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Handling Editor: Maria Fernanda Pefiaflor 3. The study was carried out during spring, summer, and fall between 2017 and
2019 in 60 olive farms representing increasing levels of structural simplification
(as a surrogate of agricultural intensification). Olive farms were classified as ex-
hibiting high (i.e. HIGH olive farms; n=27), intermediate (MID; n=18), and low
(LOW; n=15) structural complexity.

4. Temporal mismatches between the activity levels of P. kuhlii and P. oleae varied
between seasons and types of olive farms, being comparatively lower in summer
than in spring and fall. Furthermore, summer was the only season in which tem-
poral mismatches between species pairs differed between types of olive farms,
with higher temporal mismatches found in LOW than in HIGH and MID olive
farms.

5. Overall, our work demonstrates the existence of temporal mismatches between

the nightly activity patterns of P. kuhlii and P. oleae. Furthermore, it demonstrates
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1 | INTRODUCTION

Bats are widely recognized as effective agents for controlling insect
pests in agroecosystems around the world. Bat-mediated biocontrol
services (defined as the impact of bats on the population density
of pests) have proven to affect both yield quantity and quality in
crops as diverse and economically relevant as cotton (e.g. Boyles
et al., 2011), rice (Puig-Montserrat et al., 2015), coffee (Classen
et al., 2014), grapes (Charbonnier et al., 2021) and cacao (Maas
et al., 2013). Paradoxically, bats are currently under unprecedented
threat from agricultural intensification (Voigt & Kingston, 2016).
In fact, widespread population declines of many bat species have
been reported throughout the world, increasing awareness of con-
comitant adverse effects on biocontrol services (Williams-Guillén
et al., 2016). Previous studies have considered bat population de-
clines in response to agricultural intensification as the main cause
of disruption of biocontrol services (e.g. Herrera et al., 2021; Puig-
Montserrat et al., 2015; Williams-Guillén et al., 2016). However,
despite while for biocontrol services to occur effectively both bats
and pests must co-occur in space and time, whether and how the
disruption of biocontrol services are driven by temporal mismatches
between species pairs still remain understood.

Disruptions in biocontrol services driven by bat population de-
clines in response to agricultural intensification have been reported
in agroecosystems around the world. On the one hand, research con-
sistently demonstrates that high-intensity farming systems, charac-
terized by reduced structural complexity and limited key resources
such as foraging and roosting sites, exhibit low overall bat activity
levels (e.g. Cleary et al., 2016; Faria et al., 2006; Fill et al., 2022;
Herrera et al., 2015; Wickramasinghe et al., 2003; Williams-Guillén
& Perfecto, 2011). In contrast, low-intensity farming systems, which
resemble structural complexity as well as natural and seminatural
habitats to some extent, tend to exhibit higher overall bat activity
levels and thus greater biocontrol potential (Costa et al., 2020; Maas
et al., 2015). On the other hand, agricultural intensification has been
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that the structural simplification of olive farms increases temporal mismatches

between species pairs, particularly in summer when bat-mediated biocontrol ser-

6. Synthesis and applications. Future research should consider mismatches between
the temporal activity patterns of insectivorous bats and insect pests. Otherwise,
the actual impact of agricultural intensification on bat-mediated biocontrol ser-
vices as well as the economic impact of their loss on the agriculture industry
might be underestimated. To enhance biocontrol services, we propose increasing
the availability of suitable roosting and foraging sites as well as conserving areas

of remnant native woodland and scattered hollow-bearing trees.

agriculture intensification, agroecosystems, bats, ecosystem services, Mediterranean
landscapes, olive fruit moth, pest control, vertebrates

reported to increase pest abundance (primarily due to larger farm
sizes and higher cropping densities), thereby exacerbating the spa-
tial mismatch between the abundance of bats and pests (Rosemheim
etal., 2022).

Despite the importance of understanding the temporal activity
patterns of insectivorous bats and insect pests, we have virtually no
information on whether and how disruptions in biocontrol services
are driven by temporal mismatches between species pairs (Heim
et al., 2016). On the one hand, bats are expected to show shorter
and later peaks of activity in high-intensity farming systems com-
pared to those in low-intensity farming systems. This is mostly be-
cause intensification of management—by increasing farm size and
decreasing the availability of suitable roosting sites—will unavoid-
ably force bats to fly over longer distances to reach high-intensity
farming systems than those required to reach low-intensity farm-
ing systems (Morgado et al., 2022). On the other hand, pest activity
timing is expected to be independent of grove-level management
intensification, this being exclusively expected to shift across sea-
sons in response to changes in climatic conditions (Chaplin-Kramer
et al., 2011). Moreover, seasonal variations in the timing of activity
have been widely reported in bats, driven not only by changes in
climatic conditions but also by variations in the foraging strategy
they exhibit along their life cycles (Heim et al., 2016). As such, the
probability of occurrence and severity of mismatches between the
temporal activity patterns of bats and pests are expected to be
season-dependent (Paquete et al., 2013).

Here, we focus on olive (Olea europaea subsp. europaea) as a
study crop to investigate the impact of agricultural intensification
on the timing of flight activity of a common bat species, the Kuhl
pipistrelle Pipistrellus kuhlii (Vespertilionidae; Kuhl 1817). We in-
vestigated flight activity patterns of bats during spring, summer
and fall, which correspond to distinct periods of the bat's life cycle;
Dalhoumi et al., 2018) and the three main seasonal activity peaks of
the olive fruit moth Prays oleae (Praydidae; Bernard 1788; Gonzalez
et al., 2015). Our main aim was to investigate potential mismatches
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between the temporal activity patterns of P. kuhlii and P. oleae and
their concomitant implications on biocontrol services along an agri-
cultural intensification gradient across seasons. To achieve this, we
compare the interspecies flight activity in olive farms representing
an increasing gradient of structural simplification (as a surrogate for
agricultural intensification; see Costa et al., 2020 for a similar ap-
proach), ranging from structurally complex olive farms (low-intensity
farming systems) to structurally simplified olive farms (high-intensity

farming systems).

2 | MATERIALS AND METHODS

2.1 | Study site and system

This study was carried out between 2017 and 2019 in the Alentejo
region of southern Portugal (Figure 1a). Alentejo is the most impor-
tant olive growing region in Portugal and one of the most impor-
tant in Europe (Eurostats, 2021). Over the last decade, olive farming
in this region has experienced a fast and large-scale agricultural
intensification process, with associated impacts on biodiversity
and ecosystem services (Jiménez-Navarro et al., 2023; Morgado
et al., 2022). This intensification process is characterized by strong

(b)

changes in grove structure (e.g. increased tree density and reduced
tree age) and associated management activities (irrigation, and in-
creased mechanization and use of agrochemical inputs) as well as a
strong simplification of olive growing landscapes through homogeni-
zation of land cover types (Morgado et al., 2022).

The regional climate is Mediterranean, characterized by mild and
rainy winters, as well as warm and dry summers with temperatures
commonly reaching up to 40°C. The topography is markedly flat,
with altitudes ranging between 100 and 400m. Natural and semi-
natural vegetation throughout the study region occurs mainly in the
form of extensive savanna-like cork (Quercus suber L.) and holm oak
(Q. rotundifolia L.) forests in varying densities, composing the char-
acteristic Portuguese montado, which is classified as a High Nature
Value Farming System by the European Environmental Agency
(Pinto-Correia et al., 2011). In addition to olives, dominant crop types
include almond orchards (Prunus dulcis), vineyards (Vitis vinifera subsp.
vinifera), and open areas allocated to cattle grazing and cereal farming.

2.2 | Study system

Prays oleae is one of the main olive pests worldwide (Eurostats, 2019).
It is a monophagous species (i.e. it feeds almost exclusively on Olea

FIGURE 1 In(a)the spatial location of the study region (Alentejo, Portugal), framed into a grey square. In (b), the spatial distribution of
the sampled olive farms throughout the study region. Red stars represent olive farms as LOW, while yellow and green stars represent olive
farms classified as MID and HIGH olive farms, respectively (see the main text for details). In (c), a recently planted LOW olive farm is shown.
It can be appreciated the large extent of the plantation as well as the high density planting system (above 1500 olive trees per hectare).
Panel (c) shows a centenary olive tree, which are widely reported to provide suitable foraging and roosting sites for insectivorous bats. The
occurrence of these trees typically decreases with increasing management intensification, contributing to the structural simplification of

olive farms.
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spp.), with three generations per year: phyllophagous, anthopha-
gous, and carpophagous. The eggs of the phyllophagous generation
hibernate during winter within the olive leaves. Then, eggs hatch in
late winter, and phyllophagous larvae feed on olive leaves until adult
emergence in early spring, just before flowering. Adults of this gen-
eration lay their eggs on flower buds and the resulting larvae feed
on the recently emerged flowers until their pupation in late June.
Farmers do not perceive this anthophagous generation as particu-
larly harmful due to the large amount of inflorescences produced by
olive trees. In early summer, the resulting adults from this anthopha-
gous generation lay their eggs on still immature fruits, and later the
emerged larvae penetrate the olive fruits, bore into the stone, and
feed on the seeds. By emerging close to the fruit stems between
late summer and early autumn (just before the harvest period in late
autumn), they cause premature fruit fall. The carpophagous genera-
tion is therefore already considered by farmers as that of highest
economic relevance, as they may drive significant yield losses (e.g.
Ramos et al., 1998). Adults emerging from carpophagous larvae lay
their eggs on olive leaves, closing the annual life cycle. The wingspan
of adults of the three generations is between 11 and 15mm and the
body length between 6 and 7mm. While the abundance patterns of
P. oleae and their seasonal variations have been extensively inves-
tigated in olive farms (e.g. Costa et al., 2020; Gonzalez et al., 2015;
Kumral et al., 2005), there is no information available regarding the
daily activity timing of this species.

Pipistrellus kuhlii is one of the most common and abundant
bat species in the Mediterranean zone of the Palaearctic region.
It is widely considered a habitat generalist, capable of thrive in a
wide variety of environments, including both natural and human-
impacted landscapes (Amichai & Korine, 2021). Previous studies
also suggest that P. kuhlii is the bat species most frequently recorded
in Mediterranean agroecosystems including olive farms, regardless
of their level of agricultural intensification (Herrera et al., 2015). P.
kuhlii is also considered a trophic generalist, including in its diet a
great variety of taxa. Due to its small size (with tail ranging between
30 and 40mm and wingspan between 210 and 230mm), most of
its prey are small flying insects, including diptera and lepidoptera.
P. oleae is indeed already known to be part of the diet of P. kuhlii
(Mata et al., 2021), and recent studies demonstrate that predation
rate significantly increases during peaks of insect abundance (au-
thor's unpublished data). There is no much published information
explicitly focused on the movement ecology of P. kuhlii, and only
some references about its seasonal activity patterns and habitat
use are available (Amichai & Korine, 2021 and references therein).
The activity levels of P. kuhlii have been reported to vary through-
out the seasons according to its life cycle (Maxinova et al., 2016).
For example, in spring, the activity levels exhibited by this species
are typically low and mostly restricted to the vicinity of maternity
sites or nursery colonies. Later, in summer, both activity levels and
flight distances increase significantly mainly because juveniles have
already gained independence and females can therefore leave the
maternity roost to track insects and build up a store of body fat to
survive the winter. Then, in fall, activity levels drop markedly and
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movements are restricted to particularly suitable resource-rich land
cover types such as natural and semi-natural habitats (Dalhoumi
et al., 2018). The daily activity pattern of P. kuhlii is poorly known,
though there is some evidence for an activity peak about 30min
after sunset, which rapidly decreases after 90 min, regardless of sea-
son (Dalhoumi et al., 2018).

2.3 | Sampling design

In 2017, following a stratified random design, a total number of 60
sampling points within 38 olive farms were selected across the study
region aimed to represent the greatest possible range of structural
complexity at grove-level. The maximum number of sampling points
within a given olive farm was n=2, always ensuring a distance of 500
in-between them. Each olive farm was characterized using a set of
structural features describing both planting patterns and tree char-
acteristics. 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 farm, we measured tree_dist, row_dist,
dbh, t_height, and canopy from ten olive trees in order to obtain rep-
resentative means and deviations (i.e. dbh_SD, t_height_SD, canopy_
SD). In doing so, two olive trees (separated by a distance of 5m each
other) were selected at each sampling point. Additionally, four olive
trees within a buffer of 10 m radius around each sampling point were
selected following the four cardinal directions. To account for any
potential spatial aggregation of tree features within farms, four olive
trees using a 50 m buffer were additionally selected (n=10).

For an easier interpretation of the results, we classified olive
farms based on their structural attributes (see Costa et al., 2020
for a similar approach). To group olive farms as a function of their
structural properties, we used a multivariate clustering method, the
k-means clustering algorithm, using function kmeans (R-package
“cluster”) (Maechler et al., 2022). Therefore, farms within the same
cluster are more similar to each other than to farms in another clus-
ter (Celebi et al., 2013). The optimal number of clusters was obtained
via the gap statistic (Tibshirani et al., 2001), using function clusGAP
(R-package “cluster”) (Maechler et al., 2022). This approach clearly
identified three types of olive farms, corresponding to olive farms
exhibiting high variability in both planting patterns and tree features
(hereinafter referred as HIGH olive farms; n=27), an intermediate
structural complexity (MID olive farms; n=18), and a significant low
variability in both planting pattern and tree features (LOW olive
farms; n=15).

The mean pairwise distances between sampling points lo-
cated within olive farms classified as HIGH, MID and LOW were
69.6+2.6km (range: 0.7-136.2),49.2 +1.5km (range: 0.8-117.2), and
46.6+1.5km (range: 0.5-126.5), respectively. The mean pairwise
distances between the different types of olive farms were lower
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between HIGH and MID olive farms, mainly because olive farms
classified as HIGH were mostly concentrated in the southern region
of Alentejo (Figure 1b).

We also accounted for landscape-level structural simplification,
by accounting for the diversity of land cover types around each
sampling point. Using a geographical information system (QGIS
Development Team, 2016), the proportions of the two dominant
types of land cover that occur throughout the study region (i.e.
olive farms and holm-oak forests) were extracted within a 1000-m
circular buffer around each sampling point. To this end, we used
the CORINE Land Cover (CLC2018) database. The 1000-m radius
was selected based on the foraging distances regularly covered by
P. kuhlii (Davidson-Watts & Jones, 2006).

2.4 | Bat monitoring

In 2017, the temporal activity patterns of P. kuhlii were determined
using ultrasound recording devices (Pettersson D500x; Pettersson
Elektronik AB, Uppsala, Sweden) equipped with microphones with a
sensitivity range of 10-190kHz. Ultrasound samples were digitized
at 300kHz with a resolution of 16 bits. We consistently used the
same auto-recording mode setting for 3s without pre-trigger. The
records were then used to identify species and determine species-
specific activity patterns of P. kuhlii. Surveys were conducted in
spring (mid-April), summer (mid-June), and fall (mid-September) in
order to overlap the seasonal peaks of abundance exhibited by P.
oleae. At each sampling point, a single bat detector was mounted on
a tripod at a height of approximately 1.5-2.0m from the ground, fac-
ing upward at 45° and oriented toward the space between rows of
olive trees to maximize the number and quality of bat calls. We moni-
tored bat activity during three consecutive nights at each sampling
point per season, starting 30min before sunset and ending 30 min
after sunrise (Costa et al., 2020).

To avoid sampling biases, we simultaneously monitored three
sampling points belonging to each types of olive farms (n=9)
during three consecutive nights per season. Bat passes were
defined as a search-phase echolocation sequence of at least
three consecutive echolocation calls belonging to P. kuhlii. The
reason why we focused on search-phase calls instead on feed-
ing buzzes was twofold. First, the number of search-phase calls
was much higher (n=2039; see Section 3) than that of feeding
buzzes (n=148). Second, we found a strong correlation between
the number of search-phase calls and feeding buzzes (linear rela-
tionship; r=0.76, p-value <0.01). For the identification of bat spe-
cies in the recordings, a convolutional neural network (CNN) was
trained using a reference database of European bat echolocation
calls. The database consists of 16,000 individual calls from more
than 1600 bats (totalling 26 species) recorded in multiple locations
in Portugal and Spain. The trained network was obtained using
soundClass (Silva et al., 2022), a package R specifically designed
to train CNNs from reference databases to automate sound clas-
sification and species identification. All predictions of the trained

CNN were manually revised to minimize identification errors. Only
bat passes unequivocally identified as belonging to P. kuhlii were
considered. Bat activity at each sampling point and season was
estimated hourly by pooling the number of passes from the three
sampling nights.

2.5 | Pest monitoring

In 2017, the abundance of P. oleae at each sampling point and sea-
son was estimated using Delta traps (ECONEX; model TA118;
20x28x11.5cm) baited with species-specific synthetic sex pher-
omone [(Z)-7-14: Ald]. Pest monitoring was performed in spring
(mid-April), summer (mid-June), and fall (mid-September), thereby
overlapping the period of bat monitoring (see above). Traps were
placed in the field during 15days per season, and hung about 1.5m
above-ground on the Southwest facing side of the tree canopy. At
the end of the 15days, the number of P. oleae individuals captured
(glued) in each trap was counted and used to determine the abun-
dance of the pest population at each sampling point and season.

To determine the nightly timing of activity of P. oleae we used
modified Delta traps incorporating a HD infrared camera (PiNoir, 1,
CSI-2), which took pictures of the insect collection platform placed
at the bottom of the trap (unpublished data of the authors). Cameras
were programmed to take pictures hourly, starting 30min before
sunset and ending 30min after sunrise. The modified Delta traps
were placed in the field for 30days in spring (mid-April), summer
(mid-June) and fall (mid-September), in 2017, 2019 and 2021. In each
study year, two modified Delta traps were placed in two olive farms
belonging to distinct production systems. The nightly activity pat-
terns of P. oleae were determined twice in each farm category (n=46),
alternating the type of olive farm across all three study years. The
timing of nightly activity of P. oleae was estimated hourly by pooling

all glued specimens counted per type of olive farm, year, and season.

2.6 | Data analysis

We followed two main steps to determine the species-specific nightly
activity timing for P. kuhlii and P. oleae and, ultimately, the extent
of temporal mismatches between their activity patterns (Figure 2).
First, the number of bat passes and glued insect specimens were
pooled hourly to determine the nightly activity timing of each spe-
cies per type of olive farm (i.e. HIGH, MID and LOW) and season
(spring, summer and fall). Because night-time length in our study re-
gion significantly varied across seasons (ranging from 9 to 12h), the
temporal activity patterns for both species were calculated along
the percentage of night time with 100% corresponding to the entire
period between sunset and sunrise (Buxton et al., 2016). Second, we
estimated the percentage of the night at which P. kuhlii and P. oleae
reached 50% of their abundance (i.e. median), using this estimate as
the period of at which both species exhibit their highest abundance
along the night. This estimate is henceforth referred to as accum50
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FIGURE 2 Conceptual diagram illustrating our approach to determine mismatches between the flight activity patterns of Pipistrellus kuhlii
and Prays oleae. Vertical (y) axes represent the temporal activity patterns of P. kuhlii (as estimated by the number of bat calls; green bars;

left axis) and P. oleae (number of specimens; orange bars; right axis), while the horizontal (x) axis represents the night time (as estimated by
the percentage of night from sunset). Temporal mismatches in flight activity patterns between P. kuhlii and P. oleae were estimated as the
difference in the nigh time at which each species reached their median abundance.

(Figure 2). The median was used mainly because this parameter is
widely recognized to better represent the central tendency of the
data than do other parameters (e.g. mean). This is particularly true
when the frequency distribution of the data is not symmetrical such
is the case of the temporal activity patterns exhibited by both P. kuh-
lii and P. oleae in this study (see Section 3). We found no differences
between the temporal activity patterns of P. oleae across types of
olive farms (see Section 3). Thus, a single estimate of accum50 for P.
oleae was estimated for each season regardless of the type of olive
farm. The difference between accum50 estimated for P. kuhlii and
P. oleae was used to determine the temporal deviations between
their timing of flight activity and, ultimately, the extent of tempo-
ral mismatches between species pairs across types of olive farms
and seasons. This metric is henceforth referred to as diff_accum50
(Figure 2).

Generalized linear mixed models (GLMMs) with Gaussian
distribution (function Imer; R-package “ImerTest”; Kuznetsova
et al., 2017) were used to investigate the effects of the structural
complexity of olive farms, season, and their interaction on accum50
and diff_accum50. The sampling site was included as a random effect
in these models. Variables on the landscape scale (i.e. the proportion
of natural forests and olive farms on the 1000 m scale from sampling
sites) and the abundance of P. oleae (as a surrogate of prey avail-
ability for P. kuhlii) were included as covariates. Post hoc pairwise
comparisons across types of olive farms and seasons were applied

using Tukey's tests (function glht; R-package “multcomp”; Hothorn
et al., 2008). The performance of GLMM models was evaluated by
calculating pseudo-r2 values for conditional (fixed effects plus ran-
dom effects) and marginal (only fixed effects) (function r.squared,;
R package “MuMIn”; Barton, 2009). Spatial independence between
localities in model residuals was assessed applying a Mantel's test
for spatial autocorrelation (function mantel.rtest; R package “ade4”;
Dray & Dufour, 2007). Ethical approval to conduct this study was not
required. Field work within all olive farms was carried out with the

landowners' permission.

3 | RESULTS

We recorded a total of 2039 bat passes and 905 insect-glued spec-
imens, all of which were used to determine the temporal activity
patterns of P. kuhlii and P. oleae, respectively (Table 1). Neither the
amount of oak forest cover and the olive cover surrounding the
sampling sites nor the abundance of P. oleae were found to influ-
ence the temporal activity patterns of P. kuhlii and were therefore
excluded from subsequent analysis. Analysis of spatial autocorre-
lation using Mantel's test yield no spatial signal in model residu-
als, thereby suggesting the spatial independence of our response
variables regardless of study season (p-value>0.05 in all three
seasons).
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TABLE 1 Parameter estimates (mean+SE) of the night time at which Pipistrellus kuhlii and Prays oleae reached their median abundances (accum50) and the difference between species-

specific estimates (diff_accum50) across types of olive farms and seasons. Night time was estimated as the percentage of the night from sunset. Between parentheses are reported the number

of bat passes belonging to P. kuhlii and the number of specimens belonging to P. oleae used for parameter estimations.

Season

Autumn

Summer

Spring

accum50

69.42+1.22 (329)

71.07 +0.79 (488)

83.83+2.57(88)

P. oleae

Structural complexity

LOW

Structural complexity

Structural complexity

LOW

HIGH

MID

HIGH

MID

LOW
33.72+8.40(18)

HIGH
37.35+8.41

MID

36.12+3.57 (429)

34.47 +3.09

32.42+3.99 (66)
36.99+3.99

28.89+5.55(37)

40.52+5.55

59.59+4.42 (649)

18.75+3.09

49.98+5.78 (90)
22.22+5.33

53.34+4.76 (665)

33.34+3.84

38.87+3.63(41)

44.95+3.63

55.27 +5.76 (44)
28.54+5.77

P. kuhlii

diff_accum50

HERRERA ET AL.

Overall, we did not find significant differences in the percent-
age of the night at which P. kuhlii reached its median abundance
(i.e. accum50) between the types of olive farms, ranging between
28.89 +£5.55 in LOW olive farms in fall and 59.59 +4.42 in HIGH
olive farms in summer (Table 2; Figure 3). Significant differences
in accum50 were found between seasons, with P. kuhlii reach-
ing hourly median abundances earlier in fall (69.42+1.22) than in
summer (71.07 +0.79) and spring (83.83+2.57) (Table 2; Figure 3).
The interaction term between type of olive farm and season was
also statistically significant (Table 2). To a large extent, this was
related to the earlier activity period exhibited by P. kuhlii in LOW
olive farms (33.72 +8.40) compared to MID (49.98 +5.78) and HIGH
(59.59 +4.42) olive farms in summer (Table 2; Figure 3). accum50 for
P. oleae decreased slightly over seasons, ranging from 83.83 +2.57 in
spring to 69.42+1.22 in fall (Table 2; Figure 3).

The differences in accum50 estimates between P. kuhlii and P.
oleae (that is, diff_accum50) varied significantly between types of
olive farms and seasons (Table 2; Figure 4, right panel). Thus, the
temporal mismatches between P. kuhlii and P. oleae were, on aver-
age, lower in summer than in spring and fall (Figure 4, right panel).
Moreover, the interaction term between type of olive farm and sea-
son was found to be statistically significant, mainly related to the
higher estimates of diff_accum50 across types of olive farms that
were found in summer than in spring and fall (Figure 4, right panel).

4 | DISCUSSION

We investigated the nightly activity patterns of the common insec-
tivorous bat Pipistrellus kuhlii in olive farms representing decreasing
grove-levels of structural complexity (HIGH, MID and LOW) during
three sampling seasons (spring, summer, and fall). By simultaneously
investigating the nightly activity patterns of the olive fruit moth,
Prays oleae, we also explored concomitant impacts on potential bio-
control services resulting from temporal mismatches between spe-
cies pairs. We found that temporal mismatches between the activity

levels of P. kuhlii and P. oleae varied between seasons and types of

TABLE 2 Results of the generalized linear mixed models
(GLMMs) testing for the effect of type of olive farm, season and
its interaction on the night time at which Pipistrellus kuhlii and
Prays oleae reached their median abundances (accum50) and the
difference between species-specific estimates (diff_accum50).
Significant effects (p <0.05) are showed in bold.

accumb50 diff_accum50

Va df p-value 42 df p-value
Structural 4536 2 0.104 7046 2 0.030
complexity
Season 12.535 2 0.002 4749 2 0.093
Structural 10.223 4 0.037 12.355 4 0.015
complexity x
season
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FIGURE 3 Temporal patterns displayed by Pipistrellus kuhlii (green bars) and Prays oleae (orange bars) across types of olive farms (columns)
and seasons (rows). Vertical bars represent the frequency of bat calls belonging to P. kuhlii (green bars) and the frequency of specimens
belonging to P. oleae (orange bars), along the night time as estimated by the percentage of night from sunset. Vertical continuous lines depict
the night time at which each species reached the hourly median abundance (accum50).

olive farms, being comparatively lower in summer than in spring and
fall. Furthermore, summer was the only season in which temporal
mismatches between species pairs differed between types of olive
farms, with higher temporal mismatches found in LOW than in HIGH
and MID olive farms.

4.1 | Season-dependent effects of structural
simplification on potential biocontrol services

We hypothesized that P. kuhlii would exhibit longer periods of activ-
ity in structurally complex (i.e. HIGH) olive farms, leading to lower

temporal mismatches with P. oleae consistently across seasons.
However, our results report a very different response pattern, with
significant season-dependent variations in the strength of these
mismatches across types of olive farms.

In spring, the temporal activity patterns displayed by P. kuhlii
did not differ between the types of olive farms. We suggest that
this response pattern could be related to the shortage of suitable
roosts for bats within olive farms such as ancient large-canopied
olive trees and native hollow-bearing trees (Figure 1), something
that is true even within low-intensity farming systems (i.e. HIGH
olive farms). In fact, the availability of suitable roosts is expected
to be particularly relevant for activity timing in spring, mainly
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FIGURE 4 Left panelinclude box plots illustrating the night time at which Pipistrellus kuhlii reached the hourly median abundance
(accum50) across types of olive farms (LOW, red; MID, light yellow; HIGH, green) and seasons. The dashed horizontal lines indicate the night
time at which Prays oleae reached the hourly median abundance (accum50) at each season. Right panel include box plots illustrating the
differences in the night time at which P. kuhlii and P. oleae reached the hourly median abundance across types of olive farms (diff_accum50).
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because during this season bats tend to restrict their movements
to areas close to maternity sites or nursery colonies (Schloesing
et al., 2020). In close agreement with this hypothesis, previous
studies in the same study region suggest that olive farms support
low levels of bat activity (including P. kuhlii), regardless of their
structural complexity (Herrera et al., 2015). Therefore, our study
suggests that the structural simplification of olive farms not only
drives spatial mismatches, but also temporal mismatches between
the flight activity patterns of P. kuhlii and P. oleae, ultimately
strengthening the loss of biocontrol services potential during a
particularly intake-demanding season.

In summer, the temporal activity patterns of P. kuhlii and P. oleae
and, consequently, the strength of the temporal mismatches be-
tween species pairs changed markedly. On the one hand, the tem-
poral mismatch between the activity patterns of P. kuhlii and P. oleae
markedly decreased, particularly in HIGH and MID olive farms. To a
large extent, this was because the activity levels displayed by P. oleae
advanced considerably compared to those displayed in spring, while
the opposite was true for P. kuhlii. At least for P. kuhlii, this temporal
shift in can be well explained by its higher movement opportunities
in this particular season, as bat juveniles have already left the mater-
nity sites. This ultimately allows bats (both juveniles and adults) to
forage at greater distances from roosting sites and for longer time
periods and, in turn, increases the likelihood of matching the tem-
poral activity patterns displayed by P. oleae. On the other hand, the
activity patterns displayed by P. kuhlii differed markedly between
the types of olive farms. Thus, bat activity levels in LOW olive
farms concentrated earlier in the night, leading to higher temporal

mismatches compared with HIGH and MID olive farms. We do not
have a robust explanation for this response pattern. We suggest
that bats, even showing higher movement opportunities in summer
(see above), would concentrate their foraging time on comparatively
more suitable land cover types such as MID and HIGH olive farms,
using LOW olive farms exclusively as commuting areas rather than
true foraging habitats (Herrera et al., 2015).

In fall, mismatches between the temporal activity patterns
of P. kuhlii and P. oleae did not differ between the types of olive
farms. Moreover, temporal mismatches between species pairs in-
creased markedly in this season, being significantly higher than in
spring and summer. To a significant extent, this mostly occurred
because the temporal activity patterns of P. oleae showed mini-
mal changes, whereas those of P. kuhlii exhibited a notable shift
toward earlier night-time concentration in all three types of olive
farms. This consistent response pattern shown by P. kuhlii suggests
that environmental constraints other than the structural proper-
ties of olive farms are behind the changes in its temporal activity
patterns. Thus, for example, in fall temperatures drop much more
rapidly than in spring and summer, ultimately leading foraging bats
to restrict their activity to the early night, when the temperature
is closer to optimal (Gorman et al., 2021). Another potential (and
complementary) explanation is that in fall P. kuhlii could be track-
ing other locally abundant olive pests, including the olive fruit fly
Bactrocera oleae, which has already been reported to be preyed by
this bat species (Mata et al., 2021). Unfortunately, we do not have
data to test this hypothesis, and further research on this topic is
therefore necessary.
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4.2 | Landscape-scale effects on potential
bat-mediated biocontrol services

We found no effects of the surrounding landscape (that is, the
proportion of oak forest cover and olive cover) on the temporal
activity patterns of P. kuhlii and, in turn, on their potential biocon-
trol services against P. oleae. This suggests that the temporal ac-
tivity patterns of P. kuhlii are mostly determined by the structural
complexity of olive farms and, particularly, by the availability of
suitable roosting and foraging sites (Davy et al., 2007; Froidevaux
et al.,, 2021; Russo & Jones, 2003). The significance of the sur-
rounding landscape on the potential for bats to provide biocontrol
services in olive farms has, in any case, already been demon-
strated (Herrera et al., 2021). Previous studies in our study region
demonstrate, for example, that the amount of forest cover in the
surrounding landscape has a significant positive influence on the
activity levels of P. kuhlii and a significant negative influence on
the abundance of P. oleae (Costa et al., 2020). Thus, by promoting
high levels of activity of P. kuhlii, the amount of woodland cover
would increase the potential for biocontrol services, particularly
in olive farms in which the temporal activity patterns of P. kuhlii

match those of P. oleae.

4.3 | Integrated pest management of
Mediterranean olive farms using biocontrol services
as incentives for bat conservation

The spatial match between the activity levels of insectivorous bats
and insect pests has been widely used as a surrogate for effective
biocontrol services provisioning in agroecosystems worldwide.
However, our results conclude that estimations of biocontrol ser-
vices potential based exclusively on the spatial match between bats
and pests may well overestimate service delivery and, consequently,
the economic value of bats for the agriculture industry (Boyles
et al,, 2011). This is because, on the basis of our results, the spatial
match between bat and pest occurrence patterns does not guaran-
tee biocontrol services due to temporal mismatches between spe-
cies pairs. Therefore, future research should consider both spatial
and temporal mismatches between the activity patterns of insectiv-
orous bats and crop insect pests, especially if aimed at determining
biocontrol services and providing robust estimations of their eco-
nomic importance in agriculture.

Previous studies in our study region, for example, have re-
ported that the activity levels of P. kuhlii consistently decrease
with structural simplification of olive farms, while the abundance
of P. oleae increases at intermediate levels of structural simplifi-
cation (Costa et al., 2020). Therefore, bat-mediated biocontrol
services in olive farms were proposed to be higher in structurally
complex olive farms compared to those showing intermediate and
low levels of structural complexity, regardless of the season. We

now know that this conclusion was somehow overstated. Indeed,
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this study suggests that potential biocontrol services by P. kuhlii
against P. oleae can be compromised even in structurally complex
olive farms due to mismatches between the temporal activity pat-
terns of both species.

Currently, olive farming covers about 5.0 million acres in Europe
alone. If the area devoted to olive production and the intensifica-
tion of farming practices continues to expand to meet the growing
global demand for olive oil, pervasive impacts could arise on bats
and the potential biocontrol services they provide. However, our
results suggest that biocontrol services provide clear incentives for
bat conservation in olive farms by providing biocontrol services in
summer when farmers need them most. These incentives, far from
being exclusively economic, are also societal, as biodiversity-friendly
management practices are rapidly infiltrating the olive industry in
response to their increasing demand by olive oil consumers. This is
particularly true in our study region, Alentejo, Portugal, where there
is increasing social awareness around the cultural, environmental,
and economic impact of intensive olive monocultures. At this point,
we recognize that the way forward should focus on quantifying the
economic impact of bats on the olive industry, as well as obtaining
rigorous evidence to motivate olive farmers to integrate bats into
daily farm management.

The economic impact of bats on the olive industry in our study
region is currently being studied and we hope to have robust con-
clusions soon. Regarding how farmers can decrease temporal (and
spatial) mismatches between bat activity patterns and pests and, in
turn, increase biocontrol services potential, we are certain that both
the availability of suitable roosting sites and the structural complex-
ity of olive farms are pivotal. The availability of roosting sites can
be increased both naturally (by conserving native hollow-bearing
trees) or artificially (by placing man-made bat refugees; Mering &
Chambers, 2014). To increase the structural complexity of olive
farms, we propose to maintain (and even increase) the presence of
highly suitable bat foraging sites such as those provided by native
scattered trees, which are typically removed or ignored until they
eventually die (author's personal observations). In our study re-
gion, these scattered trees mainly belong to Quercus suber and Q.
rotundifolia, which are biological legacies retained from preexisting
montado-dominated landscapes. Scattered trees will not only facili-
tate the movement of bats throughout the landscape but will also in-
crease the number of natural refuges for native prey insects, thereby
increasing the likelihood of bats entering olive farms and the time

spent for foraging purposes.

AUTHOR CONTRIBUTIONS

José M. Herrera, Bruno Silva, Ana Carvalho, Silvia Barreiro, Gerardo
Jiménez-Navarro, Nereida Melguizo-Ruiz, Pedro Beja, Francisco
Moreira, Sasha Vasconcelos and Rui Morgado conceptualized the
study. Bruno Silva, José M. Herrera and Ana Carvalho collected and
analysed the data; José M. Herrera led the writing of the manuscript.
All authors critically contributed to the drafts and gave their final

approval for publication.

85U0| 7 SUOWIWOD BAITER.D) 8geo!dde aup Ag peusenof ae sejolie O 88N Jo Sa|ni 10} Areiq1] 8UIUO AB|1M UO (SUONIPUOD-PpUe-SLLBI W0 A8 |IM" AReIq ]BU1[UO//:SdNY) SUORIPUOD Pue SWie | 8Y) 89S *[yZ02/£0/22] Uo Aiqiaulluo AB[IM ‘Seaus s einnolby JO AVSBAIUN USIPBMS AQ /ST #992-GOET/TTTT OT/I0p/wioo 8 |1m Areigjeut|uo's feuno ksq;/sdny wouy pepeojumod ‘€ ‘%20z ‘7992S9ET



HERRERA ET AL.

2 | p— Applied Ecology E%E;ST‘J‘“

ACKNOWLEDGEMENTS

This work was supported by the project PTDC/AAG-REC/6480/2014
funded by the Portuguese National Public Agency for Science,
Technology and Innovation (FCT) and the project SHOWCASE (ref.
862480) funded by the Horizon 2020 Research and Innovation
Programme fromthe European Union.J.M.H.and F.M.were supported,
respectively, by the contracts IF/00001/2015 and IF/01053/2015
funded by the FCT. J.M.H. is currently granted with a Maria Zambrano
contract (University of Cadiz, Ministry of Universities, Recovery,
Transformation, and Resilience Plan—Funded by the European Union
- Next Generation EU). B.S., G.J.-N., S.V. and R.M. were supported,
respectively, by the Ph.D. studentships SFRH/BD/137803/2018,
SFRH/BD/133017/2017, SFRH/BD/121388/2016, and SFRH/
BD/99746/2014 funded by the FCT. Comments by two anonymous

reviewers greatly improved the manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
All baseline data are publicly available via Dryad https://doi.org/10.
5061/dryad.Orxwdbséz (Herrera et al., 2023).

ORCID

José M. Herrera " https://orcid.org/0000-0001-7968-3438
Nereida Melguizo-Ruiz " https://orcid.org/0000-0001-5153-5281
https://orcid.org/0000-0001-8164-0760

Francisco Moreira "= https://orcid.org/0000-0003-4393-8018

https://orcid.org/0000-0002-7323-513X

Pedro Beja

Bruno Silva

REFERENCES

Amichai, E., & Korine, C. (2021). Kuhl's Pipistrelle Pipistrellus kuhlii (Kuhl,
1817). In K. Hacklander & F. E. Zachos (Eds.), Handbook of the mam-
mals of Europe (pp. 1-19). Springer.

Barton, K. (2009). Mu-MlIn: Multi-model inference. R package version
0.12.2/r18. http://R-Forge.R-project.org/projects/mumin/

Boyles, J. G., Cryan, P. M., McCracken, G. F., & Kunz, T. H. (2011).
Economic importance of bats in agriculture. Science, 332, 41-42.
https://www.science.org/doi/10.1126/science.1201366

Buxton, R. T., Brown, E., Sharman, L., Gabriele, C. M., & Mckenna, M. F.
(2016). Using bioacoustics to examine shifts in songbird phenology.
Ecology and Evolution, 6, 4697-4710. https://doi.org/10.1002/ece3.
2242

Celebi, M. E., Kingravi, H. A., & Vela, P. A. (2013). A comparative study
of efficient initialization methods for the k-means clustering algo-
rithm. Expert Systems with Applications, 40, 200-210. https://doi.
org/10.1016/j.eswa.2012.07.021

Chaplin-Kramer, R., O'Rourke, M. E., Blitzer, L. J., & Kremen, C. (2011).
A meta-analysis of crop pest and natural enemy response to land-
scape complexity. Ecology Letters, 14, 922-932. https://doi.org/10.
1111/j.1461-0248.2011.01642.x

Charbonnier, Y., Papura, D., Touzot, O., Rhouy, N., Sentenac, G., & Rusch,
A. (2021). Pest control services provided by bats in vineyard land-
scapes. Agriculture, Ecosystems and Environment, 306, 107207.
https://doi.org/10.1016/j.agee.2020.107207

Classen, A., Peters, M. K., Ferger, S. W., Helbig-Bonitz, M., Schmack, J.
M., Maassen, G., Schleuning, M., Kalko, E. K. V., B6hning-Gaese,
K., & Steffan-Dewenter, |. (2014). Complementary ecosystem

services provided by pest predators and pollinators increase
quantity and quality of coffee yields. Proceedings of the Royal
Society B: Biological Sciences, 281, 20133148. https://doi.org/10.
1098/rspb.2013.3148

Cleary, K. A., Waits, L. P, & Finegan, B. (2016). Agricultural intensifica-
tion alters bat assemblage composition and abundance in a dynamic
neotropical landscape. Biotropica, 48, 667-676. https://doi.org/10.
1111/btp.12327

Costa, A, Silva, B., Jiménez-Navarro, G., Barreiro, S., Melguizo-Ruiz, N.,
Rodriguez-Pérez, J., Vasconcelos, S., Beja, P., Moreira, F., & Herrera,
J. M. (2020). Structural simplifcation compromises the poten-
tial of common insectivorous bats to provide biocontrol services
against the major olive pest Prays oleae. Agriculture, Ecosystems and
Environment, 287, 106708. https://doi.org/10.1016/j.agee.2019.
106708

Dalhoumi, D., Morellet, N., Aissa, P., & Aulagnier, S. (2018). Seasonal ac-
tivity pattern and habitat use by the Kuhl's pipistrelle (Pipistrellus
kuhlii) in an arid environment. European Journal of Wildlife Research,
64, 36. https://doi.org/10.1007/s10344-018-1193-y

Davidson-Watts, I., & Jones, G. (2006). Differences in foraging behav-
ior between Pipistrellus pipistrellus (Schreber, 1774) and Pipistrellus
pygmaeus (Leach, 1825). Journal of Zoology, 268, 55-62. https://doi.
org/10.1111/j.1469-7998.2005.00016.x

Davy, C. M., Russo, D., & Fenton, M. B. (2007). Use of native woodlands
and traditional olive groves by foraging bats on a Mediterranean
Island: Consequences for conservation. Journal of Zoology, 273,
397-405. https://doi.org/10.1111/j.1469-7998.2007.00343.x

Dray, S., & Dufour, A. B. (2007). The ade4 package: Implementing the du-
ality diagram for ecologists. Journal of Statistical Software, 22, 1-20.
https://doi.org/10.18637/jss.v022.i04

Eurostats. (2019). Pests and diseases of the olive tree. EIP-AGRI Focus
Group. https://ec.europa.eu/eip/agriculture/

Eurostats. (2021). Agriculture, forestry and fisheries. European Statistics.
https://ec.europa.eu/eurostat

Faria, D., Laps, R. R., Baumgarten, J., & Cetra, M. (2006). Bat and bird
assemblages from forests and shade cacao plantations in two con-
trasting landscapes in the Atlantic Forest of southern Bahia, Brazil.
Biodiversity and Conservation, 15, 587-612. https://doi.org/10.
1007/s10531-005-2089-1

Fill, C. T., Allen, C. R., Twidwell, D., & Benson, J. F. (2022). Spatial distribu-
tion of bat activity in agricultural fields: Implications for ecosystem
service estimates. Ecology and Society, 27, 11. https://doi.org/10.
5751/ES-13170-270211

Froidevaux, J. S. P., Barbaro, L., Vinet, O., Larrieu, L., Bas, Y., Molina, J.,
Calatayud, F., & Brin, A. (2021). Bat responses to changes in forest
composition and prey abundance depend on landscape matrix and
stand structure. Scientific Reports, 11, 10586. https://doi.org/10.
1038/541598-021-89660-z

Gonzaélez, D., Cabral, J. A., Torres, L., & Santos, M. (2015). A cohort-based
modelling approach for managing olive moth Prays oleae (Bernard,
1788) populations in olive orchards. Ecological Modelling, 296, 46-
56. https://doi.org/10.1016/j.ecolmodel.2014.10.012

Gorman, K. M., Barr, E. L., Ries, L., Nocera, T., & Ford, W. M. (2021). Bat
activity patterns relative to temporal and weather effects in a tem-
perate coastal environment. Global Ecology and Conservation, 30,
e01769. https://doi.org/10.1016/j.gecco.2021.e01769

Heim, O., Schrdoder, A., Eccard, J., Jung, K., & Voigt, C. C. (2016). Seasonal
activity patterns of European bats above intensively used farmland.
Agriculture, Ecosystems and Environment, 233, 130-139. https://doi.
org/10.1016/j.agee.2016.09.002

Herrera, J. M., Carvalho, A., Barreiro, S., Jiménez-Navarro, G., Melguizo-
Ruiz, N., Beja, P., Moreira, F., Vasconcelos, S., Morgado, R., & Silva,
B. (2023). Data from: Temporal mismatches in flight activity pat-
terns between Pipistrellus kuhlii and Prays oleae in Mediterranean
olive farms: Implications for biocontrol services potential. Dryad
https://doi.org/10.5061/dryad.Orxwdbséz

85U0| 7 SUOWIWOD BAITER.D) 8geo!dde aup Ag peusenof ae sejolie O 88N Jo Sa|ni 10} Areiq1] 8UIUO AB|1M UO (SUONIPUOD-PpUe-SLLBI W0 A8 |IM" AReIq ]BU1[UO//:SdNY) SUORIPUOD Pue SWie | 8Y) 89S *[yZ02/£0/22] Uo Aiqiaulluo AB[IM ‘Seaus s einnolby JO AVSBAIUN USIPBMS AQ /ST #992-GOET/TTTT OT/I0p/wioo 8 |1m Areigjeut|uo's feuno ksq;/sdny wouy pepeojumod ‘€ ‘%20z ‘7992S9ET


https://doi.org/10.5061/dryad.0rxwdbs6z
https://doi.org/10.5061/dryad.0rxwdbs6z
https://orcid.org/0000-0001-7968-3438
https://orcid.org/0000-0001-7968-3438
https://orcid.org/0000-0001-5153-5281
https://orcid.org/0000-0001-5153-5281
https://orcid.org/0000-0001-8164-0760
https://orcid.org/0000-0001-8164-0760
https://orcid.org/0000-0003-4393-8018
https://orcid.org/0000-0003-4393-8018
https://orcid.org/0000-0002-7323-513X
https://orcid.org/0000-0002-7323-513X
http://r-forge.r-project.org/projects/mumin/
https://www.science.org/doi/10.1126/science.1201366
https://doi.org/10.1002/ece3.2242
https://doi.org/10.1002/ece3.2242
https://doi.org/10.1016/j.eswa.2012.07.021
https://doi.org/10.1016/j.eswa.2012.07.021
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1016/j.agee.2020.107207
https://doi.org/10.1098/rspb.2013.3148
https://doi.org/10.1098/rspb.2013.3148
https://doi.org/10.1111/btp.12327
https://doi.org/10.1111/btp.12327
https://doi.org/10.1016/j.agee.2019.106708
https://doi.org/10.1016/j.agee.2019.106708
https://doi.org/10.1007/s10344-018-1193-y
https://doi.org/10.1111/j.1469-7998.2005.00016.x
https://doi.org/10.1111/j.1469-7998.2005.00016.x
https://doi.org/10.1111/j.1469-7998.2007.00343.x
https://doi.org/10.18637/jss.v022.i04
https://ec.europa.eu/eip/agriculture/
https://ec.europa.eu/eurostat
https://doi.org/10.1007/s10531-005-2089-1
https://doi.org/10.1007/s10531-005-2089-1
https://doi.org/10.5751/ES-13170-270211
https://doi.org/10.5751/ES-13170-270211
https://doi.org/10.1038/s41598-021-89660-z
https://doi.org/10.1038/s41598-021-89660-z
https://doi.org/10.1016/j.ecolmodel.2014.10.012
https://doi.org/10.1016/j.gecco.2021.e01769
https://doi.org/10.1016/j.agee.2016.09.002
https://doi.org/10.1016/j.agee.2016.09.002
https://doi.org/10.5061/dryad.0rxwdbs6z

HERRERA ET AL.

537

Herrera, J. M., Costa, P., Medinas, D., Marques, J. T., & Mira, A. (2015).
Community composition and activity of insectivorous bats in
Mediterranean olive farms. Animal Conservation, 18, 557-566.
https://doi.org/10.1111/acv.12209

Herrera, J. M., Silva, B., Jiménez-Navarro, G., Barreiro, S., Melguizo-Ruiz,
N., Moreira, F., Vasconcelos, S., Morgado, R., & Rodriguez-Pérez, J.
(2021). A food web approach reveals the vulnerability of biocon-
trol services by birds and bats to landscape modification at regional
scale. Scientific Reports, 11, 23662. https://doi.org/10.1038/s4159
8-021-02768-0

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference
in general parametric models. Biometrical Journal, 50, 346-363.
https://doi.org/10.1002/bimj.200810425

Jiménez-Navarro, G., Rodriguez-Pérez, J., Melguizo-Ruiz, N., Silva,
B., Vasconcelos, S., Beja, P., Moreira, F., Morgado, R., Barreiro,
S., & Herrera, J. M. (2023). Disentangling the effects of agricul-
tural intensification on the distribution patterns of birds and
bats in Mediterranean olive groves. Agriculture, Ecosystems and
Environment, 343, 108280. https://doi.org/10.1016/j.agee.2022.
108280

Kumral, N. A., Kovanci, B., & Akbudak, B. (2005). Pheromone trap
catches of the olive moth, Prays oleae (Bern.) (Lep., Plutellidae) in re-
lation to olive phenology and degree-day models. Journal of Applied
Entomology, 129, 375-381. https://doi.org/10.1111/j.1439-0418.
2005.00985.x

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest
package: Tests in linear mixed effects models. Journal of Statistical
Software, 82, 1-26. https://doi.org/10.18637/jss.v082.i13

Maas, B., Clough, Y., & Tscharntke, T. (2013). Bats and birds increase crop
yield in tropical agroforestry landscapes. Ecology Letters, 16, 1480-
1487. https://doi.org/10.1111/ele.12194

Maas, B., Karp, D. S., Bumrungsri, S., Darras, K., Gonthier, D., Huang, J.
C.-C,, Lindell, C. A., Maine, J. J., Mestre, L., Michel, N. L., Morrison,
E. B., Perfecto, ., Philpott, S. M., Sekercioglu, C. H., Silva, R. M.,
Taylor, P. J., Tscharntke, T., Van Bael, S. A., Whelan, C. J., & Williams-
Guillén, K. (2015). Bird and bat predation services in tropical forests
and agroforestry landscapes. Biological Reviews, 91, 1081-1101.
https://doi.org/10.1111/brv.12211

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., & Hornik, K. (2022).
cluster: Cluster analysis basics and extensions. R package version
2.1.4. https://CRAN.R-project.org/package=cluster

Mata, V., da Silva, L., Verissimo, J., Horta, P., Raposeira, H., McCracken,
G., Rebelo, H., & Beja, P. (2021). Combining DNA metabarcoding
and ecological networks to inform conservation biocontrol by small
vertebrate predators. Ecological Applications, 31, e02457. https://
doi.org/10.1002/eap.2457

Maxinova, E., Kipson, M., Nado, L., Hradicka, P., & Uhrin, M. (2016).
Foraging strategy of Kuhl's pipistrelle at the northern edge of the
species distribution. Acta Chiropterologica, 18, 215-222. https://
doi.org/10.3161/15081109ACC2016.18.1.012

Mering, E. D., & Chambers, C. L. (2014). Thinking outside the box: A re-
view of artificial roosts for bats. Wildlife Society Bulletin, 38, 741-
751. https://doi.org/10.1002/wsb.461

Morgado, R., Ribeiro, P. F.,, Santos, J. L., Rego, F., Beja, P., & Moreira, F.
(2022). Drivers of irrigated olive grove expansion in Mediterranean
landscapes and associated biodiversity impacts. Landscape and
Urban Planning, 225, 104429. https://doi.org/10.1016/j.landurb-
plan.2022.104429

Paquete, S. R., Garant, D., Pelletier, F., & Bélisle, M. (2013). Seasonal
patterns in tree Swallow prey (Diptera) abundance are affected by
agricultural intensification. Ecological Applications, 23, 122-133.
https://doi.org/10.1890/12-0068.1

Pinto-Correia, T., Ribeiro, N., & Sa-Sousa, P. (2011). Introducing the
montado, the cork and holm oak agroforestry system of Southern
Portugal. Agroforestry Systems, 82, 99-104. https://doi.org/10.
1007/s10457-011-9388-1

Journal of Applied Ecology E EE‘E@,"’“

Puig-Montserrat, X., Torre, |., Lépez-Baucells, A., Guerrieri, E., Monti, M.
M., Rafols-Garcia, R., Ferrer, X., Gisbert, D., & Flaquer, C. (2015).
Pest control service provided by bats in Mediterranean rice pad-
dies: Linking agroecosystems structure to ecological functions.
Mammaliam Biology, 80, 237-245. https://doi.org/10.1016/j.mam-
bi0.2015.03.008

QGIS Development Team. (2016). QGIS geographic information system.
Open Source Geospatial Foundation Project. http://qgis.osgeo.org

Ramos, P., Campos, M., & Ramos, J. M. (1998). Long-term study on the
evaluation of yield and economic losses caused by Prays oleae Bern.
in the olive crop of Granada (southern Spain). Crop Protection, 17,
645-647. https://doi.org/10.1016/50261-2194(98)00065-9

Rosemheim, J. A,, Cluff, E., Lippey, M. K,, Cass, B. N., Paredes, D., Parsa,
S.,Karp, D.S., & Chaplin-Kramer, R. (2022). Increasing crop field size
does not consistently exacerbate insect pest problems. Proceedings
of the National Academy of Sciences of the United States of America,
119,e2208813119. https://doi.org/10.1073/pnas.220881311

Russo, D., & Jones, G. (2003). Use of foraging habitats by bats in a
Mediterranean area determined by acoustic surveys: Conservation
implications. Ecography, 26, 197-209. https://doi.org/10.1034/j.
1600-0587.2003.03422.x

Schloesing, E., Chambon, R., Tran, A., Choden, K., Ravon, S., Epstein, J.
H., Hoem, T, Furey, N., Labadie, M., Bourgarel, M., De Nys, H. M.,
Caron, A., & Cappelle, J. (2020). Patterns of foraging activity and
fidelity in a southeast Asian flying fox. Movement Ecology, 8, 46.
https://doi.org/10.1186/s40462-020-00232-8

Silva, B., Mestre, F., Barreiro, S., Alves, P. J., & Herrera, J. M. (2022).
SoundClass: An automatic sound classification tool for biodiver-
sity monitoring using machine learning. Methods in Ecology and
Evolution, 13, 2356-2362. https://doi.org/10.1111/2041-210X.
13964

Tibshirani, R., Walther, G., & Hastie, T. (2001). Estimating the number
of clusters in a data set via the gap statistic. Journal of the Royal
Statistical Society, Series B: Statistical Methodology, 63, 411-423.
https://doi.org/10.1111/1467-9868.00293

Voigt, C. C., & Kingston, T. (2016). Bats in the Anthropocene: Conservation
of bats in a changing world. Springer International Publishing AG
Switzerland. https://doi.org/10.1007/978-3-319-25220-9

Wickramasinghe, L. P., Harris, S. H., Jones, G., & Vaughan, N. (2003). Bat
activity and species richness on organic and conventional farms:
Impact of agricultural intensification. Journal of Applied Ecology, 40,
984-993. https://doi.org/10.1111/j.1365-2664.2003.00856.x

Williams-Guillén, K., Olimpi, E., Maas, B., Taylor, P. J., & Arlettaz, R.
(2016). Bats in the anthropogenic matrix: Challenges and oppor-
tunities for the conservation of Chiroptera and their ecosystem
services in agricultural landscapes. In C. Voigt & T. Kingston (Eds.),
Bats in the Anthropocene: Conservation of bats in a changing world.
Springer. https://doi.org/10.1007/978-3-319-25220-9_6

Williams-Guillén, K., & Perfecto, |. (2011). Ensemble composition and
activity levels of insectivorous bats in response to management in-
tensification in coffee agroforestry systems. PLoS One, 6, €16502.
https://doi.org/10.1371/journal.pone.0016502

How to cite this article: Herrera, J. M., Carvalho, A., Barreiro,
S., Jiménez-Navarro, G., Melguizo-Ruiz, N., Beja, P., Moreira,
F., Vasconcelos, S., Morgado, R., & Silva, B. (2024). Temporal
mismatches in flight activity patterns between Pipistrellus
kuhlii and Prays oleae in olive farms: Implications for
biocontrol services potential. Journal of Applied Ecology, 61,
526-537. https://doi.org/10.1111/1365-2664.14577

85U0| 7 SUOWIWOD BAITER.D) 8geo!dde aup Ag peusenof ae sejolie O 88N Jo Sa|ni 10} Areiq1] 8UIUO AB|1M UO (SUONIPUOD-PpUe-SLLBI W0 A8 |IM" AReIq ]BU1[UO//:SdNY) SUORIPUOD Pue SWie | 8Y) 89S *[yZ02/£0/22] Uo Aiqiaulluo AB[IM ‘Seaus s einnolby JO AVSBAIUN USIPBMS AQ /ST #992-GOET/TTTT OT/I0p/wioo 8 |1m Areigjeut|uo's feuno ksq;/sdny wouy pepeojumod ‘€ ‘%20z ‘7992S9ET


https://doi.org/10.1111/acv.12209
https://doi.org/10.1038/s41598-021-02768-0
https://doi.org/10.1038/s41598-021-02768-0
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1016/j.agee.2022.108280
https://doi.org/10.1016/j.agee.2022.108280
https://doi.org/10.1111/j.1439-0418.2005.00985.x
https://doi.org/10.1111/j.1439-0418.2005.00985.x
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1111/ele.12194
https://doi.org/10.1111/brv.12211
https://cran.r-project.org/package=cluster
https://doi.org/10.1002/eap.2457
https://doi.org/10.1002/eap.2457
https://doi.org/10.3161/15081109ACC2016.18.1.012
https://doi.org/10.3161/15081109ACC2016.18.1.012
https://doi.org/10.1002/wsb.461
https://doi.org/10.1016/j.landurbplan.2022.104429
https://doi.org/10.1016/j.landurbplan.2022.104429
https://doi.org/10.1890/12-0068.1
https://doi.org/10.1007/s10457-011-9388-1
https://doi.org/10.1007/s10457-011-9388-1
https://doi.org/10.1016/j.mambio.2015.03.008
https://doi.org/10.1016/j.mambio.2015.03.008
http://qgis.osgeo.org
https://doi.org/10.1016/S0261-2194(98)00065-9
https://doi.org/10.1073/pnas.220881311
https://doi.org/10.1034/j.1600-0587.2003.03422.x
https://doi.org/10.1034/j.1600-0587.2003.03422.x
https://doi.org/10.1186/s40462-020-00232-8
https://doi.org/10.1111/2041-210X.13964
https://doi.org/10.1111/2041-210X.13964
https://doi.org/10.1111/1467-9868.00293
https://doi.org/10.1007/978-3-319-25220-9
https://doi.org/10.1111/j.1365-2664.2003.00856.x
https://doi.org/10.1007/978-3-319-25220-9_6
https://doi.org/10.1371/journal.pone.0016502
https://doi.org/10.1111/1365-2664.14577

	Temporal mismatches in flight activity patterns between Pipistrellus kuhlii and Prays oleae in olive farms: Implications for biocontrol services potential
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study site and system
	2.2|Study system
	2.3|Sampling design
	2.4|Bat monitoring
	2.5|Pest monitoring
	2.6|Data analysis

	3|RESULTS
	4|DISCUSSION
	4.1|Season-­dependent effects of structural simplification on potential biocontrol services
	4.2|Landscape-­scale effects on potential bat-­mediated biocontrol services
	4.3|Integrated pest management of Mediterranean olive farms using biocontrol services as incentives for bat conservation

	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


