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Anthropogenic species introductions are causing the homogenization of species composition 11 

across past biogeographic barriers1–3. Although the ecological and evolutionary 12 

consequences derive from resulting changes to networks of species interactions4,5, we lack a 13 

quantitative understanding of introduced species’ impacts on ecological networks and their 14 

biogeographic patterns globally. Here, we address this data gap by analyzing mutualistic 15 

seed dispersal interactions from 410 local networks, encompassing 24,455 unique pairwise 16 

interactions between 1,631 animal and 3,208 plant species. We show that species 17 

introductions reduce biogeographic compartmentalization of the global meta-network 18 

where nodes are species and links are interactions observed within any local network. This 19 

homogenizing effect extends across spatial scales, decreasing beta diversity among local 20 

networks and modularity within networks. The prevalence of introduced interactions is 21 

directly related to human environmental modification and exhibits an accelerating 22 
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trajectory, increasing 7-fold over the past 75 years. These dynamics alter the 23 

coevolutionary environments that mutualists experience6, and we find that introduced 24 

species disproportionately facilitate other introduced species. These processes are likely to 25 

amplify biotic homogenization in future ecosystems7 and may reduce their resilience by 26 

allowing perturbations to propagate more quickly and exposing disparate ecosystems to 27 

similar drivers. This motivates efforts to manage the increasing sameness of ecological 28 

complexity. 29 

 30 

Natural barriers to dispersal underlie differences in species composition across 31 

biogeographic regions8,9. Accelerating trade and transportation is breaking down these barriers, 32 

increasing the prevalence of species introductions over time3 and causing the homogenization of 33 

species composition across historical biogeographic regions1,2. The ecological network approach 34 

has offered tools to understand the ecological and evolutionary consequences of introduced 35 

species within individual ecosystems6,10. However, the global scope of introduced species’ 36 

impacts on ecological networks and their biogeographic patterns remains unquantified.  37 

A key plant-animal mutualism involves fleshy-fruited plants and the animals that disperse 38 

their seeds11. This plant-frugivore mutualism shapes biodiversity within and among 39 

ecosystems12,13 and its coevolution has driven the diversification of species and their traits14,15. 40 

Animal-mediated seed dispersal is impacted by global change drivers including defaunation, 41 

species invasion, and habitat fragmentation16. In particular, declines of large vertebrates have 42 

been linked to plant population decline and have redirected trait evolution17–19. Introduced 43 

species have invaded local plant-frugivore networks5 and in some ecosystems largely replaced 44 

network roles missing due to native species loss10. Animal-mediated seed dispersal also impacts 45 
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how ecosystems respond to global change; roughly half of plant species depend on movement by 46 

animals for the range shifts required to keep pace with climate change20,21. Hence, anthropogenic 47 

impacts on plant-frugivore networks will shape the trajectory of future terrestrial ecosystems, 48 

motivating work to understand the severity of these impacts. 49 

To develop a quantitative understanding of the impacts of species introductions on the 50 

plant-frugivore mutualism globally, we assembled network data from the literature. The data 51 

derive from 410 local networks where plant-frugivore interactions were observed at a given 52 

location and temporal period, typically by directly observing animals foraging or by recovering 53 

seeds from captured animals. In the local bipartite networks, each node represents a plant or 54 

animal species and edges indicate that the pairwise interaction was observed. We considered 55 

only plants and animals identified to species, resolved naming issues, and incorporated 56 

taxonomic revisions since the data were collected. This approach identified 24,455 unique 57 

interactions between species pairs involving 1,631 animal and 3,208 plant species. Three 58 

quarters of reported interactions were with birds and the remaining quarter were with mammals, 59 

primarily bats and primates; only 1% of interactions were with lizards, tortoises, or fish. Pairing 60 

these interaction data with data on the native or introduced status of plants and animals at the 61 

study locations, we were able to assess introduced interactions where either the plant or animal 62 

was an introduced species. By assessing shared species-level nodes between local networks, we 63 

constructed global meta-networks, which encompass all species and the interaction between 64 

them observed at any study location. 65 

To assess how species introductions have altered biogeographic network signatures, we 66 

compared the meta-network constructed using local networks where introduced species were 67 

removed (i.e., no introduced interactions; Fig. 1a) to the meta-network constructed using all 68 
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interactions observed within the local networks (Fig. 1b). As in similar analyses focused on 69 

species composition2, we avoid biases due to heterogeneous sampling coverage by interpreting 70 

relative differences between patterns observed with and without anthropogenic introductions. 71 

When considering only native interactions (Fig. 1a), clear biogeographic compartmentalization 72 

of the global meta-network emerges, despite no spatial data entering the analysis, broadly 73 

mirroring historical bioregions commonly identified via species occurrence approaches (Fig. 74 

1c)9. This application of ecological network data recapitulates the importance of historical 75 

dispersal barriers for biogeographic patterns9 and demonstrates the degree of biotic connectivity 76 

across regions, likely influencing spatial heterogeneity in plant-frugivore coevolution across 77 

deep temporal scales22. In the observed meta-network, interactions with introduced species blur 78 

these natural biogeographic patterns, significantly reducing compartmentalization among 79 

bioregions (Fig. 1b; bootstrapped z = 4.03, P = 5.5x10-5). Comparing to meta-networks 80 

simulated under a null model reflecting complete homogenization of interactions within biomes, 81 

introduced interactions have decreased biogeographic compartmentalization by 8.5% (Extended 82 

Data Fig. 1). This loss of biogeographic pattern is not explained by the lower number of 83 

interactions in the native-only meta-network, which we assessed using a null model that 84 

randomly removed interactions from the observed meta-network (Extended Data Fig. 1; 85 

bootstrapped z = 0.15, P = 0.88). These results show that species introductions are eroding 86 

natural signatures of biogeography across the global plant-frugivore meta-network.  87 

Species introductions are causing the meta-network to exhibit ‘small world’ properties23. 88 

Introduced interactions have reduced the degrees of separation between any two plant and animal 89 

nodes in the connected component of the meta-network from roughly seven to five on average 90 

(Fig. 1d). This increases species’ closeness centrality by more than a third (SMA slope 1.37, r = 91 
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0.40, df = 4429, P < 2x10-16; Fig. 1e). Species introductions also reduce the diameter of the 92 

network, measured as the greatest degrees of separation between species pairs, from 17 to 13. 93 

Whereas roughly 2% of species in the native-only meta-network are in disconnected components 94 

representing endemic networks, only 0.17% remain disconnected when including introduced 95 

interactions. Theory indicates these outcomes—novel direct interactions and closer indirect 96 

interactions—underlie the evolution of trait convergence in mutualistic networks6. This occurs 97 

through introductions imposing similar selection gradients over space6, with the effect further 98 

strengthened if gene flow into the introduced species occurs through recurrent introductions24. 99 

The changes to the meta-network we document may thus cause functional homogenization 100 

within local networks by altering the coevolutionary trajectories of plants and frugivores.  101 

Having explored how species introductions have altered patterns of biogeography and 102 

indirect interactions across the meta-network, we next examined shared network elements across 103 

bioregions and beta diversity across local networks. The proportion of regions sharing species 104 

and interactions, and the proportion of species and interactions they share, has increased due to 105 

species introductions (Fig. 2; Extended Data Table 1). Shared interactions across bioregions can 106 

be caused by natural co-occurrences in multiple bioregions or by anthropogenic co-introductions 107 

(e.g., a bird and plant species from Europe both introduced to New Zealand; common hawthorn – 108 

song thrush, Crataegus monogyna – Turdus merula), reciprocal introductions (e.g., a bird from 109 

Europe to North America and plant from North America to Europe; American pokeweed – 110 

European starling, Phytolacca americana – Sturnus vulgaris), or replicated novel interactions 111 

between species from two distinct regions both introduced to other regions (e.g., a bird from Asia 112 

and plant from South America introduced to both Hawaii and Tahiti; Brazilian peppertree – red-113 

vented bulbul, Schinus terebinthifolia – Pycnonotus cafer). Such introductions are partially 114 
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decoupling the beta diversity relationship of decreasing species and interaction similarity 115 

between more distant sampling locations (Extended Data Fig. 2)25. Increasing similarity of 116 

network composition over space may reduce stability at large spatial scales by synchronizing 117 

responses to widespread perturbations such as climate change or novel pathogens26. 118 

At the local network scale, we assessed how introduced species interact and affect 119 

network structure. Suggesting that introduced plant-frugivore interactions may facilitate 120 

invasional meltdown27, introduced plants and animals were twice as likely as native species to 121 

interact with the introduced partners present within their local network (Fig. 3; χ2a = 15.8, df = 1, 122 

Pa = 6.9x10-5, χ2 p = 13.6, df = 1, Pp = 2.3x10-4; Extended Data Table 2). We tested the prediction 123 

that mutualists that are naturally more interactive are more likely to establish. Considering 124 

species only where they are native, we found that normalized degree—the number of partners 125 

divided by the number of potential partners—was greater for species that appear as introduced 126 

elsewhere than for species that have not been reported as introduced, with the effect statistically 127 

significant but small for plants and larger for animals (Extended Data Fig. 3; all P ≤ 0.0002; 128 

Extended Data Table 3). We found that introduced species homogenize the structure of local 129 

networks by reducing their modularity (Fig. 3b; Extended Data Figure 4; χ2 = 7.0, df = 1, P = 130 

0.008), an effect that was not explained by other factors such as differences between island and 131 

mainland networks, study design, or network connectance (Extended Data Table 4). Theory 132 

indicates that reduced modularity can limit stability by allowing perturbations to directly and 133 

indirectly impact a larger portion of the community; with greater modularity, species-specific 134 

effects of disturbance such as overexploitation or pest outbreaks can be isolated within 135 

modules28. Together, these analyses show that introduced species disproportionately facilitate 136 

other introduced species and influence network stability by homogenizing their structure.  137 
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Finally, we sought to understand factors explaining the prevalence of introduced species 138 

and interactions within local plant-frugivore networks over time and space. The prevalence of 139 

introduced interactions has increased over time (Fig. 4a; GLMM likelihood ratio test χ2 = 106.3, 140 

df = 1, P < 2x10-16; Extended Data Table 5), with the proportion of introduced interactions 141 

approximately seven times higher in the most recent versus the earliest recorded networks. 142 

Introduced interactions were also more prevalent in areas of greater human modification of the 143 

environment (Fig. 4b; χ2 = 414.2, df = 1, P < 2x10-16; Extended Data Table 5)29, approximately 144 

eight times higher in the most versus least modified environments. We assessed these 145 

relationships using mixed effects models that that account for regional differences in introduction 146 

dynamics. To assess the robustness of these results, we assessed the influence of several potential 147 

biases. First, the pattern over time could be influenced by the focal taxa which researchers 148 

targeted for observation (e.g., earlier researchers excluding introduced species from observation). 149 

Using a more conservative set of local networks where all potential interactions were observed 150 

and reported (i.e., rather than for just a target subset of plant and/or animal species) shows a 151 

qualitatively identical relationship (χ2 = 50.7, df = 1, P = 1.1x10-12). Second, the temporal pattern 152 

could be influenced by the locations chosen for study (e.g., earlier researchers focusing on less 153 

anthropogenically impacted habitats). Indicating that the temporal pattern is not a spurious result 154 

of study site choice, study year remains a highly statistically significant predictor in models that 155 

account for variation in human modification values as well (Extended Data Table 6). Third, 156 

heterogeneous human modification over time could introduce bias in the relationship between 157 

the proportion of introduced interactions and human modification estimates, which characterize 158 

conditions circa 201629. Reanalyzing using only local networks collected after 2000 or 2010 159 

shows qualitatively identical relationships (χ22000 = 320.6, df = 1, P2000 < 2x10-16, χ22010 = 106.6, 160 
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df = 1, P2010 < 2x10-16). Further, the proportion of introduced species, and of interactions that are 161 

caused by an introduced plant or animal species, was higher on oceanic island systems than on 162 

continental bioregions (Fig. 4c). These impacts on mutualistic networks reflect the particular 163 

susceptibility of remote islands to invasion and native species loss5. Networks from large 164 

continental bioregions typically had few introduced animals and a greater prevalence of 165 

introduced plants than animals. Together, these results demonstrate quantitatively that the global 166 

plant-frugivore mutualism is increasingly made up of introduced interactions over time, 167 

especially on islands and in ecosystems with greater anthropogenic environmental modification. 168 

This work offers a global quantitative synthesis showing, for a key mutualism, the 169 

impacts of introduced species on interaction networks and on the biogeography of interactions. 170 

At the first time that sufficient data exists to characterize global meta-networks, species 171 

introductions have already substantially eroded natural biogeographic signatures that have 172 

developed over millions of years. The cross-scale changes to the plant-frugivore mutualism 173 

reflect disruption of evolutionary and ecological processes that are likely to shape the 174 

biodiversity and resilience of future terrestrial ecosystems. The widespread impacts and 175 

disproportionate facilitation among introduced species demonstrated here, combined with the 176 

importance of plant-frugivore interactions in determining which plant species will keep pace 177 

with climate change21 and contribute to forest restoration30, suggests that plant-frugivore 178 

networks are likely to increasingly favor relatively few introduced generalists over many native 179 

species7, reducing the uniqueness of future biotas. This motivates research to understand species’ 180 

contributions to functional and phylogenetic homogenization and careful management of species 181 

introductions to limit the loss of biodiversity in ecological networks.  182 

 183 
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 248 

Figure 1 | Altered interaction biogeography in the global plant-frugivore meta-network. 249 

Meta-networks including native interactions only (a) or both native and introduced interactions 250 

(b). Each node represents a plant or animal species and links represent interactions observed at 251 

any study location. Interaction data derive from 410 spatially or temporally distinct networks, 252 

which are colored by their assignment to bioregions and oceanic islands (c). The degrees of 253 

separation among species pairs in the meta-network is greater when considering interactions 254 

among native species only than when including interactions with introduced species (d). 255 

Closeness centrality for each species is higher in the observed meta-network that includes 256 

introduced interactions than in the native-only meta-network, with points representing species 257 

and line and shading showing standardized major axis regression fit and confidence interval (e). 258 
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 259 

Figure 2 | Shared species and interaction composition across regions in the presence and 260 

absence of anthropogenic species introductions. Points represent the number of species or 261 

interactions observed in each bioregion or oceanic island system, with the point’s coordinates at 262 

the centroid of the study locations for each region. The thickness of lines, plotted along great 263 

circles, shows the proportion of shared species or interactions between bioregions or oceanic 264 

island systems. Note that long arcs in the right column connect Europe to New Zealand to the 265 

east and the Azores to New Zealand to the west. 266 
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 267 

Figure 3 | Preferential interaction among introduced species within local networks and 268 

introduced species impacts on local network modularity. In networks where focal animals 269 

and plants have potential partners that are introduced, introduced animals and plants are 270 

significantly more likely to interact with introduced partners, with bars indicating binomial 271 

GLMM model estimates (± standard errors) (a). Number of discrete modules within local 272 

networks that vary in the proportion of interactions involving an introduced species (b), with 273 

points jittered.   274 



 15 

 275 

Figure 4 | Spatiotemporal variation in the prevalence of introduced species and 276 

interactions. (a) The proportion of introduced interactions recorded exhibits an accelerating 277 

trajectory over time and (b) is related to human modification of the environment, with lines 278 

indicating binomial GLMM model estimates and grey areas indicating prediction intervals. (c) 279 

The proportion of introduced animal species, plant species, and interactions is typically higher on 280 

oceanic island systems than in continental bioregions. Unfilled points represent cases where zero 281 

introduced species or interactions were recorded.  282 
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Methods 283 

Plant-frugivore network data 284 

We used data from 410 networks derived from 241 studies (study IDs and references 285 

available in the Dryad data repository; see ‘Data availability’), considering as individual 286 

networks those at the finest spatial and temporal scale that the network data were reported. To 287 

assemble this database, we extensively searched the literature for networks of interactions 288 

between vertebrates and fleshy-fruited plants. We started with network studies incorporated in 289 

previous syntheses of plant-frugivore networks31–40, found relevant studies that cited or were 290 

cited by those primary network studies, and supplemented this process with web searches to find 291 

additional studies. We incorporated all networks we were able to find through April 2019, 292 

excluding networks with plant or animal taxa only identified above the species level. We 293 

recorded metadata on the focal taxa that were the target of observation (e.g., birds, bats), whether 294 

the observation and reporting covered all or a subset of the focal taxa (e.g., observing only a 295 

target list of plant species or only reporting interactions with a subset of frugivore species), 296 

coordinates for the study site, and the study year (mean year of data collection or publication 297 

year if not reported). We assigned local networks to regions according to the 11 broad realms 298 

identified by Holt et al.9, with the exception of island systems (Azores, Canary Islands, 299 

Galapagos, Hawaiian Islands, Mariana Islands, New Zealand, Seychelles, Society Islands), 300 

which we each treat as separate regions for visualization and analysis. 301 

To ensure that consistent species names were used across all local networks, we 302 

standardized taxonomy following ITIS (Integrated Taxonomic Information System; 303 

http://www.itis.gov) for animals and The Plant List (http://www.theplantlist.org) for plants. Most 304 

issues involved typos or synonyms, which we corrected using the ‘Taxonstand’ R package41 and 305 
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The Taxonomic Name Resolution Service (http://tnrs.iplantcollaborative.org)42. In some cases, 306 

species have had taxonomic revisions since the study’s publication, typically scenarios such as 307 

one previously recognized bird species now split into two recognized species. In these cases, we 308 

used the study location to associate the observed taxon with its current accepted name. We did 309 

not encounter ambiguities where taxa that are now split are sympatric at the study location. 310 

We determined whether species were native or introduced within local networks, focusing 311 

on identifying human-mediated introductions across regions. For animals, we used country-level 312 

data on the native or introduced status from IUCN (http://www.iucnredlist.org). For plants, we 313 

used country-level data from Plants of the World Online (POWO; 314 

http://www.plantsoftheworldonline.org), which provides information on countries in which plant 315 

species have been reported as native or introduced, and from the Global Register of Introduced 316 

and Invasive Species (GRIIS; http://www.griis.org), which gives information on introduced 317 

species presence by country. If a plant did not have a status assignment for the country where the 318 

network was recorded, we considered it native if it was recorded as native in a nearby country 319 

(e.g., reported native in Honduras and Costa Rica but no status assignment for Nicaragua). When 320 

we were unable to assign the status for species with these approaches using the global databases, 321 

we used information from the studies themselves or species lists from the study location to assess 322 

native or introduced status. Although we generally adopted a country-level focus, we considered 323 

separately disjunct sub-national entities, particularly islands, in relevant cases (e.g., Galapagos 324 

versus mainland Ecuador). Focusing at the country level allowed us to match the scales of data 325 

available for plants and animals while emphasizing longer-scale anthropogenic introductions 326 

rather than shorter-scale movement or range expansion. Considering data reported in all 327 
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networks over the past 75 years, 7% of interactions among accepted plant and animal species 328 

involved an introduced species and 1% involved an introduced plant and introduced animal.  329 

 330 

Global meta-networks 331 

We developed a global meta-network comprised of all observed interactions (including both 332 

native and introduced interactions) by constructing a binary adjacency matrix describing all 333 

species interactions recorded in any local network. We also constructed a global meta-network 334 

containing only native interactions by doing so after removing from local networks species that 335 

are introduced at the local network’s location. This approach mirrors studies that have removed 336 

species identified as introduced from contemporary species lists to assess the impact of species 337 

introductions on species-level biogeographic patterns2 or from local mutualistic networks to 338 

assess how they alter local network structure43,44. We use the term “meta-network” to describe, 339 

as a single network, all realized interactions observed in any of multiple local networks 340 

following terminology of recent studies45–47. The term “metaweb” has been used for this concept 341 

primarily in the context of food webs48. We visualized the meta-networks using a Fruchterman-342 

Reingold layout with the ‘ggnetwork’ package in R49. All maps were produced using the ‘maps’ 343 

package in R50. 344 

To determine statistically how introduced interactions have altered the meta-network’s 345 

compartmentalization along biogeographic regions, we used a bootstrapping approach. In each 346 

bootstrap iteration, we resampled with replacement the pairwise interactions and developed an 347 

adjacency matrix as above for the native-only meta-network and the meta-network including 348 

introduced interactions. We assigned module membership to species according to the bioregions 349 

or oceanic island systems in which they appeared as native, sampling one per species per 350 
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iteration. Calculating unipartite modularity (Q) following Clauset et al.51 in the R package 351 

“igraph”52, we took the difference in modularity among the native-only meta-network and the 352 

meta-network involving introduced interactions. Using 200 iterations, we calculated a p-value 353 

(two-sided, as in all other analyses) with the resulting z score. Because the native-only meta-354 

network has fewer interactions, we tested whether the difference in modularity was a spurious 355 

result of the lower number of interactions. To test this, we randomly removed interactions 356 

probabilistically from the resampled meta-network including introduced interactions, achieving 357 

on average the equivalent number of interactions as in the resampled native-only meta-network. 358 

We similarly calculated a z-score and p-value to assess whether modularity differed in this 359 

reduced meta-network versus the meta-network including introduced interactions. Lastly, we 360 

sought to understand how much biogeographic compartmentalization has decreased relative a 361 

scenario of complete biotic homogenization. For each resampled meta-network including 362 

introduced interactions, we randomized interactions among species present within each biome, 363 

using biomes defined by Dinerstein et al.53. By allowing random interactions within biomes, this 364 

null model reflects a scenario of highly homogenized interactions in which species occurrence is 365 

only constrained by abiotic filters, not dispersal barriers. We calculate the loss of biogeographic 366 

compartmentalization using the modularity of the native-only meta-network (Qnative), of the 367 

observed meta-network including introduced interactions (Qobserved), and of the meta-network 368 

with interactions randomized within biomes (Qrand) as: (Qnative – Qobserved) / (Qnative – Qrand). We 369 

also used the igraph package to calculate network diameter, the pairwise distances (degrees of 370 

separation) between nodes, and closeness centrality for species in the connected component of 371 

the network. We calculate closeness centrality (CC) as 372 
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 373 

where dij is the shortest path length between species i and species j and n is the number of 374 

species. For species present in the connected component of the native-only meta-network and 375 

meta-network including introduced interactions (n = 4431), we used standardized major axis 376 

regression to assess how closeness centrality of species has changed with species introductions, 377 

testing the null hypothesis that the slope equals 1 in the R package “smatr”54. 378 

 379 

Quantifying diversity between regions and networks 380 

To visualize how species introductions have altered patterns of shared species composition 381 

over space, we calculated the proportion of shared species and interactions across all pairs of 382 

regions, whether continental bioregions or oceanic island systems. We calculated this as the 383 

intersection of the sets of species (or interactions) in each pair of regions divided by the union of 384 

these sets. We used GLMMs in the R package ‘lme4’55 to analyze how species introductions 385 

influence 1) the proportion of region pairs sharing network elements (species and interactions) 386 

and 2) the proportion of their elements that was shared. The binomial response variables 387 

described 1) whether the region pair had shared plant species, animal species or interactions, or 388 

2) the proportion of shared elements out of the total number of elements observed in the region 389 

pair. The predictor variable described these values calculated when considering native species 390 

and interactions only or all species and interactions. We allowed random intercepts by region 391 

pair ID. To quantify beta diversity across these networks, we used the ‘betalink’ package in R25 392 

to calculated pairwise similarity in the species composition (1 – βS) and the similarity of 393 

interactions (1 – βWN). In these analyses, we made comparisons only among pairs of networks 394 
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constructed to target the same group of animals. For example, we compared local networks that 395 

targeted bats with other local networks targeting bats, but did not assess beta diversity between 396 

bird-focused and bat-focused local networks. We calculated pairwise similarities only among 397 

local networks targeting birds, bats, primates, mammalian carnivores, and mammalian 398 

herbivores. We used generalized additive models to fit the relationship between distance 399 

separating network pairs and both 1 – βS and 1 – βWN using local networks as they were observed 400 

(including introduced interactions) versus local networks where introduced species were 401 

removed (native interactions only). 402 

 403 

Processes within local networks 404 

We used several analyses to characterize how introduced species interact within local 405 

networks and influence local network structure. First, we sought to determine if introduced 406 

species are more likely to interact with introduced than native partners. In separate GLMMs for 407 

plants and animals, the binomial response variable described the proportion of a focal species’ 408 

interactions that are with introduced partners versus the proportion that are with native partners. 409 

The predictor variable was whether the focal species was itself a native or introduced species. 410 

These analyses were only performed using networks where the focal taxon had one or more 411 

potential partner that was introduced. We allowed random intercepts by region and local network 412 

ID, using likelihood ratio tests against null models as in other analyses. Because this analysis 413 

focuses on interactions between focal species and their potential partners within their local 414 

network, it avoids the potential for biased results caused by a positive relationship between the 415 

number of introduced plant and animal species within local networks.  416 
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Second, we sought to quantify whether plants that become established as introduced species 417 

are naturally more or less interactive than species that do not appear as introduced species. In 418 

these analyses, we only consider interaction patterns for species observed in local networks 419 

within their native range. We repeated analyses using two approaches for attributing species as 420 

introduced species, either by considering introduced species to be those that are reported as 421 

introduced anywhere in any of the publicly available databases described above (IUCN, POWO, 422 

GRIIS) or by considering introduced species to be those that appear as introduced species in 423 

local networks outside their native range in our database. In the analyses, the binomial response 424 

variable was the proportion of partners within the local network that the focal species was 425 

observed interacting with versus those it did not interact with; this describes normalized degree. 426 

The predictor variable was whether the species appears as introduced. As in the other analyses, 427 

we used random intercepts by region and local network ID and performed likelihood ratio tests 428 

in separate models for animals and plants.  429 

Third, we examined modularity within local networks. We report the number of true 430 

compartments calculated using the ‘compart’ function in the ‘bipartite’ package in R56. We 431 

assessed how the proportion of introduced interactions within local networks impacts modularity 432 

while accounting for other network structural attributes that can influence modularity and its 433 

detection by analyzing null model-corrected modularity. To do so, we compare observed 434 

modularity to the modularity of corresponding networks generated under a null model57 designed 435 

to maintain the degree distribution of the observed network. We calculated null model-corrected 436 

modularity of each local network as the observed modularity minus the average modularity of 437 

five corresponding null networks. To obtain modularity values, we used the hybrid spectral 438 

partitioning + simulated annealing algorithm in the program MODULAR58 to determine bipartite 439 
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modularity optimized via the Newman and Girvan 2004 metric59. We calculated modularity for 440 

the 395 networks with at least two species at each trophic level and in which at least one species 441 

had at least two partners. In a linear mixed effects model, null model-corrected modularity was 442 

the response variable, the proportion of the local networks’ interactions that involved introduced 443 

species (i.e., proportion introduced interactions) was the predictor variable, and we allowed 444 

random intercept by study location. We assessed statistical significance using a likelihood ratio 445 

test against an intercept-only model. For visualization, we use mixed effects quantile regression 446 

with the same model formulation to visualize the 5th, 50th, and 95th percentile with the ‘lqmm’ 447 

package in R60. To assess whether other factors better explained differences in null model 448 

corrected modularity, we compared AIC among all combinations of models with fixed effects of 449 

the proportion of interactions involving an introduced species, connectance, the number of target 450 

groups studied (birds, bats, primates, carnivores, herbivores, other non-flying mammals, fish, 451 

reptiles), and if the local network was from an oceanic island system. 452 

 453 

Spatiotemporal impacts of introduced species and interactions 454 

To assess the prevalence of introduced species interactions over time, we used GLMMs 455 

with the binomial response variable describing the proportion of the local network’s species 456 

interactions that are introduced versus the proportion that are native (involving both a native 457 

plant and native animal species). The predictor variable was study year and we allowed random 458 

intercepts by region. To assess statistical significance, we used a likelihood ratio test against an 459 

intercept-only model. To assess the relationship between human environmental impact and 460 

prevalence of introduced interactions, we used the same approach except with gHM values29 as 461 

the single predictor variable. This index characterizes the cumulative severity of human 462 
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modification in terrestrial environments on a scale between 0 and 1 with a 1 km2 resolution. We 463 

calculated the mean gHM value within a 5 km buffer of the study and similarly used a likelihood 464 

ratio test against a null model to assess statistical significance. We performed several robustness 465 

checks. First, we performed similar analyses and likelihood ratio tests to assess the relationship 466 

with study year for local networks that were designed to observe and reported interactions 467 

between all plant species and all bird species, all bat species, or all primate species. Second, to 468 

confirm that year and gHM are independently related to the prevalence of introduced 469 

interactions, independent of any modification-biased site selection over time, we compared AIC 470 

between a full model including study year, gHM, and their interaction and all the nested models. 471 

Third, we analyzed the relationship with gHM values, which are calculated to represent ~2016, 472 

for local networks collected after 2000 or 2010. 473 
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Extended Data 570 

 571 
Extended Data Figure 1 | Biogeographic compartmentalization measured via meta-network 572 

modularity. Modularity is calculated given species’ module membership based on the regions in 573 

which they are native. High modularity values indicate high compartmentalization along 574 

biogeographic regions, with distributions of bootstrapped values shown. Blue distribution shows 575 

modularity of the native-only meta-network. Red distribution shows modularity of the observed 576 

meta-network including introduced interaction. Red dashed line indicates distribution of 577 

modularity values for observed meta-networks sampled to have an equivalent number of 578 

interactions as in the native-only meta-network. Because this gives similar modularity values as 579 

in the observed meta-network, the higher modularity of the native-only meta-network is not 580 

explained by a lower number of interactions. Grey dashed line indicates distribution of 581 

modularity values for meta-networks simulated if species were homogenized randomly within 582 

biomes; this reflects a null expectation for biogeographic compartmentalization given a lack of 583 

dispersal barriers. 584 
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 585 
Extended Data Figure 2 | Beta diversity in species and interactions among local networks. 586 

Relationship between pairwise distances and similarity of species in the community (1 – βS) and 587 

interactions (1 – βWN). Points represent 14,849 pairs of local networks and lines represent model 588 

fits from generalized additive models. Top row points in blue (a, b) are calculated using only 589 

native interactions and bottom row points in red (c, d) are calculated including introduced 590 

interactions. 591 
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 592 
Extended Data Figure 3 | Interaction breadth of species that have established as introduced 593 

species versus species that do not appear as introduced species. For focal plant and animal 594 

species, the normalized degree—number of observed partners divided by the number of potential 595 

partners—was greater for species that appear as introduced than for species that do not. In a-b, 596 

introduced species are those that have been reported as introduced anywhere according to 597 

publicly available databases (χ2a = 59.7, df = 1, Pa = 1.1x10-14, χ2p = 14.5, df = 1, Pp = 1.4x10-4). 598 

In c-d, introduced species are those that are recorded in our database within a local network 599 

where they are introduced (χ2a = 235.3, df = 1, Pa < 2.2x10-16, χ2p = 40.4, df = 1, Pp = 2.1x10-10). 600 
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 601 
Extended Data Figure 4 | Introduced interactions reduce modularity of local networks. 602 

Model estimates from mixed effects quantile regression, using random intercepts by study 603 

location. Points (jittered along x-axis) show null model-corrected modularity calculated for 395 604 

local networks as the difference between observed modularity and the average modularity of five 605 

corresponding networks generated under a null model. Coefficient estimates (± standard errors) 606 

at the 5th, 50th, and 95th percentiles are, for the intercept, β0,5 = -0.050 (± 0.005), β0,50 = 0.012 (± 607 

0.004), β0,95 = 0.130 (± 0.019), and, for the effect of the proportion of introduced interactions, β1,5 608 

= -0.009 (± 0.020), β1,50 = -0.029 (± 0.016), β1,95 = -0.079 (± 0.037).  609 
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Extended Data Table 1 | Shared network elements (species and interactions) among the 18 regions when considering native species 

only or including introduced species. 

 
Proportion with shared elements Average proportion shared 

 Native only 

Including 

introduced P Native only 

Including 

introduced P 

Plants 0.17 0.53 5.0 x 10 -24 0.0026 0.0070 1.2 x 10-20 

Animals 0.11 0.24 8.3 x 10-21 0.005 0.0072 0.058 

Interactions 0.052 0.092 6.5 x 10-08 0.00024 0.00035 0.089 
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Extended Data Table 2 | GLMMs assessing how the probability of interaction with introduced partners depends on the native or 

introduced status of focal species. Analyses conducted for animal and plant species observed within local networks with potential 

partners that are introduced (na = 1937, np = 608). 

Focal taxon Intercept Introduced species effect 

Animals -1.79 ± 0.23 0.96 ± 0.24 

Plants -1.60 ± 0.59 0.84 ± 0.22 
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Extended Data Table 3 | GLMMs assessing how normalized degree (breadth of interaction partners) in local networks where species are 

native differs among species that are introduced species or are not reported as introduced species (na = 5511, np = 5968). 

Focal taxon Intercept Introduced species effect 

Species that appear as introduced anywhere… 

Animals -0.77 ± 0.04 0.24 ± 0.03 

Plants -0.73 ± 0.04 0.08 ± 0.02 

   

Species that appear as introduced in the network database… 

Animals -0.79 ± 0.04 0.70 ± 0.05 

Plants -0.72 ± 0.04 0.23 ± 0.04 
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Extended Data Table 4 | Comparing LMMs analyzing the local network’s null model-corrected modularity. Fixed effects were the 

proportion of introduced interactions (Intro. intx.), the number of animal groups targeted in the study design (Target groups), the 

connectance of the network, and whether the local network was from an oceanic island. ΔAIC indicates differences in Akaike 

information criterion (AIC) values from the best performing model (n = 395). 

Model AIC ΔAIC 

Intro. intx. -1163.9 0 

Intro. intx. + Target groups -1163.6 0.4 

Intro. intx. + Connectance -1163.2 0.8 

Intro. intx. + Target groups + Connectance -1162.4 1.5 

Intro. intx. + Oceanic island -1162.3 1.7 

Intro. intx. + Target groups + Oceanic island -1162 2.0 

Intro. intx. + Connectance + Oceanic island -1161.4 2.5 

Target groups + Oceanic island -1161.1 2.9 

Oceanic island -1161 3 

Intro. intx. + Target groups + Connectance + Oceanic island -1160.7 3.2 

Connectance + Oceanic island -1160.4 3.5 

Target groups + Connectance + Oceanic island -1160 3.9 

Target groups -1159.2 4.8 

Intercept only -1158.9 5 

Connectance -1158.9 5.1 

Target groups + Connectance -1158.5 5.4 
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Extended Data Table 5 | GLMMs assessing the relationship between the proportion of introduced interaction and both study year and 

human modification (gHM), with qualitatively consistent results under more conservative conditions for network inclusion. 

Model description Network subset Coefficients ± SE 

  Intercept Year - 2000 

Temporal effect All networks (n = 410) -2.03 ± 0.46 0.028 ± 0.003 

 All potential interactions observed and reported (n = 289) -2.17 ± 0.51 0.026 ± 0.004 

    

  Intercept gHM 

Human modification All networks (n = 410) -2.84 ± 0.53 2.58 ± 0.13 

 Networks after 2000 (n = 293) -2.68 ± 0.63 2.82 ± 0.16 

 Networks after 2010 (n = 180) -2.80 ± 0.86 2.29 ± 0.22 
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Extended Data Table 6 | Comparing GLMMs analyzing the portion of the 

410 local network’s interactions that are due to species introductions, 

with fixed effects included human modification (gHM), study year, and 

their interaction and ΔAIC indicates differences in Akaike information 

criterion (AIC) values from the best performing model. 

Model AIC ΔAIC 

gHM * year 3283.4 1.9 

gHM + year 3281.5 0 

gHM 3325.7 44.2 

year 3633.6 352.1 

Intercept only 3737.9 456.4 
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