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ABSTRACT

The consequences of plant-animal interactions often transcend the mere encounter
stage, as those encounters are followed by a chain of subsequent stages on the plant’s
reproductive cycle that ultimately determine fitness. Yet, the dissemination and
recruitment stages of animal-mediated seed dispersal are seldom analysed jointly,
hindering a full understanding of the ecology of seed dispersal.

We analyse the dispersal and recruitment of a fleshy-fruited plant (Pistacia lentiscus),
from fruit production to seedling survival up to their second year. We link early
reproductive investment of individual plants to seedling recruitment and explore the
role played by seed viability, the coterie of frugivores and microhabitat seed deposition.
The proportion of viable seeds was generally low (mean = 34%) but highly variable
among individual plants (range: 0 - 95%). Seed viability did not seem to have a direct
effect on individual plant’s recruitment.

We recorded 28 bird species feeding on P. lentiscus fruits or seeds. Their contribution
to plant recruitment was mainly determined by their intensity of fruit consumption and
probability to disperse viable seeds. Most frugivores presented non-random
microhabitat preferences, delivering uneven seed contributions to different sites.
Post-dispersal seed predation by rodents was the most limiting phase in P. lentiscus
recruitment. Yet, microhabitats showing the lowest predation rates received the lowest
seed rain. Hence, we found a decoupling of the dissemination and recruitment stages:
most seeds do not arrive at the most suitable microhabitats.

We estimate P. lentiscus plants need to produce c. 5x10° fruits to recruit a single
seedling that survives to its second summer in our study site. Its success as a
prevalent species in Mediterranean lowland landscapes relies on its high fecundity and
thorough fruit removal and dispersal by a diversified frugivore assemblage, which

compensates for the high seed unviability characteristic of this genus.
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7. Synthesis - Measuring the delayed, post-dispersal outcomes of animal frugivory
interactions may overturn inferences based on consumption observations only. Seed
rain patterns are often decoupled from microhabitats’ suitability for seedling
recruitment. Hence, more integrative studies that encompass the entire plant
reproductive cycle (from fruit production to seedling recruitment) are needed to fully

understand frugivores’ lasting contribution to plant regeneration in natural populations.

KEYWORDS

Donana National Park, frugivory, microhabitat, Pistacia lentiscus, plant regeneration, plant-
animal mutualisms, post-dispersal predation, seed viability, seedling recruitment, seedling

survival.

INTRODUCTION

Plant population regeneration entails a series of demographic stages spanning flowering,
fruiting, seed dispersal, seedling emergence, establishment, and subsequent growth (Harper,
1977; Wang & Smith, 2002). Each of these transition steps has the potential to limit
recruitment and population growth (Nathan & Muller-Landau, 2000). Natural recruitment in
plants can be restricted by two main mechanisms: (i) seed limitation, when not enough seeds
arrive at sites suitable for seedling recruitment, and/or (ii) microhabitat suitability, if seeds
arrive at sites where seedling recruitment is prevented by physical or biotic factors (Clark et
al., 1999; Moore & Elmendorf, 2006). For animal-dispersed (zoochorous) plants, both the

amount of seeds dispersed and the microhabitat where seeds arrive will be ultimately



67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

4.45

determined by their animal partners (Schupp et al., 1989). The arrival stage determines how
many seeds reach a particular target microhabitat, depending on the consumption and
movement of the different frugivore species. The recruitment stage determines the fraction of
this seed rain that transitions to become established seedlings, saplings and, eventually,
adults. Despite being crucially intertwined, frugivore studies typically examine just one of these
two stages and thus we lack a full appreciation of the limiting transitions and bottlenecks

throughout the regeneration process (Harms et al., 2000; Howe & Miriti, 2000).

Several ecological characteristics of frugivores will determine their effectiveness as seed
dispersers and their net contribution to the plants’ reproductive cycle: for example, variation in
their consumption frequency and fruit handling behaviour, or in their habitat use preferences,
which will influence the spatial pattern of seed deposition (Razafindratsima & Dunham, 2015;
Schupp et al., 2010). Frugivores use the landscape heterogeneously (Wenny & Levey, 1998),
thus determining non-random dispersal by depositing seeds in different microhabitats in
proportions not directly determined by their availability in the landscape (e.g., Jordano &
Schupp, 2000; Lazaro et al., 2005). The microhabitat where seeds are deposited is crucial for
plant recruitment, since the deposition site often shows important differences in microclimatic
conditions, such as soil moisture, nutrient availability, or seed predators’ activity (Gémez-
Aparicio, 2008). Frugivores providing high-quality dispersal will predominantly carry seeds to
more suitable locations where seeds have greater probability of escaping predation or
experience better microclimatic conditions for seedling establishment and subsequent growth.
Hence, the set of animal frugivores with their characteristic feeding and movement behaviour,
have lasting effects on individual plants recruitment (Wenny & Levey, 1998). Importantly, these
effects are delayed relative to the actual occurrence of the plant-frugivore interaction, and
probably this has hindered the joint treatment of the dissemination and establishment

processes. Few studies have addressed how these sequential effects of animal frugivores
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(immediate contributions to the seed rain and delayed effects on recruitment) are intertwined
during the seed dispersal process, i.e., how frugivore activity may link with the resulting
recruitment patterns (e.g., Cortes et al., 2009, Rey & Alcantara, 2000, Jordano & Schupp,

2000).

In addition to post-dispersal processes, the outcome of the mutualistic interactions in terms of
plant recruitment may also be constrained by factors occurring prior to the establishment of the
interaction itself. Many plants produce fully-developed fruits containing unviable seeds with no
chances of recruitment, for example, due to pre-dispersal seed predation, seed abortion, or
parthenocarpy (Jordano, 1989). Varying degrees of seed viability can thus determine the final
probability of plant recruitment, beyond the number and location of dispersed seeds
(Gonzélez-Varo et al., 2019). In those situations, a complete evaluation of the outcome of
mutualistic interactions and individual plants’ reproductive, dispersal and regeneration success
requires a comprehensive examination of both pre- and post-dispersal stages (Herrera et al.,

1994; Yang et al. 2011).

Here we provide a comprehensive study of the regeneration cycle of Pistacia lentiscus L., a
widespread plant species in the Mediterranean shrublands, aiming to disentangle the role of
avian frugivores and variation in seed viability on early plant recruitment. This plant represents
an interesting case study because, on the one hand, it produces an abundant fruit crop
(thousands of fruits), interacts with a wide array of frugivores (supergeneralist), and can
become locally very abundant, often being the dominant species in Mediterranean lowland
shrublands. On the other hand, this species regularly produces relatively large percentages of
unviable seeds within the fully-developed fruits (Grundwag, 1976), with considerable variation
among individual plants, ranging between 10 and 40% (Gonzalez-Varo et al., 2019; Jordano,

1989; Verdu & Garcia-Fayos, 1998). This study seeks to elucidate what are the plant’s



119

120

121

122

123

124

125

126
127
128
129
130
131
132
133
134
135
136
137
138

6.45

demographic consequences of interacting with different assemblages of frugivores for
reproductive success beyond the mere fruit-frugivore contact, and encompassing the following
successive stages: fruit consumption (1), pre-dispersal avian predation on seeds (2), dispersal
of viable seeds (3); the consequences of differential seed deposition in microhabitats through
seed escape from rodent predation (4), seedling emergence (5) and seedling survival until its

second summer (6) (Fig. 1).

Fruit consumption Seed dispersal Viable seed dispersal Microhabitats:
Pistacia lentiscus
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Figure 1. Simplified schematic view of the demographic cycle of Pistacia lentiscus focusing on its seed dispersal
and recruitment stages. The figure shows demographic stages (rectangles) with their associated ecological
processes. Continuous lines represent the contribution of propagules to the next demographic phase while dashed
lines indicate the loss of propagules. The derived effects of each demographic stage results in variable transition
probabilities (TPs) between the successive demographic stages considered in this study. TP1: prob. of fruit
consumption, TP2: prob. of seeds escaping finch predation, TP3: prob of dispersing a viable seed; TP4: prob. of
viable seed being dispersed to a certain microhabitat, TP5: prob. of dispersed seeds escaping rodent predation,
TP6: prob. of seedlings emerging from surviving seeds, TP7: prob. of seedling surviving its 1st summer and TP8:
prob. of seedling surviving its 2nd summer. Coloured rectangles represent distinct microhabitat types that differ in
arrival of seeds and recruitment probabilities. Different avian assemblages disperse seeds to different microhabitats
as a result of foraging preferences (in TP3). The product of the successive TP values determines the overall

probability of recruitment (OPR) for the plant.
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Specifically, we address the following main questions: (1) Does a remarkably high incidence of
seed unviability combine with high dispersal success and establishment for the (few) viable
seeds produced in the demographic cycle of a dominant plant species? In other words, are
frugivores, through their consumption, able to compensate for the high unviability rates of P.
lentiscus seeds and disperse enough viable seeds for plant regeneration? (2) Do frugivores,
with their non-random patterns of foraging and heterogeneous landscape use, limit seed
arrival to potentially suitable microhabitats? That is, do viable seeds predominantly reach
certain microhabitats as a result of differential dispersal mediated by specific frugivore species,
and does seed fate differ in these microhabitats? Finally, (3) which are the main limiting
demographic transitions in the seed dispersal and recruitment cycle of P. lentiscus, and do
frugivores, through their direct (dispersal) and indirect (pre- and post-dispersal) effects, play

different roles in the plant’s demographic stages, beyond their consumption frequencies?

We expect birds will provide complementary dispersal services attending to their different use
of the landscape (Gonzéalez-Castro et al., 2015; Lavabre et al., 2016) leaving a distinct spatial
signal that will serve as the starting template for population recruitment to follow (Howe &
Miriti, 2004; Perea et al., 2021). Similarly, we expect microhabitats will differ in their suitability
for seed survival, emergence and growth into seedlings (Gémez-Aparicio, 2008). This spatial
pattern in the seed rain is expected to vary for individual plants depending on the assemblage
of frugivore species consuming their fruits and their non-random dispersal service.
Understanding the role of frugivorous species on the limitation of plant recruitment will be
useful to predict the consequences of the increasingly omnipresent environmental changes
and animal fluctuations, driven by anthropogenic impact, for plant regeneration and distribution

in nature.
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METHODS

Study species

Pistacia lentiscus L. (Anacardiaceae) is an evergreen shrub species widely-distributed in the
Mediterranean basin (Martinez-L6pez et al., 2020; Verdu & Garcia-Fayos, 2002). It is found in
low and medium altitude Mediterranean shrublands, where it can become dominant, acting as
a foundation species (Ellison 2019). This species is dioecious (i.e., separate male and female
individuals) and wind-pollinated but relies on animals for the dispersal of its seeds that are
covered with a thin fleshy mesocarp forming a drupe. The pulp is very rich in lipids (Herrera,
1992) and heavily consumed by frugivorous birds during the fruiting season, from September
to March, spanning late summer, autumn and winter. A significant number of the seeds
produced are unviable as a result of parthenocarpy (i.e., fruit development without fertilisation),
embryo abortion or pre-dispersal seed predation by wasps (Grundwag, 1976; Jordano, 1989).
The wasp Megastigmus pistaciae of the superfamily Chalcidoidea oviposits on the fruit, where
the larvae will consume the endosperm from within, rendering the seed unviable (Traveset,
1993; Verdu & Garcia-Fayos, 1998). The frequency of empty seeds varies from year to year,
as well as among P. lentiscus populations (Jordano, 1988, 1989; Verdu & Garcia-Fayos,
1998). Fruits have a red colour when unripe that turns into black when fully ripe (Jordano,
1989). Frugivores show a strong preference for black ripe fruits over red fruits (Jordano, 1989),
since black fruits have a higher percentage of lipids (Trabelsi et al., 2012). Fruits that turn
black also present significant higher chances of having filled, viable seeds (Jordano, 1989).
Thus, frugivores are expected to disperse a higher amount of viable seeds but together with a
variable fraction of empty seeds. The proportion of unviable seeds dispersed appears to
increase along the fruiting season (Gonzalez-Varo et al., 2019). Pistacia lentiscus is

considered mainly a bird-dispersed plant (Herrera, 1989; Suppl. Mat. A), although fruit
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consumption by carnivores and ungulates has been reported (Perea et al., 2013). Yet,
mammal fruit consumption is rare and their contribution to dispersal is probably negligible
since they break most seeds during consumption, acting mostly as seed predators (Mancilla-
Leytdn, 2013; Perea et al., 2013). In addition, no mammal consumption of P. lentiscus fruits

was detected in our study sites, hence here we focus on frugivory and seed dispersal by birds.

Sampling design and estimation of initial (pre-dispersal) seed viability

We conducted fieldwork in Dofiana National Park, southern Spain, between the years 2019-
2021. We monitored a total of 80 female Pistacia lentiscus plants along the fruiting season at
two Mediterranean scrubland sites: El Puntal (EP; 36° 57' 54.3816" N, 6° 26' 47.1588" W) and

Laguna de las Madrofias (LM; 37° 1'49.2312" N, 6° 28' 19.1604" W) (Quintero et al., 2023a).

For each individual plant we measured its cover area, counted the initial crop size with the
help of a hand counter (at the beginning of the fruiting period, i.e., September 2019) and
estimated the proportion of viable seeds found in their crop. Seed viability was estimated
through floatation/sink experiments (Albaladejo et al. 2009, Gonzalez-Varo et al. 2019). We
bagged branches at individual plants with a mesh fabric to prevent fruit consumption by birds
before sampling for viability analysis. This was necessary to avoid biassed viability estimates
caused by birds’ selective consumption of ripe black fruits (Jordano, 1989). At EP site,
branches were bagged in three consecutive periods along the season: early (bagged 21st
August and collected 25th September), mid (bagged 25th September and collected the 7th-
11th November) and late period (bagged 11th November and collected 23rd December). The
amount of fruits per branch was variable (mean number of fruits per plant = 146, range = 13-
595; see grouped sample size for each plant on top of Fig. 2). Differences in viability between

periods were not significant (Suppl. Mat. B). At LM site, bags were placed once on individual
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plants’ branches on the 29th August, and collection date varied between plants (between 2nd
October and 25th November), depending on when fruits ripened. At the LM site, the mean
number of seeds collected per plant was 131 (range = 12-503; see Fig. 2). We aggregated
fruits collected in the different sampling periods to calculate seed unviability of each plant. In
addition, to determine the causes of seed unviability (i.e., parthenocarpy, abortion or wasp
predation), we dissected a minimum of 30 floating (unviable) seeds of each plant (mean
number of seeds per plant = 47). We modelled the proportion of viable seeds produced by
each plant using a Bayesian logistic regression where the logit probability of producing viable

seeds had a wide prior Normal(0, 2) (Quintero et al. 2023b).

Frugivory interaction sampling

To estimate the number of fruits consumed by different avian species from individual plants we
combined two non-invasive techniques: DNA-barcoding and video footage (Quintero et al.,
2022). For the first method, we collected faecal samples and regurgitated seeds by placing
seed traps beneath P. lentiscus plants at both sites. One to two seed traps of 0.22 m2 were
installed per individual plant and operated during the full fruiting season (September 2019 to
February 2020). We extracted animal DNA present on the samples’ surface, amplified and
sequenced it to determine the avian species identity (for a detailed protocol see Gonzalez-
Varo et al., 2014 and Quintero et al., 2023a for modifications). A total of 2691 faecal and
regurgitated samples were collected for DNA-barcoding, of which 93% were analysed with a

94% identification success rate.

In addition, we installed continuous recording cameras in front of 40 focal plants at EP site to
record avian visitation and consumption behaviour. Each plant was recorded 9 times over the

course of the fruiting season from September to January, rendering 19 hours recorded per
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plant on average (range = 18-20). Cameras recorded 3970 animal visits; with species reliably

identified for 91% of the visits.

Combining data extracted from both methodologies we calculated the total number of fruits
consumed by avian frugivores on individual plants during the entire fruiting season (see
Quintero et al. 2023a for details). Briefly, we multiplied the posterior distributions obtained from
four Bayesian models of: (1) the total number of bird visits (using DNA-barcoding data), (2) the
probability of each bird species visiting individual plants (using both DNA-barcoding and
camera data), (3) the probability that a bird visit involves fruit or seed consumption (using
camera data), and (4) the number of fruits or seeds consumed per visit with feeding event
(using camera data). Additionally, the proportion of fruits consumed was calculated by dividing

the estimated number of fruits that birds consumed by the plants’ crop size.

The number of fruits consumed by frugivores was corrected by pre-dispersal seed predation,
since four bird species (finches from Fringillidae family) were observed acting mainly as seed
predators, breaking the seed coat in half and feeding on the embryo. By relating the number of
predated and undamaged seeds found in seed traps and attributed to granivores, we
estimated that c. 0.14% of the seeds consumed by these granivores actually escaped

predation (80% CIl = 0.08 - 0.2%; Quintero et al. 2023a).

Bird dispersal of viable seeds

Dispersed seed viability was estimated during the DNA extraction phase for frugivore
identification (Gonzéalez-Varo et al., 2019). After adding the extraction buffer mix to the
samples and incubating them at 50°C for 75 minutes, we checked the seed floatability in the

supernatant inside the microcentrifuge tubes. We used a hierarchical Bayesian logistic
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regression to estimate the proportion of viable seeds consumed by each bird species
(Quintero et al. 2023b). The probability of birds dispersing viable (versus unviable) seeds had
an informative prior based on the fact that birds consume mostly black fruits (98% of the
consumed fruits versus 2% of red fruits) and black fruits are generally more viable (75% viable
compared to 27% viable red fruits) (Quintero et al. 2023a, b and Suppl. Mat. B; see also
Jordano 1989, Gonzalez-Varo et al. 2019). We used a Normal(1, 1) prior distribution on the

logit scale, corresponding to c. 0.73 probability that bird-dispersed seeds are viable.

We estimated the number of viable seeds dispersed by each bird species from each plant as
the product of each bird’s posterior probability of dispersing viable seeds and the estimated
total number of fruits consumed from each plant by each bird species. In a few cases (n=7
out of 80 plants) the estimated number of viable fruits consumed by birds surpassed the
estimated amount of viable seeds produced by the plant. The viable fruit consumption surplus
was then redistributed between the other plants based on their availability of viable seeds and

bird consumption intensity at each plant (Quintero et al. 2023b).

Post-dispersal seed fate and seedling recruitment

To assess the subsequent consequences of seed dispersal by different frugivores on plant
recruitment, we selected five microhabitats at EP site that were deemed to potentially differ in
seed deposition and fate (Jordano & Schupp, 2000; Lavabre et al., 2016): under P. lentiscus
female conspecifics (PL), under other fleshy fruited species (FR), under non-fleshy fruited
species (NF), under pine trees (Pinus pinea; PP) and open ground areas (OA). We estimated
the cover of each microhabitat using ten 30-m long vegetation transects randomly distributed
across the EP site. Microhabitat cover percentages were calculated using the R package

‘vegetools’ (Rodriguez-Sanchez 2016).
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To estimate the density of P. lentiscus seed rain we placed seed traps in all microhabitats
except in open area (OA), where we used 17 1-m wide transects that we monitored weekly
(biweekly in 5 out of 17 censuses) adding up to 3506 m in length. For the PL microhabitat we
used the 40 seed trays of 0.22 m? located beneath the 40 focal plants at EP site, while for FR,
NF and PP microhabitats we placed two seed trays totalling 0.168 m? at 15 sampling points
per microhabitat. The identity of the animal disperser from collected seed samples was
inferred using DNA-barcoding, using the same protocol as above. We estimated the number of
P. lentiscus seeds dispersed by each frugivore species to each microhabitat in two steps
(Quintero et al. 2023a). First, we used a Bayesian Negative Binomial regression to estimate
the total number of P. lentiscus seeds arriving at each microhabitat. We used an offset to
account for different sampling areas across microhabitats, and considered the total extent of
each microhabitat at the EP site (4.1 ha) to estimate the total seed rain per microhabitat.
Second, we used a Bayesian binomial model to estimate the proportion of seeds dispersed by
each frugivore at each microhabitat, based on frugivore assignments derived from DNA
barcoding. Finally, the number of P. lentiscus seeds dispersed to each microhabitat by each
frugivore was obtained as the product of both posterior distributions (number of seeds arriving
at each microhabitat, and the estimated proportion of seeds brought by each frugivores to

each microhabitat).

To assess the intensity of post-dispersal seed predation by rodents in each of the five
microhabitats we performed seed-offering experiments at EP site starting in January of 2019.
We located six replicated seed predation stations per microhabitat, where each replicate
consisted of a petri dish containing 10 viable seeds that were monitored daily and then

gradually spaced over time. We estimated the probability of dispersed seeds to escape rodent
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predation during the first 30 days, when seedlings start emerging, through a Bayesian binomial

model (Quintero et al. 2023a).

Finally, we measured seedling emergence and survival for two years using seed sowing
experiments at EP site. We conducted this experiment twice, one starting in January 2019 and
the other in October 2019. At each microhabitat we installed six germination stations the first
season (2018-19), and seven the second season (2019-20). In each station we sowed 16
viable P. lentiscus seeds protected with wire mesh to prevent predation, herbivory, debris and
trampling. The experimental stations were monitored approximately every fortnight for the first

four months and monthly thereafter.

We modelled separately seedling emergence and seedling survival after their first and second
summer using a hierarchical Bayesian model with Bernoulli distribution (Quintero et al. 2023b).
Sample sizes were: 1040 seeds for the seedling emergence model, 126 seedlings for the
model of seedlings survival through the first summer, and 32 seedlings for modelling survival
up to the 2nd summer. All models had microhabitat and fruiting season as fixed effects while
germination station was set as a random factor to account for lack of independence within
sowing units. We used relatively informative priors for the average seedling emergence and
survival on the logit scale: for emergence we used a Normal(-1.8, 2) prior centred around
~15% emergence, for seedling survival through the first summer a Normal(-1.4, 2) prior
corresponding to 20% survival, and for seedling survival through the second summer a
Normal(-0.8, 2) prior corresponding to 30% survival (based on information from Amat et al.,
2015; Trubat et al., 2011). Other parameters had large prior distributions: Normal(0, 2) for the
microhabitat and season effects, and half-Normal(0, 1) prior for the germination station

random effect.
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Diversity analysis of seed rain

To evaluate the seed dispersal service performed by each frugivore species we performed
diversity analyses of the spatial seed rain deposition. For each bird species we considered the
number of seeds collected at each of the n = 102 sampling units at EP site and calculated
diversity using Hill numbers for the first three orders (Chao et al., 2014; Jost, 2007). Diversity
in this case translates into the effective number of sites receiving seeds brought by a given
frugivore species. First order (q = 0) Hill number indicates the site richness (i.e., the number of
sites that received at least one seed), second order (q = 1) is the exponential Shannon
diversity index which not only accounts for the number of sites receiving seeds but also for the
relative abundance of seeds across sites; and third order (q = 2) is the inverse of the
Simpson’s diversity index, which places higher weight to the evenness of seed relative

abundances across sites.

Bottlenecks in transitions between demographic stages and total recruitment

Finally, we reconstructed the complete recruitment cycle of individual P. lentiscus plants, from
fruit production up to 2nd-year seedling recruitment, to identify the major demographic
bottlenecks as well as the contribution of different frugivores and microhabitats at the scale of
individual plants. In particular, we calculated the following transition probabilities (TPs): (TP1)
probability of fruit consumption by birds, (TP2) probability of seeds escaping bird predation
and being dispersed, (TP3) probability of a dispersed seed being viable, (TP4) probability of
seeds arriving at specific microhabitats, (TP5) probability of seeds escaping rodent predation,
(TP6) probability of seedling emergence at each microhabitat, (TP7) probability of seedlings
surviving their first summer and (TP8) probability of seedlings surviving their second summer

(Fig. 1). When estimating the number of propagules arriving at each demographic stage for the
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five distinct microhabitats, we directly started after TP2 (seeds that escaped bird predation and
got dispersed). The overall probability of recruitment (OPR) at each microhabitat was
calculated as the product of the full posterior distributions of the step-specific probabilities for

seed/seedling transitions after seed arrival (TP5 to TP9).

Data Analysis

We performed all analyses with R version 4.3.0 (R Core Team, 2023). For the Bayesian
analyses we used Stan (Stan Development Team, 2023) and brms v. 2.19.0 (Blrkner, 2017).
For model checking we used DHARMa v. 0.4.6 (Hartig, 2022) and DHARMa.helpers v. 0.0.1
(Rodriguez-Sanchez, 2023). For the diversity analyses we used hillR v. 0.5.1 (Li, 2018) and
vegan v. 2.6.4 (Oksanen et al., 2022). For data management and visualisation we used
tidyverse v. 2.0.0 (Wickham et al., 2019) combined with ggdist v. 3.3.0 (Kay, 2022). For a

complete list of all packages used please refer to Suppl. Mat. H.

RESULTS

Pre-dispersal seed viability

The viability of the seeds produced by P. lentiscus plants was generally low (mean = 34%; SD
= 19%) in congruence with previous studies (Jordano, 1988; Verdu & Garcia-Fayos, 1998).
There was strong variation in seed viability between individual plants, LM population being
more variable than EP (Fig. 2, Table S1). Unviability causes also varied substantially between
individual plants, with abortion having the highest incidence (38%), followed by parthenocarpy

(25%) and wasp predation (2-4%) (Table S1).
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Figure 2. Bar graph showing the proportion of the four types of seeds found in individual plants. The two panels
represent two Pistacia lentiscus populations (EP, LM) and each bar represents an individual plant. Numbers above

indicate sample size (number of fruits sampled) and dashed lines represent mean seed viability at each population.

Viable fruit consumption and dispersal

We recorded a total of 28 bird species consuming P. lentiscus fruits. Five of the bird species
detected were new in respect to previous literature (Suppl. Mat. A). Birds consume both unripe
and ripe fruits, yet with marked preference for ripe ones, and thus may disperse either viable
or unviable seeds. We detected 526 unique pairwise interactions between frugivores and
individual plants, which represent 24% of all the potential connections. Most interactions,
however, were dominated by just three species, Curruca melanocephala, Erithacus rubecula
and the seed predator Chloris chloris. These three species were responsible for more than
85% of all the fruits consumed (see Quintero et al., 2023a for more frugivory interaction

details).

Overall, P. lentiscus seeds represented 70% of the fruits consumed by birds during the study
period of 2019-2020 (Table 1). Birds in which the prevalence of P. lentiscus seeds was highest

(>85%) were mostly partial frugivores or seed predators, denoting a higher preference for P.
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lentiscus in their fruit diet. On the other hand, species such as Cyanopica cooki or Sylvia
atricapilla showed lower prevalence of P. lentiscus seeds in their diets, indicating reliance on

other fruiting resources.

The viability of dispersed seeds found in the seed traps was 29.5% (n = 1892 dispersed
seeds). The estimated probability of a dispersed seed being viable was highest when fruits
were consumed by summer migrants (median = 0.57, 80% CI = 0.34 - 0.80) and lowest when
consumed by winter migrants (median = 0.46, 80% CIl = 0.22 - 0.84) (Table 2, Suppl. Mat. C).
Plants with larger crops dispersed more seeds, regardless of their viability. In other words,
large crop sizes did not favour the dispersal of more viable over unviable seeds (Suppl. Mat.

D).

Seed rain among microhabitats

A B
Spatial pattern of seed rain Seed rain spatial diversity
®
O 80 b
Q ® QO ° 701

Diversity
H (]
o o

Curruca melanocephala

201 Sylvia atricapilla
Curruca undata

‘ 2 Turdus merula
101 T .
. Curruca communis
O Q * Phoenicurus phoenicurus
0 .

Bird sp. W secosper 4 () 100 Q 200

richness , , ¢ g sqm

L v 1 41 150m

Figure 3. A) Spatial pattern of P. lentiscus seed rain performed by birds. Dots indicate locations of seed traps
monitoring seed rain in the El Puntal study plot. Shading intensity in points denotes bird species richness found at

each sampling point and circle size denotes seed rain density (seeds per m2). Open area (OA) microhabitat is not
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represented in this figure as it was sampled using transects rather than fixed seed trays (see Methods). B) Diversity
profile of the spatial pattern of seed rain generated by each bird species. Diversity is estimated using Hill numbers
which represent the effective number of sites receiving seeds (out of 102 sampling points in total), i.e., a proxy of
the spatial “spread” of dissemination performed by the frugivore assemblage. When q = 0, diversity is equal to the
number of sites receiving at least one seed dispersed by that bird species (richness); q = 1 is the exponential
Shannon’s index and g = 2 is the inverse Simpson’s index. The higher the q value, the more weight given to the

evenness of seed abundances across sampling points.

All sampling points at EP received at least one seed of Pistacia lentiscus, indicating seed
dispersal was widespread and abundant. The spatial distribution of seed rain was however
uneven, with seed abundance differing by two orders of magnitude across sampling points
(Fig. 3A). Seed rain density was positively related with the number of frugivore species

contributing seeds to each location (r = 0.71, p-value < 0.001).

Different bird species produced contrasting patterns of seed rain (Fig. 3B; Suppl. Mat. E). The
most abundant bird species (Curruca melanocephala and Erithacus rubecula) ensured
widespread seed rain across the landscape, contributing seeds to more than 80% of all seed
traps. The following three most consuming species (Sylvia atricapilla, Turdus merula and
Curruca undata) dispersed seeds to more than 20% of the sampling points (Fig. 3B, Table 1).
Considering the evenness in their seed deposition pattern revealed further differences among
bird species. Diversity (D) scores for each bird species in Fig. 3B represent the effective
number of sites receiving seeds, and the higher the degree (q), the higher the importance of
evenness in seed relative abundances across sampling points. Therefore, the more
pronounced the slopes in Fig. 3B, the more uneven the relative seed contribution across sites
for that bird species. Thus, E. rubecula and C. melanocephala disperse seeds to a large
number of sampling points (>80%) but some sites receive much fewer seeds than others,
causing the drop in their respective diversity for q > 0. Likewise T. merula is the third species

contributing seeds to more sites (D = 32 for q = 0) but its seed deposition was markedly
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concentrated at certain sampling sites leading to low diversity (D = 10.5) for q = 2. In contrast,
Curruca undata and Sylvia atricapilla, which disperse seeds to fewer sites than T. merula,

achieve a more even, widespread seed rain than the latter species (Fig. 3B).

| PP PL FR NF OA
C.mel
E.rub
Cmel b C.chl
- St C.mel
.atr
x C.und E.rub Tmer
g 24 C.und
£ P.pho P.pho
c S.afr Tmer S.atr
S.uni B .
g C.com C.com
c .
S.unij
g C.und C.hor C.ibe
w1 T.mer C.coo
L.meg S.rub E.rub
Fhyp T.mer C.mel
C.coo
0

Rank

Figure 4. Cumulative contribution of birds to the diversity (Shannon index) of Pistacia lentiscus seed rain across
sampling points for each microhabitat. Higher diversity values indicate higher spread of the seed dissemination
among sites (more even distribution), while lower values suggest higher concentration of seeds across fewer sites.
Panels are ordered by decreasing probability of bird’s depositing seeds at each specific microhabitat. Microhabitats
codes: PL = under female Pistacia lentiscus plants, FR = under other fleshy fruited species, NF = under non-fleshy
fruited species, PP = under pine trees, OA = open areas. Animal species codes in alphabetical order: C.chl =
Chloris chloris, C.com = Curruca communis, C.coo = Cyanopica cooki, C.hor = Curruca hortensis, C.ibe = Curruca
iberiae, C.mel = Curruca melanocephala, C.und = Curruca undata, E.rub = Erithacus rubecula, F.hyp = Ficedula
hypoleuca, L.meg = Luscinia megarhynchos, P.pho = Phoenicurus phoenicurus, S.atr = Sylvia atricapilla, S.rub =
Saxicola rubicola, S.uni = Sturnus unicolor, T.mer = Turdus merula, T.phi = Turdus philomelos. Unlabelled points
indicate other avian species in the frugivore assemblage contributing to just one site in that specific microhabitat in

which case Shannon index is 0.

The analysis of seed rain across microhabitats also revealed contrasting differences in seed
abundance and frugivores’ contributions. Sites covered by Pinus pinea (PP) and P. lentiscus
(PL) received the largest seed densities (122 seeds/m?, 80% Cl = 98 - 158, and 88 seeds/m?,
80% CIl = 79-101, respectively), also contributed by the largest number of frugivores (15 and
18 species, respectively) (Fig. 4, Suppl. Mat. E). In contrast, open area (OA) received very low

seed densities (median 0.08 seeds/m?, 80% CI = 0.069-0.083) brought by only three bird
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species, with most seed rain contributed by T. merula (Fig. 4). The most frequent consumers

(C. melanocephala and E. rubecula) were the main contributors of seed dispersal to all

microhabitats, except open areas. Some species also showed marked preference for specific

microhabitats, such as Sturnus unicolor for pine trees, or Curruca undata for non-fleshy plants

or Chloris chloris for P. lentiscus plants.

Bird species P of fruits P .of seeds P of v.iable P of see.dlings Tre;z::lsith z";:;;le;:i ?:
consumed dispersed seeds dispersed recruited (%) seed rain (%)

rCnuerI:::gcephala 0105] (05-05] 0508 P 8.0 63>
Erithacus rubecula [0.0(;'_20.4] [0‘;);33] [0.;);?).3] [0.3;3.4] 82.0 85.0
Sylvia atricapilla [o.(?ﬁ(i‘:).l] [o.ogf)g.m] [o.ogf)g.os] [0.(())52?).1] 280 372
Turdus merula [o.(?i(i‘:).l] [O.ng)g.oﬂ [o.ogf)gos] [o.ogfg.os] 320 712
Phoenicurus 0.01 0.02 0.02 0.03 18.0 94.4
phoenicurus [0.005-0.04] [0.01-0.02] [0.01-0.03] [0.01-0.05]

Curruca communis [o.o%gfg.oz] [0.0%.23(?.01] [o.o(if)g.oa] [o.ogfg.m] 130 459
sturnus unicolor [9e—(()).4(1)i)g‘01] [0.0(?5(1%).01] [o.ogf)g.m] [o.ogé(if).oe] 110 4L
Cyanopica cooki [0.0%3?(?.02] [o.ogé(i?foos] [0.0%293.01] [o.o(ifg.os] 70 160
Curruca undata [o.o%ffg.oz] [o.ogf)g.m] [o.ogf)g.m] [0.0(())%(2).02] 230 100.0
Curruca hortensis [0.0%.533.01] [o.o%f?(?.on [o.ogé(i%).oz] [0.0%39302] 70 067
Saxicola rubicola [9e-8£%2.007] [o.ogﬁ(i%%oos] [0.0%3%.01] [0.0(());)?302] 40 875
tuscinia megarhynchos [4e—(())£.1(1(())%005] [4e—(())£.1(1(())%003] [5e-(())21()—(())2.005] [o.ogi%z.low] 30 100.0
Ficedula hypoleuca [1e-gj;(();.1001] [4e—(())é.l(i(())%003] [6e—(())4.10—(())2.005] [5e-8£%%003] 3.0 100.0
Turdus philomelos [1e-gj;(();.1002] [5e—(())£.1(1(())%003] [5e-(())z.10—(())2.005] [4e-8£%%002] 30 200
Sylvia borin [8e-g§;(();.1001] [5e—(())£.1(1(())%003] [6e—(())4.10—(())2.005] [2e-g§;(c);.looz] 10 60.0
Chloris chioris [o.o(;fo.e] [o.oolf)g.oz] [o.o(if)g.oa] [1e-gz;(c)fooz] 180 8.7
Curruca iberiae [1e—(§§;2i—04] [0.0%3?(‘)1.01] [o.o%g?g.oz] [5e-;5e;gi-o4] 40 667
Muscicapa striata [5e—§g;2i—04] [8e-g§;(();.1001] [1e-gz;(())z.1003] [3e-gse;25e-04] 1.0 100.0
Fringilla coelebs [se-gﬂ())z.ooe] [3e-§z;(();.1002] [3e—(())4.10—(())%003] [2e-g§;gi_-05] 20 100.0
Pyrrhula pyrrhula [2e—g§;(5)3i—04] [1e-gz;(();.1001] [2e-§z;(())z.1003] [9e—g§;(;1—07] 10 100.0
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Table 1. Metrics defining frugivores’ role in Pistacia lentiscus seed dispersal and recruitment. First four columns
refer to P (proportion) indicating the relative contribution of that bird species to the total service provided by all birds
at EP site. Bird species are listed in descending order by the proportion of seedlings recruited. Numbers indicate
the median of the corresponding posterior distributions while numbers in brackets indicate 80% credible interval.
The last two columns refer to the general role of birds in the population. ‘Traps with seeds (%)’ indicates the
percentage of seed traps receiving at least one P. lentiscus seed dispersed by a bird species. ‘Prevalence of P.
lentiscus in seed rain (%)’ indicates the percentage of P. lentiscus seeds found in bird droppings out of the total

number of different seeds dispersed by bird species.

Subsequent consequences of seed dispersal

Post-dispersal seed fate (Fig. 1) varied among microhabitats, however these differences were
not pronounced (Table 2; Fig. S4). TPs refer to the probabilities that a propagule reaching a
specific demographic stage will survive the ecological process acting at that stage; thus, these
are stage-specific transition probabilities. First, the probability of surviving post-dispersal
rodent predation was very low in all microhabitats (median = 0.008; 80% CI = 0.001 — 0.07),
but slightly higher under pine trees (median = 0.02) and open areas (median = 0.01). Seedling
emergence for viable seeds was around 8% (80% Cl = 0.04 — 0.18). Seeds arriving to open
areas had the highest probability of emergence (median = 0.17) and seeds falling under
fleshy-fruited species the lowest (median = 0.05). Seedling survival through their first summer
was slightly higher than the previous transition stages (median = 0.25; 80% CI = 0.09 — 0.53),
being highest under non-fleshy fruited plants. Lastly, the probability of surviving until their
second summer was around 20% (80% CI = 0.02 — 0.54), being significantly lower in open
areas (median = 0.02). In the end, the overall probability of recruitment (OPR) after seed
arrival was similar among microhabitats (median = 1.9 x 105; 80% Cl = 1.3 x 106 — 2.6 x 10%),
as the effects of different post-dispersal stages partially cancelled each other. Seeds arriving

under pine trees had the highest probabilities of recruitment, yet these probabilities
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considerably overlap with those of seeds arriving under fleshy-fruited species, the lowest

quality microhabitat (Table 2).

Table 2. Transition probabilities (TPs; see Fig. 1) and overall probability of recruitment (OPR) in different

microhabitats. Numbers in brackets denote 80% credibility intervals. TP is the probability that a propagule gets from

the previous stage to the subsequent stage (e.g., probability that a seed that escaped seed predation emerges as a

seedling). The OPR is the cumulative probability of recruitment across all successive stages; it was calculated by

multiplying the full distribution of the posterior probabilities at each demographic stage after seed arrival (i.e., not

considering the first row).

Fleshy-fruited species

Non fleshy-fruited

Open ground areas

Pistacia lentiscus

Pine trees (PP)

Recruitment

[6.5x 107 — 4.1 x 10%]

[1.1x 106 —3.3 104]

[9.8 x 107 — 1.4 x 104]

(FR) species (NF) (OA) female plants (PL)
P seed arrival at EP 0.19 0.5 0.00018 0.28 0.019
site (TP4) [0.15-0.24] [0.44 - 0.58] [0.00015 - 0.00022] [0.24 -0.33] [0.015 - 0.026]
P escape seed 0.0068 0.0054 0.013 0.0037 0.023
predation (TP5) [0.0012 - 0.034] [0.00051 - 0.042] [0.0015 - 0.096] [0.00036 —0.029] [0.0023 - 0.15]
P seedling emergence 0.051 0.091 0.17 0.087 0.052
(TP6) [0.027 - 0.086] [0.05-0.16] [0.094 - 0.25] [0.049 - 0.15] [0.028 - 0.097]
P seedling survival to 0.12 0.52 0.3 0.26 0.14
1st summer (TP7) [0.085 - 0.21] [0.32-0.73] [0.21-0.42] [0.14-0.38] [0.061 - 0.26]
P seedling survival to 0.16 0.11 0.023 0.45 0.4
2nd summer (TP8) [0.048 - 0.34] [0.019-0.34] [0.0064 - 0.069] [0.26 - 0.63] [0.18 - 0.65]
Overall Probability of 5.5x10% 2.3x10° 1.3x10° 3.4x10° 5.3x10°

[2.7 x 10— 3.1 x 10]

[4.2 x 106 — 4.7 x 104]

Transitions between demographic stages and total recruitment

Seedling recruitment experienced a 6-order magnitude decay from ripe fruit production stage

to the seedling survival through their second summer stage. From nearly a million fruits initially

produced by the 40 studied plants at EP site, we estimate that only a few seedlings (median =

1.6, 80% Cl = 0.2 — 10.1) were recruited and survived through their second summer (Suppl.

Mat. F and G). Individual plants’ probability of recruitment was quite even, although four

individual plants had 2-3 times higher probability of recruiting than the others (Suppl. Mat. F).

Recruitment of individual plants was not correlated with the proportion of viable seeds found in
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the crop (r = 0.16, p = 0.32), suggesting that higher plant investment in viable seeds does not
directly translate into higher recruitment. Overall, we estimate that the median number of fruits
required to recruit a 2-year-old seedling was 514,000 fruits. For context, crop sizes in our focal

plants ranged from 3,500 to 119,000 fruits.

Of all the demographic transitions studied, post-dispersal predation by rodents was the most
limiting stage, followed by seedling emergence (Fig. 5 and Table 2). With the exception of
Fringillidae (mainly Chloris chloris, which destroyed almost all seeds consumed), bird species’
contribution to recruitment was directly related to their fruit consumption intensity (r = 0.81, p-
value < 0.001 for all birds species, r = 0.99, p-value < 0.001 for only legitimate dispersers, Fig.

5A and Table 1).
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Sylviidae
# Muscicapidae

Turdidae
%, Sturnidae

. Corvidae
Fringillidae
Initial crop Fruits Seeds Viable seeds Seeds escaping Seedlings Seedlings Seedlings
consumed escaping avian  dispersed rodent emerging surviving 1st  surviving 2nd
predation predation summer summer

Dispersed
seeds

Seeds arriving Viable seeds Seeds escaping Seedlings Seedlings Seedlings
at each MH arriving rodent emerged surviving 1st surviving 2nd
predation summer summer

Figure 5. Decline in the number of propagules of Pistacia lentiscus (fruits or seeds depending on the demographic

stage) along the seed dispersal and recruitment process. Panel A shows the contribution of different bird families

along the recruitment process for the 40 plants studied at EP site. Panel B shows the demographic transition for

seeds dispersed at different microhabitats for the whole P. lentiscus population at EP site. Each point represents

the median of the posterior distributions and bars represent 80% CI. Note the log-scale in y-axis.
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When examining total recruitment at EP site, based on seed rain density at the population
level rather than crop production of the 40 focal plants, Pistacia lentiscus (PL) and non-fleshy
fruited species (NF) emerged as the microhabitats where most seedlings were recruited
(median number of seedlings in PL = 11, 80% CI = 1 — 98; median number of seedlings in NF
=10, 80% CI =1 —119; Fig. 5B). This is largely explained by the large area covered by both
microhabitats at EP site (45% NF and 22% PL) and their good overall quality in terms of
recruitment probabilities (Table 2). Open area, despite being potentially suitable, showed
virtually no recruitment (median number of seedlings = 1.3 x 103; 80% Cl =1 x 104 —0.02,
Fig. 5B) because of the limited arrival of seeds. Pine trees (PP) are very scarce in our study
site (1% cover) and received relatively few seeds, yet the lower rodent predation in this
microhabitat led to relatively high recruitment considering its reduced extent. We estimate that
for every million seeds arriving to pine trees, this microhabitat would be able to recruit 15
seedlings (80% CI = 1.4 —123), while fleshy fruited plants would roughly manage to recruit 2
seedlings (80% CIl = 0.2 —14). Overall, we estimate the total number of recruits surviving the
second summer was 47 (80% CIl = 9 — 249), coming from ~2.8 million seeds dispersed (80%

Cl = 2.5 - 3.3 million) for a total area of 4.1 ha.

DISCUSSION

Here we examine the sequential stages from fruit production to seedling recruitment of a
fleshy-fruited plant to obtain an integrative view of plants’ reproductive cycle (Schupp &
Fuentes, 1995). This integrative approach enabled us to disentangle the role of frugivores,
seed dispersal, and microhabitat deposition along the demographic transitions of a seed until
establishing as a second-year seedling. We have found a decoupling of the dissemination and
recruitment processes: despite the overall high fecundity of P. lentiscus plants and the large

array of frugivores dispersing its seeds, which ensure a widespread and relatively abundant
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seed rain, most seeds arrive at suboptimal microhabitats for seedling recruitment. As a result,

individual plants must produce large amounts of fruits to ensure minimal recruitment.

Causes and consequences of seed viability on plant recruitment success

Plants widely differed in the amount of viable seeds they produced. The causes for this
variation are not clearly understood, however they seem to be related to a combination of
plants’ individual life history, pollen limitation and water allocation (Jordano, 1988; Verdu &
Garcia-Fayos, 1998). Higher investment in viable seeds did not seem to directly increase
individual plant’s recruitment, probably because other factors and processes are also
mediating in recruitment success. Having unfilled seeds is hypothesised to have evolved to
reduce seed lost to pre-dispersal predation (Fuentes & Schupp, 1998; Traveset, 1993; Verdu
& Garcia-Fayos, 2001). The production of large fruit crops, even if unviable, can also
contribute to attracting higher amounts of dispersers, which also explains the benefit of
retaining parthenocarpic and aborted fully-developed fruits in the crop. Yet we found no
evidence in the two study populations that larger fruit crops resulted in an increased
percentage of viable seeds dispersed relative to unviable seeds dispersed. Noteworthy, this
study did not follow the identity of individual plants’ seeds after dispersal, but inferred average
seed fate at the population-level. Besides seed viability, individual differences in seed size
likely affects post-dispersal success (predation, germination and seedling survival; Alcantara &
Rey, 2003). Further research that tracks maternal seed identity through post-dispersal stages

will help to understand the effect of seed viability investment on recruitment.

We found slightly lower viability in seeds dispersed compared to the initial viability of plants’
crop. This was unexpected as bird species positively select black fruits of P. lentiscus that

have higher viability rates than red fruits (see also Jordano, 1989). This preference may be
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offset by the fact that birds consume both the more abundant, unripe fruits and the fully ripe
fruits (either with viable seeds or not). It is also possible that dispersed seeds decrease their
viability when exposed to harsh climatic conditions such as marked changes in temperature,
moisture and heat exposure (Franchi et al., 2011). Pistacia lentiscus seeds are sensitive to
very high temperatures (Salvador & Lloret, 1995) and rarely form seed banks because of their
short seed longevity (Garcia-Fayos & Verdu, 1998). This explanation is consistent with the fact
that seeds dispersed by Turdus merula, which deposit most seeds at exposed open areas,

showed the lowest viability (Suppl. Mat. B).

Frugivore and microhabitat roles in seedling recruitment

Pre- and post-dispersal processes of plants are often studied in isolation. Integrative studies
that connect frugivore consumption with seedling recruitment are much less frequent (e.g.,
Cortes et al., 2009; Donoso et al., 2016; Herrera et al., 1994; Jordano & Herrera, 1995;
Jordano & Schupp, 2000; Rey & Alcantara, 2000; Schupp, 1995). Here we managed to
estimate the recruitment success of individual plants from seed production to seedling survival,
assessing the delayed consequences of pre-dispersal (e.g., seed viability, frugivore predation)
and post-dispersal stages (frugivore-mediated seed rain, microhabitat-associated rates of
seed predation or seedling survival) on plant overall recruitment success. Moreover, our

analysis allowed assessing the contribution of each frugivore species to final recruitment.

Our results suggest that bird species’ contribution to P. lentiscus recruitment is stable along

demographic transitions. The number of seedlings recruited through the interaction with birds
was directly related to their quantity of fruit consumption. The major exception are Fringillids,
which shifted from playing an important role in fruit removal to destroying nearly all the seeds

consumed, contributing only marginally to recruitment (Heleno et al., 2011). The fact that
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animals’ recruitment service is mainly guided by consumption (the frequency component)

indicates redundancy in their dispersal service (Quintero et al., 2023; Rehling et al., 2023).

Despite ample functional redundancy among frugivores, their dispersal services were
complementary in some important aspects, such as temporal and spatial patterns. Birds
present at the beginning of the fruiting season (trans-Saharan migrants) dispersed a greater
amount of viable seeds than summer migrants (in congruence with Gonzalez-Varo et al.,
2019), thus increasing their relative contribution to recruitment (Table 1, Fig. S1). In addition,
although the main disperser species deposited seeds in all microhabitats, bird species differed
in their contribution to different microhabitats most likely as a consequence of preferences for
good perching sites for resting (Athié & Dias, 2016). These bird preferences translated into
microhabitat differences in the amount of seed rain and the diversity of bird species
contributing to it. For example, most of the (few) seeds arriving at open areas are brought by a
single bird species, Turdus merula. Hence, this disperser must play an important role in
colonising new spaces, and its eventual local disappearance could have important
consequences on P. lentiscus’ colonisation ability and plant community structuring (Campo-
Celada et al., 2022; Gonzalez-Varo et al., 2017; Isla et al., 2023). The overall spatial clumping
of the seed rain was concordant with many previous studies (e.g., Arnell et al. 2021; Clark et
al. 1998). The unevenness found in seed deposition sites together with microhabitat
preferences illustrate how bird species’ differences in site fidelity and landscape use generate
a patchy template on which plant regeneration takes place. This heterogeneous and non-
random seed deposition leads to the creation of orchards (aggregation clusters of
heterospecific seeds and seedlings; Lazaro et al. 2005), having lasting consequences on local
plants’ recruitment. We expect the spatial and temporal complementary role of frugivores' on
dispersal will be differently manifested in other plant populations and habitats with varying

animal-disperser abundances and microhabitat compositions (Garcia-Rodriguez et al. 2022).
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Differences in microhabitat quality for arriving seeds along the regeneration cycle were
discordant; high-quality patches in some stages became low-quality patches in others, as
previously reported in several studies (Clark et al., 1999; Gomez-Aparicio, 2008; Herrera et al.,
1994; Jordano & Herrera, 1995; Schupp, 1995). These differences have been attributed to
both biotic and abiotic factors such as plant-plant competition/facilitation, fungal pathogens,
insects, temperature, humidity or soil nutrients (Fricke et al., 2014; Traveset et al., 2003). High
seed densities at fleshy-fruited microhabitats may enhance the call-effect for rodent predation
and increase plant-plant competition. In contrast, open areas, a microhabitat typically avoided
by birds (Alcantara & Rey, 2003; Jordano & Schupp, 2000), lead to low seed predation due to
lack of shelter for rodents (Fedriani & Manzaneda, 2005), but high seedling mortality due to

higher water and irradiance stress (Amat et al., 2015).

Spatial discordance between seed rain and recruitment has been repeatedly reported (Houle,
1992; Jordano & Herrera, 1995; Rey & Alcantara, 2000; Schupp & Fuentes, 1995; but see
Garcia et al., 2005). In this study we found that microhabitat differences in the transition
probabilities between demographic stages partially cancelled each other, leading to small
differences in the overall probability of recruitment (OPR) among microhabitats. However,
variations between microhabitats were large enough to detect small spatial discordances,
depicted by the differences in the shape and crossings of the decaying cumulative curves
among microhabitats (Fig. 5B, Fig. S4). In the end, recruitment was mostly determined by the
initial number of seeds arriving at each microhabitat, which was again determined by the

microhabitat preferences of bird frugivores.

Demographic bottlenecks and recruitment success
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Post-dispersal seed predation emerged as the main limiting demographic transition in P.
lentiscus regeneration (also reported in Gonzéalez-Varo et al., 2019), followed by seedling
emergence, in congruence with similar studies carried out in Mediterranean species (Gomez-

Aparicio, 2008).

The overall probabilities of recruitment (OPR) for P. lentiscus at our study site were similar,
although a bit lower, than those found for other Mediterranean plants (Gémez-Aparicio, 2008;
Herrera et al., 1994; Jordano & Herrera, 1995; Rey & Alcantara, 2000; Traveset et al., 2003).
Even if the OPR were low and overlapped between microhabitats, some microhabitats differed
in their median probability by as much as 10-fold, with pine trees (PP) showing considerably
larger suitability for recruitment than fleshy-fruited (FR) or open areas (OA). These differences,
if accumulated over time, can have important consequences for landscape regeneration. In
fact, evidence from the literature supports significantly lower recruitment of P. lentiscus in open
areas compared to beneath tree canopies (Garcia-Fayos & Verdu 1998), including pine trees
(Maestre et al. 2004). Additionally, recruitment can be dependent on population maturity and
establishment. Our study site is a densely vegetated shrubland, dominated by reproductive
adults of P. lentiscus, while young saplings of this plant are harder to find. Garcia-Fayos &

Verdu (1998) also found recurrent low densities of P. lentiscus seedlings in closed shrublands.

The quantity of avian fruit consumption was the key determinant of plants’ recruitment
success, while qualitative differences among frugivores and microhabitats played a minor role.
This underscores the importance of a reliable and abundant seed dispersal service for
recruitment, and its susceptibility to eventual fluctuations in frugivore abundances. We
anticipate that the identity of frugivores and their seed deposition patterns will become
important in different habitats, under natural succession or anthropogenic disturbances

scenarios, where recruitment success will be dependent on the distribution of available
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microhabitats in the landscape (Garcia-Rodriguez et al. 2022, Rost et al., 2009; Wenny &

Levey, 1998).

CONCLUSION

Our investigation of the recruitment process of Pistacia lentiscus, from fruit production to
seedling recruitment, unveiled a key role of frugivores and their non-random microhabitat use
on individual plant recruitment success. Frugivore effects include both immediate interaction
outcomes during fruit consumption and, importantly, delayed effects lasting after seed

dissemination.

Pistacia lentiscus overcomes its high seed unviability by investing in large crops and
representing a staple nutritious resource to many bird species, which disperse vast amounts of
seeds. We found that different bird species provide largely overlapping, but also
complementary, dispersal services. Bird species markedly differ in the amount of fruits they
consume and in the proportion of viable seeds they disperse, related to the timing of their
arrival during the fruiting season. Functional redundancy in birds’ overall post-dispersal quality
makes P. lentiscus particularly robust to the loss of minor consuming species and therefore

more resilient to ecosystem disturbances (Loiselle et al., 2007).

This study supports previous literature highlighting the importance of consumption frequency
for plant recruitment (e.g., Rehling et al., 2023; Vazquez et al., 2005). However, behind the
major effects of interaction frequency, the differences detected in spatial patterns of seed
deposition by birds and the suitability of microhabitats for future plant recruitment underscore
the importance of evaluating post-dispersal consequences of plant-animal frugivory

interactions. Our results illustrate the complexity of the recruitment process in which there is
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an interplay between plants’ investment in viable seeds, bird consumption and dispersal
service, and the suitability of the microhabitat to which seeds arrive. The loss of certain avian
species with specific phenologies (e.g., frugivorous wintering migrants; see Campo-Celada et
al., 2022) and preferences for fruit consumption and land-use may impact plant recruitment in
the most suitable microhabitats, having lasting consequences in plant regeneration and

vegetation physiognomy.

ACKNOWLEDGMENTS

We are grateful to Jorge Isla, Blanca Arroyo, Marta Pelaez and Luisa Genes for fruitful
discussions that helped improve this manuscript. We thank the logistics and facilities support
form ICTS-RBD Donana and the Dofiana National Park for onsite access authorisations during
the fieldwork. The ‘Molecular Ecology Laboratory’ (LEM—-EBD-CSIC; ISO9001:2015 and
ISO14001:2015 certifications) provided logistical support for molecular analyses. We thank
two anonymous reviewers and editors for helpful comments on the previous version of this

manuscript.

FUNDING

EQ received support from “la Caixa” Foundation (ID 100010434), under agreement
LCF/BQ/DE18/11670007 and from a Fulbright fellowship co-funded by Junta de Andalucia.
EQ, PJ and FRS received support from LifeWatch ERIC-SUMHAL project (LIFEWATCH-2019-
09-CSIC-13), with FEDER-EU funding, and grant PID2022-136812NB-100 funded by

MCIN/AEI/10.13039/501100011033 and the European Union NextGenerationEU/PRTR. FRS



769

770

771

772

773

774

775

776

77

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

34.45

and PJ were additionally supported by VI Plan Propio de Investigacion, Universidad de Sevilla
(VI PPIT-US), FEDER 2014-2020 and Consejeria de Economia, Conocimiento, Empresas y

Universidad, Junta de Andalucia (grant US-1381388, Universidad de Sevilla).

AUTHOR CONTRIBUTIONS

Following the CRediT author statement, the contributions for this manuscript are E.Q.:
conceptualization, data curation, software, investigation, visualisation, writing—original draft,
writing— review and editing; P.J.: conceptualization, data curation, project administration,
software, visualisation, supervision, writing—original draft, writing— review and editing; J.M.A.:
investigation, data curation; R.D.: conceptualization, supervision, writing— review and editing;
F.R.S.: conceptualization, data curation, software, validation, visualisation, supervision,

writing—original draft, writing— review and editing.

DATA AVAILABILITY STATEMENT

Data and code for the analyses are available at the Zenodo Digital Repository:

https://doi.org/10.5281/zenodo.8289087 (Quintero et al. 2023b) and the GitHub repository

(https://qithub.com/elequintero/MS_P.lentiscus demography).




794

795
796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

35.45

REFERENCES

Albaladejo, R. G., Gonzalez-Martinez, S. C., Heuertz, M., Vendramin, G. G., & Aparicio, A.
(2009). Spatiotemporal mating pattern variation in a wind-pollinated Mediterranean
shrub. Molecular Ecology, 18(24), 5195-5206. https://doi.org/10.1111/j.1365-
294X.2009.04415.x

Alcantara, J. M., & Rey, P. J. (2003). Conflicting selection pressures on seed size:
Evolutionary ecology of fruit size in a bird-dispersed tree, Olea europaea. Journal of
Evolutionary Biology, 16(6), 1168—1176. https://doi.org/10.1046/j.1420-
9101.2003.00618.x

Amat, B., Cortina, J., & Zubcoff, J. J. (2015). Community attributes determine facilitation
potential in a semi-arid steppe. Perspectives in Plant Ecology, Evolution and
Systematics, 17(1), 24-33. https://doi.org/10.1016/j.ppees.2014.10.001

Arnell, M., Ehrlén, J., & Eriksson, O. (2021). Local distribution patterns of fleshy-fruited woody
plants — testing the orchard hypothesis. Ecography, 44(3), 481-492.
https://doi.org/10.1111/ecog.05359

Athié, S., & Dias, M. M. (2016). Use of perches and seed dispersal by birds in an abandoned
pasture in the Porto Ferreira state park, southeastern Brazil. Brazilian Journal of
Biology, 76(1), 80—92. https://doi.org/10.1590/1519-6984.13114

Burkner, P.-C. (2017). brms: An R Package for Bayesian Multilevel Models Using Stan.
Journal of Statistical Software, 80(1), 1-28. https://doi.org/10.18637/jss.v080.i01

Campo-Celada, M., Jordano, P., Benitez-Lépez, A., Gutiérrez-Expésito, C., Rabadan-
Gonzalez, J., & Mendoza, |. (2022). Assessing short and long-term variations in
diversity, timing and body condition of frugivorous birds. Oikos, 2022(2).
https://doi.org/10.1111/0ik.08387

Chao, A., Chiu, C.-H., & Jost, L. (2014). Unifying species diversity, phylogenetic diversity,

functional diversity, and related similarity and differentiation measures through Hill



821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

36.45

numbers. Annual Review of Ecology, Evolution, and Systematics, 45(1), 297-324.
https://doi.org/10.1146/annurev-ecolsys-120213-091540

Clark, J. S., Macklin, E., & Wood, L. (1998). Stages and spatial scales of recruitment limitation
in southern Appalachian forests. Ecological Monographs, 68(2), 213-235.
https://doi.org/10.1890/0012-9615(1998)068[0213:SASSOR]2.0.CO;2

Clark, J. S., Beckage, B., Camill, P., Cleveland, B., HilleRisLambers, J., Lichter, J.,
McLachlan, J., Mohan, J., & Wyckoff, P. (1999). Interpreting recruitment limitation in
forests. American Journal of Botany, 86(1), 1—16. https://doi.org/10.2307/2656950

Cértes, M. C., Cazetta, E., Staggemeier, V. G., & Galetti, M. (2009). Linking frugivore activity
to early recruitment of a bird dispersed tree, Eugenia umbelliflora (Myrtaceae) in the
Atlantic rainforest. Austral Ecology, 34(3), 249—-258. https://doi.org/10.1111/j.1442-
9993.2009.01926.x

Donoso, I., Garcia, D., Rodriguez-Pérez, J., & Martinez, D. (2016). Incorporating seed fate
into plant—frugivore networks increases interaction diversity across plant regeneration
stages. Oikos, 125(12), 1762—1771. https://doi.org/10.1111/0ik.02509

Ellison, A. M. (2019). Foundation species, non-trophic interactions, and the value of being
common. IScience, 13, 254—-268. https://doi.org/10.1016/j.isci.2019.02.020

Fedriani, J. M., & Manzaneda, A. J. (2005). Pre- and postdispersal seed predation by rodents:
Balance of food and safety. Behavioral Ecology, 16(6), 1018—-1024.
https://doi.org/10.1093/beheco/ari082

Franchi, G. G., Piotto, B., Nepi, M., Baskin, C. C., Baskin, J. M., & Pacini, E. (2011). Pollen
and seed desiccation tolerance in relation to degree of developmental arrest, dispersal,
and survival. Journal of Experimental Botany, 62(15), 5267-5281.
https://doi.org/10.1093/jxb/err154

Fricke, E. C., Tewksbury, J. J., & Rogers, H. S. (2014). Multiple natural enemies cause

distance-dependent mortality at the seed-to-seedling transition. Ecology Letters, 17(5),



847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

37.45

593-598. https://doi.org/10.1111/ele.12261

Fuentes, M., & Schupp, E. W. (1998). Empty seeds reduce seed predation by birds in
Juniperus osteosperma. Evolutionary Ecology, 12(7), 823-827.
https://doi.org/10.1023/A:1006594532392

Garcia, D., Obeso, J. R., & Martinez, I. (2005). Spatial concordance between seed rain and
seedling establishment in bird-dispersed trees: Does scale matter? Journal of Ecology,
93(4), 693—704. https://doi.org/10.1111/j.1365-2745.2005.01004.x

Garcia-Rodriguez, A., Albrecht, J., Farwig, N., Frydryszak, D., Parres, A., Schabo, D. G., &
Selva, N. (2022). Functional complementarity of seed dispersal services provided by
birds and mammals in an alpine ecosystem. Journal of Ecology, 110, 232—-247.
https://doi.org/10.1111/1365-2745.13799

Garcia-Fayos, P., & Verda, M. (1998). Soil seed bank, factors controlling germination and
establishment of a Mediterranean shrub: Pistacia lentiscus L. Acta Oecologica, 19(4),
357-366. https://doi.org/10.1016/S1146-609X(98)80040-4

Gomez-Aparicio, L. (2008). Spatial patterns of recruitment in Mediterranean plant species:
Linking the fate of seeds, seedlings and saplings in heterogeneous landscapes at
different scales. Journal of Ecology, 96(6), 1128—1140. https://doi.org/10.1111/j.1365-
2745.2008.01431.x

Gonzélez-Castro, A., Calvifio-Cancela, M., & Nogales, M. (2015). Comparing seed dispersal
effectiveness by frugivores at the community level. Ecology, 96(3), 808—818.
https://doi.org/10.1890/14-0655.1

Gonzalez-Varo, J. P., Arroyo, J. M., & Jordano, P. (2014). Who dispersed the seeds? The use
of DNA barcoding in frugivory and seed dispersal studies. Methods in Ecology and
Evolution, 5(8), 806—814. https://doi.org/10.1111/2041-210X.12212

Gonzalez-Varo, J. P., Arroyo, J. M., & Jordano, P. (2019). The timing of frugivore-mediated

seed dispersal effectiveness. Molecular Ecology, 28(2), 219-231.



873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

38.45

https://doi.org/10.1111/mec.14850

Gonzalez-Varo, J. P., Carvalho, C. S., Arroyo, J. M., & Jordano, P. (2017). Unravelling seed
dispersal through fragmented landscapes: Frugivore species operate unevenly as
mobile links. Molecular Ecology, 26(16), 4309—4321.
https://doi.org/10.1111/mec.14181

Grundwag, M. (1976). Embryology and fruit development in four species of Pistacia L.
(Anacardiaceae). Botanical Journal of the Linnean Society, 73(4), 355-370.
https://doi.org/10.1111/j.1095-8339.1976.tb01814.x

Harms, K. E., Wright, S. J., Calder6n, O., Hernandez, A., & Herre, E. A. (2000). Pervasive
density-dependent recruitment enhances seedling diversity in a tropical forest. Nature,
404(6777), 493—495. https://doi.org/10.1038/35006630

Harper, J. L. (1977). Population Biology of Plants. Academic Press.

Hartig, F. (2022). DHARMa: Residual diagnostics for hierarchical (multi-level / mixed)
regression models [Computer software]. https://CRAN.R-
project.org/package=DHARMa

Heleno, R. H., Ross, G., Everard, A., Memmott, J., & Ramos, J. A. (2011). The role of avian
‘seed predators’ as seed dispersers. Ibis, 153(1), 199-2083.
https://doi.org/10.1111/j.1474-919X.2010.01088.x

Herrera, C. M. (1989). Frugivory and seed dispersal by carnivorous mammals, and associated
fruit characteristics, in undisturbed Mediterranean habitats. Oikos, 55(2), 250.
https://doi.org/10.2307/3565429

Herrera, C. M. (1992). Historical effects and sorting processes as explanations for
contemporary ecological patterns: Character syndromes in Mediterranean woody
plants. The American Naturalist, 140(3), 421—446. https://doi.org/10.1086/285420

Herrera, C. M., Jordano, P., Lopez-Soria, L., & Amat, J. A. (1994). Recruitment of a mast-

fruiting, bird-dispersed tree: Bridging frugivore activity and seedling establishment.



899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

39.45

Ecological Monographs, 64(3), 315-344. https://doi.org/10.2307/2937165

Houle, G. (1992). Spatial relationship between seed and seedling abundance and mortality in
a deciduous forest of north-eastern North America. Journal of Ecology, 80(1), 99—108.
https://doi.org/10.2307/2261066

Howe, H. F., & Miriti, M. N. (2000). No question: Seed dispersal matters. Trends in Ecology &
Evolution, 15(11), 434—436. https://doi.org/10.1016/S0169-5347(00)01965-0

Howe, H. F., & Miriti, M. N. (2004). When seed dispersal matters. BioScience, 54(7), 651-660.
https://doi.org/10.1641/0006-3568(2004)054[0651:WSDM]2.0.CO;2

Isla, J., Jacome-Flores, M., Arroyo, J. M., & Jordano, P. (2023). The turnover of plant—
frugivore interactions along plant range expansion: Consequences for natural
colonization processes. Proceedings of the Royal Society B: Biological Sciences,
290(1999), 20222547. https://doi.org/10.1098/rspb.2022.2547

Jordano, P. (1988). Polinizacion y variabilidad de la produccién de semillas en Pistacia
lentiscus L. (Anacardiaceae). Anales del Jardin Botanico de Madrid, 45, 213—-231.

Jordano, P. (1989). Pre-dispersal biology of Pistacia lentiscus (Anacardiaceae): Cumulative
effects on seed removal by birds. Oikos, 55(3), 375—386.
https://doi.org/10.2307/3565598

Jordano, P., & Herrera, C. M. (1995). Shuffling the offspring: Uncoupling and spatial
discordance of multiple stages in vertebrate seed dispersal. Ecoscience, 2(3), 230—
237. https://doi.org/10.1080/11956860.1995.11682288

Jordano, P., & Schupp, E. W. (2000). Seed disperser effectiveness: The quantity component
and patterns of seed rain for Prunus mahaleb. Ecological Monographs, 70(4), 591—
615. https://doi.org/10.2307/2657187

Jost, L. (2007). Partitioning diversity into independent alpha and beta components. Ecology,
88(10), 2427-2439. https://doi.org/10.1890/06-1736.1

Kay, M. (2022). ggdist: Visualizations of distributions and uncertainty [Computer software].



925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

40.45

https://doi.org/10.5281/zenodo.3879620

Lavabre, J. E., Gilarranz, L. J., Fortuna, M. A., & Bascompte, J. (2016). How does the
functional diversity of frugivorous birds shape the spatial pattern of seed dispersal? A
case study in a relict plant species. Philosophical Transactions of the Royal Society B:
Biological Sciences, 371(1694), 20150280. https://doi.org/10.1098/rstb.2015.0280

Lazaro, A., Mark, S., & Olesen, J. M. (2005). Bird-made fruit orchards in northern Europe:
Nestedness and network properties. Oikos, 110(2), 321-329.
https://doi.org/10.1111/j.0030-1299.2005.13500.x

Li, D. (2018). hillR: Taxonomic, functional, and phylogenetic diversity and similarity through Hill
Numbers. Journal of Open Source Software, 3(31), 1041.
https://doi.org/10.21105/joss.01041

Loiselle, B. A., Blendinger, P. G., Blake, J. G., & Ryder, T. B. (2007). Ecological redundancy in
seed dispersal systems: A comparison between manakins (Aves: Pipridae) in two
tropical forests. In A. J. Dennis, E. W. Schupp, R. J. Green, & D. A. Westcott (Eds.),
Seed dispersal: Theory and its application in a changing world (pp. 178-195). CABI.
https://doi.org/10.1079/9781845931650.0178

Maestre, F. T., Cortina, J., & Bautista, S. (2004). Mechanisms underlying the interaction
between Pinus halepensis and the native late-successional shrub Pistacia lentiscus in
a semi-arid plantation. Ecography, 27(6), 776—786. https://doi.org/10.1111/j.0906-
7590.2004.03990.x

Mancilla-Leyton, J. M. (2013). Effects of rabbit gut passage on seed retrieval and germination
of three shrub species. Basic and Applied Ecology, 14(7), 585-592.
https://doi.org/10.1016/j.baae.2013.08.005

Martinez-L6pez, V., Garcia, C., Zapata, V., Robledano, F., & De la Rua, P. (2020).
Intercontinental long-distance seed dispersal across the Mediterranean Basin explains

population genetic structure of a bird-dispersed shrub. Molecular Ecology, 29(8), 1408—



951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

41.45

1420. https://doi.org/10.1111/mec.15413

Moore, K. A., & EImendorf, S. C. (2006). Propagule vs. niche limitation: Untangling the
mechanisms behind plant species’ distributions. Ecology Letters, 9(7), 797—804.
https://doi.org/10.1111/j.1461-0248.2006.00923.x

Nathan, R., & Muller-Landau, H. C. (2000). Spatial patterns of seed dispersal, their
determinants and consequences for recruitment. Trends in Ecology & Evolution, 15(7),
278-285. https://doi.org/10.1016/S0169-5347(00)01874-7

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara,
R. B., Solymos, P., Stevens, M. H. H., Szoecs, E., Wagner, H., Barbour, M., Bedward,
M., Bolker, B., Borcard, D., Carvalho, G., Chirico, M., Caceres, M. D., Durand, S., ...
Weedon, J. (2022). vegan: Community Ecology Package (2.6-4) [Computer software].
https://cran.r-project.org/web/packages/vegan/index.html

Perea, A. J., Wiegand, T., Garrido, J. L., Rey, P. J., & Alcantara, J. M. (2021). Legacy effects
of seed dispersal mechanisms shape the spatial interaction network of plant species in
Mediterranean forests. Journal of Ecology, 109, 3670-3684.
https://doi.org/10.1111/1365-2745.13744

Perea, R., Delibes, M., Polko, M., Suarez-Esteban, A., & Fedriani, J. M. (2013). Context-
dependent fruit—frugivore interactions: Partner identities and spatio-temporal variations.
Oikos, 122(6), 943—-951. https://doi.org/10.1111/j.1600-0706.2012.20940.x

Quintero, E., Isla, J., & Jordano, P. (2022). Methodological overview and data-merging
approaches in the study of plant—frugivore interactions. Oikos, e08379, 1-18.
https://doi.org/10.1111/0ik.08379

Quintero, E., Rodriguez-Sanchez, F., & Jordano, P. (2023a). Reciprocity and interaction
effectiveness in generalised mutualisms among free-living species. Ecology Letters,
26(1), 132—146. https://doi.org/10.1111/ele.14141

Quintero, E., Arroyo, J.M., Dirzo, R., Jordano, P. & Rodriguez-Sanchez, F. (2023b).



977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

42.45

elequintero/MS_P.lentiscus_demography: v1.0.0 (v1.0.0). Zenodo.
https://doi.org/10.5281/zenodo.8289087

R Core Team. (2023). R: A language and environment for statistical computing [Computer
software]. https://www.R-project.org/

Razafindratsima, O. H., & Dunham, A. E. (2015). Assessing the impacts of nonrandom seed
dispersal by multiple frugivore partners on plant recruitment. Ecology, 96(1), 24-30.
https://doi.org/10.1890/14-0684.1

Rehling, F., Jongejans, E., Schlautmann, J., Albrecht, J., Fassbender, H., Jaroszewicz, B.,
Matthies, D., Waldschmidt, L., Farwig, N., & Schabo, D. G. (2023). Common seed
dispersers contribute most to the persistence of a fleshy-fruited tree. Communications
Biology, 6(1), 330. https://doi.org/10.1038/s42003-023-04647-y

Rey, P. J., & Alcantara, J. M. (2000). Recruitment dynamics of a fleshy-fruited plant (Olea
europaea): Connecting patterns of seed dispersal to seedling establishment. Journal of
Ecology, 88(4), 622—633. https://doi.org/10.1046/j.1365-2745.2000.00472.x

Rodriguez-Sanchez F (2016). vegetools: tools for vegetation analysis. R package version
0.1.2, https://github.com/Pakillo/vegetools.

Rodriguez-Sanchez, F. (2023). DHARMa.helpers: Helper Functions to Check Models Not (yet)
Directly Supported by DHARMa [Computer software].
https://github.com/Pakillo/DHARMa.helpers

Rost, J., Pons, P., & Bas, J. M. (2009). Can salvage logging affect seed dispersal by birds into
burned forests? Acta Oecologica, 35(5), 763—768.
https://doi.org/10.1016/j.actao.2009.08.004

Salvador, R., & Lloret, F. (1995). Germinacién en el laboratorio de varias especies arbustivas
mediterraneas: Efecto de la temperatura. Orsis, 10, 25-34.

Schupp, E. W. (1995). Seed-seedling conflicts, habitat choice, and patterns of plant

recruitment. American Journal of Botany, 82(3), 399-409.



1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

43.45

https://doi.org/10.1002/j.1537-2197.1995.tb12645.x

Schupp, E. W., & Fuentes, M. (1995). Spatial patterns of seed dispersal and the unification of
plant population ecology. Ecoscience, 2(3), 267—275.
https://doi.org/10.1080/11956860.1995.11682293

Schupp, E. W., Howe, H. F., Augspurger, C. K., & Levey, D. J. (1989). Arrival and survival in
tropical treefall gaps. Ecology, 70(3), 562—-564. https://doi.org/10.2307/1940206

Schupp, E. W., Jordano, P., & Gdmez, J. M. (2010). Seed dispersal effectiveness revisited: A
conceptual review. New Phytologist, 188(2), 333—353. https://doi.org/10.1111/j.1469-
8137.2010.03402.x

Stan Development Team. (2023). Stan Modeling Language Users Guide and Reference
Manual, 2.26.22. Https://mc-stan.org [Computer software]. https://mc-stan.org

Trabelsi, H., Cherif, O. A., Sakouhi, F., Villeneuve, P., Renaud, J., Barouh, N., Boukhchina, S.,
& Mayer, P. (2012). Total lipid content, fatty acids and 4-desmethylsterols
accumulation in developing fruit of Pistacia lentiscus L. growing wild in Tunisia. Food
Chemistry, 131(2), 434—440. https://doi.org/10.1016/j.foodchem.2011.08.083

Traveset, A. (1993). Deceptive fruits reduce seed predation by insects in Pistacia terebinthus
L. (Anacardiaceae). Evolutionary Ecology, 7, 357-361.
https://doi.org/10.1007/BF01237867

Traveset, A., Gulias, J., Riera, N., & Mus, M. (2003). Transition probabilities from pollination to
establishment in a rare dioecious shrub species (Rhamnus Iudovici-salvatoris) in two
habitats. Journal of Ecology, 91, 427—-437. https://doi.org/10.1046/j.1365-
2745.2003.00780.x

Trubat, R., Cortina, J., & Vilagrosa, A. (2011). Nutrient deprivation improves field performance
of woody seedlings in a degraded semi-arid shrubland. Ecological Engineering, 37(8),
1164—1173. https://doi.org/10.1016/j.ecoleng.2011.02.015

Vazquez, D. P., Morris, W. F., & Jordano, P. (2005). Interaction frequency as a surrogate for



1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

44.45

the total effect of animal mutualists on plants: Total effect of animal mutualists on
plants. Ecology Letters, 8(10), 1088—1094. https://doi.org/10.1111/j.1461-
0248.2005.00810.x

Verdu, M., & Garcia-Fayos, P. (1998). Ecological causes, function, and evolution of abortion
and parthenocarpy in Pistacia lentiscus (Anacardiaceae). Canadian Journal of Botany,
76, 134-141.

Verdu, M., & Garcia-Fayos, P. (2001). The effect of deceptive fruits on predispersal seed
predation by birds in Pistacia lentiscus. Plant Ecology, 156, 245—-248.
https://doi.org/10.1023/A:1012653002598

Verdu, M., & Garcia-Fayos, P. (2002). Ecologia reproductiva de Pistacia lentiscus L.
(Anacardiaceae): Un anacronismo evolutivo en el matorral mediterraneo. Revista
Chilena de Historia Natural, 75(1), 57—65. https://doi.org/10.4067/S0716-
078X2002000100006

Wang, B. C., & Smith, T. B. (2002). Closing the seed dispersal loop. Trends in Ecology &
Evolution, 17(8), 379—-386. https://doi.org/10.1016/S0169-5347(02)02541-7

Wenny, D. G., & Levey, D. J. (1998). Directed seed dispersal by bellbirds in a tropical cloud
forest. Proceedings of the National Academy of Sciences USA, 95(11), 6204—6207.
https://doi.org/10.1073/pnas.95.11.6204

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., Francois, R., Grolemund,
G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T. L., Miller, E., Bache, S. M.,
Miiller, K., Ooms, J., Robinson, D., Seidel, D. P., Spinu, V., ... Yutani, H. (2019).
Welcome to the Tidyverse. Journal of Open Source Software, 4(43), 1686.
https://doi.org/10.21105/joss.01686

Yang, S., Jongejans, E., Yang, S., & Bishop, J. G. (2011). The effect of consumers and
mutualists of Vaccinium membranaceum at mount St. Helens: Dependence on

successional context. PLoS ONE, 6(10), e26094.



45.45

1055 https://doi.org/10.1371/journal.pone.0026094

1056



