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Summary 26 

Compartmentalization – the organization of ecological interaction networks into subsets of 27 

species that do not interact with other subsets (true compartments) or interact more frequently 28 

among themselves than with other species (modules) – has been identified as a key property 29 

for the functioning, stability and evolution of ecological communities. Invasions by 30 

entomophilous invasive plants may profoundly alter the way interaction networks are 31 

compartmentalized. We analyzed a comprehensive dataset of 40 paired plant–pollinator 32 

networks (invaded vs. uninvaded) to test this hypothesis. We show that invasive plants have 33 

higher generalization levels with respect to their pollinators than natives. The consequences 34 

for network topology are that rather than displacing native species from the network, plant 35 

invaders attracting pollinators into invaded modules tend to play new important topological 36 

roles (i.e. network hubs, module hubs and connectors) and cause role shifts in native species, 37 

creating larger modules that are more connected among each other. While the number of true 38 

compartments was lower in invaded compared to uninvaded networks, the effect of invasion 39 

on modularity was contingent on the study system. Interestingly, the generalization level of 40 

the invasive plants partially explains this pattern, with more generalized invaders contributing 41 

to a lower modularity. Our findings indicate that the altered interaction structure of invaded 42 

networks makes them more robust against simulated random secondary species extinctions, 43 

but more vulnerable when the typically highly connected invasive plants go extinct first. The 44 

consequences and pathways by which biological invasions alter the interaction structure of 45 

plant–pollinator communities highlighted in this study may have important dynamical and 46 

functional implications, for example, by influencing multi-species reciprocal selection 47 

regimes and co-evolutionary processes.  48 

  49 
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Biological invasions of mutualistic interaction networks, , exotic species, nestedness, 51 

pollination, robustness, specialization   52 

 53 

Introduction 54 

Despite the crucial role that species interaction networks play for the maintenance of 55 

biodiversity [1] and the functioning and stability of ecosystems [2,3] we still know very little 56 

about the consequences of different components of global change on its structure and 57 

dynamics [4,5].  58 

A recurrent property in the organisation of complex biological systems ranging from 59 

metabolic [6] to species interaction networks [7-9] is compartmentalization. 60 

Compartmentalization of ecological networks refers to the existence of subsets of more 61 

closely interacting species with relatively few or no interactions to other subsets [8,10]. In 62 

food webs, a long history of research has described such subsets, usually termed 63 

compartments [e.g. 2,7] or modules [e.g. 8,9]. Recently, it has been shown that also 64 

mutualistic networks, such as pollination [8,11-13] or seed dispersal networks [9], exhibit 65 

some level of compartmentalization. 66 

Compartmentalization has been predicted to stabilize trophic networks [2] and 67 

references therein,14], which has recently been corroborated for the persistence [2] and 68 

resilience [15] of antagonistic interaction networks, while the persistence of mutualistic 69 

networks may in contrast decrease with increasing compartmentalization [15]. Moreover, 70 

modules have been suggested as potentially important units of evolution and co-evolution 71 

[8,11], and they may have important functional implications for ecosystems [3]. Finally, 72 

modularity is also related to other important network properties such as nestedness and 73 

connectance [16], which have been proposed to have strong dynamical implications for the 74 

coexistence [16], stability [15] and functioning [3] of ecological communities. Consequently, 75 
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anthropogenic impacts on these properties of species interaction networks may have profound 76 

consequences for ecological and evolutionary dynamics and ecosystem functioning..  77 

Biological invasions by alien species may strongly affect species interactions, such as 78 

those among plants and their pollinators, both directly and indirectly [17]. Pollination 79 

interactions are essential for the reproductive success of many plant species and of crucial 80 

importance for the maintenance of the diversity and functioning of most terrestrial ecosystems 81 

[18]. Most plant and pollinator species exhibit a higher degree of opportunism and thus 82 

generalization in their interactions with mutualistic partner species than previously thought  83 

[18], facilitating the integration of alien species into native plant–pollinator interaction 84 

networks [19-25]. Pollinators use, but appear not to prefer, alien plant species over natives 85 

[26]. However, when these alien plants become invasive (sensu 27) and have highly attractive 86 

flowers present in high abundances in the community, they may have profound effects on 87 

pollinators and their interactions with native plants [28]. Hence, the impact of invasions on 88 

network topology may critically depend on the generalization level of the invaders [22]. 89 

Super-generalist invaders [sensu 29] may cause a fusion of previously separate compartments 90 

or modules, as predicted by Olesen et al. [8], resulting in fewer – but larger – modules (i.e. 91 

more species forming a module). However, overall module number may not be altered, but 92 

the boundaries among modules may be “blurred”, resulting in more connected modules and 93 

thus more cohesive interaction networks. Alternatively, if the invasive species monopolize 94 

generalist native partner species from the core of nested networks [22], the invader could lead 95 

to a fragmentation of the network into more but smaller modules. Invaders might also form 96 

new modules either by usurping species from existing modules, thereby reducing module size, 97 

or by attracting pollinators (not previously present) into the invaded communities, thereby 98 

increasing network size (i.e. the total number of interacting species). This may not only affect 99 

the number of modules and modularity, but also related important structural and dynamical 100 
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network properties, such as pollinator-plant ratio, nestedness, connectance and network 101 

robustness [e.g. 8,30].  102 

A further important, yet largely unexplored question is how invasion may impact upon 103 

the individual topological roles native species play in the network. Species specific 104 

contributions to module formation offer a perfect framework to answer this question. Even if 105 

the modular structure of the interaction networks should be robust against the invasion of 106 

alien species, invaders are likely to displace native species from topologically important roles. 107 

Such role shifts of species may differ between plant and pollinators, possibly resulting in 108 

predictable changes in the proportion of plants and pollinators occupying different roles in the 109 

network, with potentially profound implications for species persistence, network functioning 110 

and reciprocal selection regimes. 111 

Here, we investigate consequences and underlying mechanisms of plant invasions on 112 

the compartmentalization of plant–pollinator networks and the associated topological roles of 113 

the species forming these networks. To this end, we analysed 40 networks including a range 114 

of different alien invader species, native communities and geographical regions. We 115 

specifically addressed the following questions: (1) how does plant invasion affect network 116 

structure (i.e. nestedness, connectance and pollinator-plant ratio), and in particular the level of 117 

compartmentalization, and the number and size of compartments and modules and (2) is this 118 

modulated by the behaviour (e.g. generalization level) of the invader species in the 119 

community? or (3) are these effects driven by increased size of invaded networks, (4) do 120 

invasive plants exhibit different topological roles compared to natives and how does plant 121 

invasion alter the composition of topological roles played by native plant and pollinator 122 

species with respect to network compartmentalization? and, finally, (5) does plant invasion 123 

alter the robustness of these networks against secondary species extinctions under different 124 

scenarios of species loss? 125 

 126 
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Material and Methods 127 

Database 128 

We analyzed 40 plant–pollinator networks representing 20 independent pairs of networks 129 

from seven study systems, each pair consisting of a network invaded by at least one invasive 130 

plant species [sensu 27] (hereafter “invaded”) and a network without any alien plants present, 131 

or, in four network pairs [see 20], with only alien, non-invasive plants present in the network 132 

(“uninvaded”) (Electronic Supplementary Information 1a). The dataset includes our own and 133 

published data that fulfilled the following criteria: (1) network data are collected following a 134 

paired (invaded vs. uninvaded) approach sampled at different locations within the same region 135 

that represent identical habitat types and similar native plant communities; (2) sampling 136 

method, period and effort is identical within a network pair. The main characteristics of the 137 

analysed plant–pollinator systems are described in Electronic Supplementary Information 1a; 138 

for detailed description of field sampling procedures see publications listed there.  139 

All plant and pollinator species included in the analysed networks are identified at the 140 

species or morpho-species level. Interaction frequency was quantified in all networks as 141 

visitation rate, i.e. the total number of visits per sampling time. Flower-visiting animals were 142 

regarded as pollinators, if they were observed contacting the reproductive parts of the flower. 143 

 144 

Network analysis  145 

A traditional measure of compartmentalization is the number of “true” compartments [sensu 146 

31], defined as the number of subsets in the network with no link to any other subset (i.e. 147 

Jordan blocks in the mathematical nomenclature). Although this metric is sensitive to 148 

sampling thoroughness, our paired networks have equal sampling effort making relative 149 

comparisons meaningful. Furthermore, it has been widely used to analyse 150 

compartmentalization in food webs as a “coarse” measure of compartmentalization [e.g. 32]. 151 

Following [32] and [33] we use the simpler term “compartment” instead of true compartment 152 
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hereafter. Compartment number was calculated using the network level function of the 153 

bipartite package [34] implemented in R [35].  154 

Subsets of highly linked nodes that have much weaker links to other subsets of nodes 155 

in the network were defined as “topological modules” (sensu [36]; hereafter referred to as 156 

“modules”). To determine the level of modularity and the number and composition of 157 

modules in the plant–pollinator networks we used the software NETCARTO based on the 158 

functional cartography method [6]. Modules are identified by maximising a measure of 159 

modularity M using simulated annealing (SA), a stochastic optimization technique based on 160 

presence–absence data. M increases with increasing link density within modules and 161 

decreasing connectedness between different modules. The results of this algorithm are robust, 162 

yielding almost identical partitions in different runs [6,11]. The software identifies modules 163 

with an accuracy of 90% [10], and is among the most accurate module-detecting algorithms 164 

available to date [10,36]. The algorithm defines modules as subsets of both plants and 165 

pollinators that are highly connected to each other, rather than separate subsets of plants and 166 

subsets of pollinators as a function of their shared interactions, and thus modules have a clear 167 

biological meaning [8,13]. The SA-algorithm also assigns each species to a topological role in 168 

a network based on the within-module degree zi (the standardized number of links a species i 169 

is connected with others in its own module) and the among-module connectivity ci (measuring 170 

how connected a species i is to all modules) [6,8]. A network hub is not only highly linked to 171 

species of its own but also species of other modules, making it important for the connectivity 172 

of among species in both its own module and the entire network [8]. A module hub plays an 173 

important role in its own module, increasing its coherence. A connector species is important 174 

for among-module connectivity, and consequently network coherence, but plays an inferior 175 

role within its own module. Peripheral species have all or most of their relative few 176 

interactions within their own module, playing a topologically inferior role in the network [8]. 177 
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For further details of the functional cartography method see Electronic Supplementary 178 

Information 1b. 179 

In order to examine the role of the generalization level of the invader species driving 180 

changes in network compartmentalization we calculated standardized species degree (SD, i.e. 181 

the number of interaction partners of a species relative to the maximum possible)  as a 182 

standardized measure of species generalisation in bipartite ecological networks [37]. For these 183 

analyses, five pairs of networks – those studied by [20] and [24] – invaded by several alien 184 

plant species, for which an unambiguous assignment to either alien invasive or alien non-185 

invasive was not possible, were excluded .  186 

Due to its proposed important dynamical implications and relatedness to 187 

compartmentalization [16] we also analysed the degree of nestedness in the compiled plant–188 

pollinator networks. Bipartite ecological networks are nested if little connected species tend to 189 

interact with a proper subset of interaction partners of highly connected species (e.g. [16,30]). 190 

Nestedness was calculaed as BINMATNEST temperature using the R package bipartite [38]; 191 

results of other nestedness metrics such as NODF were qualitatively identical. 192 

To assess the robustness of networks to secondary species extinctions we used the 193 

robustness index R proposed by [39]. The index is a quantitative modification of the concept 194 

of secondary extinction curves (or attack tolerance curve (ATC) [39]) introduced by [40] to 195 

assess the tolerance of bipartite mutualistic interaction network to secondary extinctions. The 196 

ATC curve is based on the fact that if a given proportion of one mutualistic guild (e.g. plants 197 

or pollinators) is eliminated from the network (“attacked”), a certain proportion of species of 198 

the partner guild become extinct [39]. The index R calculates the area below the ATC curves. 199 

R→1  corresponds to a curve that decreases very slowly until the point at which almost all 200 

species are eliminated, while R→0 corresponds to curve that abruptly declines already after 201 

eliminating a single species. In addition to simply cumulatively removing species in a random 202 

order from the network [e.g. 41], we tailored the extinction order for the analysis of 203 
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compartmentalized networks to allow us to account for the topological role of a species with 204 

respect to compartmentalization. Thus, either peripheral species were removed first, followed 205 

by connectors, module hubs and finally network hubs, or species were removed in the 206 

opposite order, starting with network hubs. Secondary extinction was modelled separately for 207 

plants and pollinators, using 500 simulations for the calculation of R. It is clear that the 208 

modelled species eliminations not necessarily represent real extinctions events in nature, 209 

because not all plant species require animal pollination for population persistence, and 210 

because plant and pollinator mutualists may “switch” interaction partners to a certain degree 211 

following the loss of one or a few species (re-wiring [42,43] and adaptive foraging [44]). 212 

Nevertheless, comparisons of such species removal simulations, especially when accounting 213 

for the topological role in the removal order of species, can provide relative estimates of the 214 

tolerance of mutualistic communities with respect to network functioning [41]. 215 

 216 

Statistical analysis 217 

To address research questions (1) and (5) linear mixed effect models using the lme-function of 218 

the nlme package [45] in R were fitted to test the effect of invasion status (invaded vs. 219 

uninvaded) on the following response variables: number of compartments (log-transformed), 220 

modularity (M, logit-transformed [46]), number of modules, nestedness (log-transformed), 221 

connectance (logit-transformed), pollinator-plant ratio (log-transformed) and robustness (R). 222 

Invasion status was treated as fixed effect and site nested within study system as random 223 

effects. Further, we analysed the effect of invasion status on module size (i.e. the number of 224 

species per module) and among-module interactions (i.e. the number of links of all species of 225 

a module that are to species of other modules) (both log-transformed) at the module level. For 226 

these models, network identity (nested within site and study system) was also included as a 227 

random effect in the model. The presence of invasive plant species was determined for each 228 

module, and this variable (module with or without invasive plant species) and its interaction 229 
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with invasion status were included as fixed effects in the model. To examine which factors 230 

accounted for the effect of invasion on module size, we further analysed the number of plant 231 

species per module and the number of pollinator species per module separately. To test 232 

research question (3), i.e. whether the effects of invasion were mediated by changes in 233 

network size, we used the same models described above but included network size (before 234 

invasion status in the sequentially fitted model) as covariate. Thus, we tested whether the 235 

variation explained by invasion status (in the model without the co-variate network size) is 236 

actually explained by network size and whether invasion status still explains a significant  237 

part of the residual variation (not explained  by the co-variate network size). To analyse the 238 

effects of invader generalization on the response variables (research question (2)), invaded 239 

networks where modelled with SD of the invader as fixed effect and the same random effects 240 

as described above. 241 

To assess how plant invasion promoted shifts in the proportion of species with a 242 

particular topological role (network hubs, module hubs, connectors or peripherals) (research 243 

question (4)), separate generalized linear mixed-effects models (GLMM) for each role with 244 

binomial error distribution and logit link function, were fitted using the lmer-function 245 

implemented in the R-package lme4 [47] with invasion status as fixed factor and site nested 246 

within study system as random effects. To further explore the consequences of invasion on the 247 

topological role shifts of individual species, we report species shifts for the subset of all plant 248 

and pollinator species occurring in both the uninvaded and the invaded network of each site 249 

pair. In order to test whether the probability of role shifts differed between plants and 250 

pollinators, a GLMM with a binomial error (change or no change of role) and trophic level 251 

(plant or pollinator) as fixed effects, and site nested within study as random effects was fitted. 252 

None of the GLMM was overdispersed. Inference was based on likelihood ratio tests [48]. For 253 

all analyses, model fit was assessed by plotting the residuals against the predicted values. 254 

Means ± 1 standard error are reported. 255 
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 256 

Results 257 

Impacts of invasion on network compartmentalization 258 

Network size increased in invaded compared to uninvaded networks (F1,19 = 6.22, P = 0.022), 259 

and this was caused by an increase in the number of pollinator species from 29.8 ± 5.1 to 39.1 260 

± 5.9 (F1,19 = 7.52, P = 0.013) – but not in the number of plant species (invaded: 12.9 ± 2.5, 261 

uninvaded: 11.6 ± 3.3; F1,19 = 1.58, P = 0.224). The latter result was expected because the 262 

sampling was designed to compare sites with similar plant communities. Consequently, 263 

pollinator-plant ratio was slightly, but statistically not significantly increased in invaded 264 

networks (3.5 ± 0.4 vs. 3.1 ± 0.4; F1,19 = 2.58, P = 0.125). Both connectance and nestedness 265 

were strongly positively correlated (r = 0.79) and negatively related to network size 266 

(connectance: F1,18 = 47.00, P < 0.001; nestedness: F1,18 = 87.17, P < 0.001), which accounted 267 

for a tendency towards decrease in connectance (0.22 ± 0.01 to 0.19 ± 0.02; F1,19 = 3.74, P = 268 

0.068) and nestedness (25.7 ± 2.4 to 21.7 ± 1.6; F1,19 = 3.57, P = 0.074), which disappeared 269 

after accounting for network size (connectance: F1,18 = 0.43, P = 0.521, nestedness: F1,18 = 270 

0.06, P = 0.806). Neither connectance nor nestedness were significantly affected by invader 271 

generalization (P > 0.140). 272 

The number of compartments in invaded networks tended to be lower than in 273 

uninvaded ones (invaded: 1.35 ± 0.13, uninvaded: 1.70 ± 0.18; F1,19 = 4.17, P = 0.053, also 274 

after accounting for the increased size of the invaded networks (F1,18 = 3.05, P = 0.098). 275 

Invader generalization had no detectable effect on compartment number of invaded networks 276 

(F1,9 = 0.03, P = 0.857). 277 

Neither modularity (M; F1,18 = 0.12, P = 0.738) nor the number of modules 278 

(uninvaded: 5.0 ± 0.3, invaded: 5.1 ± 0.3; F1,18 = 0.15, P = 0.703) were significantly altered 279 

following plant invasion. However, the direction and magnitude of invasion effects were 280 

contingent on the system studied: M was significantly reduced in three out of seven study 281 
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systems, whilst it increased in only one system (Fig. 1; invasion × study system: F6,13 = 3.45, 282 

P = 0.029). This variation among study systems was at least partly driven by invader 283 

generalization: modularity (F1,9 = 12.96, P = 0.006), but not average number modules (F1,9 = 284 

0.25, P = 0.628), decreased with the level of generalization of the invader species (Fig. 2,3). 285 

M was not significantly correlated with nestedness (r = 0.16) or connectance (r = -0.03) (P > 286 

0.337).  287 

Modules of invaded networks consisted of more species (10.4 ± 0.7) than uninvaded 288 

ones (8.4 ± 0.8) (F1,18 = 7.68, P = 0.014; Fig. 3). This increase in module size was mainly due 289 

to a higher number of pollinator species within a module (7.8 ± 0.6 vs. 6.0 ± 0.6; F1,18 = 7.20, 290 

P = 0.015), while the number of plant species per module did not significantly change 291 

(invaded networks: 2.6 ± 0.3; uninvaded: 2.3 ± 0.3). Modules containing invasive plant 292 

species (12.4 ± 1.3) were larger compared to modules without invasive plant species (8.6 ± 293 

0.6) (Fig. 3; F1,158 = 7.13, P = 0.008). Indeed, module size of modules without invasive plant 294 

species did not significantly differ between invaded (9.0 ± 0.8) and uninvaded (8.4 ± 0.8) 295 

networks (Fig. 3). Furthermore, plants and pollinators of invaded networks interacted more 296 

with pollinators and plants, respectively, belonging to other – not their own – modules (F1,19 = 297 

9.32, P = 0.007). This connectivity among modules was still higher in invaded compared to 298 

uninvaded networks (F1,18 = 4.78, P = 0.042) after accounting for variation explained by 299 

network size, but was not significantly influenced by invader generalization (F1,9 = 0.74, P = 300 

0.413).  301 

 302 

Effects of invasion on species roles 303 

Invasive plants were more generalized (SD = 0.40 ± 0.03) with respect to their flower visitors 304 

than native plants (SD = 0.19 ± 0.01). In 33% of networks invaded by a single plant species 305 

the invader played a new important topological role as a network hub, module hub or 306 

connector that was not occupied in the uninvaded network. Indeed, the invader acted as a 307 
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network hub in 20% of these invaded networks, as a module hub in 33.3%, as a connector in 308 

20% and only in 26.7% as a peripheral species. By contrast, 80.0% of native plant species 309 

were peripherals. The average proportions of topologically important species (“generalists” 310 

sensu [11]: network hubs, module hubs and connector species) were slightly, but statistically 311 

not significantly (all P > 0.1), higher on average in invaded compared to uninvaded networks 312 

(Fig. 4). However, invaded networks were more likely to contain a module hub (85%, χ2
1= 313 

4.24, P = 0.040), usually the invader species, or a connector (100%, χ2
1= 4.07, P = 0.044) 314 

than uninvaded networks (65% with module hub, 75% with connector), but not a network hub 315 

(25% compared to 15% in uninvaded networks, χ2
1= 1.87, P = 0.175).  316 

Of the 469 native plant and pollinator species present in both the uninvaded and the 317 

invaded network within a site pair, 111 species (23.7%) showed a role shift following 318 

invasion, with plants showing more shifts (31.9%) than pollinators (19.2%) (χ2
1= 7.65, P = 319 

0.006). Most role shifts of native plant species were from important roles to peripherals 320 

(53.1%), while  28.6% were from peripherals to important roles. In contrast, slightly more 321 

role shifts of pollinator species were from peripheral to important roles (54.2%), while 45.8% 322 

of shifts were from important  to peripheral. 323 

 324 

Impacts of invasion on network robustness 325 

Invaded networks were more robust against the removal of either pollinators (R = 0.751 ± 326 

0.025) or plants (R = 0.629 ± 0.022) than uninvaded networks (pollinators removed: R = 0.678 327 

± 0.025, F1,19 = 6.11, P = 0.023; plants removed: R = 0.562 ± 0.027, F1,19 = 5.02, P = 0.037) 328 

when peripheral species were removed first and network hubs last. After accounting for 329 

variation in network size, there was still a trend for a higher robustness of invaded networks 330 

(pollinators removed: F1,18 = 4.14, P = 0.057; plants removed: F1,18 = 3.15, P = 0.093). Similar 331 

effects of plant invasion were found when species were removed randomly (plants removed: 332 

F1,19 = 8.25, P = 0.010; pollinators removed: F1,19 = 11.94, P = 0.003). In contrast, when 333 
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network hubs were removed first and peripheral species last, the effect of invasion on 334 

robustness against the removal of pollinator (R invaded: 0.666 ± 0.023, R uninvaded: 0.656 ± 335 

0.021) or plant species (R invaded: 0.402 ± 0.20, R uninvaded: 0.388 ± 0.030) was no longer 336 

significant (all P ≥ 0.5).  337 

 338 

Discussion 339 

Entomophilous invasive plants are usually characterized by showy flowers and high 340 

abundances in the communities. We show here that these characteristics tend to confer them 341 

higher generalization levels than natives. The consequences for network topology are that 342 

invasions by such highly generalized plants decrease compartmentalization and increase 343 

connectivity among modules. However, rather than displacing native species from the 344 

network, plant invaders tend to play new important topological roles creating larger modules 345 

that are more connected among each other. We discuss several structural and dynamical 346 

consequences of how plant invasions alter the way these networks are compartmentalized and 347 

identify some of the underlying mechanisms. 348 

 349 

Consequences of invasions on network structure  350 

 As predicted, plant invasion resulted in a decline in the number of true compartments, 351 

increased connectivity among modules and tended to reduce modularity, but only in the plant-352 

pollination networks invaded by highly generalized alien plants. Indeed, invader 353 

generalization showed to be a key predictor of changes in modularity confirms our hypothesis 354 

based on existing evidence for a positive relationship of interaction specialization and network 355 

compartmentalization mostly from trophic interaction networks [33,49].  356 

As a consequence, modules of invaded networks were larger and more connected 357 

among each other. The main mechanistic process behind these changes on network structure 358 

was that the alien plant invaders attracted new pollinator species into the invaded plant 359 
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communities resulting in an increase in network size due to a higher number of pollinator – 360 

but not plant – species, which in turn was associated with a tendency towards lower 361 

connectance and nestedness [21, but see 12,23]. This increase was largely restricted to the 362 

modules containing these highly generalized plant invaders, increasing the size of these 363 

modules but without significantly altering the size of other modules without alien plant 364 

invaders. These findings highlight that alien plant invaders not simply usurp pollinator species 365 

from native plant species [17] but also new pollinator species are attracted into the invaded 366 

communities. A similar process has been predicted for enhanced pollinator population sizes 367 

through increased resource availability offered by abundantly flowering alien plant invaders 368 

[26]. With the number of species also the absolute number of interactions between plants and 369 

pollinators increased in invaded compared to uninvaded networks, both within and among 370 

modules Consequently, plant invasion did not cause a fusion of modules as hypothesized by 371 

Olesen et al. [8] but rather resulted in larger modules that were more strongly connected 372 

through interactions. At the community level, this increase of realized new links in invaded 373 

modules did not compensate the lack of overall realized links associated with the significantly 374 

higher number of species of invaded networks, resulting in a tendency towards lower overall 375 

network connectance. 376 

Thus, high pollinator attraction and level of generalization of the plant invader showed 377 

to be a key predictor of changes in modularity. Indeed, most of the principal alien plant 378 

invaders acted as super-generalists [sensu 29] in the invaded plant–pollinator networks, such 379 

as Carpobrotus affine acinaciformis or Opuntia stricta in Spanish continental mainland [21], 380 

O. maxima in Balearic island communities [22], and Impatiens glandulifera in temperate 381 

riparian communities [50]; the only exception seems to be Opuntia dillenii, which showed to 382 

act as a specialist in the invaded networks in the Canary Islands [22] and tended to increase 383 

modularity when compared to uninvaded communities. However, the mechanistic process 384 

driving changes in network compartmentalization revealed here for plant invasions may also 385 
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apply more generally to processes by which mutualistic communities become dominated by a 386 

single or a few species showing particularly high abundance and/or attractiveness, e.g. by 387 

species with boom and bust cycles, irrespective of whether this dominant species is alien or 388 

not. Such positive correlations between species abundance, interaction frequency and 389 

generalization is predicted by the theory of interaction neutrality and frequently observed in 390 

plant-pollinator networks (see [30] and references therein). Conversely, we show that if alien 391 

species do not become dominant (i.e. invasive sensu [27]) – as in the studies analysed here –, 392 

strong effects on compartmentalization appear unlikely. 393 

While compartmentalization in antagonistic interaction networks such as food webs 394 

may increase their persistence and resilience [2,15], partly by buffering the propagation of 395 

species extinctions throughout the webs [2], recent research suggests that, in contrast, the 396 

persistence of mutualistic networks may decline with higher levels of modularity [15]. Here, 397 

we found that the modules of invaded plant–pollinator networks were more connected by 398 

links with each other, probably making the networks more cohesive and robust against 399 

fragmentation into weakly or not at all connected modules. However, the effects of 400 

modularity on the functioning and stability of networks is still not fully understood [51]. We 401 

tentatively explore this avenue with a simple secondary species extinctions simulation. Our 402 

analysis suggests that increased numbers of pollinator species, which tended to act more often 403 

as connectors of modules in invaded networks, was a key driver of enhanced robustness 404 

against secondary species extinctions of invaded networks. Interestingly, this effect depended 405 

on the extinction order and topological role of the removed species: while present when the 406 

extinction order was from the least to the most connected species, which may be considered as 407 

a realistic extinction scenario in many real-world situations [52], it disappeared if the most 408 

connected species, i.e. network hubs, were removed first from the networks. In the latter case, 409 

networks collapse faster because the impact of the early loss of key species accounting for 410 

most of the network coherence is so strong that subtle differences in the interaction structure 411 
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between invaded and uninvaded networks is no longer relevant. This corroborates findings of 412 

modelling studies identifying connectivity of alien plants as a principal driver of the 413 

persistence of species in plant-pollinator networks following simulated alien removal (e.g. 414 

[12]). Hence, it is important to note that despite invasive plants appear to enhance some 415 

aspects of network robustness, it makes the networks also more dependent on them and hence 416 

more vulnerable [53], if the invasive plants have boom and bust cycles [54] or in the face of 417 

eradication programs, although flexibility in foraging behaviour of pollinators may mitigate 418 

this vulnerability to some degree [42-44]. 419 

 420 

Topological role shifts of plant and pollinator species 421 

The overall proportions of the four different topological roles species were very similar in the 422 

uninvaded communities to those reported in other plant–pollinator networks [8,11,12]. Plant 423 

species – as a logical consequence of the typically several times higher number of pollinator 424 

than plant species in plant–pollinator networks [e.g. 30] – played on average more 425 

topologically important roles than pollinator species, which were more often peripherals [8]. 426 

Indeed, not pollinator species acted as a module hub; this topological role was exclusively 427 

occupied by generalist plant species. 428 

Most of the principal plant invader species (73%) played topologically important roles, 429 

while approximately every fourth played only a peripheral role in the invaded networks, 430 

largely confirming previous findings that abundantly flowering invasive plants are generally 431 

well integrated in native plant–pollinator networks [12,19-25]. The well-connected principal 432 

invaders formed mostly new modules and became module hubs, but also linked existing 433 

modules as connectors or did both as super-generalist network hubs. Closer inspection of the 434 

network pairs revealed that the invaders either displaced natives from these roles or, in one 435 

third of the network pairs, played new important roles as network or module hubs – roles that 436 

were not occupied by native species prior to invasion especially in some of the smaller 437 
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networks. Yet, invasion may also cause individual species to shift their topological role with 438 

potentially important dynamical implications for individual species. Although with this 439 

dataset we could not directly compare species’ roles prior and after invasion, our study of 440 

paired networks suggests that a considerable proportion of native pollinator species 441 

(approximately 20%), and an even higher proportion of native plant species (roughly 30%) 442 

present in both the invaded and the uninvaded network within a geographic pair showed such 443 

a role shift. Our analysis also reveals that plant and pollinator species differed in the direction 444 

of role shifts. Thus, invasion resulted in a shift in the trophic composition of the connector 445 

role that forms the “glue” [8] holding different modules together. While the first finding is in 446 

agreement with several studies showing that attractive invasive plant species can usurp some 447 

generalized pollinator species from native plants [17], the second result suggests that present 448 

pollinators include resources of the invasive plants in their diet and thus become more 449 

generalized in their visits of plant species across modules (diet expansion hypothesis). 450 

Ecological network data available to date notoriously lack sample completeness, affecting 451 

most network descriptors [55-57]. This almost certainly affected the number of unconnected, 452 

true compartments detected in the analysed networks. However, sampling effort was identical 453 

for the uninvaded and the invaded communities within a site pair. Thus, even though the 454 

absolute numbers of true compartments may not precisely represent actual numbers, the 455 

significantly lower numbers of such compartments in invaded compared to uninvaded 456 

networks sampled with the same effort should provide a robust, “coarse” indication for lower 457 

compartmentalization of invaded communities.  458 

Super-generalist invaders are predicted to play central roles for the evolution and co-459 

evolution in mutualistic networks by enhancing trait convergence [58]. Indeed, since modules 460 

might reflect units of co-evolution in mutualistic assemblages [8,11] and may have functional 461 

and stability consequences [3,15], several of our key findings with respect to how plant 462 

invasion altered the way plant–pollinator communities are compartmentalized may have 463 
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important dynamical implications. In particular, the blurred module boundaries and reduced 464 

compartmentalization in networks invaded by highly generalized alien invader species and the 465 

increase in module size and pollinator-plant ratio of invaded modules may alter pollination 466 

functions and community dynamics, and influence multi-species reciprocal selection regimes 467 

and co-evolutionary processes in the longer term. 468 

 469 

Acknowledgements 470 

We are most grateful to Marcelo Aizen, Christopher Kaiser-Bunbury, Jane Memmott and 471 

Carolina Morales for generously sharing their network data and details about their published 472 

studies or put them at our disposal. We also thank Roger Guimerà and co-workers for 473 

allowing us to use their software and for very helpful advice. Moreover, we thank Christopher 474 

Kaiser-Bunbury, Mariano Devoto, and an anonymous referee for valuable comments on 475 

earlier versions of the manuscript. This work was supported by a fellowship for prospective 476 

researchers by the Swiss National Science Foundation (grant-no. PBZHP3-131020). 477 

 478 

Data accessibility 479 

Data sets supporting this article: Dryad doi:10.5061/dryad.m26h2 480 
 481 

 482 

References 483 

1 Bascompte, J., Jordano, P. & Olesen, J.M. (2006). Asymmetric coevolutionary networks 484 

facilitate biodiversity maintenance. Science, 312, 431–433. 485 

2 Stouffer, D.B. & Bascompte, J. (2011). Compartmentalization increases food-web 486 

persistence. Proc. Natl. Acad. Sci. USA, 108, 3648–3652. 487 

3 Gómez, J.M., Perfectti, F. & Jordano, P. (2011). The functional consequences of mutualistic 488 

network architecture. PLoS ONE, 6: e16143.doi: 10.1371/journal.pone0016143. 489 

Page 19 of 31

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Albrecht et al.                  Compartmentalization in invaded plant–pollinator networks 20 
___________________________________________________________________________ 

4 Tylianakis, J.M., Didham, R.K., Bascompte, J. & Wardle, D.A. (2008). Global change and 490 

species interactions in terrestrial ecosystems. Ecol. Lett., 11, 1351–1363. 491 

5 Memmott, J. (2009). Food webs: a ladder to picking strawberries or a practical tool for 492 

practical problems? Proc. R. Soc. Lond. B, 364, 1693–1699. 493 

6 Guimerà, R. & Amaral, L.A.N. (2005). Functional cartography of complex metabolic 494 

networks. Nature, 433, 895–900. 495 

7 Krause, A.E., Frank, K.A., Mason, D.M., Ulanowicz, R.E. & Taylor, W.W. (2003). 496 

Compartments revealed in food-web structure. Nature, 426, 282-285. 497 

8 Olesen, J.M., Bascompte, J., Dupont, Y.L. & Jordano, P. (2007). The modularity of 498 

pollination networks. Proc. Natl. Acad. Sci. USA, 104, 19891–19896. 499 

9 Donatti, C.L., Guimarães, P.R., Galetti, M., Pizo, M.A., Marquitti, F.M.D. & Dirzo, R. 500 

(2011). Analysis of a hyper-diverse seed dispersal network: modularity and underlying 501 

mechanisms. Ecol. Lett., 14, 773–781. 502 

10 Guimerà, R., Stouffer, D.B., Sales-Pardo, M., Leicht, E.A., Newman, M.E.J. & Amaral, 503 

L.A.N. (2010). Origin of compartmentalization in food webs. Ecology, 91, 2941–2951. 504 

11 Dupont, Y.L. & Olesen, J.M. (2009). Modules and roles of species in heathland pollination 505 

networks. J. Anim. Ecol., 78, 346–353. 506 

12 Valdovinos, F.S., Ramos-Jiliberto, R., Flores, J.D., Espinoza, C. & López, G. (2009). 507 

Structure and dynamics of pollination networks: the role of alien plants. Oikos, 118, 508 

1190–1200. 509 

13 Martín Gonzalez, A.M., Allesina, S., Rodrigo, A. & Bosch, J. (2012): Drivers of 510 

compartimentalization in a Mediterranean pollination network. Oikos, 121, 2001-2013. 511 

14 May, R.M. (1973). Stability and complexity in model ecosystems. Princeton Universtiy 512 

Press, Princeton.10 Guimerà, R. & Amaral, L.A.N. (2005). Functional cartography of 513 

complex metabolic networks. Nature, 433, 895–900. 514 

15 Thébault, E. & Fontaine, C. (2010). Stability of ecological communities and architecture of 515 

Page 20 of 31

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Albrecht et al.                  Compartmentalization in invaded plant–pollinator networks 21 
___________________________________________________________________________ 

mutualistic and trophic networks. Science, 329, 853. 516 

16 Fortuna, M.A., Stouffer, D.B., Olesen, J.M., Jordano, P., Mouillot, D., Krasnov, B.R., 517 

Poulin, R. & Bascompte, J. (2010). Nestedness versus modularity in ecological networks: 518 

two sides of the same coin? J. Anim. Ecol., 79, 811–817. 519 

17 Morales, C.L. & Traveset, A. (2009). A meta-analysis of impacts of alien vs. native plants 520 

on polliator visitation and reproductive success of co-flowering native plants. Ecol. Lett., 521 

12, 1–13. 522 

18 Waser, N.M. & Ollerton, J. (Eds.) (2006). Plant–pollinator interactions: from 523 

specialization to generalization. Chicago University Press, Chicago. 524 

19 Memmott, J. & Waser, N.M. (2002). Integration of alien plants into a native flower–525 

pollinator visitation web. Proc. R. Soc. Lond. B, 269, 2395–2399. 526 

20 Aizen, M.A., Morales, C.L. & Morales, J.M. (2008). Invasive mutualists erode native 527 

pollination webs. PLoS Biol., 6, 396–403. 528 

21 Bartomeus, I., Vilà, M. & Santamaría, L. (2008). Contrasting effects of invasive plants in 529 

plant-pollinator networks. Oecologia, 155, 761–770. 530 

22 Padrón, B., Traveset, A., Biedenweg, T., Diáz, D., Nogales, M. & Olesen, J.M. (2009). 531 

Impact of alien plant invaders on pollination networks from oceanic and continental 532 

islands. PLoS ONE, 4, e6275. 533 

23 Vilà, M., Bartomeus, I., Dietzsch, A.C., Petanidou, T., Steffan-Dewenter, I., Stout, J.C. & 534 

Tscheulin, T. (2009). Invasive plant integration into native plant–pollinator networks 535 

across Europe. Proc. R. Soc. Lond. B, 276, 3887–3893. 536 

24 Kaiser-Bunbury, C.N., Memmott, J. & Müller, C.B. (2009). Community structure of 537 

pollination webs of Mauritian heathland habitats. Perspect. Plant Ecol. Evol. Syst., 11, 538 

241–254. 539 

25 Lopezaraiza-Mikel, M.E., Hayes, R.B., Whalley, M.R. & Memmott, J. (2007). The impact 540 

of an alien plant on a native plant–pollinator network: An experimental approach. Ecol. 541 

Page 21 of 31

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Albrecht et al.                  Compartmentalization in invaded plant–pollinator networks 22 
___________________________________________________________________________ 

Lett., 10, 539–550. 542 

26 Williams, N.M., Cariveau, D., Winfree, R., Kremen, C. (2011). Bees in disturbed habitats 543 

use, but do not prefer, alien plants. Basic Appl. Ecol., 12, 332–341. 544 

27 Pysek, P., Richardson, D.M., Rejmánek, M., Webster, G.L., Williamson, M. & Kirschner, 545 

J. (2004). Alien plants in checklists and floras: towards a better communication between 546 

taxonomists and ecologists. Taxon, 53, 131–143. 547 

28 Bjerknes, A.L., Totland, O., Hegland, S.J. & Nielsen, A. (2007). Do alien plant invasions 548 

really affect pollination success in native plant species? Biol. Cons.,138, 1–12. 549 

29 Olesen, J.M., Eskildsen, L.I. & Venkatasamy, S. (2002). Invasion of pollination networks 550 

on oceanic islands: Importance of invader complexes and endemic super generalists. 551 

Divers. Distrib., 8, 181–192. 552 

30 Vázquez, D.P., Blüthgen, N., Cagnolo, L. & Chacoff, N.P. (2009). Uniting pattern and 553 

process in plant–animal mutualistic networks: a review. Ann. Bot., 103, 1445–1457. 554 

31 Pimm, S.L. (1982). Food Webs. Chicago University Press, Chicago. 555 

32 Tylianakis, J.M., Tscharntke, T. & Lewis, O.T. (2007) Habitat modification alters the 556 

structure of tropical host-parasitoid food webs. Nature, 445, 202–205. 557 

33 Lewinsohn, T.M., Prado, P., Jordano, P., Bascompte, J. & Olesen, J.M. (2006). Structure 558 

in plant–animal interaction assemblages. Oikos, 113, 174–184. 559 

34 Dormann, C., Fründ, J., Blüthgen, N. & Gruber, B. (2009) Indices, graphs and null models: 560 

analyzing bipartite ecological networks. Open Ecol J., 2, 7–24. 561 

35 R Devolopment Core Team (2011). R: a language and environment for statistical 562 

computing. R Foundation for statistical computing, Vienna, Austria. 563 

36 Danon, L., Díaz-Guilera, A., Duch, J. & Arenas, A. (2005). Comparing community 564 

structure identification. J. Stat. Mech. Theor. Exp., P09008, 1–10.  565 

37 Martín Gonzalez, A.M., Dalsgaard, B. & Olesen, J.M. (2010) Centrality measures and the 566 

importance of generalist species in pollination networks. Ecol. Complexity, 7, 36–43. 567 

Page 22 of 31

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Albrecht et al.                  Compartmentalization in invaded plant–pollinator networks 23 
___________________________________________________________________________ 

38 Dormann, C.F., Fründ, J., Blüthgen, N. & Gruber, B. (2009) Indices, graphs and Null 568 

Models: Analyzing Bipartite Ecological Networks. Open Ecol. J.,2,7-24. 569 

39 Burgos, E., Ceva, H., Perazzo, R.P.J., Devoto, M., Medan, D., Zimmermann, M. & 570 

Delbue, A.M. (2007). Why nestedness in mutualistic networks? J. Theoret. Biol., 249, 571 

307–313. 572 

40 Memmott, J., Waser, N.M. & Price. M.V. (2004) Tolerance of pollination networks to 573 

species extinctions. Proc. R. Soc. B, 271, 2605–2611.  574 

41 Mello, M.A.R., Marquitti, F.M.D., Guimarães Jr, P.R., Kalko, E.K.V., Jordano, P., 575 

Martinez de Aguiar, M.A. (2011). The missing part of seed dispersal networks: structure 576 

and robustness of bat-fruit interactions. PLoS ONE, 6, e17395. 577 

doi:10.1371/journal.pone.0017395. 578 

42 Kaiser-Bunbury, C.N., Muff, S., Memmott, J., Müller, C.B. & Caflisch, A. (2010). The 579 

robustness of pollination networks to the loss of species and interactions: a quantitative 580 

approach incorporating pollinator behaviour. Ecol. Lett., 13, 442–452. 581 

43 Valdovinos, F.S., Moisset de Espanés, P., Flores J.D, Ramos-Jiliberto, R. (2013). Adaptive 582 

foraging allows the maintenance of biodiversity of pollination  networks. Oikos, 122, 907–583 

917. 584 

44 Ramos-Jiliberto, R., Valdovinos, F.S., Moisset de Espanés, P., Flores J.D. (2012). 585 

Topological plasticity increases robustness of mutualistic networks. J. Anim. Ecol., 81, 586 

896–904. 587 

45 Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. & R core Team (2009) nlme: Linear and 588 

Nonlinear Mixed Effects Models. R package version 3.1-96. 589 

46 Warton, D.I. & Hui, F.K.C. (2011). The arcsine is asinine: the analysis of proportions in 590 

ecology. Ecology, 92, 3–10. 591 

47 Bates, D., Maechler, M. & Bolker, B. (2011). Lme4: Linear mixed-effects models using S4 592 

classes. R package version 0.999375-40. 593 

Page 23 of 31

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Albrecht et al.                  Compartmentalization in invaded plant–pollinator networks 24 
___________________________________________________________________________ 

48 Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009). Mixed effects 594 

models and extensions in ecology with R. Springer, New York. 595 

49 Fontaine, C., Guimarães, P.R., Kéfi, S., Loeuille, N., Memmott, J., van der Putten, W. H., 596 

van Veen, F. J. F. & Thébault, E. (2011). The ecological and evolutionary implications of 597 

merging different types of networks. Ecol. Lett., 14, 1170–1181.  598 

50 Bartomeus, I., Vilà, M. & Steffan-Dewenter, I. (2010). Combined effects of Impatiens 599 

glandulifera invasion and landscape structure on native plant pollination. J. Ecol., 98, 600 

440–450. 601 

51 Kaiser-Bunbury, C.N., Valentin, T., Mougal, J., Matatiken, D. & Ghazoul, J. (2011) The 602 

tolerance of island plant–pollinator networks to alien plants. J. Ecol., 99, 202–213. 603 

52 Burkle, L.A., Marlin, J.C. & Knight, T.M. (2013). Plant-pollinator interactions over 120 604 

years: loss of specie, co-occurrence and function. Science, 339, 1611–1615. 605 

53 Traveset, A., Heleno, R., Chamorro, S., Vargas, P., McMullen, C.K., Castro-Urgal, R., 606 

Nogales, M., Herrera, H.W. & Olesen, J.M. (2013). Invaders of pollination networks in 607 

the Galápagos Islands: emergence of novel communities. Proc. R. Soc. Lond. B, 280,  608 

20123040. 609 

54 Simberloff, D. & Gibbons, L. (2004). Now you see them, now you don’t! – population 610 

crashes of established introduced species. Biol. Invasions, 6, 161–172. 611 

55 Blüthgen, N., Fründ, J., Vàzquez, D. & Menzel, F. (2008). What do interaction network 612 

metrics tell us about specialization and biological traits? Ecology, 89, 3387–3399. 613 

56 Chacoff, N.P., Vázquez, D.P., Lomáscolo, S.P., Stevani, E.L., Dorado, J. & Padrón, B. 614 

(2012). Evaluating sampling completeness in a desert plant-pollinator network. J. Anim. 615 

Ecol., 81, 190-200. 616 

57 Devoto, M., Bailey, S., Craze, P. & Memmott, J. (2012). Understanding and planning 617 

ecological restoration of plant-pollinator networks. Ecol. Lett., 15, 319-328. 618 

58 Guimarães Jr, P.R., Jordano, P. & Thompson, J.N. (2011). Evolution and coevolution in 619 

Page 24 of 31

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Albrecht et al.                  Compartmentalization in invaded plant–pollinator networks 25 
___________________________________________________________________________ 

ecological networks. Ecol. Lett., 14, 877–885. 620 

 621 

 622 

Figure legends  623 

Fig. 1 Mean (± 1 standard error) modularity (M) of “uninvaded” plant–pollinator networks 624 

and networks invaded by one or several alien plant species plotted against the seven study 625 

systems. M is a measure of the degree to which a network is organized into clearly delimited 626 

modules. “Uninvaded” networks contained no aliens (16 networks) or a significantly lower 627 

proportion of alien plant species (study system 3) than invaded networks. Information about 628 

study systems is given in  Electronic Supplementary Information 1a.  629 

 630 

Fig. 2 Relationship between species generalization of the principal invader plant, measured as 631 

standardized degree (SD), and modularity (M) of invaded plant–pollinator networks.  632 

 633 

Fig. 3 Example of the modular structure of (a) an uninvaded plant–pollinator network and (b) 634 

a network invaded by an alien plant invader (Carpobrotus affine acinaciformis; large red 635 

square). Interaction networks represent Mediterranean shrubland communities sampled at two 636 

locations at Cap de Creus, Spain [for details see 24]. Plants are represented by squares 637 

whereas pollinators by circles. Different colours represent different topological species’ roles: 638 

peripheral species (yellow), connector (green), module hub (pink), network hub (red).  639 

 640 

Fig. 4 Mean (± 1 standard error) module size (i.e. the number of species forming a module) of 641 

modules of uninvaded plant–pollinator networks (n = 92), modules of invaded networks not 642 

containing alien plant species (n = 68) and modules of invaded networks containing alien 643 

plant species (n = 32). 644 

 645 
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Fig. 5 Proportion of topological species’ roles in uninvaded (open circles) and invaded plant–646 

pollinator networks (closed circles). Roles are defined according to their position in the 647 

parameter space of within-module degree z and between-module connectivity c: a network 648 

hub (z > 2.5, c > 0.62) is highly linked to species within its own module and is well connected 649 

to species of other modules, making it important for the coherence of both, its own module 650 

and the entire network; a module hub (z > 2.5, c ≤ 0.62) plays an important role within its own 651 

module whilst weekly connected to species of other modules; a connector (z ≤ 2.5, c > 0.62) 652 

species is important for among-module connectivity, and consequently network coherence, 653 

but plays an inferior role within its own module; a peripheral species(z ≤ 2.5, c ≤ 0.62) plays a 654 

topologically inferior role in the network (Olesen et al. 2007).  655 
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