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ARTICLE INFO ABSTRACT

Keywords: Crop production intensification often leads to the structural simplification of production systems. This structural
Biocontrol services simplification is expected to have strong impacts on biodiversity and the provisioning of ecosystem services, but
Foraging information about this topic is scarce. For instance, no information exists for Mediterranean olive (Olea europaea)

Landscape structure
Olive groves
Insect pests

groves, despite olive farming representing a significant share of the agricultural sector in some European
countries. We investigated the impact of in-farm and landscape-level structural simplification on the potential of
three common insectivorous bats (i.e., Pipistrellus kuhlii, P. pygmaeus and P. pipistrellus) to provide biocontrol
services against one of the most harmful olive pests worldwide, the olive fruit moth Prays oleae. Bats and insect
surveys were both carried out in olive groves representing increasing levels of structural simplification and
during three sampling seasons (spring, summer and autumn). At grove-level, structural simplification was
considered as resulting from reduced planting pattern variability (i.e., tree and row spacing) and tree features
(diameter at breast height, height of the trunk and canopy area), while at landscape level was considered as
resulting from reduced land-cover types. We found that the Kuhl’s pipistrelle was the most frequently recorded
species in all types of olive groves and seasons. Moreover, the activity levels of pipistrelle bats as a whole
significantly decreased with the structural simplification of olive groves. The abundance of P. oleae was highest
at intermediate levels of structural simplification, irrespective of the season. Forest cover in the surrounding
landscape had a significant positive influence on the activity levels of P. kuhlii, and a significant and negative
influence on the abundance of P. oleae. Our study demonstrates that structural simplification differentially in-
fluences the activity patterns of both insectivorous bats and insect pests within olive groves. Moreover, it sug-
gests that structural simplification may strongly compromise biocontrol services provided by bats on the major
olive pest P. oleae.

1. Introduction

In the Euro-Mediterranean region, olive (Olea europaea L. 1753)
farming represents a significant share of the land surface devoted to
agriculture, being by far one of the most striking landscape features
throughout this broad region. With a planted area exceeding eight
million hectares (i.e., roughly 4% of the available agricultural area) and
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a mean annual production of 10 million tonnes (roughly three quarters
of global production), the Euro-Mediterranean region is currently the
largest olive producing region in the world (Eurostat, 2012). Tradi-
tionally, olive farming used low-impact management practices, in-
cluding a highly spatial variability in both planting patterns (i.e., dis-
tance between olive trees along rows and distance between tree rows)
and tree features features (i.e., diameter at breast height, height of the
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Fig. 1. In (), the location of the study region (inset in at the upper-left corner) and the spatial distribution of the tree types of olive groves (see the main text for
details). In (b), conceptual diagram showing the structural features of the three types of olive production systems. Namely, olive groves showing a high (upper panel),
intermediate (mid panel) and low (lower panel) structural complexity are shown. The variables used to characterize the structural complexity of olive groves are

represented within the upper panel in (b).

trunk and canopy area). However, the increasing global demand for
olive oil as well as the assignment of agricultural subsidies directly
coupled with production levels during last decades, prompted the in-
tensification of management practices and, in consequence, the struc-
tural simplification of both olive groves and the landscapes in which
they are embedded through a homogenization of land cover types
(Beaufoy, 2001).

Despite the widely demonstrated pervasive impacts on the struc-
tural simplification of production landscapes on biodiversity (Benton
et al.,, 2003) and, to a much lesser extent, on biodiversity-mediated
ecosystem processes (Gossner et al., 2016), research explicitly focused
on olive groves is surprisingly scarce. Consequently, management
know-how for the conservation of biodiversity in olive groves is still a
key challenge, particularly if we aim to benefit from ecosystem services
delivered by wild species (Baumgirtner, 2007). One such ecosystem
services is biocontrol, which can be defined as the impact of wild
species (biocontrol agents) on the population density of crop pests. A
growing body of work demonstrates that insectivorous bats are very
effective at suppressing agricultural pests (Riccucci and Lanza, 2014;
Williams-Guillén et al., 2016; Maas et al., 2016; Russo et al., 2018).
Ultimately, this provides an undeniable argument for the conservation
of these species as, far from being trivial, efficient pest management is
widely recognized as being one of the major challenges for fostering
economically profitable olive farms, particularly across the Mediterra-
nean Basin (Ponti et al., 2014).

The olive fruit moth, Prays oleae Bernard 1788 (Lepidoptera:
Praydidae), is one of the most harmful olive pests worldwide. P. oleae is

a monophagous species with three annual generations, each of which is
synchronized with the seasonal growth of specific plant structures,
namely leaves, flowers and fruits (Gonzalez et al., 2015). It has recently
been recorded in the diets of insectivorous bats (Vanessa Mata, Personal
Communication), though their role as biocontrol agents against this
specific crop pest is still far from understood. However, previous re-
search carried out in the same study region demonstrates that olive
farming intensification negatively affects bat assemblage composition
and activity levels (Herrera et al., 2015), suggesting concomitant de-
leterious impacts on biocontrol services against P. oleae and possibly
other major olive (insect) pests such as the olive fruit fly Bactrocera
oleae Rossi 1790 (Diptera: Tephitidae). However, the study was re-
stricted to a particular sampling season (i.e., summer) and did not si-
multaneously assess the spatio-temporal distribution patterns of both
bats and pests. Consequently, more research is needed not only to un-
derstand the impacts of management intensification on bats and the
biocontrol services they provide, but also to determine the reliability
and predictability of such impacts over time (Herrera and Doblas-
Miranda, 2013).

In the present study, we investigated the activity levels of three
common insectivorous bat species (i.e., Kuhl’s pipistrelle Pipistrellus
kuhlii, soprano pipistrelle P. pygmaeus, and common pipistrelle P. pi-
pistrellus) and the abundance patterns of P. oleae. Both bat and insect
surveys were carried out in olive groves representing increasing levels
of in-field and landscape structural simplification. At grove-level,
structural simplification was considered as resulting from reduced
planting pattern variability (i.e., tree and row spacing) and tree features
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(diameter at breast height, height of the trunk and canopy area), while
at landscape level was considered as resulting from reduced land-cover
types. Since bats adjust their foraging and activity levels according to
their annual reproductive life cycle (e.g. Ciechanowski et al., 2010;
Heim et al., 2016), and P. oleae has three seasonal peaks of abundance
along its life cycle (see above), sampling surveys were performed
during three consecutive seasons: spring, summer and autumn. By
comparing the spatio-temporal patterns of activity of both insectivorous
bats and insect pests, we aimed to determine whether the structural
simplification of olive groves had an impact on the ability of bats to
provide biocontrol services within olive groves. We expected a lower
probability of bat-mediated biocontrol services with decreasing struc-
tural complexity, due to higher reductions in bat activity compared to
pest activity, irrespectively of the sampling season (Williams-Guillén
and Perfecto, 2011; Herrera et al., 2015).

2. Material and methods
2.1. Study area

This study was carried out in the region of Alentejo, southern
Portugal (Fig. 1a), which is one of the most important olive growing
regions in Europe (Eurostat, 2012). Regional climate is Mediterranean,
which is characterized by mild and rainy winters and by warm and dry
summers with temperatures commonly reaching 40 °C. The topography
is flat, with altitude ranging between 100 and 400 m a.s.l. Natural and
semi-natural vegetation throughout the study region mainly occurs in
the form of extensive savanna-like forests composed largely of cork
(Quercus suber L.) and holm-oak (Q. rotundifolia L.) trees in varying
densities (Pinto-Correia et al., 2011). Other dominant land cover types
include orchards of tree-like crops, mainly olive (Olea europaea L.),
vineyards (Vitis vinifera L.) and open areas allocated to cattle grazing
and cereal farming. Minor land cover types include timber plantations
(mainly of Pinus pinaster L. and Eucalyptus spp.) and small human set-
tlements.

2.2. Sampling design and sampling site characterization

Following a stratified random design, we selected 60 sampling
points within 38 olive groves across the study region, to represent the
greatest possible range of structural complexity. The maximum number
of sampling points within a given olive grove was n = 2, always en-
suring a distance of 500 in-between them. Each olive grove was char-
acterized using a set of structural characteristics describing both
planting patterns and tree features. We used the distance between olive
trees along rows (tree dist), the distance between tree rows (row_dist),
the diameter at breast height of olive trees (dbh), the standard deviation
of the diameter of the tree trunks (dbh SD), height of the trunks
(t height), standard deviation of the height of the trunks (t height SD),
tree canopy area (canopy) and standard deviation of the tree canopy
area (canopy SD). Within each olive grove, we measured tree dist,
row_dist, dbh, t height tree and canopy area from at least ten replicates in
order to obtain representative means and deviations (i.e., dbh SD,
t height SD, canopy_SD) (Table 1). In doing so, two olive trees were
randomly selected within 10 m buffers around each sampling point as
well as around points 50 m further away following the four cardinal
directions (ny x s = 10). All the olive groves selected to perform this
study — except organic groves (n = 12) — followed an integrated pest
management strategy, whereby producers apply agrochemicals only
when the population of pests is expected to cause economic loses that
exceed the cost of agrochemicals treatment.

Olive groves were then assigned to single categories based on their
structural features using a multivariate clustering method, the k-means
clustering algorithm. The optimal number of clusters was obtained via
the gap statistic (Tibshirani et al., 2001). This approach clearly iden-
tified three types of olive groves (Appendix A), corresponding to olive
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groves showing a (1) high structural complexity (henceforth referred to
as HIGH; i.e., olive groves exhibiting the highest variability in both
planting patterns and tree features), (2) intermediate structural com-
plexity (MID; olive groves with intermediate variability) and (3) low
structural complexity (LOW; exhibiting the lowest variability)
(Table 1). Mean pairwise distances between sampling points located
within olive groves classified as HIGH, MID and LOW were
69.6 + 2.6km (range: 0.7-136.2), 49.2 + 1.5km (range: 0.8-117.7)
and 46.6 * 1.5km (range: 0.5-126.5), respectively (Fig. 1b). Based on
the pairwise distances between the different types of olive groves, those
classified as LOW and MID were, on average, closer to each other than
between them and those classified as HIGH. This was related to the
aggregated spatial distribution of HIGH olive groves, which show
highest frequencies of occurrences in the Southern region of Alentejo.

To account for structural simplification at the landscape scale, we
measured the amount of the two dominant land cover types around
olive groves, olive groves and holm-oak (Quercus spp.) forests. Using a
geographical information system (QGIS Development Team, 2016), the
proportion of both land cover types were extracted within a 1 km cir-
cular buffer around each sampling point. The distance to the closest
body of water was also estimated and used as a measure of water
availability. The 1-km radius was selected based on the foraging dis-
tances regularly covered by pipistrelle bats (Davidson-Watts and Jones,
2006).

2.3. Bat monitoring

Bats were monitored using ultrasound recording devices (Pettersson
D500x; Pettersson Elektronik AB, Uppsala, Sweden) equipped with
microphones with a sensitivity range of 10-190 kHz. Ultrasound sam-
ples were digitized at 300 kHz with a resolution of 16 bits. During all
surveys, we used the same auto-recording mode setting for 3 s without
pre-trigger. Recordings were then used for species identification and
determining species-specific activity levels. Bat surveys were conducted
in spring (mid-April), summer (mid-June) and autumn (mid-
September), correspond to different periods of energy demand across
their reproductive cycle; namely, pregnancy, lactation and mating
(Heim et al., 2016).

In each sampling point, a single bat detector was mounted on a
tripod at a height of about 1.5-2.0 meters from the ground, facing
upwards at 45° and orientated towards the space between rows of olive
trees in order to maximize the number and recording quality of bat
calls. Detectors were left for three consecutive nights at each sampling
point per season, programmed to start recording 30 min before sunset
and to finish 30 min after sunrise. Sampling was always conducted at
temperatures exceeding 15°C and wind speed below 3.5m s~ '. Ten
sampling points were simultaneously surveyed in each sampling round
per season, ensuring at at least two sampling points placed within each
type of olive grove (i.e., HIGH, MID and LOW).

Bat passes were identified to the lowest taxonomic level possible
using a semi-automatic classification system, followed by a user vali-
dation as recommended by Russo and Voigt (2016), using published
data on bat calls (Rainho et al., 2013). A bat pass was defined as a
search-phase echolocation sequence of at least three consecutive
echolocation calls of one bat (Brigham et al., 2004). Nineteen spectral
and temporal parameters of bat echolocation calls were measured
through a custom-built R script and the identification was performed by
comparisons with a reference database using assemblages of neural
networks. The database used is extensive and includes 16,000 in-
dividual calls from more than 1400 bats belonging to 24 species re-
corded in continental Portugal. Only bat passes successfully identified
as belonging to one of the three pipistrelle species, that is, P. kuhlii, P.
pygmaeus and P. pipistrellus, were considered. Pipistrelle bats were se-
lected as they are by far the most abundant species within olive groves
in our study region (Herrera et al., 2015). Bat activity was estimated as
the number of bat passes by pooling the data from all the three
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Description of variables used to characterize the structural properties of the olive groves, and summary statistics of these variables in olive groves showing high
(HIGH; n = 27), medium (MID; n = 18) and low (LOW; n = 15) structural complexity (see Fig. 1 for details). Landscape-context variables estimated within a 1-km
buffer around sampling points are also provided. Units are represented between parentheses.

Variables Description Structural complexity
HIGH MID LOW

In-farm variables tree_dist Distance between olive trees in the same row (m) 7.96 *+ 0.41 5.00 = 0.49 1.37 = 0.16
row._dist Distance between the rows of olive trees (m) 8.35 + 0.32 7.24 + 0.30 3.41 + 0.17
dbh Diameter at breast height (m) 1.12 + 0.06 0.49 = 0.04 0.27 = 0.01
dbh_SD Standard deviation of dbh (m) 0.30 = 0.04 0.05 = 0.01 0.03 = 0.00
canopy Canopy area (m?) 19.96 = 1.49 9.60 = 0.76 1.46 + 0.18
canopy_SD Standard deviation of canopy area (m?) 5.40 = 0.68 2.01 = 0.18 0.00 = 0.00
t height Height of the trunk (m) 0.89 = 0.05 0.62 = 0.06 0.45 = 0.03
t height SD Standard deviation of trunk height (m) 0.19 + 0.01 0.11 + 0.01 0.08 = 0.01

Landscape context variables F cover Proportion of forest cover (%) 14.07 = 3.96 10.30 = 3.39 8.28 = 3.80
O_cover Proportion olive grove cover (%) 59.39 + 4.64 59.41 * 5.14 52.62 + 6.60

sampling nights per sampling site, thereby obtaining a single measure
per olive grove and season. Finally, bat-feeding activity was estimated
as the number of feeding buzzes, which consist of specific call se-
quences emitted at high repetition rates and indicate prey capture at-
tempts (Williams-Guillén and Perfecto, 2011).

2.4. Pest monitoring

We monitored the activity of P. oleae at each sampling point using a
single Delta Trap (ECONEX; model TA118; 20 x 28 X 11.5 cm) baited
with synthetic sex pheromone [(Z)-7-14: Ald] contained in a poly-
ethylene capsule. Delta traps were hung on a tree branch at ¢. 1.5m
from the ground on the southwest-facing side of the canopy. They were
placed in the field for 15 days, overlapping with the periods of bat
monitoring. Sampling was performed in mid-spring, early-summer and
early-autumn, thereby coinciding with the peaks of abundance of this
species (Gonzalez et al., 2015). At the end of each season, the number of
captured P. oleae was counted and the total number of specimens per
trap was used as a surrogate for site-specific abundance.

2.5. Data analyses

To test for differences in bat activity (i.e., number of bat passes
recorded of each species) between the three types of olive groves, we
used generalized linear mixed models (GLMMs) in which the type of
olive grove (i.e., HIGH, MID and LOW) and season (i.e., spring, summer
and autumn) were included as fixed effects. Forest and olive grove
cover, as well as the distance to the closest body of water were included
as co-variates. The identity of each olive grove was included as a
random effect. A similar model structure was used to test for differences
in the abundance of the P. oleae (i.e., number individuals caught per
site). Due to skewed distributions, we applied a logarithmic transfor-
mation to both response variables and used a Gaussian distribution of
the error for both. The most parsimonious models to describe the re-
sponses of species (including both bats and pests) were obtained by a
backward stepwise procedure applied to both the random and fixed
components (Hosmer and Lemeshow, 2000), with a stopping criterion
of p < 0.05. Benjamini-Hochberg post-hoc pairwise comparisons were
applied to test for differences between types of olive groves and seasons
(Benjamini and Hochberg, 1995). Visual inspections of residuals
(qgplots and residual vs fitted plots) were performed to evaluate the
assumptions of linearity and distributions of the models, and to detect
potential outliers. Spatial independence between localities in model
residuals was assessed applying a Mantel’s test. A moderate (but sig-
nificant) spatial residual trend was only found for P. pipistrellus during
spring (Appendix B), and so we deemed unnecessary to account for
spatial autocorrelation in the models. All statistical analyses were per-
formed within “R” software environment, version 2.4.4. (http://www.r-

project.org), using the functions lmer (R-package “lme4”) for GLMMs
(Bates et al., 2013), glht (R-package “multcomp”) for post-hoc com-
parisons (Hothorn et al., 2008), kmeans (R-package “cluster”) for
clustering (Maechler et al., 2018) and mantel.rtest (R package “ade4”)
for spatial autocorrelation (Dray and Dufour, 2007).

3. Results
3.1. Bat activity

We recorded a total of 3,022 bat passes successfully identified as
belonging to pipistrelle bats, including P. kuhlii (n = 2049; 67.8%), P.
pygmaeus (n = 625; 20.7%) and P. pipistrellus (n = 348; 11.5%)
(Table 2). A total of 214 feeding buzzes belonging to pipistrelle bats
were also recorded, mostly belonging to P. kuhlii (n = 148; 69.2%),
followed by P. pygmaeus (n = 47; 21.9%) and P. pipistrellus (n = 19;
8.8%). Due to the low number of feeding buzzes compared to that of bat
passes and the significant positive correlation between both in all three
species (P. kuhlii, r = 0.86; P. pygmaeus, r = 0.48; P. pipistrellus,
r=0.65; p < 0.001 in all cases), we only used the number of bat
passes for subsequent analyses.

We found significant differences between the different types of olive
production systems in the activity levels of P. kuhlii and P. pygmaeus,
but not for P. pipistrellus (Fig. 2; Table 3). The activity levels of both P.
kuhlii and P. pygmaeus were consistently higher in olive groves classified
as HIGH than in those classified as LOW. No differences between the
different types of olive production systems in the activity levels of P.
pipistrellus were found (Fig. 2).

We found no differences in P. kuhlii activity across seasons (Fig. 2).
In contrast, activities of both P. pygmaeus and P. pipistrellus were higher
in spring than in summer and autumn, but did not vary between
summer and autumn (Fig. 2). Among landscape context variables, the
only significant effect found corresponded to higher activity of P. kuhlii
in groves surrounded by a higher amount of forest cover, (Table 3;
Fig. 4).

3.2. Pest activity

The activity of P. oleae varied between olive production systems,
with more specimens caught in MID than in LOW and HIGH olive
groves (Fig. 3; Table 2). There were also seasonal effects, with more
specimens caught in spring than in summer and autumn (Fig. 3;
Table 3). Among the landscape context variables, the only significant
effect found was an inverse relation between forest cover and the
abundance of P. oleae caught (Fig. 4). There was a significant negative
relation between the abundance of P. oleae and bat activity levels,
particularly that of P. kuhlii (linear regressiont = —3.177; P < 0.001;
Fig. 5).
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Mean =+ SE of the activity levels (including bat passes and feeding buzzes) of the three pipistrelle species recorded per night and the number of P. oleae caught in each

type olive grove across seasons.

Season

Species Spring Summer

Autumn

Structural complexity

Structural complexity

Structural complexity

HIGH MID LOW HIGH MID LOW HIGH MID LOW
Number of bat passes
Pipistrellus kuhlii 247 = 59 23 = 0.6 29 + 1.1 24.0 = 6.4 51 + 1.6 1.2 + 05 15.8 + 2.9 36 + 1.1 2.5 = 0.5
Pipistrellus pygmaeus 5.0 * 1.3 31 + 09 26 * 1.6 7.0 £ 2.8 2.8 + 1.4 0.9 * 0.6 3.6 £ 1.1 1.5 + 0.5 0.8 = 0.2
Pipistrellus pipistrellus 3.1 = 0.9 34 + 1.2 24 + 1.0 2.3 = 0.6 1.5 = 0.8 0.6 = 0.2 1.1 = 0.4 1.3 = 0.5 0.6 = 0.2
Feeding buzzes
Pipistrellus kuhlii 2.4 * 0.6 0.2 = 0.1 0.2 * 0.1 1.5 + 0.8 0.1 * 0.0 0.0 = 0.0 0.8 £ 0.2 0.2 £ 0.1 0.0 = 0.0
Pipistrellus pygmaeus 0.7 = 0.3 0.2 + 0.1 0.7 + 0.5 0.0 = 0.0 0.1 = 0.1 0.0 = 0.0 0.1 + 0.1 0.1 = 0.0 0.0 = 0.0
Pipistrellus pipistrellus 0.1 = 0.0 0.3 = 0.2 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0 0.1 = 0.0 0.0 = 0.0 0.1 = 0.0 0.1 £ 0.0
Number of individuals
Prays oleae 194.2 + 52.5 787.3 = 100.0 479.4 + 65.1 295.7 = 50.0 569.3 + 118.6 460.2 = 101.6 101.3 * 15.6 307.3 + 46.4 170.4 = 31.3

4. Discussion

We investigated the activity levels of three common insectivorous
bats (i.e., Pipistrellus kuhlii, P. pygmaeus and P. pipistrellus) in three types
of olive production systems representative of high, intermediate and
low structural complexity, during spring, summer and autumn. By si-
multaneously investigating the activity levels of a major olive pest, the

olive fruit moth Prays oleae, potential knock-on effects on the ability of
bats to provide natural pest control services were also explored.
Overall, we found that the structural simplification of olive groves was
associated with lower bat activity levels, while the activity of P. oleae
reached a peak in groves with intermediate structural complexity. The
structural simplification of the landscape context as resulting from re-
ductions in natural cover area was related to decreased bat activity

P. kuhlii P. pygmaeus P. pipistrellus
4 44 41
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Fig. 2. Boxplots showing upper whisker (maximum data point), interquartile range box (top line = 75% of the data < this value; middle line = median; lower
line = 25% of the data < this value) and lower whisker (minimum data point) for the activity (total bat passes) of P. kuhlii. P. pygmaeus and P. pipistrellus in each type
of olive grove (HIGH, MID and LOW) and season (SPR: spring; SUM: summer; AUT: autumn). Boxplots with the same letter are not significantly different (P > 0.05).
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Table 3

Summary table showing the results of the generalized linear mixed models investigating the effect of the structural complexity of olive groves (type of olive grove;
HIGH, MID and LOW) across seasons (season; spring, summer and autumn), as well as that of landscape-context variables (the amount of forest and olive grove cover
within a 1 km buffer and the distance to the closest body of water around sampling points) on bat and pest (P. oleae) activity levels. Only those variables exhibiting a
statistically significant effect on any of the response variables are shown. Significant effects (p < 0.05) are shown in bold. Hyphens appears when the variable was
not included.

Pipistrellus kuhlii Pipistrellus pygmaeus Pipistrellus pipistrellus Prays oleae

x? d.f p-value x? d.f p-value x? d.f p-value x? d.f p-value
Type of olive grove 33.32 2 < 0.001 9.70 2 0.003 - - - 11.03 2 0.004
Season - - - 7.29 2 0.027 11.24 2 0.004 15.99 2 < 0.001
Forest cover 4.43 1 0.035 - - - - - - 13.42 1 < 0.001
Marginal r2 0.30 0.11 0.04 0.26
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Fig. 5. Linear relationship between the abundance of P. oleae and the activity
levels of P. kuhlii. The shadow area corresponds to the + 0.95 confidence in-
tervals.

Fig. 3. Boxplots showing the maximum, interquartile range and minimum
number of total bat passes (continuous line) and the number of specimens of
Prays oleae (dashed line) caught in olive groves. Data are reported for the dif-
ferent types of olive groves; that is, olive groves showing a high (HIGH; dark-
grey boxplots), intermediate (MID; white boxplots) and low (LOW; light-grey levels and increased pest abundance. We therefore suggest that the
boxplots) structural complexity, and for the different seasons. structural simplification at both in-farm and landscape-level may
compromises the potential of bats to provide biocontrol services on the

major olive pest P. oleae.
The overall activity of pipistrelle bats we found in olive groves from
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Fig. 4. Linear relationship between forest cover and the activity levels of P. kuhlii (left panel) and that of P. oleae (right panel). The shadow area corresponds to
the + 0.95 confidence intervals.
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the region of Alentejo is comparatively much lower than that reported
in natural habitats (Costa et al., 2018). However, they are remarkably
similar to those recorded in other production systems in which pipis-
trelle bats are suggested to provide biocontrol services efficiently (Puig-
Montserrat et al., 2015). This suggest that, at least in structurally
complex olive groves, pipistrelle bats could as efficient biocontrol
agents against P. oleae. This is particularly true for P. kuhlii, as this
species was by far the most frequently recorded across seasons and ir-
respectively of the structural features of olive groves. Indeed, Kuhl’s
pipistrelle has been previously found to be particularly active in olive
groves (Davy et al., 2007; Herrera et al., 2015), thereby suggesting that
it may contribute more to the provision of biocontrol services against
olive insect’ pests than the co-occurring P. pygmaeus and P. pipistrellus
which were seldom recorded in olive groves irrespective of their
structural properties and season of the year.

Despite its higher prevalence, even the activity of P. kuhlii decreased
along the structural simplification gradient. Our results therefore clo-
sely match previous research that demonstrates a robust negative im-
pact of landscape simplification on the activity levels of insectivorous
bats in production systems (Wickramasinghe et al., 2004; Kelly et al.,
2016; Kahnonitch et al., 2018). In our study system, structurally com-
plex olive groves were characterized by exhibiting strong variations in
planting pattern, something that ultimately would provide a suitable
spatial framework for bats (Fuentes-Montemayor et al., 2011; Ducci
et al., 2015). For instance, longer distances between trees and lower
tree cover density could facilitate their foraging activity (Erickson and
West, 2003). Conversely, as tree cover become denser and spatially
cluttered, flight maneuverability decreases, thereby reducing the likely
of bats entering the olive groves (Herrera et al., 2015). Moreover, the
availability of old trees — which commonly exhibit natural holes that are
often used by bats as roosting sites — markedly increases in structurally
complex olive groves making them comparatively more attractive for
bats. This response pattern has actually been previously observed when
investigating bat activity in managed and unmanaged chestnut orch-
ards in southern Switzerland. Managed chestnut orchards were much
less dense and cluttered, thereby showing low tree and row spacing,
and total bat foraging (including that of pipistrelle bats) was five times
higher compared to that recorded in unmanaged ones (Obrist et al.,
2011).

Unlike bats, we found that the abundance of P. oleae was higher
structural simple olive groves (LOW) than in structurally complex
(HIGH) olive groves, exhibiting a slight peak in olive groves exhibiting
intermediate levels of structural complexity (MID). This response pat-
terns is important because reduced food-resource availability has also
been suggested to contribute to decreased bat activity with increasing
structural simplification of olive groves (Herrera et al., 2015). Un-
fortunately, we lack data on insect availability at community-level that
would allow us to understand how trophic preferences drive the spe-
cies-specific foraging patterns of bats (Wickramasinghe et al., 2004). In
this context, our results suggest that structural complexity (rather than
prey availability) is a key factor affecting the activity of insectivorous
bats in olive groves (Erickson and West, 2003; Obrist et al., 2011), but
this needs to be confirmed through additional research. Nevertheless,
we are confident that the abundance of P. oleae in each olive grove
might well be used as a surrogate of local food resource availability as
this species is expected to be the most abundant insect prey available
for bats, particularly during the periods of adult emergence (note that
up to 1500 specimens were caught per trap in some olive groves). In-
deed, lepidopterans (particularly moths) are among the most frequently
consumed prey by bats, including species morphologically very similar
to P. oleae (Aizpurua et al., 2018). Our study therefore goes beyond
existing works by demonstrating not only that the ability of bats to
track food resources does not hinder them to suffer from the impact of
structural simplification of olive groves (McCracken et al., 2012), but
also that this response pattern may strongly compromise their potential
to provide biocontrol services against crop pests.
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Interestingly, we found that the abundance of P. oleae was nega-
tively correlated with the amount of forest cover surrounding olive
groves, irrespectively of their in-farm structural complexity. While we
do not have any conclusive hypothesis, we suggest that rather than
being a direct impact of forest cover on P. oleae, this response pattern
may be explained by the influence that forest cover might have on its
natural enemies, including not only bats but also other vertebrate and
invertebrate species. Indeed, activity levels of insectivorous bats, par-
ticularly P. kuhlii, significantly increased with increasing forest cover
(Fig. 4). Moreover, a significant negative relationship was found be-
tween the abundance of P. oleae and the activity levels of Kuhl’s pi-
pistrelles (Fig. 5). Thus, by favoring the presence of bats, forest cover
may impact the population density of P. oleae and even stimulate lower
reproductive rates in the moth, making a further contribution to its
biological control (Puig-Montserrat et al., 2015). The positive influence
that forest cover has on bats is well known. Such is the case, that the
amount of remnant natural vegetation is considered a critical factor
that determine assemblage composition and activity levels of bats
within production landscapes. Thus, natural vegetation increases not
only the likelihood of bats entering olive plantations but also their
foraging activity, rising the potential of bats to provide biocontrol
services (McCracken et al., 2012).

4.1. Management implications

Our work suggests that the structural complexity of olive groves is
undoubtedly important to maintain the suitability of olive groves as
foraging habitats for common insectivorous bats. Moreover, a focus on
the influence of surrounding woody cover reflects species’ specific re-
quirements that are not provided by olive groves at the landscape scale.
Halting reductions in bat activity levels as resulting from both in-field
(through decreasing structural complexity) and landscape-scale
(through reduced diversity of land-cover types) simplification, is
therefore pivotal not only to the long-term conservation of bats, but
probably also to the maintenance of bat-mediated biocontrol services
against the major olive pest Prays oleae. We acknowledge that increases
in the structural complexity of olive groves and/or the addition of
woody vegetation is often not a feasible management strategy for
growers in intensive agricultural systems (Olimpi and Philpott, 2018).
However, we suggest that including a complementary focus on im-
proving the quality of olive groves as foraging habitat for bats offers
additional management options. For example, we advocate an in-
tegrated land-management approach aiming not only to maintain, but
also to increase, the presence of scattered trees throughout olive
monocultures. In our study region, both cork (Quercus suber L.) and
holm-oak (Q. rotundifolia L.) trees are excellent candidates. Far from
being trivial, paddock trees and other small-sized remnants of original
cover have been shown to disproportionately influence the persistence
of many vertebrate species in agricultural landscapes, including bats
(Herrera et al., 2016). The proportion of woody cover per surface unit
to ensure the ecological sustainability of olive groves without com-
promising their economic profitability is, however, an open question
that must be investigated in depth. Agri-environmental schemes in this
culture should consider these proposals to ensure that growers continue
to benefit from bat-mediated pest-suppression services.

To conclude, we recognize that our approach draws parallels be-
tween structural simplification and management intensification. Such is
the case, that the three different types of olive groves that resulted from
our classification closely fits a gradient of management intensification
(Herrera et al., 2015). Thus, olive groves classified as HIGH would
correspond to traditional olive farms, a low-intensity production system
associated with big old trees, growing at low densities, giving small
yields which receive relatively low inputs of agrochemicals; MID olive
groves would represent semi-intensive olive farms, which is an inter-
mediate farming practice between the ‘traditional’ and ‘intensive’ sys-
tems; and LOW olive groves would represent intensive olive farms,
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which are characterized by a high density of trees arranged in hedges,
frequent fertilization and mechanical pruning, the use of several sea-
sonal agrochemicals sprays for pest control (Beaufoy, 2001).Ultimately,
this may lead to confounding suspects between the effects resulting
from the structural properties of olive groves and others factors such as,
for example, the level of agrochemicals use, which increase markedly
along the intensification gradient. To this respect, it should be noted
that the response pattens we found in this study closely match to those
reported by Herrera et al. (2015), a work in which both the structure
and management intensity were simultaneously considered for the
classification of olive groves. This strongly suggests that the structural
features of olive groves are key for determining the response patterns of
insectivorous bats over management-related variables. However, we
suspect that management-related variables such as agrochemicals use
could be even more important at influencing the abundance patterns of
insect pests. Indeed, as suggested above, the comparatively lower
abundance of P. oleae in structurally simple olive groves (and, in con-
sequence, the most intensively managed ones) compared to those
showing an intermediate structural complexity, probably resulted from
an efficient pest control through the use of agrochemicals. In this way,
we strongly encourage future research to disentangle the different ef-
fects resulting from management intensification to obtain a more clear
picture of their relative impacts on bats and crop pests and, in turn, bat-
mediated biocontrol services.
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