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Simple Summary: Africa faces significant challenges in balancing economic and social development
while preserving its natural resources. However, we still have much to learn about the diverse bat
community on the continent, especially in drier ecosystems. In our study, which was conducted in a
semi-arid region of Kenya, we aimed to provide detailed information on the factors that influence
the number and activity of bats. We used acoustic sampling and other methods to assess bat
activity at different heights above the ground. We surveyed 48 ground-level sites and two sites on
meteorological masts 20 and 35 m above the ground. We identified over 20 bat species, including
one species of concern for conservation. Our analysis showed that different variables affect bat
activity. The low-flying bat species were influenced by habitat variables, whereas the high-flying
species depended more on weather conditions. Our study highlights the richness of bat populations
in semi-arid environments and emphasizes the need for conservation measures. Climate change,
land management, and development projects threaten bat diversity and their habitats. It is crucial to
implement effective management strategies to protect these species. Our findings contribute to the
development of conservation efforts for bat populations in Africa and beyond.

Abstract: Africa faces significant challenges in reconciling economic and social development while
preserving its natural resources. Little is known about the diverse bat community on the continent,
particularly in drier ecosystems. A better understanding of the bat community will help improve
and inform the management of these ecosystems. Our study aimed to provide detailed information
on the main drivers of bat richness and activity at three different heights above the ground in a
semi-arid region of Kenya. We assessed how bat activity varied with space and height using acoustic
sampling and complementary methods. We sampled 48 sites at ground level and two sites on
meteorological masts at 20 m and 35 m above the ground. We recorded more than 20 bat species,
including one species of concern for conservation. Our models showed that the use of space varies
with bat guild, creating trade-offs in the variables that affect their activity. Low-flying bat species
are mostly associated with habitat variables, whereas high-flying species are more dependent on
weather conditions. Our study highlights the richness of bat assemblages in semi-arid environments
and emphasizes the need for management measures to protect bat diversity in the face of habitat
degradation caused by climate change, land management, and development projects.
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1. Introduction

Due to the ever-increasing human population, Africa is confronted with a multitude of
challenges in its quest to improve the living conditions of its people while at the same time
preserving its unique natural resources and environment [1,2]. Much of Africa’s surface is
now affected by human land use, resulting in significant biophysical disturbances to natu-
ral habitats, including large-scale land conversion, industrial activity, and infrastructure
development [3–5]. Combined with the myriad negative impacts of climate change, these
effects are leading to unprecedented biodiversity losses [6–8] and disruption of the healthy
functioning of the ecosystem [9,10].

Infrastructure development (and related projects) is one of the key drivers of biodi-
versity loss [11,12]. Therefore, an early risk assessment and associated spatial planning, as
well as the design of appropriate mitigation measures, are crucial to avoid or minimize
potential impacts on biodiversity. However, countries from the Global South often face
the challenges of rapid development, limited ecological data for effective planning, and
weaker policy enforcement [1,13]. In such regions, gathering comprehensive ecological
data on poorly studied animal groups is crucial to support the formulation of effective miti-
gation policies, assist governments and businesses in implementing policies, and achieve
biodiversity goals [13,14].

Africa is particularly vulnerable to the impacts of climate change, with experts pre-
dicting an increase in the intensity of droughts linked to the El Niño-Southern Oscillation
phenomenon [15,16]. As the most arid continent on earth, 61% of sub-Saharan Africa is
comprised of drylands, and most African nations are currently facing a shift towards drier
conditions [17]. Human populations in these regions often rely on rainfed agriculture and
struggle to adapt to the harsh conditions, making them among the poorest in Africa [18,19],
thereby leading to conflicts between people and the biodiversity of these regions [18,20].
Natural arid and semi-arid lands (ASALs) have unique flora and fauna of great conserva-
tion concern, and support high biological diversity at multiple levels [21]. However, these
regions are often assumed to be habitat- and species-poor and suffer low environmental
impact. These factors make ASALs common targets for development projects.

Bats (Mammalia: Chiroptera), the second most diverse group of mammals globally [22],
are relatively understudied in Africa. They are critical components of mammalian fauna
in the ASALs, comprising one of the most diverse and successful groups of mammals
in ASALs [23]. Bats’ remarkable versatility, their sensitivity to environmental changes,
and their critical role in seed dispersal, pollination, and pest control [24,25] make them
an invaluable indicator group for studying the effects of habitat disturbance on arid trop-
ical ecosystems [26–28]. Bats are highly vulnerable to habitat changes caused by human
activities and face numerous threats that endanger their survival [29–31]. The potential
decline and extinction of bats could have far-reaching ecological consequences, impact-
ing not only biodiversity but also forestry and agriculture [32]. Despite their vital role
in sustaining healthy and balanced ecosystems [33], conserving bats remains a consider-
able challenge. Further research is needed to understand the ecological roles of bats in
ASALs, as well as their ability to adapt to environmental changes. This knowledge is
essential for designing effective conservation measures and mitigating risks arising from
human activities [23].

Some studies have investigated African bat responses to seasonal and habitat changes
in dry regions [34,35], showing that bat activity declines during the dry season, and that
land cover associations are guild- and season-specific. Other studies suggest that bats
may also segregate their niche based on height, with traits such as diet, wing morphology,
and echolocation playing key roles in determining their vertical stratification [36]. This
phenomenon has been extensively studied in rainforests, where vegetation complexity and
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height increase the vertical niche availability [37–39]. In Africa, the vertical stratification
of bats has been studied in a West African forest, focusing solely on frugivorous bats [40].
Taken together, these studies show that bat species composition changes across different
forest strata, with bat activity being generally higher at the canopy level. Additionally,
they show that forest fragmentation and the presence of water bodies appear to dilute this
stratification. Nevertheless, there remains a dearth of information on how bat species use
vertical spaces in open areas.

Understanding the seasonal patterns of bat activity and the vertical stratification of
their activity is needed, e.g., to inform the early risk assessment of wind power projects
and their spatial planning, including site selection and the design of appropriate mitigation
measures that are crucial to avoid or minimize potential impacts on bats. In addition to
informing wind-energy development, understanding these patterns may provide managers
with insights into the timing of potential land management stewardship actions, minimising
any negative impacts on bats [12,41]. Furthermore, understanding the ecological processes
driving seasonal patterns of bat activity may provide insights into the adaptive response of
bats to climate change [42].

In this study, we employed acoustic sampling and other complementary methods to
investigate how environmental and landscape variables influence the occurrence, foraging
behaviour, and vertical space use of five bat guilds in a semi-arid tropical region over
the course of a year. We hypothesised that due to the distinct strategies that each guild
uses to exploit their prey and the way they use the vertical dimension, there is a trade-off
in the variables that drive their activity. Therefore, we predicted that the activity of low-
flying species is driven mainly by habitat variables (e.g., land cover, terrain, and water
availability) [34]. In contrast, we predicted that the activity of higher-flying species is
mainly driven by weather and other environmental variables, such as wind speed and
moon phase [43]. Taking the drastic seasonal weather changes typical of ASALs, we
also predicted that humidity and wind speed influence the activity of high-flying bats
throughout the year.

2. Materials and Methods
2.1. Study Area

The study area, situated in Meru County (0.27–0.39◦, 37.61–37.78◦), Kenya (Figure 1), is
a predominantly flat region with altitudes ranging from 1100 m to 1300 m. It has a semi-arid
climate characterized by mild year-round temperatures. During our study, temperatures
ranged from 19 to 27 ◦C, with the highest monthly average occurring in March. Humidity
levels were highest in November and lowest in January, and they exhibited an overall
decreasing trend until early October when they reached a new low. The wind speed peaked
in August and reached its minimum in December and January. The area experienced two
distinct rainy and dry seasons, resulting in significant seasonal changes in ground cover
(Figure 2). The vegetation primarily consisted of Vachellia-Commiphora deciduous bushland
and thicket, with some areas of rocky terrain. Tall trees were scarce, mostly found near
streams, and there were no permanent water bodies. Subsistence farming, including crops
like beans and maize, was practiced on cleared stretches of land, along with cattle grazing
and some human settlements.

2.2. Bat Sampling

Bats were systematically surveyed using acoustic methods, both at ground level and
height. Additionally, to ensure comprehensive coverage of the study area and adhere
to best practices [44], we also utilized two complementary methods: (1) opportunistic
consulting with local communities to gather information on bat occurrences and roosts,
and (2) capturing bats using mist-nets.

We selected mist netting locations to maximize coverage of the study area, target-
ing patches of native woodlands or watercourses that are known to maximize bat cap-
ture rates [45]. At each sampling site, we deployed four mist nets (12 × 2.5 or 3.2 m,



Biology 2023, 12, 1116 4 of 17

16 mm mesh, Ecotone) at ground level. Nets were opened 30 min before sunset, left open
for approximately 3.5 h each night, and checked at intervals of ca. 15 min. All the captured
bats were identified, measured, photographed, and released at the point of capture. Iden-
tifications followed Patterson and Webala [46] and Happold and Happold [47], with the
following remarks: (a) all the Pteropodid bats we captured had two post-dental ridges and
forearm below 61 mm (Table S1), and were thus classified as Epomophorus minimus [48];
(b) as the classification of the East African Rhinolophus landeri is still uncertain, we refer to
this clade as Rhinolophus cf. landeri; (c) we captured two species of Mops, with M. pumilus
being significantly smaller than M. condylurus. However, their calls are indistinguishable,
so we considered them a single phonic type; and (d) based on Musila et al. [49], we recog-
nized the Dark-winged Lesser House Bat (Scotoecus hirundo) in our captures. However, the
dark-winged forms of Scotoecus are difficult to differentiate and require molecular revision.
Given the still pending taxonomic uncertainty for the group, we kept its classification
as Scotoecus sp.
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Reference calls from hand-released bats were recorded to create a reference call li-
brary to facilitate the acoustic identification of bats present in the study area. The bat
nomenclature has been updated following recent publications [50–52].

We conducted ground acoustic sampling at 48 sites distributed throughout the study
area during three separate field surveys: November–December 2016, May 2017, and
September–October 2017. Seven to nine sites were sampled each night during the first
three hours after dusk. Two-point counts were performed simultaneously at each site,
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each lasting for 5 min. All bat passes were recorded in wave format using an M500 USB
Ultrasonic Microphone attached to a tablet (MS Windows Surface) operating the BatSound
Lite software (Pettersson Elektronik AB, Uppsala, Sweden) at a sampling frequency of
384 kHz. The location of each point count pair was obtained using GPS, and the minimal
distance between pair point counts was 400 m to avoid pseudo-replication. Land use, moon
phase, and weather conditions (wind, cloud cover, and temperature) were recorded at each
point count. Sampling was performed only in favourable weather conditions, avoiding
heavy rain or foggy nights. All recorded calls were analysed using the BatSound v.4.21 Pro
sound analysis software (Pettersson Elektronik, Uppsala, Sweden). The call characteristics,
LowFreq (lowest apparent frequency), FreqMaxPwr (frequency of maximum amplitude),
MaxFreq (highest apparent frequency), the interval between calls, and call shapes were
extracted using the cursor lines. Identification was performed to the lowest taxonomic
level possible by comparison between the measured values and the features of the calls
of known species available in our database of African bat calls (from bat captures in mist
nets and roosts) and with data available in the literature [47,53–56]. Several species were
identified only to the genus level (e.g., Mops sp. and Nycteris sp.)

Bat activity was sampled high above ground using four automatic recording stations
(Pettersson D500X; Pettersson Elektronik AB, Uppsala, Sweden; 500 kHz sampling rate,
16-bit resolution). Each pair was installed at two sites 20 m and 35 m above the ground,
using existing meteorological masts. Sampling was performed between 29 November 2016
and 4 October 2017, automatically starting recordings at sunset, and stopping at sunrise.
The recorders were synchronized to facilitate the identification of instances where the same
bat call was detected at both heights. The input gain of the automatic recorders was set at 45
and the trigger level was set at 28 with no pre-triggering. The recordings lasted for 3 s and
were spaced by a period of at least 5 s to avoid recording the same bat call in different files.
We used Sonobat batch scrubber vs. 5.1 to exclude all files with no bat calls. Seventy-three
sound metrics were automatically measured in eight call pulses recorded in each file using
Sonobat 3.1p [57]. Calls were visually inspected, and metrics were averaged using a file
whenever the values were consistent. Some of the measured sound metrics, namely call
duration, LowFreq, FreqMaxPwr, Fc (characteristic frequency), FreqKnee (frequency at
which the initial slope of the call most abruptly transitions to the slope of the body of the
call), and Bndw20dB (the total bandwidth covered from the point of the call 20 dB below
and before the point of maximum amplitude and the point of the call 32 dB below and after
the point of maximum amplitude of the call), were further investigated using graphical and
statistical analysis. Calls were identified to the lowest taxonomic level possible following
the procedure described in the previous section.

2.3. Environmental and Landscape Descriptors

Several environmental and landscape descriptors were tested to assess their impor-
tance as drivers of bat activity in space and time (Table 1). Air temperature and absolute
and relative humidity were recorded continuously using a HOBO Pro Series meteoro-
logical data logger (Onset Corporation) installed at a height of 20 m. In addition, wind
data were recorded at the same site and height using an NGR wind assessment system.
Landcover descriptors were derived from data retrieved in the field or Earth Observing
System Data and Information Systems like the Landsat and the Shuttle Radar Topography
missions (Table 1).

2.4. Data Analysis

We categorized all recorded bat species into six guilds based on published data
on morpho-ecological traits, echolocation, and flight characteristics [35,46,47,54,58–60]
(Table 2). All analyses were conducted in R v4.2.3 software [61], and all models were
fitted with the “lme4” package [62]. Each model’s partial effects—estimated change in the
response variable for each unit change in the independent variable, were obtained using
the “Effects” package v. 4.2-2 [63,64].
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Table 1. Description of environmental and landscape descriptors used in the study.

Variables Type, Units, and Classes Source/Scale

Landscape Variables

Landcover

Land cover containing all habitat types categorised
during fieldwork. Categorical: fallow, farmed, mosaic,

pond, scrub, village, watercourse, wood dense, and
wood sparse. Wood dense was used as a reference.

Recorded in the field

NDVI

Normalised Difference Vegetation Index—a measure of
green biomass for April. Continuous (−1 to 1).

Available at: www.usgs.gov
(accessed on 12 January 2018).

Derived from Landsat 8. 30 m

DEM

Digital elevation model—a measure of altitude.
Continuous, ranging from 1090 to 1288 m.

Available at: http://www.cgiar-csi.org/data/srtm-90m-
digital-elevation-database-v4-1
(accessed on 12 January 2018).

SRTM. 90 m DEM

Distance to water
Distance to main watercourses in the study area (often
maintained water in scattered puddles). Continuous,

ranging from 0 to 4859 m.
Derived from AGID

Environmental Variables

Temperature
Ambient temperature sampled at the meteorological

mast at Kandebene. Continuous, ranging
from 19.3 to 27 ◦C.

Sensor at 20 m height

RH
Relative air humidity was sampled at the meteorological

mast at Kandebene. Continuous,
ranging from 32.3 to 87.7%.

Sensor at 20 m height

AH
Absolute air humidity was sampled at the meteorological

mast at Kandebene. Continuous,
ranging from 6.5 to 15.9 (g/m3)

Sensor at 20 m height

WindClass A measure of wind speed at ground level, using the
Beauford scale (0—calm to 7—high wind speed). Recorded in the field

Wind speed
A measure of wind speed was sampled between

November 2016 to October 2017. Continuous, ranging
from 0.3 to 14.8 m/s.

Sensor at 20 m height.

Moon

Fraction of the moon visible from November 2016 to
October 2017. Continuous, ranging from 0 (new) to 1

(full moon).
Available at:

www.timeanddate.com/moon/kenya/isiolo
(accessed on 12 January 2018).

Time and date website

To account for the differences in sampling effort, spatial distribution, and the nature
of the data collected at different heights (occurrence and activity; see sections below), we
evaluated differences in species richness between different heights through sample-size-
based sampling curves following the procedure proposed by Chao et al. [65], using the
package iNEXT [66]. Rarefaction was determined using sampling-unit-based incidence
data (q = 0), as the mean of 500 replicate bootstrapping runs to estimate 95% confidence
intervals. The sample size was extrapolated to 20 in both the habitat types sampled at
ground level (~2 m): dense woodlands (N = 12) and farmlands (N = 14).

2.4.1. Ground-Level Bat Occurrence

To investigate the relative effects of environmental and landscape variables on the
occurrence of bats, while considering data from the different sampling methods (roost
surveys, mist-netting, and ground acoustic) we used binomial generalised linear mixed
models (GLMM) with logit as a link function. Separate models were used for each bat guild
(Table S3). Guilds were only modelled when more than 30 presences were recorded, thus
excluding the lowest flying guild Low_6 (Table 2). In all models, the occurrence of a given
guild was used as the dependent variable, with the environmental and landscape metrics
as independent variables (Table 2). Log-transformed sampling effort was included as an
offset and the season was incorporated as a random term.

www.usgs.gov
http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1
http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1
www.timeanddate.com/moon/kenya/isiolo
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Correlation between variables was assessed using the Spearman correlation coeffi-
cient (Table S2), and one of the correlated variables (r > 0.7), usually the one with less
biological relevance was excluded from the analyses [67]. After a graphical exploratory
analysis, we tested each predictor and checked for non-linear relationships using univari-
ate GLMM modelling. Variables with a p-value of over 0.3 were excluded from further
analysis [68]. The most parsimonious models were selected based on their AICc values
and the significance of the variables included in the model [69]. Whenever the variance of
the random variables approached zero, the models were adjusted using generalised linear
models (GLM) instead. Finally, we used variance inflation factors (VIF) to test for multi-
collinearity among variables in our final models [70]. However, no signs of multicollinearity
were detected.

Table 2. Bat guilds considered in this study. The approximate flying height was estimated based
on the authors’ expertise and available published information [35,47,58–60]. These values are pro-
vided as indicators and should be interpreted with caution. Guild species’ detection distance from
Monadjem et al. [71]. Some species (in brackets) were not detected in our study area and are included
solely for reference, due to the lack of specific information. N/A—No published information available.

Guild Taxa Approx. Flying Height (m) Mean Recording
Distance (m)

High-flying
bats

High_1 Monospecific guild, including only
Otomops harrisoni 15–550 N/A

High_2 All species of the family
Molossidae, other than O. harrisoni 5–100 M. pumilus: 12.0 ± 2.00

M. condylurus: 15.0 ± 2.67

Medium- to
high-flying bats

Medium_3 Genera Scotophilus and Scotoecus 3–15 [S. dinganii: 17.5]
[S.viridis: 12.5]

Medium_4
Genera Pipistrellus, Afronycteris,

Neoromicia, Nycticeinops
and Miniopterus

2–10
A. nanus: 5.8 ± 1.07
N. schlieffeni: 15.0
[M. natalensis: 5.0]

Low-flying bats Low_5 Genera Lavia, Cardioderma
and Nycteris <3.5 N/A

Low_6 Genera Rhinolophus, Hipposideros
and Triaenops <1.5 H. caffer: 0.2 ± 0.07

[R. darlingi: 2.0]

2.4.2. High-Flying Bat Activity

We used negative binomial GLMMs with a log-link function to test the effects of several
environmental variables on the night activity of each bat guild (see Table 2). Only guilds of
high and medium-flying bats (1 to 4) were recorded at 20 m and 35 m heights. Guild 4 had
very few observations and was thus not modelled. An index of bat activity (bat passes per
hour [72]) was modelled with height and five environmental descriptors—temperature (◦C),
relative humidity (%), absolute humidity (g/m3), an illuminated fraction of the moon (%)
and wind speed (m/s) (Table 1). As the two humidity measures were highly correlated,
only the absolute humidity was used in the models. Wind proved to have a non-linear
asymptotic relationship with bat activity and was thus log-transformed (log + 1). Season
and site were used as random variables. The model-fitting procedure was described in the
previous section.

3. Results

A total of 20 species belonging to nine families and six foraging guild types were
recorded during the study (Table 3). One species, Otomops harrisoni, is globally classified as
vulnerable [73]. We recorded at least three more species from the acoustic sampling, but
these were unidentifiable at the species level. A total of 10 of the 20 species were recorded
flying as high as 20 m above the ground. A particularly noteworthy observation was the
recording of Triaenops afer, a low-flying species (guild Low_6), on one of the recorders
deployed at 35 m.
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Table 3. Bat species detected in the study area by survey type. Guild-type acronyms and descriptions
are presented in Table 2. The echolocation calls of the Mops species could not be distinguished and
are thus shown in brackets. Since E. minimus does not echolocate, it was not acoustically sampled;
therefore, it is denoted with a hyphen.

Sampling Method

Family/Species Guild Roost Search Mist Net Ground Acoustic
Height Acoustic

20 m 35 m

Pteropodidae
Epomophorus minimus x x - - -

Rhinolophidae
Rhinolophus fumigatus Low_6 x

R. cf. landeri Low_6 x
Hipposideridae

Hipposideros caffer Low_6 x
Rhinonycteridae

Triaenops afer Low_6 x x
Megadermatidae
Cardioderma cor Low_5 x x

Lavia frons Low_5 x x
Nycteridae
Nycteris sp. Low_5 x x
Molossidae

Mops condylurus High_2 x x [x] [x] [x]
Mops pumilus High_2 x x [x] [x] [x]

Otomops harrisoni High_1 x x x
Miniopteridae
Miniopterus sp. Medium_4 x x x

Vespertilionidae
Afronycteris nana Medium_4 x

Laephotis kirinyaga Medium_4 x x x
Neoromicia somalica Medium_4 x x

Nycticeinops schlieffeni Medium_4 x x
Pipistrellus hesperidus Medium_4 x x x

Scotoecus sp. Medium_3 x x x x
Scotophilus andrewreborii Medium_3 x x x x x

Vansonia rueppellii Medium_4 x x

Despite the reduced sample size of acoustic calls at ground level compared to those
at higher elevations, it resulted in a much higher number of recorded species. When
comparing species richness between the ground and height sampling, the results showed
significant differences. Even when considering the different land-cover types sampled at
ground level separately, these differences remained consistent. For example, at ground
level, bat richness was nearly three times higher in densely wooded habitats than that
recorded at 35 m elevation (see Figure 3). Although differences in richness were less
noticeable in open habitats such as farmlands, bat richness remained significantly lower at
35 m height (Figure 3).

3.1. Ground-Level Bat Activity

The wind speed (Beaufort scale) was found to be a significant driver of foraging
bat occurrence (Figure 4 and Table S3). While it did not have a significant effect on the
low-flying Guild 5, all other guilds showed a similar trend of decreasing the occurrence of
foraging bats at higher wind speeds. Landscape variables, such as NDVI and landcover,
were found to drive bat occurrence in all guilds, except for the high-flying guild 1. The
occurrence of the two lowest flying guilds modelled (Low_5 and Medium_4) was positively
influenced by NDVI, indicating a preference for areas with greener vegetation. Both guilds
Medium_3 and High_2 showed a preference for watercourses, with High_2 bats being
more frequent in farmed areas and Medium_3 bats preferring urbanized areas and other
open habitats.

Two additional variables were found to have an impact on the night occurrence of
certain bat guilds in the studied region. An increase in the percentage of the visible moon
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was found to cause a decrease in the occurrence of molossid bats in guild High_2. Moreover,
the occurrence of O. harrisoni, a unique member of guild High_1, was found to be positively
influenced by relative humidity.
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Figure 4. Binomial GLM models’ partial effects for the occurrence of each bat guild recorded at the
ground level. Order of environmental variables from left to right and top to bottom: wind (Beaufort
scale, from 0—calm to 7 high wind), relative humidity (%), fraction of visible moon (between 0—new
and 1- full moon), landcover, and NDVI (index ranging from −1—no green biomass to +1—full
green biomass; see Tables 1 and 2 for further details on guilds and variables). Error bars and shaded
areas represent 95% confidence intervals. Asterisks represent the significance of the effect (*** <0.001;
** <0.01; * <0.05). See Table S3 for the complete models.
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3.2. High-Flying Bat Activity

Wind, humidity, and height were significant descriptors of bat activity for the three
guilds of medium- to high-flying bats, as depicted in Figure 5 and French Development
Agency S4. Furthermore, temperature positively influenced the bat activity in guild
Medium_3. Bat activity at 35 m was consistently lower than that at 20 m elevation, whereas
activity increased under conditions of lower wind intensity and higher humidity.

The impact of wind speed on the occurrence and activity of guild High_2 was partic-
ularly apparent. An increase of 1 m/s in wind speed could lead to a 6% reduction in bat
activity when all other variables were held constant. However, it is worth noting that even
on nights with the highest recorded wind speed during this study (14.8 m/s), the overall
bat foraging activity remained high (>6 bat-passes/hour) when the weather conditions
were otherwise favourable (e.g., temperature > 24 ◦C and humidity > 14.5 g/m3 at 20 m
elevation) and there was no moon.
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Figure 5. Bat activity at 20 and 35 m heights and its drivers throughout the year. The first column
shows the monthly bat activity (bat passes/hour) of the three medium- and high-flying guilds at
two heights from November 2016 to October 2017. The three columns on the right show each guild’s
GLMM model partial effects of the main bat activity drivers: height (20 and 35 m), wind speed (m/s),
and absolute humidity (g/m3), respectively. Error bars and shaded areas represent 95% confidence
intervals. Asterisks represent the significance of the effect (*** <0.001; * <0.05). The activity of guild
Medium_3 was also significantly and positively affected by temperature (not represented). All models
include the site and season as random intercept values. See Tables 1 and 2 for further details on
guilds and variables and Table S4 for the complete models.
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4. Discussion

We used autonomous bat detectors and complementary methods to investigate how
the occurrence, activity, and species richness of insectivorous foraging bats relate to land-
scape and environmental variables in a semi-arid landscape in Kenya. Despite employing
different sampling strategies at ground and height, the results of both datasets revealed
that bat guilds show a clear vertical stratification, with higher richness near the ground,
particularly in wooded habitats. Low-flying species were recorded foraging almost exclu-
sively at the ground level. High-flying species were recorded at the three sampled heights
(~2, 20, and 35 m) but showed a decline in activity at 35 m above the ground.

Our predictions were supported by the findings that the activity of the second-lowest
flyer guild (Low_5) was mainly driven by vegetation greenness (Figure 3), while the
activity of the highest-flying guild (High_1) appeared to be constrained mainly by wind
and humidity (Figures 3 and 4). The trend was less clear in the remaining medium- to
high-flying guilds, which seemed to be driven both by weather (mainly wind and humidity)
and by landscape variables (Figures 3 and 4). As observed elsewhere in Africa, the weather
conditions observed between November and March—moderate air temperature, high
humidity, and low wind speed [74,75]—provide the best conditions for the foraging activity
of high fliers in this semi-arid area (Figure 5).

Free-tailed bats (Family Molossidae) fly high above the ground to exploit high-flying
and migrating insects [76,77]. Therefore, it was unsurprising that this is the group most
frequently recorded flying at 20 and 35 m above the ground in this study. Our study showed
that molossids were the most active species at 35 m, even when general bat activity seemed
to taper with height. Weather and other environmental conditions can influence insect
abundance and activity, thereby influencing bat foraging activity [74,78]. No moon effect
was found in most studied guilds. This finding supports the results of Musila et al. [79],
who reported no evidence of lunar phobia in bats belonging to guild Medium_3 on the
north coast of Kenya. The effect of the moon on the activity of the two most prevalent
bat species in the region (M. pumilus and M. condylurus, guild High_2) was inconclusive
in our study. While moon illumination had a minor but significant negative effect on the
occurrence of this guild when sampled from the ground, no effect was found on its activity
when measured at height. The effect of moonlight on insectivorous bat activity can be
complex and varies depending on the species of bat, the ecological context, and the time of
year [31,74,75,80]. To confirm if any lunar phobia occurs, further studies focusing on each
Mops species are necessary.

Our study found that land cover was an important driver of bat occurrence in the
medium-high flying guilds (High_2 and Medium_3). Land cover use varied across the two
guilds, but both showed a lower occurrence in wooded habitats, particularly when the
vegetation was dense (Figure 3). Instead, both guilds showed a preference for open habitats,
including watercourses, which aligns with the well-established trend already documented
in Africa [81,82]. Both guilds, which include species of the genus Mops, Scotophilus, and
Scotoecus, were frequently detected in the villages of the area, even if there was some
variability in the use of these human habitats. Mops and Scotophilus species commonly
roost in buildings with the former often forming large colonies (pers.observ.; [54]). As
a result, these species are considered to have the ability to exploit or at least adapt to
urban areas [83].

The lower flying guilds (Medium_4 and Low_5) appeared to be less affected by the
land cover types. Even when land cover was modelled as a single variable, both guilds
showed a non-significant preference for densely wooded habitats, and in the case of
Medium_4, also for farmed areas. The index of vegetation greenness was found to better
reflect these species’ habitat preferences. The species in these guilds seem to use native
habitat patches, such as wooded areas, watercourses, bushes, and thickets, that maintain
green foliage even during the dry seasons. This finding is consistent with the findings of
Hackett et al. [84], who found that green stands of Acacia trees were the most important
natural arid habitat for insectivorous bats. Farmlands were found to be used by guild
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Medium_4, but only when the fields were at their greenest with crops (Figure 4). This may
reflect the opportunistic behaviour of these vespertilionid and miniopterid species, which
often target abundant crop pest species [25,33,85].

ASALs are highly vulnerable to habitat change and degradation, driven by multiple
factors such as changes in agricultural and husbandry practices [86], and the construction
of large-scale developmental energy projects, such as solar or wind farms. With an annual
photovoltaic power potential of over 1800 kWp [87] and wind speeds reaching above
14 m/s, our study area, like many other high-altitude tropical arid and semi-arid regions,
presents significant potential for the installation of solar and wind farms. However, while
these environmentally friendly options are a clear improvement over fossil fuels, on-shore
projects can still have both direct and indirect impacts on wildlife [88,89]. For instance,
in addition to the habitat degradation during project installation, the operation of wind
turbines can significantly decrease soil moisture, resulting in visible changes to vegetation,
particularly in drylands [90]. The impacts of wind farms on bats have been extensively
studied [12]. Our results suggest that wind projects can have a significant impact on the
entire bat assemblage, affecting both medium- and low-flying species through habitat
degradation and increasing the mortality rates of medium- and high-flying species due to
collision and barotrauma. Furthermore, our models offer detailed information regarding
the relationship between bat activity and weather variables, which can be valuable in
informing risk-management strategies for such projects.

The conversion of extensive agricultural production to more intensive practices in-
volving irrigation and the use of pesticides also poses a serious threat to insectivorous bat
populations. In addition to the potential contamination of bats with agrochemicals [91], in-
tensified agricultural practices can lead to a reduction in the availability of prey and roosts,
particularly if they impact the native vegetation that remains [41,92]. Thus, potentially lead-
ing to a reduction in the activity and pest suppression services of bat species associated with
these systems, such as M. condylurus and M. pumilus from guild High_2. Also, intensified
livestock production can significantly impact arid and semi-arid ecosystems by exerting
high pressure on native vegetation through browsing and trampling, resulting in habitat
degradation and fragmentation [93]. The negative impacts of intensified agricultural and
husbandry practices on biodiversity in arid and semi-arid regions highlight the crucial
need to implement sustainable practices, such as those proposed by Maitima et al. [6] and
Schurch et al. [94], which minimize harm to bats and other wildlife while also supporting
human livelihoods.

Soil and land degradation due to human activities can be aggravated by climate
change [95]. While low-flying bat species in our study area may have adapted to dry
conditions [96], they still depend on patches of evergreen vegetation and tree cover to
maintain prey abundance and support bat populations [97,98]. Several studies have already
shown that the ongoing climate change has deleterious effects on the distribution of many
species in some parts of the world [99,100] and has altered the migration patterns and
reproductive timing of others [99,101,102]. ASALs in Africa may not be an exception. In
the study area, bats from all guilds are present throughout the year. However, the decline
in activity (Figure 5) suggests that most high-flying bats may shift to other areas during
the dry-windiest months, most probably due to low prey availability [84]. Low-flying
species may be unable to shift [96] and may be forced to endure harsh conditions. Other
strategies, such as an increase in foraging periods and the use of larger foraging areas,
have been described in low-flying species, like Lavia frons (guild Low_5), to cope with
the lower prey availability associated with drier periods in ASALs [96]. The deterioration
of landscape and climate conditions could cause a decline or even local extinction of bat
populations in these arid areas. Either way, if bats become locally extinct or migrate
and range extents are modified, this could have cascading effects on reproductive timing,
predator-prey dynamics, and their ecosystem services on dry lands, further degrading
these landscapes [33,85,103].
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5. Conclusions

This study challenges the common idea that ASALs have very low species diversity
and are, therefore, less vulnerable to impacts. Considering the African context [82] the study
area showed a reasonably diverse bat assemblage. With the detection of unidentifiable
echolocation calls, bat richness in the study area has the potential to exceed 20 species,
including one species with a globally threatened status. Despite the sparse and simple
vegetation structure, bats utilized the three-dimensional space in a complex manner, even
if the activity is tapered with height. This vertical stratification proved to be consequential
in the variables determining bat presence and activity. The species flying at lower altitudes
showed a strong association with habitat variables, whereas those flying at higher altitudes
were affected more by weather conditions.

Our study demonstrated the need for more discussions about management guidelines
designed to minimize human impacts on bats, especially when considering land manage-
ment and project development in ASALs. Maintaining or improving native bushlands and
thickets should be a priority for ASAL managers and project developers in East Africa.
As climate change escalates, changes in human activities, such as livestock husbandry,
farming, timber harvesting, prescribed burning, or implementing development projects,
such as solar and wind farms, will need to be carefully considered if the persistence of local
bat species and other fauna is to be guaranteed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology12081116/s1, Table S1: Summary of the data recorded
from bats captured during the study; Table S2: Spearman correlation matrices displaying the correla-
tion values between continuous independent variables; Table S3: Explanatory models of bat-guild
occurrence at the study area using ground-sampling data; Table S4: Effect of environment variables
and height on the activity of high-flying guilds as recorded at four automatic stations.

Author Contributions: Conceptualization, A.R.; methodology, A.R., D.F.F. and P.W.W.; validation,
A.R.; formal analysis, A.R. and D.F.F.; investigation, A.R., D.F.F., B.M., M.B., F.M., S.K., P.W.W. and
R.T.; data curation, A.R. and D.F.F.; writing—original draft preparation, A.R.; writing—review and
editing, A.R., D.F.F., B.M., M.B., M.R.-G., F.M., S.K., P.W.W. and R.T.; visualization, A.R.; supervision,
A.R.; project administration, F.M., S.K., M.R.-G. and R.T.; funding acquisition, F.M., S.K., M.R.-G. and
R.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by AFD (Agence Française de Développement), KfW (Kreditanstalt
für Wiederaufbau)—Germany Development Bank, project no. 201468560. A.R. was supported by the
Portuguese Foundation for Science and Technology (FCT) grant number SFRH/BPD/101983/2014.

Institutional Review Board Statement: The Kenyan authorities do not require ethics approval for
the handling of bats. The authorization for capturing bats was obtained through our engagement
with Kenyan Wildlife. Most of our methodology relied on non-invasive ultrasonic recordings, which
have no adverse effects on either animals or humans. Additionally, the reduced number of bats that
were captured were promptly released on site within minutes of capture. No biological samples were
collected, and no animal experimentation was conducted. Fieldwork was carried out by experienced
bat researchers, and we adhered to the recommended guidelines for Portugal, South Africa, and the
Bat Conservation Trust and complied with the IUCN Policy Statement on Research Involving Species
at Risk of Extinction.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Acknowledgments: We would like to thank Ibrahim Gitonga for retrieving the data from the meteo-
rological masts whenever we were not in the field. We also thank our drivers, Nash and Ken, and the
Chiefs and KPRs that often went beyond their job descriptions and gave us a helping hand sampling
bats, particularly during mist-netting sessions. Thanks to the Ndege team—Filipe Canário, Pedro Cardia,
and Alexandre Leitão—for their help and good spirits during the fieldwork, and thanks to Nadine Pires
for all the assistance in the project’s logistics and for the willingness to help regardless of the problem.

https://www.mdpi.com/article/10.3390/biology12081116/s1
https://www.mdpi.com/article/10.3390/biology12081116/s1


Biology 2023, 12, 1116 14 of 17

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oakleaf, J.R.; Kennedy, C.M.; Baruch-Mordo, S.; West, P.C.; Gerber, J.S.; Jarvis, L.; Kiesecker, J. A World at risk: Aggregating

development trends to forecast global habitat conversion. PLoS ONE 2015, 10, e0138334. [CrossRef]
2. Tilman, D.; Clark, M.; Williams, D.R.; Kimmel, K.; Polasky, S.; Packer, C. Future threats to biodiversity and pathways to their

prevention. Nature 2017, 546, 73–81. [CrossRef] [PubMed]
3. Jellason, N.P.; Robinson, E.J.Z.; Chapman, A.S.A.; Neina, D.; Devenish, A.J.M.; Po, J.Y.T.; Adolph, B. A Systematic review of

drivers and constraints on agricultural expansion in Sub-Saharan Africa. Land 2021, 10, 332. [CrossRef]
4. Gibbs, H.K.; Ruesch, A.S.; Achard, F.; Clayton, M.K.; Holmgren, P.; Ramankutty, N.; Foley, J.A. Tropical forests were the primary

sources of new agricultural land in the 1980s and 1990s. Proc. Natl. Acad. Sci. USA 2010, 107, 16732–16737. [CrossRef]
5. Weng, L.; Boedhihartono, A.K.; Dirks, P.H.G.M.; Dixon, J.; Lubis, M.I.; Sayer, J.A. Mineral industries, growth corridors and

agricultural development in Africa. Glob. Food Secur. 2013, 2, 195–202. [CrossRef]
6. Maitima, J.M.; Mugatha, S.M.; Reid, R.S.; Gachimbi, L.N.; Majule, A.; Lyaruu, H.; Pomery, D.; Mathai, S.; Mugisha, S. The linkages

between land use change, land degradation and biodiversity across East Africa. Afr. J. Environ. Sci. Technol. 2009, 3, 310–325.
7. Scholes, R.J.; Biggs, R. A biodiversity intactness index. Nature 2005, 434, 45–49. [CrossRef]
8. Ahrends, A.; Burgess, N.D.; Milledge, S.A.; Bulling, M.T.; Fisher, B.; Smart, J.C.; Clarke, G.P.; Mhoro, B.E.; Lewis, S.L. Predictable

waves of sequential forest degradation and biodiversity loss spreading from an African city. Proc. Natl. Acad. Sci. USA 2010,
107, 14556–14561. [CrossRef]

9. Malhi, Y.; Doughty, C.E.; Galetti, M.; Smith, F.A.; Svenning, J.-C.; Terborgh, J.W. Megafauna and ecosystem function from the
Pleistocene to the Anthropocene. Proc. Natl. Acad. Sci. USA 2016, 113, 838–846. [CrossRef] [PubMed]

10. Hempson, G.P.; Archibald, S.; Bond, W.J. The consequences of replacing wildlife with livestock in Africa. Sci. Rep. 2017,
7, 17196. [CrossRef]

11. Jaureguiberry, P.; Titeux, N.; Wiemers, M.; Bowler, D.E.; Coscieme, L.; Golden, A.S.; Guerra, C.A.; Jacob, U.; Takahashi, Y.; Settele,
J. The direct drivers of recent global anthropogenic biodiversity loss. Sci. Adv. 2022, 8, eabm9982. [CrossRef] [PubMed]

12. Arnett, E.B.; Baerwald, E.F.; Mathews, F.; Rodrigues, L.; Rodríguez-Durán, A.; Rydell, J.; Villegas-Patraca, R.; Voigt, C.C. Impacts
of wind energy development on bats: A global perspective. In Bats in the Anthropocene: Conservation of Bats in a Changing World;
Springer: Cham, Switzerland, 2016; pp. 295–323.

13. Bull, J.W.; Suttle, K.B.; Gordon, A.; Singh, N.J.; Milner-Gulland, E.J. Biodiversity offsets in theory and practice. Oryx 2013,
47, 369–380. [CrossRef]

14. Suding, K.N. Toward an era of restoration in ecology: Successes, failures, and opportunities ahead. Annu. Rev. Ecol. Evol. Syst.
2011, 42, 465–487. [CrossRef]

15. Ibebuchi, C.C. Revisiting the 1992 severe drought episode in South Africa: The role of El Niño in the anomalies of atmospheric
circulation types in Africa south of the equator. Theor. Appl. Climatol. 2021, 146, 723–740. [CrossRef]

16. Nguyen, P.-L.; Min, S.-K.; Kim, Y.-H. Combined impacts of the El Niño-Southern Oscillation and Pacific Decadal Oscil-
lation on global droughts assessed using the standardized precipitation evapotranspiration index. Int. J. Climatol. 2021,
41, E1645–E1662. [CrossRef]

17. Prăvălie, R.; Bandoc, G.; Patriche, C.; Sternberg, T. Recent changes in global drylands: Evidences from two major aridity databases.
Catena 2019, 178, 209–231. [CrossRef]

18. Peng, Y.; Fu, B.; Zhang, L.; Yu, X.; Fu, C.; Diop, S.; Hirwa, H.; Guisse, A.; Li, F. Global Dryland Ecosystem Programme (G-DEP):
Africa consultative meeting report. J. Arid Land 2020, 12, 538–544. [CrossRef]

19. Barbier, E.B.; Hochard, J.P. Land degradation and poverty. Nat. Sustain. 2018, 1, 623–631. [CrossRef]
20. Burke, M.B.; Miguel, E.; Satyanath, S.; Dykema, J.A.; Lobell, D.B. Warming increases the risk of civil war in Africa. Proc. Natl.

Acad. Sci. USA 2009, 106, 20670–20674. [CrossRef]
21. Zhang, Y.; Tariq, A.; Hughes, A.C.; Hong, D.; Wei, F.; Sun, H.; Sardans, J.; Peñuelas, J.; Perry, G.; Qiao, J.; et al. Challenges and

solutions to biodiversity conservation in arid lands. Sci. Total Environ. 2023, 857, 159695. [CrossRef]
22. Wilson, D.E.; Mittermeier, R.A. Handbook of the Mammals of the World: Hoofed Mammals; Lynx Ediciones: Barcelona, Spain,

2011; Volume 2.
23. Lison, F.; Jiménez-Franco, M.V.; Altamirano, A.; Haz, A.; Calvo, J.F.; Jones, G. Bat ecology and conservation in semi-arid and arid

landscapes: A global systematic review. Mammal Rev. 2020, 50, 52–67. [CrossRef]
24. Naranjo, M.E.; Rengifo, C.; Soriano, P.J. Effect of ingestion by bats and birds on seed germination of Stenocereus griseus and

Subpilocereus repandus (Cactaceae). J. Trop. Ecol. 2003, 19, 19–25. [CrossRef]
25. Schäckermann, J.; Morris, E.J.; Alberdi, A.; Razgour, O.; Korine, C. The contribution of desert-dwelling bats to pest control in

hyper-arid date agriculture. Diversity 2022, 14, 1034. [CrossRef]
26. Jones, G.; Jacobs, D.S.; Kunz, T.H.; Willig, M.R.; Racey, P.A. Carpe noctem: The importance of bats as bioindicators. Endanger.

Species Res. 2009, 8, 93–115. [CrossRef]
27. Monadjem, A.; Conenna, I.; Taylor, P.J.; Schoeman, M.C. Species richness patterns and functional traits of the bat fauna of arid

southern Africa. Hystrix Ital. J. Mammal. 2018, 29, 19–24. [CrossRef]

https://doi.org/10.1371/journal.pone.0138334
https://doi.org/10.1038/nature22900
https://www.ncbi.nlm.nih.gov/pubmed/28569796
https://doi.org/10.3390/land10030332
https://doi.org/10.1073/pnas.0910275107
https://doi.org/10.1016/j.gfs.2013.07.003
https://doi.org/10.1038/nature03289
https://doi.org/10.1073/pnas.0914471107
https://doi.org/10.1073/pnas.1502540113
https://www.ncbi.nlm.nih.gov/pubmed/26811442
https://doi.org/10.1038/s41598-017-17348-4
https://doi.org/10.1126/sciadv.abm9982
https://www.ncbi.nlm.nih.gov/pubmed/36351024
https://doi.org/10.1017/S003060531200172X
https://doi.org/10.1146/annurev-ecolsys-102710-145115
https://doi.org/10.1007/s00704-021-03741-7
https://doi.org/10.1002/joc.6796
https://doi.org/10.1016/j.catena.2019.03.016
https://doi.org/10.1007/s40333-020-0056-z
https://doi.org/10.1038/s41893-018-0155-4
https://doi.org/10.1073/pnas.0907998106
https://doi.org/10.1016/j.scitotenv.2022.159695
https://doi.org/10.1111/mam.12175
https://doi.org/10.1017/S0266467403003031
https://doi.org/10.3390/d14121034
https://doi.org/10.3354/esr00182
https://doi.org/10.4404/hystrix-00016-2017


Biology 2023, 12, 1116 15 of 17

28. Russo, D.; Salinas-Ramos, V.B.; Cistrone, L.; Smeraldo, S.; Bosso, L.; Ancillotto, L. Do we need to use bats as bioindicators? Biology
2021, 10, 693. [CrossRef] [PubMed]

29. Rainho, A.; Palmeirim, J.M. Understanding the long term consequences of fragmentation: Lessons from the bats of Bijagós
(Guinea-Bissau, West Africa). Hystrix 2017, 28, 173–179. [CrossRef]

30. Frick, W.F.; Kingston, T.; Flanders, J. A review of the major threats and challenges to global bat conservation. Ann. N. Y. Acad. Sci.
2020, 1469, 5–25. [CrossRef]

31. Meyer, C.F.J.; Schwarz, C.J.; Fahr, J. Activity patterns and habitat preferences of insectivorous bats in a West African forest–savanna
mosaic. J. Trop. Ecol. 2004, 20, 397–407. [CrossRef]

32. Karp, D.S.; Daily, G.C. Cascading effects of insectivorous birds and bats in tropical coffee plantations. Ecology 2014,
95, 1065–1074. [CrossRef]

33. Ramírez-Fráncel, L.A.; García-Herrera, L.V.; Losada-Prado, S.; Reinoso-Flórez, G.; Sánchez-Hernández, A.; Estrada-Villegas, S.;
Lim, B.K.; Guevara, G. Bats and their vital ecosystem services: A global review. Integr. Zool. 2022, 17, 2–23. [CrossRef] [PubMed]

34. Shapiro, J.T.; Monadjem, A.; Röder, T.; McCleery, R.A. Response of bat activity to land cover and land use in savannas is scale-,
season-, and guild-specific. Biol. Conserv. 2020, 241, 108245. [CrossRef]

35. O’Shea, T.J.; Vaughan, T.A. Ecological observations on an East African bat community. Mammalia 1980, 44, 485–496. [CrossRef]
36. Roemer, C.; Coulon, A.; Disca, T.; Bas, Y. Bat sonar and wing morphology predict species vertical niche. J. Acoust. Soc. Am. 2019,

145, 3242–3251. [CrossRef]
37. Erasmy, M.; Leuschner, C.; Balkenhol, N.; Dietz, M. Three-dimensional stratification pattern in an old-growth lowland forest:

How does height in canopy and season influence temperate bat activity? Ecol. Evol. 2021, 11, 17273–17288. [CrossRef]
38. Yoh, N.; Clarke, J.A.; López-Baucells, A.; Mas, M.; Bobrowiec, P.E.; Rocha, R.; Meyer, C.F. Edge effects and vertical strat-

ification of aerial insectivorous bats across the interface of primary-secondary Amazonian rainforest. PLoS ONE 2022,
17, e0274637. [CrossRef]

39. Marques, J.T.; Ramos Pereira, M.J.; Palmeirim, J.M. Patterns in the use of rainforest vertical space by Neotropical aerial insectivo-
rous bats: All the action is up in the canopy. Ecography 2016, 39, 476–486. [CrossRef]

40. Henry, M.; Barriere, P.; Gautier-Hion, A.; Colyn, M. Species composition, abundance and vertical stratification of a bat community
(Megachiroptera: Pteropodidae) in a West African rain forest. J. Trop. Ecol. 2004, 20, 21–29. [CrossRef]

41. Musila, S.; Gichuki, N.; Castro-Arellano, I.; Rainho, A. Composition and diversity of bat assemblages at Arabuko-Sokoke Forest
and the adjacent farmlands, Kenya. Mammalia 2020, 84, 121–135. [CrossRef]

42. Gorman, K.M.; Barr, E.L.; Ries, L.; Nocera, T.; Ford, W.M. Bat activity patterns relative to temporal and weather effects in a
temperate coastal environment. Glob. Ecol. Conserv. 2021, 30, e01769. [CrossRef]

43. Voigt, C.C.; Currie, S.E.; Fritze, M.; Roeleke, M.; Lindecke, O. Conservation strategies for bats flying at high altitudes. BioScience
2018, 68, 427–435. [CrossRef]

44. Collins, J. Bat Surveys for Professional Ecologists: Good Practice Guidelines, 3rd ed.; The Bat Conservation Trust: London, UK, 2016.
45. Kunz, T.H.; Betke, M.; Hristov, N.I.; Vonhof, M.J. Methods for assessing colony size, population size, and relative abundance of

bats. In Ecological and Behavioral Methods for the Study of Bats; Kunz, T.H., Parsons, S., Eds.; The Johns Hopkins University Press:
Baltimore, MD, USA, 2009; pp. 133–157.

46. Patterson, B.D.; Webala, P.W. Keys to the bats (Mammalia: Chiroptera) of East Africa. Fieldiana Life Earth Sci. 2012, 2012, 1–60. [CrossRef]
47. Happold, M.; Happold, D.C.D. (Eds.) Mammals of Africa: Hedgehogs, Shrews and Bats; Bloomsbury Publishing: London, UK, 2013;

Volume IV, p. 800.
48. Claessen, C.; De Vree, F. Systematic and taxonomic notes on the Epomophorus anurus-labiatus-minor complex with the description

of a new species (Mammalia: Chiroptera: Pteropodidae). Senckenberg. Biol. 1991, 71, 209–238.
49. Musila, S.; Monadjem, A.; Webala, P.W.; Patterson, B.D.; Hutterer, R.; Jong, Y.A.D.; Butynski, T.M.; Mwangi, G.; Chen, Z.-Z.; Jiang,

X.-L. An annotated checklist of mammals of Kenya. Zool. Res. 2019, 40, 3–52. [CrossRef]
50. Monadjem, A.; Demos, T.C.; Dalton, D.L.; Webala, P.W.; Musila, S.; Kerbis Peterhans, J.C.; Patterson, B.D. A revision of pipistrelle-

like bats (Mammalia: Chiroptera: Vespertilionidae) in East Africa with the description of new genera and species. Zool. J. Linn.
Soc. 2021, 191, 1114–1146. [CrossRef]

51. Demos, T.C.; Webala, P.W.; Bartonjo, M.; Patterson, B.D. Hidden diversity of African yellow house bats (Vespertilionidae,
Scotophilus): Insights from multilocus phylogenetics and lineage delimitation. Front. Ecol. Evol. 2018, 6, 86. [CrossRef]

52. Ralph, T.; Richards, L.; Taylor, P.; Napier, M.; Lamb, J. Revision of Afro-Malagasy Otomops (Chiroptera: Molossidae) with the
description of a new Afro-Arabion species. Zootaxa 2015, 4057, 1–49. [CrossRef]

53. Taylor, P. Echolocation calls of twenty southern African bat species. S. Afr. J. Zool. 1999, 34, 114–124. [CrossRef]
54. Monadjem, A.; Taylor, P.J.; Cotterill, W.; Schoeman, M. Bats of Southern and Central Africa: A Biogeographic and Taxonomic Synthesis;

Wits University Press: Johannesburg, South Africa, 2010.
55. Monadjem, A.; Rasmussen, M.; Van der Mewe, D.C. Echolocation calls and wing morphology of selected bats in western Uganda.

Durb. Nat. Sci. Mus. Novit. 2011, 34, 29–44.
56. Collen, A. The Evolution of Echolocation in Bats: A Comparative Approach; UCL (University College London): London, UK, 2012.
57. Szewczak, J. SonoBat: Bat Call Analysis Software; 3.2; SonoBat: Arcata, CA, USA, 2013.
58. Jacobs, D.S.; Barclay, R.M.R.; Walker, M.H. The allometry of echolocation call frequencies of insectivorous bats: Why do some

species deviate from the pattern? Oecologia 2007, 152, 583–594. [CrossRef]

https://doi.org/10.3390/biology10080693
https://www.ncbi.nlm.nih.gov/pubmed/34439926
https://doi.org/10.4404/hystrix-28.2-12350
https://doi.org/10.1111/nyas.14045
https://doi.org/10.1017/S0266467404001373
https://doi.org/10.1890/13-1012.1
https://doi.org/10.1111/1749-4877.12552
https://www.ncbi.nlm.nih.gov/pubmed/34003577
https://doi.org/10.1016/j.biocon.2019.108245
https://doi.org/10.1515/mamm.1980.44.4.485
https://doi.org/10.1121/1.5102166
https://doi.org/10.1002/ece3.8363
https://doi.org/10.1371/journal.pone.0274637
https://doi.org/10.1111/ecog.01453
https://doi.org/10.1017/S0266467404006145
https://doi.org/10.1515/mammalia-2018-0117
https://doi.org/10.1016/j.gecco.2021.e01769
https://doi.org/10.1093/biosci/biy040
https://doi.org/10.3158/2158-5520-12.6.1
https://doi.org/10.24272/j.issn.2095-8137.2018.059
https://doi.org/10.1093/zoolinnean/zlaa087
https://doi.org/10.3389/fevo.2018.00086
https://doi.org/10.11646/zootaxa.4057.1.1
https://doi.org/10.1080/02541858.1999.11448496
https://doi.org/10.1007/s00442-007-0679-1


Biology 2023, 12, 1116 16 of 17

59. Norberg, U.M.; Rayner, J.M. Ecological morphology and flight in bats (Mammalia; Chiroptera): Wing adaptations, flight
performance, foraging strategy and echolocation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1987, 316, 335–427. [CrossRef]

60. Fenton, M.; Griffin, D. High-altitude pursuit of insects by echolocating bats. J. Mammal. 1997, 78, 247–250. [CrossRef]
61. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2023; Available online: www.R-project.org (accessed on 8 September 2022).
62. Cryan, P.M.; Barclay, R.M.R. Causes of bat fatalities at wind turbines: Hypotheses and predictions. J. Mammal. 2009,

90, 1330–1340. [CrossRef]
63. Fox, J.; Weisberg, S. An R Companion to Applied Regression; Sage Publications: Newcastle, UK, 2018.
64. Fox, J. Effect displays in R for generalised linear models. J. Stat. Softw. 2003, 8, 1–27. [CrossRef]
65. Chao, A.; Henderson, P.A.; Chiu, C.H.; Moyes, F.; Hu, K.H.; Dornelas, M.; Magurran, A.E. Measuring temporal change in alpha

diversity: A framework integrating taxonomic, phylogenetic and functional diversity and the iNEXT. 3D standardization. Methods
Ecol. Evol. 2021, 12, 1926–1940. [CrossRef]

66. Hsieh, T.; Ma, K.; Chao, A. iNEXT: An R package for rarefaction and extrapolation of species diversity (Hill numbers). Methods
Ecol. Evol. 2016, 7, 1451–1456. [CrossRef]

67. Tabachnick, B.; Fidell, L. Using Multivariate Statistics, 3rd ed.; HarperCollins Publishers: New York, NY, USA, 1996; p. 880.
68. Hosmer, D.W.; Lemeshow, S.; Sturdivant, R.X. Applied Logistic Regression, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2013.
69. Burnham, K.P.; Anderson, D.R. Model Selection and Multi-Model Inference; Springer: New York, NY, USA, 2004; p. 488.
70. Roscioni, F.; Rebelo, H.; Russo, D.; Carranza, M.L.; Di Febbraro, M.; Loy, A. A modelling approach to infer the effects of wind

farms on landscape connectivity for bats. Landsc. Ecol. 2014, 29, 891–903. [CrossRef]
71. Monadjem, A.; Shapiro, J.T.; Mtsetfwa, F.; Reside, A.E.; McCleery, R.A. Acoustic call library and detection distances for bats of

Swaziland. Acta Chiropterologica 2017, 19, 175–187. [CrossRef]
72. Fenton, M.B. A technique for monitoring bat activity with results obtained from different environments in southern Ontario. Can.

J. Zool. 1970, 48, 847–851. [CrossRef]
73. Richards, L.R. Otomops harrisoni. The IUCN Red List of Threatened Species 2017: E.T95558305A95558309; International Union for

Conservation of Nature (IUCN): Gland, Switzerland, 2017. [CrossRef]
74. Taylor, P.J.; Monadjem, A.; Steyn, J.N. Seasonal patterns of habitat use by insectivorous bats in a subtropical African agro-

ecosystem dominated by macadamia orchards. Afr. J. Ecol. 2013, 51, 552–561. [CrossRef]
75. Mushabati, L.M.; Eiseb, S.J.; Benda, P.; Laverty, T.M. Effects of lunar phase and temperature on bat activity and species richness at

varying altitudes in the Kunene Region, Namibia. Afr. J. Ecol. 2022, 60, 467–480. [CrossRef]
76. McCracken, G.F. Bats aloft: A study of high-altitude feeding. Bats 1996, 14, 7–10.
77. Voigt, C.C.; Holderied, M.W. High manoeuvring costs force narrow-winged molossid bats to forage in open space. J. Comp.

Physiol. B 2012, 182, 415–424. [CrossRef] [PubMed]
78. Cumming, G.S.; Bernard, R.T.F. Rainfall, food abundance and timing of parturition in African bats. Oecologia 1997,

111, 309–317. [CrossRef]
79. Musila, S.; Bogdanowicz, W.; Syingi, R.; Zuhura, A.; Chylarecki, P.; Rydell, J. No lunar phobia in insectivorous bats in Kenya.

Mamm. Biol. 2019, 95, 77–84. [CrossRef]
80. Fenton, M.; Boyle, N.H.; Harrison, T.; Oxley, D. Activity patterns, habitat use, and prey selection by some African insectivorous

bats. Biotropica 1977, 9, 73–85. [CrossRef]
81. Monadjem, A.; Reside, A. The influence of riparian vegetation on the distribution and abundance of bats in an African savanna.

Acta Chiropterologica 2008, 10, 339–348. [CrossRef]
82. Herkt, K.M.B.; Barnikel, G.; Skidmore, A.K.; Fahr, J. A high-resolution model of bat diversity and endemism for continental

Africa. Ecol. Model. 2016, 320, 9–28. [CrossRef]
83. Marsden, G.E.; Vosloo, D.; Schoeman, M.C. Urban tolerance is phylogenetically constrained and mediated by pre-adaptations in

African bats. Ecol. Evol. 2023, 13, e9840. [CrossRef]
84. Hackett, T.D.; Korine, C.; Holderied, M.W. The Importance of Acacia Trees for Insectivorous Bats and Arthropods in the Arava

Desert. PLoS ONE 2013, 8, e52999. [CrossRef]
85. Kolkert, H.; Andrew, R.; Smith, R.; Rader, R.; Reid, N. Insectivorous bats selectively source moths and eat mostly pest insects on

dryland and irrigated cotton farms. Ecol. Evol. 2020, 10, 371–388. [CrossRef] [PubMed]
86. Laurance, W.F.; Sayer, J.; Cassman, K.G. Agricultural expansion and its impacts on tropical nature. Trends Ecol. Evol. 2014,

29, 107–116. [CrossRef] [PubMed]
87. ESMAP. Global Solar Atlas 2.0 Technical Report; World Bank: Washington, DC, USA, 2019.
88. Arnett, E.B.; May, R.F. Mitigating wind energy impacts on wildlife: Approaches for multiple taxa. Hum.–Wildl. Interact. 2016,

10, 5. [CrossRef]
89. Turney, D.; Fthenakis, V. Environmental impacts from the installation and operation of large-scale solar power plants. Renew.

Sustain. Energy Rev. 2011, 15, 3261–3270. [CrossRef]
90. Wang, G.; Li, G.; Liu, Z. Wind farms dry surface soil in temporal and spatial variation. Sci. Total Environ. 2023, 857, 159293.

[CrossRef] [PubMed]
91. Stechert, C.; Kolb, M.; Bahadir, M.; Djossa, B.A.; Fahr, J. Insecticide residues in bats along a land use-gradient dominated by

cotton cultivation in northern Benin, West Africa. Environ. Sci. Pollut. Res. 2014, 21, 8812–8821. [CrossRef]

https://doi.org/10.1098/rstb.1987.0030
https://doi.org/10.2307/1382658
www.R-project.org
https://doi.org/10.1644/09-MAMM-S-076R1.1
https://doi.org/10.18637/jss.v008.i15
https://doi.org/10.1111/2041-210X.13682
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1007/s10980-014-0030-2
https://doi.org/10.3161/15081109ACC2017.19.1.014
https://doi.org/10.1139/z70-148
https://doi.org/10.2305/IUCN.UK.2017-2.RLTS.T95558305A95558309.en
https://doi.org/10.1111/aje.12066
https://doi.org/10.1111/aje.12968
https://doi.org/10.1007/s00360-011-0627-6
https://www.ncbi.nlm.nih.gov/pubmed/22048527
https://doi.org/10.1007/s004420050240
https://doi.org/10.1016/j.mambio.2019.03.002
https://doi.org/10.2307/2387662
https://doi.org/10.3161/150811008X414917
https://doi.org/10.1016/j.ecolmodel.2015.09.009
https://doi.org/10.1002/ece3.9840
https://doi.org/10.1371/journal.pone.0052999
https://doi.org/10.1002/ece3.5901
https://www.ncbi.nlm.nih.gov/pubmed/31988733
https://doi.org/10.1016/j.tree.2013.12.001
https://www.ncbi.nlm.nih.gov/pubmed/24388286
https://doi.org/10.26077/1jeg-7r13
https://doi.org/10.1016/j.rser.2011.04.023
https://doi.org/10.1016/j.scitotenv.2022.159293
https://www.ncbi.nlm.nih.gov/pubmed/36209881
https://doi.org/10.1007/s11356-014-2817-8


Biology 2023, 12, 1116 17 of 17

92. Weier, S.M.; Linden, V.M.G.; Hammer, A.; Grass, I.; Tscharntke, T.; Taylor, P.J. Bat guilds respond differently to habitat loss and
fragmentation at different scales in macadamia orchards in South Africa. Agric. Ecosyst. Environ. 2021, 320, 107588. [CrossRef]

93. van der Zijpp, A.; Wilke, P.; Carsan, S. Sustainable livestock intensification. In The Role of Livestock in Developing Communities:
Enhancing Multifunctionality; Swanepoel, F., Stroebel, A., Moyo, S., Eds.; Sun Media and The Technical Centre for Agricultural and
Rural Cooperation: Bloemfontein, South Africa, 2010; Volume 123, pp. 123–150.

94. Schurch, M.P.; McManus, J.; Goets, S.; Pardo, L.E.; Gaynor, D.; Samuels, I.; Cupido, C.; Couldridge, V.; Smuts, B. Wildlife-friendly
livestock management promotes mammalian biodiversity recovery on a semi-arid Karoo farm in South Africa. Front. Conserv. Sci.
2021, 2, 652415. [CrossRef]

95. Chapman, S.; Birch, C.E.; Galdos, M.V.; Pope, E.; Davie, J.; Bradshaw, C.; Eze, S.; Marsham, J.H. Assessing the impact of climate
change on soil erosion in East Africa using a convection-permitting climate model. Environ. Res. Lett. 2021, 16, 084006. [CrossRef]

96. Conenna, I.; López-Baucells, A.; Rocha, R.; Ripperger, S.; Cabeza, M. Movement seasonality in a desert-dwelling bat revealed by
miniature GPS loggers. Mov. Ecol. 2019, 7, 27. [CrossRef]

97. Korine, C.; Adams, R.; Russo, D.; Fisher-Phelps, M.; Jacobs, D. Bats and water: Anthropogenic alterations threaten global
bat populations. In Bats in the Anthropocene: Conservation of Bats in a Changing World; Springer: Cham, Switzerland, 2016;
pp. 215–241. [CrossRef]

98. Fuller, A.; Mitchell, D.; Maloney, S.K.; Hetem, R.S.; Fonsêca, V.F.C.; Meyer, L.C.R.; van de Ven, T.M.F.N.; Snelling, E.P. How
dryland mammals will respond to climate change: The effects of body size, heat load and a lack of food and water. J. Exp. Biol.
2021, 224 (Suppl. S1), jeb238113. [CrossRef] [PubMed]

99. Sherwin, H.A.; Montgomery, W.I.; Lundy, M.G. The impact and implications of climate change for bats. Mammal Rev. 2013,
43, 171–182. [CrossRef]

100. Di Gregorio, C.; Iannella, M.; Biondi, M. Revealing the role of past and current climate in shaping the distribution of two
parapatric European bats, Myotis daubentonii and M. capaccinii. Eur. Zool. J. 2021, 88, 669–683. [CrossRef]

101. Ibáñez, C. Winter reproduction in the greater mouse-eared bat (Myotis myotis) in South Iberia. J. Zool. 1997, 243, 836–840. [CrossRef]
102. Festa, F.; Ancillotto, L.; Santini, L.; Pacifici, M.; Rocha, R.; Toshkova, N.; Amorim, F.; Benítez-López, A.; Domer, A.; Hamidović, D.; et al.
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