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Abstract
1.	 Plant damage by invertebrate herbivores and pathogens influences the dynamics 

of grassland ecosystems, but anthropogenic changes in nitrogen and phosphorus 
availability can modify these relationships.
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1  | INTRODUC TION

Human-induced nitrogen (N) and phosphorus (P) enrichment are 
among the most significant global changes affecting the world's eco-
systems and biodiversity (Steffen et al., 2015; Vitousek et al., 1997). 
In terrestrial ecosystems, nutrient enrichment (eutrophication) often 
reduces the diversity of plants and animals and alters species compo-
sition, favouring, for example, fast-growing over well-defended plants 
(Borer, Harpole, et al., 2014; Lind et al., 2013; Suding et al., 2005). 
Eutrophication can also alter trophic interactions, but these effects 
are much less well understood (Throop & Lerdau,  2004). Plants 
around the world face diverse and changing suites of herbivores and 
pathogens, with correspondingly variable effects on plants (Bigger & 
Marvier, 1998; Tscharntke & Greiler, 1995). Spatial and temporal vari-
ability present challenges for understanding herbivory and pathogen 
infection in general and for predicting how both damage types will 
change with eutrophication. This lack of knowledge is particularly 
acute in grasslands, which cover approximately 40% of Earth's ice-
free land (White et al., 2000), but which have been less well stud-
ied, relative to crops and forests (Getman-Pickering et al., 2020; Liu 
et al., 2020; Mitchell, 2003; Tscharntke & Greiler, 1995).

Invertebrate herbivory and pathogen infection can have long-
term effects on plant growth, community composition, nutrient 

fluxes and multitrophic interactions (Bigger & Marvier,  1998; 
Kozlov & Zvereva,  2017; Maron & Crone,  2006; Metcalfe 
et  al.,  2014; Rheubottom et  al.,  2019; Schmitz,  2008). Even low 
levels of chronic leaf damage can influence communities and eco-
systems. For example, invertebrate herbivory can alter foraging 
decisions by vertebrate herbivores, magnifying ecosystem-level 
effects (Barrio et  al.,  2013), and even low levels of pathogen 
damage can greatly reduce leaf-level photosynthesis (Strengbom 
& Reich, 2006). In turn, invertebrates and pathogens, and there-
fore their effects on plants, can be regulated by both abiotic and 
biotic factors, including climate (Roslin et al., 2017; Tscharntke & 
Greiler, 1995), plant defences (Cronin et al., 2010; Stamp, 2003), 
plant productivity and diversity (Borer et al., 2012), host plant rar-
ity (Kamiya et al., 2014; Root, 1973), nutritional quality (Awmack & 
Leather, 2002; Cebrian et al., 2009; Elser et al., 1996) and preda-
tion (Borer et al., 2006; Hairston et al., 1960). Especially in grass-
lands, eutrophication can strongly influence those biotic factors, 
thereby affecting the individual performance of plant enemies 
(e.g. insect herbivores; Throop & Lerdau, 2004). At the plant com-
munity level, the addition of nutrients often decreases plant di-
versity, increases plant productivity (Ceulemans et  al.,  2014; De 
Schrijver et al., 2011; Isbell et al., 2013; Midolo et al., 2019) and 
favours fast-growing, poorly defended species (Lind et al., 2013), 
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2.	 Using a globally distributed experiment, we describe leaf damage on 153 plant 
taxa from 27 grasslands worldwide, under ambient conditions and with experi-
mentally elevated nitrogen and phosphorus.

3.	 Invertebrate damage significantly increased with nitrogen addition, especially in 
grasses and non-leguminous forbs. Pathogen damage increased with nitrogen in 
grasses and legumes but not forbs. Effects of phosphorus were generally weaker. 
Damage was higher in grasslands with more precipitation, but climatic conditions 
did not change effects of nutrients on leaf damage. On average, invertebrate dam-
age was relatively higher on legumes and pathogen damage was relatively higher 
on grasses. Community-weighted mean damage reflected these functional group 
patterns, with no effects of N on community-weighted pathogen damage (due to 
opposing responses of grasses and forbs) but stronger effects of N on community-
weighted invertebrate damage (due to consistent responses of grasses and forbs).

4.	 Synthesis. As human-induced inputs of nitrogen and phosphorus continue to in-
crease, understanding their impacts on invertebrate and pathogen damage be-
comes increasingly important. Our results demonstrate that eutrophication 
frequently increases plant damage and that damage increases with precipitation 
across a wide array of grasslands. Invertebrate and pathogen damage in grasslands 
is likely to increase in the future, with potential consequences for plant, inverte-
brate and pathogen communities, as well as the transfer of energy and nutrients 
across trophic levels.
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or particular functional groups, such as grasses (De Schrijver 
et al., 2011). Eutrophication can also shift growth relative to de-
fence in individual plants (Stamp, 2003) or increase soil pathogens 
relative to mutualists (Lekberg et al., 2021).

Previous studies of eutrophication effects on invertebrate herbi-
vores and leaf damage suggest that several of these biotic factors are 
involved. For example, N addition to tallgrass prairie led to increased 
numbers of insects, but decreased insect species richness, in part due 
to decreases in plant species richness (Haddad et al., 2000). More 
broadly, N addition consistently increased arthropod abundance, 
size and overall biomass across 13 temperate grasslands, likely due 
to increases in plant quality (lower C:N), structural complexity (more 
thatch) and live biomass (Lind et  al.,  2017). However, invertebrate 
herbivory might not increase with greater plant quality or arthropod 
biomass because of compensatory decreases in the per capita feed-
ing rate of individuals herbivores (La Pierre & Smith, 2016).

Effects of eutrophication on pathogens also involve multiple, 
partly conflicting mechanisms. Pathogen infection can increase as a 
result of increased leaf N concentrations supporting the nutritional 
demands of the pathogens (‘nitrogen disease hypothesis’; Huber 
& Watson, 1974; Mitchell et al., 2003; Strengbom & Reich, 2006). 
Insects are limited by nitrogen, and some pathogens also depend on 
insects for dispersal (i.e. transmission) (Cronin et  al.,  2010), which 
could explain the greater diversity of viral pathogens found on 
species from N-rich habitats (Blumenthal et al., 2009). At the com-
munity level, pathogens are likely to be influenced by eutrophication-
induced reductions in plant diversity (Liu et al., 2016), or changes in 
the relative abundance of susceptible versus resistant hosts (Halliday 
et al., 2019; Liu et al., 2017).

For both invertebrates and pathogens, responses to P are less 
well understood than responses to N (La Pierre & Smith, 2016; Lind 
et al., 2017; Loaiza et al., 2008), despite the fact that P in host plants 
is an essential nutrient required by invertebrate herbivores (Joern 
& Laws, 2013). In sum, while we know that nutrient addition often 
increases invertebrate herbivory and pathogen infection (Cappelli 
et al., 2020; Heckman et al., 2016, 2019; Veresoglou et al., 2013), we 
lack studies which compare these effects across plant species, func-
tional groups, different nutrients such as N versus P, or study sites 
with variable climate (but see Lekberg et al., 2021 for below-ground).

Climate can influence invertebrate herbivores and pathogens 
directly, or via changes in their host plants and the surrounding com-
munity (Bale et al., 2002). For example, lower temperature can re-
duce the reproductive rate of invertebrate herbivores, and/or limit 
plant defence as a response to stress (Andrade et al., 2020). Previous 
studies have shown that colder climates appear to reduce herbivory 
(Kozlov et al., 2015; Metcalfe et al., 2014; Rheubottom et al., 2019) 
and the diversity and severity of some types of pathogens, such as 
rust fungi (Burdon et  al.,  2006; Liu et  al.,  2019). Reduced precipi-
tation could favour stress-tolerant, well-defended plant species 
(Stamp, 2003). In temperate zones, for example, invertebrate dam-
age on woody species has been found to be lower in dry than in 
wet regions (Kozlov et al., 2015), and European plants from dry hab-
itats host fewer species of fungal pathogens than those from mesic 

habitats (Blumenthal et  al.,  2009). Conversely, in some instances, 
drought-induced water stress can limit defence investment by plants 
(Andrade et  al.,  2020). In general, however, there is considerable 
uncertainty about how invertebrate herbivores and pathogens and 
their effects on plants respond to macro-scale variation in climate. 
Uncertainty is even greater for the potential interaction between 
climate effects and eutrophication. For example, increases in leaf 
damage following nutrient addition could be greater in warmer sites, 
because the negative effect of eutrophication on plant species rich-
ness becomes stronger at warmer sites (Midolo et al., 2019).

Despite the richness of examples and mechanisms, it is this in-
teraction between drivers and the generality of patterns between 
eutrophication, climate and plant damage that remain unclear. 
Many studies have been conducted on individual plant species, se-
lected sites with particular environmental conditions or using dif-
ferent methodological approaches. Standardized methods across a 
range of conditions are needed to gain generalizable insights into 
global ecological patterns (Anstett et  al.,  2016; Borer, Harpole, 
et  al.,  2014). Here we test how experimental eutrophication and 
global gradients in temperature and precipitation influence leaf 
damage by invertebrate herbivores and pathogens on 153 plant 
taxa, across 27 grassland sites in 10 countries and five continents. 
Using a standardized protocol, we conducted a factorial N and P 
addition experiment and measured leaf damage on dominant plant 
species. We used these data to calculate complementary measures 
of damage: mean leaf damage of single plant species within plots, 
and community-weighted leaf damage at the plot scale. Whereas 
weighted damage at the plot scale indicates how strongly a whole 
plant community is affected by leaf damage, information about 
leaf damage at the species level allows us to assess differences 
among taxa and functional groups, and may predict long-term com-
positional changes. With this approach, we asked the following 
questions:

1.	 How do local N and P addition influence community-level her-
bivory and pathogen leaf damage in grasslands? We predicted 
that invertebrate and pathogen damage would increase with N 
and/or P addition due to (a) community turnover from slow-
growing, well-defended species towards fast-growing, poorly 
defended plant species and/or (b) lower C:N or C:P ratios of 
the leaf tissue, and therefore greater herbivore growth effi-
ciency or aggregation within plots.

2.	 Does site climate (mean annual temperature and precipitation) in-
fluence leaf damage or modulate effects of N and P on leaf dam-
age at the community level? We predicted that warmer, wetter 
sites would have higher levels of both damage types and allow for 
stronger effects of N and P addition.

3.	 Are herbivory and pathogen leaf damage of individual plant func-
tional groups (grasses, forbs and legumes) affected differently by 
local N addition, P addition and climatic gradients (temperature 
and precipitation)? For example, we predicted that N addition 
would increase damage more strongly for grasses than legumes, 
since legumes are less likely to be N-limited.
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2  | MATERIAL S AND METHODS

2.1 | Nutrient network

The study was carried out in 27 grassland sites belonging to the 
Nutrient Network (www.nutnet.org), a globally distributed experiment. 
The sites cover a broad geographical range (10 countries across 5 con-
tinents; Figure 1), a large gradient in climatic conditions and a variety of 
grassland types (Table S1). At each site, study plots were placed within 
a relatively homogeneous ~1,000-m2 vegetation patch, which rep-
resented the regional flora. Seven nutrient addition treatments were 
established (Nitrogen, Phosphorus, Potassium with micronutrients) in 
a full factorial, randomized block design (Borer, Harpole, et al., 2014). 
For our study, we used a subset of treatments only, namely Control (no 
nutrient addition), Nitrogen (N addition), Phosphorus (P addition) and 
Nitrogen + Phosphorus (NP addition). Both nutrients are added annu-
ally at a rate of 10 g/m2, in a form that is readily available for plants 
(time-released urea and triple-super phosphate). Each treatment is rep-
licated three times at each site on plots of 5 × 5 m size. Plots within a 
site were established within the same year. However, sites were estab-
lished in different years, so at the time of data collection treatments 
had already been maintained for 1–10 years. For each site, we extracted 
data on mean annual precipitation (MAP) and mean annual temperature 
(MAT) from WorldClim Version 1 (Hijmans et al., 2005; Table S1).

2.2 | Estimation of leaf damage

Between 2014 and 2016, we measured leaf damage on the most 
common plant species at each site (median: 6 species; range 2–11 

species per site) on 12 plots at each site (four treatments, three rep-
licates per treatment) during the time of peak biomass (one measure-
ment per site). We selected species based on their abundance across 
and within plots (available in all treatments and in at least 10 of the 
12 plots, where possible, common within plots). If many species 
met these criteria, we choose a subset that covered the three plant 
functional groups grasses, forbs and legumes. Since legumes are 
often absent from fertilized plots, a total of only 11 legume species 
were recorded in our study. Across all sites, data collection resulted 
in leaf damage data for 153 taxa, belonging to 111 genera (details 
in Table  S2). The 153 taxa covered three plant functional groups, 
namely grasses (60 taxa; 39 genera), legumes (11 taxa; 9 genera) and 
non-leguminous forbs (82 taxa; 63 genera). In all, 22 of the 153 taxa 
were measured at more than a single site (maximum at three sites).

For each species, we assessed damage on one fully expanded 
leaf from each of five individual plants per plot (if available). We 
strived to sample individuals from different parts of the plots, avoid-
ing clusters of individuals as much as possible. In addition, individual 
plants and leaves were sampled randomly with respect to the re-
sponse of interest. For plants with stems, we chose leaves approxi-
mately half-way up the stem, and for plants without stems, we chose 
fully expanded, mid-aged leaves. For each leaf, we visually estimated 
the area damaged by invertebrates (chewing and mining) and patho-
gens (rust, powdery mildew other pathogens), using four categories 
(A = 0%, B = 1%–5%, C = 6%–25%, D = >25%). For our analysis, we 
converted categories to numeric values that represent the midpoint 
of each range (A = 0%, B = 3%, C = 15%, D = 63%; Castagneyrol 
et  al.,  2012). We also estimated community-level indices of total 
invertebrate and pathogen damage for each plot, calculated as the 
mean damage scores (mean percentage of individual leaf damage 

F I G U R E  1   Invertebrate (a) and 
pathogen (b) leaf area damage (%) at 
27 experimental sites of the Nutrient 
Network. Damage values shown here 
are community-level index of total leaf 
damage (%) (abundance-weighted means 
of sampled species) averaged across 
control plots within sites. To prevent 
points from lying on top of each other, we 
have moved them with arrows

http://www.nutnet.org
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within a taxa), weighted by the percent cover of each plant taxon in 
the plot (see below). This community-level metric included damage 
assessment on taxa that contributed to a majority of the surface area 
covered by living plants at most plots (median 63% of relative cover 
among plots). Plant coverage of target species did not differ signifi-
cantly between treatments (Figures S1 and S2).

2.3 | Plant cover estimation

We estimated species-specific plant cover at the time of peak bio-
mass within one permanently marked 1 m2 subplot within each plot 
at all sites. We estimated cover to the nearest 1% for each species 
rooted within the plot. For plant taxa that were assessed for dam-
age but not recorded during plant cover estimation in the designated 
subplot, we assigned a cover value of 0.01%.

2.4 | Statistical analyses

2.4.1 | Models testing for the effect of local nutrient 
application on community-level leaf damage under 
varying climatic conditions (Questions 1 and 2)

We conducted all analyses and calculations using the statistical pro-
gram R, version 4.0.1 (R Core Team, 2020). Using all plots, we fit lin-
ear mixed-effects models (function glmmTMB; glmmTMB package; 
Brooks et al., 2017) to explain variation in community-level indices of 
total damage (ln +1 transformed) by invertebrates or by pathogens. We 
included N, P, MAT, MAP and their interactions as explanatory vari-
ables, and site as a random term. As climate variables were not evenly 
distributed across the gradient, we scaled them around their means 
before analyses (variable mean = 0; Schielzeth, 2010). To test whether 
the duration of nutrient application might strengthen N and P effects 
on leaf damage, we added treatment year and two-way interactions 
between treatment year and N and P to an additional model. There 
was no significant effect of treatment year on invertebrate (treatment 
year: p = 0.632) or pathogen damage (treatment year: p = 0.632), and 
no significant interactions between treatment year and N or P (inver-
tebrates N: treatment year: p = 0.632; invertebrates P: treatment year: 
p = 0.628; pathogens N: treatment year: p = 0.632; pathogens P: treat-
ment year: p = 0.628). Given the absence of significant effects and the 
fact that we controlled for variation between sites with a random ef-
fect (which also covers treatment duration), we present the analysis 
without an additional fixed effect for treatment duration.

2.4.2 | Models testing for the response of plant 
functional groups to local nutrient application and 
varying climatic conditions (Question 3)

Using all plots, we fitted linear mixed-effects models (function glm-
mTMB; glmmTMB package; Brooks et al., 2017) to ask how damage 

on individual leaves (ln +1 transformed) varied with nutrient applica-
tion. We included N, P, functional group and all possible interactions 
as fixed effects. We grouped the plant species into the three levels 
grasses, legumes and non-leguminous forbs (fixed effect ‘functional 
group’), and set grasses as the intercept in the model since they are 
the dominant functional group in grasslands. Consequently, main 
effects of nutrients can be interpreted as effects on grasses in the 
control treatments, while interactions between nutrients and other 
functional groups indicate their deviations from the response of 
grasses. Site, taxon and the site–plot–taxon combination were speci-
fied as random effects, to account for pseudo-replication on the site 
and plot level (model output Table S5).

Using control plots only, we asked how damage on individual 
leaves (ln +1 transformed) differed with site climatic conditions. We 
fitted linear mixed-effects models (function glmmTMB; glmmTMB 
package; Brooks et al., 2017) with MAT, MAP, plant functional group, 
and the interactions between functional groups and the climate vari-
ables as fixed effects. Again, we set grasses as the intercept. Site, 
taxon and the site–plot–taxon combination were specified as ran-
dom effects (model output Table S7).

To show the response to nutrient addition (Figure 5) and climate 
(Figure 6) with appropriate standard errors for each functional group 
and to test whether these differ significantly from zero, we extracted 
the functional group means (model output Table S6; Figure 5) and 
functional group slopes (model output Table  S8; Figure  6) by re-
moving the main effects intercept and the main effect of functional 
groups. This approach reparametrizes the model with separate in-
tercepts for each functional group and group-specific slopes (rather 
than contrasts for slopes) as described in Schielzeth (2010).

3  | RESULTS

3.1 | The effect of local nutrient application on 
community-level leaf damage under varying climatic 
conditions (Questions 1 and 2)

At the community level, accounting for variation in plant species 
abundance, pathogens damaged more than twice as much leaf area 
as did invertebrates (invertebrate damage: 2.5% ± 0.6 SE; pathogen 
damage: 5.2% ± 1.3 SE). We found strong differences between sites 
that were not attributed to MAP or MAT (Figure 1, random effect 
variance in Table  S3). Nearly 42% (invertebrate damage) and 62% 
(pathogen damage) of the total variation in percent damage were ex-
plained by differences among sites.

3.1.1 | Invertebrate damage

Despite large variation, N addition significantly increased 
community-level invertebrate leaf damage by 28% across the 27 
sites. Community-level invertebrate leaf damage was unaffected by P 
addition, and N and P addition acted additively (i.e. N × P interaction 
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was not significant; Table  S3; Figure  2). An increase in site-level 
MAP, but not MAT, was associated with greater invertebrate dam-
age. However, N and P effects on community-level leaf damage were 
unaffected by site-level MAT or MAP (i.e. no significant interactions 
between climate and fertilization on damage: Table S3). In control 
plots, community-level total damage ranged from 0% (Potrok Aike, 
Argentina) to 14.9% (Bunchgrass, USA; Figure 1; Table S4). We found 
the most widespread damage in Fruebuel (Switzerland), where 78% 
of all plant individuals were affected by invertebrate herbivory.

3.1.2 | Pathogen damage

Community leaf damage caused by pathogens was unaffected 
by N or P addition (Table  S3; Figure  2), irrespective of varia-
tion in MAT and MAP (but see different responses among func-
tional groups below). Furthermore, community-level damage 
by pathogens increased marginally with site-level MAP, but not 

MAT (Table  S3; Figure  3). In control plots, values ranged from 
0.04% (McLaughlin, USA) to 20.5% (Cedar Creek, USA; Figure 1; 
Table  S4). We found the most widespread pathogen damage in 
Chiquaqua Bottoms (US), where 100% of all plant individuals 
showed pathogen damage.

3.2 | The response of single plant functional groups 
to local nutrient application and varying climatic 
conditions (Question 3)

At the functional group level, we found the highest average inver-
tebrate leaf damage in legumes (11.2% ± 2.0 SE), followed by forbs 
(3.3% ± 0.3 SE) and grasses (2.8% ± 0.4 SE). The opposite pattern 
was found for pathogen leaf area damage, which was highest in 
grasses (6.6% ± 0.7 SE), followed by forbs (5.8% ± 0.7 SE) and leg-
umes (5.1% ± 1.6 SE). Across all taxa (mean leaf damage of single spe-
cies), average invertebrate leaf damage (3.6% ± 0.28 SE) was lower 

F I G U R E  2   Community-level index of total leaf damage (%) in different nutrient addition treatments (N = nitrogen, P = phosphorus, 
NP = nitrogen and phosphorus). The left-hand y-axis shows log-transformed, and the right-hand y-axis back-transformed values of 
invertebrate and pathogen leaf damage. Relationships were analysed in mixed-effects models with invertebrate damage (left panel) and 
pathogen damage (right panel) as response variables, and site as a random effect. The figure shows model estimates (±SE) (shown in 
Table S3), and asterisks indicate significance: ***p < 0.001; **p < 0.01; *p < 0.05

F I G U R E  3   Community-level index of total leaf damage (%) versus the abiotic site conditions mean annual temperature (MAT), and mean 
annual precipitation (MAP). All explanatory variables are scaled to unit variance around the mean. Relationships were analysed in mixed-
effects models with invertebrate damage (orange line) and pathogen damage (grey line) as response variables, and site as a random effect. 
Regression lines indicate the slope and significance of the relationship (solid line = significant and marginally significant effects; dashed 
line = no significance). Model estimates are shown in Table S3
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than pathogen damage (6.1% ± 0.47 SE). Overall, we found strong 
differences in leaf damage between taxa. Around 12% of the total 
variation in invertebrate damage and 18% of the variation in path-
ogen damage was explained by differences among taxa (Figure 4). 
In total, in control plots under ambient conditions, we observed no 
invertebrate damage for 13% of the taxa (20 out of 153 taxa), and 
no pathogen leaf damage for 11% of the taxa (19 out of 153). For 
roughly half of the taxa, more than 50% of the leaves scored showed 
some degree of invertebrate damage (62 of 153 taxa) or pathogen 
damage (78 of 153 taxa).

3.2.1 | Invertebrate damage

N addition significantly increased invertebrate leaf damage on 
grass and forb species, but not on legume species (Tables S5 and 
S6; Figure  5). Specifically, grass and forb species showed 27.3% 
(±7.5  SE) and 28.2% (±9.9  SE) greater damage, respectively, and 
legume species exhibited 7.4% (±10.4 SE) lower leaf damage after 
N addition. P addition had a positive effect on damage in forbs, 
but not in grass and legumes species. In grasses, but not in forbs 
and legumes, the combined effect of N and P addition was sig-
nificantly lower than expected if the single nutrient additions had 
an additive effect (negative estimate for the interaction term). 
Furthermore, grasses and legumes experienced a significant in-
crease in damage severity with increasing MAP (only marginally 

F I G U R E  4   Variance decomposition of leaf damage by 
random effects, fixed effects and residuals from mixed-effects 
models using control plots only, with mean annual temperature, 
mean annual precipitation and functional group identity (plus 
interactions) as fixed effects, and site, taxon and taxon–plot–site 
ID as random effects. Model estimates and variances explained by 
each compartment are shown in Table S7

F I G U R E  5   Damage on individual leaves (%) in different nutrient addition treatments (N = nitrogen, P = phosphorus, NP = nitrogen and 
phosphorus). The left-hand y-axis shows log-transformed, and the right-hand y-axis back-transformed values of invertebrate and pathogen 
leaf damage. Relationships were analysed in mixed-effects models with invertebrate damage (upper row) and pathogen damage (lower 
row) as response variables, site, taxon–plot–site ID and taxon as random effects, and N, P, functional group and all possible interactions as 
fixed effects. Different colours represent model estimates (±SE) of the different plant functional groups (shown in Table S5). Removing the 
intercept from the model allows extracting functional group means with appropriate standard errors, and thus testing for the significance of 
nutrient effects on each single functional group (shown in Table S6). Asterisks indicate significance: ***p < 0.001; **p < 0.01; *p < 0.05; (*) 
p < 0.1
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significant in grass species), but were unaffected by variation in 
site-level MAT (Tables S7 and S8; Figure 6). In contrast, leaf dam-
age in forb species significantly increased with site-level MAT, but 
was unaffected by site-level MAP.

3.2.2 | Pathogen damage

The experimental addition of N significantly increased pathogen 
leaf damage in grass species and marginally significantly increased 
it in legume species by 13.3% (±4.7  SE) and 30.9% (±20.6  SE), 
respectively (Tables S5 and S6; Figure 5). Similarly, compared to 
control plots, pathogen damage in grass and legume species was 
marginally significantly higher after experimental P addition, with 
an increase of 8.6% (±4.8 SE) and 32.3% (±19.1 SE), respectively. 
In contrast to grasses and legumes, pathogen leaf damage on forbs 
marginally significantly decreased with N addition. The effect of 
simultaneous N and P addition was not significantly different from 
what was predicted based on the single nutrient additions (i.e. 
N × P interaction was not significant; Table S5 and S6; Figure 5). 
Whereas grasses and legumes were unaffected by climate vari-
ables, forbs showed a positive response to increasing MAP, but not 
MAT (Tables S7 and S8; Figure 6).

4  | DISCUSSION

Previous studies have shown widely varying effects of N and P fer-
tilization on herbivory and pathogen infestation, ranging from posi-
tive (Borer, Seabloom, et al., 2014; Heckman et al., 2016; Veresoglou 
et  al.,  2013), to neutral (Borer, Seabloom, et  al.,  2014; Cappelli 
et al., 2020; Heckman et al., 2016, 2019; Lau et al., 2008), to negative 
(see references within Dordas, 2009). With our study, based on 153 
species from 27 sites, we can now draw more general conclusions: (a) 
in temperate grasslands, N addition increases leaf damage by inver-
tebrates at the community level by nearly one-third and especially for 
grasses and forbs, (b) N addition increases leaf damage by pathogens 
in grasses and legumes but not necessarily for forbs or at the commu-
nity level, (c) there is no effect of increased P on the community-level 
leaf damage (see also Veresoglou et  al.,  2013) and (d) leaf damage 
increases with precipitation independently of nutrient effects.

4.1 | The effect of local nutrient application on 
community-level leaf damage

In contrast to our hypotheses and several previous studies (Borer 
et al., 2010; Cappelli et al., 2020; Heckman et al., 2019; Veresoglou 

F I G U R E  6   Damage on individual leaves (%) in control plots versus the climatic site conditions mean annual temperature (MAT) and mean 
annual precipitation (MAP). All explanatory variables are scaled to unit variance around the mean. Relationships were analysed in mixed-
effects models with invertebrate damage (left panels) and pathogen damage (right panels) as response variables, site, taxon–plot–site ID 
and taxon as random effects, and MAT, MAP, functional group and all possible interactions as fixed effects (model estimates are given in 
Table S7). Differently coloured regression lines indicate the slope for each plant functional group. Points indicate average damage for a 
particular functional group within a site. Separate slopes for each functional group, extracted by removing the main effect slope from the 
model (shown in Table S8), indicate within-group climate effects that are significant (solid lines) or non-significant (dashed lines; p > 0.05) 
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et  al.,  2013), community-level pathogen infection in 27 grasslands 
was unaffected by addition of either N or P, and only N addition 
leads to greater invertebrate leaf damage.

A wide variety of mechanisms could drive the positive relation-
ship between invertebrate leaf damage and N addition, ranging from 
N-induced changes in individual plants and enemies, to changes in 
plant population densities and community composition (Throop 
& Lerdau,  2004). N addition can alter plant traits, for example by 
increasing leaf nutrient content or specific leaf area, and decreas-
ing concentrations of defence compounds such as lignin, silica and 
phenolics (Cappelli et  al.,  2020; Dordas,  2009; Firn et  al.,  2019; 
Heckman et al., 2016; Mitchell et al., 2010; Throop & Lerdau, 2004). 
Herbivores can also respond to changes in plant growth or quality 
via changes in individual performance, size, feeding rate, feeding 
strategy, aggregation within plots or susceptibility to their preda-
tors (Jonas & Joern, 2008; La Pierre & Smith, 2016; Lind et al., 2017; 
Throop & Lerdau, 2004). If increased individual enemy performance 
outpaces predation, this can lead to herbivore population growth 
(increase in abundance and biomass), and increasing damage (de 
Sassi et al., 2012; Jonas & Joern, 2008; Lind et al., 2017; Srivastava 
& Lawton, 1998). Because the plots in our study are smaller than the 
dispersal distance of many herbivores, behavioural responses and 
local dynamics of herbivores to changed nutrient environment can 
also be an important mechanism. Nonetheless, this shift in the in-
teractions between consumers and their plant hosts demonstrates 
that this relationship is strongly contingent on the local nutrient 
environment. The N-induced alteration in plant species traits may 
act in concert with plant community changes, including reduced spe-
cies numbers and evenness, increased productivity, and increased 
abundance of fast-growing, less defended species (Borer, Seabloom, 
et al., 2014; Soons et al., 2017).

4.2 | The effect of climatic conditions on 
community-level leaf damage and its interaction with 
nutrient effects

Studies of rainfall effects on pathogen infection and invertebrate 
herbivory have inconsistent results, and range from negative corre-
lations (Andrade et al., 2020) to neutral (Rheubottom et al., 2019) 
and positive correlations (Kozlov et  al.,  2015; Strengbom 
et al., 2006). With our results, we can confirm the predicted posi-
tive relationship between precipitation and leaf damage in grass-
land communities. However, in contrast to the expected positive 
relationship between temperature and leaf damage and findings 
from previous studies (Burdon et  al.,  2006; Kozlov et  al.,  2015; 
Liu et  al.,  2019; Metcalfe et  al.,  2014; Rheubottom et  al.,  2019), 
community-level leaf damage was insensitive to site-level temper-
ature. Although this seems surprising, similar patterns were found 
in other global studies as well. For example, in a synthetic review, 
only 37% of the published studies show higher rates of herbivory 
at lower latitudes in warmer areas (Moles et  al.,  2011), and her-
bivore leaf damage on a Solidago species did not change across a 

broad climatic gradient spanning 10 degrees of latitude (Lynn & 
Fridley, 2019).

4.3 | The response of plant functional groups 
to local nutrient application and varying 
climatic conditions

Similar to findings from other studies (Rheubottom et  al.,  2019; 
Turcotte et  al.,  2014), we found the greatest herbivore damage in 
legumes and the least damage in grasses. This may be due to the 
fact that legumes, compared to grasses and forbs, have nutrient-rich 
leaves, as well as other traits that are typical of fast-growing species, 
such as high SLA and low levels of effective defence compounds, 
and are therefore more palatable to invertebrate herbivores (Firn 
et al., 2019; Lavorel & Garnier, 2002). Higher silicate concentrations 
in grasses, which increase leaf toughness, may also have protected 
grasses from chewing damage by invertebrates (Caldwell et al., 2016; 
Massey & Hartley,  2009; Schaller et  al.,  2016). Notably, we found 
the opposite pattern for pathogen damage, with grasses showing 
the greatest pathogen damage and legumes the least. One explana-
tion might be the greater density of grasses in the plant communities 
compared to legumes and forbs, which could lead to more efficient 
density-dependent transmission for pathogens (Liu et  al.,  2020; 
Mitchell et al., 2003; Parker & Gilbert, 2018; Rottstock et al., 2014).

Those differences in plant traits and dominance between plant 
functional groups might explain distinct responses to nutrient ad-
dition and climatic conditions. For example, the increase in inverte-
brate damage with N addition in grasses and forbs but not legumes 
may reflect lower potential for increased palatability in legumes. 
Few previous studies have tested nutrient effects on enemy dam-
age of individual functional groups. N addition was found to increase 
pathogen damage on grasses in Minnesota tallgrass prairie (Mitchell 
et al., 2003), but not in grass species common in West Coast grass-
lands (Borer et al., 2010).

Although the reasons for the functional group differences we 
observed are speculative, they drive patterns at the community 
level. Specifically, invertebrate leaf damage in both dominant func-
tional groups—grasses and forbs—increases after N addition, which 
is reflected at the level of the plant community (which also responds 
to N). In contrast, pathogen leaf damage increases with N in grasses 
but slightly decreases in forbs, and these effects cancel each other 
out at the community level (no response to N). Accordingly, the fact 
that we do not see effects of fertilization on the pathogen infec-
tion at the level of the entire plant community does not mean that 
individual species are not strongly affected. Finally, dominance by 
grasses means that their relatively high levels of pathogen damage 
are reflected at the community level, affecting 5.5% of total leaf 
area (range of 0.1%–21% across sites). This result supports previous 
work suggesting important roles for pathogens in grasslands (Allan 
et al., 2010; Strengbom & Reich, 2006).

However, despite using a global standardized approach, our 
study faces some limitations. For example, we are not able to 
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quantify or evaluate the temporal or spatial variability in herbivore 
and pathogen dynamics and whether our study design adequately 
captures this variation. Furthermore, we lack information on specific 
damage types and the resource specialization of the consumers. To 
get a more complete and mechanistic understanding on the relation-
ship between climate, eutrophication and plant damage, additional 
work is needed.

5  | CONCLUSIONS

As humans continue to increase nitrogen and phosphorus supplies, 
it is becoming increasingly important to understand how increased 
nutrient inputs alter invertebrate and pathogen damage to grassland 
plant communities, and consequently the transfer of trophic energy 
through ecosystems. Using a standardized experiment at 27 globally 
distributed grasslands, we determined that precipitation and experi-
mental nitrogen fertilization have proportionally strong, additive ef-
fects on the amount of leaf damage experienced by grassland plants. 
Overall, invertebrate and pathogen damage in grasslands are likely 
to increase in the future, especially at sites that get wetter, sites 
that are especially dominated by forbs (for invertebrate damage) or 
grasses (for pathogen damage), and sites that are heavily impacted 
by eutrophication.
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