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34 ABSTRACT

35 Seasonal diet shifts and migration are key components of large herbivore population dynamics, 

36 but we lack a systematic understanding of how these behaviors are distributed on a 

37 macroecological scale. The prevalence of seasonal strategies is likely related toherbivore body 

38 size and feeding guild, and may also be influenced by properties of the environment, such as soil 

39 nutrient availability and climate seasonality. We evaluated the distribution of seasonal dietary 

40 shifts and migration across large-bodied mammalian herbivores and determined how these 

41 behaviors related to diet, body size, and environment. We found that herbivore strategies were  

42 consistently correlated with their traits: seasonal diet shifts were most prevalent among mixed 

43 feeding herbivores and migration among grazers and larger herbivores. Seasonality also played a 

44 role, particularly for migration, which was more common at higher latitudes. Both dietary shifts 

45 and migration were more widespread among extratropical herbivores, which also exhibited more 

46 intermediate diets and body sizes.  Our findings suggest that strong seasonality in extratropical 

47 systems imposes pressure on herbivores, necessitating widespread behavioral responses to 

48 navigate seasonal resource bottlenecks. It follows that tropical and extratropical herbivores may 

49 have divergent responses to global change, with intensifying herbivore pressure in extratropical 

50 systems contrasting with diminishing herbivore pressure in tropical systems. 
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51 INTRODUCTION

52 Herbivore population sizes determine the magnitude of their ecological impacts, their 

53 own conservation status, and their sensitivity to global change (Cardillo et al., 2005; Estes et al., 

54 2011; Ripple et al., 2015; Staver et al., 2021). Two behaviors play an outsized role in allowing 

55 mammalian herbivores to achieve large populations by enabling them to circumvent seasonal 

56 resource bottlenecks (Illius & O’Connor, 2000): seasonal migration and seasonal dietary shifts 

57 (Staver & Hempson, 2020). In the case of migration, herbivores move to track seasonally 

58 fluctuating resources across the landscape (Aikens et al., 2020; Fryxell & Sinclair, 1988). Large 

59 mammalian herbivore migrations, which are well-documented among tropical grazers, contribute 

60 to sustaining large populations in the face of seasonality (Fryxell & Sinclair, 1988; Staver & 

61 Hempson, 2020). In the case of dietary shifts, herbivores instead change their diets seasonally in 

62 response to local changes in resource quality and availability (Codron et al., 2007; Kartzinel & 

63 Pringle, 2020). More limited evidence suggests that seasonal diet flexibility helps herbivores 

64 resist drought-induced mortality (Abraham et al., 2019) and achieve large population sizes 

65 (Staver & Hempson, 2020), such that herbivores with seasonally variable diets often dominate 

66 savanna communities (Staver & Hempson, 2020). Though taxon- or system-specific case studies 

67 have explored the determinants of these strategies (see, e.g., Abraham et al., 2019; Aikens et al., 

68 2020; Fryxell & Sinclair, 1988; Gagnon & Chew, 2000), we lack evaluations of how these 

69 seasonal strategies are distributed globally.

70 There are several competing hypotheses that could explain the distribution of seasonal 

71 strategies, with varying degrees of taxon- and system-specific support. First, body size likely 

72 influences both herbivore metabolic requirements (Hopcraft et al., 2010; Olff et al., 2002) and 

73 the accessibility of seasonal strategies (Abraham et al., 2019; Webber & McGuire, 2021). One 
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74 possibility is that larger-bodied animals may be more able to vary their food sources seasonally, 

75 because they require food in large quantities rather than of high quality, and may consequently 

76 tolerate a broader range of diets (Bell, 1971; Hopcraft et al., 2010; Jarman, 1974; Olff et al., 

77 2002). Larger herbivores might also be more migratory (Webber & McGuire, 2021), as they are 

78 less restricted in their landscape use by resource quality and predation (Hopcraft et al., 2010; 

79 Veldhuis et al., 2019) and are morphologically and energetically able to travel long distances 

80 (Bhat et al., 2020; Hein et al., 2012). An alternative possibility is that intermediate-bodied 

81 herbivores may instead diet switch more, as they are comparatively free from both the quality 

82 restrictions of their smaller-bodied counterparts and the quantity restrictions of large-bodied 

83 herbivores, affording them greater dietary flexibility (Hopcraft et al., 2010; Veldhuis et al., 

84 2019). Intermediate-bodied taxa may also be the most migratory (e.g., Jarman, 1974), as they are 

85 more gracile and cursorial (Hopcraft et al., 2015; Scott, 1985). A final alternative is that seasonal 

86 diet shifts are most prevalent among small herbivores, because they require high quality 

87 vegetation all year long (Olff et al., 2002), and so may switch to high-quality forage reservoirs as 

88 forage quality declines over the course of the growing season (Güsewell, 2004; Reich & 

89 Oleksyn, 2004; Scanlon et al., 2005). 

90 Body size could also predict the composition of herbivore diets as well as their seasonal 

91 strategies, resulting in covariation between diet composition and strategies. Metabolic scaling 

92 theory suggests that large herbivores may eat more grass, due to differences in how resource 

93 distributions and searching costs scale with body size (Bhat et al., 2020). This pattern has been 

94 noted at a number of sites (e.g., Arman & Prideaux, 2015; Bell, 1971; Gagnon & Chew, 2000; 

95 Jarman, 1974) but has not been evaluated globally. If true, grass intake might mediate the effects 

96 of body mass on seasonal strategies (Abraham et al., 2019). Case studies from African savannas 
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97 do indeed suggest that migration tends to be most common among specialist grazers (Abraham et 

98 al., 2019; Fryxell & Sinclair, 1988; Jarman, 1974), whose resource base fluctuates predictably 

99 with rainfall seasonality (Scanlon et al., 2005). Likewise, mixed feeders, which consume 

100 intermediate amounts of grass within a given season and are therefore depend in part upon 

101 seasonally fluctuating grasses (Codron et al., 2007), seem uniquely able to shift their diets in 

102 response to declining grass biomass and nutrition (Abraham et al., 2019), likely because mixed 

103 feeders have broader niches (Kartzinel & Pringle, 2020) and vegetation preferences that 

104 transcend plant functional types (Codron et al., 2007).

105 A complementary perspective is that herbivore strategies depend on soil nutrient 

106 availability in interaction with rainfall, via effects both on herbivore traits and forage quality 

107 (Hempson et al., 2015; Holdo et al., 2009). Because large herbivores tolerate nutrient-poor 

108 vegetation (Olff et al., 2002), they may dominate in environments with locally low and/or 

109 variable soil nutrient content (Hempson et al., 2015; Hopcraft et al., 2010) or high rainfall 

110 (Hempson et al., 2015; Olff et al., 2002). Similarly, because grass might be of higher quality in 

111 low rainfall, nutrient-rich habitats (Güsewell, 2004; Reich & Oleksyn, 2004; Scanlon et al., 

112 2005), grass-specialist herbivores might be more prevalent in such environments (Hempson et 

113 al., 2015). As such, soil nutrient availability and rainfall together might impact the spatial 

114 distributions of herbivore traits, with implications for the distributions of herbivore strategies. 

115 Indeed, interactions between soil nutrients and rainfall have been implicated in driving 

116 migration: some herbivore migrations track opposing rainfall and soil nutrient gradients (Holdo 

117 et al., 2009). Diet-switching may similarly be more beneficial in nutrient-rich environments 

118 (Abraham et al., 2019; Staver & Hempson, 2020), as plant quality may be more variable (both 

119 between plants and across seasons) (Güsewell, 2004; Reich & Oleksyn, 2004).
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120 A final possibility is that seasonality shapes herbivore strategies. Because these behaviors 

121 are responses to seasonal resource bottlenecks (Illius & O’Connor, 2000; Staver & Hempson, 

122 2020), the strength of seasonality might determine the prevalence of strategies. In the tropics and 

123 subtropics, pronounced rainfall seasonality drives predictable changes in grass biomass and 

124 nutrition but more varied seasonal changes in the tree layer (Ryan et al., 2017; Scanlon et al., 

125 2005), altogether translating into differential seasonal resource availability across plant 

126 functional types. Higher latitudes are characterized instead by strong temperature and sometimes 

127 also moisture seasonality, resulting in dramatic temporal variability in productivity and biomass 

128 across most plants (Running et al., 2004; Xu et al., 2013) (see Fig 1). Thus, whereas scarcity-

129 mitigating behaviors might be restricted to a subset of herbivores in tropical regions (particularly 

130 grass-dependent taxa; Abraham et al., 2019; Fryxell & Sinclair, 1988; Jarman, 1974), strategies 

131 for mitigating scarcity might be more widespread at higher latitudes (Aikens et al., 2020; Albon 

132 & Langvatn, 1992; Bolger et al., 2007; Singh et al., 2012). Indeed, some evidence (primarily 

133 from high latitude cervids) indicates that at least migration may be more widespread across 

134 species in more seasonal environments (Aikens et al., 2020; Singh et al., 2012), though large-

135 scale demonstrations of this pattern are also lacking.

136 Overall, we hypothesize (1) that herbivore body size and grass consumption play key 

137 roles in determining herbivore seasonal strategies, but (2) that environmental characteristics, 

138 particularly soil nutrient availability and the magnitude of seasonality, also influence the 

139 distribution of these strategies among large-bodied mammalian herbivores. While these 

140 hypotheses are longstanding, with varying degrees of site- or taxon-specific support, 

141 comprehensive empirical evaluations of these patterns at macroecological scales are lacking. To 

142 address this gap, here we synthesize herbivore traits and behaviors to evaluate the distribution of 
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143 seasonal strategies among large mammalian herbivores globally, employing model selection to 

144 identify the best predictors of herbivore traits and strategies. 

145

146 METHODS AND MATERIALS

147 Defining large mammalian herbivores

148 First, we generated a comprehensive list of large-bodied herbivorous mammals using the 

149 EltonTraits 1.0 database, a global species‐level compilation of 5,400 mammal species’ foraging 

150 traits (Wilman et al., 2014). Data include mean adult body masses, as well as dependences on 

151 broad food categories (e.g., invertebrates, vertebrate ectotherms, vertebrate endotherms, fruit, 

152 seeds, leaves/other plant tissue, etc.). We filtered the database for mammals ≥ 5 kg (Kartzinel & 

153 Pringle, 2020) and with diets of ≥ 70% leaf material to exclude carnivores and omnivores. We 

154 excluded herbivores that are extinct in the wild and herbivores categorized as arboreal, aquatic, 

155 or flighted, as these modes of locomotion result in distinct physiological constraints, such that 

156 generalizing across locomotor modes is not appropriate (Hein et al., 2012). This resulted in a list 

157 of 238 large-bodied herbivorous mammal species, including most terrestrial Artiodactyla, several 

158 species from the orders Diprotodontia, Perissodactyla, Rodentia, Proboscidea, and Primates, and 

159 one Carnivora species.

160

161 Quantifying environmental drivers

162 To compile data on the seasonality experienced by each herbivore species, we 

163 downloaded expert geographic range maps from IUCN (2019). We averaged mean annual 

164 precipitation, mean rainfall seasonality (Fig. 1b), mean annual temperature, and mean 

165 temperature seasonality (Fig. 1c) across each herbivore’s range using climatic data from 
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166 WorldClim 2.0 at a spatial resolution of 30 minutes (Fick & Hijmans, 2017). For all these 

167 variables, we also calculated the standard deviation across an herbivore’s species range (Fig. 

168 1b,c) to capture spatial variation in each predictor.

169 Seasonality varied substantially across the terrestrial landmass (Running et al., 2004), 

170 with pronounced rainfall seasonality but low temperature seasonality in the tropics and 

171 subtropics and lower rainfall seasonality but consistent temperature seasonality in the 

172 extratropics (temperate, boreal, and polar regions) (Fig. 1). We therefore classified herbivores as 

173 either ‘tropical’ or ‘extratropical’. We calculated the centroid of species ranges from WGS84 

174 ellipsoid areas of IUCN species range maps, excluding the introduced portions of ranges (Fig. 

175 1a); herbivores were categorized as ‘tropical’ if their range centroids were < 35˚ N/S or 

176 ‘extratropical’ if their range centroids were > 35˚ N/S.  We chose 35˚ N/S (the limit of the 

177 subtropics) as the boundary because, during winter, regions outside of 35˚ N/S frequently 

178 experience subzero temperatures and the regular formation of a sustained snowpack, such that 

179 the severity of seasonal resource bottlenecks differs substantially across this threshold (plants not 

180 only stop growing, but also become physically inaccessible; Running et al., 2004; Xu et al., 

181 2013). However, to evaluate the sensitivity of our results to this classification criterion, we also 

182 ran all comparisons between tropical and extratropical herbivores using 23.5˚ N/S (Tropics of 

183 Cancer/Capricorn) as the boundary (see Data analyses). Note that results did not differ 

184 qualitatively between these two different classification criteria (Table S8).

185 Direct evaluations of the role of forage quality in driving herbivore seasonal strategies 

186 were not possible here, as global datasets of plant nutrient content are lacking. However, plant 

187 nutrient content is influenced by both local soil nutrients and rainfall (Güsewell, 2004; Reich & 

188 Oleksyn, 2004; Scanlon et al., 2005). Therefore, for insight into whether forage quality may play 
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189 a role in influencing the distribution of seasonal strategies, we compiled soil nutrient data from 

190 World Soil Information Service (WoSIS) (Batjes et al., 2017). We used the raw data underlying 

191 the WoSIS global soil data layer. We took all points that were above 60 cm depth, corresponding 

192 to plant-available nutrients (Güsewell, 2004; Reich & Oleksyn, 2004), within each species’ 

193 range. We calculated the mean, standard deviation, and range for both effective cation exchange 

194 capacity (CEC) and soil nitrogen content. For some herbivores (51 species), no soil data were 

195 available, and these taxa were excluded from analyses involving soil nutrients (see Data 

196 analysis).

197

198 Herbivore body mass and diet traits

199 Next, we compiled data on herbivore body mass and diet. Herbivore body mass data were 

200 available from EltonTraits 1.0 (Wilman et al., 2014), which are themselves compilations from 

201 primary literature. Because herbivore body masses span multiple orders of magnitude (5 kg – 

202 4,000 kg), body mass values were log-transformed for all analyses. 

203 One of our major hypotheses was that herbivore grass dependence might explain the 

204 distribution of seasonality-mitigating behaviors, particularly in the tropics (Abraham et al., 2019; 

205 Fryxell & Sinclair, 1988). We therefore performed a targeted literature search to determine the 

206 seasonal grass dependence – defined here as dietary grass fraction averaged over a given season 

207 – for each herbivore. Though there can be substantial diet variability between herbivore

208 populations (Codron et al., 2007), the use of representative dietary studies can provide a general 

209 and comparable metric for herbivore diets at the level of plant functional type (Gagnon & Chew, 

210 2000). Thus, using Web of Science and Google Scholar, we found published studies that 

211 reported seasonal herbivore diet composition at the functional level (grass vs. browse) or at finer 

Page 11 of 69



212 taxonomic scales. We recorded herbivore diet composition in both the growing season 

213 (summer/wet season) and dormant season (winter/dry season), as reported in the same study. Our 

214 search terms were ‘diet’ or ‘diet composition’ coupled with an herbivore’s scientific name and/or 

215 common name. We included only those studies where percentages of different plant types were 

216 reported in both seasons, as determined by analysis of either herbivore gut contents or feces 

217 composition. These seasonal diet data were then used to calculate seasonal diet shifts. Dietary 

218 shifts were defined as the absolute value of the change in dietary grass fraction from the growing 

219 to the dormant season (|Δ dietgrow-dorm|) and therefore take positive proportional values (0-1). 

220 Herbivores without such published information (28 species) were excluded. 

221 This methodology resulted in a list of 210 herbivorous mammals in 7 orders and 23 

222 families distributed across the globe (Fig. 1) (see Supporting Information for a complete list of 

223 herbivores included in this study and all associated data and references).

224

225 Evaluating herbivore migration

226 To determine the distribution of migration across herbivores, we first compiled published 

227 syntheses cataloguing migratory animals (e.g., Berger, 2004; Bergesen et al., 2018; Bolger et al., 

228 2007; Harris et al., 2009). For species not included in the aforementioned syntheses, we 

229 performed a literature search using Web of Science and Google Scholar to find records of 

230 migration, as we did above for herbivore diet composition. We searched each herbivore’s 

231 scientific name and/or common name along with the search terms ‘migrate’, ‘migratory’, and/or 

232 ‘migration’ (see Supporting Material for references).

233 We reduced migration to a binary: herbivores were considered migratory (1) if there were 

234 any records of them having ever exhibited migratory behavior of any sort, past or present, or 
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235 non-migratory (0) if there were not. We therefore coded species as migratory (1) if they were 

236 shown to undergo seasonal, round-trip movements between discrete areas (Berger, 2004; Bolger 

237 et al., 2007) and/or if they were explicitly described as migratory in published literature 

238 (including if they exhibited elevational migration). Herbivores were recorded as non-migratory 

239 (0) if it was stated explicitly that they never migrate and/or if no published records of migratory

240 behavior were available. We did not restrict our definition to mass migrations, where individuals 

241 of a species migrate en masse, as has been the case in previous cross-species syntheses (e.g., 

242 Harris et al., 2009). This inclusive approach enabled us to capture any history of migration and 

243 to control against the confounding influence of anthropogenic restrictions on migratory behavior 

244 (Berger, 2004; Bolger et al., 2007).

245

246 Data analysis

247 Data were analyzed in R 3.6.1 (R Core Team, 2020). We modeled traits and strategies 

248 using generalized least squares regression with a phylogenetic variance-covariance matrix 

249 (PGLS) via the nlme::gls function (Pinheiro et al., 2007) to account for the phylogenetic non-

250 independence of taxa (Paradis et al., 2004). Indeed, the accessibility of these strategies is thought 

251 to be phylogenetically constrained (Fig. S1); rhinos and macropodids (kangaroos and relatives), 

252 for example, conspicuously lack migratory behavior (Kaufmann, 1974; Walker et al., 1968). We 

253 therefore used a mammal-wide phylogeny constructed by Upham et al. (2019) pruned to the 210 

254 herbivores included in our dataset (Fig. S1). Phylogenetic variance-covariance matrices were 

255 calculated from the pruned herbivore-only tree using ape::corMartins (Paradis et al., 2004).  

256 First, we built global models of body mass, grass dependence, migration, dietary shifts, 

257 and herbivore species range size that included all plausible predictors (see Tables S2-3). We 

Page 13 of 69



258 employed a binomial distribution for our global model of migration, as it was coded as a binary, 

259 and Gaussian distributions for all other global models. Then, to determine which predictors best 

260 explained each of these variables, we built models including all permutations of explanatory 

261 variables and compared model-corrected Akaike Information Criterion (AICc) to assess model fit 

262 (Tables S4-7). We consider all models with ΔAICc < 2 as ‘preferred’ models and have selected 

263 the simplest model within ΔAICc < 2 as the overall ‘best’ model for the purposes of 

264 interpretation. We confirmed that all ‘preferred’ models satisfied modeling assumptions by 

265 inspecting model diagnostic plots.

266 We performed this model selection approach on five different data subsets (Tables S3-6): 

267 (a) all herbivores for which soil nutrient data were available (N = 159), (b) all herbivores (N =

268 210) but excluding all soil nutrient variables from global models, (c) only herbivores less than

269 500 kg (N = 192), (d) only herbivores between 50 kg and 500 kg (N = 81), and (e) only ungulates 

270 (herbivores in the orders Artiodactyla and Perissodactyla; N = 175). Results are consistent across 

271 all five datasets unless otherwise noted.

272 Next, we performed a phylogenetic paired t-test with the phytools::phyl.pairedttest 

273 function (Garland et al., 1993; Lindenfors et al., 2010; Revell, 2012) to compare the grass 

274 dependence of herbivores between the growing season and dormant season to determine how the 

275 functional composition of herbivore diets changes across seasons. We repeated this test using 

276 only the subset of herbivores that exhibit any amount of seasonal diet shift (|Δ dietgrow-dorm| > 0; N 

277 = 143) to evaluate the magnitude of dietary shifts for those herbivores that exhibit any seasonal 

278 diet variation at all.

279 We then performed phylogenetic analyses of variance (phylANOVA) to explicitly 

280 compare traits and strategies between tropical and extratropical herbivores using 
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281 phytools::phylANOVA (Garland et al., 1993; Lindenfors et al., 2010; Revell, 2012). We 

282 performed separate tests to evaluate if extratropical and tropical herbivores differed in their mean 

283 body mass, mean dependence on grass, propensity for migration, and magnitude of seasonal diet 

284 shifts. Likewise, we performed Kolmogorov–Smirnov tests (KS tests) to compare whether the 

285 distributions of these traits and strategies differed between extratropical and tropical herbivores 

286 using stats::ks.test. We did this for all five data subsets from above, and also using both 35˚ N/S 

287 and 23.5˚ N/S as the boundary separating tropical and extratropical herbivores (Table S8). 

288 Because results were largely the same regardless of which classification criteria was used, we 

289 present only the results with 35˚ N/S as the boundary in Results (but see Supporting Material for 

290 both sets of results). Also, as above, we subsetted our dataset for only herbivores that exhibit 

291 some amount of seasonal dietary shifting (i.e., with |Δ dietgrow-dorm| > 0; N = 143) to specifically 

292 test if extratropical and tropical herbivores differed in the magnitude of seasonal diet shifts, again 

293 using phylANOVA. 

294 When 35˚ N/S was used as the boundary between tropical and extratropical herbivores, 

295 tropical herbivores vastly outnumbered extratropical herbivores (Ntrop = 164, Nextr = 46). 

296 Therefore, to account for these differences in sample size, we used bootstrapping: we randomly 

297 subsampled our dataset for ca. 30% of tropical herbivores (N = 30-66) and all extratropical 

298 herbivores (N = 46) and reran analyses on this subset 1,000 times. Here we report 95% 

299 confidence intervals on observed relationships across bootstrap iterations and/or the number of 

300 bootstrap iterations for which relationships were significant (P < 0.05). This was not necessary 

301 when 23.5˚ N/S was used as the boundary, as the numbers of herbivores in each group were 

302 more balanced (Ntrop = 118, Nextr = 92).

303
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304 RESULTS

305 Herbivore traits and strategies

306 Herbivore body mass was not predictable from any of the environmental variables 

307 included here (Table S4). The intercept-only model was the preferred model. Temperature 

308 variables (both mean annual temperature and spatial variation in mean annual temperature) were 

309 included in lower ranked models, as were soil nutrient variables. However, these models were 

310 not preferable to the null model, indicating that temperature and possibly also soil nutrient 

311 content may contribute to determining herbivore body size but seem to play only a minor role at 

312 macroecological scales.

313 Grass consumption was best predicted by herbivore body mass alone (Table S5). For all 

314 data subsets excepting herbivores between 50 kg and 500 kg, the best model of grass dependence 

315 included body mass as the sole predictor (Table S5). In all cases, body mass had a positive effect 

316 on herbivore grass consumption (Fig. 2), indicating that larger-bodied species were more grass 

317 dependent. For herbivores between 50 kg and 500 kg, the best model was the intercept only 

318 model, though the model with body mass as the sole predictor of grass dependence remained a 

319 preferred model (Table S5). This suggested that the relationship between grass dependence and 

320 body mass largely resulted from the smallest and largest herbivores, and that herbivores in this 

321 intermediate body size envelope were comparatively unconstrained in their diets (Fig.2. Results 

322 were consistent whether average, growing season, or dormant season grass consumption data 

323 were used. 

324 Migration was best predicted by latitude, growing season grass dependence, and body 

325 mass. All three variables had a positive effect on migration (Fig. 3), with larger grazers at high 

326 latitudes most likely to migrate. The predictive power of body mass diminished when only 
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327 herbivores between 50 and 500 kg were considered, replaced instead by spatial variation in mean 

328 annual temperature (Table S6).  We found some support for both non-linear and linear 

329 relationships between migration and body mass, though a non-linear relationship only marginally 

330 improved model fit (Table S6). Also, when herbivores > 500 kg were excluded, a linear 

331 relationship was preferred to a non-linear one (Table S6). As such, we interpret our analyses to 

332 suggest that migration is indeed most widespread among larger-bodied taxa, rather than among 

333 herbivores of intermediate size. We found that no herbivores < 20 kg were migratory (Fig. 3a), 

334 possibly suggesting a morphological or energetic lower bound below which migration is 

335 infeasible (Brown et al., 2004; Hein et al., 2012; Joly et al., 2019; Kaufmann, 1974).

336 Seasonal diet shifts were best predicted by an herbivore’s growing season grass 

337 dependence alone (Table S7) across all data subsets, with diet shifts that peaked at intermediate 

338 grass dependencies (Fig. 4); herbivores with mixed diets even in the growing season (e.g., 

339 herbivores that consumed both grass and browse even when resources were abundant) exhibited 

340 the largest seasonal diet shifts, whereas herbivores that were specialized on either grass or 

341 browse in the growing season exhibited smaller seasonal shifts in their diets.

342 Across all herbivores, diets typically shifted to incorporate more grass during the growing 

343 season (Fig. S1). Herbivores consumed on average 4.6% [2.7%, 6.5%] more grass during the 

344 growing season than during the dormant season (phylogenetic paired t-test; df = 207, t = 4.801, P 

345 < 0.001), indicating a preference for grass when it is growing and comparatively nutrient-rich 

346 (Scanlon et al., 2005). Among herbivores that exhibited any seasonal diet variation (i.e., with 

347 |Δdietgrow-dorm| > 0), dietary grass content increased by 6.9% [4.2%, 9.6%] in the growing season 

348 relative to the dormant season (phylogenetic paired t-test; df = 140, t = 5.038, P < 0.001). Thus, 

349 while mean increases in growing season grass consumption were 4.6% across all herbivores, an 
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350 increase of 6.9% more accurately reflects the expected diet shift for an herbivore that exhibited 

351 any seasonal diet variation. Still, seasonal diet shifts were much larger than this for some 

352 herbivores: predicted seasonal diet shifts peaked at ca. 20% for herbivores with intermediate 

353 diets (mixed feeders) (Fig. 4).

354

355

356 Tropical and extratropical herbivores

357 Extratropical and tropical herbivores did not differ in their mean body masses 

358 (phylANOVA; df = 208, F = 0.824, P = 0.591), but the distributions of body masses differed 

359 significantly (KS test; D = 0.262, P = 0.011), with comparatively fewer extratropical herbivores 

360 at the extremes of the body size continuum (Fig. S2). Extratropical and tropical herbivores also 

361 had similar grass dependencies, both in mean (phylANOVA; df = 208, F = 0.444, P = 0.712) and 

362 in distribution (KS tests; D = 0.184, P = 0.176). For both extratropical and tropical herbivores, 

363 diet distributions were roughly trimodal, with the largest peak corresponding to 0-20% dietary 

364 grass (browsers), the next largest peak 80-100% grass (grazers), and the final peak at 40-60% 

365 grass (mixed feeders) (Fig. S2). These three peaks were particularly evident during the dormant 

366 season (Fig. S2).

367 In contrast, the role of body size in determining herbivore grass dependence differed 

368 between tropical and extratropical herbivores. The relationship between grass dependence and 

369 body mass disappeared when only extratropical herbivores were considered (PGLS; df = 44, t = 

370 0.696, P = 0.490), but was robust when only tropical herbivores were considered (PGLS; df 

371 =162, t = 3.541, P < 0.001). Differences between tropical and extratropical herbivores were not 

372 an artefact of different sample sizes; when we bootstrapped tropical herbivores to extratropical 
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373 sample sizes (×1,000 iterations), grass dependence consistently increased with body size (slope = 

374 0.1663; 95% CI = [0.021, 0.311]). 

375 Migration was more widespread among extratropical herbivores than tropical herbivores 

376 (phylANOVA; df = 207, F = 33.537, P = 0.001). This result held regardless of whether only 

377 ungulates were considered (phylANOVA; df = 172, F = 37.108, P = 0.001), only herbivores 

378 smaller than 500 kg (phylANOVA; df = 189, F = 36.796, P = 0.001), or only herbivores between 

379 50 kg and 500 kg (phylANOVA; df = 78, F = 11.609, P = 0.007), and was significant in 999 of 

380 1,000 bootstrap iterations. Likewise, the distribution of migration differed substantially between 

381 extratropical and tropical herbivores (KS test; D = 0.444, P < 0.001), being more widespread 

382 across body sizes and feeding guilds among extratropical herbivores (Fig. S2). Indeed, migration 

383 was nearly ubiquitous among extratropical herbivores > 20 kg (Fig. 3).

384 Finally, extratropical and tropical herbivores differed somewhat in their dietary flexibility 

385 (phylANOVA; df = 207, F = 10.115, P = 0.013). Extratropical herbivores exhibited larger diet 

386 shifts than did tropical herbivores, altering their diets on average 1.2% [1.0%, 1.4%] more 

387 between seasons than tropical herbivores. When only herbivores that exhibited some amount of 

388 seasonal diet shifts (i.e., with |Δ dietgrow-dorm| > 0) were considered, however, tropical and 

389 extratropical herbivores did not differ in the magnitude of these seasonal diet shifts 

390 (phylANOVA; df =140, F = 1.977, P = 0.434). Taken together, these results suggest that the 

391 difference between extratropical and tropical herbivores is in the proportion of herbivores that 

392 shift their diets rather than the magnitude of the dietary shifts (Table 1). The distribution of diet 

393 shifts differed somewhat between extratropical and tropical herbivores (KS test; D = 0.364, P = 

394 0.001), though this result is likely a sample size artifact, as diet shifts were more prevalent 
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395 among extratropical herbivores in only 505 out of 1,000 bootstrap iterations of the tropical 

396 herbivore subsets.

397

398 DISCUSSION

399 Altogether, our results resolve long-standing uncertainties regarding what constrains 

400 herbivore strategies and demonstrate that several key hypotheses, hitherto only suggested from 

401 metabolic theory and scattered case studies, scale up to explain covariation in herbivore body 

402 size, diet, and seasonal strategies at macroecological scales. In particular, we found (1) that grass 

403 consumption increased with body size across large-bodied mammalian herbivores, but that this 

404 relationship broke down among extratropical herbivores. Also, (2) migration was more prevalent 

405 among grass-dependent herbivores, at high latitudes, and among large-bodied herbivores. In 

406 contrast, (3) herbivores with intermediate growing season grass dependency (i.e., mixed feeders) 

407 exhibited the largest seasonal diet shifts. Finally, (4) though extratropical herbivores were more 

408 restricted in body size and grass dependency, they more ubiquitously employed seasonal 

409 strategies. 

410 First and foremost, we found support for the hypothesis that body size and grass 

411 dependence influenced seasonal strategies (see also Abraham et al., 2019). As predicted, 

412 migration was most common among relatively large species (Webber & McGuire, 2021), 

413 perhaps because, as modeling work suggests (Bhat et al., 2020; Hein et al., 2012), their energetic 

414 costs of movement are lower. We found that no herbivores below 20 kg were migratory, 

415 implying a lower bound for body size below which migration is not energetically or 

416 morphologically feasible (Hein et al., 2012; Scott, 1985). Indeed, such a lower bound on 

417 migration has been invoked to explain the conspicuous lack of migration among extant 
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418 kangaroos and their relatives (Kaufmann, 1974; McGowan et al., 2008), which straddle this body 

419 size threshold (McGowan et al., 2008). 

420 Interestingly, body size did not appear to influence the distribution of seasonal diet shifts, 

421 except insofar as it determined grass dependence. Larger-bodied species consumed more grass 

422 (Bell, 1971; Janis, 2008; Jarman, 1974): because grass is a homogeneous and widespread forage 

423 pool relative to other plant functional types (Bhat et al., 2020; Toljagić et al., 2018), specializing 

424 on grass may allow large herbivores to minimize searching costs associated with their bulky 

425 forage requirements (Bhat et al., 2020; Hopcraft et al., 2010) (though the mechanism 

426 underpinning this relationship is not entirely resolved; Table 1). Though grass seemingly better 

427 fits the energetic needs of large herbivores as compared to small herbivores (Bhat et al., 2020), 

428 body size explained only ca. 9% of the variation in grass dependence across herbivores, 

429 suggesting that other factors not captured in our analyses contribute to determining herbivore 

430 grass dependence (Table 1). 

431 Grass dependence in turn plays a key role in promoting herbivore strategies, more even 

432 than body size. Migration was most prevalent among grass-dependent herbivores, a relationship 

433 that has long been noted across African savannas (Fryxell & Sinclair, 1988; Jarman, 1974), but 

434 appears to hold more globally. Indeed, grass productivity is comparatively responsive to 

435 seasonality relative to other plant functional types (Scanlon et al., 2005), such that grass-

436 specialist herbivores seem to employ migration to navigate seasonal changes in grass availability 

437 and quality (Fryxell & Sinclair, 1988). Relatedly, seasonal diet shifts were most prevalent among 

438 mixed feeders, defined as herbivores that consume intermediate amounts of grass even during 

439 periods of abundance. Mixed feeders have broad dietary niches that transcend plant functional 

440 types (Kartzinel & Pringle, 2020), and our results suggest that a wide dietary niche may be 
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441 crucial for allowing seasonal dietary flexibility. As such, some axis of herbivore biology clearly 

442 influences the plants that herbivores utilize (Abraham et al., 2019; Kartzinel & Pringle, 2020), 

443 though it is unclear if dietary niche breadth is determined by physiology/morphology (specific 

444 adaptations to diet; Toljagić et al., 2018) or behavior (distinct preferences for vegetation types; 

445 Gagnon & Chew, 2000) (Table 1). 

446 Our finding that body size and grass dependence are interconnected and mediate 

447 herbivore strategies, particularly migration, has intriguing implications for herbivore evolution 

448 (Table 1). Other work has posited that large body sizes in mammalian herbivores may have 

449 evolved with the proliferation of grasses as a result of a more homogeneous resource-scape (Bhat 

450 et al., 2020; Janis, 1993, 2008), and the global relationship between body size and grass 

451 dependence we recover lends credence to this possibility. Still, large-bodied herbivores exist in 

452 the fossil record well before the proliferation of grasses (Janis, 1993; Smith et al., 2010). As 

453 such, the relationship between body size and grass consumption may be an exaptation; mammals 

454 may have already been large for other reasons, but then evolved to specialize on grasses with 

455 their rise to dominance due to the unique nutrient profile and spatial distribution of grasses (Bhat 

456 et al., 2020; Janis, 2008; Scanlon et al., 2005). Relatedly, migration may play a role in 

457 moderating the relationship between grass consumption and body size: large herbivores may 

458 have been uniquely able to migrate and could thereby track grass productivity across the 

459 landscape, resultantly becoming increasingly specialized on grass (Bhat et al., 2020; Fryxell & 

460 Sinclair, 1988; Toljagić et al., 2018). Though we find strong evidence that these three 

461 phenotypes – migration, large body size, and grass dependence – are linked, the causality of 

462 these relationships remains unclear. Further studies should explicitly investigate the 

463 directionality of these relationships via the fossil record and/or phylogenetic analyses.
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464 Our results suggest that soil nutrient levels do not play a large role in determining 

465 herbivore traits or strategies, contradicting hypotheses from metabolic theory (Olff et al., 2002) 

466 and evidence from African ecosystems that bulk-feeders dominate in high rainfall (nutrient-poor) 

467 environments (Hempson et al., 2015). On the one hand, differences in forage quality between 

468 plant functional types may decouple herbivores from soil nutrition (Güsewell, 2004; Reich & 

469 Oleksyn, 2004). Alternatively, soils data may simply be inadequate. As such, regional studies 

470 may be necessary to determine the role of soil nutrients in constraining herbivore traits and 

471 strategies (see, e.g., Hempson et al., 2015).

472 Finally, we found that seasonality did influence herbivore body size and grass 

473 dependence and also increased the incidence of seasonal strategies, in line with existing 

474 hypotheses (Aikens et al., 2020; Albon & Langvatn, 1992; Bolger et al., 2007; Singh et al., 

475 2012). Seasonal strategies were more widespread among extratropical herbivores (Fig. 5), 

476 especially migration, which was far likelier at higher latitudes. Seasonal forage bottlenecks may 

477 be stricter at higher latitudes (as plants not only stop growing during the dormant season but can 

478 also become physically inaccessible under ice/snow; Albon & Langvatn, 1992; Bolger et al., 

479 2007; Singh et al., 2012), or temperature seasonality may simply impose seasonally harsh 

480 climatic conditions (Shaw, 2016). 

481 Latitudinal effects on body size and diet were more complex. Extratropical herbivores 

482 tended to have intermediate phenotypes (Fig. 5); although they did not differ in average body 

483 size or grass dependence from tropical herbivores, extratropical herbivores occupied a smaller 

484 range of body sizes and grass dependences. They were neither especially large nor small (see 

485 also Freckleton et al., 2003) and consistently incorporated more mixed diets. Additionally, the 

486 clear increase in grass dependence with body size observed across all and tropical herbivores 
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487 broke down among extratropical herbivores (Fig. 2c), perhaps because large, grass-dependent 

488 herbivores are missing from the herbivore community. These results together suggest that 

489 extratropical herbivores may be less able to specialize on any one plant functional type. It may 

490 also be the legacy of the size-selective extinction of Pleistocene megafauna (Barnosky, 2004), 

491 which was particularly severe among large-bodied grazers (Schowanek et al., 2021).

492 Our results have multiple implications for herbivore ecology in a changing world. Firstly, 

493 extratropical herbivores may be comparatively well-equipped to respond to global change: as 

494 high latitude regions warm and seasonality in productivity potentially decreases (Xu et al., 

495 2013), extratropical herbivores may experience some relief from the intense competition that 

496 characterizes extratropical winters (Illius & O’Connor, 2000). Indeed, ballooning ungulate 

497 populations in many extratropical ecosystems around the world suggest that this may already be 

498 the case (Cote et al., 2017; although this pattern is certainly due in part to the extirpation of 

499 natural predators, see Estes et al., 2011). By contrast, tropical herbivores are experiencing 

500 increasing pressure from poaching, direct land-use change, and fragmentation of remaining 

501 wildland, in tandem with climate-driven physiological stress (Veldhuis et al., 2019) and 

502 decreases in productivity (Cardillo et al., 2005). Here we find that comparatively fewer tropical 

503 herbivores possess strategies for coping with variable resource availability (see also (Abraham et 

504 al., 2019), which puts tropical herbivores lacking such strategies at risk of decline. Widespread 

505 population declines that have already been documented among tropical herbivores (Ripple et al., 

506 2015) are therefore likely to continue, with cascading effects on vegetation as plants are freed 

507 from widespread herbivory pressure (Estes et al., 2011; Staver et al., 2021). All in all, these 

508 results suggest diverging trajectories for tropical and extratropical herbivores in the face of 

509 global change.
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510 CONCLUSIONS

511 We provided the first global-scale test of longstanding hypotheses about factors 

512 influencing body mass, diet, and seasonal strategies across medium to large mammalian 

513 herbivores. We found that larger hebrivores tended to eat more grass, and that seasonal diet shifts 

514 and migration were influenced by body mass and grass dependency, as well as the seasonality of 

515 their environments. Indeed, we found that these seasonal behaviors were altogether more 

516 widespread among extratropical herbivores, despite their intermediate diets and body sizes. 

517 Together, these results imply that extreme seasonality in extratropical systems imposes severe 

518 pressures on herbivores therein. As a result of extreme resource variability, extratropical 

519 herbivores occupy a more restricted phenotypic space, exhibiting more intermediate body sizes 

520 and generalist diets, while simultaneously exhibiting more widespread behavioral strategies for 

521 mitigating these seasonal bottlenecks (Fig. 5).

522  Our findings confirm hypotheses from scattered case studies and suggest many avenues 

523 for future research (see Table 1 for a set of possibilities), with far-reaching conservation 

524 implications. Most directly, these results indicate that extratropical herbivores may be well-

525 suited to navigating global change. Extratropical herbivores may be able to utilize existing 

526 strategies to respond to changing productivity patterns (Xu et al., 2013), which could increase 

527 top-down regulation of plant communities in extratropical regions (Cote et al., 2017). By 

528 contrast, in the tropics, where the distribution of these behaviors is more restricted, herbivores 

529 may be less able to respond to changing resource distributions (Abraham et al., 2019; Cardillo et 

530 al., 2005; Ripple et al., 2015). These results add to a growing body of literature emphasizing the 

531 precarious position of large-bodied tropical herbivores in a human-dominated future (Abraham et 

532 al., 2019; Cardillo et al., 2005; Estes et al., 2011; Ripple et al., 2015; Staver et al., 2021). 
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533 Conservation efforts will therefore necessarily differ between extratropical and tropical systems 

534 and must strike a difficult balance between mitigating increased herbivore impacts in 

535 extratropical systems while protecting large-bodied herbivores in the tropics.

536
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742 TABLES

743 Table 1. Directions for future research.

Mechanism underlying Jarman-Bell: Though we recovered support for increasing grass 
consumption with larger body size, consistent with the Jarman-Bell Principle, the underlying 
mechanisms for Jarman-Bell remain unclear: the Jarman-Bell Principle may result from sub-
unity scaling of metabolism with body size, larger gut capacities and longer gut retention times 
of large herbivores, or the scaling of resource distributions with body size (Bell, 1971; Bhat et 
al., 2020; Jarman, 1974). Additionally, we found substantial variation in grass dependency not 
explained by body size. What mechanism underlies the Jarman-Bell Principle? And what 
determines the large variability in grass dependence not explained by body size?

Evolutionary links between body size, grass consumption, and migration: Body size, grass 
dependence, and migration were all interrelated: large herbivores consumed more grass and 
migrated more, and migratory herbivores ate more grass. How does the timing of body size 
evolution in mammalian herbivores relate to the expansion of grasslands since the late 
Miocene? Was the expansion of grasslands related to the evolution of migratory strategies? Is 
migration related to body size evolution of mammals through the Cenozoic?

Migration and the Pleistocene megafaunal extinctions: Large-bodied animals 
disproportionately went extinct during the late Pleistocene (Barnosky, 2004). We found that 
the largest extant herbivores were disproportionately migratory. Furthermore, contemporary 
migratory collapse has driven many large herbivores closer to extinction (Harris et al., 2009). 
Was migration prevalent among now-extinct Pleistocene megafauna? Did the disruption of 
migratory pathways—by human impacts or climate-driven environmental changes—contribute 
to to the demise of Pleistocene megafauna?

History and cost of mixed feeding: Mixed feeding herbivores sustain larger population sizes 
than their specialist counterparts (Staver & Hempson, 2020), despite presumed energetic costs 
of generalism (e.g., constraints on bite size and/or digestive efficiency). However, we found 
that mixed feeder diversity was low. Were mixed feeders dominant historically, as they are 
today? Or was mixed feeding a less beneficial strategy in the past, when ecosystems were 
grassier? Does this account for their low diversity? 

Magnitudes and mechanisms of seasonal diet shifts: Observed seasonal diet shifts were of 
smaller magnitude than expected, peaking at ca. 20%. What constrains the magnitude of 
seasonal diet shifts? How and at what scale do mixed feeders select for resources?

Latitudinal gradients in herbivore impacts: Extratropical herbivores were less diverse than 
tropical ones, exhibited more intermediate phenotypes, and were likelier to migrate and diet 
switch seasonally. Are seasonal resource bottlenecks more extreme outside of the tropics 
because forage seasonality is uniform across plant functional types? Does reduced seasonality 
in the tropics translate to higher herbivore population densities, and resultantly larger 
herbivore impacts?

744
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745 FIGURES

746

747 Figure 1. The global distribution of herbivores (a) and relationships between rainfall seasonality 

748 and latitude (b) and temperature seasonality and latitude (c) across herbivore species’ ranges. 

749 Points in (a) correspond to species range centroids. Herbivores are distributed across every 

750 continent excluding Antarctica and experience a wide range of seasonally variable conditions. 

751 Point and error bar colors correspond to herbivore strategies, where blue corresponds to non-

752 migratory herbivores, green corresponds to migratory herbivores, and darker colors reflect 

753 species that exhibit larger seasonal diet shifts. Note that migration is coded as a binary whereas 

754 diet shifts take proportional values.
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755

756 Figure 2. The relationship between herbivore body mass and grass dependence across all 

757 herbivores (a; N = 210), across tropical herbivores (b; N =164), and across extratropical 

758 herbivores (c; N = 46). Body mass was positively correlated with grass consumption in the 

759 global dataset, but this relationship broke down when only extratropical herbivores were 

760 considered. Point colors correspond to herbivore strategies, where blue points correspond to non-

761 migratory herbivores, green points correspond to migratory herbivores, and darker points reflect 

762 species that exhibit larger seasonal diet shifts. Solid regression lines indicate significant 

763 relationships (P < 0.05), and a dashed line indicates a non-significant relationship (P ≥ 0.05).
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764

765 Figure 3. Relationships between migration and body mass (a), latitude (b), and grass dependence 

766 (c). All three were positively correlated with migratory behavior in herbivores. Point colors 

767 correspond to herbivore strategies, where blue points correspond to non-migratory herbivores, 

768 green points correspond to migratory herbivores, and darker points reflect species that exhibit 

769 larger seasonal diet shifts. The light grey box in (a) corresponds to the region of trait space where 

770 no herbivores exhibit migratory behavior, possibly suggesting energetic constraints on migration. 

771 Solid regression lines indicate significant relationships (P < 0.05).
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772

773 Figure 4. The relationship between herbivore grass dependence and the magnitude of seasonal 

774 dietary shifts. Dietary shifts peaked at intermediate grass dependences. Point colors correspond 

775 to herbivore strategies, where blue points correspond to non-migratory herbivores, green points 

776 correspond to migratory herbivores, and darker points reflect species that exhibit larger seasonal 

777 diet shifts. The solid regression line indicates a significant relationship (P < 0.05).
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778

779 Figure 5. Conceptual synthesis. Strategies for navigating scarcity in the tropics are most 

780 prevelant among grass-dependent herbivores and large herbivores with bulky forage 

781 requirements, whereas nearly all extratropical herbivores exhibit one or both seasonal strategies. 

782 These latitudinal differences in the distribution of strategies are likely because only grass forage 

783 is seasonally available in the tropics, whereas all vegetation is strongly seasonal in the 

784 extratropics. Inconsistent resource availability may also preclude dietary specialists in 

785 extratropical systems, while forage and thermoregulatory requirements likely restrict 

786 extratropical herbivores to more intermediate body sizes. Contrastingly, in the tropics there is a 

787 much higher diversity of specialist herbivores (and herbivores more generally), with 

788 comparatively few generalists. Herbivore trait space is colored according to the distribution of 

789 different strategies: blue corresponds to non-migratory herbivores, green corresponds to 

790 migratory herbivores, and darker colors reflect regions of trait space where larger seasonal diet 

791 shifts are expected. White contours indicate how herbivores are distributed in trait space, with the 

792 most representative herbivore from tropical and extratropical environments respectively depicted 

793 in silhouette. Black dashed lines correspond to the migration threshold in each environment, 

794 below which few herbivores exhibit migration.
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MANUSCRIPT TITLE: Seasonal strategies differ between tropical and extratropical herbivores 

AUTHORS: Joel O. Abraham, Gareth P. Hempson, J. Tyler Faith, and A. Carla Staver

SUPPORTING INFORMATION 

Table S1. Complete list of all 210 herbivorous mammals included in this study, representing 7 orders and 23 families distributed across the globe, as 
well as their range centroids, body masses, seasonal grass dependences, and migratory status. 

Scientific name Family Latitude Longitude Body 
mass 

Growing 
season  

dietary grass 

Dormant 
season  

dietary grass 

Avg. dietary 
grass 

Dietary 
sources Migration Migration 

sources 

Addax nasomaculatus Bovidae 17.4 7.7 70.0 0.83 0.77 0.80 58, 62 1 31 
Aepyceros melampus Bovidae -13.3 31.6 52.5 0.67 0.53 0.60 32 1 169 

Ailuropoda melanoleuca Ursidae 31.3 104.1 108.4 0.99 0.99 0.99 131 1 177 
Alcelaphus buselaphus Bovidae -4.6 21.0 171.0 0.96 0.97 0.96 193 1 20 

Alces alces Cervidae 58.8 43.2 357.0 0.04 0.01 0.02 127 1 127 
Alces americanus Cervidae 50.8 -72.4 541.5 0.06 0.00 0.03 88 1 162 

Ammotragus lervia Bovidae 25.5 4.7 48.0 0.78 0.39 0.65 125 1 31 
Antidorcas marsupialis Bovidae -25.0 20.9 31.5 0.50 0.07 0.29 150 1 20 
Antilocapra americana Antilocapridae 41.0 -106.3 46.1 0.31 0.09 0.20 153 1 145 

Antilope cervicapra Bovidae 21.0 77.4 37.5 0.95 0.93 0.94 76 0 84 
Axis axis Cervidae 20.5 79.6 67.3 0.73 0.34 0.55 95 0 95 

Axis porcinus Cervidae 26.0 87.3 34.4 0.44 0.67 0.55 46, 178 0 46 
Beatragus hunteri Bovidae -1.3 40.5 79.1 0.78 0.72 0.75 8 0 8 

Bison bison Bovidae 57.2 -120.5 579.3 0.98 0.98 0.98 35 1 20 
Bison bonasus Bovidae 51.1 23.2 500.0 0.69 0.39 0.54 107 1 139 

Blastocerus dichotomus Cervidae -18.1 -54.3 86.7 0.29 0.31 0.30 170 1 170 
Bos gaurus Bovidae 19.7 93.6 650.0 0.80 0.53 0.67 29 1 4 

Bos javanicus Bovidae 11.7 106.5 625.0 0.40 0.15 0.28 21 1 172 
Bos mutus Bovidae 35.3 86.9 416.5 0.86 0.94 0.90 72, 123 1 31 
Bos sauveli Bovidae 13.7 106.1 800.0 0.90 0.90 0.90 180 1 31 

Boselaphus tragocamelus Bovidae 22.7 78.5 169.0 0.28 0.39 0.34 13 0 95 
Bubalus arnee Bovidae 21.1 94.0 431.3 0.96 0.94 0.95 39 1 173 

Bubalus depressicornis Bovidae -1.9 121.4 300.0 0.04 0.04 0.04 142 0 142 

Page 42 of 69



Bubalus quarlesi Bovidae -2.3 120.8 150.0 0.04 0.04 0.04 142 0 142 
Budorcas taxicolor Bovidae 29.4 99.0 302.0 0.17 0.10 0.13 147 1 147 
Camelus bactrianus Camelidae 48.3 95.9 690.0 0.11 0.11 0.11 81 1 31 

Camelus dromedarius Camelidae 27.7 22.4 601.0 0.10 0.10 0.10 81 1 31 
Capra caucasica Bovidae 43.3 41.7 55.0 0.30 0.65 0.48 179 1 179 

Capra cylindricornis Bovidae 42.1 46.0 50.0 0.00 0.00 0.00 12 0 12 
Capra falconeri Bovidae 35.0 72.1 41.0 0.60 0.42 0.51 3 0 17 

Capra ibex Bovidae 45.5 7.1 85.2 0.94 0.82 0.88 137 1 137 
Capra nubiana Bovidae 24.0 40.4 62.6 0.17 0.14 0.15 71 0 198 

Capra pyrenaica Bovidae 38.9 -2.4 50.0 0.26 0.12 0.19 64 1 2 
Capra sibirica Bovidae 43.3 86.3 130.0 0.77 0.40 0.59 57 1 57 
Capra walie Bovidae 13.3 38.2 100.0 0.01 0.00 0.00 66 0 52 

Capreolus capreolus Cervidae 51.6 20.5 22.5 0.06 0.06 0.06 127 1 127 
Capreolus pygargus Cervidae 49.8 98.5 43.8 0.17 0.07 0.11 9 1 73 
Capricornis crispus Bovidae 37.1 138.6 43.0 0.01 0.04 0.03 133 0 100 

Capricornis sumatraensis Bovidae 1.7 100.1 87.5 0.40 0.85 0.63 179 1 179 
Castor canadensis Castoridae 49.9 -106.3 21.8 0.00 0.00 0.00 25 0 25 

Castor fiber Castoridae 57.4 35.7 19.0 0.11 0.03 0.05 101 0 101 
Catagonus wagneri Tayassuidae -22.1 -61.3 35.6 0.00 0.00 0.00 118 0 118 
Cephalophus adersi Bovidae -4.6 38.8 9.2 0.03 0.03 0.03 62 0 198 

Cephalophus callipygus Bovidae 0.8 13.5 18.2 0.02 0.02 0.02 62 0 198 
Cephalophus dorsalis Bovidae 0.2 14.6 20.0 0.04 0.04 0.04 26 0 198 
Cephalophus harveyi Bovidae -6.0 36.4 14.5 0.01 0.01 0.01 26 0 198 
Cephalophus jentinki Bovidae 6.5 -8.8 70.0 0.01 0.01 0.01 62 0 198 

Cephalophus leucogaster Bovidae 0.5 17.4 12.7 0.04 0.04 0.04 26 0 198 
Cephalophus natalensis Bovidae -16.7 36.1 12.0 0.03 0.03 0.03 26 0 198 

Cephalophus niger Bovidae 7.2 -4.3 20.4 0.01 0.01 0.01 62 0 198 
Cephalophus nigrifrons Bovidae -2.2 19.9 13.9 0.04 0.04 0.04 26 0 198 

Cephalophus ogilbyi Bovidae 4.8 5.9 20.0 0.01 0.01 0.01 62 0 198 
Cephalophus rufilatus Bovidae 8.9 6.6 12.0 0.18 0.00 0.09 48 0 198 

Cephalophus silvicultor Bovidae -0.6 15.8 72.5 0.02 0.02 0.02 26 0 198 
Cephalophus spadix Bovidae -6.1 36.8 56.0 0.01 0.01 0.01 62 0 198 
Cephalophus weynsi Bovidae -0.2 24.2 17.0 0.01 0.01 0.01 62 0 198 
Cephalophus zebra Bovidae 6.5 -8.8 17.5 0.01 0.01 0.01 62 0 198 
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Ceratotherium simum Rhinocerotidae 3.3 25.3 2950.0 0.90 0.90 0.90 33 0 176 
Cervus albirostris Cervidae 33.8 97.8 161.7 0.98 0.74 0.86 72, 164 1 72 

Cervus elaphus Cervidae 46.1 48.7 165.0 0.36 0.18 0.27 28 1 31 
Cervus nippon Cervidae 37.5 140.0 53.0 0.75 0.50 0.63 165 1 20 

Connochaetes gnou Bovidae -29.0 26.3 180.0 0.97 0.97 0.97 62 1 73 
Connochaetes taurinus Bovidae -19.4 24.8 180.0 0.87 0.92 0.90 33 1 73 

Dama dama Cervidae 42.5 19.5 52.4 0.61 0.25 0.43 82 0 168 
Damaliscus lunatus Bovidae -9.7 25.5 136.0 0.92 0.98 0.94 33 1 73 

Damaliscus pygargus Bovidae -28.5 27.3 102.0 0.87 0.81 0.84 90 1 73 
Dicerorhinus sumatrensis Rhinocerotidae 2.2 103.1 1266.7 0.02 0.02 0.02 144 0 176 

Diceros bicornis Rhinocerotidae -13.2 26.1 1180.5 0.09 0.09 0.09 33 0 176 
Dinomys branickii Dinomyidae -5.3 -71.7 12.5 0.04 0.04 0.04 67 0 67 

Dolichotis patagonum Caviidae -38.9 -67.5 8.0 0.74 0.66 0.70 155 0 155 
Dorcatragus megalotis Bovidae 10.4 46.9 10.2 0.05 0.05 0.05 62 0 198 
Elaphodus cephalophus Cervidae 28.2 108.5 33.5 0.00 0.00 0.00 109 0 109 

Elephas maximus Elephantidae 15.3 98.1 2915.0 0.61 0.30 0.40 140 1 87 
Equus burchellii Equidae 14.2 40.4 276.0 0.92 0.92 0.92 33 1 31 

Equus grevyi Equidae 3.6 39.8 408.0 0.98 0.98 0.98 91 1 196 
Equus hemionus Equidae 42.4 97.4 240.0 0.50 0.15 0.34 188 1 31 

Equus kiang Equidae 34.5 88.9 275.0 0.99 0.92 0.95 72, 191 1 31 
Equus quagga Equidae -13.7 29.9 400.0 1.00 1.00 1.00 49 1 73 
Equus zebra Equidae -23.0 16.4 287.0 0.92 0.92 0.92 183 1 19 

Eudorcas rufifrons Bovidae 13.3 12.5 27.0 0.45 0.34 0.39 62, 148 0 198 
Eudorcas thomsonii Bovidae -2.7 35.9 22.9 0.83 0.78 0.81 193 1 31 

Gazella arabica Bovidae 21.3 45.7 12.0 0.04 0.04 0.04 186 0 186 
Gazella bennettii Bovidae 26.7 68.3 18.9 0.26 0.48 0.37 13 0 5 
Gazella dorcas Bovidae 23.2 11.5 23.0 0.02 0.03 0.02 14 1 31 
Gazella gazella Bovidae 21.7 46.7 22.7 0.69 0.55 0.62 14 1 31 

Gazella leptoceros Bovidae 27.2 10.0 22.2 0.60 0.40 0.50 89, 62, 34 0 198 
Gazella spekei Bovidae 8.3 48.5 20.0 0.46 0.32 0.39 98, 47, 62 1 15 

Gazella subgutturosa Bovidae 36.4 69.0 28.5 0.31 0.17 0.27 188 1 31 
Giraffa camelopardalis Giraffidae -8.5 28.2 900.0 0.06 0.05 0.06 33 1 31 
Hemitragus jemlahicus Bovidae 29.4 82.9 35.2 0.59 0.44 0.54 68 1 68 

Hippocamelus antisensis Cervidae -17.5 -69.9 68.6 0.57 0.35 0.46 65, 16 1 19, 16 
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Hippocamelus bisulcus Cervidae -46.8 -72.8 70.0 0.13 0.04 0.09 63 1 31 

Hippopotamus amphibius Hippopotamidae -5.9 25.1 1417.5 0.89 0.92 0.91 33 1 119, 132, 53, 
169, 174 

Hippotragus equinus Bovidae -0.4 18.1 270.0 0.95 0.98 0.96 33 1 7 
Hippotragus niger Bovidae -14.0 31.3 227.5 0.98 0.98 0.98 33 1 169, 61 

Hydrochoerus 
hydrochaeris Caviidae -10.2 -57.6 48.1 0.49 0.80 0.65 45 0 45 

Hydropotes inermis Cervidae 32.5 121.2 14.0 0.11 0.04 0.08 97 0 97 
Hyemoschus aquaticus Tragulidae 1.3 16.0 10.9 0.00 0.00 0.00 51 0 198 

Hylochoerus 
meinertzhageni Suidae 4.1 14.9 188.5 0.25 0.01 0.13 195 0 195 

Hystrix cristata Hystricidae 10.6 16.7 16.3 0.42 0.30 0.36 24 0 198 
Hystrix indica Hystricidae 29.9 64.2 12.4 0.10 0.09 0.09 6 0 6 

Kobus ellipsiprymnus Bovidae -1.0 22.9 210.0 0.89 0.90 0.90 33 1 184, 169 
Kobus kob Bovidae 8.4 12.5 78.5 1.00 0.95 0.97 48 1 31 

Kobus leche Bovidae -14.8 23.2 110.7 0.95 0.95 0.95 62, 134 1 192 
Kobus megaceros Bovidae 8.3 30.9 87.5 0.95 0.95 0.95 62 0 198 
Kobus vardonii Bovidae -12.3 26.8 71.5 0.93 0.93 0.93 62, 134 0 198 
Lama guanicoe Camelidae -37.2 -68.2 120.0 0.81 0.67 0.74 141 1 143 

Lasiorhinus latifrons Vombatidae -31.6 131.8 25.5 0.92 0.92 0.92 185 0 185 
Litocranius walleri Bovidae 4.5 42.6 38.0 0.02 0.02 0.02 26 0 198 
Loxodonta africana Elephantidae -4.9 23.9 3940.0 0.50 0.25 0.38 32 1 194 

Macropus agilis Macropodidae -15.5 135.4 15.0 1.00 0.99 1.00 10 0 198 
Macropus antilopinus Macropodidae -15.0 133.7 27.3 0.89 0.81 0.85 10 0 198 

Macropus dorsalis Macropodidae -25.0 149.2 11.3 0.96 0.90 0.93 10 0 198 
Macropus eugenii Macropodidae -34.4 117.9 6.5 0.85 0.83 0.84 108 0 108 

Macropus fuliginosus Macropodidae -31.8 135.0 22.0 0.83 0.75 0.80 10 0 198 
Macropus giganteus Macropodidae -28.5 146.3 25.9 0.92 0.91 0.92 40 0 198 

Macropus irma Macropodidae -32.7 117.3 8.0 0.03 0.03 0.05 40 0 40 
Macropus parryi Macropodidae -24.4 149.8 13.5 1.00 1.00 1.00 92 0 92 

Macropus robustus Macropodidae -24.5 134.1 21.3 0.98 0.91 0.95 130 0 198 
Macropus rufogriseus Macropodidae -31.0 149.4 16.9 0.64 0.46 0.55 158 0 120 

Macropus rufus Macropodidae -25.4 132.9 46.3 0.87 0.85 0.86 130 0 130 
Madoqua guentheri Bovidae 4.2 41.0 7.5 0.00 0.00 0.00 91 0 198 
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Madoqua kirkii Bovidae -8.2 29.3 5.3 0.00 0.00 0.00 26 0 198 
Mazama americana Cervidae -7.1 -61.0 22.8 0.00 0.02 0.01 22 0 22 

Mazama gouazoubira Cervidae -20.0 -52.4 16.6 0.00 0.00 0.00 22 0 22 
Mazama nemorivaga Cervidae -3.3 -61.4 15.0 0.02 0.02 0.02 121 0 121 

Mazama rufina Cervidae -0.5 -77.5 26.0 0.01 0.01 0.01 114 0 114 
Mazama temama Cervidae 15.4 -88.6 18.8 0.03 0.03 0.03 175 0 175 

Moschus chrysogaster Moschidae 33.4 97.7 14.5 0.03 0.02 0.02 69 0 69 
Moschus moschiferus Moschidae 53.4 116.3 13.0 0.01 0.00 0.01 94 0 94 
Muntiacus crinifrons Cervidae 29.3 118.8 36.1 0.07 0.00 0.03 78 0 78 
Muntiacus muntjak Cervidae 0.2 108.6 15.9 0.22 0.13 0.18 80 0 80 
Muntiacus reevesi Cervidae 28.2 111.7 13.5 0.07 0.29 0.18 59 0 82 

Muntiacus vuquangensis Cervidae 14.8 107.3 36.7 0.43 0.55 0.49 128 0 128 
Myocastor coypus Myocastoridae -34.0 -63.5 6.9 0.58 0.47 0.51 1 0 1 

Naemorhedus caudatus Bovidae 42.6 128.3 27.0 0.71 0.55 0.63 17 1 30 
Naemorhedus goral Bovidae 29.0 84.7 28.5 0.97 0.88 0.92 80 0 159 

Nanger dama Bovidae 17.4 10.1 73.0 0.64 0.49 0.56 70, 62 1 70 
Nanger granti Bovidae -0.3 37.5 55.5 0.21 0.34 0.27 193 1 20 

Nanger soemmerringii Bovidae 11.3 41.3 40.0 0.55 0.45 0.50 98, 47, 62 1 15 
Nesotragus moschatus Bovidae -13.1 36.2 6.5 0.00 0.00 0.00 26 0 198 
Niligiritragus hylocrius Bovidae 10.3 77.0 75.0 0.73 0.54 0.64 163 0 163 
Odocoileus hemionus Cervidae 45.1 -113.9 54.2 0.36 0.48 0.42 103 1 145 

Odocoileus virginianus Cervidae 35.3 -93.6 55.5 0.05 0.08 0.07 11 1 20 
Okapia johnstoni Giraffidae 1.3 26.5 230.0 0.00 0.00 0.00 74 0 74 

Onychogalea fraenata Macropodidae -23.5 149.2 5.5 0.68 0.39 0.54 10 0 198 
Oreamnos americanus Bovidae 55.3 -128.3 72.5 0.11 0.27 0.21 38 1 19 
Oreotragus oreotragus Bovidae -10.6 30.1 13.0 0.05 0.00 0.02 83 0 198 

Oryx dammah Bovidae -12.6 17.9 200.0 0.88 0.83 0.85 58, 62 1 31 
Oryx gazella Bovidae -24.2 20.4 169.0 0.94 0.80 0.87 153 1 20 

Oryx leucoryx Bovidae 48.6 21.1 87.7 0.92 0.88 0.90 161, 156 1 62 
Ourebia ourebi Bovidae 1.2 20.5 17.3 0.87 0.87 0.87 26, 62 0 62 

Ovibos moschatus Bovidae 73.6 -86.4 340.5 0.32 0.48 0.40 99 1 31 
Ovis ammon Bovidae 38.5 90.5 180.0 0.14 0.52 0.33 181 1 31 

Ovis canadensis Bovidae 40.9 -113.8 74.6 0.20 0.06 0.13 122 1 19 
Ovis dalli Bovidae 63.8 -139.7 55.7 0.38 0.71 0.55 149 1 149 
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Ovis nivicola Bovidae 64.0 135.8 90.0 0.44 0.33 0.38 106 1 17 
Ovis orientalis Bovidae 34.3 56.2 60.0 0.28 0.09 0.16 116 1 129 

Ozotoceros bezoarticus Cervidae -17.3 -57.1 40.0 0.20 0.17 0.18 45 0 45 
Pantholops hodgsonii Bovidae 33.6 88.3 27.5 0.28 0.59 0.44 72, 191, 110 1 19 

Pecari tajacu Tayassuidae -4.8 -63.9 21.3 0.08 0.08 0.08 36 0 198 
Pelea capreolus Bovidae -29.9 25.4 20.0 0.12 0.08 0.10 124 0 124 

Petrogale penicillata Macropodidae -30.4 151.6 7.1 0.77 0.45 0.62 10 0 198 
Petrogale persephone Macropodidae -20.4 148.5 6.2 0.60 0.49 0.54 182 0 182 
Petrogale xanthopus Macropodidae -29.1 140.8 8.5 0.37 0.22 0.34 42 0 42 

Phacochoerus africanus Suidae -4.6 22.2 82.5 0.91 0.91 0.91 33 0 198 
Philantomba maxwellii Bovidae 8.5 -8.1 8.6 0.00 0.00 0.00 77 0 77 
Philantomba monticola Bovidae -4.7 23.1 6.3 0.01 0.04 0.02 96 0 62 

Procapra gutturosa Bovidae 45.9 110.0 27.8 0.40 0.60 0.50 85 1 31 
Procapra picticaudata Bovidae 34.1 91.5 20.0 0.09 0.45 0.27 72, 191 1 31 
Procapra przewalskii Bovidae 36.8 100.3 27.5 0.29 0.40 0.35 113 0 198 

Pseudois nayaur Bovidae 40.1 101.4 45.0 0.80 0.56 0.68 126 1 73 
Pudu puda Cervidae -41.0 -72.5 9.7 0.00 0.00 0.00 86 0 86 

Rangifer tarandus Cervidae 64.2 10.9 86.0 0.51 0.28 0.40 127 1 117 
Raphicerus campestris Bovidae -21.0 24.4 10.5 0.10 0.06 0.08 33 0 198 
Raphicerus melanotis Bovidae -32.9 22.3 10.2 0.35 0.17 0.26 93, 153 0 198 
Raphicerus sharpei Bovidae -14.6 31.9 9.5 0.31 0.19 0.25 62, 151 0 198 
Redunca arundinum Bovidae -13.6 26.6 58.0 0.96 0.96 0.96 157, 62 0 198 
Redunca fulvorufula Bovidae -15.8 31.0 29.5 0.94 0.94 0.94 26, 62 0 198 

Redunca redunca Bovidae 6.3 20.0 44.1 1.00 1.00 1.00 26 0 198 
Rhinoceros unicornis Rhinocerotidae 26.9 89.3 1602.3 0.87 0.61 0.70 140 0 176 
Rucervus duvauceli Cervidae 27.9 81.5 160.0 0.48 0.79 0.64 167 0 198 

Rupicapra pyrenaica Bovidae 42.7 0.3 30.0 0.75 0.65 0.70 138 1 37 
Rupicapra rupicapra Bovidae 44.4 22.9 26.1 0.60 0.50 0.56 104 1 104, 192 

Rusa timorensis Cervidae -7.8 111.4 66.4 0.62 0.36 0.46 43 0 198 
Rusa unicolor Cervidae 18.6 95.3 177.5 0.63 0.46 0.54 136 1 190 
Saiga tatarica Bovidae 46.6 63.0 29.0 0.45 0.32 0.35 18 1 31 

Semnopithecus entellus Cercopithecidae 21.6 84.0 11.5 0.00 0.00 0.00 146 0 146 
Sus barbatus Suidae 0.7 110.9 70.5 0.00 0.00 0.00 111 0 111 

Sylvicapra grimmia Bovidae -6.3 21.9 19.5 0.30 0.05 0.18 33 0 198 
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Syncerus caffer Bovidae -2.7 21.6 580.0 0.88 0.89 0.88 33 1 20 
Tapirus pinchaque Tapiridae 0.6 -77.0 148.9 0.98 0.96 0.97 50 1 19 
Tapirus terrestris Tapiridae -8.9 -57.8 207.5 0.08 0.01 0.05 166 0 198 

Taurotragus derbianus Bovidae 8.4 17.3 680.0 0.05 0.05 0.05 23, 75 1 27 
Taurotragus oryx Bovidae -16.2 27.4 570.0 0.05 0.00 0.03 33 1 62 
Tayassu pecari Tayassuidae -9.0 -58.6 32.2 0.10 0.31 0.20 44 0 60 

Tetracerus quadricornis Bovidae 22.0 78.9 19.0 0.15 0.09 0.12 102, 154 0 154 
Theropithecus gelada Cercopithecidae 11.4 38.9 17.0 0.67 0.47 0.57 56 0 198 
Thylogale billardierii Macropodidae -41.9 146.6 5.5 0.61 0.45 0.53 158 0 158 
Thylogale stigmatica Macropodidae -22.1 148.9 5.1 0.49 0.37 0.43 158 0 158 

Thylogale thetis Macropodidae -30.5 152.2 5.4 0.72 0.60 0.66 158 0 158 
Tragelaphus angasii Bovidae -22.1 32.3 86.6 0.29 0.14 0.24 33 0 198 

Tragelaphus eurycerus Bovidae 3.5 14.2 329.0 0.00 0.00 0.00 26 0 198 
Tragelaphus imberbis Bovidae 2.8 40.4 81.6 0.04 0.00 0.02 112 0 198 
Tragelaphus scriptus Bovidae -2.2 21.4 43.3 0.06 0.13 0.10 115 0 198 
Tragelaphus spekii Bovidae -1.5 21.5 78.0 0.68 0.34 0.51 157, 62 0 198 

Tragelaphus strepsiceros Bovidae -10.6 29.9 213.5 0.08 0.00 0.02 135 0 198 
Vicugna vicugna Camelidae -18.4 -69.3 47.5 0.79 0.81 0.80 171 1 31 
Vombatus ursinus Vombatidae -36.7 147.6 26.0 0.97 0.90 0.94 55 0 55 
Wallabia bicolor Macropodidae -29.1 148.1 15.0 0.21 0.13 0.17 79 0 198 

Sources: 
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Table S2. Variable abbreviations used in model selection along with their corresponding 
definitions and the ecological interpretation of each variable 

Variable name Variable 
definition Ecological interpretation 

logBM log-transformed 
body mass 

Herbivore body masses vary by orders of magnitude 
(from 5 kg to nearly 4,000 kg). This variable 
corresponds to the order of magnitude of herbivore 
body mass. 

(logBM)2 

polynomial 
transformation of 
log-transformed 

body mass 

The second-order polynomial transformation of log-
transformed herbivore body mass. This 
transformation was done to test whether herbivores of 
intermediate body size are most able to migrate 
and/or shift their diets. 

avg_grass_diet average dietary 
grass fraction 

An herbivore’s average grass dependence, quantified 
as the average grass fraction in its diet across seasons. 

(avg_grass_diet)2 

polynomial 
transformation of 
average dietary 
grass fraction 

The second-order polynomial transformation of an 
herbivore’s average grass dependence (quantified as 
the average grass fraction in its diet across seasons). 
This transformation was done to test whether 
herbivores with intermediate dietary preferences have 
the largest home ranges. 

grow_grass_diet 
growing season 

dietary grass 
fraction 

An herbivore’s growing season grass dependence, 
quantified as the average grass fraction in its diet 
during the summer/wet season. 

dorm_grass_diet 
dormant season 

dietary grass 
fraction 

An herbivore’s dormant season grass dependence, 
quantified as the average grass fraction in its diet 
during the winter/dry season. 

(grow_grass_diet)2 

polynomial 
transformation of 
growing season 

dietary grass 
fraction 

The second-order polynomial transformation of an 
herbivore’s growing season grass dependence 
(quantified as the average grass fraction in its diet 
during the summer/wet season). This transformation 
was done to test whether herbivores with intermediate 
dietary preferences are most able to shift their diets. 

migration seasonal 
migration 

Whether or not an herbivore species is migratory. 
Coded as a binary (1 = migratory, 0 = non-migratory). 

diet_shift seasonal dietary 
shifts 

The magnitude of seasonal dietary shifts. Quantified 
as the change in dietary grass fraction between the 
growing and dormant season. 

abs(latitude) absolute value of 
latitude 

The absolute value of the latitudinal centroid of an 
herbivore’s species range. Corresponds to average 
distance from the equator for each herbivore species. 

mean_temp_mean mean annual 
temperature 

Mean annual temperature averaged across an 
herbivore’s species range. As such, corresponds to the 
average temperatures experienced by the species. 
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mean_temp_sd 

standard 
deviation of 
mean annual 
temperature 

The standard deviation of mean annual temperature 
across an herbivore’s species range. As such, 
corresponds to spatial variability in temperature. 

temp_seas_mean 
mean 

temperature 
seasonality 

Temperature seasonality averaged across an 
herbivore’s species range. As such, corresponds to the 
average temperature seasonality experienced by the 
species. 

temp_seas_sd 

standard 
deviation of 
temperature 
seasonality 

The standard deviation of temperature seasonality 
across an herbivore’s species range. As such, 
corresponds to spatial variability in temperature 
seasonality. 

annu_rain_mean annual rainfall 
Annual rainfall averaged across an herbivore’s 
species range. As such, corresponds to the average 
rainfall experienced by the species. 

annu_rain_sd 
standard 

deviation of 
annual rainfall 

The standard deviation of annual rainfall averaged 
across an herbivore’s species range. As such, 
corresponds to spatial variability in rainfall. 

rain_seas_mean mean rainfall 
seasonality 

Mean rainfall seasonality averaged across an 
herbivore’s species range. As such, corresponds to the 
average rainfall seasonality experienced by the 
species. 

rain_seas_sd 

standard 
deviation of 

rainfall 
seasonality 

The standard deviation of rainfall seasonality across 
an herbivore’s species range. As such, corresponds to 
spatial variability in rainfall seasonality. 

cec_mean 
mean effective 

cation exchange 
capacity of soil 

Average effective cation exchange capacity of all soil 
data points within an herbivore’s species range. 
Higher values reflect comparatively nutrient rich 
soils.  

cec_sd 

standard 
deviation of 

effective cation 
exchange 

capacity of soil 

The standard deviation of effective cation exchange 
capacity for all soil data points within an herbivore’s 
species range. Higher values reflect more spatially 
variable soil nutrients. 

nit_mean mean nitrogen 
content of soil 

Average nitrogen content of all soil data points within 
an herbivore’s species range. Higher values reflect 
comparatively nutrient rich soils. 

nit_sd 

standard 
deviation of 

mean nitrogen 
content of soil 

The standard deviation of nitrogen content for all soil 
data points within an herbivore’s species range. 
Higher values reflect more spatially variable soil 
nutrients. 
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Table S3. Global models of herbivore traits and behaviors, including all predictors 
hypothesized that have an effect on said variable, for use in model selection. Note that 
predictors that are underlined were only included in the analyses involving soil nutrient data, 
which encompass only the subset of species for which nutrient data were available. 
Variable Global model 

body mass logBM ~ abs(latitude) + mean_temp_mean + mean_temp_sd + temp_seas_mean 
+annu_rain_mean*[nit_mean + nit_sd + cec_mean + cec_sd]

grass 
dependence 

avg_grass_diet ~ logBM * abs(latitude)+ temp_seas_mean + rain_seas_mean + 
annu_rain_mean*[nit_mean + nit_sd + cec_mean + cec_sd] 

migration 

migration ~ (logBM)2 + grow_grass_diet + diet_shift*[abs(latitude) + 
rain_seas_mean + annu_rain_sd + temp_seas_mean + mean_temp_sd] + 
annu_rain_mean*[nit_mean + nit_sd + cec_mean + cec_sd] 

dietary 
shifts 

diet_shift ~ (logBM)2 + (grow_grass_diet)2+ migration*[abs(latitude) + 
rain_seas_mean + annu_rain_sd + temp_seas_mean + mean_temp_sd] + 
annu_rain_mean*[nit_mean + nit_sd + cec_mean + cec_sd] 
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Table S4. Model selection results for the predictors of herbivore body mass using different data 
subsets. Only the 6-8 highest ranked models are listed. ‘Preferred’ models (all models with 
ΔAICc < 2) are italicized, whereas the ‘best’ model (simplest model with ΔAICc < 2) is bolded. 

Data
set Model formula R2 K logLik AICc ΔAICc weight 

A
ll 

he
rb

iv
or

es
 w

ith
 

nu
tri

en
t d

at
a 

(N
 =

 1
58

) Intercept only 0.0356 2 -148.6 301.3 0 0.829 
logBM~mean_temp_sd 0.0525 3 -149.8 305.8 4.507 0.087 
logBM~nit_mean 0.0356 3 -150.8 307.7 6.404 0.034 
logBM~nit_sd 0.0358 3 -151.4 309.0 7.644 0.018 
logBM~cec_sd 0.0386 3 -152.4 310.9 9.566 0.007 
logBM~cec_mean 0.0409 3 -152.5 311.1 9.775 0.006 
logBM~mean_temp_mean 0.0356 3 -152.9 311.9 10.615 0.004 
logBM ~mean_temp_sd+nit_mean 0.0528 4 -152.0 312.2 10.875 0.004 

A
ll 

he
rb

iv
or

es
 

(N
 =

 2
10

) 

Intercept only 0.0539 2 -191.3 386.7 0 0.937 
logBM~mean_temp_sd 0.0626 3 -193.1 392.4 5.681 0.055 
logBM~mean_temp_mean 0.0552 3 -195.6 397.4 10.728 0.004 
logBM~abs(latitude) 0.0558 3 -196.1 398.4 11.712 0.003 
logBM~mean_temp_mean + 
mean_temp_sd 0.0687 4 -197.4 403.0 16.367 0 

logBM~mean_temp_mean + 
mean_temp_sd 0.0626 4 -197.5 403.2 16.545 0 

H
er

bi
vo

re
s <

 5
00

 
kg

  
(N

 =
 1

92
)

Intercept only 0.0657 2 -130.1 264.2 0 0.939 
logBM~mean_temp_sd 0.0728 3 -132.3 270.8 6.571 0.035 
logBM~mean_temp_mean 0.0851 3 -132.8 271.7 7.452 0.023 
logBM~abs(latitude) 0.067 3 -135.2 276.5 12.244 0.002 
logBM~mean_temp_mean + 
mean_temp_sd 0.0859 4 -135.6 279.4 15.144 0 

logBM~abs(latitude) + mean_temp_mean 0.0996 4 -136.0 280.2 15.987 0 

H
er

bi
vo

re
s 5

0 
- 5

00
 

kg
 (N

 =
 8

1)
 

Intercept only 0.0608 2 -12.23 28.62 0 0.98 
logBM~mean_temp_sd 0.0609 3 -15.34 36.99 8.372 0.015 
logBM~mean_temp_mean 0.0658 3 -16.96 40.22 11.601 0.003 
logBM~abs(latitude) 0.0608 3 -17.69 41.7 13.075 0.001 
logBM~temp_seas_mean 0.0652 3 -20.53 47.38 18.753 0 
logBM~annu_rainfall_mean 0.0708 3 -20.84 48 19.377 0 
logBM~mean_temp_mean + 
mean_temp_sd 0.0673 4 -19.92 48.38 19.753 0 

U
ng

ul
at

es
 o

nl
y 

(N
 =

17
5)

 

Intercept only 0.0686 2 -146.3 296.7 0 0.918 
logBM~mean_temp_sd 0.0821 3 -147.8 301.7 5.048 0.074 
logBM~mean_temp_mean 0.0714 3 -150.6 307.2 10.585 0.005 
logBM~abs(latitude) 0.0710 3 -151.1 308.4 11.730 0.003 
logBM~mean_temp_mean + 
mean_temp_sd 0.0821 4 -152.2 312.6 15.989 0 

logBM~abs(latitude) + mean_temp_sd 0.0822 4 -152.8 313.8 17.117 0 
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Data 
set Model formula R2 K logLik AICc ΔAICc weight 

A
ll 

he
rb

iv
or

es
 w

ith
 

nu
tri

en
t d

at
a 

(N
 =

 1
58

) avg_grass_diet~logBM 0.1143 3 -61.3 128.7 0 0.71 
avg_grass_diet~logBM+nit_mean 0.1334 4 -62.3 132.9 4.191 0.087 
avg_grass_diet~logBM+nit_sd 0.1382 4 -62.5 133.3 4.592 0.071 
avg_grass_diet~logBM+cec_sd 0.1446 4 -63.1 134.5 5.817 0.039 
avg_grass_diet~logBM+cec_mean 0.1466 4 -63.2 134.7 6.023 0.035 
Intercept only 0.0329 2 -66 136.1 7.372 0.018 
avg_grass_diet~logBM+annu_rain_mean 0.1758 4 -64.7 137.7 8.975 0.008 
avg_grass_diet~logBM+rain_seas_mean 0.1369 4 -65.2 138.6 9.885 0.005 

A
ll 

he
rb

iv
or

es
 

(N
 =

 2
10

) 

avg_grass_diet~logBM 0.0882 3 -76.02 158.2 0 0.921 
Intercept only 0.0324 2 -79.92 163.9 5.733 0.052 
avg_grass_diet~logBM+annu_rain_mean 0.1386 4 -79.38 167.0 8.809 0.011 
avg_grass_diet~logBM+rain_seas_mean 0.1114 4 -79.49 167.2 9.028 0.01 
avg_grass_diet~ rain_seas_mean 0.0713 3 -81.79 169.7 11.533 0.003 
avg_grass_diet~logBM +abs(latitude) 0.0920 4 -81.18 170.6 12.403 0.002 

H
er

bi
vo

re
s <

 5
00

 k
g 

(N
 =

 1
92

) 

avg_grass_diet~logBM 0.1293 3 -64.59 135.3 0 0.964 
avg_grass_diet~logBM+annu_rain_mean 0.1873 4 -67.29 142.8 7.485 0.023 
avg_grass_diet~logBM+rain_seas_mean 0.1534 4 -68.07 144.4 9.059 0.01 
avg_grass_diet~logBM +abs(latitude) 0.1315 4 -69.91 148.0 12.742 0.002 
Intercept only 0.0272 2 -73.11 150.3 14.990 0.001 
avg_grass_diet~logBM*abs(latitude) 0.1589 5 -71.78 153.9 18.577 0 
avg_grass_diet~logBM+abs(latitude)+ 
annu_rain_mean 0.1928 5 -72.12 154.6 19.272 0 

H
er

bi
vo

re
s 5

0 
- 5

00
 

kg
 (N

 =
 8

1)
 

Intercept only 0.0160 2 -33.11 70.37 0 0.431 
avg_grass_diet~logBM 0.0541 3 -32.56 71.43 1.056 0.254 
avg_grass_diet~rain_seas_mean 0.1596 3 -32.60 71.51 1.136 0.244 
avg_grass_diet~logBM+rain_seas_mean 0.1789 4 -32.76 74.05 3.673 0.069 
avg_grass_diet~abs(latitude) 0.0210 3 -38.11 82.53 12.159 0.001 
avg_grass_diet~logBM +abs(latitude) 0.0589 4 -37.58 83.68 13.305 0.001 
avg_grass_diet~ rain_seas_mean 
+abs(latitude) 0.1600 4 -37.82 84.17 13.794 0 

U
ng

ul
at

es
 o

nl
y 

(N
 =

17
5)

 

avg_grass_diet~logBM 0.1718 3 -54.74 115.6 0 0.621 
avg_grass_diet~ logBM+rain_seas_mean 0.2334 4 -54.19 116.6 0.999 0.377 
avg_grass_diet~logBM+annu_rain_mean 0.2086 4 -60.08 128.4 12.776 0.001 
avg_grass_diet~logBM +abs(latitude) 0.1725 4 -60.27 128.8 13.14 0.001 
avg_grass_diet~ logBM+rain_seas_mean 
+abs(latitude) 0.2380 5 -59.28 128.9 13.295 0.001 

avg_grass_diet~ logBM + annu_rain_mean 
+ rain_seas_mean 0.2447 5 -62.13 134.6 18.983 0 
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Table S5. Model selection results for the predictors of herbivore grass dependence (defined 
here as mean dietary grass fraction) using different data subsets. Only the 6-8 highest ranked 
models are listed. ‘Preferred’ models (all models with ΔAICc < 2) are italicized, whereas the 
‘best’ model (simplest model with ΔAICc < 2) is bolded. 



Table S6. Model selection results for the predictors of migration using different data subsets.  
Only the 5-7 highest ranked models are listed. ‘Preferred’ models (all models with ΔAICc < 2) 
are italicized, whereas the ‘best’ model (simplest model with ΔAICc < 2) is bolded. 

Data
set Model formula R2 K logLik AICc ΔAICc weight 

A
ll 

he
rb

iv
or

es
 w

ith
 n

ut
rie

nt
 d

at
a 

(N
 =

 1
58

) 

migration~ (logBM)2+ abs(latitude) 0.430 5 -76.50 163.39 0 0.109 
migration~ (logBM)2+ diet_shift 0.389 5 -76.84 164.08 0.694 0.077 
migration~ (logBM)2+ grow_grass_diet + 
abs(latitude) 0.446 6 -75.83 164.22 0.828 0.072 

migration~ (logBM)2+ grow_grass_diet + 
diet_shift 0.405 6 -76.29 165.14 1.749 0.045 

migration~ (logBM)2+ abs(latitude)+ 
diet_shift 0.434 6 -76.32 165.19 1.798 0.044 

migration~(logBM)2 0.373 4 -78.48 165.23 1.835 0.043 
migration~ logBM + grow_grass_diet + 
abs(latitude) 0.420 5 -77.54 165.47 2.078 0.038 

migration~ logBM + abs(latitude) 0.400 4 -78.62 165.49 2.102 0.038 

A
ll 

he
rb

iv
or

es
 

(N
 =

 2
10

) 

migration~abs(latitude)+(logBM)2 + 
grow_grass_diet 0.447 6 -101.3 215.0 0 0.363 

migration~abs(latitude)+logBM+ 
grow_grass_diet + diet_shift 0.452 7 -100.8 216.1 1.098 0.210 

migration~abs(latitude)+logBM + 
grow_grass_diet 0.425 5 -103.3 216.9 1.945 0.137 

migration~abs(latitude)+logBM+ 
grow_grass_diet + diet_shift 0.431 6 -102.7 217.9 2.871 0.086 

migration~ (logBM)2 + grow_grass_diet 
+temp_seas_mean 0.451 6 -103.5 219.4 4.382 0.041 

migration~ logBM + grow_grass_diet 
+temp_seas_mean 0.433 5 -105.0 220.2 5.214 0.027 

H
er

bi
vo

re
s <

 5
00

 k
g 

(N
 =

 1
92

) 

migration~abs(latitude)+logBM+ 
grow_grass_diet 0.449 5 -88.23 186.9 0 0.299 

migration~abs(latitude)+logBM+ 
grow_grass_diet + diet_shift 0.456 6 -87.55 187.6 0.689 0.212 

migration~abs(latitude)+logBM+ 
grow_grass_diet+mean_temp_sd 0.466 6 -88.47 189.4 2.522 0.085 

migration~logBM+grow_grass_diet 
+temp_seas_mean 0.459 5 -89.62 189.6 2.693 0.078 

migration~abs(latitude)+logBM+ 
grow_grass_diet+mean_temp_sd+diet_shift 0.472 7 -87.89 190.4 3.524 0.051 

migration~logBM+grow_grass_diet 
+temp_seas_mean+diet_shift 0.464 6 -89.14 190.7 3.858 0.043 

 5
0 

- 5
00

 
(N

 =
 8

1)
 migration~abs(latitude)+grow_grass_diet + 

mean_temp_sd 0.482 5 -39.74 90.27 0 0.302 

migration~abs(latitude)+ logBM+ 
grow_grass_diet+mean_temp_sd 0.502 6 -39.24 91.61 1.342 0.154 
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migration~abs(latitude) + diet_shift 
grow_grass_diet + mean_temp_sd 0.483 6 -39.82 92.77 2.501 0.086 

migration~ grow_grass_diet + mean_temp_sd 0.368 4 -42.33 93.19 2.919 0.070 
migration~abs(latitude) + (logBM)2 
grow_grass_diet + mean_temp_sd 0.503 7 -38.83 93.20 2.928 0.070 

migration~abs(latitude) + logBM + diet_shift 
+ grow_grass_diet + mean_temp_sd 0.502 7 -39.39 94.32 4.046 0.040 

U
ng

ul
at

es
 o

nl
y 

(N
 =

17
5)

 

migration~abs(latitude)+ logBM + 
grow_grass_diet 0.438 5 -87.99 186.3 0 0.488 

migration~abs(latitude)+ (logBM)2 + 
grow_grass_diet 0.449 6 -87.87 188.2 1.907 0.188 

migration~abs(latitude) + logBM + 
grow_grass_diet + diet_shift 0.441 6 -87.95 188.4 2.062 0.174 

migration~abs(latitude)+ (logBM)2 + 
grow_grass_diet + diet_shift 0.450 7 -88.05 190.8 4.425 0.053 

migration~abs(latitude)+ logBM + 
grow_grass_diet + mean_temp_sd 0.445 6 -89.96 192.4 6.082 0.023 

migration~abs(latitude)+ (logBM)2 + 
grow_grass_diet +  mean_temp_sd 0.457 7 -89.79 194.3 7.910 0.009 
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Table S7. Model selection results for the predictors of dietary shifts using different data subsets. 
Only the 5-7 highest ranked models are listed. ‘Preferred’ models (all models with ΔAICc < 2) 
are italicized, whereas the ‘best’ model (simplest model with ΔAICc < 2) is bolded. 

Data
set Model formula R2 K logLik AICc ΔAICc weight 

A
ll 

he
rb

iv
or

es
 w

ith
 

nu
tri

en
t d

at
a 

(N
 =

 1
58

) diet_shift~(grow_grass_diet)2 0.540 4 178.7 -349.1 0 0.64 
diet_shift~(grow_grass_diet)2 + cec_sd 0.576 5 178.8 -347.2 1.879 0.25 
diet_shift~(grow_grass_diet)2 + nit_mean 0.556 5 177.0 -343.6 5.471 0.042 
diet_shift~(grow_grass_diet)2 + logBM 0.545 5 175.8 -341.2 7.875 0.012 
diet_shift~(grow_grass_diet)2 + cec_mean 0.56 5 175.7 -341.0 8.133 0.011 
diet_shift~(grow_grass_diet)2+ nit_mean + 
cec_sd 0.588 6 176.7 -340.8 8.350 0.010 

diet_shift~(grow_grass_diet)2+ migration 0.542 5 175.5 -340.7 8.453 0.009 

A
ll 

he
rb

iv
or

es
 

(N
 =

 2
10

) 

diet_shift~(grow_grass_diet)2 0.519 4 231.8 -455.4 0 0.949 
diet_shift~(grow_grass_diet)2 + migration 0.522 5 229.0 -447.4 8.038 0.017 
diet_shift~(grow_grass_diet)2 + logBM 0.523 5 228.8 -447.4 8.077 0.017 
diet_shift~(grow_grass_diet)2 + 
mean_temp_sd 0.526 5 228.4 -446.6 8.878 0.011 

diet_shift~(grow_grass_diet)2 + (logBM)2 0.522 5 227.2 -444.0 11.402 0.003 
diet_shift~(grow_grass_diet)2+abs(latitude) 0.526 5 226.1 -441.9 13.484 0.001 

H
er

bi
vo

re
s <

 5
00

 
kg

 (N
 =

 1
92

) 

diet_shift~(grow_grass_diet)2 0.510 4 210.7 -413.2 0 0.893 
diet_shift~(grow_grass_diet)2 + logBM 0.519 5 209.0 -407.7 5.548 0.056 
diet_shift~(grow_grass_diet)2 + migration 0.516 5 208.3 -406.3 6.876 0.029 
diet_shift~(grow_grass_diet)2 + (logBM)2 0.518 5 207.5 -404.6 8.553 0.012 
diet_shift~(grow_grass_diet)2 + 
mean_temp_sd 

0.514 5 206.7 -403.1 10.072 0.006 

diet_shift~(grow_grass_diet)2+ abs(latitude) 0.518 5 205.2 -400.1 13.065 0.001 

H
er

bi
vo

re
s 5

0 
- 5

00
 k

g 
(N

 =
81

) 

diet_shift~(grow_grass_diet)2 0.549 4 80.09 -151.6 0 0.948 
diet_shift~(grow_grass_diet)2 + logBM 0.549 5 77.68 -144.6 7.082 0.027 
diet_shift~(grow_grass_diet)2 + migration 0.549 5 77.19 -143.6 8.063 0.017 
diet_shift~(grow_grass_diet)2 + (logBM)2 0.549 5 76.22 -141.6 10.01 0.006 
diet_shift~(grow_grass_diet)2 + 
mean_temp_sd 0.550 5 75.90 -141.0 10.653 0.005 

diet_shift~(grow_grass_diet)2+abs(latitude) 0.557 5 74.25 -137.7 13.934 0.001 
diet_shift~(grow_grass_diet)2+ 
rainfall_seas_mean 0.563 5 74.20 -137.6 14.038 0.001 

U
ng

ul
at

es
 o

nl
y 

(N
 =

17
5)

 

diet_shift~(grow_grass_diet)2 0.524 4 189.3 -370.3 0 0.946 
diet_shift~(grow_grass_diet)2 + 
mean_temp_sd 

0.536 5 186.8 -363.2 7.173 0.026 

diet_shift~(grow_grass_diet)2 + migration 0.524 5 186.0 -361.6 8.742 0.012 
diet_shift~(grow_grass_diet)2 + logBM 0.524 5 185.8 -361.2 9.176 0.010 
diet_shift~(grow_grass_diet)2 + (logBM)2 0.524 5 184.4 -358.4 11.935 0.002 
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Depen-
dent 
variable 

Dataset 
(N) 

35˚ N/S 23.5˚ N/S 
phylANOVA KS test phylANOVA KS test 

F P D P F P D P 

B
od

y 
si

ze
 

Nutrient 
(158) 0.1127 0.793 0.2564 0.0142 2.8237 0.631 0.2003 0.1029 

Full (210) 0.8235 0.591 0.2625 0.0105 2.1898 0.611 0.1594 0.1447 
< 500 kg 
(192) 3.6031 0.180 0.2936 0.0064 0.2891 0.893 0.1337 0.3631 

50 - 500 
kg (81) 1.4227 0.401 0.2983 0.0991 0.3775 0.647 0.2090 0.3548 

Ungulates 
(175) 0.7582 0.541 0.2627 0.0263 0.0669 0.901 0.1896 0.0990 

G
ra

ss
 d

ep
en

de
nc

e 

Nutrient 
(158) 1.0793 0.410 0.2313 0.1823 0.7591 0.821 0.2212 0.0537 

Full (210) 0.4439 0.712 0.1840 0.1756 1.6935 0.697 0.2618 0.0016 
< 500 kg 
(192) 0.3987 0.737 0.2023 0.1303 2.0363 0.686 0.2870 7.88×10-4 

50 - 500 
kg (81) 3.3761 0.178 0.3487 0.0329 0.7053 0.549 0.2522 0.1625 

Ungulates 
(175) 0.0219 0.920 0.2044 0.1451 0.2118 0.814 0.2847 0.0023 

M
ig

ra
tio

n 

Nutrient 
(158) 17.433 0.003 0.4060 0.0012 2.1975 0.702 0.1175 0.6877 

Full (210) 33.537 0.001 0.4438 1.43×10-6 8.0139 0.259 0.1912 0.0456 
< 500 kg 
(192) 36.796 0.001 0.4690 8.42×10-7 11.146 0.165 0.2296 0.0133 

50 - 500 
kg (81) 11.609 0.007 0.3728 0.0183 15.759 0.005 0.3930 0.0045 

Ungulates 
(175) 37.108 0.001 0.4955 4.05×10-7 21.760 0.009 0.3415 1.17×10-4 

D
ie

ta
ry

 sh
ift

s 

Nutrient 
(158) 7.1917 0.030 0.3789 0.0032 12.513 0.147 0.3717 7.33×10-5 

Full (210) 10.115 0.013 0.3634 0.0001 23.735 0.009 0.3893 3.14×10-7 
< 500 kg 
(192) 13.346 0.006 0.4117 2.44×10-5 27.828 0.005 0.4099 2.29×10-7 

50 - 500 
kg (81) 14.229 0.002 0.5351 0.0001 11.411 0.014 0.4456 7.93×10-4 

Ungulates 
(175) 12.601 0.011 0.4183 3.39×10-5 36.144 0.001 0.4662 2.57×10-8 
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Table S8. Sensitivity analysis. The results of statistical tests for differences between tropical 
and extratropical herbivores if 35˚ N/S is used as the boundary and if 23.5˚ N/S is used as the 
boundary. Qualitatively, results are largely the same regardless of the boundary used to 
distinguish taxa. ‘phylANOVA’ refers to phylogenetic analysis of variance, which tests for 
differences between group means; and ‘KS test’ to a Kolmogorov–Smirnov test, which tests for 
differences between group distributions. Significantly different results (P < 0.05) are bolded.  



Figure S1. Phylogenetic distribution of seasonal strategies. Point colors at the tips of the 
phylogeny correspond to herbivore seasonal strategies, where blue points correspond to non-
migratory herbivores, green points correspond to migratory herbivores, and darker points reflect 
species that exhibit larger seasonal diet shifts. Light grey circles correspond to 25 Ma intervals. 
Numbers around the margins of the phylogeny correspond to herbivore orders. 
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Figure S2. Trait distributions for tropical (a-d) and extratropical herbivores (e-g). For both, body 
mass distributions are roughly unimodal (a,e), with means between 100-200 kg, though the body 
mass distribution is significantly narrower for temperate herbivores. In contrast, dietary 
distributions are roughly trimodal for both extratropical and tropical herbivores (b,f), with a 
mean dietary grass fraction of ca. 0.40. This is particularly evident in the dormant season (d,h) as 
compared to the growth season (c,g), when diet distributions become flatter (possibly suggesting 
that herbivore niche breadths increase in the dormant season when resources are scarce). Note 
that extratropical herbivores seasonally shift their diets significantly more than do tropical 
herbivores. Dark grey lines correspond to means (none of which differ significantly between 
temperate and tropical herbivores). Point colors correspond to herbivore seasonal strategies, 
where blue points correspond to non-migratory herbivores, green points correspond to migratory 
herbivores, and darker points reflect species that exhibit larger seasonal diet shifts. Light grey 
boxes in (a,e) correspond to regions of trait space where no herbivores exhibit migratory 
behavior, possibly suggesting some morphological and/or energetic constraint on migration. 




