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Abstract

Olive groves are the most representative crop of the Mediterranean basin. This

agroforestry system is undergoing a strong transformation in recent decades as

a result of the agricultural intensification process prevailing in the Northern

Hemisphere. Although some authors have suggested that farmland biodiver-

sity responds non-linearly to the complexity of agricultural landscapes, few

studies have used community thresholds to identify potential tipping points.

Here, we examined the existence of synchronous responses in bird abundance

across a gradient of decreasing agricultural intensification in Spanish olive

groves. Our study system comprised 25 sites, each consisting of a pair of farms:

one with intensive management and the other one with extensive manage-

ment of the herbaceous cover. We explored whether bird abundances exhibit

non-linear threshold responses to ant abundance and tree density at a local

(field) scale, plant diversity (both herbaceous and woody plants) at a local

(farm) scale, and to proportion of natural habitat at a landscape scale using

Threshold Indicator Taxa ANalysis (TITAN). We found a higher incidence of

positive responses with decreasing levels of intensification, and these were not

restricted to certain guilds or avian families. Few indicator species showed a

significant negative response. Thresholds detected were not sharp but rather

gradual changes along the environmental gradients. Although they do not nec-

essarily support evidence of ecological thresholds characterized by rapid

changes in species abundance or distribution, these patterns can help identify

optimal change points for management decisions. Specifically, our results indi-

cate that reaching a minimum threshold of ~85 and 15 species of herbaceous

and woody plants, respectively, per unit of surface can entail a gain in terms of

bird diversity for olive farms with virtually no detrimental effects. Overall, this

study shows that the adoption of agri-environmental measures like the mainte-

nance of ground cover and patches of natural habitat has a positive impact on
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different species inhabiting this woody crop, and this effect occurs at different

spatial scales.

KEYWORD S
agri-environmental schemes, avian responses, community ecology, ecological gradients,
ecological thresholds, extensive agriculture, farmland, Olea europaea, woody crop

INTRODUCTION

Olive groves (Olea europaea) constitute one of the most
emblematic crops in the Mediterranean basin, a global
biodiversity hotspot (Blondel et al., 2010). They have
been an idiosyncratic feature of Mediterranean land-
scapes for millennia and, currently, they extend over
more than 11 million ha across this region (FAO, 2023).
Given their distribution across southern Europe, this
woody crop represents an important refuge for wildlife,
especially for frugivorous wintering birds like thrushes
and warblers that find these “managed forests” a larder
with which to face the harshest months (Rey, 2011). In
addition to being a highly valuable agroecosystem for bio-
diversity and having a significant ecological role, olive
groves are of high economic importance in the Iberian
Peninsula and other zones of the Mediterranean basin
such as Calabria, Lesbos, and Peloponnese (Loumou &
Giourga, 2003). In Spain, olive groves are the most exten-
sive permanent crop and constitute a large part of the
gross domestic product in regions such as Jaén and
C�ordoba in Andalusia (Infante-Amate, 2012). Olive farm-
ing is well rooted in the cultural and social heritage of
Southern Spain, and together with the dehesas (oak
savannahs) constitutes a paradigmatic case of agrosystem
that promotes biodiversity and, in turn, generates social
externalities including the maintenance of population in
rural areas and the preservation of tradition and local
knowledge (de Graaf & Eppink, 1999; Rodríguez-Cohard
et al., 2019).

Over the last 30 years, olive farming, like that of vines,
has undergone a rapid transformation toward more produc-
tive and mechanized management in line with the intensifi-
cation of agriculture in Europe (Emmerson et al., 2016).
The global increase in olive oil consumption and the eco-
nomic incentives of the Common Agricultural Policy (CAP)
have contributed to the expansion of intensively managed
olive orchards, which can negatively impact the biological
communities inhabiting this woody crop (Carpio
et al., 2017; de Paz et al., 2022). Intensive farming operates
on two scales: local and landscape. At a local scale
(i.e., individual farm), practices such as herb cover removal,
use of pesticides and other chemical inputs, increase in tree
density, and mechanization of the pruning and harvesting

work are implemented to increase crop productivity (Kleijn
et al., 2009). At the scale of the surrounding landscape, the
expansion of monocultures and the eradication of steppe
habitat, fallow land, hedgerows, ponds, and patches of nat-
ural vegetation have become common practices, which lead
to smaller species pools and reduced species turnover
among localities (Concepci�on et al., 2008; Tscharntke
et al., 2005). Several studies have shown that this intensifi-
cation process reduces the abundance and diversity of
invertebrates (e.g., ants; Zumeaga et al., 2021) and leads to
an impoverishment of vegetation (Carmona et al., 2020;
Tarifa et al., 2021). This contributes to erode the taxonomic
and functional diversity of birds that use olive groves as
habitat (Castro-Caro et al., 2015; García-Navas, Martínez-
Núñez, Tarifa, Manzaneda, Valera, Salido, Camacho, Isla,
et al., 2022; Morgado et al., 2020; Pérez et al., 2023; Rey
et al., 2019) and consequently, the ecological value of this
agrosystem as a biodiversity refuge gets lost. However, stud-
ies providing practical recommendations for a more sus-
tainable and biodiversity-friendly management of olive
groves are scarce. This is crucial for local producers, man-
agers, and other stakeholders to implement measures that
make modern farming compatible with wildlife conserva-
tion. For instance, García-Navas, Martínez-Núñez, Tarifa,
Manzaneda, Valera, Salido, Camacho, and Rey (2022)
found that the surface covered by olive groves has a mean-
ingful impact on the ecological uniqueness of farms. It
means that extensive areas devoted to this crop (i.e., olive
monocultures) can reduce the dissimilarity among localities
and lead to a process of biotic homogenization. Specifically,
they identified a threshold (around 25%–50%) from which
local contribution to overall beta diversity declines with
increasing area devoted to olive production (García-Navas,
Martínez-Núñez, Tarifa, Manzaneda, Valera, Salido,
Camacho, & Rey, 2022). In the same direction, some
threshold of semi-natural habitats seems fundamental to
avoid the collapse of some avian-delivered ecosystem ser-
vices in olive landscapes. For example, 15%–20% of semi-
natural woodland cover is needed to maintain some species
of avian frugivores, enhancing the overall seed dispersal in
these landscapes (Tarifa et al., 2024), particularly that pro-
vided by some summer migrants.

Ecological thresholds are useful tools for managers
and ecologists as they allow us to identify tipping points
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beyond which ecological processes show a rapid, non-
linear response to an incremental change in environmen-
tal pressures (Bestelmeyer et al., 2011; Brown et al., 2021;
Gutzwiller et al., 2015). Hence, community thresholds
represent asynchronous change in multiple taxa that are
similarly influenced by an environmental gradient, which
is of utmost interest for conservation purposes. For
instance, assessing the response of individual bird species
to vegetation change can thus help identify change points
that mark noticeable declines in species descriptors along
vegetation cover gradients (Macchi et al., 2019; Macchi &
Grau, 2012). The identification of ecological thresholds
based on community data along disturbance gradients is
essential when implementing conservation measures in
anthropogenized systems (Gutzwiller et al., 2015).
In turn, this allows us to test the existence of segregation
in the response of species in relation to their ecological
guild (e.g., Brown et al., 2021). To our knowledge, few
studies have adopted this approach to identify patterns of
community change and to improve our understanding
of how agroecosystem management can be optimized to
achieve biodiversity conservation goals (but see Pardo
et al., 2018; Salgueiro et al., 2018). This is striking since it
has been shown that farmland biodiversity responds non-
linearly to the complexity of agricultural landscapes
(Concepci�on et al., 2012; Vallé et al., 2023).

Here, we examined the existence of change points in
bird abundance across a gradient of agricultural intensifi-
cation in Spanish olive groves. We tested if birds exhibit
non-linear threshold responses to ant abundance, plant
diversity (both herbaceous and woody plants), and tree
density at a local scale, and to the proportion of natural
habitat within 1-km radius landscapes surrounding olive
farms. In this way, by examining the response of bird
communities to agricultural stressors (Figure 1a), we can
infer at what level there is an impoverishment of the avi-
fauna and establish the minimum threshold above which
increased agricultural intensification does not compro-
mise the preservation of biodiversity associated with this
millenarian woody crop.

MATERIALS AND METHODS

Study system

The LIFE+ “Olivares Vivos” project (www.olivaresvivos.
com), in which this research is framed, aims to promote
the sustainable and integrated management of olive
farms in the Mediterranean region by disseminating
science-based actions (Rey et al., 2019). The main objec-
tive of this project is to define a model of viable olive
growing from an agronomic, economic, and social point

of view, and effective in halting the alarming loss of bio-
diversity observed in agricultural landscapes of the
Northern Hemisphere (Rigal et al., 2023).

For this study, we chose 50 olive farms from the
“Olivares Vivos” study system located in Andalusia
(n = 42), Castilla-La Mancha (n = 6), and Extremadura
(n = 2) (Figure 1b; Appendix S1: Table S1). We followed
a paired design in which we selected two olive farms in
each locality (i.e., 25 localities, 50 farms): a farm with
intensive management that most frequently involved
the use of pre- and/or post-emergence herbicides and/or
recurrent plowing for herbaceous cover elimination over
the whole year; and a farm with extensive management
of the cover, implying its maintenance during most of
the year and its eventual removal by mechanic mowing
or cattle grazing in late spring (see Rey et al., 2019 for
more details). Each farm includes non-productive
(i.e., semi-natural) areas interspersed among or sur-
rounding the productive olive grove field areas (infield
areas) (see more below). Study sites were selected to
encompass a wide gradient of olive grove and semi-
natural habitat cover at the landscape scale (see details
in Predictors of olive grove intensification). This study
system represents a two-level gradient of olive-growing
intensification, ranging from traditional olive groves
with a well-developed ground herb cover and embedded
within a matrix of natural habitat, to vast monoculture
olive grove landscapes with bare soils and little to no
natural habitat (Figure 1b).

Bird censuses

Avian communities at 50 farms were surveyed every
4 months by a team of three skilled ornithologists under
favorable weather conditions. Forty farms were censused
from April 2016 to March 2017 and the other 10 farms
from April 2022 to March 2023. We do not expect the fact
we conducted the censuses in two different periods to
affect our results as the observer team was the same and
variations between farms and sites in agricultural stressors
(see Predictors of olive grove intensification) are thought to
influence bird abundance, diversity, and assemblage com-
position much more than the stochastic (climatic, demo-
graphic) interannual variability. In each of these four bird
surveys, we carried out 6 (in small olive farms; <25 ha) or
10 (in large olive farms; >50 ha) census stations using the
point-count method (Bibby et al., 1992), with around 2/3
of the census stations placed in the olive field and 1/3 in
semi-natural habitats (i.e., unproductive zones) of the
farm. Each census lasted 5 min during which the presence
of all birds seen or heard inside a 100-m radius was
recorded. To avoid repeated counts between neighbor
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census stations, they were located at least 200 m apart in
small farms and at least 300 m apart in large olive farms.
A total of 82 bird species were recorded in at least five
farms (see Analyses). Large and nocturnal raptors and
waterbirds were not considered because these taxa cannot
be correctly monitored using this methodology. All bird
species were characterized in terms of diet (frugivorous,
granivorous, insectivorous, vertebrate-eating/scavenger,
and omnivorous) and foraging strategy (aerial-hawker,
canopy-gleaner, trunk-gleaner, shrub-gleaner, perch-and-
pounce, ground-dweller, and generalist) according to
L�opez and Martín (2025), Tobias et al. (2022), Wilman
et al. (2014), and personal observations.

Predictors of olive grove intensification

We characterized the level of agricultural intensification of
each olive farm and its landscape context using five con-
tinuous environmental variables, four at a local scale (with
two levels; field-level, which only includes the productive
zone; and farm-level, which includes both productive and
non-productive zones, i.e., the whole farm) and one at the

landscape (1 km radius circular buffer around each farm)
scale. At a local scale, we estimated ant abundance, olive
tree density, and herb and woody species richness. At the
landscape scale, we measured the percentage of semi-
natural habitat (see below).

Ant abundance was censused within the productive
zone (infield) using pitfall traps in the same sampling sta-
tions used for bird censuses. Many bird species consume
formicids on a daily basis as part of their diet, and thus
the abundance of these insects can be used as a proxy for
food availability susceptible to decrease by intensification
of soil management agricultural practices within the cul-
tivated fields (Cabodevilla et al., 2021; H�odar, 1998;
Wilson et al., 1999). Specifically, in southern Spain, it has
been reported that ant-eating behavior is widespread
among avian species during certain periods of the annual
cycle; for instance, Herrera (1983) and Jordano (1981)
reported that some species rely heavily on this prey type
during the autumn period (see Appendix S1: Table S2).
During the breeding period, ants constitute an important
source of proteins for nestlings and adult birds because of
their ready availability and abundance, and their pres-
ence and that of other insects can be severely reduced

F I GURE 1 (a) Diagram showing the different environmental variables considered in the present study. These variables are affected by

different stressors that define a gradient of agriculture intensification at different scales: local and landscape. Within the local scale, we

define two levels: field-level (which only comprises the productive zone), and farm-level (which comprises both productive and non-

productive zones, i.e., the whole farm). (b) Map of the study region in Southern Spain with the location of the 25 “Olivares Vivos” sites, each
consisting of two olive farms, one extensively managed (i) and one intensively managed (ii). See www.olivaresvivos.com for further details

about the study system. Illustrations: Alba Martín del Campo. Logo and photographs: “Olivares Vivos” team (reused under a Creative

Commons Attribution License: https://creativecommons.org/licenses/by/4.0/).
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due to the use of pesticides and recurrent soil tillage
(e.g., Herranz et al., 1997; Rocher et al., 2022; Rueda
et al., 1993). Consequently, ant abundance can be consid-
ered a proxy for food availability in this region. Addition-
ally, it has been suggested that ants serve as valuable
indicators of biodiversity and ecosystem function in natu-
ral systems (i.e., ecosystem engineers). Ants respond
quickly to habitat disturbances, pesticide use, and soil
modifications, making them useful for detecting changes
in land management and informing about soil quality
(e.g., Andersen et al., 2002; Lobry de Bruyn, 1999). Ant
sensitivity to olive growing and landscape use intensifica-
tion has also been documented in the “Olivares Vivos”
study system (García-Navas, Martínez-Núñez, Tarifa,
Manzaneda, Valera, Salido, Camacho, & Rey, 2022;
Martínez-Núñez et al., 2021; Rey et al., 2019).

We set between 8 and 12 pitfall traps (7 cm diameter,
12 cm depth) in each farm depending on its size (12 traps
in large farms and eight traps in small farms). Traps were
filled with a 1:1 mixture of water and propylene glycol
(and some soap drops) and set up at three dates,
corresponding to spring, summer, and autumn surveys,
remaining active approximately 1 month in each survey
(see also Rey et al., 2019). We estimated the abundance
of ants per trap in each olive farm. Because some pitfalls
were not retrieved at some surveys and the exact number
of days was not exactly the same in each locality due to
weather conditions at the collecting dates, ant abundance
is standardized in terms of per 7 days of exposition by
dividing the ants collected in each pitfall by the number
of total days of pitfall exposure per survey. We also esti-
mated olive tree density per hectare within the produc-
tive zone of each farm using Google Earth images (www.
earth.google.com). This was done by counting manually
on these images the total number of olive trees within each
of the 100-m radius bird census stations that were GPS-
located in the field and mapped in Google Earth. Note the
number of trees within a farm, or within large sections of
each farm, is usually the same, as they are under regular
tree planting frames within the farm. The study farms com-
prise olive groves with low (<100 trees ha−1) and medium
or moderately high (<300 trees ha−1) tree density.

Herbaceous species richness was surveyed only in
spring coinciding with the dates on which the bird sur-
veys were conducted at each farm; that is, monthly dur-
ing the 2016 and 2022 campaigns. Surveys were
conducted in non-permanent 1-m2 quadrats (n = 18 and
30 in small and large farms, respectively, considering
both olive field and semi-natural habitat) placed ran-
domly close (<10 m) in the same sampling stations used
for bird censuses (Tarifa et al., 2021). It has been shown
that a greater diversity of herbaceous plants positively
influences avian communities inhabiting oil palm and

rubber plantations (Azhar et al., 2013; Warren-Thomas
et al., 2020). The classification of herbs was conducted in
the field when possible; yet, material was also collected
for taxonomic corroboration in the lab if needed. Herb
richness was significantly correlated with herbaceous
cover (n = 50, ρ = 0.43, p = 0.002).

Woody plant richness was estimated once in a buffer
of a 50-m radius around each of the sampling points set
in each farm for bird censuses (including both productive
and non-productive zones) during the autumn-winter
period of 2016 (n = 40 farms) and 2022 (n = 10 farms).
In each sampling point, we set nine squares of 100 m2,
evenly distributed across the entire 50-m radius area. The
presence of woody elements can positively affect species
that rely on dense vegetation for foraging and/or nesting,
which commonly leads to high bird diversity in agrofor-
estry systems (Edo et al., 2024; Godinho & Rabaça, 2011).

Next, we applied rarefaction based on sample coverage
using iNEXT 3.0.0. (Chao et al., 2014; Hsieh et al., 2016) to
produce unbiased estimations of species richness. We
obtained separate indices of rarified species richness for
herbs and woody plant species at the local (farm-level)
scale, pooling information on species occurrence from all
the periodic surveys for each sampling station in each
olive farm. Following Chao et al. (2014) and Colwell et al.
(2012), we considered as an unbiased estimate (projection)
of species richness the point of the species accumulation
curve corresponding to an extrapolation of twice the num-
ber of independent sampling stations across surveys (S36
and S12 for herbs and woody plants, respectively). The
minimum species coverage on the species accumulation
curve across olive groves was mostly around 0.9, both for
herbs and woody plants (Appendix S1: Table S1), which
indicates that our estimates were overall close to the
asymptote.

We quantified the percentage of natural habitat cover
(including woodlands, scrublands, semi-natural grasslands,
and hedgerows) as an estimate of landscape compositional
heterogeneity (Martin et al., 2019). The percentage of natu-
ral cover was measured at a 1-km-radius buffer around the
centroid of each farm using the most updated land-use car-
tography of the study region (SIOSE, 2014) in QGIS v. 2.14
(QGIS Development Team, 2018). The cover of natural
habitat informs about the extent of agricultural landscape
homogenization in a given locality and tends to increase
bird diversity within plantations, as shown in previous
studies (see e.g., Bretagnolle et al., 2018; Sekercioglu, 2012
and references therein). This landscape metric was nega-
tively correlated with the proportion of surface devoted to
olive growing (n = 50, ρ = −0.67, p < 0.001).

These five variables characterize the two-scale gradi-
ent of agricultural intensification or wildness described
in Study system. At the landscape scale, the expansion of
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olive monocultures and the loss of natural habitat repre-
sent intensification, leading to habitat degradation and
reduced resources for birds. Meanwhile, at the local
(farm) scale, intensive farming is characterized by the
removal of ground herb cover and/or increased olive tree
density within olive fields. This intensive management,
including the recurrent use of insecticides and herbicides,
depletes the vascular flora and associated arthropod
fauna, while altering olive tree density and structure,
potentially affecting food availability and nesting sites for
birds (Martínez-Núñez et al., 2021; Morgado et al., 2020;
Rey et al., 2019; Tarifa et al., 2021; Vasconcelos
et al., 2022).

Analyses

We adopted the Threshold Indicator Taxa ANalysis
(TITAN) method devised by Baker and King (2010) to iden-
tify abrupt changes in the abundance of individual bird
species along environmental gradients in: field-level (1) ant
abundance and (2) olive tree density per hectare; farm-level
(3) herbaceous richness and (4) woody plant richness; and
landscape-level (5) percentage of natural habitat within a
1-km radius. This approach combines change point analy-
sis (King & Richardson, 2003) and indicator species analy-
sis (IndVal) (Dufrêne & Legendre, 1997). Indicator species
are organisms associated with a specific environmental
condition, where a change in the occurrence or abundance
of that species indicates a change in the environment.
TITAN uses taxon-specific indicator value scores (normal-
ized on a scale from 0% to 100%) to assess the strength of
association between each species and the environmental
gradient. The relative strength of indicator value scores on
either side of candidate change points indicates whether
each species shows a positive (z+) or negative response (z–)
to the analyzed environmental gradient. Species classified
as z– are lower in abundance above the change point
(cp) value along the gradient, whereas z+ species are
greater in abundance. Evidence for community-level
thresholds among negative and positive responding groups
of species (communities) was assessed separately by sum-
ming all z– and z+ scores for each candidate cp value (only
considering indicator species; see below) and identifying
the cp with the maximum summed values (sum(z)). Large
values of sum(z) scores occur when several indicator spe-
cies have strong responses at a similar point of the environ-
mental gradient (Baker & King, 2010). TITAN computes
the probability (p) of randomly obtaining indicator value
scores equal to or greater than observed values, using
500 permutations. Uncertainty around change points is
estimated by bootstrapping the original data (500 iterations)
and expressed as quartiles, where narrow intervals between

upper and lower change point quantiles (5%–95%) reflect
sharp, non-linear responses in taxon abundance, whereas
broader intervals indicate linear or more gradual responses.
From bootstrap resampling, TITAN yields two diagnostic
parameters of indicator response quality: reliability and
purity. Reliability is the percent of bootstrapped change
point indicator value scores that consistently have p-values
<0.05. Purity is the percent of bootstrap replicates with the
same change point response directions (positive or nega-
tive) as the observed response. We only considered taxa as
indicators when their reliability and purity values were
>95%. As input data, TITAN requires a minimum of five
presences across all sites to consider a species. Thus, we
excluded species with less than five presences from our
analyses. TITAN analyses were implemented using the
“TITAN2” package (Baker et al., 2015) in R 4.3.3 (R Core
Team, 2025).

RESULTS

We detected 82 bird species with presence in more than
four farms (Appendix S1: Table S3). The most common
species were Curruca melanocephala, Fringilla coelebs,
Carduelis carduelis, and Chloris chloris, whereas the less
common among the species considered were Emberiza
cia, Lophophanes cristatus, and Caprimulgus ruficollis.

Thirty-six bird species out of 82 examined presented
significant indicator value scores in some of the five envi-
ronmental gradients considered. None of the thresholds
identified were sharp or rapid declines, but rather grad-
ual changes along the environmental gradients, as shown
in Figure 2.

At a local (field) scale, several bird species exhibited
positive responses (z+) to infield ant (Formicidae) abun-
dance, whereas only one species (Hippolais polyglotta)
showed a negative response. Most species that increased
in abundance as the availability of ants increased were
ground-foragers like Galerida theklae, Coturnix coturnix,
or Alectoris rufa. These two latter phasianid species
(together with Lanius meridionalis) showed a synchro-
nous response (Figure 2a). Interestingly, two corvid spe-
cies (Pica pica and Corvus corone) also coincided at their
change point. The overall avian community increased
above a threshold of 25 ants/trap−1 week−1 (Table 1;
Figure 2a). The tree density gradient yielded a low num-
ber of pure and reliable taxa (z+ = 2 species; z– = 4 spe-
cies), preventing the interpretation of results in a reliable
manner (Appendix S1: Figure S1).

At the local (farm) level, we observed positive thresh-
old responses to woody plant and herb diversity (Table 1;
Figure 2b,c). Four bird species (Emberiza cirlus, Turdus
merula, C. melanocephala, and F. coelebs) responded
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positively to these two environmental variables, whereas
Burhinus oedicnemus presented a negative response in
both cases (Figure 2b,c). In relation to herb diversity,
indicator species increased in abundance beyond a
threshold of ~85 herbaceous plant species, with a rela-
tively broad quantile interval that indicates a gradual
response. Remarkably, five bird species showed a syn-
chronous response and increased in abundance with a
richer herb layer above the same threshold (Table 1;

Figure 2c). In terms of woody plant diversity, birds
presented a positive community threshold response to
woody plant diversity at a mean richness of 15 woody
plant species and few significant negative effects among
species (Table 1). Three bird species with broad ecological
tolerance (Cyanistes caeruleus, C. melanocephala,
T. merula) exhibited a similar response and coincided at
the change point, whereas three forest interior species
(Troglodytes troglodytes, F. coelebs, and Certhia

F I GURE 2 Individual response plots of significant (p < 0.05) and reliable (purity and reliability ≥0.95) indicator bird species to

agriculture intensification in relation to (a) ant abundance, (b) woody plant diversity, (c) herbaceous plant diversity, and (d) percentage of

natural habitat in olive groves. Taxa that responded positively (increased in abundance) to the gradient of decreasing intensification are

shown in red, while negative responders (i.e., species that increase with intensification) are shown with blue. Taxa change points (across

500 bootstrapped replicates) are visualized as a probability density function with color intensity scaled according to the magnitude of the

response (i.e., its standardized z score). Sharp ridges indicate nonlinear response, whereas flat ridges represent linear or more gradual

response. The vertical black line indicates the position of the candidate change point. The two letters accompanying each scientific name

(listed under the scientific names in panels [a], [b], [c], and to the left of scientific names in panel [d]) indicate the diet (F, fruits; I,

invertebrates; O, omnivory; P, plants and seeds; V, vertebrates and carrion) and foraging technique (A, aerial-hawker; C, canopy-gleaner; G,

ground-dweller; P, perch-and-pounce; S, Shrub-gleaner; T, trunk-gleaner; U, generalist) of the species according to Tobias et al. (2022),

Wilman et al. (2014), and personal observations. Illustrations by Alba Martín del Campo.
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brachydactyla) required a higher diversity (Figure 2b).
E. cirlus, a thicket-dwelling species with a preference for
tangled hedgerows, had the highest IndVal score.

Landscape-level variation in natural habitat cover
yielded the highest number of birds with significant indi-
cator values. At this level, we observed an almost similar
number of decreasers (z– taxa) and increasers (z+ taxa)
in response to percentage cover of natural habitat
(Figure 2d). Granivorous species that feed on thistles and
weeds and tend to occupy wasteland were the most nega-
tively affected as the proportion of farmland habitat (pro-
ductive and unproductive zones) decreased, while some
bird species increased in abundance above 15% of natural
habitat. Two forest species (Picus sharpei and Garrulus
glandarius) showed threshold responses at a higher pro-
portion of natural habitat, suggesting that close habitat
species benefit from a more heterogeneous surrounding
landscape (Figure 2d).

DISCUSSION

In order to improve food security and human develop-
ment, agricultural intensification has widely expanded in
the Northern Hemisphere during the last decades. Nowa-
days agriculture is the single largest contributor to biodi-
versity decline (Dudley & Alexander, 2017) and is
considered one of the main drivers of potential biodiversity
loss in the near future (IPBES, 2019). The impact of
agricultural intensification is particularly relevant in
Europe, where approximately 40% of land is farmed

(Eurostat, 2021) and where roughly 50% of plant and ani-
mal species depend on agricultural habitats (EEA, 2024).
In Southern Europe, agroforestry systems traditionally
considered biodiversity-friendly or biodiversity-promoting
crops have also been affected by this dynamic (Martínez-
Nuñez et al., 2024). Olive groves, the flagship crop of the
Mediterranean basin, are shifting toward intensification,
which translates into increased production, higher require-
ments in inputs, increased irrigation, and a higher level of
mechanization compared to traditional management (Rey
et al., 2019). As a result of this transformation, the once-
considered “cultivated forest” has seen a decrease in the
diversity of plants it harbors, giving rise to olive groves that
are increasingly simple and homogeneous in structure,
taking on the appearance of tree-lined desert (Infante-
Amate et al., 2016). In fact, it has been estimated that since
1980, only some olive groves in Andalusia have lost more
soil than in the previous two centuries due to erosion
(G�omez et al., 2014). Here, we examined whether birds
exhibited non-linear threshold responses to agricultural
intensification in the olive groves of Southern Spain. The
establishment and determination of ecological thresholds
based on community data in modified systems is essential
when implementing conservation measures as these allow
us to identify those points beyond which certain species
increase or others decrease more or less abruptly and thus,
manage the trade-offs between production and biodiversity
conservation (Huggett, 2005; Spake et al., 2022). Our
results suggest that intensification threshold responses
were typically gradual rather than sharply non-linear,
since the obtained quantile intervals for such thresholds

TAB L E 1 Community-level threshold values (cp: change point) for decreasing agriculture intensification gradients in Mediterranean

olive groves.

Environmental variable Trend cp

Quantile

0.05 0.95

Ant abundance (individuals trap−1 week−1)
(average: 22.6; range: 5–79)

(−) 21.07a 9.54 21.58

(+) 25.43 19.68 32.44

Woody plant diversity (rarefied richness)
(average: 22.3; range: 0–48)

(−) 12.02a 10.21 29.78

(+) 14.73 13.58 32.28

Herbs plant diversity (rarefied richness)
(average: 94.7; range: 37–162)

(−) 66.86a 58.09 100.47

(+) 86.61 79.67 101.91

Olive tree density (per ha)
(average: 123.6; range: 51–288)

(−) 126.79a 96.87 146.07

(+) 153.93a 138.15 161.28

Percentage of natural habitat (%)
(average: 18.5; range: 0–81)

(−) 18.31 5.68 20.21

(+) 14.71 8.81 38.05

Note: Observed change points correspond to the value of the candidate change point resulting in the largest sum of indicator value (IndVal) z scores among all
negative (sum(z−)) and positive (sum(z+)) indicator species (i.e., responses are filtered using only indicator taxa with purity and reliability ≥95%). Quantiles
(5% and 95%) correspond to change points from 500 bootstrap replicates.
aResults must be interpreted cautiously due to the low number of indicator species (n ≤ 5).
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were moderately broad among indicator species. Overall,
we found positive responses of birds to decreasing intensi-
fication; only a few taxa (mainly early successional and
synanthropic species) showed the opposite trend.

Regarding the first agricultural stressor (use of insecti-
cides and recurrent tillage), the narrow distribution of
change points along the gradient for ant abundance sug-
gests a consistent positive response of birds to increased
food availability. Both small and medium-sized species
benefit from this resource (or they respond positively to
other variables not considered in this study and related
to lower pesticide use and higher insect abundance;
i.e., indirect effects), which constitutes a significant part of
the diet of a large number of passerines (Herranz
et al., 1997; Herrera, 1983; Jordano, 1981) and non-
passerines (e.g., C. coturnix and A. rufa: Cabodevilla
et al., 2021; P. pica: Díaz-Ruiz et al., 2015; C. corone:
Soler & Soler, 1991) in Spain. One of the species that
showed a positive response was L. meridionalis, listed as
“Endangered” in Spain (Giralt & Infante, 2021). Shrikes
(L. meridionalis and Lanius senator) seem to constitute
excellent indicators of biodiversity in this agro-forestry sys-
tem since they are typically associated with traditional
farms with a low-intensity management of the ground
cover (García-Navas, Martínez-Núñez, Tarifa, Manzaneda,
Valera, Salido, Camacho, & Rey, 2022; see also Brambilla
et al., 2007; Yosef & Lohrer, 1995).

Clearing and weeding (by hand, with machinery or
by using herbicides) constitutes another agricultural
stressor and defines a gradient of herbaceous plant rich-
ness. In relation to this gradient, the number of bird spe-
cies that responded positively to herb diversity was
greater than the number of species that showed the oppo-
site trend. A well-developed herbaceous layer can provide
food resources (seeds, insects) and nesting habitat for a
wide range of birds. For instance, several granivorous
species feed their chicks seeds from arvense and ruderal
vegetation (Diplotaxis virgata, Erodium sp., Chenopodium
sp.) (e.g., McHugh et al., 2016; Valera et al., 2005),
whereas ground-feeding insectivorous birds like Upupa
epops or Phoenicurus ochruros show a preference for
sparse and short vegetation patches where different prey
items are available and the risk of predation is reduced
(e.g., Martínez et al., 2010). Our results revealed that edge
or sparse woodland species like L. senator, Passer monta-
nus, or Saxicola rubicula increased in abundance in olive
groves with a rich (>80 spp.) herbaceous cover, whereas
only B. oedicnemus—a species that relies on early detec-
tion of predators and thus avoids areas with dense under-
story (Green & Griffiths, 1994)—was identified as a
negative indicator species. Hence, a moderately rich her-
baceous cover benefits not only granivorous species but
also insectivorous or generalist bird species that forage

on the ground and avoid large patches of bare soil. Our
results agree with those reported by Castro-Caro et al.
(2014) in Andalusian olive groves, who showed that the
presence of ground cover had a positive effect on
the abundance and richness of passerine communities
regardless of landscape heterogeneity, although it was
not addressed quantitatively. It also aligns with the find-
ings of Rey et al. (2019), who reported correlated
responses of infield bird and herb species richness to
intensification in olive groves of the “Olivares Vivos”
study system.

Regarding woody plant diversity, we found that species
known to forage, breed, or display in hedgerows and
brambles (e.g., C. melanocephala, T. merula) showed simi-
lar positive threshold responses to this environmental vari-
able. Permanent vegetation such as trees and shrubs can
provide complementary food resources (fruits, berries) and
shelter for birds in agricultural landscapes. Small woody
features can also serve as nesting habitat, perches for sing-
ing or foraging, or larders for shrikes. In addition, hedge-
rows contribute to farmland connectivity as dispersal
corridors for woodland species (Davies & Pullin, 2007).
Consequently, several woodland and ecotone bird species
can benefit from these features that increase landscape
heterogeneity and lead to greater resource diversity
(Tschumi et al., 2020; Vallé et al., 2023). Yet, on the other
hand, hedgerows may reduce habitat suitability for open-
land birds. Hence, some studies have suggested that the
presence of woody plants can negatively affect grassland
specialists and ground-nesters like Alauda arvensis, which
suffer higher predation close to vertical elements that act
as sources of ground predators or provide perches from
which raptors can hunt (Besnard & Secondi, 2014;
Concepci�on et al., 2020; Morris & Gilroy, 2008). Corvus
corax and Columba livia, which also showed negative
threshold responses to woody plant diversity with high
purity and reliability values, are eclectic generalists that
often thrive in highly modified and poor landscapes. The
only grassland bird that showed a negative response was
B. oedicnemus. This means that, overall, the presence of
hedgerows and woody elements within olive farms does
not entail a detrimental effect on steppe birds, a guild of
high conservation value in the Iberian Peninsula
(De Juana et al., 1988). In line with this, Castro-Caro et al.
(2015) reported that olive groves with hedges sustain a
higher abundance and richness of birds (particularly insec-
tivorous species) than olive groves without edges.

The gradient of tree density did not yield conclusive
results. We obtained a low number of indicator species,
which may be because the extent of our density gradient
is not large enough to elicit ecologically significant
responses from bird species. Our study system does not
include super-intensive farms whose density oscillates
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between 800 and 2000 trees ha−1 and which are charac-
terized by younger trees and permanent drip irrigation
(Guerrero-Casado et al., 2021). Consequently, it is likely
that our gradient (average tree density = 123 ha−1) does
not encompass densities above which species are
impaired, a phenomenon that has been reported in stud-
ies conducted in irrigated and super-intensive planta-
tions, mostly affecting negatively open farmland and
cavity-nesting species (Morgado, 2022). The negative
response of some insectivorous hole-nesters, such as fly-
catchers or Parus major, to this variable may be related
to the fact that a higher tree density results in smaller
trees with reduced crown size and fewer available natural
cavities (Grüebler et al., 2013).

Lastly, birds exhibited both positive and negative
responses to the increasing proportion of natural habitat
within olive farms. Canopy- or bark-gleaners associated
with forested areas like P. sharpei, G. glandarius, or
C. caeruleus increased in frequency and abundance as the
proportion of natural habitat increased, which indicates
that olive groves embedded within a matrix of heteroge-
neous landscape can sustain ecologically more singular
communities due to across-habitat spillover effects
(García-Navas, Martínez-Núñez, Tarifa, Manzaneda,
Valera, Salido, Camacho, & Rey, 2022; see also García
et al., 2023). The overall avian community increased in
abundance beyond a threshold of 15% of natural habitat;
this means that the maintenance of a minimum propor-
tion of natural habitat can make a significant contribu-
tion to the diversity of species assemblages inhabiting
this crop (see also Tarifa et al., 2024). On the other hand,
the negative response to decreasing intensification was
mainly driven by finches and can be interpreted as posi-
tive responses to increasing anthropogenic disturbance
and availability of non-forest habitat. It may seem coun-
terintuitive that two sylviid warblers were also favored by
low cover of natural habitat in the surrounding land-
scape. On the one hand, Sylvia atricapilla is a woodland-
dwelling bird but has adopted the large extension of
circum-Mediterranean olive orchards as one of its main
winter quarters (Rey, 1993). To this, it has developed the
plastic behavior of fruit pecking to maintain its typically
highly frugivorous winter diet based primarily on olives
in these landscapes (Rey & Gutiérrez, 1996). On the other
hand, Curruca hortensis is a typical breeder in savanna-
like Mediterranean oak woodlands; thereby, the semi-
open structure of the traditional olive groves likely favors
its settlement as a breeder, with preference over scrub-
lands and grasslands (Rey et al., 1997).

Thresholds in ecological responses to anthropogenic
drivers are an appealing concept, primarily because they
provide generic figures that can serve as specific targets.
For example, a recent review of landscape ecology studies

suggested that forest cover needs to be maintained on at
least 40% of land area in order to preserve biodiversity
and ecosystem services (Arroyo-Rodríguez et al., 2020).
Similarly, Macchi et al. (2019) emphasized the impor-
tance of maintaining woody cover above approximately
40% to support bird diversity in certain silvopastoral sys-
tems such as those in the South American Dry Chaco. In
addition to offering policy makers clear guidelines for
conservation-oriented actions (relying on empirical evi-
dence rather than expert opinions or rules of thumb),
ecological thresholds help improve our understanding of
ecological processes and address questions related to spe-
cies sensitivity and distribution changes. For instance,
they can provide insights into whether the adoption of
agri-environmental schemes negatively impacts steppe
and open-land birds and at what points these effects
become significant. In this sense, although a large num-
ber of studies have addressed the effects of agricultural
intensification in agricultural systems and landscapes
such as those shown here (e.g., Emmerson et al., 2016;
Tscharntke et al., 2005), thresholds of anthropogenic
environmental change critical to species abundance and
diversity have rarely been demonstrated. Our results sug-
gest the existence of gradual shifts rather than abrupt
changes, which are seldom detected in natural systems
due to noise and the complex interactions of multiple
pressures and responses (see e.g., García-Navas
et al., 2025; Hillebrand et al., 2020). When examining the
species response, it is also worth mentioning that the pos-
itive effects of adopting traditional (extensive) manage-
ment in olive groves are not restricted to a specific
ecological guild. Our findings show that bird species with
different foraging strategies (canopy-gleaners, shrub-
dwellers, ground-dwellers, aerial-hawkers) and dietary
preferences (granivorous, insectivorous, frugivorous,
scavengers, and omnivorous) responded positively to
increasing levels of woody and herbaceous plant diversity
(Figure 2). This indicates that the benefits associated with
extensive farm management—such as enhanced plant
diversity—translate into a greater availability of resources
for species with disparate ecological traits and
requirements.

CONSERVATION IMPLICATIONS
AND CONCLUSION

In the last two decades, the area devoted to woody crops
(olive, almond, avocado, and pistachio trees) has
increased dramatically in Southern Europe. Specifically,
the reconversion of arable land into new olive groves was
one of the most frequent land-use changes in Europe in
the early 2000s (Büttner & Kosztra, 2011). In Spain, the
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surface devoted to this crop increased by 125,000 ha dur-
ing the period 2010–2019 (MAPA, 2020), mainly due to
the expansion of intensive olive groves characterized by
younger trees and a lower amount of vegetation cover
(Guerrero-Casado et al., 2021). In this scenario, the imple-
mentation of some actions associated to traditional agri-
culture such as maintaining a ground cover or keeping
some isolated old olive trees, thorny hedges, dry-stone
walls, and singular point elements (e.g., poles: Pustkowiak
et al., 2021) should be encouraged to promote biological
diversity in this crop and avoid turning it into an “ecologi-
cal trap” (e.g., Rotem et al., 2013). In this sense, there is
mounting evidence that complex landscapes significantly
increase species richness, abundance, and evenness (see
Estrada-Carmona et al., 2022; Priyadarshana et al., 2024,
and references therein). Enhancing the heterogeneity and
structural complexity of the agricultural landscape allows
for the coexistence of a greater number of bird species with
different niche requirements (Vikery & Arlettaz, 2012).
This is because some farmland species require several
types of landscape elements to have access to different
resources, which may involve regular movement for con-
current use of different parts of the landscape (e.g., for for-
aging and nesting).

The present study underlines the importance of keep-
ing a moderate-high diversity of herbs and woody plants,
which favor granivorous and ground-nesting species and
also impact positively on species that rely on shrubby
patches, brambles, and gorse for feeding or nesting.
Reaching a minimum threshold of ~85 and 15 species of
herbaceous and woody plants (respectively) per unit
of surface can entail a gain in terms of biodiversity for
farms with virtually no detrimental effects (with the excep-
tion of B. oedicnemus and some generalists). Interestingly,
species with different ecological strategies (canopy-
gleaners, bark-gleaners, ground-foragers) showed a consid-
erable overlap in change points, indicating a positive
response to agriculture extensification from moderate
thresholds (that is, below or around the average values
observed in our study area). On the other hand, E. cirlus,
one of the few species for which it has been shown bene-
fits of agri-environment schemes at the population level
and thus, considered a target species of agri-environment
management (Kleijn et al., 2011), exhibited the highest
IndVal score for both herbs and woody plants gradients.
Overall, our findings show that the adoption of agri-
environmental measures and biodiversity-friendly prac-
tices (e.g., maintenance of the herb cover and suppression
of pesticides; provision of grass margins and weedy winter
stubbles) has a positive impact on different bird species
inhabiting olive groves, and this effect occurs at different
scales (local [field- and farm-level] and landscape). Thus,
actions aimed at preserving biodiversity in this woody crop

should not be limited to the productive zone but should
also consider the surrounding area and landscape as far
as possible since semi-natural patches attract and sus-
tain a considerable variety of bird species. We hope that
our study can help identify optimal change points for
management decisions concerning an agro-forestry sys-
tem of paramount importance in southern Europe. The
current Spanish Strategic Plan of the CAP for the period
2023–2027 allows farmers to voluntarily request funding
for the promotion and maintenance of herbaceous cover
in olive groves in order to mitigate the effects of climate
change and preserve biodiversity. In this context,
establishing clear guidelines or incentives on the mini-
mum number of plant species per unit area to be
maintained could enhance the effectiveness of this strat-
egy as a conservation-oriented measure in agricultural
landscapes (Díaz & Concepci�on, 2016; Pérez-Pozuelo
et al., 2025).

ACKNOWLEDGMENTS
We are indebted to all the owners and farmers of the olive
groves in which this study was conducted for allowing and
facilitating our work. Alba Martín del Campo provided the
illustrations shown in Figures 1 and 2, and Francisco
Camacho facilitated the information on olive tree density.
Three reviewers provided constructive comments that
improved an earlier version of the manuscript.

FUNDING INFORMATION
This study was funded by the projects “Olivares Vivos”
(LIFE14 NAT/ES/001094) and “Olivares Vivos+”
(LIFE20 NAT/ES/001487) of the Life Program of the
European Commission, and the project RECOVECOS
(PID2019-108332GB-I00) from the Spanish Ministry of
Science and Innovation-EU. Vicente García-Navas was
supported by a Ram�on y Cajal program from Agencia
Estatal de Investigaci�on (RYC2019-026703-I).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data (García-Navas et al., 2025) are available in Figshare
at https://doi.org/10.6084/m9.figshare.28908080.v1.

ORCID
Vicente García-Navas https://orcid.org/0000-0002-9362-
2663
Pedro J. Rey https://orcid.org/0000-0001-5550-0393

REFERENCES
Andersen, A. N., B. D. Hoffmann, W. J. Müller, and A. D. Griffiths.

2002. “Using Ants as Bioindicators in Land Management:

ECOLOGICAL APPLICATIONS 11 of 15

 19395582, 2025, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70057 by C

ochrane Portugal, W
iley O

nline L
ibrary on [28/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.6084/m9.figshare.28908080.v1
https://orcid.org/0000-0002-9362-2663
https://orcid.org/0000-0002-9362-2663
https://orcid.org/0000-0002-9362-2663
https://orcid.org/0000-0001-5550-0393
https://orcid.org/0000-0001-5550-0393


Simplifying Assessment of Ant Community Responses.” Jour-
nal of Applied Ecology 39: 8–17.

Arroyo-Rodríguez, V., L. Fahrig, M. Tabarelli, J. I. Watling, L.
Tischendorf, M. Benchimol, E. Cazetta, et al. 2020. “Designing
Optimal Human-Modified Landscapes for Forest Biodiversity
Conservation.” Ecology Letters 23: 1404–20.

Azhar, B., D. B. Lindenmayer, J. Wood, J. Fischer, A. Manning, C.
Mcelhinny, and M. Zakaria. 2013. “The Influence of Agricultural
System, Stand Structural Complexity and Landscape Context on
Foraging Birds in Oil Palm Landscapes.” Ibis 155: 297–312.

Baker, M. E., and R. S. King. 2010. “A New Method for Detecting
and Interpreting Biodiversity and Ecological Community
Thresholds.” Methods in Ecology and Evolution 1: 25–37.

Baker, M. E., R. S. King, and D. Kahle. 2015. “TITAN2: Threshold
Indicator Taxa Analysis.” R Package Version 2.1.

Besnard, A. G., and J. Secondi. 2014. “Hedgerows Diminish the
Value of Meadows for Grassland Birds: Potential Conflicts for
Agri-Environment Schemes.” Agriculture, Ecosystems & Envi-
ronment 189: 21–27.

Bestelmeyer, B. T., A. M. Ellison, W. R. Fraser, K. B. Gorman, S. J.
Holbrook, C. M. Laney, M. D. Ohman, et al. 2011. “Analysis of
Abrupt Transitions in Ecological Systems.” Ecosphere 2: 129.

Bibby, C. J., N. D. Burgess, and D. A. Hill. 1992. Bird Census Tech-
niques. London: Academic Press.

Blondel, J., J. Aronson, J. Y. Bodiou, and G. Boeuf. 2010. The Medi-
terranean Region. Biological Diversity in Space and Time, Sec-
ond ed. Oxford: Oxford University Press.

Brambilla, M., D. Rubolini, and F. Guidali. 2007. “Between Land
Abandonment and Agricultural Intensification: Habitat Prefer-
ences of Red-Backed Shrikes Lanius collurio in Low-Intensity
Farming Conditions.” Bird Study 54: 160–67.

Bretagnolle, V., G. Siriwardena, P. Miguet, L. Henckel, and D.
Kleijn. 2018. “Local and Landscape Scale Effects of Heteroge-
neity in Shaping Bird Communities and Population Dynamics:
Crop-Grassland Interactions.” In Agroecosystem Diversity: Rec-
onciling Contemporary Agriculture and Environmental Quality,
edited by G. Lemaire, P. C. De Faccio Carvalho, S. Kronberg,
and S. Recous, 241–43. San Diego, CA: Elsevier Science.

Brown, G. S., P. D. DeWitt, N. Dawson, and L. Landriault. 2021.
“Threshold Responses in Wildlife Communities and Evidence
for Biodiversity Indicators of Sustainable Resource Manage-
ment.” Ecological Indicators 133: 108371.

Büttner, G., and B. Kosztra. 2011. Manual of CORINE Land Cover
Changes. Copenhagen: European Environment Agency.

Cabodevilla, X., F. Mougeot, G. Bota, S. Mañosa, F. Cusc�o, J.
Martínez-García, B. Arroyo, and M. J. Madeira. 2021.
“Metabarcoding Insights into the Diet and Trophic Diversity
of Six Declining Farmland Birds.” Scientific Reports 11: 21131.

Carmona, C. P., I. Guerrero, B. Peco, M. B. Morales, J. J. Oñate, T.
Pärt, T. Tscharntke, et al. 2020. “Agriculture Intensification
Reduces Plant Taxonomic and Functional Diversity across
European Arable Systems.” Functional Ecology 34: 1448–54.

Carpio, A. J., J. Castro, V. Mingo, and F. S. Tortosa. 2017. “Herba-
ceous Cover Enhances the Squamate Reptile Community in
Woody Crops.” Journal for Nature Conservation 37: 31–38.

Castro-Caro, J. C., I. C. Barrio, and F. S. Tortosa. 2014. “Is the Effect
of Farming Practices on Songbird Communities Landscape
Dependent? A Case Study of Olive Groves in Southern Spain.”
Journal of Ornithology 155: 357–365.

Castro-Caro, J. C., I. C. Barrio, and F. S. Tortosa. 2015. “Effects of
Hedges and Herbaceous Cover on Passerine Communities in
Mediterranean Olives Groves.” Acta Ornithologica 50:
180–192.

Chao, A., N. J. Gotelli, T. C. Hsieh, E. L. Sander, K. H. Ma, R. K.
Colwell, and A. M. Ellison. 2014. “Rarefaction and Extrapola-
tion with Hill Numbers: A Framework for Sampling and Esti-
mation in Species Diversity Studies.” Ecological Monographs
84: 45–67.

Colwell, R. K., A. Chao, N. J. Gotelli, S. Y. Lin, C. X. Mao, R. L.
Chazdon, and J. T. Longino. 2012. “Models and Estimators
Linking Individual-Based and Sample-Based Rarefaction,
Extrapolation, and Comparison of Assemblages.” Journal of
Plant Ecology 5: 3–21.

Concepci�on, E. D., I. Aneva, M. Jay, S. Lukanov, K. Marsden, G.
Moreno, R. Oppermann, et al. 2020. “Optimizing Biodiversity
Gain of European Agriculture through Regional Targeting and
Adaptive Management of Conservation Tools.” Biological Con-
servation 241: 108384.

Concepci�on, E. D., M. Díaz, and R. A. Baquero. 2008. “Effects of
Landscape Complexity on the Ecological Effectiveness of Agri-
Environment Schemes.” Landscape Ecology 23: 135–148.

Concepci�on, E. D., M. Díaz, D. Kleijn, A. B�aldi, P. Bat�ary, Y.
Clough, D. Gabriel, et al. 2012. “Interactive Effects of Land-
scape Context Constrain the Effectiveness of Local Agri-
Environmental Management.” Journal of Applied Ecology 49:
695–705.

Davies, Z. G., and A. S. Pullin. 2007. “Are Hedgerows Effective Cor-
ridors between Fragments of Woodland Habitat? An
Evidence-Based Approach.” Landscape Ecology 22: 333–351.

De Graaf, J., and L. Eppink. 1999. “Olive Oil Production and Soil
Conservation in Southern Spain, in Relation to EU Subsidy
Policies.” Land Use Policy 16: 259–267.

De Juana, E., T. Santos, F. Su�arez, and J. L. Tellería. 1988. “Status
and Conservation of Steppe Birds and their Habitat in Spain.”
In Ecology and Conservation of Grassland Birds, Vol. 7, edited
by P. D. Goriup, 113–123. Cambridge: ICBP Technical
Publication.

De Paz, V., E. Tobajas, N. Rosas-Ramos, J. Tormos, J. D. Asís, and
L. Baños-Pic�on. 2022. “Effect of Organic Farming and Agricul-
tural Abandonment on Beneficial Arthropod Communities
Associated with Olive Groves in Western Spain: Implications
for Bactrocera oleae Management.” Insects 13: 48.

Díaz-Ruiz, F., J. C. Zarca, M. Delibes-Mateos, and P. Ferreras. 2015.
“Feeding Habits of Black-Billed Magpie during the Breeding
Season in Mediterranean Iberia: The Role of Birds and Eggs.”
Bird Study 62: 516–522.

Díaz, M., and E. D. Concepci�on. 2016. “Enhancing the Effectiveness
of CAP Greening as a Conservation Tool: A Plea for Regional
Targeting Considering Landscape Constraints.” Current Land-
scape Ecology Reports 1: 168–177.

Dudley, N., and S. Alexander. 2017. “Agriculture and Biodiversity:
A Review.” Biodiversity 18: 45–49.

Dufrêne, M., and P. Legendre. 1997. “Species Assemblages and
Indicator Species: The Need for a Flexible Asymmetrical
Approach.” Ecological Monographs 67: 345–366.

Edo, M., M. H. Entling, and V. Rösch. 2024. “Agroforestry Supports
High Bird Diversity in European Farmland.” Agronomy for
Sustainable Development 44: 1–12.

12 of 15 GARCÍA-NAVAS ET AL.

 19395582, 2025, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70057 by C

ochrane Portugal, W
iley O

nline L
ibrary on [28/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Emmerson, M., M. B. Morales, J. J. Oñate, P. Bat�ary, F. Berendse, J.
Liira, T. Aavik, et al. 2016. “How Agricultural Intensification
Affects Biodiversity and Ecosystem Services.” Advances in Eco-
logical Research 55: 43–97.

Estrada-Carmona, N., A. C. S�anchez, R. Remans, and S. K. Jones.
2022. “Complex Agricultural Landscapes Host More Biodiver-
sity than Simple Ones: A Global Meta-Analysis.” Proceedings
of the National Academy of Sciences of the United States of
America 119: e2203385119.

European Environment Agency. 2024. “Enhancing Agricultural
Biodiversity.” https://agriculture.ec.europa.eu/sustainability/.

Eurostat. 2021. “StatisticsjEurostat: Main Farm Land Use by NUTS
2 Regions.” https://ec.europa.eu/eurostat/databrowser/view/
ef_lus_main/default/table?lang=en.

FAO. 2023. “Land and WaterjOlive.” https://www.fao.org/land-
water/databases-and-software/crop-information/olive/es/.

García-Navas, V., C. Martínez-Núñez, L. Christidis, and A. Ozgul.
2025. “A Stroll along Australian Ecosystems: Using Bioclimatic
Transects to Examine Environmental Drivers of Community
Assembly in Birds.” Journal of Biogeography 52: 136–147.

García-Navas, V., C. Martínez-Núñez, R. Tarifa, A. J. Manzaneda,
F. Valera, T. Salido, F. M. Camacho, and P. J. Rey. 2022.
“Partitioning Beta Diversity to Untangle Mechanisms Underly-
ing the Assembly of Bird Communities in Mediterranean Olive
Groves.” Diversity and Distributions 28: 112–127.

García-Navas, V., C. Martínez-Núñez, R. Tarifa, A. J. Manzaneda,
F. Valera, T. Salido, F. M. Camacho, J. Isla, and P. J. Rey.
2022. “Agricultural Extensification Enhances Functional
Diversity but Not Phylogenetic Diversity in Mediterranean
Olive Groves: A Case Study with Ant and Bird Communities.”
Agriculture, Ecosystems & Environment 324: 107708.

García-Navas, V., R. Tarifa, T. Salido, A. Gonz�alez-Robles, A.
L�opez-Orta, F. Valera, and P. J. Rey. 2025. “Threshold
Responses of Birds to Agricultural Intensification in Mediter-
ranean Olive Groves.” figshare. https://doi.org/10.6084/m9.
figshare.28908080.v1.

García, K., E. M. Olimpi, L. M’Gonigle, D. S. Karp, E. E. Wilson-
Rankin, C. Kremen, and D. J. Gonthier. 2023. “Semi-Natural
Habitats on Organic Strawberry Farms and in Surrounding
Landscapes Promote Bird Biodiversity and Pest Control
Potential.” Agriculture, Ecosystems & Environment 347:
108353.

Giralt, D., and O. Infante. 2021. “Alcaud�on real, Lanius
meridionalis.” In Libro Rojo de las Aves de España, edited by
N. L�opez-Jiménez, 310–13. Madrid: SEO/BirdLife.

Godinho, C., and J. E. Rabaça. 2011. “Birds Like It Corky: The Influ-
ence of Habitat Features and Management of ‘Montados’ in
Breeding Bird Communities.” Agroforestry Systems 82: 183–195.

G�omez, J. A., J. Infante-Amate, M. G. de Molina, T. Vanwalleghem,
E. V. Taguas, and I. Lorite. 2014. “Olive Cultivation, Its Impact
on Soil Erosion and Its Progression into Yield Impacts in
Southern Spain in the Past as a Key to a Future of Increasing
Climate Uncertainty.” Agriculture 4: 170–198.

Green, R. E., and G. H. Griffiths. 1994. “Use of Preferred
Nesting Habitat by Stone Curlews Burhinus oedicnemus
in Relation to Vegetation Structure.” Journal of Zoology
233: 457–471.

Grüebler, M. U., S. Schaller, H. Keil, and B. Naef-Daenzer. 2013.
“The Occurrence of Cavities in Fruit Trees: Effects of Tree Age

and Management on Biodiversity in Traditional European
Orchards.” Biodiversity and Conservation 22: 3233–46.

Guerrero-Casado, J., A. J. Carpio, F. S. Tortosa, and A. J.
Villanueva. 2021. “Environmental Challenges of Intensive
Woody Crops: The Case of Super High-Density Olive Groves.”
Science of the Total Environment 798: 149212.

Gutzwiller, K. J., S. K. Riffell, and C. H. Flather. 2015. “Avian
Abundance Thresholds, Human-Altered Landscapes, and the
Challenge of Assemblage-Level Conservation.” Landscape
Ecology 30: 2095–2110.

Herranz, J., M. Yanes, and F. Su�arez. 1997. “La Dieta de los Pollos
de dos Al�audidos Simp�atricos: Cogujada Montesina (Galerida
theklae) y Terrera Marismeña (Calandrella rufescens).” In
Actas de las XII Jornadas Ornitol�ogicas Españolas, edited by J.
Manrique, A. S�anchez, F. Su�arez, and M. Yanes, 123–133.
Almería: Instituto de Estudios Almerienses.

Herrera, C. M. 1983. “Significance of Ants in the Diet of Insectivo-
rous Birds in Southern Spanish Mediterranean Habitats.”
Ardeola 30: 77–81.

Hillebrand, H., I. Donohue, W. S. Harpole, D. Hodapp, M. Kucera,
A. M. Lewandowska, J. Merder, J. M. Montoya, and J. A.
Freund. 2020. “Thresholds for Ecological Responses to Global
Change Do Not Emerge from Empirical Data.” Nature Ecology
and Evolution 4: 1502–9.

H�odar, J. A. 1998. “Diet of the Black-Eared Wheatear Oenanthe
hispanica in Relation to Food Availability in Two Arid Shrub-
Steppes.” Avocetta 22: 35–40.

Hsieh, T. C., K. H. Ma, and A. Chao. 2016. “iNEXT: An R Package
for Rarefaction and Extrapolation of Species Diversity (Hill
Numbers).” Methods in Ecology and Evolution 7: 1451–56.

Huggett, A. J. 2005. “The Concept and Utility of ‘Ecological Thresh-
olds’ in Biodiversity Conservation.” Biological Conservation
124: 301–310.

Infante-Amate, J. 2012. “The Ecology and History of the Mediterra-
nean Olive Grove: The Spanish Great Expansion, 1750–2000.”
Rural History 23: 161–184.

Infante-Amate, J., I. Villa, E. Aguilera, E. Torremocha, G. Guzm�an,
A. Cid, and M. Gonz�alez de Molina. 2016. “The Making of
Olive Landscapes in the South of Spain. A History of Continu-
ous Expansion and Intensification.” In Biocultural Diversity in
Europe. Environmental History, Vol. 5, edited by M. Agnoletti
and F. Emanueli, 157–179. Cham: Springer.

IPBES. 2019. “Summary for Policymakers of the Global Assessment
Report on Biodiversity and Ecosystem Services.” Zenodo.
https://zenodo.org/records/3553579.

Jordano, P. 1981. “Alimentaci�on y Relaciones Tr�oficas Entre los
Paseriformes en Paso Otoñal por Una Localidad de Andalucía
Central.” Doñana, Acta Vertebrata 8: 103–124.

King, R. S., and C. J. Richardson. 2003. “Integrating Bioassessment
and Ecological Risk Assessment: An Approach to Developing
Numerical Water-Quality Criteria.” Environmental Manage-
ment 31: 795–809.

Kleijn, D., F. Kohler, A. B�aldi, P. Bat�ary, E. D. Concepci�on, Y.
Clough, M. Díaz, et al. 2009. “On the Relationship between
Farmland Biodiversity and Land-Use Intensity in Europe.”
Proceedings of the Royal Society B: Biological Sciences 276:
903–9.

Kleijn, D., M. Rundlöf, J. Scheper, H. G. Smith, and T. Tscharntke.
2011. “Does Conservation on Farmland Contribute to Halting

ECOLOGICAL APPLICATIONS 13 of 15

 19395582, 2025, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70057 by C

ochrane Portugal, W
iley O

nline L
ibrary on [28/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://agriculture.ec.europa.eu/sustainability/
https://ec.europa.eu/eurostat/databrowser/view/ef_lus_main/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/ef_lus_main/default/table?lang=en
https://www.fao.org/land-water/databases-and-software/crop-information/olive/es/
https://www.fao.org/land-water/databases-and-software/crop-information/olive/es/
https://doi.org/10.6084/m9.figshare.28908080.v1
https://doi.org/10.6084/m9.figshare.28908080.v1
https://zenodo.org/records/3553579


the Biodiversity Decline?” Trends in Ecology & Evolution 26:
474–481.

Lobry de Bruyn, L. A. 1999. “Ants as Bioindicators of Soil Function
in Rural Environments.” Agriculture, Ecosystems & Environ-
ment 74: 425–441.

L�opez, P., and J. Martín. 2025. “Enciclopedia Virtual de los
Vertebrados Españoles.” Museo Nacional de Ciencias
Naturales. www.vertebradosibericos.org.

Loumou, A., and C. Giourga. 2003. “Olive Groves: “The Life and
Identity of the Mediterranean”.” Agriculture and Human
Values 20: 87–95.

Macchi, L., and H. R. Grau. 2012. “Piospheres in the Dry Chaco.
Contrasting Effects of Livestock Puestos on Forest Vegetation
and Bird Communities.” Journal of Arid Environments 87:
176–187.

Macchi, L., M. Baumann, H. Bluhm, M. Baker, C. Levers,
H. R. Grau, and T. Kuemmerle. 2019. “Thresholds in For-
est Bird Communities along Woody Vegetation Gradients
in the South American Dry Chaco.” Journal of Applied
Ecology 56: 629–639.

Martin, E. A., M. Dainese, Y. Clough, A. B�aldi, R. Bommarco, V.
Gagic, M. P. D. Garratt, et al. 2019. “The Interplay of Land-
scape Composition and Configuration: New Pathways to Man-
age Functional Biodiversity and Agroecosystem Services across
Europe.” Ecology Letters 22: 1083–94.

Martínez-Nuñez, C., E. Velado-Alonso, J. Avelino, P. J. Rey, G. M.
Hoopen, G. Pe’er, Y. Zou, et al. 2024. “Tailored Policies for
Perennial Woody Crops Are Crucial to Advance Sustainable
Development.” Nature Sustainability 8: 133–141. https://doi.
org/10.1038/s41893-024-01483-8.

Martínez-Núñez, C., P. J. Rey, T. Salido, A. J. Manzaneda, F. M.
Camacho, and J. Isla. 2021. “Ant Community Potential for Pest
Control in Olive Groves: Management and Landscape Effects.”
Agriculture, Ecosystems & Environment 305: 107185.

Martínez, N., L. Jenni, E. Wyss, and N. Zbinden. 2010. “Habitat
Structure Versus Food Abundance: The Importance of Sparse
Vegetation for the Common Redstart Phoenicurus
phoenicurus.” Journal of Ornithology 151: 297–307.

McHugh, N. M., M. Prior, S. R. Leather, and J. M. Holland. 2016.
“The Diet of Eurasian Tree Sparrow Passer montanus Nes-
tlings in Relation to Agri-Environment Scheme Habitats.” Bird
Study 63: 279–283.

Ministerio de Agricultura, Pesca y Alimentaci�on MAPA. 2020.
“Producciones Agrícolas/Aceite de Oliva y Aceituna de Mesa.”
https://www.mapa.gob.es/es/agricultura/temas/producciones-
agricolas/aceite-oliva-y-aceituna-mesa/aceite.aspx.

Morgado, R. 2022. “From Traditional to Super-Intensive: Drivers of
Biodiversity Impacts of Olive Farming Intensification.” Doc-
toral thesis, Universidade de Lisboa.

Morgado, R., J. Santana, M. Porto, J. S. S�anchez-Oliver, L. Reino,
J. M. Herrera, F. Rego, P. Beja, and F. Moreira. 2020. “A Medi-
terranean Silent Spring? The Effects of Olive Farming Intensi-
fication on Breeding Bird Communities.” Agriculture,
Ecosystems & Environment 288: 106694.

Morris, A. J., and J. J. Gilroy. 2008. “Close to the Edge: Predation
Risks for Two Declining Farmland Passerines.” Ibis 150:
168–177.

Pardo, L. E., F. D. O. Roque, M. J. Campbell, N. Younes, W.
Edwards, and W. F. Laurance. 2018. “Identifying Critical

Limits in Oil Palm Cover for the Conservation of Terrestrial
Mammals in Colombia.” Biological Conservation 227: 65–73.

Pérez-Pozuelo, P., E. D. Concepci�on, F. M. Azc�arate, G. Bota, L.
Brotons, D. García, D. Giralt, et al. 2025. “Ex-Ante Evaluation
of a Multi-Level Governance Cap Strategic Plan for Farmland
Bird Conservation.” Ardeola 72: 49–64.

Pérez, C., P. Acebes, L. Franco, D. Llusia, and M. B. Morales. 2023.
“Olive Grove Intensification Negatively Affects Wintering Bird
Communities in Central Spain.” Basic and Applied Ecology 70:
27–37.

Priyadarshana, T. S., E. A. Martin, C. Sirami, B. A. Woodcock, E.
Goodale, C. Martínez-Núñez, M. B. Lee, et al. 2024. “Crop and
Landscape Heterogeneity Increase Biodiversity in Agricultural
Landscapes: A Global Review and Meta-Analysis.” Ecology Let-
ters 27: e14412.

Pustkowiak, S., Z. Kwieci�nski, M. Lenda, M. _Zmihorski, Z. M.
Rosin, P. Tryjanowski, and P. Sk�orka. 2021. “Small Things Are
Important: The Value of Singular Point Elements for Birds in
Agricultural Landscapes.” Biological Reviews 96: 1386–1403.

QGIS Development Team. 2018. “QGIS Geographic Information
System.” QGIS Software. https://www.qgis.org.

R Core Team. 2025. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.

Rey, P. J. 1993. “The Role of Olive Orchards in the Wintering of
Frugivorous Birds in Spain.” Ardea 81: 151–160.

Rey, P. J. 2011. “Preserving Frugivorous Birds in Agro-Ecosystems:
Lessons from Spanish Olive Orchards.” Journal of Applied
Ecology 48: 228–237.

Rey, P. J., A. J. Manzaneda, F. Valera, J. M. Alc�antara, R. Tarifa, J.
Isla, J. L. Molina-Pardo, et al. 2019. “Landscape-Moderated
Bio-Diversity Effects of Ground Herb Cover in Olive Groves:
Implications for Regional Biodiversity Conservation.” Agricul-
ture, Ecosystems & Environment 277: 61–73.

Rey, P. J., and J. E. Gutiérrez. 1996. “Pecking of Olives by Frugivo-
rous Birds: A Shift in Feeding Behaviour to Overcome Gape
Limitation.” Journal of Avian Biology 27: 327–333.

Rey, P. J., F. Valera, and A. M. S�anchez-Lafuente. 1997. “Avi-
fauna Reproductora y Estructura del H�abitat en la
Campiña y Sierras Subbéticas de Jaén.” Doñana, Acta
Vertebrata 24: 115–142.

Rigal, S., V. Dakos, H. Alonso, A. Auniņš, Z. Benk}o, L. Brotons, T.
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