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Abstract

1. Biological communities are intrinsically dynamic, with species and interactions
changing over time. However, the temporal dynamics of species interaction net-
works is usually assessed using independent ‘snapshot’ networks, which may pro-
vide an incomplete representation of ecological processes. The use of temporal
multilayer networks, where networks (i.e. layers) are formally interconnected via
interlayer links, can circumvent such limitation, allowing for a more realistic char-
acterization of community structure and better predictions regarding long-term
processes that rely on species interactions, such as seed dispersal.

2. We used a 5-year bird-seed dispersal dataset to explore species and interaction
turnover across years, network structure variability and the relationship between
species topological roles on each year and their temporal persistence (i.e. spe-
cies activity). We then implemented a temporal multilayer network approach to
compute overall species versatility (centrality) and to reveal the modular structure
of the 5-year multilayer network using changes in species relative abundances as
proxies for the interlayer links between time-sequential networks.

3. Network topology remained relatively constant across years and interaction turn-
over was mostly due to true rewiring (new links) between species. Overall, birds,
some of which migratory, were temporally more reliable than fleshy-fruited plants.
Interestingly, species present across more years tended to be more important to
the structure of each years' seed dispersal network, independently of their rela-
tive abundance. The multilayer analysis identified four modules of tightly interact-
ing species, all of which spanning across the 5 years, and with a greater stability in
the composition of bird species when compared to plants.

4. Synthesis. Bird and plant species that are present in more years in the seed disper-
sal network were also disproportionally important in each year, forming a core of

temporally reliable interacting partners for transient species in the network.
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1 | INTRODUCTION

The structure of ecological communities, reflected in the complex
network of biotic interactions that connects co-occurring species,
is intrinsically dynamic. Such dynamism may directly emerge from
temporal changes on species composition (species turnover), an-
imal feeding preferences (rewiring), relative species abundances
and availability of suitable resources (phenological matching),
such as flowers and fruits (Burkle & Alarcén, 2011; Olesen et al.,
2010; Trgjelsgaard & Olesen, 2016). Although the dynamic nature
of species interactions across time is widely recognized (Blonder,
Wey, Dornhaus, James, & Sih, 2012; Carnicer, Abrams, & Jordano,
2008; Olesen et al., 2010; Trgjelsgaard & Olesen, 2016), it is still
rarely considered in ecological network studies. Some studies,
mostly focusing on plant-pollinator interactions, started to explore
the interannual variability on community structure (e.g. Chacoff,
Resasco, & Vazquez, 2018; Dupont, Padrén, Olesen, & Petanidou,
2009; Petanidou, Kallimanis, Tzanopoulos, Sgardelis, & Pantis, 2008;
Rasmussen, Dupont, Mosbacher, Trgjelsgaard, & Olesen, 2013);
however, we still know relatively little about the yearly variation of
plant-frugivore interactions whose studies have focused on shorter
time scales (e.g. Carnicer, Jordano, & Melian, 2009; Gonzilez-
Castro, Yang, Nogales, & Carlo, 2012; Ramos-Robles, Andresen, &
Diaz-Castelazo, 2016). Furthermore, although these studies provide
important information about communities' structural changes across
time, they still aggregate observed interactions into one or several
formally disconnected time slices, likely providing an incomplete
perception of true temporal dynamics (Blonder et al., 2012; Pilosof,
Porter, Pascual, & Kéfi, 2017). A multilayer network approach, where
interdependencies between networks are explicitly incorporated in
the analysis by quantifying the strength of interlayer links that rep-
resent biologically meaningful processes connecting species across
multiple ordered networks, has a great potential to circumvent such
limitations (Aleta & Moreno, 2019; Garcia-Callejas, Molowny-Horas,
& Aratjo, 2018; Hutchinson et al., 2019; Pilosof et al., 2017).

Seed dispersal represents a key stage in the life history of most
plant species, through which they can move away from mother
plants and colonize new habitats (Traveset, Heleno, & Nogales,
2014). Birds are critical seed dispersers across most terrestrial eco-
systems, largely influencing habitat structure and long-term vegeta-
tion dynamics (Jordano, 2014; Wenny, Sekercioglu, Cordeiro, Rogers,
& Kelly, 2016). In Southern Europe, a peak in seed dispersal occurs
during late summer and early autumn when the production of fleshy
fruits coincides with the occurrence of migratory birds that rely
heavily on fruit consumption during this period (Carnicer et al., 2008;
Herrera, 1984). Surprisingly, we still do not know how interannual
fluctuations in species' relative abundances affect the persistence of
plant-frugivore interactions, which limit the current understanding
of long-term community structure and dynamics (Estes et al., 2018).
For example: how plastic are fruit-frugivore interactions to changes
on the availability of both interacting partners? Can we identify su-
pra-annual modules of tight species interactions? Furthermore, the

lack of such a long-term perspective is unanimously recognized as

a major limitation to the understanding of biodiversity-ecosystem
service relationships (Tilman, Isbell, & Cowles, 2014).

Here, we explore the variability of bird-seed dispersal interac-
tions across five consecutive years (2012-2016) in central Portugal
at the peak of bird and fleshy fruit diversity. By combining standard
monolayer networks across years and an overall temporal multilayer
approach, we aim to (a) identify whether interannual interaction
turnover is mostly determined by changes in species composition or
by true interaction rewiring between temporally persistent species;
(b) investigate the relationships between species topological roles
in the community and their temporal persistence; (c) explore the in-
terannual variability in monolayer network properties and (d) use a
multilayer approach to identify groups of tightly interacting species
(i.e. modules) and evaluate their temporal consistency.

2 | MATERIALS AND METHODS
2.1 | Experimental approach

For five consecutive years, we reconstructed the network of inter-
actions between birds and fleshy-fruited plants on a secondary na-
tive forest in Central Portugal (40°19'N; 8°24'W). The site is under a
Mediterranean climate and is dominated by Quercus faginea, Arbutus
unedo and Pinus pinaster with a dense and diverse understorey
dominated by native fleshy-fruited shrubs, such as Pistacia lentiscus,
Crataegus monogyna, Rhamnus alaternus and Viburnum tinus.
Interaction networks were assembled by identifying entire
seeds on the droppings of mist-netted birds captured under two
complementary designs: (a) sampling all days with favourable
weather conditions in September 2012 to 2016 (encompassing
to the peak of seed dispersal and passage of migratory bird spe-
cies at the study site) and (b) sampling fortnightly from January to
December 2013 to evaluate the intra-annual richness of pairwise
seed-bird interactions (hereafter, links). The intensive sampling in
September was performed to obtain highly resolved data charac-
terizing bird-seed interactions during that period, which allowed
a robust assessment of interannual community dynamics (Blonder
et al., 2012). Additionally, it also minimized the introduction of for-
bidden links due to mismatches between bird migration and fruit
phenology, which were likely to occur if we sampled throughout the
entire fruiting season, ending up with an aggregated network. Each
day, birds were captured with mist nets (total length = 102 m) oper-
ated during the first 5 hr after dawn and placed in individual cotton
bags until they defecate or up to 30 min. All droppings retrieved
from the bags were air-dried and undamaged seeds were later ex-
tracted, counted and identified under a dissecting microscope with
the aid of a seed reference collection. Interaction frequency was
quantified as the number of droppings of bird species i containing
undamaged seeds of plant species j. The overall effort resulted in
515 sampling hours distributed along 25, 17, 20, 21 and 20 days in
September 2012 to 2016, respectively, and 120 hr in 24 additional

days across the entire year of 2013. Sampling completeness was
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estimated for each year as the proportion of plant and bird species
observed relative to those estimated by the Chao2 richness estima-
tor (Chao, 1987) implemented in software EstimateS 9.1 (Colwell,
2013). All bird species dispersing seeds were classified as migratory
(occurring only seasonally in the study area), partially migratory (mi-
gratory with some resident individuals) and resident species (see
Costa et al., 2014; Table S1). Additionally, fleshy-fruit availability
was estimated by counting all ripe standing fruits along three lin-
ear transects (each: 25 m x 2 m) running parallel to the mist nets
and resampled each year in early, mid- and late September. These
transects characterize fruit availability in the focal patch of contin-
uous forest. In the few cases where seed species were found in the
bird droppings but not in the fruit-availability transects, these were
attributed the lowest availability score (1 fruit/transect) under the
rationale that those fruits need to be available in order to be con-
sumed but are rare in the forest and were probably consumed in the
surrounding habitats (Table S2).

2.2 | Species and interaction turnover

The interannual turnover of bird and plant species was assessed with
the Whittaker beta diversity index (f,,) adapted by Koleff, Gaston,
and Lennon (2003), which varies between O (similar) and 1 (com-
pletely dissimilar species composition). The turnover of links was
evaluated with package BetaLiNk (Poisot, 2016) in r (R Core Team,
2017), following the approach outlined in Poisot, Canard, Mouillot,
Mougquet, and Gravel (2012), which allows the partition of link turn-
over (f,,) between networks into two driving mechanisms: those
attributed exclusively to species turnover () and those attributed
to the true rewiring of interactions between temporally persistent

species (f,g).

2.3 | Relationship between species temporal
persistence and their topological roles

To characterize the regularity of species across the 5 years, we pro-
pose a new species-level index, which we coined ‘species activity’,
that quantifies the number of networks in which each species in-
teracts (i.e. with ‘activity’ of each species). This descriptor is a direct
extension of the concept of ‘node activity’ used in physics to reflect
the number of layers (i.e. networks) where the nodes of multiplex
networks are ‘active’ (Nicosia & Latora, 2015). We then evaluated
how species activity is related to species' topological importance in
each year, by computing three monolayer species-level descriptors
for each years' network: (a) degree, that is, the number of interact-
ing partners; (b) species strength, an estimation of the cumulative
importance of species i for all species on the other trophic level
(Bascompte, Jordano, & Olesen, 2006) and (c) specialization d', quan-
tifying species selectivity in relation to resource availability deter-
mined by the observed interaction matrix marginal totals (Blithgen,
Menzel, & Bliithgen, 2006).

In addition, we computed species' multilayer versatility, a mea-
sure of centrality, in order to assess the importance of each spe-
cies to the cohesiveness of the overall (supra-annual) network by
connecting different parts of the temporal multilayer network, both
within and between layers (De Domenico, Solé-Ribalta, Omodei,
Gomez, & Arenas, 2015; Timéteo, Correia, Rodriguez-Echeverria,
Freitas, & Heleno, 2018). Species versatility was computed using the
PageRank algorithm (Brin & Page, 2012), which performs a random
walk through existing intralayer links with a probability p and a ‘tele-
portation’ with a probability 1-p to any node in the multilayer net-
work (De Domenico, Solé-Ribalta, et al., 2015), in program muxViz
(De Domenico, Porter, & Arenas, 2015). We defined our multilayer
network as ordinal and choosing the option ‘edge-colored network’
to allow only teleportation from layer (t) to layer (t + 1), thus preserv-
ing the temporal nature of the seed dispersal multilayer network.
Since species versatility assumes unipartite networks as inputs, its
calculation was done separately for bird and plant species based on
unipartite projections of the original networks using the Newman's
method (Newman, 2001) adapted for weighted networks (Opsahl,
2013) with the r package TneT (Opsahl, 2009).

In order to assess if plants were dispersed proportionally to their
abundance on each year, we calculated the Kendall's tau rank correla-
tion coefficient between the abundance of fleshy fruits in transects
and their respective interaction frequency for each species, using the
R function ‘cor.test()’. The relation between species activity and spe-
cies degree and strength was assessed with GLMM with a Poisson
and Gamma error distribution respectively. In order to control for the
effect of variable network sizes (which may directly influence spe-
cies degree in each year), the logarithm of the number of potentially
interacting species (i.e. number of plant species for bird degree and
the reverse) was included as an offset variable in the Poisson GLMM.
The relationship between species activity and species specialization
d' was modelled with a linear mixed model (LMM). The relationship
between species versatility and species activity was assessed with
a GLM with a Gamma error distribution. The GLMs were fitted with
the ‘glm()’ function in R, the statistical significance (p < 0.05) of the
estimates was assessed from likelihood ratio tests with the ‘ANOVA()’
function, and 95% profile likelihood confidence intervals from the
‘confint()’ function. The significance of the fixed effects was as-
sessed with parametric bootstrapped p-values (1,000 simulations)
obtained with the r package Arex (Singmann, Bolker, Westfall, Aust,
& Ben-Shachar, 2020), and 95% parametric bootstrapped confidence
intervals (1,000 simulations) from the ‘confint.merMod()’ function in
LmMe4 package (Bates, Maechler, Bolker, & Walker, 2015). To assess if
migratory bird species were topologically more important to the seed
dispersal network than residents, we used GLMs with bird migratory
strategy (partially migratory, migratory or resident species) as de-
pendent variable and d' (LMM), degree (Poisson GLMM with the log
number of plant species as offset) and strength (Gamma GLMM) as
independent variables. The overall significance (p < 0.05) of bird mi-
gration strategy was assessed with parametric bootstrapped p-values
(1,000 simulations) as described above. All mixed models included

year as a random factor.
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2.4 | Interannual community structure

Changes in the emergent structure of each years' monolayer seed dis-
persal network were evaluated by calculating three network-level de-
scriptors: (a) connectance, the proportion of observed/possible links
(Jordano, 1987); (b) network specialization H,', measuring the commu-
nity-level selectiveness of the observed interactions as a departure from
a random (i.e. abundance-based) association pattern (Bliithgen et al.,
2006) and (c) weighted-interaction nestedness (WIN; Galeano, Pastor, &
Iriondo, 2009), quantifying how interactions are hierarchically organized
(i.e. nested) around a core of the most generalist species (Bascompte,
Jordano, Melian, & Olesen, 2003). These descriptors were selected
because they are among the most widely used and because they have
been shown to carry important information regarding network stabil-
ity (Thébault & Fontaine, 2010); although the value of nestedness has
been challenged, it is still commonly used (Payraté-Borras, Hernandez,
& Moreno, 2019). The significance of each descriptor was assessed by
comparing it with those obtained for 1,000 randomized networks gen-
erated by a null model based on the Patefield's algorithm (Patefield,
1981), which randomly reshuffles the interactions across the matrix
while constraining marginal totals. Following a normal distribution, each
descriptor was considered significantly different from a random expec-
tation if the respective z-score was lower than -1.96 or higher than 1.96
standard deviations from the mean (Trgjelsgaard, Jordano, Carstensen,
& Olesen, 2015). These network descriptors and respective null models
were computed with the r package siparTITE (Dormann, Friind, Blithgen,
& Gruber, 2009; Dormann, Gruber, & Friind, 2008).

2.5 | Multilayer modularity

The identification of modules of strongly interacting species has
gained increasing attention in ecology due to their importance for
ecological and evolutive processes (Nogales et al., 2015; Olesen,
Bascompte, Dupont, & Jordano, 2007). Here, we identified such
modules based on an explicit multilayer network, thus allowing
modules to span and link multiple layers (Timoéteo et al., 2018). To
this end, species occurring in sequential networks are assumed to
be connected by interlayer links, here quantified as the change on
relative abundance of species' i between consecutive years (i.e.
abundance i(t + 1)/abundance i(t); see also Pilosof et al., 2017). Plant
abundance was measured as the mean number of fruits per tran-
sect and bird abundance as the mean number of birds captured per
day. While the best way to quantify interlayer link strength is still
an open question (see Section 4), changes in species relative abun-
dances seems a good indicator of population processes (e.g. survival
and reproduction) linking consecutive years (Pilosof et al., 2017).
When a species i was not present in any of the two consecutive
networks the interlayer link was set to zero. Modularity was maxi-
mized in 1,000 runs with a generalized Louvain algorithm (Blondel,
Jean-Loup, Renaud, & Etienne, 2008) implemented in MATLAB
(The MathWorks, Inc.) using code provided in Jutla Jeub and Mucha
(2014) and modified by Pilosof et al. (2017) to account for the

bipartite nature of the multilayer network (Timdteo et al., 2018).
The significance of observed modularity was assessed against the
modularity distribution from 1,000 randomized networks, created
with the Patefield algorithm in the r package vecan (‘r2dtable’ op-
tion; Oksanen et al., 2015).

3 | RESULTS

Throughout 2013 (fortnight sampling) we captured 671 birds
from 30 species, whose 202 droppings contained 537 undamaged
seeds from 16 plant species. September was the month with a
greater diversity of links between fleshy-fruited plants and birds
(Figure S1).

Overall, the daily sampling throughout September 2012 to 2016
resulted in the capture of 1,620 birds (30 species), of which 454 (12
species) dispersed 2,133 undamaged seeds from 17 plant species
(Figure 1). Estimated sampling completeness was very high for both
plants and birds, with an annual mean of 93% (Min. = 90%; Max. = 98%)
and 92% (Min. = 89%; Max. = 100%) of species detected respectively.

3.1 | Species and interaction turnover

Five plant species (Ficus carica, R. alaternus, Rubus ulmifolius, Smilax
aspera and Vitis vinifera) and six bird species (Erithacus rubecula,
Ficedula hypoleuca, Sylvia atricapilla, S. borin, S. melanocephala and
Turdus merula) were detected in all the 5 years of the study (Figures 1
and 2). These species accounted for 29% of the fruit production and
50% of the individual birds captured in September across the 5 years.
Mean species turnover between consecutive years (f,,) was higher
for plants than for birds (mean = SD: 0.31 + 0.12 and 0.16 + 0.07
respectively). Nine out of the 75 links detected (12%) were observed
in all years, accounting on average for 49% (range = 30%-63%) of
the links detected in each year. The turnover of interactions was
greater than that of plant and animal species (f,,,, = 0.53 + 0.10) and
mostly driven by true interaction rewiring, that is, the detection of
new links between species already co-occurring on previous years
(ﬂos = 0.37 £ 0.09), with a lower contribution of species turnover
(Bsr=0.16 £ 0.07).

3.2 | Relationship between species temporal
persistence and their topological roles

There was no significant correlation between fruit abundance and
the frequency of interactions in any year (r,,,, = 0.12, p = 0.66;
Ty013 = 0.60, p = 0.11; 7,,,, = 0.53, p = 0.05; 7,4, = 0.44, p = 0.13;
Ty16 = —0.32, p = 0.45). Species activity of both plants and birds
was positively associated with their mean annual degree, mean an-
nual species strength and multilayer versatility (Table 1; Figure 2).
In contrast, plant and bird specialization d' was not associated

with species activity (Table 1; Figure 2). No significant differences
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FIGURE 1 Overall seed-dispersal network recorded during the peak of the fruiting season (September) across five consecutive years on a
secondary native forest in central Portugal. Species are ordered from highest to lowest species activity, that is, number of years where present.
The width of the boxes representing plant and bird species is proportional to the number of fruits counted along linear transects and to the
number of birds captured with mist-nets, respectively. Asterisks (*) represent seed species recovered from bird droppings but not detected in
the transects. 1 - Cyanistes caeruleus, 2 - Sylvia communis, 3 - Muscicapa striata, 4 - Sylvia undata, 5 - Chloris chloris, 6 - Dendrocopos major;
Plants: a - Ficus carica, b - Rhamnus alaternus, ¢ - Rubus ulmifolius, d - Vitis vinifera, e - Phillyrea latifolia, f - Solanum nigrum, g - Daphne gnidium,
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were detected in specialization d' among bird migratory strategies
(Table 2; Figure S2). Partially migratory bird species dispersed more
plant species and had a higher species strength than migratory and

resident species (Table 2; Figure S2).

3.3 | Interannual community structure

Overall, the topology of the annual networks was relatively con-

stant throughout the study (Figure S3). All annual networks were
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TABLE 1 Results of the statistical analysis on the relationship between species' network roles and temporal persistence (species activity).
95% Cl: 95% likelihood profile and 95% parametric bootstrapped confidence intervals (GLMs and (G)LMMs respectively). Statistically

significant relationships (p < 0.05) are marked with an asterisk

Estimate
Gamma GLM Intercept -2.547
versatility (bird spp.) Species activity 0.378
LMM Intercept 0.057
d' (bird spp.) Species activity 0.036
Standard deviation random factor (year) =
Gamma GLMM Intercept -6.461
strength (bird spp.) Species activity 1.370

Standard deviation random factor (year) =

Poisson GLMM
degree (bird spp.)

-5.269
0.877

Intercept

Species activity

Standard deviation random factor (year) =

Gamma GLM Intercept -1.774
versatility (seed spp.) Species activity 0.238
LMM Intercept 0.057
ezl e Species activity 0.035

Standard deviation random factor (year) =

Gamma GLMM
strength (seed spp.)

-4.726
0.995

Intercept

Species activity

Standard deviation random factor (year) =

Poisson GLMM
degree (seed spp.)

-2.734
0.378

Intercept

Species activity

Standard deviation random factor (year) =

Model Pairwise comparison Estimate
LMM (d") SDM-R -0.010
SD random =0 LDM-R ~0.064
LDM-SDM -0.058
Bird species. Migratory strategy:;(2 =1.58,df=2,p=0.50
Gamma GLMM (strength) SDM-R 1.361
SD random =0 LDM-R 0.094
LDM-SDM -1.267

95% Cl Ve df p-Value

-3.598 to -1.620

0.106 to 0.620 7.07 1 0.008*

-0.274 to 0.352

-0.026 t0 0.106 1.17 1 0.290
0

-8.944 to -4.716

0.978 to 1.897 21.90 1 0.001*
0

~7.768 to -3.606

0.538 to 1.386 31.95 1 0.005*
0

-2.449 to -1.008

0.057 to 0.408 6.47 1 0.011*

-0.010 to 0.206

-0.0001 to 0.072 3.79 1 0.070
0.0076

-5.741 to -3.850

0.790 to 1.217 23.39 1 0.001*
4.647 x 1077

-3.656 to -1.909

0.211 t0 0.590 16.93 1 0.004*
0

el TABLE 2 Results of the models

fitted to compare species' network roles
between bird species migratory strategies.
‘SDM’, short-distance migratory; ‘LDM’,
long-distance migratory; ‘R’, resident;
‘95% ClI', 95% simultaneously confidence
intervals; ‘SD random’, standard deviation
of the random factor (i.e. year). Statistical
significance is marked with an asterisk

-0.165t0 0.145
-0.202 to 0.067
-0.216t0 0.101

0.359 to 2.364*
-0.779 to 0.967
-2.291 to -0.242*

Bird species. Migratory strategy:;(2 =12.43,df=2,p = 0.003*

Poisson GLMM (degree) SDM-R 0.961
SD random =0 LDM-R 0.222
LDM-SDM -0.740

0.519 to 1.403*
-0.243 10 0.686
-1.167 to -0.313*

Bird species. migratory strategy:;(2 =29.88,df = 2, p = 0.004*

significantly less connected (z,,,, = =5.12; 2,5 = =2.97; 2,3, = —2.15;
Zyo15 = —3.31; 2,444 = —4.51) and more specialized (z,,,, = 9.67;
Zy013 = 3.90; 2,044 = 3.16; 2,5 = 5.86; 2, = 8.14) than predicted
by the null models. The networks also tended to be significantly
nested, which happened in all years except in 2014, when observed
nestedness was indistinguishable from a random interaction pattern
(25019 = 4.22; 2,013 = 3.43; 2,014 = 0.93; 2,015 = 3.91; 2,04, = 5.41).

3.4 | Multilayer modularity

The overall multilayer network was significantly more modular than
expected by chance (mean Q_, . = 0.50 [range 1,000 runs = 0.48-
0.50], mean Q= 0.43 [range 1,000 runs = 0.41-0.45]), and formed

by four interaction modules (Figure 3), all of which spanned across

the 5 years of the study. Most bird species that dispersed seeds in
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FIGURE 3 Interannual module affiliation of species across

a 5-year temporal multilayer seed dispersal network. Colours
represent different interaction modules (see Section 2). All
networks are represented on the same scale and species are
ordered as in Figure 1. The width of the boxes representing plant
and bird species is proportional to the number of fruits counted
along linear transects and to the number of birds captured with
mist nets respectively

at least 2 years were consistently allocated into the same module
across all years (eight out of 10 species, 80%). In turn, plants had
a lower temporal constancy regarding their module affiliation with
only six out of the 14 plant species (43%) remaining in the same mod-

ule across all years.

4 | DISCUSSION

Here, we show that the diversity of seed dispersal interactions be-
tween birds and fleshy-fruited plants in Portugal is particularly high
in September, when a peak in fruit production coincides with the
passage of most migratory bird species. We compiled seed dispersal
interactions during this activity peak for five consecutive years to
reconstruct a temporal multilayer network, simultaneously quanti-
fying intra- and interlayer (i.e. year) link strength. We found that the
species present in more years (here said to have a greater species
activity) also tend to be the more important species in each year.
The structure of the seed dispersal network was very stable through
time and included four well-defined interaction modules spanning
across all years of the study. Altogether, our results suggest that the

temporally most reliable species, which are not necessarily the most

abundant, tend to occupy central roles in the seed dispersal network
across multiple temporal scales increasing the reliability of the seed
dispersal service.

We introduce species activity as a species-level descriptor
that quantifies the role of each species as connectors of layers
in a multilayer network, although it can also be used outside an
explicit multilayer context (i.e. without interlayer links). Similar in-
dices have been implicitly used to explore the persistence of spe-
cies across years in flower-visitor networks (Olesen, Stefanescu,
& Traveset, 2011; Petanidou et al., 2008), months in bird-fruit
networks (Ramos-Robles et al., 2016; Yang, Albert, & Carlo, 2013),
and across multiple habitats in seed dispersal networks (Timéteo
et al., 2018). However, until now this index did not receive a com-
mon nomenclature or a standardized definition, rendering its use
particularly difficult and resistant to generalization. Species activ-
ity can also be used in the context of spatial networks (number
of sites/habitats/plots where present) or multiple functional layers
(number of trophic levels or interaction types where present), thus
being a highly versatile and intuitive metric to explore networks

across several scales.

4.1 | Species and interaction turnover

The low species turnover and the high contribution of true re-
wiring to interannual network dissimilarity suggest that most of
the links tend to occur between temporally persistent species.
Although only 12% of the links were detected on the 5 years,
these links were disproportionally frequent each year (see also
Chacoff et al., 2018, for a similar finding in a plant-pollinator
network), suggesting that birds tend to interact disproportion-
ally with temporally reliable fruiting plants independently of
their abundance. It is possible that this lack of significant cor-
relation between fruit abundance and interaction frequencies
might have been ameliorated if we increased the number of
fruit-availability transects. However, our transects covered a
relatively large area (150 square-metres) on a homogeneous for-
est patch and therefore seem to provide a good proxy for real
fruit availability in the forest. Additionally, the dispersed plant
species that were not found inside the forest were very likely
consumed in marginal habitats, mostly in agricultural land some
200 m away from the bird-capture site. The temporal persistence
of species was more evident for birds than for plants. These re-
sults contrast with previous findings from plant-pollinator net-
works, where turnover tends to be greater for animals than for
plants (Cirtwill, Roslin, Rasmussen, Olesen, & Stouffer, 2018;
Dupont et al., 2009; Petanidou et al., 2008), but it may be ex-
pected in bird-seed dispersal due to the high interannual vari-
ability in fruit production (Herrera, 1998). Similarly, variations in
the timing of fruit ripening will also contribute to increase plant
species turnover. The lower turnover of bird species is explained
by the predictable occurrence of most species in the study area

during September.
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Here, the role of rewiring is better interpreted as the contri-
bution of the reshuffling of interactions between temporally per-
sistent species (e.g. CaraDonna et al., 2017). However, interaction
rewiring sensu lato may also occur as a consequence of species
turnover, such as when one species interacts with a recently ar-
rived species. In this study, the contribution of species turnover to
network dissimilarity seems to have been partially driven by the
irregular presence of P. lentiscus, an important fruit resource avail-
able only in 3 years (out of the 5 years) of the study. In the other
2 years, P. lentiscus fruits have likely matured only after September,
and migratory species had to turn to other available fruits during
their September migration through the area. This finding is con-
sistent with the results of Rumeu, Alvarez-Villanueva, Arroyo, and
Gonzalez-Varo (2019) where the presence of highly nutritious
P. lentiscus fruits reduced the consumption of other, less reward-

ing fruit species.

4.2 | Relationship between species temporal
persistence and their topological roles

The bird and plant species with higher species activity were
consistently the most important species in the annual networks
because of their high number of interacting partners and inter-
action frequency. Consequently, these species tend to occupy a
central position across the overall temporal multilayer network,
assuming a disproportional role to the cohesion of its structure.
These birds include mostly migratory and partially migratory spe-
cies, notably S. borin and S. atricapilla, respectively, but also some
resident birds that increase substantially their frugivorous be-
haviour when ripe fleshy fruits become available (Bairlein, 2002;
Carnicer et al., 2008). Conversely, bird species with lower species
activity and lower importance to the seed dispersal network es-
sentially include granivorous and insectivorous species that only
occasionally disperse unharmed seeds from a few plant species
(Costa et al., 2018). The finding that both migratory and partially
migratory birds tend to be more important as seed dispersers of
fleshy-fruited plants agrees with previous findings in similar habi-
tats (Herrera, 1998). As for plants, although the most important
species in each year also tend to be the species with higher spe-
cies activity, the exception to this is P. lentiscus, which is very im-
portant when present, but it is not a temporally reliable resource,
at least for migratory birds. In contrast to the other species-level
descriptors, we did not find differences in species specialization
d' among neither bird nor plant species with different species ac-
tivity. This descriptor is a measure of reciprocal interaction ex-
clusiveness (Bltthgen et al., 2006). In our study, species with low
degree tended to interact with species having a high interaction
degree, irrespective of species activity, originating similar levels
of d' for all species (Figure 2). Overall, these results indicate that
bird species with high species activity tend to be more reliable
seed dispersers. In turn, plants with high species activity pro-

vide high-quality resources for migrant birds that rely on fruits to

increase their body fat reserves for the migratory flights (Bairlein,
2002).

4.3 | Interannual community structure

We found a highly stable interannual network structure, with the
only exception of 2014, when the network was not significantly
nested. While the stability of seed dispersal network structure
across seasons has already been noted (Plein et al., 2013), our
study suggests that such stability can also be extended to interan-
nual network structure, following the patterns observed in pol-
lination networks (Dupont et al., 2009; Petanidou et al., 2008).
Our 5-year study also shows that, as expected on any ecological
process, not all years are exactly equal and that extrapolations
based on temporally restricted sampling (such as nestedness in
2014) may lead to a biased characterization of network structure
(Estes et al., 2018).

4.4 | Multilayer modularity

The identification of tight interaction modules within the rela-
tively loose interaction networks has been one of the most
insightful advances in community ecology of the last decades
(Olesen et al., 2007; Schleuning et al., 2014). Such modules are
constrained by species' morphological and behavioural traits in-
fluencing feeding preferences and habitat use (Donatti et al.,
2011; Schleuning et al., 2014) and have important ecologi-
cal and evolutionary implications (Nogales et al., 2015). In our
study, module composition was relatively stable across years,
with most species, particularly birds, maintaining their module
affiliation through time, suggesting that bird species might have
consistently distinct fruit preferences that are independent of
fruit abundance. For example, R. ulmifolius, which was one of
the most dispersed plant species, was rarely dispersed by S. at-
ricapilla. In contrast, this bird species was one of the main seed
dispersers of F. carica, which was less frequently dispersed by
most other bird species (Figure 1). The largest module included
bird species with a moderate dependence on fruits (mostly in-
sectivorous and omnivorous) that disperse seeds from only a
few plant species (mostly R. ulmifolius and P. lentiscus). A sec-
ond group is dominated by T. merula, a medium-sized passerine
that tends to disperse seeds from relatively larger sized fruits
(e.g. V. vinifera). Finally, two modules were dominated by two
highly frugivorous species: S. atricapilla and S. borin respec-
tively. Although there is a considerable overlap in the iden-
tity of dispersed seeds by these two species, their separation
in two modules suggests that they have slightly different diet
preferences. Contrasting to birds, most plant species occurred
in at least two modules throughout the study period (Figure 3).
This suggests that there are interannual fluctuations in the fre-

guency of interactions that may result from changes in relative
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fruit availability, for example due to variations in plant phenol-
ogy constraining seed dispersers' preferences (Carlo & Morales,
2008; Donoso, Garcia, Martinez, Tylianakis, & Stouffer, 2017;
Rumeu et al., 2019).

By using a multilayer approach, we were able to identify tight
interaction modules spanning across several years, bringing us
closer to understand the long-term dynamics of natural com-
munities. However, observed multilayer modularity might be af-
fected by the weight of the interlayer links (Timoéteo et al., 2018).
Although it is analytically possible to assume uniform interlayer
links for all species (Timéteo et al., 2018), this is likely unrealistic,
and a quantification of interlayer link strength for each species is
thus recommended (Hutchinson et al., 2019). In our study, we used
interannual changes in species relative abundances as a proxy for
species survival, allowing to combine information on species' pop-
ulation dynamics to community structure. However, the best met-
ric to characterize interlayer link strength is still open to debate
and it can be highly specific to each particular system (Hutchinson
et al., 2019). Although multilayer networks have a high potential to
increase the realism of network representations and analysis, they
are not a key to every door. Therefore, we envisage that mono-
layer network approaches will continue to be useful to answer
different questions, particularly when combined with multilayer

approaches operating on complementarity scales.

5 | CONCLUSIONS

Understanding how biotic interactions span across multiple temporal
scales has a great potential to improve the realism of our network repre-
sentations and bring us closer to a predictive community ecology. Here,
we combined a classic monolayer with a temporal multilayer approach
to understand the interannual and supra-annual dynamics of bird-seed
dispersal networks. Despite a high interannual interaction turnover,
network structure and composition were remarkably stable across
years, including migratory bird species, and consistently dominated by
a few very abundant links. These persistent species (here defined as
having high species activity) are also quantitatively the most important
in each year in terms of the number of interacting partners and species
strength, independently of fruit availability. Therefore, our study sug-
gests that fruit-frugivore interactions are structured around a core of
temporally reliable species, with which transient species tend to inter-
act. The assessment of multilayer modularity allowed, for the first time,
to follow the fate of modules across time-ordered networks. Our results
suggest that modules are largely driven by the dominant bird species
with a high interaction plasticity to explore available fruit resources in
each year. These dynamics suggests that bird-seed dispersal networks
may be particularly robust to fluctuations in the availability of interact-
ing partners.
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