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Abstract 16 

1. Understanding the processes driving ecological resilience, i.e. the extent to which 17 

systems retain their structure while absorbing perturbations, is a central challenge 18 

for theoretical and applied ecologists. Plant-insect assemblages are well-suited for 19 

the study of ecological resilience as they are species-rich and encompass a variety 20 

of ecological interactions that correspond to essential ecosystem functions. 21 

 22 

2. Mechanisms affecting community response to perturbations depend on both the 23 

natural history and structure of ecological interactions. Natural history attributes of 24 

interspecific interactions, e.g. whether they are mutualistic or antagonistic, may 25 

affect ecological resilience by controlling the demographic feedbacks driving 26 

ecological dynamics at the community level. Interaction generalisation may also 27 

affect resilience, by defining opportunities for interaction rewiring, the extent to 28 

which species are able to switch interactions in fluctuating environments. These 29 

natural history attributes may also interact with network structure to affect 30 

ecological resilience. 31 

  32 

3. Using adaptive network models, we investigated the resilience of plant-pollinator 33 

and plant-herbivore networks to species loss. We specifically investigated how 34 

fundamental natural history differences between these systems, namely the 35 

demographic consequences of the interaction and their level of generalisation – 36 

mediating rewiring opportunities - affect the resilience of dynamic ecological 37 

networks to extinctions. We also create a general benchmark for the effect of 38 

network structure on resilience simulating extinctions on theoretical networks with 39 

controlled structures.  40 
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 41 

4. When network structure was static, pollination networks were less resilient than 42 

herbivory networks; this is related to their high levels of nestedness and the 43 

reciprocally positive feedbacks that define mutualisms, which made coextinction 44 

cascades more likely and longer in plant-pollinator assemblages. When considering 45 

interaction rewiring, the high generalisation and the structure of pollination 46 

networks boosted their resilience to extinctions, which approached those of 47 

herbivory networks. Simulation results using theoretical networks suggested that 48 

the empirical structure of herbivory networks may protect them from collapse.  49 

 50 

5. Understanding the ecological and evolutionary processes driving interaction 51 

rewiring is key to understanding the resilience of plant-insect assemblages. 52 

Accounting for rewiring requires ecologists to combine natural history with 53 

network models that incorporate feedbacks between species abundances, traits and 54 

interactions. This combination will elucidate how perturbations propagate at 55 

community-level, reshaping biodiversity structure and ecosystem functions. 56 

 57 

Resumo 58 

1. Compreender os processos que governam a resiliência dos sistemas ecológicos, i.e. 59 

o quanto sistemas ecológicos conservam sua estrutura enquanto absorvem 60 

perturbações, é um desafio central para ecólogos teóricos e aplicados. Comunidades 61 

de insetos e plantas são bons modelos para o estudo da resiliência ecológica pois 62 

são ricos em espécies, representando uma grande diversidade de interações 63 

ecológicas que correspondem a serviços ecossistêmicos essenciais. 64 

 65 
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2. Os mecanismos que afetam a resposta de comunidades ecológicas a perturbações 66 

dependem tanto da história natural quanto da estrutura das interações ecológicas. A 67 

história natural de interações interespecíficas, e.g. se a interação é mutualística ou 68 

antagonística, pode afetar a resiliência do sistema ao controlar as retroalimentações 69 

demográficas que governam a dinâmica ecológica no nível da comunidade. 70 

Generalismo nas interações também pode afetar resiliência ao definir as 71 

oportunidades de rewiring de interações, i.e. o quanto espécies são capazes de 72 

mudar interações em ambientes instáveis. Atributos da história natural das 73 

interações podem também interagir com a estrutura de redes ecológicas de forma a 74 

influenciar a resiliência de sistemas ecológicos. 75 

  76 

3. Usando modelos de redes adaptativas, investigamos a resiliência de redes 77 

polinizador-planta e herbívoro-planta à perda de espécies. Especificamente, 78 

investigamos como diferenças fundamentais na história natural dos dois sistemas, 79 

isto é, as consequências demográficas da interação e seu grau de generalização – 80 

que mediam as oportunidades de rewiring – afetam a resiliência de redes ecológicas 81 

dinâmicas a extinções. Também criamos um referencial teórico e abrangente para o 82 

efeito da estrutura das redes em sua resiliência, simulando extinções em redes 83 

teóricas com estruturas controladas.  84 

 85 

4. Quando a estrutura das redes foi considerada estática, redes de polinização foram 86 

menos resilientes do que redes de herbivoria; o que está associado aos maiores 87 

níveis de aninhamento e aos efeitos demográficos positivos e recíprocos que 88 

definem mutualismos, aumentando a probabilidade e o comprimento das cascatas 89 

de extinção em redes polinizador-planta. Ao incorporar rewiring de interações, a 90 
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alta generalização e a estrutura das redes de polinização impulsionou sua resiliência 91 

a extinções, que se aproximou da resiliência de redes de herbivoria. Os resultados 92 

das simulações com redes teóricas sugerem que estrutura de redes de herbivoria 93 

protegem esses sistemas do colapso.  94 

 95 

5. Compreender quais processos ecológicos e evolutivos governam o rewiring de 96 

interações é chave se queremos prever a resiliência de sistemas inseto-planta. Para 97 

incorporar rewiring de interações, será necessário combinar conhecimento sobre 98 

história natural com modelos de rede que incorporem a retroalimentação entre 99 

abundâncias, atributos e interações das espécies envolvidas. Essa combinação 100 

elucidará como perturbações se propagam no nível de comunidades ecológicas, 101 

reconfigurando a estrutura da biodiversidade e suas funções ecossistêmicas. 102 

 103 

Key-words antagonism, cascade length, coevolutionary networks, forbidden links, 104 

interaction rewire, modularity, mutualistic network, robustness  105 
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Introduction 106 

Ecological resilience can be defined as the ability of a system to maintain its structure, 107 

functioning and internal feedbacks when absorbing perturbations (Holling, 1973, 1996). 108 

Ecological interactions drive community resilience to perturbations by connecting biodiversity 109 

structure with ecosystem functioning. The loss of species and interactions trigger structural 110 

changes that can propagate through several trophic levels, reshaping community organisation 111 

and eroding ecosystem functions (Janzen, 1974; Jordano, 2016). Assessing community 112 

resilience to the loss of species and interactions can help explain how extinctions disassemble 113 

the interaction structure of ecological communities and may also reveal strategies for 114 

biodiversity restoration. Plant-insect interactions are excellent model systems to study the 115 

mechanisms shaping community resilience to extinctions as they encompass a diversity of 116 

natural histories, which reflect their relevance for ecosystem functions (Coley et al., 2006; 117 

Requier et al., 2015; Shepherd & Chapman, 1998). 118 

Networks are powerful tools to investigate how ecological communities are structured 119 

and how such structures affect their resilience. Ecological networks representing different 120 

interaction types show recurrent structural patterns. For instance, antagonistic networks 121 

involving insect herbivores and plants are often modular, i.e. include sets of species that interact 122 

more frequently among themselves than with other species in the assemblage (Cagnolo et al., 123 

2011; Thébault & Fontaine, 2010). On the other hand, networks depicting free-living 124 

mutualisms, such as plant-pollinator interactions, are highly nested (Bascompte et al., 2003; 125 

but see Olesen et al., 2007), i.e. present a highly connected core of generalist species to which 126 

specialist species are connected. Networks’ structural patterns partially result from the 127 

contrasting natural history attributes of interaction types (Guimarães et al., 2007), which affect 128 

their dynamics and resilience in different ways (Burgos et al., 2007; Stouffer & Bascompte, 129 

2011; Thébault & Fontaine, 2010; Vieira & Almeida-Neto, 2015).  130 
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Ecological networks are dynamic systems and we are only beginning to understand how 131 

incorporating dynamics into network studies affects our understanding of biodiversity 132 

resilience (Costa et al., 2018; Gilljam et al., 2015; Ramos-Jiliberto et al., 2012; Valdovinos et 133 

al., 2016). Adaptive network models (ANMs) are a class of dynamic models that can account 134 

for two naturally observable sources of ecological community dynamics: the local dynamics of 135 

species’ abundances over time, and topological dynamics, referring to alterations in network 136 

structure that result from changes in species composition and interaction switches, hereafter 137 

referred to as rewiring (Gross & Blasius, 2008). In ANMs there is feedback between these two 138 

in-built sources of dynamics, allowing us to investigate how the contrasting dynamical 139 

properties of different plant-insect systems affect their resilience. 140 

Mutualisms and antagonisms have contrasting demographic effects that could modulate 141 

the long-term persistence of community structure in different ways. These population-level 142 

feedbacks that result from interactions are a fundamental natural history attribute potentially 143 

affecting the resilience of these systems (Thébault & Fontaine, 2010). In mutualisms, such as 144 

pollination, individuals of different species exploit each other with reciprocal net fitness 145 

benefits. The reciprocity of mutualisms may increase the probability and length of extinction 146 

cascades because plant population declines would lead to declines in pollinators, leading to 147 

further declines in plants (Vieira & Almeida-Neto, 2015). In herbivory, however, as only 148 

herbivores benefit from the interaction, plant declines would lead to herbivore declines, but not 149 

the inverse, constraining the frequency and length of extinction cascades. Such contrasting 150 

population feedbacks are therefore likely key determinants of plant-insect network persistence 151 

(Thébault & Fontaine, 2010) and hence resilience (Holling, 1973). 152 

Species abundances continuously affect and are affected by species interactions (Poisot 153 

et al., 2015). Interaction rewiring is widespread in free-living mutualisms, such as pollination 154 

(Kaiser-Bunbury et al., 2010), given their high levels of generalisation that lead to flexibility 155 
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in interaction partners. Interaction rewiring between plants and pollinators occurs over time 156 

(CaraDonna et al., 2017) and space (Carstensen et al., 2014; Trøjelsgaard et al., 2015), both as 157 

a consequence of, or despite changes in species abundances (Carstensen et al., 2014; MacLeod 158 

et al., 2016; Trøjelsgaard et al., 2015). In contrast, whilst rewiring occurs in plant-herbivore 159 

interactions (Auerbach & Simberloff, 1988; Murphy & Feeny, 2006), host switches are often 160 

phylogenetically constrained involving mostly congeneric plant species (Novotny & Basset, 161 

2005; but see Agosta, 2006). Difference in the pervasiveness of interaction rewiring between 162 

pollination and herbivory systems could result from their distinct levels of generalisation – 163 

which is embedded on the structure of these networks (Fontaine et al., 2009), as plant defences 164 

impose selection on herbivores favouring specialisation (Thompson, 2005). 165 

We combine ANMs, empirical and theoretical network data to investigate how three 166 

properties that differ between pollination and herbivory networks – their network structure 167 

(Objective 1), demographic feedbacks (Objective 2), and levels of generalisation (Objective 3) 168 

- affect their resilience to species loss. Network robustness is an easy to interpret metric 169 

(Memmott et al., 2004), that quantifies how structurally resilient, i.e. able to maintain its 170 

structure and structuring feedbacks (Holling, 1973; Walker et al., 2004), ecological networks 171 

are to the loss of species. We predict that the reciprocally positive demographic feedbacks 172 

between plant and insect populations will result in longer and more frequent coextinction 173 

cascades in pollination than in herbivory networks, reducing their resilience. We also predict 174 

rewiring opportunities to be more limited in herbivory, as a result of their high degree of 175 

specialisation, reducing their resilience. Finally, we investigate how the structure of plant-176 

insect networks interacts with population feedbacks and rewiring opportunities to affect 177 

network resilience. To broaden our understanding on the relationship between network 178 

structure and resilience, we complement our analysis on empirical network data with analysis 179 

on theoretical networks. By accounting for the dynamic nature of ecological systems, and by 180 
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systematically controlling for the effect of network structure, demographic feedbacks and 181 

interaction generalisation, we hope to shed light on how these processes interact to affect the 182 

resilience of plant-insect systems to species loss. 183 

 184 

Material and methods 185 

We first describe our simulation procedure - specifically, how we assessed coextinction 186 

cascades using an ANM that incorporates local and topological dynamics. We then present our 187 

network dataset, composed of empirical and theoretical networks, our simulation scenarios and 188 

statistical analyses. 189 

 190 

Simulation overview 191 

Our simulation framework integrates three approaches, namely (i) coextinction cascades, (ii) 192 

population dynamics (local dynamics) and (iii) interaction rewiring (topological dynamics). 193 

 194 

(i) Coextinction cascades 195 

We simulate coextinction cascades following primary extinctions of one randomly removed 196 

plant species (Fig. 1). One cascade encompasses all secondary extinctions following a primary 197 

extinction, including species from both trophic levels. We removed plants as primary 198 

extinctions because plants positively affect insect populations in both pollination and herbivory 199 

systems, while the inverse is not true, facilitating the comparison of network collapse between 200 

interaction types. Following a primary extinction (Fig. 1; steps I and II), insect species 201 

interacting with the extinct plant have the opportunity to rewire their interactions (step III; see 202 

(iii) Interaction rewiring algorithm). After changes in network structure due to species loss and 203 

rewiring, species abundances are recomputed (numerically solving equation 1, see below) and 204 

coextinctions recorded (steps IV and V). Coextinctions can either be abundance-related when 205 
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abundances approach zero (see (ii) Population dynamics model) – emulating the process by 206 

which rare species are at a higher extinction risk (Pimm et al., 1988) - or interaction-related 207 

when species are no longer linked to other species in the network mimicking most models of 208 

network robustness. Plants in herbivory networks can remain in the system even if 209 

disconnected. Coextinctions are treated similarly to primary extinctions: the secondary 210 

extinction of a plant (step II), gives the insects feeding on that plant the opportunity of rewiring. 211 

If insects are lost (step VI), plants do not rewire as rewiring is a direct result of insects’ 212 

behavioural change. Species abundances are recalculated after changes in network structure 213 

(numerically solving equation 1) and further coextinctions are computed. Coextinction 214 

cascades end when (co)extinctions lead to no further coextinctions, and a new cascade starts.  215 

 216 

(ii) Population dynamics model (local dynamics) 217 

Interaction networks and matrices (M) are interchangeable structures. In M, a matrix 218 

corresponding to a bipartite network, each animal species, A = {A1, A2, A3... ASA}, is a row, 219 

each plant species, P = {P1, P2, P3...PSP} is a column and 𝑚𝑖𝑗 = 1 when insect i and plant j 220 

interact, and 𝑚𝑖𝑗 = 0 otherwise. Species richness in the network is SM = SA + SP, where SA 221 

and SP are insect and plant richness. At the beginning of each simulation run, we randomly 222 

sampled species abundances from a lognormal distribution with mean μ = 1 and standard 223 

deviation σ = 1 (different σ values do not qualitatively affect results, Appendix S1.1). Coupling 224 

species abundances with network structure – i.e. distributing species abundances in accordance 225 

with species number of interactions – also produces qualitatively similar results (Appendix 226 

S1.2). A random sample of 100,000 abundance values ranged from 0.039 to 173.68, while 227 

abundance-related coextinctions happened if values reached 0.001 or lower values. During 228 

simulation, species abundances are an outcome of interactions established with other species. 229 

In pollination networks, plants and animals are positively affected by interactions, whereas in 230 
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herbivory networks only animals benefit, and plants are negatively affected by animals. The 231 

population dynamics of species i can be described as a function of the per capita effects of 232 

ecological interactions on its abundance 𝑥i: 233 

𝑑𝑥𝑖

𝑑𝑡
= 𝑥𝑖(𝑎𝑖 + ∑ 𝐓𝑖𝑗𝑥𝑗

𝑆𝑀
𝑗 )                 eqn 1 234 

where 𝑎𝑖 describes the intrinsic growth rate of species i in the absence of interactions, 𝐓𝑖𝑗 235 

represents the effects of species j on i, and 𝑥𝑗 is the abundance of species j. We assumed a type 236 

I functional response for both interaction types.  237 

We followed Suweis et al. (2013), and used a matrix T of dimensions SM × SM, which 238 

stores information on the per capita effects of each interaction on species abundances (𝐓𝑖𝑗 in 239 

equation 1): 240 

𝐓 = [
𝛀𝐀𝐀 𝚪𝐀𝐏

𝚪𝐏𝐀 𝛀𝐏𝐏
] =

[
 
 
 
 
 
 
 
 

𝑑 𝜔1,2 ⋯ 𝜔1,𝑆𝐴
𝛾1,𝑆𝐴+1 ⋯ ⋯ 𝛾1,𝑆𝑀

𝜔2,1 𝑑 ⋯ ⋯ 𝛾2,𝑆𝐴+1 ⋯ ⋯ ⋯

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
𝜔𝑆𝐴 ,1 ⋮ ⋯ 𝑑 𝛾𝑆𝐴,𝑆𝐴+1 ⋯ ⋯ 𝛾𝑆𝐴,𝑆𝑀

𝛾𝑆𝐴+1,1 ⋯ ⋯ ⋯ 𝑑 𝜔𝑆𝐴+1,𝑆𝐴+2 ⋯ 𝜔𝑆𝐴+1,𝑆𝑀

𝛾𝑆𝐴+2,1 ⋯ ⋯ ⋯ ⋯ 𝑑 ⋯ 𝜔𝑆𝐴+2,𝑆𝑀

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
𝛾𝑆𝑀 ,1 ⋯ ⋯ ⋯ 𝜔𝑆𝑀 ,𝑆𝐴+1 ⋯ ⋯ 𝑑 ]

 
 
 
 
 
 
 
 

 eqn 2 241 

where ΓAP and ΓPA describe the per capita effects of pollination or herbivory on species 242 

abundances, and ΩAA and ΩPP summarise the per capita effects of competition. Diagonal 243 

elements represent intraspecific competition, dii = -1. ΓAP is built from M: considering a pair 244 

of species i {i∈A} and j {j∈P} that interact (mij = 1), if the effect of j on the abundance of i is 245 

positive, γij ~ |𝒩(μ,σ)|; if it is negative, γij ~ -|𝒩(μ,σ)|; where 𝒩(μ,σ) is a normal distribution 246 

(μ = 0, σ = 0.1). Within ΓPA, the effect of species i on the abundance of j is defined by a different 247 

number: γji ~ |𝒩(μ,σ)| if the effect of the interaction is positive and γji ~ -|𝒩(μ,σ)| if it is 248 

negative. Therefore, pollination is symmetrical regarding its sign, but not its value, whilst 249 

herbivory is asymmetric in sign and value. Both ΩAA and ΩPP were set to zero, assuming there 250 

is no interspecific competition (see Appendix S1.3 for scenarios incorporating competition). 251 
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Species intrinsic growth rates were defined at the beginning of each simulation as �⃗� = 𝐓 ∙ �⃗�, 252 

assuming negative values for all groups but for plants in herbivory networks (Thébault & 253 

Fontaine, 2010). 254 

 255 

(iii) Interaction rewiring algorithm (topological dynamics) 256 

Rewiring opportunities are defined by a matrix of forbidden links, R, calculated from M. At 257 

the beginning of each simulation, we calculated the Jaccard similarity of interactions between 258 

all networks’ insect pairs. As interactions are partly determined by species attributes such as 259 

morphology, physiology and phenology (Cipollini & Peterson, 2018; Cornell & Hawkins, 260 

2003; Olesen et al., 2011), we assume that species with high interaction similarity are likely to 261 

share those attributes and, therefore, to establish similar interactions. Thus, we used the 262 

interaction similarity of insect pairs, as the probability each insect in the pair had of mimicking 263 

the interactions of the other (i.e. feeding on a plant species only previously used by the other 264 

insect species in the pair; Fig. 2a). With increasing similarity, mimicking probability increases, 265 

but the number of interactions to be mimicked - not shared by both species - decreases. Given 266 

the higher level of specialisation in herbivory compared to pollination networks, we expect a 267 

lower interaction overlap in herbivory networks, thus reducing the probability of interaction 268 

mimicking (Fig. 2a). Therefore, R incorporates the differences in generalisation between 269 

pollination and herbivory networks. 270 

Rewiring occurs as a two-step process (Ramos-Jiliberto et al., 2012): step 1 determines 271 

which of the insects that lost a resource will rewire and step 2 determines to which plant species 272 

each insect will rewire. The rewiring probability of insect species i (Step 1, Fig. 2b) was 273 

calculated as 𝑃𝑖 = 1 − 𝑛𝑖, where ni is the abundance of i’s resources. Insects’ resource 274 

abundances were normalised to range between 0 and 1. As a result, rewiring probability was 275 

inversely proportional to each insect’s resource abundance: the insect with the highest resource 276 
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abundance in the network never rewires (Pi = 1 - 1 = 0), insects which lost their last resource 277 

(Pi = 1 - 0 = 1) always rewire, and insects with intermediate resource abundances have an 278 

intermediate probability of rewiring. Selected insects rewire to a new plant species (Step 2) in 279 

proportion to plants’ abundances and respecting R. 280 

 281 

Network datasets 282 

We compiled pollination and herbivory networks from the Interaction Web Database, 283 

the Web of Life, and from the literature (Data Availability Statement). We excluded networks: 284 

i) in which animal species were not insects, as we focus on plant-insect systems, ii) that were 285 

from the same interaction type and author, to use independent networks, and iii) which were 286 

collected over more than two years or across large spatial scales (e.g. the whole country), so 287 

that our networks represent observable ecological communities in which co-occurrence 288 

between species is likely and our rewiring assumptions valid. This resulted in 26 pollination 289 

and 19 herbivory networks (Appendix S2). We used binary interaction data as we are 290 

comparing systems which are likely to vary in species abundances, detectability and data 291 

collection methods (Dáttilo et al., 2016). We characterised four network-level structural 292 

attributes of empirical networks: i) species richness; ii) connectance; iii) nestedness; and iv) 293 

modularity (Appendix S3.1).  294 

We created two additional network collections as references, to which we refer as null 295 

and theoretical datasets. These distinct datasets provide complementary benchmarks for the 296 

effect of network structure, and for its interaction with population feedbacks and rewiring, on 297 

resilience. Null networks serve as a specific reference for our empirical dataset, by keeping the 298 

variation in network size, proportion of species in both interacting sets and connectance of our 299 

empirical dataset, while lacking its network-level structural patterns, such as nestedness and 300 

modularity. We generated 100 null networks for each empirical network using a null model in 301 
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which interactions are distributed in proportion to species degree, i.e. number of interaction 302 

partners (null model 2; Bascompte et al., 2003). The resulting null networks therefore, serve as 303 

a control for the empirical dataset. 304 

Complementarily, theoretical networks act as a broader reference on how network 305 

structure affects resilience, providing a benchmark for the effects of network structure on 306 

resilience for any type of ecological network regardless of its structural properties. Because 307 

empirical networks may present sampling issues, and also in empirical networks structural 308 

patterns such as nestedness and modularity may coexist (Fortuna et al., 2010; Lewinsohn et al., 309 

2006), we created theoretical networks using models which favour a single pattern: nestedness, 310 

modularity or none of the two, hereafter called random networks. For each of these patterns we 311 

created a set of even and uneven networks, i.e. with equal and differing numbers of “plant” and 312 

“insect” nodes, resulting in six sets of theoretical networks’ with 100 networks each (Appendix 313 

S3.2). 314 

 315 

Simulations scenarios  316 

To elucidate how population feedbacks, generalisation through rewiring opportunities and 317 

network structure affect the resilience of pollination and herbivory networks, we ran twelve 318 

simulation scenarios using the empirical and null datasets (Table 1). We ran simulations on 319 

empirical networks in half of these scenarios (100 simulation runs per network per simulation 320 

scenario), and on null networks in the remaining scenarios. 321 

To investigate how differences in network structure between pollination and herbivory 322 

networks affect their resilience (Objective 1), we compared scenarios using empirical networks 323 

with scenarios using null networks (S1 to S4, Table 1), in all of which insects did not rewire. 324 

To investigate the effect of population feedbacks (Objective 2), we compared the first four 325 

scenarios with four new scenarios (S5 to S8, Table 1): equivalent to the first four but in which 326 
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population feedbacks were switched between the two interaction types, i.e. pollination 327 

networks were treated as antagonistic, and herbivory networks as mutualistic. To explore the 328 

effect of generalisation on rewiring opportunities (Objective 3), the last four scenarios were 329 

equivalent to the first four, but insects were allowed to rewire (S9 to S12, Table 1). 330 

Additionally, we ran a total of 24 theoretical scenarios. For each of the six sets of theoretical 331 

networks we ran four scenarios: two mutualistic and two antagonistic, with and without 332 

rewiring. 333 

For all simulation scenarios, we calculated the network robustness, a measure of 334 

structural resilience, using the bipartite R package (Dormann et al., 2008; R Core Team, 2017). 335 

The robustness metric is based on the attack tolerance curve, which describes the percentage 336 

of species remaining in the network following sequential primary extinctions. We calculated 337 

additional resilience measures for empirical scenarios S1 to S8: (i) the probability of 338 

abundance-related secondary extinctions, i.e. the number of abundance-related secondary 339 

extinctions as a proportion of all secondary extinctions; (ii) the average length of coextinction 340 

cascades; (iii) the probability of coextinction cascades, i.e. a primary extinction leading to at 341 

least one secondary extinction; and (iv) the probability of a long coextinction cascade, i.e. a 342 

primary extinction leading to at a cascade of length three or more. The loss of plant species is 343 

likely to lead to coextinctions of insects (cascades of length two) in networks of both interaction 344 

types, while further coextinctions (length three or more) reveal whether cascades continue to 345 

propagate across both trophic levels. We expect long cascades to be more common in 346 

pollination than in herbivory networks.  347 

 348 

Statistical analysis 349 

We investigated the effect of network structure on robustness using simulation results of S1 to 350 

S4 (Table 1) and a linear mixed-effects model (LMM), with robustness as the response 351 
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variable, and structure (empirical vs null), interaction type (pollination vs herbivory) and their 352 

interaction as fixed effects. We then tested whether species richness, connectance, nestedness 353 

and modularity were associated with network robustness. These linear models had the 354 

robustness ratio between empirical and null networks as the response variable, and network 355 

metric, interaction type, and their interaction as explanatory variables. The robustness ratio 356 

should reveal if a particular network structure is associated with increases (ratio > 1) or 357 

decreases (ratio < 1) in robustness.  358 

Using S1 to S8 we investigated the effect of population feedbacks, and its interaction 359 

with network structure, on network robustness. With LMMs, we compared the robustness of 360 

empirical and null networks of both interaction types (S1 to S4) with their robustness when 361 

pollination networks were treated as antagonistic, and herbivory as mutualistic (S5 to S8). 362 

Since we expect the reciprocally positive population feedbacks of mutualisms to cause longer 363 

and frequent coextinction cascades, we expect the robustness of pollination networks to 364 

increase with reversed feedbacks, and the robustness of herbivory networks to decrease. The 365 

two models (one per interaction type) had robustness as response variable, and structure 366 

(empirical vs null), population feedbacks (original or reversed), and their interaction as fixed 367 

effects. We also looked at the (i) probability of abundance-related secondary extinctions, and 368 

the (ii) length and (iii and iv) probability of coextinction cascades. The eight LMMs (four 369 

response variables, two interaction types) had structure (empirical or null), population 370 

feedbacks (original or reversed), and their interaction as fixed effects. The (i) probability of 371 

abundance-related secondary extinctions and (iii) of coextinction cascades was logit 372 

transformed.  373 

To understand how differences in generalisation and rewiring opportunities interact 374 

with network structure to affect robustness, we used one LMM. The response variable was the 375 

ratio between robustness in scenarios with (S9 to S12) and without (S1 to S4) rewiring. Ratios 376 
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larger than one indicate that robustness increased with rewiring. Network structure (empirical 377 

or null), interaction type (pollination or herbivory), and their interaction were the fixed effects.  378 

In all analyses, we used the Akaike Information Criteria (AIC) to select between (i) no 379 

random structure and (ii) network identity as a random effect (Zuur et al., 2009), and the 380 

emmeans R package (Lenth, 2018) to perform a posteriori Tukey tests. For theoretical 381 

scenarios, we followed a similar statistical approach (Appendix S3.3).  382 

 383 

Results 384 

Pollination networks had 136 species on average (min = 18, max = 451, median = 78), while 385 

herbivory networks had 98.5 (min = 17, max = 655, median = 58; Appendix S2). Species 386 

richness (t=0.93, df=36.9, p=0.36) and connectance (t=0.37, df=32.4, p=0.71) were not 387 

significantly different in pollination and herbivory networks (Appendix S4, Figs S5a-b). 388 

Nestedness was more common than modularity in both network types, as 15.8% (3 out of 19) 389 

of herbivory and 11.5% (3 out of 26) of pollination networks were significantly modular, while 390 

68.4% (13 out of 19) of herbivory and all pollination networks were significantly nested. 391 

Pollination networks were more nested than herbivory networks (t=2.99, df=42.8, p<0.01), 392 

while both network types had similar modularity (Figs S5c-d; t=1.31, df=31.1, p=0.2).  393 

The structure of empirical networks had a negative effect on their robustness (Fig. 3; 394 

t=4.35, df=43, p<0.001) as null networks had higher robustness than their empirical 395 

counterparts. The final model included network identity as a random effect. The negative effect 396 

of network structure on robustness, however, was only statistically significant for pollination 397 

networks (Fig. 3a; p<0.001). The negative effect of empirical network structure on robustness 398 

seems to be mainly associated with nestedness (Appendix S4, Fig. S6) since with increasing 399 

nestedness (z-scored) networks were less robust (F(3,41)=34.63, p<0.001), especially pollination 400 

networks (Fig. S6c; t=3.78, p<0.001). Nestedness decreased during network collapse similarly 401 
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across scenarios (Appendix S4, Fig. S7), while network fragmentation in components remained 402 

constant (Appendix S4, Fig. S8).  403 

Simulations with theoretical networks reinforced the findings with empirical networks: 404 

nested networks always had lower robustness than random or modular networks (Fig. 4a). The 405 

interaction between network structure (random, nested or modular) and population feedbacks 406 

(mutualistic and antagonistic) was statistically significant (even: L-ratio=815.8, p<0.001; 407 

uneven: L-ratio=604.9, p<0.001; Fig. 4a). Nestedness had a negative effect on the robustness 408 

of even and uneven networks with mutualistic and antagonistic population feedbacks (p<0.001 409 

in every comparison). Modularity often had a small positive effect on network robustness, for 410 

mutualistic (p<0.001 for all comparisons) and antagonistic networks (p<0.001 for most 411 

comparisons). 412 

Switching population feedbacks of empirical networks, significantly increased the 413 

robustness of pollination networks (Fig. 3a; t=3.29, df=75, p=0.001), of both empirical 414 

(p<0.001) and null networks (p=0.03). Accordingly, treating herbivory networks as mutualistic 415 

had a negative effect on network robustness (Fig. 3b; t=4.3, p<0.001), similar for empirical and 416 

null networks (p<0.001). Network identity was selected as a random effect only on the 417 

pollination model. Theoretical scenarios support our empirical results, showing that even and 418 

uneven networks with antagonistic population feedbacks are more robust than mutualistic 419 

networks of any structure (p<0.001; Fig 4a).  420 

The probability and length of extinction cascades in empirical networks highly 421 

depended on population feedbacks (Appendix S4, Table S4, Fig. S9). Abundance-related 422 

extinctions were more common in pollination networks treated as mutualistic (P-M) than in 423 

pollination networks treated as antagonistic (P-A; Fig. S9a). Coextinctions cascades were also 424 

longer in P-M than in P-A (Fig. S9c), and long cascades were also much more likely in P-M 425 

than P-A (Fig. S9g). Similarly, for herbivory networks, cascades were longer when networks 426 
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were treated as mutualistic (H-M) than when treated as antagonistic (HA; Fig. S9d), and the 427 

probability of coextinction cascades of any length was higher in H-M than H-A (Figs S9f, h). 428 

Coextinction cascades continued to be longer in mutualistic networks even when competition 429 

for resources - to balance potential competitive effects between herbivore insects - is included 430 

in pollination systems (Appendix S1.3). 431 

 Allowing insects to rewire, increased the robustness of empirical and null networks of 432 

both interaction types (Fig. 5; t=2.95, df=43, p<0.01). The largest observed increase was for 433 

empirical pollination networks (27% ± 20, mean ± SD, min=4%, max=74%), followed by null 434 

pollination networks (13% ± 5, mean ± SD, min=7%, max=28%), and herbivory networks 435 

(empirical: 4% ± 4, mean ± SD, min=-4%, max=11%, null: 2% ± 4, mean ± SD, min=-11%, 436 

max=6%). Network structure had a significant effect on pollination networks, since empirical 437 

networks benefited more from rewiring than null networks (p<0.001), but it had no effect on 438 

herbivory networks (p=0.88). Empirical pollination networks also benefited more from 439 

rewiring opportunities than empirical herbivory networks (p<0.001). Only one empirical and 440 

two null herbivory networks had lower robustness when herbivores were allowed to rewire.  441 

The effect of adding rewiring to theoretical networks depended on the interaction 442 

between network structure and interaction type (even: L-ratio=661.19, p<0.001; uneven: L-443 

ratio=563.33, p<0.001). Interaction rewiring homogenised robustness across network structure 444 

and interaction type scenarios (Fig. 4b), strongly benefiting mutualistic networks (Fig. 6), 445 

especially with nested structures (p<0.001 for all comparisons). On the other hand, interaction 446 

rewiring consistently had a small negative effect on antagonistic networks (Fig. 6). Rewiring 447 

slightly decreased the robustness of 89.7% of antagonistic networks: the only 62 antagonistic 448 

networks (out of 600) which benefited from rewiring were mostly nested (32 even, 14 uneven), 449 

followed by random (7 even, 2 uneven) and modular (4 even, 3 uneven). Tukey results suggest 450 

that the effect of network structure on the robustness of antagonistic networks was small: with 451 
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the exception of nested networks which had higher ratios than modular (p<0.01) and random 452 

networks (p<0.05) in even scenarios, there was no difference between random and modular 453 

even networks (p=0.99), or between uneven networks with any structure (all p>0.05). 454 

 455 

Discussion 456 

We presented a link between the natural history of two plant-insect systems and the processes 457 

that shape their network resilience. We combined the ecological resilience concept (Holling, 458 

1973, 1996; Walker et al., 2004) with adaptive network models, to investigate three potential 459 

drivers of community resilience to species extinctions. We did this while systematically 460 

controlling for the effects of network structure and the type of demographic feedbacks on 461 

robustness, a proxy for resilience to extinctions. When species are not allowed to rewire 462 

interactions, network structure negatively affects robustness. The higher levels of nestedness 463 

observed in our pollination dataset could be a key determinant of their lower resilience, 464 

challenging previous results showing that nestedness facilitates biodiversity persistence 465 

(Bastolla et al., 2009; Memmott et al., 2004; Rohr et al., 2014). Further, we found that the 466 

demographic effects of mutualisms also reduce the resilience of pollination networks, which 467 

undergo longer and more frequent extinction cascades. Finally, interaction rewiring enhances 468 

network resilience, mainly in pollination systems, suggesting that the extent of a system’s 469 

interaction flexibility is another key determinant of its resilience to extinctions. Our analyses 470 

were strengthened by the use of theoretical networks with controlled structures, which indicate 471 

the generality of our findings, but also presented new insights.  472 

 Our results on theoretical networks support our empirical finding that highly nested 473 

networks are less robust than networks with alternative structures. Besides challenging the 474 

notion that nestedness promotes biodiversity persistence (Bastolla et al., 2009; Memmott et al., 475 

2004; Rohr et al., 2014; but see Santamaría et al., 2016), our results contribute to the pivotal 476 
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debate on the relationship between network structure and dynamics (Landi et al., 2018), 477 

reinforcing the idea that the positive effect of nestedness on robustness only holds under 478 

specific extinction scenarios (Burgos et al., 2007). The diverse set of resilience concepts and 479 

their corresponding operational proxies used in ecology could explain the contrasting results 480 

presented by studies using network robustness and alternative measures. Nested networks are 481 

very sensitive to attacks on generalists (Burgos et al., 2007) and, in robustness analysis, even 482 

when randomly targeting species to suffer extinctions, generalists are indirectly affected due to 483 

the high level of interaction asymmetry of nested networks (Silva et al., 2007). Therefore, in a 484 

scenario of species extinctions and of static topology, nestedness facilitates network collapse, 485 

especially of mutualistic networks. 486 

Incorporating interaction rewiring led to a higher increase in the robustness of 487 

pollination when compared to herbivory networks, as expected from the high level of 488 

generalisation – and hence flexibility - of pollination systems (Fontaine et al., 2009; Waser, 489 

1986). When species switched interactions, the robustness of pollination networks approached 490 

those of herbivory networks. Our empirical results support the notion that interaction rewiring 491 

generally has positive effects on network persistence (Gilljam et al., 2015; Ramos-Jiliberto et 492 

al., 2012; Valdovinos et al., 2013, 2016), even if its positive effect on herbivory networks was 493 

small. The strong positive effect of rewiring on the resilience of pollination networks likely 494 

arises from its positive fitness consequences for mutualist species, which without further 495 

adaptations can often rapidly readjust to the most abundant partners (Janzen, 1985). The higher 496 

increase in robustness in pollination networks stems from their high generalisation level as well 497 

from their high nestedness, as the increase was larger in empirical than in null pollination 498 

networks. The structure of nested networks – an interaction core held by generalists working 499 

as an umbrella for specialists’ interactions - provides the conditions for the continuous adaptive 500 

switching of interactions. Importantly, the positive effect of rewiring on robustness also holds 501 
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for mutualistic theoretical networks especially with nested structures, but not for theoretical 502 

antagonistic networks of any structure. This interesting result suggests that the combination of 503 

different structural patterns within herbivory networks may act as a buffer to extinctions. This 504 

insight could only have arisen from our combined use of empirical and theoretical networks, a 505 

combination which should be considered in network modelling studies.   506 

Switching population feedbacks – i.e., treating pollination as antagonistic and vice-507 

versa – increased the robustness of pollination networks and decreased the robustness of 508 

herbivory networks. Theoretical networks support this result, since antagonistic networks were 509 

consistently more robust than mutualistic in scenarios without rewiring, regardless of network 510 

structure. Along with our findings on the effects of interaction rewiring, these results suggest 511 

that, given similar network topologies, mutualisms are more prone to secondary extinctions 512 

than antagonisms. The vulnerability of mutualistic networks to coextinction cascades, 513 

however, is counteracted by interaction rewiring. This key understanding has exciting applied 514 

implications. Restoration studies, for instance, could develop strategies to favour local species 515 

composition in order to maximise rewiring opportunities and hence improve the resilience of 516 

mutualistic networks, and of the key ecosystem functions (e.g. pollination and seed dispersal) 517 

they provide (Montoya et al., 2012). This could help us to advance towards an adaptive network 518 

approach to Restoration Ecology (Raimundo et al. 2018).  519 

Our results on the frequency and length of extinction cascades reveal that the robustness 520 

of systems treated as mutualistic decreases due to the presence of longer extinction cascades, 521 

which ricochet between trophic levels. An important question is whether our results are robust 522 

to other functional responses. At this point, we can say that assuming a Type I functional 523 

response, pollination networks collapse faster due to frequent and longer and extinction 524 

cascades than herbivory networks. Most studies looking at network robustness focus on how 525 

species in one set (e.g. insects) respond to the loss of species on the other set (e.g. plants; but 526 
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see Traveset et al., 2017; Vieira & Almeida-Neto, 2015). By constraining coextinctions in our 527 

modelling frameworks we may be missing these realistic scenarios of horizontal extinction 528 

cascades (Sanders et al., 2013).   529 

Adaptive network models can promote theoretical integration by accounting for 530 

dynamics at population and community levels, and the structuring feedbacks between species 531 

abundances, traits and interactions (Gross & Sayama, 2009; Poisot et al., 2015; Raimundo et 532 

al., 2018). We chose a resilience concept - the persistence of community structure and its 533 

structuring feedbacks (Holling, 1973; Walker et al., 2004) - that fits the ANM rationale and 534 

allows the use of network robustness to describe how ecological resilience is affected by 535 

extinctions. To date, ANMs and the effect of interaction rewiring on the dynamics and 536 

robustness of networks have been mostly applied to pollination systems (CaraDonna et al., 537 

2017; Ramos-Jiliberto et al., 2012; Valdovinos et al., 2016) or to generalised antagonistic 538 

systems such as food webs (Curtsdotter et al., 2011; Gilljam et al., 2015). Importantly, 539 

interaction rewiring is pervasive in nature and is not restricted to species that lose interaction 540 

partners (CaraDonna et al., 2017; MacLeod et al., 2016). Instead, it happens by a variety of 541 

mechanisms, and can be more or less phylogenetically constrained across biological systems 542 

(Raimundo et al., 2018). Different mechanisms and timescales of interaction rewiring should 543 

be included in future resilience studies.  544 

Ecological theory posits that topology, interaction type, specialisation of target species, 545 

and interaction rewiring affect the resilience of ecological networks (Mariani et al., 2019), but 546 

simulation studies that systematically control for the effects of each mechanism remain scarce. 547 

Combining natural history information on plant-insect systems with adaptive network models, 548 

will help ecologists to apply community ecology theory to conservation and restoration in 549 

predictive ways (Raimundo et al., 2018).   550 

 551 



 

24 
 

Acknowledgments 552 

We thank C. Fontaine, P.R. Guimarães Jr and L.G. Cosmo for comments on different steps of 553 

this study, A.P.A. Assis for help with figures, P.R. Guimarães Jr (IB, USP) and P.S. Peixoto 554 

(IME, USP) for sharing their servers, and E. del-Val and K. Boege for kindly providing network 555 

H17. K.P. Maia was supported by the Coordination for the Improvement of Higher Education 556 

Personnel (CAPES; BEX #0860/14-0). This is IRIS contribution #1. 557 

 558 

Authors’ Contributions 559 

KPM and RLGR conceived the study; KPM, RLGR and FMDM developed and/or checked the 560 

code; KPM and IPV analysed the data; KPM, JM and RLGR led the writing of the manuscript. 561 

All authors contributed critically to the drafts and gave final approval for publication. 562 

 563 

Data Availability Statement 564 

Networks, listed in Appendix S2, are available at the Interaction Web Database 565 

(http://www.ecologia.ib.usp.br/iwdb/resources.html), Web of Life (http://www.web-of-566 

life.es/map.php?type=5 and http://www.web-of-life.es/map.php?type=10) and in the literature 567 

(see Data Sources). 568 

 569 

References 570 

Agosta, S. J. (2006). On ecological fitting, plant–insect associations, herbivore host shifts, 571 

and host plant selection. Oikos, 114(3), 556–565. https://doi.org/10.1111/j.2006.0030-572 

1299.15025.x 573 

http://www.ecologia.ib.usp.br/iwdb/resources.html
http://www.web-of-life.es/map.php?type=5
http://www.web-of-life.es/map.php?type=5
http://www.web-of-life.es/map.php?type=10


 

25 
 

Auerbach, M., & Simberloff, D. (1988). Rapid leaf-miner colonization of introduced trees 574 

and shifts in sources of herbivore mortality. Oikos, 52(1), 41–50. 575 

https://doi.org/10.2307/3565980 576 

Bascompte, J., Jordano, P., Melián, C. J., & Olesen, J. M. (2003). The nested assembly of 577 

plant–animal mutualistic networks. Proceedings of the National Academy of Sciences, 578 

100(16), 9383–9387. https://doi.org/10.1073/pnas.1633576100 579 

Bastolla, U., Fortuna, M. A., Pascual-García, A., Ferrera, A., Luque, B., & Bascompte, J. 580 

(2009). The architecture of mutualistic networks minimizes competition and increases 581 

biodiversity. Nature, 458(7241), 1018–1020. https://doi.org/10.1038/nature07950 582 

Burgos, E., Ceva, H., Perazzo, R. P. J., Devoto, M., Medan, D., Zimmermann, M., & María 583 

Delbue, A. (2007). Why nestedness in mutualistic networks? Journal of Theoretical 584 

Biology, 249(2), 307–313. https://doi.org/10.1016/j.jtbi.2007.07.030 585 

Cagnolo, L., Salvo, A., & Valladares, G. (2011). Network topology: Patterns and 586 

mechanisms in plant-herbivore and host-parasitoid food webs. Journal of Animal 587 

Ecology, 80(2), 342–351. https://doi.org/10.1111/j.1365-2656.2010.01778.x 588 

CaraDonna, P. J., Petry, W. K., Brennan, R. M., Cunningham, J. L., Bronstein, J. L., Waser, 589 

N. M., & Sanders, N. J. (2017). Interaction rewiring and the rapid turnover of plant–590 

pollinator networks. Ecology Letters, 20, 385–394. https://doi.org/10.1111/ele.12740 591 

Carstensen, D. W., Sabatino, M., Trøjelsgaard, K., & Morellato, L. P. C. (2014). Beta 592 

diversity of plant-pollinator networks and the spatial turnover of pairwise interactions. 593 

PLOS One, 9(11), e112903. https://doi.org/10.1371/journal.pone.0112903 594 

Cipollini, D., & Peterson, D. L. (2018). The potential for host switching via ecological fitting 595 

in the emerald ash borer-host plant system. Oecologia, 187(2), 507–519. 596 

https://doi.org/10.1007/s00442-018-4089-3 597 



 

26 
 

Coley, P. D., Bateman, M. L., & Kursar, T. A. (2006). The effects of plant quality on 598 

caterpillar growth and defense against natural enemies. Oikos, 115(2), 219–228. 599 

https://doi.org/10.1111/j.2006.0030-1299.14928.x 600 

Cornell, H. V., & Hawkins, B. A. (2003). Herbivore responses to plant secondary 601 

compounds: A test of phytochemical coevolution theory. The American Naturalist, 602 

161(4), 507–522. https://doi.org/10.1086/368346 603 

Costa, J. M., Ramos, J. A., da Silva, L. P., Timóteo, S., Andrade, P., Araújo, P. M., Carneiro, 604 

C., Correia, E., Cortez, P., Felgueiras, M., Godinho, C., Lopes, R. J., Matos, C., 605 

Norte, A. C., Pereira, P. F., Rosa, A., & Heleno, R. H. (2018). Rewiring of 606 

experimentally disturbed seed dispersal networks might lead to unexpected network 607 

configurations. Basic and Applied Ecology, 30, 11–22. 608 

https://doi.org/10.1016/j.baae.2018.05.011 609 

Curtsdotter, A., Binzer, A., Brose, U., de Castro, F., Ebenman, B., Eklöf, A., Riede, J. O., 610 

Thierry, A., & Rall, B. C. (2011). Robustness to secondary extinctions: Comparing 611 

trait-based sequential deletions in static and dynamic food webs. Basic and Applied 612 

Ecology, 12(7), 571–580. https://doi.org/10.1016/j.baae.2011.09.008 613 

Dáttilo, W., Lara-Rodríguez, N., Jordano, P., Guimarães, P. R., Thompson, J. N., Marquis, R. 614 

J., Medeiros, L. P., Ortiz-Pulido, R., Marcos-García, M. A., & Rico-Gray, V. (2016). 615 

Unravelling Darwin’s entangled bank: Architecture and robustness of mutualistic 616 

networks with multiple interaction types. Proceedings of the Royal Society B: 617 

Biological Sciences, 283(1843), 20161564. https://doi.org/10.1098/rspb.2016.1564 618 

Dormann, C. F., Gruber, B., & Fruend, J. (2008). Introducing the bipartite package: 619 

Analysing ecological networks. R News, 8(2), 8–11. 620 



 

27 
 

Fontaine, C., Thébault, E., & Dajoz, I. (2009). Are insect pollinators more generalist than 621 

insect herbivores? Proceedings of the Royal Society B: Biological Sciences, 622 

276(1669), 3027–3033. https://doi.org/10.1098/rspb.2009.0635 623 

Fortuna, M. A., Stouffer, D. B., Olesen, J. M., Jordano, P., Mouillot, D., Krasnov, B. R., 624 

Poulin, R., & Bascompte, J. (2010). Nestedness versus modularity in ecological 625 

networks: Two sides of the same coin? Journal of Animal Ecology, 79(4), 811–817. 626 

https://doi.org/10.1111/j.1365-2656.2010.01688.x 627 

Gilljam, D., Curtsdotter, A., & Ebenman, B. (2015). Adaptive rewiring aggravates the effects 628 

of species loss in ecosystems. Nature Communications, 6, 8412. 629 

https://doi.org/10.1038/ncomms9412 630 

Gross, T., & Blasius, B. (2008). Adaptive coevolutionary networks: A review. Journal of The 631 

Royal Society Interface, 5(20), 259–271. https://doi.org/10.1098/rsif.2007.1229 632 

Gross, T., & Sayama, H. (Eds.). (2009). Adaptive Networks: Theory, Models and 633 

Applications. Springer-Verlag. https://doi.org/10.1007/978-3-642-01284-6 634 

Guimarães, P. R., Rico-Gray, V., Oliveira, P. S., Izzo, T. J., Reis, S. F., & Thompson, J. N. 635 

(2007). Interaction intimacy affects structure and coevolutionary dynamics in 636 

mutualistic networks. Current Biology, 17(20), 1797–1803. 637 

https://doi.org/10.1016/j.cub.2007.09.059 638 

Holling, C. S. (1973). Resilience and stability of ecological systems. Annual Review of 639 

Ecology and Systematics, 4(1), 1–23. 640 

https://doi.org/10.1146/annurev.es.04.110173.000245 641 

Holling, C. S. (1996). Engineering Resilience versus Ecological Resilience. In P. Schulze 642 

(Ed.), Engineering Within Ecological Constraints (pp. 31–44). The National 643 

Academies Press. 644 

Janzen, D. H. (1974). The deflowering of Central America. Natural History, 83, 48–53. 645 



 

28 
 

Janzen, D. H. (1985). On Ecological Fitting. Oikos, 45(3), 308–310. 646 

https://doi.org/10.2307/3565565 647 

Jordano, P. (2016). Sampling networks of ecological interactions. Functional Ecology, 648 

30(12), 1883–1893. https://doi.org/10.1111/1365-2435.12763 649 

Kaiser-Bunbury, C. N., Muff, S., Memmott, J., Müller, C. B., & Caflisch, A. (2010). The 650 

robustness of pollination networks to the loss of species and interactions: A 651 

quantitative approach incorporating pollinator behaviour. Ecology Letters, 13(4), 652 

442–452. https://doi.org/10.1111/j.1461-0248.2009.01437.x 653 

Landi, P., Minoarivelo, H. O., Brännström, Å., Hui, C., & Dieckmann, U. (2018). 654 

Complexity and stability of ecological networks: A review of the theory. Population 655 

Ecology, 60(4), 319–345. https://doi.org/10.1007/s10144-018-0628-3 656 

Lenth, R. (2018). Emmeans: Estimated marginal means, aka least-squares means. R package 657 

version 1.1.2. Https://CRAN.R-project.org/package=emmeans (R package version 658 

1.1.2.) [Computer software]. 659 

Lewinsohn, T. M., Prado, P. I., Jordano, P., Bascompte, J., & Olesen, J. M. (2006). Structure 660 

in plant–animal interaction assemblages. Oikos, 113(1), 174–184. 661 

https://doi.org/10.1111/j.0030-1299.2006.14583.x 662 

MacLeod, M., Genung, M. A., Ascher, J. S., & Winfree, R. (2016). Measuring partner choice 663 

in plant–pollinator networks: Using null models to separate rewiring and fidelity from 664 

chance. Ecology, 97(11), 2925–2931. https://doi.org/10.1002/ecy.1574 665 

Mariani, M. S., Ren, Z.-M., Bascompte, J., & Tessone, C. J. (2019). Nestedness in complex 666 

networks: Observation, emergence, and implications. Physics Reports, 813, 1–90. 667 

https://doi.org/10.1016/j.physrep.2019.04.001 668 



 

29 
 

Memmott, J., Waser, N. M., & Price, M. V. (2004). Tolerance of pollination networks to 669 

species extinctions. Proceedings of the Royal Society B: Biological Sciences, 670 

271(1557), 2605–2611. https://doi.org/10.1098/rspb.2004.2909 671 

Montoya, D., Rogers, L., & Memmott, J. (2012). Emerging perspectives in the restoration of 672 

biodiversity-based ecosystem services. Trends in Ecology & Evolution, 27(12), 666–673 

672. https://doi.org/10.1016/j.tree.2012.07.004 674 

Murphy, S. M., & Feeny, P. (2006). Chemical facilitation of a naturally occurring host shift 675 

by Papilio machaon butterflies (Papilionidae). Ecological Monographs, 76(3), 399–676 

414. https://doi.org/10.1890/0012-9615(2006)076[0399:CFOANO]2.0.CO;2 677 

Novotny, V., & Basset, Y. (2005). Host specificity of insect herbivores in tropical forests. 678 

Proceedings of the Royal Society B: Biological Sciences, 272(1568), 1083–1090. 679 

https://doi.org/10.1098/rspb.2004.3023 680 

Olesen, J. M., Bascompte, J., Dupont, Y. L., Elberling, H., Rasmussen, C., & Jordano, P. 681 

(2011). Missing and forbidden links in mutualistic networks. Proceedings of the 682 

Royal Society B: Biological Sciences, 278(1706), 725–732. 683 

https://doi.org/10.1098/rspb.2010.1371 684 

Olesen, J. M., Bascompte, J., Dupont, Y. L., & Jordano, P. (2007). The modularity of 685 

pollination networks. Proceedings of the National Academy of Sciences, 104(50), 686 

19891–19896. https://doi.org/10.1073/pnas.0706375104 687 

Pimm, S. L., Jones, H. L., & Diamond, J. (1988). On the Risk of Extinction. The American 688 

Naturalist, 132(6), 757–785. https://doi.org/10.1086/284889 689 

Poisot, T., Stouffer, D. B., & Gravel, D. (2015). Beyond species: Why ecological interaction 690 

networks vary through space and time. Oikos, 124(3), 243–251. 691 

https://doi.org/10.1111/oik.01719 692 

https://doi.org/10.1016/j.tree.2012.07.004


 

30 
 

R Core Team. (2017). R: A language and environment for statistical computing. R 693 

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-694 

project.org/. 695 

Raimundo, R. L. G., Guimarães, P. R., & Evans, D. M. (2018). Adaptive networks for 696 

restoration ecology. Trends in Ecology & Evolution, 23(9), 664–675. 697 

https://doi.org/10.1016/j.tree.2018.06.002 698 

Ramos-Jiliberto, R., Valdovinos, F. S., Moisset de Espanés, P., & Flores, J. D. (2012). 699 

Topological plasticity increases robustness of mutualistic networks. Journal of Animal 700 

Ecology, 81(4), 896–904. https://doi.org/10.1111/j.1365-2656.2012.01960.x 701 

Requier, F., Odoux, J.-F., Tamic, T., Moreau, N., Henry, M., Decourtye, A., & Bretagnolle, 702 

V. (2015). Honey bee diet in intensive farmland habitats reveals an unexpectedly high 703 

flower richness and a major role of weeds. Ecological Applications, 25(4), 881–890. 704 

https://doi.org/10.1890/14-1011.1 705 

Rohr, R. P., Saavedra, S., & Bascompte, J. (2014). On the structural stability of mutualistic 706 

systems. Science, 345(6195), 1253497. https://doi.org/10.1126/science.1253497 707 

Sanders, D., Sutter, L., & van Veen, F. J. F. (2013). The loss of indirect interactions leads to 708 

cascading extinctions of carnivores. Ecology Letters, 16(5), 664–669. 709 

https://doi.org/10.1111/ele.12096 710 

Santamaría, S., Galeano, J., Pastor, J. M., & Méndez, M. (2016). Removing interactions, 711 

rather than species, casts doubt on the high robustness of pollination networks. Oikos, 712 

125(4), 526–534. https://doi.org/10.1111/oik.02921 713 

Shepherd, V. E., & Chapman, C. A. (1998). Dung beetles as secondary seed dispersers: 714 

Impact on seed predation and germination. Journal of Tropical Ecology, 14(2), 199–715 

215. https://doi.org/10.1017/S0266467498000169 716 



 

31 
 

Silva, W. R., Guimarães Jr, P. R., dos Reis, S. F., & Guimarães, P. (2007). Investigating 717 

fragility in plant-frugivore networks: A case study of the Atlantic Forest in Brazil. In 718 

A. J. Dennis, E. W. Schupp, R. J. Green, & D. A. Westcott (Eds.), Seed dispersal: 719 

Theory and its application in a changing world (1st ed., pp. 561–578). CABI 720 

Publishing. 721 

Stouffer, D. B., & Bascompte, J. (2011). Compartmentalization increases food-web 722 

persistence. Proceedings of the National Academy of Sciences, 108(9), 3648–3652. 723 

https://doi.org/10.1073/pnas.1014353108 724 

Suweis, S., Simini, F., Banavar, J. R., & Maritan, A. (2013). Emergence of structural and 725 

dynamical properties of ecological mutualistic networks. Nature, 500(7463), 449–726 

452. https://doi.org/10.1038/nature12438 727 

Thébault, E., & Fontaine, C. (2010). Stability of ecological communities and the architecture 728 

of mutualistic and trophic networks. Science, 329(5993), 853–856. 729 

https://doi.org/10.1126/science.1188321 730 

Thompson, J. N. (2005). The Geographic Mosaic of Coevolution (1st ed.). University of 731 

Chicago Press. 732 

Traveset, A., Tur, C., & Eguíluz, V. M. (2017). Plant survival and keystone pollinator species 733 

in stochastic coextinction models: Role of intrinsic dependence on animal-pollination. 734 

Scientific Reports, 7(1), 6915. https://doi.org/10.1038/s41598-017-07037-7 735 

Trøjelsgaard, K., Jordano, P., Carstensen, D. W., & Olesen, J. M. (2015). Geographical 736 

variation in mutualistic networks: Similarity, turnover and partner fidelity. 737 

Proceedings of the Royal Society B: Biological Sciences, 282(1802), 20142925. 738 

https://doi.org/10.1098/rspb.2014.2925 739 

Valdovinos, F. S., Brosi, B. J., Briggs, H. M., Moisset de Espanés, P., Ramos-Jiliberto, R., & 740 

Martinez, N. D. (2016). Niche partitioning due to adaptive foraging reverses effects of 741 



 

32 
 

nestedness and connectance on pollination network stability. Ecology Letters, 19(10), 742 

1277–1286. https://doi.org/10.1111/ele.12664 743 

Valdovinos, F. S., Moisset de Espanés, P., Flores, J. D., & Ramos-Jiliberto, R. (2013). 744 

Adaptive foraging allows the maintenance of biodiversity of pollination networks. 745 

Oikos, 122(6), 907–917. https://doi.org/10.1111/j.1600-0706.2012.20830.x 746 

Vieira, M. C., & Almeida-Neto, M. (2015). A simple stochastic model for complex 747 

coextinctions in mutualistic networks: Robustness decreases with connectance. 748 

Ecology Letters, 18(2), 144–152. https://doi.org/10.1111/ele.12394 749 

Walker, B., Holling, C. S., Carpenter, S. R., & Kinzig, A. (2004). Resilience, adaptability and 750 

transformability in social-ecological systems. Ecology and Society, 9(2), 5. 751 

https://doi.org/10.5751/ES-00650-090205 752 

Waser, N. M. (1986). Flower constancy: Definition, cause, and measurement. The American 753 

Naturalist, 127(5), 593–603. https://doi.org/10.2307/2265575 754 

Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed effects 755 

models and extensions in ecology with R (1st ed.). Springer. 756 

 757 

Data Sources 758 

Bartomeus, I., Vilà, M., & Santamaría, L. (2008). Contrasting effects of invasive plants in 759 

plant–pollinator networks. Oecologia, 155(4), 761–770. doi: 10.1007/s00442-007-760 

0946-1 761 

Basset, Y., & Samuelson, G. A. (1996). Ecological characteristics of an arboreal community 762 

of Chrysomelidae in Papua New Guinea. In P. H. A. Jolivet & M. L. Cox (Eds.), 763 

Chrysomelidae Biology (Vol. 2, pp. 243–262). Amsterdam: SPB Academic 764 

Publishing. 765 



 

33 
 

Blüthgen, N., Metzner, A., & Ruf, D. (2006). Food plant selection by stick insects 766 

(Phasmida) in a Bornean rain forest. Journal of Tropical Ecology, 22(1), 35–40. doi: 767 

10.1017/S0266467405002749 768 

Bodner, F., Brehm, G., Homeier, J., Strutzenberger, P., & Fiedler, K. (2010). Caterpillars and 769 

host plant records for 59 species of Geometridae (Lepidoptera) from a montane 770 

rainforest in southern Ecuador. Journal of Insect Science, 10(1), 67. doi: 771 

10.1673/031.010.6701 772 

Coley, P. D., Bateman, M. L., & Kursar, T. A. (2006). The effects of plant quality on 773 

caterpillar growth and defense against natural enemies. Oikos, 115(2), 219–228. doi: 774 

10.1111/j.2006.0030-1299.14928.x 775 

Dicks, L. V., Corbet, S. A., & Pywell, R. F. (2002). Compartmentalization in plant–insect 776 

flower visitor webs. Journal of Animal Ecology, 71(1), 32–43. doi: 10.1046/j.0021-777 

8790.2001.00572.x 778 

Dupont, Y. L., & Olesen, J. M. (2009). Ecological modules and roles of species in heathland 779 

plant–insect flower visitor networks. Journal of Animal Ecology, 78(2), 346–353. doi: 780 

10.1111/j.1365-2656.2008.01501.x 781 

Elberling, H., & Olesen, J. M. (1999). The structure of a high latitude plant-flower visitor 782 

system: the dominance of flies. Ecography, 22(3), 314–323. doi: 10.1111/j.1600-783 

0587.1999.tb00507.x 784 

Forup, M. L., & Memmott, J. (2005). The restoration of plant–pollinator interactions in hay 785 

meadows. Restoration Ecology, 13(2), 265–274. doi: 10.1111/j.1526-786 

100X.2005.00034.x 787 

Futuyma, D. J., & Gould, F. (1979). Associations of plants and insects in deciduous forest. 788 

Ecological Monographs, 49(1), 33–50. doi: 10.2307/1942571 789 



 

34 
 

Henneman, M. L., & Memmott, J. (2001). Infiltration of a Hawaiian community by 790 

introduced biological control agents. Science, 293(5533), 1314–1316. doi: 791 

10.1126/science.1060788 792 

Herrera, J. (1988). Pollination relationships in southern Spanish Mediterranean shrublands. 793 

Journal of Ecology, 76, 274–287. doi: 10.2307/2260469 794 

Inouye, D. W., & Pyke, G. H. (1988). Pollination biology in the Snowy Mountains of 795 

Australia: comparisons with Montane Colorado, USA. Australian Journal of Ecology, 796 

13(2), 191–205. doi: 10.1111/j.1442-9993.1988.tb00968.x 797 

Joern, A. (1979). Feeding patterns in grasshoppers (Orthoptera: Acrididae): factors 798 

influencing diet specialization. Oecologia, 38(3), 325–347. doi: 10.1007/BF00345192 799 

Kakutani, T., Inoue, T., Kato, M., & Ichihashi, H. (1990). Insect-flower relationship in the 800 

campus of Kyoto university, Kyoto: an overview of the flowering phenology and the 801 

seasonal pattern of insect visits. Contributions from the Biological Laboratory, Kyoto 802 

University, 27(4), 465–522. 803 

Kato, M., Matsumoto, M., & Kato, T. (1993). Flowering phenology and anthophilous insect 804 

community in the cool-temperate subalpine forests and meadows at Mt. Kushigata in 805 

the central part of Japan. Contributions from the Biological Laboratory, Kyoto 806 

University, 28(2), 119–172. 807 

Kato, M., & Miura, R. (1996). Flowering phenology and anthophilous insect community at a 808 

threatened natural lowland marsh at Nakaikemi in Tsuruga, Japan. Contributions from 809 

the Biological Laboratory, Kyoto University, 29(1), 1–48. 810 

Lundgren, R., & Olesen, J. M. (2005). The dense and highly connected world of Greenland’s 811 

plants and their pollinators. Arctic Antarctic and Alpine Research, 37, 514–520. doi: 812 

10.1657/1523-0430(2005)037[0514:TDAHCW]2.0.CO;2 813 



 

35 
 

Macfadyen, S., Gibson, R., Polaszek, A., Morris, R. J., Craze, P. G., Planqué, R., … 814 

Memmott, J. (2009). Do differences in food web structure between organic and 815 

conventional farms affect the ecosystem service of pest control? Ecology Letters, 816 

12(3), 229–238. doi: 10.1111/j.1461-0248.2008.01279.x 817 

Medan, D., Montaldo, N. H., Devoto, M., Mantese, A., Vasellati, V., & Bartoloni, N. H. 818 

(2002). Plant-pollinator relationships at two altitudes in the Andes of Mendoza, 819 

Argentina. Arctic Antarctic and Alpine Research, 34, 233–241. doi: 820 

10.1080/15230430.2002.12003490 821 

Memmott, J. (1999). The structure of a plant-pollinator food web. Ecology Letters, 2(5), 276–822 

280. doi: 10.1046/j.1461-0248.1999.00087.x 823 

Memmott, J., Godfray, H. C. J., & Gauld, I. D. (1994). The structure of a tropical host-824 

parasitoid community. Journal of Animal Ecology, 63(3), 521–540. doi: 10.2307/5219 825 

Mosquin, T., & Martin, J. E. H. (1967). Observations on the pollination biology of plants on 826 

Melville Island, N.W.T., Canada. Canadian Field Naturalist, 81, 201–205. 827 

Motten, A. F. (1982). Pollination ecology of the spring wildflower community in the 828 

deciduous forests of Piedmont North Carolina. Doctoral Dissertation Thesis, Duke 829 

University, Duhram, North Carolina, USA. 830 

Muller, C. B., Adriaanse, I. C. T., Belshaw, R., & Godfray, H. C. J. (1999). The structure of 831 

an aphid–parasitoid community. Journal of Animal Ecology, 68(2), 346–370. doi: 832 

10.1046/j.1365-2656.1999.00288.x 833 

Nakagawa, M., Itioka, T., Momose, K., Yumoto, T., Komai, F., Morimoto, K., … 834 

Nakashizuka, T. (2003). Resource use of insect seed predators during general 835 

flowering and seeding events in a Bornean dipterocarp rain forest. Bulletin of 836 

Entomological Research, 93(5), 455–466. doi: 10.1079/BER2003257 837 



 

36 
 

Novotny, V., Clarke, A. R., Drew, R. A. I., Balagawi, S., & Clifford, B. (2005). Host 838 

specialization and species richness of fruit flies (Diptera: Tephritidae) in a New 839 

Guinea rain forest. Journal of Tropical Ecology, 21(1), 67–77. doi: 840 

10.1017/S0266467404002044 841 

Ollerton, J., Johnson, S. D., Cranmer, L., & Kellie, S. (2003). The pollination ecology of an 842 

assemblage of grassland asclepiads in South Africa. Annals of Botany, 92(6), 807–843 

834. doi: 10.1093/aob/mcg206 844 

Orford, K. A., Memmott, J., Vaughan, I. P., & Murray, P. J. (2016). Data from: Modest 845 

enhancements to conventional grassland diversity improve the provision of 846 

pollination services. Dryad, Dataset. https://doi.org/10.5061/dryad.tp0d0 847 

Philipp, M., Böcher, J., Siegismund, H. R., & Nielsen, L. R. (2006). Structure of a plant-848 

pollinator network on a Pahoehoe lava desert of the Galápagos Islands. Ecography, 849 

29, 531– 40. doi: 10.1111/j.0906-7590.2006.04546.x 850 

Pocock, M. J. O., Evans, D. M., & Memmott, J. (2012). Data from: The robustness and 851 

restoration of a network of ecological networks. Dryad, Dataset. 852 

https://doi.org/10.5061/dryad.3s36r118 853 

Prado, P. I., & Lewinsohn, T. M. (2004). Compartments in insect–plant associations and their 854 

consequences for community structure. Journal of Animal Ecology, 73(6), 1168–855 

1178. doi: 10.1111/j.0021-8790.2004.00891.x 856 

Primack, R. B. (1983). Insect pollination in the New Zealand mountain flora. New Zealand 857 

Journal of Botany, 21(3), 317–333. doi: 10.1080/0028825X.1983.10428561 858 

Rathcke, B. J. (1976). Competition and coexistence with a guild of herbivorous insects. 859 

Ecology, 57(1), 76–87. doi: 10.2307/1936399 860 

Santos, G. M. M., Aguiar, C. M. L., & Mello, M. A. R. (2010). Flower-visiting guild 861 

associated with the Caatinga flora: trophic interaction networks formed by social bees 862 



 

37 
 

and social wasps with plants. Apidologie, 41(4), 466–475. doi: 863 

10.1051/apido/2009081 864 

Schemske, D. W., Willson, M. F., Melampy, M. N., Miller, L. J., Verner, L., Schemske, K. 865 

M., & Best, L. B. (1978). Flowering ecology of some spring woodland herbs. 866 

Ecology, 59(2), 351–356. doi: 10.2307/1936379 867 

Small, E. (1976). Insect pollinators of the Mer Bleue peat bog of Ottawa. Canadian Field 868 

Naturalist, 90, 22–28. 869 

Tavakilian, G., Berkov, A., Meurer-Grimes, B., & Mori, S. (1997). Neotropical tree species 870 

and their faunas of Xylophagous longicorns (Coleoptera: Cerambycidae) in French 871 

Guiana. The Botanical Review, 63(4), 303–355. doi: 10.1007/BF02856596 872 

Tscharntke, T., Vidal, S., & Hawkins, B. A. (2001). Parasitoids of grass-feeding chalcid 873 

wasps: a comparison of German and British communities. Oecologia, 129(3), 445–874 

451. doi: 10.1007/s004420100733 875 

Ueckert, D. N., & Hansen, R. M. (1971). Dietary overlap of grasshoppers on sandhill 876 

rangeland in northeastern Colorado. Oecologia, 8(3), 276–295. doi: 877 

10.1007/BF00346475 878 

Vázquez, D. P. (2002). Interactions among introduced ungulates, plants, and pollinators: a 879 

field study in the temperate forest of the southern Andes. Ph.D. Dissertation. 880 

Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville. 881 

Villa-Galaviz, E., Boege, K., & del-Val, E. (2012). Resilience in plant-herbivore networks 882 

during secondary succession. PLOS One, 7(12), e53009. doi: 883 

10.1371/journal.pone.0053009 884 

Yamazaki, K., & Kato, M. (2003). Flowering phenology and anthophilous insect community 885 

in a grassland ecosystem at Mt. Yufu, Western Japan. Contributions from the 886 

Biological Laboratory, Kyoto University, 29, 255–318.  887 



 

38 
 

Tables and Figures 888 

Table 1. Simulation scenarios of empirical and null networks: network interaction type 889 

(pollination or herbivory), structure (empirical or null), population feedbacks (original or 890 

reversed), and interaction rewiring (on or off). Objectives for which scenarios were used (Ob1, 891 

Ob2 and Ob3) are marked with an X. 892 

Scenario Type Structure Feedback Rewire Ob1 Ob2 Ob3 

S1 Pollination Empirical Original Off X X X 

S2 Herbivory Empirical Original Off X X X 

S3 Pollination Null Original Off X X X 

S4 Herbivory Null Original Off X X X 

S5 Pollination Empirical Reversed Off  X  

S6 Herbivory Empirical Reversed Off  X  

S7 Pollination Null Reversed Off  X  

S8 Herbivory Null Reversed Off  X  

S9 Pollination Empirical Original On   X 

S10 Herbivory Empirical Original On   X 

S11 Pollination Null Original On   X 

S12 Herbivory Null Original On   X 

  893 
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 894 

Figure 1. Diagram of extinction cascades. Full arrows indicate consequences of plant species 895 

losses and dashed arrows the consequences of animal species losses. Cascades start with the 896 

primary extinction of a plant (I and II). Insects interacting with that plant have the chance of 897 

rewiring (III). When rewiring is successful, abundances are recalculated (IV), and if new 898 

abundances are positive a new cascade begins (I and II). Species that become disconnected or 899 

whose abundance reach zero suffer secondary extinctions (V). Secondary plant extinctions lead 900 

to a similar sequence of events to primary extinctions. Secondary animal extinctions (VI) lead 901 

to the recalculation of abundances.  902 
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 903 

Figure 2. a) Differing levels of generalisation lead to different levels of interaction similarity 904 

(niche overlap), resulting in different rewiring opportunities. Both networks have equal 905 

connectance (Ci), number of animal (NA) and plant (NP) species, but the presence of a 906 

generalist species (black circle), leads to higher interaction similarity and rewiring 907 

opportunities. b) The rewiring probability (P) of insects that lost interaction partners (dashed 908 

lines) is inversely proportional to their resource abundance (ni: normalised resource abundance 909 

of each insect). Number of resources “Lost” and “Left”. In this example, all resources have 910 

abundance N = 10.   911 
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 912 

Figure 3. Robustness of a) pollination and b) herbivory networks in the first eight simulation 913 

scenarios (Table 1): empirical and null networks, without (Emp and Null) and with (Emp-Rev 914 

and Null-Rev) reversed population feedbacks. Objective 1: comparisons between empirical and 915 

null networks with non-reversed population feedbacks - Emp vs Null - for pollination and 916 

herbivory networks are marked with an asterisk if statistically different (p<0.05). Objective 2: 917 

comparisons between non-reversed (Emp and Null) and reversed (Emp-Rev and Null-Rev) 918 

population feedbacks scenarios of pollination and herbivory networks are represented by 919 

different letters (all c in herbivory as the interaction between network structure and population 920 

feedbacks was non-significant). Different letter cases (A vs a) represent p<0.05.  921 
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 922 

Figure 4. Robustness of theoretical networks in scenarios a) without (12 scenarios) and b) with 923 

rewiring (12 scenarios). Light boxes represent scenarios with even networks and dark boxes 924 

scenarios with uneven networks. Rand = random structure, Nest = nested and Mod = modular 925 

networks.  926 
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 927 

Figure 5. a) Robustness of pollination and herbivory networks in simulation scenarios in which 928 

insect species are allowed to rewire (S9 to S12, Table 1) using empirical (Emp) and null (Null) 929 

networks. b) Effect of rewiring (Rwr) on network robustness was measured as the ratio between 930 

robustness on scenarios with (S9 to S12) and without (S1 to S4) rewiring (Table 1) - e.g. in 931 

pollination, “Emp-Rwr/Emp” corresponds to the robustness ratio between S9 (scenario with 932 

rewire) and S1 (scenario without rewire). Comparisons between empirical and null networks 933 

of the same interaction type (e.g. Emp-Rwr/Emp vs Null-Rwr/Null for pollination) are marked 934 

with an asterisk when p<0.05. Comparisons between networks of different interaction types 935 

but with similar structure (e.g. Emp-Rwr/Emp for pollination vs Emp-Rwr/Emp for herbivory) 936 

are represented by different letters. Different letter cases (A vs a) represent p<0.05.   937 
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 938 

Figure 6. For theoretical networks, the effect of rewiring on network robustness was also 939 

measured as the ratio between robustness on the 12 scenarios with and 12 scenarios without 940 

rewiring. Light boxes represent scenarios with even and dark boxes scenarios with uneven 941 

networks. The horizontal dashed line marks the transition between positive and negative effects 942 

of interaction rewiring (ratio = 1). Rand = random structure, Nest = nested and Mod = modular 943 

networks. 944 


