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ABSTRACT

The rewilding of abandoned agricultural lands
opens up opportunities for the recovery of forest
ecosystem extent. Frugivorous animals not only
take part in the regeneration of unaltered forests,
but leave a visible footprint in restoring areas in the
form of the number and spatial distribution of new
trees recruited from dispersed seeds. Nevertheless,
their contribution is conditioned by how environ-
mental factors affect both the patterns of seed dis-
persal and the fate of post-dispersal regeneration
stages throughout the whole ecosystem. Here, we
evaluated the role of avian seed dispersers in tree
regeneration in woodland pastures resulting from
anthropic deforestation. Using an integrative ap-
proach, considering the different tree regeneration
stages, we dissected the ways in which forest loss
conditioned the contribution of frugivores. Habitat
structure influenced bird activity, mainly restrict-
ing seed dispersal to forested areas. Tree recruit-
ment was severely reduced during early
regeneration stages, but maintained the initial

forest-biased spatial distribution. However, the
presence of scrub in deforested areas, which protect
against grazing at late regeneration stages, drasti-
cally increased the relevance of tree recruitment
outside the forest. Frugivorous birds made a sig-
nificant contribution to tree regeneration in the
woodland pastures under study. The interplay be-
tween seed dispersal by birds and the protective
role of scrub was fundamental in facilitating the
recolonization of deforested areas. If we wish to
encourage this natural reforestation, we will need
to preserve populations of frugivorous birds while
favoring landscape configurations that encourage
seed dispersal outside the forest and species that
promote tree establishment (like nurse scrubs).
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INTRODUCTION

Habitat degradation and biodiversity loss threaten
human wellbeing (Balmford and William 2005;
Hooper and others 2012) but, even as ecosystem
alteration continues at the global scale, this trend is
starting to be reversed in certain areas of the
Northern Hemisphere (Pereira and Navarro 2015).
The depopulation of areas with low productivity
and remote montane rural regions throughout
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Europe and North America is leaving behind a large
number of abandoned lands, which are open to
natural forest succession (MacDonald and others
2000; Pereira and Navarro 2015). The rewilding of
these abandoned lands thus represents an oppor-
tunity for the restoration of forest biodiversity and
ecosystem functions and, consequently, for the
recovery of the important services that forests
provide (Chazdon 2008; Navarro and Pereira
2012), such as soil stabilization, flood control, CO,
storage and climate regulation, among others
(Daily 1997). Nevertheless, this natural recovery is
governed by many different, and potentially limit-
ing, ecological factors. It depends not only on the
kind and magnitude of the anthropogenic distur-
bance, but also on the resilience of the original
ecosystem to that disturbance (Chazdon 2008;
Cramer and others 2008). This resilience may result
from the effects of forest elements still remaining in
the degraded patches (the so-called internal eco-
logical memory; Nystrom and Folke 2001), the
surrounding undisturbed patches which serve as
sources of new propagules (external memory), and
certain organisms that transfer the propagules from
undisturbed to degraded patches (mobile links).
Thus, to better understand forest recovery, we must
study tree recruitment along gradients of ecosystem
degradation, allowing us to consider those ele-
ments acting as biological legacies (for example,
remnant trees), and structures which anchor
recruitment (for example, nurse plants) that appear
within deforested areas, as well as the remaining
forest patches and the vectors of seed dispersal to
deforested areas (Garcia and others 2013).
Frugivorous animals acting as seed dispersers
carry out a key ecological function by contributing
to plant regeneration in natural ecosystems
(Lundberg and Moeberg 2003; Howe and Miriti
2004; Farwig and Berens 2012). Furthermore, they
have been recognized to be essential elements of
resilience, as they favor vegetation recolonization
in disturbed ecosystems when dispersing plant
seeds from undisturbed areas (for example, by
promoting tree recovery after deforestation; Wun-
derle 1997; Cavallero and others 2013). Thus,
through the quantity and spatial distribution of
new adult plants established from dispersed seeds,
frugivorous animals leave a significant footprint in
natural ecosystems. But the contribution of frugi-
vores to plant regeneration can show important
limitations. First, the regeneration potential gen-
erated by frugivores is not evenly distributed
everywhere, but rather is shaped by the environ-
mental factors that affect the distribution of frugi-
vores and, consequently, the spatial pattern of seed

deposition (that is, the seed rain; Nathan and
Muller-Landau 2000). Second, although frugivores
may create the initial spatial template of plant
regeneration (for example, Wenny 2000; Garcia
and others 2009; Suarez-Esteban and others 2013),
this template is frequently far from representative
of the final distribution of adult plants (Schupp and
Fuentes 1995; Rey and Alcantara 2014). This is
because the spatial patterns of the seed rain are
filtered by environmental factors that affect seed
survival, seedling emergence and establishment,
and sapling survival, and which finally dilute the
initial frugivore footprint (Schupp and others
2010).

Constraints on the contribution of frugivorous
animals to plant recruitment can be especially
severe in human-impacted ecosystems (Duncan
and Chapman 2002). The quantity and the spatial
patterns of seed deposition may be restricted in
these areas as a result of the detrimental influence
of habitat degradation on frugivore population size
and behavior (Pejchar and others 2008; Farwig and
Berens 2012; Rey and Alcantara 2014). This filter-
ing can, in addition, be exacerbated by post-dis-
persal seed and seedling losses, which may be
higher in human-disturbed areas due to changes in
abiotic conditions (for example, light, humidity and
temperature; Kapos and others 1997; Uriarte and
others 2010), and/or in the behavior of seed and
seedling predators (Garcia and Chacoff 2007;
Gonzalez-Varo 2010). Discerning the actual role of
frugivorous animals on ecosystem recovery can
therefore only be accomplished by simultaneously
studying the different environmental factors that
affect plant regeneration throughout entire land-
scapes, that is, by considering both pristine and
degraded areas (Kremen 2005; Kremen and others
2007).

In this study, we evaluate, at a landscape scale,
the contribution of avian seed dispersers to forest
regeneration within the context of an ecosystem
degraded by agricultural land use. For this purpose,
we linked the broad-scale spatial patterns of habitat
structure (distribution of forest and open pastures),
bird abundance and four sequential tree regenera-
tion stages (seed, emerged and established seed-
lings, and saplings) by means of an integrative
approach. We took into account the influence of
habitat alteration (deforestation) on tree recruit-
ment, differentiating between effects on frugivore
activity and seed dispersal and effects on post-dis-
persal seed fate. Specifically, we sought to answer
the following questions: (1) Do the abundances of
tree regeneration stages differ between forest and
open pastures? (2) How do habitat characteristics
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(abundance of tree cover and fruit production
within forest, and scrub cover in deforested areas)
influence the contribution of frugivorous birds to
tree regeneration? (3) To what degree do frugivo-
rous birds contribute to tree recolonization within
the deforested habitat? Answering these questions
will help to develop guidelines for the management
of natural forest recovery in abandoned agricul-
tural lands.

MATERIALS AND METHODS
Study System

This study was conducted on mid-elevation
woodland pastures of the Cantabrian Range in
northern Spain. This is a heterogeneous habitat
resulting from the historical fragmentation and loss
of Atlantic temperate forests exploited for timber
and cleared for extensive livestock raising (mainly
cattle and horses), and which is maintained by
constant overbrowsing (Garcia and others 2005a).
This type of environment is commonly found,
worldwide, in temperate systems influenced by
historical anthropization (Darby 1956; Vera 2000;
Pereira and Navarro 2015). The woodlands contain
variable-sized fragments of primary forest (mainly
composed of beech Fagus sylvatica) and, more fre-
quently, secondary forest embedded in an exten-
sive (>70% cover) human-generated matrix of
open pastures composed of stony meadows and
interspersed heathland (heather Erica spp., gorse
Ulex europaeus). The secondary forest is dominated
by fleshy-fruited trees (hawthorn Crataegus monog-
yna, holly Ilex aquifolium, yew Taxus baccata, rowan
Sorbus aucuparia, and whitebeam Sorbus aria),
which account for more than 70% of tree cover;
(Garcia and others 2013) as well as hazel (Corylus
avellana). Fleshy-fruited tree species overlap in
their ripening period in early autumn, with their
fruits (arilated seeds on T. baccata) staying on trees
until mid-winter. Their main frugivores are thru-
shes (Turdus spp., Martinez and others 2008),
which swallow the entire fruits, expel the intact
seeds in their feces, and hence act as legitimate seed
dispersers. Mammals contribute to tree seed dis-
persal, although to a considerably lesser extent
than thrushes (Martinez and others 2008). The
recruitment of these fleshy-fruited trees depends
primarily on the availability of dispersed seeds (that
is, demographic seed limitation) in the study sys-
tem (Herrera and Garcia 2010). The seed rain is
composed of seeds dropped by frugivores and seeds
from fruits fallen beneath tree canopies. Seed pre-
dation by rodents is high during the winter after

seed dispersal (Garcia and others 2005b). The seed
bank is transitory and most seedlings emerge be-
tween April and June, 18 months after seed dis-
persal (authors” unpublished results). Seedling
mortality is high due to herbivore browsing or
trampling, but recruitment may be facilitated by
nurse shrubs or trees (Garcia and Obeso 2003).

Study Site

The study site was located in the Sierra de Pefa
Mayor (1000 m a.s.l.; 43°17'59”N, 5°20'29”W As-
turias, Northwest Spain). At this site, secondary
forest is intermingled with mature forest within a
dominant non-forested matrix (Figure 1A). The
study was conducted within a 400 x 440 m rect-
angular plot (Figure 1B) chosen to represent a
spatial gradient of forest loss and, thus, habitat
structure characteristics: it was mainly covered
(circa 70%) by pastures, heathlands, and limestone
rocky outcrops, and forest cover varied from dense
stands to scattered trees isolated within the non-
forested matrix (Figure 1A; Martinez and Garcia
2015). Fleshy-fruited trees (mostly holly, hawthorn
and yew) are accompanied by hazel and a low
number of individuals of beech and ash (Fraxinus
excelsior). For the better management of spatial
information, the plot was subdivided into 440,
20 x 20 m cells (Figure 1B). Previous studies have
proven that these plot and cell dimensions repre-
sent a spatial scale (respectively, extent and grain
size) appropriate for studying variability in habitat
cover, fruit production, bird activity, seed dispersal,
and seedling emergence (Herrera and Garcia 2010;
Garcia and others 2013).

Habitat Characteristics

We developed a Geographic Information System of
the study plot (GIS, ArcGIS9.3) based on a recent
(2009) 1:5000-scale orthophotograph. We gener-
ated a layer with precise geo-referenced informa-
tion related to the plot, including the grid of 440,
20 x 20 m cells (Figure 1B). Another GIS layer
representing the extent and location of forest cover
was generated by carefully digitizing the
orthophotograph. The forest cover layer repre-
sented the canopy projection of all trees
(DBH > 10 cm, height > 1.5 m), including iso-
lated individuals within pastures.

In October of 2009 and 2010, we surveyed the
entire plot, mapping all trees and identifying them
at the species level. For each fruiting individual
(mostly hawthorn and holly, and a small number
of yew), we visually estimated the number of
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Figure 1. A View of the
Cantabrian woodland
pastures at the study site.
Secondary forest patches
and remnant trees appear
embedded in a deforested
matrix of pastures and
heathlands. B Map of the
study plot
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standing fruits using a semi-logarithmic scale [Fruit
Abundance Index (FAI): 1 = 1-10 fruits; 2 = 11-
100; 3 =101-1000; 4 =1001-10,000; 5>
10,000]. In the system and site studied, the fruiting
of all individuals of the different species is syn-
chronous, and ripening occurs within 1-2 months
(although fruits remain attached to trees for a fur-
ther 1-3 months). Thus, we considered that a sin-
gle sampling of fruit abundance at the beginning of
the season provided an appropriate estimate of the
spatial arrangement of fruit resources (Garcia and
others 2013). We also assessed the presence/ab-
sence of big trees whose tops overgrew the average
forest canopy, as previous studies in the same site
have evidenced that they influence bird activity in

the study area (Martinez and Garcia 2015). For
further information on the big tree classification
procedure, see Online Appendix A.

Habitat characteristics were quantified in a subset
of 220 plot cells, selected following a chess-board
design (Figure 1C). From GIS information, we
calculated area of forest cover, big tree presence,
and fruit abundance in each cell. Fruit abundance
was obtained as the sum of the crop sizes of all the
fruiting trees in a cell. Individual crop sizes were
extrapolated from FAI ranks considering an allo-
metric fit between the actual crop size and FAI
(actual crop size = 1.765"92*<FAL  p2 = 0 80;
N =136 trees; Martinez and Garcia 2015). In
addition, in the field, we quantified the cover of
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scrub (mostly heather, but also gorse) and the ex-
tent of pasture cover per cell. In summer 2011, we
visually estimated the proportion of scrub cover in
ten areas of 1-m radius randomly distributed
within each cell, and extrapolated the average va-
lue of these areas to the total cell area. Scrub rarely
grows under tree canopy in our study site, and thus
pasture cover per cell was calculated as the surface
of each cell minus forest and scrub covers.

Bird Surveys

We performed bird observations to estimate the
abundance and the spatial distribution of frugivo-
rous birds (Turdus spp.) in different cells of the
study plot during two consecutive fruiting seasons
(October 2009-January 2010; October 2010-Jan-
uary 2011). Observations of thrushes were made
from five different stations in vantage positions
(that is, elevated outcrops) that covered large high-
visibility areas distributed along the central axis of
the plot, and twelve positions within the forest to
cover more reduced areas in some of the eastern-
most cells of the plot where bird detectability was
lower (Online Appendix A, Figure Al). Observa-
tion time was balanced between the various sta-
tions throughout each season. We assigned each
bird sighting to the cell of the study plot where it
occurred. The abundance of birds per cell was cal-
culated as the cumulative number of birds detected
in each cell during the season divided by the total
observation time for each cell, thereby calculating
the number of birds per 10 h of observation. For
detailed information on the methodology of bird
censuses, see Online Appendix A (see also Garcia
and others 2013; Martinez and Garcia 2015).

Sampling of Tree Regeneration Stages

We considered four consecutive tree regeneration
stages: seeds (dropped by birds and in fallen fruits),
emerged seedlings (that is, presenting cotyledons
but no leaves, knots or lignification of the stem),
established seedlings (that is, those emerged seed-
lings surviving after the summer), and established
saplings (that is, pre-reproductive individuals
>10 cm tall or with a stem basal diameter >0.5 cm).
Seeds and seedlings were studied by following two
consecutive yearly cohorts from fruit production to
seedling establishment. The first cohort ranged
from autumn 2009 (fruit stage) until late summer
2011 (established seedling stage), and the second
cohort from autumn 2010 until late summer 2012.
Tree sapling stage was studied through a single

monitoring, covering individuals of different ages,
not assignable to a given cohort.

We assessed seed availability in sampling stations
across the whole plot, at the end of the fruiting
season (January 2010 and 2011), when all fruits
have either been consumed by birds or fallen off
the trees. Ten, 50 x 50 cm sampling stations were
established on the ground in each of the 220 chess-
board cells (Figure 1C; see Online Appendix A for
detailed methodology). In each station, we col-
lected and counted all fleshy fruits fallen directly
from trees and fleshy-fruited tree seeds deposited
by birds during the fruiting season. Bird-dispersed
seeds are unequivocally identifiable because they
are clean of pulp remains and occur in small clus-
ters (Martinez and others 2008). We estimated total
seed density per sampling station as the sum of
bird-dispersed seeds and fruit-contained seeds,
expressing this density as number of seeds per
square meter. We considered seeds of both origins
together as previous studies have suggested that
seeds from fallen fruits also account for a part of
seedling emergence in the tree species studied
(Herrera and Garcia 2010).

We assessed seedling emergence and establish-
ment in sampling stations across the whole plot in
2011 and 2012. Five, 50 x 50-cm sampling stations
were placed in each of the 220 chess-board cells,
each station being located next to one of the seed
availability sampling stations (Figure 1D; see On-
line Appendix A for detailed methodology). In each
station, we checked the emergence of all fleshy-
fruited tree seedlings through consecutive moni-
toring from early April to late August. We counted
the cumulative number of emerged seedlings, and
the number of established seedlings as those sur-
viving by the end of the summer. The densities of
emerged and established seedlings were expressed
as number of seedlings per square meter.

We determined the habitat and the microhabitat
of each seed and seedling sampling station. Habitat
was determined according to the major structural
characteristic of the cover where the quadrat con-
taining it was located, the categories being either
covered (under woody canopy) or open (open
pastures, that is, the matrix not covered by woody
canopy). Microhabitats were classified according to
the fine-grain structural characteristic of the cover,
using the covered category for areas under trees,
but distinguishing between scrub (under the ca-
nopy of scrub species) and pastures (with herba-
ceous vegetation) for the open habitat category.

The entire surface area of each of the 220 chess-
board cells was surveyed, recording the total
abundance of established saplings of fleshy-fruited
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tree species. We performed a single sampling
(summer 2011) aimed to represent long-term,
cumulative tree recruitment in the study site, as the
sapling category aggregates individuals of different
ages (see Online Appendix A for detailed method-
ology). We classified the microhabitat where each
sapling stood according to the same categories used
for seed and seedling sampling stations. During the
2011 sampling, we labeled 386 individuals, trying
to represent an even distribution between micro-
habitats (covered, pasture and scrub) and species
(holly, hawthorn and yew), and covering the
whole extent of the study plot. Due to very low and
spatially aggregated sapling recruitment in yew, we
were only able to label 92 individuals of this spe-
cies. We checked the survival of labeled saplings in
late summer (September) 2012. Sapling survival
was very high (97.15%), and mortality was widely
distributed throughout the plot, and across differ-
ent microhabitats and species (authors’ unpub-
lished data). We thus considered that the success
rate and the spatial template of sapling establish-
ment represented a good proxy of long-term tree
recruitment.

For each cell and cohort (2009 and 2010), we
calculated the average density of seeds and
emerged and established seedlings per square me-
ter. Sapling density per cell was estimated as the
number of individuals per square meter. Also, for
each cell and cohort, we estimated the densities of
seeds, emerged seedlings, established seedlings, and
saplings in deforested habitat by exclusively con-
sidering the data from those sampling stations (or
individuals in the case of saplings) in open micro-
habitats (Figure 1C, D).

Statistical Analyses

We were interested in taking into account the
influence of habitat degradation on tree recruit-
ment while studying the contribution of frugivo-
rous birds to forest regeneration. For this purpose,
we first evaluated the influence of habitat and
microhabitat structure on the abundance of the
different tree regeneration stages. Between-habitat
(covered vs. open) density differences were tested
for the different regeneration stages by means of
independent Generalized Linear Models (GLMs) for
each stage, considering quasi-Poisson error distri-
butions and /og link functions. Analyses concerning
seed availability, seedling emergence, and seedling
establishment were based on densities at the sam-
pling station scale, whereas those concerning sap-
ling establishment used density estimated on a per-
cell basis. We compared the distribution of indi-

viduals across microhabitats (covered, scrub, and
pastures) between different stages by means of
contingency tables and Chi square tests (for paired
stages). We used the same methodology to compare
the distribution of the individuals of each stage
with that of the microhabitats within the study plot
(from the total frequencies of microhabitats across
all sampling stations; hereafter referred to as
microhabitat availability).

Our objective was to evaluate the role of avian
seed dispersers in forest regeneration, explicitly
taking into account the influence of habitat char-
acteristics on both the activity of birds and the
different tree regeneration stages. To this end, we
used Structural Equation Modeling (SEM), which
allows the evaluation of complex (that is, multi-
variate) relationships, including cascading effects,
across parameters representing causal processes
and consecutive patterns (for example, habitat ef-
fects and regeneration stages; Grace 2006). Struc-
tural equation models are initially built as saturated
causal schemes, or path diagrams, representing all
hypothesized causal links between different pre-
dictors and response variables, based on previous
knowledge of the ecological system. Path analysis
enables both direct and indirect effects to be mea-
sured between variables across the whole scheme.
Direct effects are represented by links between
consecutive predictor and response variables, and
measured by standardized partial regression coef-
ficients between them. Indirect effects are calcu-
lated as the sum of the products of all standardized
partial regression coefficients over all paths be-
tween non-consecutive predictor and response
variables.

Our main aim was to represent the effect of avian
seed dispersal on forest regeneration across all
habitat types in the landscape, both forest remnant
patches and the deforested habitat matrix. For this
purpose, we constructed independent models to
study the factors influencing, on the one hand, the
emergence of seedlings from different cohorts and,
on the other, the recruitment of saplings (as sap-
lings were not assignable to a particular cohort). In
the first case, the path model of each cohort (2009
and 2010) included emerged seedling and seed
densities, abundance of birds, and habitat charac-
teristics (forest cover, big tree presence, fruit
abundance, and scrub cover) on a cell basis (220
cell chess-board subset). In the second case, the
path model included densities of emerged seedlings
(averaged between cohorts), established seedlings
(averaged between cohorts), and established sap-
lings and habitat characteristics (forest cover, big
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Figure 2. Distribution of forest and scrub cover, abundance of fleshy fruits, abundance of thrushes, and densities of seeds,
emerged seedlings, and established saplings in the study plot. The average value of the two study years is represented for
fruits, thrushes, seeds, and emerged seedlings. A contoured scale (indicated by shades of gray) represents the percentage of
the total sum of each variable in the plot accounted for by each cell. Dashed lines surrounding the minimum value
considered (0.1%) and the scale used are shown. Vertical and horizontal axes of the panels represent the dimensions (in

meters) and the boundaries of the plot.

tree presence, fruit abundance, and scrub cover) on
this same cell basis (N = 220).

Moreover, we were interested in evaluating the
role of avian seed dispersal in forest recolonization
(that is, tree recruitment in the deforested matrix).
For this purpose, we repeated the above models,

but only considering the data for the tree regen-
eration stages obtained from stations in open pas-
tures. As such, only those cells with a minimum of
four stations in open microhabitats for seed sam-
pling, and of two such stations for seedling sam-
pling, were incorporated in the models (N = 183
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Table 1. Summary of the Density of Individuals of Fleshy-fruited Trees in the Different Regeneration Stages
Cohorts 2009 2010
Seeds (m?) 81.29 + 13.75 43.89 + 6.79
Covered 323.13 £+ 24.76 160.29 + 13.91
Birds 242.53 4+ 20.13 100.9 £+ 10.33
Fallen fruits 80.58 £+ 7.90 59.33 + 4.84
Open 5.32 £ 0.55 6.72 = 0.68
Birds 3.76 £ 0.42 3.88 £ 0.55
Fallen fruits 1.99 + 0.34 2.7 £ 043
Emerged seedlings (m?) 3.58 + 0.46 5.47 + 0.57
Covered 12.31 £ 1.63 17.81 £ 1.90
Open 0.44 £+ 0.07 1.04 £ 0.16
Established seedlings (m?) 1.56 + 0.21 1.80 £+ 0.23
Covered 5.49 £ 0.77 6.03 £ 0.79
Open 0.15 £+ 0.04 0.27 £ 0.06
Established saplings (m?) 0.06 £ 0.004
Covered 0.10 £ 0.010
Open 0.04 + 0.004

The densities of seeds, emerged seedlings, and established seedlings are shown for two different 1-year cohorts, whereas that of established saplings corresponds to a single
sampling which pooled different cohorts. For all stages, the average values in the whole dataset, distinguishing between covered and open habitats, are shown +xstandard error
(N = 2200 and 1100 sampling stations for, respectively, seeds and seedlings; N = 220 cells for saplings). Additionally, the average values of seeds from different origins (seeds

dispersed by birds vs. those from fallen fruits) are provided for the seed stage.

cells). No big trees appeared within these cells, and
thus this variable was excluded from these models.

We considered possible alternatives to the satu-
rated model by constructing nested models sharing
the same causal structure. The final models were
chosen on the basis of the Akaike Information
Criterion (AIC). The fit of each model to the data
was assessed using a likelihood %* value, with non-
significant values indicating fit between model and
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Figure 3. Distribution of the percentage of individuals of
fleshy-fruited trees in different regeneration stages, in
different microhabitats. The availability of the micro-
habitats in the study plot is also shown.

the data. To avoid the possibility that deviations
from multivariate normality could be influencing
both parameter estimations and overall model »?
value, we applied Satorra-Bentler corrections (Sa-
torra and Bentler 1994).

Due to the configuration of the sampling
framework (adjacent cells of the study plot), the
estimation of the effects of habitat characteristics
and bird abundance on the different tree regener-
ation stages may have been affected by potential
spatial autocorrelation in the studied wvariables
(Keitt and others 2002). Thus, to check for the
consequences of spatial constraints in the previous
SEMs, we fitted simultaneous autoregressive
models (SAR; Keitt and others 2002; see Online
Appendix B). We considered that the partial
regression coefficients provided by SAR models
represented the direct effects of habitat character-
istics and bird abundance on the different regen-
eration stages, free of autocorrelation constraints
(see Garcia and others 2010 for a similar proce-
dure).

All the analyses were performed using R 2.15,
with the lavaan package for SEMs (Rosseel 2012).

REsuLTs
Habitat Heterogeneity

Habitat characteristics showed strong spatial
heterogeneity across the whole plot (Figure 2).
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Namely, forest cover, big trees (only appearing
within forest), and fruits presented highly over-
lapped distributions, whereas scrub cover showed
the opposite pattern to that of forest cover. The
spatial pattern of bird abundance and the densities
of seeds, emerged seedlings, and established seed-
lings (almost identical to that of emerged seedlings)
strongly matched the gradient of forest cover. In
contrast, saplings were spread widely across the
whole study plot, and their establishment pattern
emerged as a combination of both forest and scrub
covers.

Distribution of Tree Regeneration Stages

The density of available seeds was an order of
magnitude higher than those of emerged and
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Figure 4. Path diagrams
of the best-fit structural
equation models showing
the effects of habitat
characteristics and the
abundance of avian seed
dispersers (thrushes) on
tree regeneration stages
for the forest regeneration
model (N = 220 cells).
Values of standardized
partial regression
coefficients are shown. A
Models for habitat and
bird influences on the
densities of seeds and
emerged seedlings, for the
cohorts studied. B Model
for habitat influence on
the densities of
established seedlings and
saplings. All arrows
represent effects that are
significant at P < 0.05,
except for the dashed-line
arrow (P = 0.1).
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established seedlings, and three orders of magni-
tude higher than the density of established saplings
for the two different one-year cohorts studied
(Table 1). Bird-dispersed seeds accounted for more
than 60% of total seed availability in both fruiting
seasons, even for covered habitat (Table 1). The
density of bird-dispersed seeds and that of seeds
from fallen fruits were highly correlated (Spearman
p > 0.75, P < 0.001, N =220 cells, for both
fruiting seasons).

The density of the tree regeneration stages
studied was different between habitats (GLM,
I > 5 and P < 0.0001 in all cases), with all stages
presenting higher densities in covered than in open
habitat (Table 1). Furthermore, distribution of the
different stages across microhabitats differed sig-
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nificantly from that of microhabitat availability in
the study plot (y* > 5.99, P < 0.05 in all cases).
We also found different microhabitat distributions
between stages, except when comparing those of
dispersed seeds and established seedlings
(=339, P=0.18; 7> > 5.99; P < 0.05 in all
other cases). The distributions of seeds, emerged
seedlings, and established seedlings were strongly
biased toward covered microhabitats, whereas half
the saplings appeared in open areas, with most of
them standing within scrub (Figure 3), even
though covered and scrub were the least abundant
microhabitats.

Forest Regeneration

The best-fit SEMs for seedling emergence included
all the predictors considered except scrub cover,
while those for sapling establishment included all
predictors except fruit abundance, with respect to

Forest cover

ot | —054——{ o
0.38

N\

Figure 5. Path diagrams
of the best-fit structural
2010 equation models showing
the effects of habitat
characteristics and the
abundance of avian seed
dispersers (thrushes) on
tree regeneration stages,
0.39 for the forest
recolonization model
0.31 (N = 183 cells). Values of
; standardized partial
regression coefficients are
shown. A Models for
habitat and bird
}'31 influences on the
densities of seeds and

‘ Emerged seedlings ‘

emerged seedlings, for the

Scrub cover

studied cohorts. B Model
for habitat influence on
the densities of
established seedlings and
saplings. All arrows
represent effects that are
significant at P < 0.05.

both forest regeneration and recolonization models
(Figures 4, 5).

SEMs representing forest regeneration (that is,
those that incorporated the whole dataset) showed
that the density of seeds was directly affected by the
habitat characteristics of the cell (Figure 4). That is,
forest cover and fruit abundance both had a direct
positive influence on seed density in both cohorts,
while big trees only showed direct, and negative,
effects in the 2009 cohort (Online Appendix C,
Table C1). These models also indicated that the
density of emerged seedlings was, in turn, directly
influenced by both the density of seeds and forest
cover. The density of established seedlings was not
directly influenced by habitat characteristics, and
was only related to the density of emerged seed-
lings (Figure 4). In contrast, the density of sapling
establishment was unrelated to previous regener-
ation stages, but positively influenced by forest and
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scrub cover. As judged by the values of standard-
ized path coefficients, forest cover was the habitat
characteristic that most influenced densities of
established saplings (Online Appendix C, Table C1).

Forest Recolonization in Open Pastures

SEMs representing forest recolonization (that is,
those including the data from open sampling sta-
tions) revealed that, as well as forest cover and fruit
abundance, abundance of thrushes had a signifi-
cant positive direct effect on the density of seeds.
This effect cascaded into the density of emerged
seedlings in open habitats, for both cohorts, as this
response variable in itself was unaffected by any
environmental predictor (Figure 5). Path structure
for sapling establishment in open habitats was
similar to that in the regeneration model, but with
scrub cover as the main predictor of sapling den-
sities in these areas (Online Appendix C, Table C2).

The SAR models relating the different regenera-
tion stages to habitat characteristics and bird
abundance corroborated the effects suggested by
previous SEMs, free of spatial autocorrelation
constraints (see Online Appendix B, Tables B1 and
B2).

DiscussioN

In this study, we evaluated the role of frugivorous
birds to forest regeneration and recolonization
under a context of anthropogenic deforestation and
agricultural land use. In contrast to previous
microhabitat-centered studies (Garcia and others
2005b; Gonzdlez-Varo and others 2012; Rey and
Alcantara 2014), here we used a landscape-scale
approximation, enabling us to reveal the footprint
that frugivore activity left on a degraded ecosystem.
In addition, using an integrative approach allowed
us to uncover the different ways through which
habitat characteristics influence the contribution of
birds to landscape-scale patterns of tree recruit-
ment.

Forest Regeneration

Our observational results suggest that habitat
structure strongly influenced forest regeneration
when considered through the whole study plot.
Even when most of the landscape was deforested,
tree regeneration stages appeared heavily biased
toward forest areas. This is probably because forest
cover directly favors recruitment across the differ-
ent regeneration stages, but also because the pres-
ence of forest could indirectly affect the role of
other components of the system in the regenera-

tion process (Figure 4; Online Appendix C,
Table C1).

As has been found for other temperate and
tropical ecosystems (Holl and others 2000; Garcia
and others 2010; Bustamante-Sanchez and Ar-
mesto 2012), the availability of seeds for further
recruitment was concentrated under forest canopy.
As judged by the analysis of seed rain, which
showed most seeds being found in bird droppings,
this pattern was mostly the result of birds being
concentrated within forests, but fruit fall under
source trees also contributed. Nonetheless, path
analysis showed that changes in bird density did
not affect the broad-scale patterns of seed avail-
ability for tree regeneration. Two facts could ex-
plain this lack of a relationship: (1) birds may stay
longer in areas with high forest cover, thus creating
large seed clumps even at low bird densities (as
suggested by the direct effect of forest cover on seed
availability; see also Garcia and others 2010; Mar-
tinez and Garcia 2015); or (2) the variability in seed
availability is also capturing the variation in fruit
fall (as suggested by the direct effect of fruit
abundance).

Even when a high degree of demographic filter-
ing took place during early regeneration stages
(that is, low probability of seedling establishment),
the spatial pattern of tree regeneration determined
by seed availability was strongly retained. Certain
minor alterations of spatial patterns occurred dur-
ing the seed-to-seedling transition, but these
changes were reversed during seedling establish-
ment and the initial pattern of seed rain restored.
This high concordance between the spatial patterns
of early regeneration stages suggests that the
environmental constraints affecting them, even
when considering severe demographic losses, were
spatially more homogeneous than seed availability
(Schupp and Fuentes 1995; Garcia and others
2005b).

In contrast, seedling-to-sapling transition meant
not only a drastic decrease in the number of indi-
viduals, but also an alteration of the forest-biased
pattern of early regeneration, with most saplings
appearing in open areas (Figure 3). The fact that
the saplings sampled did not belong to the same
cohorts as the early regeneration stages studied
here could explain this mismatch. Nevertheless, the
large between-stages differences in the distribution
of individuals across microhabitats suggest the
existence of strong environmental filtering during
late recruitment which imposed a new spatial pat-
tern and decoupled the spatial pattern of saplings
from that of previous stages (Schupp and Fuentes
1995; Garcia and others 2005b). This was the only
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regeneration stage correlated with scrub cover,
and, in fact, most saplings standing in deforested
areas grew within scrub bushes, suggesting some
kind of facilitation effect for saplings. As summer
drought is rare under the Atlantic climatic condi-
tions of our study site, we suggest that scrub had a
positive effect on sampling establishment by pro-
viding protection from ungulate browsing in the
study site (see also Garcia and Obeso 2003; Padilla
and Pugnaire 2006; Smit and others 2015).

Recolonization of Deforested Areas

The influence of habitat structure on forest recol-
onization seemed to be quite similar to that found
for regeneration across the whole plot, with tree
recruitment in open areas being favored in the
vicinity of forest remnants. Frugivorous birds vis-
ited deforested areas more frequently when these
were surrounded by abundant forest cover and
fruits, and the larger number of birds visiting these
deforested areas led to increased seed deposition
there. In other open habitats, birds use isolated
trees as perches, resulting in an increase in the seed
rain in the area surrounding them (Cardoso da
Silva and others 1996; Duncan and Chapman 2002;
Martinez and Garcia 2015). Again, the spatial pat-
terns of the different early regeneration stages were
highly concordant, while the distribution of sap-
lings was unrelated to that of the previous stages,
being shaped by habitat structure. Indeed, scrub
cover was the most important predictor of sapling
occurrence in the deforested areas (Figure 5), and
around 75% of individuals standing in these areas
were found within scrub bushes. Both facts provide
evidence of the importance of plant-plant facilita-
tion for forest recolonization.

Contribution of Frugivorous Birds

Our field samplings show that dispersal by birds
provided most of the seeds available for recruit-
ment, both under forest canopy and within pas-
tures (Table 1). It is likely that this quantitative
contribution would be maintained, or even rein-
forced, during the seedling and sapling stages, as
bird-dispersed seeds usually show higher survival
and germination rates than seeds from fallen fruits
(Traveset 1998; Garcia and others 2007). However,
as stated above, our correlational analysis demon-
strated that seed and seedling distributions across
the whole landscape (that is, the forest and the
non-forest matrix taken together) depended on
landscape structure, rather than on variations in
bird abundance. In other words, birds would not
erase, through seed dispersal, the patterns of tree

regeneration molded by forest cover and fruit
abundance. In fact, due to their spatial tracking of
forest cover and fruits, they would actually rein-
force the recruitment template established by adult
trees (as judged by the positive correlation between
seed deposition by birds and seeds in fallen fruits).
Nonetheless, our results show that the contribution
of birds to shaping broad-scale patterns of tree
recruitment only emerged when considering
recolonization of open pastures. Moreover, the
initial influence of birds on forest recruitment be-
came blurred in the long term, as the spatial pat-
terns of recruitment drastically changed in the
seedling-to-sapling transition. Even when birds
dispersed few seeds to open pastures, browsing by
ungulates biased the survival of saplings toward
those growing under the protective canopy of scrub
species, severely increasing the relevance of tree
recruitment in the deforested matrix.

CONCLUSIONS

Our landscape-scale study shows that habitat
structure influences the role of frugivorous birds
not only by influencing their spatial distribution,
and hence seed-rain patterns, but also by deter-
mining the fate of post-dispersal regeneration
stages. Frugivores help reinforce the spatial pat-
terns of forest self-regeneration at the broad scale,
but, at the same time, they foster the recolonization
of deforested pastures by delivering seeds into safe
microhabitats. Birds are essential for tree recruit-
ment in deforested areas, but scrub is equally
necessary to ensure that bird-promoted recruit-
ment effectively leads to ecosystem recovery.
Management programs aiming to sustain, or
even encourage, the rewilding of semi-abandoned
montane pastures in the Cantabrian range should
focus on the main species involved, together with
the configuration of the habitat structure across the
landscape. Conserving populations of frugivorous
birds is fundamental if the aim is to trigger forest
recovery. This is especially important in our study
system, where some of the main seed-disperser
species show population declines (Rivalan and
others 2007; SEO/BirdLife 2013). It would also be
necessary to favor those landscape configurations
that contribute to reducing limitations on seed
dispersal in open pastures by maintaining, or even
planting, small forest patches and scattered fleshy-
fruited trees (Holl and others 2000; Duncan and
Chapman 2002; Cavallero and others 2013). Fi-
nally, measures aimed at overcoming restrictions to
tree establishment, which would reduce the nega-
tive impact of ungulates, are also needed. Main-
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taining nurse scrub within deforested areas, to-
gether with establishing small, short-term (that is,
10-15 years) ungulate exclosures (compatible with
the exploitation of pastures by cattle raisers), would
be particularly useful for this purpose (Goémez-
Aparicio and others 2004; Padilla and Pugnaire
2006; Swanson and others 2011; Smit and others
2015). We consider that these guidelines can be
easily extrapolated to many other temperate areas
where natural ecosystems have been impacted by a
similar process of degradation by human land use
(Darby 1956; Vera 2000; Pereira and Navarro
2015).
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