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Summary

1. Pollinator network structure arising from the extent and strength of interspecific mutualistic

interactions can promote species persistence and community robustness. However, environ-

mental change may re-organise network structure limiting capacity to absorb or resist shocks

and increasing species extinctions.

2. We investigated if habitat disturbance and the level of mutualism dependence between spe-

cies affected the robustness of insect–flower visitation networks Following a recently developed

Stochastic Co-extinction Model (SCM), we ran simulations to produce the number of extinc-

tion episodes (cascade degree), which we correlated with network structure in undisturbed and

disturbed habitat. We also explicitly modelled whether a species’ intrinsic dependence on mutu-

alism affected the propensity for extinction cascades in the network.

3. Habitat disturbance generated a gradient in network structure with those from disturbed

sites being less connected, but more speciose and so larger. Controlling for network size

(z-score standardisation against the null model) revealed that disturbed networks had

disproportionately low linkage density, high specialisation, fewer insect visitors per plant

species (vulnerability) and lower nestedness (NODF).

4. This network structure gradient driven by disturbance increased and decreased different

aspects of robustness to simulated plant extinction. Disturbance decreased the risk that an

initial insect extinction would follow a plant species loss. Although, this effect disappeared

when network size and connectance were standardised, suggesting the lower connectance of

disturbed networks increased robustness to an initial secondary extinction.

5. However, if a secondary extinction occurred then networks from disturbed habitat were

more prone to large co-extinction cascades, likely resulting from a greater chance of extinction

in these larger, speciose networks. Conversely, when species mutualism dependency was expli-

cit in the SCM simulations the disturbed networks were disproportionately more robust to

very large co-extinction cascades, potentially caused by non-random patterns of interaction

between species differing in dependence on mutualism.

6. Our results showed disturbance altered the size and the distribution of interspecific interactions

in the networks to affect their robustness to co-extinction cascades. Controlling for effects due to

network size and the interspecific variation in demographic dependence on mutualism can improve

insight into properties conferring the structural robustness of networks to environmental changes.
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Introduction

Pollinators and pollination are threatened at a global scale

by land-use change, conventional agricultural intensification,

climate change, pollution, pathogens and invasive alien

species either separately or in combination (Gonz�alez-Varo

et al. 2013; Vanbergen & the Insect Pollinators Initiative

2013; IPBES 2016). These multiple anthropogenic pressures

are linked to long-term shifts in pollinator richness, distri-

butions and abundance (Cameron et al. 2011; Carvalheiro

et al. 2013; Kerr et al. 2015; Senapathi et al. 2015; IPBES

2016). However, the effect of these various sources of*Correspondence author. E-mail: ajv@ceh.ac.uk
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environmental stress often differs between pollinator spe-

cies according to traits such as body size, sociality, phenol-

ogy and diet breadth (Williams et al. 2010; Bommarco

et al. 2011; Burkle, Marlin & Knight 2013). Such differen-

tial impacts among species lead to changes in pollinator

community composition, re-organising interactions with

plants and the structure of pollinator networks (Burkle,

Marlin & Knight 2013; Nielsen & Totland 2014; Vanber-

gen et al. 2014; Weiner et al. 2014). Such re-organisation

of network structure by anthropogenic perturbation of

ecosystems may have implications for species persistence

and community stability (Lever et al. 2014; Rohr, Saave-

dra & Bascompte 2014; Vieira & Almeida-Neto 2015).

Network topology, trait redundancy, behavioural plas-

ticity and species abundance can all affect the robustness

of assemblages of plant–pollinator interactions to species

losses (Thebault & Fontaine 2010; Ramos-Jiliberto et al.

2012; Valdovinos et al. 2013; Winfree et al. 2014). High

levels of connectance, modularity or nestedness are aspects

of network topology thought to promote dynamic or

structural stability in mutualistic networks (Bascompte

et al. 2003; Olesen et al. 2007; Thebault & Fontaine 2010;

Rohr, Saavedra & Bascompte 2014). Abundant generalist

species often exhibit plasticity in foraging behaviour by

switching to use different floral resources as they become

more or less abundant. In this way, they can adopt feed-

ing niches of extinct species thus maintaining network

stability and community function (Ramos-Jiliberto et al.

2012; Valdovinos et al. 2013). Moreover, the most abun-

dant pollinator species are key to network stability

because they tend to be the least prone to extinction and

the most connected via direct or indirect interactions to

other species within the network (Aizen, Sabatino &

Tylianakis 2012; Winfree et al. 2014; Fort, V�azquez &

Lan 2016). Conversely, the risk of extinctions of species

or their interactions with environmental change tends to

be greater for more specialised plant–pollinator interac-

tions or networks (Biesmeijer et al. 2006; Williams et al.

2010; Aizen, Sabatino & Tylianakis 2012; Burkle, Marlin

& Knight 2013).

It is possible, however, that if environmental pressure

attains a critical level, for example as a consequence of

multiple sources of stress (Gonz�alez-Varo et al. 2013;

Vanbergen 2013), then even the most generalised species

in a network could be lost (Tylianakis & Coux 2014).

Losses of such key species and their interactions have the

potential to precipitate a cascade of secondary extinctions

or potentially even sudden assemblage collapse (Kaiser-

Bunbury et al. 2010; Lever et al. 2014; Tylianakis &

Coux 2014).

The consequences of species extinctions for network

robustness have mostly been evaluated using topological

extinction cascade models (TCM) that assume the loss

of an individual species in a mutualistic interaction

requires the extinction of all its interaction partners

(Memmott, Waser & Price 2004; Kaiser-Bunbury et al.

2010; Ramos-Jiliberto et al. 2012). However, this

approach is unable to distinguish the exact level of co-

dependence between partners in a mutualism, which

may have implications for the predicted impact of envi-

ronmental changes on network stability. For instance,

many insect-pollinated plants retain the capacity to self-

fertilise to overcome pollination deficits (Eckert et al.

2010; Ollerton, Winfree & Tarrant 2011). In addition,

many pollinators vary in their level of dependence on

floral resources for nutrition. For example, while wild

bees (Apidae) are dependent on floral resources for

food throughout their life cycle, other pollinators, such

as flies (Diptera), exploit other food resources (e.g.

insect prey, animal dung or cadavers) (Laurence 1954;

Potts et al. 2003; Vanbergen et al. 2014; Orford,

Vaughan & Memmott 2015). Therefore, topological

extinction models inevitably lack a degree of biological

reality.

A recently developed Stochastic Co-extinction Model

(SCM) (Vieira & Almeida-Neto 2015) explicitly accounts

for the level of dependence between interacting species in

mutualistic networks. It achieves this by specifying the

variation in the mutual dependence between every species

and each of its mutualistic partners. In doing so, this SCM

relaxes the assumption that the co-extinction of a species

requires the loss of all of its partners. This refinement

allows the application of greater ecological realism to

models that simulate extinction cascades and hence allow

for more complex outcomes than under TCM modelling

frameworks. For example, compared to topological mod-

elling of a quantitative network data set, the SCM

approach suggested that a high level of network con-

nectance might actually increase the probability of an

extinction cascade rather than provide stability (Vieira &

Almeida-Neto 2015).

In a previous paper (Vanbergen et al. 2014), we

showed how ecosystem disturbance modified the structure

of replicated flower visitation networks. Networks from

livestock disturbed woodlands were larger and more

diverse, and controlling for network size, they were

revealed as less nested than networks from undisturbed

woodlands. While often debated, greater nestedness is

thought to confer a level of stability on mutualistic net-

works (Thebault & Fontaine 2010; James, Pitchford &

Plank 2012; Rohr, Saavedra & Bascompte 2014). Conse-

quently, we use the network data from Vanbergen et al.

(2014) within an SCM framework to test the prediction

that less nested networks (typically from sites disturbed

by grazing) would be most sensitive to species extinctions

(i.e. less robust). Furthermore, species with lower depen-

dence on mutualism should have lower extinction proba-

bilities following local extinction of a partner in the

mutualistic network, when compared to species with obli-

gate dependence on pollinators or floral resources. There-

fore, we also predicted that the degree of co-dependence

between partners in these potentially mutualistic interac-

tions would dictate the frequency of high-order co-extinc-

tion cascades.

© 2017 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society. , 31, 1285–1293

1286 A. J. Vanbergen et al.



Materials and methods

We tested whether gradients in the structure of observed insect–
flower visitation networks, induced by habitat disturbance from

grazing, affect network robustness to species loss. First, we quanti-

fied network structure using a range of standard metrics from dis-

turbed and undisturbed sites. Then we ran simulations of the

SCM (Vieira & Almeida-Neto 2015) to estimate network robust-

ness. Finally, we tested correlations between the disturbance

driven gradient in network structure and robustness.

STUDY SYSTEM

We used the flower visitation data from Vanbergen et al. (2014)

and briefly summarise the details of their collection here. During

2009, we quantified insect visitation to flowering plants in nine

birch (Betula spp.) dominated woods (five disturbed; four undis-

turbed). The birch wood sites were all located in the River Dee

catchment of Aberdeenshire (between latitudes 57�0581 and

57�0367 and longitudes �2�9621 and �2�5124) and represent a

widely distributed, semi-natural habitat with a long history of use

for cattle farming (Woodcock, Leather & Watt 2003). Landown-

ers confirmed that livestock had been absent for at least 70–
100 years in undisturbed sites, while where livestock were present,

cattle grazing was light to moderate (e.g. 2007: mean = 8�4 cattle

per ha) and long term (mean = 33 years). The species identity

and frequency of all insect–flower interactions was recorded in

two transects (50 9 2 m; 15 m apart and at least 50 m from the

woodland edge) randomly situated prior to the onset of flowering

in the centre of each wood (20 site visits total from May–August).

Species accumulation curves were used to assess the sampling

completeness (Vanbergen et al. 2014).

V IS ITAT ION NETWORK STRUCTURE

A quantitative insect–plant network based on visitation frequency

was created for each woodland site (Vanbergen et al. 2014).

Parameters describing network structure predicted to affect assem-

blage robustness to extinction were derived using the ‘bipartite’

package in the R statistical environment (Dormann, Gruber &

Frund 2008). In addition to the total number of pollinator and

plant species and interactions, these network parameters were:

(i) Connectance (C): The realised proportion of possible links in

the network (see Dunne, Williams & Martinez 2002a), which

is the sum of links divided by the number of possible links

(equal to the number of pollinator species 9 flowering plant

species).

(ii) Linkage density (Lq): The quantitative diversity of interac-

tions per species weighted by the marginal sum of interac-

tions (see Bersier, Bana�sek-Richter & Cattin 2002).

(iii) Vulnerability (Vqw): The mean number of insect visitors per

plant species, weighted by their marginal totals (row sums)

(see Bersier, Bana�sek-Richter & Cattin 2002; Tylianakis,

Tscharntke & Lewis 2007).

(iv) Nestedness (NODF): In mutualistic networks, it reflects the

tendency for specialist species to interact with generalists

(Almeida-Neto et al. 2008). Values of 0 indicate non-nested-

ness, those of 100 perfect nesting.

(v) Network specialisation (H2’): The extent to which observed

interactions deviate from that predicted by the marginal

totals of interactions per species. The more selective the spe-

cies are the greater the value of H2’ for the web: 0 (no spe-

cialisation) and 1 (complete specialisation) (Bl€uthgen, Menzel

& Bl€uthgen 2006).

Many of these descriptors of network architecture are sensitive

to the size of the network, i.e. the parameter tends to vary with

the number of observed interactions (Bascompte et al. 2003; Niel-

sen & Bascompte 2007; Ulrich, Almeida-Neto & Gotelli 2009).

Consequently, when analysing network structure, to control for

the effects of network size across different sites, we standardised

network parameters (NODF, Vqw, Lq, H2’) using z-scores

(z = [x � l]/r) against 10 000 random networks following the

null model (vaznull) implemented in the bipartite R function

(V�azquez et al. 2007). The resulting z-scores compare the observed

network parameter to the distribution of simulated parameters

(x = observed value, l = mean, r = standard deviation of the

10 000 values from the simulations) and therefore correct for net-

work size (Almeida-Neto et al. 2008). The null model randomises

the pattern of individual interactions in the network in such a way

that the original values of connectance (i.e. number of interspecific

connections), the species richness of both levels and the total num-

ber of interactions are preserved. Therefore, no z-score standardis-

ation could be applied to connectance, species richness or

interaction number. Positive values mean the observed metric is

disproportionately high and negative values mean it is dispropor-

tionately low with departure from zero tested with one-sample t-

tests at P < 0�05.
Because there was strong correlation between different network

metrics, we used principal components analysis (PCA) to generate

orthogonal multivariate gradients in network structure. We used a

two-sample t-test (<0�05) to evaluate whether networks from dis-

turbed and undisturbed sites differed in structure (PC axes). Nor-

mality of residuals was checked against a Shapiro–Wilk test

(a = 0�05).

EST IMAT ION OF NETWORK STRUCTURAL

ROBUSTNESS TO SPEC IES LOSS

We estimated network robustness to species loss by applying, first,

a ‘basic SCM’ where all species have equal dependence on the pol-

lination mutualism, and second, a ‘dependence SCM’ reflecting

each species’ relative intrinsic dependence on the pollination mutu-

alism (Vieira & Almeida-Neto 2015). Each SCM simulation pro-

duced the number of extinction episodes (cascade degree), for

which we analysed correlations (Pearson’s r) to the network struc-

ture gradient driven by disturbance.

In the SCM, the probability that a species i become extinct after

extinction of a potential mutualist partner species j is:

Pij ¼ Ridij eqn 1

where dij is the dependence of species i on interactions with species

j, and is defined as:

dij ¼ vijP
k vik

eqn 2

where vij is the number of observed interactions between i and j,

and k indexes all currently surviving potential partner species of i

in the network (i.e. all remaining plants if i is an insect, and vice

versa).

Ri is an intrinsic demographic dependence on mutualism for

species i. In the basic SCM, R is set to a value of 1 for all species,

specifying equivalent dependence on mutualism. In the depen-

dence SCM, species with lower intrinsic dependence are assigned

lower values of R, which reduces their overall probability of

extinction. For example, less-dependent species include plants that

self-fertilise or reproduce clonally and insects able to feed on alter-

native plant, animal or other organic resources as adults (e.g.

Vespidae, Muscidae, Coleoptera). In our model, species depen-

dences were scored as ‘low’, ‘medium’ or ‘high’ (R = 0, 0�5 or 1,

respectively), based on known life histories (Appendix S1, Sup-

porting Information). For plants, we primarily used information

on normal modes of propagation from EcoFlora (Fitter & Peat

1994) (vegetative = low, seed and vegetative = medium,
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seed = high). In a small number of cases, we also considered other

attributes, such as anemophily (wind pollination) and apomixis

(asexual reproduction), that reduce the dependence on pollination.

For adult insects, obligate flower visitors were scored as high,

those likely to use alternative food sources (e.g. dung, insect prey)

in addition to pollen or nectar were scored as medium, and a

small minority of insect species that rarely use floral resources, but

were observed visiting flowers in this study, were scored as low

(Appendix S1).

The algorithm for simulating the SCM is:

1. Initiate the SCM by choosing a plant species at random and

making it extinct. The loss of plants before insects reflected the

ecologically relevant assumption that in this data set the pre-

dominant influence on network structure, disturbance from

grazing, affects the vegetation directly and insect pollinators

only indirectly via change to floral resources.

2. For each remaining pair of species, calculate their current inter-

action dependences (dij) and extinction probability (Pij).

3. Conduct Bernoulli trials (i.e. weighted coin tosses) with proba-

bilities Pij to randomly determine which species become extinct

as a result of the loss of interactions with the species that has

just gone extinct.

4. If the cascade has finished, i.e. no species went extinct in Step

3, stop the simulation. Otherwise go to Step 2.

For each network and model type, we ran 10 000 replicate sim-

ulations of the SCM. The output from each SCM simulation was

the cascade degree, which is the number of extinction episodes, i.e.

iterations of the SCM. For instance, a second order and fifth

order cascade describe a simulation that includes two or five

rounds of co-extinctions.

CORRECT ION OF THE SCM FOR POLL INAT ION

NETWORK S IZE

Simple comparison of SCM outputs between networks that differ

in size is problematic because in a larger network there are more

species, so each iteration of the SCM involves a greater number of

Bernoulli trials. Consequently, there is a higher probability that at

least one species becomes extinct, causing the cascade simulation

to continue. For this reason, even if the larger networks are struc-

turally equivalent to smaller networks (other than being more spe-

cies rich) then the larger networks will yield higher cascade

degrees and appear less robust to extinction than smaller net-

works. Systematic variation in network structure with size could

negate or even reverse this relationship; consequently, it should be

accounted for when comparing networks of different sizes.

Therefore, we applied z-score standardisations to the SCM out-

puts by repeating the whole simulation process for 10 000 null

models (i.e. 10 000 SCM replicates were run for each of the 10 000

null model networks) generated randomly as above (V�azquez et al.

2007). Positive values mean the SCM resulted in disproportion-

ately larger co-extinction cascades than would be expected for a

network of that size, and negative values mean disproportionately

smaller cascades were obtained. We tested the departure of the co-

extinction cascade degree in the model simulations from the null

model (expectation of zero) with one-sample t-tests (P < 0�05).

Results

GRAD IENTS IN NETWORK STRUCTURE

The z-score standardisation of the metrics of network struc-

ture against the null model indicated non-random assembly

of the observed networks. For their sizes, they had dispro-

portionately low linkage density (one-sample t-test,

t7 = �4�112, P = 0�003) and vulnerability (t7 = �4�549,
P = 0�002) and disproportionately high specialisation

(t7 = 3�133, P = 0�014). However, observed nestedness was

similar to the null model (t7 = �1�850, P = 0�101).
Network metrics were highly correlated and all were

strongly associated with PC1 of a PCA on the network

metrics, which explained the majority of the variance

(PC1 = 80�6% vs. PC2 = 8�9%). Therefore, this represented

the main gradient of network structure separating disturbed

and undisturbed sites (Fig. 1). Networks from disturbed

habitat had higher positive values of PC1 (two-sample t-test,

t6.72 = 3�861, P = 0�007; Shapiro–Wilk normality test:

W = 0�920, P = 0�391). Therefore, compared to the undis-

turbed situation the networks from disturbed sites tended to

be more speciose (PC1 score: insect richness = 0�909; plant
richness = 0�884) and consequently larger (number of inter-

actions = 0�985), but less connected (C = �0�705). Control-
ling for their larger size and compared to the null model, the

networks from disturbed sites had disproportionately low

linkage density (Lq = �0�978), high specialisation of inter-

actions (H2’ = 0�932), lower nestedness (NODF = �0�788)
and fewer insect partners per plant species (Vqw = �0�961)
(Fig. 1). There was no comparable separation of networks

from disturbed and undisturbed habitat along PC2

(t6.02 = 0�030, P = 0�978, Shapiro–Wilk normality test:

W = 0�910, P = 0�313, Fig. 1).

S IMULATED CO-EXT INCT ION CASCADES

The proportion of SCM simulations resulting in co-

extinction cascades of at least degrees 2 (i.e. extinction of

Fig. 1. Biplot of a principal components analysis (PCA) showing

the two major gradients in the structure of nine plant–pollinator
visitation networks driven by habitat disturbance from grazing

livestock. Solid symbols show the scores of each disturbed (circles)

or undisturbed (triangles) network. Crosses show the scores for

the network structure metrics used to define the PCA. Network

metrics were nestedness (NODF), linkage density (Lq), vulnerabil-

ity (Vqw), connectance (C), network specialisation (H2’), and the

total number of insect and plant species and interactions, with ‘z’

signifying z-score standardisation of the metric to remove effects

of network size.
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≥2 species) to degree 8, are summarised in Fig. 2 for the

basic model and the model where the relative mutualism

dependence (low, medium or high) of different species

was explicit. By definition all co-extinction simulations

achieved at least degree 1, since this resulted from the ini-

tial loss of a plant species. Large co-extinction cascades

(high cascade degrees) occurred less frequently in the

dependence model than in the basic model (Fig. 2a),

resulting from lower extinction probabilities assigned to

species with less dependence on mutualism. Standardisa-

tion of SCM outputs (z-scores) to account for differences

in network size revealed that extinction cascades of at

least two degrees were more common than expected in

the observed networks than in the null models ð�z[ 0Þ,
but cascades of higher degree tended to be less common

ð�z[ 0Þ (Fig. 2b).

EFFECT OF NETWORK STRUCTURE ON ROBUSTNESS

Correlations (Pearson’s r) between the network structure

gradient (PC1) and the proportions of SCM simulations

achieving co-extinction cascades of different degree sizes

are shown in Figs 3 and 4. Low co-extinction cascade pro-

portions indicate greater network robustness to species

loss. Therefore, positive correlations indicate that networks

with higher values of PC1, those from disturbed habitat,

are less robust to species loss.

Considering the raw (not corrected for network size) fre-

quencies of co-extinction cascades, networks from dis-

turbed sites (higher values of PC1) were more robust to

species loss in that there was a lower frequency of initial

(low-degree) co-extinction cascades, but less robust in that

they had more frequent large (high-degree) co-extinction

Fig. 2. (a) Boxplots showing the proportions of Stochastic Co-extinction Model (SCM) simulations in which co-extinction cascades of

varying degrees were achieved for nine plant–pollinator visitation networks. Cascade degrees are the number of co-extinction rounds that

occur during the model simulations. Results from both the basic SCM and the SCM with demographic dependence on the mutualism are

shown. (b) Boxplots showing z-scores standardisation of the proportions in (a) against a null model, to account for the dependence of cas-

cade degree on network size. Values greater than zero indicate disproportionately high proportions, values less than zero indicate dispro-

portionately low proportions. Departures from zero were tested with one-sample t-tests and asterisks above the boxes indicate statistical

significance at P < 0�05.

Fig. 3. Relationships between network structure (PC1) driven by disturbance and co-extinction cascade frequency as an inverse measure

of robustness. Plots show the proportions of basic Stochastic Co-extinction Model (SCM) simulations in which co-extinction cascades of

at least degree 2 or 3 occurred in plant–insect visitation networks. Both (a) raw and (b) network size-corrected (z-score standardised) pro-

portions are plotted, along with statistically significant (P < 0�05) regression lines. Disturbed networks are circles and undisturbed net-

works are triangles.
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cascades (Figs 3a and 4a). However, standardisation of

cascade degree frequencies against SCM simulations on a

null model altered these conclusions (Figs 3b and 4b).

There was still evidence from the basic SCM that networks

from disturbed sites (high values of PC1) were less robust

to species loss, because they suffered disproportionately

higher frequencies of degree-3 cascades (Fig. 3b). Con-

versely, the dependence SCM indicated that networks from

disturbed sites were disproportionately more robust to very

large cascades (≥degree 5) following species loss (Fig. 4b).

Discussion

Earlier work in this forest ecosystem showed that the intro-

duction of livestock shifted the plant community from a

species-poor assemblage dominated by tussock grasses and

bryophytes to a state of higher species richness dominated

by forbs (Vanbergen et al. 2006). This habitat disturbance,

particularly the increase in forb species richness, modified

the flower visitation networks (Vanbergen et al. 2014).

Overall, our current multivariate analysis revealed a pattern

for greater selectivity of species interactions in disturbed

habitat. We showed that networks assembled in the dis-

turbed habitat were larger and more speciose but with lower

connectance (i.e. number of realised interspecific interac-

tions), confirming the inverse relationship between network

size and connectance seen elsewhere (Thebault & Fontaine

2010). Furthermore, once network size was standardised,

we found disturbed networks were characterised by lower

linkage density, vulnerability (i.e. fewer insect visitors per

plant species) and nestedness, but higher network speciali-

sation. That various network parameters were sensitive to

the size of the assemblage of interactions and can shape net-

work responses to disturbance confirms earlier findings

(Almeida-Neto et al. 2008; Ulrich, Almeida-Neto & Gotelli

2009; Thebault & Fontaine 2010; Vanbergen et al. 2014).

The consequences of the observed changes in network

structure for robustness to species extinctions were complex

and depended on the effects of habitat disturbance on net-

work size and connectance and the level of reliance on

mutualism of the interacting species. The SCM simulations

showed that initial insect extinction following random plant

species loss was less common in the disturbed networks, as

revealed by a strong negative correlation between the fre-

quency of low-order (2 degree) co-extinction cascades and

the gradient in network structure (PC1) due to habitat dis-

turbance (Fig. 3a). This implies that networks from dis-

turbed habitat were more robust to plant extinction.

However, this pattern was removed when the effects of net-

work size and connectance was controlled for, using z-scores

standardisation of the SCM simulations against null net-

works (V�azquez et al. 2007). Therefore, the increase in

robustness to plant extinction in disturbed networks appears

to be driven by their larger size or lower connectance.

A likely explanation is that within the sparsely connected

networks from disturbed sites, the loss of a single plant spe-

cies will increase the extinction risk for a smaller number of

insect species than would be the case in the more connected

undisturbed networks. Therefore, in the disturbed situa-

tion, there was a greater likelihood of the extinction

sequence terminating abruptly. This mirrors Vieira &

Almeida-Neto (2015), who reported that increased con-

nectance of mutualistic network structure increased the

likelihood of co-extinction cascades, but departs from stud-

ies that identified connectance as a stabilising feature in the

dynamic and structural stability of networks (e.g. Dunne,

Williams & Martinez 2002b; Thebault & Fontaine 2010;

Lever et al. 2014). Our results thus further contribute to the

continuing debate over the importance of connectance for

community stability (Thebault & Fontaine 2010; Heleno,

Devoto & Pocock 2012; James, Pitchford & Plank 2012;

Tylianakis & Coux 2014).

In contrast to the pattern described above, we also

found that large co-extinction cascades tended to be more

common in the disturbed networks, suggesting a lower

robustness. However, standardisation of the basic SCM

Fig. 4. Correlations between network structure (PC1 driven by habitat disturbance) and the proportions of Stochastic

Co-extinction Model (SCM) simulations yielding co-extinction cascades of varying degree sizes (positive correlations indicate that dis-

turbed sites have a higher frequency of extinction cascades - see Fig. 3). Results shown from both the basic SCM and an SCM with demo-

graphic dependence on the mutualism. Both (a) raw and (b) network size-corrected (z-score standardised) proportions are plotted, with

dashed lines showing the critical value of Pearson’s correlation coefficient r (d.f. = 7, P = 0�05).
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outputs mainly eliminated the positive correlations

between large co-extinction cascades and network struc-

ture (Fig. 4b). The probabilistic nature of the SCM algo-

rithm means larger networks can inevitably support larger

cascades, so the apparently lower robustness of disturbed

networks to very large cascades likely arose solely from

their larger size.

Results differed, however, when the SCM explicitly

included interspecific variation in dependence on plant–in-
sect mutualism. The standardised ‘dependence SCM’

revealed that the disturbed networks were disproportion-

ately robust to very large co-extinction cascades (Fig. 4b).

This difference between the ‘basic’ and ‘dependence’ SCMs

may have arisen from non-random associations between

insect species differing in their dependence on floral

resources. For example, social bumblebee species have a

total reliance on pollen and nectar foods throughout their

life cycle, whereas syrphid hoverfly species, other Diptera

fly species, and Lepidoptera exploit other sources of nutri-

tion either at different life stages or as part of an omnivo-

rous diet (Laurence 1954; Potts et al. 2003; Vanbergen

et al. 2014; Orford, Vaughan & Memmott 2015). In this

study system, networks in disturbed habitat saw a signifi-

cant uplift in Dipteran species richness (Vanbergen et al.

2014), which could have imparted a degree of robustness.

Generally, we suggest that interactions between species of

different dependency on mutualism may stabilise networks

against very high co-extinction cascades.

The difference we found between the standardised basic

and dependence models (Fig. 4b) also demonstrates for

the first time how accounting for interspecific variation in

demographic dependence on mutualism can influence con-

clusions about network robustness to disturbance. The

ability to reflect interspecific differences in mutualism

dependence is therefore a key advantage of the SCMs in

understanding network stability (Vieira & Almeida-Neto

2015) over previous topological approaches (Memmott,

Waser & Price 2004; Kaiser-Bunbury et al. 2010; Ramos-

Jiliberto et al. 2012). However, we also acknowledge that

the way that mutualism dependence is described within

the model is a simplification and somewhat arbitrary.

More research is needed to more accurately quantify the

mutualism dependence of different plant and insect species

(Potts et al. 2003; Ollerton, Winfree & Tarrant 2011;

Willmer 2011; Woodcock et al. 2013; De Palma et al.

2015). Molecular approaches (e.g. metabarcoding, metage-

nomics) scalable from individual to community scales are

pointing the way toward an efficient, high-throughput

sampling of ecological interactions via sequencing and dis-

tinguishing ‘host’ DNA from their gut contents or pollen

loads (Arribas et al. 2016; Gill et al. 2016; Pornon et al.

2016). These molecular approaches have the potential to

quantify trophic or mutualistic interactions at unparal-

leled resolution, which may reveal cryptic interactions or

the extent of specialised interactions to advance our

knowledge of mutualistic or trophic reliance in interspeci-

fic networks.

Beyond the structuring of interactions, how variable

mutualism dependence influences the dynamic resilience of

communities to environmental change and the delivery of

sustained pollination function is not known (Vanbergen

2014; Gill et al. 2016). In this study, for example, relatively

low mutualism dependence in these networks arose from

the preponderance of flies in the community (Vanbergen

et al. 2014). Such relatively weak interactions may have

contributed to the degree of structural robustness to co-

extinctions observed in our models. While beyond the

scope of these data, a test of the dynamic stability of ‘mu-

tualistic’ networks characterised by such weak connections

would be an interesting future research question. More-

over, the efficacy of different pollinators (e.g. bees vs. flies)

in delivering pollination services to plants is variable,

debated and still in many cases to be well quantified (Gari-

baldi et al. 2013; Woodcock et al. 2013; Orford, Vaughan

& Memmott 2015; Rader et al. 2015). Therefore, the func-

tional merit of more structurally stable networks due to

low levels of mutualism dependence, yet potentially less

effective pollen transfer per visit, needs investigation in dif-

ferent environmental contexts. Another avenue of research

must be the experimental validation of the rewiring pat-

terns detected from simulation models (Ramos-Jiliberto

et al. 2012; Valdovinos et al. 2013). For example, manipu-

lating plant species extinctions to rewire and generate net-

works of variable size and complexity (Lopezaraiza-Mikel

et al. 2007), which can subsequently tested for robustness

to extinctions and stability of pollination function.

A novel feature of this study is that the SCM outputs

were subject to z-scores standardisation and compared

against results from simulations on a null model appropri-

ate for plant–insect visitation networks (V�azquez et al.

2007). Others have standardised network parameters to

compare assemblages of interactions differing in size

(Almeida-Neto et al. 2008; Ulrich, Almeida-Neto &

Gotelli 2009; Vanbergen et al. 2014), and here we

observed networks had disproportionately low linkage

density and vulnerability and high specialisation when

compared with standardised null networks. To our knowl-

edge, however, equivalent standardisations of SCM out-

puts from multiple networks have not been done before.

We argue that this standardisation is needed because the

sizes of co-extinction cascades produced by the SCM have

an intrinsic dependence on species richness. This is

because each iteration of the SCM involves Bernoulli tri-

als applied to each species in one of the network levels.

The more species that are present, the greater the chance

that one of the trials is ‘successful’, i.e. a species becomes

extinct, which allows the SCM to progress to the next iter-

ation. Therefore, all else being equal, we expect larger net-

works to yield higher frequencies of co-extinction

cascades. In our data set, the ‘all else being equal’ condi-

tion was not met because other network parameters

covaried with network size. Our standardisation used a

null model that controlled for network size and connectiv-

ity, and therefore highlighted the role of these two
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properties in driving some of the effects of disturbance on

network robustness. Standardisation of SCM outputs is

thus useful for both identifying the particular features of

network structure that confer robustness and comparing

this dimension of community stability among networks

differing in size.

Conclusion

Habitat disturbance caused changes in plant–insect visita-
tion network structure that may have both increased and

decreased different aspects of robustness to plant species

loss, according to the SCM. Co-extinction following plant

loss was less likely in disturbed networks because of their

lower connectance. However, networks from disturbed

sites were more prone to undergo larger co-extinction cas-

cades, probably resulting from their larger size. Account-

ing for interspecific variation in mutualism dependence

affected the assessment of network robustness by the

SCM. With mutualism dependence explicit, networks from

disturbed habitat appeared more robust to very large

co-extinction cascades. We suggest that this results from

non-random interactions between species that differ in

their dependence on mutualism. Our results demonstrate

that SCM approaches coupled with null models of

network assembly represent a powerful tool to compare

the robustness of networks under different environmental

contexts and understand better which properties of

network structure confer stability.
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