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Abstract 32 

Background and Aims: Anthropogenic global change is altering the environmental stressors 33 

facing plants and their microbial symbionts. Changes in drought and temperature have received 34 

wide attention, but how other pervasive human impacts - land conversion for agricultural 35 

development and urbanization, and changes in nutrient conditions and pollutants - impact plant-36 

microbe symbioses is relatively unknown. Here, we investigated how these anthropogenic global 37 

change drivers influence historic changes in the prevalence of widespread symbionts of grasses, 38 

Epichloë fungal endophytes. 39 

Methods: We examined 8,739 seeds from 1,951 herbarium specimens collected between 1895 40 

and 2019 for the presence of seed-transmitted Epichloë fungal endophytes in three grass host 41 

species (Agrostis hyemalis, Agrostis perennans, and Elymus virginicus). We hypothesized that 42 

the symbiosis provides fitness benefits under anthropogenic stresses (i.e. increased nitrogen 43 

deposition and land use change) that should translate to increased prevalence of the interaction 44 

among specimens exposed to those stresses.  45 

Key Results: Anthropogenic stresses had contrasting effects on endophyte prevalence. Notably, 46 

among Agrostis host species, high nitrogen deposition was associated with high endophyte 47 

prevalence and with increasing trends in prevalence through time. We also found that highly 48 

urbanized landscapes were associated with reduced prevalence and negative temporal trends in 49 

endophyte prevalence across species. We also identified a weak positive relationship between 50 

agricultural land cover and average endophyte prevalence for Elymus virginicus, though 51 

temporal trends in prevalence did not differ between high and low levels of agricultural land 52 

cover.  53 

Conclusions: Anthropogenic stressors influenced endophyte prevalence in diverse ways. While 54 

we found increasing prevalence in the face of nitrogen deposition, a sign of the potential 55 

resilience of the symbiosis, urban land cover was associated with declining endophyte 56 

prevalence, a sign that anthropogenic activity may contribute to a breakdown of the symbiosis.  57 

 58 
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 63 

Introduction 64 

Anthropogenic global change has driven broad shifts in the mean and variability of 65 

climate (Hansen and Stone 2016). On top of this shifting climate regime, many organisms occur 66 

in severely altered environments, including habitats converted for urban (Seto et al. 2013) and 67 

agricultural uses (Tilman et al. 2011), and in habitats affected by pollution and nutrient 68 

enrichment. At the same time as plants face these stressors, they engage with a variety of 69 

symbiotic fungal partnerships, including arbuscular mycorrhizae (Parniske 2008) and foliar 70 

endophytes (Rodriguez et al. 2009) that hold potential to ameliorate stress. How plants respond 71 

to these interactive global change drivers, and how symbioses influence host responses, are 72 

pressing questions. 73 

Land use change, nitrogen deposition, and pollution are among the greatest direct threats 74 

to terrestrial plant diversity (Giam et al. 2010; Sage 2020). In addition to the direct loss of habitat 75 

and landscape connectivity, land use change alters the environments inhabited by plants and can 76 

reduce species’ resilience to changing climate (Foley et al. 2005; Oliver and Morecroft 2014). 77 

Urbanizing landscapes across the globe challenge plants with warmer temperatures and 78 

inconsistent water access due to impervious land cover (Johnson and Munshi-South 2017; Rivkin 79 

et al. 2019).  Rising global temperatures combined with the heat island effect (the tendency for 80 

urban areas to have warmer temperatures compared to surrounding rural areas (Oke 1973)) may 81 

push species beyond their physiological thermal limits in urban environments (Kullberg et al. 82 

2023). Alongside urbanization, agricultural intensification threatens wild plant populations 83 

(Newbold et al. 2015). Beyond habitat destruction, intensive agricultural practices have far-84 

reaching indirect impacts including pollution with herbicides and pesticides (Rashid et al. 2010; 85 

Sun et al. 2018; Ilampooranan et al. 2022; Luna Juncal et al. 2023), as well as introducing 86 

increased pathogen loads in native plant communities (Susi and Laine 2021). Agricultural 87 

activities also contribute to eutrophication, the accumulation of nutrients such as nitrogen and 88 

phosphorus in soils and bodies of water (Payne et al. 2017). More broadly, agricultural practices, 89 

alongside fossil fuel combustion, contribute to atmospheric nitrogen deposition, which has more 90 

than doubled into terrestrial landscapes during the latter half of the 20th century (Galloway et al. 91 

2004; Cleland and Harpole 2010; Nopmongcol et al. 2019). Nitrogen deposition rates vary 92 

greatly across regions, and have even declined in recent decades for some regions (Zhu et al. 93 
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2025). Despite this, nitrogen deposition rates remain above estimated pre-industrial levels 94 

(Engardt et al. 2017; Clark et al. 2018). While nitrogen deposition can benefit plant growth to a 95 

point, high deposition hinders plant growth through direct toxicity, and can indirectly alter biotic 96 

interactions within plant communities that compete over terrestrial nitrogen (Bobbink et al. 97 

2010). 98 

Benefits provided by fungal symbionts have the potential to mitigate the stress that 99 

confronts plant hosts under anthropogenically-driven global change (Rudgers et al. 2020; 100 

Schroeder et al. 2021). Many fungal symbionts have been shown to improve performance under 101 

drought (Gehring et al. 2017; Cheng et al. 2021) and warming (Staddon et al. 2004; Hector et al. 102 

2022). These stress-tolerance benefits suggest that symbionts may enhance host resilience to 103 

exacerbated stresses in anthropogenic environments. The alternative expectation is that high 104 

stress increases the costs of maintaining the interaction, leading symbioses to break down, such 105 

as in the well-studied case of coral bleaching (Weis 2008). Forecasting the dynamics of plant 106 

species into the future requires mechanistic understanding of shifting costs and benefits of plant-107 

fungal symbioses that support plant biodiversity (Fei et al. 2022).  108 

Here we study how anthropogenic drivers influence plant symbioses with Epichloë foliar 109 

endophytes, ubiquitous fungal symbionts of grasses that are estimated to associate with up to 110 

30% of cool-season grass species (Leuchtmann 1993). These endophytes are specialized, 111 

vertically-transmitted symbionts that live in the aboveground tissues of their hosts. While the 112 

interaction is obligate for the fungi, from the perspective of the host it is a facultative interaction 113 

that has been shown to reduce herbivory via the production of fungal alkaloids (Brem and 114 

Leuchtmann 2001; Rudgers et al. 2012; Gundel et al. 2020) and to enhance drought tolerance 115 

and nutrient uptake (Elmi and West 1995; Rudgers et al. 2009; Nagabhyru et al. 2013; Xu et al. 116 

2017; Decunta et al. 2021). Because Epichloë fungi are primarily vertically-transmitted, 117 

symbiont effects that improve plant fitness should lead to increases in symbiont prevalence 118 

through time (Fine 1975; Gundel et al. 2008). The connection between host and symbiont fitness 119 

predicts that population-level endophyte prevalence should exist at some equilibrium that reflects 120 

the interaction’s fitness benefits given different environmental conditions, vertical transmission 121 

efficiency, and transient shifts in prevalence (Donald et al. 2021). Previous studies have 122 

documented considerable variation in mean endophyte prevalence across populations, and 123 

explained this variation as a result of symbiotic fitness benefits associated with broadscale 124 
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environmental covariates (e.g. drought) (Afkhami 2012; Sneck et al. 2017; Li et al. 2026). What 125 

remains unclear is how other, non-climatic anthropogenic drivers influence the response of these 126 

interactions to global change.  127 

Epichloë endophytes improve host responses to drought and temperature stress, yet there 128 

has been little research of the multiple stresses of land use change on grass-Epichloë symbioses 129 

(but see (König et al. 2018; Bastias et al. 2017)). Research in other systems provides examples of 130 

negative effects of land use change on plant-fungal symbioses. Surveys across anthropogenic 131 

habitat alteration and fragmentation found altered composition and function of soil microbial 132 

communities that potentially interact with plant hosts (Kiesewetter and Afkhami 2021), and an 133 

investigation of plant-mycorrhizal symbiosis along an urban land cover gradient showed 134 

disruption of colonization of tree species by their fungal symbionts (Tonn and Ibáñez 2017). 135 

Similarly, high nitrogen deposition also has the potential to disrupt plant-fungal symbioses. For 136 

example, for arbuscular mycorrhizal fungi that commonly improve nutrient uptake for hosts, 137 

nitrogen deposition is correlated with reduced root colonization, spore density, and hyphal length 138 

(Lilleskov et al. 2019). How nitrogen impacts Epichloë fungal symbioses has been less well 139 

studied, but the growth advantages of the interaction have been shown to decrease with the 140 

addition of nitrogen (Wang et al. 2018; Zhang et al. 2022), suggesting that improved nitrogen 141 

budgets are a benefit of foliar endophytes, not just root-associated symbioses. Epichloë fungi 142 

also produce nitrogen-rich secondary metabolites that underlie many of the benefits of the 143 

interaction. Nitrogen addition studies have documented contrasting effects on the concentration 144 

of these metabolites, sometimes leading to increased concentrations (Arechavaleta et al. 1992), 145 

and sometimes leading to reduced concentrations (Rasmussen et al. 2007). Thus, we expect 146 

nitrogen conditions to play an important role in mediating symbionts’ contributions to host 147 

responses to ongoing global change. 148 

Herbaria, collections of plant specimens from across many years and wide geographic 149 

areas, provide unique insights into plants’ historic responses to changing environmental 150 

conditions (Lang et al. 2019). The large temporal and spatial extents provided by herbaria allow 151 

for investigations of plant responses to global change, including examinations of changes in 152 

herbivory (Meineke et al. 2019), phenology (Willis et al. 2017), and the spread of invasive 153 

species (Exposito-Alonso et al. 2018). For grass-Epichloë symbiosis, previous studies have used 154 

herbarium specimens to document host associations across the taxonomic diversity of grasses 155 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2026. ; https://doi.org/10.64898/2026.08.05.743054doi: bioRxiv preprint 

https://doi.org/10.64898/2026.08.05.743054
http://creativecommons.org/licenses/by/4.0/


 

 

(White 1987). Fowler et al. (2025) used herbarium specimens to show that changes in climate 156 

drivers (seasonal precipitation and temperature) likely contributed to increasing endophyte 157 

prevalence through time, but did not entirely explain observed changes in endophyte prevalence, 158 

suggesting a role for non-climatic factors.  159 

In this study, we investigated how anthropogenic land use and nitrogen deposition 160 

influence the prevalence of mutualistic Epichloë fungal endophytes. Using broadly-collected 161 

herbarium specimens (collected between 1895 and 2019) from three host species and data on 162 

land cover, nitrogen deposition, and climate drivers corresponding to specimen localities, we 163 

first asked how different anthropogenic drivers (urban land cover, agricultural land-use, and 164 

atmospheric nitrogen deposition) influence endophyte prevalence, averaging across collection 165 

years. Because endophytes can confer a fitness benefit to symbiotic hosts experiencing stress, we 166 

predicted that spatial variation in average endophyte prevalence would be positively associated 167 

with each anthropogenic driver after accounting for variation associated with climate. Then, we 168 

took advantage of the temporal nature of herbarium specimen data to explore whether trends in 169 

endophyte prevalence through time varied according to the intensity of each anthropogenic 170 

driver. We expected temporal shifts in endophyte prevalence to reflect responses to stresses 171 

which may be hidden in analyses that average across time when changes in anthropogenic 172 

stresses are rapid. Our study thus provides an assessment of the response of plant-fungal 173 

symbioses to diverse global change drivers, an important step in incorporating these biotic 174 

interactions into global change predictions. 175 

Materials and Methods 176 

Study Species  177 

 Agrostis hyemalis, Agrostis perennans, and Elymus virginicus are perennial cool-season 178 

grasses with broad native distributions across eastern North America. These species grow in 179 

partly shaded habitats in forest understories and savannas. A. hyemalis, in particular, can be 180 

commonly found in disturbed habitats such as roadsides. Each of these grass species host fungal 181 

endophytes in the genus Epichloë (Epichloë amarillans in A. perennans and A. hyemalis (Schardl 182 

and and Leuchtmann 1999) and Epichloë elymi in E. virginicus (White Jr. 1994)).  183 

Collection from herbaria 184 

 We collected seeds from specimens of the three focal host species (905 specimens of A. 185 

hyemalis, 366 specimens of A. perennans, and 680 specimens of E. virginicus) from nine 186 
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herbaria within the United States (Table S1 provides a list of herbaria and specimen numbers). 187 

Our dataset included specimens spanning the Eastern continental United States collected as early 188 

as 1895 and as recently as 2019 (Fig. 1-2). While our herbarium surveys included specimens 189 

collected before 1895 (described in Fowler et al. 2025), we excluded pre-1895 specimens from 190 

this analysis because they were collected before the earliest year for which covariate data was 191 

available. To minimize tissue loss from specimens, we collected only small numbers of seeds (up 192 

to 10). Epichloë symbionts are predominantly vertically-transmitted through seeds from parent to 193 

offspring, however symbiotic plants can produce symbiont-free seeds via imperfect transmission 194 

(Afkhami and Rudgers 2008). Scoring multiple seeds per specimen as endophyte-symbiotic (E+) 195 

or symbiont-free (E-) accounts for this.  The process of endophyte detection is described below.  196 

To connect each specimen to its time and place of collection, we used digitized 197 

herbarium records from online databases, or for those not found in the databases, we transcribed 198 

metadata from herbarium labels. The locations of the specimens were georeferenced using the 199 

ggmap package (Kahle and Wickham 2013). Except where noted, all analyses were conducted in 200 

R version 4.3.3 (R Core Team 2024). We assigned coordinates to the nearest county or city 201 

centroid depending on available information. In most cases, specimens were assigned their 202 

county centroid (1491 specimens), and the rest were assigned their city centroid (460 203 

specimens). The median georeferencing bounding box encompassed a large area (approximately 204 

2200 km2). Geocoding may imply a highly precise location for some specimens (e.g., a less than 205 

1 km2 area for some small municipalities). However, some specimens were collected in natural 206 

habitat nearby to, but not encompassed by, the bounding box around the georeferenced 207 

coordinates. We considered this range of georeferencing uncertainty in assigning covariate data 208 

to specimens, as described below, and explored how the choice of spatial scale impacted results. 209 

Endophyte detection 210 

We stored seeds at -20 ºC before they were examined microscopically. To determine the 211 

presence/absence of fungal endophytes, we first soaked seeds in a 10% NaOH solution to soften 212 

the seed coat. We dyed the seeds with lactic acid / aniline blue, squashed the seeds using a 213 

microscope slide cover, and then examined squashed seeds under a compound brightfield 214 

microscope at 100x-400x magnification for the presence of fungal endophytes (Bacon 2018). 215 

From the collected seeds that were successfully stained and scored (average number of scored 216 

seeds: 4.7 seeds per specimen for A. hyemalis, 4.2 seeds per specimen for A. perennans, and 3.8 217 
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seeds per specimen for E. virginicus), we recorded the number of seeds from each specimen in 218 

which we observed Epichloë hyphae (E+ for endophytes present, E- for endophytes absent). To 219 

capture uncertainty during the scoring process, we assigned endophyte status using both a 220 

“liberal” and a “conservative” score that indicate different thresholds of confidence in the 221 

endophyte assignment. Specifically, if we clearly observed at least one E+ seed, we would assign 222 

the specimen as E+ for both liberal and conservative scores. If we observed atypical endophyte 223 

morphology, or plausible endophytes obscured by poor staining, we assigned the plant a liberal 224 

score of E+ and a conservative score of E-. For those specimens where we confidently did not 225 

observe endophytes, we assigned matching E- liberal and conservative scores.  In total, we 226 

collected the endophyte status of 1,951 grass specimens from 569 counties across the United 227 

States. Of these, 90.85% of A. hyemalis, 86.71% of E. virginicus, and 90.41% of A. perennans 228 

had matching liberal and conservative endophyte scores. Analyses presented below use the 229 

liberal scores, but we repeated all analyses using the conservative scores, which led to 230 

qualitatively similar results (Fig. S13-S14).  231 

Land Cover  232 

We extracted land cover values from the National Land Cover Database (NLCD) (United 233 

States Geological Survey 2024) between 1985 and 2019 (Figs. 1, 2) with a 10 km radius buffer 234 

(314 km2) around the georeferenced coordinate points for each specimen’s collection coordinates 235 

using QGIS (QGIS Development Team 2024). To determine the adequacy of this buffer size, we 236 

repeated all subsequent analyses using 30 km radius buffers (2827 km2) which resulted in 237 

qualitatively similar model results (Fig. S7-S8). By summing pixels of different land cover types 238 

within the buffer for each year available to us in the landcover dataset, we calculated the 239 

percentage of  urban land cover (Developed Open Space and Developed, Low, Medium, and 240 

High Intensity) and the percentage of agricultural land cover (Pasture/Hay and Cultivated 241 

Crops). We then calculated the average land cover for each category across years for each 242 

georeferenced collection location. The collection sites ranged from 0% agricultural to 95.60% 243 

agricultural and from 0.02% urban to 99.09% urban. 244 

The statistical analyses presented below use spatially variable but temporally static land 245 

cover averages as predictor variables, although most herbarium specimens were collected before 246 

1985 (Fig. 2), the first available year of land cover data. To assess the implications of using a 247 

single “snapshot” of land cover, we recreated our statistical analyses using year-specific land 248 
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cover values with the subset of herbarium specimens for which year-specific values were 249 

available (n = 233 specimens). Across this subset of herbarium specimens, average land cover 250 

type (1985-2019) was tightly correlated with year-specific values at each collection location 251 

(Agricultural land cover: R2=0.989; Urban land cover: R2=0.992; Fig. S1). This correlation 252 

suggests greater variation in land cover across space than through time at a given location. It is 253 

likely however that the majority of land cover change occurred before 1985, and patterns of land 254 

use across space are not a direct measurement of land use change. 255 

Nitrogen Deposition 256 

 We used data on monthly inorganic nitrogen atmospheric wet deposition estimates for the 257 

conterminous United States (1999 through 2020) provided by the USGS National Atmospheric 258 

Deposition Program (Schmadel and Peterman 2023). After extracting the monthly total inorganic 259 

nitrogen deposition (kg N/km2/month) at the georeferenced coordinate points for each herbarium 260 

specimen within both a 10 km and 30 km buffer, we calculated the annual nitrogen deposition 261 

rate (kg N/km2/year) for each year between 1999-2020 (Fig. 2), as well as the average nitrogen 262 

deposition rate across the time period. Repeating all analyses with the 30 km buffer led to 263 

qualitatively similar results to the 10 km buffer (Figs. S16-S17). As above, we assessed the 264 

implications of a single temporal snapshot of nitrogen deposition by repeating our analysis using 265 

year-specific nitrogen deposition data with the subset of herbarium specimens for which year-266 

specific values were available.  Across this subset of specimens, year-specific values of nitrogen 267 

deposition were correlated with average nitrogen deposition (1999-2020) (R2=0.669; Fig. S1). 268 

The collection sites ranged from 110.31 kg N/km2/year to 686.23 kg N/km2/year average 269 

nitrogen deposition. Across all locations, the mean nitrogen deposition was 472.94 kg 270 

N/km2/year. All analyses were conducted with total inorganic nitrogen, however we also 271 

repeated all analyses with extracted values from rasters of nitrate (NO3) and ammonium (NH4) 272 

ions, and found that it did not qualitatively impact results (Figs. S18 -S19).  273 

Climate covariates 274 

While our central goal was to identify how endophyte prevalence relates to non-climatic 275 

anthropogenic global change drivers, we accounted for differences in climate conditions across 276 

the study region because regional differences in precipitation and seasonal warming have been 277 

linked to changing endophyte prevalence (Fowler et al. 2025). We extracted mean annual 278 

temperature and cumulative annual precipitation data from rasters provided by the PRISM 279 
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climate group (PRISM, 2014). This dataset provides interpolated temperature and precipitation 280 

for each year between 1895 and 2019 (Fig. 2). We downloaded 800m resolution rasters and 281 

calculated mean values within 10 km and 30 km buffers around the georeferenced collection 282 

locations in each year of collection. Choice of buffer did not qualitatively alter results (Fig S16-283 

S17). 284 

 285 

 286 

Fig. 1: Geographic coverage of herbarium samples and anthropogenic global change drivers across the 287 

survey region. Shading depicts intensity of (A) percent agricultural land cover; (B) percent urban land 288 

cover; and (C) atmospheric nitrogen deposition (NO3 kg N/km2/month) within counties containing 289 

herbarium specimens surveyed for endophyte status.  Photographs of Agrostis perennans and Agrostis 290 
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hyemalis are taken from the Botanical Research Institute of Texas (CC0 1.0). Photograph of Elymus 291 

virginicus is taken from the Louisiana State University, Shirley C. Tucker Herbarium (CC BY-NC 3.0). 292 

Image of fungal endophyte hyphae modified from Brent Milton at Rice University. 293 

 294 

 295 

 296 

Fig. 2: Temporal coverage of herbarium specimens and global change datasets across the survey region. 297 

Histograms show the count of herbarium specimens between 1895 and 2019 for (A) Agrostis hyemalis 298 

(B) Agrostis perennans, and (C) Elymus virginicus.  Colored areas show the coverage of global change 299 

covariate datasets (orange: annual mean temperature and annual precipitation from the PRISM climate 300 

group (1895-2019); pink: Total Inorganic Nitrogen Deposition from USGS National Atmospheric 301 

Deposition Program  (1999-2019); and purple: National Land Cover Database  (1985-2019)). 302 

Statistical analysis 303 
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 To test the role of anthropogenic global change drivers on endophyte prevalence, we 304 

constructed models including each of the focal drivers as predictor variables using an 305 

approximate Bayesian modeling framework, Integrated Nested Laplace Approximation, 306 

implemented in the INLA (Rue et al. 2009) and inlabru packages in R (Bachl et al. 2019). This 307 

framework is particularly useful because it allows computationally efficient implementations of 308 

spatially-structured random effects, accounting for the spatial non-independence of nearby 309 

herbarium specimens. Continuous spatially-structured random effects can be implemented using 310 

a stochastic partial differential equation (SPDE) approach (Lindgren et al. 2011; Bakka et al. 311 

2018) where the covariance matrix of the spatial random effect is approximated using a Matérn 312 

covariance function. Each data point is assigned a location according to a mesh of non-313 

overlapping triangles across the study area that defines the spatial decay between locations (Fig. 314 

S8). Further details of this approach applied to modeling endophyte symbiosis within herbarium 315 

specimens are provided in Fowler et al. (2025). 316 

 We modeled endophyte presence/absence as arising from a Bernoulli distribution, and all 317 

models shared the general form: 318 

logit(𝐸ℎ,𝑖)  =  𝜇ℎ  + 𝜙𝑙,𝑖+𝜏𝑠  + 𝜓𝑐                        (Eqn. 1) 319 

where the probability of endophyte positivity (E) of specimen (i) of host species (h) was modeled 320 

as a linear function of fixed effects (𝜇ℎ) comprising the effects of host identity and the focal 321 

global change variables (agricultural and urban land cover, nitrogen deposition, and climate 322 

covariates)  along with random effects, including a spatially-structured random effect 𝜙 specific 323 

to each location (l) of each specimen, along with Gaussian distributed random effects (𝜏 and 𝜓) 324 

accounting for the individual (s) who performed seed scoring and collector (c) who collected the 325 

specimen, respectively.   326 

Mean Prevalence Model  327 

We first analyzed a model with spatially variable but temporally static anthropogenic 328 

driver variables to investigate their influence on average endophyte prevalence. This analysis 329 

relies on static, recent measurements of each anthropogenic driver (1980s-2020s) relative to the 330 

full temporal extent of the herbarium samples (1895-2019), reflecting data availability (Fig. 2). 331 

These covariates (land cover type and nitrogen deposition) are proxy variables that correspond to 332 

relatively more or less impacted habitats across the study region, but do not directly describe the 333 

rate of change over time in urbanization, agricultural development or nitrogen deposition. To 334 
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account for the influence of climate on endophyte prevalence (as identified in Fowler et al. 335 

2025), we also included climatic covariates (mean annual temperature and annual precipitation) 336 

from the year of collection.  337 

In the Mean Prevalence Model, endophyte prevalence (the probability of endophyte 338 

positivity, E) of specimen (i) of host species (h) was modeled as described in Eqn. 1, with a fixed 339 

effects components 𝜇ℎ: 340 

 341 

𝜇ℎ =  𝐻𝑜𝑠𝑡ℎ,𝑖  +  𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛ℎ,𝑖  +  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝐴𝑔ℎ,𝑖  +  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑈𝑟𝑏𝑎𝑛ℎ,𝑖  +  𝑃𝑟𝑒𝑐𝑖𝑝ℎ,𝑖,𝑦  +  𝑇𝑒𝑚𝑝ℎ,𝑖,𝑦      342 

 (Eqn. 2). 343 

The model includes host species-specific intercepts and slopes for each global change driver of 344 

each observation (i). While nitrogen deposition and land cover covariates were average values, 345 

the mean annual temperature and precipitation are specific to the year of collection (y). In this 346 

Mean Prevalence Model, we are effectively asking how average endophyte prevalence across 347 

space is associated with spatial variation in these focal anthropogenic drivers while accounting 348 

for differences associated with climate, acknowledging that prevalence may not have reached 349 

equilibrium with rapid anthropogenic changes. We explore temporal dynamics of endophyte 350 

prevalence in the subsequent analysis, testing for interactions between temporal trends and 351 

anthropogenic drivers. 352 

Prevalence Trends Model 353 

 We next assessed whether trends in endophyte prevalence through time varied with the 354 

level of each global change driver. We predicted that prevalence should increase through time in 355 

response to stress and that stronger temporal trends should also be a signal of global change 356 

responses that might be obscured in the analysis of static anthropogenic drivers. Therefore, we 357 

modeled endophyte prevalence in a manner similar to Eqn. 1, however we included parameters 358 

describing host-species specific temporal trends and their interaction with our focal global 359 

change drivers. Here, the fixed effects component of the model, 𝜇ℎ, is given by: 360 

𝜇ℎ  =  𝐻𝑜𝑠𝑡ℎ,𝑖 + 𝑌𝑒𝑎𝑟ℎ,𝑖       361 

+ 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛ℎ,𝑖 ∗ 𝑌𝑒𝑎𝑟ℎ,𝑖  +  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝐴𝑔ℎ,𝑖 ∗ 𝑌𝑒𝑎𝑟ℎ,𝑖  +  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑈𝑟𝑏𝑎𝑛ℎ,𝑖 ∗ 𝑌𝑒𝑎𝑟ℎ,𝑖    362 

+ 𝑃𝑟𝑒𝑐𝑖𝑝ℎ,𝑖,𝑦  +  𝑇𝑒𝑚𝑝ℎ,𝑖,𝑦 363 

(Eqn. 3) 364 

 365 
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where  the interaction terms between collection year and the global change drivers allowed us to 366 

evaluate temporal trends in prevalence across levels of each global change driver. All other 367 

parameters were as described in Eqn. 1.  368 

To evaluate the effect of each anthropogenic driver on endophyte prevalence, we 369 

visualized conditional predictions across the range of each covariate while holding others at their 370 

mean value and also evaluated posterior probabilities of effect for the main and interactive 371 

effects. We evaluated model fit with graphical posterior predictive checks (Fig. S19). 372 

Results 373 

Anthropogenic drivers of endophyte prevalence 374 

Overall, mean endophyte prevalence was 62.1% in A. hyemalis (Mean = 62.1%, SD = 375 

23.6%), 63.4% in A. perennans (M = 63.4, SD = 23.3%), and 57.7% in E. virginicus (M = 57.7, 376 

SD = 24.4%) within herbarium specimens. Analysis of the Mean Prevalence Model revealed 377 

support for anthropogenic drivers of mean endophyte prevalence. We found mixed associations 378 

between agricultural land cover and endophyte prevalence across host species (Fig. 3 a-c). In 379 

particular,  there was greater than 99% posterior probability that high levels of agricultural land 380 

cover were associated with high endophyte prevalence in E. virginicus (posterior median = 381 

0.009, 95% CI = [0.002, 0.017]; Fig. S10). This effect equated to a 43% increase in endophyte 382 

prevalence (from 47% to 67% prevalence) across the full gradient of agricultural land cover. For 383 

A. hyemalis and A. perennans, there was little evidence of an effect of agriculture with a 63% 384 

probability of a negative slope (median = -0.001, CI = [-0.007,0.006]) and 64% probability of a 385 

positive slope (median = -0.002, CI = [-0.009,0.013]) respectively (Fig. S10).  386 

Evaluating relationships between urban land cover and endophyte prevalence, we found 387 

weak, slightly negative effects consistently across host species (Fig. 3 d-f). For A. hyemalis, there 388 

was a 88% posterior probability of a negative relationship (median = -0.005, CI = [-0.013,0.003]; 389 

Fig. S10), with average endophyte prevalence shifting from 51% to 40% across levels of urban 390 

land cover, a 22% decrease. Similarly, there was a 82% probability of a negative relationship for 391 

A. perennans (median = -0.006, CI = [-0.018,0.006]; Fig. S10), and a 76% probability of a 392 

negative relationship for E. virginicus (median = -0.003, CI = [-0.012,0.005]; Fig. S10), effects 393 

which were of similar magnitude (16% and 26% decrease in endophyte prevalence respectively). 394 
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 395 

Fig 3: Relationships between anthropogenic global change drivers and Epichloë endophyte prevalence in 396 

three host species (rows), A. hyemalis, A. perennans, and E. virginicus. Lines depict predicted mean 397 

relationship between covariate and endophyte prevalence along with shaded 50% and 95% credible 398 

intervals for percent agricultural land cover (panels a-c; yellow), percent urban land cover (panels d-f; 399 

blue), and total inorganic atmospheric nitrogen deposition (panels g-i; pink). Points represent average 400 

endophyte prevalence as binned means across each covariate for each species with point size 401 

proportional to bin size.  402 

Additionally, our analysis indicated moderate to strong relationships between nitrogen 403 

deposition and endophyte prevalence across host species (Fig. 3 g-i). In A. hyemalis, predicted 404 

mean endophyte prevalence increased from 10% to 71% across the nitrogen deposition rates 405 

represented in our data, with greater than 99% posterior probability of a positive slope (median = 406 

0.006, CI = [0.004,0.009]; Fig. S11).  For A. perennans, the positive relationship was slightly 407 

weaker and more uncertain, increasing from 36% to 64% prevalence with an 86% probability of 408 
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a positive slope (median = 0.002, CI = [-0.001,0.006]; Fig S11). In E. virginicus, we found a 409 

weak negative relationship corresponding to a shift in endophyte positivity from 60% to 51% 410 

prevalence with a 74% posterior probability of a negative slope) (median = -0.001, CI = [-411 

0.003,0.002]; Fig S10).  412 

Notably, these conditional predictions reveal variation in endophyte prevalence explained 413 

by anthropogenic drivers after accounting for climate. We estimated a positive effect of 414 

precipitation for each species (ranging from 64% to 81% posterior probability of positive 415 

relationships)(A. hyemalis: (median = 0.0002, CI = [-0.0004,0.0007]), A. perennans: (median = 416 

.0002, CI = [-0.0008,0.0012]), E. virginicus: (median = 0.0003, CI = [-0.0003,0.0009]); Fig. 417 

S10), and both positive and negative effects of temperature on endophyte prevalence (86% 418 

probability positive for A. hyemalis (median = 0.030, CI = [-0.027,0.081]) and 98% probability 419 

negative for E. virginicus (median = -0.054, CI = [-0.103,-0.001]), Fig. S10). Correlations 420 

between focal anthropogenic drivers and climate covariates were generally low (Fig S5-S6), with 421 

the highest correlation coefficient value of 0.33 for the relationship between annual precipitation 422 

and nitrogen deposition (Fig. S5). Variance inflation factors were below 1.5 for all covariates 423 

(Fig. S7) suggesting no problematic collinearity. 424 

Influence of anthropogenic drivers on temporal trends in endophyte prevalence 425 

Over the past century, endophyte prevalence increased on average for each of the three 426 

host species. After accounting for changes over this period associated with changes in climate 427 

drivers, endophyte prevalence increased by 17.5 percentage points per century (p.p./century) for 428 

A. hyemalis (median = 17.5%, CI = [-8.1%,40.3%]), 3.6 p.p./century for A. perennans (median = 429 

3.6%, CI = [-35.0%,42.8%]), and 2.4 p.p./century for E. virginicus (median = 2.4%, CI = [-430 

27.7%,34.0%]).  431 

Anthropogenic stressors contributed to substantial variation in temporal trends. We found 432 

generally increasing trends regardless of level of agricultural land cover (probability of positive 433 

trends: greater than 87%, 66%, and 69% for A. hyemalis, A. perennans, and E. virginicus 434 

respectively (Fig. 4). For example, for A. hyemalis specimens in low agricultural land cover, 435 

endophyte prevalence increased by 19.8 p.p./century while in highly agricultural habitats, 436 

endophyte prevalence increased by 24.8 p.p./century, with overlapping 95% credible intervals 437 

(low CI = [-5.0%,40.4%]; high CI = [-14.7%,55.0%]; Fig. 4a).  438 
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Highly urban habitats were associated with declining endophyte prevalence for A. 439 

perennans and E. virginicus. Trends in endophyte prevalence shifted from 20.7 p.p. increases per 440 

century (90% probability of positive trend; median = 20.7%, CI = [-8.9%,48.9%]; Fig 3e) under 441 

low urban land use to 29.9 p.p. declines per century (82% probability of negative trend; median 442 

= -29.9%, CI = [-79.8%,37.5%]; Fig. 4e) under high urban land use, with a shift of similar 443 

magnitude for E. virginicus (Fig. 4h). Highly urban conditions also dampened positive trends in 444 

endophyte prevalence for A. hyemalis; strongly increasing prevalence under low urban land 445 

cover (99% probability of positive trend; median = 22.7%, CI = [4.4%,40.1%]; Fig 3b) 446 

weakened under high urban land cover (66% probability of positive trend; median = 12.1%, CI = 447 

[-44.9%,55.1%]; Fig 3b).  448 

Finally, high nitrogen deposition was associated with increasing trends in endophyte 449 

prevalence, particularly for the Agrostis species. Under high nitrogen deposition, prevalence 450 

increased 21.4 p.p./century for A. hyemalis (94% probability of positive trend; median = 21.1%, 451 

CI = [-6.3%,49.7%]; Fig 3c) and 28.6 p.p./century for A. perennans (86% probability of positive 452 

trend; median = 28.6%, CI = [-17.9%,66.3%]; Fig 3f). These trends reflect substantial changes in 453 

endophyte prevalence over time. For example, the model predicted a rise in endophyte 454 

prevalence under high nitrogen deposition from 43% to 76% prevalence among specimens of A. 455 

perennans between the years 1900 and 2000.  456 

A visualization of the rate of change in endophyte prevalence across the full covariate 457 

space is provided in the supplemental material (Fig. S11-S12). We note that these temporal 458 

trends reflect change in prevalence associated with each anthropogenic driver after accounting 459 

for precipitation and temperature. 460 

While the above results come from analysis of static “snapshot” covariate data, they 461 

compare favorably to analysis of year-specific covariate data. In general, we found that the 462 

posterior estimates concur between snapshot and year-specific data for both the Mean Prevalence 463 

and the Prevalence Trends Models (Supplemental Methods, Figs. S2-S4). This supplemental 464 

analysis uses a much smaller subset of the data (n = 244 specimens), and as a result, parameter 465 

credible intervals are wider and overlap zero. Despite this, these supplemental analyses generally 466 

agree with the direction of effects found in the main analyses. For example, with year-specific 467 

covariates, we estimated weak positive effects of nitrogen deposition on average prevalence (Fig. 468 

S2) and on temporal trends in prevalence (Fig. S3) for A. hyemalis. Some parameter estimates 469 
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differed, particularly for the Temporal Trends model. For example, while we found a negative 470 

effect of urban land cover on temporal trends for E. virginicus in our central analysis (Fig. 4h), 471 

analysis of year specific data resulted in weakly positive posterior trends (Fig. S3). Comparisons 472 

for A. perennans are limited by small sample size (n = 22 specimens). 473 

 474 

Fig. 4: Anthropogenic drivers mediate temporal trends in endophyte prevalence. Panels show 475 

conditional predictions of change in endophyte prevalence per century across the minimum and 476 

maximum values of each anthropogenic driver (agricultural land use (a, d, g), urban land use (b, e, h), 477 

and nitrogen deposition (c, f, i) for each species (Agrostis hyemalis, Agrostis perennans, and Elymus 478 

virginicus). Central points and lines represent posterior means along with 95% credible intervals. Small 479 

point clouds are 100 posterior samples denoting uncertainty. Shading in points depicts the mean rate of 480 

change per century in endophyte prevalence. 481 

Discussion 482 
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   Our analysis of herbarium specimens from across the eastern United States revealed 483 

strongly supported relationships between plant-fungal symbiosis and anthropogenic drivers of 484 

global change related to land use and eutrophication. Because these symbionts are predominantly 485 

vertically transmitted within host populations, we expect that the average prevalence of the 486 

interaction and changes in endophyte prevalence are indicators of the fitness consequences of the 487 

symbiosis and the response of the symbiosis to global change drivers. A major takeaway is that 488 

nitrogen deposition appears to be associated with high and increasing prevalence of this 489 

symbiotic mutualism. Yet, we also found evidence that the prevalence of the symbiosis may be 490 

declining under the combined stresses of anthropogenic activity, particularly in urban 491 

environments.  492 

Atmospheric nitrogen deposition, in particular, appears to strengthen the symbiosis 493 

between grass hosts and their vertically-transmitted Epichloë endophytes. Regions with high 494 

levels of nitrogen deposition were associated with high average endophyte prevalence, 495 

particularly for the Agrostis species. High nitrogen deposition was also associated with 496 

increasing endophyte prevalence over time. Notably, this result held when controlling for 497 

variation in precipitation, which is correlated with nitrogen deposition (R2 = 0.66) and itself 498 

contributes to increasing endophyte prevalence in these host species (Fig S12). These results 499 

suggest that Epichloë symbiosis improves host fitness relative to nonsymbiotic hosts under high 500 

nitrogen deposition. This fitness benefit could arise either when symbionts provide resilience to 501 

stress from excess nitrogen deposition, or when symbiotic plants are better able to take 502 

advantage of added nitrogen in nitrogen limited environments.  503 

 The ability to uptake nitrogen and nitrogen use efficiency are important components of 504 

plants’ physiological responses to increased levels of atmospheric nitrogen deposition (Gastal 505 

and Lemaire 2002; Lemaire 2021). Fungal endophytes, by utilizing nitrogen and modifying host 506 

plant physiology, may play an important role in host responses to nitrogen stress. Limited 507 

research has been conducted on the interplay between the physiology of nitrogen uptake and the 508 

role of Epichloë endophytes, but we suspect that this could explain varying responses to 509 

increased nitrogen deposition between grass hosts. Inter- and intra-specific variation in root 510 

nitrate uptake rate, leaf N content, and nitrogen use efficiency in response to soil NO3 been 511 

observed in related Agrostis species (DaCosta et al. 2022), indicating that species differences in 512 

response to increased soil nitrogen could determine the ecological effects of anthropogenic 513 
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atmospheric nitrogen deposition. Moreover, the quantity and production of nitrogen-rich 514 

alkaloids differs across endophyte strains (Saikkonen et al. 2013), and there is evidence that 515 

some Epichloë endophytes may confer benefits by directly interacting with nitrogen-associated 516 

enzyme pathways (Helander et al. 2016; Wang et al. 2018). Thus, we suspect that the 517 

combination of host- and endophyte- specific traits may produce different responses in host 518 

species to nitrogen addition. Alongside the responses directly elicited by nitrogen, nitrogen 519 

deposition can alter herbivore population densities (Graff et al. 2020), plant-pathogen 520 

interactions (Easterday et al. 2022), and plant community composition (Henning et al. 2021), 521 

each of which also have the potential to increase the importance of grass-endophyte symbiosis, 522 

mediated by well-known anti-herbivore compounds produced by Epichloë (Crawford et al. 2010) 523 

and through endophyte-enhanced competitive abilities (Vázquez-de-Aldana et al. 2013).  524 

Agricultural land use was positively associated with higher average endophyte prevalence 525 

only for E. virginicus, but we did not find clear evidence that greater agricultural land use favors 526 

higher prevalence for the Agrostis species. Similarly, agricultural land use was not associated 527 

with changes in temporal trends in prevalence. The primary impact of agricultural land use is 528 

habitat loss, which is likely to similarly impact symbiotic and non-symbiotic plants. However, 529 

we expected that Epichloë symbiosis has the potential to mitigate some stresses associated with 530 

agricultural land use: increased disturbance and edge effects, changes in soil salinity, and 531 

exposure to pollutants, as well as natural enemies that disperse across habitat edges between 532 

agricultural and intact land (Rand et al. 2006; Inclán et al. 2016; Mazón et al. 2024). These 533 

agriculture-associated stresses may differ substantially across different agricultural habitats in 534 

ways that are not captured in remotely-sensed land use categories. The broad spatial scale of our 535 

analysis  – using georeferenced herbarium specimens and agricultural land cover as a proxy for 536 

these various stresses and biotic interactions relevant to individuals at local scales – potentially 537 

limits our ability to detect effects on endophyte prevalence. In addition, while Epichloë fungi 538 

have been shown to protect hosts against herbivores, pests, and pathogens (Porter et al. 1981; 539 

Shiba et al. 2015; Schardl, Young, et al. 2013; Kou et al. 2021), the benefits of Epichloë 540 

symbiosis often depend on species and genotype-level differences of each interacting partner. 541 

Herbivore protection mediated by Epichloë symbionts has been evaluated previously in these 542 

three host species; only the endophyte of A. perennans has been shown to reduce insect 543 

herbivore damage and impair herbivore performance through the production of toxic alkaloids 544 
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(Crawford et al. 2010). However these herbivory assays examined plants reared from singular 545 

host populations. Because population-specific differences in alkaloid concentrations and in the 546 

genetic loci associated with the production of different alkaloid types are common among 547 

Epichloë symbioses (Schardl et al. 2013; Sneck et al. 2019), it would be particularly interesting 548 

to pair studies of changing symbiont prevalence with genotyping for the genes that underlie 549 

herbivory defense.  550 

 Finally, our results suggest that urban land-use change may be a potential driver of 551 

deterioration in these plant-fungal symbiosis. High levels of urban land cover were only 552 

moderately associated with reduced endophyte prevalence on average. However this effect was 553 

consistent across species, and we also found that highly urban habitats were likely to be 554 

associated with declining endophyte prevalence over time for both E. virginicus and A. 555 

perennans. Urban environments induce unique stresses for plants - increased temperature and 556 

drought (Knapp 2010; Huang et al. 2024), along with disruptions to dispersal and reproduction 557 

(Otto 2018; Miles et al. 2019). Reductions in fitness associated with urban land use may align 558 

with previous research that finds that the benefits of partnership with fungal endophytes, for E. 559 

virginicus in particular, are reduced under drought stress (Rudgers and Swafford 2009). While 560 

this interpretation conflicts with the prevailing belief that Epichloë can provide drought tolerance 561 

benefits to their hosts, drought tolerance benefits, like herbivore defense, can depend upon 562 

species and even genotype-specific differences (Decunta et al. 2021). Moreover, it is possible 563 

that urban environments are especially stressful for the host species, combining drought and 564 

temperature stress along with pollutants such as ozone (Paoletti et al. 2014), that potentially 565 

weaken the hosts’ ability to partner with symbionts (Bastías and Gundel 2023). This reiterates 566 

the need for experiments to disentangle mechanistically the response of plant-fungal symbioses 567 

to multiple interacting global change drivers (Rillig et al. 2019), following up on the associations 568 

we identified in this study.  569 

Our use of herbarium specimens also highlights key challenges in global change research 570 

more generally: appropriately connecting and interpreting the temporal and spatial scales of 571 

different sources of global change data, including data that provide information on human 572 

influences beyond commonly available gridded climatic covariates (Frans and Liu 2024). Recent 573 

rapid changes in the environment, such as the dramatic changes in nitrogen deposition in the last 574 

50 years and the expansion of urban land-use, likely put host-microbe symbiota distributions in 575 
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disequilibrium with their environmental optima. While ecological niche models estimate 576 

environment-occurrence relationships by averaging over spatial occurrences across many years 577 

(Araújo et al. 2005; Gallien et al. 2012), some responses may lag behind observed changes in 578 

global change drivers. Identifying shifts in response to rapidly changing environmental drivers 579 

requires analyses that are spatially accurate and temporally-explicit or that incorporate ecological 580 

dynamics (Franklin 2010; Merow et al. 2011; Carlson et al. 2022). A response lag may be one 581 

reason we found stronger evidence of a relationship between trends in endophyte prevalence and 582 

nitrogen deposition than between nitrogen deposition and average endophyte prevalence.  583 

At the same time, due to data availability, most of the analyses in this study were 584 

performed with static estimates of anthropogenic global change drivers taken from a relatively 585 

recent period relative to the extent of the specimen dataset. To make the causal interpretation that 586 

change in a given driver is driving change in endophyte prevalence would require making an 587 

important assumption: that regions with high values of a given driver (e.g. urban land cover) are 588 

those that have experienced the greatest change in that driver. We expect that while this may be 589 

true in some cases, such as for nitrogen deposition which has rapidly increased more than two-590 

fold on average over the last 50 years, it is likely not always so. Have regions that were rural or 591 

those that were urban in 1895 experienced greater urbanization since? We expect that the most 592 

dramatic urbanization would have occurred on the edges of existing urban cores. We conducted 593 

supplemental modeling with available temporally-explicit nitrogen deposition and land use data 594 

to more directly link the temporal dynamics of drivers and response variables. While these data 595 

only cover a recent part of the entire historic period, the direction of effects did not qualitatively 596 

change from our central analysis (Fig. S2-4), and we found that there is substantially more 597 

variation across space than through time in these drivers (Fig. S1), i.e., the more urbanized 598 

regions were relatively more urban across time. Thus, while our analyses are correlational, it is 599 

likely that the use of static driver variables does not broadly change our interpretation.  600 

Reduced endophyte detection probability within the oldest herbarium specimens, 601 

potentially due to degradation of fungal hyphae within seeds, is another possible explanation for 602 

increasing endophyte prevalence among historic specimens. Our supplemental analysis of liberal 603 

and conservative scores indicates that our results are robust to different levels of confidence in 604 

the identification of endophytes (Fig. S5-S6), however it does not entirely rule out the possibility 605 

of declining detection probability. The age of specimens is not a likely explanation for observed 606 
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trends for the following reasons: (1) we only assessed endophyte status within seeds for which 607 

we could observe intact plant cells, (2) dry, climate-controlled storage conditions of herbarium 608 

specimens generally favor good preservation, and (3) our analyses identified both increasing and 609 

decreasing trends in endophyte prevalence. There is no clear reason to expect that fungal hyphae 610 

would degrade at a faster rate than host plant cells. Taphonomic studies of degradation within 611 

herbarium specimens using seeds of known endophyte status of known ages would be 612 

particularly useful to mitigate this potential source of bias, as has been done in studies of plant 613 

fossil records (Madella and Lancelotti 2012). In addition, we identified strongly supported 614 

associations between negative trends in endophyte prevalence and environmental covariates (Fig. 615 

4; Fig. S11). If a specimen age bias does exist, it does not universally obscure the ability to 616 

detect negative trends, and such a bias would be unlikely as an explanation for environmentally-617 

associated patterning in negative trends.  618 

Plant-fungal interactions are fundamental pillars of biodiversity (Fei et al. 2022) and our 619 

results provide understanding of how these common interactions respond to widespread 620 

anthropogenic stressors. Broadly, our results provide evidence that this symbiosis supports host 621 

resilience to ongoing anthropogenic change. Land-use change, specifically, has been identified as 622 

a primary driver of disturbance to ecosystems globally (Parmesan and Yohe 2003; Montràs-Janer 623 

et al. 2024), and our findings contribute to a growing body of research that considers how and 624 

under what conditions these pillars of biodiversity may crumble. Our findings demonstrate clear 625 

evidence of potential resilience of plant-fungal symbiosis in the face of global change stressors, 626 

but also evidence that these interactions may be vulnerable to disruption by stress associated with 627 

urbanizing landscapes. Changing dynamics of these symbioses are likely to have consequences 628 

from populations up through ecosystems. 629 
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 1067 

 1068 

 1069 

Listing of Figure Legends 1070 

 1071 

Fig. 1: Geographic coverage of herbarium samples and anthropogenic global change drivers 1072 

across the survey region. Shading depicts intensity of (A) percent agricultural land cover; (B) 1073 

percent urban land cover; and (C) atmospheric nitrogen deposition (NO3 kg N/km2/month) within 1074 

counties containing herbarium specimens surveyed for endophyte status.  Photographs of 1075 

Agrostis perennans and Agrostis hyemalis are taken from the Botanical Research Institute of 1076 

Texas (CC0 1.0). Photograph of Elymus virginicus is taken from the Louisiana State University, 1077 

Shirley C. Tucker Herbarium (CC BY-NC 3.0). Image of fungal endophyte hyphae modified 1078 

from Brent Milton at Rice University. 1079 

 1080 

 Fig. 2: Temporal coverage of herbarium specimens and global change datasets across the survey 1081 

region. Histograms show the count of herbarium specimens between 1895 and 2019 for (A) 1082 

Agrostis hyemalis (B) Agrostis perennans, and (C) Elymus virginicus.  Colored areas show the 1083 

coverage of global change covariate datasets (orange: annual mean temperature and annual 1084 

precipitation from the PRISM climate group (1895-2019); pink: Total Inorganic Nitrogen 1085 

Deposition from USGS National Atmospheric Deposition Program  (1999-2019); and purple: 1086 

National Land Cover Database  (1985-2019)). 1087 

 1088 

Fig 3: Relationships between anthropogenic global change drivers and Epichloë endophyte 1089 

prevalence in three host species (rows), A. hyemalis, A. perennans, and E. virginicus. Lines 1090 

depict predicted mean relationship between covariate and endophyte prevalence along with 1091 

shaded 50% and 95% credible intervals for percent agricultural land cover (panels a-c; yellow), 1092 

percent urban land cover (panels d-f; blue), and total inorganic atmospheric nitrogen deposition 1093 

(panels g-i; pink). Points represent average endophyte prevalence as binned means across each 1094 

covariate for each species with point size proportional to bin size. 1095 

  1096 
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Fig. 4: Anthropogenic drivers mediate temporal trends in endophyte prevalence. Panels show 1097 

conditional predictions of change in endophyte prevalence per century across the minimum and 1098 

maximum values of each anthropogenic driver (agricultural land use (a, d, g), urban land use (b, 1099 

e, h), and nitrogen deposition (c, f, i) for each species (Agrostis hyemalis, Agrostis perennans, 1100 

and Elymus virginicus). Central points and lines represent posterior means along with 95% 1101 

credible intervals. Small point clouds are 100 posterior samples denoting uncertainty. Shading in 1102 

points depicts the mean rate of change per century in endophyte prevalence. 1103 
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