances across time and space, thus they may predict stability across spatial scales better relative 

to alpha and beta diversity (Lamy et al. 2021). Here, we use species cover as a measure of abundance. 

Community dissimilarity across time or space can arise from two concurrent processes, namely 

abundance gradients and balanced variation in abundance (Baselga 2017). Abundance gradients arise 

from a simultaneous increase or decrease in the cover of each species, leading to gradients in total 

cover (e.g. some years or places are subsets of others). Balanced variation arises from replacement 

among species. That is, decreases in the cover of some species in some years or places are 

compensated for by increases in other species in other years or places. A previous study using global 

grasslands shows that nutrient addition and herbivore exclusion alone increase community 

composition (in occurrence) change over time more through species replacement rather than through 

species loss or gain (Hodapp et al. 2018). Similarly, nutrient addition and herbivore exclusion may 

impact temporal and spatial community dissimilarity primarily through driving changes in balanced 

variation rather than abundance gradients. An increase in temporal community dissimilarity driven by 

balanced variation may decrease alpha and gamma stability. This is because even if the total cover 

does not vary, changes in dominant species may change ecosystem functioning and stability (Winfree 

et al. 2015). In comparison, an increase in spatial community dissimilarity driven by spatial balanced 

variation may increase spatial asynchrony due to compensatory dynamics among local communities 

(Wang & Loreau 2016), thereby increasing gamma stability. 
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Assessing the relative contribution of different facets of plant diversity to alpha and gamma stability 

can deepen our understanding of the role of plant diversity facets in maintaining ecosystem stability 

and help prioritize conservation efforts. For instance, should management focus on the maintenance 

of a higher number of plant species or the identities of the species within or among local 

communities? Our understanding of the effects of plant diversity on stability remains limited because 

studies often focus on some particular facets of plant diversity and rarely assessed multiple facets of 

plant diversity together (Grime 1998; Tilman et al. 2006; Polley et al. 2007; Grman et al. 2010; 

Hautier et al. 2015; Koerner et al. 2016; but see Craven et al. 2018). Therefore, it remains unclear 

which plant diversity facets mediate the effects of nutrients and herbivores on stability across spatial 

scales. 

Here, we used a globally coordinated grassland experiment, Nutrient Network (NutNet) to answer the 

following three questions. First, does nutrient addition and herbivore exclusion interact to impact the 

temporal stability of aboveground biomass at the local and larger spatial scales (i.e. alpha and gamma 

stability)? Second, what is the relative contribution of different facets of plant diversity including 

alpha and beta diversity, evenness, temporal and spatial community dissimilarity in mediating the 

treatment effects on alpha and gamma stability? Third, which components of temporal and spatial 

community dissimilarity impact alpha and gamma stability? We hypothesize that 1) nutrient addition 

and herbivore exclusion alone decrease alpha and gamma stability, and the effects of herbivore 

exclusion may be stronger under higher nutrient conditions; 2) the decrease in gamma stability is due 

to a reduction in alpha stability and spatial asynchrony, which are primarily regulated by temporal and 

spatial community dissimilarity; 3) balanced variation contributes more to temporal and spatial 

community dissimilarity than abundance gradients. While increased temporal balanced variation 

decreases alpha and gamma stability, increased spatial balanced variation increases spatial asynchrony 

and gamma stability.  

Material and methods

Experimental Design
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We replicated a factorial combination of nutrient addition and herbivore exclusion by fencing at 34 

sites, which were part of the Nutrient Network distributed experiment (NutNet; Borer et al. 2014a). 

These sites were the subset of sites that met the following criteria: (1) with 5 years of post-treatment 

measurement; (2) with 3 blocks: for a few sites with more than 3 blocks, we selected the first 3 blocks 

following Hautier et al. (2020); (3) each block contains a factorial design of nutrient addition and 

herbivore exclusion by fencing. A block typically spreads over 320 m2, and all three blocks typically 

spread over > 1000 m2. These sites span over four continents and include a wide range of grassland 

types such as montane, alpine, semiarid grasslands, prairies, old fields, pastures, savanna, tundra, and 

shrub-steppe. See Table S1 for details for sites selected, experimental years, and their geolocation.

Within each block at each site, four treatments (control, Fence, NPK, and NPK+Fence) were 

implemented in four 5×5 m2 plots (one plot for each treatment). Plots were randomly placed within a 

block. NPK and NPK+fence treatments were fertilized with nitrogen (N), phosphorus (P), potassium 

(K+µ), +µ refers to micronutrients (Fe, S, Mg, Mn, Cu, Zn, B, and Mo in combination) as part of the 

potassium addition. The micronutrient mix was only applied once at the start of the experiment at a 

rate of 100 g m-2.  N was supplied as time-release urea ((NH2)2CO). P was supplied as triple 

superphosphate (Ca(H2PO4)2), and K as potassium sulfate (K2SO4). Nutrients were added annually at 

rates of 10 gm-2 y-1 for N, P, and K. Ammonium nitrate was used as the nitrogen source in 2007, 

however, urea was used in all subsequent years due to difficulties in procuring ammonium nitrate 

(Seabloom et al. 2013). An additional experiment at four NutNet sites shows that the effects of 

ammonium nitrate on plant diversity and biomass were similar to that of urea. Fence and NPK+Fence 

treatments were enclosed with fences to test the effects of herbivore exclusion (excluding mammalian 

herbivores > 50 g) on plant communities. Fences were around 230 cm tall and the lower 90 cm were 

covered by 1cm woven wire mesh. To further exclude digging animals such as voles, an additional 30 

cm outward-facing flange was stapled to the soil. Four strands of barbless wire were strung at similar 

vertical distances above the wire mesh. Six of the 34 sites deviated from this fence design (Table S1). 

Wild herbivores such as rodents, lagomorphs, ungulates, marsupials are present at all sites, while 

domestic herbivores such as sheep, yak, goats, and cattle are also present at a few sites (Table S1). 

Further details on the design are available in Borer et al. (2014b). A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Sampling protocol 

All NutNet sites followed standard sampling protocols. A 1×1 m2 subplot within each 5×5 m2 plot 

was permanently marked for recording vegetation properties. The number of species, species identity, 

and their covers were recorded. Species cover (%) was estimated visually for all species in the 

subplots, the total cover of living plants can exceed 100 % for multilayer canopies. Aboveground 

biomass was measured adjacent to the permanent subplot by clipping all aboveground biomass within 

two 1 × 0.1 m strips (in total 0.2 m2), which were moved each year to avoid resampling the same 

location. For shrubs and subshrubs occurring in strips, we collected all leaves and current year’s 

woody growth. Biomass was dried at 60 °C (to constant mass) before weighing to the nearest 0.01 g. 

Dried biomass was multiplied by 5 to estimate grams per square meter. At most sites, cover and 

biomass were recorded once per year at peak biomass before fertilization. At some sites with strong 

seasonality, cover and biomass were recorded twice per year to include a complete list of species and 

follow typical management procedures at those sites. For those sites, the maximum cover for each 

species and total biomass were used in the following analyses. The taxonomy was adjusted within 

sites to ensure consistent naming over time. Specifically, when individuals could not be identified as 

species (7 % of the 954 species recorded), they were aggregated at the genus level but referred as 

“species” for simplicity.

Plant diversity facets and stability across scales

Following Hautier et al. (2020), we treated each 1 m2 subplot as a “community” and the three 

replicated subplots under the same treatment across blocks within a site as the “larger scale” sensu 

Whittaker (1972) (see an illustration in Fig. S1). Plant diversity facets used in this study included 

alpha diversity, beta diversity, Pielou’s evenness, and community dissimilarity. Alpha diversity (S) is 

the average number of species recorded in the three subplots in each treatment at each site. Beta 

diversity is calculated as the ratio of gamma diversity and alpha diversity (i.e. multiplicative beta 

diversity), where gamma diversity is the total number of species recorded in three subplots under the 

same treatment at each site. Pielou’s evenness was calculated as H/ln (S), where H is Shannon's 

diversity index (Shannon 1948). A
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We calculated temporal and spatial community dissimilarity using Bray–Curtis dissimilarity metrics 

based on cover data. This index is most suitable for non-normal, multivariate data and is less sensitive 

to changes in rare species (Anderson & Walsh 2013). Temporal community dissimilarity of each 

treatment was calculated as the dissimilarity of a community through the 5-year experimental period 

and averaged over the 3 blocks. Similarly, spatial community dissimilarity of each treatment was 

calculated as the dissimilarity across the 3 blocks in each treatment each year and averaged over the 

experimental years. Temporal/spatial community dissimilarity and the partitioning of it into 

abundance gradients and balanced variation were done using the function “beta.multi.abund” from the 

R package betapart with the index.family of “Bray” (Baselga & Orme 2012). Community 

dissimilarity, abundance gradients, and balanced variation range from 0 to 1, higher values of 

community dissimilarity indicate that communities are more dissimilar. The sum of abundance 

gradients and balanced variation is always 1, higher values of balanced variation indicate that 

community dissimilarity is more induced by species replacement rather than changes in total cover. 

Stability at a given spatial scale was calculated as temporal invariability:  , where μ and σ are the 
𝝁
𝝈

mean and standard deviation of aboveground biomass over the experimental years. We present the 

effects of nutrient addition, herbivore exclusion, and their interaction on the mean and standard 

deviation of aboveground biomass at the local and larger spatial scales in Fig. S2. Alpha stability was 

the stability of aboveground biomass averaged over three subplots in each treatment at each site; 

gamma stability was the stability of total aboveground biomass in three subplots in each treatment at 

each site (Wang et al. 2019; Hautier et al. 2020). To facilitate among-site comparison, we present raw 

data of alpha and gamma stability in each treatment at each site in Fig. S3. Spatial asynchrony was 

calculated as , where wij is the temporal covariance of aboveground biomass between local 
∑

𝑖
𝑤𝑖𝑖

∑
𝑖,𝑗𝑤𝑖𝑗

communities i and j, and wii is the temporal variance of aboveground biomass of local community i 

(Wang et al. 2019). Because temporal trends in aboveground biomass exist at some sites, we also 

calculated alpha, gamma stability, and spatial asynchrony after detrending. Specifically, we detrended 

aboveground biomass at the larger spatial scale, allowing different trends in local communities, so A
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that spatial asynchrony due to contrasting trends among local communities was not eliminated. These 

variables were calculated using the R function “var.partition” (Wang et al. 2019). 

Statistical analyses

All analyses were performed in R v.4.0.2 (R core team, 2020). First, we tested the treatment effects on 

each facet of plant diversity and stability using linear mixed effect models with the function “lme” 

from the R package “nlme” (Pinheiro et al. 2017). In these models, site was a random variable, the 

main and interactive effects of nutrient addition and herbivore exclusion are the fixed variables. Alpha 

diversity, alpha stability, spatial asynchrony, and gamma stability were log-transformed to improve 

normality and homogeneity of variance. 

Second, we built a structural equation model (SEM) using the function “psem” from the R package 

piecewiseSEM (Lefcheck 2016) to evaluate the direct and indirect effects of nutrient addition, 

herbivore exclusion, and their interaction on alpha and gamma stability. An initial model was built 

based on prior knowledge (Fig. S4; Grman et al. 2010; Wilcox et al. 2017; Zhang et al. 2019; Hodapp 

et al. 2018; Gilbert et al. 2020). Rationales for each link in the initial SEM are summarized in Table 

S2. To fit the SEM, we used the function “lme” with site as a random effect for each component 

model to test the relative contribution of both treatments and plant diversity facets to stability (see the 

caption of Fig. S4 for an example of model specification). Note, we did not include treatment effects 

in the component model for gamma stability due to model saturation, as gamma stability was 

additively partitioned into alpha stability and spatial asynchrony at the logarithmic scale (Wang et al. 

2019). We estimated variance inflation for each component model to make sure that multi-collinearity 

did not affect parameter estimates (variance inflation < 4). Alpha stability, spatial asynchrony, and 

gamma stability were log-transformed to improve normality and homogeneity of variance. We also 

ran an SEM using the detrended stability, results were qualitatively similar with or without detrending 

stability (Fig. S5 and Fig. S6).

Additionally, we checked whether the links between plant diversity facets and stability were masked 

by environmental factors. Several studies suggest that abiotic variables such as rainfall and soil A
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parameters can impact grassland stability (Zelikova et al. 2014; García-Palacios et al. 2018; Gilbert et 

al. 2020). We, therefore, included temporal variation in standardized water balance (sd.SPEI; account 

for both precipitation and potential evapotranspiration) in the SEM. SPEI data were extracted from 

http://hdl.handle.net/10261/202305. SPEI data were aggregated over 12 months prior to the peak 

biomass harvest from 1902 to 2018 at each site and were standardized to have a mean of 0 and a 

standard deviation of 1. We then calculated the standard deviation of SPEI during the experimental 

years (two sites have data in 2019, but this year was not considered at these two sites). We fitted an 

additional SEM by including spatial variability in soil chemistry using 27 sites where soil chemistry 

data are available. Previous studies using subsets of NutNet data find that grazing intensity may 

mediate treatment effects on aboveground biomass (e.g. Borer et al., 2020), we thus performed 

another SEM including grazing intensity using 33 sites where grazing intensity data are available. 

Details in the calculation of spatial variability in soil chemistry and grazing intensity can be found in 

online supplementary text. Spatial variability in soil chemistry and grazing intensity did not impact 

any plant diversity facets or stability metrics, so we did not present these results. We present the 

results with sd.SPEI in the main text because sd.SPEI had significant effects on stability across spatial 

scales. 

Third, we analyzed which component of temporal community dissimilarity was more related to alpha 

stability and which component of spatial community dissimilarity was more related to spatial 

asynchrony. We fitted linear mixed effect models where alpha stability was the response variable, 

temporal community dissimilarity (or each of its components), and its interaction with the nutrient 

addition and herbivore exclusion as the fixed variables. Site was a random variable in these models. 

We fitted similar models for spatial asynchrony. We define that an effect is significant when p ≤ 0.05, 

and marginally significant when 0.05 < p < 0.1. 

Results 

On average, nutrient addition alone decreased alpha diversity from ca.11 to 9 species m-2 and 

evenness from 0.69 to 0.66 compared with those under ambient conditions (i.e. without nutrient 

addition and under herbivore grazing), but it did not affect beta diversity. Nutrient addition alone A
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increased temporal community dissimilarity from 0.55 to 0.58, by increasing temporal balanced 

variation from 0.43 to 0.48 and decreasing temporal abundance gradients from 0.11 to 0.10, whereas 

it did not affect spatial community dissimilarity and its components. Moreover, nutrient addition 

alone had no effects on alpha stability and spatial asynchrony, but decreased gamma stability from 

0.98 to 0.86. Herbivore exclusion alone decreased alpha diversity from ca. 11 to 10 species m-2 

compared with that under ambient conditions, but it did not affect evenness, beta diversity, temporal 

and spatial community dissimilarity, and their components. Moreover, herbivore exclusion alone had 

no effect on alpha stability, but it decreased spatial asynchrony from 0.26 to 0.15 and marginally 

decreased gamma stability from 0.98 to 0.87. Nutrient addition and herbivore exclusion had no 

interactive effects on all variables investigated except for spatial asynchrony. That is, herbivore 

exclusion decreased spatial asynchrony under nutrient addition conditions but not under ambient 

conditions (Fig. 1; see Table S3 for test statistics).

The SEM clarified the direct and indirect effects of nutrient addition, herbivore exclusion, and their 

interaction on stability at the local and larger spatial scales. Nutrient addition decreased gamma 

stability by decreasing alpha stability but not spatial asynchrony. The negative effects of nutrient 

addition on alpha stability were mediated by increasing temporal community dissimilarity and 

decreasing evenness, but not through decreasing alpha diversity. In contrast, herbivore exclusion 

decreased gamma stability by decreasing spatial asynchrony. Their interaction increased gamma 

stability through increasing spatial asynchrony. Temporal variation in standardized water balance 

impacted gamma stability through decreasing alpha stability and spatial asynchrony. Importantly, 

including this environmental factor generally did not alter the links between plant diversity facets and 

stability (Fig. 2; Fig. S5). 

Lastly, we found that temporal community dissimilarity and temporal balanced variation were 

negatively related to alpha stability, while temporal abundance gradients were unrelated to alpha 

stability in all treatments. Spatial community dissimilarity and its components were unrelated to 

spatial asynchrony (Fig. 3; see table S5 for test statistics).
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Discussion

Using a replicated experiment in 34 global grasslands, we tested the interactive effects of nutrient 

addition and herbivore exclusion on stability across spatial scales. Our study yields three important 

findings. First, both nutrient addition and herbivore exclusion alone decreased gamma stability, but 

through different pathways. Nutrient addition decreased gamma stability through its impacts on alpha 

stability, which in turn was primarily driven by increasing temporal community dissimilarity. 

Herbivore exclusion reduced gamma stability primarily by decreasing spatial asynchrony. Second, the 

interaction of nutrient addition and herbivore exclusion had weak positive effects on gamma stability 

through increasing spatial asynchrony. Third, community dissimilarities over time and space were 

both predominantly driven by balanced variation, and the temporal balanced variation was negatively 

related to alpha stability. Our results highlight that multiple spatial scales should be considered to 

fully unravel the effects of eutrophication and herbivore loss on ecosystem stability. 

Our results suggest that the negative effects of eutrophication and herbivore loss were stronger at the 

larger spatial scale relative to the local scale. Under nutrient addition, stability decreased by 10 % to 

13 % from alpha to gamma scales, while under herbivore exclusion, it decreased by < 1 % to 12 % 

from alpha to gamma scales on average over the 34 sites. Although the average effects of nutrient 

addition and herbivore exclusion alone on stability were negative, considerable variation exists among 

sites. At a few sites, nutrient addition and herbivore exclusion did not impact stability at both spatial 

scales studied (e.g. comp.pt, look.us, and smith.us) or they even increased stability (e.g. chilcas.ar and 

trel.us; Fig. S3). At a few other sites, treatment effects were stronger at the local scale (e.g. spin.us 

and bogong.au). We acknowledge that the larger spatial scale (ca. 0.1 ha) used here is still relatively 

small compared with realistic landscapes that conservation and management typically focus on. It 

remains an open question how the effects of nutrients and herbivores change as the spatial scale 

increases further to landscape scales, particularly for herbivores. This is because herbivore effects are 

often highly dependent on herbivore density, herbivore size, their preference for forage plants, and 

plant community composition at sites (Adler et al. 2001; Howison et al. 2017). A few single-site 

experiments suggest that herbivore effects may be stronger at the larger spatial scales (22500 ha; 

Glenn et al.1992). More studies ranging from plot to regional scales in different ecosystems are A
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needed to fully unravel how the effects of nutrients and herbivores on ecosystem stability would 

change as spatial scale increases. 

Importantly, we found that nutrient addition decreased gamma stability through small-scale processes 

while herbivore exclusion decreased stability through large-scale processes. Nutrient addition 

probably intensified interspecific competition within local communities, which led to local 

dominance, decreased evenness and alpha diversity, and increased temporal community dissimilarity 

(Koerner et al., 2016; Tilman, 1987). However, nutrient addition did not impact alpha and gamma 

stability through decreasing alpha diversity. This may be because the positive effect of alpha diversity 

on alpha stability itself was weakened under nutrient addition (Hautier et al. 2020). Instead, we found 

that temporal community dissimilarity might be a better indicator (compared with alpha diversity and 

evenness) for alpha stability under nutrient addition (Koerner et al. 2016). Indeed, temporal 

community dissimilarity is regarded as an index of compositional stability (a higher temporal 

community dissimilarity corresponds to lower compositional stability; Hillebrand & Kunze 2020; 

White et al. 2020). Higher compositional stability usually leads to higher functional stability (e.g. 

biomass; Allan et al. 2011). In contrast, herbivore exclusion decreased gamma stability mainly 

through decreasing spatial asynchrony. This is probably because herbivores promote vegetation 

heterogeneity via selective grazing, trampling, and localized deposition of urine and dung (Glenn et 

al. 1992; Howison et al. 2017). 

Contrary to our hypothesis, the interaction of nutrient addition and herbivore exclusion only had weak 

positive effects on gamma stability, explained by their joint positive effects on spatial asynchrony 

(Fig. 1). Without nutrient addition, herbivore exclusion decreased spatial asynchrony by 43 % on 

average, which may be due to biotic and abiotic homogenization without disturbances from 

herbivores (Chase 2010). Under ambient conditions, herbivores may promote vegetation 

heterogeneity by grazing preferentially in nutritious patches (Adler et al. 2001). However, under 

nutrient addition, spatial asynchrony was not affected by herbivores. This may be because adding 

nutrients increase the compensatory growth of palatable plants after being grazed. Our results suggest 
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weak interactive effects of nutrient addition and herbivore exclusion on plant diversity, aboveground 

biomass, and the stability of aboveground biomass across spatial scales in global grasslands. 

Consistent with our hypothesis, we found that community dissimilarity in time and space was mainly 

attributable to balanced variation, but only temporal balanced variation was negatively related to 

alpha stability. Conceptually, temporal balanced variation is similar to species asynchrony, both 

characterizing compensatory dynamics in communities. But in contrast to species asynchrony that 

usually positively contributes to alpha stability (Hector et al. 2010), temporal balanced variation 

reduced it. This can be understood from the fact that temporal balanced variation evaluates absolute 

changes from individual species, whereas species asynchrony evaluates relative change (i.e. changes 

induced by individual species relative to overall change in a community). The lack of correlation 

between spatial asynchrony and spatial community dissimilarity may be because spatial asynchrony 

was not due to asynchronous dynamics over space but over time (in different blocks). However, 

spatial and temporal community dissimilarity were positively correlated with each other (Fig. 2). 

Thus, spatial community dissimilarity may still contribute to decreased stability across spatial scales 

indirectly through its impacts on temporal community dissimilarity (Collins et al. 2018).

Unsurprisingly, variation in climate over time also had strong negative impacts on gamma stability 

through decreasing alpha stability and spatial asynchrony, confirming that increased extreme climate 

events threaten ecosystem stability (IPCC 2019). Moreover, variation in climate may interact with 

other global change factors such as eutrophication, herbivore loss, fire, and warming to impact plant 

communities (Collins et al. 2017). Thus, predicting ecosystem stability is getting more challenging as 

multiple global change factors happening simultaneously has become a defining feature of our world 

(IPCC 2019). 

Our study fills an important knowledge gap by addressing the effects of the two most significant 

global change factors in grasslands, eutrophication and herbivore loss, on stability across spatial 

scales. We found that eutrophication and herbivore loss can simultaneously reduce the temporal 

stability of biomass production, especially at larger spatial scales. Our results thus point to the need to A
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reduce nutrient input while preserving or reintroducing herbivores to ensure stable provisioning of 

grassland biomass. In particular, reintroducing domestic or wild herbivores to intensively fertilized 

grasslands may be a good restoration strategy to reduce excessive soil nutrients, increase biodiversity 

and the stability of biomass production. Our results also highlight that maintaining grassland stability 

in the face of eutrophication and herbivore loss requires a multi-scale framework to disentangle the 

influences of processes operating at different scales to guide conservation and management practices.
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