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Abstract: In order to gain insight into the pattern of bat
species composition over altitude and the environmental
variables driving the observed pattern, we compared data
from moist southern and drier northern aspects of the
Soutpansberg range in northern South Africa. Acoustical
monitoring and additional capturing of bats was used for
analysis of species distribution patterns and comparisons
of community composition. Bat activity generally fol-
lowed a linear decline with increasing altitude, possibly
related to reproductive females preferring lower altitudes.
Species richness followed a hump-shaped distribution on
the northern aspect and across the transect, whereas a
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pattern of a linear decline was observed on the southern
aspect. Our study strongly supports a previously published
climate model for insectivorous bats which assumes that
water availability linked with temperature determines the
shape of altitudinal distribution in bat species. Step-wise
selection from multiple regression models retained habi-
tat type and/or measures of habitat structure in all final
models, supporting several other studies in that vegeta-
tion correlated to altitude is a primary determinant of bat
species distribution over altitude. This study also sup-
ports that the Soutpansberg is a biodiversity hotspot for
bats and emphasises that conservation efforts should by
no means ignore the lower altitudes.

Keywords: activity; Chiroptera; elevation; habitat; species
richness.

Introduction

While bats provide a wide range of valuable ecosystem
services (Fenton 1997, Ducummon 2000, Kalka et al. 2008,
Kunz et al. 2011), about one-quarter of all bat species are
threatened with extinction (Mickleburgh et al. 2002).
This proportion could rise quickly under progressing
global climate change (Thomas et al. 2004). As suggested
by Jones et al. (2009), bats are ideal indicator species
to measure changes in the conditions of an ecosystem
caused by anthropogenic pressure. Knowledge of alti-
tudinal patterns of bat species richness will also enable
conservationists to assess some of the possible outcomes
of future climate change (Thomas et al. 2004) and other
anthropogenic pressures (Jones et al. 2009).

A consensus exists that altitudinal gradients do not
mirror latitudinal ones but that diversity usually peaks at
intermediate altitudes (Rahbek 1995, Sanders and Rahbek
2012). Multiple factors underlie patterns of altitudinal
distribution (Sanders and Rahbek 2012). Whereas the
species-area effect and the mid-domain effect were long
suggested to be the primary underlying causes of those
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patterns, McCain (2007a) showed that area and space,
both alone and together, were not sufficient in explaining
altitudinal patterns of diversity. McCain (2007b) suggested
that mid-altitudinal peaks in bat species richness are
more likely to be found in temperate regions and a decline
in species richness with altitude is most common in tropi-
cal regions. Unlike species richness, bat activity generally
seems to decrease with altitude. This decrease of bat activ-
ity with altitude is suggested to be caused by a decline of
reproductive females found with altitude related to lower
temperatures and food availability (Grindal et al. 1999,
Cryan et al. 2000, Russo 2002, Erickson and Adams 2003,
Kanuch and Kristin 2006, Dunn and Waters 2012).

Very little research on altitudinal gradients in bat
species richness or diversity focused on Africa so far
(Curran et al. 2012). To our knowledge, the study of Linden
et al. (2014) was the first attempt to analyse changes of bat
species composition over an altitudinal gradient in South
Africa. At Mount Mulanje in Malawi, Curran et al. (2012)
found an altitudinal pattern of a “low plateau”, suggest-
ing a decline of bat species richness starting at interme-
diate altitudes, with highest species richness at 1220 m.
This pattern was significantly correlated with measures
of habitat structure and also supported the global climate
model of McCain (2007b). In the Soutpansberg Mountains
in South Africa, Linden et al. (2014) found a decline in
species richness and diversity with altitude, as suggested
for tropical regions by McCain (2007b). The study also
found vegetation type, correlated with altitude, to be the
main underlying factor explaining the observed pattern.
However, this study was limited to the southern aspect of
the Soutpansberg. Although temperature is not expected
to vary greatly between the northern and the southern
aspect, the southern aspect has a higher annual precipi-
tation (up to 3233 mm in the eastern Soutpansberg and
about 720 mm in the west associated with this study),
whereas the precipitation on the northern aspect is much
lower (367 mm of mean annual rainfall at Waterpoort near
the study site) because of a rain-shadow effect (Mostert
et al. 2008).

By analysing a complete altitudinal transect of the
Soutpansberg, the objective of this research was to gain
insight into the pattern of altitudinal distribution of bat
species, the underlying factors driving the observed
pattern and the implications of this pattern for conser-
vation. For this purpose, we extended the study area of
Linden et al. (2014) to the northern aspect of the mountain
range, in order to compare the data from both studies. We
also tested the results against the climate model of McCain
(2007b). Based on the assumption of McCain (2007b)
that water availability is a main factor in determining
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the shape of altitudinal distribution in bats, we hypoth-
esise that, in contrast with the more tropical southern
aspect which shows a decline with altitude, on the drier
northern aspect, the altitudinal pattern of bat species
richness should follow a humped shaped pattern with a
mid-altitudinal peak in bat species richness. Based on the
studies of Linden et al. (2014) and Curran et al. (2012), we
further expect vegetation type and measures of habitat
structure, correlated to climate, to be the main variables
explaining the distribution of bat species over altitude. We
also tested the “mid-domain effect” which specifies that
most ranges of species overlap towards intermediate alti-
tudes (the “mid-domain”) (Colwell and Lees 2000, McCain
2005, Krystufek et al. 2011).

Materials and methods

Study area

The study area is located in the western Soutpansberg of
the northern South African province, Limpopo (Figure 1).
Whereas, a previous study (Linden et al. 2014) was con-
ducted in the Luvhondo Private Nature Reserve (LPNR)
on the southern aspect of the Soutpansberg, the present
study extended the study area to the northern aspect,
exactly opposite to the LPNR. As described by Mucina
and Rutherford (2006), the habitat types found within the
study area are Soutpansberg Mountain Bushveld (SMB),
Northern Mistbelt Forest (NMF), Soutpansberg Summit
Sourveld (SSS), Makhado Sweet Bushveld (MSB) and
Musina Mopane Bushveld (MMB) (Figure 1).

The Soutpansberg is nationally recognised as a centre
of endemism and biodiversity (Mostert et al. 2008). It
also forms part of the North-Eastern Escarpment Biore-
gion which has been highlighted as one of the nine prior-
ity areas for conservation by the South African National
Biodiversity Institute (SANBI) and falls within the buffer
zone of the UNESCO Vhembe Biosphere Reserve (UNESCO
2010). The Soutpansberg forms a South African species
richness hotspot for bats (Taylor et al. 2013).

Data collection

For the purpose of this study, we collected data along an
altitudinal transect of 769-1624 m a.s.l. on the northern
aspect of the Soutpansberg, South Africa. Data collection
took place from the end of February to May 2014 with a
total of 22 nights of recordings. Data collection for the



DE GRUYTER

A L ! :

S.M. Weier et al.: Bats and altitude: an understood relationship? =——— 3

~t

N~

~ Mokopane

0 80

kilometers

. '

N

- o e e 0 e e e e

& Ay ‘,5> 7 E
HouthAfj‘icaj/ :
\“";, -

- A T e e T

LIMPOPO PROVINCE

Limpopo R.

Levubu R.

Makhado Sweet Bushveld

B
Musina Mopane Bushveld
|
=

botet

Ao setetatetet

s
e

Saereoateset

SRR

Satotes
0
%

R

%
QIR

%
029t

%

R
%

oot

5%

-
%
oo

%

TR
R
Soateteteteds

%

o
o5

botet

029t

%
%
%
%
3%

%%

Daetetatesetotess
Ottt sets
Ao retetateres %
Sotesatetetateret

botetet
3888
25

%

Q8%
%

R

%

000
2R
500
o,
s

Saeres
X
o

%
55

o2t

oaetes
toteses
botet

QK
%

X
2088
s
X

X

R

NIneie

38
e
XIS
RIS
SRRHHARRLS
I
%

IR IH I

SRR

KRR
%

dotesst

R
S

S EAEREL
Daeretateretetess!

2
et
RIS

R
e
KRR

BB R
R, e rtereratel
oietateretetetatotetatoretatoretotetatel Satetetaterstotetatotetatoretotes
KK IR
Daertetetatotstatetitotetatotitatetitotesst Dae e tstatorstateritotetatotitatetitotesst
Dateratetetatotetatertotetatotetatoretel otetateretaterstotetatotetatoretotes
Ao a et ateteratotstatetetotesitotes e o et ettatetatotesytel

QR QR
BB R

Figure 1: Map showing (A) the location of the study area in the Limpopo Province of South Africa and (B) the habitat types within the
western Soutpansberg, South Africa, indicating bat sampling sites on the southern (circles) and northern (squares) aspects (Robert J.

Hijmans, Version 7.5.0.0).

study of Linden et al. (2014) took place along a transect
of 956-1747 m a.s.l. on the southern aspect of the western
Soutpansberg from October to December 2011, with a total
of 18 nights of recordings. The altitudinal range of our
study site, therefore, extends to the top of Mount Letjume

which is the highest peak of the Soutpansberg mountain
range.

Additionally to acoustical monitoring, we captured
bats with an Austbat Harp trap (Faunatech Austbat, Bairns-
dale, Victoria, Australia) and several mist nets (Ecotone,
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Gdynia, Pomerania, Poland) at each sampling site. Release
calls of captured bats were taken for comparison with the
nightly recordings. The captured bats were identified by
using the identification key of Monadjem et al. (2010). Posi-
tively identified species were released after measurements,
release calls and photographs were taken. Unknown or dif-
ficult-to-identify species were collected as voucher speci-
mens (Permit No. 001-CPM403-00010 from the Limpopo
Department of Economic Development, Environment
and Tourism) provisionally identified at the University of
Venda by PJT and deposited in the mammal collection of
the Durban Natural Science Museum.

We caught and acoustically monitored bats for two
nights at each sampling site by using either the SM2BAT
(Wildlife Acoustics, Inc., Maynard, MA, USA), the Anabat
SD1 or SD2 (Titley Scientific, Columbia, MO, USA) for
passive monitoring. The bat detector was placed in an
elevated position, usually a tree, pointing in the direction
of expected flyways. To account for differences in foraging
behaviours of bats linked to vegetation densities (Kusch
et al. 2004, Monadjem et al. 2010) we placed the bat detec-
tor in an open habitat for one night of recordings and,
wherever possible, in an area with closed vegetation for the
other night. The open vegetation of Soutpansberg Summit
Sourveld, for example, offers no possibilities to sample in
closed habitat. The bat detector, the trap and nets were
set up 1 h before sunset to ensure that the expected peak
of bat activity right after sunset was sampled (Kunz and
Kurta 1988, Barlow 1999). The nets were left up for 3 h in
which they were continuously monitored, while the bat
detector and the harp trap remained set on site until after
sunrise. Whereas the harp trap was set in forest gaps, the
mist nets were set in the more open habitats.

Apart from altitude which was measured by means of
a Garmin Etrex GPS [Garmin (Europe) Ltd, Southampton,
Hampshire, UK], the control variable cloud cover was
measured 1 h before sunset and the illumination of the
moon was recorded for each night (Time and Date AS
2014). The daily mean temperature and rainfall were
recorded by accessing data of one of the four available
weather stations on the northern aspect (807, 1221, 1400
and 1747 m). Furthermore, we recorded the presence
or absence of water (within 50 m of the harp trap). The
vegetation structure was measured subjectively above
the bat detector by both observers estimating the canopy
cover on a scale from 0% to 100% in 10% steps and the
vegetation density (1=uncluttered and background clutter,
2=intermediate clutter, 3=dense clutter) 20 m? around the
bat detector, adjusting the method of Curran et al. (2012).
Additionally, the overall clutter type (open or closed) was
recorded as in the previous study (Linden et al. 2014).
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Data analysis

AnalookW (version 0.3.8.13; Corben 2006) was used to
analyse the recorded calls by comparing them against
release calls and by referring to Monadjem et al. (2010)
and Taylor et al. (2013) for call identification. Because
of an overlap in call parameters, following Taylor et al.
(2013), we combined several species into groups for calcu-
lation of final indices (Supplemental Appendix 1).

EstimateS (version 9.1.0, Colwell 2013) was used to
calculate the bat activity (individuals computed) and the
estimated species richness (Chao2) for each sampling site
per night, and to plot rarefaction curves, whereby 1 h of
passive recordings equalled one sample. For statistical
analyses, the program R (version 3.1.0; R Core Team 2014)
was used.

To test whether the mid-domain effect (MDE) is a sig-
nificant predictor of the total number of species observed
(observed species richness) over altitude, the programme
RangeModel (version 5.0, Colwell 2011) was used. The
species richness patterns on each aspect were compared
to null model predictions with a Monte Carlo simulation
(50,000 resamples) using empirical range sizes within a
“discrete domain” (Colwell and Lees 2000, Dunn et al.
2006). The model domain of each aspect was bound by
the altitudinal range of each study area (McCain 2005).
We applied simple linear regression to test the correla-
tion between empirical and predicted values (Taylor et al.
2015).

Effect of altitude and aspect

Due to the possibility of curvature (Crawley 2007), we
used both linear and non-linear (polynomial) regression
models to test the response of activity and species rich-
ness to both altitude (continuous) and aspect (categori-
cal). After testing all models for normal distribution of
the response variables (Shapiro-Wilk test) and constant
errors variance (Breush-Pagan test), generalised linear
models (GzLM) were applied. As we found non-normality
in both response variables, their logarithms were used. As
several of the GzLM using the Poisson distribution were
overdispersed, we applied GzLM with a negative binomial
distribution to all models. This also allowed for consist-
ency in modelling with the Aikaike Information Criterion
(AIC) used for later analyses (Ver Hoef and Boveng 2007).
Model fit was tested using a likelihood ratio test for nega-
tive binomial models. The final model for each index was
then selected by means of a step-wise regression based on
the Akaike information criterion (AIC).
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Environmental variables

We further tested which environmental variables are sig-
nificant predictors of bat activity and estimated species
richness looking at the northern aspect and the complete
transect. Continuous environmental predictors included
altitude, canopy cover, cloud cover, rainfall, tempera-
ture and vegetation density, while categorical variables
included presence or absence of water, open or closed
clutter as well as the factor of the habitat type (Figure 1).
Since altitude was collinear with habitat in all models
(Figure 2) it was excluded from all models. We used a
general linear model (GLM) to model species richness as
error variance was constant and error distribution was
normal; this was not the case for bat activity, so we used a
negative binomial GzLM to model this variable.

We used step-wise multiple regressions based on AIC
values to analyse which variables have a significant influ-
ence on bat activity and estimated richness (Crawley 2007,
Sanders et al. 2007). The same modelling was repeated
with the data from both aspects, excluding the continu-
ous variables which were available solely from the study
on the northern aspect (canopy cover, rainfall, tempera-
ture, vegetation density) but including the variable moon
phase. Because the response variables of bat activity and
estimated richness showed non-normal distribution they
were both modelled in GzLM with negative binomial dis-
tribution. As before, we selected final models by means of
an AIC-based step-wise multiple regression.
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Figure 2: Distribution of habitat types over altitude in the western
Soutpansberg, South Africa [Soutpansberg Mountain Bushveld
(SMB), Northern Mistbelt Forest (NMF), Soutpansbherg Summit Sour-
veld (SSS), Makhado Sweet Bushveld (MSB) and Musina Mopane
Bushveld (MMB)].
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Complementarity and community
composition

The B diversity for the northern and the southern aspect
was calculated, using the abundance-based and bias-
corrected Chao-Jaccard index (Colwell 2013). Summary
tables were used to compare for similarities and differ-
ences in species found on the northern and southern
aspect and their “functional foraging groups” according
to Monadjem et al. (2010).

Results

From a total of 3741 calls recorded during this study, we posi-
tively identified 3524 calls into 16 different species or species
groups. In addition, we caught a total of eight species. Out of
these eight species, two species, the slit-faced bat Nycteris
thebaica (Saint-Hilaire, 1813) and the fruit bat Epomophorus
wahlbergi (Sundevall, 1846), were not recorded on the bat
detector. Thus, we found a total of 18 species or species
groups, belonging to eight different families on the
northern aspect (Supplemental Appendices 1 and 2).

Mid-domain effect model predictions

The predictions of the MDE null models failed to predict
the observed richness pattern for both aspects (Figure 3).
MDE model south (F( =1.34; p=0.28, adjusted

1,7)

r’=0.04).
MDE model north (F,,=0.001; p=0.96, adjusted
r’=-0.14).

Effect of altitude and aspect

Comparison between simple linear and polynomial regres-
sion models showed evidence for curvature in one of the
four models. The model for the estimated richness on the
northern aspect of the mountain range was a significantly
better fit for polynomial data (y?=6.93, df=1, 19, p=0.008).
Bat activity declined with increasing altitude on both the
southern and northern aspect (Figure 4). The estimated
richness index showed the same negative linear relation-
ship for the southern aspect. However, we found a hump-
shaped pattern with a slight increase up to about 1000 m
and a subsequent decline for the estimated richness on
the northern aspect (Figure 5).

When modelling included the data from both
aspects, the model for estimated richness was, again, a
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Figure 3: Observed species richness plotted against the altitudinal range of bat species in the western Soutpansberg, South Africa, with
curves of the 95% confidence intervals and mean richness predictions computed with RangeModel for the southern (A) and northern (B)

aspects.
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Figure 4: Bat activity predicted from regression models for the
complete transect (line), the southern (dotted) and northern
(dashed) aspects of the western Soutpansberg, South Africa. Raw
data points are shown for the southern (triangle) and northern
(circles) aspects.

significantly better fit for polynomial data (y?>=10.13, df=1,
34, p=0.001). The step-wise selection performed on the
GzLM of bat activity retained the two variables altitude
(y?=25.15, df=1, 37, p<0.001) and aspect (y?=4.83, df=1, 36,

Estimated richness (log)

T T T T T
800 1000 1200 1400 1600

Altitude (m a.s.l.)

Figure 5: Estimated richness of bats predicted from regression
models for the complete transect (straight line), the southern
(dotted) and northern (dashed) aspects of the western Soutpans-
berg, South Africa. Raw data points are shown for the southern
(triangle) and northern (circles) aspects.

p=0.027) in the final model. Bat activity was higher on the
southern aspect. For the GzLM of estimated richness, the
final model retained the variable altitude (y?>=17.93, df=1,
37, p<0.001) and its quadratic term. While bat activity
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showed a steady decrease with altitude, estimated rich-
ness showed a hump-shaped pattern.

Environmental variables
Northern aspect

For the GzLM on bat activity, step-wise selection of the
final model retained three of the nine variables (clutter
type, habitat type and water). Of these three variables,
only water (y?=4.13, df=1, 16, p=0.041) and habitat type
(y*=62.48, df=4, 17, p<0.001) had significant coefficients
(Table 1). The presence of water negatively affected bat
activity and higher activity was found in Musina Mopane
Bushveld and Makhado Sweet Bushveld (low altitude
habitat types) than in Soutpansberg Summit Sourveld.

In the step-wise selection of the GLM on estimated
richness, the final model retained two (clutter and habitat
type) out of nine variables (F,. . =3.36, p=0.028, adjusted

(5,16)

Table 1: Final models (bold) testing the environmental variables
on the northern aspect of the western Soutpansberg, South Africa,
describing the variation bat activity and estimated species richness.

df Test p-Value Estimate SE
statistic
Estimated richness
Canopy cover? 1,10 0.246 0.810
Vegetation density® 1,10  0.131  0.898
Clutter type open 1,16 2.493 0.024 8.371 3.358
Habitat type (MSB) 4, 16 0.688 0.501 3.335 4.847
Habitat type (NMF) 4, 16 1.034 0.316 4.482 4.335
Habitat type (SMB) 4,16 -0.677 0.508 -2.434 3.595
Habitat type (SSS) 4,16 -2.409 0.028 -9.485 3.938
Cloud cover? 1,10 -0.264 0.797
Rainfall® 1,10 -0.758 0.466
Temperature? 1,10 -0.786  0.449
Presence of water* 1,10 -0.906 0.386
AIC 136.06
Activity

Canopy cover? 1,14 -0.861 0.388
Vegetation density® 1,12 1.224  0.220
Clutter type open 1,15 1.704 0.088 1.039 0.610
Habitat type (MSB) 4,17 0.597 0.550 0.523 0.875
Habitat type (NMF) 4,17 -2.142 0.032 -1.679 0.784
Habitat type (SMB) 4,17 -4.723 <0.001 -3.993 0.845
Habitat type (SSS) 4,17 -6.159 <0.001 -6.274 1.018
Cloud cover? 1,20 -1.034 0.301
Rainfall® 1,11 -0.990 0.322
Temperature? 1,10 -0.789 0.430
Presence of water 1,16 -2.320 0.020 -1.628 0.701
AlC 234.67
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r’=0.36). From these variables, only the coefficients of
habitat type were significant (F(4,16):4.11, p=0.017). Esti-
mated richness was highest in Musina Mopane Bushveld
and decreased in Makhado Sweet Bushveld, Northern
Mistbelt Forest and Soutpansberg Mountain Bushveld.
Lowest values of estimated richness were recorded in
Soutpansberg Summit Sourveld.

Complete transect

For the GzLM on bat activity, step-wise selection of the
final model retained four of the six variables (clutter type,
moon, habitat type and aspect). Of these four variables
selected for the final model, only clutter type (y?=4.05,
df=1, 37 p=0.044), habitat type (y>=36.37, df=4, 33,
p<0.001) and aspect (y?=17.26, df=1, 32, p<0.001) had sig-
nificant coefficients (Table 2). We found that bat activity
was higher where the clutter type was “open” and on the
southern aspect of the study area. Highest bat activity was
recorded in the “lowland” habitat types of Musina Mopane
Bushveld and Makhado Sweet Bushveld, while lowest bat
activity was recorded in the high-altitude habitat of the
Soutpansberg Summit Sourveld (Figure 6).

Table 2: Final models (bold) testing the environmental variables of
the complete transect of the western Soutpansberg, South Africa,
describing the variation bat activity and estimated species richness.

df Test p-Value Estimate SE
statistic
Estimated richness
Clutter type open® 1,35 1.054 0.291
Habitat type (MSB) 4,34 -0.161  0.872 -0.078 0.485
Habitat type (NMF) 4,34  -0.610  0.542 -0.221  0.363
Habitat type (SMB) 4,34 -0.718  0.472 -0.264 0.368
Habitat type (5SS) 4,34 -3.872 <0.001 -1.885 0.486
Cloud cover? 1,37 0.690  0.490
Moon? 1,36 0.010 0.992
Presence of water* 1,30 -0.265 0.790
Aspect South? 1,29 -0.416 0.677
AlC 223.0
Activity

Clutter type open 1,36 1.455 0.145 0.525 0.360
Habitat type (MSB) 4,32 -0.364 0.721 -0.357 1.022
Habitat type (NMF) 4,32  -3.351 <0.001 -2.696  0.804
Habitat type (SMB) 4,32 -4.075 <0.001 -2.997 0.735
Habitat type (SSS) 4,32 -5.511 <0.001 -4.572  0.829
Cloud cover? 1,37 -0.078 0.938
Moon 1,37 -1.624 0.104 -0.008 0.004
Presence of water* 1,30 -0.758 0.448
Aspect South 1,31 3.987 <0.001 1.337 0.335
AlC 441.66

aParameter estimates retrieved from initial global models.

aParameter estimates retrieved from initial global models.
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Figure 6: Bat activity within the different habitat types of the
western Soutpansberg, South Africa (for abbreviations, see Figure 2).

Only habitat type was retained in the final model of
estimated species richness (y?=27.54, df=4, 35, p<0.001).
Highest values of estimated richness were found in
Musina Mopane Bushveld and lowest values in Soutpans-
berg Summit Sourveld (Figure 7).

Habitat type is the only variable retained in all final
models. As found in the previous study (Linden et al.
2014), altitude had a significant effect on the habitat type
found (F(4,35)=20.29; p<0.001, adjusted r’=0.66). Figure 2
shows that Soutpansberg Summit Sourveld is reflective
of high altitudes as Makhado Sweet Bushveld and Musina
Mopane Bushveld are reflective of low altitudes.
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Figure 7: Estimated bat species richness within the different
habitat types of the western Soutpansberg, South Africa.
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Complementarity and community composition

Several of the species encountered differed between the
study sites, on the northern and southern aspect of the
Soutpansberg mountain range.

The species Myotis welwitschii (Gray, 1866), Mops
midas (Sundevall, 1843) and Rhinolophus cf. blasii (Peters,
1867) were found only on the southern aspect, whereas
the species Hipposideros caffer (Sundevall, 1846), Nyc-
teris thebaica, Neoromicia nana (Peters, 1852), Scot-
ophilus viridis (Peters, 1852) and Taphozous mauritianus
(Saint-Hilaire, 1818) were found only on the northern
aspect. The abundance-based and bias-corrected Chao-
Jaccard index for comparing the B diversity between the
northern and the southern aspect of the Soutpansberg
was 0.865.

Looking at the distribution of species or species
groups over altitude on the northern aspect, the only
species present up to an altitude of 1550 m were Chaere-
phon ansorgei (Thomas, 1913), Neoromicia capensis
(Smith, 1829), Taphozous mauritianus and the species
groups 1 [Chaerephon pumilus (Cretzschmar, 1826), Mops
condylurus (Smith, 1833) and Tadarida aegyptiaca (Saint-
Hilaire, 1818)] and 3 [Miniopterus natalensis (Smith, 1833)
and Pipistrellus rusticus (Tomes, 1861)]. Species group 2
[Neoromicia zuluensis Roberts, 1924 and Pipistrellus hesperi-
dus (Temminck, 1840)], Rhinolophus simulator (Andersen,
1940), Scotophilus dinganii (Smith, 1833) and Scotophilus
viridis were found up to 1400 m, while Eptesicus hottento-
tus (Smith, 1833) was found up to 1121 m and Neoromicia
nana was not found at any sites higher than 1031 m. None
of the horseshoe bats (Rhinolophidae) was found at sites
higher than 1400 m. The fruit bat Epomophorus wahlbergi
was not caught at sites above 808 m.

Discussion

The mid-domain effect

The mid-domain effect (MDE) did not explain the vari-
ation of observed species richness over altitude in this
study. The hypothesis of the MDE is based on the assump-
tion that the range of each species is directed towards one
end of the domain (for altitudinal studies, the sea would
be one end and the mountain summit the other) and,
therefore, most ranges overlap in the “mid-domain”. On
neither the northern nor the southern aspect were any bat
species observed to be restricted to or towards the higher
altitudes.
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Effect of altitude and aspect

While, the pattern of bat activity was not affected by the
climatic differences in aspect, our results support the
assumption that water availability linked with tempera-
ture is the underlying factor in determining the shape of
altitudinal distribution in bat species based on McCain
(2007b). The altitudinal pattern of bat species richness dif-
fered between the drier northern and the more mesic south-
ern aspect, in that the altitudinal pattern on the northern
aspect was hump shaped with a mid-altitudinal peak,
while the pattern on the southern aspect followed that of
a linear decrease with increasing altitude. These results are
consistent with McCain’s (2007b) theory that highest rich-
ness on an altitudinal gradient is found where high water
availability coincides with high temperatures. When com-
paring three mountains in Mexico, two of which show a dry
climate and one with a wet climate, McCain (2007b) found
a decrease in species richness at the wet mountain and a
hump-shaped pattern at the mountains with dry climates.

Looking at the climate model of McCain (2007b, Figure
4C) in more detail, the suggested peak in bat species
richness according to the “global analyses of insecti-
vores” bats for the study area (23°S) would be at roughly
1000 m which is a good fit to the predicted richness on
the northern aspect (Figure 5). Looking at the complete
transect, the predicted values for estimated richness peak
at about 1100 m (Figure 5), which is still a significant fit
for the climate model according to the study of Curran
et al. (2012). This strongly supports the predictive ability
of McCain’s (2007b) climate model even though the study
did not include any data from the African continent.

The changeover from a linear decline in species rich-
ness observed on the southern aspect to the hump-shaped
pattern found when looking at the whole transect also
agrees with Rahbek’s suggestion (Rahbek 2005) that on a
local scale, the hump-shaped pattern of species richness
increases with studies sampling a large extent or the com-
plete altitudinal gradient.

The pattern of bat activity did not change between
northern and southern aspects, although activity was
generally higher on the southern aspect which could be
related to the higher productivity of this aspect (Terborgh
1977). We suggest that the pattern of bat activity declining
steadily with increasing altitudes could also be caused by
reproductive females avoiding higher altitudes.

Environmental variables

Step-wise selection retained habitat type in all final
models and a measure of habitat structure (clutter type)
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in one. Several other studies on bat species distribution
support this assumption (Curran et al. 2012). Similarly,
Jaiberg and Guisan (2001) found altitude, as well as veg-
etation structure, to be predictive for the community com-
position and species distribution of bats in a temperate
environment. Looking at a study of Old World fruit bat
(Pteropodidae) distribution over altitude, Juste and Perez
del Val (1995) found a decline of species richness with alti-
tude, which is suggested to be influenced by variations in
habitat. The study of Lopez-Gonzalez et al. (2012) found
that the metacommunity composition in Mexican bats
is correlated to both heterogeneity in vegetation along a
humidity gradient and an altitudinal gradient. Addition-
ally, temperature, vegetation and precipitation, sugges-
tively correlated with altitude, proved best in predicting
bat species distribution in the study of Wang et al. (2003).

Complementarity and community
composition

As we expected because of the difference in conditions
between aspects, not all species are shared between the
northern and the southern aspect of the Soutpansberg and
the B diversity index was, therefore, not close to 1 (0.865).
The absence of the “open-air forager” Mops midas on the
northern aspect is puzzling to us since it should provide
plenty of ideal “open” habitat. Meanwhile, the absence
of Myotis welwitschii, a known “paramontane” species,
might be explained by a lack of suitable forest habitat in
connection to lower altitudes as found on the southern
aspect (Monadjem et al. 2010). Being a “clutter feeder”,
the species Rhinolophus cf. blasii might also prefer the
more forested southern aspect. A lack of suitable caves
serving as roost sites might be another variable explain-
ing why this species was not encountered on the northern
aspect (Monadjem et al. 2010).

As in the previous study (Linden et al. 2014), our
study did not identify any species as being “upland”
species restricted to higher altitudes as found by Kanuch
and Kristin (2006) and Delgado-Jaramillo et al. (2011). The
study of Presley et al. (2012) found that the metacommu-
nity structure along an altitudinal gradient differs between
bats, rodents and birds. While altitude seems to influence
how the metacommunities are structured, bat communi-
ties are overlapping whereas groups of birds replace each
other along the gradient, even more so do rodents (Taylor
et al. 2015). It is suggested that bird and rodent communi-
ties are structured according to the microhabitat they are
specialized on, whereas bat community structure might
be influenced more by the temperature, productivity and
food, that particular species tolerate.
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Possible bias

Sampling effort was very similar between the two
studies and across the altitudinal transect; however, the
study area on the northern aspect was spatially further
extended, reaching into the lowland habitat types of
Musina Mopane Bushveld and Makhado Sweet Bush-
veld. These were the only habitat types where baobab
trees, a favoured roost site for many bats and important
food source for fruit bats, could be found. The presence
of baobab trees likely contributes to the high bat activity
found in these two habitat types. While area is suggested
to explain the pattern of latitudinal species distribution
(Terborgh 1973, Rosenzweig 1992), the review of McCain
(2007a) concluded that area and space, both alone and
together, are not sufficient in explaining altitudinal pat-
terns of mammal diversity. Although we did not account
for the decrease in area with increasing altitude, Linden
et al. (2014) showed that the habitat type with the greatest
areal representation (Soutpansberg Mountain Bushveld)
showed lower species richness than Northern Mistbelt
forest having a much lower area; this is also true on the
northern aspect (Figure 1).

The climate in the study area can be divided into
two seasons: a warm, wet summer and a cold, dry winter
(Mostert et al. 2008). Both the current and the previous
study took place in the summer season; however, the
southern aspect was sampled in the beginning of summer
(October to December) while sampling on the northern
aspect took place towards the end of summer (February to
May). No significant seasonal bias is expected in this study
since a previous study on the southern aspect suggested
that seasonal bias of recorded bats is low (Sape 2011).

We used the abundance-based and bias-corrected
species richness estimator “Chao2” to account for
the likely underestimation of species when using the
observed species richness (Supplemental Appendix 3a).
However, based on several suspected species which
could not be confirmed and the difficulty in recording
some species, such as Nycteris (also called “whisper-
ing bats”), we suggest that further sampling of the study
area will reveal additional and potentially interesting
species (Supplemental Appendix 3b). Further, the fact
that neither temperature nor water availability could
be linked to altitudinal bat species distribution directly
might be biased by the means of measuring these vari-
ables. Water availability should possibly include further
measurements such as orographic mist received and
temperature recordings might be enhanced by addi-
tional mean annual or monthly temperature recordings
for each site.
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Implications for conservation

Following Curran et al. (2012), this study supports the
strong predictive ability of McCain’s (2007b) climate
model and, therefore, its implementation as an assess-
ment tool for mountainous areas where sufficient data
are lacking and/or difficult to acquire. Furthermore, our
results confirm the Soutpansberg area as a “bat biodi-
versity hotspot” and support its status as a “priority
area for conservation”. Disassembling species groups, a
total of 25 species of bats were found during this study
(including the unidentified Rhinolophus species) which
included species from all eight families of bats and is
about 20% of all bat species found in Southern Africa.
As only a relatively small transect of the Soutpansberg
was sampled for this study within a total time period of
about 3 months, we expect the true species richness to
be even higher.
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