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Farming impacts animal-mediated seed dispersal through mechanisms operating on
at least two spatial scales. First, at the landscape scale, through habitat loss and
land conversion to agriculture/livestock grazing, and second, at the farm scale, via a
local intensification of agricultural practices. These two scales of farming impact seed
dispersal function but have rarely been integrated. In particular, studies evaluating the
effect of agriculture on the seed dispersal function of frugivorous birds in Mediterranean
ecosystems are lacking. This study evaluates the role of landscape transformation, from
fruit-rich woodland habitats to olive grove landscapes, together with local intensive
practices of soil management on the persistence of the seed dispersal function for
Mediterranean fleshy-fruited plants in olive landscapes of south Spain. We used bird
censuses, mist-nets, and seed traps to characterize avian frugivore assemblages,
frugivory, and seed deposition in the seminatural woodland habitat (SNWH) patches
and olive fields of 40 olives farms spanning 20 localities distributed across the whole
range of olive cultivation in Andalusia (southern Spain). We found that despite the
remarkable dispersal function of olive grove landscapes, avian frugivore abundance and
diversity, frugivory, and seed arrival decreased in olive fields compared to SNWH patches.
Likewise, SNWH cover loss and/or olive growing expansion decreased avian frugivory
and seed arrival. Interestingly, the habitat effects in the olive farms often depended
on the landscape context. In particular, less diverse fruit-eating bird assemblages
pooled in SNWH patches as olive grove cover increased or SNWH decreased in the
landscape, while remaining relatively invariant in the olive fields. Finally, compared to
conventional intensive agriculture, low-intensity management increased frugivory and
seed deposition. We conclude that olive fields are less permeable to frugivores than
expected due to the agroforest-like nature of these landscapes and that the presence
of SNWH patches is crucial for the maintenance of frugivory and seed dispersal in
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agricultural landscapes. These results evidence that woodland habitat loss by olive
expansion and intensive practices seriously threaten the dispersal service in olive-
dominated landscapes. Maintenance, restoration, and promotion of woodland patches
should be prioritized for the conservation of seed dispersal service and for enhancing the
functional connectivity in human-shaped olive landscapes.

Keywords: seed dispersal, frugivorous bird, olive grove, agriculture intensification, landscape transformation,
habitat loss, agroforest ecosystem, frugivory

INTRODUCTION

Seed dispersal by frugivores is an important ecosystem service
that promotes spontaneous natural regeneration of vegetation
and contributes to shaping natural plant communities and their
dynamics in many regions (Herrera, 1985; Lazaro et al., 2005;
Tomback, 2016). In particular, the seed dispersal of woody plants
by frugivorous vertebrates is a major driver of the dynamics
of tropical forests and Mediterranean woodlands (e.g., Herrera,
1995; Muller-Landau and Hardesty, 2005) where frugivores
act as mobile links for connecting plant populations across
landscape patches (Henry et al., 2007; Pérez-Méndez et al,
2017; Parejo-Farnés et al., 2020). In current real-world (human-
shaped) landscapes, ensuring the persistence of seed dispersal
by frugivorous vertebrates is crucial for maintaining connected
plant metapopulations and metacommunities across remnant
landscape patches (Mueller et al.,, 2014; Gonzélez-Varo et al,
2017), and for promoting plant population recovery through
rescue effects (Garcia et al., 2010).

Farming is a major driver of global change and biodiversity
crisis (Tilman et al., 2001; Foley et al., 2005, 2011), giving rise to
the predominance of human-shaped, biologically homogenized
landscapes in many regions (Green et al., 2005; Tscharntke et al.,
2005, 2012; Arroyo-Rodriguez et al., 2020). Farming has also
affected the ecosystem functions and the delivery of biodiversity-
based ecosystem services (Letourneau et al., 2011; Gurr et al,
2017; Landis, 2017), among which seed dispersal by frugivores
is not an exception. Conceptually, farming impact on animal
seed dispersal is expected to operate through mechanisms, acting
at least at two spatial scales (Martin et al., 2019). First, at the
landscape scale, land conversion to agriculture and/or livestock
grazing provokes the direct loss of natural habitats, decreasing
the population sizes of frugivores and fleshy-fruited plants,
and increasing isolation among remnant habitat patches, This
causes plant metapopulations to collapse as it restricts animal
mobility and alters seed deposition patterns. Second, at the
local (farm) scale, intensification of farming practices makes
lands dedicated to intensive agriculture or livestock production
qualitatively inhospitable or scarcely permeable (because of
pesticide application and/or drastic modification of habitat
conditions and food availability) for many frugivores compared
to low-intensively managed farmlands, impeding seed arrival.
Reduced levels of frugivory at these two scales are also expected
as fruit-bearing plants become scarce in the landscape and in
the areas dedicated to crop yield. Although some of these effects
have been described in both temperate and tropical systems

(e.g., Lozada et al., 2007; Pejchar et al, 2008; Martinez and
Garcfa, 2017), they have not been considered together (in an
integrative way), which would provide a comprehensive view of
the impact of farming on the persistence of animal-mediated seed
dispersal. Importantly, considering the operating mechanisms at
these two scales together enables us to directly associate patterns
of seed dispersal decay with specific human actions (expansion
of croplands, destruction or substantial modification of habitat
features, intensification of agricultural practices), which allows
researchers to formulate appropriate corrective measures.

The impact of farming on seed dispersal by frugivores may
be expected to differ with the type of farmland, depending on
how suitable the agroecosystem is for provisioning appropriate
habitat structure and food resources for frugivores (Lozada
et al,, 2007). Namely, more structural protection is expected
in woody permanent croplands than in arable lands, and
more food is expected in fruit-provisioning woody croplands
compared to other woody croplands. This means that fruit-
provisioning woody croplands are potentially permeable to
different frugivorous animals and could ease the persistence of
seed dispersal function. Some of these fruit-provisioning woody
croplands can be managed according to biodiversity-friendly
agroforestry/agroecology principles to preserve biodiversity
(including frugivorous and insectivorous vertebrates) and
ecosystem services without incurring necessarily in a loss in
fruit yield. Examples exist, mainly in tropical agroforest systems
such as shade coffee and cocoa plantations (Lozada et al., 2007;
Clough et al,, 2011; De Beenhouwer et al., 2013; Maas et al.,
2013; Sanchez-Clavijo et al., 2020; Aradjo-Santos et al., 2021),
but there are also some studies supporting the application of
similar principles in temperate apple orchards (Garcia et al.,
2018), semiarid nopal agroecosystems (Mellink et al., 2016), or
Mediterranean olive groves (Rey, 2011).

The olive agroecosystem is currently the most important
woody crop in Europe in socio-economic and cultural terms,
as well as by the extension of its cultivated area (Loumou
and Giourga, 2003; European Commission, 2012). Vast areas of
the Mediterranean lowlands have been progressively occupied
through centuries by olive groves, rendering highly variegated
natural landscapes into an olive monoculture (Weissteiner
et al., 2011). Olive cropland has expanded at the expense
of Mediterranean native forest, woodlands, and scrublands
(seminatural woodland habitats, SNWH hereafter), particularly
rich in fleshy-fruited plant species (Herrera, 1984a; Jordano,
1984) and where avian seed dispersal by birds represents a major
driver of woody vegetation recovery and the long-term dynamics
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of ecological communities (Rey and Alcantara, 2000, 2014;
Perea et al., 2021). However, unlike some notable information
on avian frugivore abundance and diversity (Rey, 1993, 1995,
2011; Morgado et al, 2021), data on frugivory and seed
dispersal in olive grove landscapes is anecdotal, restricted to fruit
consumption during winter by the most abundant frugivores, or
taken from a single or a small number of localities (Jordano and
Herrera, 1981; Rey, 1992; Blanco et al., 1994; Rey et al., 1996; Rey
and Valera, 1999; Delibes et al., 2012; Perea and Gutiérrez-Galan,
2016).

Besides the progressive landscape transformation, olive
cultivation practices have experienced a continuous process of
local (farm) intensification that has happened in two different
non-mutually exclusive ways (Infante-Amate et al., 2016). A
long-lasting and widespread form of olive farming intensification
is based on the elimination of ground herb covers. This is
typically done by using pre and post-emergence herbicides
or tillage, usually accompanied by the use of other pesticides
(insecticides) and fertilizers, regardless of whether the olive field
is irrigated or rainfed. Ground herb cover (composed of so-
called weeds) is considered to compete with the olive tree for soil
nutrients and water in this form of intensive farming. However,
the persistent removal of the herb cover has raised many concerns
in terms of sustainability and the environment as it leaves
soils persistently bare and increases soil erosion (Gomez et al.,
2014), and impacts ecosystem function and services. A second,
more recent, form of intensification is based on increasing
the density of the planted trees. This form of intensification
has raised environmental concerns, especially from the recent
advent of the superintensive hedge-like plantations, because
it involves important structural changes and increased input
demand that affects biodiversity and sustainability. Moreover,
the accelerated expansion of hedge-type plantations demands
new agricultural lands and the transformation of other (typically
annual) croplands and/or traditional olive groves of old trees into
this novel form of plantation (Moreira et al., 2019; Morgado et al.,
2020, 2021). Olive tree density based intensification is unevenly
distributed in the Mediterranean region, with the traditional
density frames still representing the vast majority in major olive
producer countries, such as Spain, Tunisia, Italy, Greece, and
Morocco (Vilar and Pereira, 2018).

Despite the relevance of olive crops, in agronomic and
ecological terms, and differently to tropical agroforest systems
(Lozada et al., 2007; Pejchar et al., 2008; Aratjo-Santos et al.,
2021), we lack information on the role of olive groves on
the persistence of seed dispersal services in Mediterranean
agricultural landscapes. Namely, the impact of SNWH loss
derived from olive expansion and intensification is virtually
unknown. Because of its savanna-like tree structure and fruit
provisioning cropland nature, it could be presumed that olive
groves would be relatively permeable for avian frugivore activity
and seed dispersal. Olive groves are known to play a crucial
role in the lifecycle of many avian frugivores that winter in
the circum-Mediterranean area but that have found increasingly
shortened natural wintering quarters by habitat loss during in
recent centuries (Rey, 1993, 1995). This is favored by the fact
that cultivated olive derives from the human selection of one

of the more frequent and rewarding fruits of the Mediterranean
scrublands, the wild olive (Rey, 2011). Nonetheless, evidence also
exists, indicating that the avian frugivore assemblage and diet in
olive groves are notably simplified compared to wild olive forests
and other Mediterranean scrublands (Rey, 1993; Rey et al., 1996;
Rey and Valera, 1999).

This study evaluates these effects at the regional level,
focussing on Andalusia (in the south of Spain), to what extent
olive expansion and the loss of SNWH—that is, landscape
modification towards olive-dominated landscapes- and the
intensive agriculture—that systematically removes herbaceous
ground cover with herbicides and/or tillage, leaving the soils
uncovered—compromise the seed dispersal function supplied by
frugivorous birds. This study does not evaluate olive farming
intensification based on increased tree density (which considered
traditional, intensive, and superintensive tree density frames)
since in Andalusia (the largest region/area devoted to olive
groves in the world) traditional tree density frames still represent
75% while superintensive hedge-like plantations only reach 2.5%
of the land devoted to this crop (Vilar and Pereira, 2018).
The removal of ground cover has raised strong environmental,
sustainability and biodiversity concerns in Andalusia (Gomez
and Giréaldez, 2009; Moreno et al., 2009; Paredes et al., 2013;
Sanchez-Moreno et al,, 2015; Parras-Alcantara et al,, 2016;
Martinez-Nufiez et al., 2020a,b; Gémez-Rosado et al., 2021;
Tarifa et al, 2021; for some examples). Awareness of the
environmental impact caused by bare soils in the olive cultivation
sector is reflected also in European Common Agriculture
Policy (CAP) (Diaz et al., 2021). More specifically, we evaluate
how landscape and the farm scale, in terms of anthropogenic
impact, have affected avian frugivore abundance and diversity,
frugivory and seed deposition into the productive (olive field)
and non-productive (seminatural woodland) habitats of these
human-shaped landscapes. We intend to provide insights for
plant regeneration and enhancement of connectivity in these
landscapes that could be applied by farmers and land managers.
To do this, this study used information from bird censuses
and mist-netting (which provide data on avian abundance and
seed occurrence in bird droppings) and seed fall traps (for seed
deposition data) from 20 olive grove localities widely distributed
in Andalusia (southern Spain). The study considered: (i) three
levels of the gradient of SNWH cover at the landscape scale
(low, intermediate, and high SNWH cover); (ii) two types of
habitat patch within each olive farm (seminatural woodland
and olive field); and (iii) two types of agricultural practices in
paired olive farms per locality (intensive practices of persistent
removal of ground herb cover vs. low-intensity management,
which maintains the herbaceous cover most of the year). We
expected there to be a decrease of frugivore abundance and
diversity with SNWH cover loss by olive grove expansion
(Rey, 1993) and higher abundance and diversity in seminatural
woodland remnants, especially in olive-dominated landscapes
(Rey and Valera, 1999). We further expect a higher degree of
frugivory in seminatural woodland remnants than in the olive
fields and in landscapes with higher SNWH cover than in olive-
dominated landscapes with low SNWH cover (Rey and Valera,
1999). Concomitant with these predictions, we also predicted
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stronger seed deposition in the woodland remnants compared
to isolated perching trees or the olive fields, especially in
landscapes of high SNWH cover. Finally, because of the mobility
of birds at local and landscape scales, we do not expect strong
effects of agricultural practices on bird abundance, frugivory and
seed deposition.

MATERIALS AND METHODS
Study System

Olive groves are a woody crop that occupies a large part of the
Mediterranean region. With more than 1.5 million ha, Andalusia
is the region with the highest area dedicated to this crop in the
world. Olive growing has continued to expand in Andalusia in
the last several decades, to the detriment of other crops and
areas of natural vegetation. This has caused the simplification
of the landscape. Over vast areas of the Guadalquivir Valley
countryside, olive groves occupy the entire cultivable area
and have become a monoculture, which implies a completely
homogeneous human-shaped landscape. In areas where the relief
is more undulating and parent rock emerges, the olive tree
plantation is not viable and small patches of natural vegetation
have survived clearing. This has leds to a more heterogeneous
landscape in which the olive grove matrix predominates but is
dotted by patches of semi-natural vegetation. Another source of
heterogeneity in these landscapes are areas where the olive grove
is interspersed with other crops, forming an agricultural mosaic.
Finally, in the foothills and piedmont of the mountains of the
region, large forest, woodland, and scrubland masses can occur
along with other woody crops, and olive groves do not comprise
the majority of land use. Therefore, a noticeable gradient of olive
grove cover and semi-natural habitat cover can be envisaged
across the whole olive growing area of the region.

Regarding crop management practices, the conventional and
most widespread practice is the intensive and persistent removal
of herbaceous cover using chemical methods (herbicides)
(hereafter, “intensive management”). These types of practices
are very aggressive for the soil, causing erosion and loss of
tons of fertile soil every year (Castro et al.,, 2008; Gémez and
Giraldez, 2009; Gomez et al., 2009; Gomez-Rosado et al., 2021).
Conversely, other more environmentally respectful practices are
notably increasing in the region, since the application of the most
recent update to European Common Agricultural Policy (CAP),
which entails the maintenance of spontaneous herbaceous cover,
that is left to grow for most of the year (hereafter, “low-
intensity management”). In an increasing number of cases, this
maintenance of herbaceous cover is combined with organic
farming, but the area dedicated to organic olive growing is still a
minority in the region. Modern hedge-like plantations, although
rapidly proliferating are still marginal in the region, and convey a
new and different facet of the intensification of olive production
that is not considered in the present study (see Morgado et al.,
2021, for the effects of superintensive olive farming in avian
frugivore abundance and richness). Olive trees in all the localities
were more than 30-years old and were grown with a plantation
frame of 7 x 8 m or frequently higher.

Experimental Design

To integrate the landscape and local (farm) scale effects
of agricultural intensification, this study included 40 olive
farms, which were paired in 20 localities (see details in
Supplementary Table 1). Each pair of farms was composed by
an intensive and a low-intensity farm that were embedded
within a same landscape. The mean distance between localities
was 105 £ 63.1km (average &+ 1SD). Martin et al. (2019)
have shown that both crop and non-crop habitats influence
functional biodiversity and agroecosystem services in Europe.
We considered these two types of habitat cover for the selection
of our study localities, the characterization of their landscapes,
and the differentiation of habitats within each olive farm. In
particular, the study localities were chosen to cover a gradient of
loss of seminatural woodland habitat (SNWH) cover and land
use conversion to olive groves, across the main olive growing
areas of Andalusia (south Spain). We considered three categorical
levels of landscape modification based on information of SNWH
cover, landscapes with low (< 5%), intermediate (from 5 to
20%) and high (> 20%) SNWH cover (localities ranging between
<1% and ca. 70% of SNWH cover). In total, 8 localities fell
within the Low, 8 in the Intermediate, and 4 in the High
SNWH cover categories. Similar categorical approaches based on
natural habitat loss (and relatively similar cutting points) have
been used for ecological/agroecological conceptualization of the
landscapes (e.g., McIntyre and Hobbs, 1999) or for characterizing
the complexity of the agricultural landscapes (Tscharntke et al.,
2005; Concepcion et al., 2008). We further used the olive grove
cover of each landscape as an estimator of olive expansion. We
used recent land use cartography of the region, based on SIOSE
data (http://www.siose.es) and a Geographic Information System
software, QGIS v.2.14 (QGIS Development Team, 2018), to
calculate the proportion of area occupied by forests, woodlands,
scrublands (all integrating the SNWH), and olive groves in an
area within a circle of 2 km radius, centered between the paired
farms of each locality. We further estimated olive and SNWH
covers within a 1km radius circle around the center of each
farm. A 1 km-scale is commonly used for analyses of the effects
of landscape heterogeneity on birds. Available studies on seed
dispersal kernels by frugivorous birds in the Iberian peninsula,
including human-altered landscapes, report that most seeds are
dispersed at distances notably shorter than 1km and that seed
dispersal events beyond 2 km are extremely rare (Jordano et al.,
2007; Rey and Alcantara, 2014; Gonzalez-Varo et al., 2017, for
Mediterranean landscapes, see also Morales et al., 2013, for
Cantabrian range).

Intensive and low-intensity management were defined based
on the ground herb cover management, whether persistently
eliminated during the whole year with herbicides or maintained
for most of the year and eventually removed in late spring
by mechanical mowing or livestock grazing (Rey et al,
2019; Martinez-Nufiez et al., 2020a,b, for further information
of characterization of these two categories of agricultural
management). Finally, evaluations of the seed dispersal function
(see below) were undertaken by distinguishing two types of
habitats within each olive farm: the olive field, corresponding
to the productive part of the farm; and semi-natural woodlands
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O Olive farms

Intensive

Olive field - Bird census
point stations

SNWH (Woodland) - Bird
census point stations

— Mist netting stations

sodassfiiSs

O Traps in olive trees
@ Traps in perch (within olive field)

@ Traps in semi-natural habitats

FIGURE 1 | Study sites and sampling schemes for avian frugivore assemblages, frugivory and seed deposition in olive grove landscapes of Andalusia (south of Spain).
Upper left panel shows the study area in the south of Spain and the localities of study within Andalusia (indicated by yellow circles in the right panel, each locality with
a pair of olive farms differing in agricultural management). Upper right panel illustrates the difference between intensive olive farms (note the bare ground by persistent
removal of the herbaceous cover) and low-intensity management farms (with a developed ground herb cover for most of the year). Insets on the upper right panel
show ortophotos of olive grove landscapes. From left to right these insets depict an increase in seminatural woodland habitat (SNWH) cover in the landscape (irregular
green) and an increase in olive grove cover (although in ortophoto of the low SNWH cover some polygonal cereal croplands are appreciated). Lower panels identify

sampling stations within an olive farm, distinguishing between stations of bird censuses (large open circles), seed fall traps stations (small solid circles), and bird
mist-netting stations (lines). Colors of stations correspond to different habitats within the olive farm as indicated in the corresponding labeling.

patches, corresponding to the unproductive part of the farm (see
Figure 1 for the overall study design).

Evaluation of the Dispersal Function

As described in the Introduction, agriculture may filter the
dispersal function by: (1) filtering the bird species pool
occurring in croplands; (2) modifying the foraging activity of
the frugivorous birds (frugivory); and (3) modifying the spatial

behavior (mobility) of these birds, and thus affecting where they
deposit their droppings (seed deposition). We evaluated several
parameters that characterize each of these components of the
dispersal function.

Avian Frugivore Abundance and Richness Estimate
From June 2019 to March 2020 (covering most periods of fruit
availability in the Mediterranean region and the time in which
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birds majorly consume fruits), we conducted 5-min bird censuses
at circular point census stations (with a 50 m radius), every
month. We located 10 permanent census stations (6 in the olive
fields and 4 in SNWH patches) in large olive farms (> 25 ha)
and 6 stations (4 in olive fields and 2 in SNWH patches) in
small farms (< 25 ha, typically less than 10 ha). All birds seen
and heard within each station were recorded, although we only
considered fruit-eating birds according to classifications outlined
by Storchova and Horak (2018). Censuses were conducted within
4h of sunrise.

We obtained for each census station an estimate of fruit-
eating bird abundance and species richness and characterized the
frugivore guild of the olive grove landscapes. Abundance and
richness were estimated as the mean number of fruit-eating birds
recorded across monthly surveys in each station.

Frugivory

We intended to quantify the magnitude of frugivory of the pool of
potential frugivores detected in censuses. From September 2019
to March 2020, we conducted bird mist-netting sessions in the
study olive farms. Birds trapping was carried out for 3 h in each
session (between mid-morning and noon). For each farm, two
simultaneous capture zones, one in the olive field and the other
in SNWH patches were considered, with a distance of 150 meters
between zones. In each zone (habitat), we set two mist-nets of 12
x 2.5 meters and a mesh size of 16 mm (24 linear meters of the
net in total per zone). In each mist-net zone, a sound call that
emitted songs of the frugivorous species present was arranged at
random to attract birds.

A 1-m wide strip of mosquito net was placed on the
ground under the mist nets to collect the seeds excreted by
the birds while they were trapped in the net (see details in
Supplementary Figure 1). Once a bird was released from the
net it was immediately introduced in a cloth bag with a paper
cone located inside (where the excreted/regurgitated seeds were
collected) until the moment of seed collection/identification. All
birds were kept in the cloth bags for around 1h and then ringed
and released. The 1-h bird holding time intended to balance the
time typically required for seed regurgitation/defecation of avian
frugivores (temperate avian frugivores have seed retention times
in their guts of less than 1h, e.g., Herrera, 1984b; Sorensen, 1984;
Fukui, 2003) while trying not to compromise the birds’ daily
energy requirements and food provisioning. For each individual
captured, the total number of seeds of each species collected
under the net and in the collector was recorded.

Bird trapping, handling, and banding were carried out by
two expert ringers (FMC and RT) who had ringing licenses
and authorization for the scientific banding of wild birds
in Andalusia.

Logistic constraints hindered sampling in each olive farm of
each locality every month. Therefore, we decided to conduct a
monthly trapping session in one of the farms of each pair (all
the localities thus having a bird trapping session per month).
Consequently, the statistical analysis on frugivory will be based
only on these 20 farms where birds were more actively trapped
(see statistical analyses section). Among the farms sampled
extensively for frugivory, there was a relatively even distribution

between intensive and low-intensive farms and among SNWH
categories. In the other member of each pair of farms, we set mist-
nets just twice during the whole study period. Data from these last
farms were used only for completing a general description of fruit
species consumed by the frugivore assemblage in olive groves.

From  this  information, @ we  reported  three
components/descriptors of the frugivory intensity: the
proportion of the mist-netted frugivore species with seeds
in their droppings, the abundance of seeds per dropping
(including droppings without seeds) of fruit-eating birds, and the
seed species richness per dropping. The first elucidates to what
extent the potential frugivores can disperse seeds in olive grove
landscapes, the second captures the magnitude of this activity,
and the third provides information on the diversity of their fruit
foraging activity.

Parallel to the sessions of bird mist-netting, we exhaustively
surveyed the number of fruiting species around a 50 m radius
circular plot. This allows us to gain an idea of the fruiting
species richness in the neighborhood of the nets. Fruit species
richness other than cultivated olive was frequently null around
nets in the olive field while in the forest woodland patches
decreased with the level of SNWH loss: average of 1.6 species
(range: 0-7) in landscapes with low SNWH cover, 3.7 species
(range 1-12) in intermediate landscapes, 6.8 species (range 4-
8) in landscapes with high SNWH cover. Given the high avian
mobility, 50 m-radius scales around nets may be too small to fully
characterize fruit availability for avian frugivores in a locality.
Consequently, we further assessed the fleshy fruit species detected
in all 50 m radius census stations used for surveying frugivorous
bird assemblages. We show the fruits available at each locality in
Supplementary Figure 2. Again, the richness of the fruit species
available at farm scale decreased with the level of SNWH loss in
the landscape: average of 4.4 species (range: 0-16) in landscapes
with low SNWH cover, 10.0 species (range 4-20) in intermediate
landscapes, 12.0 species (range 9-16) in landscapes with high
SNWH cover.

Seed Deposition
To determine the probability of seed deposition into different
habitats within the olive farm and to characterize seed rain, we
used plastic plant pots of 40 cm diameter (0.1257 m? of collecting
area) and 20 cm depth as seed fall traps. Traps were covered with
a1l x 1 cm wire mesh to avoid seed predation by micro mammals
and perforated on their base to drain rainwater. To avoid seed
drag by water drainage, we glued a mosquito mesh (1 cm above
the trap button) that retained the seeds (e.g., Ficus carica seeds)
to the trap wall. Eighteen seed fall traps were placed per farm
in three different types of habitats (6 traps per habitat): beneath
the olive tree canopy, beneath the canopy of isolated overtopping
non-olive trees serving as perches to birds within the olive field,
and within SNWH remnants. Traps were always set hanging from
branches of trees and/or tall scrubs (Supplementary Figure 1).
The traps were active for 17 months, between October 2018
and March 2020 in 9 localities (3 in each of the landscape
categories) out of the 20 study localities (18 olive farms). We
collected the trapped seeds periodically (every 3 months, with
monthly-bimonthly checks to make sure that the traps were
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active). All seeds collected were pooled at the trap level for
these analyses.

From this data, we obtained for each trap three components
of the seed deposition by birds: the event of seed arrival (1 vs. 0)
as the trap collecting or not collecting seeds; the number of seeds
collected, and the number of seed species collected.

Statistical Analyses

For each response variable considered for frugivore assemblage
(abundance and richness), frugivory, and seed deposition,
we conducted Generalized Linear Mixed Models (GLMMs),
considering habitat loss (i.e., level of SNWH cover: low,
intermediate, and high SNWH), agricultural management
(intensive vs. low-intensity), and habitat type (SNWH habitat
vs. olive field) as fixed categorical effects. The olive grove cover
at the 1-km circular radius was additionally considered as a
continuous covariable since, although negatively correlated with
SNWH (r = —0.59; N = 40 farms), such correlation was not
strong enough to generate serious variance inflation factors in
the models. Note that SNWH and olive cover, although related,
describe different processes, habitat loss (not exclusively due to
land conversion to olive grove), and olive expansion, respectively.
We also considered all the possible interactions among these four
fixed effects. The locality was considered a random blocking effect
in all these analyses. In the case of bird abundance and richness
per census station, we pooled data for all the study period (as
a mean per census station). In the case of models of frugivory,
the monthly trapping sessions conducted in the single station
of each habitat within the farm were nested within a locality.
We used Gaussian family distribution for a mean number
of bird abundance (log-transformed) and richness per census
station provided the non-negative continuous nature of the data
averaged per point census station. Visual inspections of the
residuals support that these response variables were distributed
normally. In the case of frugivory, due to the frequency of zeros,
we used negative binomial family models both for the number
of seeds and number of seed species per dropping, and binomial
models and logit link function for the proportion of frugivore
species with seeds in their droppings. Finally, in the case of
seed deposition, we used binomial family models and logit link
function for probability of seed deposition, negative binomial for
the total number of seeds collected, and Poisson distribution and
log link function for the number of species collected per trap.
All models were fitted using the R package glmmTMB (Brooks
et al., 2017) and their RZGLMM(m) values (the marginal R2, that is,
the variance explained by the fixed effects only) were obtained
with the R package MuMIn (Barton, 2015). A model selection
procedure based on AIC was used to choose the best model
for each response variable among all models that were better
than the null model (including only the random factor). When
two or more models performed well but were indistinguishable
(i.e., when differing in AIC < 2), we typically opted for the
most parsimonious (attending to the behavior of the residuals of
each model), or used the example that contained a biologically
significant or marginally significant effect. The comparison of
each competing model against the null model was conducted
using the dredge function from MuMIn (Barton, 2015).

RESULTS

Variation in the Frugivore Abundance and
Richness Across Olive Grove Landscapes

and Agricultural Management Practices
Thirty five species of birds classified as frugivores occurred
in the studied olive groves (Table1) throughout the whole
period of fruit availability considered (June 2019-March 2020).
Among these species, some were resident, occurring in olive
groves throughout all the year (Sardinian warbler, the European
blackbird, or the European robin among the most common),
while others occurred temporally, mainly as wintering (for
example several thrushes, Blackcap or Black redstart), or
during the post-reproductive period and migratory pass (several
Curruca and Sylvia species, flycatchers, and the Common
redstart), during summer and autumn. The wintering Blackcap
and Song thrush and the resident Sardinian warbler, European
blackbird, and European robin (the latter leaving the olive groves
in the majority of localities during the reproductive season) were
by far the most abundant and ubiquitous species. Overall, fruit-
eating birds were more than two-fold more abundant in olive
grove landscapes during the winter period compared to summer
and autumn (Table 1), though the richness of frugivorous species
was higher during summer-autumn (32 species in summer-
autumn vs. 24 in winter).

The abundance of fruit-eating birds varied notably among olive
groves (ranging from 6.6 individuals/10 ha to 24.1 individuals/10
ha). Our model selection procedure, considering effects of
agricultural management (M), SNWH and olive grove cover
(OGCQ) at the landscape level, and habitat within the olive farms
(H), showed that only a single model was better than the null
model (i.e., the model considering only the random factor). The
selected model (Table 2) showed significant effects of H on avian
frugivore abundance, being consistently higher in SNWH patches
than in the olive fields (Figure 2A). Furthermore, we found
an interdependent effect of H x OGC, meaning that frugivores
increased their abundance in seminatural woodland patches but
remained invariant in the olive field as olive grove cover increased
in the landscape (Figure 2A).

In the «case of frugivore species richness, two
models were significantly better than the null model
(Supplementary Table 2A). Both models showed that frugivore
species richness was affected by H and by SNWH cover, but these
effects were fundamentally interdependent. While frugivore
richness was higher in seminatural woodland patches in all
landscapes, it was invariantly low in the olive field (Figure 2C),
that is, more SNWH cover did not increase frugivore richness
in the olive field. Interestingly, this interaction effect also shows
that frugivore richness in remnant SNWH patches was lower
in landscapes with low SNWH cover compared to landscapes
of intermediate or high SNWH. In addition to these effects, we
also found a marginally significant effect of M (Table 2A). In
particular, species richness was higher in low-intensive farms
than in intensive ones (Figure 2B). In any case, this latter effect
should be considered with caution since the alternative more
parsimonious model, not including M, was not significantly
worse (although it had higher AIC, AAIC < 2).
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TABLE 1 | List of frugivorous birds recorded in bird censuses in olive farms and their respective abundances during the period of fruit availability (June 2019 to March

2020).
Species Bird/10 ha Bird/10 ha Bird/10 ha Bird/10 ha Bird/10 ha Bird/10 ha Occurrence
(low SNWH) (intermediate) (high (summer) (winter) in olive farms
SNWH)
Columba livia 0.35 0.21 0.65 0.00 0.12 0.48 3/40
Columba palumbus 1.01 0.72 1.62 0.39 1.00 1.02 22/40
Corvus corax 0.06 0.14 0.01 0.00 0.07 0.05 3/40
Corvus monedula 0.15 0.37 0.00 0.00 0.35 0.02 3/40
Curruca cantillans 0.05 0.02 0.07 0.06 0.12 0.00 8/40
Curruca communis 0.06 0.07 0.07 0.02 0.16 0.00 9/40
Curruca hortensis 0.02 0.04 0.02 0.00 0.06 0.00 3/40
Curruca melanocephala 12.79 9.91 16.72 12.70 14.20 11.95 40/40
Curruca undata 0.05 0.03 0.07 0.14 0.08 0.06 7/40
Cyanopica cyanus 0.44 0.53 0.57 0.00 0.45 0.43 6/40
Erithacus rubecula 5.61 3.72 6.00 8.60 2.39 7.54 40/40
Ficedula hypoleuca 0.09 0.18 0.03 0.02 0.23 0.00 9/40
Hippolais polyglotta 0.14 0.10 0.21 0.04 0.36 0.00 12/40
Iduna pallida 0.01 0.02 0.02 0.00 0.04 0.00 2/40
Luscinia megarhynchos 0.15 0.06 0.26 0.10 0.31 0.05 14/40
Muscipaca striata 0.18 0.10 0.23 0.23 0.47 0.00 14/40
Myiopsitta monachus 0.08 0.08 0.00 0.00 0.04 0.03 1/40
Oenanthe leucura 0.01 0.00 0.02 0.00 0.00 0.01 1/40
Oriolus oriolus 0.03 0.00 0.02 0.12 0.08 0.00 4/40
Phoenicurus ochruros 1.32 1.34 1.49 0.94 0.18 2.00 37/40
Phoenicurus phoenicurus 0.22 0.28 0.18 0.17 0.59 0.00 20/40
Pica pica 0.20 0.46 0.04 0.00 0.29 0.15 3/40
Psittacula krameri 0.03 0.07 0.00 0.00 0.04 0.02 1/40
Pyrrhocorax pyrrhocorax 0.02 0.00 0.00 0.10 0.05 0.00 1/40
Saxicola torquatus 0.22 0.19 0.20 0.31 0.24 0.21 15/40
Streptopelia decaocto 0.37 0.68 0.21 0.08 0.58 0.25 14/40
Streptopelia turtur 0.19 0.05 0.35 0.12 0.50 0.00 20/40
Sturnus unicolor 1.74 1.68 1.83 1.88 1.24 2.04 20/40
Sturnus vulgaris 0.06 0.00 0.15 0.00 0.00 0.10 1/40
Sylvia atricapilla 18.58 19.87 18.60 156.93 4.08 27.27 40/40
Sylvia borin 0.01 0.00 0.01 0.03 0.03 0.00 2/40
Turdus iliacus 0.03 0.05 0.01 0.05 0.00 0.06 5/40
Turdus merula 3.58 1.65 5.27 4.05 3.70 3.51 39/40
Turdus philomelos 12.34 10.90 12.54 14.79 2.13 18.46 40/40
Turdus viscivorus 0.26 0.03 0.26 0.70 0.22 0.28 11/40
Total density 60.38 53.45 66.73 61.57 34.36 75.99

Density of individuals per 10 ha is reported from 50 m radius bird census points. Data are averaged across point census stations and the 40 olive farms for the whole study period.
Densities in each level of seminatural woodland habitat (SNWH) cover separately, and for summer-autumn (June to October) and winter periods (November to March) are also shown.
The last column reports the number of farms in which each species occurs regarding the 40 studied olive farms.

Variation in Frugivory

Thirteen out of 17 mist-netted frugivorous bird species
defecated/regurgitated seeds of fleshy fruit species in the whole
set of olive groves studied (Table 3). They defecated/regurgitated
2,063 seeds of 27 different fleshy-fruited plant species (Table 4).
Blackcap (Sylvia atricapilla) was by far the most important seed
disperser, disseminating seeds of 26 out of the 27 species recorded
(except Juniperus oxycedrus) in 31 olive groves and accounting
for 90.4 % of total collected seeds in droppings. The other

two major seed dispersers were the resident Sardinian warbler
(Curruca melanocephala, dispersing seeds of 7 fleshy-fruited
species in 18 olive groves), and the migrant Garden warbler
(Sylvia borin, dispersing seeds of 4 species in 4 olive groves).
Wild fruits accounted for a notable amount (62% in total)
of seeds in bird droppings while cultivated olives represented
31% and other cultivated or naturalized species 7%. The plant
species whose seeds were more frequent in bird droppings
in olive groves were the cultivated olive (Olea europaea var.
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TABLE 2 | Selected best model parameters after a selection procedure based in AIC for all the descriptors for avian frugivore assemblage abundance and richness (A), Degree of avian frugivory (B), and seed
deposition (C) used as response variables in this study.

(A) Frugivore assemblage

(B) Frugivory

(C) Seed deposition

Frugivore Frugivore % bird Seed Seed Probability of Seed Seed richness
abundance richness species with abundance in richness in seed abundance
seeds in bird bird deposition
droppings droppings droppings
Model predictors Estimate + z Estimate + z Estimate + z Estimate + z Estimate + z Estimate + z Estimate z Estimate z
SE SE SE SE SE SE + SE + SE
(Intercept) 0.713 + 10.4*** 3.32+0.13 25.4*** -191+0.61 -3.1** -1.93 + -2.8** -3.63+0.57 -6.3"** 0.64+0.40 16ns 220+0.33 6.6*** —-0.16 £ —0.66ns
0.069 0.69 0.2
Olive farm
habitats (H)
Olive field -0.128 + -2.1* -1.7+£0.11  -15.8*** -0.83 + -4.1**  —0.65+0.19 -3.4***
0.061 0.21
Seed traps
habitat (H)
Perch -05+03 —16ns -0.38% -2.1* —-0.20+ —1.00ns
0.18 0.2
Olive tree -1.86 £ 0.3 -5.8*** -1.50 + -6.1"** 1.7 +£0.34 -4.96***
0.25
Ground cover
management (M)
Low-intensity 0.1£0.07 1.7 1.68+£049 34 230054 4.3 221+060 37" 043+£025 1.7- 0.45+0.20 259*
Landscape
effects
SNWH (Low) —0.030 + —-09ns -1.1+0.18 -6.0*** —-0.4+048 -0.8ns —-037+ —121ns
0.035 0.3
SNWH (High) 0.013 + 03ns —-035+02 -16ns 0.69 + 0.48 1.4 ns 0.56 +£0.28  2.00*
0.046
OGC 0.003 + 3.1 -0.01 + 0.01 -1.9* —0.01 £ —1.7- -0.01 + -2.7**
0.001 0.01 0.01
Interaction
effects
H (Olive field) x -0.002 + -3.0**
OGC 0.001
H (Olive field) x 1.15 £ 0.16 7.0%**
SNWH (Low)
H (Olive field) x 0.36 &+ 0.19 1.9*
SNWH (High)
H (Perch) x M —0.54 £ —1.95.
(Low-intensity) 0.3
H (Olive tree) x M 0.34+0.42 0.82ns

(Low-intensity)

Adjusted p-values are shown (ns: non-significant; - p < 0.1, *p < 0.05; **p < 0.01; ***p < 0.001). Effects of habitat within the olive farm (H), seminatural woodland cover, and olive grove cover at the landscape scale (SNWH and OGC),
and ground herb cover management at the farm scale (M) are shown. All the effects were tested but only the coefficients for effects eventually incorporated in each selected best model during the model simplification procedure are
shown. See Supplementary Tables 2—4 for the other alternative competing models. Bold values identify significant effects at the P < 0.05 level of significance (or better).
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FIGURE 2 | Significant effects in the selected models for avian frugivore abundance (A) and species richness (B,C). Note that in (A) the Y axis is in log10 scale, and
that frugivore abundance ranges from 100-5+1) = 30 individuals, to 10('*+" = 100 individuals/10 ha. Data represented are predicted least-squares means and 95%
confidence intervals. Estimates of fixed effects are shown at the reference mean value for all the covariables. H refers to habitat (olive field and SNWH patches) where
censuses and other samplings were conducted. SNWH refers to seminatural woodland habitat and SNWH cover refers to categories (low, intermediate, and high) of
seminatural woodland cover in the landscape. OGC means olive grove cover at the landscape level and M is the local agricultural management (intensive and
low-intensity ground herb cover management).

TABLE 3 | Frugivorous bird species dispersing seeds in olive groves and number of seeds occurring in their droppings/regurgitations.

Species N° of olive farms  Total number Plant species  Three seed species more dispersed by each bird (number of dispersed
in which this of dispersed dispersed seeds)
species has seeds

dispersed seeds

Curruca cantillans 1 15 2 Rhamnus lycioides (14)-Rubus ulmifolius (1)

Curruca communis 3 14 4 Solanum spp. (4)-Olea europaea var. europaea (4)-Ficus carica (4)

Curruca melanocephala 18 85 7 Pistacia lentiscus (40)-Olea europaea var. europaea (15)-Rhamnus lycioides (13)
Curruca undata 1 1 1 Olea europaea var. europaea (1)

Cyanopica cyanus 1 4 1 Asparagus spp. (4)

Erithacus rubecula 1 1 1 Pistacia lentiscus (1)

Ficedula hypoleuca 1 2 1 Pistacia lentiscus (2)

Phoenicurus phoenicurus 1 1 1 Pistacia lentiscus (1)

Sylvia atricapilla 31 1,865 26 Olea europaea var. europaea (615)-Pistacia lentiscus (359)-Solanum spp. (285)
Sylvia borin 4 38 4 Ficus carica (19-Rhamnus lycioides (16)-Olea europaea var. europaea (2)
Turdus merula 2 19 2 Ficus carica (16)-Rubus ulmifolius (3)

Turdus philomelos 3 1 2 Pistacia lentiscus (9)-Olea europaea var. europaea (2)

Turdus viscivorus 1 6 1 Juniperus oxycedrus (6)

The number of olive groves where each frugivorous bird dispersed seed, the number of dispersed species by each frugivore, and the three seed species more frequently dispersed by
each frugivore are also shown.

europaea), Pistacia lentiscus, Solanum spp., Rhamnus lycioides,  olive (dispersed by 7 bird species) and F. carica (dispersed by
and the cultivated/naturalized Ficus carica (> 100 seeds in 5 species), the fleshy-fruit species attracting a higher number of
birds droppings for each of them) and Phillyrea angustifolia.  frugivorous birds were P. lentiscus and R. lycioides (occurring in
The seed species occurring in bird droppings in more different  droppings of 6 and 4 bird species, respectively).

localities (i.e., more ubiquitous in the orchards under study) Our models showed that frugivory varies fundamentally
were the cultivated olive (found in droppings in 29 olive groves), ~ among habitats within olive farms and management regimes with
Asparagus spp. (15 olive groves), F. carica (15), Pistacia lentiscus ~ some influence also of the olive grove cover, while the level of
(14), Solanum spp. (13) and Rubus ulmifolius (10). Sixteen fleshy ~ SNWH cover per se did not improve these models. Thus, in the
fruit species appeared only in droppings of Blackcap, while case of the proportion of frugivore species dispersing seeds (i.e.,
one species (Juniperus oxycedrus) occurred only in droppings  with seed in droppings) no effect was detected (i.e., no model
of Mistle Thrush (Turdus viscivorus). Apart from the cultivated ~ was better than the null model) when seeds of cultivated olives
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TABLE 4 | Fleshy fruit species dispersed by birds in olive groves and number of dispersed seeds (i.e., collected in droppings) of each plant species.

Fleshy-fruited plant species dispersed  N° of olive Total number

N° of birds The three bird species dispersing more seeds for each species (n°

groves in which of dispersed species of dispersed seeds)
the species is seeds dispersing
dispersed each plant
species
Arbutus unedo 2 1 Sylvia atricapilla (2)
Asparagus spp. 15 45 3 Sylvia atricapilla (36)-Curruca melanocephala (5)-Cyanopica cyanus (4)
Crataegus monogyna 1 1 1 Sylvia atricapilla (1)
Cydonia oblonga 1 1 1 Sylvia atricapilla (1)
Daphne gnidium 3 6 1 Sylvia atricapilla (6)
Dioscorea communis 1 6 1 Sylvia atricapilla (6)
Ficus carica 15 119 5 Sylvia atricapilla (77)-Sylvia borin (19)-Turdus merula (16)
Jasminum fruticans 1 5 1 Sylvia atricapilla (5)
Juniperus oxycedrus 1 6 1 Turdus viscivorus (6)
Lantana camara 1 6 1 Sylvia atricapilla (6)
Myrtus communis 1 16 1 Sylvia atricapilla (16)
Olea europaea var. europaea 29 640 7 Sylvia atricapilla (615)-Curruca melanocephala (15)-Curruca communis (4)
Olea europaea var. sylvestris 9 26 1 Sylvia atricapilla (26)
Osyris alba 3 1 Sylvia atricapilla (3)
Phillyrea angustifolia 82 2 Sylvia atricapilla (78)-Curruca melanocephala (4)
Phillyrea latifolia 10 1 Sylvia atricapilla (10)
Pistacia lentiscus 14 412 6 Sylvia atricapilla (359)-Curruca melanocephala (40)-Turdus philomelos (9)
Pistacia terebinthus 1 2 1 Sylvia atricapilla (2)
Punica granatum 2 21 3 Sylvia atricapilla (16)-Curruca melanocephala (3)-Curruca communis (2)
Retama sphaerocarpa 1 1 1 Sylvia atricapilla (1)
Rhamnus alaternus 1 4 2 Sylvia atricapilla (2)-Curruca melanocephala (2)
Rhamnus lycioides 4 236 4 Sylvia atricapilla (193)-Sylvia borin (16)-Curruca cantillans (14)
Rubus ulmifolius 10 43 3 Sylvia atricapilla (39)-Turdus merula (3)-Curruca cantillans (1)
Schinus molle 1 5 1 Sylvia atricapilla (5)
Smilax aspera 40 1 Sylvia atricapilla (40)
Solanum spp. 13 320 3 Sylvia atricapilla (315)-Curruca communis (4)-Sylvia borin (1)
Vitis vinifera 1 5 1 Sylvia atricapilla (5)

The number of olive groves where each plant species was dispersed, the number of frugivorous birds dispersing each seed species, and the three major avian dispersers for each plant
are shown. Seeds occurring only in farms not considered in statistical analyses (see methods) are marked in blue.

were considered (results not shown). Nonetheless, the exclusion
of the seeds of cultivated olives from the analyses renders multiple
models better than the null model. Supplementary Table 3
shows the five models with the lowest AIC. The selected model
(PFS3) incorporated significant effects of M (with low-intensity
farms with ca. 4 times more proportion of frugivorous bird
species dispersing non-cultivated olives, Figure 3A) and OGC
in the landscape (Table2B), with the frequency of species
dispersing seeds decreasing with the olive cover (Figure 3B). This
model was substantially similar to model PFS1 (with lower AIC,
Supplementary Table 3) but was preferred because the latter
incorporated the non-statistically significant effect of H.

In the case of the abundance of seeds per frugivore dropping, all
five models that were better than the null model incorporated H
and M as significant predictors, and four of them also included
OGC. The best model (SAD2; see Supplementary Table 3)
showed that the abundance of seeds in droppings was
significantly higher in the seminatural patches than in the olive

fields (a more than two-fold increase, Figure 3C), increased
substantially in low-intensity management compared to intensive
farms (Figure 3D) and decreased with OGC (Figure 3E), though
this last trend was marginally significant (Table 2B). Likewise,
all significant models for variation in seed species richness in the
bird droppings incorporated H and M (some of them also OGC)
(Table 2B), and the selected best model (SRD1) determined
a significant increase in the diversity of seeds in droppings
in seminatural patches compared olive fields (Figure 3F) and
in farms under low-intensity management compared intensive
farming (Figure 3G).

Variation in Seed Deposition

In total, we collected 1,160 seeds of 34 fleshy fruit species in the
18 olive groves where traps were set up (see Table 5). The rate
of seed deposition steadily increased over time: in 14 months
(between 2018 and 2019) we collected 523 seeds in 186 (40.2%)
out of 462 active seed fall traps (mean number of seeds collected
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per trap capturing seeds = 2.82 seeds), while in 3 months
(winter) in 2020 we collected 637 seeds in 205 (47.4%) out of
432 active seed fall traps (mean number of seeds collected per
trap capturing seeds = 3.11 seeds). Thirty traps were lost during
the period of study. Referred to the total active traps in each
period these figures represent 9.0 and 11.7 seeds/m? each period.
We were unable to classify 9 out of the 34 species collected
(Table 5). Unclassified seeds accounted for less than 1% of the
collected seeds. Sixteen species were only collected in a single
olive grove.

The most ubiquitous dispersed seeds were cultivated olive
(collected in 17 out of 18 olive groves) and F. carica (13), and
among the native species, Asparagus spp. and Pistacia lentiscus
(both collected in 12 olive groves), Rhamnus alaternus/lycioides
(11) and Olea europaea var. sylvestris (wild olives; 10). The
cultivated and wild olives, P. lentiscus, Asparagus spp., Rhamnus
alaternus/lycioides and F. carica seeds fell at least in 30 seed
traps. In contrast, R. ulmifolius, although abundantly collected
(85 seeds), was registered only in 2 olive groves and 5 traps.
Notably, wild plant species accounted for 60% of the seed rain
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TABLE 5 | Collected seeds in the seed fall traps of 18 olive farms of 9 localities of
studly.

Fleshy fruit Total Number of Number of
species number of olive groves traps
seeds in which is collecting

collected collected seeds

Arbutus unedo 4 1 1

Arum italicum 2 1 1

Asparagus spp. 107 12 49

Capparis spinosa 26 1 2

Crataegus 18 5 12

monogyna

Daphne gnidium

Dioscorea

communis

Ficus carica 238 13 30

Jasminum 1 1 1

fruticans

Juniperus 12 4 5

oxycedrus

Myrtus communis 16

Ligustrum spp. 9

Olea europaea var. 179 17 99

europaea

Olea europaea var. 66 10 38

sylvestris

Opuntia spp. 43 3

Osyris alba 2 1

Phillyrea 3 2

angustifolia

Pistacia lentiscus 86 12 54

Pistacia 11 2 2

terebinthus

Rhamnus 226 11 a7

alaternus/lycioides

Rubus ulmifolius 85

Smilax aspera
Solanum spp.
Vitis vinifera

Viscum cruciatum

-

Unknown spp.
Unknown spp.
Unknown spp.
Unknown spp.

Unknown spp.
Unknown spp.
Unknown spp.

4 4 4 4 a4 a4 N A A a NN
4 4 4 4 4 4 a4 a4 a4 NN =N

5

1

2

2

1

1

2 1
3 1
4 1
Unknown spp. 5 1
6 1
7 1
8 1
9 1

Unknown spp.

Total number of seeds collected, number of olive groves, and seed fall traps where each
seed species was collected are shown. Unknown classifications are also reported.

while cultivated olives accounted only for 15% of the deposited
seeds and other naturalized or cultivated species (Ficus, Opuntia,
Vitis) represented the remaining 25%. These figures were, overall,
congruent with data on bird droppings.

A set of models was significantly better than the null
model for capturing the variation in each descriptor of seed
deposition (Supplementary Table 4). Thus, in the case of the
probability of seed deposition into seed fall traps, the models
incorporated different combinations of H, M, and SNWH cover
(Supplementary Table 4). The model with lower AIC (PSA1)
showed significantly higher seed arrival to natural/seminatural
patches and perches than the olive field (Figure4A) and
marginally significant differences between local management
(Table 2C), with higher seed arrival in low-intensity farms
(Figure 4B). This model also incorporated the effect of SNWH
cover (Table 2C), with an increased gradient of seed deposition
as SNWH cover increases in the landscape; although the
corresponding estimated values were not statistically significant
(Figure 4C). The effects of M and SNWH cover should be
taken with caution since this model was not better than the
more parsimonious PSA5, which only incorporated the effect
of H but had higher AIC. Regarding the abundance of seeds
collected by each trap, better models than the null model included
combinations of H, M, SNWH cover, and OGC (see models SAT1
to SAT5 in Supplementary Table 3). The selected best model
(SAT4) showed a significant increase in the number of seeds
collected by traps in the SNWH patches and isolated perch trees
compared to under the canopy of olive trees within the olive
field (Figure 4D). The number of seeds per trap also significantly
decreased as olive cover in the landscape increased (Figure 4E).
Finally, for the number of seed species collected per trap, we
achieved 3 models better than the null model.

The two models with less AIC (SRT1 and SRT2) were
substantially equivalent. Thus, they showed both simple and
interactive effects of H and M (Table 2C), with more diversity
of seeds deposited into SNWH patches and isolated perch trees
within the olive fields than under the canopy of olive trees, with
low-intensive farms receiving more seed species than intensive
farms only in the olive field (Figure 4G). The significant effect of
SNWH cover (significant in the case of the best model based on
AIC) and OGC (in the second model) in these two models were
interchangeable, with this equivalence showing that SNWH loss
and the associated expansion of olive groves reduced the diversity
of seeds in the seed rain (Figure 4F for SNWH cover effect). The
coeflicient for OGC was negative in the alternative model (not
shown).

DISCUSSION

Avian-mediated seed dispersal is a fundamental function in
the dynamics of Mediterranean woodland ecosystems (Herrera,
1995). In the Mediterranean lowlands, woodland ecosystems
have been largely replaced by olive, vineyard, and cereal
croplands throughout a millenary history of cultivation in
the region. However, comprehensive studies of the effect of
agriculture on seed dispersal by frugivorous birds in the
Mediterranean are lacking. The present study shows the extent
to which the landscape transformation from woodland habitats
to olive grove landscapes (the large scale anthropogenic impact
of agriculture) and the local (farm) scale of intensification of the
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agriculture practices (i.e., ground herb cover removal that leaves
soil uncovered), combine their effects to filter the assemblages of
frugivorous birds and simplify their frugivory activity and seed
deposition patterns. The data of the present study represents the
most comprehensive and large-scale survey conducted on the
effects of agriculture (specifically olive agriculture) on frugivory
and seed dispersal in Mediterranean ecosystems.

The results show the remarkable persistence of the dispersal
function of frugivorous birds for Mediterranean fruits in olive
grove landscapes since more than 60% of seeds found in bird
droppings and the seed rain were from wild native species,

accounting for a relevant fraction of the regional flora with fleshy
fruits. The results of this study also show that agriculture filters
avian frugivore richness and abundance, causing a severe decay
of the seed dispersal function. We confirmed our prediction
on the important and pervasive role of seminatural woodland
habitat remnants within farms for conserving the dispersal
function through enhancing frugivore abundance and diversity,
increasing frugivory, and attracting seed deposition. Agriculture
impacted the seed dispersal function fundamentally by causing
changes at the landscape scale, involving woodland habitat loss
and conversion to olive fields (and other agricultural uses),
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and ultimately threatening this function in olive-dominated
landscapes. Thus, in parallel to the habitat effect, we confirmed
that an impoverished frugivore assemblage (in terms of diversity
and abundance), decreased levels of avian frugivory, and decay
in the abundance and species diversity of the seed rain are to
be expected as seminatural woodland cover decreases or olive
grove cover increases in these landscapes. Although we did not
expect to find important effects of intensification of the local
agricultural practices of ground cover removal, negative effects
arose frequently, warning of the additional consequences of local
agricultural management on frugivore activity and on the seed
rains they generate in this agroecosystem. These results have
important implications for the management and preservation of
seed dispersal services at several scales.

The Assemblage of Frugivorous Birds in
Olive Grove Landscapes Is Functionally
Heterogeneous but Locally Impoverished,
Which Contributes to Bias Seed Dispersal,

Limiting It to a Few Fruit Species

The role of olive groves as winter quarters for birds and for
maintaining their frugivory activity in the Mediterranean Basin
has been remarked on in several studies (Rey, 1993, 1995, 2011).
These studies focused on the local scale of the olive fields rather
than at the landscape scale and showed that olive groves host
an impoverished assemblage of frugivorous birds that found
this agroecosystem suboptimal. This is because olive groves are
simplified compared to natural scrublands and forests, both
structurally and in terms of fruit and other food resources, which
affect the diet, the foraging behavior, and body condition of
the frugivorous birds still able to settle in this agroforest-like
agroecosystem (Rey and Gutiérrez, 1996, 1997; Rey et al., 1996,
1997; Rey and Valera, 1999). Our results confirmed previous
suggestions. Thus, practically, the totality of avian seed dispersers
in the lowlands of the region were represented in the olive grove
landscapes considered as a whole (Table 1). They consumed and
dispersed a substantial number of the fruiting species found in
the region (Tables 3-5). However, frugivore assemblages became
impoverished locally, as did seed dispersal function.

The frugivore assemblage of the olive grove landscapes seems
to be characterized by its functional heterogeneity and the
potential complementarity of seed dispersal services, which are
fundamental for ensuring seed dispersal quality and resilience
in real human-shaped landscapes (Garcia and Martinez, 2012;
Garcia et al., 2013; Escribano-Avila et al, 2014). Frugivores
that contribute more significantly to seed dispersal in olive
groves are either wintering birds (Blackcap) or resident species
(Sardinian warbler and European blackbird), which consume
fruit during all seasons and contribute to seed dispersal of the
whole set of species available. Along with these species, some
other bird species occur in olive groves dispersing fruits during
short periods. They typically consume fruits and disperse seeds
during a migratory pass, and include flycatchers and redstarts
and especially, several Sylvia and Curruca species (Jordano, 1982,
1984, 1988; Herrera, 1984a).

The frugivore assemblage inhabiting olive grove landscapes
varies considerably in body size with small, medium-sized,
and large frugivores (Herrera, 1984b; Jordano, 1987), allowing
complementary seed dispersal of all wild and cultivated fruits in
the region (the latter pecked rather than swallowed in many cases,
Rey and Gutiérrez, 1997). Finally, among common frugivores
in olive groves, avian mobility and the ability to track fruit
resources in human shaped landscapes is especially pronounced
in Blackcap and Song thrush (Rey, 1995; Telleria et al., 2008).
At the landscape scale, long distance flights between fragments
of natural habits across olive groves are frequent in some
large frugivorous birds of genus Turdus, Columba, and among
Corvidae (authors pers. obs.; see also Perea and Gutiérrez-Galan,
2016).

These results indicate that the frugivore assemblage inhabiting
olive grove landscapes has the potential to adequately disperse
most fruit-bearing species in the region. However, the seeds in
the droppings collected (Tables 3, 4) and findings in the seed
traps show that the fruits of many species are being consumed
and dispersed extremely infrequently by most frugivores in
olive grove landscapes, and that, in many cases, their dispersal
is carried out by only one or two frugivorous bird species
at most. Moreover, although our results illustrate remarkable
frugivore activity, the low ratio of dispersed and available species
(Supplementary Figure 2) indicates that a notable number of
species remain undispersed at each locality (% of available but not
dispersed species ranging from 13 to 100%). In addition, some
species were not (or rarely) dispersed regionally, despite being
present in these olive grove landscapes. Interestingly, these results
also illustrate that some seeds were dispersed over long distances
since they were found to be dispersed at the farm scale but seemed
to be absent in the farms (this last phenomenon is identified as
gray-colored empty cells in Supplementary Figure 2).

The frugivory activity was strongly dominated by two
generalist frugivores, Blackcap and Sardinian warbler, which
are also major seed dispersers in the native vegetation of the
Mediterranean region (Jordano and Herrera, 1981; Herrera,
1984a). Frugivory activity and dispersal were biased toward
some plant species, particularly the cultivated and the wild
olives and Pistacia lentiscus, two lipid-rich winter fruits that
account for more than 50% of the seeds in bird droppings
and ca. one-third in the seed traps, despite both are single-
seeded fruits. These two fruit species are known to support
the frugivorous diet of wintering birds in the lowlands of the
Mediterranean region (Herrera, 1984a; Jordano, 1984; Gonzalez-
Varo et al.,, 2017; Parejo-Farnés et al., 2020) and in olive groves
and wild olive scrublands (Rey, 1992; Rey et al., 1997; Rey
and Valera, 1999). Besides these species, some summer fruits
(F. carica, R. ulmifolius, Solanum spp., and R. lycioides, the
latter common in many habitat remnants) that typically serve as
fruit sources for resident and migrant frugivores (Jordano, 1982,
1988; Herrera, 1984a) were abundantly dispersed locally during
summer-autumn (Tables 4, 5).

This bias in frugivory and seed dispersal is in part due to the
lack of some frugivores in olive dominated landscapes, where for
example, some migrant Curruca and Sylvia and Oriolus species
or resident Turdus viscivorus, were virtually absent, while others
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like Turdus merula and Erithacus rubecula decay sharply with
the loss of woodlands. In particular, the seed dispersal of all
but one fruit species involves the Blackcap, even though some
fruits were available mainly when this species has left most olive
groves. Blackcap was by far the most abundant frugivore in
winter, and the one most captured in mist nets, while large birds,
even those that were relatively abundant, were rarely captured
if any with mist-nets, meaning their contribution to frugivory
and seed rains may be underestimated. Although Blackcap
leaves olive groves during spring and summer, some individuals
remain in olive groves in the piedmont of the mountain systems
of the region during summer-autumn periods and consume
summer-autumn fruits, which explains its ample fruit diet.
Even though some frugivores, such as European robin, Song
thrush, and European blackbird, are known to disperse many
seed species in Mediterranean forests and scrublands (Herrera,
1984a; Jordano, 1984); they dispersed a relatively low number
of fruit species in the olive grove landscapes. Although they
were captured less than Blackcaps (compared to its abundance
in censuses) their frequency of occurrence in seeds in droppings
(proportion of droppings with seeds) was rather low in our
study, for example, European robin (0%), Song thrush (9%) and
European blackbird (7.4%) (see also Rey, 1992; Tarifa et al,
2021). It seems that these species are slower to consume fruits
in olive grove landscapes than in natural habitats, perhaps
because in many olive grove landscapes these fruits are too
scarce to attract these birds or to make profitable the tracking of
their availability.

In short, these results suggest that olive expansion and
concomitant loss of forest/scrubland patches constrain local fruit
and frugivore assemblages, limiting their fruit consumption, and
disrupting the seed dispersal and seed rain of many plant species.

Habitat and Landscape Effects: Woodland
Habitat Loss and Olive Grove Expansion
Filter Frugivore Assemblage, and Simplify

Frugivory and Seed Deposition Patterns

We found an important pervasive effect of the type of habitat
within the farm on frugivore abundance and diversity, frugivory,
and the seed abundance and diversity in the seed rain. Avian
frugivores tended to concentrate in forest/scrubland patches
and their activity of fruit consumption was higher compared
to those in the olive field, as revealed both by the number of
seeds and species richness in droppings, which subsequently
translated into the concentration of the seed deposition in the
natural habitat remnants. This is related to the fact that within
the olive fields most fruiting species are actively eliminated by
agricultural practices, with only some species, such as Asparagus
spp.» Solanum spp., Capparis spinosa, persisting (Rey, 2011; Tarifa
et al,, 2021) in the olive fields of low-intensity farms. This
is in sharp contrast to the availability of non-cultivated fruits
in the remnant forest patches (Tarifa et al, 2021). This type
of effect of patch quality on avian abundance and richness,
and on frugivory and seed arrival, has been reported in other
landscapes of the Iberian Peninsula, which were fragmented or
structurally degraded by annual croplands and livestock grazing

(Santos and Telleria, 1994; Alcédntara et al., 2000; Garcia and
Chacoff, 2007; Garcia et al., 2010; Herrera and Garcia, 2010;
Rey and Alcantara, 2014). Similar local or patch effects are
also typical in tropical agroforest systems, such as cocoa and
coffee plantations (for instance, Lozada et al., 2007) that, as olive
groves, are permanent croplands. In these agroforest systems,
the practice of growing the crop under a more or less diverse
canopy of tropical trees (shade plantations), compared to the
most common and productive sun plantations, conditions the
farm for frugivores and affects their frugivory activity and seed
deposition patterns, which have been shown to approach those
reported on intact forests (Lozada et al, 2007; Aratjo-Santos
et al., 2021). As in other agricultural landscapes, isolated trees,
that overtop olive tree canopy serve as perches for birds and
provide alternative resources (food or mating and nesting sites)
in the olive fields (e.g., Hoi-Leitner et al., 1999), introducing
a source of heterogeneity for the patterns of frugivore activity
and seed deposition. They typically have a focal effect, attracting
frugivore activity within inhospitable matrices and generating
seed nucleation (Herrera and Garcia, 2009), especially if they bear
fruit. We confirmed the nucleation effect of isolated perching
trees, with findings revealing that, even if they did not bear fruit,
they attracted seeds to the olive field. The probability of seed
deposition under the canopy of isolated perching trees in the
olive field, and the number and the diversity of arrived seeds,
were to some extent comparable to those of habitat remnant
patches and much higher than under the canopy of olive trees
(Figures 4A,D,G).

Interestingly, the habitat effects in olive groves interact
frequently with SNWH cover and/or olive grove cover (i.e.,
expansion) in landscapes. These types of interacting effects have
been reported in literature on avian frugivores in landscapes
fragmented by agroforest croplands (Araujo-Santos et al,
2021). While the abundance and diversity of frugivores in the
seminatural patches of the olive farms varied in relation to olive
grove cover in the landscape and/or across levels of SNWH
(augmenting the abundance but decreasing the diversity as
olive grove cover is higher and the patches of natural habitat
smaller and infrequent), they remain invariantly low in the olive
field (see Figures 2A,C). In turn, frugivory decreased with the
olive grove cover in the landscape (Figures 3B,E). On the one
hand, this means that as seminatural woodland habitat patches
become smaller and infrequent in landscapes, they host fewer
fruiting species (a typical patch cover effect, Arroyo-Rodriguez
et al., 2020), and attract a less diverse group (fewer species)
of frugivores that concentrate in the small patches still present
and build less diverse fruit diets. On the other hand, these
results suggest that independently of the landscape context
in which olive farms are located, olive fields in their current
state are of very low attractiveness, and are even inhospitable
for many species of frugivores. This is unexpected since they
supply them with a rewarding and abundant fruit (the cultivated
olive) and their agroforest-like nature could be relatively suitable
for forest/scrubland birds. These results also suggest that the
spillover of avian frugivores and seeds of fruit-bearing plants
from the remnant patches of natural habitat toward the olive field
matrix is rare, with several species of frugivores concentrating
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their abundance and activity exclusively in the seminatural
patches, this effect will become even more pronounced with
the expansion of the olive groves and the homogenization of
olive-dominated landscapes. Therefore, unlike the permeability
typically found in tropical agroforest systems to animal-mediated
seed dispersal (for instance, shade coffee or cocoa plantations,
Lozada et al., 2007; Aratdjo-Santos et al., 2021), olive fields are
less permeable than we initially presumed to frugivorous birds,
and to their dispersal function.

In this scenario, the persistence of a diverse frugivore
guild and its dispersal function in the olive grove landscapes
strongly depends not only on the presence but also on the
cover provided by seminatural woodland habitats. Maintenance
of forest remnants has been shown to be fundamental to
maintaining frugivory and seed dispersal services and potential
forest regeneration in agricultural landscapes, both in temperate
and Mediterranean regions and in the tropics. A number of
forest remnants in such landscapes promotes local (within patch)
and regional (between patches) seed dispersal by medium-sized
and large avian frugivores capable of long-distance flight, which
to some extent counteracts the effects of forest fragmentation
on fruit consumption and removal from focal plant species
(Breitbach et al., 2010; Gonzalez-Varo, 2010; Parejo-Farnés et al.,
2020). This ultimately should enable abundant and diverse seed
rains and the persistence of species at landscape scale through
long-distance seed dispersal (Garcia et al., 2010; Gonzélez-Varo
et al,, 2017; Aradjo-Santos et al., 2021).

Impact of Local Intensive Ground Herb
Cover Removal on Frugivory and Seed

Dispersal

Intensification of agricultural practices may affect the abundance
and diversity of farmland birds (Donald et al., 2001) and
birds thriving in woody and agroforest croplands (for instance,
Assandri et al, 2016, 2017, for vineyards; Rey et al, 2019;
Morgado et al,, 2020 in olive groves; Bennet et al, 2021, in
cocoa agroforest, Aratijo-Santos et al., 2021 in coffee plantations).
Among the most susceptible avian guilds to intensive agricultural
practices in permanent croplands are insectivores and frugivores
(Rey, 2011; Martinez-Nuiez et al., 2020a; Bennet et al., 2021).
It has been suggested that intensive agriculture affects pest
biocontrol and seed dispersal services (Johnson et al., 2010;
Maas et al., 2013; Araujo-Santos et al., 2021). The different
methods adopted and levels of intensification that take place
in local agriculture and how they affect avian frugivory and
seed deposition patterns in these croplands have only been
investigated in tropical agroforest systems (Lozada et al., 2007;
Aratjo-Santos et al., 2021) to date, and there is no previous
information on olive groves. We found that the effects of
intensification of local agricultural practices to be more frequent
in olive groves than we initially expected.

Different from other woody and agroforest croplands, such as
cocoa and coffee agroecosystems, where intensification mainly
concerns the removal of a canopy of tropical forest tree
species, the form of intensification in olive groves involves
the persistent application of herbicide to remove ground

herbaceous cover (which are considered weeds in olive fields)
(Rey et al., 2019; Martinez-Nuifiez et al., 2020b; Tarifa et al.,
2021). We confirmed that local intensive practices of ground
cover removal notably impacted the frugivory. This practice
has consistent negative effects on the proportion of frugivorous
species dispersing seeds, and the seed number and diversity
in their droppings. This effect eventually translated to decay
in the probability of seed deposition and the diversity of seed
rains, especially in the olive field. Active practices of ground
cover removal in intensive farms much probably hampered
the occurrence of fruit species in the olive fields, affecting
the frugivory.

Frugivorous birds also use insects in their diets in olive groves
(Rey, 1992; Rey et al.,, 1996; Rey and Valera, 1999). Intensive
farms more frequently use pesticides against olive pests, which
together with the removal of herbaceous cover substantially
decreases insect availability in intensive farms (Carpio et al,
2019) and could contribute to making these farms inhospitable
for some birds. This may explain our findings, which indicate
the negative (although only marginally significant) effects of local
intensification practices on avian frugivore richness.

Synthesis and Applications

The olive agroecosystem plays an important role in the
conservation of numerous frugivorous birds that winter in
the circum-Mediterranean region and of their seed dispersal
function (Rey, 2011). However, although information about
their abundance and species composition is extensive, we still
know very little about the consequences of agriculture on
the seed dispersal service that frugivores provide. Our study
was conducted at the farm, landscape, and regional levels,
and suggests that olive cultivation threatens the seed dispersal
service delivered by avian frugivores for many Mediterranean
plant species. Importantly, all components of the seed dispersal
function (abundance and diversity of avian frugivores, intensity
of frugivory, and seed deposition) are threatened in most olive
grove landscapes due to olive expansion and loss of woodland
habitats. Moreover, this phenomenon is further aggravated by
predominant intensive agricultural practices that remove ground
herb covers with herbicides.

The increasing area occupied by olive grove-dominated
landscapes not only threatens frugivorous/insectivorous bird
communities, it also lessens their functional complementarity
and diminishes the connectivity, and potential regeneration of,
the persisting remnant patches of seminatural woodland habitat
within these landscapes. There is a current expansion of olive
groves, toward superintensive olive growing in hedges, which
could further aggravate the ongoing loss of frugivore diversity
and frugivory in olive groves (but see Morgado et al., 2021)
due to the deep structural modification of this agroforest-like
agroecosystem. These threats could be generalized to most olive
growing areas of the Mediterranean Basin since land conversion
to olive cultivation by intensive and superintensive practices is
being pursued throughout the entire region.

Our findings have important applications for the management
and recovery of the seed dispersal function. We have shown that
the presence and cover of fruit-rich SNWH patches in olive grove
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landscapes are critical for the conservation of avian frugivores
and their dispersal services and that intensive agriculture further
impacts this function. Management actions should take these
effects into account, and address this increase in SNWH cover,
especially in fruit-rich woodlands, and undertake maintenance of
ground herb cover, working at several spatial scales.

At a large scale, we recommend:

- Compulsory maintenance of woodland habitats within
agricultural landscapes.

- Avoidance of property concentration (land consolidation),
which frequently entails the elimination of edges, field
margins, and hedgerow.

At the farm scale, the following should be prioritized:

- Maintenance of the still present woodland habitat patches
within the farm, and further enriching them with native
fleshy-fruited species, since many of them have already been
internally cleared (through historical practices).

- Creation of new woodland patches that are rich in fleshy fruits
and located in unproductive zones of the farm, especially in
olive-dominated landscapes.

- Reforestation of the edges and field margins and installation of
hedges rich in fleshy fruits.

- Conservation of isolated perching trees and promotion of
new perches for birds by planting trees or installing artificial
perches (e.g., wooden poles).

- Fomenting the maintenance of herbaceous ground
cover, at least between rows of olive trees and in strips
around woodland patches, and decreasing the levels of
pesticide application.

These actions could be implemented within the frame of
the new European Union Common Agriculture Policy (CAP
post-2020), through its different environmental instruments,
which include enhanced conditionality, eco-schemes, agri-
environmental, and climate measures targeted specificaly and
regionally to the agroecosystem (Diaz et al, 2021) of the
Mediterranean region.
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