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Abstract

Intensification and homogenization of agricultural landscapes have led to a strong decline in European farmland birds.
Agroforestry systems, which were widespread in the past, are regaining attention as they could return structural heteroge-
neity to agricultural landscapes. However, few studies focus on the effects of such systems on biodiversity and especially
bird diversity. We hypothesized that agroforestry systems host a higher alpha and beta diversity of birds compared to open
agriculture as well as distinct bird communities. Moreover, we expected that bird communities in temperate Europe and the
Mediterranean are differently affected by agroforestry systems. In this study, we assessed breeding bird diversity via audio
recordings in nineteen mature agroforestry plots, comprising both silvoarable and silvopastoral systems distributed across
seven countries in temperate and Mediterranean Europe. For comparison, bird diversity was also assessed in nearby open
agricultural land, forests, and orchards. Bird species richness in agroforestry was more than doubled compared to open
agricultural land and similar to the diversity found in forests and orchards. Community composition and within-habitat beta
diversity differed between the habitat types and between European regions. While temperate agroforestry systems hosted
generalist and woody habitat species, bird communities in Mediterranean agroforestry were composed of species from both
open and woody habitats. Beta diversity was significantly higher in agroforestry than in open agriculture in temperate systems
but not in the Mediterranean. Our study demonstrates that agroforestry systems represent a valuable habitat for breeding
birds in European agricultural landscapes. A wider adoption of these systems could thus contribute to halting and reversing
the decline in bird diversity, especially in temperate agricultural landscapes.
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1 Introduction

Across Europe, farmland biodiversity has been declining
markedly over the last decades (Benton et al. 2002; Donald
et al. 2001). The main reason for the decline is agricultural
intensification, which started in the second half of the twen-
tieth century, aiming to increase agricultural yields (Pain and
Pienkowski 1997; Tscharntke et al. 2005). Consequences
that arose from changes in farming practices are numerous,
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including an increase in field sizes, often associated with a
reduction of semi-natural and edge habitats, higher stocking
densities, a reduction of crop diversity, and an increased use
of agrochemicals and pesticides (Newton 2004; Pain and
Pienkowski 1997; Robinson and Sutherland 2002; Stoate
et al. 2001). This led to a considerable loss of heterogeneity
at both field and landscape scales resulting in habitat loss for
many taxa including birds (Benton et al. 2002; Donald et al.
2006; Voftisek et al. 2010; Kamp et al. 2021). As the global
demand for agricultural products will continue to increase
during the twenty-first century (Tilman et al. 2011), there is
an urgent need to identify and implement food production
systems that maintain and restore biodiversity (Bommarco
et al. 2013).

In contrast to intensified open farmland, agroforestry sys-
tems provide a high structural heterogeneity and incorporate
woody plants. Agroforestry exists in a remarkable diversity
all over Europe but was much more widespread in the past
(Nerlich et al. 2013). In agroforestry, trees and shrubs are

INRAZ 2 spnge


http://crossmark.crossref.org/dialog/?doi=10.1007/s13593-023-00936-2&domain=pdf
http://orcid.org/0009-0008-2480-8465
http://orcid.org/0000-0002-3947-6407
http://orcid.org/0000-0002-0662-4338

1 Page 2 of 12

M. Edo et al.

deliberately combined with crops and/or livestock on the
same land (Fig. 1) (Nair 1993). Benefits can be both eco-
logical and economic, resulting from interactions between
the woody and non-woody components (Mosquera-Losada
et al. 2009, http://apps.fao.org/). An example in temper-
ate Europe are the so-called Streuobstwiesen, i.e., orchards
combining fruit trees with either cropland, meadows, or
pastures (Herzog 1998). In the Iberian Peninsula, there are
the savannah-like dehesas (Spain) and montados (Portugal),
in which oak-grassland ecosystems have been shaped by
centuries of pastoralism and human management (Joffre
et al. 1999). These systems support high biodiversity and
are culturally significant (Moreno and Pulido 2009; Moreno
et al. 2018). By (re-)integrating structural heterogeneity
into agricultural landscapes, agroforestry systems have
the potential to be part of a more resilient and sustainable
agriculture. Providing a compromise between production
demands and nature conservation needs, these systems have
recently regained attention (Jose 2009; Quinkenstein et al.
2009; Nerlich et al. 2013).

In agroforestry systems, productivity can be increased
compared to arable cropland and woodland systems man-
aged separately through the complementary use of light,
nutrients, and water as well as the production of different
goods, e.g., forage, wood products, fodder, crops, and live-
stock (Cannell et al. 1996; Graves et al. 2007). Additionally,
agroforestry systems support a wide variety of ecosystem
services (Fagerholm et al. 2016; Jose 2009) such as car-
bon storage (Nair et al. 2009), reduction of soil erosion and
leaching of nutrients, and improvement of soil fertility and
nutrient cycling (Nair 2007; Torralba et al. 2016) as well
as water retention (Joffre and Rambal 1988). Due to their
high internal heterogeneity, agroforestry systems offer a
diversity of food resources and habitat structures (McArthur
1958) and have thus also been found to support biodiver-
sity (Jose 2009; McAdam and McEvoy 2009; Torralba et al.
2016). However, only a few studies focused on the effects of

Fig.1 a A silvopastoral site
with holm oak and cattle-
grazed pastures in the dehesas
of Extremadura, Spain.

b A silvoarable site with apple
trees and strawberries near
Sursee, Switzerland.
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European agroforestry systems on bird diversity (McAdam
et al. 2007; Mupepele et al. 2021). Many bird species
in farmland depend on the presence of trees and shrubs
(Jakobsson and Lindborg 2017; Rosch et al. 2023). Thus,
the benefits of agroforestry on birds can be expected to be
strong. In contrast to annual crops, agroforestry systems are
passing through different stages of tree maturity over dec-
ades. These stages may be preferred by different species of
birds, similar to the successional stages of forests (Helle and
Monkkonen 1985). Thus, a higher turnover of bird species
(P diversity) can be expected among agroforestry systems
than among open farmland. Other studies have dealt with
wood pastures (a type of silvopasture) and showed that bird
diversity was higher in wood pastures compared to open
pastures (Hartel et al. 2014; Morgan-Davies et al. 2008).
However, the studied wood pastures served mostly for con-
servation management in forested areas and not for food
production in agricultural landscapes, on which we focus
in the current study.

Our objective was to compare breeding bird diversity of
agroforestry with purely woody and agricultural reference
areas. We used acoustic recording on eight agroforestry sites
comprising nineteen mature agroforestry plots across seven
countries in temperate and Mediterranean Europe.

Specifically, we tested the following hypotheses: (1) Due
to a high structural heterogeneity provided by the presence of
trees, bird species richness is higher in agroforestry systems
compared to open agriculture and similar to bird richness in
orchards and forests. (2) European agroforestry systems, with
their combination of trees and open vegetation, support dis-
tinct bird communities composed of species from both open
and woody habitats. (3) Due to the variety of agroforestry
systems across Europe and their variation in tree maturity,
their P diversity is higher than in open agriculture. (4) Due
to differences in the structure of forests and open agricul-
tural land, the effects of agroforestry on bird diversity differ
between temperate Europe and the Mediterranean.
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2 Material and methods
2.1 Study sites

The study was carried out in eight different agroforestry sites
with either silvoarable (combination of trees and crops) or
silvopastoral systems (combination of trees and livestock)
and nearby control plots. The sites were located in seven
countries across temperate Europe (England, Switzerland,
Central France, Germany; hereafter “temperate sites”’) and
Southern Europe (Southern France, Italy, Portugal, and
Spain; hereafter “Mediterranean sites”).

In each site, one to three agroforestry plots with mature
trees (at least 15 years old) were selected. Reference areas
were chosen to contain the same woody and agricultural
component as the agroforestry system. Thus, open pastures
served as a reference for silvopastoral systems and cropland
for silvoarable systems. For the woody component, we used
forest as a reference area, and added orchards as a reference
where the tree component of agroforestry was fruit or nut
trees. Forests were selected according to the following defi-
nition “land with tree cover or equivalent stocking level of
more than 10% and with an area of more than 0.5 hectares”
(FAO, http://apps.fao.org/). Moreover, in this study, the con-
trol plots defined as forests contained two or more different
tree species with part of the trees aged more than 30 years.
Conversely, in orchards, i.e., fruit or nut-producing orchards,
only trees of the same species and of similar age as in the
respective agroforestry plot were present.

In the temperate sites, agroforestry plots, forests, and
orchards were dominated by broad-leaved trees. In the Medi-
terranean sites, tree stands consisted of walnuts, oaks, or
pines. The agroforestry sites in England, Switzerland, and
Southern France were silvoarable systems with trees aged 24,
14, and 27 years, respectively. Silvopastoral sites contained
trees aged 20 (Germany), 35 (Central France), 90 (Italy),
25 (Portugal), and 175 (Spain) years. The agroforestry and
reference plots were always located in the same region (see
Table S1), to minimize the variation of, e.g., climate, soil,
and the surrounding landscape. A total of nineteen agrofor-
estry plots (six silvoarable and thirteen silvopastoral plots),
eighteen open agricultural plots, fifteen forests, and eight
orchards were sampled. The geographic location of the study
sites is shown in Fig. 2. Detailed characteristics of the sam-
pled silvoarable and silvopastoral agroforestry plots as well
as the associated control plots are summarized in Table S1.

2.2 Data collection
Bird diversity was assessed using autonomous sound

recorders (AudioMoth V1.1.0, Open Acoustic Devices,
firmware version 1.7., configuration app version 1.6.0).
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Fig.2 Geographic location of the study sites. triangles = silvoarable
systems, circles = silvopastoral systems, A = Wakelyns (UK), B =
Sursee (CH), C = Restinclieres (FR), D = Bannmiihle (DE), E =
Lamartine (FR), F = Tenuta di Paganico (IT), G = Dehesa de Majadas
(ES), H = Moinhos de Vento (PO).

They were set up three times over the course of the breed-
ing season (between March and July) in 2021 (England,
Germany, Switzerland, and Central France) and 2022
(Southern France, Italy, Portugal, and Spain, see Table S1
for the detailed sampling dates). On each sampling date,
one AudioMoth was set up in each plot, at least 20 m from
the plot’s edge, with a microphone oriented towards the
plot’s center. AudioMoths were wrapped in a single layer
of clingfilm to protect them from humidity and dust. They
were attached to a pole of a smaller diameter than the
AudioMoths, 1.5 m above the ground. Surveys were con-
ducted only during calm and dry weather, as bird activity
can be strongly reduced by wind or rain (Bibby et al 2000;
Pijanowski et al. 2011). During each of the three samplings,
the AudioMoths were programmed to record continuously
from 1 h before sunrise until 2 h after sunrise. To reduce
possible hardware bias, recorders were rotated between
plots after each sampling. Devices were programmed to
record with a sampling rate of 192 kHz, a medium gain, a
recording duration of 59 min and 55 s, and a sleep duration
of 5 s. Recordings were saved as .wav files and stored on
memory cards (SanDisk Corporation, Milpitas, CA, USA).
Information about plots, their management and characteris-
tics, and environmental parameters as well as the sampling
dates were collected through a sampling sheet.
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2.3 Species identification

Prior to analyses, all audio recordings were resampled at
22050 Hz, the conventional sampling rate for audible sounds
(Gibbs et al. 2016) in order to improve frequency resolution.

For each plot and each of the three sampling dates, we
analyzed two 10-min recordings: the first one starting at
sunrise, the second starting 1 h after sunrise, since this falls
within the highest singing activity of breeding birds (Bibby
et al. 2000). Thus, in total 60 min were analyzed per plot.
All species present in the recordings were identified aurally
and visually with the help of the software Audacity® (ver-
sion 5.4.8) with a 1024-point Hann window spectrogram,
showing frequency variations over time. The databases
Xeno-canto (wWww.xeno-canto.org), e-bird (www.ebird.org),
and Tierstimmenarchiv (www.tierstimmenarchiv.de) were
used to verify species identifications. Species that cannot
be safely distinguished from closely related ones based on
their songs or calls were identified to genus level, in our case
Passer sp. and Galerida sp.

In each recording, all species identified by their call or
song (hereafter “vocalization”) were annotated using Audac-
ity. For each bird individual, the duration in seconds of its
vocalization (maximum of 600 s) was measured. In addition,
the maximal relative sound level (RSL) measured in decibels
(dB) and its associated frequency in Hertz were measured
using the software Kaleidoscope Pro (version 5.4.8; Wildlife
Acoustics Inc., Concord, MA, USA). The parameters used
were an FFT (fast Fourier transform) size of 512 and a win
size of 128 in an overlapping Hann window. The RSL was
measured by selecting the area around the loudest vocaliza-
tion in the recording and was used as an indicator for the
distance of the vocalizing individuals from the recorder (Yip
et al. 2017). In the case of two individuals from the same
species singing simultaneously (in 8 cases or 2.22% of the
—30dB vocalization dataset (see below)), both were assessed
to better represent the total species abundance. All vocaliza-
tions shorter than 5 s were removed from the dataset (short
calls, probably not being territorial vocalizations) as well
as aquatic species that were not associated with the study
plots but with ponds located nearby. Vocalizations were
included only above —30 dB, since this is the loudness typi-
cally shown by species singing within 20 m of the recorder
(Manon Edo, unpublished data). This way, we made sure
that the analyzed species were mostly associated with the
habitat type in which the AudioMoth was located. Birds can
be detected with AudioMoths over several hundred meters
distance, which could have been far outside the focal habitat
in many cases. Thus, the use of a minimum loudness was
an important step, although it reduced the number of ana-
lyzed bird vocalizations by 75%, eliminating some species
from the dataset (e.g., skylark, swallows) that were singing
or calling outside the study plot.
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2.4 Statistical analysis

To compare the bird diversity between the four different habi-
tat types, different diversity indices and statistical analyses
were used. In order to analyze bird species richness, we fit-
ted mixed-effects models (R package lme4, function lmer,
Bates et al. 2015) with habitat type and climate zone (tem-
perate/Mediterranean) as explanatory variables (equation:
Imer (SpR ~ Habitat + Climatic Zone + (11Site)). Due to the
nested design of the study, “Site” was used as a random factor.
A post hoc test was used to determine pairwise differences
between habitats (R package emmeans, function emmeans,
Lenth 2022). Due to strong correlations between bird spe-
cies richness, the number of recorded individuals, and singing
activity in seconds, all analyses are based on species rich-
ness alone. To optimize the sample size, silvoarable and sil-
vopastoral plots were analyzed together. A separate analysis
of the species richness between the different habitat types for
silvoarable versus silvopastoral sites is found in Supplemen-
tary Fig. S3; species richness showed the same trend between
habitats for both types of systems. Bird community composi-
tion was analyzed using partial redundancy analyses (RDAs)
based on the number of recorded individuals per species over
the season with habitat as an explanatory variable and coun-
try as a conditional variable (R package vegan, function rda,
Oksanen et al. 2013). Only species that occurred on more than
two plots were retained in the analysis. Prior to analysis, the
community data matrices were Hellinger-transformed, thereby
giving lower weights to rare species (Legendre and Gallagher
2001). Due to strong differences in species composition, the
Mediterranean sites and the temperate sites were analyzed
separately. A permutation test with 9999 permutations was
used to determine the significance of the results (R package
vegan, function permutest, Oksanen et al. 2013). Finally, spe-
cies turnover (f diversity) among habitats of the same type
was assessed based on Euclidean distances for Mediterranean
and temperate sites, respectively (R package vegan, functions
vegdist and betadisper, Oksanen et al. 2013). The similarity
of composition was calculated as distance to centroid and was
compared between habitat types. Statistical significance was
assessed through a permutation test with 9999 permutations
(R package vegan, function permutest, Oksanen et al. 2013).

For all statistical tests, p-values lower than 0.05 were con-
sidered significant. P-values, means, and standard errors of
mean (+ SE) are given in text and tables. All statistical anal-
yses were conducted in R version 4.2.2 (R Core Team 2022).
Information about species habitat specialization (Open, For-
est, or Generalist) indicated in Table 1 were found at https://
www.iucnredlist.org/en. Species categorized as “Open habi-
tat species” are breeding in “arable land,” “grassland,” or
“pastureland,” but not forest. “Forests species” are those
breeding in “forest,” but none of the mentioned open habi-
tat types. As an exception, species with forest as breeding
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Table 1 Relative density,

i.e., the number of vocalizing
individuals summed over the
three sampling dates per bird
species (mean =+ standard

error) in open agriculture,
agroforestry, forest, and orchard;
letters show significant pairwise
differences (p<0.05) between
habitats derived from post hoc
tests for the respective species
(bold). For each species,

habitat specialization (Forest,
Open, Generalist) is given the
following information found on
https://www.iucnredlist.org/en.
For details about classification,
see Section 2. Boldface

entries all indicate significant
differences.

Species Open agriculture  Agroforestry Forest Orchard Habitat
Alectoris rufa 0.11 +0.11 0+0 0+0 0.12+0.12 Open
Anthus campestris 0+0 0.05 + 0.05 0+0 0+0 Open
Anthus trivialis 0.17 +0.17 0.05 = 0.05 0+0 0+0 Generalist
Carduelis carduelis 0.06 + 0.06 0+0 0.07 +0.07 0+0 Generalist
Certhia brachydactyla 0+0 0.32 +0.22 0.27 +£0.12 0+0 Forest
Cettia cetti 0+0 0+0 0+0 0.12 +£0.12 Other
Chloris chloris 0+0 0.11 £ 0.11 0.07 + 0.07 0+0 Generalist
Clamator glandarius 0+0 0.05 + 0.05 0+0 0+0 Open
Columba palumbus 0+0 0+0 0.13 +0.09 0.12+0.12 Generalist
Corvus corone 0+0b 0+0b 0+0b 0.25 + 0.16 a  Generalist
Cuculus canorus 0+0 0+0 0.07 £ 0.07 0+0 Generalist
Curruca communis 0.06 + 0.06 0.05 +0.05 0+0 0+0 Open
Curruca melanocephala 0+0 0+0 0+0 0.12 +£0.12 Generalist
Cyanistes caeruleus 0+0 0.47 +0.19 0.27 +0.15 0.12+0.12 Forest
Cyanopica cooki 0.06 + 0.06 0.05 +0.05 0+0 0+0 Forest
Dendrocopos major 0+0 0.05 +0.05 0.13 +0.13 0+0 Forest
Dendrocoptes medius 0+0 0+0 0.07 £ 0.07 0+0 Forest
Emberiza calandra 0.56 + 0.28 0.26 + 0.15 0.27 +0.21 0+0 Open
Erithacus rubecula 0+0a 0.21 + 0.12ab 0.73+0.37b 0.12 + 0.12 ab Generalist
Falco tinnunculus 0+0 0.05 +0.05 0+0 0+0 Generalist
Fringilla coelebs 0.06 + 0.06 a 1.05 +0.38ab 1.53 +0.56b 0.12 + 0.12 ab Forest
Galerida sp. 0.33+0.2 0.16 +0.12 0+0 0.12 +0.12 Open
Garrulus glandarius 0+0 0+0 0.13 +0.09 0+0 Forest
Lophophanes cristatus 0+0 0+0 0.07 +£0.07 0+0 Forest
Lullula arborea 0+0 0.05 +0.05 0.13 +0.13 0+0 Generalist
Luscinia megarhynchos  0.06 + 0.06 0.21 +0.21 0.27 +0.21 0.38 +0.26 Forest
Milvus milvus 0+0 0.05 + 0.05 0+0 0+0 Forest
Motacilla alba 0+0 0.05 +0.05 0+0 0+0 Open
Muscicapa striata 0+0 0+0 0.07 +£0.07 0+0 Generalist
Oriolus oriolus 0+0 0.11 +0.07 0.33 +0.27 0+0 Forest
Parus major 0+0 0.63 +0.28 0.4 +0.16 0+0 Forest
Passer sp. 0.06 + 0.06 0.05 + 0.05 0+0 0+0 Generalist
Phasianus colchicus 0+0 0.05 + 0.05 0+0 0+0 Generalist
Phylloscopus bonelli 0+0 0.05 + 0.05 0+0 0+0 Forest
Phylloscopus collybita 0+0b 0+0b 02+ 0.11a 0+0ab Forest
Phylloscopus trochilus 0+0 0.16 +0.16 0+0 0+0 Forest
Pica pica 0+0 0.05 + 0.05 0.07 + 0.07 0+0 Generalist
Picus viridis 0+0b 0.11 + 0.07ab 0.33 + 0.16a 0+ 0ab Generalist
Serinus serinus 0+0 0.05 + 0.05 0.33 +0.27 0.12 +£0.12 Generalist
Sitta europaea 0+0 0+0 0.13+0.13 0+0 Forest
Sturnus unicolor 0.11 +0.08 0.26 +0.17 0+0 0+0 Generalist
Sturnus vulgaris 0+0 0+0 0+0 0.12 +£0.12 Generalist
Sylvia atricapilla 0+0Db 0.37 + 0.23b 12+033a 0.12+0.12b  Forest
Sylvia borin 0+0 0.05 + 0.05 0+0 0+0 Forest
Troglodytes troglodytes 0+0a 0.21 + 0.12ab 0.87 + 047 Db 0+ 0ab Forest
Turdus merula 0.06 + 0.06 0.37 +0.17 0.8 +0.38 0.38 +0.18 Forest
Turdus philomelos 0+0 0.11 +0.11 0.27 +0.12 0.12+0.12 Forest
Turdus viscivorus 0.06 + 0.06 0.05 +0.05 0.13 +0.09 0+0 Forest
Mean per habitat 1.72 + 0.54 a 6+ 111bc 933+ 126c 2.5+ 0.87ab
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habitat of “major importance” were classified as forest spe-
cies even if open habitats were listed for breeding, as well
(e.g., the common chaffinch, Fringilla coelebs). Species
categorized as “Generalist” are those associated with “for-
est” AND “arable land,” “grassland,” or “pastureland.” One
species with neither forest, arable, or pastureland as breeding
habitat is categorized as “other.”

3 Results
3.1 Speciesrichness

In total, 48 different bird species were recorded (Table 1).
Fourteen species were recorded in England, 16 in Germany,
8 in Switzerland, 19 in Central France, 13 in Southern
France, 7 in Italy, 22 in Spain, and 8 in Portugal. In the
temperate sites, the most common species were blackcap
Sylvia atricapilla, common blackbird Turdus merula, wren
Troglodytes troglodytes, robin Erithacus rubecula, and com-
mon chaffinch Fringilla coelebs. In the Mediterranean sites,
common chaffinch Fringilla coelebs, corn bunting Emberiza
calandra, nightingale Luscinia megarhynchos, crested or
thekla lark Galerida sp., and short-toed treecreeper Certhia
brachydactyla were the most commonly found species.
The total number of species varied between habitats, with
34 species recorded in agroforestry, 28 in forests, 15 in
orchards, and 13 in open agriculture.

The highest bird species richness per site was recorded in
forests (5.20 £ 0.51), followed by agroforestry (3.63 + 0.53),
orchards (2.38 + 0.78), and open agriculture (1.06 + 0.31)
(Fig. 3). Bird species richness in forests and agroforestry
was significantly higher than in open agriculture. Moreover,
species richness in forests was significantly higher than in
orchards (Fig. 3, Table S2).

3.2 Community composition

The four habitat types had distinct bird communities in both
temperate and Mediterranean Europe. However, in the tem-
perate sites, the bird communities of the different habitats
were more clearly separated from each other than in the
Mediterranean (Fig. 4a, b). Across both climate zones, gen-
eralist (occurring in a wide range of habitats, defined here
as species breeding in forest and arable or pastureland) and
forest species were associated with both agroforestry and
forests, e.g., chaffinch Fringilla coelebs, blackbird Turdus
merula, and great and blue tit Parus major and Cyanistes
caeruleus. In temperate Europe, typical species of wood-
land areas such as wren Troglodytes troglodytes and black-
cap Sylvia atricapilla as well as generalist species, e.g.,
green woodpecker Picus viridis and robin Erithacus rubec-
ula were found in both forests and agroforestry. Only few
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Fig.3 Bird species richness in agroforestry (n = 19), forest (n =
15), orchard (n = 8), and open agriculture (cropland/pasture) (n =
18). Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001. See
Table S2 for the detailed results of species richness in the different
habitats as well as the results of mixed-effect models and post hoc
tests used to determine the pairwise differences between habitats.

species and individuals (blackbird Turdus merula, chaffinch
Fringilla coelebs, blue tit Cyanistes caeruleus, and wood
pigeon Columba palumbus) were observed in temperate
orchards and open agriculture. In the Mediterranean, forest
species such as golden oriole Oriolus oriolus and short-
toed treecreeper Certhia brachydactyla were common in
both agroforestry and forest. Species typical for open or
semi-open areas such as corn-bunting Emberiza calandra,
Galerida sp. larks, and spotless starling Sturnus unicolor
were present in both open agriculture and agroforestry of
the Iberian Peninsula. The corn-bunting Emberiza calandra
was also present in the Spanish forests and larks Galerida
sp. in the Portuguese pine orchards. The European serin
Serinus serinus, a generalist species, was recorded in Medi-
terranean agroforestry and forest plots.

3.3 B diversity within habitat types

In temperate Europe and the Mediterranean, 3 diversity
(average distance to centroid) was significantly higher
among forest plots than among open agriculture and orchards
(Fig. 5a, b). Moreover, in temperate Europe, p diversity was
significantly higher among agroforestry than among open
agriculture. The low distances to centroid in temperate open
agriculture and to a lesser extent in orchards are probably
largely due to the low species richness (Fig. 3), with those
habitats having hardly any birds recorded.
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In contrast, in the Mediterranean, the § diversity in
agroforestry was not significantly different from the other
habitats (Fig. 5a). Mediterranean open agriculture showed a
higher distance to centroid compared to the temperate plots.

4 Discussion

This study clearly underpins the potential of mature agro-
forestry systems as a habitat of high value for birds in agri-
cultural landscapes. As hypothesized, bird species richness

Distance to centroid

RDA 1

Germany, Switzerland, and Central France) and b Mediterranean cli-
mate (South of France, Italy, Spain, and Portugal). Dashed lines rep-
resent minimum convex polygons around habitat types.

in agroforestry systems was higher than in open agriculture
and similar to the species richness found in orchards and for-
ests. In the Mediterranean, bird communities in agroforestry
included both open and woody habitat species. However, in
temperate Europe, no open habitat species were present in
agroforestry plots which hosted only generalist and woody
habitat bird species. As expected, in the temperate region,
diversity was significantly higher in agroforestry and forest
than in open agriculture. Contrary to our expectations, f3
diversity within Mediterranean agroforestry did not differ
significantly from other habitats.
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Fig.5 p diversity within habitat types (agroforestry, forest, orchard,
open agriculture (cropland/pasture)) in a temperate sites (England,
Germany, Switzerland, and Central France) and b Mediterranean sites

(South of France, Italy, Spain, and Portugal). The y-axis shows the
Euclidean distance to the centroid of the respective land-use type.
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4.1 Speciesrichness

Our results are in line with other studies which demonstrated
that silvopastoral systems are hosting a greater bird diversity
than open pastures (Hartel et al. 2014; McAdam et al. 2007,
Morgan-Davies et al. 2008). The high bird diversity we found
in both agroforestry and forest plots, and to a lesser extent in
orchards, can be explained by the heterogeneity of these habi-
tats. Structural diversity increases niche availability, providing
more foraging, shelter, and nesting sites for birds over the sea-
son (Morelli 2013; Soderstrom et al. 2001). Old and dead trees
with hollows and crevices, e.g., under the bark (Godinho and
Rabaca 2011) represent habitats of high value for birds, espe-
cially for cavity-nesting species. Poulsen (2002) showed that
the number of old trees, tree species, and tree size classes in
Danish forests is correlated with a higher number of bird species
and individuals. Moreover, a well-developed understory plays
an important role for many shrub-dependent species (Fuller
et al. 2007; Hartel et al. 2014). This diversity of niches is not
only beneficial for birds, but for other taxa as well. McAdam
et al. (2007) demonstrated that arthropods, an important food
resource for birds (Holland et al. 2006), were more abundant in
agroforestry and forest than in conventional agricultural fields.
Pardon et al. (2019) and Boinot et al. (2019) highlighted the
value of understory vegetation and grass strips for overwintering
arthropods in temperate arable agroforestry. Soderstrom et al.
(2001) showed that an increased heterogeneity and diversity in
the shrub and tree layer within pastures lead to a higher species
richness of insects and birds.

The lower diversity we found in orchards compared to
forests is probably due to their higher disturbance and lower
structural complexity, including a lower understory hetero-
geneity (Bohada-Murillo et al. 2019) compared to multi-
layer and long-established forest ecosystems. As opposed
to agricultural areas, woodlands show positive effects on
the abundance of non-migratory birds in Germany (Schulze
et al. 2019), which is confirmed by the high diversity we
found in all forest plots.

Hence, higher ecosystem complexity and higher food
availability in woody habitats, and particularly in forests and
agroforestry sites, probably explain the higher bird species
richness we found in those habitats in comparison with open
agricultural land, in which the habitat spectrum for birds and
other taxa is reduced. Our results are in line with other studies;
however, due to differences in study design, site characteris-
tics, and historical and geographical context, caution is needed
with regard to comparability between results (Mupepele et al.
2021). The surrounding landscape is known to highly affect
bird communities (Broughton et al. 2021; Soderstrom and Pért
2000; Soderstrom et al. 2001). Soderstrom et al. (2001) found
that pastures surrounded by arable land hosted a lower bird
richness than pastures surrounded by forests. In the same way,
isolated orchards showed a negative effect on birds whereas
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habitat connectedness, i.e., proximity to forests, led to a higher
bird species richness (Bailey et al. 2010). Moreover, land use
history strongly affects biodiversity, which thus varies between
older and newly established agroforestry systems (Mupepele
et al. 2021). The value of tree-associated habitats increases
with tree age (Poulsen 2002). We therefore expect the value
of agroforestry systems for biodiversity to increase with time
as well. The lack of biodiversity-related studies conducted in
silvoarable systems, and especially alley-cropping systems,
underlines that research in this area should be prioritized.
Finally, several studies demonstrate the high value of birds as
predators of invertebrates that support pest control services
in agroecosystems (Barbaro et al. 2017; Garcia et al. 2018).
For example, great and blue tits, two species associated with
agroforestry systems in our study, were identified as comple-
mentary predators of apple pest insects (Garcia et al. 2021).
In the present context of global change and the drastic decline
in bird diversity and abundance, agroforestry sites could thus
represent refuges for birds that support biological pest control
in agricultural landscapes (Tscharntke et al. 2005).

4.2 Community composition and B diversity

Bird community composition differed between the four habi-
tat types. In the Mediterranean sites, the results confirmed
that bird communities in agroforestry comprised species
of both open and woody habitats. However, in temperate
sites, the bird communities of the agroforestry plots were
mainly composed of generalist and woody habitat species
while open agriculture and orchards were associated with a
low diversity. In temperate Europe, p diversity was higher in
agroforestry and forests compared to open agriculture. Simi-
larly, in the Mediterranean, {3 diversity was higher in forests
compared to open agriculture but no significant difference
in f diversity between agroforestry and open agriculture was
found. Temperate open agriculture showed a low f diver-
sity compared to the same habitat in the Mediterranean. The
differences observed between temperate and Mediterranean
sites, especially concerning the open and semi-open habitats,
can partly be explained by differences in agricultural inten-
sity. The highly intensive farming in north-western Europe,
associated with high crop yields and fertilizer applications,
has led to a sharp decline in birds of open farmland habitats
(Reif and Hanzelka 2020). This explains the low bird species
richness as well as § diversity in temperate open agricul-
ture. Almost no bird species of open and semi-open habitat
were found in the temperate zone—neither in agroforestry
nor in open agriculture. Birds of open and semi-open agri-
cultural landscapes such as common whitethroat Curruca
communis, cirl bunting Emberiza cirlus, or yellowhammer
Emberiza citrinella have generally become rare in temper-
ate Europe. In contrast, in the Mediterranean, due to more
extensive land-use systems, open farmland habitats in many
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areas still host a high biodiversity of birds and other taxa
(Kleijn et al. 2009).

Given the higher species richness and f diversity of birds
that we found in temperate agroforestry compared to open
agriculture, this habitat is of high value for birds in tem-
perate farmland. The presence of species relying on trees/
shrubs for nesting and/or foraging in the agroforestry sites,
such as green woodpecker Picus viridis, wren Troglodytes
troglodytes, and great and blue tit Parus major and Cyanistes
caeruleus confirm this. In temperate Europe, agroforestry
systems may be particularly beneficial in the transition zone
between forest and open farmland. In the intensively man-
aged and highly fragmented European farmland, agrofor-
estry could act as stepping stones (habitat islands) or ecolog-
ical corridors and could thus contribute to the facilitation of
animal movement and plant dispersion (Fischer et al. 2006;
Hidalgo et al. 2021; Jongman et al. 2004).

In accordance with other studies (Telleria 2001), our
results show that Mediterranean agroforestry hosts both
woodland and open habitat bird species. Open habitat spe-
cies, such as larks Galerida sp. and corn bunting Emberiza
calandra, relying on low vegetation for nesting and foraging,
were present in agroforestry as well as in open agriculture.
Moreover, generalist/semi-open habitat species like European
serin Serinus serinus and great tit Parus major were also
found in agroforestry sites, as well as in forests. Finally, the
presence of species such as short-toed treecreeper Certhia
brachydactyla, blue tit Cyanistes caeruleus, or golden oriole
Oriolus oriolus in both forest and agroforestry confirms the
value of agroforestry for woody habitat species that rely on
dense woody vegetation for nesting and/or foraging (Godinho
and Rabaga 2011). Those results are in line with studies show-
ing that the Spanish dehesas, whose semi-open physiognomy
and habitat diversity are the result of centuries of extensive
grazing management, act as an ecotone habitat, hosting a high
bird diversity composed of species relying on open and border
habitat as well as forest species (Telleria 2001).

In the Mediterranean, the lower differences in species
composition and f diversity that we measured between habi-
tats (distance to centroid) could be due to a higher habitat
and landscape heterogeneity compared to the temperate
sites. For example, in the open pasture plots in Spain, scat-
tered trees or shrubs provided valuable structures for birds.
In the same way, woody control plots often showed gaps
with low vegetation or with a lower tree density. Therefore,
numerous tree/shrub-dependent species, e.g., nightingale
Luscinia megarhynchos or chaffinch Fringilla coelebs,
occurred in Mediterranean forests and agroforestry as well
as open agriculture.

Our findings suggest that agroforestry, through increasing
heterogeneity at field and landscape scale, favors mostly gen-
eralist bird species as also supported by other authors (Batary
et al. 2011; Filippi-Codaccioni et al. 2010; Soderstrom et al.

2001; Pickett and Siriwardena 2011). In contrast, as shown by
numerous studies (Baldi and Batary 2011; Batary et al. 2011;
Hagist and Schiirmann 2021; Reif and Hanzelka 2020), some
specialist species, such as birds of semi-natural grassland
or arable land such as the skylark Alauda arvensis, are not
favored or can even be deterred by the establishment of woody
structures. Hence, the implementation of new agroforestry
systems needs to be adapted to regional conditions and the
geographical as well as historical context (Reisner et al. 2007).

Our results show that agroforestry can support a high diver-
sity of breeding birds in both temperate and Mediterranean
Europe; however, the added value of those systems differs
between the regions. As demonstrated within this study, agro-
forestry can act as an important refuge for generalist and forest
species in intensively managed, tree-poor agricultural areas in
temperate Europe. However, they do not necessarily bring back
the farmland birds that have declined so drastically over the
past decades (Vorisek et al. 2010). In southern Europe where
open semi-natural habitats and low-intensity agricultural sys-
tems with high bird species richness are still relatively com-
mon but threatened by both agricultural intensification and
abandonment, agroforestry systems can represent an important
intermediate habitat for both open/semi-open habitat and forest
bird species.

5 Conclusion

To our knowledge, this is the first study examining the bird
diversity in mature European agroforestry systems across mul-
tiple countries. Confirming our hypothesis, we found that agro-
forestry systems supported bird diversity as they hosted a higher
species richness than open agricultural systems in temperate
as well as in Mediterranean countries. However, the effect of
agroforestry systems on bird diversity was different in temperate
compared to Mediterranean sites and hence highly dependent on
the regional context. Through providing heterogeneity in agri-
cultural landscapes, agroforestry systems may help to restore
farmland bird diversity in temperate regions of Europe and to
halt biodiversity loss in the Mediterranean. In general, agrofor-
estry systems are a promising example of agricultural produc-
tion that is compatible with biodiversity conservation. Positive
effects of agroforestry on ecosystem functions and resilience
could contribute to ecological intensification, e.g., via improved
pest regulation also in surrounding crops.
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