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Abstract 1 

Aim: The enemy release hypothesis (ERH) posits that exotic species suffer lower 2 

enemy damage than natives, and thus promotes their successful invasion. However, the 3 

generality of lower damage for exotics remains widely debated. A recent view proposes 4 

that the enemy release (ER) effect could systematically change with latitude, potentially 5 

helping explain these inconsistencies. Here, we test whether exotic plant species suffer 6 

consistently lower herbivore damage relative to natives, and whether ER varies with 7 

latitude. 8 

Location: Global. 9 

Time period: 1960-2018. 10 

Major taxa studied: Plants. 11 

Methods: Using leaf herbivory data for 1,098 plant species, we compared the herbivory 12 

rate between exotic and native plants across all taxa, in the introduced and native range, 13 

or and between exotic and native species co-occurring in the same community. Then, 14 

we tested the interaction effect between origin (exotic vs. native) and latitude to assess 15 

the variation inof ER with latitude. We also examined whether the effect of origin and 16 

its interaction with latitude changed with plant growth forms (woody vs. non-woody). 17 

Finally, based on two ER effect-size datasets, two meta-regressions were performed to 18 

demonstrate the relationship between ER and latitude. 19 

Results: Leaf herbivory rates were commonly lower for exotics than natives. However, 20 

thise differential herbivory rate between exotics and natives was only significant for 21 
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woody plants. No significant interactions were foundexisted between origin and 22 

latitude, indicating that ER did not change with latitude. The meta-regressions also 23 

demonstrated that ER was not significantly correlated with latitude. 24 

Main conclusions: The widespread lower herbivory rate for exotic compared tothan 25 

native woody plant species supports the ERH for exotic woody plants. Invariable 26 

Consistent ER with latitude indicates that ERit should play a similar role regardless of 27 

latitude. One future challenge is to assess to what extent ER in woody exotic plants 28 

translates to performance advantages and hence influences their invasion success. 29 

KEYWORDS  30 

enemy release hypothesis, latitudinal gradient, growth forms, herbivory rate, exotic 31 

species, native species, biological invasions, phylogenetic correlation, spatial 32 

autocorrelation  33 
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1 INTRODUCTION 34 

Biological invasions have led to significant ecological, social, and economic 35 

consequences, and understanding why particular exotic species successfully invade, as 36 

well as why some communities are more easily invaded, has become a major challenge 37 

in the field of invasion ecology (Kolar & Lodge, 2001; Mack et al., 2000). An 38 

intuitively attractive and popular explanation is the enemy release hypothesis (ERH), 39 

which posits that, in the introduced range, exotic species experience a decrease in 40 

enemy damage, resulting in a high abundance and wide distribution (Elton, 1958; 41 

Keane & Crawley, 2002; Mitchell & Power, 2003). Enemy release (ER) has also been 42 

viewed as an important mechanism explaining the ecological impacts of exotic species 43 

(Ricciardi, Hoopes, Marchetti, & Lockwood, 2013), as well as a justification for the 44 

introduction of natural enemies in order to control them (Hajek & Eilenberg, 2018). 45 

Despite its central importance in understanding the causes of invasion a successful 46 

invasion, the ERH remains widely debated (Colautti, Ricciardi, Grigorovich, & 47 

MacIsaac, 2004; Maron & Vila, 2001; Parker & Gilbert, 2007). For animal-parasite and 48 

plant-pathogen interactions, it has been frequently been found that exotics are better 49 

able to escape natural enemies, possibly promoting their invasion success (Mitchell & 50 

Power, 2003; Torchin, Lafferty, Dobson, McKenzie, & Kuris, 2003). For the plant-51 

herbivore interactions, while some studies have shown that exotic plant species incurred 52 

less herbivore damage than natives (Agrawal et al., 2005; Cappuccino & Carpenter, 53 

2005; Carpenter & Cappuccino, 2005; Jogesh, Carpenter, & Cappuccino, 2008; Liu, 54 

Stiling, & Pemberton, 2007), others have revealed that exotic plants suffered more 55 

damage than natives (Agrawal & Kotanen, 2003; Heard & Sax, 2013; Morrison & Hay, 56 

2011; Parker & Hay, 2005), or that there was no difference in herbivore damage 57 

between exotic and native plants (Chun, Van Kleunen, & Dawson, 2010; Meijer, 58 



4 
 

Schilthuizen, Beukeboom, & Smit, 2016). There are several potential explanations for 59 

these discrepancies in the scientific literature. Firstly, enemy release (ER) is evidenced 60 

byrequires less damage not only in the introduced range of exotic species in comparison 61 

with the native range (a biogeographical comparison), but also for exotic species as 62 

compared with co-occurring native species in the invaded community (a community-63 

scale comparison) (Colautti et al., 2004). The results from these two types of 64 

comparisons may be different. For example, Hawkes (2007) showed that invasive 65 

plants in their introduced range suffered lower herbivore damage than in their home 66 

native range, whereas in the invaded community, invasive plants and native congeners 67 

did not differ in herbivore damage. Furthermore, for most studies, the number of species 68 

used were relatively small and commonly focused on specific and narrow taxonomic 69 

groupsa. As for the meta-analyses on the subject, the results were commonly derived 70 

from a very limited number of studies. Due to these small numbers of species, the effect 71 

of ER was probably obscured by variance arising from species characteristics and the 72 

local environment. Finally, contrasting results may be obtained if different measures of 73 

herbivore damage are adopted. Studies adopting herbivore diversity or abundance as a 74 

substitute for herbivore damage frequently reached different conclusions from those 75 

using actual tissue loss due to herbivory (Liu & Stiling, 2006; Meijer et al., 2016). In 76 

order to better assess whether exotic plants pervasively consistently incur less herbivory 77 

pressure than natives, it may be necessary to use a large number of species, to measure 78 

their actual herbivore-induced damage, and to conduct the comparisons at both the 79 

biogeographical and community levels. 80 

Recently, it has been proposed that ER could vary with latitude, based on the 81 

presumed differential herbivory latitudinal gradient (HLG) between exotic and native 82 

plant species (Bezemer, Harvey, & Cronin, 2014). Bezemer et al. (2014) suggested that 83 
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native plants usually showed a decreasing herbivory rate with latitude, possibly based 84 

on a co-evolution between the native plants and herbivores for a significant amount of 85 

time; whereas, exotic plants might not have enough time to develop a co-adaptation to 86 

native herbivores, and thus may not evolve a latitudinal gradient in plant defense or 87 

palatability, like native plants do. This difference in HLG between exotic and native 88 

plants probably may results in a decreasing ER strength with latitude (Figure S1 A), 89 

helping to explain the inconsistent results on the ERH mentioned above. This large-90 

scale heterogeneity in relative herbivory pressure on exotic and native plants, if 91 

translating to performance advantage, may also help to understand why exotic species 92 

invade successfully in some geographical locations but not in others (Allen et al., 2017; 93 

Bezemer et al., 2014; Cronin, Bhattarai, Allen, & Meyerson, 2015). Cronin et al. (2015) 94 

provided observational evidence for this decreasing ER with latitude, finding that 95 

chewing leaf damage and stem-feeder incidence decreased with latitude for natives, but 96 

not for the invasive genotype of Phragmites australis, resulting in greater herbivore 97 

pressure on natives than invasive genotypes at low latitude, but few differences at 98 

higher latitude. 99 

Although this hypothesis seems plausible and empirically validated with a model 100 

species, some limitations still remain. On the one hand, the occurrence and direction of 101 

HLG for native species is still controversial. While lower diversity, abundance, and the 102 

specialization of herbivores at high latitudes may lead to a negative HLG, lower 103 

defenses and tolerance of plants at these latitudes likely result in an opposite pattern 104 

(Anstett, Nunes, Baskett, & Kotanen, 2016). In practice, while many studies show 105 

higher herbivore damage at low latitudes (i.e., negative HLG) (Coley & Barone, 1996; 106 

Lim, Fine, & Mittelbach, 2015; Pennings et al., 2009; Schemske, Mittelbach, Cornell, 107 

Sobel, & Roy, 2009), a positive or no relationship has also been frequently been 108 
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reported (Moles, Bonser, Agb, Wallis, & Foley, 2011). In a meta-analysis, Moles et al. 109 

(2011) showed that only 37% of studies exhibited negative HLG, while 21% and 37% 110 

of studies exhibited positive and no HLG, respectively. On the other hand, some studies 111 

have revealed that exotic plants could develop an HLG as well (Kambo & Kotanen, 112 

2013; Nunes, Cassin, & Kotanen, 2016). Consequently, the HLG for both exotic and 113 

native plants and the corresponding ER patterns seem to be much more complicated 114 

than what was expected by Bezemer et al. (2014) (Figure S1). Until now, few studies 115 

have explicitly identified and tested these potential ER patterns with latitude. Limited 116 

evidence come from the invasive and native genotypes of a model species, P. australis, 117 

where an interaction effect between origin and latitude on herbivore damage, and thus 118 

varying ER with latitude, were revealed (Allen et al., 2017; Bhattarai et al., 2017; 119 

Cronin et al., 2015). 120 

Here, by using three large herbivory datasets, we tested the ERH by comparing 121 

the herbivory rate between exotic and native plants, and examined whether ER could 122 

variesy with latitude. Firstly, based on a leaf herbivory rate (LHR) dataset including 123 

1,098 plant species, spanning c. 110 degrees of latitude, we compared LHR between 124 

exotic and native plant species across all taxa, between the introduced and native range 125 

of the same exotic species, and between co-occurring exotic and native and exotic plant 126 

species. Then, in order to assess any the variations inof ER with latitude, we tested 127 

whether origin (exotic vs. native) interacts with latitude to explain the LHR variation. 128 

Further, uUsing two ER effect-size datasets, we also conducted two meta-regressions 129 

in order to verify the relationship between ER and latitude. Given that plant growth 130 

forms (woody vs. non-woody) have been found to crucially affect the herbivory rates 131 

(Turcotte, Davies, Thomsen, & Johnson, 2014; Zhang, Zhang, & Ma, 2016), we also 132 
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examined whether the effect of origin, and the interaction effect between origin and 133 

latitude, could changes with these different plant growth forms.  134 

2 METHODS 135 

2.1 Data acquisition and compilation 136 

We used a global herbivory dataset compiled by Turcotte et al. (2014), which 137 

includes the annual or daily lLeaf hHerbivory rRate (LHR;  (percentage of leaf area 138 

consumed) across 1,145 species of vascular plants collected from 189 studies. Given 139 

that the vast majority of data at daily resolution are is absent in this dataset, we only 140 

used the annual LHR involving 1,021 species and 165 studies. We searched each paper 141 

associated with this dataset in order to determine whether plant species were identified 142 

as exotic or native or exotic for each specific study site. We further searched the 143 

DAISIE (www.europe-aliens.org) and USDA (http://plants.usda.gov) databases in 144 

order to recheck species’ geographical origin (exotic vs. native). Additionally, we 145 

searched the Web of Science and Google Scholar using the keywords “herbivory”, 146 

“enemy release”, “latitude” and “herbivore-plant interactions”, and identified another 147 

16 studies containing data for 123 plant species (of which, 46 species also occurred in 148 

Turcotte’s dataset). These studies were chosen according to the following criteria: (1) 149 

only HLHR representing an annual mean herbivory area percentage was included, 150 

while daily herbivory rates and other plant tissue herbivory rates were excluded; (2) 151 

experimental studies focusing on only one specific herbivore were excluded; (3) 152 

herbivore damage calculated by frequency, score, and specific index were excluded; 153 

and (4) studies that did not provide the herbivory rate of specific plant species were 154 

excluded. For each species in these studies, we extracted the mean annual herbivory 155 

rate from figures using the R package metaDigitise (Pick, Nakagawa, & Noble, 2019), 156 
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and recorded the location, geographic origin, and growth form (woody or non-woody). 157 

Then, we combined these herbivory data with Turcotte’s dataset (Turcotte et al., 2014), 158 

producing a combined dataset that included 1,098 species (955 native and 175 exotic 159 

species; 677 woody and 421 non-woody plants) from 460 study sites spanning c. 110 160 

degrees latitude (from 68.0oN to 41.6oS) and almost all biomes (Figure 1). Using this 161 

global leaf herbivory dataset, we compared the mean LHR and examined the latitudinal 162 

gradient in LHR for both exotic and native plants. We further extracted two subsets 163 

from the global dataset, given that the ERH predicts two specific aspects, i.e., that an 164 

exotic species will suffer lower damage in the introduced than in the home range, 165 

escaping their natural enemies, and that exotic species should suffer lower damage than 166 

coexisting native plant species in the community, giving them a competitive advantage 167 

(Colautti et al., 2004). Specifically, we identified 32 exotic species (from 31 studies 168 

and 99 study sites) occurring in both their introduced and home ranges in order to test 169 

the former aspect (corresponding to Colautti’s definition, hereafter called 170 

biogeographical subset), and identified 40 study sites (from 33 studies including 328 171 

species) to test the latter aspect, where exotic and native species co-occurred in one 172 

study site (corresponding to Colautti’s definition, hereafter called community subset). 173 

The “study site” here refers to the geographic location, where the observation was 174 

performed and where data wereas obtained. It is possible that different studies have 175 

been conducted at the same site, and that a study included a few different sites. For the 176 

community subset, while most of the co-occurring exotic and native species in one site 177 

come from one study (34 out of 40), the data for co-occurring species comes from 178 

different studies at the remaining six sites. We also re-analyzed the community subset 179 

only using the 34 sites, and found that the result was not different from that using all 180 

the 40 sites. 181 
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In order to further verify whether ER effects changes with latitude, we compiled 182 

another two ER effect-size datasets from two independent studies (Chun et al., 2010; 183 

Meijer et al., 2016). These two studies used meta-analysis to examine the ERH, and to 184 

our knowledge, they represent a relatively complete data collection concerning the ERH 185 

in terms of herbivore damage. Chun et al. (2010) calculated 109 ER effect sizes (log 186 

response ratio of exotic to native plants in enemy damage: disease prevalence, 187 

herbivore richness, leaf damage, or seedling damage) and associated variance for 72 188 

exotic-native -exotic species pairs from 19 studies. We obtained the geographical 189 

coordinates from either the original study or the online geographic tool called “LatLong” 190 

(https://www.latlong.net). Meijer et al. (2016) calculated 49 ER effect sizes for co-191 

occurring exotic and native plants from 32 studies (five studies are overlapped with 192 

those used by Chun et al. (2010)), as well as 19 ER effect sizes for exotic species 193 

occurring both in their introduced and home ranges from 15 studies (Hedges’d as a 194 

metric of ER in enemy damage: insect abundance, insect richness, or leaf damage). We 195 

excluded the 19 ER effects for exotic versus the native range because these studies were 196 

conducted at two geographical locations, and the calculated effect was unable to be 197 

matched to a unique latitude coordinate. In order to make the effect sizes comparable 198 

to those from Chun et al. (2010), we re-calculated the log response ratio and associated 199 

variance for the remaining 49 ER effect sizes using the escalc() function in the metafor 200 

package (Viechtbauer, 2010). Finally, we obtained the geographical coordinates using 201 

the approach discussed above. Due to the different data structures for these two datasets, 202 

we re-analyzed them separately as well. 203 

2.2 Data analysis 204 

We performed all statistical analyses using R 3.6.0 (R Core Team, 2019). Prior to 205 

data analysis, the herbivory rate was logit-transformed in order to improve distribution 206 
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normality, as suggested by Warton and Hui (2011), and the homogeneity of variances 207 

was checked with the levenTest() function in the car package (Fox et al., 2012). Using 208 

herbivory datasets, Bayesian mixed models were performed in order to test the effect 209 

of origin and its interactions with both latitude and growth forms, while also taking into 210 

account the phylogenetic correlation and spatial autocorrelation. These Bayesian mixed 211 

models were implemented in the INLA package, which used integrated nested Laplace 212 

approximation for Bayesian inference (Rue, Sara, & Nicolas, 2009). Using the ER 213 

effect-size datasets, two inverse-variance-weighted hierarchical meta-regressions were 214 

performed in order to directly examine the relationship between ER effect and latitude, 215 

while also considering the non-independence of multiple effects within one study. Both 216 

meta-regressions were implemented using the metafor package (Viechtbauer, 2010). 217 

2.2.1 Constructing phylogenetic and spatial variance-covariance matrixes 218 

We constructed a phylogenetic tree with branch length for 1,098 species using the 219 

V.PhyloMaker package (Jin & Qian, 2019), based on a combination of the Zanne et al. 220 

(Zanne et al., 2014) and Smith and Brown (Smith & Brown, 2018) plant phylogenies 221 

(Figure S2). A significant phylogenetic signal was detected for herbivory rate among 222 

species with the phytools package (Revell, 2012) (Pagel’s λ = 0.678, P < 0.001). In 223 

order to account for the phylogenetic correlation, we obtained the phylogenetic 224 

variance-covariance matrix from the tree using the ape package (Emmanuel, Julien, & 225 

Korbinian, 2004). A significant spatial autocorrelation among herbivory rates was also 226 

detected with the ape package (Moran’I = 0.317, P < 0.001), and to account for this, 227 

we also constructed a spatial variance-covariance matrix among study sites using the 228 

method provided by Kubelka et al. (2018). The details for the construction of the 229 

phylogenetic and spatial covariance matrixes are available in the supporting 230 

information in Section 2.  231 
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2.2.2 Evaluating the influence of hemisphere and non-linear latitudinal gradient 232 

in herbivory  233 

In order to evaluate whether the effects of origin (exotic vs. native) and latitude on 234 

herbivory were different between the Northern and Southern hemispheres, we tested 235 

the interaction effect between origin and hemisphere, as well as the interaction effect 236 

between latitude and hemisphere. Since these interactions were not significant 237 

(supporting information, Section 4, Figure S6 and S7), we used the absolute value of 238 

latitude in all of the following models (see Chen et al., 2019). Additionally, a previous 239 

study showed that a unimodal rather than a linear herbivory latitudinal pattern could 240 

possibly occur (Kozlov, Lanta, Zverev, & Zvereva, 2015). In order to evaluate this non-241 

linear pattern, we also fitted models including the quadratic term (latitude2) (also see 242 

Allen et al., 2017) and compared them to linear models based on the DIC (deviance 243 

information criterion) value (Wang, Ryan, & Faraway, 2018). The models including 244 

the quadratic term were not superior to linear models (supporting information, Section 245 

5), so we used the linear fittings in all of the following models.  246 

2.2.3 Testing the enemy release hypothesis (ERH) 247 

In order to compare native and exotic and native species’ herbivory rates, we 248 

conducted our analyses separately for: (i) the full dataset; (ii) the biogeographical subset 249 

(i.e., comparing the herbivory rate of exotic species only between their introduced and 250 

native ranges); and (iii) and the community subset (i.e., comparing the herbivory rate 251 

of exotic species against co-occurring native species). For the full dataset, origin (exotic 252 

vs. native) was used as a unique fixed effect, with species and study site as random 253 

effects, in order to account for variations inof the herbivory rate among species and 254 

study sites. To account for phylogenetic correlations among species and spatial 255 
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autocorrelation among study sites, the phylogenetic and spatial variance-covariance 256 

matrixes constructed above were added through the f() function in INLA. For the 257 

biogeographical and community subsets, the same fixed and random effects were used， 258 

while the variance-covariance matrixes were extracted from the global matrixes above 259 

based on the specific species and study sites.  260 

2.2.4 Testing the interactive herbivory latitudinal gradient  261 

Prior to testing the interaction effect between origin (exotic vs. native) and 262 

latitude, we also examined the overall herbivory latitudinal gradient (i.e., testing the 263 

latitudinal herbivory hypothesis) by including latitude as a unique fixed effect. In order 264 

to test whether exotic and native plants differ in their herbivory latitudinal gradient, we 265 

used origin, latitude, and their interaction term as fixed effects to fit a full model, and 266 

then examined the significance of the interaction effect. We tested the interaction effect 267 

for each dataset separately: (i) the full herbivory dataset; (ii) the biogeographical subset; 268 

and (iii) the community subset. Then, a reduced model without the interaction term was 269 

fitted and compared with the full model based on the DIC value in order to check the 270 

significance of the interaction effect. We then quantified the latitudinal gradient for 271 

both the exotic and the native species, respectively. For all the models, the species and 272 

study sites were used as random effects with phylogenetic and spatial variance-273 

covariance matrixes included in order to account for phylogenetic and spatial 274 

autocorrelation. Since climatic conditions, e.g., annual mean temperature, could be 275 

largely different at the same latitude on different continents, these differences may 276 

obscure the signal of the herbivory gradient obtained from latitude. We further checked 277 

whether the herbivory gradients and its interaction with origin still held using the annual 278 

mean temperature of each geographical location to replace the latitude for the full 279 

herbivory dataset. The annual mean temperature at the finest 30 arcsec spatial 280 
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resolution was obtained from the WorldClim version 2.1 (https://www.worldclim.org) 281 

with the package raster (Hijmans et al., 2020). 282 

In order to evaluate the influence of growth form (woody vs. non-woody), we 283 

examined the interaction effect between origin and growth form, as well as between 284 

latitude and growth form. We also quantified the effects of origin and latitude, along 285 

with their interactions for woody and non-woody plants, respectively. For all models, 286 

species and studies were used as random effects with phylogenetic and spatial variance-287 

covariance matrixes being added. The posterior distributions of the fixed effects were 288 

reported for all of the analyses above, where 95% CI (credible interval) excluding 0 289 

indicates a significant effect and including 0 indicates a non-significant effect.  290 

In order to verify whether additional covariance matrixes have dealt with the 291 

phylogenetic and spatial autocorrelation, we also checked the phylogenetic signal and 292 

spatial autocorrelation in the residuals of all our models. We found that the phylogenetic 293 

signal and spatial autocorrelation had been removed to a great extent (supporting 294 

information, Section 3, Figure S3, S4 and S5). 295 

2.2.5 Meta-regression 296 

In order to further verify the relationship between ER and latitude, we performed 297 

two meta-regressions using the rma.mv() function in the metafor package. For the Chun 298 

et al. (2010) datasets, the effects of ER (log response ratio) were used as a function of 299 

absolute latitude, with the inverse variance of effect as a weight. Study and species pairs 300 

were used as random effects in order to statistically account for the non-independence 301 

of multiple effects within one study, and of one species pair used for multiple studies. 302 

For the Meijer (2016) datasets, the inverse-variance weighted regression between 303 

effects and absolute latitude was also used, but with study as the only random effect, 304 

because the species pairs were not identified in this dataset.  305 
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3 RESULTS 306 

3.1 Comparison of herbivory rate between exotic and native species 307 

Across all species, the mean herbivory rate for exotic plants was significantly 308 

lower than that of the natives (Figures 2A and 3; Table S1). When considering the 309 

specific biogeographical and community datasets, the herbivory rate was lower not only 310 

for exotic species in their introduced range compared to than in their home range 311 

(Figures 2B and 3; Table S1), but also for exotic species compared tothan the natives 312 

co-occurring in the same community (Figures 2C and 3; Table S1). We found a 313 

significant interaction effect between growth form and origin (Table S3), indicating 314 

that the effect of origin on herbivory rate (i.e., ER) changed with plant growth form. 315 

Specifically, woody exotic species had significantly lower herbivory rates than natives, 316 

but there was no significant difference for non-woody plants (Figures 3 and 4; Tables 317 

S4 and S5). 318 

3.2 The interaction effect between origin and latitude 319 

HThe herbivory rate did not change significantly with increasing latitude (Figure 320 

3; Tables S1 and S2). Across all species, no significant interaction effect between origin 321 

and latitude was found (Figures 2A and 3; Table S1). The model comparison also 322 

indicated that the model including the interaction effect (DIC = 4544.05) was no better 323 

than models with the additive effects of origin and latitude (DIC = 4542.65) (Table S1). 324 

Similarly, there was no significant interaction effect between origin and latitude for 325 

exotic species when comparing the herbivory rate between the introduced range and the 326 

home range (Figures 2B and 3; Table S1), nor when comparing the herbivory rate 327 

between exotic and native species co-occurring in the same community (Figures 2C 328 

and 3; Table S1). Even although we distinguished between plant growth forms, the 329 
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interaction effect between origin and latitude was not significant, neither for woody nor 330 

non-woody plants (Figures 3 and 4; Table S4). A similar pattern was also found when 331 

using temperature as a proxy for latitude, where herbivore damage did not change 332 

significantly with increasing temperature across all species, and there was no significant 333 

interaction effect between origin and temperature (Figure S8; Table S6). 334 

3.3 The relationship between enemy release and latitude 335 

From our two independent meta-regressions, we verified that ER effects did not 336 

change with latitude. Whether using meta-regression with species pairs characterizing 337 

effects (Figure 5A), or with studies characterizing the effects (Figure 5B), there was no 338 

significant relationship between ER and latitude.   339 

4 DISCUSSION 340 

Using three large global herbivory datasets, we compared leaf herbivory ratethe 341 

(LHR) between exotic and native plant species and investigated the variation in enemy 342 

release of (ER) effects acrosswith plant growth forms and latitudinal gradients. We 343 

found a widespread ER in the LHR, and revealed a contrasting ER pattern between 344 

woody and non-woody plants. We also found similar patterns of herbivory across a 345 

latitudinal gradient between exotic and native species (i.e., no interaction effect 346 

between species origin and latitude on herbivory), thus indicating that ER does not 347 

change with latitude, which was further verified by two meta-regressions. Our findings 348 

may provide some insights into understanding and predicting biological invasions. 349 

4.1 Testing the enemy release hypothesis 350 

We found that exotic plant species suffered 13% less leaf herbivore damages than 351 

natives. Our study used the largest number of species to date (175 exotic and 955 native 352 
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and 175 exotic species), considered two levels (biogeography and community) of the 353 

enemy release hypothesis (ERH; (Colautti et al., 2004), and statistically accounted for 354 

phylogenetic and spatial autocorrelation. One potential reason for the lack of consensus 355 

on the ERH across studies is the often small sample size and restricted spatial extent 356 

used in case studies, as well as limited numbers of studies used in meta-analyses. While 357 

herbivore damage could vary among plant species (Agrawal et al., 2005), natural 358 

enemies (Parker & Gilbert, 2007) and habitat types (Knapp, Fownes, & Harrington, 359 

2008), any general ER effect could be masked by different biotic/abiotic environments. 360 

Therefore, different studies using different species in different habitats may lead to 361 

contrasting conclusions. From our results (Figure 2), we can see that for specific species 362 

and at specific geographic locations, exotic plants probably may suffer similar, higher, 363 

or lower herbivore damage than natives. Thus, small samples weaken theour ability to 364 

obtain the broad generality of ER, and similarly, the small number of studies used in 365 

the previous meta-analysis may also lower the statistical power to detect significant 366 

LHR differences between exotic and native species.  367 

When focusing only on exotic species and comparing the herbivory rate between 368 

the native and introduced range, we revealed that plant species in their introduced range 369 

experienced 37% less leaf herbivore damage than those in their native range (Figure 370 

2B). When comparing the herbivory rate between exotic and native species co-371 

occurring in the same community, we revealed that exotics suffered 8% less leaf 372 

herbivore damage than co-occurring native species (Figure 2C). As noted by Colautti 373 

et al. (2004), even although release from natural enemies occurred in the introduced 374 

range, exotic species might not obtain an advantage over co-occurring natives if the 375 

latter suffer similar low damage by enemies. Different or opposite results are commonly 376 

obtained for these two comparisons (Colautti et al., 2004). For example, Hawkes (2007) 377 
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found significant differencesresults for biogeographic comparisons, but not for 378 

community-level comparisons, while the opposite was reported by Liu & Stiling (2006). 379 

Here, our results support the ERH in both comparisonssituations. We demonstrated that 380 

exotic plants are not only better able to escape enemies in the introduced range, but they 381 

also incur less herbivore damage than co-occurring natives. Thus, if this ER translates 382 

to better performance, exotic plants are likely to obtain a competitive advantage, 383 

potentially promoting their invasion.  384 

There is growing appreciation that species’ traits have a phylogenetically related 385 

structure, which violates the precondition of statistical independence when conducting 386 

a multiple-species study (Ives & Helmus, 2011; Webb, Ackerly, McPeek, & Donoghue, 387 

2002). We found a significant phylogenetic signal for species herbivory rates. In order 388 

to solve this problem, a common method is to conduct the phylogenetic generalized 389 

least square regression (PGLS) (Martins & Hansen, 1997). However, this technique is 390 

unable to simultaneously include random effects, which is also necessary for most 391 

survey studies to account for the variance among species and study sites. Alternatively, 392 

spatial autocorrelation usually exists for multiple-site studies, but is commonly ignored 393 

in most studies (Koenig, 1999). Using the Bayesian framework, we explicitly included 394 

phylogenetic and spatial structures in our mixed models, and verified that these 395 

including matrixes indeed improved these issues to a great extent. These statistical 396 

approaches can thus make our results more conservative compared to previous studies. 397 

Even so, we found evidence that the herbivore damage for exotic plants was pervasively 398 

less than that forof natives.  399 

However, it should be noted that we did not examine the link between ER and 400 

plant performance. It has been pointed out that herbivore damage does not necessarily 401 

translate to plant performance, given that different species may have different 402 
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tolerances to herbivore damage (Chun et al., 2010; Keane & Crawley, 2002). Thus, we 403 

do not know whether and to what extent the lower herbivore damage on exotic plants 404 

translatesd to performance advantages and increased population growth over that of 405 

natives, which is required in order to fully assess the ERH (Chun et al., 2010; Keane & 406 

Crawley, 2002). It should also be noted that our study only included LHR, and it is 407 

possible that other herbivory damages, such as floral herbivory or seed predation, may 408 

have different ER effects. In order to fully evaluate the ERH, other herbivory damages 409 

should be considered in future studies. Overall, our results indicate that ER is pervasive 410 

in terms of leaf herbivory rates, and the next challenge is likely to try to understand 411 

what this widespread lower herbivory pressure means for the performance and invasion 412 

success of exotic species. 413 

4.2 Contrasting enemy release for woody and non-woody plant species 414 

We found that ourthis result of lower herbivory rate in exotic than native plant 415 

species was mostly driven by woody plants, regardless of using all species, comparing 416 

the exotic and native range, or comparing co-occurring exotic and native species in the 417 

same community (Figures 3 and 4; Table S4, S5). To our knowledge, few studies have 418 

compared ER between woody and non-woody plants, which may also be a reason why 419 

there are inconsistent results in the scientific literatures on testing the ERH. Through 420 

identifying the origin (exotics or natives) of woody and non-woody plants in our 421 

herbivory database, we revealed that ER was only significant for woody plant species, 422 

but not for non-woody species. Woody plants tend to have larger and more apparent 423 

leaves, as well as longer leaf life spans, possibly increasing the chance ofto suffering 424 

from herbivore damage (Feeny, 1976; Turcotte et al., 2014; Zhang et al., 2016). In 425 

addition, longer life spans also possibly indicate that they accumulate damages over 426 
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time (Southwood, Brown, & Reader, 1986). It is also possible that woody and non-427 

woody plants have discrepancies in defense or palatability to herbivores, resulting in a 428 

corresponding difference in ER. Turcotte et al. (2014) found that woody plant species 429 

could experience a 64% higher LHR than non-woody plants. This higher herbivory rate 430 

for native woody plants could lead to stronger ER for woody plants. However, it should 431 

also be noted that the bigger and longer-lived leaves may increase the chance of 432 

detecting the herbivore damage by investigators, potentially leading to a discrepancy in 433 

the observed damage between woody and non-woody plants. Overall, our findings 434 

suggest that plant growth forms have a strong influence on examining the ERH, and 435 

more studies are required in order to test the causes underlying this discrepancy 436 

between woody and non-woody plants.  437 

4.3 Latitudinal gradient in herbivore damage 438 

The relationship between herbivory damage and latitude has been evaluated by a 439 

number of studies (Moles et al., 2011). However, to date, there does not appear to be a 440 

clear consensus. Some potential issues on testing the herbivory latitudinal gradient 441 

(HLG) hypothesis have been recently demonstrated (Anstett et al., 2016) and, in 442 

particular, phylogenetic and spatial scales were identified as important limiting factors. 443 

We explicitly considered phylogenetic and spatial autocorrelations in the analyses 444 

(supporting information, Section1). We did not find a significant variation in LHR with 445 

latitude, regardless of using the full dataset, biogeographical subset, community subset, 446 

or distinguishing between plant growth forms (Figure 3; Tables S1 and S4). We also 447 

found a similar result when using temperature instead of latitude (supporting 448 

information, Section 7). Our result was inconsistent with one recent study (Lim et al., 449 

2015), which showed a significant decrease in LHR with latitude, as well as an apparent 450 

difference between woody and non-woody plants. Compared to this study, a main 451 
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difference in our study is that we included a spatial covariance matrix in order to 452 

statistically account for the spatial autocorrelation among the study sites. We suggest 453 

that the violations of statistical independence should be considered in future survey 454 

studies concerning multiple spatial locations and species. Additionally, similar to most 455 

other studies (Kozlov et al., 2015; Lim et al., 2015; Zhang et al., 2016), the explanatory 456 

power of latitude in our study is low with large herbivory variation unexplained. We 457 

suggest that, compared to identifying the relationship between herbivory rate and 458 

latitude, more efforts should be devoted to identifying the key factors and assessing 459 

their relative importance in explaining herbivory variation.  460 

It should be noted that the vast majority of species used in this study did not have 461 

a latitudinal range (from 68.0oN to 41.6oS), i.e., our results were obtained by combining 462 

species at different locations. Thus, species identity may somewhat obscure our results. 463 

This is a common limitation to studies using multiple species to analyze herbivory 464 

latitudinal patterns (Anstett et al., 2016; Kozlov et al., 2015; Lim et al., 2015). We also 465 

could not test the effect of the types of herbivore damages due to data limitations, 466 

although different herbivores may induce different herbivory latitudinal patterns 467 

(Anstett, Naujokaitis-Lewis, & Johnson, 2014; Nunes et al., 2016). 468 

4.4 Testing the variation in enemy release with latitude 469 

Based on a hypothesized different HLG between exotic and native plants, it has 470 

been proposed that ER should vary with latitude (Bezemer et al., 2014; Cronin et al., 471 

2015). We showed that there was no interaction effect between species origin (exotic 472 

vs. native) and latitude to explain the herbivory rate, indicating that ER does not change 473 

with latitude. This inference was further confirmed by two meta-regressions, where no 474 

apparent relationships were found between ER and latitude. Our results contrast with 475 
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previous case studies that found an interaction effect between latitude and origin on 476 

herbivory rate, and showed a varying ER with latitude (Allen et al., 2017; Bhattarai et 477 

al., 2017; Cronin et al., 2015). These studies, while offering a mechanistic insight into 478 

HLG, may not yield generalized conclusions because they focused on a model species, 479 

P. australis, with a relatively narrow latitudinal range. Compared with these 480 

intraspecific studies, our study included a larger number of species (1,098 species) and 481 

spanned a much wider spatial scale (110 degrees global latitude). This gives our 482 

conclusions greater generality in the HLG, differences between exotic and native 483 

species, and expected latitudinal patterns in ER. We found no evidence to support the 484 

interaction effect between species origin and latitude, regardless of using all taxa, 485 

comparing the herbivory rate between the invaded and native range of exotic species, 486 

comparing the herbivory rate between exotic and native species co-occurring in the 487 

same community, or distinguishing between woody and non-woody species. Based on 488 

current evidence, we suggest that a latitudinal gradient in ER might exist for specific 489 

taxa, but it should not be extrapolated as a widespread pattern.  490 

Our results caution against the validity of using varying ER with latitude to explain 491 

the inconsistent results on testing the ERH and to understand the geographical variation 492 

of invasion success (Allen et al., 2017; Bezemer et al., 2014; Bhattarai et al., 2017; 493 

Cronin et al., 2015). However, we suggest that deducing ER variation from a 494 

differential HLG between exotic and native plant species provides an important insight 495 

into evaluating large-scale heterogeneity in ER (Figure S1). Integrating more ecological 496 

and evolutionary factors into this framework in the future may provide a novel 497 

perspective through which to understand the spatial heterogeneity of invasions success.  498 

4.5 Conclusion 499 
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In summary, our study reveals that LHR is prevalently lower for exotic plant 500 

species than it is for natives. This herbivory rate difference does not change with the 501 

latitudinal locations, implying that ER should play a similar role at both high and low 502 

latitudes. However, this ER is only obvious for woody plants, rather than for non-503 

woody plants. One future challenge is to possibly assess whether and to what extent 504 

this ER in woody exotic plants translates to performance advantage and influences their 505 

invasion success. 506 

DATA ACCESSIBILITY STATEMENT 507 

The data that support the findings of this study will be openly available in Dryad 508 
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 673 

 674 

Figure 1. The geographical locations and the Whittaker biomes of 460 study sites for 675 

exotic and native plant species across the globe. Circle size is proportional to the mean 676 

annual herbivory rate.  677 
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Figure 2. Latitudinal gradients and distributions of herbivory rate (logit transform) for 691 

exotic and native plant species across (A) all 1,098 species at the global scale, (B) 692 

species occurring inat both exotic and native ranges (biogeographical subset), and (C) 693 

co-occurring exotic and native species (community subset). Each point represents the 694 

annual mean herbivory rate of one species at one study site. Regression lines were 695 

predicted by Bayesian mixed models implemented in INLA with phylogenetic 696 

correlation and spatial autocorrelation taken into account. Dashed lines indicate that 95% 697 

CI for coefficient estimate of latitude includes 0. Boxplots in the shaded portion show 698 

herbivory rate distributions for exotic and native plant species. The boxes show the first 699 

and third quartiles, the horizontal lines indicate the median, and vertical lines indicate 700 

the range and black points represent the outliers. Yellow points indicate the mean value 701 

and * indicates that the 95% CI of origin effect (the difference of estimated mean 702 

herbivory rate between exotics and natives) does not include 0. 703 
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 710 

Figure 3. Posterior distributions for effects of origin (exotic vs. native) and latitude, 711 

and their interaction effects. Posterior distributions were estimated using Bayesian 712 

mixed models implemented in INLA with phylogenetic correlation and spatial 713 

autocorrelation taken into account for: (1) all 1,098 species across the globe, (2) species 714 

occurring inat both exotic and native ranges (biogeographical subset), (3) co-occurring 715 

exotic and native species (community subset), (4) woody plant species, and (5) non-716 

woody plant species. Origin and latitude effects were obtained with origin and latitude 717 

as a unique fixed effect respectively, and interaction effects were obtained from the 718 

models with origin, latitude, and origin:latitude as fixed effects. Dashed lines for effect 719 

= 0. Red denotes that the 95% CI of effects does not include 0, while gray includes 0. 720 
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 721 

Figure 4. Latitudinal gradients and distributions of herbivory rate (logit transform) for 722 

exotic and native plant species across: (A) woody, and (B) non-woody plants. 723 

Regression lines were predicted by Bayesian mixed models implemented in INLA with 724 

phylogenetic correlation and spatial autocorrelation taken into account. Dashed lines 725 

indicate that 95% CI for coefficient estimate of latitude includes 0. Boxplots in the 726 

shaded portion show herbivory rate distributions for exotic and native plant species. 727 

The boxes show the first and third quartiles, the horizontal lines indicate the median, 728 

vertical lines indicate the range and black points represent the outliers. Yellow points 729 

indicate the mean value and * indicates that the 95% CI of origin effect (the difference 730 

of estimated mean herbivory rate between exotics and natives) does not include 0.  731 
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 733 

 734 

Figure 5. Change in strength of enemy release with latitude: (A) Meta-regression using 735 

19 studies including 109 effect sizes for 72 species pairs; and (B) Meta-regression using 736 

32 studies including 49 effect sizes. Dashed thin line for log response ratio = 0; Dashed 737 

thick line for predicted mean effect size (with 95% CI in gray). Datapoint size is 738 

proportional to the precision (the inverse of the variance). 739 
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