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Abstract
Pollinators provide crucial ecosystem services that underpin to wild plant reproduc-
tion and yields of insect-pollinated crops. Understanding the relative impacts of an-
thropogenic pressures and climate on the structure of plant–pollinator interaction 
networks is vital considering ongoing global change and pollinator decline. Our ability 
to predict the consequences of global change for pollinator assemblages worldwide 
requires global syntheses, but these analytical approaches may be hindered by vari-
able methods among studies that either invalidate comparisons or mask biological 
phenomena. Here we conducted a synthetic analysis that assesses the relative impact 
of anthropogenic pressures and climatic variability, and accounts for heterogeneity in 
sampling methodology to reveal network responses at the global scale. We analyzed 
an extensive dataset, comprising 295 networks over 123 locations all over the world, 
and reporting over 50,000 interactions between flowering plant species and their 
insect visitors. Our study revealed that anthropogenic pressures correlate with an 
increase in generalism in pollination networks while pollinator richness and taxonomic 
composition are more related to climatic variables with an increase in dipteran pollina-
tor richness associated with cooler temperatures. The contrasting response of species 
richness and generalism of the plant–pollinator networks stresses the importance of 
considering interaction network structure alongside diversity in ecological monitor-
ing. In addition, differences in sampling design explained more variation than anthro-
pogenic pressures or climate on both pollination networks richness and generalism, 
highlighting the crucial need to report and incorporate sampling design in macroeco-
logical comparative studies of pollination networks. As a whole, our study reveals a 
potential human impact on pollination networks at a global scale. However, further 
research is needed to evaluate potential consequences of loss of specialist species 
and their unique ecological interactions and evolutionary pathways on the ecosystem 
pollination function at a global scale.
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1  |  INTRODUC TION

Pollination networks, describing mutualistic interactions between 
plants and pollinators, are of particular importance for ecosystem 
functioning and services (Potts et al., 2010). Animal pollination is 
essential in the origin and the maintenance of wild plant diversity 
(Bascompte & Jordano, 2007; Grimaldi, 1999), with about 90% of 
angiosperm species depending on it for reproduction (Ollerton et al., 
2011). It is also crucial for agriculture as 35% of crop production 
may come from animal-pollinated species (Klein et al., 2007; but see 
Aizen et al., 2009). There is a raising concern over a global pollination 
crisis as we observe a parallel decline of insect pollinators and their 
associated plants (Biesmeijer et al., 2006; IPBES, 2016; Potts et al., 
2016), affecting particularly specialist species (Redhead et al., 2018; 
Weiner et al., 2014), and threatening ecosystem functioning, food 
security, and human well-being (IPBES, 2016; Potts et al., 2016). The 
richness of pollination networks, as well as their structure evaluated 
through their levels of generalism and nestedness, is predicted to 
affect greatly their vulnerability to perturbations (Jiang et al., 2019; 
Lever et al., 2014; Thébault & Fontaine, 2010; Valdovinos et al., 
2018). In this context, understanding how natural and anthropo-
genic environmental factors determine the richness and structure of 
pollination networks at a global scale, and in particular their levels of 
generalism vs. specialization, appears critical (Elle et al., 2012; Potts 
et al., 2010, 2016).

Historically, geographic patterns of changes in diversity and 
generalism/specialization have been mostly related to latitudinal 
and climatic gradients. Productive and stable climatic conditions in 
the tropics are expected to favor diversity (Pianka, 1966) and spe-
cialization (Optimal Foraging Theory [OFT]; MacArthur & Pianka, 
1966), as found for various taxa (Dyer et al., 2007; Forister et al., 
2015; Gainsbury & Meiri, 2017; Peguero et al., 2017). However, 
recent studies on interaction networks between plants and polli-
nators have shown ambiguous results on this issue. The richness 
of plants and flower visitors in pollination networks does not ap-
pear related with latitude or any other associated climatic vari-
ables (Trøjelsgaard & Olesen, 2013). In addition, while Trøjelsgaard 
and Olesen (2013) found the number of links per plant species to 
be maximum at mid-latitudes, Schleuning et al. (2012) reported 
higher generalism in tropical than in temperate environments. 
Other results suggested that these relations depend on the hemi-
sphere (Pauw & Stanway, 2015) as well as on the climatic variables 
and the network-related measures of generalism/specialization 
considered (e.g., Trøjelsgaard & Olesen, 2013). For instance, stud-
ies have reported opposite effects of precipitation levels on pol-
linator richness in restricted climatic gradients (Martín González 
et al., 2009; Petanidou et al., 2018) and on network measures as-
sociated with specialization (Dalsgaard et al., 2013; Souza et al., 
2018; Takemoto et al., 2014; Trøjelsgaard & Olesen, 2013). These 
idiosyncratic findings might also partly result from changes in 
the composition of pollinator communities, with some pollinator 
groups having different climatic niches. Indeed, bees tend to be 
associated to warm and dry climate, whereas dipterans associated 

with colder and wetter ones (Arroyo et al., 1985; Devoto et al., 
2005; Elberling & Olesen, 1999; Kearns, 1992). In the light of 
those contrasting results, global climatic effects on pollination 
networks richness and levels of generalism remain to be clarified, 
especially in the context of climate change (Hegland et al., 2009; 
Settele et al., 2016).

While global patterns of generalism/specialization of pollina-
tion networks have been mainly studied in relation to latitude and 
associated climatic variables, human-related impacts might also 
drive changes in network structure at a global scale (Potts et al., 
2010). The “Specialization-disturbance hypothesis” (Vázquez & 
Simberloff, 2002) indeed predicts higher sensitivity of specialist 
species to anthropogenic pressures since they rely on fewer part-
ners for their survival (Den Boer, 1968), and thus are more sensi-
tive to secondary extinction cascades (Dunne et al., 2002). Several 
main components of human impacts, such as habitat loss and frag-
mentation, land-use conversion, and agriculture intensification, 
have been shown to affect negatively pollinator richness (Aizen 
& Feinsinger, 2003; Burkle et al., 2013; De Palma et al., 2016; 
Ricketts et al., 2008; Winfree et al., 2009) and favor generalists to-
ward specialists (Aizen et al., 2012; Albrecht et al., 2014; Redhead 
et al., 2018; Spiesman & Inouye, 2013; Weiner et al., 2014). Yet, 
other aspects of human impacts can have more complex effects. 
For instance, moderate levels of urbanization can be associated 
with positive effects on pollinator diversity (Wenzel et al., 2020). 
Similarly, habitat heterogeneity due to land use changes has also 
been associated with positive effects on beta-diversity (Carré 
et al., 2009; Quintero et al., 2009; Winfree et al., 2008). It is clear 
that anthropogenic disturbances affect the diversity and structure 
of pollination networks; however, how these effects combine and 
translate at a global scale remains unclear. A recent study sug-
gested a link between human impacts and higher nestedness and 
lower modularity in mutualistic networks all around the world 
(Takemoto & Kajihara, 2016). Our aim is to move one step further 
and to investigate how effects of anthropogenic pressures rank 
compared to climatic effects in shaping biogeographical patterns 
in pollination network structure at a global scale.

For such a global synthetic analysis of pollination network 
structure along envrionmental and human impact gradients, a 
major challenge lies in accounting for the heterogeneity in sur-
vey design and sampling effort (SE) that may mask biological phe-
nomena (Pellissier et al., 2018). Sampling methods strongly affect 
network diversity and structure. First, the SE, proportional to in-
dividual hours of sampling, influences directly the completness of 
the survey, and is expected to be linked with higher records of 
richness and generalism (Blüthgen et al., 2008; Dormann et al., 
2009; Rivera-Hutinel et al., 2012). Second, the temporal extent 
of annual sampling (hereafter, annual time span [ATS]) also af-
fects the completeness of the survey by increasing both richness 
and species generalism (Schwarz et al., 2020). However, surveys 
with wide time span also produce an increase in records of for-
bidden links (sensu Olesen et al., 2011) due to temporal uncou-
pling of species, and therefore display lower levels of network 
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connectance (Schwarz et al., 2020). Third, the sampling method 
(i.e., timed-observations per plant species vs. transect or random 
sampling) affects the evenness of observation effort among spe-
cies and thus network properties (Gibson et al., 2011). Fourth, 
sampled networks can also vary in their taxonomic resolution. Low 
degree of taxonomic resolution can obscure real richness and in-
crease measurements of generalism when species are lumped into 
morphospecies or units of higher taxonomic rank (Renaud et al., 
2020). Finally, the intercorrelation between species richness (i.e., 
network size) and connectance or link densities (i.e., mean number 
of interactions per species in each guild; Dormann et al., 2009), 
found in numerous studies (Jordano, 1987; Olesen & Jordano, 
2002; Thébault & Fontaine, 2010), is likely driven not only by dif-
ferences in SEs but also by altered specialization due to modified 
diversity of potential resources and competitors (Winemiller et al., 
2001). For instance, the size of the available partner pool must 
be accounted to reveal differences in relative specialization levels 
rather than imposed specialization in depauperate environments 
(Armbruster, 2017). Altogether, it seems crucial to incroporate all 
these potential sampling and size effects in large-scale compara-
tive studies of pollination networks.

In this study, we aimed to investigate the relative effects of (1) 
anthropogenic pressures, synthetized with the human influence 
index (HII) derived from the Human Footprint map (Venter et al., 
2016); and (2) climate, described as local temperature and precipi-
tation means and seasonality, in shaping the richness and levels of 
generalism of real-world pollination networks of flowering plants 
and their insect visitors at the global scale. Parallely, we explored 
the need to account for (3) heterogeneity in sampling design as 
these methodological aspects can hinder meaningfull comparisons 
and mask biologically significant patterns in such global analyses. 
For that purpose, we analyzed a dataset of 295 networks from all 
scientific litterature available to our knowledge which provided at 
least a full list of interactions and extensive information on sam-
pling characteristics. We tested a series of hypotheses based on 
an extensive review of ecological theories associated with pol-
lination network richness and levels of generalism (Table S1). In 
particular, we explored whether (1) human disturbances extirpate 
species and more particularly specialist species through habitat 
degradation, or on the contrary, promote diversity by shaping 
more heterogeneous landscapes and facilitating biotic invasions. 
We investigated (2) underlying bioclimatic gradients shaping or-
ganism distributions according to insect and plant physiological 
requirements, climatic stability (diversity-stability theory; Pianka, 
1966), and resources availability (OFT; MacArthur & Pianka, 1966). 
In conjunction, we examined a set of hypotheses dealing with (3) 
statistical interrelations of network attributes and sampling meth-
ods. Analyses were carried out for community-wide networks, as 
well as sub-networks limited to dipteran and hymenopteran pol-
linators since different group of pollinators have been shown to 
differ in their level of generalism (Weiner et al., 2011), and their 
responses to anthropogenic pressures (Biesmeijer et al., 2006; 
Weiner et al., 2014) and climate (Martín González et al., 2009).

2  |  MATERIAL S AND METHODS

2.1  |  Collection and selection of networks

We gathered data on plant–insect pollination networks from an 
extensive search in scientific literature. The criteria for a network 
to be included in our database were the following: (1) the sampling 
of insect flower visitors should not be restricted to particular taxa 
but should include all insect flower visitors; (2) the network should 
include a minimum of five plant species, five insect species, and 
10 interactions; and (3) information on SE, time span, and method 
should be provided. Our database included 295 networks from 92 
publications encompassing 11,088 insect species, 4027 plant spe-
cies, and 54,716 interactions (Supporting Information S2). These 
networks were spread across all continents except Antarctica, and 
various continental and oceanic islands, covering a wide latitudinal 
(43,10°S–81,82°N) and altitudinal (0–3700 m) extent (Figure 1).

2.2  |  Data extraction for predictive variables

To quantify the level of anthropogenic pressures at each study 
site, we derived a HII from the Human Footprint map of Venter 
et al. (2016). This index aggregates various drivers of the human 
influence on ecosystems, namely population density, proximity 
to roads, railways, and waterways, urbanization level, light pollu-
tion, land use, and proximity to coasts. It is the most up-to-date 
and comprehensive map of global cumulative anthropogenic 
pressures available and it allows to capture in a global synthetic 
way the anthropogenic disruption of ecosystems. This index was 
available for the year 2009 with a 30 arcseconds resolution (i.e., 
0.93 × 0.93 = 0.86 km2). For our analysis, HII was scaled between 
0 and 100 (Figure 1).

To estimate the climatic conditions at each study site, we ex-
tracted the annual mean temperature and total precipitation, as 
well as the temperature and precipitation seasonality, averaged 
on the 1960–1990 period, with a 30 arcseconds resolution, from 
the WorldClim database (www.world clim.org, v.1.4; Hijmans et al., 
2005).

To characterize the sampling design of each study, we re-
corded (1) the SE as the number of person-hours spent in sam-
pling; (2) the sampling ATS as the extent of the survey in days 
within a year; and (3) the sampling method which can either be 
timed-observations per plant species, or transects/random sam-
pling. Species timed-observations implies an equal SE among 
plant species while for transects and random samplings, the 
SE per plant species is proportional to its abundance (Gibson 
et al., 2011). We included timed-observations on focal plots in 
this last category as SE per plant also depends on plant spe-
cies abundance in that case. (4) Finally, we quantified the level 
of taxonomic resolution as the percentage of taxa identified to 
species level, this to account for potential effects of taxonomic 
aggregation.

http://www.worldclim.org
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2.3  |  Aggregation of network sites

To avoid over-representation of studies presenting numerous net-
works sampled in nearby sites, and prevent pseudo-replication 
(Schleuning et al., 2012), we aggregated networks from a study when 
sampling sites were less than 50 km apart (Hung et al., 2018). We 
also expect this method to tackle spatial-scaling issues arising when 
comparing networks with different sampling area (Galiana et al., 
2018). We did not merge network sites from different publications 
since their sampling methods could differ. We also kept separated 
networks in sites from different islands, or from different habitats 
when mentioned explicitly by the authors. Finally, we did not merge 
networks from studies explicitly claiming to study differences among 
networks along environmental gradient. For aggregated networks, 
we averaged the geographic coordinates, HII, and climatic variables, 
and we summed SE and merged sampling ATS among aggregated 
sites. We obtained a working dataset of 123 aggregated networks 
(see Supporting Information S2 for complete list with data).

2.4  |  Statistical analyses

To assess the relative effects of (1) anthropogenic pressures, (2) 
climate, and (3) sampling design on plant–insect flower visitor net-
works, we modeled the relationships between a set of nine and 10 
predictors describing those three factors, and a set of six response 
variables characterizing the richness and the structure, as the levels 
of generalism, of our networks.

Network richness was measured as insect (SI), plant (SP), and 
total (Stot) number of species. We estimated the levels of generalism 
by computing the link density of insects (LI) and plants (LP) as the 

average number of links per species (Dormann et al., 2009; Warren, 
1994), and the network connectance (C) as the proportion of realized 
interactions (Jordano, 1987). We computed directly our response 
variables from the interaction lists of aggregated networks, then we 
applied log-transformations to approach normal distributions.

The predictors were as follows: (1) the HII, depicting anthro-
pogenic pressures; (2) the annual total precipitation levels (Ptot) 
in mm; (3) the mean temperature (Tmean) in °C; (4) the seasonality 
of precipitation (Pvar) calculated as coefficient of variation among 
months; (5) the temperature seasonality (Tvar) in °C, calculated 
as standard deviation among months, depicting climatic effects; 
(6) the SE as person-hours spent in sampling, or its standardized 
version (stdSE), divided by the number of potential interactions, 
when analyzing connectance and link densities; (7) the ATS of 
sampling; (8) the sampling method (i.e., timed-observations 
equally apportioned among plants species vs. transect or random 
sampling); (9) the taxonomic resolution as the proportion of taxa 
identified to species level; and additionally (10) the network size 
(Stot) or partner pool (SI or SP) only for models of connectance and 
link densities, respectively, to account for network size-effects. 
HII, SE, and ATS were log-transformed. All response variables and 
predictors were scaled prior to the modeling to obtain standard-
ized beta-coefficients.

In total, we fitted three sets of linear multiple regression models 
for each response variable: one set for community-wide networks, 
and two sets for sub-networks restricted to respectively dipteran 
pollinators and hymenopteran pollinators, to highlight possible dif-
ferential responses among taxa.

We took into account the potential spatial auto-correlation 
among study sites using spatial eigenvector filtering (SEVF; Dray 
et al., 2006; Griffith & Peres-Neto, 2006) with a neighboring distance 

F I G U R E  1  Location of the 295 pollination networks included in this study. Background color represents anthropogenic pressures on 
ecosystems measured as the human influence index (HII) derived from Venter et al. (2016). Point size is proportional to the sampling effort in 
person-hours. Darker points relate to the overlap of close sampled sites. Red points represent three arctic networks excluded post-hoc from 
analyses due to their inconsiderate statistical weights (see Supporting Information S5)
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threshold of 150 km drawn from correlogram analyses with the R 
package ncf 1.1-7 (Bjornstad, 2016). Only SEVs that reduced best the 
spatial autocorrelation in the residuals were incorporated as spatial 
filters in our models with the R package spdep 1.1-2 (Bivand et al., 
2013), ensuring the final residuals demonstrated no signs of autocor-
relation (i.e., Moran's I were non-significant based on permutation 
tests with 10,000 iterations).

Additionally, we applied a multimodel averaging framework 
(Burnham & Anderson, 2002; Diniz-Filho et al., 2008) implemented 
in the R package MuMIn 1.42.1 (Barton, 2018) to weight the esti-
mated coefficients and associated p values among collection of min-
imum adequate models (MAMs; ΔAICc ≤ 2 compared to the best 
model). We reported the importance of each predictor as the sum 
of Akaike weights (Σwi; Symonds & Moussalli, 2011). We consid-
ered each predictor with a Σwi > 0.8 to be important (e.g., Martín 
González et al., 2015; Sebastián-González et al., 2015).

We decided to remove the three arctic networks from our data-
set since they showed extreme residuals and high Cook's distances. 
Indeed, they presented outlier values in both HII, and climatic con-
ditions, which tended to drive our statistical analyses with the risk 

of introducing a strong bias. Results of analyses including the arctic 
networks are available in Supporting Information S5.

The raw network interaction data that support the findings 
of this study are publicly available at https://doi.org/10.5281/ 
zenodo.4300427. All R scripts and aggregated network data used to 
carry out the analyses and draw the figures in the R 3.6.2 environ-
ment (R Core Team, 2019) are accessible here: https://github.com/
MaelD ore/Polli nation_networks.

3  |  RESULTS

Sampling design displayed stronger effects on both pollination 
networks richness and levels of generalism than anthropogenic 
pressures or climate. Sampling variables presented significant ef-
fects on all our response variables, with high variable importances 
(mostly = 1.00), and the highest beta-coefficients in our models 
(Tables 1 and 2). In comparison, anthropogenic pressures showed 
significant effects on the levels of generalism in our networks, but 
not on richness, and with a lower intensity than most sampling 

TA B L E  1  Variable importance and standardized coefficients for models of network richness in community-wide networks. The parameter 
associated with sampling method models the relative effect of species timed-observation samplings vs. transect or random samplings as 
base level. Significant coefficients (p < 0.05) are reported in bold. Number of asterisks indicates the level of significance based on the p value 
associated with the estimated parameters such as *p < 0.05; **p < 0.01; ***p < 0.001. NS = not-significant in the case of Moran's indices. 
∑wi = Variable importance evaluated as the sum of Akaike weights. ∑wi > 0.8 are highlighted in bold. MAM = minimum adequate models with 
ΔAICc ≤ 2. Number of MAMs: a: two; b: one; c: two

Total richness (Stot)
n = 120

Insect richness (SI)
n = 120

Plant richness (SP)
n = 120

Σwi

Average 
MAMsa Best model Σwi

Average 
MAMsb Best model Σwi

Average 
MAMsc Best model

Anthropogenic pressures

Human Influence  
Index

— — — — — — — — —

Climatic effects

Annual total 
precipitation

— — — — — — 0.29 0.036 —

Annual mean 
temperature

1.00 −0.192*** −0.209*** 1.00 −0.153** −0.153*** 0.29 −0.025 —

Precipitation 
seasonality

0.49 −0.037 — — — — — — —

Temperature 
seasonality

— — — 1.00 0.036 0.036 — — —

Sampling effects

Sampling effort 1.00 0.231*** 0.226*** 1.00 0.214*** 0.214*** 1.00 0.173** 0.170**

Annual time span 1.00 0.243*** 0.248*** 1.00 0.233*** 0.233*** 1.00 0.232*** 0.232***

Sampling method 1.00 −0.185*** −0.187*** 1.00 −0.168** −0.168** 1.00 −0.182** −0.161**

Taxonomic resolution 1.00 −0.169** −0.162** 1.00 −0.195*** −0.195*** — — —

AICc 204.84 225.94 221.47

R2 adjusted 0.484 0.448 0.487

Moran's I ≤0.066NS 0.066NS 0.028NS 0.028NS 0.019NS 0.045NS

https://doi.org/10.5281/zenodo.4300427
https://doi.org/10.5281/zenodo.4300427
https://github.com/MaelDore/Pollination_networks
https://github.com/MaelDore/Pollination_networks
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variables (Tables 1 and 2). Besides, climatic variables revealed to 
have no significant effect on network structure and richness, with 
the exception of the negative effect of mean temperature on species 
richness mainly driven by dipteran pollinators and their interacting 
plants (Tables 1 and 2; Table S4.1.1).

3.1  |  Effects of anthropogenic pressures on 
pollination networks

We detected no significant effect of anthropogenic pressures on the 
species richness of community-wide pollination networks, neither 
for insect richness (Figure S3.1.1a), plant richness (Figure S3.1.2a) 
nor total richness (Figure 2a). Indeed, the HII was not retained as 
a predictor in any of the best models and even MAMs for richness 
(Table 1). Similarly, no significant effects were found in neither dip-
teran nor hymenopteran sub-networks (Tables S4.1.1 and S4.1.2; 
Figure 2a; Figures S3.1.1a and S3.1.2a).

The increase in human influence on ecosystems leads to higher 
levels of generalism in community-wide pollination networks. We de-
tected a tendency for a positive relationship between HII and connec-
tance associated with high variable importance (Table 2; Figure 2b). 
Complementarily, the link density of both pollinators (Table 2; Figure 
S3.1.1b) and plants (Table 2; Figure S3.1.2b) increases alongside the gra-
dient of anthropogenic pressures. These effects are mainly driven by 
hymenopterans, as the trends are absent in the dipteran sub-networks 
(Tables S4.2.1 and S4.2.2; Figure 2b; Figures S3.1.1b and S3.1.2b).

3.2  |  Effects of climate on pollination networks

Only the annual mean temperature demonstrated a significant ef-
fect on the species richness of community-wide pollination net-
works: low temperatures appeared to be linked with a higher total 
species richness (Table 1; Figure 3a), and a higher insect species 
richness (Table 1; Figure S3.2.1a). However, this effect was found 

TA B L E  2  Variable importance and standardized coefficients for models of network structure, as levels of generalism, in community-wide 
networks. The parameter associated with sampling method models the relative effect of species timed-observation samplings vs. transect or 
random samplings as base level. Significant coefficients (p < 0.05) are reported in bold. Number of asterisks indicates the level of significance 
based on the p value associated with the estimated parameters such as *p < 0.05; **p < 0.01; ***p < 0.001. NS = not-significant in the case 
of Moran's indices. ∑wi = Variable importance evaluated as the sum of Akaike weights. ∑wi > 0.8 are highlighted in bold. MAM = minimum 
adequate models with ΔAICc ≤2. Number of MAMs: a: eight; b: eight; c: eight

Connectance (C)
n = 120

Insect link density (LI)
n = 120

Plant link density (LP)
n = 120

Σwi

Average 
MAMsa Best model Σwi

Average 
MAMsb

Best 
model Σwi

Average 
MAMsc

Best 
model

Anthropogenic pressures

Human Influence 
Index

0.90 0.059 0.062 0.88 0.049 0.060* 1.00 0.086* 0.088*

Climatic effects

Annual total 
precipitation

— −0.007 — 0.37 0.008 0.021 0.62 −0.036 −0.057

Annual mean 
temperature

0.35 −0.016 — — — — 0.39 −0.021 −0.055

Precipitation 
seasonality

— — — 0.14 0.002 — — — —

Temperature 
seasonality

0.61 0.034 0.058 0.40 0.008 — 0.27 0.014 —

Sampling effects

Network size 
(SP + SI = Stot)

1.00 −0.218*** −0.220*** NA NA NA NA NA NA

Partner pool (SP or SI) NA NA NA 1.00 0.231*** 0.221*** 1.00 0.393*** 0.398***

Standardized 
sampling effort

1.00 0.142*** 0.142*** 1.00 0.119*** 0.118*** 1.00 0.215*** 0.220***

Annual time span 1.00 −0.132*** −0.133*** 1.00 −0.077** −0.070** 1.00 −0.196*** −0.182**

Sampling method 1.00 0.089** 0.090** 0.43 0.022 — 1.00 0.095** 0.094

Taxonomic resolution 0.09 0.002 — 1.00 0.056 0.042 0.14 0.004 —

AICc 91.62 41.71 114.69

R2 adjusted 0.770 0.444 0.530

Moran's I ≤0.042NS 0.033NS ≤0.077NS 0.038NS ≤0.062NS 0.039NS
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in dipteran sub-networks (Table S4.2.1; Figure 3a; Figures S3.2.1a 
and S3.2.2a), but not in hymenopteran sub-networks (Table S4.1.2; 
Figure 3a; Figures S3.2.1a and S3.2.2a). In contrast, hymenopteran 
sub-networks exhibit an increase in their total and insect species 
richness with temperature seasonality (Table S4.1.2).

We found limited effects of climate on the generalism of pol-
lination networks. No significant effect of climate variables was 
detected in our average MAMs and best models of network con-
nectance and link densities (Table 2; Figure 3b). No significant ef-
fect was detected for any sub-network neither (Tables S4.2.1 and 
S4.2.2; Figure 3b; Figures S3.2.1b and S3.2.2b), except a decrease in 
insect link density with annual total precipitation in hymenopteran 
sub-networks (Table S4.2.2).

3.3  |  Sampling and size effects in 
pollination networks

Sampling design displayed stronger effects than anthropogenic pres-
sures or climate on both the richness and generalism of pollination 

networks. Sampling variables showed strong and consistent effects 
on most of our measurements of network richness and levels of gen-
eralism in community-wide networks, with high variable importance 
(mostly = 1.00), and the highest beta-coefficients in our models (Tables 
1 and 2). When detected, dipteran and hymenopteran sub-networks 
showed similar responses to sampling design.

All richness measurements increased with SE (Table 1; Tables 
S4.1.1 and S4.1.2; Figure 4a; Figures S3.3.1a and S3.3.2a). Similarly, 
ATS of sampling demonstrated a positive effect on all richness indi-
ces (Table 1; Tables S4.1.1 and S4.1.2). Community-wide networks 
and embedded dipteran sub-networks investigated under species 
timed-observation sampling recorded lower richness values than 
those studied with transects or random sampling (Table 1; Table 
S4.1.1). Conversely, hymenopteran sub-networks did not show ef-
fects of sampling methods on their total and insect richness (Table 
S4.1.2). Total richness decreased with taxonomic resolution in com-
munity-wide networks and hymenopteran sub-networks (Table 1; 
Table S4.1.2; Figure 4c). Insect richness demonstrated the same 
negative trend (Table 1; Table S4.1.2; Figure S3.3.1c), but not plant 
richness (Table 1; Table S4.1.2; Figure S3.3.2c). Meanwhile, dipteran 

F I G U R E  2  Effects of anthropogenic pressures, characterized by the human influence index, on pollination network species richness  
(a) and connectance (b) for community-wide networks (black), dipteran sub-networks (blue), and hymenopteran sub-networks (red). Point 
shape relates to the sampling method: dots = transects or random samplings, triangles = species timed-observations. Lines represent 
predicts of the best model including the human influence index, when all other variables are set to their observed average. Lines are solid 
when the coefficient associated to the slope differs significantly from zero (p < 0.05) and dashed when it is not (p ≥ 0.05). All axes are on log 
scale
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F I G U R E  3  Effects of annual mean temperature on species richness (a) and pollination network connectance (b) and for community-
wide networks (black), dipteran sub-networks (blue), and hymenopteran sub-networks (red). Point shape relates to the sampling method: 
dots = transects or random samplings, triangles = species timed-observations. Lines represent predicts of the best model including the 
annual mean temperature, when all other variables are set to their observed average. Lines are solid when the coefficient associated with 
the slope differs significantly from zero (p < 0.05) and dashed when it is not (p ≥ 0.05). Y-axes are on log scale
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sub-networks showed no effect of taxonomic resolution on any rich-
ness indices (Table S4.1.1; Figure 4c; Figures S3.3.1c and S3.3.2c).

Network size (i.e., number of species) had preponderant effects 
on our measurements of network structure. It was the main predic-
tor of connectance in community-wide pollination networks with a 
strong significant negative effect (Table 2). Likewise, the size of the 
partner pool was the main predictor of insect and plant link densi-
ties (Table 2). We found similar strong size effects in dipteran and 
 hymenopteran sub-networks (Tables S4.2.1 and S4.2.2).

Sampling design also widely influenced our measurements of 
generalism in community-wide networks. Connectance and link den-
sities increased with the SE (Table 2; Figure 4b; Figures S3.3.1b and 
S3.3.2b). In contrast, all those metrics scored lower in networks with 
wider sampling ATS (Table 2; Figure 4d, Figures S3.3.1d and S3.3.2d). 
Species timed-observation sampling methods were associated with 
higher network connectance and higher plant link densities than 
transect or random sampling (Table 2). We found no significant effect 
of taxonomic resolution on connectance and link densities (Table 2). 
Altogether, effects on dipteran and hymenopteran sub-networks 
were fairly similar. However, they showed weaker responses to the 
sampling method (Tables S4.2.1 and S4.2.2). We also found an addi-
tional positive effect of taxonomic resolution on insect link density in 
hymenopteran sub-networks (Table S4.2.2; Figure S3.3.1c).

4  |  DISCUSSION

Our study reveals that levels of generalism in pollination networks, 
measured as connectance and insect and plant link densities, in-
crease with human influence on ecosystems, whereas diversity is 
slightly related with climate through a negative correlation between 
mean annual temperature and species richness driven by dipteran 
pollinators. These results support some of our initial hypotheses 
(Table S1) and also highlight contrasting responses between dip-
teran and hymenopteran sub-networks. In addition, we showed that 
sampling design displayed the strongest effects on both pollination 
network structure and richness. It stresses the need to consider 
sampling heterogeneity in studies analyzing interaction networks 
coming from different origins and sampling methods.

4.1  |  Generalism increases with anthropogenic 
pressures in pollination networks

Our results highlight that anthropogenic disturbances, as synthe-
sized by the HII, affect the structure of plant-pollinator networks, 
increasing network connectance, and link densities worldwide. Our 
study thus generalizes at a global scale a pattern observed locally 

F I G U R E  4  Effects of sampling design on pollination network species richness (a, c) and connectance (b, d) for community-wide networks 
(black), dipteran sub-networks (blue), and hymenopteran sub-networks (red). (a) Effect of sampling effort on species richness. (b) Effect of 
sampling effort, standardized by the number of potential interactions, on network connectance. (c) Effect of taxonomic resolution on species 
richness. (d) Effect of annual time span of sampling on network connectance. Point shape relates to the sampling method: dots = transects or 
random samplings, triangles = species timed-observations. Lines represent predicts of the best model including the predictor, when all other 
variables are set to their observed average. Lines are solid when the coefficient associated with the slope differs significantly from zero 
(p < 0.05) and dashed when it is not (p ≥ 0.05). All Y-axes and X-axes for sampling effort, standardized sampling effort, and annual time span 
of sampling are on log-scale
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by previous studies focusing on specific type of disturbances (Aizen 
et al., 2012; Burkle et al., 2013; Redhead et al., 2018; Spiesman & 
Inouye, 2013; Steffan-Dewenter et al., 2006). Several mechanisms 
could explain the higher generalism in anthropogenic habitats. First, 
specialist species might be replaced by generalist species in anthro-
pogenic habitats. Specialist species depend on a more restricted set 
of partners for survival (specialization-disturbance theory; Vázquez 
& Simberloff, 2002) and are thus more susceptible to cascade of 
secondary extinctions (Dunne et al., 2002). On the other hand, gen-
eralist species are expected to be more flexible and resistant to en-
vironmental changes according to niche theory (Clavel et al., 2011). 
Second, anthropogenic habitats are also more likely to host invasive, 
introduced or managed species that show higher generalism than 
native plant and insect species (Aizen et al., 2008; Albrecht et al., 
2014; Geslin et al., 2017; Stouffer et al., 2014). Lastly, species might 
also enlarge their niche to include more interacting partners in an-
thropogenic habitats characterized by higher risks of extinction, as 
predicted by Den Boer's theory (1968).

However, sensitivity to human impacts may also depend on 
the taxa considered. Our analyses suggest the structure of sub- 
networks involving only hymenopterans is more affected by anthro-
pogenic pressures than that of sub-networks involving dipterans, 
reflecting what has been found previously for species diversity in 
Germany (Weiner et al., 2014) and the Netherlands (Biesmeijer et al., 
2006). Indeed, effects of pollinator turn-over and diet enlargement 
could be stronger in hymenopteran sub-networks that host highly 
specialized taxa among solitary bees and wasps (Janzen, 1979; 
Linsley, 1958; Weiner et al., 2011, 2014), predicted to be more sen-
sitive to anthropogenic pressures. Those findings point out the need 
to include all pollinator groups in pollination network studies (Orford 
et al., 2015) since their responses to anthropogenic pressures can 
differ among them and from community-wide patterns.

Our results further show that anthropogenic perturbations can 
affect network structure without having a detectable effect on spe-
cies richness. Indeed, we found no significant relationship between 
HII and the richness of pollinators, plants or both combined. Land-
use intensification associated with habitat fragmentation trigger 
extinctions of native plants and pollinators (Aguilar et al., 2006; 
Aizen et al., 2012; Burkle et al., 2013; Ricketts et al., 2008; Weiner 
et al., 2014; Winfree et al., 2009) while agrochemicals are suspected 
to affect negatively pollinators (IPBES, 2016; Potts et al., 2016). 
However, intermediate levels of anthropogenic disturbances can 
also increase pollinator and plant richness by providing diverse land-
scape of habitats (Carré et al., 2009; Vanbergen et al., 2017; Wenzel 
et al., 2020; Winfree et al., 2007, 2008). Moreover, local richness 
of disturbed habitats can increase due to the presence of invasive 
species that compensate the loss of native ones (Aizen et al., 2008; 
Stouffer et al., 2014). Therefore, the combination of these opposing 
mechanisms might explain the absence of effect of anthropogenic 
pressures on pollination network richness in our analysis. This result 
stresses the importance of evaluating network structure to fully as-
sess the impact of anthropogenic pressures on ecological communi-
ties (Filippi-Codaccioni et al., 2010; Tylianakis et al., 2010).

Higher generalism could have consequences on pollination 
function as it might decrease pollination effectiveness by increas-
ing pollen loss in interspecific exchanges and interference of for-
eign pollen on the stigmata (Aizen & Feinsinger, 2003; Armbruster, 
2006). Changes in network structure could influence the stability 
of plant–insect communities. A community dominated by gener-
alists is expected to promote community persistence and robust-
ness to secondary extinctions (Dunne et al., 2002; Memmott et al., 
2004; Thébault & Fontaine, 2010, but see Vieira & Almeida-Neto, 
2015), preventing ecological breakdown (Jiang et al., 2019; Lever 
et al., 2014). Finally, eco-evolutionary dynamics of pollinators and 
their associated flowering plants could be affected. On the long 
term, specialists may sustain higher diversification rate via host-
shift leading quickly to reproductive isolation (Armbruster, 2014; 
Johnson & Steiner, 2000; Kay & Sargent, 2009). To the contrary, 
generalists are expected to influence the convergent evolution of 
many species while they are less likely to respond to evolutionary 
shift of one of their many partners (Guimarães et al., 2011). Thus, 
loss of specialist species could represent the loss of unique eco-
logical interactions and co-evolutionary pathways (Aizen et al., 
2012).

4.2  |  Climate affects richness and composition of 
pollination networks

In contrast with the anthropogenic impacts, climate did not show 
consistent effects on pollination network structure, but revealed 
few contrasted effects on richness that could have consequences in 
the context of climate change.

The OFT predicts greater specialization and diversity in steady, 
predictable and productive environments such as the ones found 
in the wet and hot Tropics, for both pollinators and plants. Indeed, 
plants are also expected to benefit from specialization toward the 
most efficient pollinator when its presence is predictable and reliable 
(Stebbin's principle; Johnson & Steiner, 2000; Stebbins, 1970; Waser 
et al., 1996). However, we found no effect of climate and its variability 
on network connectance, link densities, and flowering plant richness, 
but a trend for higher pollinator richness in cooler environments. The 
absence of higher specialization in productive environments asso-
ciated with high precipitation and temperature levels might be ex-
plained by the dilution of potential resources and partners of each 
species in the local biodiversity, thus providing a patchy environment 
despite the local richness, and switching the expectation from the 
OFT toward generalism. This paradox could explain previous con-
trasting results on modularity and niche partitioning (Dalsgaard et al., 
2013; Takemoto et al., 2014 vs. Schleuning et al., 2012), and the 
absence of clear effects highlighted in our study. In parallel, the ex-
pected trend for higher levels of generalism in unstable environments 
could be underpinned by an increase in the number of forbidden links 
(sensu Olesen et al., 2011) due to a lack of overlap between species 
phenologies as seasonal climate might favor different groups of spe-
cies along the year.
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The absence of relation between plant richness and climatic 
variables contrasts with previous findings on global patterns of 
plant diversity, which show that water- and energy-related vari-
ables are main predictors of plant richness (species–energy the-
ory, Wright, 1983; water–energy dynamics hypothesis, Hawkins 
et al., 2003). Our result might be related to our focus on local com-
munities because climatic-related latitudinal patterns of diversity 
appear stronger when diversity is considered at regional scale 
rather than local scale (Hillebrand, 2004). In addition, we consid-
ered a subset of plant diversity that is the diversity of flowering 
plants visited by insects. In our case, observed plant diversity is 
thus partly related to pollinators. This is exemplified by the in-
crease of plant richness in dipteran sub-networks in cooler envi-
ronments, which parallels the trend observed for the richness of 
dipteran pollinators.

The surprising increase in pollinator richness in cooler environ-
ments casts light on the differential responses to climate between 
taxonomic groups. Indeed, this result was driven by the increase in 
dipteran pollinator richness while hymenopterans showed no re-
sponse to annual mean temperature (Figure 3a; Tables S4.1.1and 
S4.1.2). The higher richness of dipteran pollinators in cooler climates 
is a known pattern (Arroyo et al., 1985; Devoto et al., 2005; Elberling 
& Olesen, 1999; Kearns, 1992; Medan et al., 2002; Totland, 1993), 
explained by their low energetic requirements for flying and their 
ability for thermoregulation via sun-basking in heliotropic flowers 
(Arroyo et al., 1985; Kearns, 1990, 1992). Other climatic effects were 
only detected at the sub-network level. For dipteran sub-networks, 
pollinator richness decreased with the seasonality of precipitation 
(Table S4.1.1). In contrast, we found an increase in total richness 
with temperature seasonality in hymenopteran networks (Table 
S4.1.2), which might be explained by a wider availability of thermic 
niches along the year, reducing competition, thereby enhancing rich-
ness. These contrasting responses of pollinator groups to climate, 
but also anthropogenic pressures, suggest that global changes could 
have important consequences on the composition of pollinator com-
munities in the future. It also recalls that not all taxa are equal in 
the face of global changes, and is a reminder that we should always 
be cautious about generalizations that may over or underestimate 
human impacts on ecological communities.

4.3  |  Sampling and size effects are ubiquitous and 
preponderant

Our study highlighted the need to account for the effects of sam-
pling design when analyzing network data from heterogeneous 
sources, as they had the strongest effects on the properties of pol-
lination networks.

We first retrieved two well-known relations typically included 
in comparative network analyses: a strong negative relationship 
between connectance and network size (Jordano, 1987; Olesen & 
Jordano, 2002; Thébault & Fontaine, 2010), and a positive correla-
tion between the SE and the number of interactions and species 

recorded (Dalsgaard et al., 2017; Fründ et al., 2016; Traveset et al., 
2016; Vizentin-Bugoni et al., 2014; Zanata et al., 2017).

Second, our study highlighted three other important sampling 
effects associated with ATS of sampling, sampling methods, and 
taxonomic resolution, typically overlooked in comparative network 
analyses. We revealed the ATS of sampling could have strong ef-
fects on network richness and generalism, as found by a recent 
study (Schwarz et al., 2020). Richness indices increased significantly 
with the ATS of sampling since a wider span allows to better sample 
the turn-over of species along the seasons. Singularly, we reported 
a decrease in connectance and link densities with increasing ATS of 
sampling, which was not detected by previous studies taking this 
factor into consideration (Dalsgaard et al., 2011, 2017; Schleuning 
et al., 2012; but see Schwarz et al., 2020). Indeed, a wider ATS of 
sampling should induce the presence of more forbidden links (sensu 
Jordano, 2016; Olesen et al., 2011) due to lack of overlap between 
species phenologies. We further showed that the method of sam-
pling influences network metrics at the global scale: we found spe-
cies timed-observations sampling allows to detect less species, but 
more interactions per species than transects or random sampling, 
extending results of a local case study (Gibson et al., 2011). Lastly, 
taxonomic resolution was negatively related to richness, especially 
for hymenopteran (Table 1; Figure 4c; Figure S3.3.1c), and had no 
effect on connectance and link densities (Table 2). Such higher rich-
ness associated with lower taxonomic resolution was contrary to our 
expectations (Table S1). This could indicate that researchers tend to 
split rather to lump species when defining morpho-species, or con-
versely that highly resolved networks actually hide certain level of 
accidental species aggregation. It could also simply suggest that in-
sect species from rich environments, especially hymenopterans, are 
less known and less easily identified.

Altogether, not taking into consideration the heterogeneity of 
sampling design among networks, even for typically overlooked 
sampling characteristics, can lead to drastically different results 
and conclusions. For instance, disregarding potential sampling ef-
fects, we could not detect the increase in generalism associated 
with human impacts, neither the negative effect of annual mean 
temperature on total and insect species richness (Supporting 
Information S6).

4.4  |  Methodological shortcomings

Despite our concern to include the effects of sampling heterogeneity 
in our analysis, several issues remain. In particular, a large proportion of 
the networks included in our dataset lacked quantitative information 
on the strength and/or frequency of interactions. Thus, to maximize 
the coverage of our study, we focused only on metrics for binary net-
works. A step forward would be to refine evaluation of specialization 
using weighted metrics less prone to sampling heterogeneity and size-
effects (Blüthgen et al., 2006; Dormann et al., 2009).

In parallel, the mapping of networks included in our study high-
lighted spatial heterogeneity in the location of pollination network 
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surveys worldwide (Figure 1). Several regions such as polar regions, 
Africa, Central Asia, and the Tropics in general, remain largely under-
sampled. This could be an important bias for macroecological anal-
yses. First, ecological responses of pollination networks can vary 
between regions and biomes (Archer et al., 2014; De Palma et al., 
2016). Second, network sites in undersampled regions could bear 
inconsiderate weights in the analyses, especially if they illustrate ex-
treme conditions, as shown with the arctic networks in this study 
(Supporting Information S5).

4.5  |  Conclusion

Our study revealed anthropogenic pressures globally correlate with 
an increase in generalism in pollination networks while species rich-
ness and broad taxonomic composition of pollinators are weakly 
related to climate. Such effects of anthropogenic pressures could 
result in a decrease in the ecosystem pollination function and losses 
of unique ecological interactions and evolutionary pathways, but 
further research is needed to better evaluate these potential con-
sequences. Our research also highlighted the importance of the 
network approach when studying ecological responses to anthro-
pogenic pressures since their effects were detected only at the 
network structure level. We recorded differential responses of pol-
linator groups to climate and anthropogenic pressures at the global 
scale that could have important consequences on pollinator commu-
nity composition in the context of global changes. Indeed, dipteran 
pollinators appeared less sensitive to anthropogenic pressures than 
hymenopterans, and seem to thrive in cooler climates. Altogether, 
we showed sampling design, rather than anthropogenic pressures 
and climate, mainly explained the variation in pollination network 
properties. In addition to network size and SE, we showed sampling 
method, temporal extent of annual sampling, and taxonomic resolu-
tion can affect network measurements. Our results stress the need 
to report such characteristics in pollination surveys, and to incorpo-
rate them in macroecological studies synthesizing data from multi-
ple sources to reveal biologically significant patterns at the global 
scale. Finally, our extensive review of available data on pollination 
networks calls for a SE in previously neglected regions to extend the 
scope of future research.
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