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Abstract
Birds provide important ecosystem services in many ecosystems, including important pest control effects on productive
systems. The typically low bird diversity observed in intensive agricultural landscapes renders them more susceptible to
pests that cause important economic losses. Although these pests have traditionally been controlled using chemical methods,
recent work suggests that bird-mediated biological control is an effective and environmentally friendly form of ecological
intensification practice. We conducted a global meta-analysis to synthesize the effect of the exclusion of wild birds on crop
damage, pest abundance, and crop yield in agroecosystems. We used 179 case studies from 55 articles, from which we found
that wild birds reduced crop damage and pest abundance, but increased crop yield. The positive effect of birds as biological control agents was found to be significant on conventional farms using traditional chemical methods but not on organic
farms. Our analysis shows that embracing ecological intensification practices such as using wild bird species as pest control
represents a win–win strategy for agriculture and biodiversity.
Keywords Crop damage · Ecological intensification · Integrated pest management · Natural enemies · Pest abundance ·
Yield · Ecosystems services

Key message
• Wild birds play a major role in pest control services in
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• Maintaining natural areas within productive lands

enhance natural pest control services

• Ecological intensification practices are a win–win goal

for farmers and the environment

Introduction
Pest control is one of the biggest challenges in modern agriculture (Tilman et al. 2002; Thrupp 2000; Manosathiyadevan et al. 2017; Isman 2019). Intensive agriculture, which
typically harbors low biodiversity (Tilman et al. 2002), is
highly vulnerable to animal pests attack (including vertebrates and invertebrates), leading to an average yield loss
between 9 and 37% when crops are not protected (Oerke
2006; Culliney 2014). The dominant strategy for pest control in intensive agriculture relies on the application of
chemical methods, a practice that is neither economically
nor ecologically sustainable (Chaplin-Kramer et al. 2011;
Pimentel 2005; Isman 2019). As a result, strategies based
on sustainable pest control, which include biological control,
the replacement of toxic pesticides by more environmentally
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friendly molecules, and the minimal application of chemical pesticide based on biological tolerance thresholds, have
become increasingly important (Stenberg 2017; Dara 2019;
Isman 2019). In this respect, recent ecological intensification practices have promoted the integration of ecosystem
services mediated by biodiversity into agroecosystems in
order to maintain crop productivity while minimizing negative environmental impacts (Kleijn et al. 2019). Within ecological intensification practices, the role of biodiversity and
natural areas in agricultural landscapes has been highlighted
for its value in sustaining insect and bird species that benefit
crop production (Karp et al. 2013; Garibaldi et al. 2011).
Birds have important roles in different ecosystem functions (Şekercioğlu et al. 2016; Pejchar et al. 2018; Whelan
et al. 2015). In this context, birds have been documented to
induce strong cascading effects by suppressing herbivores,
such as insects, mammals, or even other bird species in many
natural and human-modified ecosystems (Kross et al. 2012;
Karp et al. 2013; Labuschagne et al. 2016; Peisley et al.
2017; Chain-Guadarrama et al. 2019; Mooney et al. 2010;
Mäntylä et al. 2011; Whelan et al. 2015; Mazía et al. 2009).
There is increasing evidence highlighting the role of birds
as biological control agents in agroecosystems, aiming to
change the traditional biological control paradigm in agroecosystems, which have overlooked the potential contribution of vertebrate predators over parasitoids and predatory
insects (see review of García et al. 2020).
At a global scale, it has been estimated that birds consume
between 400 and 500 million tons of arthropods per year in
many biomes, including croplands ecosystems, thus contributing in a significant way toward preventing crop damage and loss (Fig. 1) (Karp et al. 2013; Nyffeler et al. 2018;
Johnson et al. 2010). However, the contribution of birds as
biological pest control agents in agricultural landscapes
has been largely underestimated (García et al. 2020). On
the contrary, birds in agricultural landscapes are generally

Fig. 1  Graphical representation of bird-mediated pest
suppression, and the effects of
their exclusion on crop damage. Illustrations by ©Pen &
Paper (https://en.penandpaper-
sci.com/)
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associated with environmental disservices by farmers (Lindell et al. 2012), since they can act as a pest in some cases,
such as fruit-eating bird (Shave et al. 2018). For instance,
bird damage to crops can cause losses of USD 189 million
in five crops (e.g., Honeycrisp apples, wine grapes, blueberries, and sweet and tart cherries) (Anderson et al. 2013) and
USD 1.3 million in corn (Klosterman et al. 2013) both in the
USA; or they can have a neutral effect on yield, as arthropod
suppression can equal the damage inflicted by birds (Gonthier et al. 2019). In addition, birds can suppress agricultural pest predators (i.e., intraguild predation; Rosenheim
et al. 1993; Letourneau et al. 2009; Olimpi et al. 2020). For
example, birds can prey on certain spider species, which are
generalist predators that consume agricultural pests, thereby
providing a disservice to farmers (Greenberg et al. 2000;
Recher and Majer 2006; Grass et al. 2017).
Notwithstanding, several works and recent reviews have
highlighted the importance of wild birds suppressing pests
in agricultural landscapes, reducing crop damage (Greenberg
et al. 2000; Pejchar et al. 2018; García et al. 2020; Boesing
et al. 2017), consuming sentinel preys (Jedlicka et al. 2011;
García et al. 2021), reducing pest abundance (Mols and Visser 2007; Karp et al. 2013), and increasing yield (Mols and
Visser 2002; Gras et al. 2016). These studies have shown
that the use of birds as biocontrol has positive impacts on
herbivores abundances, crop damage and local economies.
For instance, Shave et al. (2018) found that for every US
dollar spent on a raptor's nest box to control birds, a loss of
up to 220 US dollars in sweet cherry crops could be avoided.
The nature of pest control and insect-insect interactions is
highly context-dependent, and any conclusion must consider
system-specific factors that may override any general benefits in ecosystem services (Karp et al. 2018).
Although, the ultimate goal of ecological intensification
practices is to quantitatively evaluate the link between pest
control and crop production. Despite being discussed in
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reviews and previous research, studies that have assessed
quantitatively such a link are scarce (Karp et al. 2013). Thus,
there is a clear knowledge gap to better understand and quantify the overall effect of bird-mediated pest control, as well
as the effect on crop production, particularly under different agroecosystem managements and geographical zones.
Furthermore, it is important to identify the main drivers
that explain the positive, negative, or neutral effects of bird
suppression in pest populations. Understanding the effects
of wild bird species as biocontrol agents in agroecosystems
represent vital information for landowners and farmers to
effectively design and sustainably manage agroecosystems
in the long term and contributes to helping improve farmers’
perceptions of biodiversity (Jacobson et al. 2003; Kross et al.
2018). Therefore, we hypothesized that excluding wild birds
would increase crop damage and pest abundance, as well as
reduce crop yield. To test this hypothesis, we reviewed the
scientific literature and conducted a formal meta-analysis
to understand the net outcomes of bird-mediated biological control services on crop production, the effect on pest
abundances, and production across different crop varieties,
managements and ecosystems.

Materials and methods
Literature survey and data inclusion criteria
We searched the available literature on the Web of Science
database (covering January 1977 to June 2020) using the
following search strings: “bird” OR “avian” + “insectivory”
OR “herbivory” OR “predation” OR “control” OR “reduction” OR “consumption” OR “suppression” + “insect” OR
“arthropod” OR “plague” OR “larva*” OR “pest” OR “vertebrate” + “crop” OR “agr*” OR “field” OR “farm*” + “yield”
OR “abundance” OR “herbivory” OR “damage” OR “production”. We also incorporated the literature surveys used in
previous meta-analyses and reviews (Van Bael et al. 2008;
Lima 2009; Mäntylä et al. 2011; Labuschagne et al. 2016;
Boesing et al. 2017; Lindell et al. 2018; Maas et al. 2019;
Chain-Guadarrama et al. 2019; Marsden et al. 2020; Paiola
et al. 2020; García et al. 2020) (the original database of the
literature search is freely available from the figshare digital
repository: https://doi.org/10.6084/m9.figshare.14307860).
Our literature survey followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
statement, which provides a standardized framework for
meta-analyses and systematic reviews (Moher et al. 2009).
Similarly, we followed the recommendations of Nakagawa
et al. (2017) to obtain the informative results by taking
into account data independence, publication bias, and the
potential influence of outliers. To ensure a minimum quality
standard for the data obtained and the study’s replicability,

we limited our search to peer-reviewed articles in English,
excluding the gray literature and other databases. Our initial
search provided 996 articles, which were limited to 70 after
we filtered for off topic studies or the irrelevant results as
described below (i.e., studies carried out in non-agricultural
system, focused on another predator taxa, or reporting unrelated response variables; see Supplementary Material Fig.
S1).
Each article was downloaded in full. We read every article to determine if they met the following criteria: (1) comparing a control situation (i.e., wild birds present) with an
experimental situation (i.e., exclusion or attraction of wild
birds) in different types of agricultural lands; (2) reporting
either crop damage, pest abundance, or crop yield (or a combination of them) as response variables; (3) reporting the
mean, sample size, and a dispersion measure (i.e., either
standard error, standard deviation, or confidence intervals;
transformed to standard deviation prior to perform effect
size calculations) of the dependent variables. The article
selection procedure was simultaneously performed by two
researchers (PD-S and NO-M) to minimize reviewer bias.
As a result of the selection process, we excluded 15 articles
from the 70 articles initially chosen as they did not meet the
inclusion criteria (see details on the figshare digital repository: https://doi.org/10.6084/m9.figshare.14307860). As a
result, 55 articles were considered, which provided a total
of 179 case studies: 57 of them were related to crop damage,
103 to pest abundance, and 19 to crop yield (Supplementary Material Fig. S1). Since some papers presented more
than one case study, we considered the results from different
locations as independent cases. However, we used the result
with the largest effect size, following the criteria performed
by Mäntylä et al. (2011), because it can be more critical to
plants and to discarded temporal replicates (i.e., repeated
measures) to avoid temporal pseudoreplication.

Model, effect size, and moderators
As we included studies reporting a variety of species, crop
types, and geographic locations, there is unlikely to be a single common effect (Borenstein et al. 2009). Consequently,
we used mixed-effects models to examine effects using
moderator variables. To examine the overall heterogeneity,
we used the Qtotal statistic, and to examine heterogeneity
among moderator levels, we estimated the between-group
heterogeneity Qbetween statistic. Q-statistics are heterogeneity
measures that use a χ2-distributed statistics to compare the
variation among and within levels (Higgins et al. 2003). A
significant Qbetween value (i.e., with P < 0.05) indicates that
there is significant variation among the effects among moderator levels (i.e., moderator levels do not share a common
effect, having opposing trends). Thus, Q-statistics are more
appropriate for random-effects models than other approaches
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(e.g., τ2 or I2), which are intended for fixed-effects models
only (Borenstein et al. 2009).
We used Hedges’ d unbiased standardized mean difference to measure the effect size of each case study (Hedges
and Olkin 1985). This measurement is commonly used to
estimate the magnitude of a particular situation’s effect by
comparing a control and an experimental group (Gurevitch
et al. 2001). As most studies excluded wild birds, we considered the wild bird presence as a control and the exclusion of
them as the experimental trial. However, a few case studies
reported the results from attraction experiments (i.e., the
opposite of excluding wild birds); in those cases, we used
an inverse effect direction to make the effects comparable
with those from the exclusion experiments. We conducted
separate analyses for crop damage, pest abundance, and crop
yield, estimating the overall effects of wild bird exclusion
or attraction on these three response variables. To explore
our results further, we used moderator variables, which are
categorical variables contrasting two or more levels, to test
if there are effect size differences among them and detect
contrasting responses. We defined five moderator variables:
(1) geographical zone (tropical or temperate); (2) crop type
(i.e., brassica, cereals, coffee, cacao, macadamia, apple,
vineyard, groundnut, alfalfa, palm, strawberry, or raps); (3)
agriculture type (i.e., conventional, organic, agroforestry, or
mixed when a study used more than 1 agriculture crop); (4)
pest type (birds, arthropods, voles, or even sentinels as study
models); and (5) experiment type (exclusion or attraction).
There were sample size asymmetries among moderator levels, for which we excluded levels with N < 4 as we consider
them non-informative. Finally, special care was taken when
interpreting moderator levels N < 10.

Publication bias assessment
The meta-analysis results can be influenced by potential publication bias, as those articles reporting significant effects are
more likely to be published than those reporting nonsignificant ones (Rosenberg 2005). To assess our results’ robustness, first, we examined the relationship between effect
and sample size using the funnel plot approach (Hedges
and Vevea 1996) followed by an Egger’s regression to test
the statistical significance of potential funnel plot asymmetries (Egger et al. 1997). If significant asymmetries were
detected, we conducted a sensitivity test recalculating the
results after removing outlier points (as recommended by
Nakagawa et al. 2017). We also examined the correlation
between effect size and its variance using a Kendall correlation test with continuity correction, and then we used the
Baujat plot (Baujat et al. 2002) to visually assess sources of
heterogeneity. We then conducted a “trim and fill” analysis
(Duval and Tweedie 2000a, b), which takes into account the
asymmetry between positive and negative case distributions,
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Fig. 2  Effects of bird exclusion on crop damage. We present the mean
and the 95% confidence interval for a the overall effect, b geographical region, c crop type, d agriculture, e pest type, and f experiment
type. QB = Qbetween statistics. Significance: NSP ≥ 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001

which may be potentially biasing the results. This approach
recalculates the mean effect and confidence intervals after
balancing positive and negative cases (by trimming and filling cases on both sides of the funnel plot) to validate the
results’ robustness (Jennions and Møller 2002). All analyses
were conducted using R 4.0.3 (R Development Core Team
2020) and the “meta” package (Balduzzi et al. 2019).

Results
Effects on crop damage
Overall, we found that excluding wild birds significantly
increased crop damage (Fig. 2a; Qtotal = 38.61, P = 0.003).
Our geographical zone analysis revealed that tropical and
temperate zones showed the same trend as the overall
result (Fig. 2b; Qbetween = 0.03, P = 0.568), with a significant increase of crop damage when wild birds were absent.
Our crop type analysis showed mixed responses (Fig. 2c;
Qbetween = 6.21, P = 0.184) with significant damage on coffee, apple, and vineyard crops when wild birds were absent.

Journal of Pest Science
Overall (103)

(a)

***

Tropical (52) (b)
Temperate (51)

***
**

Coffee (36) (c)
Cereals (24)
Apple (15)
Brassica (9)
Vineyard (5)
Agric. field (4)

**

**

QbNS

***

Qb**

Traditional (70) (d)
Agroforestry (20)
Mixed (9)
Organic (4)

***

***
***
Qb***

Arthropod (80) (e)
Bird (10)
Vole (6)
Sentinel (5)

***
*
QbNS

Exclusion (79) (f)
Attraction (24)

-1.0

Qtotal***

**
-0.5

0.0

***
Qb

0.5

1.0

1.5

2.0

NS

2.5

P = 0.080). Our crop type results showed heterogeneous
responses (Fig. 3c; Q between = 20.60, P = 0.001) with a
significant increase in pest abundance for coffee, cereal,
and apple crops when wild birds were absent. In relation
to agriculture type, we found contrasting effects (Fig. 3d;
Qbetween = 5.7.8603, P < 0.001), as there was a significant
increase in pest abundance in conventional fields, as well
as in agroforestry and mixed land, but not in organic fields
when wild birds were absent. The results of our pest type
analysis showed that bird and arthropod pest abundance
increased when wild birds were absent; this was not the
case for the abundance of voles and sentinels, which did not
change when wild birds were absent (Fig. 3e; Qbetween = 5.92,
P = 0.115). Finally, we found that exclusion experiments had
a larger influence on pest abundance than those experiments
that attracted birds (Fig. 3f; Qbetween = 4.01, P = 0.045).

Effects on crop yield
Overall, we found that excluding wild birds significantly
reduces crop yield (Fig. 4a; Qtotal = 38.61, P = 0.003). Our
analysis by geographic zone showed a significant reduction

Effect size (Hedges' d)
Fig. 3  Effects of bird exclusion on pest abundance. We present the
mean and the 95% confidence interval for a the overall effect, b
geographical region, c crop type, d agriculture, e pest type, and (f)
experiment type. QB = Qbetween statistics. Significance: NSP ≥ 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001
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The results by agriculture type showed contrasting effects
(Fig. 2d; Qbetween = 5.03, P = 0.169), with significant crop
damages on conventional and mixed fields, while there
were nonsignificant effects of damage on agroforestry and
organic fields when wild birds were absent. When examining our data by pest type, we found that wild birds reduced
crop damage by both pest birds and arthropods (Fig. 2e;
Qbetween = 4.09, P = 0.043), but that the effects on pest birds
were larger and more varied. Finally, when comparing experimental types, we found significant differences in crop damage at both exclusion and attraction experiments (Fig. 2f;
Qbetween = 3.40, P = 0.065). However, attraction experiments
showed a larger variability than exclusion experiments.

Effects on pest abundance
Overall, we found that excluding wild birds causes a significant increase in pest abundance (Fig. 3a; Qtotal = 210.09,
P < 0.001). The results by geographic zone showed that tropical and temperate zones have a similar trend as the overall
effect; however, birds reduced pest abundance more in tropical areas than in temperate areas (Fig. 3b; Qbetween = 3.07,
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Fig. 4  Effects of bird exclusion on crop yield. We present the mean
and the 95% confidence interval for a the overall effect, b geographical region, c crop type, d agriculture, e pest type, and f experiment
type. QB = Qbetween statistics. Significance: NSP ≥ 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001
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in crop yield at tropical zones but not at temperate zones,
when wild birds were absent (Fig. 4b; Q between = 0.25,
P = 0.614). However, when looking at our results by crop
type, we found that excluding birds had no effects on yield in
coffee and cereal crops (Fig. 4c; Qbetween = 1.35, P = 0.245).
We were unable to perform comparisons for agriculture type
(Fig. 4d), pest type (Fig. 4e), and experiment type (Fig. 4f)
because of low variability (i.e., only one level).

Publication bias
Our funnel plot analysis showed an even distribution of
positive and negative cases for crop damage data (Fig.
S2). Yet, it also revealed a significant general asymmetry
(t = 2.48, df = 55, P = 0.016) between positive and negative
cases. Although there were some outlier points for both pest
abundance (Fig. S3) and crop yield (Fig. S4), we found no
significant asymmetry for either (pest abundance: t = 1.14,
df = 101, P = 0.256; crop yield: t = 0.79, df = 16, P = 0.440).
We detected a significant correlation between effect size
and its variance for crop damage data (Kendall’s tau = 0.28,
df = 54, P = 0.002), but no significant correlation was found
for pest abundance (tau = 0.06, P = 0.402) or crop yield data
(tau = 0.29, P = 0.080). Baujat plots (Figs. S4, S5, and S6)
showed a regular pattern, in which most case studies have
low contributions to heterogeneity and a few outlier points
have large contributions.
We conducted a sensitivity analysis excluding outlier
cases, but we found nonsignificant effects on our results’
direction and significance (Table S1). Likewise, our results
did not change in either significance or direction after performing the “trim and fill” procedure (Table S2). The latter
indicates that our study results were robust and not influenced by publication bias in any case.

Discussion
Our study shows that the exclusion of the wild birds results
in a significant increase in crop damage (Fig. 1) and pest
abundances, as well as a significant reduction in crop yields.
Given that wild birds can significantly decrease crop damage
and pest abundance, it is essential to understand better their
net impacts on crop production to inform policymakers and
farm managers and achieve sustainable goals.
By highlighting the role of wild birds in agroecosystems,
our results reinforce the importance of vertebrate predators as biological control agents. This contrasts with the
traditional paradigms and perceptions of biological control
centered on parasitoids and predatory insects. Our study
supports the ecological intensification of farming practices,
since birds’ ecosystem contribution—as biological control
agents—translates into increased productivity, which is the
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ultimate goal of ecological intensification (Tittonell 2014).
Interestingly, we observed an important variation in our
response variables (i.e., crop damage, pest abundance, and
crop yield) across crop types, climatic regions, and agricultural management when wild birds were excluded. Pest-natural enemies’ interaction is highly context-dependent (Karp
et al. 2018). For instance, excluding wild birds in organic
farms did not lead to a reduction in crop damage or pest
abundance, while excluding them in conventional farms did
have a significant effect. A similar result has been previously reported for organic apple farms by Mols and Visser
(2007), with organic farming promoting a higher species
diversity, particularly natural enemies, than conventional
methods (Clough et al. 2007; Letourneau and Goldstein
2001). Hence, pests are diluted in the herbivore community
and subject to a wider diversity of potential natural enemies
(Letourneau and Goldstein 2001), which resulted in lower
effect of wild birds on pests crop damage and lower pests
abundances in organic farms (see Figs. 2 and 3; Muneret
et al. 2018). Based on our results and previous work, there
seems to be a clear link between the ecological context
of agricultural land and its resilience to biodiversity loss
(Muneret et al. 2018; Letourneau and Goldstein 2001).
Most studies on avian-mediated pest control have been
conducted in tropical areas (49%) rather than in temperate
(35%) or Mediterranean agroecosystems (16%) (Fig. S8).
The predominance of tropical areas has been seen over time,
although there has been an increase in the number of studies
focused on other geographical areas (Boesing et al. 2017).
Mediterranean regions are considered as global biodiversity
hotspots for conservation (Myers et al. 2000). However, they
also represent one of the most vulnerable ecosystems on the
planet because of the negative effects of land-use change
and the intensive establishment of forestry and agriculture
(Sala et al. 2000; Armesto et al. 2010). Thus, identifying the
contribution of biodiversity to crop production in Mediterranean regions is key to promoting sustainable land-use management and conservation of productive and natural areas
(Cox and Underwood 2011). Conservation of natural areas
near agricultural land can benefit pest-regulation services
in agricultural landscapes (Tscharntke et al. 2012). A larger
variety of wild bird-mediated pest control species have been
frequently reported in woodland landscapes (Boesing et al.
2017; Sanz 2001).
It is important to acknowledge two important biases of
the present study. First, 78% of the studies reviewed here
were conducted in the Northern Hemisphere (Fig. S8). This
knowledge gap results from a lack of data reported from the
Southern Hemisphere in terms of research and monitoring
of global ecosystems (Rozzi et al. 2012). This misrepresentation of the southern world is an important issue to take
into account for agricultural and conservation management
purposes. Second, most of the published studies included
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in our meta-analysis only considered coffee, cereal, and
apple crops, all of which represent over 60% of the published research. The reduced variety of crops included in the
international literature highlights an urgent need to expand
research to other crops.
Previous work on the role of birds in agroecosystems
showed that landscape structure has an important effect on
species diversity (Boesing et al. 2017; Muñoz-Sáez et al.
2021). Birds and arthropods in agroecosystems interact
in complex ways (Pejchar et al. 2018; García et al. 2020).
Although previous studies have found that wild birds can
have ecosystem disservice effects (Grass et al. 2017; Martin
et al. 2013), our global meta-analysis highlights the importance of wild birds in increasing crop productivity through
pest suppression. We emphasize that although there is the
extensive literature on bird effect on pest abundance and
crop damage, few studies (ca. 20%) have related these variables to productivity. Therefore, more research is needed to
gain a better understanding of the relationship between wild
birds and crop production.
Based on the available literature and our results, we recommend that wild birds be considered as effective biological control agents, and important components of sustainable pest management strategies (García et al. 2020). In this
context, our review reveals that only 16% of our selected
articles had increased bird diversity through ecological
innovation practices (e.g., perches or nest boxes). We found
that attracting wild birds, as an ecological intensification
tools that is easily implemented by farmers, could significantly reduce crop damage and pest abundance (García et al.
2021). For instance, nest boxes for insectivorous birds or
raptors provide a highly cost-effective ecosystem service to
control fruit-eating birds or arthropods (Shave et al. 2018;
García et al. 2021; Suhonen et al. 1994), and in-farm evaluation could be a way to improve farmer attitudes toward the
conservation of biodiversity (Jacobson et al. 2003; Kross
et al. 2018), and a bridge to advance toward other ecological
intensification practices (Kleijn et al. 2019). In fact, as was
proposed by García et al. (2021), attracting birds to farms by
ecological innovations, farmers should receive direct benefit
reported in this study, as well as indirect benefits through
reduction of pesticide with the associated consequences of
environmental damage. These innovations could be the focus
on public subsidies from, (1) environmental policy focused
on biodiversity conservation in rural landscapes, and (2)
from agricultural policy focused to increase productivity in
a sustainable way. Therefore, enhancing crops with ecological innovation practices can promote both biological control
and biodiversity conservation within productive landscapes.
Finally, it is important to highlight that many studies
have documented that most farmers associate birds with
environmental disservices (e.g., damage to fruit crops) and
that bird-friendly practices are not associated with economic

incentives (Jacobson et al. 2003). However, our results support the idea that ecological intensification practices can
complement and, in some cases, replace the use of pesticides
or exotic enemy releases for biological control, with production-supporting ecological processes to sustain agricultural
production (Bommarco et al. 2013; Kross et al. 2018; Smith
et al. 2021).

Conclusion
Our global analysis showed that wild birds play a major role
in pest control services in agroecosystems. In particular,
wild birds in agroecosystems reduce crop damage and pest
abundance, resulting in a significant increase in crop yield.
We encourage farmers and land-use managers to embrace
ecological intensification practices that represent a win–win
strategy to benefit food production and the environment.

Author contributions
JLC-D conceived the ideas. PD-S, NO, and FEF designed
the methodology. PD-S and NO collected and processed
publication data. FEF analyzed data. PD-S and FEF led manuscript writing with contributions of BL, RAP, and JLC-D.
Supplementary Information The online version contains supplementary material available at https://d oi.o rg/1 0.1 007/s 10340-0 21-0 1438-4.
Acknowledgements We thank Megan Garfinkel, Camila Cassano,
Valerie Linden, Solene Guenat, Pierre Mineau, and Daniel García for
sharing their original data. We are grateful to Jeremy Cusack for his
comments on the manuscript. This study was funded by the ANID/PIA/
ACT192027 project “Ecological Intensification: Integrating knowledge
of ecosystem services to promote sustainable agriculture in Chile”.
Funding This study was funded by ANID/PIA/ACT192027. PD-S
acknowledge the funding support from ANID/REGIONAL/CERES/
R19A1002.
Availability of data and material The original database and literature
search and data used to perform this meta-analysis is freely available
from the figshare digital repository: https://doi.org/10.6084/m9.figsh
are.14307860
Code availability Figshare digital repository: https://doi.org/10.6084/
m9.figshare.14307860.

Declarations
Conflict of interest The authors have no relevant financial or non-financial interest to disclose.

13

Journal of Pest Science
Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

References
Anderson A, Lindell CA, Moxcey KM, Siemer WF, Linz GM, Curtis PD, Carroll JE, Burrows CL, Boulanger JR, Steensma KMM,
Shwiff SA (2013) Bird damage to select fruit crops: the cost
of damage and the benefits of control in five states. Crop Prot
52:103–109. https://doi.org/10.1016/j.cropro.2013.05.019
Armesto JJ, Manuschevich D, Mora A, Smith-Ramirez C, Rozzi R,
Abarzua AM, Marquet PA (2010) From the Holocene to the
Anthropocene: a historical framework for land cover change in
southwestern South America in the past 15,000 years. Land Use
Pol 27:148–160. https://d oi.o rg/1 0.1 016/j.l andus epol.2 009.0 7.0 06
Balduzzi S, Rucker G, Schwarzer G (2019) How to perform a metaanalysis with R: a practical tutorial. Evid-Based Ment Heal
22:153–160. https://doi.org/10.1136/ebmental-2019-300117
Baujat B, Mahe C, Pignon JP, Hill C (2002) A graphical method for
exploring heterogeneity in meta-analyses: application to a metaanalysis of 65 trials. Stat Med 21:2641–2652. https://doi.org/10.
1002/sim.1221
Boesing AL, Nichols E, Metzger JP (2017) Effects of landscape
structure on avian-mediated insect pest control services: a
review. Landscape Ecol 32:931–944. https://doi.org/10.1007/
s10980-017-0503-1
Bommarco R, Kleijn D, Potts SG (2013) Ecological intensification:
harnessing ecosystem services for food security. Trends Ecol Evol
28:230–238. https://doi.org/10.1016/j.tree.2012.10.012
Borenstein M, Hedges LV, Higgins JPT, Rothstein HR (2009) Introduction to meta-analysis. Wiley, Chichester, UK
Chain-Guadarrama A, Martinez-Salinas A, Aristizabal N, Ricketts TH
(2019) Ecosystem services by birds and bees to coffee in a changing climate: a review of coffee berry borer control and pollination.
Agr Ecosyst Environ 280:53–67. https://doi.org/10.1016/j.agee.
2019.04.011
Chaplin-Kramer R, O’Rourke ME, Blitzer EJ, Kremen C (2011) A
meta-analysis of crop pest and natural enemy response to landscape complexity. Ecol Lett 14:922–932. https://d oi.o rg/1 0.1 111/j.
1461-0248.2011.01642.x
Clough Y, Holzschuh A, Gabriel D, Purtauf T, Kleijn D, Kruess A,
Steffan-Dewenter I, Tscharntke T (2007) Alpha and beta diversity
of arthropods and plants in organically and conventionally managed wheat fields. J Appl Ecol 44:804–812. https://doi.org/10.
1111/j.1365-2664.2007.01294.x
Cox RL, Underwood EC (2011) The importance of conserving biodiversity outside of protected areas in Mediterranean ecosystems.
PLoS ONE 6:e14508. https://d oi.o rg/1 0.1 371/j ourna l.p one.0 0145
08
Culliney TW (2014) Crop losses to arthropods. In: Pimentel D, Peshin
R (eds) Integrated pest management: pesticide problems, vol 3.
Springer, The Netherlands, pp 201–225
Dara SK (2019) The new integrated pest management paradigm for the
modern age. J Integr Pest Manag 10:12
Duval S, Tweedie R (2000a) A non-parametric `trim and fill ’ method
of assessing publication bias in meta-analysis. J Am Stat Assoc
95:89–98. https://doi.org/10.1080/01621459.2000.10473905
Duval S, Tweedie R (2000b) Trim and fill : a simple funnel-plot-based
method of testing and adjusting for publication bias in meta-analysis. Biometrics 56:455–463. https://d oi.o rg/1 0.1 111/j.0 006-3 41X.
2000.00455.x

13

Egger M, Smith GD, Minder C (1997) Bias in meta-analysis detected
by a simple, graphical test. BMJ 315:629–634. https://doi.org/10.
1136/bmj.315.7109.629
García D, Miñarro M, Martínez-Sastre R (2021) Enhancing ecosystem
services in apple orchards: nest boxes increase pest control by
insectivorous birds. J Appl Ecol 58:465–475. https://doi.org/10.
1111/1365-2664.13823
García K, Olimpi EM, Karp DS, Gonthier DJ (2020) The good, the
bad, and the risky: Can birds be incorporated as biological control
agents into integrated pest management programs? J Integr Pest
Manag 11:a11. https://doi.org/10.1093/jipm/pmaa009
Garibaldi LA, Steffan-Dewenter I, Kremen C, Morales JM, Bommarco
R, Cunningham SA, Carvalheiro LG, Chacoff NP, Dudenhoffer
JH, Greenleaf SS, Holzschuh A, Isaacs R, Krewenka K, Mandelik
Y, Mayfield MM, Morandin LA, Potts SG, Ricketts TH, Szentgyorgyi H, Viana BF, Westphal C, Winfree R, Klein AM (2011)
Stability of pollination services decreases with isolation from
natural areas despite honey bee visits. Ecol Lett 14:1062–1072.
https://doi.org/10.1111/j.1461-0248.2011.01669.x
Gonthier DJ, Sciligo AR, Karp DS, Lu A, Garcia K, Juarez G, Chiba
T, Gennet S, Kremen C (2019) Bird services and disservices to
strawberry farming in Californian agricultural landscapes. J Appl
Ecol 56:1948–1959. https://doi.org/10.1111/1365-2664.13422
Gras P, Tscharntke T, Maas B, Tjoa A, Hafsah A, Clough Y (2016)
How ants, birds and bats affect crop yield along shade gradients
in tropical cacao agroforestry. J Appl Ecol 53:953–963. https://
doi.org/10.1111/1365-2664.12625
Grass I, Lehmann K, Thies C, Tscharntke T (2017) Insectivorous birds
disrupt biological control of cereal aphids. Ecology 98:1583–
1590. https://doi.org/10.1002/ecy.1814
Greenberg R, Bichier P, Angon AC, MacVean C, Perez R, Cano E
(2000) The impact of avian insectivory on arthropods and
leaf damage in some Guatemalan coffee plantations. Ecology
81:1750–1755. https://doi.org/10.2307/177321
Gurevitch J, Curtis PS, Jones MH (2001) Meta-analysis in ecology.
Adv Ecol Res 32:199–247. https://  d oi.  o rg/  1 0.  1 016/  S 0065-
2504(01)32013-5
Hedges LV, Olkin I (1985) Statistical methods for meta-analysis. Academic Press, Orlando FL
Hedges LV, Vevea JL (1996) Estimating effect size under publication
bias: small sample properties and robustness of a random effects
selection model. J Educ Behav Stat 21:299–332. https://doi.org/
10.3102/10769986021004299
Higgins JPT, Thompson SG, Deeks JJ, Altman DG (2003) Measuring
inconsistency in meta-analyses. Br Med J 327:557–560. https://
doi.org/10.1136/bmj.327.7414.557
Isman MB (2019) Challenges of pest management in the twenty first
century: new tools and strategies to combat old and new foes
alike. Front Agron 1:2. https://doi.org/10.3389/fagro.2019.00002
Jacobson SK, Sieving KE, Jones GA, Van Doorn A (2003) Assessment
of farmer attitudes and behavioral intentions toward bird conservation on organic and conventional Florida farms. Conserv Biol
17:595–606. https://doi.org/10.1046/j.1523-1739.2003.01472.x
Jedlicka JA, Greenberg R, Letourneau DK (2011) Avian conservation
practices strengthen ecosystem services in California vineyards.
PLoS ONE 6:e27347. https://d oi.o rg/1 0.1 371/j ourna l.p one.0 0273
47
Jennions MD, Møller AP (2002) Publication bias in ecology and evolution: an empirical assessment using the “trim and fill” method.
Biol Rev 77:211–222. https://doi.org/10.1017/S14647931010058
75
Johnson MD, Kellermann JL, Stercho AM (2010) Pest reduction services by birds in shade and sun coffee in Jamaica. Anim Conserv
13:140–147. https://doi.org/10.1111/j.1469-1795.2009.00310.x
Karp DS, Chaplin-Kramer R, Meehan TD, Martin EA, DeClerck F,
Grab H, Gratton C, Hunt L, Larsen AE, Martinez-Salinas A,

Journal of Pest Science
O’Rourke ME, Rusch A, Poveda K, Jonsson M, Rosenheim JA,
Schellhorn NA, Tscharntke T, Wratten SD, Zhang W, Iverson
AL, Adler LS, Albrecht M, Alignier A, Angelella GM, Anjum
MZ, Avelino J, Batary P, Baveco JM, Bianchi FJJA, Birkhofer
K, Bohnenblust EW, Bommarco R, Brewer MJ, Caballero-Lopez
B, Carriere Y, Carvalheiro LG, Cayuela L, Centrella M, Cetkovic A, Henri DC, Chabert A, Costamagna AC, De la Mora A, de
Kraker J, Desneux N, Diehl E, Diekotter T, Dormann CF, Eckberg JO, Entling MH, Fiedler D, Franck P, van Veen FJF, Frank
T, Gagic V, Garratt MPD, Getachew A, Gonthier DJ, Goodell
PB, Graziosi I, Groves RL, Gurr GM, Hajian-Forooshani Z,
Heimpel GE, Herrmann JD, Huseth AS, Inclan DJ, Ingrao AJ,
Iv P, Jacot K, Johnson GA, Jones L, Kaiser M, Kaser JM, Keasar
T, Kim TN, Kishinevsky M, Landis DA, Lavandero B, Lavigne
C, Le Ralec A, Lemessa D, Letourneau DK, Liere H, Lu YH,
Lubin Y, Luttermoser T, Maas B, Mace K, Madeira F, Mader V,
Cortesero AM, Marini L, Martinez E, Martinson HM, Menozzi
P, Mitchell MGE, Miyashita T, Molina GAR, Molina-Montenegro MA, O’Neal ME, Opatovsky I, Ortiz-Martinez S, Nash
M, Ostman O, Ouin A, Pak D, Paredes D, Parsa S, Parry H,
Perez-Alvarez R, Perovic DJ, Peterson JA, Petit S, Philpott SM,
Plantegenest M, Plecas M, Pluess T, Pons X, Potts SG, Pywell
RF, Ragsdale DW, Rand TA, Raymond L, Ricci B, Sargent C,
Sarthou JP, Saulais J, Schackermann J, Schmidt NP, Schneider
G, Schuepp C, Sivakoff FS, Smith HG, Whitney KS, Stutz S,
Szendrei Z, Takada MB, Taki H, Tamburini G, Thomson LJ,
Tricault Y, Tsafack N, Tschumi M, Valantin-Morison M, Trinh
MV, van der Werf W, Vierling KT, Werling BP, Wickens JB,
Wickens VJ, Woodcock BA, Wyckhuys K, Xiao HJ, Yasuda M,
Yoshioka A, Zou Y (2018) Crop pests and predators exhibit
inconsistent responses to surrounding landscape composition. P
Natl Acad Sci USA 115:E7863–E7870. https://doi.org/10.1073/
pnas.1800042115
Karp DS, Mendenhall CD, Sandi RF, Chaumont N, Ehrlich PR, Hadly
EA, Daily GC (2013) Forest bolsters bird abundance, pest control
and coffee yield. Ecol Lett 16:1339–1347. https://d oi.o rg/1 0.1 111/
ele.12173
Kleijn D, Bommarco R, Fijen TPM, Garibaldi LA, Potts SG, van der
Putten WH (2019) Ecological intensification: Bridging the gap
between science and practice. Trends Ecol Evol 34:154–166.
https://doi.org/10.1016/j.tree.2018.11.002
Klosterman ME, Linz GM, Slowik AA, Homan HJ (2013) Comparisons between blackbird damage to corn and sunflower in North
Dakota. Crop Prot 53:1–5. https://doi.org/10.1016/j.cropro.2013.
06.004
Kross SM, Ingram KP, Long RF, Niles MT (2018) Farmer perceptions and behaviors related to wildlife and on-farm conservation
actions. Conserv Lett 11:e12364. https://doi.org/10.1111/conl.
12364
Kross SM, Tylianakis JM, Nelson XJ (2012) Effects of introducing
threatened falcons into vineyards on abundance of Passeriformes
and bird damage to grapes. Conserv Biol 26:142–149. https://doi.
org/10.1111/j.1523-1739.2011.01756.x
Labuschagne L, Swanepoel LH, Taylor PJ, Belmain SR, Keith M
(2016) Are avian predators effective biological control agents for
rodent pest management in agricultural systems? Biol Control
101:94–102. https://doi.org/10.1016/j.biocontrol.2016.07.003
Letourneau DK, Goldstein B (2001) Pest damage and arthropod community structure in organic vs. conventional tomato production
in California. J Appl Ecol 38:557–570. https://doi.org/10.1046/j.
1365-2664.2001.00611.x
Letourneau DK, Jedlicka JA, Bothwell SG, Moreno CR (2009) Effects
of natural enemy biodiversity on the suppression of arthropod
herbivores in terrestrial ecosystems. Annu Rev Ecol Evol Syst
40:573–592. https://doi.org/10.1146/annurev.ecolsys.110308.
120320

Lima SL (2009) Predators and the breeding bird: behavioral and reproductive flexibility under the risk of predation. Biol Rev 84:485–
513. https://doi.org/10.1111/j.1469-185X.2009.00085.x
Lindell C, Eaton RA, Howard PH, Roels SM, Shave ME (2018)
Enhancing agricultural landscapes to increase crop pest reduction by vertebrates. Agr Ecosyst Environ 257:1–11. https://doi.
org/10.1016/j.agee.2018.01.028
Lindell CA, Eaton RA, Lizotte EM, Rothwell NL (2012) Bird consumption of sweet and tart cherries. Human-Wildlife Interactions
6:283–290
Maas B, Heath S, Grass I, Cassano C, Classen A, Faria D, Gras P,
Williams-Guillen K, Johnson M, Karp DS, Linden V, MartinezSalinas A, Schmack JM, Kross S (2019) Experimental field exclosure of birds and bats in agricultural systems - Methodological
insights, potential improvements, and cost-benefit trade-offs.
Basic Appl Ecol 35:1–12. https://doi.org/10.1016/j.baae.2018.
12.002
Manosathiyadevan M, Bhuvaneshwari V, Latha R (2017) Impact of
insects and pests in loss of crop production: a review. In: A. D
(ed) Sustainable agriculture towards food security. Springer, Singapore, pp 57–67
Mäntylä E, Klemola T, Laaksonen T (2011) Birds help plants: a
meta-analysis of top-down trophic cascades caused by avian
predators. Oecologia 165:143–151. https://d oi.o rg/1 0.1 007/
s00442-010-1774-2
Marsden C, Martin-Chave A, Cortet J, Hedde M, Capowiez Y (2020)
How agroforestry systems influence soil fauna and their functions-a review. Plant Soil 453:29–44. https://doi.org/10.1007/
s11104-019-04322-4
Martin EA, Reineking B, Seo B, Steffan-Dewenter I (2013) Natural
enemy interactions constrain pest control in complex agricultural
landscapes. P Natl Acad Sci USA 110:5534–5539. https://d oi.o rg/
10.1073/pnas.1215725110
Mazía CN, Chaneton EJ, Kitzberger T, Garibaldi LA (2009) Variable
strength of top-down effects in Nothofagus forests: bird predation and insect herbivory during an ENSO event. Austral Ecol
34:359–367. https://doi.org/10.1111/j.1442-9993.2009.01933.x
Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group (2009)
Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Medicine 6:e1000097.https://
doi.org/10.7326/0003-4819-151-4-200908180-00135
Mols CMM, Visser ME (2002) Great tits can reduce caterpillar damage in apple orchards. J Appl Ecol 39:888–899. https://d oi.o rg/1 0.
1046/j.1365-2664.2002.00761.x
Mols CMM, Visser ME (2007) Great tits (Parus major) reduce caterpillar damage in commercial apple orchards. PLoS ONE 2:e202.
https://doi.org/10.1371/journal.pone.0000202
Mooney KA, Gruner DS, Barber NA, Van Bael SA, Philpott SM,
Greenberg R (2010) Interactions among predators and the cascading effects of vertebrate insectivores on arthropod communities
and plants. P Natl Acad Sci USA 107:7335–7340. https://doi.org/
10.1073/pnas.1001934107
Muneret L, Mitchell M, Seufert V, Aviron S, Djoudi E, Petillon J,
Plantegenest M, Thiery D, Rusch A (2018) Evidence that organic
farming promotes pest control. Nat Sustain 1:361–368. https://d oi.
org/10.1038/s41893-018-0102-4
Muñoz-Sáez A, Kitzes J, Merenlender AM (2021) Bird-friendly wine
country through diversified vineyards. Conserv Biol 35:274–284.
https://doi.org/10.1111/cobi.13567
Myers N, Mittermier RA, Mittermier CG, da Fonseca GAB, Kent J
(2000) Biodiversity hotspots for conservation priorities. Nature
403:853–858. https://doi.org/10.1038/35002501
Nakagawa S, Noble DWA, Senior AM, Lagisz M (2017) Meta-evaluation of meta-analysis: ten appraisal questions for biologists. BMC
Biol 15:18. https://doi.org/10.1186/s12915-017-0357-7

13

Journal of Pest Science
Nyffeler M, Şekercioğlu CH, Whelan CJ (2018) Insectivorous birds
consume an estimated 400–500 million tons of prey annually. Sci
Nat-Heidelberg. https://doi.org/10.1007/s00114-018-1571-z
Oerke EC (2006) Crop losses to pests. J Agr Sci 144:31–43. https://d oi.
org/10.1017/S0021859605005708
Olimpi EM, García K, Gonthier DJ, De Master KT, Echeverri A, Kremen C, Sciligo AR, Snyder WE, Wilson-Rankin EE, Karp DS
(2020) Shifts in species interactions and farming contexts mediate net effects of birds in agroecosystems. Ecol Appl 30:e02115.
https://doi.org/10.1002/eap.2115
Paiola A, Assandri G, Brambilla M, Zottini M, Pedrini P, Nascimbene
J (2020) Exploring the potential of vineyards for biodiversity
conservation and delivery of biodiversity-mediated ecosystem
services: a global-scale systematic review. Sci Total Environ
706:135839. https://doi.org/10.1016/j.scitotenv.2019.135839
Peisley RK, Saunders ME, Luck GW (2017) Providing perches for
predatory and aggressive birds appears to reduce the negative
impact of frugivorous birds in vineyards. Wildlife Res 44:334–
342. https://doi.org/10.1071/Wr17028
Pejchar L, Clough Y, Ekroos J, Nicholas KA, Olsson O, Ram D,
Tschumi M, Smith HG (2018) Net effects of birds in agroecosystems. Bioscience 68:896–904. https://doi.org/10.1093/biosci/
biy104
Pimentel D (2005) Environmental and economic costs of the application of pesticides primarily in the United States. Environ Dev
Sustain 7:229–252. https://doi.org/10.1007/s10668-005-7314-2
R Development Core Team (2020) R: A language and environment for
statistical computing, reference index version 4.0.3. Foundation
for statistical computing, Vienna, Austria
Recher HF, Majer JD (2006) Effects of bird predation on canopy
arthropods in wandoo Eucalyptus wandoo woodland. Austral Ecol
31:349–360. https://doi.org/10.1111/j.1442-9993.2006.01555.x
Rosenberg MS (2005) The file-drawer problem revisited: a general
weighted method for calculating fail-safe numbers in meta-analysis. Evolution 59:464–468. https://doi.org/10.1111/j.0014-3820.
2005.tb01004.x
Rosenheim JA, Wilhoit LR, Armer CA (1993) Influence of intraguild
predation among generalist insect predators on the suppression of
an herbivore population. Oecologia 96:439–449. https://doi.org/
10.1007/Bf00317517
Rozzi R, Armesto JJ, Gutierrez JR, Massardo F, Likens GE, Anderson
CB, Poole A, Moses KP, Hargrove E, Mansilla AO, Kennedy JH,
Willson M, Jax K, Jones CG, Callicott JB, Arroyo MTK (2012)
Integrating ecology and environmental ethics: Earth stewardship
in the southern end of the Americas. Bioscience 62:226–236.
https://doi.org/10.1525/bio.2012.62.3.4
Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo R,
Huber-Sanwald E, Huenneke LF, Jackson RB, Kinzig A, Leemans
R, Lodge DM, Mooney HA, Oesterheld M, Poff NL, Sykes MT,
Walker BH, Walker M, Wall DH (2000) Biodiversity - Global

13

biodiversity scenarios for the year 2100. Science 287:1770–1774.
https://doi.org/10.1126/science.287.5459.1770
Sanz JJ (2001) Experimentally increased insectivorous bird density
results in a reduction of caterpillar density and leaf damage to
Pyrenean oak. Ecol Res 16:387–394. https://doi.org/10.1046/j.
1440-1703.2001.00403.x
Şekercioğlu CH, Wenny DG, Whelan CJ (2016) Why birds matter –
Avian ecological function and ecosystem services. University of
Chicago Press, Chicago IL
Shave ME, Shwiff SA, Elser JL, Lindell CA (2018) Falcons using
orchard nest boxes reduce fruit-eating bird abundances and provide economic benefits for a fruit-growing region. J Appl Ecol
55:2451–2460. https://doi.org/10.1111/1365-2664.13172
Smith OM, Taylor JM, Echeverri A, Northfield T, Cornell KA, Jones
MS, Latimer CE, Owen JP, Snyder WE, Kennedy CM (2021) Big
wheel keep on turnin ’ : linking grower attitudes, farm management, and delivery of avian ecosystem services. Biol Conserv
254:108970. https://doi.org/10.1016/j.biocon.2021.108970
Stenberg JA (2017) A conceptual framework for integrated pest management. Trends Plant Sci 22:759–769
Suhonen J, Norrdahl K, Korpimaki E (1994) Avian predation risk
modifies breeding bird community on a farmland area. Ecology
75:1626–1634. https://doi.org/10.2307/1939623
Thrupp LA (2000) Linking agricultural biodiversity and food security:
the valuable role of agrobiodiversity for sustainable agriculture.
Int Aff 76:265–281. https://doi.org/10.1111/1468-2346.00133
Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural sustainability and intensive production practices. Nature
418:671–677. https://doi.org/10.1038/nature01014
Tittonell P (2014) Ecological intensification of agriculture - Sustainable by nature. Curr Opin Env Sust 8:53–61. https://doi.org/10.
1016/j.cosust.2014.08.006
Tscharntke T, Tylianakis JM, Rand TA, Didham RK, Fahrig L, Batary
P, Bengtsson J, Clough Y, Crist TO, Dormann CF (2012) Landscape moderation of biodiversity patterns and processes-eight
hypotheses. Biol Rev 87:661–685. https://d oi.o rg/1 0.1 111/j.1 469-
185X.2011.00216.x
Van Bael SA, Philpott SM, Greenberg R, Bichier P, Barber NA,
Mooney KA, Gruner DS (2008) Birds as predators in tropical
agroforestry systems. Ecology 89:928–934. https://doi.org/10.
1890/06-1976.1
Whelan CJ, Şekercioğlu CH, Wenny DG (2015) Why birds matter:
from economic ornithology to ecosystem services. J Ornithol
156:S227–S238. https://doi.org/10.1007/s10336-015-1229-y
Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

