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A food web approach reveals
the vulnerability of biocontrol
services by birds and bats

to landscape modification

at regional scale
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Pest control services provided by naturally occurring species (the so-called biocontrol services) are
widely recognized to provide key incentives for biodiversity conservation. This is particularly relevant
for vertebrate-mediated biocontrol services as many vertebrate species are of conservation concern,
with most of their decline associated to landscape modification for agricultural purposes. Yet, we still
lack rigorous approaches evaluating landscape-level correlates of biocontrol potential by vertebrates
over broad spatial extents to better inform land-use and management decisions. We performed a
spatially-explicit interaction-based assessment of potential biocontrol services in Portugal, using 1853
pairwise trophic interactions between 78 flying vertebrate species (birds and bats) and 53 insect pests
associated to two widespread and economically valuable crops in the Euro-Mediterranean region,
olive groves (Olea europaea subsp. europaea) and vineyards (Vitis vinifera subsp. vinifera). The study
area was framed using 1004 square cells, each 10 x10 km in size. Potential biocontrol services were
determined at all those 10 x 10 km grid-cells in which each crop was present as the proportion of the
realized out of all potential pairwise interactions between vertebrates and pests. Landscape correlates
of biocontrol potential were also explored. Our work suggests that both birds and bats can effectively
provide biocontrol services in olive groves and vineyards as they prey many insect pest species
associated to both crops. Moreover, it demonstrates that these potential services are impacted by
landscape-scale features and that this impact is consistent when evaluated over broad spatial extents.
Thus, biocontrol potential by vertebrates significantly increases with increasing amount of natural
area, while decreases with increasing area devoted to target crops, particularly olive groves. Overall,
our study highlights the suitability of our interaction-based approach to perform spatially-explicit
assessments of potential biocontrol services by vertebrates at local spatial scales and suggest its
utility for integrating biodiversity and ecosystem services in conservation planning over broad spatial
extents.
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Landscape modification for agricultural purposes is widely recognized as being one of the major threats to global
terrestrial biodiversity'. Typically, as landscape modification increases, native vegetation is progressively lost and
land becomes dominated by large homogeneous patches of agricultural land. This landscape-scale modifica-
tion strongly influences local patterns of species richness and abundance because of the lack of opportunity for
spill-over between complementary resources?. From the agricultural perspective, this is somewhat puzzling as
biodiversity is widely recognized to provide ecosystem services that support both crop yield and quality’. One
such biodiversity-dependent ecosystem services is biological pest control or biocontrol services, defined as the
impact of naturally occurring predators (i.e., biocontrol agents) on the population density of pests. A burgeoning
research literature demonstrates the substantial economic value of biocontrol services in production landscapes,
particularly those provided by flying vertebrates such as insectivorous birds and bats*°. Biocontrol services are
thus not surprisingly calling to enter into regional policy and planning agendas, just like other biodiversity-
mediated ecosystem services’"'°. Yet, we still lack rigorous approaches for evaluating landscape correlates of
biocontrol services provided by vertebrates to better inform land-use and management decisions.

Here, we present results of a spatially-explicit countrywide assessment of the effects of landscape composition
on potential biocontrol services provided by birds and bats in two widespread and highly economically valuable
Mediterranean crops. Specifically, we evaluate landscape correlates of biocontrol services against insect pests
associated with olive groves (Olea europaea subsp. europaea) and vineyards (Vitis vinifera subsp. vinifera) in
Portugal, western Iberian Peninsula (Fig. 1). First, we performed a comprehensive literature review to identify
all vertebrate species that prey on insect pests and, in turn, to determine their potential to act as crop-specific
biocontrol agents. Then, we framed the study region using a homogeneous gridding, and modelled the occur-
rence (presence-absence) patterns of vertebrates throughout the study region using individual grid cells as study
unit. Potential biocontrol services were estimated by analysing co-occurrence patterns between vertebrates and
insect pests, considering that they reach their maximum when all vertebrates identified as biocontrol agents for
a given are present. Finally, landscape-scale correlates of biocontrol services were explored, namely the amount
of natural and semi-natural vegetation and that of each individual crop. We hypothesise that, by preying on most
insect pests associated with olive groves and vineyards, birds and bats effectively act as biocontrol agents in olive
groves and vineyards. We also expect that the potential of biocontrol agents to provide biocontrol services will
be impacted by landscape composition and that this impact will be consistent from local to regional extents.
Finally, we hypothesise that the impact of landscape composition on biocontrol services will be crop-specific.

Methods

Spatial framework and study crop system. The study region was mapped using homogeneous grid-
ding, which was also applied to vertebrate distribution data as well as to potential vertebrate-mediated biocon-
trol services (see below; Fig. 1). We used 10x 10 km in size square grids. The entire study region comprised a
total of 1004 grids. We focused on olive groves (Olea europaea subsp. europaea) and vineyards (Vitis vinifera
subsp. vinifera). The reason for selecting these crops was twofold. First, olive groves and vineyards are among
the most widespread and economically relevant crops in the Euro-Mediterranean region. Indeed, Portugal is the
fourth biggest European producer of both olive oil and grapevine'!. Second, insects are among the most harmful
pests to both crops, causing huge direct costs associated to yield loss and indirect costs related to agrochemicals
inputs'>13,

Crop-specific occurrence maps (as estimated by the presence-absence of each crop at every individual 10 x 10
grid-cell throughout the study region) were constructed using the CORINE Land Cover (CLC) 2018 database
(Supplementary Figure S1). Information about the most harmful insect pests affecting each crop was extracted
from EPPO, the European and Mediterranean Plant Protection Organization database'*. Only insect pests con-
firmed for mainland Portugal were considered. Unfortunately, Portugal still lacks spatially explicit maps depicting
the distribution and incidence of crop pests. This ultimately hampered the use of SDMs to determine landscape
correlates behind the distribution and incidence patterns of insects as it was made for vertebrates. As a con-
sequence, the distributions of insect pests were linked to crop occurrence. We acknowledge that at least some
pest species can exhibit spatial variations in their distribution and abundance patterns. However, quantitative
syntheses of this literature suggest that the abundance of pests often show no significant response to landscape
patterns’®.

Mapping the distribution of vertebrates. The latest available atlases of birds and bats of mainland
Portugal differ in their temporal ranges (1999-2005 and 2010-2012, respectively'®!”. Thus, to model the current
distribution of insectivorous birds and bats we determined species’ past distribution patterns and projected them
to recent times using Species Distribution Models (SDMs)'®. Both bioclimatic and land cover variables at every
10x 10 km grid-cell were integrated in SDMs to determine the environmental mechanisms underlying species-
specific occurrence patterns of vertebrates (Fig. 1). Bioclimatic data was extracted from WorldClim—Global Cli-
mate Data!®. We first considered the complete set of bioclimatic variables (BIO1-BIO19) as well as wind speed
(m s7') and solar radiation (k] m™? day™!). However, some of these variables were highly correlated and were
discarded when they achieved pairwise correlations >0.70. Land cover data was extracted from CLC, using
CLC 2006 and CLC 2012 to determine past distribution patterns of bird and bat species, respectively, and CLC
2018 (the latest available) to project their current distribution patterns. Due to the high number of land cover
types available, these were summarized into broader groups: (1) forests (i.e. natural woodlands, riparian forests
and green parks), (2) open agricultural areas (low crops such as cereals and cut forests), (3) tree plantations (pine
and eucalyptus afforestations and tree-like crops), (4) urbanized areas (e.g. urban and industrial areas, building
grounds), (5) transportation infrastructures (roads, railroad tracks) and (6) water and wetlands (rivers and water
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Figure 1. Study region and methodological framework. (a) Location of the study area, shaded area (Portugal,
Western Iberian peninsula). (b) Species distribution models (SDMs) were used to determine the occurrence
patterns (presence/absence) of vertebrate species, while data from CORINE Land Cover (CLC) and the
European and Mediterranean Plant Protection Organization (EPPO) were used to determine the occurrence
patterns of crops and their associated insect pests, respectively. Coloured squares represent the hypothetical
distributions of the variables they represent. (c) Information on the consumption of pest species by predators
was obtained through a comprehensive literature review. (d) For every 10x 10 km grid cell in which crops were
present, we calculated a crop-specific biocontrol service index (bsi), that represents a proxy for the relative
completeness of the interaction assemblage involved in the provision of biocontrol services.

10 km

bodies). Species-specific habitat suitability maps were then used to build occurrence (i.e. presence-absence)
maps for each vertebrate species?.

To determine which landscape correlates underlay the occurrence (presence-absence) patterns of vertebrate
species, we distinguished between their potential distribution (locations where species could be present) and
realized distribution (locations where species are actually present). Potential distribution patterns were deter-
mined using only climatic variables, while realized distributions were obtained using both climatic and land cover
variables?!. Differences between occurrence patterns were subsequently used to determine the relative impact
that different land cover types (i.e., the amount of natural and semi-natural vegetation and that of each target
crop) has on the occurrence of every vertebrate species. We used Generalized Linear Models (GLMs) to develop
potential-realized species-specific distributions as well as to determine the landscape correlates underlying their
species-specific occurrence patterns. All models were evaluated using a repeated random cross-validation, a
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resampling approach to assess the robustness of predictions whereby we randomly resampled 2/3 of the original
data, calculated the parameter estimates on the best model, and used them to obtain predicted values for the
remaining 1/3 of the dataset®. For each vertebrate species, we calculated the average and standard error of AUC
based on 100 realizations of the above described cross-validation procedure. We only retained species-specific
models providing robust estimates (i.e. AUC values 2 0.7). Thus, from a total of 72 insectivorous bird and 24 bat
species which were initially included into SDMs, 66 birds (91.6%) and 12 bats (50.0%) were retained for further
analyses (Supplementary Figure S2).

Linking vertebrates, crops and pests. Vertebrates are linked to crops through the trophic relationship
they maintain with crop-specific insect pests. We thus constructed a tri-trophic interaction matrix between ver-
tebrates, crops and pests. We first constructed the interaction matrix between pests and crops using the EPPO
database. This interaction matrix was then joined with an interaction matrix relating vertebrates and pests, ulti-
mately enabling the establishment of a link between vertebrates and crops and, in turn, determining the potential
role of the vertebrates to act as biocontrol agents for each crop. The interaction matrix between vertebrates and
pests was constructed by performing a comprehensive literature review aimed at collecting information regard-
ing the consumption of crop-specific pests by vertebrates. We searched in the Web of Knowledge and Google
Scholar combining the following keywords for vertebrates (‘bird* OR ‘bat*” OR ‘vertebrate*” OR ‘predator’),
pests (‘insect’ OR ‘invertebrate*” OR ‘arthropod” OR ‘pest’ OR “prey”) and processes (‘diet” OR ‘prey selection’
OR ‘biocontrol’ OR ‘pest control*’). We additionally searched for citations in general books potentially providing
information about dietary composition of either birds or bats. Studies where the interaction between predators
and pests was inferred rather than measured were excluded. A total 112 studies was reviewed (Supplementary
Table S1).

Mapping and evaluating crop-specific biocontrol services. We mapped crop-specific biocontrol
services using the pairwise interactions between vertebrates and insect pests?’. Because no previous informa-
tion on the relative impact of each vertebrate species on pests is available, we considered pairwise interactions
between vertebrates and pests as being redundant (sensu®). In other words, the contributions of vertebrate spe-
cies to biocontrol services were considered to be equivalent and replaceable. We thus considered that biocontrol
services reached their maximum in a given cell when all the interactions between vertebrates and pests are pre-
sent as estimated from the realized-potential distributions of vertebrates. From this perspective, considering m
the total number of pests associated with olive groves (m=17) and vineyards (m =38), the relative contribution
of a pairwise interaction (w)) between a given vertebrate (v) and pest (p) to biocontrol services was calculated as:

1
2 ivitbj

where v; - p; is the interaction between the vertebrate i and the pest j. For instance, if pest j is consumed exclu-
sively by one vertebrate species (either bird or bat), then w;=1, if it is consumed by two vertebrate species, then
w;=0.5, and so forth. In other words, w; index weights each (unidirectional) interaction based on the contribu-
tion of a given vertebrate species when preying on a given pest species. For each crop we thus defined a simple

predation pressure (P) index based on the number of existing interactions between vertebrates and pests. The

P index was defined as:
PZE:E:(Vi'pj’Wj) )
i

Finally, a crop-specific biocontrol service index (bsi) was calculated as:

W = for j=1,2,...,m (1)

Piea
bsi = < 3)

pot

where P, is the predation pressure exerted by all those vertebrates estimated to be present based on their
species-specific realized distribution and P,,, is the predation pressure exerted by all those vertebrates estimated
to be present based on their species-specific potential distribution. The bsi index therefore indicates the relative
completeness of the interaction assemblage involved in the provision of biocontrol services for each crop, ranging
between 0 (minimum) and 1 (maximum).

Determining landscape-scale correlates of vertebrate-mediated biocontrol services. We were
interested in determining the environmental correlates of biocontrol services (as estimated by bsi). Crop-specific
bsi values were thus correlated with both the amount of natural and semi-natural areas as well as with the
amount of each target crop to determine how landscape composition affects the relative completeness of the
interaction assemblage. On one hand, natural and semi-natural vegetation integrated the categories 3.1 (Forests)
and 3.2 (Scrub and/or herbaceous vegetation) belonging to the Level 2 of the CLC 2018 database and the catego-
ries 2.4.3 (Land occupied by agriculture, with significant areas of natural vegetation) and 2.4.4 (Agro-forestry
areas) belonging to the Level 3 of the CLC database. On the other hand, olive grove and vineyard cover was
extracted from the CLC database, namely from the 2.2.3 and 2.2.1 Level 3 categories, respectively. Olive groves
and vineyards integrated the group (3) of variables used to model vertebrate occurrence patterns (see above).
To tackle the presence of spatial autocorrelation found in exploratory Generalized Linear regression Models,
we used Spatial Autoregressive Models (SARs) with the queen contiguity, which considers that two grid cells
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are considered contiguous if they share a common border or vertex. The spatial weights matrix for contiguous
grid cells was obtained by row standardisation (commonly known as style W, considered here as the centroid
of the 10 x 10 km cell). This models are particularly suitable to describe the relationship between independent
and dependent variables by involving location effect of the data. In our case, we used SARs models to model the
bsi values for both olive groves and vineyards (response or dependent variables) against the amount of natural
and semi-natural area and that of each target crop (explanatory or independent variables). Response variables
were log transformed.

No sign of collinearity between explanatory variables was found for both models (VIF values <2). The assump-
tions of homocedasticity and independence of the data points were validated for both the olive groves and the
vineyards models by the Breusch-Pagan test (p values of 0.063 and 0.071, respectively) and Moran’s I test (p
values of 0.687 and 0.397, respectively), on the model residuals.

Results

A total of 1,853 pairwise interactions between vertebrates (n=78) and insect pests (n=>50) were identified (Fig. 2).
While every vertebrate species was found to prey on at least one pest associated with olives and grapes (Fig. 2),
on average olive pests were preyed by a lower number of vertebrates than grape pests (22.59 +6.03, range: 2-69
and 41.68 +3.68, range: 1-69, respectively). Similarly, on average, vertebrates preyed on a higher number of grape
pests (19.88+0.91, range: 4-33) than olive pests (4.86 £0.27, range: 1-12) (Fig. 2).

Average bsi values were relatively high and quite similar between vineyards and olive groves (0.909 +0.003
and 0.914 £0.002, respectively). However, the lower limit of the range were slightly lower in olive groves than
in vineyards (Fig. 3). The amount of natural and semi-natural vegetation significantly influenced bsi values in
olive groves, but not in vineyards (Table 1). Thus, the higher the amount of natural and semi-natural areas in a
given grid-cell, the higher the bsi value estimated for olive groves in such a cell (Fig. 4). Remarkably, the amount
of olive groves significantly influenced bsi values estimated for both crops. The higher the area covered by olive
groves in a given grid cell, the lower the bsi value estimated for both olive groves and vineyards (Fig. 4). We found
no influence of the proportion of vineyards on the bsi values estimated for vineyards or olive groves (Table 1).

Discussion

In close agreement with previous literature research, our interaction-based approach demonstrates that landscape
composition impacts the potential of birds and bats to provide biocontrol services in agroecosystems**-*. Moreo-
ver, we found that this landscape-level impact is crop-specific. Thus, while potential biological services against
olive pests increases with natural vegetation cover and decreases with olive grove cover, potential biocontrol
services against grape pests is only (negatively) related to olive grove cover. We hypothesise that the idiosyncratic
spatial structure of olive groves and vineyards may be well behind this response pattern.

On one hand, the latest results of the five-yearly European Union orchard survey indicate that olive grove
cover in Portugal accounts for about 400.000 hectares, thereby representing a significant share of the land surface
devoted to agriculture in this country'. Portugal is indeed the fourth most important olive producing country
in Europe, only overtaken by Spain, Italy and Greece. Even more important is the fact that olive groves typically
cover broad spatial extents, driving a strong structural simplification of the landscapes in which they are embed-
ded. As reported for other crops across the world, the structural simplification of olive-growing landscapes is
known to severely impact species richness and abundance of vertebrates (including birds®-*! and bats®?, with
potential concomitant effects on biocontrol services®****). Indeed, existing knowledge suggests that large and
homogeneous olive monocultures are far from being true foraging habitats for birds and bats, except for some
avian guilds such as wintering frugivores®. Thus, the significant share that olive groves represents may well
explain the negative influence they exert on potential biological services provided by vertebrates against olive
pests, but also against pests associated with any adjacent crop including vineyards.

On the other hand, while vineyards are also widespread in Portugal, the area covered by this crop is about
200.000 hectares, i.e., half of that covered by olive groves. Moreover, unlike olive groves, vineyards rarely cover
large spatial extents as monocultures, but they are typically embedded in landscape mosaics. Such is the case, that
landscape features are suggested to be a more important correlate of vertebrate richness and activity in vineyards
-and consequently of potential biocontrol services- than the characteristics of vineyards themselves (e.g*-25%).
Thus, for example, Pithon et al. found that only a small fraction of the bird species they recorded at the landscape
scale were frequent users of vineyards plots, and that most species selected adjacent land cover types®’. Moreover,
Froidevaux et al.*® found that even organic farming was ineffective on its own to enhance bat activity and species
richness regardless of the landscape context around vineyard plots. Overall, this may explain why we found that
the area occupied by vineyards had no influence on potential biological services against grape pests, but why it
was significantly influenced by other co-occurring land-cover types, particularly by the widespread olive groves.

Despite our results strongly agree with previous studies, we acknowledge that the impact of landscape com-
position on potential biocontrol services potential is to a certain extent weaker than expected. This is because
landscape features around olive groves and vineyards have been found to exert a strong (and deleterious) impact
on the occurrence probabilities of flying vertebrates, including both birds and bats (see references above). We
hypothesise that the scale of our spatial approach (i.e., 10 x 10 km) is behind this response pattern. It should be
noted that most previous studies used smaller spatial scales to determine the influence of landscape composi-
tion on vertebrate occurrence patterns and potential biocontrol services within olive groves and vineyard plots.
Reasonably, this is made to better cope with the foraging range of most species and, in turn, to better understand
the effects of landscape composition on occurrence patterns at both species and community level'®. However,
conservation planning at regional extents needs to reach a compromise between the spatial scale at which ecologi-
cal processes operate and the spatial scale at which territories are managed™®. In this way, our results demonstrate
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Figure 2. Trophic interaction links between vertebrates and olive (left panel) and grape (right panel) pests.
Grey circles represent pest species of each crop, whereas red and blue circles represent bird and bat species,
respectively. Trophic interactions between pests and vertebrates were obtained through a literature review

(Supplementary Table S1). Identities of both vertebrate and pest species were simplified by using four-letter

abbreviations.

the suitability of our spatial framework to inform land-use and management decisions and underline their utility

for integrating biodiversity and ecosystem services into conservation planning over broad spatial extents.
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Figure 3. Biocontrol service indices (bsi) in olive groves (left panels) and vineyards (right panels) throughout
Portugal. Upper panels show the spatial distribution patterns of estimated bsi values for each crop, while lower
panels depict the frequency distribution histograms (%) using the 10x 10 km grid cells as unit. Maps were
generated using the free and open source Geographic Information System QGIS v2.8 (https://qgis.org/en/site/).

Caveats and the way forward. Due to the lack of rigorous spatially-explicit data on the distribution of
both vertebrates and insect pests, our interaction-based approach to potential biocontrol services is based on
their co-occurrence probabilities. While species loss inevitably causes the loss of interactions in which they are
involved, many species can be present at such low densities that they can be considered virtually extinct from
an ecological point of view™. It is important to highlight this because previous studies suggest that landscape
composition may have even stronger effects on vertebrate species abundance than on species occurrence than
those reported here*'. Moreover, similarly, despite the occurrence patterns of insect pests generally overlap those
of their target crops, their relative incidence exhibit strong geographical variations*?. This being the case, we
encourage governmental institutions to develop updated and rigorous distribution maps of both vertebrates and
insect pests to better understand the effects of landscape composition on their distribution patterns and, in turn,
to better predict the vulnerability of biocontrol services to landscape modification.

Another key challenge of our approach is related to the fact that we consider all pairwise interactions between
vertebrates and pests as being equivalent??. We acknowledge this assumption may not be necessarily well war-
ranted as it implies that all vertebrates are equivalent in terms of the quality of their species-specific interactions
with pests. Once again, this theoretical commitment was taken due to the lack of detailed data regarding the
dietary niche of vertebrates and, in turn, their relative potential as biocontrol agents against insect pests. Fortu-
nately, a burgeoning research literature is shedding light on this knowledge gap thanks to advanced molecular
biology techniques such as DNA metabarcoding (e.g.**). Thus, the dietary analysis of a rapidly increasing number
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| Estimate | SE | pvalue | R?
Olive grove (bsi) (n=514)
Spatial lag (rho) 0.445 0.054 <0.001 | 15.5%
Intercept —-0.048 0.006 <0.001
Natural area cover 0.026 0.013 0.030
Olive grove cover -0.076 0.024 0.002
Vineyard cover —0.006 0.029 0.500
Vineyard (bsi) (n=439)
Spatial lag (rho) 0.496 0.049 <0.000 | 22.3%
Intercept —0.043 0.006 <0.000
Natural area cover 0.015 0.018 0.398
Olive grove cover -0.102 0.028 <0.000
Vineyard cover -0.023 0.029 | <0.428

Table 1. Results of the spatial autoregressive model (SAR) relating the proportion of the three land-cover
types on the Biocontrol Service Index (bsi) estimated for all those 10x 10 grid cells in which olive groves and
vineyards were present. Significant p values (p <0.01) are highlighted in bold.
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Figure 4. Linear relationships between biocontrol services indices (bsi) and landscape composition
(proportions of natural area and that of each crop at 10 x 10 km grid cells) estimated for olive groves (left panels)
and vineyards (right panels). Significant relationships between bsi and landscape composition are shown using
continuous lines, while non-significant relationships are shown using dashed lines (see Table 1).
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of vertebrates is being performed, remarkably to identify their role as biocontrol agents of crops pests®. By the
way, these dietary analysis will also help to better understand the trophic relationship between insectivorous
vertebrates and insect pests and, in turn, the net effect of vertebrates on potential biocontrol services. This is
because, ultimately, these dietary analysis will help to disentangle the direct but also indirect effects of vertebrates
on pests by accounting for the potential impact that vertebrates has on predatory species belonging to lower
trophic levels*. However, both the high number of vertebrate and pest species as well as the strong geographical
variations in resource use exhibited by vertebrates will considerably delay the fulfilment of this challenging task*.

In sum, our study highlights the suitability of interaction-based approaches to perform spatially-explicit
assessments of potential vertebrate-mediated biocontrol services, and underlines their relevance for broad-scale
conservation planning. Though we focused on olive groves and vineyards, we suggest that our approach can be
applied to other cropping systems involving insect pests. Moreover, we encourage the assessment of the suitability
of this approach for other interaction-based ecosystem services, such as crop pollination.

The potential of vertebrates to provide biocontrol services in olive groves and vineyards were impacted in
homogeneous olive-growing landscapes. Because current trends predict that the land surface devoted to this crop
will continue to increase in coming years, our approach and main findings are highly relevant for the conserva-
tion management planning of agricultural landscapes using biocontrol services as incentives for biodiversity
maintenance.
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