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Abstract

1.

Ecologists have long recognized that seed dispersal mutualisms trigger natu-
ral regeneration and range expansion of animal-dispersed trees. Yet we lack
empirical studies addressing whether frugivore activity influences founder ef-
fects, which reduce genetic diversity at the colonization front of expanding

populations.

. Here, we evaluate the contribution, from both demographic and genetic perspec-

tives, of animal frugivores dispersing seeds across an expansion gradient. We
used DNA barcoding for frugivores identification and highly polymorphic genetic
markers (SSRs) for maternal analysis of juniper seeds to investigate how (1) stand
maturity, (2) microhabitat types and (3) foraging patterns shape the distribution

of the maternal progenies along this gradient.

. We expect both reduced seed rain density and low numbers of source trees

contributing to the seed rain at the colonization front, with limited availabil-
ity of local fruiting trees. We also anticipated that large-sized frugivore spe-
cies would promote maternally rich seed rain due to their ability to mix seed
progenies during digestive processing and move further distances across the

landscape.

. Contrary to our expectations, we found that all identified frugivores produced

dense and genetically diverse seed rains across the expansion gradient, even at

the colonization front, characterized by scarce fruiting trees.

. Synthesis: Our findings shed light on the fundamental and applied implications

of plant-frugivore interactions in shaping highly diverse second-growth forests.
These results emphasize the necessity of preserving plant-animal mutualistic in-
teractions to ensure the persistence and expansion of natural tree populations,

particularly in formerly fragmented landscapes
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Deforestation has led to a global reduction in forest cover over de-
cades, but recent environmental policies and widespread rural land
abandonment now foster forest regeneration and expansion world-
wide (Chazdon et al., 2020). As second-growth forests expand, our de-
pendence on them to support our well-being increases, but regrowth
forests have long been considered less capable of providing ecosys-
tem services comparable to those obtained from old-growth forests
(Chazdon, 2014). Yet, recent studies reveal that naturally regenerating
forests on formerly tree-depleted rural lands exhibit comparable car-
bon uptake and host similar levels of plant and insect diversity (Espelta
et al., 2020; Poorter et al., 2016). These results encourage further em-
pirical studies to understand the regeneration dynamics underlying
fast-paced forest natural expansion and, more importantly, to identify
the factors that shape diverse, functional and resilient future forests.
Natural regeneration and the expansion of forest fragments
commence with the formation of the seed rain, that is, the spatial
distribution throughout the landscape of all seeds dispersed in each
reproductive event (Harper, 1977; Figure 1). Seed rains, thus, serve as
the starting template for plant regeneration in mature stands and for
plant expansion in colonization front stands (Jordano & Godoy, 2002).
Frugivores provide dispersal services to animal-dispersed plants—in-
cluding 70%-94% of woody species in tropical forests and 50%-75%
in local Mediterranean habitats (Jordano, 2014)—in exchange for food
resources. Frugivore foraging patterns form strongly aggregated seed
rain patterns, where seeds are disproportionately dispersed to few
highly preferred deposition sites (see Figure 1 for further discussion
on seed rain patterns, foraging behaviour and microhabitat prefer-
ences). The same foraging patterns also determine the distribution of
maternal progenies within and across deposition sites, that is, whether
deposition sites receive seeds from one/few fruiting trees or, instead,
they accumulate seeds from many different mother trees (Figure 1)
(Carvalho et al.,, 2020; Garcia & Grivet, 2011; Karubian et al., 2010;
Scofield et al., 2012). In this way, the demographic and genetic conse-
quences of animal-mediated seed dispersal are tightly intertwined. For
example, Karubian et al. (2010) found that the foraging behaviour of a
long-wattled umbrellabird clumped maternal progenies of a palm tree
at leks where males spend up to 80% of their time during their breeding
season (see also Wenny & Levey, 1998). Likewise, Garcia et al. (2009)
demonstrated that vegetation cover determined frugivores' site prefer-
ences, with more maternal progenies found in covered microhabitats
compared with open ones, a pattern corroborated in other studies (e.g.
Lavabre et al., 2016). The spatial distribution of the maternal proge-
nies across deposition sites is expected to influence the establishment
of dispersed seeds and early stages of seedling recruitment (Garcia
et al.,, 2009; Grivet et al., 2005), but this aspect remains unexplored
across population expansion gradients. For example, colonization
fronts often exhibit sparse fruiting tree populations, potentially dimin-
ishing maternal source tree diversity in the seed rain while aggregating
maternal progenies at a limited number of suitable deposition sites.
The reduced diversity found at the colonization front of expand-
ing populations has been attributed to founder effects coupled with

rapid expansion, allowing a few colonizing individuals (or genes) to es-
tablish and reproduce over vacant lands while hampering the arrival
of later individuals (Waters et al., 2013). However, recent advanced
models reveal that landscape heterogeneity, density-dependent pro-
cesses (such as Allee effects) and biotic interactions (namely compe-
tition) may facilitate the sequential arrival of individuals promoting
high diversity at the colonization front (Gandhi et al., 2019; Paulose
& Hallatschek, 2020; Roques et al., 2012). Moreover, when long-
distance dispersal events (LDD) occur frequently, genetic diversity
persists across the landscape because the homogenizing effect of
surfing is prevented due to a highly stratified dispersal process (Le
Corre & Kremer, 1998). The increasing data on forest regeneration
and expansion dynamics offer us a timely opportunity to examine
whether natural plant expansion promotes high diversity levels as
suggested previously (Espelta et al., 2020; Garcia et al., 2020) and, if
so, to identify the underlying factors driving these patterns.

In this study, we explore whether a frugivore assemblage influ-
ences seed rain patterns along an expansion gradient, spanning from
mature forest to the colonization front edge. Our objective is to inves-
tigate whether plant-frugivore seed dispersal interactions promote
high levels of genetic diversity in expanding plant populations. We
focus on a juniper expanding population within the Dofana Biological
Reserve (SW Spain), a protected area where juniper woodland patches
have flourished over the past five decades (Garcia et al., 2014), at-
tributed mainly to frugivore activity (Isla, Jaicome-Flores, Arroyo,
et al., 2023) coupled with changes in land use management. Resident
and migrant birds, as well as generalist mammals, forage on the fleshy
cones (galbules) when other food resources are scarce in the area.
Here, we used DNA barcoding for frugivores identification along
with highly polymorphic genetic markers (SSRs) for maternal analysis
of dispersed seeds to: (1) investigate how stand maturity influences
the density and distribution of maternal progenies in the seed rain
across a colonization gradient; (2) evaluate the impact of microhabi-
tat type on the density and distribution of maternal progenies in the
seed rain across this gradient; (3) identify the main frugivores con-
tributing seeds to the seed rain across the colonization gradient and
compare their relative contribution across stands and microhabitats;
and (4) examine whether known foraging patterns of identified frugi-
vores explain the distribution of maternal progenies in the seed rain.
We expect that stand maturity will strongly determine seed density
and maternal progeny distribution, because high-density seed rains
are associated with mature forests that produce abundant crops (e.g.,
Armesto et al., 2001; Butler & Chazdon, 1998; Carlo & Morales, 2008;
Carvalho et al., 2020). We anticipate decreased levels of seed density
and a low number of fruiting trees contributing to the seed rain at the
colonization front, with limited availability of local fruiting trees. It is
known that different frugivores species may generate distinctive seed
rain and maternal progeny patterns due to differences in their body
sizes, foraging patterns and movement patterns across the landscape
(Gonzalez-Varo et al., 2023; Jordano et al., 2007; Schupp et al., 2010).
Larger frugivores exhibit longer seed retention times and move larger
distances through space while feeding on fruits and dispersing seeds
compared with smaller frugivores. Thus, we expect that medium-sized
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FIGURE 1 Distribution of maternal progenies in frugivore-generated seed rains. Frugivores transition from fruiting trees, where they
forage on mature fruits, to deposition sites, where they rest, perch or nest. In this process, they disperse seeds into deposition sites at
preferred microhabitats (e.g. Jordano & Schupp, 2000). Frugivores exhibit different foraging patterns defined by the combination of
microhabitat preferences and foraging behaviour that encompasses the sequence of movements among fruiting trees and deposition sites.
(a) Territorial species typically display limited mobility, favouring specific preferred sites where dispersed seeds are clumped (a, orange

line). In contrast, other species or individuals exhibit broader foraging behaviour, traversing various fruiting trees and widely distributed
microhabitats throughout the landscape (a, blue line). (b) Frugivore foraging patterns imprint the seed rain, that is, the spatial distribution of
all seeds dispersed throughout the landscape from all fruiting trees that contribute seeds. The seed rain functions as the spatial template
that shapes subsequent recruitment patterns of maternal progenies across the landscape, quantified as the number of seeds in a deposition
site (expressed as seed density, no. seeds/m?). When the fruiting tree that produced dispersed seeds is known, we can depict the distribution
of the maternal progenies throughout the landscape. This will show the extent of the seed shadows, which are the spatial distribution of

all dispersed seeds from one specific mother tree (coloured shadows in b; Janzen, 1970). Overlapping seed shadows arise when different
fruiting trees share deposition sites where they disperse progeny (b, green and orange seed shadows), while non-overlapping seed shadows
occur when fruiting trees do not share deposition sites (b, blue seed shadow). (c) The maternal composition of the seed rain (distribution of
progenies) is described using maternal genetic correlations at a given study unit that might include scats (c, brown ellipses), deposition sites
(c, black polygons), microhabitats or a nested combination of these study units (Garcia et al., 2009). Indices describing the fine-scale genetic
structure of these contributions to the seed rain include: Maternal Richness (R) refers to the number of distinct contributing source trees at
the study unit (e.g. deposition site). Maternal Redundancy (uPMI) represents the maternal redundancy at the study unit and it is measured
as the probability that two random seeds from the same deposition site come from the same tree (sensu Grivet et al., 2005). Maternal
Relatedness (r) is the mean genetic relatedness (allele sharing probability) among the trees contributing seeds to a deposition site. Maternal
relatedness increases when seeds come from nearby trees (seeds coloured in green tones) and decreases when seeds come from distant
trees because adult trees show strong spatial genetic correlations (Vekemans & Hardy, 2004).

frugivores will have a greater ability to mix maternal progenies during
digestive processing in the gut and disperse them widely across the
landscape, which will favour maternally richer seed rains, than small-
sized species. We expect our findings to shed light on the fundamental
implications of plant-frugivore interactions during forest regeneration
processes. Furthermore, we discuss broader applied implications of
our research to advance our understanding of the role of biotic inter-

actions in shaping the diversity of expanding second-growth forests.

2 | MATERIALS AND METHODS
2.1 | Studysystem
Our study focuses on an expanding population of Juniperus phoe-

nicea subsp. turbinata and its frugivore seed dispersers in Doflana
National Park (37°0’N, 6°30’W, SW Spain). Juniperus phoenicea is

considered a foundation species (sensu Whitham et al., 2006) and
is one of the clearest examples of a successful colonization pro-
cess in the area, generating a maturity gradient from the remnant
old-growth patches towards recently established stands (Garcia
et al., 2014). This is an anemophilous small tree characterized by
productive mast seasons occurring over years with low cone pro-
duction (Jordano, 1993). The species has an extended fruiting period
(September-May), during which it produces red-brown fleshy cones
when ripe, with an average of five seeds per cone (5.D.=1.2, range
1-10, n=5014).

2.2 | Sampling design
We conducted our study in three 1-ha plots (stands, hereafter) rep-

resenting different maturity stages of plant population colonization
(Table S1). The mature stand is a dense, old-growth juniper forest
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(882junipers/ha) with a high abundance of other fleshy fruited spe-

Journal of Ecology

cies, and scarce pine trees and open areas (Figure S1). The
intermediate-maturity stand has an intermediate density (700juni-
pers/ha) and a low abundance of other fleshy fruited species but a
significant presence of pine trees, open areas and low, dry-fruited,
shrubby vegetation. The colonization front stand presents low
densities of recently established juniper individuals (126junipers/
ha). Here, sandy open areas and dry-fruited species are abundant,
with intermediate densities of pines and other sparse fleshy fruited
species (Figure S1). Within each stand, we differentiated five micro-
habitats where we sampled the frugivore-generated seed rain of J.
phoenicea during two fruiting seasons (2018-2019 and 2019-2020).
The five microhabitats were undercover with (Pinus pinea, Juniperus
phoenicea), other fleshy fruited shrubs, mainly Phillyrea angusti-
folia and Pistacia lentiscus, non-fleshy fruited vegetation, namely
Halimium halimifolium and Salvia rosmarinus, and sandy open areas
without vegetation cover. We characterized the coverage of each
microhabitat by linear transects within the stands. See Table S1 in
Supporting Information. for a detailed description of the main char-
acteristics and composition of the three stands. We placed seed
traps to collect frugivore scats and regurgitated seeds in 45 deposi-
tion sites per microhabitat, 15 per stand, except in open area, where
we sampled by transects (n=539 deposition sites; P. pinea=45,
J. phoenicea=45, fleshy fruited shrubs=45, non-fleshy fruited
shrubs=45, open area=359). See Seed rain survey protocol section in
Supporting Information. for sampling details. We collected samples
every 10days following the protocol described by Gonzalez-Varo
et al. (2014). We estimated the seed rain density (no. seeds/m?) by

dividing the number of seeds by the area sampled in each deposi-
tion site. We randomly selected a subset of deposition sites (n=105,
black-ringed circles in Figure 2a) in which we both analysed the con-
tribution of frugivore species and identified the maternal progeny
composition of the seed rain.

2.3 | Molecular procedures: Frugivore
contributions and maternal genetic composition of the
seed rain

We identified the frugivore species dispersing the seeds sampled
in the seed traps by DNA barcoding of animal scats and regurgi-
tated seeds following the extraction and PCR protocols described
in Gonzilez-Varo et al. (2014), see DNA-Barcoding section in
Supporting Information. We obtained a reliable identification for
518 samples (regurgitated seeds and scats containing one or more
seeds) after discarding those without a reliable identification from
the analyses (8%). We extracted the seeds and identified their ma-
ternal progeny by genotyping the seed endocarp (maternally inher-
ited) using a set of 12 polymorphic microsatellite markers following
the protocols described in Garcia and Escribano-Avila (2016), see
Seed progenies identification section in Supporting Information for
details. After reamplification, we obtained a reliable genotype for
1000 seeds (99.6%), discarding those without DNA amplification or
more than two null alleles. We identified maternal progenies (seeds
from the same mother tree) by matching endocarp genotypes using
the R package ALLELEMATCH v 2.5.1 (Galpern et al., 2012). We
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FIGURE 2 Seed rain of Juniperus phoenicea across three stands in a population expansion gradient in Dofana National Park. (a) Circles
represent the locations of deposition sites with the size of the circle proportional to the estimated seed rain density and coloured according
to the microhabitat type. Black-ringed circles represent focal deposition sites in which contributing frugivores and dispersed progenies were
identified. (b) Variation in frugivore-mediated seed rain density in deposition sites among microhabitats in the three study stands (boxplots

showing median, (50%) quartiles, range and outliers).
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fixed an allele mismatch of two alleles (three if one was a null al-
lele) to account for genotyping errors expected in low-quality DNA
of juniper-seed endocarps (Garcia & Escribano-Avila, 2016). Then,
we assessed three components of the maternal genetic correla-
tions of the seed rain in each deposition site (Figure 1): (i) Maternal
Richness, which is the number of distinct contributing source trees;
(ii) Probability of Maternal Identity (uPMI, hereafter) that is the prob-
ability that two random seeds from the same deposition site come
from the same tree and represents the Maternal Redundancy in the
seed rain adjusting for different sample sizes (Grivet et al., 2005);
and (iii) Maternal Relatedness, which is the genetic relatedness (al-
lele sharing probability) among contributing trees, following Queller
and Goodnight (1989) computed in GenAlEx 6.503 (Peakall &
Smouse, 2012). To assess the feeding behaviour of frugivores, we
also calculated their Maternal Richness per scat and the mean relat-
edness between progenies within scat, within deposition sites and
among deposition sites.

2.4 | Dataanalyses

We performed all analyses using R v. 4.1.0 (R Core Team, 2021). To
assess the effects of stand maturity and microhabitat type first in
seed rain density, and second in the three components of mater-
nal genetic correlations, we performed nested ANOVAs. We fitted
a nested ANOVA (microhabitat/stand) using as a response variable
the seed rain density found in deposition sites, and as main factors
the microhabitat, the stand and the interaction between them. We
also performed three nested ANOVAs with the same structure, but
using the three components of maternal genetic correlations of the
seed rain within focal deposition sites (Maternal Richness, uPMl and
Maternal Relatedness) as response variables. A posteriori pairwise
contrasts were performed using Tukey post hoc tests. In order to
evaluate whether frugivore species disperse seeds independently
among stands and microhabitats, we computed two Pearson's
chi-square tests. To evaluate whether frugivores dispersed seeds
to stands independently, a two-way contingency table was con-
structed by confronting the frugivore species against the percent-
age of deposition sites in each stand where they dispersed seeds.
Similarly, to evaluate whether frugivores dispersed seeds randomly
in the microhabitats or have a preference for certain microhabitats,
the contingency table used in the chi-square test was constructed
by confronting the frugivore species against the percentage of depo-
sition sites in each microhabitat in which seeds were dispersed by
each species. The uneven number of seeds found among stands,
microhabitats and contributed by different frugivore species made
the direct comparisons of maternal accumulation in the seed rain
unreliable. To solve this problem, we performed a rarefaction proce-
dure to compare maternal saturation in accumulation curves among
stands, microhabitats and frugivores by iINEXT R package (Hsieh
et al., 2016). To test to what extent, and how, the seed contribu-
tion of frugivore species determined the maternal components in
the seed rain, we performed a canonical correlation analysis by CCA
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R package (Gonzélez & Déjean, 2021). CCA compared two multivari-
ate data sets with equal number of rows (n=86 deposition sites with
more than one seed), in which one set included maternal genetic
components of the seed rain while the other data set included the
number of seeds that each frugivore species dispersed in each depo-
sition site, generating canonical variables that maximize the correla-
tion between both datasets.

3 | RESULTS

3.1 | Animal-generated seed rain patterns across a
heterogeneous expansion gradient

We collected 3389 faeces (or regurgitated seeds) across all deposi-
tion sites (N=539) that included 7698 dispersed seeds of J. phoeni-
cea. Seed density among deposition sites ranged from Oseeds/m? to
620seeds/m? (Figure 2a). Average seed density differed marginally
among stands (F=2.8, d.f.=2, p=0.061), with slightly higher val-
ues in deposition sites located at the intermediate stand compared
with those sampled at the mature stand (mean+SE, 51.4+6.8 vs.
37.3+5.3, respectively, p=0.056). Microhabitat type had a sig-
nificant effect on seed rain density variability (F=191.2, d.f.=4,
p<0.001). Deposition sites under P. pinea microhabitats received a
significantly higher number of dispersed seeds than in the other mi-
crohabitats. In contrast, open area sites received significantly less,
with 272 sites in open areas receiving no seeds (Figure 2b). Stand
and microhabitat interacted significantly (F=3.4, d.f.=8, p<0.001)
to impact seed density because sites under non-fleshy fruited shrubs
received more seeds in the colonization than in the mature stand.

3.2 | Frugivore contribution to seed rain patterns
across a heterogeneous expansion gradient

We identified 10 species of frugivores dispersing J. phoenicea seeds
through DNA barcoding of samples collected from focal deposi-
tion sites (N deposition sites=105, N faeces=518, N seeds=1000,
Table 1, Figure 3). Turdus philomelos was the species that contrib-
uted most to the seed rain, accounting for 68.7% of dispersed seeds,
followed by Erithacus rubecula, Turdus merula and Vulpes vulpes,
which collectively accounted for 28.4% of dispersed seeds (Table 1).
Ancillary dispersers such as other Turdus species and non-legitimate
dispersers (Chloris chloris and Cervus elaphus) contributed minimally
to the seed rain (<3%). Overall, frugivores contributed unevenly to
stands (y?=95.3, d.f=18, p<0.001) and microhabitats (y°=365.3,
d.f=36, p<0.001; Figure 3a,b). The main dispersers, T. philomelos
and E. rubecula, contributed evenly to the seed rain across the three
stands, while ancillary species dispersed seeds mainly in mature and/
or intermediate stands. All frugivores showed strong preferences for
P. pinea and J. phoenicea microhabitats, where they consistently dis-
persed at least half of the seeds they mobilized, while only the main
dispersers contributed to open area sites (Figure 3b). As a result,

35USD17 SUOLUILLOD BAIIERID) 3|qed! dde a3 Aq pausenoB afe sajone YO ‘oSN JO SN Joj Arig18UljUO A8|IAA UO (SUONIPUOD-PUE-SWBIWOD" AB 1M A1 puluo//Sciy) SUORIPUOD pUe SWB 1 a4l 38S ' [202/c0/2T] uo Arigiauluo A81IMm ‘(19uN) (Joke A elepIO) WO enusd ugeziueblo 980 Aq 082K T 'St .2-GOET/TTTT 0T/I0p/Wod" A [1m Ae.q Ul uo's fuino kaqy/sdny wo.j papeojumoq ‘0 ‘Sy/ZS9ET



i

TABLE 1 Quantitative characterization of the seed rain and seed rain maternal composition sampled for Juniperus phoenicea subsp. turbinata. Descriptors are indicated by frugivore species.

Species listed in dark colour are core species (dispersing >97% of seeds) and species listed in grey are ancillary species (dispersing <3% of seeds).

Journal of Ecology

Characterization of the maternal composition seed rain

Quantitative characterization of the seed rain

Within

Among deposition
sites mean

Within deposition

scat mean

Total n°

sites mean relatedness

(+SD)

relatedness

(+SD)

Mean n° progenies/

scat (+SD)

progenies

N° deposition

sites (n

Mean n° seeds/
scat (+SD)

Total n° seeds

dispersed

Total n°
scats

Frugivore
species

relatedness (+SD)

dispersed

=105)

0.01+0.23
0.03+0.27

0.16+0.38
0.17+0.43

0.74+0.4
0.62+0.4
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99

1.8+1.2
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71 1.2+0.5

30
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66

Erithacus

rubecula

0.03+0.28
0.11+0.20

0.46+0.43
0.36+0.37
0.52+0.26

0.81+0.3
0.42+0.4

1.4+0.8

59
74
11

30

1.9+1.3
8.5+

48 95

Turdus merula
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0.54+0.3

6.7+4

4.8

1.3+0.7

94
12

11

Vulpes vulpes

-0.06+0.23

NA
NA
NA

0.31+0.04
0.29+0.4

1.2+04

Chloris chloris

0.31+0.04
0.29+0.36
0.93+0.03

NA

Cervus elaphus

0.93+0.03

NA

1
2

Sylvia atricapilla

Turdus torquatus

0.06+0.21
NA

Turdus iliacus

0.52+0

0.52+0

Cyanopica cooki

we found a wider range of frugivores contributing to P. pinea and J.
phoenicea microhabitats, attracting the highest number of dispersed
seeds, compared with microhabitats with a low number of dispersed
seeds (open areas and other fleshy fruited shrubs; Figure 3c). The
number of species contributing per deposition site ranged from 1,
mostly in open area sites, to 5 under P. pinea. Turdus philomelos dis-

persed seeds to most deposition sites (Figure 3c, Figure S2).

3.3 | Diversity and relatedness of maternal
progenies in the seed rain

Among 1000 dispersed seeds sampled, we identified 605 distinct
maternal trees. Most maternal progenies arrive only at one stand,
but two progenies reached both intermediate and colonization
stands, proving the existence of LDD events (Figure S3). These
documented LDD events included at least two seeds (0.2% of the
dispersal events assessed by seed genotyping) mediated by T. philo-
melos, resulting in dispersal distances ranging from 415 to 830m.
Within the three stands, deposition sites collected both seeds from
unique progenies (only found at one deposition site) and progenies
shared among deposition sites (mother trees that reached their
progeny to multiple deposition sites), indicating overlapping of seed
shadows (Figure S3). Accumulation curves show that maternal rich-
ness increases with increasing sampled seeds across stands, micro-
habitats and frugivore species, indicating that dispersed seeds come
from a wide range of maternal trees (Figure S4). Most maternal prog-
enies were dispersed by T. philomelos (66.6%) followed by V. vulpes,
E. rubecula, T. merula and ancillary dispersers (12.2, 11.7, 9.7 and 4%,
respectively), reflecting the highly variable interaction frequencies
of different frugivore species (Figure S5).

The maternal relatedness among seeds collected within the
same scat was high compared with relatedness values of seeds sam-
pled within and among deposition sites (Table 1). This result suggests
that seeds carried within the same faeces tend to come from the
same or nearby source trees and that seeds collected in the same
deposition site combine different maternal progenies. The compo-
nents of maternal genetic correlations of the seed rain differed sig-
nificantly among microhabitats (Figure 4, Table S2), but not among
stands (Figure Sé, Table S2). Maternal richness differed significantly
among microhabitats (F=33.8, d.f=4, p<0.001) with P. pinea and
J. phoenicea deposition sites showing the highest values. Mean re-
latedness and maternal redundancy (uPMI) also differed among mi-
crohabitats (F=19.3, d.f=4,p<0.001; F=6.1, d.f=4, p<0.001) with
open area deposition sites showing increased values for both. This
result suggests that deposition sites in open area, which receive a
low number of seeds, tend to attract seeds from the same or closely
related source trees. In contrast, all other deposition sites receive
an even number of seeds from various poorly related source trees.
CCA confirmed that the distinctive contribution (number of seeds)
of this complex assemblage of frugivores explained the composition
of maternal progenies in the seed rain. Up to 41% of the variation in
diversity and relatedness of maternal progenies was explained by
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FIGURE 3 Relative contributions of the 10 frugivore species to the seed rain of Juniperus phoenicea at different spatial scales; (a) among
stands, (b) among microhabitats and (c) among deposition sites. The relative contribution of frugivores per microhabitat is weighted by the
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represents the contribution of each frugivore to the overall seed rain.

the differential contribution of frugivores (Wilk's 1=0.07, F=23.3, variable (-0.99), while relatedness and redundancy were positively
d.f=15,215, p<0.001). The first canonical variable explained 99.5% correlated (0.48 and 0.34, respectively; Figure 5). The contributions
of the total variance shared between the two original variable of all frugivores were negatively correlated to this canonical variable
sets with a canonical correlation of R?=0.93 (F=23.3, p<0.001). with T. philomelos showing the highest correlation (-0.79). Although
Maternal richness was negatively correlated to this canonical not significant, the second canonical variable was characterized by
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FIGURE 4 Maternal composition of the seed rain (maternal richness, mean genetic relatedness and maternal redundancy uPMI) in
deposition sites among microhabitats. Note that uPMI[ was log-transformed to improve visualization. Different letters indicate significant
differences among microhabitat types. Boxplot showing median, (50%) quartiles, range and outliers.

variations in the structure of relatedness among the deposition sites
(Figure 5). These results confirm that species contributing with many
seeds tend to increase the number of source trees and decrease re-
latedness and redundancy among progenies within deposition sites,
resulting in extremely diverse seed shadows in terms of contributing
maternal trees. The distribution of focal sites in the multidimensional
CCA space, sorted by microhabitat type (Figure 5), but not by stand
maturity (Figure S7), shows that J. phoenicea and P. pinea sites tend
to correlate with areas highly contributed by frugivores, where high
levels of maternal diversity—and low levels of uPMI—were found.
Deposition sites located under fleshy and non-fleshy fruited shrubs
were scattered throughout the multidimensional space. On the
contrary, most of the deposition sites in open areas were located
in the space defined by low contributions of frugivores and reduced
maternal richness, with increased values of relatedness and uPMI
(Figure 5).

4 | DISCUSSION

Our results show that frugivores generate diverse seed rains regard-
ing the maternal provenance of seeds across a colonization gradient.
This is unexpected, according to the long-standing paradigm holding
that founder effects, coupled with fast-paced population growth,
diminish genetic diversity in the colonization front of expansion
(Waters et al., 2013). Our methodological approach allowed us to
connect the distribution of maternal progenies in the seed rain to
the contributing frugivore species. This establishes a new perspec-
tive in the study of dispersal mutualisms, showing that: (1) a diverse
assemblage of frugivores, including core and ancillary species, gen-
erates maternal-rich seed rains across an expansion gradient, even

at the colonization front, and (2) contrary to our expectations, stand

maturity does not impact the distribution of maternal progenies in
the seed rain. Instead, the strong preferences of most active frugi-
vores for certain microhabitats explain the consistent seed rain pat-
terns regardless of stand maturity. We discuss the fundamental and
applied outcomes of our main findings and suggest future research
lines to advance our knowledge on the impact of plant-animal in-
teractions underlying the regeneration dynamics and expansion of
plant populations.

Our study reveals that the accumulation of seeds and maternal
progenies in the seed rain remains consistent across stands, irre-
spective of their maturity stage. We anticipated limited maternal
contributions in areas with few local mother trees. However, con-
trary to our expectations, we observed a diverse array of maternal
trees contributing progenies in the dense seed rain of the coloni-
zation front. This suggests thorough cone removal from most local
trees, as well as not-so-infrequent long-distance seed dispersal. Our
sampling provides evidence for LDD events (seed dispersal to dif-
ferent stands) for at least 0.2% of the 1000 seed dispersal events
documented by endocarp genotyping. Most likely this represents
an underestimate of the actual percentage of LDD events, given the
amount of unique progeny arriving at each stand (Figure S3). Yet,
a large sample of adult trees must be genotyped to estimate LDD
events frequency with more precision. The recorded LDD events
represent seed movements in the distance range of 415-830m (see
Jordano, 2017 for a discussion of within- and among-stand LDD
events) and document the existence of among-stand seed disper-
sal. This includes seeds from external fruiting trees brought by fru-
givores in recently established stands (Hamrick & Trapnell, 2011;
Karubian et al., 2010; Lavabre et al., 2016). These results align with
previous findings in the study area which noted a high number of
visits by frugivores to fruiting trees at the colonization front (Isla
et al., 2023). This process, even with relatively reduced (but not
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FIGURE 5 Canonical correspondence analysis (CCA) biplot,
showing the strength of association of seed contribution per
frugivore species (arrows) with values of maternal richness,
relatedness and redundancy (uPMI) in deposition sites (dashed
arrows) according to the length of the arrows. Animal species
codes: Tphi=Turdus philomelos, Eru.=E. rubecula, Tmer=T. merula,
Vvul=V. vulpes, An.sp.=Ancillary species (C. chloris, C. elaphus, S.
atricapilla, T. torquatus, T. iliacus and C. cooki).

very rare) LDD events (Bialocyt et al., 2006), might contribute to
maintaining moderate to high genetic diversity throughout the
population expansion gradient (Browne & Karubian, 2016; Scofield
et al., 2012) mainly through the ‘reshuffling’ and embolism effect
involved in the LDD events (Bialozyt et al., 2006). Our study shows
that on top of these non-trivial frequencies of LDD events, animal
frugivores also contribute to the seed rain of very high diversity of
provenances, even at the colonization front. Overall, these results
highlight the potential of frugivores in mitigating the anticipated
genetic erosion at the colonization front, which often arises due
to founder effects followed by rapid population growth (Waters
et al., 2013). This aligns with predictions from range expansion/
colonization models where stratified dispersal patterns—combining
both local in situ dispersal with LDD events—are expected to yield
favourable conditions preserving genetic diversity by swamping
the effects of drift and the homogenizing effect of surfing (Bialocyt
et al., 2006; Excoffier et al., 2009; Le Corre & Kremer, 1998). Our
results show that here, the mutualistic interaction with a diversified
frugivore assemblage provides these conditions and that a highly
structured seed rain is the primarily outcome of such interaction.
This baseline study presents a new perspective on the study of
dispersal mutualisms and may prompt further research to explore
whether the potential of this interaction for promoting diverse
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seed rains is sustained in different ecological systems during nat-
ural expansion. We found a frugivore assemblage consisting of
birds and mammals, resembling those previously documented in
juniper populations (Escribano-Avila et al., 2014; Jordano, 1993;
Livingston, 1972; Santos et al., 1999). This assemblage consisted of
a core of four primary frugivores, predominantly T. philomelos that
contributed 68.7% of seeds to the seed rain, along with six ancillary
species. The key role of thrushes as seed dispersers is widely ac-
knowledged across various animal-dispersed trees (Escribano-Avila
etal.,, 2014; Jordano, 1993; Rumeu et al., 2009; Snow & Snow, 1988).
Furthermore, our data reveal that T. philomelos primarily disperse
seeds of J. phoenicea, revealing a symmetric interaction between
this thrush and juniper trees (Bascompte et al., 2006). This symme-
try is likely driven by the phenological alignment of both species
in the area, as J. phoenicea is the dominant fruiting species during
the wintering period of T. philomelos. This mutual reliance signifies
a reciprocal beneficial relationship (Quintero et al., 2023), that pre-
sumably sustains migrant populations of keystone frugivore species
in the area, while concurrently enhancing the regeneration and ex-
pansion dynamics of the locally abundant juniper tree.

Frugivore preferences for specific microhabitats and their foraging
behaviour are the two key elements shaping the density and mater-
nal composition patterns in seed rains (Garcia et al., 2009; Jordano &
Schupp, 2000; Tewksbury et al., 2002). The initial determinant entails
frugivore preference for distinct microhabitats. These preferred micro-
habitats are characterized by dense vegetation that facilitates feeding,
perching and predator avoidance sites (e.g., P. pinea, J. phoenicea and
fleshy fruited shrubs in our study), contrasting with frugivore elusive-
ness to low or non-vegetated sites (non-fleshy fruited shrubs and
open areas in our study; Garcia et al., 2009; Jordano & Schupp, 2000).
These strong microhabitat preferences infuse seed rain patterns, as
highly frequented sites amass a broad range of maternal progenies, re-
flecting the foraging preferences of the most active frugivores (Garcia
et al., 2009; Karubian et al., 2010). Corroborating this, we found high
seed density and maternal richness in P. pinea and J. phoenicea depo-
sition sites. Our findings reveal that fewer than 20% of seeds beneath
juniper trees are maternal half-sibs (i.e. same mother tree, Figure S3)
contrasting with previous studies where 70% of the animal-dispersed
seeds were deposited under the mother tree (Jordano & Godoy, 2002).
These findings reveal frugivores' transitory foraging behaviours among
multiple fruiting trees before dispersing seeds beneath pines and juni-
pers. Less-preferred but vegetated microhabitats like fleshy and non-
fleshy fruited shrubs received a lower but sizable number of seeds by
the core dispersers (e.g. T. philomelos and T. merula to non-fleshy fruited
shrubs and E. rubecula and V. Vulpes to fleshy fruited shrubs). Although
these microhabitats feature lower seed densities, these seeds ema-
nate from numerous source trees across the landscape. Surprisingly,
we did not find differences in seed densities between fleshy and
non-fleshy fruited microhabitats, despite fleshy fruited species being
highly sought-after by frugivores, typically attracting substantial seed
deposition (Carlo & Morales, 2008; Garcia et al., 2009). This is likely
attributed to low phenological fruiting overlap between plant spe-
cies producing fleshy fruits in the area (September-November) and
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J. phoenicea (September-May). Open areas were universally least pre-

ferred by frugivores (Jordano & Schupp, 2000; Lavabre et al., 2016).

Seed rain was scarce in the open areas, resulting in few source trees

Journal of Ecology

providing seeds in available sites for colonization. Additionally, the low
number of dispersal events led to uneven distribution of progenies
from closely related trees. Collectively, these results corroborate the
influential role of frugivore microhabitat preferences in shaping the
density and maternal composition of the seed rain. Furthermore, we
empirically confirmed the potential of certain microhabitats to attract
frugivores, generating maternal-rich seed rains evenly across the en-
tire expansion spectrum. The expansion front is therefore a hetero-
geneous landscape, with a variable number of spatial hotspots that
concentrate most of the seed rain available for further population
recruitment.

The second factor influencing seed rain patterns is the foraging
behaviour of frugivores, encompassing fruit consumption on one or
various fruiting trees, feeding rates and subsequent seed dissemina-
tion to deposition sites where they (co)dispersed propagules in one
or multiple scats. Sequential seed dispersal events to these sites lead
to distinctive dissemination patterns, ranging from (i) a strong spatial
clustering of maternal progenies dominated by one or few neighbour-
ing trees to (ii) a mixture of progenies from trees scattered across the
landscape (i.e. seed shadows overlap, Figure 1). Clustering of progenies
results from frugivores favouring few large fruiting trees and/or dis-
playing territorial behaviours that promote co-dispersal of seeds from
one or few mother trees to few deposition sites (Epperson & Alvarez-
Buylla, 1997; Garcia & Grivet, 2011; Grivet et al., 2005). Conversely,
mixtures of progenies in deposition sites arise from frugivores' varied
foraging patterns across different trees spread out across the land-
scape and the dissemination of seeds to multiple deposition sites.
Our findings reveal that seeds at deposition sites hail from a broad
range of maternal trees, implying a low maternal correlation among
dispersal events (i.e. a low frequency of co-dispersal events), partic-
ularly in the preferred microhabitats (P. pinea and J. phoenicea). This
suggests an extensive foraging behaviour of all frugivores, where they
consume fruits from various source trees across the landscape, mix
progenies in their meals and subsequently deposit seeds from multiple
progenies in preferred, vegetation-covered, microhabitats. This forag-
ing behaviour aligns with the maternal-diversity accumulation curves
(Figure S4), where newly sampled seeds represent novel, distinct
progenies rather than augmenting seeds from the same mother trees.
While all frugivores disperse seeds from multiple source trees, their
scats tend to hold seeds from nearby trees. This is an expected ef-
fect because a single scat is the product of a short foraging time lapse
in which animals tend to visit neighbouring trees (Garcia et al., 2009;
Garrote et al., 2023), even more common for multi-seeded species
like J. phoenicea (Torimaru et al., 2007). However, at a deposition
site scale, successive independent dispersal events (from both large
and medium-sized frugivores like V. vulpes or T. philomelos and small-
sized frugivores like E. rubecula) culminate in a seed rain composed of
progenies from multiple mother trees scattered throughout the land-
scape. This unexpected result provides important evidence that even
small frugivores can promote maternally diverse seed rains through

generalized foraging patterns, crucially contributing in situ regener-
ation (Jordano, 2017). Overall, the generalized foraging tendencies
of this frugivore assemblage, which create unsaturated accumulation
curves of maternal progenies, establish a close link between frugivore
contributions (especially T. philomelos) and the maternal composition
of the seed rain. Extending the study of maternal progenies from het-
erogeneous landscapes (Garcia et al., 2009) to a colonization gradient
highlights the pivotal roles of frugivore microhabitat preferences and
foraging behaviour in shaping that rich maternal seed rains across the
entire expansion spectrum.

Our study highlights the critical role of core frugivore species in
promoting plant population expansion on abandoned lands, carrying
implications for both fundamental and applied research. Amidst the
backdrop of ongoing global change, our findings emphasize the ne-
cessity of preserving plant-animal mutualistic interactions to ensure
the persistence and expansion of natural tree populations, particularly
in formerly fragmented landscapes. Furthermore, these results hold
relevance for bolstering restoration policies, advocating for the preser-
vation of essential biotic interactions that trigger natural regeneration,
rather than solely relying on mass tree planting. Additionally, this study
provides further evidence (see de Almeida et al., 2016; La Mantia
et al., 2019) supporting the strategic distribution of microhabitats that
are highly preferred by frugivores to promote natural regeneration in
newly formed or rapidly revegetated sites.

Future studies would benefit from broadening the spatial and
temporal scales considered. Temporally, our study demonstrates
that two fruiting seasons capture the imprint of frugivores in shap-
ing the distribution of the maternal progenies in the seed rain.
However, we encourage studies encompassing multiple fruiting
seasons to capture both peak and off-peak fruiting years, par-
ticularly for long-lived and masting species, such as J. phoenicea.
This would account for variations in resource availability, which
may alter frugivore foraging behaviour, and subsequently affect
the seed rain's maternal composition, as previously found (Grivet
et al., 2005; Pesendorfer et al., 2016). Spatially, this approach
could be replicated across latitudinal and elevational gradients to
evaluate how consistent are the roles of frugivores in generating
maternal-rich seed rains and extensive seed shadow overlap, even
with shifts in frugivore assemblage composition. Finally, a com-
prehensive understanding of fragmented forest regeneration and
expansion requires an integrated study of pre- and post-dispersal
processes across heterogeneous landscapes (Wang & Smith, 2002).
In the Mediterranean flora, germination and early survival hinge
upon microhabitat specificity (Gémez-Aparicio, 2008). Initial re-
sults from ongoing sowing experiments in the area indicate that
microhabitats less preferred by frugivores, such as open areas,
yield lower recruitment rates after three summers. However, in
arid systems, these uncovered sites may also provide an escape
from seed predation, creating a conflict between seed and seed-
ling survival probabilities (Schupp, 1995, 2007). Results thus far
suggest that frugivores foster tree expansion of animal-dispersed
trees not only through efficient dispersal but also by deposit-
ing seeds in microhabitats conducive to successful recruitment.
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This discovery hints at a frugivore-mediated synergy between
dispersal and post-dispersal processes. We already know that at
fine scale, maternally rich seed rains may favour the dilution of
local genetic structure within plant populations (Gelmi-Candusso
et al., 2017; Pérez-Méndez et al., 2016). However, the implica-
tions of neighbourhood kinship are complex and pervasive down
to small-scale contexts, affecting both plant-plant and plant-ani-
mal interactions, for example, interspecific competitive ability de-
pending on whether intraspecific competition is with sibs versus
non-sibs (Yamawo, 2015; Yamawo & Mukai, 2020). Next studies
should amalgamate insights from plant-plant and plant-animal
mutualistic and antagonistic interactions (Isla et al., 2022, 2023;
Lloret et al., 2022) to confirm the fundamental role of biotic inter-
actions in determining the composition and structure of expand-

ing secondary-growth forests in a changing world.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. In the top, a detail of the top canopy of the mature stand
(Sabinar del Marqués).

Figure S2. Seed rain of Juniperus phoenicea generated by the core
(Turdus philomelos, Turdus merula, Vulpes vulpes, Erithacus rubecula)
and ancillary seed dispersers (Chloris chloris, Cervus elaphus, Sylvia
atricapilla, Turdus torquatus, Turdus iliacus and Cyanopica cyanus)
across three stands in a population expansion gradient in Dofana
National Park.

Figure S3. The relative representation of seed progenies in the seed rain
for all the deposition sites under fleshy-fruited shrubs (FF), non-fleshy
fruited shrubs (NF), P. Pinea (PP) and J. Phoenicea (JP) microhabitats
for the three stands in which we genotyped all the dispersed seeds (4
columns per microhabitat in each stand separated by the black lines).
Figure S4. Maternal richness accumulation curves as a function of
increased sampling effort (number of seeds genotyped per stand) for
different stands, microhabitat types, and frugivore species sampled.
Figure S5. Cumulative maternal richness (humber of distinct maternal
source trees identified) in each stand as a function of increasing
contributions to the seed rain (from left to right) of individual
vertebrate species in the frugivore assemblage, sorted from lowest
to highest contribution.

Figure S6. Maternal components of the seed rain (maternal richness,
mean genetic relatedness and maternal redundancy-uPMI) in
deposition sites (receiving >1 seed) among stands.

Figure S7. Canonical correspondence analysis (CCA) biplot, showing
the strength of association (proportional to arrow length) of the seed
contribution per frugivore species (arrows) with values of Maternal
richness, Maternal relatedness and Maternal Redundancy (uPMI)
(dashed arrows) in sampled deposition sites (points).

Table S1. Summary of the main characteristics of the three study
stands.

Table S2. Nested ANOVAs results for the effect of stand maturity
and microhabitat type (and their interaction) on the maternal
components of the seed rain (Maternal richness, Maternal

relatedness and Maternal Redundancy (uPMl)).
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Seed rain survey protocol

We stratified our sampling within each stand in five different types of microhabitats
defined mostly by vegetation cover type. These included microhabitats: under Juniperus
phoenicea, under Pinus pinea, under other fleshy-fruited shrubs, under non-fleshy
fruited shrubs and sandy open areas. We selected 15 replicates for each microhabitat
(except for the open area microhabitat, see below), evenly distributed within the stands,
where we sampled the seed rain. When insufficient replicates were found within the
plot, we selected replicates as close as possible (see Figure 2A). To sample birds and
mammal scats and regurgitated seeds, we used seed traps installed beneath cover in
each microhabitat replicated sampling point. Under J. phoenicea, the traps were plastic
trays (40 cm x 55 cm x 8 cm) protected with a 1 cm light mesh to protect the seeds
against post-dispersal predation by rodents. Under P. pinea and fleshy-fruited shrubs,
two aluminium trays (37 cm x 31 cm x 8 cm) protected with 1cm light mesh were
installed at each site. No trays were used to sample seed rain under non-fleshy fruited
shrubs; rather, a fixed area was delimited under each deposition site (Mean area + SD,
0.25 + 0.03 m?), where we collected the samples. This kind of non-tray sampling in a
delimited area was also fixed adjacent to the trays under J. phoenicea, P. pinea and other
fleshy-fruited shrubs deposition sites, measuring the size of the sampling surface, to
increase the sampled area. To sample the seed rain in open area, we used transects of
variable length (Mean + SD = 38 + 10 m, n = 12) with a width of one-meter, where we
collected and georeferenced all the scats and regurgitated seeds located. We chose this
heterogeneous sampling design to maximize the sample collection and to adjust the
methodology to the unique characteristics of each microhabitat. We measured the
sampled area in square meters in all the deposition sites to allow comparable estimates
of seed rain density among them. We conducted visits to each deposition site every ten
days during two fruiting seasons (2018-2019 and 2019-2020), following the protocol
described by Gonzalez-Varo et al. (2014) for sample collection. Seed rain density was
calculated for all the sampled points (n = 539; J. phoenicea = 45, P. pinea = 45, Fleshy-
fruited shrubs =45, Non-fleshy fruited shrubs = 45, Open area = 359). We selected a
representative subset of these points (four replicates/microhabitat/stand and all the

points containing samples in open area, n = 105) to: (i) identify frugivore species behind



each dispersal event (DNA-Barcoding), and (ii) determine the seed maternal progenies

(seed endocarp genotyping).

DNA-Barcoding

We used DNA-barcoding to identify the bird and mammal species by collecting scats (or
regurgitated seeds) in seed-traps or soil in the 105 focal deposition sites (Figure 1A).
After collection in the field, samples were stored at -20°C and processed following
protocols described in Gonzédlez-Varo et al. (2014). Animal DNA was extracted from the
surface of the scat or regurgitated seeds, allowing the identification of the frugivore
species. In the case of mammal samples, visual identification in the field was also cross-
checked with DNA-barcoding identification. Frugivore species identification was based
on a 272-bp mitochondrial DNA region (COl: cytochrome ¢ oxidase subunit I). All bird
samples were amplified by PCR using the COI-fsd-degF and COI-fsdR primers (Gonzdlez-
Varo et al. 2017). Mammal samples were amplified following protocols and primers of
Alcaide et al. (2009). The PCR product was sequenced and verified for its matching with
COl sequences from Barcode of Life Data (BOLD) and Nucleotide Basic Local Alignment
Search Tool (BLAST from NCBI) databases. For those samples without successful
amplification, we performed nested PCR where we used the same primers on the
amplicon of AWCintF2/AWCintR4 (Gonzalez-Varo et al. 2017; Lijtmaer et al. 2012; Avian
DNA barcodes). We considered as a successful identification, of all the sequences, at

least 100-bp, with a similarity percentage >98%.

Identification of seed maternal progenies

We used DNA microsatellites to identify the maternal progeny composition of the seed
rain (Maternal Richness, Relatedness and Redundancy) in terms of the maternal source
trees contributing seeds to a given microsite. To analyze the maternal multilocus
genotype, we extracted the seed endocarp/coat DNA (maternally inherited) following

the sample extraction and laboratory protocols described in Garcia & Escribano (2016).



We used a modified commercial DNA isolation kit (Isolate Il Plant DNA Kit Bioline
meridian Bioscience). We introduced two modifications to the standard protocol: (1) we
added lysis buffer and incubated this lysate for two hours in an orbital shaker (Engiro
genie, Scientific Industries) and (2) we did not do the second wash of the pellet with 200
ul of PAW2 wash buffer. We eluted in a volume of 80ul with the elution buffer heated
to 652C, and we incubated for 10 min at 652C. Our modified protocol yielded an average
of 2 to 8 ng pl™! for the seed coats contrasting with the 8.7 + 0.8 ng ul™ DNA quantity
obtained by Garcia & Escribano (2016). This DNA reduction was possibly because we
analyzed seeds that had passed through frugivore digestive tracts, thus, reducing the
thickness of the coat, while Garcia & Escribano (2016) used manually depulped seeds

and, therefore, they had not undergone digestion in the digestive system of frugivores.

We used twelve microsatellite markers (out of 58 tested), presenting between three and
23 alleles with an estimated mean number of 8.4 alleles per locus. We performed two
multiplex PCR (Tables A and B) in 10 ul final volume containing 2x Type-it Multiplex PCR
Master Mix (Qiagen), Primer mix (10 uM of each primer), 0.01% BSA (Roche Diagnostics),
and 2.5ul (2ng/ul) of genomic DNA. Note that PCR product Junpho_127300 was labelled
using Vic (Applied Biosystems Foster City, CA) dye on an additional 19 bp M13 primer
(5’-CACGACGACGTTGTAAAACGAC-3’) according to the methods of Boutin-Ganache et
al. (2001), so that it did not overlap in size with Junpho_015521. In addition, a
palindromic sequence tail (5'-GTGTCTT-3’) was added to the 5' end of all reverse primers

to enhance adenylation and facilitate genotyping (Brownstein et al. 1996).



TABLE A

Mix
Repeat Size
SSR Sequence Dye Alleles volume
type (bp)
[c]=10uM
F:GGGAGCTCTAAGCCAACATC FAM 235- 20
Junpho_084596 ct 23
R:AGGCTGACTTGTGGTCATAC None 284 20
F:AACAACGCATACCATTGTCTTG NED 132- 5
Junpho_037740 ac 3
R:GTGCAGACGTAGTTTGTCTAGTG [ None 134 5
F:AGCCTCATTCACGAGGTCTG VIC 170- 5
Junpho_015521 ct 9
R:CACCTATGCAGAAAATCGAAAGC [ None 200 5
F:CAACATTGCAAGGAGCAGAG PET 136- 10
Junpho_DLXB1 ca 3
R:TACTTGTCCGAAGGGGTGAC None 140 10
F:GCACCCATATCTTCTCTTTGTCC PET 203- 15
Junpho_001229 atgt 6
R:AGCAAAATGCAAACTAGGGTAGG [ None 213 15
F:CCCAAAAGCTCTCGTACTTTACC PET 236- 10
Junpho_058859 ga 6
R:AAGGATCACTCCCCATGCTG None 246 10




TABLE B

Mix
Repeat Size
SSR Sequence Dye Alleles volume
type (bp)
[c]=10uM
F:AGATAAGTTGCAAACCAAGACACA | FAM 89- 20
Junpho_DFAGA ag 4
R:GCATCAACGTTTCTGGTGAG None 95 20
F:-TGACAGCAATTTATCATGTTGAAGC | FAM 169- 10
Junpho_022206 ca 5
R:CCGTTCCCGAATCCAAACTG None 187 10
F:TCCATTCATCCATACCTACCTAA NED 94- 20
Junpho_DCRW4 ca 3
R:TGGAGCTAATGTTTGTCATGC None 98 20
F:TAAACATCTAATATCAAGTGGGCA | NED 151- 15
Junpho_ESGND tg 9
R:TGAGCTACTTGGTCAATAAATATGC | None 175 15
F:-TGTAATTATGGGAAATGGATTGG | VIC 107- 20
Junpho_DMX65 gt 16
R:CATTCACATGCTTCCTTTCA None 155 20
F:-TGCTAGTGTACCATTCTCCATC None 35
224-
Junpho_127300 [ R:GAGCCATATTTGGTTGTTACTTGG |None| ac 14 25
260
F: M13 VIC 40

Samples were incubated in a PCR in a Bio-Rad DNA Engenier Peltier Thermal Cycler, with

an initial 15 min of denaturation at 952C; 38 cycles at 952C for 30 s, annealing at 572C

for 45 s and 729C for 45 s; and a final extension for 30 min at 722C. See Table C for a

detailed description of the reaction mixture for multiplex PCR. We mixed 2 ul of PCR

product mix 1 with 2 pl of PCR product mix 2 and diluted 20 times before mixing with 10

il (Formamide + Liz500 size marker). Amplified fragments were analyzed on ABI 3130XL.

Genetic Analyser and sized using GeneMapper 4.0 (Applied Biosystems) and LIZ 500 size

standard. We repeated the multiplex PCR once to cope with missing data.




TABLE C

Component 10 pl
RNase-free water 2.5 ul
2x Type-it Multiplex PCR Master Mix 2.5 ul
Primer mix (10 uM of each primer) 2.25 ul
BSA (0.01%) 0.25 ul
DNA (2ng/ul) 2.5 ul




Results

Figure S1. In the top, a detail of the top canopy of the mature stand (Sabinar del
Marqués). In the bottom, the stand in the colonization front (Sabinar de Colonizacion)
grows in an area dominated by low monte blanco woody shrubland. Photographs by
Pedro Jordano (above) and Jorge Isla (below).




Figure S2. Seed rain of Juniperus phoenicea generated by the core (Turdus philomelos,
Turdus merula, Vulpes vulpes, Erithacus rubecula) and ancillary seed dispersers (Chloris
chloris, Cervus elaphus, Sylvia atricapilla, Turdus torquatus, Turdus iliacus and Cyanopica
cyanus) across three stands in a population expansion gradient in Dofiana National Park.
Each of the squares represents the plot sampled at each stand, approximately one
hectare (100 x 100 m). Circles represent the location of each deposition site and the size
of the circle is proportional to the number of seeds that each frugivore species disperses
in each deposition site, color-coded according to microhabitat type.
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Figure S3. The relative representation of seed progenies in the seed rain for all the
deposition sites under fleshy-fruited shrubs (FF), non-fleshy fruited shrubs (NF), P. Pinea
(PP) and J. Phoenicea (JP) microhabitats for the three stands in which we genotyped all
the dispersed seeds (4 columns per microhabitat in each stand separated by the black
lines). Colored bars indicate the proportion of seeds belonging to specific, identified,
distinct seeds dispersed to various deposition sites within each stand (i.e., seeds from a
progeny that has been found in two or more deposition sites). For example, progeny
#272, was found in the mature stand dispersed in a deposition site under fleshy-fruited
shrub microhabitat and in a deposition site under P. pinea). Grey boxes indicate distinct
progenies (proportion) only found at one deposition site (with one or more seeds, but
only at one deposition site). Note that most of the dispersed seeds recorded correspond
to progenies that only appeared in one deposition site (grey bars). The two progenies
shared between stands, indicative of long-distance dispersal events by frugivores, are
shown by coloured stars. Thus, 23 seeds from progeny #600 were found in six deposition
sites of the colonization stand and one seed in one deposition site of the intermediate
stand. The detection of numerous seeds from a single progeny, with unidentified
maternal tree, across multiple deposition sites (red asterisks) in the colonization stand
strongly suggests that the source tree is part of this stand. Therefore, the seed found in
the intermediate stand, assigned to this same progeny, likely resulted from a long-
distance dispersal event (LDD) of 830 m, mediated by Turdus philomelos in this particular
case. The progeny indicated by the black asterisk also appeared under J. phoenicea
microhabitat both in the intermediate and the colonization stands. In the case of the
progeny indicated with the black star, we found two seeds in the colonization stand and
one in the intermediate stand, therefore we cannot infer the location of the source tree,
although we can attribute this to an LDD event of at least 415 m, also mediated by T.

philomelos.
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Figure S3
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Figure S4. Maternal richness accumulation curves as a function of increased sampling

effort (number of seeds genotyped per stand) for different stands, microhabitat types,

and frugivore species sampled. The solid lines represent the asymptotic rarefaction-

based estimate sorted by stand, microhabitat or frugivore species for which the fewest

genotyped seeds were available, except for the ancillary species group where the dotted

line represents the extrapolation up to 95 seeds that were genotyped from E. rubecula

and T. merula. Note that in all three cases, the overlap between the confidence intervals

indicates a lack of difference in the richness of maternal progeny, neither among stands,

microhabitats, nor frugivore species.
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Figure S5. Cumulative maternal richness (number of distinct maternal source trees
identified) in each stand as a function of increasing contributions to the seed rain (from
left to right) of individual vertebrate species in the frugivore assemblage, sorted from
lowest to highest contribution. Note that virtually only the four core frugivores
contribute by adding new progenies to the seed rain (particularly T. philomelos), in a

similar way among stands along the expansion gradient.
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Figure S6. Maternal components of the seed rain (maternal richness, mean genetic

relatedness and maternal redundancy-uPMI) in deposition sites (receiving >1 seed)

among stands. Note that uPMI was log-transformed to improve visualization. Boxplot

showing median, (50 %) quartiles, range, and outliers.
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Figure S7. Canonical correspondence analysis (CCA) biplot, showing the strength of
association (proportional to arrow length) of the seed contribution per frugivore species
(arrows) with values of Maternal richness, Maternal relatedness and Maternal
Redundancy (uPMlI) (dashed arrows) in sampled deposition sites (points). Animal species
codes: Tphi = Turdus philomelos, Erub = E. rubecula, Tmer = T. merula, \'vul = V. vulpes,
Ansp = Ancillary-species = (C. chloris, C. elaphus, S. atricapilla, T. torquatus, T. iliacus and

C. cyanus). Deposition site colors indicate the stand category.
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Table S1. Summary of the main characteristics of the three study stands.

Site name

Location

Altitude (m)

Juniper density

Mean Juniper height (cm) £ SD (n = 35)
Mean Juniper cover (m2) mean £ SD (n = 35)

Mean Juniper crop size mean £ SD (n = 35)
Microhabitat cover (%)

Pinus pinea

Juniperus phoenicea
Fleshy-fruited shrubs
Non-fleshy fruited shrubs

Open areas

Fleshy-fruited plant species

Non-fleshy fruited plant species

Mature Intermediate
stand stand
Sabinar del Sabinar del

Marqués Ojillo
37°044.15"N  36°59'43.86°N
6°31'565.38"0  6°30'48.16"0

30 20
882 (ind/ha) 700 (ind/ha)
304 + 83 389 + 87
10+6 18 + 11
2836 + 2161 2865 + 1804
0.6 1.9
61 62
6.5 0.7
9.2 6
22.7 294
o an'gustlfolla, Pistacia lentiscus,
syris lanceolata, Rhamnus
Corema album lycioides

Calluna vulgaris,
Cistus libanotis,
C. salvifolius,
Halimium
halimifolium,
Salvia rosmarinus

Cistus libanotis,
C. salvifolius,
Halimium
halimifolium,
Salvia rosmarinus

Colonization
stand

Sabinar de
Colonizacion

37° 0°0.64"N
6°3023.66"0

19
126 (ind/ha)
493 + 132
24420

7828 + 6991

4.8
33.7
0.5
6.5

94.5

Phillyrea
angustifolia,
Osyris alba,

Osyris lanceolata,
Asparagus spp.

Armeria pungens,
Calluna vulgaris,
Cistus crispus, C.
libanotis,
Halimium
calycinum, H.
halimifolium,
Lavandula
stoechas, Salvia
rosmarinus,
Thymus
mastichina, Ulex
minor, Ulex
parvifloruss
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Table S2. Nested ANOVAs results for the effect of stand maturity and microhabitat type

(and their interaction) on the maternal components of the seed rain (Maternal richness,

Maternal relatedness and Maternal Redundancy (uPMI)).

Area
Maternal richness Microhabitat

Area*Microhabitat

Area
Mean relatedness Microhabitat

Area*Microhabitat

Area
Mateme(xlllereAjll;ndanCY Microhabitat

Area*Microhabitat

df

2
4

F

1.62
33.87
0.73

0.228
19.3
0.264

1.14

6.11
0.54

Y
0.195
8.4 x10-16
0.657

0.797
8.73x10-11
0.975

0.32

0.0002
0.815
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