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Abstract

Network metrics are widely used to infer the roles of mutualistic animals in plant communities
and to predict the effect of species’ loss. However, their empirical validation is scarce. Here we
parameterized a joint species model of frugivory and seed dispersal with bird movement and for-
aging data from tropical and temperate communities. With this model, we investigate the effect of
frugivore loss on seed rain, and compare our predictions to those of standard coextinction models
and network metrics. Topological coextinction models underestimated species loss after the
removal of highly linked frugivores with unique foraging behaviours. Network metrics informed
about changes in seed rain quantity after frugivore loss. However, changes in seed rain composi-
tion were only predicted by partner diversity. Nestedness, closeness, and d’ specialisation could
not anticipate the effects of rearrangements in plant–frugivore communities following species loss.
Accounting for behavioural differences among mutualists is critical to improve predictions from
network models.
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INTRODUCTION

How plant–animal mutualisms affect the structure and func-
tioning of terrestrial ecosystems has been a long-standing ques-
tion in community ecology (Jordano et al. 2011). Seed dispersal
mutualisms between fruiting plants and frugivorous birds influ-
ence the diversity, organisation, and resilience of tropical and
temperate communities (Bascompte & Jordano 2007; Fleming
& Kress 2013; Carlo & Morales 2016). The preferred tools to
examine plant–frugivore mutualisms at such community scales
are network analyses, emphasizing the ecological implications
that network topological properties could have on interaction
outcomes (Heleno et al. 2014; Guimar~aes et al. 2017). For
example, mutualistic networks that have high connectivity or
that show nested interaction patterns are predicted to be more
robust to species extinction (Memmot et al. 2004, Bl€uthgen
2010; Th�ebault & Fontaine 2010). Similarly, species with high
interaction frequencies and a central position within networks
are thought to be key for maintaining the structure and func-
tionality of mutualistic plant–animal assemblages (V�azquez
et al. 2009; Mello et al. 2015). Even though the theoretical foun-
dations of network predictions are sound, empirical validations
remain scarce (Traveset et al. 2014).
Empirical evaluations of predictions stemming from network

analyses are challenging because they require that the actual
ecological processes in question (e.g. seed dispersal or pollina-
tion) are assessed simultaneously for many species in the

community (Gonzalez-Castro et al. 2015; Ruggera et al. 2016;
Ballantyne et al. 2017). Furthermore, even if comprehensive
databases are available, there are inherent pitfalls when evaluat-
ing the ecological consequences of network properties. On one
hand, inferences at the community scale can be biased by spe-
cies’ relative abundances because there is less information for
rare species than for common ones (V�azquez & Aizen 2003;
Kaiser-Bunbury & Bl€uthgen 2015). On the other hand, we usu-
ally capture snapshots of plant–animal interactions that cannot
predict rearrangements in plant–animal assemblages after envi-
ronmental changes or species loss (Ramos-Jiliberto et al. 2012).
The capacity of mutualistic networks to form new pairwise
interactions (rewiring) can be a key aspect of their resilience
against extinctions (Kaiser-Bunbury et al, 2010; Vizentin-
Bugoni et al, 2019). However, this process is hard to predict
(Olito & Forx, 2015). To avoid forbidden links, new interac-
tions are usually constrained to those previously observed; bias-
ing rewiring towards common species and underestimating the
ability of rare species to find new partners (Costa et al. 2018). It
is thus necessary to understand what drives rewiring dynamics
(i.e. feeding preferences by animals) to accurately predict net-
work rearrangements after disturbances and better assess spe-
cies roles (Trøjelsgaard & Olesen 2016).
Understanding the complex relationships that develop at

community scales between frugivores and plants and their
consequences is inherently challenging but can be approached
through simulation models that integrate animals’ behaviour.
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Here we develop an agent-based model that predicts frugivory
at a community scale based on avian frugivore movement and
foraging behaviour. The model is parameterized using a hier-
archical joint species approach (Ovaskainen et al. 2019), that
allows rare species to be better parameterized by borrowing
information from close phyletic relatives or those that share
functional traits (Ovaskainen et al. 2017). Furthermore, in our
model (as in nature), plant–animal interactions emerge from
frugivores’ movement and behaviour, allowing for ‘rewiring’
when conditions change (Kaiser-Bunbury et al. 2010). To have
a full picture of network metrics performance, we collected
data in six bird–plant communities spanning four biomes:
Temperate North American Deciduous Forest, Patagonian
Temperate forest, three types of Tropical Forests, and the
Brazilian Cerrado (see Appendix S1; Table A1, Fig. A1). To
quantify the vulnerability of plant communities to extinctions
and to detect species of disproportionate importance in com-
munities, we simulated scenarios of frugivores’ loss. Then, we
compared predictions from frequently used network metrics
to those of our model (Table 1).
We found that network metrics with a direct ecological

interpretation in terms of fruit consumption and number of
partners were good proxies of community robustness to frugi-
vore loss and species role. This was the case for interaction
evenness, partner diversity and species strength. However,
other common metrics such as nestedness, species closeness,
and specialisation, did not reflect community level seed rain
patterns. This was partially because these metrics failed to
account for possible rearrangements of plant–animal interac-
tions following the loss of dominant frugivores. Our work
provides novel insights into the accuracy of network metric
predictions, and points out that incorporating animal beha-
viour will significantly improve their performance.

MATERIALS AND METHODS

Study sites

We studied bird frugivory at six communities: a Temperate
North American Deciduous Forest at Powdermill Nature
Reserve in Rector, Pennsylvania (40°9’36.61" N;
79°16’18.47" W, 400 m a.s.l.); a moist karstic tropical forest at
La Finca Monta~na in Aguadilla, Puerto Rico (18°28’9.52" N;
67°6’37.44" W, 150 m a.s.l.); a lowland tropical rainforest at
the foothill of Morro Calzada, Moyobamba, Peru (6°
1’45.84" S; 77° 2’6.94" W, 900 m a.s.l.); a montane rainforest
at Oxapampa, Peru (10°32’55.19” S; 75°22’25.88” W, 2800 m
a.s.l.); a Cerrado woodland savannah in Rio Claro, S~ao Paulo,
Brazil (22°23’38.65"S; 47°32’25.70"W, 600 m a.s.l.), and a Tem-
perate Patagonian Forest at the Parque municipal Llao Llao,
Bariloche, Argentina (41°48’37.23" S; 68°54’22.13" W, 900 m
a.s.l.).

Field study

In each study area (Appendix S1), we established a single plot
of 1.0–1.5 hectares that was intensively sampled for 6–
9 weeks. Plots were placed in habitats with a high local diver-
sity of bird-dispersed plants bearing ripe fruits during the

study period. At least half of all the plot area was covered by
mature forests. Each plot was subdivided in 10 9 10 m cells.
At the beginning of the study, we registered all fruiting species
present in each cell and classified cells into two dominant veg-
etation types: open (bare soil, grasses and shrubs < 1 m) and
covered areas (shrubs > 1 m and tree canopy layer). On a
weekly basis, with the aid of binoculars, we counted a number
of ripe ornithochorous fruits within each cell to estimate total
fruits available per cell and their relative abundance.
To estimate ripe fruits within the landscape, we counted

and measured the size of all reproductive adults of ornitho-
chorous plants in 100 9 2 m transects established at 100 m
from each side of the plot. We also marked up to 10 focal
individuals, from which we counted ripe fruits on a weekly
basis. Then, we fitted a model that combined the relative
abundance of each species within the landscape; species size
distribution, species-specific allometric relationship with fecun-
dity, and species phenology (see Appendix S2). This provided
us information on the relative abundance of fruits at the land-
scape scale.
Each plot was subdivided in 2–3 subplots where observers

recorded bird frugivory and movements for three to four hours,
beginning shortly after sunrise. Individual observers rotated
systematically among subplots. A record started once a bird
was observed eating any fruit and continued until the bird was
lost. With each movement, observers tracked the identity of the
plot cell, the time spent in each cell, and the number of fruits
eaten (if any) per plant species. The total observation effort
ranged between 240 and 540 h per community.
To estimate the number of seeds per fruit and to establish a

matrix of forbidden interactions, we collected on average 10
fruits per plant species (from different individual plants when-
ever possible). For each fruit, we measured its mass, axial and
radial diameter, number of seeds per fruit and seed mass. To
obtain data on bill gape of birds, we worked with specimens from
the Museo de Historia Natural of Universidad Nacional Mayor
de San Marcos (UNMSM, Lima, Peru) and from the Carnegie
Museum of Natural History (Pittsburgh, USA). For each bird
species, we selected at least five individuals of the collection and
measured the width of the beak (at the commissures).

Model development

To evaluate the performance of network metrics, we devel-
oped an agent-based model able to predict frugivory at a
community scale (joint frugivory model, JFM). In JFM, birds
decide where to move and what to eat balancing flying costs
and food preferences (Morales et al. 2013). Once a bird from
the k-th species landed on a landscape cell (j), the program
first computed the probability of leaving the study plot (tkj)
given its distance to the nearest edge (Ej) as follows:

logit tkj
� � ¼ ak þ bkEj ð1Þ

ak and bk depict how prone the k-th bird species was to stay
within the plot or fly away. If moving within the plot, the
probability of flying between cells depended on the costs (Cijk)
of moving to the i-th destination cell and the benefits (Bik)
offered by its fruit crops. With these factors, we built a proba-
bility distribution as follows:
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Table 1 Network metrics being evaluated

Level Metrics Description Component Predictions Supported by JFM?

Community Interaction

evenness

Shannon evenness of

network interactions.

Higher values depict a

more homogeneous

distribution of links

across the species.

Seed quantity A more even distribution

denotes that the frequency

of dispersal events is

less dependent on

one species. Thus, the

community will be

more robust to disperser

loss in terms of seed

quantity.

Yes

Partner diversity

(plants)

Mean diversity of

interaction partners of

plants. Higher values

reflect greater redundancy

of dispersers.

Richness As partner diversity

increases, plant species

rely on more frugivores

to disperse their seeds.

Thus, higher partner

diversity will be

translated into a more

stable seed rain richness.

Yes

Weighted

nestedness

(NODF)

Measures if given a

sequence of columns (or

rows) of the interaction

matrix, it shows

decreasing marginal

totals. A nested structure

reflects that specialist

interact with subsets of

the species with whom

generalists interact. Higher

values depict the presence

of a core of generalists

within the network to

which specialists

are attached.

Evenness In nested networks

dispersal of specialists,

which tend to be rare,

rely on a core of

generalist species,

which are more

ubiquitous. Nestedness

will provide more stability

in evenness maintenance.

NoWhen core generalists

displayed unique foraging

behaviours, nestedness did

not provide protection

against extinctions.

Species (disperser) Strength Sum of plant species

dependencies (based on

relative frequency of visits)

on that frugivore. Higher

values reflect that a high

proportion of the dispersal

services to plants rely on

this particular disperser.

Number of seeds Species with greater

strength will represent

proportionally higher

visitation rates for

the plant set. Thus,

frugivores with higher

values of strength will

disperse a greater

amount of seeds.

Yes

Closeness

centrality

Relative position of a node

(species) within a network.

Greater values imply that

the frugivore interacts with

a high number of plants

that, in turn, are generalists.

Richness Species with higher

values of closeness

are part of the central

core of the network,

and thus will provide

more important services

in terms of richness

maintenance.

Yes/NoIt was only able to

detect frugivores that

disproportionally contributed

to richness when they were

abundant and displayed

unique behaviours in the

community.

Specialisation (d’) Comparison between the

proportional use of a

resource and its availability.

Species with low levels

of specialisation indicate

an opportunistic partner

selection while high

values indicate resource

selectivity.

Evenness A selective behaviour

of resource use by

frugivores is needed

to maintain seed

rain evenness*. Thus,

species with high

values of d’ will be

more important in

this regard.

NoContribution to evenness

was unrelated to d’.

*Moran-Lopez et al. (2017).

Source: Interaction evenness, partner diversity (Dormann et al. 2009; Tylianakis et al. 2010; Kaiser-Bunbury & Bl€uthgen 2015), weighted nestedness

(NODF; Almeida-Neto et al. 2008), strength (Bascompte et al. 2006), closeness centrality (Gonzalez et al. 2010; Mello et al. 2015), specialisation (Bl€uthgen

et al. 2006).
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Cijk ¼ tanh �adkD
2
ij

� �
þ 1

h i
� exp ckOið Þ ð2Þ

logit Bikð Þ ¼ afk þ bfkFi þ blkLi ð3Þ

Pijk ¼ CijkBik=
XI

i

CijkBik ð4Þ

Cijk represents the effect of the cost for the k-th species to
move from the current cell (j) to the i-th cell. It depends on
the square of Euclidean distance between both cells (Dij) and
the type of vegetation cover (OiÞ. When the destination cell
was mainly covered by grasses and short shrubs (< 1 m), Oi

was set to 0, and it was set to 1 when it was covered by tall
shrubs or trees. The scale of movement of species k is given
by 1=adk and habitat preference for shrubs or trees by ck
(Appendix S3, Table C1).Bik estimates the benefit associated
to moving to the i-th cell. It depends on the number of total
fruits available ðFiÞ and on the landscape abundance of fruits
from the plant species present in the i-th cell ðLi).
The time spent before making a new movement decision

was drawn from a gamma distribution with shape and rate
parameters ak; bkð Þ fitted to observations from each bird spe-
cies. After arrival to a landscape cell, birds decided whether
or not to eat, and how many fruits to eat in case of feeding.
Values were drawn from a zero-inflated Poisson distribu-
tionzip pk; kkð Þ, where pk is the probability of not consuming
fruits and; kk is the expected number of fruits consumed. The
model assigned plant species identity to fruits consumed
according to

logit Pinkð Þ ¼ ask þ bskAinð ÞIk ð5Þ
Pink represents the probability of consumption of a fruit
belonging to the n-th plant species by the k-th bird species
within the i-th cell. It depends on fruit abundance of the n-th
plant species within the cell (AinÞ and the k-th bird species for-
bidden interaction vector ðIkÞ. Interactions were considered as
forbidden when mean fruit diameter was larger than the frugi-
vores’ beak gape, except when fruits could be consumed in
parts (Jordano et al. 2003). After consumption, the model
converted the number of fruits eaten to number of seeds dis-
persed according to average plant species’ trait values. See
Appendix S3, Table C1 for a full description and interpreta-
tion of model parameters and Table C2 for summaries of
model variables.

Model parameterisation

Using the formulas described in the previous sections, we con-
structed likelihood functions for movement, perching, and
fruit choice. To parameterise our model, we followed a joint
species model approach (Ovaskainen et al.2017, 2019) where
species level parameters are sampled from a multivariate nor-
mal whose mean is derived from species functional traits, and
with a variance–covariance matrix modified by species phylo-
genetic relationships (Ovaskainen et al. 2017). We fitted the
model using a Markov chain Monte Carlo (MCMC) sampling
scheme. We obtained species functional traits from Elton
traits data base (Wilman et al. 2014). Traits were body size,
diet, and stratum of movement (Table C1). The matrix of
phylogenetic correlations was constructed from phylogenetic

trees obtained from Birdtree (Jetz et al. 2014) using the R
package ape (Paradis et al. 2004).We run 3 chains for 10000–
30000 iterations and checked for convergence (see
Appendix S3, model parameterisation).

Simulating frugivory and model validation

We ran simulations separately for each community. Each i-
th cell contained information about its cover (OiÞ, and, on
a weekly basis, number of fruits available Fið Þ, landscape
abundance of fruits of plant species present in the cell (LiÞ,
and relative abundance of fruit species within the cell Ainð Þ.
We simulated 10 000 bird movement sequences for 20 repli-
cates. For each track, bird species identity was sampled
from the observed weekly relative abundances in the plot.
Birds moved and foraged according to species-specific
parameters sampled from joint posterior distributions fol-
lowing the rules described above (Model development) until
they left the plot.
The simulation recorded the number of seeds dispersed, as

well as richness and evenness of the seed rain community.
These values were used as a benchmark of seed rain properties
against which we compared scenarios of frugivores loss (see
below). The program also kept track of each movement and
plant–animal interactions. For model validation, we regressed
observed and predicted flight distances (mean and maximum),
and compared pairwise interactions. At the community level,
we performed a chi square test to evaluate if the predicted
and observed proportional use of plants (by the whole assem-
blage of frugivores) came from the same multinomial distribu-
tion. We also correlated observed and predicted interaction
frequencies. At the species level, for each frugivore, we com-
pared proportional use of each plant species by means of
Bray–Curtis distances (Oksanen et al. 2015).This index was
used because for some species we did not meet requirements
of minimum number observations per category (> 5) to per-
form multinomial chi square test.

Scenarios of fruvigores loss

Network stability depends on its tolerance to sequential
removal of species (coextinction cascades, Memmott et al.
2004) or to single species loss (Vieira & Almeida-Neto 2015).
Consequently, to evaluate network analysis performance, we
simulated both types of extinctions. First, we simulated three
scenarios of coextinction cascades: (1) random removal of spe-
cies, (2) systematic removal from the most to the least con-
nected or (3) from the least to the most connected (Memmott
et al. 2004). To consider abundance effects on frugivores’ role
(V�azquez et al. 2009), the number of tracks was reduced pro-
portionally to the relative abundance of the bird species lost.
Once a species was removed, the rest of them began foraging
and eating. Then, another bird species was removed, and so
forth. In JFM, interactions emerge from frugivores’ foraging
behaviour. Thus, plants can be ‘rescued’ by frugivores that
behave similarly to the partner lost. After each removal, the
program recorded seed rain properties.
Second, we simulated extinction of frugivores in isolation.

For this, we removed one bird species at a time and compared

© 2019 John Wiley & Sons Ltd/CNRS
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seed rain patterns with our community benchmark. We then
quantified mean and maximum loss of number of seeds dis-
persed, richness, and evenness. Maximum losses of seed rain
properties were used as proxies of the vulnerability of plant
communities to frugivore loss. They were correlated to mean
values of loss (estimate 0.98, P-value < 0.01) but better
reflected communities where a single frugivore dominated
the majority of interactions (e.g. Patagonian forests, Fig. D2
and 3). In addition, the difference between whole-commu-
nity seed rain values and those obtained when a certain fru-
givore disappeared was considered as a proxy of a species’
contribution to community-level seed dispersal services. In
all cases, losses were expressed as the percentage of change
(in seed numbers, richness, and evenness) with respect to the
community benchmark (all frugivores present).To increase
our sample size and improve the representation of communi-
ties with network properties not represented by our field
data, we constructed 12 synthetic communities. To emulate
real frugivory patterns, we modified the richness and even-
ness of observed frugivore assemblages (Appendix S1,
Table A5).

Network analyses

Network metric performance was evaluated using quantitative
interaction matrices obtained from simulations with all frugi-
vores present. Interaction matrices were based on visitation
frequencies and were averaged across 20 replicates. This
approach allowed us to interpret network predictions in light
of complete observations and to avoid potential differences
due to changes in sampling completeness across communities
(Fig. D1). However, researchers often deal with incomplete
datasets. Thus, we provide additional results where we evalu-
ated network metrics performance using the observed interac-
tion matrices (Appendix S4).
To assess the vulnerability of plant communities to coex-

tinction cascades, we performed topological coextinction
simulations (TCM, Memmott et al. 2004), removing frugi-
vores at random, from most to least connected, and vice
versa. To evaluate the performance of network-level metrics
as proxies of plant community tolerance to frugivores loss,
we calculated network interaction evenness (Dormann et al.
2009), partner diversity (Dormann et al. 2009), and
weighted nestedness (NODF, Almeida-Neto et al. 2008).
Finally, to test if species-level metrics were good indicators
of the role of frugivores on seed rain patterns, we calculated
species strength (Bascompte et al. 2006), closeness (Gonza-
lez et al. 2010; Mello et al. 2015), and specialisation (Bl€uth-
gen et al. 2006). See Table 1 for a description of the metrics
used. In the case of specialisation, we created a modification
of d’ index that accounted for frequency-dependent selec-
tion by frugivores (Carlo & Morales, 2016; see Appendix S5
for a full description). For network analyses, we used the
bipartite R package (Dormann et al. 2008). Despite the dif-
ferences in the size of our networks, we opted not to stan-
dardize our metrics. The metrics used are either not
sensitive to size (e.g. NODF) (Dormann et al. 2009) or size
effects are important in their ecological interpretation (e.g.
partner diversity).

Evaluating network metric performance

For coextinction cascades under JFM and TCM, we calcu-
lated the areas under the coextinction curve (AUC). Lower
values of AUC imply higher susceptibility to sequential loss
of frugivores (Pocock et al. 2012). Also, we compared losses
of plant species after the removal of the most connected spe-
cies. To evaluate if network-level metrics were good proxies of
plant community robustness, we correlated the losses of seed
rain quantity, richness and evenness against interaction even-
ness, partner diversity and nestedness of plant–frugivore
assemblages. See Table 1 (Community) for a full description
of network metrics and predictions. To evaluate the perfor-
mance of species-level metrics, for each community, we corre-
lated the contribution of frugivores to seed rain patterns
against their values of strength, closeness and d’. See Table 1
(Species). To make correlations among communities compara-
ble, metrics were min-max normalized and changes in seed
rain properties were expressed as proportions. The presence of
dominant frugivores can affect the ability of network metrics
to detect differences among species. Thus, for each community
and seed rain property, we calculated an index of inequality on
species role as the difference between maximum and mean con-
tribution of frugivorous species. High values of inequality indi-
cate the presence of ‘key’ dispersers driving seed rain
properties. Subsequently, we plotted correlation estimates (spe-
cies-level metrics performance) against inequality on species
role. Finally, we evaluated the presence of critical threshold
values that could identify species with a disproportionate con-
tribution to community-level dispersal services. For this, we
performed segmented regressions (Muggeo et al. 2008) between
species contribution to seed rain patterns and their network
metrics. Strength and closeness values were log-transformed.

RESULTS

Model validation

Across the six communities, we recorded 2214 plant–frugivore
interactions among 128 bird and 134 plant species. Communi-
ties differed in the number of plant species bearing fruit at the
time of study (from 14 to 34) and frugivore species (from 7 to
62). They could be divided into those dominated by one fru-
givorous species (maximum relative abundance of frugivores
> 0.50; Patagonia, Pennsylvania, and Puerto Rico); and those
with a high evenness in the assemblage of frugivores (maxi-
mum relative abundance of frugivores � 0.15, Rio Claro,
Oxapampa and Moyobamba) (Table A1). Our plant–frugivore
models predicted species mean and maximum flight distances
(R2 0:70; 0:90½ �; R2 0:64; 0:91½ �, respectively, Table C3, Fig. C1
and 2). In general, there was a good match between predicted
and observed resource use. At the community scale, predicted
resource use by the assemblage of frugivores did not differ
from observed values (v2 P-value> 0.15 for all communities).
Predicted and observed interaction frequencies were noisy but
highly correlated (> 0.74 for all sites, Fig. C3). Regarding fru-
givore resource use, Bray Curtis distance ranged between 0.17
and 0.24 reflecting a good match between predicted and
observed values (Appendix S3, Table C3).

© 2019 John Wiley & Sons Ltd/CNRS
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Coextinction cascades

In communities with a dominant frugivore species, JFM and
TCM showed contrasting patterns of extinctions after the loss
of the most-linked frugivore. When dominant frugivores dis-
played distinct foraging behaviours (Elaenia albiceps Fig. 1b,
Tyrannus dominicensis Fig. 1d) extinctions predicted by JFM
doubled those of TCM (Fig. 1a, Patagonia and Puerto Rico).
In contrast, when the dominant frugivores foraged and moved
similarly to other species (Bombycilla cedrorum, Fig. 1c),
extinctions under TCM were higher (Fig. 1a, Pennsylvania).
In fact, under JFM, the proportional use of plant species by
the assemblage of frugivores was very similar with and with-
out B. cedrorum (Pearson correlation 0.95, P-value < 0.01).
When ranking plant communities according to their overall
tolerance to disperser loss, both models provided similar
results. They pointed out forests of Patagonia, Puerto Rico,
and Pennsylvania as the most vulnerable to coextinctions, and
those from Oxapampa and Moyobamba as the most tolerant.
In addition, both models agreed that vulnerability was lower

when frugivores were removed from the least to the most con-
nected or at random (Table 2, Fig. D4–6, Appendix S4).

Performance of network-level metrics

Interaction evenness was a good predictor of vulnerability of
seed rain quantity to disperser loss (Fig. 2a). Communities
with low interaction evenness suffered higher losses in number
of seeds dispersed (i.e. Patagonia, Pennsylvania, and Puerto
Rico). Similarly, partner diversity was negatively related to
the vulnerability of seed rain richness to disperser loss. In
communities with average partner diversity of plant species
below 1, loss of certain frugivores resulted in an impoverished
seed rain community (Fig. 2b). In particular, in forests from
Patagonia and Puerto Rico, JFM predicted that the disap-
pearance of the most abundant frugivore (E. albiceps and T.
dominicensis, respectively) would result in 23 and 17% losses
of plant species present in the seed rain. In the other commu-
nities where partner diversity was greater than 1, seed rain
richness remained almost unchanged (Appendix S4, Fig. D2).
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Figure 1 In plant communities with a dominant frugivorous species, predictions of joint frugivory model (JFM) and topological coextinction model (TCM)

differed. When most-linked species were removed first, and dominant frugivores (red dots) displayed distinct foraging behaviours, JFM predicted more

severe losses of plant species than TCM (forests from Patagonia and Puerto Rico). The contrary was true when dominant frugivores foraged and moved

similarly to other species (Pennsylvania). In the case of JFM (stochastic model) bars depict standard errors across 20 replicates. Panels (b–d) are biplots of

PCA of species behavioural parameters according to JFM parameterisation (see Table C1).
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In the case of nestedness, results were much less clear-cut
(Fig. 2c). Though plant–animal assemblages with low nested-
ness could generally maintain seed rain evenness after the loss
of a frugivore species, highly nested communities showed con-
trasting patterns. Patagonian and Pennsylvanian forests
showed the highest values of nestedness (57.38 and 57.55,
respectively). However, removal of E. albiceps in the former
lead to a 29% decline of seed rain evenness while removal of
B. cedrorum in the latter had no clear effects (0.53% � 0.67
of decline). This seems driven by the uniqueness E. albiceps
foraging behaviour in contrast to the redundancy of B. cedro-
rum (Fig. 1b & 1c). Results of network analyses performed
with the observed interaction matrices where similar, though
correlation between partner diversity and richness loss was
weaker (Table D3).

Performance of species -level metrics

Species strength was a good proxy of species contribution to
seed rain quantity, both within (Fig. 3a) and across communi-
ties (Fig. 4a). Frugivores with strength values greater than 3.4
(log-transformed = 1.22) disproportionally contributed to the
number of seeds dispersed in the community. In contrast,
closeness was not always a good proxy of frugivores contribu-
tion to seed rain richness (Fig. 3b). When dominant dispersers
were present (high inequality in species role), closeness was
able to detect them (Fig 3b). In Patagonian and Puerto Rican
forests, the key species E. albiceps and T. dominicensis showed
by far the highest closeness values (> 10 times the rest of spe-
cies). However, in communities where species played inter-
changeable roles (medium and low inequality), closeness was
weakly related to species’ role (Fig. 3b). For instance, close-
ness of B. cedrorum in Pennsylvania was 16 times higher than
the rest of species (0.64 vs 0.04) but it was not critical for
richness (Fig. D2b). Segmented regressions detected a break
point in closeness values of 2.9 (log-transformed = �1.07).
Nonetheless, species beyond this value showed contrasting
contributions to richness (from 1.3 to 25%) (Fig. 4b). Bluth-
gen’s specialisation index (d’) was never informative about
frugivores’ contribution to evenness (Figs 3, 4c). In the case
of our index, which was designed to detect frequency-depen-
dent selection by frugivores, positive values (rare-biased selec-
tion) always detected species that contributed to seed rain
evenness; but negative ones (common-biased selection) did not
predict frugivores’ role (Appendix S5, Fig. E1). Analyses with
observed matrices provided similar results for all species-level
metrics (Table D4).

DISCUSSION

Our study shows that network analyses may result in inaccu-
rate estimates of the vulnerability of plant communities to
extinctions because they cannot anticipate the ‘rewiring’ that
emerges from the movement and foraging behaviour of the
species that remain in the community. Hence, they can fail to
detect functional redundancy among frugivores.
Topological coextinction simulations are appropriate tools

for estimating overall robustness of plant-frugivore assem-
blages to sequential frugivore loss (Memmott et al 2004), but,
when compared to JFM, they under- or over-estimated the
roles of the most linked dispersers (Fig. 1). Over-estimation
occurred when rare plants that were solely consumed by the
most-linked disperser could be found and used by functionally
similar species that remained in the community. For example,
Lindera benzoin fruits comprised 0.2% of abundance in Penn-
sylvania and were solely consumed by B. cedrorum. However,
in JFM simulations it was dispersed by other species when
cedar waxwings disappeared. In contrast, when the most-linked
frugivore displayed unique behaviours, its loss led to stronger
declines in plant richness than those predicted by TCMs. These
results highlight that allowing switches in interaction partners
improves our ability to predict the consequences of dispersers’
loss (Costa et al. 2018; Vizentin-Bugoni et al. 2019). In JFM,
rewiring is driven by frugivores’ behaviour, and hence, new
and unobserved interactions can occur. This results in more
accurate estimates of functional redundancy among dispersers,
which is critical when evaluating the role of species in the com-
munity (Timoteo et al. 2016). Mechanistic approaches like ours
hold great potential to increase the realism of rewiring simula-
tions, improving the accuracy of extinction models.
The performance of network-level metrics was determined

by their ability to detect dispersal services shared by multiple
species. High interaction evenness detected communities where
multiple species contributed to the number of seeds dispersed;
and partner diversity directly reflected the ability of plant spe-
cies to be dispersed by their remaining partners (Kaiser-Bun-
bury & Bl€uthgen 2015). Consequently, both metrics were
good proxies of seed rain vulnerability to frugivores loss. In
contrast, nestedness did not perform as well (Fig. 2). The
presence of a core of generalist frugivores did not unequivo-
cally determine the presence of irreplaceable roles (i.e. Penn-
sylvania). Such functional redundancy largely depends on the
presence of unique foraging behaviours (Garc�ıa & Mart�ınez
2012), which in turn determines the way pairwise interactions
reassemble after frugivores loss.

Table 2 Summary of area under the coextinction curve (AUC), according to TCM and JFM simulations. Lower values of AUC imply higher vulnerability

of plant communities to sequential removal of frugivores. Curves are available in Appendix D (Fig. D4–6)

Scenario Model Patagonia Pennsylvania Rio claro Puerto rico Oxapampa Moyobamba

Most-to-least TCM 0.37 0.46 0.67 0.48 0.83 0.83

JFM 0.49 0.54 0.79 0.35 0.82 0.86

Least-to-most TCM 0.82 0.81 0.88 0.78 0.93 0.95

JFM 0.74 0.86 0.80 0.67 0.94 0.96

Random TCM 0.66 0.75 0.84 0.67 0.91 0.93

JFM 0.65 0.81 0.89 0.55 0.90 0.93
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The vulnerability of our communities depended on the domi-
nance of interactions by a subgroup of species as well as the
uniqueness of the dispersal services they provide. In forests
with high evenness in the community of frugivores (Rio Claro,
Oxapampa and Moyobamba), seed dispersal services were
shared by multiple species with interchangeable roles resulting
in high robustness against disperser loss (Fig. D2). In simpler

communities, frugivore loss led to a stronger degradation of
the seed rain quantity. However, only when the foraging beha-
viour of a dominant frugivore was unique, seed rain richness

Figure 2 Correlations between network-level metrics and vulnerability of

seed rain patterns to frugivores’ extinctions. (a) Interaction evenness and

(b) partner diversity were highly correlated to losses in seed rain quantity

and richness (respectively). In contrast, (c) nestedness was not significantly

correlated to changes in seed rain evenness. Communities with high

nestedness showed both – substantial and insignificant losses of seed rain

evenness. Black points depict observed communities (mean � SE), and

grey points depict synthetic ones (mean). Values represent the maximum

losses after the removal of one frugivorous species.

Figure 3 Performance of species-level metrics as proxies of species

contribution to seed rain patterns. (a) In all communities, species strength

was a good proxy of their contribution to the seed rain quantity. In

contrast, (b) closeness only reflected species contribution to seed rain

richness in communities with a dominant frugivore species monopolizing

dispersal services (high inequality). In the case of specialisation (c), it was

never informative of species role on evenness maintenance. Points depict

values of Pearson correlations between species metrics and their

contribution to seed rain patterns. Higher correlation values (cor.) imply

that network metrics are good proxies of species role. Higher inequality

reflects the presence of frugivorous species that disproportionally

contribute to seed rain quantity, richness or evenness.
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declined (Fig. D2a, d). These results support the notion that
functional redundancy increases the stability of communities
with strong biotic interactions (Schleuning et al. 2015).
Regarding species-level metrics, strength was a good proxy of

a species’ contribution to the total number of seeds dispersed
(Fig. 3a). Frugivores with higher strength values dominated visi-
tation rates (Bascompte et al. 2006) and consequently dispersed
a higher proportion of seeds. Closeness and specialisation did

not perform as well. Though closeness is thought to measure a
species’ importance in maintaining network structure (Mello
et al. 2015; Sebastian-Gonzalez 2017), it only reflected frugi-
vores’ contribution to seed rain richness when dominant species
displayed unique behaviours (Fig. 3b, Patagonia and Puerto
Rico). In contrast, without dominant species or unique beha-
viours, closeness did not reflect species’ role. The dominant B.
cedrorum had closeness values an order of magnitude higher
than the rest of species, but since it behaved similarly to others;
its removal did not affect the seed rain composition. Segmented
regression detected a threshold value in closeness. However, it
did not unequivocally identified frugivores with a disproportion-
ate contribution to richness. Therefore, this value should be
interpreted with caution. Finally, even though we expected that
resource use selectivity would reflect species’ contribution to
evenness (Mor�an-L�opez et al., 2017), the d’ specialisation index
(Bl€uthgen et al. 2006) was uninformative (Figs 3c and 4c). Our
modified index was able to detect frugivores that increased
evenness via rare-biased fruit choices (Carlo & Morales 2016;
Gonz�alez-Castro et al. 2019) but it was unable to distinguish
those that contributed to evenness thanks to their high abun-
dance or increased mobility (Morales & Vazquez 2008). Overall,
our findings point out that to accurately estimate species’ role
on seed rain composition outcomes, information about their
behaviour should be integrated in species-level metrics.
In our model, plant–frugivore interactions emerge from frugi-

vores’ choices in a spatially explicit setting. This allows predict-
ing how interactions rearrange after extinctions, and hence, to
better quantify vulnerability of plant species against partner
loss and frugivores’ role. Further details could make our model
more realistic. For example, intraspecific variability in fruit and
beak gap size can relax forbidden links (Gonz�alez-Varo et al.
2016). Most likely, species with highly variable fruits will be
less vulnerable to partner loss than our predictions. Similarly,
accounting for fruit handling behaviours (Simmons et al. 2018),
or the suitability of habitat of seed deposition (Gonz�alez-Cas-
tro et al. 2015) will result in more accurate estimates of frugi-
vores’ contribution to recruitment. Maybe more crucially, we
need a better understanding of seed retention times, and of
how bird physiology influences fruit choice (Mor�an-L�opez
et al. 2018). Once available, this information can be easily
incorporated into our model by modifying forbidden links and
weighing interactions by their effectiveness.
Overall, our work shows that network metrics expected to be

related to seed rain composition can fail to predict both the
robustness of plant communities to frugivore loss (nestedness)
and the contribution of species to community-level seed rain
patterns (closeness, d’ specialisation). This is partly because
seed rain composition depends on the relative abundances of
dispersers and their uniqueness in their movement and foraging
behaviours. Therefore, even though pairwise interactions are
hard to forecast (Olito & Fox, 2015), incorporating behaviour
in rewiring rules will be critical in the development and perfor-
mance of the new generation of network metrics.
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