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Measuring partner choice in plant–pollinator networks: using null 
models to separate rewiring and fidelity from chance

Molly Macleod, Mark a. GenunG,1 John S. aScher, and rachael Winfree

Department of Ecology, Evolution, and Natural Resources, Rutgers University, 14 College Farm Road, New Brunswick,  
New Jersey 08901 USA

Abstract.   Recent studies of mutualistic networks show that interactions between partners 
change across years. Both biological mechanisms and chance could drive these patterns, but 
the relative importance of these factors has not been separated. We established a field experi-
ment consisting of 102 monospecific plots of 17 native plant species, from which we collected 
6713 specimens of 52 bee species over four years. We used these data and a null model to deter-
mine whether bee species’ foraging choices varied more or less over time beyond the variation 
expected by chance. Thus we provide the first quantitative definition of rewiring and fidelity as 
these terms are used in the literature on interaction networks. All 52 bee species varied in plant 
partner choice across years, but for 27 species this variation was indistinguishable from ran-
dom partner choice. Another 11 species showed rewiring, varying more across years than ex-
pected by chance, while 14 species showed fidelity, indicating that they both prefer certain plant 
species and are consistent in those preferences across years. Our study shows that rewiring and 
fidelity both exist in mutualist networks, but that once sampling effects have been accounted 
for, they are less common than has been reported in the ecological literature.

Key words:   bipartite network; choice experiment; diet breadth; generalization; mutualism; native bee; 
sampling effect; specialization.

introduction

Interactions between mutualist partners influence the 
structure and functioning of ecological communities and 
make an important contribution to global biodiversity 
(Bronstein 2015). For many types of mutualisms, the 
interactions that take place on a community level can be 
described as networks, and the distribution of links 
(interactions) between nodes (species) can be used to 
study community structure and dynamics (Ings et al. 
2009). Plant–pollinator networks have become a model 
system for the study of mutualist networks in terms of 
their structure, evolution, and resilience to human dis-
turbance (Bascompte and Jordano 2007). The few studies 
that have explored plant–pollinator networks over mul-
tiple years have found that they are highly dynamic, 
meaning pollinator species often visit different plant 
species in different years (Alarcón et al. 2008, Petanidou 
et al. 2008, Dupont et al. 2009, Fang and Huang 2012), 
or across time in the same year (Olesen et al. 2008, Kaiser- 
Bunbury et al. 2010, Simanonok and Burkle 2014).

Observed variation in partner choice over time could 
be caused by either deterministic factors such as species 
interactions, or stochastic factors related to the relative 
abundances of plant and pollinator species. An inexact 
analogy can be drawn with the “niche vs. neutral” debate 
in ecology; very briefly, niche (deterministic) and neutral 
(stochastic) effects are contrasting, but not mutually 
exclusive, explanations for patterns found in ecological 
communities (Hubbell 2001, Chase and Leibold 2003). In 
studies of plant–pollinator networks, niche effects include 
species traits of both plants and pollinators as well as pol-
linator behaviors such as foraging plasticity that respond 
to changing resources (Vázquez et al. 2009a, Beckerman 
et al. 2010, Brosi and Briggs 2013). Neutral effects, in 
contrast, result from demographic and sampling pro-
cesses that are not dependent on species identities, such 
as the richness and abundance of plants and pollinators 
(Vázquez et al. 2009a, Blüthgen 2010, Fründ et al. 2015). 
If only neutral effects operate, the resulting pattern is 
known as interaction neutrality, in which plants and pol-
linators interact randomly with respect to their abun-
dances (Vázquez 2005, Santamaría and Rodríguez- Gironés 
2007, Stang et al. 2007, Vázquez et al. 2009a). Many 
studies of ecological networks have separated niche and 
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neutral effects as drivers of various interaction patterns 
between plants and pollinators (e.g., Santamaría and 
Rodríguez- Gironés 2007, Stang et al. 2007, Vázquez 
et al. 2009b).

However, a similarly rigorous analysis of variation in 
partner choice over time is lacking, and existing termi-
nology does not properly differentiate niche and neutral 
effects. The term “rewiring” is used to mean the ability of 
pollinator species to change its foraging preferences over 
time, presumably in an adaptive way, i.e., as a niche effect 
(Kaiser- Bunbury et al. 2010). However, rewiring has 
been previously defined to occur when both members of 
a plant- pollinator species pair are present from year to 
year, but do not interact every year (Alarcón et al. 2008, 
Petanidou et al. 2008, Dupont et al. 2009, Kaiser- Bunbury 
et al. 2010, Olesen et al. 2011, Carstensen et al. 2014), an 
outcome that includes both niche and neutral effects. In 
particular, previous definitions of rewiring do not account 
for how yearly shifts in the abundance of plants and pol-
linators affect the probability of detecting an interaction 
in each year.

Similarly, the term “fidelity” has been used in multiple 
ways in the literature, and lacks a quantitative, statisti-
cally testable definition. Fidelity can mean consistent 
choice of partner(s) over space (“partner fidelity”; 
Trøjelsgaard et al. 2015), the tendency of individual bees 
to repeatedly visit the same plant species over short time 
scales (“floral fidelity”; Brosi and Briggs 2013), or the 
proportion of pollen on a bee’s body that originates from 
a given plant (“pollen fidelity”; Forup et al. 2008, Burkle 
et al. 2013). In all cases, fidelity would result from niche 
effects. However, these previous definitions of fidelity 
have not accounted for how variable abundance of plants 
or pollinators could influence the patterns observed. 
Thus previous definitions allow fidelity to result from a 
combination of niche and neutral effects.

Here we use a four- year field experiment along with a 
null model to separate the biological phenomena of 
rewiring and fidelity from random partner choice. 
Specifically, we define rewiring as changes in pollinator 
species’ partner choice over time that are greater than 
those predicted by a null model that assumes random 
interactions between plant and pollinator species within 
each year, conditioned on the relative abundance of each 
plant and pollinator species in each year. In the broad 
sense, this definition is consistent with previous work 
defining rewiring as coexisting species forming new inter-
actions over time (Dupont et al. 2009, Kaiser- Bunbury 
et al. 2010, Olesen et al. 2011, Carstensen et al. 2014). 
However, we differ from most of the previous literature 
by defining rewiring in terms of the frequency of interac-
tions between pairs of plants and pollinators, rather than 
simply the presence of an interaction. This definition has 
two strengths. First, it recognizes the important role of 
sampling limitations as drivers of observed network 
structure (Vázquez et al. 2009a, Blüthgen 2010). 
Specifically, observing turnover in interactions between 
rare plant and pollinator species has limited value because 

these changes could reasonably be due to chance. Second, 
definitions based on the presence of interactions would 
not capture the fact that pollinators can change their for-
aging behavior significantly even without forming new 
links or losing old links. In other words, a pollinator 
species’ preference for a plant species is a continuum, 
and the loss of an interaction is the endpoint of a 
continuum.

We define fidelity (more specifically, “interaction 
fidelity”) as changes in pollinator species’ preferences 
over time that are less than those changes predicted by a 
null model, again as conditioned by relative abundances 
in each year. Thus, fidelity operates at the species level, 
which is appropriate within the context of bipartite net-
works, within which species are nodes. This species- level 
definition is broader than previous, individual- level, defi-
nitions that have focused on the sequence of plant species 
visited by an individual pollinator, or on pollen transfer 
(Forup et al. 2008, Brosi and Briggs 2013, Burkle et al. 
2013). Our definition of fidelity requires both preference, 
meaning individual of a given bee species prefer the same 
host plants within years, and low change in preference 
over time. Thus, as for other definitions, under our defi-
nition, bees with high fidelity should be superior pollen 
vectors, but in our case, we have the additional and 
stronger requirement that preference is consistent across 
most individuals of a species.

Our plant–pollinator network data came from a field 
experiment in which we established a native plant com-
munity with a perfectly even species abundance distri-
bution (on a per- area basis) and maintained this 
consistently across four years. This experimental design 
removes variation in partner choice driven by variation 
in plant abundance; such variation is ubiquitous in 
natural networks and makes it difficult to measure 
partner choice in non- experimental systems an unbiased 
way. Specifically, we answer the following questions: (1) 
Do bee species show significant rewiring (variation in 
partner choice) over time? (2) Do bee species show signif-
icant fidelity (consistency in partner choice) over time? (3) 
How does a bee species’ abundance affect our ability to 
detect rewiring or fidelity?

MaterialS and MethodS

The field experiment

In the fall of 2009, we established an experimental 
array of 20 native, perennial, plant species (of which 17 
survived all four years and were used in our analyses; for 
plant species names, see Data S1) located in a former old 
field in southern New Jersey, USA (39.1237° N, 
74.7814° W). Our experiment was a randomized block of 
120 plots in a 20 × 6 grid. Each plot had an area of 1 m2, 
initially included nine mature plants, and was separated 
from its neighbors by 3 m (Appendix S1: Fig. S1). Thus, 
the total experiment covered an area of 77 m by 21 m. 
Given that the bee species in our study forage over 
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distances of 100 to 10 ,000 m (Greenleaf et al. 2007) and 
our entire experimental array was 21 × 77 m, our design 
creates a choice experiment for foraging bees. In prelim-
inary analyses of the complete data set, we found no evi-
dence of edge effects, and no evidence of spatial 
autocorrelation in pollinator visitation across plots.

We hereafter use the term “even species abundance dis-
tribution” for our experimental plant community because 
we standardized the total area covered by each monospe-
cific plot to 1 m2 both within and across years. All plots 
were originally planted with nine individual plants, and 
at the start of each year’s experiment, we replaced any 
over- winter losses such that every plot always had at least 
nine plants, but did not grow outside of the 1- m2 area. 
Thus each plant species developed as per its own habit, 
with some species spreading more within their plots and/
or producing more flowers than others. We considered 
these traits to be a characteristic of the plant species and 
to be one possible factor influencing bees’ foraging 
preferences.

Our data collection proceeded as follows. From May 
to September in each of 2010–2013, we netted all flower- 
visiting bees (for pollen, nectar, or both) to each of the 
102 plots on three separate days during the peak bloom 
of that plot. In order to capture bee species that forage at 
different times of day, plots were netted twice on each 
day, for 10 min in the morning (08:00–12:00) and 10 min 
in the afternoon (12:00–17:00). Within a single day, the 
order of plot sampling was randomized. We limited data 
collection to times when weather was sunny or partly 
cloudy, temperatures ≥16°C, and mean wind speed was 
≤3 m/s, with rare exceptions (fewer than 1% of sampling 
events occurred at greater wind speeds). All bee spec-
imens were fully curated, assigned unique specimen iden-
tifier (USI) codes, and identified to species level by two 
professional taxonomists (J. S. Ascher and Jason Gibbs).

Null models for rewiring and fidelity

The purpose of our null modeling approach is to 
evaluate whether each bee species shows rewiring (change 
in partner choice over time), fidelity (consistency in 
partner choice over time), or neither. Our null model 
begins with the year by plant (Y × P) matrix for each bee 
species, with plant species in rows and years in columns, 
and cell values that represent the number of individuals 
of that bee species that were collected from each of the 17 
plant species in our field experiment in each year. From 
this empirical matrix, we generated randomly resampled 
null matrices while maintaining yearly abundances of the 
given bee species, which prevents our null model from 
confounding changes in bee abundance with changes in 
partner choice. This restriction was accomplished using 
function permatfull with fixedmar = “column” in package 
vegan (Oksanen et al. 2015, R Core Team 2015), which 
takes all of the interactions within a given column of the 
Y × P matrix, and randomly assigns each interaction 
across plant species (rows). This maintains each bee 

species’ temporal variation in abundance while removing 
any preference for particular plant species. We repeated 
the resampling process 1000 times, yielding 1000 “null” 
Y × P matrices for each bee species. We assume that all 
bee species could have interacted with all plant species, 
because the bee species we analyze have long flight 
seasons that should extend throughout our entire study 
period and because we do not have any independent data 
(i.e., records of our study bee species at our site that were 
not collected from our study plants) that would allow us 
to truncate bees’ flight seasons in an unbiased way. 
However, an alternate null model would permit bees to 
be randomly assigned to plant species only if they had 
been collected in our study during the peak bloom of that 
plant. We applied the alternate null model to our data 
and found it produced similar results (Appendix S2).

We next determined, separately for each bee species, 
the year- to- year dissimilarity in plant species visited. 
Specifically, for each bee species, we calculated the mean 
Morisita- Horn dissimilarity (Horn 1966) in the plant 
community visited for all possible pairwise comparisons 
of years. In further analyses, we used the mean value of 
the index across all 1000 iterations, and 95% confidence 
intervals were found using the 2.5 and 97.5 percentile 
values from the 1000 iterations.

We chose the Morisita- Horn index because it matches 
our definition that fidelity requires both significant pref-
erence within years and little to no change in preference 
over time. Morisita- Horn dissimilarity is ideal because it 
allows us to ask: For any bee species, what is the chance 
that two flower visits, drawn from different years, would 
be to the same plant? When this probability is high, 
Morisita- Horn dissimilarity is low and represents fidelity. 
When this probability is low, dissimilarity is high and 
represents rewiring.

Comparing empirical results to the null model

For each bee species, we compared the empirical result 
to the null model’s 95% confidence interval. An empirical 
result above the null confidence interval indicates 
rewiring. An empirical result beneath the null confidence 
interval indicates fidelity. Lastly, we visualized the extent 
to which rewiring or fidelity occurs more or less fre-
quently among common or rare species by plotting how 
much the empirical data deviated from null expectation, 
as a function of the number of individuals collected per 
species. Descriptions of pollinator species as common or 
rare are based on visitation rates, which are the abun-
dance metric to which sampling effects would apply in 
our study, rather than on background abundance, which 
we did not measure.

reSultS

In our four- year field experiment we completed 2,448 
separate per- plot collection events totaling 409 h, and 
collected 6,713 individual bees of 52 species that were 
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usable in our analyses (we were unable to use an addi-
tional 25 species that were observed in only one year).

1. Do bee species show significant rewiring (variation in 
partner choice) over time?—For 27 of 52 bee species, 
this variation was not significantly different from what 
would be expected by chance. In contrast, 11 species re-
wired, meaning that they varied more across years than 
what would be expected by chance (Fig. 1a).

2. Do bee species show significant fidelity (consistency in 
partner choice) over time?—Fourteen species showed sig-
nificant fidelity over time, indicating that they both have 
strong preferences and that those preferences do not vary 
significantly across years (Fig. 1a).

3. How does a species’ abundance affect our ability to 
detect rewiring or fidelity?—Rewiring is easier to detect 
at large sample sizes, and fidelity at small to moderate 
sample sizes, for reasons related to both the CI and the 
mean produced by the null model. Rewiring is impos-
sible to detect for many species with small sample siz-
es (<20 specimens collected), because the CI include 1 
(Fig. 1b). The null model predicts high mean dissimilar-
ity and large CI in this situation because it distributes a 
small number of individuals randomly across all 17 plant 

species in each year, thereby creating “communities” of 
visited plants that vary both within and between years. 
As sample size increases, the null communities become 
more similar both across iterations within a year, lead-
ing to a smaller CI, and between years, leading to both a 
smaller mean dissimilarity and a smaller CI. Both trends 
make rewiring easier to detect, as indicated visually by 
increasing white space above the CI as one moves from 
left to right in Fig. 1b. Using simulated data we show 
that our null model detects rewiring (Appendix S3: Fig. 
S1) as expected.

Conversely, fidelity is easier to detect when sample 
sizes are small to moderate, and becomes more difficult 
to detect when sample sizes are large. This is indicated 
visually by the decreasing white space below the CI as one 
moves from left to right in Fig. 1b. Unlike the case for 
rewiring, for fidelity the trends in the mean and CI as 
abundance increases produce opposing effects: the 
smaller CI make detection easier, but the smaller mean 
makes detection harder. The net effect, though, is that as 
sample size increases it becomes harder to discriminate 
fidelity, which means greater- than- expected similarity in 
the visited plant community across years, from the null 
expectation, because the null converges on highly similar 
plant communities representing equal visitation to each 
plant species in each year. However, because the null 

fiG. 1. (a) Results of null model analysis of field data for 52 bee species, ranked in increasing order of overall (across- year) 
abundance on the x- axis. The shaded area is bounded by each bee species’ empirical across- year change in preference, subtracted 
from either the upper or lower bound of the null model 95% confidence intervals for across- year changes in preference. Across- year 
changes in preference were measured as mean Morisita- Horn dissimilarity across all pairwise comparisons of years. The points show 
how much each species diverged from the mean Morisita- Horn dissimilarity produced by the null model (observed − expected). 
Thus points in the shaded area indicate no difference from random (open circles), points below the shaded area indicate fidelity 
(solid triangles), and points above the shaded area indicate rewiring (solid diamonds). CI are jagged because each null model was 
based on the data for a particular bee species. (b) Expected dissimilarity produced by the null model alone (observed values are not 
plotted), which assumes that bees visit plant species at random in each year. Points represent the mean, and error bars the 95% 
confidence interval, of the across- year Morisita- Horn dissimilarity in the plant species visited by each bee species. Bee species are 
ordered on the x- axis by increasing abundance, as for Fig. 1a. Expected dissimilarity tends to decline, and confidence intervals 
decrease in size, with increasing abundance, resulting in greater power to detect nonrandom changes in preference across years.

a b
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model is based on Morisita- Horn dissimilarity, fidelity is 
still detectable at large sample sizes, because it includes a 
component of specialization in addition to the com-
ponent of consistency across years. A bee species that 
consistently prefers a smaller number of plant species will 
show statistically significant fidelity as compared with the 
null that assumes consistent but equal preference for all 
plant species (Appendix S4).

diScuSSion

Previous studies of temporal variation in pollination 
networks have found that many pollinator species, 
including bees, rewire, or change partners over time 
(Alarcón et al. 2008, Olesen et al. 2008, Petanidou et al. 
2008, Dupont et al. 2009, Trøjelsgaard et al. 2015). 
However, previous work has accounted for neither the 
species abundance distributions of the plants and polli-
nators, nor how these abundances change over time, and 
therefore confounds neutral (stochastic) changes in 
partner choice with biologically driven rewiring. Here, we 
controlled the plant species- abundance distribution 
experimentally, and used a null model to account for 
changes in the pollinator species- abundance distribution 
over time. We found that pollinator species that were rare 
in our study change partners frequently, as reported in 
the literature, but in contrast to previous work, we also 
determine that these changes are largely expected by 
chance due to poor sampling and/or low abundance of 
those rare species. In contrast, most common bee species 
showed significant rewiring, in that their plant prefer-
ences varied more over the four years of the experiment 
than would be expected by chance (Fig. 1a). At the same 
time, many bee species, including both rare and highly 
abundant species, varied less in partner choice across 
time than expected, which is evidence of fidelity. However, 
in contrast with previous studies which tend to find that 
rare species either have high fidelity (are “specialists”) or 
rewire frequently, our null model revealed that most rare 
species’ preferences were not separable from chance.

Several features of our study make it a particularly 
robust test of the rewiring and fidelity concepts. First, 
because our experimental design controlled year- to- year 
variation in plant relative abundance, and the phenol-
ogies of plant species were relatively constant across 
years, we were able to isolate the pollinators’ choice of 
plant species, rather than variation in the identity and 
abundance of flowering species available, in our empirical 
measurement of both rewiring and fidelity. Second, any 
changes in how pollinators forage as a function of plant 
abundance (Dauber et al. 2010) is also controlled by our 
standardization of the relative abundance (per- plot area) 
across plant species. While it is possible to use statistical 
methods to account for the different abundances across 
plant species that result from sampling non- experimental 
communities (Dorado et al. 2011, Chacoff et al. 2012), 
these corrections are still uncertain because pollinators 
may respond non- linearly to plant abundance.

It is consistent with bee biology that we found mul-
tiple bee species that showed fidelity, or preference for 
particular plant species that is consistent over time. 
Many bee species are known to prefer particular types 
or families of plants, even though only a small per-
centage of bee species in temperate biomes such as ours 
specialize exclusively on the pollen of one to a few plant 
species (oligolecty; Minckley and Roulston 2006). In 
our study, only one of the 14 species showing fidelity is 
a known oligolectic: Melissodes subillata is a pollen spe-
cialist on plants in the Asteraceae family and in our 
study consistently preferred Rudbeckia hirta. Three 
more species that showed fidelity, Bombus pensylvanicus, 
Hoplitis pilosifrons, and Nomada articulata, are not oli-
golectic but are well known to prefer particular types of 
plants.

Ecologically, it is not surprising to find that several 
species rewire, or change their floral preferences over 
time, even after accounting for sampling effects. Bees 
should be selected to forage adaptively on the changing 
floral resources available to them. At the seasonal scale, 
within years, it is well known that species with long 
flight seasons will need to forage on different plant 
species as each species blooms (Menz et al. 2011), even 
if individual bees display some level of short- term for-
aging specialization, or floral fidelity (Brosi and Briggs 
2013). Even bee species that are oligolectic, defined as 
female bees’ restriction to collecting and provisioning 
larvae with pollen from only one or a few plant taxa 
(Williams et al. 2010, Roulston and Goodell 2011), 
could have annual variation in preferences for nectar 
source plants.

The ecologically driven rewiring that we detected could 
be caused by multiple factors related to plant species 
attractiveness, phenology, and/or bee foraging behavior. 
First, even though our study design standardized area per 
plant species across years, a plant species might vary 
across years in the number of flowers it produces, due to 
plant age, or to site or weather conditions (Aizen et al. 
2006), and floral abundance is a primary factor in deter-
mining factor in pollinator visitation patterns (Potts et al. 
2003, Veddeler et al. 2006). Second, and for similar 
reasons, plants might vary across years in the amount of 
nectar or pollen they produce (Aizen et al. 2006). Third, 
most bee species forage over areas of many hectares 
(Greenleaf et al. 2007) and thus the attractiveness of any 
one plant species is evaluated relative to the alternative 
resources available, which are also fluctuating. We did not 
collect data on predatory, parasitic, or competitive inter-
actions. However, given that floral resources are likely 
more limiting to bee communities than other factors 
(Roulston and Goodell 2011), we expect that variation in 
plant attractiveness over time, including attractiveness 
relative to the background availability of other foraging 
resources, is tracked by bees (Pyke et al. 1977, Pleasants 
1981, Potts et al. 2003, Roulston and Goodell 2011) and 
observed by researchers as changing preferences over 
time.
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Appendix S1: Fig.S1. Design of field experiment. Each box is one 1m x 1m plot, and the letters 
within the plot indicate the plant species in that plot. Plots are equally spaced at three meter 
intervals in a 6 x 20 grid. ‘Unused species’ (n = 3 species of 20 total) are those that did not 
survive all years of the experiment.  

 

 

 

 
  



  



Appendix S2. Number of plant species affects the relationship between yearly bee abundance 

and expected Morisita-Horn dissimilarity. 

 

Our null model determines the expected degree of dissimilarity in bee visitation between years, 

assuming bees visit plants at random. However, it is possible that in reality, some bee-plant 

interactions are not possible because the species have no phenological overlap. To determine the 

effect of phenological overlap on our results, we repeated the analyses in the main text with one 

change. Now, when individual bees are randomly assigned to plant species as part of the null 

model, we only allowed assignments for species pairs if the bee species’ flight season overlapped 

with the plant species’ bloom period. This is a sensitivity analysis of our empirical results, in 

contrast with Appendices C and D in which we used simulated data to illustrate the properties of 

our null model. 

 
For several reasons we chose not to account for phenological overlap in the analyses in the main 

text. First, our estimates of bloom period (plants) and flight season (plants) are overly 

conservative. Specifically, we have estimates of peak bloom, because we collected our data at 

peak bloom of each plant species, but we did not sample bees during the total time that plants 

could have been visited. Also, we have estimates of when bee species visited plants, but not the 

total time that bee species were flying and could have visited plants. Second, we found that 

accounting phenological overlap did not substantially affect our results (Figure B1). Specifically, 

after we accounted for phenological overlap; four species that had shown fidelity were 

indistinguishable from the null. However, the overall pattern of the results was very similar. This 

is probably the case because the seasonal period we studied, from mid-May to late September, 

falls within the flight season (i.e., period of adult activity) for the great majority of bee species 

we analyzed. In general, in our region there is a spring bee fauna (April/May) and then a summer 



one, with the summer species emerging in late May to mid-June and remaining present until 

August / September. This summer fauna would therefore be broadly exposed to our study plants, 

which we sampled from May to September.  



Appendix S3: Fig. S1. Accounting for phenological overlap has little impact on results. At left is 

Figure 2 from the main text, and at right is the same analysis except the null model only assigned 

bee species to plant species if their phenologies overlapped in our data set, which is an 

underestimate of the true phenological overlap, as described above. There is a slight trend toward 

more rewiring and less fidelity when the null model is based on phenological overlap, because 

phenological overlap in the data, but not the null, could have the effect of apparently increasing 

fidelity. However even with this conservative estimate that assumes species overlap less than 

they in fact do, the results changed little from those reported in the main text, with only 5 species 

showing significant changes (four changed from ‘fidelity’ to ‘null’, and one from ‘null’ to 

‘rewiring’, and in both models all five species were very near the cutoff point established by 

a=0.05). 

 

 



Appendix S4. Null model test data for rewiring. 

  

We performed several tests of our null model to confirm that it behaves as expected under 

various simulated scenarios. For the first tests, we simulated data on the visitation patterns of 50 

bee species to 10 plant species over 4 years. Bee species ranged in yearly abundance from 1 to 

approximately 25,000 (although this upper limit is unrealistic for our study system, we wanted to 

conduct a robust test of the method). Consistent with our empirical study design, we assumed 

that all plant species were present at equal abundance.  

 

We used simulated data to test the performance of our null model in two ways. First, we tested 

how the number of plant species visited by each bee species affected our ability to detect 

rewiring. Separately for each year, we chose 2, 4, 7, or 10 plant species (out of 10 total) for each 

bee species to visit. Each plant species was equally attractive to bees (to control for all other 

reasons that might drive rewiring), meaning that for large sample sizes all plant species should 

receive similar numbers of visits. Even though each plant species is equally attractive, the 

number of equally attractive plant species determines how bee species abundance is related to the 

expected value of the Morisita-Horn index. We then applied the same null model as used in the 

paper, meaning column sums (yearly bee abundances) are maintained but row sums (preference) 

are not.  Because we do not require bee species to visit the same plant species in each year, and 

because plant attractiveness was equalized, we expected strong rewiring when bee species are 

restricted to fewer plant species, and no rewiring when bee species could visit all 10 plants. Our 

null model detected rewiring as expected (Figure C1). 

  

Second, we tested how the degree of preference that bee species had for different plants affected 

our ability to detect rewiring. We allowed each bee species to visit all ten plant species, but 

assigned different attractiveness values to each plant species. We generated three levels of 

variation in attractiveness by taking 10 values from the lognormal distribution (function dlnorm 



in package stats in R) and raising these values to the 0.5 (low variation in attractiveness), 1.0 

(medium variation in attractiveness), or 2.0 power. In each year, we randomly assigned these 

attractiveness values to each plant. Because different plant species are more attractive in each 

year, we expected to detect rewiring for all three scenarios. We further expected that rewiring 

will be especially common with greater variation in attractiveness. Again, our null model 

detected rewiring as expected (Figure C2), although our ability to detect rewiring was the same 

at all levels of variation in attractiveness because even low variation in attractiveness produced 

strong rewiring. 



Appendix S5. Null model test data for rewiring. 

  

We performed several tests of our null model to confirm that it behaves as expected under 

various simulated scenarios. For the first tests, we simulated data on the visitation patterns of 50 

bee species to 10 plant species over 4 years. Bee species ranged in yearly abundance from 1 to 

approximately 25,000 (although this upper limit is unrealistic for our study system, we wanted to 

conduct a robust test of the method). Consistent with our empirical study design, we assumed 

that all plant species were present at equal abundance.  

 

We used simulated data to test the performance of our null model in two ways. First, we tested 

how the number of plant species visited by each bee species affected our ability to detect 

rewiring. Separately for each year, we chose 2, 4, 7, or 10 plant species (out of 10 total) for each 

bee species to visit. Each plant species was equally attractive to bees (to control for all other 

reasons that might drive rewiring), meaning that for large sample sizes all plant species should 

receive similar numbers of visits. Even though each plant species is equally attractive, the 

number of equally attractive plant species determines how bee species abundance is related to the 

expected value of the Morisita-Horn index. We then applied the same null model as used in the 

paper, meaning column sums (yearly bee abundances) are maintained but row sums (preference) 

are not.  Because we do not require bee species to visit the same plant species in each year, and 

because plant attractiveness was equalized, we expected strong rewiring when bee species are 

restricted to fewer plant species, and no rewiring when bee species could visit all 10 plants. Our 

null model detected rewiring as expected (Fig. S3). 

  

Second, we tested how the degree of preference that bee species had for different plants affected 

our ability to detect rewiring. We allowed each bee species to visit all ten plant species, but 

assigned different attractiveness values to each plant species. We generated three levels of 

variation in attractiveness by taking 10 values from the lognormal distribution (function dlnorm 



in package stats in R) and raising these values to the 0.5 (low variation in attractiveness), 1.0 

(medium variation in attractiveness), or 2.0 power. In each year, we randomly assigned these 

attractiveness values to each plant. Because different plant species are more attractive in each 

year, we expected to detect rewiring for all three scenarios. We further expected that rewiring 

will be especially common with greater variation in attractiveness. Again, our null model 

detected rewiring as expected (Fig. S4), although our ability to detect rewiring was the same at 

all levels of variation in attractiveness because even low variation in attractiveness produced 

strong rewiring.  



Appendix S5: Fig. S1. Each point represents simulated visitation patterns for one bee species. 

The shading is the null model 95% confidence intervals. Points beneath the CI indicate fidelity; 

points above indicate rewiring. When bee species were restricted to (A) 2, (B) 4, or (C) 7 

randomly chosen plant species, the simulation resulted in similar patterns of strong rewiring. (D) 

When bee species could visit all 10 plant species, we detected effectively no rewiring, as 

expected given that this simulation mimics the null model. 

  



Appendix S5: Fig. S2. Each point represents simulated visitation patterns for one bee species. 

The shading is the null model 95% confidence intervals. Points beneath the CI indicate fidelity; 

points above indicate rewiring. (A) When bee species have zero preference, we detected 

effectively no rewiring, as expected given that this simulation mimics the null model. When bee 

species have (B) low, (C) medium, or (D) strong variation in preference for different plant 

species, the simulation resulted in similar patterns of strong rewiring. 

  

 



Appendix S6. Null model test data for fidelity. 

  

As in Appendix S5, we used simulated data to test the performance of our null model. The first 

simulation was identical to the one described in Appendix S5, except that we allowed each bee 

species to visit 2, 4, 7, or 10 randomly chosen plant species, and maintained these patterns across 

years. Because we now do require bee species to visit the same plant species in each year, and 

because plant attractiveness was equalized, we expected strong fidelity when bee species are 

restricted to fewer plant species, and no fidelity when bee species could visit all 10 plants. Our 

null model detected fidelity as expected (Appendix S6: Fig. S1). 

  

The second simulation was also identical to the one described in Appendix S5, except that 

attractiveness values of plant species were maintained across years. We expected that increasing 

variation in attractiveness would lead to more species showing fidelity. Again, our null model 

detected fidelity as expected (Appendix S6: Fig. S2). 

  



Appendix S6: Fig. S1. Each point represents simulated visitation patterns for one bee species. 

The shading is the null model 95% confidence intervals. Points beneath the CI indicate fidelity; 

points above indicate rewiring. When bee species were restricted to (A) 2, (B) 4, or (C) 7 

randomly chosen plant species, the simulation resulted in fidelity. (D) When bee species could 

visit all 10 plant species, we detected effectively no fidelity, as expected given that this 

simulation mimics the null model. However, in contrast with Appendix A in which restricting the 

number of plant species from 2 to 7 always resulted in strong rewiring, fidelity was detected for 

fewer bee species as bee species were allowed to visit more plant species. 

  

 



  

Appendix S6: Fig. S2. Each point represents simulated visitation patterns for one bee species. 

The shading is the null model 95% confidence intervals. Points beneath the CI indicate fidelity; 

points above indicate rewiring. (A) When bee species have zero preference, we detected 

effectively no fidelity, as expected given that this simulation mimics the null model. As bee 

species’ variation in preference increased from (B) low to (C) medium to (D) strong, more bee 

species showed fidelity. 

  



Species Family Subfamily Tribe Genus Full  name #  Female #  Male Result Exotic  status Parasitic  StatusNesting  substrateComments
Andrena  atlanticaAndrenidae Andreninae Andrenini Andrena Andrena  (Scrapteropsis)  atlantica  Mitchell,  19600 3 -‐-‐ Ground
Andrena  nasoniiAndrenidae Andreninae Andrenini Andrena Andrena  (Simandrena)  nasonii  Robertson,  18951 0 -‐-‐ Ground
Andrena  perplexaAndrenidae Andreninae Andrenini Andrena Andrena  (Tylandrena)  perplexa  Smith,  18531 0 -‐-‐ Ground
Andrena  wilkellaAndrenidae Andreninae Andrenini Andrena Andrena  (Taeniandrena)  wilkella  (Kirby,  1802)1 1 null Exotic Ground
Apis  melliferaApidae Apinae Apini Apis Apis  (Apis)  mellifera  Linnaeus,  175828 0 null Exotic Hive Deliberately  introduced  whereas  the  other  exotic  species  recorded  were  accidentally  introduced  from  the  Old  World  (i.e.  are  adventive)
Bombus  auricomusApidae Apinae Bombini Bombus Bombus  (Bombias)  auricomus  (Robertson,  1903)0 2 -‐-‐ Hive
Bombus  bimaculatusApidae Apinae Bombini Bombus Bombus  (Pyrobombus)  bimaculatus  Cresson,  186310 40 null Hive
Bombus  citrinusApidae Apinae Bombini Bombus Bombus  (Psithyrus)  citrinus  (Smith,  1854)0 2 null Parasite [Hive] A  social  parasite  of  other  Bombus
Bombus  fervidusApidae Apinae Bombini Bombus Bombus  (Thoracobombus)  fervidus  (Fabricius,  1798)0 3 null Hive
Bombus  griseocollisApidae Apinae Bombini Bombus Bombus  (Cullumanobombus)  griseocollis  (DeGeer,  1773)628 416 fidelity Hive
Bombus  impatiensApidae Apinae Bombini Bombus Bombus  (Pyrobombus)  impatiens  Cresson,  1863694 15 rewiring Hive
Bombus  pensylvanicusApidae Apinae Bombini Bombus Bombus  (Thoracobombus)  pensylvanicus  (DeGeer,  1773)62 13 fidelity Hive
Eucera  hamataApidae Apinae Eucerini Eucera Eucera  (Synhalonia)  hamata  (Bradley,  1942)1 0 -‐-‐ Ground
Melissodes  bimaculataApidae Apinae Eucerini Melissodes Melissodes  (Melissodes)  b.  bimaculata  (Lepeletier,  1825)3 0 null Ground
Melissodes  communisApidae Apinae Eucerini Melissodes Melissodes  (Melissodes)  c.  communis  Cresson,  18787 6 -‐-‐ Ground
Melissodes  druriellaApidae Apinae Eucerini Melissodes Melissodes  (Eumelissodes)  druriella  (Kirby,  1802)1 0 -‐-‐ Ground
Melissodes  subillataApidae Apinae Eucerini Melissodes Melissodes  (Eumelissodes)  subillata  LaBerge,  196115 7 fidelity Ground
Melissodes  trinodisApidae Apinae Eucerini Melissodes Melissodes  (Eumelissodes)  trinodis  Robertson,  19011 6 null Ground
Epeolus  lectoidesApidae Nomadinae Epeolini Epeolus Epeolus  lectoides  Robertson,  19014 16 null Parasite [Ground] A  cleptoparasite  of  Colletes,  most  likely  C.  nudus  Robertson,  1898
Nomada  affabilisApidae Nomadinae Nomadini Nomada Nomada  affabilis  Cresson,  18781 0 -‐-‐ Parasite [Ground] A  cleptoparasite  of  Eucera  (Synhalonia)  (JSA,  unpublished),  with  E.  (S.)  hamata  the  likely  host  at  this  site
Nomada  articulataApidae Nomadinae Nomadini Nomada Nomada  articulata  Smith,  18544 1 fidelity Parasite [Ground] A  cleptoparasite  of  Agapostemon
Nomada  australisApidae Nomadinae Nomadini Nomada Nomada  australis  Mitchell,  19621 0 -‐-‐ Parasite [Ground] A  cleptoparasite
Nomada  veganaApidae Nomadinae Nomadini Nomada Nomada  vegana  Cockerell,  190320 16 null Parasite [Ground] A  cleptoparasite,  likely  of  Agapostemon
Ceratina  calcarata  or  dupla  or  mikmaqiApidae Xylocopinae Ceratinini Ceratina Ceratina  (Zadontomerus)  calcarata  Robertson,  1900  or  dupla  Say,  1837  or    mikmaqi  Rehan  and  Sheffield,  2011262 6 rewiring Stems Nests  within  pithy  stems
Ceratina  strenuaApidae Xylocopinae Ceratinini Ceratina Ceratina  (Zadontomerus)  strenua  Smith,  18791 0 null Stems Nests  within  pithy  stems
Xylocopa  virginicaApidae Xylocopinae Xylocopini Xylocopa Xylocopa  (Xylocopoides)  v.  virginica  (Linnaeus,  1771)172 76 rewiring Wood
Colletes  simulansColletidae Colletinae Colletes Colletes  simulans  armatus  Patton,  18796 35 fidelity Ground Subspecies  of  C.  simulans  Cresson,  1868
Hylaeus  affinis  or  modestusColletidae Hylaeinae Hylaeus Hylaeus  (Prosopis)  affinis  (Smith,  1853)  or  m.  modestus  Say,  183717 11 fidelity Cavity
Hylaeus  mesillaeColletidae Hylaeinae Hylaeus Hylaeus  (Hylaeus)  mesillae  cressoni  (Cockerell,  1907)24 22 fidelity Cavity Subspecies  of  H.  (H.)  mesillae  (Cockerell,  1896)
Agapostemon  splendensHalictidae Halictinae Halictini AgapostemonAgapostemon  (Agapostemon)  splendens  (Lepeletier,  1841)3 8 null Ground Associated  with  sandy  nesting  substrates
Agapostemon  texanusHalictidae Halictinae Halictini AgapostemonAgapostemon  (Agapostemon)  texanus  Cresson,  187234 126 rewiring Ground
Agapostemon  virescensHalictidae Halictinae Halictini AgapostemonAgapostemon  (Agapostemon)  virescens  (Fabricius,  1775)77 682 rewiring Ground
Augochlora  puraHalictidae Halictinae Augochlorini Augochlora Augochlora  (Augochlora)  p  pura  (Say,  1837)13 7 null Ground
Augochlorella  aurataHalictidae Halictinae Augochlorini AugochlorellaAugochlorella  aurata  (Smith,  1853)59 41 rewiring Ground
Augochloropsis  metallicaHalictidae Halictinae Augochlorini AugochloropsisAugochloropsis  (Paraugochloropsis)  metallica  (Fabricius,  1793)14 31 fidelity Ground
Halictus  confususHalictidae Halictinae Halictini Halictus Halictus  (Seladonia)  c.  confusus  Smith,  185349 29 fidelity Ground
Halictus  ligatus  or  poeyiHalictidae Halictinae Halictini Halictus Halictus  (Odontalictus)  ligatus  Say,  1837  or  poeyi  Lepeletier,  1841215 72 rewiring Ground
Halictus  parallelusHalictidae Halictinae Halictini Halictus Halictus  (Nealictus)  parallelus  Say,  18371 16 null Ground
Halictus  rubicundusHalictidae Halictinae Halictini Halictus Halictus  (Protohalictus)  rubicundus  (Christ,  1791)1 2 null Ground
Lasioglossum  bruneriHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  bruneri  (Crawford,  1902)1 0 -‐-‐ Ground
Lasioglossum  cephalotesHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  cephalotes  (Dalla  Torre,  1896)0 1 -‐-‐ Parasite [Ground] New  state  record  for  New  Jersey.  A  social  parasite  of  other  L.  (Dialictus)
Lasioglossum  coreopsisHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  coreopsis  (Robertson,  1902)7 2 null Ground
Lasioglossum  coriaceumHalictidae Halictinae Halictini LasioglossumLasioglossum  (Lasioglossum)  coriaceum  (Smith,  1853)0 1 -‐-‐ Ground
Lasioglossum  hitchensiHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  hitchensi  Gibbs,  20126 8 fidelity Ground
Lasioglossum  illinoenseHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  illinoense  (Robertson,  1892)0 1 -‐-‐ Ground
Lasioglossum  leucozoniumHalictidae Halictinae Halictini LasioglossumLasioglossum  (Leuchalictus)  leucozonium  (Schrank,  1781)0 18 null Exotic Ground
Lasioglossum  oblongumHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  oblongum  (Lovell,  1905)0 1 -‐-‐ Wood?
Lasioglossum  oceanicumHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  oceanicum  (Cockerell,  1916)1 0 -‐-‐ Ground
Lasioglossum  pectoraleHalictidae Halictinae Halictini LasioglossumLasioglossum  (Hemihalictus)  pectorale  (Smith,  1853)21 20 null Ground
Lasioglossum  tegulareHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  tegulare  (Robertson,  1890)62 32 null Ground
Lasioglossum  trigeminumHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  trigeminum  Gibbs,  20111 0 -‐-‐ Ground
Lasioglossum  viereckiHalictidae Halictinae Halictini LasioglossumLasioglossum  (Dialictus)  vierecki  (Crawford,  1904)903 111 rewiring Ground Associated  with  sandy  nesting  substrates
Sphecodes  atlantisHalictidae Halictinae Halictini Sphecodes Sphecodes  atlantis  Mitchell,  19563 15 fidelity Parasite [Ground] A  cleptoparasite  or  social  parasite,  mostly  likely  of  Lasioglossum  (Dialictus)
Sphecodes  confertusHalictidae Halictinae Halictini Sphecodes Sphecodes  confertus  Say,  18371 0 -‐-‐ Parasite [Ground] A  cleptoparasite  or  social  parasite,  mostly  likely  of  other  Halictini
Sphecodes  cressoniiHalictidae Halictinae Halictini Sphecodes Sphecodes  cressonii  (Robertson,  1903)34 7 null Parasite [Ground] A  cleptoparasite  or  social  parasite,  mostly  likely  of  Lasioglossum  (Dialictus)
Sphecodes  mandibularisHalictidae Halictinae Halictini Sphecodes Sphecodes  mandibularis  Cresson,  18721 0 -‐-‐ Parasite [Ground] A  cleptoparasite  or  social  parasite,  mostly  likely  of  other  Halictini
Coelioxys  octodentataMegachilidaeMegachilinaeMegachilini Coelioxys Coelioxys  (Boreocoelioxys)  octodentata  Say,  182418 23 null Parasite [Cavity] A  cleptoparasite  of  various  Megachile  leaf-‐cutter  bees
Coelioxys  sayiMegachilidaeMegachilinaeMegachilini Coelioxys Coelioxys  (Boreocoelioxys)  sayi  Robertson,  18971 14 null Parasite [Cavity] A  cleptoparasite  of  various  Megachile  leaf-‐cutter  bees
Heriades  carinataMegachilidaeMegachilinaeOsmiini Heriades Heriades  (Neotrypetes)  carinata  Cresson,  18643 1 -‐-‐ Cavity
Heriades  leavittiMegachilidaeMegachilinaeOsmiini Heriades Heriades  (Neotrypetes)  leavitti  Crawford,  19137 0 null Cavity
Heriades  variolosaMegachilidaeMegachilinaeOsmiini Heriades Heriades  (Neotrypetes)  v.  variolosa  (Cresson,  1872)1 0 -‐-‐ Cavity
Hoplitis  pilosifronsMegachilidaeMegachilinaeOsmiini Hoplitis Hoplitis  (Alcidamea)  pilosifrons  (Cresson,  1864)93 18 fidelity Cavity
Megachile  addendaMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Xanthosarus)  addenda  Cresson,  18781 2 -‐-‐ Ground
Megachile  brevisMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Litomegachile)  brevis  Say,  183724 48 rewiring Cavity
Megachile  campanulaeMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Chelostomoides)  campanulae  (Robertson,  1903)0 6 fidelity Cavity Lines  nest  with  resin
Megachile  exilisMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Chelostomoides)  exilis  parexilis  Mitchell,  19373 4 null Cavity Subspecies  of  M.  (C.)  exilis  Cresson,  1872;  Lines  nest  with  resin
Megachile  frugalisMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Sayapis)  f.  frugalis  Cresson,  18720 1 -‐-‐ Cavity
Megachile  gemulaMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Xanthosarus)  g.  gemula  Cresson,  18781 0 -‐-‐ Cavity



Megachile  inimicaMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Sayapis)  inimica  sayi  Cresson,  187810 3 null Cavity Subspecies  of  M.  (S.)  inimica  Cresson,  1872
Megachile  mendicaMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Litomegachile)  mendica  Cresson,  187829 191 rewiring Cavity
Megachile  rotundataMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Eutricharaea)  rotundata  (Fabricius,  1787)2 2 null Exotic Cavity
Megachile  sculpturalisMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Callomegachile)  sculpturalis  Smith,  18530 1 -‐-‐ Exotic Cavity Native  to  East  Asia.  Lines  nest  with  resin.
Megachile  texanaMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Litomegachile)  texana  Cresson,  18783 57 fidelity Ground* Nests  in  the  ground  but  uses  or  expands  pre-‐existing  cavities  so  not  a  typical  ground-‐nesting  species
Megachile  xylocopoidesMegachilidaeMegachilinaeMegachilini Megachile Megachile  (Melanosarus)  xylocopoides  Smith,  185312 5 null Cavity Best  known  from  the  southeastern  United  States  but  has  recently  expanded  its  known  range  north  to  New  Jersey
Osmia  pumilaMegachilidaeMegachilinaeOsmiini Osmia Osmia  (Melanosmia)  pumila  Cresson,  18641 0 -‐-‐ Cavity
Stelis  louisaeMegachilidaeMegachilinaeAnthidiini Stelis Stelis  (Dolichostelis)  louisae  Cockerell,  19113 3 null Parasite [Cavity] Cleptoparasite  of  M.  (Chelostomoides)  including  M.  campanulae
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Description 
 

MacLeod_SpeciesList.csv: a list of all bee species in the dataset, containing the 
following variables: Species, Family, Subfamily, Tribe, Genus, Full name, # Females 
collected, # Males collected, Result (rewiring or fidelity), Exotic status, Parasitic Status, 
Nesting substrate, and Comments on natural history or taxonomy. 
 
MacLeod_RCode.txt: R code used in all analyses in the paper 
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