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Abstract
Bipartite networks of flowering plants and their visitors (potential pollinators) are increasingly being used in studies of the 
structure and function of these ecological interactions. Whilst they hold much promise in understanding the ecology of plant–
pollinator networks and how this may be altered by environmental perturbations, like land-use change and invasive species, 
there is no consensus about the scale at which such networks should be constructed and analysed. Ecologists, however, have 
emphasised that many processes are scale dependent. Here, we compare network- and species-level properties of ecological 
networks analysed at the level of a site, pooling across sites within a given habitat for each month of surveys, and pooling 
across all sites and months to create a single network per habitat type. We additionally considered how these three scales of 
resolution influenced conclusions regarding differences between networks according to two contrasting habitat types (urban 
bushland remnants and residential gardens) and the influence of honey bee abundance on network properties. We found 
that most network properties varied markedly depending on the scale of analysis, as did the significance, or lack thereof, of 
habitat type and honey bee abundance on network properties. We caution against pooling across sites and months as this 
can create unrealistic links, invalidating conclusions on network structure. In conclusion, consideration of scale of analysis 
is also important when conducting and interpreting plant–pollinator networks.
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Introduction

Conserving species interactions such as those between plants 
and pollinating insects is vital for the effective function-
ing of ecosystems (Tylianakis et al. 2010). The theory and 
understanding of ecological networks of interacting species 
can be advanced through analyses of bipartite networks, with 
practical implications for conservation (Elle et al. 2012). 
Analysing plant and flower visitor communities using inter-
action networks has the potential to enhance understandings 
of ecological patterns and processes (Thébault and Fontaine 
2010; Burkle and Alarcón 2011; Vázquez et al. 2009). How-
ever, the validity of conclusions from network analyses may 
be questionable if they are analysed at inappropriate scales. 

The ability to compare across studies may also be hampered 
if studies are conducted or analysed at different scales. The 
question of what the appropriate scale of analysis is for a 
given system and study objective is an ongoing issue in 
ecological studies (Hewitt et al. 2001; Peterson et al. 1998; 
Sutherland et al. 2013). This includes both temporal and 
spatial aspects. There is presently no agreed upon scale at 
which to construct ecological networks. However, there is 
accumulating evidence that scale influences at least some 
common network indices (Schwarzt et al. 2020).

Bees are integral to many ecosystems due to their roles 
as pollinators (Ollerton et al. 2011; Garibaldi et al. 2013; 
Aizen and Feinsinger 2003; Ollerton 2021); however, there 
are concerns about their conservation (Potts et al. 2016). 
Pollinators appear to be particularly susceptible to habitat 
loss (Taki and Kevan 2007), suggesting that anthropogenic 
processes such as urban development (Güneralp et al. 2013) 
can lead to a reduction in flower–visitor network integrity 
(Aizen and Feinsinger 2003). In addition to destruction 
of natural habitat, introduced competitors may also cause 
disruptions of plant–pollinator mutualisms (Dohzono and 

 * Kit S. Prendergast 
 kitprendergast21@gmail.com

1 School of Molecular and Life Sciences, Curtin University, 
Bentley, Perth, WA 6845, Australia

2 Faculty of Arts, Science and Technology, University 
of Northampton, Northampton, UK

http://orcid.org/0000-0002-1164-6099
http://orcid.org/0000-0002-0887-8235
http://crossmark.crossref.org/dialog/?doi=10.1007/s11829-022-09925-w&domain=pdf


554 K. S. Prendergast, J. Ollerton 

1 3

Yokoyama 2010; Prendergast et al. 2021; Prendergast and 
Ollerton 2021). The topic of honey bee competition with 
wild pollinators has been controversial (Pyke 1999; Oller-
ton 2012). Consequently, if conclusions about the impact 
of honey bees on plant–pollinator networks are affected by 
the scale at which analyses are carried out, this could alter 
conclusions about whether honey bees are detrimentally 
effecting bee–plant mutualisms.

Networks constructed by pooling surveys conducted over 
an entire season, or by pooling plots separated by kilome-
tres in different habitats, may be unrealistic given the short 
flight seasons of many wild bees (of the order of a couple of 
months Batley and Brandley 2014; Prendergast, 2020a, b) 
and flight ranges that are often less than 500 m (Zurbuchen 
et al. 2010). Instead, networks and the indices of network 
structure calculated from them may be better constructed 
over shorter temporal and spatial scales that coincide with 
the activity period and flight range of the pollinators.

Here we use a dataset of plant–bee interactions collected 
monthly across urbanised sites in contrasting habitat types 
(seven bushland remnants and seven residential gardens) 
over two years to analyse how the temporal and spatial 
scale of these networks influences conclusions about net-
work structure. This study assessed how the scale at which 
networks were constructed influenced network structural 
properties. We compared site level, monthly (hereafter, 
site-level) vs. habitat level, monthly (hereafter, habitat-by-
month) vs. habitat level, across months (hereafter, habitat-
across-months), and finally, networks constructed by pooling 
across years. This was achieved by constructing bipartite 
networks from monthly surveys of bee–plant interactions 
across fourteen sites and calculating network properties. For 
the site-level analyses the unit of analysis was each survey. 
For the next, coarser, habitat-by-month scale, we pooled the 
data from each survey conducted in the same habitat for each 
month. The coarsest habitat-across-months scale pooled the 
surveys across all months and sites within a given habitat. 
By doing this, we specifically assessed how scale altered 
conclusions regarding the impact of habitat type (remnant 
vegetation vs. residential gardens) (Prendergast and Ollerton 
2021) and the introduced European honey bee Apis mellifera 
(Prendergast and Ollerton 2022) on network properties of 
H’ (network generalisation), weighted connectance, NODF 
(nestedness based on overlap and decreasing fill), bee niche 
overlap, extinction slope (bee and plant level), and robust-
ness (bee and plant level, functional complementarity, nor-
malised degree, species strength, interaction push–pull, spe-
cies specificity, and Bluthgen’s d (d’). These properties were 
chosen due to how they are posited to provide information 
about the function, structure, completeness, resilience, and 
vulnerability to disruption, as well as the extent of competi-
tive and specialised interactions of the bee–plant networks 
(Bascompte and Jordano 2007; Borchardt et al. 2021), and 

we previously investigated how habitat type and introduced 
honey bee density influenced these metrics (Prendergast and 
Ollerton 2021, 2022).

We hypothesised that the level of spatio-temporal resolu-
tion at which plant–pollinator networks are constructed will 
alter the average value of bipartite properties calculated from 
these networks. More specifically, we predicted that scale 
would change the significance, or lack thereof, of differ-
ences in properties between plant–bee networks in bushland 
remnant vegetation versus residential gardens and also the 
influence of honey bee abundance on network properties.

Methods

Plant–bee surveys

Flower visitation networks were constructed from observa-
tions of Australian native bees and the introduced Euro-
pean honey bee visiting flowering plants at fourteen sites 
in the region of Perth, which is located in the southwest 
Western Australia biodiversity hotspot (Laurie 2015). 
Seven of these sites were urban native vegetation remnants 
and seven were residential gardens (see Prendergast et al. 
2022b; Fig. 1). Each site was a minimum of 2 km away 
from the closest site to ensure independence, since this 
is beyond the flight range of the majority of bee species 
(Greenleaf et al. 2007; Hofmann et al. 2020; Smith et al. 
2017; Zurbuchen et al. 2010). Sites were surveyed monthly 
between 10:45 h and 13:45 h over the austral spring/sum-
mer from November to February in 2016/2017 (year one) 
and October to March in 2017/2018 (year two). Surveys 
were conducted over an approximately 100 × 100-m area 
of greenspace, encompassing part of the bushland rem-
nant and for residential gardens, the front and backyard, 
and along road verges (see Prendergast and Ollerton 
2021; Prendergast et al. 2022b). A single researcher, KSP, 
walked haphazardly within the plot observing flowering 
patches, with a minimum of 5 min spent at each patch, 
recording the visitations of all native bees and honey bees 
to flowers. During each survey bee specimens were also 
collected using an entomological sweep-net for species 
verification (Prendergast et al. 2020). For further details 
on the methodology refer to (Prendergast and Ollerton 
2021, 2022; Prendergast et al. 2020, 2022b). All flowering 
plant species were photographed for identification. Aus-
tralian native flora were identified with reference to Bar-
rett and Tay (2016), using FloraBase, and in consultation 
with botanists. Weeds were identified using Hussey et al. 
(1997), and web-based searches and garden community 
forums were used for identifying other exotic flora. The 
bushland remnants comprised Kwongan vegetation of the 
Swan Coastal Plain (Lambers 2014), and residential sites 
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had exotic garden flora and native flora (refer to online 
datasets in Prendergast 2020b). Each site per habitat had 
similar vegetation distinct from sites in the alternative 
habitat type—refer to the NMDS plots in Prendergast and 
Ollerton (2022).

From this bee–plant visitation data, bipartite networks 
(hereafter pollination networks) were constructed. All plant 
taxa were identified and analysed at the level of species (for 
details refer to online dataset in Prendergast 2020b). As most 
native bee species cannot be classified to species level by 
field observation alone (Prendergast et al. 2020), bees were 
assigned into taxonomic groups based on the lowest level of 
identification possible in the field: the introduced European 
honey bee Apis mellifera, Amegilla, Coelyoxis, Euryglossi-
nae, Allodapini, Homalictus, Hylaeinae, Lasioglossum, 
Leioproctus, Lipotriches, Megachile, Trichocolletes, and 
Thyreus. These taxonomic groupings were chosen so that 
phylogenetically based categories of bee taxa that shared 
similar life-history traits could be used and generalised to 
other systems. Using this level of taxonomic resolution also 
provides adequate sample sizes for statistical analyses (e.g. 
Prendergast and Ollerton 2021, 2022; Prendergast et al. 
2021). In addition, it is important to note that it is impos-
sible to identify taxa to species level in the field, as many 
species within a genus are very similar and diagnostic dif-
ferences between species are microscopic. Also, due to dif-
ferences in the catchability of different taxa, we wanted to 
include the full sample of bees observed visiting flowers, 
so as to not bias it towards those that were easier to catch, 
or plant interactions where it is easier to catch bees on par-
ticular flowers (Prendergast et al. 2020). We acknowledge 
that further research is required to determine how taxonomic 
resolution of taxa in bipartite networks has a bearing on 
network structure.

Scales of analysis

We first constructed individual flower–visitor networks 
for each survey at the site scale (N (total number of net-
works) = 42 for year one, N = 140 for year two). Network 
metrics were calculated by averaging across all surveys for 
each habitat type. To assess the effect of scale, we then con-
structed networks at the habitat scale, pooling all surveys in 
a given habitat type each month (N = 6 for year one, N = 12 
for year two), and then, at the coarsest scale, we constructed 
whole networks pooling all surveys in a given habitat type 
across all months (N = 2 for both year one and year two). We 
also constructed a single bipartite network for each habitat 
from the data pooled across all surveys over the 2 years.

Network indices

Plant–pollinator networks and associated indices were con-
structed using the package bipartite (Dormann et al. 2008) 
in R (version 3.6.2) (R Core Team 2014).

The following network-level indices were calculated for 
each plant–flower visitor network (see also Prendergast and 
Ollerton 2021, 2022): 

Network level

• H2’: network generalisation
• Weighted connectance: realised proportion of pos-

sible links, weighted by network size
• NODF (nestedness based on overlap and decreasing 

fill): the extent to which specialists interact with a 
subset of species that also interact with generalists

Fig. 1  Map of study sites in the 
southwest Western Australian 
biodiversity hotspot. Green 
markers are sites in bushland 
remnants and red markers are 
sites in residential gardens. Map 
created in QGIS 3.10.1
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• Bee niche overlap: mean similarity in interaction pat-
terns between bees visiting flowers

• Extinction slope (bee and plant level): simulated sec-
ondary loss of species with extinctions of species in 
the other level

• Robustness ( bee and plant level): “fragility” of a 
level to losses in the other level

• Functional complementarity: extent of sharing of 
interactions between bees

 For each network, we calculated the following species-level 
indices: 

Species level

• Normalised degree: links per species, scaled by the 
number of possible partners

• Species strength: sum of the dependencies for each 
plants species for a given visitor and is co-deter-
mined by the specialisation of other pollinators in 
the network

• Interaction push–pull (IPP): asymmetry in dependen-
cies between flower visitors and flowers they visit

• Species specificity: co-efficient of variability in inter-
actions

• Bluthgen’s d (d’): a measure of specialisation of a 
flower visitor taxon in terms of its discrimination 
from a random sampling of plant partners

In the literature about bipartite networks, “species-level” 
is used to refer to the level of “nodes” as opposed to the 
entire bipartite network level of analysis (Dormann et al. 
2008). In this study, as in many others (e.g. Daniels et al. 
2020; Watts et al. 2016; Willcox et al. 2019), the nodes rep-
resenting the higher-level taxa (here, bees) may not neces-
sarily be represented by single species, but by higher taxo-
nomic groupings, e.g. genus or tribe.

Pollination networks often exhibit modularity, which 
refers to the division of taxa into modules (compartments), 
where species within modules share more interactions with 
each other than they do with species from other modules 
(Olesen et al. 2007). In bipartite networks, the property of 
modularity reflects the extent to which nodes (i.e. ‘species’) 
in a compartment are more likely to be connected to each 
other than to other nodes of the network (Olesen et al. 2007). 
Modularity was calculated for each habitat type for the habi-
tat level and whole network level using the computeModules 
function.

Statistical analysis

Statistical analyses were performed in R (Bates et al. 2015).

Comparison of flower–visitor network metrics and 
species-level metrics between urban gardens and bush-
land remnants were made using mixed-effects models 
(lme4, lmer function) for the site-level networks with site 
included as a random effect in the models to account for 
multiple surveys per site and linear models for the habitat-
by-month level.

Model fit was checked visually using diagnostic plots 
(quantile plots) and the data transformed if model assump-
tions were violated.

The influence of introduced European honey bees on net-
work-level metrics was modelled using linear mixed-effects 
models (package lme4) and comparing models of network-
level metrics as a function of honey bee abundance (ln + 1 
transformed due to extreme values). Honey bee abundance 
was the total number of honey bees observed visiting flow-
ers per survey. When analysed at the coarser scales, as with 
the bipartite networks, honey bee abundances were summed 
(pooled) to correspond with the unit of analysis at which the 
networks were constructed.

The significance of habitat type and honey bee abun-
dance was determined by performing an ANOVA between 
a model with and without the explanatory variable (Kuznet-
sova et al. 2017). The variable was considered to contribute 
to significant variation when the ANOVA produced a value 
of p ≤ 0.05. The proportion of variance explained by honey 
bee abundance (R2 values) was calculated from the mod-
els using the r.squaredGLMM function from the package 
MuMIn (Burnham and Anderson 2003).

Due to differences in sample size, comparisons amongst 
metrics between scales could not be assessed using statisti-
cal tests (e.g. in year one, site scale N = 42, habitat by month 
N = 6, habitat across months N = 1). In addition, statistical 
tests between habitat types could not be performed at the 
habitat-across-months scale given the sample size of one 
per habitat type.

Results

Network summary

For each individual network constructed per survey, net-
work size ranged from 3 to 27 (where network size = bee 
taxa + plant taxa), with the number of interactions ranging 
from 10 to 6165 (Prendergast and Ollerton 2021). At the 
largest scale of analysis, the residential gardens network 
combining all surveys across both years had a network size 
of 215 and 25,355 interactions, and the bushland network 
had a network size of 103, and 42,942 interactions. For raw 
data on these bee–plant networks, refer to the online data in 
Prendergast (2020a, b).



557Spatial and temporal scale of analysis alter conclusions about the effects of urbanisation…

1 3

Network properties across scales

Average network property values across scales

As scale increased, average  H2′ remained fairly similar, 
within the range of 0.54 to 0.63, as did bee extinction slope, 
being within the range of 1.61 to 2.03 across scales (Table 1). 
Changes according to the scale of analysis however could 
be seen for most other metrics, but how they changed varied 
according to the metric (Table 1). For weighted connectance, 
as scale became coarser, weighted connectance was reduced, 
decreasing by almost 50% for each coarser level (Table 1). 
For nestedness, networks became more nested as the scale 
of analysis became coarser (Table 1). Extinction slope of 
plants also increased as the scale of analysis became coarser, 
approximately doubling between the levels of analysis 
(Table 1). In contrast, niche overlap between bees decreased 
by two-thirds to one half as scale became more coarser 
(Table 1). Functional complementarity between bee visitors 
strikingly increased at more coarse scales of analysis, rising 
in value 3- to fivefold (Table 1). Modularity was comparable 
between the whole-habitat and habitat-by-month scales of 
analysis, but did slightly decrease as the scale became finer 
(Table 1). Modularity could not be calculated from the site-
scale networks due to insufficient sample size.

Habitat comparisons between the site‑ 
and habitat‑level networks

Whether average network-level properties were dif-
ferent between urban bushland remnants and residen-
tial gardens depended on the scale of analysis [Table 2, 
Appendix 1 (Electronic supplementary materials)]. Dif-
ferences between urban bushland remnants and residen-
tial gardens occurred in year two for nestedness only at 
the coarser scale (habitat by month (p = 0.047), not site 
scale (p = 0.067)). Extinction slope of bees in year two 
according to habitat type was significant at the coarser 
(p = 0.004), but not finer scale (p = 0.440), with the same 
pattern occurring for robustness (p = 0.593 vs. p = 0.001). 
Extinction slope of plants between habitat types in 
year two was significant at the finer (p = 0.001), but not 
coarser scale (p = 0.335), as was robustness (p = 0.001 vs. 
p = 0.593).

Niche overlap differed between habitat types in year 
two at the finer scale (p = 0.011), but not the coarser 
scale (p = 0.431). Significance (or lack thereof) between 
habitat types was consistent across scale of analysis in 
both years for  H2’, weighted connectance, and functional 
complementarity.

Table 1  Bipartite network-level properties across habitat types ana-
lysed by constructing networks for each survey (site scale), pooling 
across sites within a habitat type for each month of survey (habitat 

by month), and pooling across all surveys and months within a habi-
tat type (habitat across months) in the year one (Nov–Feb 2016/2017) 
and year two (Oct–March 2017/2018)

N refers to how many networks are involved in the calculation. Data are combined from both habitat types (bushland remnants and residential 
gardens)

Site scale Habitat by month Habitat across months Pooled

Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 + 2

Network property Overall (n = 56) Overall (n = 56) Overall (n = 8) Overall (n = 12) Overall (n = 2) Overall (n = 2) Overall (n = 2)

H2′ 0.63 ± 0.04 0.59 ± 0.03 0.57 ± 0.05 0.56 ± 0.05 0.54 ± 0.04 0.56 ± 0.07 0.55 ± 0.05
Weighted connectance 0.20 ± 0.01 0.15 ± 0.01 0.10 ± 0.01 0.07 ± 0.004 0.09 ± 0.004 0.05 ± 0.01 0.06 ± 0.01
Nestedness (NODF) 35.7 ± 3.45 42.4 ± 1.69 41.0 ± 4.38 44.8 ± 2.75 48.9 ± 4.95 53.9 ± 3.24 55.1 ± 3.50
Extinction slope bee 

visitors
1.74 ± 0.01 2.03 ± 0.08 1.62 ± 0.15 1.61 ± 0.10 1.74 ± 0.34 1.73 ± 0.51 1.68 ± 0.23

Extinction slope plants 
visited

1.80 ± 0.09 1.65 ± 0.07 2.82 ± 0.24 3.96 ± 0.23 5.92 ± 0.53 8.38 ± 0.21 10.5 ± 1.10

Robustness bee visitors 0.61 ± 0.01 0.67 ± 0.01 0.61 ± 0.02 0.61 ± 0.01 0.62 ± 0.04 0.62 ± 0.06 0.65 ± 0.02
Robustness plants 

visited
0.63 ± 0.01 0.61 ± 0.01 0.73 ± 0.02 0.77 ± 0.01 0.84 ± 0.022 0.62 ± 0.03 0.89 ± 0.02

Niche overlap 0.38 ± 0.03 0.50 ± 0.03 0.24 ± 0.03 0.22 ± 0.02 0.12 ± 0.02 0.13 ± 0.002 0.15 ± 0.01
Functional complemen-

tarity
505 ± 122 992 ± 204 2504 ± 674 4428 ± 1232 7150 ± 2520 22,150 ± 9229 24,326 ± 11,276

Modularity na na 0.25 ± 0.03 0.30 ± 0.03 2.73 ± 0.08 0.35 ± 0.08 0.33 ± 0.08
Module N na na 4.25 ± 0.16 4.17 ± 0.21 4.5 ± 0.5 5 ± 0 5 ± 0
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Species‑level analysis

Average species‑level property values across scales

Average species-level properties varied according to scale of 
analysis, and as with average network properties, trends were 
heterogeneous according to the particular metric (Fig. 1). 
Normalised degree decreased as the scale of analysis got 
coarser, with the greatest change being between the site-
level and habitat-by-month levels (Table 3). Average spe-
cies strength was more than twice as great as the scale of 
analysis went from site to habitat by month to habitat across 
months (Table 3). Average interaction push–pull not only 
increased from site to habitat by month to habitat-across-
months scale of analysis, but was on average negative (bees 
were more dependent on flowers than vice versa) at the finer 
scales but positive (bees were less dependent on flowers than 
vice versa) at the coarsest scale of analysis (Table 3). Spe-
cies specificity index decreased as the scale of analysis got 
coarser (Table 3). Only Bluthgen’s d’ was similar across 
scales of analysis, and slight increases/decreases were not 
consistent between the years (Table 3).

Habitat comparisons between the site‑ 
and habitat‑level networks

Comparisons of average species-level properties by habi-
tat were similar across the site- and habitat-level networks 
[Table 4, Appendix 2 (Electronic supplementary materials)], 
except for species specificity index in year two, which dif-
fered between urban bushland remnants at the finer scale 
(p < 0.001), but not the coarser scale (p = 0.846).

Between and across years

When analyses were performed on networks from the data 
pooled across years, this did not necessarily represent an 
average of each separate year. In particular for network-
level properties, nestedness and niche overlap were higher 

than for either year analysed alone, and the much higher 
values of weighted connectance and functional comple-
mentarity obtained in the first year compared to the sec-
ond were obscured in the pooled year analysis, where the 
values of these metrics were closer to the second-year val-
ues (Table 1). For species-level properties, species strength 
exceeded the value for year one and year two, and for inter-
action push–pull, the value was considerably lower than 
that calculated for either year (Table 2). Comparing the two 
habitat types, differences or lack thereof between one year 
and the other were therefore masked when pooling the data 
from both years (Tables 2, 4).

Association between honey bee abundance and network 
properties

The scale of analysis affected whether honey bee abun-
dance was associated with network structure [Appendix 3 
(Electronic supplementary materials)]. In general the conse-
quence was that significant associations that emerged when 
analysing the site-scale networks were no longer significant 
where the unit of analysis was habitat-by-month scale net-
works. Honey bee abundance was significantly negatively 
associated with weighted connectance in year one at the 
site scale (est = -0.014 ± 0.004, X2 = 11.1, p = 0.001) but not 
habitat-by-month scale (est ≤ − 0.001 ±  < 0.001, F = 0.11, 
p = 0.755). There was a significant positive association 
between honey bee abundance and functional complementa-
rity at the site scale (est = 0.183 ± 0.09, X2 = 4.11, p = 0.043) 
but not habitat-by-month scale (est ≤ 0.001 ±  < 0.001, 
F = 0.1, p = 0.345) in year one. Honey bee abundance was 
significantly negatively associated with  H2’ at the site scale 
(est = − 0.07 ± 0.02, X2 = 13.9, p = 0.020) but not habitat-
by-month scale (est ≤ 0.001 ±  < 0.001, F = 0.96, p = 0.349) 
in year two. Niche overlap and honey bee abundance were 
highly significantly associated at the site scale in year two 
(est = 0.08 ± 0.02, X2 = 21.5, p < 0.001), but this was non-sig-
nificant at the habitat-by-month scale (est ≤ 0.001 ±  < 0.001, 
F = 0.1, p = 0.972). The reverse pattern was found for 

Table 3  Bipartite species-level properties across habitats analysed 
by constructing networks for each survey (site scale), pooling across 
sites within a habitat type for each month of survey (habitat by 
month), and pooling across all surveys and months within a habitat 

type (habitat across months) in year one (Nov–Feb 2016/2017) and 
year two (Oct–March 2017/2018), and pooling across all surveys over 
both years

Site scale Habitat by month Habitat across months Across years

Species-level property Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year1 + 2

Normalised degree 0.43 ± 0.02 0.36 ± 0.01 0.20 ± 0.03 0.20 ± 0.02 0.19 ± 0.05 0.17 ± 0.05 0.19 ± 0.05
Species strength 1.29 ± 0.13 1.81 ± 0.14 3.00 ± 0.48 4.59 ± 0.98 6.22 ± 3.59 10.5 ± 5.77 11.6 ± 6.73
Interaction push–pull − 0.21 ± 0.04 − 0.13 ± 0.03 − 0.17 ± 0.07 − 0.07 ± 0.05 0.16 ± 0.08 0.23 ± 0.06 0.04 ± 0.08
Species specificity index 0.85 ± 0.01 1.89 ± 1.06 0.75 ± 0.02 0.71 ± 0.02 0.61 ± 0.04 0.60 ± 0.04 0.57 ± 0.04
d' 0.44 ± 0.02 0.46 ± 0.02 0.44 ± 0.03 0.49 ± 0.02 0.44 ± 0.04 0.49 ± 0.04 0.47 ± 0.04
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nestedness in year one, which was positively associated 
with honey bee abundance at the habitat-by-month scale 
(est = 0.004 ± 0.002, F = 7.09, p = 0.037) but not site scale 
(est = 0.81 ± 1.97, X2 = 0.29, p = 0.652). Altering the scale 
of analysis also resulted in changes in the numbers of visits 
by honey bees relative to native bees such that combining 
networks led to honey bees comprising a larger proportion 
of visits [Appendix 4 (Electronic supplementary materials)].

Discussion

Our analyses of the same dataset at different scales of resolu-
tion revealed that scale of analysis can significantly alter val-
ues of network properties (Fig. 1). The spatio-temporal scale 
of analysis also can change significance, or lack thereof, of 
differences in bipartite network properties between habitat 
types and the influence of honey bees on network properties.

Our previous research used networks constructed per 
survey (Prendergast and Ollerton 2021, 2022), which we 
believe is the appropriate level at which to analyse such data. 
Combining sites within a given habitat type ignores the vari-
ation in the presence/absence of particular bees and/or plants 
between sites. Combining sites across months ignores spe-
cies’ phenologies. Constructing networks from pooling data 
from different surveys leads to networks that do not conform 
to ecological reality. For example, if species were to co-
occur in space and/or time, this could alter the behaviour of 
pollinators, due to facilitation or competition (Ye et al. 2014; 
Mesgaran et al. 2017). How specialised a species is in their 
foraging behaviour, especially in terms of bipartite metrics 
(as opposed to lecty), will depend on what resources are 
present in a given place and time. If only two plant species 
are in flower at a site during a survey and there are three 
flower–visitor taxa, two of the species may use one each 
and the third bee taxon uses both. If there were twenty plant 
species, oligoleges would still use one plant species each 
and a polylectic bee may use none of the original plant taxa, 
leading to completely different network metrics (Armbruster 
2017). Such a scenario, however, will only be possible if the 
plants and pollinators co-occur in space and time.

We found that average values of network- and species-
level properties, as well as the significance or lack thereof 
of differences between habitats or the influence of honey 
bees, at times differed between the networks constructed at 
the site scale, habitat-by-month scale, and habitat-across-
month scale. This raises questions about the interpretation of 
conclusions of previous studies where networks are created 
by merging data gathered over multiple sites, months, or 
years. Indeed, plant–flower visitor networks in general are 
known to display strong temporal dynamics (Olesen et al. 
2008; Alarcón et al. 2008; Lázaro et al. 2010; Burkle and 
Irwin 2009; Trøjelsgaard and Olesen 2016; Prendergast and Ta

bl
e 

4 
 B

ip
ar

tit
e 

sp
ec

ie
s-

le
ve

l p
ro

pe
rti

es
 fo

r u
rb

an
 b

us
hl

an
d 

re
m

na
nt

s a
nd

 re
si

de
nt

ia
l g

ar
de

ns
 a

na
ly

se
d 

by
 c

on
str

uc
tin

g 
ne

tw
or

ks
 fo

r e
ac

h 
su

rv
ey

 (s
ite

 s
ca

le
), 

po
ol

in
g 

ac
ro

ss
 s

ite
s 

w
ith

in
 a

 h
ab

i-
ta

t t
yp

e 
fo

r e
ac

h 
m

on
th

 o
f s

ur
ve

y 
(h

ab
ita

t b
y 

m
on

th
), 

an
d 

po
ol

in
g 

ac
ro

ss
 a

ll 
su

rv
ey

s a
nd

 m
on

th
s w

ith
in

 a
 h

ab
ita

t t
yp

e 
(h

ab
ita

t a
cr

os
s m

on
th

s)
 in

 th
e 

ye
ar

 o
ne

 (N
ov

–F
eb

 2
01

6/
20

17
) a

nd
 y

ea
r t

w
o 

(O
ct

–M
ar

ch
 2

01
7/

20
18

)

Va
lu

es
 in

 b
ol

d 
in

di
ca

te
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
s (

p <
 0.

05
) b

et
w

ee
n 

ha
bi

ta
t t

yp
es

Si
te

 sc
al

e
H

ab
ita

t b
y 

m
on

th
H

ab
ita

t a
cr

os
s m

on
th

s
A

cr
os

s y
ea

rs

Ye
ar

 1
Ye

ar
 2

Ye
ar

 1
Ye

ar
 2

Ye
ar

 1
Ye

ar
 2

Ye
ar

1 +
 2

Ye
ar

1 +
 2

Sp
ec

ie
s-

le
ve

l 
ne

tw
or

k 
pr

op
er

ty

B
us

hl
an

d
Re

si
de

nt
ia

l
B

us
hl

an
d

Re
si

de
nt

ia
l

B
us

hl
an

d
Re

si
de

nt
ia

l
B

us
hl

an
d

Re
si

de
nt

ia
l

B
us

hl
an

d
Re

si
de

nt
ia

l
B

us
hl

an
d

Re
si

de
nt

ia
l

B
us

hl
an

d
Re

si
de

nt
ia

l

N
or

m
al

is
ed

 
de

gr
ee

0.
47

 ±
 0.

02
0.

39
 ±

 0.
03

0.
39

 ±
 0.

02
0.

33
 ±

 0.
02

0.
21

 ±
 0.

03
0.

18
 ±

 0.
03

0.
23

 ±
 0.

03
0.

17
 ±

 0.
04

0.
21

 ±
 0.

06
0.

16
 ±

 0.
08

0.
20

 ±
 0.

06
0.

15
 ±

 0.
07

0.
24

 ±
 0.

06
0.

15
 ±

 0.
07

Sp
ec

ie
s 

str
en

gt
h

0.
87

 ±
 0.

09
1.

74
 ±

 0.
24

1.
33

 ±
 0.

14
2.

36
 ±

 0.
18

1.
58

 ±
 0.

49
4.

63
 ±

 1.
70

2.
97

 ±
 0.

70
6.

27
 ±

 1.
84

3.
15

 ±
 1.

86
10

.2
 ±

 7.
96

6.
54

 ±
 3.

74
14

.8
 ±

 11
.5

7.
41

 ±
 4.

20
16

.7
 ±

 13
.2

In
te

ra
ct

io
n 

pu
sh

–p
ul

l
−

 0
.2

7 ±
 0.

05
−

 0
.1

5 ±
 0.

06
−

 0
.1

7 ±
 0.

04
−

 0
.1

0 ±
 0.

03
−

 0
.2

3 ±
 0.

09
−

 0
.1

10
 ±

 0.
11

−
 0

.0
9 ±

 0.
07

−
 0

.0
5 ±

 0.
07

0.
21

 ±
 0.

07
0.

13
 ±

 0.
13

0.
22

 ±
 0.

08
0.

24
 ±

 0.
08

−
 0

.0
9 ±

 0.
08

−
 0

.0
1 ±

 0.
15

Sp
ec

ie
s 

sp
ec

ifi
ci

ty
 

in
de

x

0.
85

 ±
 0.

02
0.

84
 ±

 0.
02

2.
81

 ±
 1.

97
0.

82
 ±

 0.
01

0.
76

 ±
 0.

03
0.

75
 ±

 0.
04

0.
71

 ±
 0.

03
0.

72
 ±

 0.
03

0.
66

 ±
 0.

06
0.

55
 ±

 0.
05

0.
59

 ±
 0.

04
0.

59
 ±

 0.
10

0.
53

 ±
 0.

04
0.

60
 ±

 0.
07

d′
0.

42
 ±

 0.
03

0.
47

 ±
 0.

04
0.

44
 ±

 0.
02

0.
47

 ±
 0.

02
0.

42
 ±

 0.
05

0.
46

4 ±
 0.

05
0.

48
 ±

 0.
03

0.
51

 ±
 0.

03
0.

42
 ±

 0.
05

0.
46

 ±
 0.

08
0.

48
 ±

 0.
06

0.
29

 ±
 0.

08
0.

47
 ±

 0.
06

0.
48

 ±
 0.

06



561Spatial and temporal scale of analysis alter conclusions about the effects of urbanisation…

1 3

Ollerton 2021, 2022). Even within a year, plant–flower visi-
tor networks are temporally dynamic, whereby relative spe-
cies’ abundances and visitation patterns and partners change 
(Basilio et al. 2006; Biella et al. 2017).

Wider time spans enable a more complete picture of 
phenological changes to be captured; however, if data are 
combined into one network, this leads to “forbidden links” 
(Olesen et al. 2010). For example, some plant species only 
bloomed in one of the years, but were not in bloom, or were 
not visited, in the other (see Prendergast 2020a, b). Conse-
quently, when combining the two years of data, this creates 
“forbidden” links that actually did not occur. Combining 
such networks also can create improbable interactions. For 
example, whether a bee visits a plant can be influenced by 
the other plants concurrently in bloom near it, either act-
ing as “magnets” or competing for pollinators (Mesgaran 
et al. 2017). The presence or absence of other bees at a par-
ticular time and location can also influence the realisation 
of a bee–plant interaction. This can occur due to competi-
tive exclusion, through recruiting nestmates in the cases of 
eusocial bees, “eavesdropping” on the attractiveness of a 
plant based on other visitors, or avoiding plants by detect-
ing predators (Abbott 2006; Lichtenberg et al. 2011; Stout 
and Goulson 2001; Reinhard and Srinivasan 2009; Roselino 
et al. 2016; Witjes and Eltz 2007; Yokoi et al. 2007).

Honey bee effects on network structure tended to be sig-
nificant at site scales, but not at the coarser scales. This may 
be due to changes in the sample size and therefore degrees of 
freedom or it may be a reflection of pooling across sites. For 
example, pooling data across surveys mean there is a greater 
array of flowering plant species in such a pooled network 
and indeed we can see that functional complementarity—a 
mechanism by which species can divide up resources, which 
can facilitate co-existence (Blüthgen and Klein 2011; Gock-
ele et al. 2014)—attained much higher values at the coarser 
(pooled) scales. However such a partitioning of resources 
cannot occur at the site scale if that array of resources is not 
available in space and time. We also found that honey bee 
abundance was no longer significantly associated with func-
tional complementarity in year one, nor with niche overlap 
in year two. Artificial inflations of functional complemen-
tarity can also provide misleading interpretations regarding 
ecosystem functioning (Barry et al. 2019; Fründ et al. 2013; 
Yachi and Loreau 2007). Native bee species and flowering 
plant resources often have short activity/bloom periods, 
especially in seasonally dynamic environments (Cane and 
Tepedino 2007), and native bees, especially smaller-bod-
ied species, often have short foraging distances (Hofmann 
et al. 2020). Therefore, assessment of honey bee density on 
bee–plant networks should be conducted at the finer scales 
at which competition plays out; pooling across months or 
sites separated by kilometres creates unrealistic scenarios. 
If researchers were to assess honey bee impacts at coarser 

scales they may obscure effects of honey bee competition 
that occur at biologically relevant scales.

The finding that values change across scales could also 
give misleading pictures regarding how vulnerable networks 
may be to perturbations. For example, NODF values were 
higher at coarser scales of analysis, which may suggest 
that networks of interacting species are more stable than 
they actually are (Thébault and Fontaine 2010). In contrast, 
another study found that nestedness decreased with scale 
(Schwarzt et al. 2020).

Whilst many network metrics varied according to scale 
of analysis, others were relatively resilient to change in 
scales and thus conclusions may be robust at coarser units 
of analysis. This includes network  (H2′) and species (d′) 
specialisation and plant-level robustness and bee-level 
extinction slope. The bipartite measures of specialisation 
are described as being ‘scale invariant’ (Blüthgen et al. 
2006) and our results confirm that these metrics can there-
fore be suitable for comparisons across different networks 
which may be conducted with different units of analysis. 
The greater sensitivity of bees than plants to the scale of 
analysis for robustness warrants further research, but may 
also have implications for predicting the relative vulner-
ability of plants/pollinators to extinctions (Astegiano et al. 
2015; Memmott et al. 2004; Schleuning et al. 2016). Further 
research is required to determine if, in addition to spatial 
and temporal resolution, taxonomic resolution influences 
network properties. There again is no consensus about what 
level is appropriate and how this may alter conclusions about 
plant–pollinator visitation networks.

Our findings on how spatio-temporal scale influences net-
work properties is supported by a recent publication look-
ing at how temporal scale influences networks (Schwarzt 
et al. 2020). Here, the authors for each site used all observed 
interactions within the same day, week, month, year, or the 
total sampling extent, to construct a quantitative interaction 
matrix, and looked at how different scales affected network 
properties, including NODF, connectance, and H′2. Like 
our study, they found a minimal influence of temporal scale 
on H′2, whereas connectance declined as temporal scale 
increased. Our study therefore reinforces the findings by 
Schwarzt et al. (2020) and furthermore shows that temporal 
scale alters conclusions about habitat and introduced spe-
cies’ impacts on network structure. Unlike Schwarzt et al. 
(2020) who only found weak, inconsistent effects of scale on 
NODF, we found NODF increased with scale. The difference 
may stem from how Schwarzt et al. (2020) used a number 
of different datasets which differed therefore in the species 
pool, spatial scale, and observers.

Our results add to the discussion about the appropriate-
ness of the methods used to assess and analyse plant–pol-
linator assemblages (Doré et  al. 2021; Prendergast and 
Hogendoorn 2021; Thomson 2021). Previous research has 
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underscored the importance of adequate sampling effort 
on plant–pollinator networks (Chacoff et al. 2012; Nielsen 
and Bascompte 2007; Rivera-Hutinel et al. 2012) and here 
we emphasise the need to consider the spatial and tempo-
ral resolution of these networks. Understanding how envi-
ronmental changes such as conversion of natural habitat to 
urbanised habitats and introduced species alter pollination 

network structure holds great potential (Baldock et al. 2019; 
Elle et al. 2012; Prendergast and Ollerton 2021, 2022; Tyl-
ianakis et al. 2010). We have demonstrated however that 
these need to be analysed at realistic scales based on the 
ecology and biology of the species concerned to prevent 
these simply becoming mathematical abstractions with little 
bearing on reality.

Fig. 2  Summary of how the scale that networks are constructed influ-
ences bipartite plant–pollinator network- and species-level proper-
ties. For each index, how the scale of analysis influences the calcu-
lated value is visualised schematically from red to indicate the highest 
value, through to orange, then yellow lower, and blue the lowest. A 

lack of change in colours means that network property’s value was 
similar across scales. HL higher level, i.e. bee taxa, LL lower level, i.e. 
plants species visited. ND normalised degree, IPP interaction push–
pull, SSI species specificity index, d’ Blüthgen d’
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Based on our results, we offer the following guidelines 
for conducting network analysis and the spatial and tempo-
ral scales that are acceptable in evaluating plant–pollinator 
networks. For spatial scale, sites even separated by a few 
kilometres can exhibit different community compositions 
and interaction properties (Prendergast 2021a, b, 2022). 
This is especially true of different habitats (Prendergast and 
Ollerton 2021), but sites even within the same habitat should 
not be combined, e.g. (Prendergast 2021a, b, 2022). This 
would be especially true in highly heterogeneous landscapes, 
such as urban areas (Prendergast et al. 2022a, b). Temporal 
scale may depend on geographical location and phenology 
of species present—in communities that are highly syn-
chronised with very brief activity seasons or perennially 
stable seasons, there may be minimal monthly turnover and 
variation in network structure, which could permit pooling. 
However in systems where different species have staggered, 
short activity periods, networks per month or even of finer 
temporal scales may be necessary, and in such systems pool-
ing surveys between months would be inappropriate. Having 
said this, plant–pollinator interactions have not been studied 
in most regions of the planet (Archer et al. 2014) and it is 
estimated that we have pollinator data for only about 10% 
of the flowering plant species (Ollerton 2021). Therefore, 
one circumstance in which pooling might be appropriate 
is when taking a “meta-network” approach to describe the 
overall structure of plant–pollinator interactions that have 
been previously undocumented, in order to stimulate future 
research on this topic. (Fig. 2).

Conclusion

Scale has been increasingly recognised as a major consid-
eration in analysing and interpreting ecological research 
(Hurlbert and Jetz 2007; Wiens 2001; Schneider 1994). We 
show here that depending on the spatial–temporal unit that 
bee–plant networks are constructed, this can alter results and 
conclusions about network- and species-level properties of 
pollination networks and effects of habitat and the role of 
introduced species on pollination network structure.
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