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Making farming compatible with biodiversity conservation requires identifying the biodiversity drivers that
operate in agricultural landscapes, while also addressing the role of biodiversity in ecosystem services. Such
integrative information is, however, rare for speciﬁc biodiversity groups and services. Here, we focus on insectivorous birds in cider apple orchards in northern Spain, ascertaining the relationships between landscapeand orchard-scale features and bird biodiversity. We conducted ﬁeld observations and experiments to estimate
the potential of birds for controlling arthropod abundance and pest outbreaks in apple trees. Twenty-nine treedwelling, insectivorous bird species were observed during one year, inside and around cider apple orchards, with
six abundant species representing a predictable core across sites and seasons. Bird abundance and richness
increased with the availability of semi-natural woody habitats (hedgerows, remnant trees, and forest patches)
both in the immediate neighborhood of the orchard and in the landscape within a 1-km radius of the orchard.
Orchards with higher cover of apple tree canopy also harbored a greater abundance and richness of birds. Apple
tree branches that were cage-excluded from birds and manually infested with aphids suﬀered increased shoot
damage and aphid outbreak, compared to those that were aphid-infested but open to birds. Bird exclusion led to
increased abundances of pest insects other than aphids, and also of other arthropods considered as natural
enemies or mutualists of pests. Arthropod abundance was lower in those orchards showing higher abundances of
insectivorous birds during spring and summer. Multi-scaled farming management, involving both within-ﬁeld
practices and regional land use schemes, should be considered in order to promote win–win scenarios in cider
apple orchards, whereby species-rich assemblages of insectivorous birds provide eﬀective pest control service.

1. Introduction
Agriculture intensiﬁcation is jeopardizing biodiversity worldwide,
due to the loss and the alteration of natural habitats (Tscharntke et al.,
2005; Newbold et al., 2015). There is, nevertheless, a consensus on the
potential compatibility between food security and biodiversity conservation (Fischer et al., 2006; Tscharntke et al., 2012a). In this sense,
recent research suggests that some farming schemes can retain habitat
conditions that promote biodiversity while still being productive (e.g.
Clough et al., 2011; Cunningham et al., 2013). Moreover, local biodiversity may render beneﬁts to crop yield through the provision of
ecosystem services like pollination, nutrient cycling or pest control (e.g.
Moonen and Barberi, 2008; Power, 2010). Thus, integrative research on
how farming constricts or fosters biodiversity, and on the relationship
between biodiversity and ecosystem services, would seem essential for
achieving conservation-agriculture win–win solutions (Tscharntke
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et al., 2012a; Gonthier et al., 2014).
Birds represent a biodiversity group suitable for addressing the
farming-conservation dilemma (e.g. Philpott et al., 2008; Rey, 2011).
Birds worldwide are facing the eﬀects of agricultural intensiﬁcation
(Donald et al., 2001; Bregman et al., 2014), suﬀering population declines and extinctions that aﬀect both rare and common species (e.g.
Phalan et al., 2011; Inger et al., 2015). Speciﬁcally, bird biodiversity is
sensitive to small-scale habitat alterations that decrease the availability
of protection, nesting or roosting sites, or food resources, both within
ﬁelds (e.g. Castro-Caro et al., 2014; Philpott and Bichier 2012) and in
their immediate surroundings (e.g. hedgerows or set-asides; Hiron
et al., 2013; Garﬁnkel and Johnson, 2015). In addition, given the potential of birds to spill-over into crop ﬁelds from surrounding, sometimes distant, habitat patches (Tscharntke et al., 2008), a signiﬁcant
eﬀect of landscape modiﬁcations on bird biodiversity is also to be expected in agroecosystems. For example, bird abundance has been
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shown to decrease in those crop ﬁelds at further distances from seminatural habitats (Karp et al., 2013) or within landscapes with lower
proportions of these habitats (Barbaro et al., 2017). Despite these
ﬁndings, there is a lack of knowledge on how habitat alteration at
multiple scales (from local ﬁeld to landscape level) aﬀects the diﬀerent
components of bird biodiversity (Fahrig et al., 2011; but see Clough
et al., 2009).
Birds, thanks to their usually high functional diversity, are thought
to supply generalist services of biological control in tropical and temperate agroecosystems (Whelan et al., 2008; Sekercioglu 2012), preying
upon diﬀerent types of arthropod pests, from sap feeders and leaf
herbivores to frugivores and seed predators (e.g. Kellermann et al.,
2008; Maas et al., 2013). The magnitude of this biocontrol service depends, ﬁrst, on the occurrence of top-down trophic eﬀects by which
avian predation would decrease arthropod populations and crop plant
damage (Mäntylä et al., 2011). These eﬀects, usually addressed by experiments in which birds are precluded from accessing the arthropod
pests naturally occurring on plants, may, however, be hindered due to a
suppression of intraguild predation and the concomitant mesopredator
release, i.e. the suppression of avian control on arthropods (e.g. spiders)
that act as natural enemies of pests as well, hence potentially increasing
predation on these pests (Martin et al., 2015; Maas et al., 2016).
Second, avian biocontrol potential also relies on the ability of birds to
buﬀer pest outbreaks, by means of numerical or functional responses to
population expansive increases in specialist pests (Barbaro et al., 2013;
Garﬁnkel and Johnson, 2015). Simulations of pest outbreaks, by the
experimental addition of speciﬁc insects (e.g. Garﬁnkel and Johnson,
2015), should thus be combined with exclusion experiments that
evaluate population changes in the whole arthropod community. What
is more, these experimental estimations should be complemented with
top-down assessments based on the correlated variability between bird
biodiversity and arthropod abundance across observational gradients
(Mäntylä et al., 2011; Barbaro et al., 2013).
In this work, we assess the role of birds as natural enemies of arthropod pests in the cider apple orchards of Asturias (N Spain), taking
into account the local and landscape determinants of bird biodiversity.
The environment-dependent potential of birds as pest predators has
been suggested in tropical agroforestry (e.g. Perfecto et al., 2004; Karp
et al., 2013), although the existence of such a pattern in temperate
woody crops is still unclear, even given that seminal ﬁndings on avian
biocontrol come from exactly this sort of agroecosystems (e.g. Atlegrim,
1989; Mols and Visser, 2002). Our study system is suitable for addressing this issue, given that Asturian apple orchards are highly variable in their management regimes and landscape contexts, and the pool
of insectivorous birds in the Cantabrian region is among the richest in
Europe (Tellería et al., 2008; Santos et al., 2014). Speciﬁcally, we seek
to answer the following questions: 1) How large and diverse, in terms of
abundance, richness and composition, are the assemblages of forest
insectivorous birds within the apple orchards and in their immediate
surroundings across seasons?; 2) How do bird abundance, richness and
species composition relate to landscape structure and orchard features?;
and 3) Are birds able to control the abundance of arthropod pests in
apple orchards? We then translate the answers of these questions into
multi-scaled management guidelines for promoting the ecosystem service by insectivorous birds.

growing on semi-dwarﬁng rootstocks. Apple plantations in Asturias are
based on local cultivars that are tolerant to common apple diseases
(scab, canker and powdery mildew). Among the arthropod pests present
(Miñarro et al., 2011), the most prevalent is the codling moth (Cydia
pomonella L.), which attacks the fruits. Also present are the rosy apple
aphid (Dysaphis plantaginea Passerini) and the green apple aphid (Aphis
pomi De Geer), which harm the shoots of young trees, and so may be of
particular concern in new orchards. The apple blossom weevil (Anthonomus pomorum L.), which attacks blossom, is also a signiﬁcant pest
locally. The cultural tolerance of growers to pests and diseases is high in
general, as aesthetical damage is not relevant for cider apples and thus
pests are not perceived as severe threats to productivity. Consequently,
the use of pesticides is not generalized and, when they are used it is
often at low intensity, with spraying mainly done with narrow-spectrum insecticides against the codling moth or the rosy apple aphid and,
more occasionally, the apple blossom weevil. The low degree of agricultural intensiﬁcation in some orchards and in the surrounding landscape (see below) thus allows for a high diversity of arthropods within
orchards, including, as well as crop pests, their natural enemies (e.g.
spiders, earwigs, hoverﬂy larvae, predatory beetles) or mutualists (e.g.
aphid-tending ants) (arro et al., 2010, 2011;).
Asturian cider apple orchards are relatively small (most cover between 0.5 and 4 ha) and are embedded in a highly variegated landscape
(Fig. 1; Fig. A1), containing a ﬁne-grained mosaic of orchards, livestock
pastures, annual crops (e.g. corn), timber (eucalyptus) plantations,
human infrastructures, and semi-natural woody vegetation patches,
mostly temperate broad-leaved forest, riverine forest and heathland
patches. At the small scale of their immediate neighborhoods, apple
orchards are typically surrounded, either totally or partially, by natural
woody vegetation in the form of hedgerows or small forest patches
(Fig. 1; Fig. A1). Hedgerows are very heterogeneous in terms of height,
width, number of vegetation strata, plant composition and age (Miñarro
and Prida, 2013; Fig. A1B–C), and are scarcely managed by farmers,
although trimming on the planted side happens occasionally. Apple
orchards are frequently adjacent to small patches of semi-natural forests
composed by the same coterie of woody species as hedgerows (Fig.
A1D). Isolated, remnant trees are also found within and between
orchards (Fig. A1E).
In early 2015, we chose 25 orchards for the sampling, located over a
600 km2 study area in the central part of the cider apple region in
Asturias, at altitudes from 10 to 385 m a.s.l. (Fig. 1A–B; see Table A1 for
geographical details). Minimum distance between orchards was 1.2 km
(Fig. 1B). Due to logistical problems, one of the early sites had to be
discarded and replaced for a diﬀerent orchard of similar characteristics
in early spring 2016. Sites were chosen with the aim of representing a
gradient of variability in the environmental conditions around orchards, based on preliminary surveys on the structure of surrounding
landscapes and the features within orchards. In each orchard, we established a sampling station within the apple tree plantation, 25 m
away from orchard edges, and delimited a 50-m radius circular plot
around each sampling station (R50 plot, hereafter; Fig. 1C).
2.2. Landscape structure and orchard features
Landscape structure was quantifyied by means of a Geographic
Information System of the study area (GIS, ArcGIS9.3) based on 1:5000scale orthophotographs (2014). From there, a layer of cover was carefully digitized in order to include all semi-natural woody vegetation
assumed to be suitable habitat for forest insectivorous birds (see below
for the deﬁnition of this classiﬁcation). This layer, therefore, included
forest patches of variable size, hedgerows, and isolated trees within
pastures, but excluded low-height heathland (scrubland) patches. We
estimated the availability of semi-natural woody vegetation around
each apple orchard, at the large scale, within a circular plot of 1-km
radius centered on the sampling station (prop. woody vegetation R1000;
Figs. 1B, D), and at the small scale, within the R50 plot (prop. woody

2. Methods
2.1. Study system and sampling spatial design
Apple (Malus x domestica Borkh.) is the most important fruit crop in
Asturias (Dapena et al., 2005). There, almost all apple crops are devoted to cider production, given the long-tradition of cider as a valuable
product with a Protected Denomination of Origin status. The majority
of cider apple orchards are traditional, with large trees grown on
seedling rootstocks, but new orchards are semi-intensive, with trees
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Fig. 1. Schematic representation of study
sites and spatial design, depicting (A) the
region of study (Asturias province in dark
grey within the Iberian peninsula); (B) the
study sites, highlighting the landscape-scale
gradient of cover of woody vegetation (dark
gray patches) around each site (1000-m radius plots); (C) an example of the 50-m radius plot (white circle) around one sampling
station (white dot); (D) an example of cover
of woody vegetation (pale yellow patches)
in the 1000-m radius plot (white circle)
around the same sampling station; (E) the
cover of woody vegetation (pale yellow
patches) and apple tree canopy (brown
patches) in the 50-m radius plot (white
circle) around the same sampling station.
(For interpretation of the references to
colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

in 18 sets of censuses (9 censuses per season).
From all the bird species detected in censuses, we classiﬁed under
the category of “forest insectivores” (FI, hereafter) those expected to act
as potential predators of apple pest arthropods (Table A2), including all
species with a predominantly insectivorous (arthropod) diet (at least for
the Spring-Summer season), and frequent tree-dwelling behavior (e.g.
tits Paridae, warblers and chiﬀchaﬀs Sylviidae, thrushes and robins
Turdidae, treecrepers Certhidae, woodpeckers Picidae, forest-dwelling
small corvids, etc). We excluded from this category tree-dwelling but
mostly granivorous birds such as pigeons (Columbidae) and most ﬁnches
(Fringilidae), open-habitat corvids, ground-dwelling and aerial insectivores that seldom perch on trees (e.g. wagtails Motacilla spp., and
swallows Hirundinidae, respectively), and open scrubland birds (e.g.
chats Saxicola spp.). Information on general diet and behavior of species
was based on Wilman et al. (2014) and personal observations.
We estimated the abundance and the richness of FI birds per orchard
and season (FI bird abundance R50, FI bird richness R50) as the cumulative number of, respectively, bird individuals and bird species recorded in each R50 plot over the periods of Autumn-Winter and SpringSummer. In order to assess the abundance of FI birds within the apple
habitat (i.e. the apple tree plantation of each orchard, avoiding data of
birds using the surrounding woody vegetation), we estimated the proportion of bird observations assigned to “apple tree plantation”
perching habitat, as well as the surface area of R50 plot covered by
apple tree plantation. We thus calculated, for each orchard, FI bird
abundance in apple habitat as the product of FI bird abundance R50 by
the proportion of birds in apple habitat, divided by the surface area (in
hectares) of apple tree plantation in R50. This parameter provided,
therefore, a measure of bird density within apple plantations, which
was comparable across orchards. Following a similar rationale, we
calculated, for each orchard, the FI bird richness in apple habitat by dividing the cumulative number of FI bird species observed in apple
habitat by the surface area (in hectares) of apple tree plantation in R50.
Both FI abundance and richness in apple habitat were estimated for
both the Autumn-Winter and the Spring-Summer seasons.

vegetation R50, Fig. 1E).
As well as orchard size, measured from GIS, we quantiﬁed orchard
features related to the structure of apple tree canopy within the plantation, which we assumed potentially aﬀect the foraging behavior of
insectivorous birds on apple trees. We estimated the amount of cover by
apple tree canopy per orchard as the proportion of apple canopy cover in
the R50 plot, from a GIS layer representing the projection of apple
canopy within the orchards (Fig. 1E). In order to describe the vertical
complexity of apple canopy, we randomly selected 25 trees from within
a 25-m radius area centered on each sampling station. We held a 5-m
long, scaled pole vertically at 50-cm from the trunk of each of these
trees, and counted the number of contacts of apple branches or leaves
with the pole. We also measured canopy height from the lowest to the
tallest branch. We calculated apple canopy thickness by multiplying the
number of pole-canopy contacts by canopy height, and averaged this
estimate across all 25 trees per orchard.

2.3. Bird assemblages in apple orchards
We performed bird censuses in order to evaluate the assemblages of
birds using apple orchards and the surrounding semi-natural woody
vegetation. Each census consisted in a 30-min observation slot, during
which all individual birds heard or seen in the R50 plot were counted
and identiﬁed at the species level, by a single observer working from
the sampling station. The identity of the perching habitat was also assessed for most of individual observations, using two categories (surrounding woody vegetation vs. apple tree plantation). When possible,
we discarded repeated observations attributable to the same individual
birds which had stayed in the plot during a given slot (e.g. individuals
that appear intermitently at the same perching site within short time
periods). Observations of birds performing high (> 50 m height), nonstopping ﬂights over the sampling station were also discarded. Censuses
were performed from 7.30 to 12:30 AM avoiding days of heavy rain and
wind. The order of visitation of the diﬀerent orchards within each set of
censuses varied in order to avoid biases in census timing. Censuses were
taken every two weeks during September-December 2015 (AutumnWinter season) and April-July 2016 (Spring-Summer season), resulting
235
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based on a matrix of cumulative abundances per species and orchards in
the diﬀerent seasons (Autumn-Winter and Spring-Summer). Abundance
data were fourth-root-transformed to reduce the inﬂuence in the ordination of common species relative to rarer ones (one species, Sylvia
communis, with only one observation in one orchard, was excluded from
analysis). Using Bray-Curtis similarity measures, we built a two dimensional (NMDS1 and NMDS2) space to plot the relative position of FI
bird species. We performed a further analysis of similarities (ANOSIM)
with 999 permutations to compare FI bird assemblages between seasons. NMDS and ANOSIM were performed with, respectively, metaMDS
and anosim functions in the vegan package (Oksanen et al., 2015) in R
3.01.2.
We evaluated the role of landscape structure and orchard features
for FI bird biodiversity, by means of Generalized Linear Mixed Models
(GLMMs; Bolker et al., 2009), considering, as diﬀerent response variables (Gaussian distribution, identity link), FI bird abundance and
richness at R50, FI bird abundance and richness in apple habitat, and
NMDS dimensions 1 and 2 scores, all based on data for each orchard
and season. We considered, as main predictors, the proportion of woody
vegetation at R1000 and R50, apple canopy cover, apple canopy
thickness, and orchard size. Predictor variables were standardized prior
to the inclusion in the models. All main predictors were included in the
full models, but, to avoid model over-parametrization, those terms that
were non-signiﬁcant (P > 0.05) were excluded in a backwards stepwise procedure to select the simplest model. All models, nonetheless,
included season (Autumn-Winter vs Spring-Summer) as a categorical
ﬁxed factor, in order to control for the eﬀects of temporal autocorrelation in the data set, as well as orchard identity as a random factor
given that virtually all orchards were replicated across seasons (Bolker
et al., 2009). Analyses were performed with lmer function in the lme4 R
package (Zuur et al., 2009).
We analyzed the results of the bird exclusion experiment by means
of GLMMs considering diﬀerent response variables related to pest damage and arthropod abundance. All models included treatment
(Excluded vs. Open) as a main predictor (ﬁxed factor) and tree identity
(nested within orchard) and orchard identity as random factors.
Concerning response variables, models for aphid shoot damage and
colonization rates considered a binomial distribution (logit link). The
model for arthropod biomass (log10) considered a Gaussian distribution
(identity link) and incorporated the number of shoots per branch as
covariate predictor. Models for the count-based abundances of diﬀerent
arthropod groups considered Poisson or zero-inﬂated Poisson distributions (log link). The model for blossom weevil abundance was exclusively based on data from two orchards (as the species was absent
from > 95% of samples in the other two orchards) and thus orchard
identity was considered here as a ﬁxed factor (Bolker et al., 2009).
Analyses were performed with functions lmer (Gaussian) and glmer
(binomial and Poisson) in lme4, and function glmmabmd (zero-inﬂated
Poisson) in glmmABMD R-packages (Zuur et al., 2009). In all models, we
checked for over-dispersion with overdisp_fun R function and, when
present, models were corrected by incorporating an observation-level
random eﬀect (Harrison, 2014).
We searched for observational evidence of a bird-mediated topdown eﬀect on arthropod abundance by checking negative relationships between the total biomass of arthropods per site, as estimated
from the beating samples (log-transformed) and the abundance of FI
birds during Spring-Summer (in the R50 plot and in apple habitat). A
visual inspection of per-site values of these variables in bivariate plots
suggested the occurrence of an analytical outlier (Quinn and Keough,
2002), with extremely low values of arthropod abundance and bird
abundance. Thus, we ﬁrst estimated the relationships between arthropod biomass and FI bird abundances, for the whole dataset, with
non-parametric Spearman’s rank correlation coeﬃcients. Second, we
ﬁtted linear simple regression models with arthropod biomass (logtransformed, response variable) and the abundances of FI birds at R50
and in apple habitat (predictors) after the exclusion of the outlier,

2.4. Bird exclusion experiment
In order to estimate the capability of birds to control arthropod
abundance in apple trees, we performed an experiment precluding birds
from accessing arthropods living in their branches. As we were especially interested in the potential of birds to constrain pest outbreaks, we
complemented this exclusion experiment with a manipulated infestation of rosy apple aphid. On April 15th 2016, before bud burst, we
selected 10 apple trees of similar size within a 25-m radius of the
sampling station in four of the orchards studied. Then, two large
branches of similar length and diameter, but located on opposite sides
of the tree at approximately 1.5 m height, were selected per tree. Access
to one branch by birds was precluded (excluded treatment) by means of
an 80-cm long cylindrical (16-cm radius) cage of 12-mm pore wire
mesh, held parallel to the main branch and covered at both ends by 2mm pore plastic mesh (Fig. A2A). The other branch (open treatment)
was left unaltered except from being labeled.
On May 19th 2016, just after bud burst, two gravid females of rosy
apple aphid were carefully placed, with the help of a paintbrush, on
three separate growing shoots both in the excluded branch and in the
open branch of each tree (Fig. A2B–C). The experimental branches were
revisited on June 9th 2016, in order to monitor aphid attack by means
of counting the number of shoots with extant aphid colonies, the
number of shoots with signs of aphid attack but abandoned, the number
of shoots attacked by aphids (the sum of abandoned and extant colonies) and the total number of shoots per branch (within the cage in
the excluded branch and along an 80-cm stretch starting at the tip for
the open branch). Both shoots with aphid colonies and those attacked
but abandoned are easily identiﬁable by visual, non-manipulative inspection: attack leads to typically curled leaves that remain curled even
after colony extinction (Fig. A2D). We calculated, for each branch, a
shoot damage rate as the proportion of shoots attacked by aphids relative
to the total number of shoots, and a shoot colonization rate as the proportion of shoots harboring extant colonies relative to the number of
shoots attacked by aphids.
On June 20–21 2016, we sampled the whole arthropod assemblage
on exclusion and control branches using the beating method. Three
beats were administered with a stick per branch. A plastic tray
(80 × 50 × 8 cm) was placed below the branch before beating, and the
content of each tray following beating was individually labeled and
stored at −20 °C until evaluation. For each beating sample, we estimated the total arthropod biomass using a precision balance with
0.1 mg accuracy. We also counted the abundance (number of individuals) of arthropods per sample, distinguishing the following
groups: aphids, apple blossom weevils, natural enemies of pests (e.g.
spiders, earwigs, predatory bugs, ladybirds, hoverﬂy larvae), ants, other
herbivores (e.g. Psocoptera), and other insects.
2.5. Arthropod abundance in apple trees
In order to estimate the abundance of the arthropods which could be
considered as potential prey for insectivorous birds across all study
orchards, in late June 2016 we randomly selected 20 trees within a 25m radius of the sampling station of each orchard (using diﬀerent trees
to those used for the bird exclusion experiment). We performed beating
sampling as described above, on one branch per tree (selected according to the criteria of being > 1.5 m long and at a height of > 1.5
m). Arthropod samples were treated and classiﬁed as above, and
weighted for biomass estimation. For each orchard, average (per tree)
arthropod biomass was calculated.
2.6. Statistical analysis
In order to evaluate the spatio-temporal variability in the species
composition of the assemblages of FI birds, we used nonmetric multidimensional scaling ordination (NMDS; Quinn and Keough, 2002),
236
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species, as judged from the diﬀerences in the relative positions (peripheral vs central) of bird species in the bi-dimensional NMDS space
(Fig. 2). The composition of the bird assemblages diﬀered signiﬁcantly
between seasons (ANOSIM; global R = 0.44, P = 0.001).

following a Cook’s distance criterion (with a threshold value of Di > 4/
N; Quinn and Keough, 2002). Throughout the text, mean values are
shown ± SE.
3. Results

3.2. Role of landscape and orchard features for bird biodiversity
3.1. Bird assemblages in apple orchards
The sampling stations selected presented a wide gradients of
variability in the proportion of semi-natural woody vegetation around
apple orchards, both at the large-scale of the 1000-m radius plot
(mean = 0.22 ± 0.02, min-max = 0.06-0.41) and at the small-scale of
the 50-m radius plot (mean = 0.16 ± 0.02, min-max = 0.00-0.39),
though these gradients were not correlated across scales (Pearson’s
correlation: r = 0.22, P = 0.29, N = 26). Orchards also varied greatly
in terms of their interior structure, as judged by the proportion of cover
by apple tree canopy in R50 (mean = 0.29 ± 0.02, min-max = 0.150.48), and apple canopy thickness (mean = 17.4 ± 1.3, minmax = 6.5–29.0), although these variables were found to be positively
correlated (r = 0.42, P = 0.04, N = 26). No relationship was found
between the proportion of semi-natural woody vegetation at the different scales and the proportion of apple tree cover in R50 (r < 0.11,
P > 0.57, N = 26; for both cases).
Both the proportion of semi-natural woody vegetation around apple
orchards and the apple canopy cover within orchards were signiﬁcant
predictors in the GLMM of the abundance of FI birds in R50: more birds
being detected across the whole year in those plots with more surrounding hedgerows, forest and remnant trees (Table 1; Fig. 3A), but
also in those showing a denser canopy by apple trees (Table 1). The
proportion of woody vegetation also positively predicted the number of
FI bird species in R50 (Table 1; Fig. 3B). The statistical eﬀects of
landscape and orchard features also emerged when the abundance and
the richness of FI birds in apple habitat (i.e. within apple plantations)
were considered in GLMM. Namely, the abundance of FI birds in apple
habitat increased in orchards located in landscapes with a higher proportion of semi-natural woody habitats within a 1000-m radius
(Table 1) and, especially, for those with a denser canopy from apple
trees (Table 1; Fig. 3C). Similar positive eﬀects of woody vegetation in

A total of 4934 birds, belonging to 53 species, were observed in bird
censuses in R50 plots. Of these, 80.7% of observations belonged to some
of the 29 (54.7%) species classiﬁed as FI, including robins, tits, warblers, wrens, thrushes, woodpeckers, ﬂycatchers (Table A2). Among
these FI birds, from 3771 observations where habitat was assigned,
52.9% corresponded to apple habitat (i.e. inside the apple tree plantations). Twenty-two species (75.9%) were common to apple habitat
and the semi-natural woody vegetation around orchards, whereas three
species were exclusively observed in apple habitat and four only in
woody vegetation. As regards seasons, 24 FI species were detected in
Autumn-Winter and 23 in Spring-Summer, with 18 (62%) species being
common to both seasons. The abundance as well as the richness of FI
birds per R50 plot slightly changed across seasons, with, on average,
85.4 ± 4.4 birds from 13.8 ± 0.42 species in Autumn-Winter, and
73.2 ± 3.42 birds from 12.4 ± 0.39 species in Spring-Summer
(Wilcoxon’s paired test: |z| > 80.5, P < 0.0001; for both variables).
FI species accounted for a similar proportion of abundance, from that of
all bird species per R50 plot, in Autumn-Winter (0.84 ± 0.04) and in
Spring-Summer (0.80 ± 0.03; |z| = 49.0, P = 0.166). However, the
proportion of the richness accounted by FI species, from that of all bird
species per R50 plot, decreased from Autumn-Winter (0.80 ± 0.02) to
Spring-Summer (0.72 ± 0.02; |z| = 105.0, P = 0.0011). There was
also a seasonal diﬀerence in the percentage of observations of FI species
recorded in apple habitat (Autumn-Winter: 56.8%, Spring-Summer:
49.3%; Likelihood Ratio Chi-square = 22.12; P < 0.0001).
The NMDS analysis (stress = 0.23) suggested some variability in the
composition of the FI bird assemblages across sites and seasons. The
values of NMDS dimensions evidenced a stronger spatio-temporal segregation across sites and seasons for scarce species than for abundant

Fig. 2. Results of Non-Metric Multidimensional Scaling (NMDS)
Analysis. Scores from NMDS dimensions 1 and 2 are combined to
represent the position of the diﬀerent bird species (dots), with acronyms of scientiﬁc names being used for identiﬁcation (e.g. Eri rub:
Erithacus rubecula). Dot size represents bird speciﬁc relative abundance (proportion of observations accounted by a given species relative to all observations across seasons and orchards). The six most
abundant species are represented in a comparative size scale (artwork
by Daniel García).
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Herbivorous insects, including aphids, other pests (blossom weevils,
folivorous caterpillars, etc) and other herbivores (other types of weevils, stink bugs, etc.) accounted for 31.9% of captured individuals,
whereas natural enemies (spiders, earwigs, predatory bugs and ladybirds, and hoverﬂy larvae) accounted for 17.8%. A large percentage of
sampled arthropods (41.1%) were classiﬁed as other insects (mostly
Psocoptera). The total biomass of arthropods per site, estimated from
beating samples, was negatively correlated with the abundance of FI
birds during Spring-Summer, both in the R50 plot (Spearman’s rank
correlation coeﬃcient: ρ = −0.41, P = 0.04, N = 25) and in apple
habitat (ρ = −0.44, P = 0.03, N = 25). Linear regression models also
showed signiﬁcant negative relationships between bird abundance
(predictors) and arthropod biomass (response), for the abundance of FI
birds both in R50 (F1,22 = 10.9, P = 0.003, N = 24; Fig. 5) and in
apple habitat (F1,22 = 8.6, P = 0.007; N = 24; Fig. 5). Both regression
models were ﬁtted after controlling for the eﬀect of one outlier sampling unit (FI bird abundance R50: Cox’s Distance, D = 1.12; FI bird
abundance apple habitat: Cox’s Distance, D = 0.20; threshold Dvalue = 0.16, in both cases; Fig. 5).

Table 1
Results of Generalized Linear Mixed Models evaluating the eﬀects of landscape structure,
orchard features and sampling season (Autumn-Winter vs Spring-Summer) on the abundance and the richness of forest insectivorous birds, both in the R50 plot and in apple
habitat. The variance ( ± SD) estimate for orchard identity, considered as a random
factor, is also shown.
FI bird abundance
R50
Predictors
Prop. woody
vegetation R50
Apple canopy cover
Season
Orchard (random
factor)
FI bird richness R50
Predictors
Prop. woody
vegetation R50
Season
Orchard (random
factor)
FI bird abundance in
apple habitat
Predictors
Prop. woody
vegetation R1000
Apple canopy cover
Season
Orchard (random
factor)
FI bird richness in
apple habitat
Predictors
Prop. woody
vegetation R1000
Apple canopy cover
Season
Orchard (random
factor)

Estimate ± SE
8.39 ± 2.90

Denominator df
22.08

t
2.89

P
0.009

7.37 ± 2.88
6.40 ± 1.61
141.86 ± 11.91

22.52
23.09

2.55
3.97

0.018
0.001

Estimate ± SE
0.81 ± 0.31

Denominator df
20.00

t
2.59

P
0.017

0.64 ± 0.22
1.25 ± 1.12

20.67

2.95

0.008

Estimate ± SE
9.82 ± 2.36

Denominator df
21.13

t
4.17

P
0.0004

20.46 ± 2.37
11.32 ± 2.94
83.44 ± 35.90

21.81
24.09

8.63
3.85

< 0.0001
0.0008

Estimate ± SE
2.28 ± 0.83

Denominator df
22.34

t
2.74

P
0.012

2.17 ± 0.82
0.30 ± 0.40
13.06 ± 3.61

22.78
23.37

2.64
0.75

0.015
0.46

4. Discussion
The present work identiﬁes the habitat features aﬀecting the biodiversity of tree-dwelling insectivorous birds in apple orchards while
simultaneously evidencing the potential of birds to supply a pest control
service. By covering a large gradient of environmental variability we
detected positive eﬀects of tree cover on bird abundance and richness at
diﬀerent scales, from apple orchards and their fringes to the surrounding landscapes. Moreover, by combining the experimental exclusion of birds with regional-scale observations our study suggests that
birds have a high capability for controlling the abundance of arthropods
and pest outbreaks in apple trees. Results on bird assemblage composition, the determinants of bird abundance and richness, and avian
predatory activity are discussed in order to develop management
guidelines for the preservation of bird biodiversity and its insectivore
role in apple orchards.

R1000 and apple canopy cover were observed for the richness of FI
birds in apple habitat, in this case with these two predictors having
almost equivalent eﬀects (Table 1; Fig. 3D). The composition of bird
assemblages (NMDS dimensions 1 and 2) was neither related to landscape structure nor to orchard features in GLMM (Table A3).

4.1. Bird assemblages in apple orchards
A large number of bird individuals and species, classiﬁable as treedwelling and known to feed mostly on invertebrates, were found in
Asturian cider apple orchards and their immediate surroundings (for
other apple orchards under environmental-friendly management in
Europe, see Bouvier et al., 2011; Myczko et al., 2013). Such a high local
richness is not surprising given the expectedly large bird species pool of
the Cantabrian region, which renders the low-altitude farmlands from
northern Spain a passerine hotspot (Tellería et al., 2008; Santos et al.,
2014). This biogeographical location also explains the seasonal diﬀerences in abundance and richness, a result of the arrival of wintering
eﬀectives and species (Santos et al., 2014).
In terms of composition, the bird assemblages in cider apple orchards were characterized by a fairly predictable (across sites and seasons) small core of abundant species. Namely, six species (European
robin, common blackbird, Eurasian blackcap, Eurasian wren, great tit
and Eurasian blue tit) accounted for ca. 70% of observations and were
each present in > 94% of sites. There was also a large group of rarer
seasonal species, only present during breeding (e.g. red-backed shrike)
or wintering season (e.g. European pied ﬂycatcher), which underpinned
the temporal changes of bird community composition (Fig. 2). In addition, the whole pool of species represents a wide gradient of morphological and behavioral variability (e.g. body mass ranges from the 6g common ﬁrecrest to the 176-g Eurasian green woodpecker; from
Dunning, 2008), suggesting a high functional diversity of pest predators. For example, small-sized foliage gleaners (e.g. ﬁrecrests, chiﬀchaﬀs, tits) are known to actively forage on aphids and leaf caterpillars
(Glen et al., 1981; Mols and Visser, 2002), branch gleaners (e.g. larger

3.3. Arthropod control by birds in apple orchards
The bird exclusion and aphid infestation experiment demonstrated
signiﬁcant eﬀects of avian presence on pest damage to apple trees and
the occurrence of arthropods (Tables 2 and 3; Fig. 4). Aphid damage to
apple shoots diﬀered signiﬁcantly for excluded branches compared to
open branches (Table 2, Fig. 4A). Namely, excluded branches showed a
higher proportion of shoots being damaged by aphids (shoot damage
rate) as well as a higher proportion of aphid damaged shoots bearing
colonies (shoot colonization rate) than open branches. Bird presence
also signiﬁcantly decreased the total biomass of arthropods, and excluded branches contained 7.7 times more biomass than open branches,
even after controlling for the eﬀect of the number of shoots per branch
(Table 3, Fig. 4B). From this total biomass, aphids accounted for 61.1%
on excluded, but only for 0.98% on open branches. In terms of the
abundance of the various groups of arthropods, bird exclusion led to
increased numbers of apple pests such as aphids and blossom weevils,
but also of their mutualists (ants) and natural enemies (Table 3,
Fig. 4C). No diﬀerences between excluded and open branches were
found in the abundances of other herbivores or insects (Table 3,
Fig. 4C).
Beating sampling across 25 sites showed a diverse assemblage of
insects and spiders living on apple branches during summer.
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Fig. 3. Examples of signiﬁcant eﬀects of
landscape structure and orchard features on
the abundance and richness of FI birds in the
R50 plot and in apple habitat. Dots indicate
diﬀerent orchards, with diﬀerent colors for
Autumn-Winter (white) and Spring-Summer
(black) seasons. Linear ﬁts predicted by
Generalized Linear Mixed Models are shown
for each combination of predictor and response variables.

Philpott and Bichier, 2012; Karp et al., 2013). The composition of bird
assemblages did not relate, however, with none of the studied habitat
features. At the ﬁne-scale of orchards and their immediate surroundings, woody vegetation cover around orchards promoted bird abundance and richness in and around apple orchards. Trees and shrubby
hedgerows, together with remnant non-apple trees within orchards,
represented woody microhabitats intensely used by birds, probably
resulting from the fact that they provide nesting sites, shelter against
predators, and complementary feeding resources (Hinsley and Bellamy,
2000; Otieno et al., 2011). For example, big oaks and chestnuts, frequent at orchard edges and even as remnant trees (Fig. A1D), may facilitate cavity-nesters (e.g. tits, treecreepers and woodpeckers; Mols and
Visser, 2007), whereas ﬂeshy-fruited plant dominated hedgerows (Fig.
A1C) may provide food to winter frugivores (e.g. chiﬀchaﬀs, blackcaps,
robins and thrushes; Hernández, 2007). Beyond these eﬀects of nonproductive woody vegetation, the apple tree canopy in itself largely
promoted forest insectivores to actually use the productive habitat. In
this sense, bird entry into orchards was favored by the existence of
wider, more continuous tree cover, rather than by the occurrence of
larger canopy volumes in individual trees (as no eﬀect of canopy
thickness was found). Thus, bird abundance and richness within apple
orchards seem to be aﬀected by the maintenance of a higher degree of
connectivity to ensure safe foraging, rather than by the availability of
foraging resources per se (see also Henry et al., 2007).
Fine-scaled eﬀects of habitat features on bird biodiversity occurred
simultaneously with, and independently of, the large-scale environmental context (see also Myczko et al., 2013). Namely, the apple
orchards located in landscapes with a higher proportion of semi-natural
woody vegetation (including forest patches and hedgerows) were visited by more individuals from more bird species than those in intensively managed and open landscapes. This pattern suggests the signiﬁcant role of semi-natural woody habitats as sources for the spillover
of bird individuals and species (Tscharntke et al., 2008; Blitzer et al.,
2012), even over long distances (Bianchi et al., 2010; Railsback and

Table 2
Generalized Linear Mixed Models evaluating the eﬀects of experimental bird exclusion on
aphid damage in apple trees. Models included treatment (Open vs. Excluded) as a main
predictor (ﬁxed factor) and tree identity (nested within orchard) and orchard identity as
random factors (variance estimates are given). Response variables were ﬁtted by considering a binomial error distribution (logit link) and a correction for over-dispersion.
Shoot damage rate
Treatment (Excluded)
Estimate ± SE
1.51 ± 0.18

z
8.03

P
< 0.0001

Random factor
Tree [Orchard]
Orchard
Observation

Variance Est. ± SD
0.01 ± 0.04
0.15 ± 0.39
0.39 ± 0.62

Shoot colonization
rate
Treatment (Excluded)
Estimate ± SE
1.19 ± 0.39

z
3.01

P
0.0022

Random factor
Tree [Orchard]
Orchard
Observation

Variance Est. ± SD
0.01 ± 0.05
0.07 ± 0.08
1.62 ± 1.27

tits, robins) may feed on dispersing caterpillars and apple blossom
weevils (Solomon et al., 1976; Wearing, 1975), and trunk, bark and
ground gleaners (e.g. treecreepers, woodpeckers, thrushes) may actively forage on codling moth cocoons (Solomon and Glen, 1979). A
large part of this functional diversity is expected to be maintained
across seasons, and even across sites within the core of commoner
species (Fig. 2). Answering whether the magnitudes of taxonomic and
functional diversities of these forest insectivores do relate positively
with the strength of pest control goes, however, beyond the scope of the
present work (but see Barbaro et al., 2017).

4.2. Landscape and local drivers of bird biodiversity
Both the abundance and the richness of forest insectivores in
Asturian cider apple orchards covaried with habitat structural features
related to the availability of tree and woody cover at diﬀerent spatial
scales (for tropical agroforestry systems, see Clough et al., 2009;
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Table 3
Generalized Linear Mixed Models evaluating the eﬀects of experimental bird exclusion on arthropod abundance. Models included treatment (Open vs. Excluded) as a main predictor
(ﬁxed factor) and tree identity (nested within orchard) and orchard identity as random factors (variance estimates are given). In parentheses, details on the family of error distribution
and link function used, and whether correction for over-dispersion was applied are given. The model for arthropod biomass incorporated the number of shoots per branch as covariate
predictor. The model for blossom weevil abundance considered orchard identity as a ﬁxed factor, as it was based on data from only two orchards.
Insect biomass (log10) (Gaussian, identity)
Treatment (Excluded)
Number of shoots

Estimate ± SE
0.71 ± 0.11
0.01 ± 0.02

t
6.05
0.38

P
< 0.0001
0.72

Random factor
Tree [Orchard]
Orchard

Variance Est. ± SD
0.01 ± 0.05
0.04 ± 0.21

Aphid abundance (Poisson, log, correction for over-dispersion)
Treatment (Excluded)

Estimate ± SE
5.63 ± 0.86

z
6.55

P
< 0.0001

Random factors
Tree [Orchard]
Orchard
Observation

Variance Est. ± SD
0.01 ± 0.03
1.39 ± 1.18
7.74 ± 2.78

Estimate ± SE
1.72 ± 0.67
0.85 0.54

z
2.57
1.57

P
0.010
0.12

Random factor
Tree [Orchard]

Variance Est. ± SD
0.02 ± 0.04

Blossom weevil abundance (Zero-inﬂated Poisson, log)
Treatment (Excluded)
Orchard (Masaveu)
Natural enemies abundance (Poisson, log)
Treatment (Excluded)

Estimate ± SE
0.59 ± 0.14

t
4.03

P
< 0.0001

Random factors
Tree [Orchard]
Orchard

Variance Est. ± SD
0.26 ± 0.51
0.07 ± 0.27

Estimate ± SE
2.16 ± 0.53

t
4.11

P
< 0.0001

Random factors
Tree [Orchard]
Orchard

Variance Est. ± SD
1.50 ± 3.87
0.03 ± 0.05

Estimate ± SE
−0.41 ± 0.28

t
−1.45

P
0.15

Random factors
Tree [Orchard]
Orchard

Variance Est. ± SD
0.97 ± 0.98
0.08 ± 0.11

Estimate ± SE
0.59 ± 0.37

t
1.53

P
0.11

Random factors
Tree [Orchard]
Orchard

Variance Est. ± SD
0.27 ± 0.52
0.21 ± 0.46

Ants (Poisson, log)
Treatment (Excluded)
Other herbivores (Zero-inﬂated Poisson, log)
Treatment (Excluded)
Other insects (Poisson, log)
Treatment (Excluded)

observational relationship between avian and arthropod abundances
across the study region. This relationship became stronger when we
excluded the one orchard that was hardly visited by birds (probably due
to its low apple canopy cover) but showed low abundance of arthropods
(probably derived from a higher level of pesticide application against
aphids and weevils; see also Markó et al., 2017). From this observational pattern, we infer that higher densities of insectivorous birds
would be able to impose stronger predation pressure and hence to reduce the abundance of arthropods in apple trees through the spring
season (Maas et al., 2016). Thus, our complementary and integrative
ﬁndings would reinforce the previous research interpreting the biocontrol capacity of insectivorous birds (reviewed in Mäntylä et al.,
2011; Maas et al., 2016; see also Peisley et al., 2016 for apple).
The exclusion experiment also enabled us to interpret top-down
forces exerted by predatory birds. In the presence of birds, we found
decreased abundance of the herbivorous insects representing the major
apple pests (aphids and apple blossom weevil) but also of other arthropods known to be their natural enemies (spiders, earwigs, ladybirds) or mutualists (ants; arro et al., 2010, 2011;). The decrease in
these arthropods was probably due to bird generalist predation (e.g.
Martin et al., 2013; Maas et al., 2016). Nevertheless, we cannot exclude
some kind of resource-tracking process, by which the number of predatory and mutualistic arthropods would rise as a response to the
higher abundances of pest insects in excluded branches, especially in
the case of aphid-tending ants (Miñarro et al., 2010). In any case, even
considering some intraguild predation, the global eﬀects of bird predation suggested no signiﬁcant constraints on pest control due to mesopredator release (an increase in the abundance of mesopredatory
arthropods, due to bird exclusion, would also lead to high levels of
predation on pest insects, with potentially no ﬁnal diﬀerences between
experimental treatments, Martin et al., 2013, 2015; Maas et al., 2016).

Johnson 2014). In contrast, the large-scale availability of woody vegetation showed no eﬀect on bird abundance or richness, when these
were estimated by accounting for observations both in the apple
orchard habitat and in the surrounding woody vegetation. This lack of
eﬀect may be related to the constraints of our approach for detecting
non-linear biodiversity-habitat relationships (e.g. Tscharntke et al.,
2008). In fact, a post-hoc analysis, considering annual cumulative values of bird abundance and richness in R50 plots evidenced positive
responses to woody vegetation cover in orchards occupying the low-tomedium range of the landscape gradient, but a lack of eﬀects in those
above a threshold proportion of 0.25–0.30 of woody vegetation cover
(Fig. A3). Thus, bird assemblages in forest-rich landscapes would be less
predictable from large-scale features, but would remain controlled by
local features (see also Castro-Caro et al., 2014). As suggested for other
agroecosystems, there seems to be a trade-oﬀ between local and landscape-scale habitat structures when driving bird biodiversity patterns
(Tscharntke et al., 2012b). In sum, the large-scale availability of seminatural woody habitats, such as forest and hedgerows, promoted the
biodiversity of forest insectivorous birds within cider apple orchards
and in their immediate surroundings, especially across landscape gradients characterized by a high degree of land use.
4.3. Arthropod control by birds in apple orchards
Our results suggest the strong potential of insectivorous birds for
limiting arthropod and pest-insect populations in cider apple orchards.
Namely, bird exclusion from apple branches led to 1) increased abundances across most arthropod types, 2) population outbreak (as judged
by the 400-fold diﬀerences in abundance between treatments; Fig. 4C)
of the introduced aphid pest, and 3) enhanced levels of crop plant damage. Interestingly, these experimental data agreed with the negative,
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Fig. 4. Results of ﬁeld experiment comparing the proportion of shoots damaged or colonized by aphids (A), the total biomass of arthropods (B) and the total number of individuals of
diﬀerent arthropod groups (C) between apple tree branches either open to or excluded from birds. Boxplots (A–B) indicate 25–75% quartiles, median (thick horizontal bar), 5–95%
centiles (whiskers) and extreme values of individual branches, whereas bars (C) represent the cumulative number of insects in all branches. Diﬀerences in abundance between treatments
after Generalized Linear Mixed Models are shown (*: P < 0.05; n.s.: P > 0.05). The drawing shows a ﬁrecrest Regulus ignicapilla (artwork by Daniel García).
Fig. 5. Relationhips between the abundance of FI birds in
Spring-Summer at R50 plots and in apple habitat and the biomass (log) of arthropods in beating samples, for diﬀerent
orchards (dots). Linear ﬁts predicted by Linear Regression
Models are shown. The white dot represents an analytical outlier excluded from linear ﬁt.

rosy apple aphid (Dib et al., 2010), apple blossom weevil (Markó et al.,
2017) and codling moth (Peisley et al., 2016). We thus assume that
bird-caused arthropod limitation will be beneﬁcial for cider apple
farming in Asturias. Moreover, the potential for an avian ecosystem
disservice associated with fruit damage (by typically frugivorous and
pulp-picking species such as blackcaps, tits, and ﬁnches) seems very low
in cider apple orchards. The early apple harvest (beginning of October)
and the availability of more proﬁtable fruiting resources around apple
orchards from late summer, could explain the extremely low frequency
of apple pecking observed in the ﬁeld (authors’ obs. pers.). Therefore, a
positive balance between pest control service and the eventual fruit
damage disservice is strongly suggested (Peisley et al., 2016).

Thus, our results indicating the strong eﬀect of bird exclusion on natural enemies and pests abundances highlight the importance of birds,
compared to other natural enemies, as suppliers of pest biocontrol
(Miñarro et al., 2005; Dib et al., 2010). Further research, by means of
selective exclusion experiments (e.g. Martin et al., 2013), is required to
assess the actual relative role of birds and arthropods as common predators of apple pests as well as the true magnitude of intraguild predation.
Although we found evidences that insectivorous birds actively decreased pest pressure in cider apple orchards, further research would be
needed to relate pest control with changes in apple yield. In this sense,
previous research has shown the harmful eﬀects on apple crop yield of
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5. Concluding remarks and recommendations for management

diversity and landscape heterogeneity. J. Appl. Ecol. 54, 500–508.
Bianchi, F.J.J.A., Schellhorn, N.A., Buckley, Y.M., Possingham, H.P., 2010. Spatial
variability in ecosystem services: simple rules for predator-mediated pest suppression. Ecol. Appl. 20, 2322–2333.
Blitzer, E.J., Dormann, C.F., Holzschuh, A., Klein, A.M., Rand, T.A., Tscharntke, T., 2012.
Spillover of functionally important organisms between managed and natural habitats.
Agric. Ecosyst. Environ. 146, 34–43.
Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H.,
White, J.S.S., 2009. Generalized linear mixed models: a practical guide for ecology
and evolution. Trends Ecol. Evol. 24, 127–135.
Bouvier, J.C., Ricci, B., Agerberg, J., Lavigne, C., 2011. Apple orchard pest control strategies aﬀect bird communities in southeastern France. Environ. Toxicol. Chem. 30,
212–219.
Bregman, T.P., Sekercioglu, C.H., Tobias, J.A., 2014. Global patterns and predictors of
bird species responses to forest fragmentation: implications for ecosystem function
and conservation. Biol. Conserv. 169, 372–383.
Castro-Caro, J.C., Barrio, I.C., Tortosa, F.S., 2014. Is the eﬀect of farming practices on
songbird communities landscape dependent? A case study of olive groves in southern
Spain. J. Ornithol. 155, 357–365.
Clough, Y., Putra, D.D., Pitopang, R., Tscharntke, T., 2009. Local and landscape factors
determine functional bird diversity in Indonesian cacao agroforestry. Biol. Conserv.
142, 1032–1041.
Clough, Y., Barkmann, J., Juhrbandt, J., Kessler, M., Wanger, T.C., Anshary, A., Buchorig,
D., Cicuzza, D., Darrasi, K., Putra, D.D., Erasmi, S., Pitopang, R., Schmidt, C., Schulze,
C.H., Seidel, D., Steﬀan-Dewenter, I., Stenchly, K., Vidal, S., Weist, M., Wielgoss, A.C.,
Tscharntke, T., 2011. Combining high biodiversity with high yields in tropical
agroforests. Proc. Natl. Acad. Sci. U. S. A. 108, 8311–8316.
Cunningham, S.A., Attwood, S.J., Bawa, K.S., Benton, T.G., Broadhurst, L.M., Didham,
R.K., McIntyre, S., Perfecto, I., Samways, M.J., Tscharntke, T., Vandermeer, J.,
Villard, M.A., Young, A.G., Lindenmayer, David B., 2013. To close the yield-gap while
saving biodiversity will require multiple locally relevant strategies. Agric. Ecosyst.
Environ. 173, 20–27.
Dapena, E., Miñarro, M., Blázquez, M.D., 2005. Organic Cider-apple Production in
Asturias (NW Spain) 28. IOBC/wprs Bulletin, pp. 142–146.
Dib, H., Simon, S., Sauphanor, B., Capowiez, Y., 2010. The role of natural enemies on the
population dynamics of the rosy apple aphid, Dysaphis plantaginea Passerini
(Hemiptera: aphididae) in organic apple orchards in south-eastern France. Biol.
Control 55, 97–109.
Donald, P.F., Green, R.E., Heath, M.F., 2001. Agricultural intensiﬁcation and the collapse
of Europe's farmland bird populations. Proc. R. Soc. B 268, 25–29.
Dunning, J.B., 2008. CRC Handbook of Avian Body Masses. CRC press, Boca Ratón.
Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O., Fuller, R.J., Sirami, C.,
Siriwardena, G.M., Martin, J.L., 2011. Functional landscape heterogeneity and animal biodiversity in agricultural landscapes. Ecol. Lett 14, 101–112.
Fischer, J., Lindenmayer, D.B., Manning, A.D., 2006. Biodiversity, ecosystem function,
and resilience: ten guiding principles for commodity production landscapes. Front.
Ecol. Environ. 4, 80–86.
Garﬁnkel, M., Johnson, M., 2015. Pest-removal services provided by birds on small organic farms in northern California. Agric. Ecosyst. Environ. 211, 24–31.
Glen, D.M., Milsom, N.F., Wiltshire, C.W., 1981. The eﬀect of predation by blue-tits (Parus
caeruleus) on the sex-ratio of codling moth (Cydia pomonella). J. Appl. Ecol. 18,
133–140.
Gonthier, D.J., Ennis, K.K., Farinas, S., Hsieh, H.Y., Iverson, A.L., Batáry, P., Rudolphi, J.,
Tscharntke, T., Cardinale, B.J., Perfecto, I., 2014. Biodiversity conservation in agriculture requires a multi-scale approach. Proc. R. Soc. B 281, 20141358.
Harrison, X.A., 2014. Using observation-level random eﬀects to model overdispersion in
count data in ecology and evolution. PeerJ 2, e616.
Henry, M., Pons, J., Cosson, J.F., 2007. Foraging behaviour of a frugivorous bat helps
bridge landscape connectivity and ecological processes in a fragmented rainforest. J.
Anim. Ecol. 76, 801–813.
Hernández, Á., 2007. Alimentación de aves frugívoras en setos y bordes de bosque del
norte de España: importancia de algunas especies de plantas en invierno y primavera.
Ecología 21, 145–156.
Hinsley, S.A., Bellamy, P.E., 2000. The inﬂuence of hedge structure, management and
landscape context on the value of hedgerows to birds: a review. J. Environ. Manage.
60, 33–49.
Hiron, M., Berg, Å., Eggers, S., Josefsson, J., Pärt, T., 2013. Bird diversity relates to agrienvironment schemes at local and landscape level in intensive farmland. Agric.
Ecosyst. Environ. 176, 9–16.
Inger, R., Gregory, R., Duﬀy, J.P., Stott, I., Voříšek, P., Gaston, K.J., 2015. Common
European birds are declining rapidly while less abundant species’ numbers are rising.
Ecol. Lett. 18, 28–36.
Karp, D.S., Mendenhall, C.D., Sandí, R.F., Chaumont, N., Ehrlich, P.R., Hadly, E.A., Daily,
G.C., 2013. Forest bolsters bird abundance, pest control and coﬀee yield. Ecol. Lett.
16, 1339–1347.
Kellermann, J.L., Johnson, M.D., Stercho, A.M., Hackett, S.C., 2008. Ecological and
economic services provided by birds on Jamaican blue mountain coﬀee farms.
Conserv. Biol. 22, 1177–1185.
Mäntylä, E., Klemola, T., Laaksonen, T., 2011. Birds help plants: a meta-analysis of topdown trophic cascades caused by avian predators. Oecologia 165, 143–151.
Maas, B., Clough, Y., Tscharntke, T., 2013. Bats and birds increase crop yield in tropical
agroforestry landscapes. Ecol. Lett. 16, 1480–1487.
Maas, B., Karp, D.S., Bumrungsri, S., Darras, K., Gonthier, D., Huang, J.C.C., Lindell, C.A.,
Maine, J.J., Mestre, L., Michel, N.L., Morrison, E.B., Perfecto, I., Philpott, S.M.,
Sekercioglu, C.H., Silva, R.M., Taylor, P.J., Tscharntke, T., Van Bael, S.A., Whelan,
C.J., Williams-Guillén, K., 2016. Bird and bat predation services in tropical forests

We found that, on the one hand, species-rich bird assemblages are
possible within apple orchards, under speciﬁc levels of habitat availability driven by regional land-use and farming management. On the
other, by controlling arthropod pressure and pest outbreaks on apple
trees, birds would be rendering beneﬁts for apple crop yield. Within the
context of a severe decline in common bird species (Inger et al., 2015)
and the need for alternative farming schemes (e.g. high-quality local
yield) in order to avoid rural abandonment in Europe (Renting et al.,
2003), we present the case of Asturian cider apple orchards as a temperate, wildlife-friendly agroecosystem where both biodiversity conservation and farming goals may be compatible.
Once an insectivore eﬀect of wild birds in cider apple orchards is
proven, our results lead to speciﬁc recommendations for the promotion
of this ecosystem service. Speciﬁcally, we found complementary, multiscaled eﬀects of both crop-productive and non-productive habitat
structure in bird biodiversity. Thus, at the level of individual orchards,
owners should be encouraged to maintain apple canopy cover by preserving large trees, by avoiding excessive pruning to clear inter-row
spaces as well as spatially aggregated removal of old trees (so as to
avoid large, long-lasting cover gaps within plantations). Also, they
should be encouraged to maintain tall, complex and diverse woody
hedgerows as orchard borders (Miñarro and Prida, 2013). These local,
owner-dependent measures should be combined with landscape-level
management, driven or at least informed by municipalities and local
government, in order to promote a ﬁne-scaled mosaic of semi-natural
woody habitats around apple orchards. These measures could include
the avoidance of further forest habitat loss (e.g. through ﬁre control
measures) as well as the potential recovery of abandoned land by secondary succession (i.e. rewilding, Navarro and Pereira, 2012).
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