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Abstract
Aim: Understanding how climate conditions influence plant–pollinator interactions 
at the global scale is crucial to understand how pollinator communities and ecosys-
tem function respond to environmental change. Here, we investigate whether cli-
mate drives differences in network roles of the main insect pollinator orders: Diptera, 
Coleoptera, Lepidoptera and Hymenoptera.
Location: Global.
Time period: 1968–2020.
Major taxa studied: Diptera, Coleoptera, Lepidoptera and Hymenoptera.
Methods: We collated plant–pollinator networks from 26 countries and territories 
across the five main Köppen–Geiger climate zones. In total, we compiled data from 
101 networks that included >1500 plant species from 167 families and >2800 pol-
linator species from 163 families. We assessed differences in the composition of 
plant–pollinator interactions among climate zones using a permutational ANOVA. 
We calculated standard network metrics for pollinator taxonomic groups and used 
Bayesian generalized mixed models to test whether climate zone influenced the pro-
portion of pollinator network links and the level of pollinator generalism.
Results: We found that climate is a strong driver of compositional dissimilarities be-
tween plant–pollinator interactions. Relative to other taxa, bees and flies made up the 
greatest proportion of network links across climate zones. When network size was 
accounted for, bees were the most generalist pollinator group in the tropics, whereas 
non-bee Hymenoptera were the most generalist in arid zones, and syrphid flies were 
the most generalist in polar networks.
Main conclusions: We provide empirical evidence at the global scale that climate 
strongly influences the roles of different pollinator taxa within networks. Importantly, 
non-bee taxa, particularly flies, play central network roles across most climate zones, 
despite often being overlooked in pollination research and conservation. Our results 
identify the need for greater understanding of how global environmental change af-
fects plant–pollinator interactions.
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1  |  INTRODUC TION

Animal pollinators are critical to ecological function in terrestrial 
ecosystems, and insect taxa, particularly Lepidoptera, Hymenoptera, 
Coleoptera and Diptera, are the most diverse and abundant groups 
of known pollinators (Ollerton, 2017). Insect pollinators are sensi-
tive to climate conditions, and knowledge of how climate influences 
plant–pollinator interactions at the global scale is crucial to under-
stand how pollinator communities and pollination function might 
respond to environmental change. Insects can respond quickly to 
changing environmental conditions, including seasonality, weather 
conditions and resource availability, yet most research on these 
effects has focused on physiological or population processes and 
range shifts of conservation-relevant or economically relevant 
species (Halsch et al.,  2021; Janes et al.,  2014; Stange & Ayres, 
2010). More recently, researchers have focused on community-
level effects of environmental change on ecosystem function, par-
ticularly plant–pollinator interactions and networks (Byers,  2017; 
Forrest, 2015; Hegland et al., 2009). Climate patterns can influence 
plant–pollinator interactions by affecting global distributions of 
plants that provide floral resources to animals (Rech et al., 2016), by 
altering plant phenology or floral resource quality and quantity, or by 
affecting pollinator foraging patterns and sensory signals (Lawson & 
Rands, 2019; Park & Mazer, 2019). However, thermal tolerance var-
ies across insect taxonomic groups, meaning that climatic conditions 
are likely to influence the composition of insect pollinator commu-
nities across space and time. For example, dipterans are generally 
thought to be more cold tolerant than other flying insects and are 
often recorded as the most common flower visitors in high-elevation 
or high-latitude plant–pollinator networks (Elberling & Olesen, 1999; 
Inouye & Pyke, 1988; McCabe et al., 2019; Tiusanen et al., 2016) and 
at sites with cooler temperatures in other climate zones (González 
et al., 2009). In contrast, bees are most abundant and diverse in dry, 
warm subtropical and mediterranean regions (Ollerton, 2017) and, 
with a few exceptions (e.g., Bombus spp.), are generally less active 
than other insect taxa during winter and in cold, inclement weather 
(Goodwin et al.,  2021). This diversity of environmental responses 
among taxa provides buffering effects for ecosystem function 
and delivery of ecosystem services (Bartomeus et al., 2013; Rader 
et al.,  2013). Understanding species responses to environmental 
conditions at broader scales can inform how plant–pollinator inter-
action networks are affected by global environmental change.

Historically, plant–pollinator network studies have mostly been 
localized, descriptive and largely focused on documenting diver-
sity and interactions (Knight et al., 2018). Hence, there is a need for 
greater understanding of geographical trends in plant–pollinator in-
teractions (Mayer et al., 2011), particularly how climate drives the 
composition of interactions across large spatial scales (Petanidou 

et al., 2018). The small number of studies that have identified effects 
of climate on plant–pollinator networks have been based on simu-
lated data or focus on local or regional systems (Hegland et al., 2009; 
Memmott et al.,  2007). Broad-scale analyses investigating global 
patterns in plant–pollinator networks have generally focused on 
network-level metrics and general patterns in species richness, 
with limited discussion of taxonomic identity or species network 
roles (Olesen & Jordano, 2002; Traveset et al., 2016; Trøjelsgaard & 
Olesen, 2013). Where biogeographical gradients are considered, the 
focus has traditionally been on testing the effects of latitude on net-
work structure (Ollerton & Cranmer, 2002; Schleuning et al., 2012). 
However, latitude might be inadequate for encompassing the envi-
ronmental nuances that drive community-level interactions, and the 
historical focus on latitude has limited our understanding of global-
scale patterns of ecological interactions that influence ecosystem 
function, such as pollination (Moles & Ollerton, 2016).

Here, we address an overlooked aspect of the plant–pollinator 
network discourse by focusing on the relative community roles of 
key taxonomic groups. Specifically, we ask whether the network 
roles of different pollinator taxa vary between climate zones. We 
predict that dipterans will have more important network roles in 
colder climates, whereas bees will have important network roles 
in warmer climates. We address this by assessing the proportion of 
network links (i.e., plant species visited by a pollinator) and the level 
of pollination generalism for different pollinator groups among dif-
ferent climate zones. We use Köppen–Geiger climate zones, which 
represent biome distributions and combine complex climate gradi-
ents and vegetation patterns into simple, ecologically meaningful 
categories (Beck et al., 2018). Our aim is to increase understanding 
of how climate influences the relative proportion of different pol-
linator taxa available in a community and to guide future research 
into how the network roles of different pollinator taxa can change in 
response to environmental conditions.

2  |  METHODS

To build our dataset we conducted a comprehensive search of peer-
reviewed literature and research theses and collated community 
network datasets that linked flowering plants to insect pollinators or 
flower visitors (hereafter, plant–pollinator networks). We searched 
for plant–pollinator networks that met all the following criteria: (1) 
observations of insect pollinator taxa visiting flowering plant taxa; 
(2) community-level data collection (i.e., networks that focused only 
on one closely related group of plants or pollinators were excluded); 
and (3) data were collected from natural or semi-natural systems. 
We collated 101 plant–pollinator networks that met our criteria 
(Supporting Information Table S1) from multiple sources: the Web of 

K E Y W O R D
Plant-pollinator, network ecology, climate zone, insect pollinators, pollination ecology, 
ecosystem function
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Life ecological networks database (http://www.web-of-life.es/); an 
exhaustive search of published journal articles, data repositories and 
theses; and by directly contacting researchers of plant–pollinator 
network studies. Within our collated data, a total of 21 networks 
included vertebrate species [from three bird orders (Apodiformes, 
Passeriformes and Psittaciformes) and the reptile order Squamata]. 
Although vertebrates were not the focus of our study, we retained 
networks containing plant–vertebrate interactions, but we did not 
analyse vertebrate interactions directly because the focus of our 
study was to compare insect pollinator groups. Furthermore, ver-
tebrate pollinators comprised 4% of interactions in those 21 net-
works and 0.97% of interactions across all 101 networks. We used 
the taxize package (v.0.9.99; Chamberlain & Szöcs, 2013) to identify 
both plant and insect families and orders from the datasets. In our 
dataset, not all networks were weighted (included the frequency of 
interactions); therefore, we converted weighted networks to binary 
because these data were sufficient for our analyses. We identified 
the main Köppen–Geiger climate zone (tropical, arid, temperate, 
continental or polar) for each network based on the spatial coordi-
nates provided with each dataset using the kgc package (v.1.0.0.2; 
Bryant et al., 2017).

We assessed differences in the composition of plant–pollinator 
interactions among climate zones using a permutational analysis of 
variance (PERMANOVA) (Anderson, 2001). Initially, we counted the 
number of interactions between pollinator families and plant fami-
lies in each network to make comparisons across regions that vary 
widely in their plant and animal taxa. We then calculated the Bray–
Curtis dissimilarity index between interactions within networks 
using the vegan package (v.2.5-3; Oksanen, 2015). Data were log10-
transformed before calculating the interaction dissimilarity to lessen 
the weighting of abundant interactions (Anderson et al., 2006). We 
evaluated dispersion of network dissimilarity values among climate 
zones with a permutational test of multivariate homogeneity of group 
dispersion (PERMDISP) and post-hoc pairwise Tukey's honestly sig-
nificant difference (HSD) tests. We computed pairwise differences 
in the composition of plant–pollinator interactions between each 
climate zone using a pairwise PERMANOVA (Kandlikar et al., 2018). 
To account for multiple comparisons, p-values were adjusted using 
the false-discovery rate (FDR) method (Benjamini & Hochberg, 1995). 
We visualized differences in plant–pollinator interactions among net-
works in two-dimensional space using non-metric multidimensional 
scaling (NMDS) ordination. NMDS ordination is a visual tool that 
illustrates similarities and differences between data categories in a 
two-dimensional space. Here, we used it to visualize the similarity or 
difference between each set of networks, grouped by climate zone, in 
terms of the community composition of plant–pollinator interactions.

We tested whether climate zone influenced: (1) the proportion of 
pollinator network links; and (2) the level of pollinator generalism. We 
focused on the taxonomic groupings bees, non-bee Hymenoptera, 
Coleoptera, Lepidoptera, non-syrphid Diptera and Syrphidae, be-
cause they represent the four most diverse and abundant insect 
pollinator orders world-wide (Ollerton, 2017). Analyses at the family 
level were not feasible owing to a high number of singletons, but we 

separated syrphid flies and bees from their respective taxonomic or-
ders (Diptera and Hymenoptera) because adults of these species are 
predominantly nectar feeders and are important and recognizable 
pollinators across most terrestrial systems (Ollerton, 2017; Ssymank 
et al., 2008).

We focused on two measures of network roles for the different 
insect pollinator orders: (1) proportion of links (i.e., the proportion 
of total links in each network for each pollinator taxonomic group), 
which we calculated as the sum of unique links within each pollina-
tor group divided by the total sum of unique links within each net-
work; and (2) normalized pollinator generalism at the species level 
(i.e., the total number of links between each pollinator species and 
different plant species within a network, also called node degree). 
To account for differences in network size in the species generalism 
model, we included an offset of log10(network size). By including an 
offset, normalized generalism can be considered as the rate per unit 
network size. To estimate the proportion of links and species gener-
alism for each pollinator group within each climate zone, we speci-
fied Bayesian generalized linear mixed-effects models using the brms 
package (v.2.15.0; Bürkner,  2017). These models were fitted with 
beta and negative binomial distributions, respectively. In each model, 
the response variable was the proportion of links for each pollinator 
taxonomic group or the number of plant partners for each pollina-
tor species within each network. Fixed effects were “pollinator taxa” 
(categorical), in interaction with “climate zone” (categorical). In both 
models, we included a random effect of “network” nested within 
“study” to account for the dependent data structure of multiple net-
works within studies. Finally, to assess whether plant richness of net-
works differed between climate zones, we modelled plant richness 
as a function of climate zone. We fitted this model with a Poisson 
distribution and included “study” as a random effect. We compared 
the explanatory power of climate zone with latitude by refitting these 
models with absolute latitude (northern and southern latitudes were 
both positive) instead of climate zone as the predictor variable, in 
interaction with pollinator group. Latitude was scaled and centred 
(μ  =  0, SD  =  1) before analyses. We then compared these models 
using leave-one-out cross-validation (Vehtari et al., 2017).

We determined whether pairwise differences in the proportion 
of network links and normalized generalism between climate zones 
and pollinator groups were significant when 95% highest density in-
tervals did not overlap zero (Kruschke, 2014). We set weakly infor-
mative priors and manipulated Δ and maximum tree depth to reduce 
divergent transitions. We undertook posterior predictive checks 
visually using bayesplot (v.1.8.0; Gabry & Mahr, 2017). All data anal-
yses were undertaken in R (v.4.1.0; R Core Team, 2013). All R script 
and analyses are available at [https://github.com/JoseBSL/Geonet].

3  |  RESULTS

We collated a total of 101 unique networks (Supporting Information 
Table S1), including a total of >1500 plant species (167 families and 
45 orders) and 2800 pollinator species (163 families) from the four 
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main insect pollinator orders (Coleoptera, Diptera, Hymenoptera 
and Lepidoptera). These insect orders made up 91% of all plant–
pollinator interactions across our networks.

Network data was sourced from 26 countries or territories span-
ning all five Köppen–Geiger climate zones: 18 networks from the 
tropical zone, 19 arid, 48 temperate, 7 continental and 9 polar. At the 
global scale, we found that climate is a strong driver of compositional 
dissimilarities between plant–pollinator interactions (PERMANOVA, 
F4,96 = 4.7; R2 = 0.16; p < .001; Figure 1). The composition of plant–
pollinator interactions was statistically different (p < .05) between all 
climate zone pairs (Supporting Information Table S2). In particular, 
the composition of interactions in tropical zone networks was dis-
tinct from all other climate zones along the first multidimensional 
scaling (MDS) axis, whereas the other climate zones were sepa-
rated along the second MDS axis (Figure 1; Supporting Information 
Table  S2). Dispersion of plant–pollinator interaction composition 
was similar across all climate zones (all pairwise Tukey's HSD p > .05), 
except between arid and temperate zones (p <  .001) and between 
temperate and continental zones (p = .01).

Relative to other taxa, bees and flies made up the greatest pro-
portion of links in all networks across all climate zones, whereas lep-
idopterans, coleopterans and non-bee hymenopterans contributed 
<24% of links overall (R2 = 0.43; Figures 2 and 3a). Interactions in 
networks from the tropical climate zone were dominated by bees and 
non-syrphid Diptera. Arid zones were dominated by Hymenoptera 
(bees and non-bees) and non-syrphid Diptera. Temperate networks 
were dominated by bees, and continental and polar zone networks 
were dominated by bees and Diptera (Syrphidae and non-syrphids).

We found high levels of variation in pollinator generalism 
among taxa and climate zones (R2 = 0.23; Figures  2 and 3b), al-
though networks did not differ in plant richness between climate 
zones (Supporting Information Figure  S1). Within insect groups, 

most pollinator species had relatively few plant partners, particu-
larly in temperate and continental networks (Figure 2). Bee species, 
on average, visited the most plant species in tropical climate zones 
(Figures 2 and 3), whereas non-bee Hymenoptera had the highest 
number of plant partners in arid climate zones, and syrphid flies vis-
ited the most plant species in polar networks (Figure 2).

4  |  DISCUSSION

We provide empirical evidence at the global scale that climate 
strongly influences the roles that different pollinator groups play in 
networks. Relative to other insect taxa, bees and flies made up the 
greatest proportion of links in all networks across all climate zones, 
whereas lepidopterans, coleopterans and non-bee hymenopterans 
contributed few links in most networks and were consistently less 
generalized than other pollinator species. The only exception was 
non-bee Hymenoptera from networks in the arid zone, which had 
more plant partners compared with other climate zones, suggesting 
that they play an important role in networks within this climate zone. 
Our results also support individual reports (Cirtwill et al.,  2018; 
Tiusanen et al., 2016) that flies are the most frequent pollinators (rel-
ative to other insect taxa) in polar zone plant–pollinator networks. 
Bees are generally considered the most important pollinators glob-
ally, but knowledge of other pollinators is limited (Ollerton,  2017; 
Wardhaugh, 2015). We show that non-bee taxa often play central 
roles in plant–pollinator networks, especially in continental and 
polar climate zones, which should stimulate greater research effort 
into understanding the relative importance of non-bee pollinator 
taxa across a representative range of ecosystems globally (Willcox 
et al., 2017).

Our results show that pollinator species generalism in plant–
pollinator networks varies between climate zones. For example, 
non-syrphid Diptera had the greatest proportion of network links 
in polar zone networks, but most of these species had relatively few 
plant partners. In contrast, Syrphidae had a much lower proportion 
of links in polar networks relative to other taxa but were more gen-
eralized, having a greater number of plant partners when network 
size was accounted for. Relative to other climate zones, bees had the 
highest number of plant partners in tropical zone networks and were 
also more generalist in these networks relative to all other pollina-
tor taxa (Figure 2). Two-thirds of the networks we analysed included 
Apis mellifera, a bee species recognized as invasive in most of its in-
troduced range (Supporting Information Figure  S2). An additional 
area for further research is to use similar analytical approaches to 
understand how network roles of invasive species (both plants and 
pollinators) compare in different climate zones (Parra-Tabla & Arceo-
Gómez, 2021; Santos et al., 2012).

These differences among taxa contribute further insight into 
discussion over whether specialization in interaction networks 
is higher, equal or lower in tropical regions compared with other 
regions (Ollerton,  2012; Ollerton & Cranmer,  2002; Schleuning 
et al.,  2012; Vizentin-Bugoni et al.,  2018). Studies of other 

F I G U R E  1  NMDS ordination of plant-pollinator interaction 
composition in each climate zone. Each point represents the 
composition of interactions in a single plant-pollinator network. 
Dashed circles represent the 95% confidence ellipses for each 
climate zone mean (i.e., the group centroid). Stress = 0.14.

 14668238, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.13643 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [26/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  515SAUNDERS et al.

functional groups, such as dung beetles (Frank et al.,  2018) and 
parasitoids (Galiana et al., 2019), have found the reverse for gen-
eralism for networks, which tends to be lower in the tropics, and 
different tropical regions might exhibit different generalism pat-
terns (Dugger et al., 2019). Our supplementary analysis comparing 
the predictive effect of climate zone versus latitude showed that 
latitude is unlikely to be a key explanatory factor for the differ-
ences we found here (Supporting Information Figure S3; Table S3). 
Although all climate zones support different combinations of in-
teracting plants and pollinators, plant–pollinator networks in trop-
ical and arid zones might support more distinct sets of interactions 
relative to other climate zones. Plant richness per se is also un-
likely to be driving this pattern, because we found no difference in 
plant richness within networks among climate zones (Supporting 
Information Figure S1). The relative importance of plants versus 
pollinators in terms of network structure might also shift from 
tropical to temperate climates (Sakai et al., 2016). Hence, focusing 
on specific taxa (e.g., bees only) in pollination studies might result 
in strong biases about community-level interactions. The variation 
between taxa network roles among different climate zones could 
also be reflective of the multiple functional roles that pollinators 
play in ecosystems; for example, many pollinating flies and wasps 
are also predators or parasites, and pollinating moths and butter-
flies are also herbivores (Saunders et al., 2016). An important area 
for future research is to integrate knowledge of the trade-offs and 
synergies between species interactions that affect plant repro-
duction in a given community (pollination, herbivory, predation 
and parasitism) with traditional plant–pollinator network matrices. 
For example, we are familiar with specialized examples of plant–
insect interactions that shift between positive and negative (e.g., 

nursery pollination systems; Dufaÿ & Anstett, 2003), but knowl-
edge of community-level effects of shifting interactions between 
plant and insect species over time is limited.

Many ecological network metrics are highly correlated or redun-
dant. To avoid “metric hacking”, we focused on two simple metrics 
that were most relevant to our study aim and combined network 
analysis with other statistical methods appropriate to answer our 
question. Our focal metrics (species generalism and proportion of 
links) represent dietary breadth and are particularly relevant to iden-
tifying functional roles of pollinators (Coux et al., 2016; Tylianakis 
et al., 2010). Previous work on seed dispersal networks has shown 
that the network role (degree) of a species is linked to the length 
of fruiting phenology (González-Castro et al.,  2012). It is possible 
that our results reflect a similar relationship between the propor-
tion of links for each pollinator group and the length of flowering 
seasons across different climate zones, and this relationship could 
be examined further with more detailed phenological data across 
different climate zones. There is also scope for future research to 
investigate how climate influences other network attributes. For 
example, exploration of the link between network metrics, such as 
modularity, and ecosystem function and services is an emerging area 
of research, with potential to inform conservation and land manage-
ment outcomes (Saunders & Rader, 2019).

Our finding that climate zone is a strong driver of species net-
work roles provides valuable information about how environmental 
conditions influence community-level interactions. Although previ-
ous work has discussed the influence of climate on plant–pollinator 
networks (Schleuning et al., 2012), these relationships have mostly 
been tested using temporal or annual temperature data. Yet cli-
mate is a multivariate space encompassing more than temperature 

F I G U R E  2  Proportion of links within networks and normalised generalism (standardised by containing estimates to equal network size) 
for each pollinator taxonomic group, in each climate zone. Solid dots are posterior mean estimates and error bars denote ±95% credible 
intervals. Raw data are jittered and plotted behind the model estimates. The y-axis for pollinator generalism is plotted on the log-10 scale to 
improve interpretability.
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fluctuations. Köppen–Geiger climate zone classifications are ex-
tremely useful for aggregating complex climate gradients and vege-
tation patterns into simple, ecologically meaningful categories (Beck 
et al., 2018). We used these broad climate zone classifications here 
to initiate further exploration of how the multivariate climate space 
influences network structure and the functional roles of pollinator 
insect species. We now require additional networks across underrep-
resented regions of the world to test whether the subcategories of 
the Köppen–Geiger classifications can better predict more complex 
environmental variation in plant–pollinator community interactions.
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