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Summary

1. Seed dispersal by animals leads to plant genes, individuals and species flowing across the
landscape, but this process has been seldom seen as the explicit result of structural or land-
scape connectivity.

2. For two years, we studied avian seed dispersal of fleshy-fruited trees in a secondary forest
of the northern Iberian Peninsula, considering the areas under the canopies of fruiting trees as
hubs of seed deposition.

3. Using graph-theory models, we set a spatially explicit network in a continuous landscape,
with individual fruiting trees as nodes and expected frugivore movements as links between
nodes. We calculated the contribution of each tree to network connectivity, finding strong
inter-annual variability derived from tree properties (position, fruit crop and species).

4. Trees contributing the most to connectivity accumulated larger seed clumps under their can-
opies, demonstrating agreement between a network structural connectivity and the functional
connectivity of seed dispersal flow. This pattern, however, is accentuated when the large-scale
distribution of fruiting crops closely matches that of individual trees, suggesting between-year
variation in resource tracking by avian frugivores.

5. Our findings reveal connectivity to be an emerging property of plant-disperser systems,
operating at the scale of individual fruiting plants, but contingent on the yearly, large-scale
templates of fruiting crops.

Key-words: Crataegus monogyna, dispersal hubs, functional connectivity, Ilex aquifolium,
landscape ecology, plant—frugivore interactions, seed rain, structural connectivity, Turdus spp.

Introduction

Connectivity is the property of ecological systems whereby
flows of information through space, time and hierarchical
levels of organization are maintained (Baguette et al.
2013). In spatial terms, connectivity means that the distri-
bution of ecological objects with respect to their weight,
abundance and degree of isolation modulates ecological
flow. The so-called structural connectivity describes the
potential flow of information of a given landscape, and it
is the sum of the spatial relationship between elements (i.e.
patches of habitat or resources) and is described by likely
physical relationships between them, whereas ‘functional
connectivity’ represents the actual flux of ecological pro-
cesses, such as organism dispersal or nutrient transfer,
across these spatial elements (Fagan & Calabrese 2006;
Baguette et al. 2013). Structural connectivity is easier to
assess than functional connectivity, even when it is
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estimated with some synthetic measures of the spatial
behaviour of organisms, to decide which landscape ele-
ments may be connected or not by organisms’ movement
(e.g. animal home-range size). Nevertheless, structure-
based measures may provide incorrect estimates of actual
ecological flows, given that functional connectivity inher-
ently incorporates the species-based properties of mobile
organisms, which are highly variable over short and long
time-scales (Taylor, Fahrig & With 2006; Baguette & Dyck
2007). Thus, there is a strong move to demonstrate the link
between structural and functional connectivity by explicitly
assessing the variation in key ecological functions across
the observed gradients of structural connectivity (Fagan &
Calabrese 2006; Baguette et al. 2013). This is especially rel-
evant to predict how and in which conditions landscape
spatial structure maintains the ecological flows (Taylor,
Fahrig & With 2006) and the population dynamics of
organisms in real-world landscapes (Wiegand ez al. 1999).
Seed dispersal is a key process for the dynamics of plant
populations and communities, because it provides the
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movement of genes, individual seeds and plant species
across the landscape (Jordano 2007). The consequences on
plant populations of such a movement of seeds are consid-
ered to depend on its magnitude and directionality, that is,
whether it mostly occurs within landscape patches (e.g.
Spiegel & Nathan 2007), between locally associated
patches (e.g. Prasad & Sukumar 2010; Morales et al. 2012)
or between groups of habitat patches enhanced by step-
ping stones (Herrera & Garcia 2009; Carlo et al. 2013).
Nevertheless, seed dispersal has seldom been viewed as a
flow resulting from connectivity (but see Soons et al.
2005), and empirical evidence on how landscape structure
shapes the flux of individual seeds and species is still lack-
ing. In the case of animal-dispersed fleshy-fruited species,
it has been hypothesized that individual fruiting plants
may act as elements that promote seed flow (Carlo, Auk-
ema & Morales 2007), resulting from the active tracking
by animals of fruit and cover resources (Garcia, Zamora &
Amico 2011; Carlo et al. 2013). Frugivores drop many
seeds under plant canopies acting as nucleation foci (e.g.
Clark et al. 2004; Blendinger, Blake & Loiselle 2011), and
this seed deposition may be highly contingent on the indi-
vidual plant location relative to co-fruiting partners (Sar-
acco, Collazo & Groom 2004; Morales & Carlo 2006;
Morales et al. 2012). Additionally, fleshy-fruited plants
can produce complex yearly patterns of fruit crop distribu-
tion and species-based availability of fruits (e.g. mast fruit-
ing), which leads to the hypothesis that the relative role of
each individual plant on seed dispersal flow may strongly
vary between fruiting events, even within the same land-
scape (e.g. Garcia et al. 2013).

Here, we demonstrate that fleshy-fruited trees drive seed
dispersal flow using an integrative framework of structural
or landscape connectivity. By means of a graph-theory
approach (Dale & Fortin 2010), we were able to decom-
pose a heterogeneous landscape into spatially explicit, dis-
crete nodes (fleshy-fruited trees) and the links between
them (connections expected from frugivore movements),
aiming to infer the effects of functional connectivity on
seed dispersal from seed deposition patterns. We applied
this approach to the secondary forest of the Cantabrian
Range, where frugivorous birds are known to track
resources across yearly mosaics of individual fruiting trees
(Garcia et al. 2013). In fact, the characteristics of the
neighbourhood of individual fruiting trees, such as the
surrounding abundance of fruits of the same or of other
species, influence the frugivory rate at the tree level
(Martinez, Garcia & Herrera 2014). We thus hypothesize
that these neighbourhood effects would cascade into the
magnitude of seed deposition below individual trees. In
other words, the relative position and the fruit crop size of
individual trees would be features conditioning the seed
flow among fruiting trees, and hence throughout the whole
forest landscape. Specifically, the present work aimed to
verify (i) the structural connectivity provided by fleshy-
fruited trees and (ii) the relationship between structural
connectivity and the abundance of avian-dispersed seeds

(i.e. the functional connectivity of seed dispersal). We
interpret the potential changes in functional connectivity
between years in relation to landscape-scale variations in
fruiting patterns.

Materials and methods

STUDY SYSTEM

Our study system comprises the assemblage of fleshy-fruited trees
of the secondary forest in the Cantabrian Range (N Iberian Penin-
sula) and their avian frugivore guild. This forest is highly frag-
mented and dominated by fleshy-fruited trees, mostly Holly (Zlex
aquifolium; 65-8% of fleshy-fruited trees in our study plot), Haw-
thorn (Crataegus monogyna; 25-5%) and Yew (Taxus baccata;
4.0%). All these species ripen in autumn (October to November).
Hawthorns and female Yews produce single-seeded fruits, whereas
female hollies two to four seeds (pyrenes) per fruit (Garcia, Obeso
& Martinez 2005); while yew trees do not produce ‘true’ fruits, we
consider herein their fleshy arils to be functionally equivalent to
angiosperm fruits. Average fruit crops for individual trees are ca.
2700, 2200 and 3900 fruits for holly, hawthorn and yew, respec-
tively (D. Garcia, unpubl. data). Strong inter-annual differences in
fruit production are typical, both within (i.e. masting vs. non-ma-
sting events) and between tree species (Garcia et al. 2013). The
core of the frugivore guild is dominated by wintering thrushes
(Turdus spp.). In the Cantabrian Range, wintering thrushes are
almost exclusively frugivores and feed mostly on the dominant fle-
shy-fruited species (Martinez, Garcia & Obeso 2008). Their daily
activity is dominated by foraging for fruits and resting on tree
perches, with only occasional landing on open ground (Garcia
et al. 2013). Namely, fleshy-fruited canopies typically account for
more than 75% of perching events in the Cantabrian secondary
forests (Garcia et al. 2013; see also Martinez, Garcia & Obeso
2008). Flocking behaviour is typical when moving between perch-
ing trees and fruiting patches. Thrushes are legitimate seed dis-
persers of fleshy-fruited trees as seeds are deposited intact in
faeces, which are mostly defecated when birds are perching or just
taking off from perches (authors’ pers. obs.). The small-scale dis-
tribution of seeds mirrors the spatial patterns of bird movement,
with >80% seeds occurring below trees and <20% appearing in
open microhabitats such as rocks and pastures (Garcia &
Martinez 2012; Garcia et al. 2013). After deposition by birds,
seeds may suffer predation by rodents (Apodemus spp.) and preda-
tion frequency peaks in late winter (Garcia, Obeso & Martinez
2005). Rodents do not act as seed dispersers (Garcia, Obeso &
Martinez 2005).

STUDY SITE

The study site was located in the Sierra de Pena Mayor (900 m
a.s.l., Asturias region, N Spain; Fig. 1), a mountain range where
secondary forest is intermingled with meadows, heathland and
limestone rocky outcrops. We set up a 400 x 440 m rectangular
plot in which the amount of forest cover ranges from densely cov-
ered sectors in the NE to areas of scant cover and isolated rem-
nant trees in the SW (Fig. 1). Spatial segregation of fleshy-fruited
trees exists in our study site (Herrera & Garcia 2009; Garcia et al.
2013). Namely, C. monogyna trees occur across the whole study
plot (i.e. from the deforested matrix to larger forest fragments),
whereas 1. aquifolium and T. baccata trees mainly locate in forest
patches (Fig. 1). From September to February, we carried out
two field surveys in consecutive fruiting periods: 2009-2010 and
20102011 (hereafter 2009 and 2010, respectively). Further infor-
mation about this site can be found elsewhere (Garcia et al.
2013).
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Fig. 1. Location of the study site (left panels) and the distribution of fleshy-fruited trees in the study plot (midpanel). Circles represent the
position of fleshy-fruited trees (n = 2384 trees, species defined by colours). Seed sampling stations (n = 87 quadrats, located below fleshy-
fruited trees) are set in grey squares. The right panel illustrates a zoomed landscape portion defined by a spatially explicit network that
considers each tree as a node (circles) connected by links (dashed lines). Node size represents fruit crop. Two nodes are directly linked if
their Euclidean distance is <50 m (only some potential links are shown, for clarity).

DATA COLLECTION OF SPATIAL DISTRIBUTION OF
TREES AND FRUIT CROP

We developed a Geographical Information System (GIS, ArcGIS
9-3) based on a recent (2011) 1:5000-scale orthophotograph of the
study plot. At the beginning of the fruiting season (from Septem-
ber to October), we traversed the entire plot visually recording the
standing crop of all fleshy-fruited trees by means of a semi-quanti-
tative Fruiting Abundance Index (FAI; considering six intervals:
0 = without fruits; 1 = 1-10 fruits; 2 = 11-100; 3 = 101-1000;
4 =1001-10 000; 5> 10 001) (Saracco, Collazo & Groom 2004).
All data on position, species and FAI of individual trees were
incorporated into the GIS platform.

SEED RAIN DATA COLLECTION

The species-based abundances of dispersed seeds were estimated
from sampling stations (50 x 50-cm quadrats) located below the
canopy of fleshy-fruited trees (Fig. 1). These stations were a subset
of a larger sampling set involving 2200 quadrats uniformly distrib-
uted across the whole plot and separated from each other by at
least 2 m (Garcia & Martinez 2012). In our case, we selected those
stations unequivocally located below monospecific canopies of
individual trees belonging to the three most abundant fleshy-
fruited species in our study plot, namely 24 stations under
C. monogyna, 59 under I. aquifolium and four under 7. baccata;
sample sizes mirrored the relative species-based abundance of
these fleshy-fruited trees in the whole plot (x> =6, d.f. =4,
P =0-199). For each year, we estimated the number of dispersed
seeds per tree species in each sampling station as the sum of seeds
found in two consecutive surveys (late November and mid-Janu-
ary). During the two fruiting years, we collected all bird-dispersed

seeds in sampling stations during two field surveys (November and
January). These seeds included both intact seeds and those show-
ing signs of post-dispersal predation by rodents (seed husks or
empty coats). The proportion of rodent-predated seeds found in
sampling surveys was low (3-:84% in 2009, and 2-63% in 2010, rel-
ative to the total number of dispersed seeds) and independent of
the spatial distribution of bird-dispersed seeds (Garcia, Zamora &
Amico 2011). For each station, we calculated the seed abundance
as the cumulative number of seeds deposited through the season.

MEASURES OF STRUCTURAL CONNECTIVITY
PROVIDED BY FLESHY-FRUITED TREES

We considered that individual fleshy-fruited trees were intercon-
nected by the flux of seed dispersal by avian frugivores when mov-
ing from one tree to another, and used graph-theory models to
quantify the structural or landscape connectivity of our continu-
ous study site for seed dispersal (Dale & Fortin 2010). The graph
perspective conceives the landscape as a network of nodes (in our
case, trees) connected between nodes (links between nodes), mean-
ing that a connection between two nodes implies flux of informa-
tion or ‘structural connectivity’ within the landscape (i.e. the
movement of seeds). Indeed, the application of network-based
models and metrics has been explicitly encouraged for the resolu-
tion of ecological questions that require characterization of con-
nectivity at relatively large scales (Fagan & Calabrese 2006).

We ranked individual nodes based on the metrics calculated by
the so-called methodology of ‘patch-removal experiments’, which
uses theoretical experiments to assess the node importance within
the landscape (Bodin & Saura 2010). Such metrics are calculated
after sequentially removing each individual node and calculating
their resulting effect on the overall connectivity metric (Saura &
Pascual-Hortal 2007; Saura & Rubio 2010); in other words, nodes
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are ranked according to how much the connectivity metric
decreases when they are removed (Bodin & Saura 2010). The met-
rics are the following: first, NL represents the number of links
each node has, given a specific threshold distance. Second, the
integral index of connectivity (/IC) and the probability of connec-
tivity (PC) are global measures of connectivity accounting for cer-
tain landscape properties (i.e. dependent on node attributes,
classically measured as habitat availability at the landscape scale).
While /IC is a binary index based on a simplified connection
model between nodes at a threshold distance, PC is a probabilistic
connection allowing a continuous modulation of the connection
strength (i.e. based on the distance decay function between nodes).
To identify critical elements within a network, the relative contri-
bution of the node i to the overall connectivity can also be calcu-
lated from the percentage of variation in, for instance, //C caused
after the removal of the node i/ from the landscape

dIIC; = 100 x e

eqn 1

where dIIC; is the relative contribution of the element i within the
landscape to the overall IIC, after removing element i from the
landscape. Similar relative contributions can also be calculated for
NL (dNL;) and PC (dPC)). It should be noted that d/IC; and dIIC;
were conceived for its use as a relative metric aimed to evaluate
the importance of and/or changes in landscape elements and thus
vary with the number of elements per landscape (Saura & Rubio
2010). The absolute values of PC are of less interest since very low
values of dIIC; or dPC; may be obtained when the node attributes
(e.g. habitat availability or fruit crop of each node) are very small
compared with the network topology of the entire landscape (Sa-
ura & Rubio 2010).

Network metrics can be further partitioned into three separate
fractions that quantify the different ways in which nodes and links
contribute to overall connectivity; this approach has the advan-
tage that latter metrics are measured in the same units and can be
directly compared and summed within a unifying framework (Sa-
ura & Rubio 2010). For instance, dIIC; can be partitioned into:

dIlIC; = dIICintra; + dIICflux; + dIICconnector; eqn?2

where dIICintra; is the contribution of node 7 in terms of intra-
patch connectivity (based on node attributes, such as habitat
availability or fruit crop) and does not depend on either links or
network topology. dIICflux; corresponds to the area-weighted dis-
persal flux through the connections of node i to, or from, all of
the other nodes in the landscape when 7 is either the starting or
ending node of that connection or flux. Hence, dIICflux; depends
on both the node’s attributes (i.e. fruit crop of each tree) as well
as its position within the network topology. In other words, dIIC-
flux; measures how attributes of a given node are well connected
to the rest of them (in terms of the amount of flux based on node
attributes; Saura & Rubio 2010). Finally, dIICconnector; is the
contribution of the node or link i to the connectivity between
other nodes and depends only on the topological position of a
node or a link in the network. when dIICconnectori fraction is
high is key to maintain connectivity between groups of nodes and/
or few nodes with high attributes (e.g. patches with high habitat
availability or fruit crop) and is useful to detect nodes acting as
stepping stones that facilitate the dispersal flow in the landscape
(Saura & Rubio 2010).

GRAPH PARAMETERIZATION OF THE FLOW OF SEED
DISPERSAL BETWEEN FLESHY-FRUITED TREES

We constructed a spatially explicit network within the limits of
our study plot, where fleshy-fruited trees represented nodes, and
the between-tree distances the links potentially connecting each

node (Fig. 1). Due to computational limitations (Saura & Torne
2009), we restricted our analysis to I. aquifolium, C. monogyna
and T. baccata (n = 2384), which represented 68-4% of all trees in
our study plot and accumulated more than 70% of perching
events by frugivorous thrushes (Garcia er al. 2013). Translated
into a graph-theory model, we assumed that tree nodes were
exclusively differentiated by the individual fruit crop (i.e. estimated
from FAI see above); in other words, we expected frugivorous
thrushes to be more attracted to individual trees with large fruit-
ing crops (Herrera, Morales & Garcia 2011). Seed transfer
between tree species existed (Garcia, Martinez & Obeso 2007),
and we considered it reasonable to assume that the probability of
between-tree seed dispersal (i.e. links between tree nodes) was
independent of species identity. Additionally, non-fruiting individ-
uals (such as I. aquifolium and T. baccata males) can still be used
as perches by avian frugivores, as the densities of dispersed seeds
could be similar to those deposited under female trees (Martinez,
Garcfa & Obeso 2008); we thus assigned an arbitrary value of
FAI = 0-5 as a low-attribute value for non-fruiting trees (i.e.
nodes with attribute values of 0-0 are not connected with other
nodes; Saura & Torne 2009).

We further established a distance threshold to characterize the
potential links between trees, based on the distribution of flying dis-
tances between consecutive perches of the frugivorous thrushes
recorded in our study site. Specifically, we found that 95% of dis-
tance bounds between perches were below 50 m (Garcia et al. 2013;
Morales et al. 2013), and we thus set a distance threshold of 50 m
for binary indexes (dNL and dIIC). We calculated probabilistic
indexes (dPC) dependent on distance-based probabilities between
links (Saura & Torne 2009). In our case, we parameterized a negative
exponential function, corresponding to a median of 15 m flying dis-
tance between two perches with a probability of 0-5 (Morales et al.
2013). We thus calculated the relative structural connectivity of the
tree 7 to the overall topology, with the metrics of NL, IIC and PC
(eqn 1), aiming to identify those better functionally connected trees
(with higher metric values) that potentially capture most of the flow
of seed dispersal. For d/IC; and dPC;, we further computed the three
fractions decomposed by the overall contributions on intrapatch,
flux and connector (eqn 2). We calculated structural connectivity
metrics with Conefor 2:6 (Saura & Torne 2009; Saura & Rubio
2010). In addition, we used generalized linear models (GLMs) to test
the variability of fruit crop, dNL, dIIC and dPC explained by the
effects of ‘Fleshy-fruited species’ and “Year’ as categorical variables.
Variables were fitted to Poisson (fruit crop) and Gaussian error dis-
tributions (dNL, dIIC and dPC) and log- and identity link functions,
respectively.

RELATIONSHIP BETWEEN LANDSCAPE CONNECTIVITY
AND SEED DISPERSAL

We performed statistical analyses aiming to explain seed abun-
dance under trees (i.e. functional connectivity of seed dispersal) as
a response to the structural connectivity generated by individual
fleshy-fruited trees (decomposed by spatially explicit metrics of
graph-theory models; see above). We performed two models: first,
we explained the variables of seed dispersal based on the relative
contribution of individual trees (eqn 1). Second, we analysed seed
abundance as a function of the relative structural connectivity
fraction of individual trees (eqn 2).

Using seed abundance as dependent variable, we compared a
set of candidate models incorporating independent variables
based on resources (fruit crop measured as FAI), landscape con-
nectivity metrics (d{NL, dIIC and dPC) or fractions of those con-
nectivity metrics (e.g. dIlICintra, dIICflux, dIICconnector).
Models included “Year’, ‘Fleshy-fruited species’ (except 7. bac-
cata because of the low sample size, n =4), each of the
resource-connectivity independent variables and their interactions
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(e.g. ‘Year’ x ‘Connectivity metrics’). We did not include
variables of fruit crop and landscape connectivity in the same
candidate models due to the fact that latter variables were highly
correlated (i.e. #° >0-840). Analyses were fitted to GLM:s, follow-
ing zero-inflated Poisson error distributions and log-link func-
tions with the psc/ library (R Development Core Team, 2012).
We tested all model subsets as the result of all possible combina-
tions of (independent) variables, selected the ‘best model’ as
being the one with the lowest Akaike Information Criterion
(AIC) and checked the spatial autocorrelation of the ‘best
model’ residuals by means of Moran’s I test using the spdep
library (R Development Core Team, 2012).

Results

YEARLY FRUIT CROP AND ITS EFFECT ON
STRUCTURAL CONNECTIVITY

We found strong inter-annual differences in the distribution
of fruit crops, due to fruiting differences between species.
For instance, fruiting in 2009 was strongly segregated in
space, as most fruiting trees concentrated in high forest-
cover areas (the NE of the study plot). Comparatively, in
2010, fleshy-fruited trees were more evenly distributed
across the whole landscape (spanning from isolated trees to
those inside the forest; see Fig. S1 in Supporting informa-
tion). Fruit crop was proportionally higher in 2009 for
1. aquifolium and higher in 2010 for C. monogyna and did
not vary between years for 7. baccata (Fig. 2a and Table
S1, Supporting information). I. aquifolium and C. monog-
yna had proportionally more and less NL, respectively
(Fig. 2b and Table S2, Supporting information). Yearly
differences in the distribution of fruit crops cascaded into

Spatial networks of fleshy-fruited trees 5

the metrics describing structural connectivity contributions
of individual trees. For dIIC and dPC, I. aquifolium trees
had more structural connectivity in 2009, whereas C. mo-
nogyna and T. baccata trees were better connected in 2010
(Fig. 2c and 2d , and Tables S2, S3 and S4).

FUNCTIONAL CONNECTIVITY OF FLESHY-FRUITED
TREES AND SEED DISPERSAL

Below trees, the abundance of dispersed seeds was three-
fold higher in 2009 compared with 2010 (Fig. 2e), but was
25% less diverse (Fig. 2f). T. baccata trees received more
seeds in 2010 below their canopies, followed by I. aquifoli-
um and T. baccatta in 2009. C. monogyna trees received a
low amount of dispersed seeds in both years (Fig. 2e).

From the univariate models of fruit crop, NL, dIIC and
dPC, we found that tree contribution to dPC best pre-
dicted (lowest AIC) seed abundance (Table 1). Trees with
higher dPC had higher seed abundance below them
(Fig. 3), and this connectivity metric was the most
important factor explaining seed abundance (see Table S5,
Supporting information). Between-year variability on dPC
also explained an important fraction of the variability of
the seed rain below trees (Table S5). For instance, tree
dPC in 2010 resulted in relatively lower seed abundance.
Residuals of the dPC model showed no spatial autocorre-
lation (Moran’s test: I = 4-28%10-5, P = 0-367).

With our combination of parameters, dPC decomposi-
tion suggested that most of the relative contribution of fle-
shy-fruited trees depended on dPCflux (98-6%, both years
averaged), followed by dPCintra and dPCconnector (Table
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Fig. 2. Measures of (a) fruit crop (semi- <
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FAI), (b) number of links (NL), (c) integral e
index of connectivity (IIC), (d) the proba- (S E o
bility of connectivity (PC), (e) seed arrival © g T e
and (f) number of fleshy-fruited species in
quadrats below trees, by fleshy-fruited spe- 8 : : ; | ‘ | g
cies and years. Deta'lls about studied met- =} Cm la Tob Cm la Tb
rics are in the main text. a—d boxplots
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trees in the study plot (n = 2384 trees), L o T )
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S6, Supporting information). Trees with higher dPCintra
and dPCflux, but lower dPCconnector, received higher
numbers of dispersed seeds below them (Fig. 4). Consider-
ing fixed factors, Year accounted for the largest variability
explained by the model (Table S6). There were yearly and
species-based differences in the effects of dPC components
on seed abundance: trees with more dPCintra in 2010 had
less seeds, and dPCflux and dPCconnector of I. aquifolium
had relatively more seeds (Fig. 4).

Discussion

In this work, we have explained seed dispersal across a frag-
mented landscape by considering the network relationships
between neighbour fleshy-fruited trees and the large-scale
patterns of fruiting. We demonstrate that the individual
characteristics of trees (species identity, fruit crop, spatial
position) scale-up, by means of non-additive contributions,
to an emerging property (structural connectivity) that ulti-
mately drives seed dispersal by frugivorous birds. By relat-
ing this sort of tree-mediated structural connectivity to seed
deposition patterns, we further evidence the actual func-

Table 1. Summary of the set of candidate models fitting the abun-
dance of dispersed seeds by fruit crop (Fruiting Abundance Index)
and connectivity metrics (dNL, dIIC and dPC). In every model,
we also include as independent variables “Year’ (2009 and 2010)
and ‘Fleshy-fruited species’ (Crataegus monogyna and Ilex aquifo-
lium), and the two-way interactions between independent vari-
ables. Dependent variables were fitted to a zero-inflated Poisson
distribution. AAIC was the difference in the Akaike Information
Criterion (AIC) values between each model and the low-AIC
model (i.e. AAIC = 0-0 was the model with lowest AIC, showed in
the last row)

tional connectivity of the studied landscape in terms of seed
dispersal flow. We also show that the yearly variations in
tree traits (fruit crops) lead to changes in the resource land-
scape for frugivores, modulating the imprint of tree net-
work on the ecological function of seed dispersal.

FUNCTIONAL CONNECTIVITY OF SEED DISPERSAL
ESTIMATED FROM GRAPH-THEORY MODELS

The spatial pattern of fruiting plants and the availability
of frugivores are considered mainstream in predicting the
variation in frugivory and seed dispersal between individ-
ual plants (Saracco, Collazo & Groom 2004; Morales &
Carlo 2006; Morales er al. 2012). In fact, it has been
hypothesized that frugivore activity may concentrate on
‘frugivory hubs’ (Carlo, Aukema & Morales 2007), specific
neighbourhoods with plants interrelated by frugivore
movements, likely leaving an imprint on landscape-scale
seed dispersal patterns. In our case, we show that seed
deposition increased in those neighbourhoods whose spa-
tial structure facilitated the movement of birds among fru-
iting trees, demonstrating the existence of frugivory hubs
from the functional outcome (i.e. seed dispersal) of the tree
network.

This spatial network emerged from a graph-theory
model that identified the relative role of each individual
tree in terms of contribution to landscape or structural
connectivity. Whereas our approach links individual trees
based on observations of frugivore movements (i.e. ‘source
tree’ perspective), we fail to characterize the long-distance
dispersal events and precise location of the source and des-
tination trees (Jordano 2007). Genetic tools (i.e. ‘target
tree’ perspective) can overcome latter methodological cave-

Model Log-likelihood AAIC Resid. d.f. ats but still could have problems when the number of
] source trees is large or when source trees are close (i.e.
Fruit crop —4232 —3757 147 overlapping their potential target areas; Jordano 2007). A
dNL —4641 —6259 147 . . . .
dIIC- _4107 14451 147 previous study in our system, using seed labelling by sta-
dPC 3919 00 147 ble-isotope tools, estimated a low frequency of effective
long-distance movements (Carlo et al. 2013), suggesting
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Fig. 3. Relationship between seed abundance and the contribution of each individual tree to network connectivity (dPC). 2009 (a) and
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fitted values of the best-fitting model (see Table S5 in Supplementary information); fitted values for Crataegus monogyna were shown in
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scales of the x- and y-axes (log scaled).
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that our parameterization is well suited to account for the
most frequent, short-distance and recurrent movements of
frugivorous birds, and their likely effect on seed deposition
below trees. In fact, seed dispersal in our system is com-
monly biased to areas under tree canopies (especially those
holding fleshy fruits), and this habitat type concentrates a
huge portion of total seed rain (Carlo et al. 2013; Garcia
et al. 2013). Thus, by focusing on fruiting trees as network
nodes, we are representing major trends of landscape-scale
seed dispersal flow, with a major influence on the recruit-
ment of fleshy-fruited trees (Garcia, Martinez & Obeso
2007; Herrera & Garcia 2009; Garcia et al. 2013). In any
case, our work provides a straightforward description of
seed dispersal flow derived from the frugivore displace-
ments between trees, highlighting the role of birds as con-
nectors (i.e. ‘mobile links’) of ecological information
important for tree population dynamics (Garcia et al.
2013).

INTER-ANNUAL VARIABILITY IN FRUIT CROP
PATTERNS AND THE DILUTION OF SEED DISPERSAL
FUNCTIONAL CONNECTIVITY

We here show that the two years studied represented
contrasting layouts of the fruiting landscape. Namely,

1. aquifolium masted in 2009 and that created a highly pre-
dictable, large-scale fruit distribution, which essentially
mimicked forest cover (see also Garcia et al. 2013). This led
I. aquifolium trees to contribute much to the potential con-
nectivity. In 2010, by contrast, a more heterogeneous pat-
tern of fruiting emerged due to the joint effects of (i) the
spatial singularity of C. monogyna trees (i.e. numerous indi-
viduals scattered across the study plot, irrespective of forest
gradient; Garcia et al. 2013), (ii) a proportionally higher/
heavier fruiting of those C. monogyna trees isolated in the
deforested matrix and (iii) a non-masting [I. aquifolium
year. This fruiting template was translated into a propor-
tionally higher contribution of C. monogyna trees to struc-
tural connectivity. Interestingly, we found a stronger
contribution to landscape connectivity and seed deposition
below canopies for 7. baccata trees in 2010, despite no dif-
ferences in yearly fruiting crop in this species (see Fig. 2).
This fact suggests that structural connectivity could result
exclusively from the spatial structure of the surrounding
‘fruiting landscape’ and that may translate into functional
connectivity (i.e. higher seed deposition below better con-
nected trees). We would argue that yearly changes in large-
scale fruiting patterns cascade into differences in functional
connectivity for seed dispersal due to variations in the
sensitivity of frugivores when tracking for fruit resources.

© 2014 The Authors. Functional Ecology © 2014 British Ecological Society, Functional Ecology
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In fact, frugivorous thrushes are known to forage in a
scale-dependent manner, adapting their tracking response
to the changes in heterogeneity in fruiting resources
(Garcia, Zamora & Amico 2011). In 2009, resources (forest
and fruits) were spatially congruent, and thus, frugivorous
birds mostly tracked fruits inside the forest (Garcia &
Martinez 2012; Garcia et al. 2013). I. aquifolium monopo-
lized the seed rain in that year, and thus, the abundance of
dispersed seeds below trees was threefold higher in
2009 compared with 2010 (i.e. on average holly fruits have
c. three seeds). Hence, as a consequence of the concentra-
tion of frugivore activity in fruit-rich forest patches, the
abundance of dispersed seeds under canopies depended on
how well connected individual fleshy-fruited trees were.
Indeed, the decomposition of structural connectivity com-
ponents further highlighted the relative importance of
big-crop-size, well-connected trees (i.e. high dPCflux val-
ues). In contrast, in 2010, when forest and fruits did not
spatially agree, birds probably tracked for fruits at a
broader scale and also provisioned from the big-crop-size
C. monogyna trees scattered through the deforested matrix
(see Garcia et al. 2013 for a similar pattern in previous
years for the same system). This change in the scale of
foraging would have weakened the association between
structural connectivity and seed abundance (badly
connected matrix trees did not receive fewer seeds than
well-connected forest ones; see also Herrera & Garcia
2009). Finally, the structural connectivity decomposition
also suggested that C. monogyna played a role in the
change of frugivore foraging scale in 2010 as dPCflux was
higher for this species during this year and had a positive
effect on seed deposition.

The dilution of functional connectivity effects shown
here could also be related to inter-annual variations in the
composition of the frugivore guild since there may be
strong functional differences between frugivore species
(Jordano 2007). In our study system, thrush species have
distinctive responses to resources (Garcia et al. 2013; Mor-
ales et al. 2013), and yearly based variability in frugivore
guild composition exists (Garcia et al. 2013). Nevertheless,
the effects of intraguild variability seem to be less impor-
tant than the response of the whole frugivore assemblage
to fruit production changes in determining the differences
between years in large-scale patterns of seed rain (e.g.
Garcia et al. 2013). We would thus emphasize fruiting
mosaics as a major source of contingency of large-scale
seed rain patterns generated by frugivores with plastic
activity responses.

Concluding remarks

We empirically demonstrate here that the connectivity for
seed dispersal is a systemic property emerging from the rela-
tive non-additive contributions of individual trees and frugi-
vores. We also emphasize that the existence of current links
between structural and functional connectivity shapes tree
population dynamics and that functional connectivity

results from the plastic response of mobile frugivores to hab-
itat spatial templates (Baguette & Dyck 2007; Baguette et al.
2013). In other words, a dynamic landscape of fruiting
resources alters frugivore response, breaking the link
between structural and functional connectivity for seed dis-
persal. Functional connectivity estimates, based on how
each organism views the landscape across time (Baguette &
Dyck 2007), need to be referred to the meaningful scales of
the landscape at which ecological processes mostly operate
(Wiegand et al. 1999). Promising methodologies based on a)
genetic and stable-isotope tools (Baguette et al. 2013) and b)
cost-distance and individual-based models (Baguette &
Dyck 2007) could certainly lead to more accurate estimates
of how organisms move throughout fragmented and
dynamic landscapes. We would argue that these findings
may be generalized to many ecological functions derived
from spatially explicit trophic processes, especially those
involving sessile organisms that perform as resource patches
for mobile consumers (e.g. plant-animal interactions; Fort-
una et al. 2008, 2009). Integrating this sort of spatially expli-
cit networks with those accounting for the topology of
trophic interactions (by means of ‘graphs of graphs’; Dale &
Fortin 2010) is a prerequisite to fully understanding the bio-
diversity response to human-caused landscape change
(Hagen, Kissling & Rasmussen 2012).

Acknowledgments

We thank J. Rodriguez, C. Guardado and R. Pérez for technical support in
fieldwork, S. Saura for valuable ideas and statistical advice, R. Lendrum for
linguistic advice and two anonymous referees for comments in early versions
of the manuscript. This research was supported by the Spanish National Pro-
gram of Research and Development (grants MICINN CGL2008-01275 and
MINECO CGL2011-28430 to DG), and MICINN and the European Social
Fund (FPI grant to DM). Fieldwork was conducted with the permission of
the Regional Government of Asturias.

References

Baguette, M. & Dyck, H. (2007) Landscape connectivity and animal behav-
ior: functional grain as a key determinant for dispersal. Landscape Ecol-
ogy, 22, 1117-1129.

Baguette, M., Blanchet, S., Legrand, D., Stevens, V.M. & Turlure, C.
(2013) Individual dispersal, landscape connectivity and ecological net-
works. Biological Reviews, 88, 310-326.

Blendinger, P.G., Blake, J.G. & Loiselle, B.A. (2011) Composition and
clumping of seeds deposited by frugivorous birds varies between forest
microsites. Qikos, 120, 463-471.

Bodin, O. & Saura, S. (2010) Ranking individual habitat patches as connec-
tivity providers: integrating network analysis and patch removal experi-
ments. Ecological Modelling, 221, 2393-2405.

Carlo, T.A., Aukema, J.E. & Morales, J.M.(2007) Plant-frugivore interac-
tions as spatially explicit networks: integrating animal foraging and fruit-
ing plant spatial patterns. Seed Dispersal Theory and its Application in a
Changing World (eds A. Dennis, E.W. Schupp, R.J. Green & D.A. West-
cott), pp 369-390. CABI, Australia.

Carlo, T.A., Garcia, D., Martinez, D., Gleditsch, J. M. & Morales, J.M.
(2013) Where do seeds go when they go far? Distance and direction-
ality of avian seed dispersal in heterogeneous landscapes. Ecology, 94,
20-26.

Clark, C.J., Poulsen, J.R., Connor, E.F. & Parker, V.T. (2004) Fruiting
trees as dispersal foci in a semi-deciduous tropical forest. Oecologia, 139,
66-75.

Dale, M.R. & Fortin, M.-J. (2010) From graphs to spatial graphs. Annual
Review of Ecology, Evolution, and Systematics, 41, 21-38.

© 2014 The Authors. Functional Ecology © 2014 British Ecological Society, Functional Ecology



Fagan, W.F. & Calabrese, J.M.(2006) Quantifying connectivity: balancing
metric performance with data requirements. Connectivity Conservation
(eds K.R. Crooks & M. Sanjayan), pp 297-317. Cambridge University
Press ,New York.

Fortuna, M.A., Garcia, C., Guimaraes, P.R. & Bascompte, J. (2008)
Spatial mating networks in insect-pollinated plants. Ecology letters, 11,
490-498.

Fortuna, M.A., Popa-Lisseanu, A.G., Ibanez, C. & Bascompte, J. (2009) The
roosting spatial network of a bird-predator bat. Ecology, 90, 934-944.

Garcia, D. & Martinez, D. (2012) Species richness matters for the quality
of ecosystem services: a test using seed dispersal by frugivorous birds.
Proceedings of the Royal Society of London B, 279, 3106-3113.

Garcia, D., Martinez, I. & Obeso, J.R. (2007) Seed transfer among bird-dis-
persed trees and its consequences for post-dispersal seed fate. Basic and
Applied Ecology, 8, 533-543.

Garcia, D., Obeso, J.R. & Martinez, 1. (2005) Rodent seed predation pro-
motes differential seedling recruitment among bird-dispersed trees in
temperate secondary forests. Oecologia, 144, 435-446.

Garcia, D., Zamora, R. & Amico, G.C. (2011) The spatial scale of plant—
animal interactions: effects of resource availability and habitat structure.
Ecological Monographs, 81, 103-121.

Garcia, D., Martinez, D., Herrera, J.M. & Morales, J.M. (2013) Functional
heterogeneity in a plant-frugivore assemblage enhances seed dispersal
resilience to habitat loss. Ecography, 36, 197-208.

Hagen, M., Kissling, W. & Rasmussen, C. (2012) Biodiversity, species inter-
actions and ecological networks in a fragmented world. Advances in
Ecological Research, 46, 89-210.

Herrera, J.M. & Garcia, D. (2009) The role of remnant trees in seed dis-
persal through the matrix: being alone is not always so sad. Biological
Conservation, 142, 149-158.

Herrera, J.M., Morales, JM. & Garcia, D. (2011) Differential effects
of fruit availability and habitat cover for frugivore-mediated seed
dispersal in an heterogeneous landscape. Journal of Ecology, 99,
1100-1107.

Jordano, P. (2007) Frugivores, seeds and genes: analysing the key elements
of seed shadows. Seed Dispersal Theory and its Application in a Changing
World (eds A. Dennis, E.W. Schupp, R.J. Green & D.A. Westcott), pp
229-251. CABI, Australia.

Martinez, D., Garcia, D. & Herrera, J.M. (2014) Consistency and reciproc-
ity in indirect interactions between trees mediated by frugivorous birds.
Oikos, 123, 414-422.

Martinez, 1., Garcia, D. & Obeso, J.R. (2008) Differential seed dispersal
patterns generated by a common assemblage of vertebrate frugivores in
three fleshy-fruited trees. Ecoscience, 15, 189-199.

Morales, J.M. & Carlo, T.A. (2006) The effects of plant distribution and
frugivore density on the scale and shape of dispersal kernels. Ecology,
87, 1489-1496.

Morales, J.M., Rivarola, M.D., Amico, G. & Carlo, T.A. (2012) Neighbor-
hood effects on seed dispersal by frugivores: testing theory with a mistle-
toe-marsupial system in Patagonia. Ecology, 93, 741-748.

Morales, J.M., Garcia, D., Martinez, D., Rodriguez-Pérez, J. & Herrera,
J.M. (2013) Frugivore behavioural details matter for seed dispersal: a
multi-species model for Cantabria thrushes and trees. PLoS ONE, 8,
€65216.

Prasad, S. & Sukumar, R. (2010) Context-dependency of a complex fruit-
frugivore mutualism: temporal variation in crop size and neighborhood
effects. Oikos, 119, 514-523.

R Development Core Team(2012) R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Computing, Vienna.

Saracco, J.F., Collazo, J.A. & Groom, M.J. (2004) How do frugivores track
resources? Insights from spatial analyses of bird foraging in a tropical
forest. Oecologia, 139, 235-245.

Spatial networks of fleshy-fruited trees 9

Saura, S. & Pascual-Hortal, L. (2007) A new habitat availability index to
integrate connectivity in landscape conservation planning: comparison
with existing indices and application to a case study. Landscape and
Urban Planning, 83, 91-103.

Saura, S. & Rubio, L. (2010) A common currency for the different ways in
which patches and links can contribute to habitat availability and con-
nectivity in the landscape. Ecography, 33, 523-537.

Saura, S. & Torne, J. (2009) Conefor Sensinode 2.2: a software package for
quantifying the importance of habitat patches for landscape connectiv-
ity. Environmental Modelling & Software, 24, 135-139.

Soons, M.B., Messelink, J.H., Jongejans, E. & Heil, G.W. (2005) Habitat
fragmentation reduces grassland connectivity for both short-distance
and long-distance wind-dispersed forbs. Journal of Ecology, 93,
1214-1225.

Spiegel, O. & Nathan, R. (2007) Incorporating dispersal distance into the
disperser effectiveness framework: frugivorous birds provide complemen-
tary dispersal to plants in a patchy environment. Ecology letters, 10,
718-728.

Taylor, P.D., Fahrig, L. & With, K.A.(2006) Landscape connectivity: a
return to the basics. Connectivity Conservation (eds K.R. Crooks & M.
Sanjayan), pp 29-43. Cambridge University Press, New York.

Wiegand, T., Moloney, K., Naves, J. & Knauer, F. (1999) Finding the
missing link between landscape structure and population dynamics:
a spatially explicit perspective. The American naturalist, 154,
605-627.

Received 26 August 2013; accepted 20 February 2014
Handling Editor: Theunis Piersma

Supporting Information

Additional Supporting information may be found in the online
version of this article:
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years.

Table S1. Results of the GLM analysis on fruit crop affected by
years and fleshy-fruited species
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cies

Table S4. Results of the GLM analysis on the integral probability
of connectivity of each tree of each tree affected by years and fle-
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