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Abstract
1. Land use change is a major pressure on pollinator abundance, diversity and 

plant–pollinator interactions. Far less is known about how land- use alters the 
structure of plant–pollinator networks and their robustness to plant–pollinator 
coextinctions.

2. We analysed the structure of plant–pollinator networks sampled in 12 landscapes 
along an urbanisation and agricultural intensity gradient, from early spring to late 
summer 2021, and used a stochastic coextinction model to correlate plant–pol-
linator coextinction risk with network structure (species and network- level met-
rics) and landscape context.

3. Networks in intensively managed (i.e., agricultural and urban) landscapes had a 
lower risk of initiating a coextinction cascade, while networks in less intensively 
managed landscapes may be less robust. Network structure modulated the fre-
quency and severity of coextinctions and species loss, while the strength of spe-
cies interactions increased robustness.

4. Urban networks were more species rich and symmetrical due to the high diver-
sity of ornamental plants, while intensively managed agricultural landscapes had 
smaller, more tightly connected and nested networks.

5. Network structure modulated the frequency of extinctions, which was decreased 
by greater linkage density, interaction asymmetry and interaction dependence in 
the networks, while once an extinction occurred, nestedness and linkage density 
propagated the degree of the coextinction cascade and species loss. At the spe-
cies level, species strength was inversely correlated with extinction risk, implying 
that generalist species with a high number of interactions with specialists had the 
lowest extinction risk.
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1  |  INTRODUC TION

Urbanisation and agricultural intensification are global land- use 
trends impacting pollinators through modification of habitat 
and floral resources (Geslin et al., 2017; Vanbergen & The Insect 
Pollinators Initiative, 2013; Weiner et al., 2014). Intensively man-
aged agricultural monocultures produce deficits in semi- natural 
habitat and floral resources supporting pollinators (Le Féon 
et al., 2010), only partly offset by mass- flowering crops that pro-
vide transient pulses of pollen and nectar (Riedinger et al., 2014). 
Limited floral resource availability and diversity reduces pollina-
tor species richness (Baude et al., 2016), and plant–pollinator net-
works in intensive agricultural landscapes are structurally simple 
and dominated by generalist species (Redhead et al., 2018). The 
extent of unfavourable (artificial surfaces) and favourable (gardens, 
allotments, waste ground, parks, etc.) habitats in urban landscapes 
dictates the availability of floral and nesting resources supporting 
pollinators (Baldock et al., 2019; Jha & Kremen, 2013). Additionally, 
managed honeybees can dominate urban pollinator communi-
ties (Renner et al., 2021), influencing wild pollinator foraging and 
abundance (Magrach et al., 2017; Theodorou et al., 2017; Valido 
et al., 2019). Conversely, complex landscape mosaics of semi- 
natural and anthropogenic habitats support greater floral nutrient 
diversity, which in turn supports greater pollinator biodiversity (Jha 
& Kremen, 2013; Maurer et al., 2022).

Such land- use- driven heterogeneity in floral resources serves as 
a species filter, affecting the structure of plant- pollinator networks 
(e.g., nestedness and linkage density) and their potential robust-
ness to extinction cascades (Martínez- Núñez et al., 2019; Redhead 
et al., 2018; Thébault & Fontaine, 2010). Generally, the intrinsic struc-
ture of plant–pollinator communities, such as the tendency for spe-
cialist species to interact with generalist species in nested interaction 
networks, aids species persistence (Bastolla et al., 2009; Memmott 
et al., 2004). However, species extinctions driven by anthropogenic 
pressures (Vanbergen & The Insect Pollinators Initiative, 2013) can 
disrupt network structure (Kaiser- Bunbury et al., 2010; Traveset 
et al., 2017). A species extinction can lead to multiple coextinctions 
through its interspecific interactions (Colwell et al., 2012; Vieira 
& Almeida- Neto, 2015). The risk of initiating such a coextinction 

cascade and multiple species extirpations are influenced by vari-
ous network structures, for example, nestedness and connectance 
(Thébault & Fontaine, 2010; Vanbergen et al., 2017; Vieira & Almeida- 
Neto, 2015). Coextinction risks may be imbalanced among plant 
and pollinator species (Schleuning et al., 2016; Traveset et al., 2017) 
according to their level of life- history dependence on mutualism 
(Vanbergen et al., 2017; Vieira & Almeida- Neto, 2015). For example, 
apomictic flowering plants (e.g., Taraxacum sp.), perennial ornamental 
plants and agricultural crops can be crucial floral resources for polli-
nators (Baude et al., 2016) yet do not rely on pollinators for gene flow 
and persistence. Generalist pollinator species may have sufficient di-
etary or foraging plasticity to exploit these modified floral resources 
(Cusser et al., 2019), while others may undergo coextinction when 
specific foraging plants are extirpated (Kaiser- Bunbury et al., 2010; 
Prendergast & Ollerton, 2021).

Although their effects on pollinator species composition and diver-
sity are established (e.g., Le Féon et al., 2010; Morrison & Dirzo, 2020; 
Prendergast & Ollerton, 2021), the impacts of urbanisation and agri-
cultural intensification on landscape- scale plant–pollinator network 
structure and robustness remain less understood (Baldock et al., 2019; 
Theodorou et al., 2017). We analysed the structure of plant–pollina-
tor networks throughout the season along a landscape- scale gradient 
of urbanisation and agricultural intensification to assess the effect 
of species extinctions on network robustness through a Stochastic 
Coextinction Model (SCM). Overall, we expected that the coextinc-
tion probabilities of plant–pollinator networks would be modified by 
land- use type and intensity, via effects on floral nectar resources and 
assemblage structure at network (e.g., linkage density and nestedness) 
and species (e.g., centrality and species strength) levels.

Specifically, we predicted that:

1. Urban landscapes would support speciose, densely linked plant–
pollinator networks dominated by generalist species (lower 
specialisation), while intensive agricultural landscapes contain 
more nested networks with fewer species and rural mosaic 
networks are less nested.

2. Nested networks or those dominated by generalists are expected 
to be more robust against coextinction cascades, while at the spe-
cies level, coextinction risk was expected to be highest in more 

6. An interplay between land- use and network structure affects community ro-
bustness to coextinctions with implications for pollination services and plant re-
production. Land- use change or other global change pressures by reorganising 
species interactions can alter communities and their potential functioning.

K E Y W O R D S
bees, bipartite networks, extinction cascade, flower visitors, land use, landscape structure, 
Nestedness, SCM
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630  |    PROESMANS et al.

specialised species (i.e., species with fewer links in networks) and 
those with obligate dependence on mutualism.

2  |  METHODS

Replication statement: Scale of inference, spatial scale and number of 
replicates that were used for the experiment.

Scale of inference

Scale at which 
the factor 
of interest is 
applied

Number of replicates 
at the appropriate 
scale

Insect pollinator and 
plant assemblages 
(networks)

Landscape 
(1 km 
radius)

12 landscapes × 3 
sampling periods

2.1  |  Study region and replication

The study was carried out in Côte d'Or, Eastern France (Figure 1). 
This region is characterised by a temperate oceanic climate 

(Köppen–Geiger climate classification—Cfb) and land cover is domi-
nated by agricultural fields (37%), forest (36%) and grasslands (17.2%), 
while 3% of the land area consists of urban environment.

2.2  |  Gradient in landscape structure

We selected a priori and characterised 12 landscapes (1000 m ra-
dius) assigned to three landscape categories (n = 3 × 4) and follow-
ing EUNIS (level 3) Habitat Classification (European Environment 
Agency 2021). Landscapes categories were as follows: Intensive 
agricultural = ≥75% cover of arable crop and intensively managed 
grasslands; rural mosaic = ~50%:50% intensive agricultural land and 
semi- natural habitats, with minor % settlements. Urban = ≥80% 
urban land use, including buildings, transport infrastructure, gar-
dens, parks and other green spaces.

To provide orthogonal axis scores differentiating land- cover gra-
dients for use in statistical models, we used a PCA of the untrans-
formed land cover data (Figure S1.1, Table S1.1). The principal axis 
(90% of variation) contrasted urban (built) area from cropland and 
was considered a measure of the gradient in ‘urbanisation’ among 

F I G U R E  1  (a) Overview map of all 
12 study landscapes around Dijon, Côte 
d'Or, France, each with 1 km radius 
and separated by a minimum of 2 km. 
Inset examples are for (b) rural mosaic, 
(c) intensive agricultural and (d) urban 
landscapes. Scale bars in inset landscapes 
have a length on 1 km. Colour codes: 
Red—Built up urban areas, Orange—Fallow 
land, Yellow—Cropland, Dark green—
Forest, Light green—Grassland, Purple—
Shrubland, Blue—Open water. Base map 
from Open Street Map (www. opens treet 
map. org).
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    |  631PROESMANS et al.

the three landscape classes (Figure S1.1). The second axis (5%) con-
trasted intensive anthropogenic land uses (cropland, built urban 
area, but also parks and gardens) against semi- natural land cover 
categories (e.g., unmanaged meadows, mixed forests) and was there-
fore interpreted as a measure of ‘land use intensity’.

2.3  |  Plant- pollinator sampling

Pollinator sampling (2021) was performed within a 500 m radius 
around the landscape centroid in early spring (mid- April), late 
spring (end May- early June) and summer (mid- July). Permission was 
granted by the land owners, but no specific licences or ethics ap-
proval were required. Sampling targeted habitats providing peak 
floral resources for pollinators at a given time period (e.g., forests 
were sampled in early spring, but not later in summer when flow-
ers were reduced/absent; mass- flowering crops were sampled only 
during their flowering period). For each landscape and sampling 
round, flower visitors were captured on standardised 1- km × 2 m 
transects (120- min search effort) divided into sub- transects 
(minimum 25 × 2 m at 3 min searching effort) spatially allocated in 
proportion to the area and distribution of each pollinator habitat 
type (EUNIS level 2). Pollinator samples were stored in cool boxes 
and euthanised at −80°C in the laboratory at the end of each day. 
Interacting plants and pollinators were identified to level of species 
or species- complex, genus or morphospecies for difficult species 
(Tables S1.2 and S1.3).

2.4  |  Flowering plant composition, cover and 
nectar resources

Within each sub- transect, flowering plants were surveyed in be-
tween 1 and 5 quadrats (0.5 × 2.0 m2) depending on local plant 
heterogeneity to record the identity and count of floral units (e.g., 
umbels, capitules) per flowering plant species. Floral resource (nec-
tar sugar) availability per m2 was calculated by taking species (or 
closest relative) values of nectar sugar content per floral unit (mg) 
from existing data sets (Baude et al., 2015; Filipiak et al., 2022), mul-
tiplying that by the number of floral units per species, and summed 
for all the flowering plant species in the quadrat. Mean potential 
nectar sugar content (mg m−2) across sub- transects and weighted 
by their length (proportional to habitat coverage per landscape) was 
summed across all sub- transects (pollinator habitats) to derive the 
potential nectar sugar content (mg m−2) per landscape (1 km × 2 m) 
and sampling round. Similarly, a sugar content- weighted average of 
the Shannon index of each vegetation plot was used as a measure 
for the potential diversity of nectar sources. While microclimate, 
soil biogeochemistry and nectar depletion may drive intraspecific 
differences in nectar content, our approach allowed estimation 
of the community- wide potential sugar content and diversity per 
landscape.

2.5  |  Network structure

Plant–pollinator networks were constructed per sampling round 
to account for temporal turnover in species (Table S1.4) and avoid 
bias or creating forbidden links (Prendergast & Ollerton, 2022b). 
Using the R (v 4.1.2) bipartite package (Dormann et al., 2009), we 
calculated assemblage properties (Supporting Information S2) at 
the network- level (species richness and abundance, connectance, 
network asymmetry, nestedness (NODF), specialisation (H2') and 
linkage density) and species- level (closeness, species strength, nor-
malised degree and specialisation (d')). Many network- level met-
rics are correlated with network size (species number; Dormann 
et al., 2009). To correct this, we carried out z- score standardisation 
for nestedness, specialisation and linkage density, based on 10,000 
random (null model) networks of the same size and connectance 
for each empirical network (vaznull function, bipartite; Vázquez 
& Aizen, 2003). A one- sample t- test was performed to assess the 
differences between the empirical networks and the null model 
networks.

2.6  |  Species interaction dependence and 
network robustness

To account for the probability of extirpation from plant–pollina-
tor interaction networks varying with the degree of life- history 
dependence on mutualism we assigned an intrinsic interaction de-
pendence score to each insect and plant species (Tables S1.2 and 
S1.3). Plants were scored according to their dependency on insects 
for sexual reproduction (0—no insect pollinator dependence/veg-
etative propagation only/agricultural crop; 0.5—facultative de-
pendence on insect pollination for sexual reproduction/vegetative 
propagation or selfing for seed production; 1—obligate dependence 
on insect pollination for seed production) (Fitter & Peat, 1994). 
Flower visitors were scored according to their known degree of de-
pendency on flowers for nutrition (0—not or marginally dependent 
on nectar and pollen e.g. lacewings; 0.5—facultative flower visitors 
that include pollen as a minor part of diet e.g. most calyptrate flies, 
Vespidae; 1—obligate flower visitors including bees and hoverflies). 
Mean interaction dependence was determined by separately cal-
culating the abundance- weighted mean interaction dependence of 
the plant and the pollinator community and subsequently calculat-
ing the geometric mean of the mean plant and pollinator depend-
ency scores.

Extinction risk was simulated (10,000 iterations) with a SCM 
(Vieira & Almeida- Neto, 2015) for each network with a single plant 
or pollinator species extirpated randomly at each iteration step. 
Subsequently, the basal extinction probability was calculated for 
each species of the other level (pollinator or plant, respectively) 
as the proportion of interactions with the extirpated species rela-
tive to its total number of interactions. The extinction chance of all 
remaining species was the product of the basal extinction chance 
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632  |    PROESMANS et al.

and the interaction dependency score. If this resulted in coextinc-
tions, these iterative steps continued for the species dependent on 
the newly extirpated species, until no further species extinctions 
occurred.

These SCMs allowed estimation of network robustness against 
initial extinctions for each landscape network through (i) the propor-
tional frequency of coextinctions, (ii) the mean degree of coextinction 
cascade (number of consecutive coextinction events) and (iii) the mean 
number of extinct species. Degree and number of extinct species were 
only calculated for iterations that led to a coextinction cascade (degree 
>1). All metrics were z- score standardised by running 10,000 SCM- 
iterations on each of 10,000 null models. Additionally, for each individ-
ual pollinator species in each network, the extinction rate (number of 
extinction events per 10,000 iterations) was calculated.

2.7  |  Statistical analysis

To analyse how landscape structure and floral resources affect in-
teraction networks and coextinction probabilities we used linear 
mixed models (LMM—Gaussian) or Generalised linear mixed models 
(GLMM—negative binomial for pollinator abundance, plant and pol-
linator species richness). Random effects fitted were ‘site identity’ 
in network level models and ‘network identity’ in species- level mod-
els. Model selection used AICc (network- level) or AIC (species- level) 
optimisation procedure to select the best model. To fulfil model as-
sumptions, power or exponential variance structures were used for 
certain continuous fixed effects. Pairwise comparisons used Tukey's 
HSD tests. To avoid collinearity between predictors, we excluded 
models containing variables with a variance inflation factor (VIF) >3. 
Singletons (e.g., network at one time period of a single plant and pol-
linator) were always dropped from all analyses. One network created 
outliers in the SCM due to its small sample size (15 individuals, includ-
ing 9 singletons) and was removed from the models containing SCM 
metrics.

2.7.1  |  Landscape gradients and structure and 
robustness of plant–pollinator networks

To assess the relationship of network structure to gradients in land-
scape structure and floral resources, we modelled the response of 
network- level properties (see above) to urbanisation (PC1), land use 
intensity (PC2), local nectar availability (sugar mg/m2), nectar diver-
sity (Shannon) and accounting for phenological turnover in species 
and interactions (categorical: sampling round).

To test how coextinctions related to network structure gradients 
in landscape structure and floral resources, we modelled the response 
of coextinction (proportional frequency of coextinctions, mean de-
gree of coextinction cascade, the mean number of extinct species 
per coextinction cascade) to different network properties (total spe-
cies number, network asymmetry, connectance, NODF, H2', linkage 

density and mean interaction dependence) and in separate models 
landscape gradients (PC1- PC2, nectar availability and diversity).

2.7.2  |  Species- level network position and 
extinction risks

Beyond the robustness of the entire network, species were hy-
pothesised to differ in extinction risk according to their position 
within the network and dependence on floral resources. First, we 
modelled (GLM) how species- level network properties (closeness, 
species strength, specialisation- d' and normalised degree, see 
Supporting Information S2) differed among broad pollinator groups 
that reflect dietary specialisation/dependence on floral resources. 
Predictors were as follows: (i) bee genus (Andrena, Apis, Bombus and 
Lasioglossum) or (ii) pollinator group identity (bees, hoverflies, calyp-
trate flies, empid flies and sawflies) and their respective abundance 
(log). Then to assess which species- level metrics affected coextinc-
tion risk, we modelled (GLMM, negative binomial) the number of ex-
tinction events as a response variable and all species- level metrics, 
their pairwise interactions, and interaction dependence as fixed 
effects.

3  |  RESULTS

We recorded 2946 unique flower visits carried out by 281 pollina-
tor species on 175 plant species. In total, 2123 Hymenoptera (72% 
of total), 719 Diptera (24%), 49 Lepidoptera (2%) and 46 Coleoptera 
(2%) were found (Table S1.2). Of these, bees were the most impor-
tant pollinator group, accounting for 2025 visits (68%) by 122 spe-
cies, including the honeybee (Apis mellifera 1023 flower visits 35%). 
Ornamental plants were an important flower source in urban land-
scapes, accounting for 236 out of 978 visits (24%), but not in rural 
and agricultural landscapes. Agricultural crops received 592 visits 
(64%) and 213 visits (20%) in agricultural and rural landscapes, re-
spectively (Table S1.5).

Observed plant–pollinator networks were less nested 
(zNODF = −0.59, CI95 = −0.95 to −0.23, t = −3.35, df = 34, p = 0.002), 
had a lower linkage density (zLD = −1.67, CI95 = −2.02 to −1.32, 
t = −9.73, df = 34, p < 0.0001) and were more specialised (zH2' = 2.06, 
CI95 = 1.35–2.77, t = 5.87, df = 34, p < 0.0001) than null model net-
works comprising randomly created networks of equivalent size and 
connectance.

The empirical networks differed in robustness from the sim-
ulated null model networks: extinction cascades were signifi-
cantly more frequent than in null model networks (zP.Casc = 1.27, 
CI95 = 0.92–1.61, t = 7.44, p < 0.0001), while the standardised degree 
of the cascades (zDegreecasc = −1.25, CI95 = −1.72 to −0.77, t = −5.30, 
p < 0.0001) and the number of extinct species per cascade event 
(zExtcasc = −1.24, CI95 = −1.47 to −1.02, t = −11.12, p < 0.0001) were 
lower than in null model networks.
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3.1  |  Landscape gradients and structure and 
robustness of plant- pollinator networks

Plant–pollinator network structure varied between different 
landscape types (Table 1, Figure 2) and among seasons (Table 1; 
Figure S1.2). Urban networks had a lower connectance (Table 1; 
Figure 2a), a slightly higher linkage density and were less specialised 
(Table 1). Increasing urbanisation was also strongly positively cor-
related with increased plant species richness, contributing to more 

symmetrical networks (Table 1, Figure 2d). Land use intensity de-
creased species richness both for plants and pollinators, leading to 
more tightly connected and nested networks (Figure 2b,c, Table 1). 
Nectar diversity increased with urbanisation (F1,10 = 10.63, p = 0.01, 
Figure S1.3). Local nectar sugar availability had a strong positive ef-
fect on pollinator abundance (Table 1; Figure S1.3).

Network structure strongly affected plant- pollinator network ro-
bustness to coextinction cascades. Linkage density was the principal 
network property that reduced the risk of initiating a coextinction 

Response var. Expl. var. Coef. SE z/t- value p- value

Pollinator abundance Intercept 4.068 0.136 30.0 <0.0001

Land use intensity −0.031 0.018 −1.72 0.0853

Nectar availability 0.005 0.002 2.96 0.0031

Plant species richness Intercept 1.798 0.136 13.23 <0.0001

Urbanisation 0.075 0.012 6.43 <0.0001

Land use intensity −0.031 0.013 −2.44 0.0146

Period (late 
spring)

0.560 0.174 3.22 0.0013

Period (summer) 0.551 0.176 3.13 0.0018

Pollinator species richness Intercept 3.036 0.084 36.05 <0.0001

Urbanisation 0.028 0.014 1.95 0.0516

Land use intensity −0.038 0.015 −2.51 0.0119

Connectancea Intercept 0.209 0.019 10.95 <0.0001

Urbanisation −0.011 0.003 −3.98 0.0032

Land use intensity 0.009 0.003 2.64 0.0268

Asymmetry Intercept 0.528 0.042 12.49 <0.0001

Urbanisation −0.016 0.004 −3.78 0.0036

Period (late 
spring)

−0.100 0.060 −1.68 0.1083

Period (summer) −0.231 0.061 −3.78 0.0011

NODF (z) Intercept −0.577 0.160 −3.60 0.0010

Land use intensity 0.077 0.028 2.79 0.0191

H2' (z)b Intercept 1.308 0.377 3.47 0.0023

Urbanisation −0.078 0.032 −2.45 0.0342

Period (late 
spring)

−0.113 0.509 −0.22 0.8260

Period (summer) 2.335 0.520 4.49 0.0002

Linkage density (z) Intercept −1.445 0.254 −5.68 <0.0001

Urbanisation 0.060 0.026 2.31 0.0460

Land use intensity 0.047 0.026 1.82 0.1024

Period (late 
spring)

0.054 0.360 0.15 0.8818

Period (summer) −0.784 0.368 −2.13 0.0452

Interaction dependence Intercept 0.552 0.044 12.60 <0.0001

Land use intensity −0.014 0.007 −1.87 0.0906

Note: Final best models (AICc selection) are shown. Coefficients are from LMM (t- values) or GLMM 
(z- values of abundance, species richness). (z) = z- score standardised against null- model networks to 
control for network size and connectance.
aFor urbanisation, an exponential variance structure was used (exponent = −0.052).
bFor urbanisation, a power variance structure was used (power = −0.85).

TA B L E  1  Relationship between 
landscape- scale plant–pollinator network 
structure (network- level) and land- use 
gradients in landscape cover, nectar 
resources and time period.
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cascade, but if one did occur, it was a short but more intensive se-
ries of coextinctions (Figure 3a,c; Table 2). Asymmetrical networks 
reduced the risk of a coextinction cascade occurring, while nested 
networks had significantly longer degree of coextinction cascade 
(Table 2). Networks containing species with a high level of interac-
tion dependence had a marginally lower risk of initiating a cascade, 
and tended to comprise a shorter extinction series (Table 2—lower 
mean cascade degree).

Gradients in landcover did not have a strong effect on network 
robustness against coextinction cascades. Urbanisation (PC1) was 
not selected in the best- subset of models. Networks in intensively 
used landscapes (PC2) had a lower risk of initiating a coextinction 
cascade (Figure 3b, Coef. = −0.074 ± 0.026, t = −2.82, p = 0.0183), 
while the number of extinct species was marginally higher (Figure 3d, 
Coef. = 0.038 ± 0.018, t = 2.09, p = 0.0626). Networks in landscapes 
with a high nectar diversity were prone to longer coextinction 
cascades (Coef. = 4.704 ± 1.496, t = 3.15, p = 0.0051). Nectar sugar 
availability only marginally affected the proportional frequency of 
coextinctions (Coef. = 0.0042 ± 0.0022, t = 1.90, p = 0.07).

3.2  |  Species- level network position and 
extinction risks

There were marked differences in closeness, normalised degree, 
species strength and specialisation- d’ among the principal bee gen-
era (Andrena, Apis, Bombus and Lasioglossum). Honeybees played a 
central role in the structure of these plant- pollination networks, with 
higher closeness, species strength and normalised degree than the 
other genera (Figure 4). The genera Bombus, and to a lesser extent 
Apis, had the highest d'- values and hence specialisation on floral re-
sources in the network, compared to the genera Lasioglossum and 
Andrena (Figure 4). Bees overall had higher species strength and 
specialisation- d' than calyptrate flies, but otherwise there were few 
differences in species- level metrics among the broader pollinator 
groups (Figure S1.4).

The model containing interaction dependence and an interac-
tion effect between species strength and normalised degree was se-
lected as the optimal model (Figure 5). While interaction dependence 
was the main factor affecting extinction risk (Coef. = 0.626 ± 0.024, 

F I G U R E  2  Land use gradients (urbanisation and land use intensity) affecting the network (a, b) connectance, (c) nestedness (NODF) 
and (d) network asymmetry. Each data point corresponds to a plant- pollinator network for intensive agricultural, rural mosaic and urban 
landscapes (n = 12 1- km radius) at three time period (early spring, late spring, summer). Fitted lines (±95% CI grey shading) are derived from a 
LMM (Gaussian).
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F I G U R E  3  Response of the proportional frequency of coextinctions (a, b) and the number of extinct species (c, d) in landscape- scale 
plant- pollinator networks (12 × 3 time periods) to network linkage density (a–c) and land use intensity (b–d, PC2 of land cover). All network 
metrics were z- score standardised against 10,000 null models which each underwent 10,000 iterations in the SCM- model.

TA B L E  2  Relationship between network robustness to coextinctions and landscape- scale plant- pollinator network structure 
(network- level).

Response var. Expl. var. Coef. SE t- value p- value

Proportional frequency of coextinctions (z) Intercept 2.146 0.609 3.52 0.0023

Asymmetry −2.772 0.807 −3.43 0.0028

Int. dependence −1.165 0.597 −1.95 0.0660

Linkage density (z) −0.541 0.128 −4.21 0.0005

Cascade degree (z) Intercept 1.349 1.012 1.33 0.2002

Connectance −8.752 2.306 −3.80 0.0014

Int. dependence −2.563 1.147 −2.23 0.0392

Linkage density (z) −0.653 0.241 −2.70 0.0151

NODF (z) 0.881 0.281 3.14 0.0060

#Extinct species (z) Intercept −0.783 0.204 −3.84 0.0009

Linkage density (z) 0.271 0.103 2.62 0.0159

Note: NODF—Nestedness. Final best models (AICc selection) are shown. Coefficients are from LMM (t- values). (z) = z- score standardised against null- 
model networks to control for network size and connectance.
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t = 26.63, p < 0.0001), a higher species strength also led to a highly 
significant decrease in extinction risk (Coef. = −0.115 ± 0.023, 
t = −5.14, p < 0.0001), although this effect weakened with increasing 
normalised degree (Coef. 0.124 ± 0.112, t = 1.10, p = 0.27; Interaction 
coef. = 0.152 ± 0.065, t = 2.34, p = 0.019; Figure 5).

4  |  DISCUSSION

4.1  |  Landscape gradients and structure and 
robustness of plant- pollinator networks

As predicted, the type and intensity of land- use at the landscape 
scale modified plant–pollinator network structure and, to a lesser 
extent, robustness. Landscape urbanisation led to species- rich 
networks with comparatively lower connectance and higher sym-
metry and linkage density (Baldock et al., 2015, 2019) that arose 
from relatively higher level of plant species richness, including 
ornamental and horticultural taxa. In contrast, networks in in-
tensive agricultural landscapes were smaller (less speciose), more 

connected and more nested than in urban and rural landscapes. 
Networks in intensively managed landscapes were less likely to 
undergo coextinction cascades, but when extinctions occurred, 
more species were lost.

Network structure affects the robustness of the assemblage 
to perturbations and extinctions (Thébault & Fontaine, 2010; 
Vanbergen et al., 2017; Vieira & Almeida- Neto, 2015). Although 
relatively weakly correlated with the landscape urbanisation gradi-
ent, linkage density was the principal network- level property that 
reduced the risk of initiating a coextinction cascade. The reduced 
proportion of networks that initiated a coextinction cascade and 
the lower cascade degree in strongly linked networks indicate that 
losing an interaction partner is less problematic for species strongly 
linked to many partners (Thébault & Fontaine, 2010). However, if a 
species loss occurred, despite the shorter extinction cascade, a high 
number of species were lost. This is possibly because the loss of a 
strongly linked species may lead to a greater number of coextinc-
tions in networks with a high linkage density.

Nestedness can increase robustness of the network as long 
as the most linked species are retained (Memmott et al., 2004; 

F I G U R E  4  Differences in species- level network metrics between the four most abundant bee genera. Different letters indicate a 
significant difference at the p < 0.05 level. Differences are shown for (A) closeness, (B) normalised degree, (C) species strength and (D) 
Blüthgen's d.
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Thébault & Fontaine, 2010, but see James et al., 2012). Less bio-
diverse, intensively used landscapes (predominantly intensive 
agriculture) had higher nestedness but were associated with a 
risk of prolonged (higher degree) coextinction cascades if an ex-
tinction happened. Conventional intensive agriculture produces 
structurally- simple landscapes providing few flowering plant 
resources for pollinators (Baude et al., 2016; Vanbergen & The 
Insect Pollinators Initiative, 2013). Such landscapes support sim-
pler networks of generalist plant and pollinator species (Redhead 
et al., 2018) and increased nestedness can arise from concentra-
tion of foraging on mass- flowering crops that occupy a central, 
generalist position in the network (Russo et al., 2019). Specialist 
interactions are most vulnerable to extirpation, but specialists 
in mutualistic networks tend to interact with nested subsets of 
more robust generalist species, which contributes to robust-
ness (Bascompte et al., 2003; Jordano et al., 2006). Although our 
species- level analysis of extinction risk showed generalists con-
nected with specialists had the lowest extinction risk, when a 
generalist insect or plant was extirpated from a nested network, 
this precipitated the subsequent and severe loss of multiple linked 
specialist species (Traveset et al., 2017). In contrast, the rural 
mosaic of various semi- natural habitats may lead to more linked, 
functionally redundant networks (Sritongchuay et al., 2019) that 
are less susceptible to intense coextinction cascades.

Greater network connectance has also been linked to reduced 
robustness to coextinctions (Traveset et al., 2017; Vanbergen 
et al., 2017; Vieira & Almeida- Neto, 2015). We found, however, 
that more connected networks had shorter extinction cascades, in 
line with other studies (Thébault & Fontaine, 2010). We also found 
that greater network symmetry produced a higher risk of initiating 
a coextinction cascade (Pastor et al., 2012). In our landscape- scale 
networks, pollinator species always outnumbered plant species, and 
a subset of strongly linked plant species may have provided a buf-
fer against coextinctions of weakly linked pollinators and conferred 
a degree of robustness (Bascompte et al., 2006). The role of local 
floral resources in influencing network structure and robustness re-
mains to be determined, however. Although urbanisation affected 

nectar diversity, we found no clear effect of variation in local nectar 
sources on network structure, implying that overall habitat hetero-
geneity was the main driver (Baldock et al., 2019).

4.2  |  Species- level network position and 
extinction risks

Bees were slightly more specialised than flies in the observed net-
works (Weiner et al., 2011), but showed a strong variation in speciali-
sation between genera. Honeybees focussed on the most abundant 
pollen and nectar sources (Geslin et al., 2017), thereby occupying 
a central network position (high closeness) and had a higher spe-
cies strength than other bee taxa (Cruz et al., 2022). Because of 
their dominance, managed honeybees may compete with and re-
duce connectance among wild species (Aizen et al., 2008; Mallinger 
et al., 2017) and rewire or disrupt plant- pollinator networks (Magrach 
et al., 2017; Prendergast & Ollerton, 2022a). Conversely, the highly 
generalist honeybee may provide functional redundancy that in-
creases network robustness (Aslan, 2019; Corcos et al., 2020). The 
overall outcome is likely highly context dependent and related to 
honeybee abundance and niche overlap with wild pollinators and 
local species assemblages. Bumblebees had an intermediate species 
strength between honeybees and other wild bee genera (Andrena, 
Lasioglossum) and occupied the least central position in the net-
works, possibly because of fidelity among Bombus species for dif-
ferent forage plants and so were relatively more specialised within 
the networks.

Although more connected species may have a higher risk of co-
extinction (Traveset et al., 2017), we found that species strength 
was generally positively related to species robustness against ex-
tirpation. Species strength is increased more by interactions with 
specialist than generalist partners. The observed interaction be-
tween species strength and normalised degree suggests that for 
generalist species, interactions with specialists contribute more to 
robustness than interactions with generalists. Specialists there-
fore rarely drive coextinction cascades, and their extinction is 

F I G U R E  5  The effect of species 
strength on coextinction risk in stochastic 
coextinction models with 10,000 
iterations. While extinction risk is 
much higher for obligate flower visitors 
(solid lines) than for facultative flower 
visitors (dashed lines), a high species 
strength always reduces extinction 
risk, although for species with a high 
normalised degree (red lines), this effect is 
reduced, compared to species with a low 
normalised degree (blue lines).
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usually a consequence of extinction of a generalist partner, rather 
than the cause. Hence these specialist interactions may be ‘low 
risk’ compared with generalist–generalist interactions, possibly 
explaining the observed negative relationship between extinction 
risk and species strength.

4.3  |  Assumptions and caveats

Our plant–pollinator networks departed from some fundamental 
predictions, being highly specialised with a low linkage density (but 
as seen in Souza et al., 2018; Vanbergen et al., 2017) and less nested 
compared with the null models (c.f. Bascompte et al., 2003; Bastolla 
et al., 2009; Santamaría & Rodríguez- Gironés, 2007). Lower nested-
ness in our case may be an artefact due to resource partitioning to 
avoid competition (Staniczenko et al., 2013) with the predominaince 
of managed honeybees in the networks.

In contrast to null models, our empirical networks showed a 
higher risk of initiating a coextinction cascade, but cascades were 
shorter with fewer species lost. The distribution of coextinction 
degree was similar to Vanbergen et al. (2017) both in raw and 
z- transformed coextinction cascades (Figure S1.5). This higher 
stability compared with null models may be because of the non- 
random degree distribution, which in real- life mutualistic networks 
tends to follow a power- law or a truncated power- law distribution 
(Bascompte et al., 2003; Ramos- Jiliberto et al., 2012), and which is 
known to increase network stability (Albert et al., 2000).

A caveat to our model is that it does not incorporate flower vis-
itor effectiveness dictated by trait matching among plants and pol-
linators (Garibaldi et al., 2015). However, life- history dependence 
on mutualism was integrated in our model, which provides an albeit 
coarse proxy measure of mutualism effectiveness at the community 
level. Contrary to expectation a higher level of mean interaction 
dependence marginally lowered the risk of initiating a coextinction 
cascade and its mean degree. Whilst the mechanism is unclear, it is 
possible that species that have an obligate dependence on mutual-
ism occupy a more robust (e.g., central, generalist) position in the 
network.

5  |  CONCLUSIONS

Urbanisation and land- use intensification gradients profoundly 
modified plant–pollinator network structure. Landscape in-
tensification alone affected the frequency of extinctions by 
modifying the network structure and shifting the community 
towards species with lower interaction dependence. At the 
level of species, the strength of a species interaction with oth-
ers in the network increased robustness against extirpation 
and so highly linked generalist organisms represent a stabilis-
ing influence on mutualistic networks. Our analysis highlights 
the complex interplay between land- use, network assembly 
and community robustness to species losses. Future research 

should examine how land- use driven modification of nutritional 
and pollen landscapes for pollinators and plants leads to vari-
able pollination effectiveness among species (pollen- transport 
networks) and plant reproduction outcomes (e.g., seed set and 
gene flow). Moreover, the consequences of these modified net-
works for other trophic (e.g., knock- on effects for herbivores) 
or host–parasite interactions (e.g., plant–pollinator–pathogen) 
remain to be established.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Supporting Information S1. Figure S1.1. Separation of the 12 study 
sites according to a PCA of surrounding land use.
Figure S1.2. Effect of phenology on network structure: (a) network 
asymmetry, (b) specialization and (c) linkage density.
Figure S1.3. (a) Nectar (sugar) availability throughout the season. 
Late- season landscapes are richer in nectar than early and mid- season 
networks. (b) Effect of nectar availability on pollinator abundance. 
Landscapes with higher nectar availability have a higher pollinator 
abundance. An outlier with very high nectar availability (381 mg/m2) 
has been removed from the graph. (c) Mean Shannon diversity of 
nectar (weighted by sugar content) is highest in urban areas.
Figure S1.4. Differences in species- level network metrics between 
the five main pollinator functional groups.
Figure S1.5. (a) Proportion of coextinction cascades that reach at 
least degree N. (b) Z- scores of the proportions of extinction cascades 
reaching at least the amount of degrees indicated in the X- axis.
Table S1.1. scores for the first two PCA- axes based on EUNIS land 
use categories.
Table S1.2. All flower visitors that were encountered in this study 
with their respective abundances and interaction dependence 
(0 = no flower visitors, 0.5 = partly dependent on floral resources, 
1 = completely dependent on floral resources).
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Table S1.3. Plant species visited by pollinators in this study, including 
their dependence on pollination (0 = (almost) completely reproducing 
vegetatively or agricultural crops*/perennial ornamental/garden 
plants**, 0.5 = both sexually and asexually reproducing, 1 = only 
reproducing sexually).
Table S1.4. Temporal turnover in pollinator and plant communities 
between the three sampling periods. Distance is expressed as mean 
Bray–Curtis dissimilarity ± SD among all study sites.
Table S1.5. Total number of visits to ornamental plants, agricultural 
crops and wild plant species in each of the three landscape categories.
Supporting Information S2. Explanation of all network-  and species- 
level metrics used in the analyses.
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