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Abstract 22 

Quantifying the relative impact of environmental conditions and host community structure on 23 

disease is one of the greatest challenges of the 21
st
 century, as both climate and biodiversity 24 

are changing at unprecedented rates. Both increasing temperature and shifting host 25 

communities towards more fast-paced life-history strategies are predicted to increase disease, 26 

yet their independent and interactive effects on disease in natural communities remains 27 

unknown. Here, we address this challenge by surveying foliar disease symptoms in 220, 0.5 28 

meter-diameter herbaceous plant communities along a 1100-meter elevational gradient. We 29 

find that increasing temperature associated with lower elevation can increase disease by (1) 30 

relaxing constraints on parasite growth and reproduction, (2) determining which host species 31 

are present in a given location, and (3) strengthening the positive effect of host community 32 

pace-of-life on disease. These results provide the first field evidence, under natural 33 

conditions, that environmental gradients can alter how host community structure affects 34 

disease. 35 

  36 



Introduction 37 

Infectious disease is strongly influenced by host community structure and abiotic 38 

conditions (Halliday et al., 2020a, 2019), both of which are undergoing unprecedented 39 

change as the climate is warming (Pachauri et al., 2014) and biodiversity is being reshuffled 40 

(Díaz et al., 2019; Hillebrand et al., 2018). Understanding how biotic and abiotic conditions 41 

interact to drive the emergence and spread of infectious disease is quickly emerging as one of 42 

the greatest research challenges of the 21
st
 century and will be the key to limiting the impacts 43 

of infectious diseases on food production systems, wildlife, and humans. Disease ecology 44 

provides a framework for achieving this goal through careful examination of interactions 45 

among hosts, parasites, and the environment (Johnson et al., 2015a; McNew, 1960; Seabloom 46 

et al., 2015) (Fig. 1a). Yet we have a poor understanding of how this framework operates 47 

under natural conditions, in part because several mechanisms can operate simultaneously, 48 

making it difficult to tease apart their relative contributions to realized disease risk. 49 

Climate change involves increased environmental temperatures, which can 50 

profoundly alter disease risk (Garrett et al., 2006; Harvell et al., 2002; Rohr et al., 2011). 51 

These effects can result from direct impacts of environmental factors on parasite growth, 52 

survival and reproduction that underpin disease risk. For example, in an experiment in the 53 

Rocky mountains, host plants that grew on heated research plots showed increased disease, 54 

largely by increasing the amount of time that environmental conditions were favorable for 55 

parasite growth and reproduction (Roy et al., 2004). Importantly however, these same 56 

environmental factors can also indirectly influence disease risk by altering the composition of 57 

host or vector communities that are required for sustained parasite transmission (Elad and 58 

Pertot, 2014; Garrett et al., 2006; Harvell et al., 2002; Mordecai et al., 2019; Newton et al., 59 

2011; R. Yáñez-López, 2012; Rohr et al., 2011), or by altering host defenses (Descombes et 60 

al., 2017; Pellissier et al., 2018; Wolinska and King, 2009). Thus, shifts in parasite replication 61 



that are driven by changing host or vector distributions can also determine whether and how 62 

changing environmental conditions will alter disease risk. There is growing empirical 63 

evidence in support of both direct effects that alter parasite growth and replication, as well as 64 

indirect effects that are mediated by changing host or vector community structure. However, 65 

disentangling the relative impacts of these direct and indirect effects of environmental factors 66 

on disease risk has been historically challenging, because it often requires a-priori knowledge 67 

of environmental constraints acting on host and parasite populations (Garrett et al., 2006; 68 

Harvell et al., 2002; Mordecai et al., 2019; Rohr et al., 2011). 69 

One way to disentangle direct and indirect effects of environmental conditions on 70 

disease is to consider these effects in the context of host functional traits. Host functional 71 

traits underlie ecologically important resource acquisition and allocation tradeoffs: hosts must 72 

balance allocating limited resources to maximize growth and reproduction, while also 73 

constructing tissue capable of withstanding stressful environmental conditions (Díaz et al., 74 

2016; Reich, 2014; Reich et al., 2003; Wright et al., 2004). Thus, linking environmental 75 

conditions with relevant functional traits has become a tractable way to predict the richness 76 

and composition of communities (i.e., community structure) (Cornelissen et al., 2003; Díaz 77 

and Cabido, 1997; Funk et al., 2017; Kattge et al., 2020; Lavorel and Garnier, 2002; 78 

McMahon et al., 2011; Reich, 2014; Sundqvist et al., 2013).  79 

The functional traits expressed by those species that are able to colonize and persist in 80 

a given location can, in turn, affect disease risk (Halliday et al., 2019; Johnson et al., 2013; 81 

Kirk et al., 2019). Specifically, an infected host's ability to transmit disease to uninfected 82 

hosts, a trait often referred to as host competence, is often related to fast-growing, poorly 83 

defended tissues and short lifespans (Becker and Han, 2021; Cronin et al., 2014, 2010; Huang 84 

et al., 2013; Johnson et al., 2012; Martin et al., 2019, 2016; Parker and Gilbert, 2018; Stewart 85 

Merrill and Johnson, 2020; Welsh et al., 2020). Importantly, these functional trait values also 86 



underlie ecological tradeoffs related to host growth and defense, resource acquisition and 87 

allocation, and survival and reproduction (i.e., life history) (Coley et al., 1985; Herms and 88 

Mattson, 1992; Martin et al., 2016; Reich, 2014; Reich et al., 2003; Ricklefs and Wikelski, 89 

2002; Stearns, 1992, 1989; Wright et al., 2004). Thus, host community competence (a 90 

community-level metric of host competence) is expected to correspond to the same functional 91 

traits (i.e., host pace-of-life) that link host community structure to shifting environmental 92 

conditions. 93 

A trait-based framework of host community competence may explain why 94 

biodiversity loss is consistently associated with higher disease risk (Halliday et al., 2020b; 95 

Johnson et al., 2013; LoGiudice et al., 2003; Ostfeld and LoGiudice, 2003), a relationship 96 

known as the “dilution effect” of biodiversity (Keesing et al., 2010, 2006; Ostfeld and 97 

Keesing, 2000). This is because host species that are most resistant to biodiversity loss or best 98 

able to colonize newly disturbed habitats often rely on the same life-history strategies that are 99 

associated with higher host competence (Johnson et al., 2013; LoGiudice et al., 2003; Ostfeld 100 

and LoGiudice, 2003). For example, species that are associated with habitat fragmentation, a 101 

key anthropogenic driver of biodiversity loss, are often characterized by life history strategies 102 

favoring a “fast pace-of-life” (i.e., fast growth rates, quick reproduction, and high dispersal) 103 

(Albrecht and Haider, 2013; Fay et al., 2015; Gibbs and van Dyck, 2010; Hanski et al., 2006; 104 

Keinath et al., 2017; Merckx et al., 2018; Ziv and Davidowitz, 2019). But this fast pace-of-105 

life often comes at the cost of reduced defense against parasites (Cappelli et al., 2020; Coley 106 

et al., 1985; Cronin et al., 2014, 2010; Heckman et al., 2019; Herms and Mattson, 1992; 107 

Johnson et al., 2012; Sears et al., 2015). Thus, habitat fragmentation can increase disease by 108 

increasing the density of fast pace-of-life, highly competent hosts, while slow pace-of-life, 109 

less-competent hosts are lost (Johnson et al., 2015b; Joseph et al., 2013; Mihaljevic et al., 110 

2014). This hypothesis has widespread empirical support in a variety of systems (Johnson et 111 



al., 2019, 2013; Liu et al., 2018; Ostfeld and LoGiudice, 2003). Shifting community structure 112 

during biodiversity loss may therefore predictably influence infectious disease risk (Halliday 113 

et al., 2020b).  114 

Although relationships between host community structure and disease risk are 115 

becoming increasingly appreciated, how these relationships change across environmental 116 

gradients remain unknown (Halliday et al., 2020b; Halliday and Rohr, 2019). The 117 

relationship between host traits and host competence can be variable, and this relationship 118 

might also depend on the environmental context in which host-parasite interactions play out 119 

(Fig 1b., path d).  For example, Welsh et al (2016) showed that when hosts were reared under 120 

novel resource conditions, trait-based models of host susceptibility became increasingly 121 

inaccurate, because novel resource conditions altered how traits covaried with one another 122 

and how raw trait values predicted infection. Thus, traits associated with host community 123 

competence in one environment might not predict host community competence across 124 

environmental gradients.  125 

We hypothesized that three non-mutually exclusive mechanisms would determine 126 

how environmental conditions influence disease risk in host communities: (1) directly, by 127 

altering parasite growth and reproduction (i.e., through abiotic constraints; Fig 1b., path 128 

a), (2) indirectly, by altering which host species occur in which locations (i.e, mediated by 129 

shifting host community structure; Fig 1b., paths b and c), and (3) indirectly, by altering 130 

how host traits influence parasite transmission (i.e., moderated by altering the relationship 131 

between host traits and host competence, which we refer to as the trait-competence 132 

relationship); Fig 1b., path d).  133 

Here, we test the relative contributions of these three mechanisms through which 134 

environmental conditions can drive infectious disease risk (i.e., direct, mediated, and 135 



moderated) by measuring foliar fungal disease in host plant communities along a roughly 136 

1100 m elevational gradient in Southeastern Switzerland. Foliar fungal parasites are a widely 137 

used, tractable model of disease risk that respond to small-scale variation in host community 138 

structure and environmental conditions (Cappelli et al., 2020; Halliday et al., 2019, 2017; Liu 139 

et al., 2018, 2017, 2016; Mitchell et al., 2003, 2002; Rottstock et al., 2014). Host community 140 

structure and environmental conditions, in turn, vary predictably with elevation (Grinnell, 141 

1914; Halbritter et al., 2018; Malhi et al., 2010; Sundqvist et al., 2013; Whittaker, 1956). 142 

Thus, an elevational gradient represents a natural laboratory for studying long-term, large 143 

scale changes in climate as well as interacting biotic and abiotic factors that are associated 144 

with climate change (Alexander et al., 2015; Fukami and Wardle, 2005; Sundqvist et al., 145 

2013).  146 

Our study reveals strong evidence that increasing temperature associated with lower 147 

elevation can directly influence disease risk, which we attribute to well-established effects of 148 

abiotic conditions (Avenot et al., 2017; Garrett et al., 2006; Harvell et al., 2002; Tapsoba and 149 

Wilson, 1997; Waugh et al., 2003) on parasite replication and growth, and can indirectly 150 

influence disease risk by shifting host community structure and by modifying the trait-151 

competence relationship. Together, these results highlight the need to consider biotic and 152 

abiotic drivers jointly, in order to predict disease risk in the face of climate change.  153 

 154 

Results 155 

To evaluate abiotic constraints on parasite replication and growth (i.e., direct effects), shifting 156 

host community structure (i.e., mediation; Baron and Kenny, 1986), and modification of the 157 

trait-competence relationship (i.e., moderation; Baron and Kenny, 1986) as mechanisms 158 

through which environmental gradients can influence disease risk, we surveyed 220, 0.5 m-159 



diameter vegetation communities (i.e., small plots), that were established in four meadows 160 

along a 1101 m elevational gradient as part of the Calanda Biodiversity Observatory (CBO) 161 

in 2019 in order to investigate biotic and abiotic drivers of species interactions (Fig. 2; 162 

Supplementary File 1a). 163 

Association between elevation and environmental factors 164 

The elevational gradient captured by the CBO allows us to explore associations 165 

among abiotic factors and biodiversity while minimizing other confounding factors like day 166 

length, geology and biogeographic history (Halbritter et al., 2018). We assessed the 167 

association between elevation and environmental conditions by fitting linear models. Mean 168 

soil, soil surface, and air temperature strongly and consistently decreased with increasing 169 

elevation (p < 0.001, R
2
 = 0.88; p < 0.001, R

2
 = 0.86; p < 0.001, R

2
 = 0.89; respectively), 170 

while mean soil moisture was uncorrelated with elevation (p = 0.72, R
2
 = 0.006). The mean 171 

soil surface temperature at sites located in the highest elevation meadow (1576 m–1749 m) 172 

was, on average, 4.67 °C lower than sites located in the lowest elevation meadow (648 m–173 

766 m). The altitudinal temperature lapse rate along the elevational gradient was -0.57 174 

°C/100 m.  175 

 176 

Effect of environmental conditions on host community structure 177 

In total, 188 host taxa were observed across the 220 small plots of the CBO. The 178 

communities consisted mostly of perennial herbs such as Salvia pratensis and Helianthemum 179 

nummularium, and were dominated by grasses that tolerate grazing such as Dactylis 180 

glomerata, Lolium perenne and Phleum pratense. The most abundant species was 181 

Brachypodium pinnatum. An herbarium specimen of each taxon encountered is deposited at 182 

the University of Zürich. We assessed the relationship between abiotic conditions and species 183 

richness by fitting linear mixed models with large plots, sites, and meadows as nested random 184 



intercepts. Species richness in the small plots varied from 7–30 species (median 20), was 185 

uncorrelated with soil moisture (p = 0.98) and increased as elevation increased and soil 186 

surface temperature declined (p = 0.005; Marginal R
2
 = 0.10; Conditional R

2
 = 0.75), with 187 

median species richness roughly 16 % higher in plots located at the highest elevation 188 

meadow, characterized by the coolest environmental temperatures, compared to the lowest 189 

elevation meadow, which was characterized by the warmest environmental temperatures 190 

(Supplementary File 1b). These effects were qualitatively similar when we included air 191 

temperature and elevation in place of soil-surface temperature, though the relationship 192 

became nonsignificant when we replaced soil-surface temperature with soil temperature in 193 

the model (p = 0.15; Supplementary File 1b).   194 

We performed confirmatory factor analysis to assign six foliar functional traits 195 

associated with the worldwide leaf economics spectrum to a single axis representing host 196 

pace-of-life. One trait, photosynthetic rate, loaded particularly poorly on this axis (factor 197 

loading 0.036), and was therefore excluded from the latent factor. This resulted in a single 198 

factor, explaining 62% of the variance in specific leaf area, 51% of the variance in leaf 199 

chlorophyll content, 25% of the variance in leaf nitrogen, 10% of the variance in leaf 200 

phosphorus, and 2% of the variance in leaf lifespan (χ² ( df=5 ) = 4.24,  p = 0.52; CFI = 201 

1.019; Figure 3-figure supplement 1). Consistent with resource-acquisition and allocation 202 

tradeoffs (Díaz et al., 2016; Reich, 2014; Wright et al., 2004), higher values of host pace-of-203 

life were associated with increases in specific leaf area, leaf chlorophyll content, leaf 204 

nitrogen, and leaf phosphorus, and with shorter leaf lifespans. We then used each species’ 205 

unique score on this pace-of-life factor to quantify the community-weighted mean host pace-206 

of-life (hereafter community pace-of-life) for each small plot. We assessed the relationship 207 

between abiotic conditions and community pace-of-life by fitting linear mixed models with 208 

large plots, sites, and meadows as nested random intercepts. Although host community pace-209 



of-life was unrelated to soil moisture (p = 0.13), host community pace-of-life declined with 210 

reduced soil-surface temperature associated with higher elevation (p = 0.010; Marginal R
2
 = 211 

0.11; Conditional R
2
 = 0.83; Supplementary File 1b; Figure 3-figure supplement 2), 212 

consistent with expectations regarding shifting host community structure (Descombes et al., 213 

2017; Hulshof et al., 2013; but see Pellissier et al., 2018). These effects were qualitatively 214 

similar when we included soil temperature or air temperature in place of soil-surface 215 

temperature in the model, though the effect became marginally nonsignificant when we 216 

replaced temperature with elevation in the model (p = 0.066; Supplementary File 1b; Figure 217 

3-figure supplement 2).  218 

 219 

Model testing effects of environmental conditions, community structure, and their interaction 220 

on disease. 221 

We tested whether the relationship between host community structure (i.e., host 222 

species richness and host community pace-of-life) and disease would change as a function of 223 

environmental conditions by fitting a linear mixed model with square-root transformed 224 

community parasite load (e.g., Halliday et al., 2019, 2017; Mitchell et al., 2002) as the 225 

response. Soil-surface temperature, soil moisture, host community species richness, pace-of-226 

life, and pairwise interactions between both measures of community structure and each 227 

abiotic variable were treated as fixed effects, with large plots, sites, and meadows as nested 228 

random intercepts. All variables that were treated as fixed effects in the model were centered 229 

so that the mean value of each variable was used as the reference value for interpreting the 230 

other variables' independent effects. This mixed model of disease revealed several 231 

independent and interactive effects of host community structure and environmental 232 

conditions on disease risk (Marginal R
2
 = 0.227; Conditional R

2
 = 0.497; RMSE = 0.292; 233 



LOOCV RMSE = 0.311; Table 1). Consistent with the hypothesis that host pace-of-life can 234 

determine host community competence, communities that were dominated by hosts with fast-235 

paced life-history strategies exhibited the most disease, but this effect declined as elevation 236 

increased and temperature declined (temperature × pace-of-life: p < 0.001). This weakening 237 

effect of host community pace-of-life as soil-surface temperature declined is consistent with 238 

the hypothesis that abiotic conditions can alter which traits favor parasite transmission 239 

through the relationship between host competence and disease risk (Fig. 3). These results 240 

therefore provide field evidence that an environmental gradient can alter the effect of host 241 

community structure on disease risk. 242 

The model also revealed significant independent effects of host community structure 243 

and abiotic conditions on disease risk. Specifically, the model revealed evidence supporting 244 

the dilution effect hypothesis: increasing species richness was associated with a reduction in 245 

disease (p = 0.021), and this effect was independent of soil-surface temperature (temperature 246 

× richness: p = 0.10). Community parasite load was also positively associated with 247 

increasing soil-surface temperature (p = 0.006), consistent with the hypothesis that 248 

environmental gradients can alter parasite growth and reproduction via abiotic constraints. 249 

These effects were qualitatively similar when we included soil temperature, air temperature, 250 

or elevation in place of soil-surface temperature in the model (Supplementary File 1c). 251 

In contrast with results involving soil-surface temperature, there was no statistically 252 

significant linear relationship between soil moisture and disease (p = 0.71), nor was there a 253 

significant interaction between soil moisture and host richness (p = 0.10) or community-254 

weighted mean pace-of-life (p = 0.45) on disease.  Because soil moisture was unrelated to 255 

elevation, pace-of-life, species richness, and disease in our models, this factor was omitted 256 

from further analyses. 257 



 258 

Structural equation model comparing direct and indirect effects of environmental conditions 259 

on disease 260 

Together, models of host community species richness and pace-of-life showed that 261 

declining temperature associated with increasing elevation could determine changes in host 262 

community structure, and the model of disease showed that host community structure and 263 

temperature could independently and interactively influence disease. To explore the relative 264 

influence of these direct and indirect effects on disease risk, we next constructed a structural 265 

equation model. Our data were well fit by this model (Fisher's C = 4.111; P-value = 0.662; 6 266 

degrees of freedom, Supplementary File 1d; Fig. 4). The model leverages the strong, negative 267 

effect of elevation on soil-surface temperature (standardized path coefficient = -0.91, R
2
 = 268 

0.85) to compare three separate pathways through which increasing temperature can increase 269 

disease: First, increasing temperature increased community parasite load directly 270 

(standardized path coefficient = 0.24). Second, increasing temperature increased community 271 

parasite load indirectly by reducing host species richness (i.e., via mediation; product of 272 

standardized path coefficients = 0.045). Third, increasing temperature increased community 273 

parasite load indirectly by simultaneously increasing host community pace-of-life (i.e., via 274 

mediation; mean-centered standardized path coefficient = 0.39) and strengthening the 275 

relationship between host pace-of-life and disease risk (i.e., via moderation; mean-centered 276 

standardized path coefficient = 0.18; Fig. 4). Together these results highlight the pressing 277 

need to consider host community context in predicting how shifting environmental gradients 278 

will alter disease risk. 279 

 280 

Discussion 281 



This study shows, to our knowledge, the first evidence under natural field conditions 282 

that, in addition to directly influencing disease risk, the abiotic environment can also 283 

indirectly influence disease both by altering host community structure (i.e., mediation) and by 284 

modifying how host community structure influences disease risk (i.e., moderation). 285 

Furthermore, this linkage between the abiotic environment and host community structure 286 

suggests that any single factor would be inadequate for explaining disease risk along our 287 

environmental gradient. Together, these results reveal the role that host communities play in 288 

determining ecosystem health across environmental gradients, suggesting that predicting how 289 

shifting abiotic conditions will influence disease risk will require explicit consideration of 290 

how host and parasite communities jointly respond to the abiotic environment. 291 

Our results indicate that increasing temperatures associated with lower elevation, can 292 

independently influence disease. Specifically, increasing temperature increased disease, even 293 

after accounting for effects of host community structure on disease. We hypothesize that 294 

reduced temperature associated with increasing elevation may have reduced disease directly 295 

by constraining parasite growth, survival, and reproduction. Many foliar parasites grow and 296 

reproduce more successfully in warmer environmental temperatures (Avenot et al., 2017; 297 

Garrett et al., 2006; Harvell et al., 2002; Tapsoba and Wilson, 1997; Waugh et al., 2003). 298 

Warmer temperatures can also increase parasite overwintering success (Burdon and Elmqvist, 299 

1996; Pfender and Vollmer, 1999) or allow parasites to produce more generations during a 300 

longer growing season (Garrett et al., 2006). These results corroborate past studies suggesting 301 

that environmental gradients can directly alter the strength of biotic interactions (Descombes 302 

et al., 2017; Hargreaves et al., 2019; Pellissier et al., 2014; Roslin et al., 2017; Schemske et 303 

al., 2009), including host-parasite interactions (Abbate and Antonovics, 2014; Allen et al., 304 

2020; LaManna et al., 2017; Nunn et al., 2005). However, despite the strong and consistent 305 

effect of increasing temperature on disease, temperature was highly correlated with elevation, 306 



and we cannot rule out the possibility that these effects might be driven by some other factor 307 

associated with elevation that was not measured, such as changing humidity or soil nutrient 308 

availability. Thus, temperature effects should be interpreted with some caution. 309 

In addition to directly influencing disease, our results indicate that increasing 310 

temperature can also indirectly influence disease by altering host community structure. 311 

Specifically, increasing temperature reduced host species richness, which, in turn, reduced 312 

disease. The reduction in host species richness with increasing temperature might be 313 

attributable to the occurrence of both low-elevation and high-elevation adapted species 314 

occupying the coolest study sites, located at the highest elevation (Colwell and Lees, 2000). 315 

Communities in the highest elevation meadow, located just below the tree line, included plant 316 

species characteristic of low elevations (e.g., Lathyrus pratensis, Lolium perenne and Salvia 317 

pratensis) and plant species that tend to occupy high elevation grasslands (Soldanella alpina, 318 

Ranunculus montanus and Carex sempervirens), indicating that these high-elevation sites 319 

represent an intermediate zone between subalpine and alpine vegetation communities.  320 

Host communities with higher species richness, in turn, experienced less disease (i.e., 321 

a dilution effect; Keesing et al., 2010, 2006), even after accounting for the direct effects of 322 

temperature on disease and other measures of host community structure. Past studies indicate 323 

that increasing biodiversity is often associated with a decline in disease risk because host 324 

community structure shifts during biodiversity loss to favor more competent hosts (Johnson 325 

et al., 2019; Joseph et al., 2013; Liu et al., 2018; LoGiudice et al., 2003; Ostfeld and 326 

LoGiudice, 2003; Rohr et al., 2020). However, in contrast with past studies focused on 327 

biodiversity loss, our study measured biodiversity change across a natural biodiversity 328 

gradient, which is not expected to consistently influence disease risk (Halliday et al., 2020b). 329 

We hypothesize that increasing species richness may have reduced disease risk in this system 330 

by reducing host density  (Keesing et al., 2006; i.e., via encounter reduction; Mitchell et al., 331 



2002). Encounter reduction might be particularly relevant in this system, because, in addition 332 

to altering host richness, reduced temperatures associated with increasing elevation also 333 

influence the length and timing of the growing season, which can affect peak prevalence and 334 

the duration of the epidemic season.   335 

In addition to direct and indirect effects via mediation, our results further indicate that 336 

increasing temperature can indirectly influence disease by modifying the effect of host 337 

community structure on disease (i.e., via moderation). Specifically, disease was influenced by 338 

host community pace-of-life, but only at high temperature, low elevation sites. Because more 339 

competent hosts often exhibit fast-paced life history strategies (Cronin et al., 2010; Johnson 340 

et al., 2012; Martin et al., 2016; Parker and Gilbert, 2018; Welsh et al., 2020), we expected 341 

that host communities dominated by species with a fast pace-of-life would experience greater 342 

disease. However, a prior study suggested that the relationship between host traits and host 343 

competence might be sensitive to environmental conditions (Welsh et al., 2016), which we 344 

hypothesized would cause the relationship between host community pace-of-life and disease 345 

risk to shift across environmental gradients. Our analysis was consistent with this hypothesis: 346 

increasing temperature not only modified host community pace-of-life, but the effect of host 347 

community pace-of-life on disease was also sensitive to increasing temperature. Host 348 

community pace-of-life most strongly predicted disease risk at the highest temperatures, 349 

associated with the lowest elevation, but this effect weakened and ultimately disappeared as 350 

elevation increased and temperature declined. 351 

These results indicate that warming temperatures can modify the effect of host 352 

community pace-of-life on disease risk, which we attribute to a change in the relationship 353 

between host traits and host competence across environmental conditions. However, we 354 

cannot rule out the possibility that the interaction between host pace-of-life and temperature 355 

could have also been driven by other mechanisms. For example, the values of functional 356 



traits expressed by a single species may have changed along the environmental gradient via a 357 

phenomenon known as intraspecific trait variation (Albert et al., 2011; Funk et al., 2017; 358 

Messier et al., 2010; Violle et al., 2012). Studies of functional traits (including this study) 359 

typically characterize each species with a single value for each trait, such as the species-level 360 

mean, under the assumption that ecologically important traits vary more among species than 361 

within species (McGill et al., 2006). However, functional traits of individuals within a species 362 

can vary due to local adaptation and phenotypic plasticity driven by local context (Albert et 363 

al., 2011; Funk et al., 2017; Messier et al., 2010; Violle et al., 2012). Thus, intraspecific shifts 364 

in the expression of key functional traits across our elevational gradient could drive the 365 

apparent interaction between host community pace-of-life and temperature. Alternatively, a 366 

reduction in infection severity with cooling temperatures, could weaken the importance of 367 

investment in disease resistance (Benkman, 2013; Thompson, 1999). Thus, host species may 368 

still form strong trade-offs in fast vs slow strategies for growth vs. survival, but this pace-of-369 

life trait would have a weak link with disease severity. Future studies should explore these 370 

mechanisms by directly measuring host and parasite functional traits across environmental 371 

gradients like elevation. 372 

Together, the results of this study highlight the need to consider host community 373 

context in predicting how climate change will alter disease risk. Specifically, in this study, 374 

effects of the abiotic environment and changing environmental temperature on disease 375 

strongly depended on shifting host community pace-of-life. These results are consistent with 376 

a growing body of literature suggesting that the role of host communities in regulating 377 

ecosystem processes is at least partially explained by characteristics of species present in 378 

those ecosystems (Allan et al., 2015; Heilpern et al., 2020; Le Bagousse-Pinguet et al., 2019; 379 

Leitão et al., 2016; Mouillot et al., 2011; Start and Gilbert, 2019; Van de Peer et al., 2018), 380 

but that abiotic factors such as temperature can override the effects of biotic factors on 381 



ecosystem processes (Cannone et al., 2007; Laiolo et al., 2018). These results therefore 382 

suggest that predicting how climate change will influence disease may depend on complex 383 

relationships between environmental factors and the structure of host communities.  384 

 385 

Materials and methods 386 

Study system 387 

The Calanda Biodiversity Observatory (CBO) consists of four publicly owned 388 

meadows located along a 1101 m elevational gradient (648 m to 1749 m) below tree-line on 389 

the south-eastern slope of Mount Calanda (46°53′59.5″N 9°28′02.5″E) in the canton of 390 

Graubünden (Fig. 2). The mean annual temperature at 550 m altitude is 10 °C and the mean 391 

annual precipitation is 849 mm (MeteoSwiss, 2020), with temperature declining and 392 

precipitation increasing as elevation increases (e.g., in 2013 and 2014, mean temp and 393 

precipitation at 1400 m were 7 °C and 1169 mm, respectively; Alexander et al., 2015). The 394 

soil in the area is generally calcareous and has low water retention (Alexander et al., 2015; 395 

Eggenberg and Möhl, 2013). The four CBO meadows are variable in size (roughly 8 to 40 396 

Ha), and separated by forests and at least 500 m elevation. Meadows are maintained through 397 

grazing and mowing, a typical form of land use in the Swiss Alps (Bätzing, 2015), and cover 398 

collinean (<800 m) mountain (800 m–1500 m) and subalpine (1500–2200 m) vegetation 399 

zones (Eggenberg and Möhl, 2013; Ozenda, 1985). The CBO meadows are grazed by cattle 400 

twice per year as the cattle are moved between low and high altitudes.  401 

Increasing elevation is associated with changes in a variety of abiotic conditions, 402 

including a reduction in temperature. Temperature decreases approximately 0.4 - 0.7 °C for 403 

each 100 m increase in elevation because of lower air pressure in high elevations, a 404 



phenomenon known as the altitudinal temperature lapse rate (Barry, 2008). The altitudinal 405 

temperature lapse rate varies among years and even days, usually being lower in winters and 406 

during nights. Typical altitudinal temperature lapse rates in the Alps vary from -0.54 °C/100 407 

m to -0.58 °C/100 m (Rolland, 2003). 408 

 409 

Study design 410 

The CBO consists of a nested set of observational units (Fig. 2). Each meadow 411 

contains 4–7, .25 ha sites (n = 22 sites). Sites were selected to maximize coverage over each 412 

meadow, avoiding roads that would cross the sites and large trees, shrubs and rocks that 413 

could create a forest- or shrub-type habitat that differs from grassland, and were placed 414 

sufficiently far from forest edges so that they were not shaded by the forest canopy. Each site 415 

is 50m x 50m and contains a grid of nine evenly spaced, 4m
2
 large-plots, with the exception 416 

of one site (I3), which is 100 m x 25 m and contains 10 large plots due to its shape. 417 

Altogether, there are 199 large plots. In each site, large plots are arranged in a grid with the 418 

center of each plot separated by at least 20m distance from its nearest neighbor. The location 419 

of the grid was randomized within each site and always located at least 2m from the site 420 

edge. Each large plot is subdivided into four, 1 m
2
 subplots (n = 796). At each site, five large 421 

plots were selected to contain an intensively surveyed module (ISM), which consisted of two 422 

50 cm-diameter, round small plots, placed in opposite subplots (n=110 ISMs consisting of 423 

220 small plots). These intensively surveyed small plots are the smallest unit of observation 424 

used in this study (Fig. 2).  425 

Quantification of host community structure 426 

In July 2019, we recorded the identity and visually quantified the percent cover of all 427 

plant taxa in each small plot (n = 220). Vegetation surveys entailed the same two researchers 428 



searching within the subplot area for all vascular plants present in the subplot, before jointly 429 

estimating the total percent cover of each species (Halbritter et al., 2020). Plant individuals 430 

that were growing outside the small plot, but whose foliage extended into the small plot, were 431 

included in this survey. Plant taxa were identified with the help of plant identification 432 

literature (Eggenberg et al., 2018; Eggenberg and Möhl, 2013; Lauber et al., 2018). The 433 

survey started at the lowest elevation and continued higher in order to survey the meadows 434 

approximately at the same phase of the growing season in relation to one another. The survey 435 

was initiated at least four days after cows had grazed each meadow (Supplementary File 1a).  436 

We evaluated changes in two components of host community structure to evaluate 437 

indirect effects of environmental conditions on disease: host species richness and community-438 

weighted mean host pace-of-life. These two components of host community structure 439 

commonly respond to changing environmental conditions (Descombes et al., 2017; Hulshof 440 

et al., 2013), and represent important characteristics of host communities that influence 441 

disease risk (Joseph et al., 2013; Liu et al., 2018, 2017). We quantified community-weighted 442 

mean host pace-of-life using the TRY database (Kattge et al., 2020). We first extracted six 443 

traits for every host taxon in the database (plant photosynthetic rate, leaf chlorophyll content, 444 

leaf lifespan, leaf nitrogen content, leaf phosphorus content, and specific leaf area), omitting 445 

tree seedlings, which are functionally dissimilar from the more dominant herbaceous taxa, 446 

and taxa that could not be identified to host genus, which together, never accounted for more 447 

than 7% cover in a plot (mean = 0.04%). Unknown taxa that could be identified to the genus 448 

level were assigned genus-level estimates for each host trait, by taking the mean of the trait 449 

value for all members of that genus that had been observed on Mount Calanda during 450 

extensive vegetation surveys (Supplementary File 1e). We then performed full-information 451 

maximum-likelihood factor analysis to produce a single axis representing covariation in the 452 

functional traits associated with host pace-of-life using the umxEFA function in r-package 453 



umx (Bates et al., 2019). This approach allows each host taxon to be assigned a value for host 454 

pace-of-life, even if that taxon is missing some values for individual functional traits. Finally, 455 

we calculated a single value for each small plot (n = 220) using the community-weighted 456 

mean of host pace-of-life (hereafter community pace-of-life). The community weighted mean 457 

(CWM) was calculated as: 458 

𝐶𝑊𝑀 = ∑ 𝑝𝑖
𝑁𝑠𝑝
𝑖=1 𝑥𝑖   459 

where Nsp is the number of taxa within a plot with a pace-of-life trait value in the 460 

dataset, pi is the relative abundanceof taxon, i, in the plot (i.e., the absolute vegetative cover 461 

of taxon, i, divided by the total absolute cover of all taxa in the plot), and xi is the host pace-462 

of-life value for taxon, i.  463 

 464 

Quantification of disease 465 

A survey of foliar disease symptoms was carried out in August 2019 by estimating the 466 

percent of leaf area damaged by foliar fungal parasites on up to five leaves of twenty 467 

randomly selected host individuals per small plot (n = 18203 leaves on 4400 host individuals 468 

across 220 small plots). The disease survey was conducted by placing a grid of 20 equally 469 

spaced grill sticks into the ground, with each stick having a distance of 10 cm to its nearest 470 

neighbor (Figure 2-figure supplement 1). The 20 plant individuals that were most touching 471 

the sticks were then identified, and the five oldest non-senescing leaves on each plant were 472 

visually surveyed for foliar disease symptoms following the plant pathogen and invertebrate 473 

herbivory protocol in Halbritter et al (2020). The survey was carried out on leaves, because 474 

symptoms are highly visible and easily grouped into parasite types on leaves. On each leaf, 475 

we estimated the leaf area (%) that was covered by disease symptoms. Some plant individuals 476 

had fewer than five leaves, so fewer than five leaves were surveyed on those plants. Unlike 477 



the vegetation survey, the disease survey was not conducted in elevational order due to 478 

logistical constrains related to site accessibility. Small plots were surveyed between 29 July 479 

and 19 August 2019 (Supplementary File 1a), which we observed to be time of peak plant 480 

biomass in this system.  481 

Disease was assessed for each small plot using community parasite load, calculated as 482 

the mean leaf area damaged by all parasites on a host, multiplied by the relative abundance of 483 

that host species from the July vegetation survey, and then summed across all hosts in the 484 

plot (Halliday et al., 2019, 2017; e.g., Mitchell et al., 2002). 485 

 486 

Quantification of environmental conditions 487 

  Soil temperature (6 cm below the soil surface), soil surface temperature, air 488 

temperature (12 cm above the soil surface), and soil volumetric moisture content were 489 

recorded at 15 minute intervals for 22–37 days (average 31 days) in the central large plot of 490 

each site (n = 22) using a TOMST-4 datalogger (Wild et al., 2019) (Fig. S1). The total 491 

duration of measurement varied because some of the dataloggers had to be moved earlier or 492 

temporarily because of mowing or grazing activities (Supplementary File 1a).   493 

 494 

Statistical analysis 495 

All statistical analyses were performed in R version 3.5.2 (R Core Team, 2015). We 496 

assessed the association between elevation and environmental conditions by fitting linear 497 

models with the lm function. All other analyses consisted of fitting linear mixed models with 498 

an identity link and Gaussian likelihoods using the lme function in the nlme package 499 

(Pinheiro et al., 2016). In order to meet assumptions of normality and homoscedasticity, we 500 



square-root transformed community parasite load and added an identity variance structure 501 

(varIdent function) for each site, which based on visual inspection of residuals of each model, 502 

exhibited considerable heteroscedasticity (Pinheiro et al., 2016; Zuur et al., 2009). Each 503 

model included large plots, sites, and meadows as nested random intercepts to account for 504 

non-independence among observations due to the sampling design of the CBO. Full 505 

equations and parameters for these models are available on Github 506 

(https://github.com/fhalliday/Calanda19). 507 

We first explored the relationship between elevation and environmental conditions by 508 

constructing four models, each including one environmental factor (either mean soil 509 

temperature, soil surface temperature, air temperature, or soil moisture) as a response 510 

variable, and mean elevation of the site as the predictor.  511 

Next, we explored the relationship between each measure of host community 512 

structure (i.e., host species richness and host community pace-of-life) and environmental 513 

conditions by constructing two models, each consisting of one measure of host community 514 

structure as a response variable and one measure of soil-surface temperature and soil 515 

moisture as fixed effects.  We only included a single measure of temperature in these models, 516 

and excluded elevation, to avoid problems associated with collinearity. We used soil-surface 517 

temperature, as this measurement represented the temperature that the majority of leaves (and 518 

therefore foliar pathogens) were exposed to (Figure 2-figure supplement 1). Results using soil 519 

temperature, air temperature, and elevation are reported in the Supplement. 520 

We then tested whether the relationship between host community structure and 521 

disease would change as a function of environmental conditions by constructing a mixed 522 

model with square-root transformed community parasite load as the response, and soil-523 

surface temperature, soil moisture, host community species richness, and pace-of-life as fixed 524 



effects. To estimate whether the effect of host community structure depends on 525 

environmental conditions, we also included in the model the pairwise interactions between 526 

both measures of host community structure and either soil-surface temperature or soil 527 

moisture as additional fixed effects. As before, we only included a single measure of 528 

temperature in this model and excluded elevation to avoid problems associated with 529 

collinearity. Results using soil temperature, air temperature, and elevation are reported in the 530 

Supplement. To aid the interpretation of main effects in the model, we centered all variables 531 

so that the mean value of each variable was used as the reference value for interpreting the 532 

other variables' independent effects. To evaluate model fit, we calculated the root-mean-533 

squared error (RMSE) of the model, the marginal and conditional pseudo-R
2
 of the model 534 

using the r.squaredGLMM function in the MuMIn package (Bartoń, 2018), and the RMSE 535 

using leave-one-out cross validation (LOOCV RMSE).  536 

To test whether effects driven by host community pace-of-life were influenced by one 537 

or a few important functional traits, we repeated this analysis, including the community-538 

weighted-mean of each leaf trait (leaf chlorophyll content, leaf lifespan, leaf nitrogen content, 539 

leaf phosphorus content, and specific leaf area) replacing host community pace-of-life. 540 

Individual leaf traits were measured using different units, and were therefore transformed to a 541 

common scale using a z-transformation. None of the models including individual leaf traits 542 

were improvements over the model including only host community pace-of-life 543 

(Supplementary File 1f); thus, individual leaf traits were excluded from further analyses. 544 

Finally, to compare direct and indirect effects of environmental conditions on disease 545 

risk, we performed confirmatory path analysis using the PiecewiseSEM package (Lefcheck, 546 

2016). Specifically, we fit a structural equation model (SEM) that included the effect of 547 

elevation on soil-surface temperature, the effect of soil-surface temperature on square-root-548 



transformed disease, the effect of soil-surface temperature on two endogenous mediators 549 

(host community species richness and pace-of-life), which together measure changes in host 550 

community structure (following Halliday et al., 2020a, 2019), and the effects of those two 551 

mediators on square-root-transformed community parasite load. We also tested the 552 

hypothesis that soil-surface temperature altered the relationship between host community 553 

structure and disease by fitting a second-stage moderated mediation (Hayes, 2015) including 554 

the pairwise interaction between soil-surface temperature and community pace-of-life, 555 

omitting other potential interactions that were non-significant in the model testing whether 556 

effects of community structure on disease depend on environmental conditions. Soil moisture 557 

was excluded from the SEM because it was unrelated to all other variables in the model. To 558 

aid the interpretation of direct effects in the model, we mean-centered soil-surface 559 

temperature and host community pace-of-life, so that average soil-surface temperature and 560 

host community pace-of-life were used as the reference values for interpreting the other 561 

variable’s independent effects. We then explored the interaction between community pace-of-562 

life and temperature by setting the reference temperature to one standard deviation above and 563 

below the mean temperature, and re-running the model.  564 
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  1093 



Figure Legends 1094 

Figure 1. Relationships among hosts parasites and their environment at the scale of host 1095 

communities. A) The disease triangle (McNew, 1960) suggests that a combination of host, 1096 

parasite, and environmental factors will influence whether disease is observed in a given 1097 

location. Here, we conceptualize the disease triangle at the community level as consisting of 1098 

three overlapping or interacting factors to demonstrate how the influence of environmental 1099 

gradients on disease risk might depend on how these factors overlap. We highlight three 1100 

potential processes that might occur in these areas of overlap, but acknowledge that other 1101 

processes likely occur in these areas as well. B) Conceptual metamodel of an environmental 1102 

gradient directly influencing disease risk (path a), and indirectly influencing disease risk, 1103 

both by altering host community structure (i.e., mediation; paths b and c), and by modifying 1104 

how host community structure influences disease risk (i.e., moderation of the relationship 1105 

between host traits and host competence, which we refer to as the trait-competence 1106 

relationship; path d). 1107 

 1108 

Figure 2. Overview of the Calanda Biodiverstity Observatory. A) Study meadows and sites 1109 

on mount Calanda. Photo: Federal Office of Topography SwissTopo 2020, editing: Mikko 1110 

Jalo B) Example of the arrangement of large and small plots within a site. C) The study 1111 

meadows on mount Calanda. Photo and editing: Mikko Jalo  1112 

 1113 

Figure 2-figure supplement 1. Images representing survey methods. A) The vegetation 1114 

survey was carried out in small plots that were marked with a central stick and delineated by 1115 

a 50 cm-diameter hula hoop. The disease survey was carried out by B) placing 20 grill sicks 1116 

through a 50 cm-diameter hula hoop covered with canvas containing 20 evenly spaced holes 1117 



and C) surveying the plant most touching each grill stick for foliar disease symptoms. D) Air 1118 

temperature, soil surface temperature, soil temperature, and soil moisture were recorded in 1119 

15-minute intervals using TOMST-4 data loggers that were placed in the central large plot of 1120 

each site. Photos: Mikko Jalo 1121 

 1122 

Figure 3. Effect of host community pace-of-life on disease as a function of increasing soil-1123 

surface temperature. Model estimated effects of soil-surface temperature on the slope of the 1124 

relationship between host community pace-of-life and (square-root-transformed) parasite 1125 

community load (i.e., the interactive effect of host community pace-of-life and soil-surface 1126 

temperature on disease, which represents a changing trait-competence relationship), 1127 

estimated from the raw (i.e., unstandardized) coefficients of the linear mixed model testing 1128 

effects of environmental conditions, community structure, and their interaction on disease. 1129 

The rug along the x‐axis shows the distribution of the empirical data. Communities that 1130 

experience the highest soil-surface temperatures (i.e., located at the lowest elevation) exhibit 1131 

the strongest positive relationship between host pace-of-life and disease. That positive 1132 

relationship weakens as temperature declines, and below mean-soil surface temperatures of 1133 

17.5C (i.e., above 1000 m), there is no relationship between host pace-of-life and disease.  1134 

 1135 

Figure 3-figure supplement 1. Host taxa arranged by their mean absolute vegetative cover 1136 

in plots where those taxa occur (y axis) and host pace-of-life (x-axis). Increasing values of 1137 

host-pace-of life are associated with increases in specific leaf area, leaf chlorophyll content, 1138 

leaf nitrogen, and leaf phosphorus, and with shorter leaf lifespans. Taxa with the highest local 1139 

abundance tended to exhibit intermediate life-history strategies, while taxa exhibiting 1140 

extreme life-history strategies tended to be locally rare. 1141 



Figure 3-figure supplement 2. Relationship between host richness, host community pace-of-1142 

life (together measuring host community structure), soil-surface temperature, soil 1143 

temperature, air temperature, and elevation. Species richness generally declined with 1144 

increasing temperatures associated with lower elevation. Host community pace-of-life 1145 

generally increased with higher temperatures associated with lower elevation. Relationship 1146 

between soil moisture and either host richness or pace-of-life were not supported by 1147 

statistical models. 1148 

 1149 

Figure 4. Results from the piecewise structural equation model. Dashed lines are not 1150 

supported by the model (p > .05). All coefficients are scaled by the ratio of the standard 1151 

deviation of x divided by the standard deviation of y (i.e., standardized estimates), and 1152 

therefore differ from the values in Figure 3. Correlations between errors were not supported 1153 

by the model and are not shown. Colors are drawn to highlight the statistical interaction 1154 

between host community pace-of-life and temperature. The High and Low Temperature 1155 

coefficients are estimated with the reference temperature set to one standard deviation above 1156 

and below the mean temperature, respectively. All other coefficients are estimated from a 1157 

model using mean-centered values for temperature and community pace-of-life. Higher soil-1158 

surface temperature, associated with lower elevation, increased disease through three non-1159 

mutually exclusive pathways: directly via abiotic constraints, and indirectly both via shifting 1160 

host community structure as well as by altering the trait-competence relationship.  1161 

 1162 

Supplementary File 1a. Timing of grazing, vegetation and disease surveys and temperature 1163 

measurements at each site. Recovery days represents the amount of time between the end of 1164 

grazing activities and the beginning of the vegetation survey at each site. 1165 



Supplementary File 1b. Results of Type II Analysis of Deviance tests on models 1166 

quantifying the effects of soil moisture and either soil-surface temperature, soil temperature, 1167 

air temperature, or elevation on two measures of host community structure (Host Richness, 1168 

Host Pace-of-Life). 1169 

 1170 

Supplementary File 1c. Results of Type II Analysis of Deviance test on mixed models of 1171 

disease, using soil temperature, air temperature, or elevation to evaluate factors that 1172 

influenced square-root transformed community parasite load. 1173 

 1174 

Supplementary File 1d. Coefficient estimates from the structural equation model fit with 1175 

mean-centered soil-surface temperature and host pace-of-life. Estimates are provided both 1176 

raw (Estimate) and scaled by the ratio of the standard deviation of x divided by the standard 1177 

deviation of y (Std Estimate) to facilitate comparisons. Correlations among dependent 1178 

variables are indicated by ~~. 1179 

 1180 

Supplementary File 1e. Calanda Biodiversity Observatory Vegetation list. This list includes 1181 

species that were observed during the vegetation survey as well as taxa observed outside of 1182 

the plots during extensive preliminary surveys of Mount Calanda 1183 

 1184 

Supplementary File 1f. Comparison of different models quantifying the relationship 1185 

between host community traits and disease. Each model contained square-root transformed 1186 

community parasite load as the response, and elevation, host community species richness, 1187 

richness-independent phylogenetic diversity, and some combination of host traits as fixed 1188 

effects. To estimate whether the effect of host community structure depends on elevation, we 1189 

also included in the model the pairwise interactions between each measure of host 1190 



community structure and elevation as additional fixed effects, The Pace-of-Life model 1191 

includes host community pace-of-life as a latent factor, and is the model reported in the 1192 

manuscript. The All Traits model includes all single traits in place of the pace-of-life latent 1193 

factor. The Chlorophyll, Leaf Longevity, Leaf Nitrogen, Leaf Phosphorus, and Specific Leaf 1194 

Area models include a single trait in place of the latent factor. 1195 

 1196 

  1197 
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Figure 4 1258 

 1259 
 1260 
Table 1. Results of Type II Analysis of Deviance test on the mixed model of disease, testing 1261 
whether each factor influenced square-root transformed community parasite load.  1262 

Predictor Estimate Chisq Df P 

Soil-surface Temperature 0.044 7.4236 1 0.0064 

Soil Moisture -0.254 0.1390 1 0.7092 

Host Richness -0.009 5.3325 1 0.0209 

Host Pace-of-Life 0.133 1.6970 1 0.1926 

Temperature × Richness 0.004 2.6551 1 0.1032 

Temperature × Pace-of-Life 0.118 11.2498 1 0.0008 

Moisture × Richness -0.288 2.7677 1 0.0962 

Moisture × Pace-of-Life -2.037 0.5647 1 0.4524 

 1263 

 1264 

Temperature

R2 = 0.85

Host 

richness

R2 = 0.10

Disease

R2 = 0.23

0.24

-0.15

Global goodness-of-fit: Fisher's C = 4.111; P-value = 0.662; 6 degrees of freedom

Community 

pace of life

R2 = 0.17

-0.30

0.39

Elevation -0.91

n.s.Low Temperature

0.27

Hig
h 

Te
m

pe
ra

tu
re

Figure 4. Results from the piecewise structural equation model. All coefficients are scaled by the ratio of 

the standard deviation of x divided by the standard deviation of y (i.e., standardized 
estimates).Coeefficients that were not supported by the model (p < 0.05) are illustratted using a dashed 
line. Colors are drawn to highlight the statistical interaction between host community pace of life and 

temperature. The High and Low Temperature coefficients are estimated with the reference temperature 
set to 1 standard deviation above and below the mean temperature, respectively. All other coefficients 

are estimated from a model using mean-centered values for temperature and community pace of life.
Correlations between errors were not supported by the model and are not shown. Higher soil-surface 
temperature, associated with lower elevation, increased disease through three non-mutually exclusive 

pathways: directly via abiotic constraints, and indirectly both via shifting host community structure as well 
as by altering the trait-competence relationship


	Article File

