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Abstract

Different modelling approaches have been used to relate the structure of mutualistic
interactions with the stability of communities. However, inconsistencies arise when we
compare modelling outcomes with the patterns of interactions observed in empirical
studies. To shed light on these inconsistencies, we explored the network structure-
stability relationship by incorporating the cost of mutualistic interactions, a long
ignored feature of mutualisms, into population dynamics models. We assessed the
changes in the relationship between network structure (species richness, connectance,
modularity) and community stability (species persistence, resilience), and between
network structure and community structural attributes (average abundance), using
models with increasing levels of cost for mutualistic communities. We found that
adding the potential cost of mutualistic interactions affected the strength of the
network structure-stability relationship. Our results revive the question of whether the

structure of mutualistic networks determines community stability.
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INTRODUCTION

The study of community stability has captivated ecologists for a long time (MacArthur 1955, May 1973).
This long history of research on stability has lead to the development of multiple definitions of stability
(MacArthur 1955, May 1973, Brose et al. 2006, Gravel et al. 2011) and many lines of research dedicated
to understand what drives community stability. A prominent conclusion of this body of research is that
species interaction patterns are associated with stability in a variety of ways (McCann et al. 1998,
Kondoh 2003, Rooney et al. 2006, Okuyama and Holland 2008, Thébault and Fontaine 2010, Gravel et al.
2011, Stouffer and Bascompte 2011, Sauve et al. 2014, Grilli et al. 2016). In particular, many of the
studies assessing the relationship between the structure of ecological networks and community stability
have been focused on two measures of stability: persistence (the proportion of species that persist) and
resilience (the capacity of the system to return to equilibrium after disturbance).

The response of persistence and resilience to different interaction network structures has been
largely studied for different interaction types. Although some measures of network structure (e.g.
nestedness) have the same effect on the stability of different interaction types, e.g. antagonistic and
mutualistic interactions, most measures of network structure seem to have opposite effects according
to the interaction type considered. For instance, nestedness has negative effects on the persistence and
positive effects on the resilience of both antagonistic and mutualistic networks (Okuyama and Holland
2008, Thébault and Fontaine 2010). Conversely, species richness has negative effects on the persistence
and resilience of antagonistic networks, but positive effects on that of mutualistic networks (Okuyama
and Holland 2008, Thébault and Fontaine 2010). Similarly, the modularity of interaction networks (i.e.
the extent to which subsets of species interact most frequently among themselves) has been reported
to have positive (Stouffer and Bascompte 2011) or neutral (Thébault and Fontaine 2010) effects on both
persistence and resilience of antagonistic networks, whereas it seems to decrease that of mutualistic
networks (Thébault and Fontaine 2010). If the effects of network structure on community stability differ
across interaction types, we would expect to see striking differences in the structure of empirical
networks. For instance, mutualistic networks should have greater species diversity than antagonistic
networks, and yet there is no evidence that supports this. Furthermore, we would not necessarily expect
empirical mutualistic networks to be modular, or at least that mutualistic networks were less modular
than antagonistic networks; yet many mutualistic networks, especially those with higher number of
species (Olesen et al. 2007), exhibit significant modularity (Olesen et al. 2007, Dupont and Olesen 2009,
Chacoff et al. 2012, Watts et al. 2016). In addition, there seems to be no difference in relative
modularity between antagonistic (herbivory) and mutualistic (pollination) networks (Thébault and
Fontaine 2010), and even higher levels of modularity have been found in intimate mutualisms compared
to intimate antagonisms (Fontaine et al. 2011).

Many explanations are possible for this lack of consistency between the structure-stability
relationship in mutualistic networks based on modelling outcomes and what we observe in nature.
Some of these explanations propose that network structure is the result of historical assembly processes
that do not necessarily reflect selection for stability (Maynard et al. 2018). Others advocate that current
models could be too simple to accurately reflect nature patterns, as models must be relatively complex
to make predictions about real ecological systems (Evans et al. 2013). Here we focus on the latter and,
specifically, in adding a key piece of complexity to mutualistic interaction models: incorporating the
interaction cost into mutualistic dynamics. Mutualistic interactions are usually modelled as strictly
mutually beneficial for the interacting partners. Mutualisms, however, involve both benefits and costs
for the interacting species (Bronstein 2001, Morris et al. 2010, Aizen et al. 2014). Multiple costs can be
associated with mutualistic interactions (Young and Young 1992, Traveset et al. 1998, Gross and Mackay
1998, Montesinos-Navarro et al. 2017), from competition for resources (Benadi et al. 2012, Valdovinos
et al. 2013, 2016) to negative effects associated with the provision of resources (Saez et al. 2014,
Magrach et al. 2017). Hence, the inclusion of the cost of mutualistic interactions could directly affect the
network structure-stability relationship, as the benefit of having more and more partners will not
necessarily increase linearly, and could even decrease with increasing the number of interactions
(Morris et al. 2010, Valdovinos et al. 2016).

The cost of mutualistic interactions can be easily incorporated using a consumer-resource
approach (Holland et al. 2005, Chamberlain and Holland 2008, Holland and DeAngelis 2010), whereby
the consumer species (e.g. pollinator) exploits a resource (e.g. pollen or nectar) supplied by the other
partner species (e.g. plant) and in return provides a resource or a service (e.g. pollination). This
approach has been used in studies assessing how changes in pollinators’ behaviour (i.e. competition
among consumers) affect species persistence (Valdovinos et al. 2013, 2016) and structural aspects of
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communities, such as population densities. However, it remains unknown whether costs inflicted by
consumers to resources, e.g. those observed in plant-pollinator interactions where too many visits of
pollinators diminish plant reproductive success (Sdez et al. 2014, Rollin and Garibaldi 2019), would
impact the network structure-stability relationship. Even though the final outcome might be still
beneficial for both partners, the incorporation of the cost into models of mutualistic dynamics could
have a strong influence on the dynamics of the populations that interact within a community (Holland
and DeAngelis 2010), ultimately affecting community stability and structural attributes.

In this study, we evaluate how the incorporation of the costs of mutualistic interactions affects
the relationships between network structure and community stability and structural attributes. In
particular, we tested whether the effect that species richness, connectance and modularity have on
community stability and population densities change when including a cost function in a mutualistic
dynamics model. To this end, we compared how alternative network structures differing in their species
richness, connectance and modularity affect community persistence, resilience, and average abundance
(population density) of the mutualistic community, as well as persitence and average abundance of each
mutualistic partner, by simulating the dynamics of mutualistic populations while taking into account the
cost of these interactions.

METHODS

Interaction networks

We used the algorithm of Thébault and Fontaine (Thébault and Fontaine 2010) to generate interaction
networks with different structure, varying species richness (number of species), connectance
(proportion of realized interactions) and modularity (degree of compartmentalization as in Stouffer et
al. 2012, Doulcier and Stouffer 2015) across the extent of empirically observed ranges (see references in
Olesen et al. 2007). For each combination of species richness (20, 40, 80), connectance (0.1, 0.15, 0.2)
and modularity (0.2, 0.3, 0.4, 0.5, 0.6) we generated 100 networks (i.e. 4500 interaction networks in
total distributed around those parameter combinations). Even though nestedness has been related to
community stability in mutualistic networks (Okuyama and Holland 2008, Thébault and Fontaine 2010),
we did not include it in our study as built-in dynamical stability has been found for this metric in similar
models to the one we used (Staniczenko et al. 2013) (see supplementary material for more details).

Dynamic model

We used a population dynamics model that has been previously used to study the relationship between
network structure and stability of mutualistic communities (Okuyama and Holland 2008, Thébault and
Fontaine 2010), allowing us to compare our results with previous ones. This previous model includes a
term that describes the mutualistic benefit that each species obtain from each interaction (described as
a Type |l functional response) and simulates changes in species abundance of obligate mutualistic
communities (i.e. where interacting species cannot survive without their interacting partners). To this
model, we incorporated a term that accounts for the potential effects that the cost of mutualistic
interactions can have on population dynamics, i.e. the negative effects on a species population change
due to supplying resources to other species (Holland and DeAngelis 2010). Even though this model could
be applicable to different mutualistic communities (e.g. plant-frugivore, plant-mycorrhizal), hereafter
we refer to plant-pollinator communities as our study system for simplicity. In plant-pollinator systems,
the plant provides resources to the pollinator, typically pollen or nectar, and the pollinator provides the
plant with pollen they carry from other plants. In this process, costs to the plant associated with the
provision of a resource include damage to floral structures, removal of pollen that was already
deposited in the stigmas, reward production, etc., while for pollinators pollen deposition (resource
provision to the plant) does not seem to affect their population growth (Holland and DeAngelis 2010).
Although there might be costs associated with pollinators due to the service of pollen dispersal, for
simplicity we considered only costs associated with resource supply.

Because empirical information on the cost of mutualistic interactions is scarce, modelling each
potential cause of cost separately becomes problematic. We therefore based our modelling approach
on net benefit curves for which empirical evidence exists. In particular, we used a Type Il functional
response to model interaction cost that combined with the Type Il functional response of the
mutualistic benefit produce net-benefit curves that matched those empirically observed in plant-
pollinator communities (Morris et al. 2010, Rollin and Garibaldi 2019). When interaction cost is
assumed to be absent, then the saturating benefit curve equals the net-benefit curve; when the cost is
different from zero, the combination of the benefit and cost Type Il functional response curves may
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generate a unimodal curve (figure S1), i.e. a net-benefit peak is followed by a decrease when increasing
the frequency of interactions (Morris et al. 2010). Studies showing that higher number of visits can lead
to flower damage causing a decrease in fruit production (Aizen et al. 2014, Saez et al. 2014) also offer an
example of such unimodal curve. While this shape qualitatively matches empirical observations, it is
ultimately phenomenological. Our approach therefore constitutes a first step towards incorporating the
cost of interactions into dynamics models, an esssential yet absent feature from ecological and
evolutionary mutualistic models in general.

The dynamic model we used is applicable to bipartite mutualistic communities, consisting of
two groups of species, P and A, representing plants and pollinators (animals), respectively. The numbers
of species within each group are represented by Np and Na respectively. Piand A; likewise represent the
densities of plant species i and pollinator species j. The model was fully specified by the following set of
ordinary differential equations:

=1 0 +Z A B "'Z Py 1)

dA,_ o ¢ GiPA
oA diAj”Zm "

where riand rj represent intrinsic growth rates of species i and j; di and d; are their density-dependent
self-limitation; cj and ¢;i are the maximum rate of mutualistic benefit (i.e. saturation level of the benefit);
and ajj and aji are the half saturation constants of mutualistic benefit. The last term on the right hand
side of the plant equation (Equation 1) represents the cost of the interactions with pollinators, where gj
is the maximum rate of cost (i.e. saturation level of the cost, equals the saturation level of the benefit c¢j,
except when assuming no cost where gj; = 0) and fj is the half saturation constant of the cost. Pollinator
density changes are defined by Equation 2 and do not include cost. Costs and benefits of the interaction
between P;and A; saturate with the sum of the abundances (i.e. densities) of all the interaction partners
(k) of Piand A respectively, i.e. Ax and P«. Hence, the cost on a given plant depends on the plants with
which pollinators are shared, i.e. the sum in the denominator of the cost excludes plant species that do
not interact with pollinator A;.

Parameter values and initial species densities were randomly generated from uniform
distributions within defined ranges based on previous studies (Okuyama and Holland 2008, Thébault
and Fontaine 2010) (see supplementary material Table S1). To test for different levels of cost, we
modified the half saturation constant of the cost (f;). In interaction terms, f; translates the number of
pollinators from species j that need to interact with plant speices i in order to attain a particular cost. In
other words, low f; causes the saturation of the cost to occur slowly and, hence, more individuals of a
pollinator species j will need to interact with plant species i to inflict a particular cost, which is
equivalent to having a low cost. Conversely, high f; implies that fewer individuals of pollinator species j
need to interact with plant species i to inflict a particular cost, which is equivalent to having a high cost.
Values of S were also selected from a uniform distribution where its maximum range was a proportion
of ajj, which allowed us to keep the cost lower than the benefit, such that the net benefit was positive,
and to have different increasing levels of cost: minimum cost (£ = [0.1, 0.25] x a;), medium cost (S =
[0.1, 0.5] x atj) and maximum cost (f; = [0.1, 0.75] x ). When cost was selected from a distribution with
wider ranges, indicating even higher levels of cost (5 = [0.1, 1] x a;), this caused all species to go extinct.
No cost was defined as gj = 0, such that the entire cost term of equation 1 equalled zero when no cost
was assumed. Model simulations were carried out using the ode function (rkMethod = rk45dp7) of the
deSolve package (Soetaert et al. 2010) in the R environment (R Development Core Team 2016).
Numerical solutions were obtained with a Runge-Kutta method of order 4. A time step of 0.01 was used
to ensure solution stability. Simulations were run over 100,000 time steps.

Model analysis

For each of the 4500 networks with different interaction network structure, we ran the model four
times, once with no cost and once with each level of half saturation constant of the cost (), while
keeping all other parameters and initial abundances constant. At the end of each simulation (once
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stable equilibrium was reached), we recorded species persistence (the proportion of species that
persisted with density > 1071%), community resilience (dominant eigenvalue of the Jacobian matrix of the
system at the final time step) and average species abundance (total abundance, i.e. density, divided by
the number of species that persisted). We also recorded the species persistence and average species
abundance within each interacting group, i.e. persistence of plants, persistence of pollinators, average
plant species abundance (total plant abundance divided by the number of plant species that persisted)
and average pollinator species abundance (total pollinator abundance divided by the number of
pollinator species that persisted). We used the jacobian function from the numDeriv (Gilbert and
Varadhan 2019) R package to numerically estimate the Jacobian matrices.

To assess the effects of incorporating the cost of mutualistic interactions on the network
structure-community stability relationship, we fit structural equation models (SEMs) (Shipley 2000),
using the piecewiseSEM (Lefcheck 2016) and Ime4 (Bates et al. 2015) R packages. We built seven SEMs,
one for each measure of community stability, and each of the SEMs was formed by two linear models.
The first linear model in all SEMs included modularity as the response variable and connectance and
species richness as predictors, to take into account both the influence that connectance and species
richness has on modularity as well as the indirect effects of these variables on the stability metric. The
second linear model of each of the SEMs included one stability measure as the response variable
(persistence, resilience, average abundance, persistence of plants, persistence of pollinators, average
abundance of plants and average abundance of pollinators) and connectance, species richness,
modularity, the interactions between these three factors and the cost of interactions (i.e. the average
cost of all interactions on each network) as the predictor variables. The interaction terms in particular
tell us how the inclusion of the cost in the models changes the effects that network structure has on
community stability. The network structure metrics used as predictor variables were calculated based
on the initial network structure, except for the resilience model, in which the network structure
predictor variables were calculated at equilibrium, as resilience is a local stability measure and might
thus be affected by network structure at equilibrium. We used a Gaussian distribution for all models.

In addition, to better understand the emergent changes in the relationship between network
structure and resilience, we tested whether the mean and standard deviation of the Jacobian elements
changed with increasing cost of interactions using linear regressions. Finally, to assess whether the cost
of mutualistic interactions affects the dimensionality of ecological stability (Donohue et al. 2013), we
tested for correlations between stability measures within each level of cost, i.e. no cost, low, medium
and high cost. Changes in the correlation coefficients would indicate that the cost of interactions affect
the dimensionality of ecological stability.

RESULTS

We found that including the cost of mutualistic interactions into population dynamics models
significantly affected the quantifiable relationship between network structure and community stability.
In particular, when considering all species together, both connectance and species richness had
significantly positive effects on persistence (persistence of all species, figures 1a, 2) and abundance
(average abundance of all species, figures 1c, 2), and these effects were significantly reduced when
increasing interaction costs. The significantly negative effect of modularity on abundance (figures 1c, 2)
also became less negative when considering interaction costs. On the other hand, resilience was
significantly negatively affected by connectance and modularity, and positively by species richness
(figures 1b, 2), and all these effects of network structure were accentuated when taking into account
the cost of species interactions.

In addition, higher interaction costs increased the mean and decreased the standard deviation
of the Jacobian matrix elements (t = 78.860, P < 0.001; t =-92.000, P <0.001, respectively), which may
help explain the particularly strong relationship between resilience and our network metrics.
Furthermore, the cost of interactions did not strongly affect the correlations between stability metrics
(persistence, resilience and abundance), suggesting minimal changes occurred in the dimensionality of
ecological stability of these mutualistic networks (figure S2).

When assessing the effects of network structure on the persistence and abundance of plants
and pollinators separately, we found the same general trends as for the entire assemblage (figures 3, S3,
S4). Specifically, the positive effects of species richness and connectance on the persistence and
abundance of plant and pollinator species significantly decreased when considering the cost of
interactions. Furthermore, the significantly negative effect that modularity had on the abundance of
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plants (figure 3b) and pollinators (figure 3d) was diminished, i.e. became less negative, when increasing
the cost of interactions (figures S3, S4).

DISCUSSION

We found that including the cost of mutualistic interactions into population dynamics models has a
strong impact on the relationship between network structure and community stability, and network
structure and community structural attributes, both when considering all species together as well as
each interacting group (plants and pollinators) separately. In particular, after including interaction costs,
species richness, connectance and modularity did not seem to have such strong effects on species
persistence and abundance as previously thought (Okuyama and Holland 2008, Thébault and Fontaine
2010). Incorporating costs into mutualisms makes the dynamics of mutualisms look more like the
dynamics of antagonisms, thus diluting the differences in network structure-stability relationships
between antagonistic vs. mutualistic communities. Furthermore, by analysing the effects of network
structure on persistence and abundance of each interacting group separately, it became clear that even
though we only included the interaction cost on one interacting partner (plant), the effects of costs
easily spill over to the entire community.

Higher species richness and higher connectance had a less positive effect on species
persistence and abundance when taking into account the cost of interactions, as more links between
species might not necessarily imply greater net benefits. For example, a plant might receive greater net
benefits from one specific interaction and be better off by maximising just that interaction, rather than
interacting with many pollinator species. It has been suggested that apparent facilitation in mutualistic
communities could be one of the reasons favouring highly connected communities (Thébault and
Fontaine 2010). However, although sharing interaction partners in a network could be particularly
beneficial for certain species, it could also involve additional costs for other species (Vila et al. 2009),
such as competition for pollinators among plants (Levin and Anderson 1970, Brown et al. 2002, Mitchell
et al. 2009), pathogen transmission between plant (or pollinator) species via pollinators (or plants)
(Durrer and Schmid-Hempel 1994, Card et al. 2007), and heterospecific pollen deposition (Arceo-Gémez
and Ashman 2011, Briggs et al. 2016). Similarly, reducing competition among pollinators via adaptive
foraging eliminates the link between connectance and pollinators’ persistence (Valdovinos et al. 2016).
In addition, having more interacting partners means that there are more ‘channels’ by which a species is
susceptible to negative effects, e.g. via sudden changes in the abundance of a partner.

Incorporating the cost of interactions also reduced the negative effect that modularity has on
species abundance when considering all species together, as well as when looking at plants and
pollinators separately. The modularity pattern in empirical mutualistic communities has been widely
observed (Olesen et al. 2007, Dupont and Olesen 2009, Watts et al. 2016), and the fact that this pattern
has persisted in nature over time suggests that its effect on community stability ought not to be
exceedingly detrimental, as it should have otherwise driven these communities to extinction. Therefore,
even if modularity decreases the persistence of species (Thébault and Fontaine 2010 and our study), it
probably compensates by having low or no effects on the abundance of species in a community.
Moreover, modularity has been shown to decrease the rate of spread of negative effects in antagonistic
(Stouffer and Bascompte 2011) and, recently, on mutualistic communities (Gaiarsa and Guimardes 2019)
which could favour stability.

Our study also shows that the incorporation of interaction costs increases the positive effect of
species richness, and the negative effects that modularity and connectance have on resilience.
Incorporating the cost of interactions implies that interaction networks move from a complete set of
positive indirect effects, such as apparent facilitation, to a mixed set of both positive and negative
indirect effects. The presence and intensity of indirect effects can affect local community stability (Grilli
et al. 2016), suggesting that a higher proportion of negative indirect effects potentially reduces the
ability of communities to return to equilibrium after disturbance. It is also possible that the positive
effect of cost on the mean Jacobian values mediates the decrease in resilience.

Our results indicate that different measures of stability, such as persistence and resilience, may
have different responses to interaction network structure. In addition, local stability measures, such as
resilience, can be calculated in different ways, which can lead to different conclusions about the
network structure effect on local stability (Thébault and Fontaine 2010, Feng and Takemoto 2014).
Hence, the effect of network structure on community stability might not be as generalisable as we
thought, but rather specific to the stability measured used. Despite these the differences in the changes
observed for the network structure-stability relationship according to the stability metric used, the
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strong correlations between our different measures of stability did not change when taking into account
the cost of interactions. The abscense of changes in these correlations suggests that the cost of
interactions does not affect the dimensionality of ecological stability, Furthermore, the strong
correlations observed among stability measures indicate the dimensionality of ecological stability is low,
and hence that similar processes may be affecting the multiple components of stability (Donohue et al.
2013).

Empirical research on food webs has suggested that network attributes might not be associated
with food-web stability, and that this absence of a complexity-stability relationship is due to the intrinsic
energetic organization of these food webs (Neutel and Thorne 2014, Jacquet et al. 2016). Although
these findings apply only to antagonistic networks, and are based on only one measurement of
community stability, it remains to be explored whether empirical mutualistic networks present the same
patterns. In addition, some studies suggest that any netowork structure can have different effects on
stability, and that the differences strictly depend on the parameters choice (Grilli et al. 2016).
Furthermore, it has been recently proposed that network patterns could be a relict of assembly
processes, such that network attributes would result from the mechanisms that determine how species
are incorporated into the community rather than by selective forces (Maynard et al. 2018). Even though
the interaction coefficients used in this previous study were negative (representing competition), they
bring up important questions that need to be addressed in studies incorporating the positive (benefit)
and negative (cost) aspects of mutualistic interactions.

Overall, we found that taking into account the cost-benefit nature of mutualistic interactions,
which represents more accurately the functional response for the net benefits of mutualisms (Holland
and DeAngelis 2010, Morris et al. 2010), reduced the strength of the relationship between network
structure (species richness, connectance and modularity) and species persistence, and network
structure and population densities. These results demonstrate the need to take into consideration the
cost of mutualisms as an essential feature of these interactions. In this respect, even though our model
is phenomenological and restricted to obligatory mutualisms, it represents an starting point for the
incorporation of costs associated with the provision of a resource into population dynamics models, a
component largely absent from ecological and evolutionary interaction network models (Valdovinos
2019). Our study also calls for greater emphasis of empirical research on the quantification of costs
associated with mutualistic interactions, necessary for the development of mechanistic models with
which to assess, for instance, the effects of costs in facultative mutualisms. Finally, by including the cost
of interactions in mutualistic models, either at the consumer level via resource competition (Valdovinos
et al. 2016) or, as we do here, at the resource level via costs associated with the provision of a resource,
we revive the question of whether the structure of mutualistic networks determines community stability
or whether we need to rethink what information the network needs to contain so that it can reveal
something about system function.

Acknowledgements: We thank R. Ramos-lJiliberto for helpful discussions and sharing code. Also to the
Stouffer lab group and the reviewers for helpful comments. EMB thanks E. Millan for useful discussions.
Funding: This research was funded through a grant from FONCYT (PICT 2014-3168) and a CONICET post-
doctoral fellowship to GP. EB and DPV are career researchers with CONICET. DPV was also partly funded
by the People Programme (Marie Curie Actions) of the European Union's Seventh Framework
Programme (FP7/2007-2013, REA grant agreement 609305). DBS acknowledges a Rutherford Discovery
Fellowship (RDF-13-UOC-003) from New Zealand Goverment funding, managed by the Royal Society Te
Aparangi.

Author’s contributions: GP, DPV, EB designed the study; GP performed modelling work, analysed output
data and wrote the first draft of the manuscript; DBS contributed to modelling; all authors contributed
substantially to revisions.

References

Aizen, M. A. et al. 2014. When mutualism goes bad: density-dependent impacts of introduced bees on
plant reproduction. - New Phytol. 204: 322—-328.

Arceo-Gémez, G. and Ashman, T.-L. 2011. Heterospecific pollen deposition: does diversity alter the

consequences? - New Phytol. 192: 738-746.

“This article is protected by copyright. All rights reserved.’



Bates, D. et al. 2015. Fitting linear mixed-effects models using Ime4. - J. Stat. Softw. 67: 1-48.

Benadi, G. et al. 2012. Population dynamics of plant and pollinator communities: stability reconsidered. -
Am. Nat. 179: 157-168.

Briggs, H. M. et al. 2016. Heterospecific pollen deposition in Delphinium barbeyi: linking stigmatic
pollen loads to reproductive output in the field. - Ann. Bot. 117: 341-347.

Bronstein, J. L. 2001. The cost of mutualism. - Am. Zool. 41: 825-839.

Brose, U. et al. 2006. Allometric scaling enhances stability in complex food webs. - Ecol. Lett. 9: 1228—
1236.

Brown, B. J. et al. 2002. Competition for pollination between an invasive species (Purple loosestrife) and
a native congener. - Ecology 83: 2328-2336.

Card, S. D. et al. 2007. Plant pathogens transmitted by pollen. - Australas. Plant Pathol. 36: 455-461.

Chacoff, N. P. et al. 2012. Evaluating sampling completeness in a desert plant-pollinator network. - J.
Anim. Ecol. 81: 190-200.

Chamberlain, S. A. and Holland, J. N. 2008. Density-mediated, context-dependent consumer-resource
interactions between ants and extrafloral nectar plants. - Ecology 89: 1364-1374.

Donohue, I. et al. 2013. On the dimensionality of ecological stability. - Ecol. Lett. 16: 421-429.

Doulcier, G. and Stouffer, D. 2015. Rnetcarto: fast network modularity and roles computation by
simulated annealing. - R Package Version 0.2.4.

Dupont, Y. L. and Olesen, J. M. 2009. Ecological modules and roles of species in heathland plant-insect
flower visitor networks. - J. Anim. Ecol. 78: 346-353.

Durrer, S. and Schmid-Hempel, P. 1994. Shared use of flowers leads to horizontal pathogen transmission.
- Proc. R. Soc. Lond. B Biol. Sci. 258: 299.

Evans, M. R. et al. 2013. Do simple models lead to generality in ecology? - Trends Ecol. Evol. 28: 578-
583.

Feng, W. and Takemoto, K. 2014. Heterogeneity in ecological mutualistic networks dominantly
determines community stability. 4: 5912.

Fontaine, C. et al. 2011. The ecological and evolutionary implications of merging different types of
networks. - Ecol. Lett. 14: 1170-1181.

Gaiarsa, M. P. and Guimaraes, P. R. Jr. 2019. Interaction strength promotes robustness against cascading
effects in mutualistic networks. - Sci. Rep. 9: 676.

Gilbert, P. and Varadhan, R. 2019. numDeriv: accurate numerical derivatives. - R Package Version
20168-11 in press.

Gravel, D. et al. 2011. Persistence increases with diversity and connectance in trophic metacommunities. -
PLOS ONE 6: €19374.

Grilli, J. et al. 2016. Modularity and stability in ecological communities. - Nat. Commun. 7: 12031.

Gross, C. L. and Mackay, D. 1998. Honeybees reduce fitness in the pioneer shrub Melastoma affine
(Melastomataceae). - Biol. Conserv. 86: 169-178.

“This article is protected by copyright. All rights reserved.’



Holland, J. N. and DeAngelis, D. L. 2010. A consumer—resource approach to the density-dependent
population dynamics of mutualism. - Ecology 91: 1286-1295.

Holland, J. N. et al. 2005. Mutualisms as consumer-resource interactions. - In: Ecology of predator-prey
interactions. Oxford University Press, pp. 17-33.

Jacquet, C. et al. 2016. No complexity—stability relationship in empirical ecosystems. - Nat. Commun. 7:
12573.

Kondoh, M. 2003. Foraging adaptation and the relationship between food-web complexity and stability. -
Science 299: 1388-1391.

Lefcheck, J. S. 2016. piecewiseSEM: piecewise structural equation modelling in r for ecology, evolution,
and systematics. - Methods Ecol. Evol. 7: 573-579.

Levin, D. A. and Anderson, W. W. 1970. Competition for pollinators between simultaneously flowering
species. - Am. Nat. 104: 455-467.

MacArthur, R. 1955. Fluctuations of animal populations and a measure of community stability. - Ecology
36: 533-536.

Magrach, A. et al. 2017. Honeybee spillover reshuffles pollinator diets and affects plant reproductive
success. - Nat. Ecol. Evol. 1: 1299-1307.

May, R. 1973. Stability and complexity in model ecosystems. - Princeton University Press.

Maynard, D. S. et al. 2018. Network spandrels reflect ecological assembly. - Ecol. Lett. 21: 324-334.
McCann, K. et al. 1998. Weak trophic interactions and the balance of nature. - Nature 395: 794-798.
Mitchell, R. J. et al. 2009. New frontiers in competition for pollination. - Ann. Bot. 103: 1403-1413.

Montesinos-Navarro, A. et al. 2017. Network structure embracing mutualism—antagonism continuums
increases community robustness. - Nat. Ecol. Evol. 1: 1661-1669.

Morris, W. F. et al. 2010. Benefit and cost curves for typical pollination mutualisms. - Ecology 91: 1276—
1285.

Neutel, A.-M. and Thorne, M. A. S. 2014. Interaction strengths in balanced carbon cycles and the absence
of a relation between ecosystem complexity and stability (F Adler, Ed.). - Ecol. Lett. 17: 651
661.

Okuyama, T. and Holland, J. 2008. Network structural properties mediate the stability of mutualistic
communities. - Ecol. Lett. 11: 208-216.

Olesen, J. et al. 2007. The modularity of pollination networks. - Proc. Natl. Acad. Sci. U. S. A. 104:
19891-19896.

R Development Core Team 2016. R: A language and environment for statistical computing. - R
foundation for statistical computing.

Rollin, O. and Garibaldi, L. A. 2019. Impacts of honeybee density on crop yield: a meta-analysis (T
Diekatter, Ed.). - J. Appl. Ecol. in press.

Rooney, N. et al. 2006. Structural asymmetry and the stability of diverse food webs. - Nature 442: 265—
269.

“This article is protected by copyright. All rights reserved.’



Séez, A. et al. 2014. Extremely frequent bee visits increase pollen deposition but reduce drupelet set in
raspberry. - J. Appl. Ecol. 51: 1603-1612.

Sauve, A. M. C. et al. 2014. Structure—stability relationships in networks combining mutualistic and
antagonistic interactions. - Oikos 123: 378-384.

Shipley, B. 2000. Cause and correlation in biology: a user’s guide to path analysis, structural equations
and causal inference. - Cambridge University Press.

Soetaert, K. et al. 2010. Solving differential equations in R: package deSolve. - J. Stat. Softw. 33: 1-25.

Staniczenko, P. P. A. et al. 2013. The ghost of nestedness in ecological networks. - Nat. Commun. 4:
1391.

Stouffer, D. B. and Bascompte, J. 2011. Compartmentalization increases food-web persistence. - Proc.
Natl. Acad. Sci. 108: 3648-3652.

Stouffer, D. B. et al. 2012. Evolutionary conservation of species’ roles in food webs. - Science 335:
1489-1492.

Thébault, E. and Fontaine, C. 2010. Stability of ecological communities and the architecture of
mutualistic and antagonistic networks. - Science 329: 853-856.

Traveset, A. et al. 1998. Effect of nectar-robbing birds on fruit set of Fuchsia magellanica in Tierra del
Fuego: a disrupted mutualism. - Funct. Ecol. 12: 459-464.

Valdovinos, F. S. 2019. Mutualistic networks: moving closer to a predictive theory (H Hillebrand, Ed.). -
Ecol. Lett. 22: 1517-1534.

Valdovinos, F. S. et al. 2013. Adaptive foraging allows the maintenance of biodiversity of pollination
networks. - Oikos 122: 907-917.

Valdovinos, F. S. et al. 2016. Niche partitioning due to adaptive foraging reverses effects of nestedness
and connectance on pollination network stability. - Ecol. Lett. 19: 1277-1286.

Vila, M. et al. 2009. Invasive plant integration into native plant—pollinator networks across Europe. -
Proc. R. Soc. B Biol. Sci. 276: 3887.

Watts, S. et al. 2016. The influence of floral traits on specialization and modularity of plant—pollinator
networks in a biodiversity hotspot in the Peruvian Andes. - Ann. Bot. 118: 415-429.

Young, H. J. and Young, T. P. 1992. Alternative outcomes of natural and experimental high pollen loads.
- Ecology 73: 639-647.

“This article is protected by copyright. All rights reserved.’



Figure Legends

Figure 1. Structural

network structure-community stability and network structure-structural attributes relationships. We
evaluated two measures of community stability, (a) species persistence and (b) resilience, and one
measure of community structure, (c) abundance. Arrows pointing to other arrows represent interaction
terms, i.e. changes in slope. Solid arrows represent unidirectional statistically significant relationships (P

< 0.05), while dashed arrows represent non-significant relationships. Arrow width is proportional to the

equation models examining the effects of mutualistic interactions cost on the

standardised path coefficient, which is shown next to each arrow.
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Figure 2. Relationships between predicted persistence, resilience or abundance and network structure
(connectance, modularity, species richness) under increasing levels of cost (0, 0.1, 0.25, 0.4). Cost values
indicate the average value of all interaction costs within a network. Predicted values were estimated
based on the second linear model of each of the SEMs, using the predict R function, where only values
of one network attribute were allowed to change while values from the other network attributes were
kept constant at their mean across all simulated networks. Predicted abundance values for the highest

level of cost (0.4) are not shown as they were mostly below 0.
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Figure 3. Structural equation models examining the effects of mutualistic interactions cost on the

network structure-community stability and network structure-structural attributes relationships of

plants (a, b) and pollinators (c, d). Legend as in Figure 1.
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