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Abstract
Many ecosystem functions result from mutualisms, yet mutualism-based functions have rarely been studied
at the scale of whole mutualist networks. Thus, it is unclear how much biodiversity is needed to provide
function to an entire network of partner species. Here we use 23 plant-pollinator networks to ask how
the number of functionally important pollinator species depends on the number of plant species studied.
We found that, because of complementarity among pollinators in the plants they pollinate, 3-13 times as
many pollinator species were needed to pollinate an entire network as compared with a single plant species.
Furthermore, many pollinator species that were rare within the network as a whole, and therefore not
important pollinators on average, were important to the pollination of particular plant species. By not
measuring function across entire mutualist networks, ecologists have likely underestimated the importance
of biodiversity, and particularly of rare species, for ecosystem function.
Main Text
Introduction
Given the rapid loss of global biodiversity (Rockström et al. 2009), it is imperative to understand how that loss
will affect the functioning of natural systems (Cardinale et al. 2012). In experiments, increasing biodiversity
(specifically, species richness) increases ecosystem function, but function is often maximized at relatively low
richness (Jonsson & Malmqvist 2003; Cardinale et al. 2006; Fründ et al. 2013). Many researchers expect
that more species will be needed to provide ecosystem functions in complex real-world systems (Duffy 2009;
Isbellet al. 2011). Thus far, work on real-world communities has focused on expanding to larger scales of
space and time, as well as considering a larger number of ecosystem functions. While some of this work has
found a link between biodiversity and function in real-world systems (Duffy et al. 2017; Isbell et al. 2017,
2018; Winfree et al. 2018), this finding has been far from universal (Chisholm et al. 2013; Winfree et al.
2015; Gamfeldt & Roger 2017; van der Plas 2019).
One limitation of most real-world biodiversity-ecosystem function (BEF) studies to date is that, biologically
speaking, they are too simple. In particular, they do not include the biological complexity of species interactions such as mutualisms (Schleuning et al. 2015; Wrightet al. 2017). Mutualist interactions underlie many
of the ecosystem functions that are essential for life on earth, such as mycorrhizal-plant mutualisms, used by
˜80% of plant species (Wang & Qiu 2006), and animal-mediated pollination, used by ˜88% of plant species
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(Ollerton et al. 2011). In a BEF context, most studies of mutualism-based functions have been simplified to
focus either narrowly on the function provided to a single species (e.g. pollination of a single plant species),
or coarsely on the total function provided across species (e.g. total pollen delivered to all plant species). In
nature, however, even in one time and place, function must be provided to many species simultaneously (e.g.
pollination of each plant species in a community). Thus, we do not yet have a clear understanding of how
diversity affects function of whole mutualist networks.
Maintaining ecosystem function in mutualist networks might require high biodiversity due to niche partitioning of interaction partners. Resource partitioning among the species providing a function is the main
mechanism through which biodiversity increases function in studies of a single trophic level, such as biomass
production by grassland plant communities (Tilman et al. 2014). Similarly, in mutualist networks, niche partitioning likely happens as the species on one side of the network partition the partner species on the other
side. For example, two well-studied mutualisms, pollination and seed dispersal, both involve reproductive
functions provided to plants by animals that are themselves foraging for food resources. In this situation,
we might expect the plants (resources) to be partitioned among animal species. This partitioning of partner
species leads to functional complementarity, in that different animal species are required to pollinate (or disperse the seeds of) different plant species (Fontaineet al. 2006; Fründ et al. 2013; Bronstein 2015). Because
BEF research has not considered function provided to each of the species within whole networks, we have
not included this form of niche partitioning, and we may have greatly underestimated the importance of
biodiversity to mutualism-based functions in the real world (Blüthgen & Klein 2011; Schleuning et al. 2015).
Expanding BEF research to include mutualist networks could also transform our understanding of the functional importance of rare species. Real-world BEF studies focused on a single function have sometimes found
that rare species are important (Lyons et al.2005; Soliveres et al. 2016; Jousset et al. 2017), but in many
cases the common species provide most of the function while rare species contribute relatively little (Smith
& Knapp 2003; Gaston 2011; Fauset et al. 2015; Maas et al. 2015; Winfree et al. 2015; Lohbeck et al. 2016;
Gaston et al. 2018). For example, in regional-scale analyses, 2% of bee species provide 80% of the crop
pollination (Kleijn et al. 2015), and 1% of tree species do 50% of the carbon storage (Fauset et al. 2015). The
high functional importance of common species is expected because, in nature, species-abundance distributions are highly skewed, with a few highly abundant species and many rare ones (McGill et al 2007). Thus,
the variation in abundance per species can be so great that rare species would have to contribute very large
amounts of function per individual to make up for their low numbers (Vázquez et al. 2005). The situation
might be very different, however, when function is considered for each species in a mutualist network. For
example, a pollinator species that is rare within the community could still be an important pollinator of a
particular plant species. As a result, a locally rare pollinator species could still be important for maintaining
function of the network.
The arguments above rely on niche differentiation leading to functional complementarity among the mutualist
species providing the function (Fig. 1). To build on the pollinator example, if pollinators chose plant partners
randomly, or if specialist pollinators only interact with generalist plants, a few common pollinator species
could be the dominant providers of function across all plant species. In this case, there might not be a
large increase in the need for pollinator diversity as we move from the scale of the single plant species
to the scale of the mutualist network. But, to the extent that niche differentiation, whether arising from
mechanisms related to morphology, phenology, or dietary specialization, creates complementarity in partner
identity across species, there could be a much greater need for pollinator biodiversity at the scale of the
entire network (Blüthgen & Klein 2011).
Here, we use data from 23 plant-pollinator networks to ask how many pollinator species are needed to
pollinate all of the plants in the network, and used a randomization-based null model to distinguish effects
of complementarity and stochasticity. Specifically, we ask 1)What is the relationship between the number of
plant species in a network and the number of pollinator species important for pollinating them? And 2) How
important are rare pollinator species to pollination?
We found that the number of pollinator species important to function increases rapidly as additional plant
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species are considered. Many times more pollinator species, including rare species, were important for function
when we considered the function of entire networks.
Methods
Network data
We used a combination of eight quantitative plant-pollinator interaction-network datasets collected by our
lab (MacLeod et al.2016; Roswell et al. 2020) and 15 similar datasets publicly available through the Interaction Web DataBase (National Center for Ecological Analysis and Synthesis 2020; Table S1). Each dataset
quantifies insect pollinator visitation to each species of a plant community, as observed in a single site in a
single year. We chose single site-year datasets so that differences in plant use by pollinators could not be
attributed to spatial or annual turnover.
Although qualitatively similar, exact data collection methods varied somewhat among studies. Some studies
(a total of 13) standardized the sampling effort per plant species while others (a total of 10) standardized
sampling per area of habitat. Some studies collected all flower visitors (7), while others included only known
pollinators (8) or focused exclusively on bees (8). Most datasets come from wild plant communities in which
plant abundance was unmanipulated, but one of our own datasets came from a field experiment in which
plant abundance was standardized across plant species. Site size varied among studies from 0.25 - 8 ha.
Further details on all the datasets can be found in Table S1, and Figs. S1 and S2 show results subdivided
by survey design and taxonomic scope.
Many of these networks include plant species from which few individual pollinators were collected. To limit
our analyses to plant species for which we could define important pollinator species, we subset each dataset to
only include plant species with more than 20 observed plant-pollinator interactions. This prevented singletons
(pollinator species of which only a single individual was observed) from being considered important. Applying
this threshold meant excluding a mean of 37% of plant species (range = 0 – 72%), but only 6.7% of pollinator
species (range = 0 – 21%) and 4.0% of individual plant-pollinator interactions (range = 0 – 15%). For the
23 datasets as analyzed, plant species richness varied from 5 to 29, pollinator species richness varied from
26 to 226, and total individual plant-pollinator interactions varied from 569 to 4513.
Analysis
To start, we identified the most functionally important pollinator species for each plant species within each
network. We used interaction frequency (i.e., the number of individual pollinators of a species that were
collected from a given plant species) as a proxy for function, and defined ’functionally important’ pollinator
species as those that contributed a threshold percent of visits to at least one plant species in their network
(Kleijn et al. 2015). We report results based on using a 5% threshold (as used by Kleijn et al. 2015), which
we believe captures ’functionally important’ species in a biologically reasonable way; when using the 5%
threshold, the important species provide 82% of the pollinator visits per plant species on average (sd =
10%), while representing only 37% of the pollinator species per plant species (sd = 21%). Fig. S3 shows
what the 5% threshold means graphically by plotting example rank-abundance distributions of pollinators
per plant species, with the functionally important pollinator species shaded, and Fig. S4 shows how the
proportion of species considered important and the visits they provide changes with the choice of threshold.
As a form of sensitivity analysis on the choice of the 5% threshold, we repeat the analyses across thresholds
from 2.5% to 10%, and include in Results the outcomes from across this range of threshold values.
We acknowledge that visitation frequency is an incomplete proxy for pollination function because it does not
include the per-visit function (e.g., pollen deposition or seed set), which can vary across pollinator species.
However, plants’ most frequent floral visitors also tend to be their most important pollinators (Vázquez et
al. 2005; Kleijnet al. 2015 [supplement]; Ballantyne et al. 2017) and, on a practical level, it would not have
been possible to measure per-visit function for the 3077 unique plant-pollinator interactions in our data sets.
What is the relationship between the number of plant species in a network and the number of pollinator
species important for pollinating them?
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Within networks, we performed a simulation to relate the number of important pollinator species to plant
species richness. Specifically, we subset each network to simulate plant communities of varying richness and
counted the number of pollinator species important to at least one plant species in that set. We included
every possible level of richness for the network (i.e from 1 to n species) and up to 1000 unique (and random)
combinations of plant species per richness level. In instances in which there were [?] 1000 combinations
of plant species, we included all possible combinations. We then took the mean number of important
pollinators across combinations of plant identity for each level of plant richness. We represent results from
this analysis as accumulation curves in which the mean number of pollinator species important to at least
one plant species is plotted against the number of plant species in the community. This is similar to
an approach commonly employed to estimate the number of species contributing to different numbers of
functions (i.e. multifunctionality) or to function across different spatiotemporal scales (Hector & Bagchi
2007; Isbell et al. 2011; Byrnes et al. 2014; Winfree et al. 2018). The left-most endpoints of these curves
represent the mean number of important pollinator species for a single plant species, and the right-most
endpoint represents the number of important pollinator species for the entire network. The shapes of these
curves are strongly affected by complementarity among pollinator species in the plant species they visit
(Fig. 1d). Greater complementarity should result in lower values for single plant species (indicating higher
specialization by pollinators at the plant species level) and/or steeper slopes (indicating greater turnover of
important pollinator species among plants).
The slopes observed in these curves will also be due, at least in part, to stochasticity. That is, even if
there were no biological differences among pollinator species in terms of the plants they visit, they will visit
plant species at different frequencies due to chance (Vazquezet al. 2009). Similarly, differences in visitation
rates could be observed due to sampling error. As a result, any observed complementarity effect is likely
to be a combination of biology and stochasticity. To account for these stochasticity effects, we created a
randomization-based null model to define an expectation under a scenario of no biological complementarity.
This null model assumes that there are no underlying differences among pollinator species, but rather that
pollinators forage randomly across all the plant species in their network.
To generate the null model, the identity of the pollinator species in each individual plant-pollinator interaction
was reassigned by random draw (with replacement) from the network-wide pollinator-species abundance
distribution. Said another way, individual interactions were randomized within rows (i.e. plant species) of
the plant-pollinator interaction matrix. The model maintained the empirical number of pollinator visits to
each plant species, but randomized pollinator identity according to each species’ relative abundance. We
generated 999 null datasets per network (North et al. 2003) and then, for each of these datasets, we estimated
the mean number of important pollinator species for each level of plant species richness.
In the Results, we report three metrics for each network. First, we calculate the change in the number of
important pollinator species recorded for a single plant species versus for the entire network (i.e., for all
the plant species in the community). This metric shows how the need for pollinator biodiversity increases
with the number of plant species considered, when both the stochastic and the biological components of
that increase are included. Second, we do a significance test for the biological component of the increased
need for pollinator biodiversity as the number of plants needing to be pollinated increases. Specifically, we
compare the observed accumulation curves to the inner 95th percentile of what was predicted by the null
model. Observed values beyond the inner 95th percentile were considered significantly different than what
would be expected due to chance, suggesting that biological effects increase the functional complementarity
among pollinator species and contribute to the need for biodiversity. Third, we calculate an effect size (a
Z-score) for each network that represents the magnitude of any non-stochastic (i.e., biological) effects on the
number of important pollinator species in that network. Z-scores were calculated as the difference between
the observed value and the null prediction, divided by the standard deviation of the null (i.e. (observed
– null)/sdnull ), where all three values are calculated at maximum plant species richness (i.e., using all the
plant species in the network). Thus, the Z-scores measure the strength of biological effects, such as niche
partitioning and pollinator specialization, in driving the need for pollinator biodiversity, and express this
effect in units of standard deviations of the null distribution.
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Lastly, now across rather than within networks, we looked at Pearson’s correlation between the total number
of plant species observed in the network and the number of pollinator species important to at least one of
those plant species.
How important are rare pollinator species to pollination?
Here, we measured how many important pollinator species (i.e. functionally important to at least one plant
species) in each complete network were rare within that network (i.e., locally rare). In the main text, we
define rarity as any bee species representing < 1% of all bee observations in its network (sensu Matias et al.
2012; Hercos et al. 2013). However, because any definition of rarity is arbitrary, in the supplement we repeat
the analysis across combinations of rarity thresholds of 0.5% to 1.5% and report the effects of threshold
choice in Results.
Results
What is the relationship between the number of plant species in a network and the number of pollinator
species important for pollinating them?
Within networks, the number of functionally important pollinator species increased rapidly with plant species
richness (Fig. 2). Comparing individual plant species with their respective communities, the number of
important pollinator species increased 3.0 to 12.7-fold (mean = 5.4; Fig 2a). The accumulation curves of
functionally important species were mostly non-saturating and rose beyond the inner 95th percentile of the
null in 21 of 23 networks (Figs. 2a, b and S5). Z-scores, which measure the effect of complementarity on the
number of important pollinator species relative to the expectation under random foraging, ranged from 1.0
to 19.0 (mean = 7.0; Fig 2c).
These results were robust to our choice of threshold for defining functional importance. We re-ran the
above analyses after defining important pollinator species more inclusively (as those providing at least 2.5%
of flower visits to at least one plant in the network), and less inclusively (only pollinators providing at
least 10% of visits). A lower, more inclusive threshold would mean that more pollinator species would
be considered functionally important to each plant, raising the intercepts of the accumulation curves. A
higher, less inclusive threshold should result in the opposite. Having a larger number of important species
also creates more opportunity for turnover of important species, so we might also expect the lower, more
inclusive thresholds to result in steeper accumulation curves. Indeed, the absolute number of important
pollinator species varied with the choice of threshold as expected. Yet, the factor-increase in the total
number of functionally important pollinators between a single plant species and its community varied little,
ranging from 5.1 to 5.4 (Fig S6). In contrast, Z-scores were more sensitive to variation in the threshold used,
actually increasing with higher thresholds (Fig. S7). On average, Z-scores were 6.6 at the more inclusive
threshold of 2.5% versus 8.3 at the less inclusive threshold of 10%. This is because the null models were
flatter and less variable under higher thresholds, accentuating differences between the observed results and
null expectation. In turn, this is likely because of the skewed pollinator species abundance distribution; at
higher thresholds, when only highly dominant pollinator species are considered important, it is more difficult
for less abundant pollinators to appear important by chance. As a result, there is less turnover of important
pollinators across plants, and less variation in results between runs of the null model.
Across networks, there was a strong correlation between the number of plant species in a network and the
observed number of important pollinator species (r = 0.91, p < 0.001). The correlation between the number
of plant species in a network and the number of important pollinator species was high regardless of the
threshold used to define important pollinator species, ranging from r = 0.87 to 0.92 (Figs S7).
How important are rare pollinator species to pollination?
Of the pollinator species that are functionally important to at least one plant species in a given network, a
mean of 37% (sd = 17%) were rare (Figs. 3 and S8). There were two networks in which no rare species were
important, and these networks were also characterized by shallow accumulation curves and low Z-scores.
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The network with the largest percent of rare important species (76%) had the steepest curve and highest
Z-score.
These results were largely robust to the choice of rarity and importance thresholds. Quantitatively, the
proportion of important pollinator species that are considered rare depends on each of these thresholds,
with more conservative thresholds (higher thresholds for importance, and lower thresholds for rarity) leading
to fewer functionally important species being rare (Figs. S9 and S10). Even with the most conservative
combination of thresholds, however, a mean of 9.4% and as many as 37.0% of the important species were
rare within their network.
Discussion
Ecologists have likely underestimated the importance of biodiversity for ecosystem function in nature by not
considering the function of entire mutualist networks. Here we show that the need for pollinator biodiversity
increases rapidly as we expand beyond the single-species approach that has been the focus of biodiversityecosystem functioning research thus far, to consider the pollination requirements of an entire network of
plant species (Fig. 2). Typically, five times as many pollinator species were needed to pollinate a full
network, as compared with any single plant species, and this effect was stronger for networks with more
plant species. This increased need for biodiversity results from complementary floral use among pollinator
species. Complementarity among species is a well-known mechanism in many BEF relationships (Tilman
et al. 2014), yet the primary way species differentiate themselves in a mutualist network – partitioning the
partners with which they interact – is invisible when function is measured for only single partner species.
This resource partitioning, and the resulting functional complementarity, is only visible when we focus on
which species provide function to which partner species.
Perhaps our most striking finding is that, within mutualist networks, rare species are frequently important
to function. Regardless of the thresholds we used to define importance and rarity, a substantial portion
of the functionally important pollinator species in our analyses were also rare (means of 9-56%, across
thresholds; Figs. 3, S9, S10). This result extends previous work that has suggested rare species could be
important, but measured their functional role less directly. For example, rare species have been valued
because they contribute to functional trait diversity (Mouillot et al. 2013; Jain et al. 2014; Leitao et al.
2016) and because they could become abundant, and thus functionally important, at other places or times
(i.e. insurance effects) (Loreauet al. 2003; Allan et al. 2011; Reich et al. 2012). In contrast, we demonstrated
a direct and immediate contribution of locally rare species. This contribution did not depend on functional
contributions disproportionate to species’ abundances, which is a commonly cited way for rare species to
be important (Dee et al.2019). Instead, we found rare species to be important by considering function for
each plant species in a network – arguably the approach most relevant to maintaining natural ecosystems.
Mechanistically, this approach is akin to measuring multiple functions (’multifunctionality’), in which locally
rare species can help maintain some of the many functions on which ecosystems simultaneously depend
(Soliveres et al. 2016; Jousset et al. 2017).
The functional role played by rare species determines the extent to which management practices that aim
to preserve ecosystem function will necessarily lead to biodiversity conservation (Lyons et al. 2005; Ridder
2008). Conservation tends to focus on rare species because they make up the majority of biodiversity and
are often at higher risk of extinction (Gaston 1994). But this focus will only align with function-based
management if rare species are also important for function (Wilcove & Ghazoul 2015). Some previous
work has found that pollination function depends primarily on common species, suggesting pollinationBEF relationships are insufficient to motivate conservation (Balvanera et al. 2005; Garibaldi et al. 2015;
Kleijnet al. 2015; Winfree et al. 2015). However, this previous work focused on single plant species (crop
monocultures), rather than diverse networks (e.g. wild plant communities or diversified agro-ecosystems).
Here, we show that interaction complementarity within mutualist networks means that even rare species
can be important for function of diverse networks. The presence of rare and functionally important species
suggests that maintaining function may also require broad efforts to maintain diverse communities.
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Because our study was observational, further research is needed to speak directly to the functional requirements of wild plant communities. In particular, we do not know the pollen limitation status of these plants,
nor can we infer the functional consequences of species loss. On the one hand, even a plant that is not
currently pollen limited could become so following loss of a dominant pollinator. On the other hand, pollinator species’ preferences are often dynamic (Brosi & Briggs 2013; CaraDonna et al. 2017), which should
lend resilience to species loss (Valdovinoset al. 2013). That is, following the loss of its dominant pollinator
species, a plant species could expect other pollinator species to shift or expand their diets, which could compensate for the loss (Hallett et al. 2017). However, increased pollinator generalization following the loss of a
competitor can decrease pollination quality due to increased interspecific pollen transfer (Morales & Traveset
2008; Brosi & Briggs 2013; Magrach et al.2019). Future research should work to determine which of these
processes are dominant in determining pollination function (i.e. plant reproductive success) in the face of
species loss. More broadly, understanding function within mutualistic networks will require understanding
the extent to which interactions are fixed or plastic, and whether changes to network structure following
species loss affect quality of function for the remaining species.
Altogether, our results highlight the multi-scale nature of ecosystem function, and the importance of scale
for understanding real-world BEF relationships. In particular, mechanisms governing BEF relationships
in nature may be invisible in small-scale or simplified study systems (Eisenhauer et al. 2019; Gonzalez
et al. 2020). As a result, studying function at too small a scale or in too simple a system may lead us to
underestimate the number of species needed for function in nature. For instance, despite positive biodiversity
effects (Hoehnet al. 2008; Tilman et al. 2014; Garibaldi et al.2015), function at local scales often relies on
relatively few species because of dominance (Smith & Knapp 2003; Cardinale et al. 2006; Winfree et al. 2015;
Gaston et al. 2018). Yet, because of species turnover, far more species are needed to maintain function across
broader spatiotemporal scales (Loreau et al. 2003; Allanet al. 2011; Isbell et al. 2017, 2018; Winfree et al.
2018). Similarly, more species are needed to maintain multiple functions simultaneously than for any function
alone (Isbell et al. 2011; Lefcheck et al. 2015; Fanin et al. 2018; Schuldt et al. 2018). Here, we demonstrate
an analogous role of biodiversity in mutualist networks: even for a single function in a single place and time,
many more species are needed to maintain function across a network than for any one partner species alone.
Real-world ecosystems depend on many functions operating across broad spatiotemporal scales (Gonzalez
et al. 2020), many of which are realized through mutualist interactions (Bronstein 2015). In light of this,
our results suggest that biodiversity may be even more important for real-world function than previously
supposed.
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Figure legends
Figure 1 Hypothetical pollinator abundance distributions illustrating how complementarity among mutualist partners should affect the number of functionally important species. (a) The abundance of pollinators
visiting the entire plant community. The two most abundant pollinators contribute 80% of floral visits. (b)
In a community with low complementarity, the same generalist pollinator species dominate function for every
plant species. (c) In a plant community with high complementarity, different pollinator species dominate
visits to different plant species. (d) If pollinator species are perfectly redundant (as in b), the number of
important pollinator species would not change with the number of plant species. If pollinator species are
perfectly complementary (similar to c), there would be a positive linear relationship between the number of
plants and important pollinators. The real world is likely in between, leading to a positive but saturating
relationship.
Figure 2 The number of important pollinator species increases with the number of plant species. (a) Accumulation curves for each of the 23 networks. Points represent the number of pollinator species important
to at least one plant species in the full community, and grey lines represent the accumulation of important
pollinator species across simulated levels of plant species richness. (b) An example of one network’s accumulation curve, now shown together with its null model and 95% CIs. The null model curve represents
the expectation if pollinators forage randomly across the available plant species, while the observed curve
will include any biological effects such as species-specific preferences, morphology, or phenology that lead to
non-random foraging (c) Z-scores for each network, representing the strength of the biological effects (complementarity) on the number of pollinator species found to be functionally important in a network, relative
to the expectation under random foraging. Z-scores were calculated as the difference between observed and
null expectation (red bar in b) divided by the standard deviation of the null (blue bar in b) at maximum
plant richness for each network (i.e. at the endpoints of the curves in a and b).
Figure 3 Many rare species are functionally important as pollinators. (a) Pollinator rank abundance
distribution for a single network, with pollinator species that were important to at least one plant species
highlighted in red. The dotted line represents 1% of total pollinator abundance in the network, which is our
definition of rarity. In this community, 13 of 25 important pollinator species are rare. Similar plots for the
rest of our communities can be found in the supplement (Fig. S8). (b) The proportion of important species
that were rare across networks. On average, 37% of important species within a network were also rare within
that network.
Figure 1
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