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Abstract. Migration and hibernation are survival strategies that require physiological preparation using 
fattening. Bats employ both strategies in times of resource shortages. However, because males and females 
vary seasonally in their reproductive physiological needs, they may employ different fattening patterns. 
Whilst fattening, migration and hibernation are common in temperate bats, little is known about subtropical 
migratory insectivores. This study investigated seasonal variation in body mass of the regionally migrating 
Natal long-fingered bat Miniopterus natalensis to determine if males and females show fattening in preparation 
for migration/hibernation. Seasonal change best explained the variation observed in overall body mass, whilst 
sex and forearm length explained the variation to a lesser extent. Body mass between males and females 
differed significantly by reproductive category among the four seasons. Forearm length was a significant 
predictor of the body mass of males. Scrotal males had a higher body mass in summer compared to autumn. 
This pattern of mass gain was not observed in non-scrotal males. The summer body mass of nonpregnant and 
post-lactating females was not significantly higher than the autumn body mass of nonpregnant females, which 
did not support the hypothesis that females would exhibit fattening during summer before migration. Results 
suggest that males and females employ different mass-gain strategies related to reproductive investment 
rather than fattening preparation for migration or hibernation.
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Introduction

Seasonal changes in resource availability induce 
various adaptations in animals. Some notable 
adaptations, particularly for vertebrates, include 
hibernation (prolonged periods of inactivity to 
save energy) and migration (periodically relocating 
to geographically distinct areas; Zubaid et al. 2006, 
Kronfeld-Schor & Dayan 2013). The conditions 
and selective pressures at these geographically 
different sites affect individual body condition 
and subsequent adult survival during migration, 
reproduction and hibernation (Webster & Marra 
2005). Bats are unique among mammals, because 
they employ both migration and hibernation 
as adaptive strategies to changes in resource 
availability (Fleming & Eby 2003). The majority of 
bat migration studies have focused on temperate 
species (Fleming 2019). These studies show that 
migrating temperate bats exhibit different patterns 
of migratory behaviour: (i) regional migration 
movements of 100-500 km between summer and 
winter roosts and (ii) long-distance migration (> 
1,000 km) between seasonal roosts (Fleming & Eby 
2003, Hutterer 2005). To prepare for either type of 
migration, bats may undergo hyperphagia and fat 
deposition (McGuire et al. 2009, Fleming 2019). 
Studies have highlighted fat as the primary fuel 
for bat migration (Hedenstrӧm 2009, McGuire & 
Guglielmo 2009, Krauel 2014) and fat deposition 
can increase bat body mass by 12-26% (Krulin 
& Sealander 1972, Kunz et al. 1998, Speakman 
& Rowland 1999). Unlike birds that fuel only 
migration through fattening (Rubolini et al. 2002), 
bats must use fat stores for both migration and 
the subsequent hibernation, but the two fattening 
strategies are not mutually exclusive or easily 
separated (McGuire & Guglielmo 2009, McGuire 
et al. 2013, 2014). 

Migration is less common in tropical and subtropical 
bat species and, in the majority of cases, migration 
is not associated with hibernation (Fleming & Eby 
2003), although the use of torpor is widespread 
(Geiser & Stawski 2011). Whereas temperate species 
migrate to avoid unfavourable winter weather 
conditions, tropical and subtropical bats migrate 
among seasonally ephemeral resource patches 
(Popa-Lisseanu & Voigt 2009, Fleming 2019). Due 
to the low availability of flying insects during the 
winter season (Janzen & Schoener 1968, Boulter et 
al. 2011), the breeding season of insectivorous bats 
is significantly reduced compared to frugivorous 
and nectarivorous species (McNab 1969, Mares & 

Wilson 1971, Bernard 2002). Currently, it is unclear 
whether subtropical migrating insectivorous bats 
also prepare for the journey through fattening like 
Northern-latitude bats. 

Fat accumulation depends on sex and age, because 
different ages and sexes vary in their physiological 
needs and prioritise behaviours and resource 
acquisition differently (Ruckstuhl & Neuhaus 
2002). Reproductive effort and the associated 
energetic investment are asynchronous between bat 
sexes, because of the ability to store sperm or delay 
implantation (Willis 2017). One strategy of delayed 
reproduction is that males spend the majority of 
their reproductive effort during the late summer 
and autumn periods, whilst mated females store 
sperm during the winter and depend on autumn 
fat reserves to commence gestation in early spring 
(Crichton 2000). Variation in behaviour, habitat 
selection, foraging and physiology between 
breeding and non-breeding females reflects the 
vast energetic cost of reproduction and lactation 
(Bernard & Davison 1996, Safi et al. 2007, Pretorius 
et al. 2019). Therefore, pre-migratory body 
condition is crucial not only for survival during 
hibernation but also successful reproduction in 
the subsequent spring/summer period, whereas 
males, at least in the northern hemisphere, are 
not under the same selective pressure (Jonasson 
& Willis 2011). Subsequently, the differences in 
reproductive strategies between males and females 
to maximize fitness may result in differences in 
foraging behaviour, food intake and, ultimately, 
seasonal variation in body mass (Rughetti & Toffoli 
2014). In temperate zone bats, fattening in spring 
may also be a strategy to recover from hibernation 
rather than preparation for migration (Dechmann 
et al. 2017). Focusing research on individual-level 
effects, such as body mass, during these periods 
provides insight into the ecologically relevant 
variation in reproductive strategies and may 
ultimately also provide insight into the evolution 
of sex-biased migration (Gros et al. 2009, Bowlin 
et al. 2010).

The Natal long-fingered bat Miniopterus natalensis 
Smith, 1833 (Chiroptera, Miniopteridae) is a small, 
migratory insectivorous bat that occurs widely 
throughout southern Africa (van der Merwe 1975, 
Simmons 2005). The species is not size-dimorphic 
(Monadjem et al. 2010) but exhibits female-biased 
migration and, in north-eastern South Africa, 
migrates in large numbers regionally (150 km) 
between maternity caves in the Limpopo province 
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and hibernacula caves in the Gauteng Province/
North-west Province (van der Merwe 1975, Miller-
Butterworth et al. 2005, Monadjem et al. 2010). 
Females are monoestrus and copulation occurs 
at hibernacula sites during the late summer and 
autumn, followed by winter hibernation in May 
through to July/August (Bernard et al. 1996, Mason 
et al. 2010). Females delay the implantation of the 
blastocyst until mid-late winter (July/August; van 
der Merwe 1986, Cumming & Bernard 1997), to 
give birth to a single pup at the end of spring/early 
summer (late November/early December; van der 
Merwe 1979). Subsequently, the duration of the 
gestation period is eight months (van der Merwe 
1980, 1987). Females then consistently depart the 
maternity site en masse during early February 
(Pretorius et al. 2020). In males, spermatogenesis 
occurs in summer and sperm may then be stored 
in the testes for up to five months (van der Merwe 
1987). 

This study investigates the seasonal variation 
in body mass of male and female M. natalensis. 
Migration and hibernation strategy (e.g. fattening) 
should shape seasonal differences in male 
and female body mass. Different sex-specific 
reproduction strategies should also translate 
into differences in male and female body mass. 
If females prepare, through fattening, for local 
migration prior to departure at the maternity site, 
body mass was expected to be higher during the 
late summer, before migration occurs in February. 
Females were expected to show the lowest body 
mass in late spring/early summer due to the 
energetic requirements of lactation. Males were 
expected to show a higher body mass during 
summer and early autumn in preparation for 
mating and hibernation.

Material and Methods   

Miniopterus natalensis bats were trapped from 
December 2011 until August 2018 over 49 trap 
nights at the Madimatle Cave (also known as the 
Gatkop Cave; 24°37′ S 27°39′ E) and Meletse Bat 
Research and Conservation Training Centre (600 
m from the cave entrance), Limpopo Province, 
South Africa. The area is characterised by savanna 
grasslands, Sweet Lowveld Bushveld and Mixed 
Lowveld Bushveld vegetation types and typically 
experiences summer rainfall, with a hot and 
humid climate throughout the spring and summer 
months (October-February) and cool, dry winters 
(June-August) (Mucina & Rutherford 2006, Zhu 

& Ringler 2010). Sample times were structured 
to capture annual and seasonal variation in 
the bat population, with sessions conducted 
during spring (1 September-30 November), 
summer (1  December-28 February), autumn 
(1 March-31  May) and winter (1 June-31 August) 
each year according to the South African seasons 
(Schulze 1997). Sampling sessions were limited 
to three consecutive nights per sample month. 
Processing of bats was undertaken with University 
of Pretoria Animal Ethics Committee Project 
numbers SOP008-13, ECO14-13, ECO29-17, ECO30-
117, EC054-14 and conducted under permits from 
the Limpopo Provincial Government, Department 
of Economic Development, Environment and 
Tourism (permit numbers CPM 011805, ZA/
LP/83642 and ZA/LP/73972). 

Bats were captured using one Austbat 2-bank 
4.2 m harp trap and one 2-bank cave strainer trap 
(Chege et al. 2015). Traps were open an hour before 
sunset at the cave entrance and the training centre, 
and were dismantled after two hours (mean ± 
SD: 175.28 ± 95.29 minutes). The majority of bats 
were captured within the first 10-30 minutes 
after emergence. However, to control for bats 
captured later that may have fed, individuals 
(other than pregnant females) with a body mass 
> 14 grams were excluded from analyses (n = 9) 
in accordance with the known average fed body 
mass of M. natalensis from the same cave (Pretorius 
et al. 2019). During adverse weather conditions 
(heavy lightning and storms), trapping was only 
conducted at the training centre. 

In total, 670 adult bats (365 females and 305 males) 
were sexed, aged and weighed shortly after 
capture using electronic and spring Pesola balances 
(± 0.1 g). Forearm length was measured with a 
calliper (dialMax® Clock Callipers; ± 0.1 mm). Bats 
were aged using the degree of ossification of the 
phalangeal epiphyses by trans-illuminating the 
wing bones (Brunet-Rossinni 2009). Only adults 
were used in this study. Females were classified 
based on characteristics associated with gestation 
and lactation (Racey 2009), indicating reproductive 
status determined by presence of white mammary 
tissue (lactating – L or post-lactating – PL), 
and pregnancy status by abdominal palpation 
(pregnant – P or not obviously pregnant (hereafter 
referred to as nonpregnant) – NOP). Males were 
classified based on scrotum characteristics (testes 
enlarged and descended: scrotal – S or non-scrotal – 
NS). While male mass increases could be associated 
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with testes mass in some species, testes mass of 
Schreibers´ s long-fingered bat M. schreibersii and 
the least long-fingered bat M. minor comprises only 
approximately 1% of body mass (McWilliam 1988, 
Wilkinson & McCracken 2003), suggesting that the 
contribution of testes mass to overall body mass is 
negligible for male M. natalensis. Lastly, bats were 
tattooed with a unique identifying number and 
wing-biopsies were taken, then individuals were 
released.

To assess body mass differences in M. natalensis, 
methodology followed McGuire et al. (2018), 
who advocated using body mass as a measure of 
body fat content since body condition indices (e.g. 
dividing body mass by forearm length) confound 
body condition results. Forearm length was 
therefore kept as a separate explanatory variable in 
analyses. First, linear mixed effects models (lmer) 
were used to test whether sex, forearm length, 
season or a combination of these fixed effects 
would best explain variation in mean body mass 
of male and female M. natalensis using the “lme4” 
package (Bates et al. 2014). Year of capture was set 
as a random effect to account for possible seasonal 
variability in body mass within years. No random 
dependence upon the year of capture (Likelihood 
ratio test χ2 = 1.53, P = 0.22) or site of capture 
(χ2 =  0.02, P = 0.86) was observed and data from 
different years and sites were pooled for further 
analysis. 

To investigate changes in body mass, a global 
general linear model (GLM) was constructed: mass 
~ forearm + sex + season. Next, the analyses were 
focused by treating male and female mass data 
separately and introducing reproductive category 
by season as a combined fixed effect (repro-season) 
in addition to forearm length. To select the best 
candidate GLMs, we used the “dredge” function 
of the “MuMIn” package (Bartoń 2019). The 
Akaike Information Criterion (AIC), the difference 
between the best model in each set (lowest AIC 

value) and all other models (∆i) and Akaike weights 
(Wi) was used to rank candidate models. Models 
where ∆i  <  3 were deemed the most informative 
(Burnham et al. 2011). The relative importance of 
each predictor variable (xi) was then calculated as 
the sum of the AIC weights of each informative 
model that the predictor was included in (Burnham 
& Anderson 2002). All statistical analyses were 
conducted using R (R Core Team 2017) in RStudio 
Desktop Software (version 1.1.456), with α = 0.05. 

Table 1. Body mass (g) ± SD (n in parentheses) of female and male Miniopterus natalensis across different seasons from December 2011 
until August 2018 at the Madimatle Cave, Limpopo Province, South Africa. No females were captured during winter sampling. The last 
column shows the ratio of females (F) compared to males (M) seasonally.

Season Female Male Sex ratio F:M
Spring 11.01 ± 1.22 (202) 10.82 ± 0.75 (134) 2:1
Summer 11.20 ± 1.06 (132) 11.44 ± 0.94 (54) 2:1
Autumn 10.77 ± 0.63 (31) 11.07 ± 0.70 (61) 1:2
Winter - 10.47 ± 0.73 (56) 0:56

Table 2. Ranked Akaike Information Criterion (AIC), difference 
between the top-ranked model and the ith model (∆i) with AICc 
weight (Wi) from generalized linear models investigating if 
forearm length (FA), sex and/or season explain the variation in the 
mean body mass of Miniopterus natalensis. The top-ranked model  
(∆i = 0) is shown in bold.

Model df AIC Δi Wi

Season 5 1,885 0 0.505
FA + season 6 1,886.6 0 0.226
Season + sex 6 1,887 1.6 0.186
FA + season + sex 7 1,888.6 2 0.083
Sex 3 1,908.7 3.6 0
FA + sex 4 1,909.4 23.73 0
FA 3 1,910.5 25.27 0

Table 3. Model-averaged parameter estimates (average model 
coefficients), adjusted standard error (SE) and associated z-values 
for variables for five top-ranked generalized linear models testing 
the effects of season, forearm length and sex on the variation of 
Miniopterus natalensis body mass. Note that male and female 
capture only overlapped for autumn, summer and spring.

Estimate ± SE z-value Pr (>|t|)
(Intercept) 10.96 ± 0.50 21.63 < 0.001
Spring –0.03 ± 0.11 0.28 0.779
Summer 0.30 ± 0.21 2.37 < 0.01
Winter –0.50 ± 0.17 2.97 < 0.001
FA 0.003 ± 0.01 0.27 0.78
Sex (M) 0.00 ± 0.02 0.02 0.98
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All graphing was conducted using the “ggplot2” 
(Wickham 2009).

Results

Miniopterus natalensis male body mass (±SD) 
averaged 10.65 ± 0.83 g (n = 305) and females 
(excluding pregnant females) averaged 10.77 ± 
1.13 g (n = 345). Male forearm length averaged 
44.50 ± 0.90 mm (n = 305) and was 44.90 ± 2.53 mm 
(n  =  365) for females. Different proportions of 
males and females were captured across the four 
seasons, with no females captured during winter 
sampling (Table 1).

Season best explained the overall variation in M. 
natalensis body mass (relative importance x1 = 100%), 
as well as forearm length (x2 = 31%) and sex (x3 = 
27%) to a lesser extent (Table 2). Overall, mean body 
mass in summer was significantly higher than 
body mass in autumn (Table 3). In winter, body 
mass was significantly lower than in autumn but in 
spring, body mass was not significantly different to 
body mass in autumn (Table 3).

Male and female M. natalensis in various 
reproductive categories were captured differently 
across the four seasons, with lactating females 
captured during late spring and summer (Fig. 1A) 
and scrotal males captured during summer and 
autumn (Fig. 1B). Non-scrotal males were captured 
year-round. Between and within the four seasons, 
reproductive category was an important predictor 
of both female and male body mass, with forearm 
length explaining the variation in female body 
mass to a lesser extent (Table 4). The pregnant 
and lactating reproductive categories significantly 
and positively affected body mass of female 
M. natalensis in spring and summer (Table  5). 
Pregnant females had a significantly higher 
body mass in spring (2.17 g). Lactating females  
had a significantly higher body mass in summer, 
being 1.34 g heavier than nonpregnant females 
(Fig. 2A). In summer, post-lactating female body 
mass was significantly lower than that of lactating 
females (1.29 g). Nonpregnant females increased 
body mass by 0.51 g from spring to summer, 
although this difference was not statistically 
significant. 

Fig. 1. Boxplot showing medians and interquartile ranges (Tukey-style whiskers extend to 1.5 × IQR) of the body 
mass (g) of A) female and B) male Miniopterus natalensis in different reproductive categories (lactating – L, 
nonpregnant – NOP, pregnant – P, post-lactating – PL, non-scrotal – NS and scrotal – S) across spring, summer, 
autumn and winter measured from December 2011 until August 2018 at the Madimatle Cave, Limpopo Province, 
South Africa. 
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In addition to reproductive category, forearm 
length was an important and significant positive 
predictor of the body mass of males in different 
reproductive categories (Table 5). Male body mass 

was significantly and positively correlated with 
forearm length, with greater male body mass at 
longer forearm lengths, but this pattern did not 
appear related to reproductive category (Fig. 3).  The 

Fig. 2. Plotted estimates for fixed effects of the most parsimonious generalized linear models investigating differences in body mass 
between the different reproductive categories (lactating – L, nonpregnant – NOP, pregnant – P, post-lactating – PL, non-scrotal – NS 
and scrotal – S) by season for A) female and B) male Miniopterus natalensis. Estimates < 1 indicates a negative effect (red dots) and 
estimates > 1 indicates a positive effect (blue dots). Dots are labelled with their corresponding estimate values. Asterisks indicate 
significance levels of P-values (*P < 0.05, **P < 0.01, ***P < 0.001).

Fig. 3. Relationship between forearm length (mm) and body mass (g) in non-scrotal (NS in yellow) and scrotal 
(S in blue) male Miniopterus natalensis collected across the four different seasons from December 2011 until 
August 2018 at the Madimatle Cave, Limpopo Province, South Africa.
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body mass of scrotal males was highest in summer, 
with mean scrotal male body mass increasing by 
0.88 g from spring (Fig. 2B). Scrotal male autumn 
body mass was not significantly different to non-
scrotal autumn body mass. Non-scrotal male body 
mass was lowest in winter, decreasing by 0.62 
g from autumn, but did not differ significantly 
between spring and summer. Mean body mass of  
different reproductive categories in the different 
seasons can be found in Table S1.

Discussion

For M. natalensis, body mass changed seasonally 
and with a reproductive category-dependent 
pattern of variation between males and females. 

These mass differences were probably related to 
both the effects of variable seasonal food availability 
and also the evolutionary pressures on sex-specific 
reproductive strategies (Rughetti & Toffoli 2014). 
Female body mass was lower, but not statistically 
significant, in spring than summer, somewhat 
supporting our hypothesis that females would 
show the lowest body mass in late spring/early 
summer. Lactating females had the highest body 
mass in summer compared to nonpregnant and 
post-lactating females. Lactating female body mass 
was significantly higher than autumn body mass of 
nonpregnant females. However, the summer body 
mass of nonpregnant and post-lactating categories 
was not significantly higher than the autumn 
body mass of nonpregnant females, which did not 

Table 4. Ranked Akaike Information Criterion (AIC), difference between the top-ranked model and the ith model (∆i) with AICc weight (Wi) 
from generalized linear models investigating if reproductive category (repro), forearm length (FA) and season explain the variation in the 
mean body mass of male and female of Miniopterus natalensis. The top-ranked models (∆i = 0) are shown in bold.

Model df AIC Δi Wi

Female Repro-season 9 1,031.8 0 0.714
FA + repro-season 10 1,033.7 1.83 0.286
FA 3 1,131 99.12 0

Male FA + repro-season 8 676.8 0 1
repro-season 7 710 33.25 0
FA 3 726.4 49.63 0

Table 5. Parameter estimates (average model coefficients), standard error and associated t-values for variables for the top-ranked 
generalized linear models testing the effects of forearm length and reproductive category within season on the variation of male and 
female body mass of Miniopterus natalensis. 

Estimate ± SE t-value Pr (>|t|)

Female (Intercept: nonpregnant-autumn) 10.77 ± 0.18 61.339 < 0.001

Lactating: spring 0.11 ± 0.2 0.559 0.57

Nonpregnant: spring –0.13 ± 0.22 –0.596 0.55

Pregnant: spring 2.17 ± 0.28 7.731 < 0.001

Lactating: summer 1.34 ± 0.26 5.155 < 0.01

Nonpregnant: summer 0.39 ± 0.22 1.718 0.24

Post-lactating: summer 0.04 ± 0.22 0.2 0.41

FA –0.008 ± 0.02 –0.41 0.69
Male (Intercept: non-scrotal-autumn) –2.06 ± 2.17 –0.948 0.34

FA 0.29 ± 0.05 6.042 < 0.001

Scrotal: autumn 0.13 ± 0.21 0.617 0.53

Non-scrotal: spring –0.32 ± 0.19 –1.639 0.10

Non-scrotal: summer –0.02 ± 0.24 –0.075 0.93

Scrotal: summer 0.65 ± 0.22 2.915 < 0.01

Non-scrotal: winter –0.46± 0.21 –2.259 < 0.05
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support the hypothesis that females would exhibit 
fattening during summer before their journey to 
the hibernacula. Scrotal males had a higher body 
mass in summer compared to autumn, supporting 
the hypothesis that male M. natalensis prepare 
for mating, since spermatogenesis is known to 
coincide with the austral summer months (van de 
Merwe 1987, Bernard et al. 1996). However, this 
pattern was not observed in non-scrotal males, 
suggesting that male M. natalensis do not prepare 
for hibernation or migration through fattening.

Females may not exhibit summer fattening to 
facilitate a lower wing load for migration to the 
hibernacula (Lehnert et al. 2018). Wing loading 
(body mass vs. wing area) is an important aspect 
of flight performance (Norberg & Rayner 1987), 
but since wing dimensions are fixed, variation in 
seasonal or daily fattening may determine flight 
success (Senar et al. 2002). This strategy has been 
observed in some bird species (van der Veen & 
Lindstrӧm 2000, Senar et al. 2002), but remains 
untested in bats. The fattening period and the initial 
spring body condition of female common noctules 
Nyctalus noctula does not affect migratory decisions 
but is rather associated with ideal environmental 
conditions for migration (such as fast tailwinds 
in the direction of travel; Dechmann et al. 2017). 
Migratory decisions in female M. natalensis may, 
therefore, be driven not by body condition, but 
rather by reproductive needs.

In summer, reproductive female M. natalensis 
are still under the enormous energetic burden of 
lactation. Lactation is one of the most energetically 
costly periods for female mammals (Millar 1978). 
Lactating female bats, including M. natalensis, 
compensate for energetic demands by increasing 
resource intake relative to non-reproductive 
females (McLean & Speakman 1999, Pretorius 
et al. 2019), supported by the higher summer 
body mass observed in lactating females in this 
study. Contrastingly, post-lactating females had 
a significantly lower body mass during summer. 
In post-lactating females, a decrease in body mass 
reflects the demands imposed by lactation for 
some vesper bats (Burnett & Kunz 1982), and the 
constraints of warm maternity roosts on the use 
of torpor (Koehler & Barclay 2000). In the brown 
long-eared bat Plecotus auritus, body mass steadily 
declined over 40 days after parturition, whereas 
the body mass of non-reproductive females 
continued to increase (McLean & Speakman 
2000). In this study, nonpregnant females had a 

slightly higher, albeit non-significant, body mass 
in summer. Therefore, despite a higher insect 
resource availability during summer which would 
facilitate hyperphagia and fattening (Janzen & 
Schoener 1968, Parrish 2000, Boulter et al. 2011), 
reproductive females are probably constrained in 
their ability to fatten for migration by the energetic 
cost of lactation.

Female M. natalensis may also not exhibit fattening 
in preparation for migration simply because 
migration for this species may not be overly costly. 
Current known migratory distances for M. natalensis 
in north-eastern South Africa range over 150 km 
from a hibernaculum in Gauteng to a maternity 
cave in Limpopo (van der Merwe 1975). Whilst 
female N. noctula migrate further than males, there 
is no difference in body condition between males 
and females at the start of the journey (Dechmann 
et al. 2014). Migratory bats can spend long hours 
foraging, six hours as observed in the hoary bat 
Lasiurus cinereus (Barclay 1989). They can also cover 
vast distances during nocturnal commutes (Best & 
Geluso 2003). Miniopterus schreibersii in southern 
France fly more than 30 km on nocturnal foraging 
commutes, with flight speeds reaching 40-50 
km/h, foraging continuously throughout the night 
(Vincent et al. 2010). Therefore, unlike the long-
term fattening strategies employed by various bird 
species or temperate migratory bats, bats like M. 
natalensis may use shorter-term strategies to fuel 
their comparatively short migrations (Dechmann et 
al. 2017). Migrating N. noctula stop over frequently 
to forage (Dechmann et al. 2014). Thus, bats may 
use recently ingested nutrients to fuel migration 
rather than reserves stored up for hibernation 
(Voigt et al. 2010). This reduces flight costs 
incurred through increased body mass and allows 
for rapid energy gain from directly combusted fuel 
(Voigt et al. 2010). Bats may also use torpor during 
daytime resting periods, decreasing the overall 
cost of migration and shortening stopover times 
(McGuire et al. 2012). Additionally, due to the short 
migratory distance, it is unlikely that M. natalensis 
employs strategies like reducing digestive organs 
as observed in long-distance migrators such as L. 
cinereus (McGuire et al. 2013). Hence, M. natalensis 
preparation for migration may not be completed 
at the maternity site before migration as predicted, 
but sometime throughout, or even after, the 
migratory journey.

The findings of this study suggest that male 
M. natalensis do not prepare for hibernation or 
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migration through fattening. It is possible that non-
scrotal male M. natalensis do not show the expected 
autumnal increase in body mass because they do 
not migrate and remain at the maternity cave, as 
suggested by the male-only sex ratio observed 
during winter. These males also may not fatten for 
hibernation because the population remaining at 
the Madimatle maternity cave continue to forage 
throughout winter (Pretorius et al. 2020). Male M. 
natalensis do, however, increase body mass during 
summer in preparation for mating, with scrotal 
males increasing their body mass by approximately 
8%. This is indicative of spermatogenesis and 
readiness to mate (Krutzsch 2000, Wilkinson & 
McCracken 2003) and to buffer the loss of body 
mass during mating activities (Welbergen 2011). 
Most male aerial hawkers generally build up their 
winter fuel reserves before mating, with body 
condition related to reproductive status and mating 
competition (Becker et al. 2013, Gallant & Broders 
2015). This may be why forearm length is a predictor 
of body mass in males, as larger individuals are 
heavier and larger male body size is related to more 
successful competition for mating opportunities 
(Crichton & Krutzsch 2000, Clutton-Brock 2007). 
In M. schreibersii (now M. natalensis) in Zimbabwe, 
males initiate spermatogenesis in late December, 
with maximum spermatogenic activity observed by 
March/April (Bernard et al. 1996). Therefore, male 
M. natalensis time their peak reproductive readiness 
to coincide with female ovulation (Bernard et al. 
1996, Mason et al. 2010). Even though the mating 
systems and levels of intrasexual competition 
between M. natalensis are still unknown, a higher 
body mass likely gives some males a competitive 
reproductive advantage over rivals during this 
period (Clutton-Brock 2007, Strauss et al. 2007), 
or a better likelihood of surviving through winter 
(Turbill et al. 2011). However, body condition 
may not always be related to reproductive success 
(Gallant & Broders 2015) and more detailed studies 
are required to investigate the implications of the 
results presented here.

Conclusion

Migration and hibernation are survival strategies 
that require physiological preparation using 

fattening (Bauer et al. 2011, McGuire 2012). Bat 
physiology is unique compared to other migrants, 
like birds, since various species employ both 
strategies to survive resource shortages, and fuel 
deposition before hibernation is also used as the 
main energy source for migration (McGuire & 
Guglielmo 2009). Additionally, sex-differences are 
also expected to influence fattening (Dechmann et 
al. 2014). Fattening is a common strategy in both 
long-distance and regionally migrating temperate 
insectivorous bat species (Fleming 2019), but 
less common in tropical and subtropical species, 
particularly insectivores (Fleming & Eby 2003). 
This study investigated seasonal differences in 
the body mass of the regionally migrating M. 
natalensis to determine if these bats prepared for 
migration/hibernation through fattening. Males 
and females in different reproductive categories 
showed different patterns in their seasonal mass, 
suggesting different fattening strategies related 
to reproductive investment by the different 
sexes rather than preparation for migration or 
hibernation.

Acknowledgements

With thanks to Aquila Steel (Thabazimbi) Pty Ltd 
represented by Mike Halliday and Motjoli Resources 
who permitted access and use facilities for the duration 
of this study. This work was also financially supported 
in part by the National Research Foundation of 
South Africa and South African Research Chair in  
Animal Infectious Diseases (Zoonoses) under grant 
numbers UID 92524, 85756, 91496 and 98339, held 
by prof W. Markotter. This work was further funded by 
the Rufford Foundation (grant no. 23505-1), National 
Research Foundation (grant no. 113318) and the 
University of Pretoria through a Postgraduate Doctoral 
Bursary (no. 12094065), held by M. Pretorius. Author 
contributions: M. Pretorius – project conceptualisation, 
statistical analyses, manuscript write-up, W. Markotter, 
E.  Seamark and T. Kearney – data collection and 
curation, funding. H. Broders and M. Keith – supported 
conceptualisation and supervised the project. All 
authors contributed to manuscript revision and editing.

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 09 May 2022
Terms of Use: https://bioone.org/terms-of-use



Seasonal mass variation in MiniopterusJ. Vertebr. Biol. 2021, 70(1): 20088 10 

Literature

Barclay R.M. 1989: The effect of reproductive 
condition on the foraging behavior of female 
hoary bats, Lasiurus cinereus. Behav. Ecol. 
Sociobiol. 24: 31–37.

Bartoń K. 2019: MuMIn: multi-model inference. R 
package version 1.43.6. https://CRAN.R-project.
org/package=MuMIn

Bates D., Maechler M., Bolker B. & Walker S. 2014: 
Fitting linear mixed-effects models using lme4. 
J. Stat. Softw. 67: http://dx.doi.org/10.18637/jss.
v067.i01.

Bauer S., Nolet B.A., Giske J. et al. 2011: Cues and 
decision rules in animal migration. In: Milner-
Gulland E.J., Fryxell J.M. & Sinclair A.R.E. 
(eds.), Animal migration: a synthesis. Oxford 
University Press, Oxford: 68–87. 

Becker N.I., Tschapka M., Kalko E.K. & Encarnação 
J.A. 2013: Balancing the energy budget in free-
ranging male Myotis daubentonii bats. Physiol. 
Biochem. Zool. 86: 361–369.

Bernard E. 2002: Diet, activity and reproduction of 
bat species (Mammalia, Chiroptera) in Central 
Amazonia, Brazil. Rev. Bras. Zool. 19: 173–188.

Bernard R.T.F., Cotterill F.P.D. & Fergusson R.A. 
1996: On the occurence of a short period of 
delayed implantation in Schreibers’ long-
fingered bat (Miniopterus schreibersii) from 
a tropical latitude in Zimbabwe. J. Zool. 238: 
13–22.

Bernard R.T.F. & Davison A. 1996: Does 
calcium constrain reproductive activity in 
insectivorous bats? Some empirical evidence 
for Schreibers’ long-fingered bat (Miniopterus 
schreibersii). Afr. Zool. 31: 218–220.

Best T.L. & Geluso K.N. 2003: Summer foraging 
range of Mexican free-tailed bats (Tadarida 
brasiliensis mexicana) from Carlsbad Cavern, 
New Mexico. Southwest. Nat. 48: 590–596.

Boulter S.L., Lambkin C.L. & Starick N.T. 2011: 
Assessing the abundance of seven major 
arthropod groups along an altitudinal 
gradient and across seasons in subtropical 
rainforest. Mem. Queensl. Mus. 55: 303–313.

Bowlin M.S., Bisson I.A., Shamoun-Baranes J. et al. 
2010: Grand challenges in migration biology. 
Integr. Comp. Biol. 50: 261–279.

Brunet-Rossinni A. 2009: Methods for age 
estimation and the study of senescence in bats. 
In: Kunz T.H. & Parsons S. (eds.), Ecological 
and behavioral methods for the study of bats. 
The Johns Hopkins University Press, Baltimore: 
315–325.

Burnett C.D. & Kunz T.H. 1982: Growth rates 
and age estimation in Eptesicus fuscus and 
comparison with Myotis lucifugus. J. Mammal. 
63: 33–41.

Burnham K.P. & Anderson D.R. 2002: Model 
selection and multimodel inference: a practical 
information-theoretic approach. Springer-
Verlag, New York.

Burnham K.P., Anderson D.R. & Huyvaert K.P. 
2011: AIC model selection and multimodel 
inference in behavioral ecology: some 
background, observations, and comparisons. 
Behav. Ecol. Sociobiol. 65: 23–35.

Chege H.N., Schepers C. & Wolfaardt G.J. 2015: 
Documenting the bat species assemblages of 
the Meletse Bat Research and Conservation 
Training Centre in Limpopo Province, 
Thabazimbi, South Africa. African Bat 
Conservation News 38: 5–8.

Clutton-Brock T. 2007: Sexual selection in males 
and females. Science 318: 1882–1885.

Crichton E.G. 2000: Sperm storage and fertilization. 
In: Crichton E.G. & Krutzsch P.H. (eds.), 
Reproductive biology of bats. Academic Press, 
London: 295–312.

Crichton E.G. & Krutzsch P.H. 2000: Reproductive 
biology of bats. Academic Press, London. 

Cumming G.S. & Bernard R.T.F. 1997: Rainfall, 
food abundance and timing of parturition in 
African bats. Oecologia 111: 309–317.

Dechmann D.K., Wikelski M., Ellis-Soto D. et al. 2017: 
Determinants of spring migration departure 
decision in a bat. Biol. Lett. 13: 20170395.

Dechmann D.K., Wikelski M., Varga K. et al. 2014: 
Tracking post-hibernation behavior and early 
migration does not reveal the expected sex-
differences in a “female-migrating” bat. PLOS 
ONE 9: e114810.

Fleming T.H. 2019: Bat migration. In: Choe J.C. 
(ed.), Encyclopedia of animal behavior, 2nd ed. 
Academic Press, London: 605–610.

Fleming T.H. & Eby P. 2003: Ecology of bat 
migration. In: Kunz T.H. & Fenton M.B. (eds.), 
Bat ecology. The University of Chicago Press, 
Chicago: 164–165.

Gallant A. & Broders H. 2015: Body condition 
explains little of the interindividual variation 
in the swarming behaviour of adult male 
little brown myotis (Myotis lucifugus) in Nova 
Scotia, Canada. Can. J. Zool. 93: 469–476.

Geiser F. & Stawski C. 2011: Hibernation and torpor 
in tropical and subtropical bats in relation to 
energetics, extinctions, and the evolution of 
endothermy. Integr. Com. Biol. 51: 337–348.

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 09 May 2022
Terms of Use: https://bioone.org/terms-of-use



Seasonal mass variation in MiniopterusJ. Vertebr. Biol. 2021, 70(1): 20088 11 

Gros A., Poethke H.J. & Hovestadt T. 2009: 
Sex-specific spatio-temporal variability in 
reproductive success promotes the evolution 
of sex-biased dispersal. Theor. Popul. Biol. 76: 
13–18.

Hedenstrӧm A. 2009: Optimal migration strategies 
in bats. J. Mammal. 90: 1298–1309.

Hutterer R. 2005: Bat migrations in Europe: a 
review of banding data and literature. Federal 
Agency for Nature Conservation, German.

Janzen D.H. & Schoener T.W. 1968: Differences 
in insect abundance and diversity between 
wetter and drier sites during a tropical dry 
season. Ecology 49: 96–110.

Jonasson K.A. & Willis C.K. 2011: Changes in 
body condition of hibernating bats support 
the thrifty female hypothesis and predict 
consequences for populations with white-
nose syndrome. PLOS ONE 6: e21061.

Koehler C.E. & Barclay R.M.R. 2000: Post-natal 
growth and breeding biology of the hoary bat 
(Lasiurus cinereus). J. Mammal. 81: 234–244.

Krauel J.J. 2014: Behavioral responses of Brazilian 
free-tailed bats (Tadarida brasiliensis) to noctuid 
moth migrations. PhD thesis, University of 
Tennessee, Knoxville.

Kronfeld-Schor N. & Dayan T. 2013: Thermal 
ecology, environments, communities, and 
global change: energy intake and expenditure 
in endotherms. Annu. Rev. Ecol. Evol. Syst. 44: 
461–480.

Krulin G.S. & Sealander J.A. 1972: Annual lipid 
cycle of the gray bat, Myotis grisescens. Comp. 
Biochem. Physiol. 2: 537–549.

Krutzsch P.H. 2000: Anatomy, physiology and 
cyclicity of the male reproductive tract. 
In: Crichton E.G. & Krutzsch P.H. (eds.), 
Reproductive biology of bats. Academic Press, 
London: 92–117.

Kunz T.H., Wrazen J.A. & Burnett C.D. 1998: 
Changes in body mass and fat reserves in 
pre-hibernating little brown bats (Myotis 
lucifugus). Ecoscience 5: 8–17.

Lehnert L.S., Kramer-Schadt S., Teige T. et al. 2018: 
Variability and repeatability of noctule bat 
migration in Central Europe: evidence for 
partial and differential migration. Proc. R. Soc. 
B 285: 20182174.

Mares M.A. & Wilson D.E. 1971: Bat reproduction 
during the Costa Rican dry season. Bioscience 
21: 471–477.

Mason M.K., Hockman D., Jacobs D.S. & Illing 
N. 2010: Evaluation of maternal features 
as indicators of asynchronous embryonic 

development in Miniopterus natalensis. Acta 
Chiropt. 12: 161–171.

McGuire L.P. 2012: Physiological ecology of bat 
migration. PhD thesis, The University of Western 
Ontario, Canada. 

McGuire L.P., Fenton M.B. & Guglielmo C.G. 
2009: Effect of age on energy storage during 
prehibernation swarming in little brown bats 
(Myotis lucifugus). Can. J. Zool. 87: 515–519.

McGuire L.P., Fenton M.B. & Guglielmo C.G. 
2013: Phenotypic flexibility in migrating bats: 
seasonal variation in body composition, organ 
sizes and fatty acid profiles. J. Exp. Biol. 216: 
800–808.

McGuire L.P. & Guglielmo C.G. 2009: What can 
birds tell us about the migration physiology 
of bats? J. Mammal. 90: 1290–1297.

McGuire L.P., Guglielmo C.G., Mackenzie S.A. 
& Taylor P.D. 2012: Migratory stopover in 
the long-distance migrant silver-haired bat, 
Lasionycteris noctivagans. J. Anim. Ecol. 81: 377–
385.

McGuire L.P., Jonasson K.A. & Guglielmo C.G. 2014: 
Bats on a budget: torpor-assisted migration 
saves time and energy. PLOS ONE 9: e115724.

McGuire L.P., Kelly L.A., Baloun D.E. et al. 2018: 
Common condition indices are no more 
effective than body mass for estimating fat 
stores in insectivorous bats. J. Mammal. 99: 
1065–1071.

McLean J. & Speakman J. 1999: Energy budgets of 
lactating and non-reproductive brown long-
eared bats (Plecotus auritus) suggest females 
use compensation in lactation. Funct. Ecol. 13: 
360–372.

McLean J. & Speakman J. 2000: Morphological 
changes during postnatal growth and 
reproduction in the brown long-eared bat 
Plecotus auritus: implications for wing loading 
and predicted flight performance. J. Nat. Hist. 
34: 773–791.

McNab B.K. 1969: The economics of temperature 
regulation in neotropical bats. Comp. Biochem. 
Physiol. 31: 227–268.

McWilliam A.N. 1988: The reproductive cycle of 
male long-fingered bats, Miniopterus minor 
(Chiroptera: Vespertilionidae), in a seasonal 
environment of the African Tropics. J. Zool. 
216: 119–129.

Millar J.S. 1978: Energetics of reproduction in 
Peromyscus leucopus: the cost of lactation. 
Ecology 59: 1055–1061.

Miller-Butterworth C.M., Eick G., Jacobs D.S. et 
al. 2005: Genetic and phenotypic differences 

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 09 May 2022
Terms of Use: https://bioone.org/terms-of-use



Seasonal mass variation in MiniopterusJ. Vertebr. Biol. 2021, 70(1): 20088 12 

between South African long-fingered bats, 
with a global miniopterine phylogeny. J. 
Mammal. 86: 1121–1135.

Monadjem A., Taylor P.J., Cotterill W. & Schoeman 
M. 2010: Bats of southern and central Africa: a 
biogeographic and taxonomic synthesis. Wits 
University Press, Johannesburg.

Mucina L. & Rutherford M.C. 2006: The vegetation 
of South Africa, Lesotho and Swaziland. South 
African National Biodiversity Institute, Pretoria.

Norberg U.M. & Rayner J.M. 1987: Ecological 
morphology and flight in bats (Mammalia; 
Chiroptera): wing adaptations, flight 
performance, foraging strategy and 
echolocation. Philos. Trans. R. Soc. Lond. B 316: 
335–427.

Parrish J.D. 2000: Behavioral, energetic, and 
conservation implications of foraging 
plasticity during migration. Stud. Avian Biol. 
20: 53–70.

Popa-Lisseanu A.G. & Voigt C.C. 2009: Bats on the 
move. J. Mammal. 90: 1283–1289.

Pretorius M.E., Broders H., Seamark E. & Keith 
M. 2020: Climatic correlates of migrant 
Miniopterus natalensis phenology in north-
eastern South Africa. Wildl. Res. 47: 404–414.

Pretorius M.E., Kearney T., Keith M. et al. 2019: 
Increased body mass supports energy 
compensation theory in the breeding female 
natal long-fingered bat Miniopterus natalensis. 
Acta Chiropt. 20: 319–328.

R Core Team 2017: R: a language and environment 
for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria.

Racey P.A. 2009: Reproductive assessment in bats. 
In: Kunz T.H. & Parsons S. (eds.), Ecological 
and behavioral methods for the study of bats. 
The Johns Hopkins University Press, Baltimore: 
249–264.

Rubolini D., Gardiazabal Pastor A., Pilastro A. & 
Spina F. 2002: Ecological barriers shaping 
fuel stores in barn swallows Hirundo 
rustica following the central and western 
Mediterranean flyways. J. Avian Biol. 33: 15–22.

Ruckstuhl K.E. & Neuhaus P. 2002: Sexual 
segregation in ungulates: a comparative test 
of three hypotheses. Biol. Rev. 77: 77–96.

Rughetti M. & Toffoli R. 2014: Sex-specific seasonal 
change in body mass in two species of 
vespertilionid bats. Acta Chiropt. 16: 149–155.

Safi K., Kӧnig B. & Kerth G. 2007: Sex differences 
in population genetics, home range size and 
habitat use of the parti-colored bat (Vespertilio 
murinus, Linnaeus 1758) in Switzerland and 

their consequences for conservation. Biol. 
Conserv. 137: 28–36.

Schulze R.E. 1997: Climate. In: Cowling R.M., 
Richardson D.M. & Pierce G.J. (eds.), 
Vegetation of Southern Africa. Cambridge 
University Press, Cambridge: 21–42.

Senar J.C., Domènech J. & Uribe F. 2002: Great tits 
(Parus major) reduce body mass in response 
to wing area reduction: a field experiment. 
Behav. Ecol. 13: 725–727.

Simmons N. 2005: Order Chiroptera. In: Wilson 
D.E. & Reeder D.M. (eds.), Mammal species 
of the world: a taxonomic and geographical 
reference. Johns Hopkins University Press, 
Baltimore: 312–525. 

Speakman J.R. & Rowland A. 1999: Preparing for 
inactivity: how insectivorous bats deposit a 
fat store for hibernation. Proc. Nutr. Soc. 58: 
123–131.

Strauss A., Mascher E., Palme R. & Millesi E. 2007: 
Sexually mature and immature yearling male 
European ground squirrels: a comparison of 
behavioral and physiological parameters. 
Horm. Behav. 52: 646–652.

Turbill C., Bieber C. & Ruf T. 2011: Hibernation 
is associated with increased survival and 
the evolution of slow life histories among 
mammals. Proc. R. Soc. Lond. B 278: 3355–3363.

van der Merwe M. 1975: Preliminary study on the 
annual movements of the Natal clinging bat. 
S. Afr. J. Sci. 71: 237–241.

van der Merwe M. 1979: Foetal growth curves and 
seasonal breeding in the Natal clinging bat 
Miniopterus schreibersi natalensis. Afr. Zool. 14: 
17–21.

van der Merwe M. 1980: Delayed implantation in 
the Natal clinging bat, Miniopterus schreibersii 
natalensis (A. Smith 1834). In: Wilson D.E. 
& Garner A.L. (eds.), Proceedings of the 
5th International Bat Research Conference. 
Lubbock, Texas: 113–123.

van der Merwe M. 1986: Reproductive strategy of 
Miniopterus schreibersii natalensis. Cimbebasia 8: 
107–111.

van der Merwe M. 1987: Adaptive breeding 
strategies in some South-African bats between 
22 degrees S and 28 degrees S. S. Afr. J. Sci. 83: 
607–609.

van der Veen I.T. & Lindstrӧm K.M. 2000: Escape 
flights of yellowhammers and greenfinches: 
more than just physics. Anim. Behav. 59: 593–
601.

Vincent S., Nemoz M. & Aulagnier S. 2010: Activity 
and foraging habitats of Miniopterus schreibersii 

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 09 May 2022
Terms of Use: https://bioone.org/terms-of-use



Seasonal mass variation in MiniopterusJ. Vertebr. Biol. 2021, 70(1): 20088 13 

(Chiroptera: Miniopteridae) in southern 
France: implications for its conservation. 
Hystrix 22: 57–72.

Voigt C.C., Sörgel K. & Dechmann D.K.N. 2010: 
Refueling while flying: foraging bats combust 
food rapidly and directly to power flight. 
Ecology 91: 2908–2917.

Webster M.S. & Marra P.P. 2005: The importance 
of understanding migratory connectivity 
and seasonal interactions. In: Greenberg R. 
& Marra P.P. (eds.), Birds of two worlds: the 
ecology and evolution of migration. Johns 
Hopkins University Press Baltimore, Maryland: 
199–209. 

Welbergen J.A. 2011: Fit females and fat polygynous 
males: seasonal body mass changes in the 
grey-headed flying fox. Oecologia 165: 629–637.

Wickham H. 2009: ggplot2: elegant graphics for 
data analysis. Springer-Verlag, New York. 

Wilkinson G.S. & McCracken G.F. 2003: Bats and 
balls: sexual selection and sperm competition 
in the Chiroptera. In: Kunz T.H. & Fenton M.B. 
(eds.), Bat ecology. The University of Chicago 
Press, Chicago: 128–155.

Willis C.K. 2017: Trade-offs influencing the 
physiological ecology of hibernation in 
temperate-zone bats. Integr. Comp. Biol. 57: 
1214–1224.

Zhu T. & Ringler C. 2010: Climate change 
implications for water resources in the 
Limpopo River Basin. International Food Policy 
Research Institute, Washington.

Zubaid A., McCracken G.F. & Kunz T. 2006: 
Functional and evolutionary ecology of 
bats. Oxford University Press, New York.  

Supplementary online material

Table S1. Body mass (g) ± SD (n in parentheses) of female and male Miniopterus natalensis in different 
reproductive categories (lactating – L, nonpregnant – NOP, pregnant – P, post-lactating – PL, non-scrotal – 
NS and scrotal – S) across different seasons from December 2011 until August 2018 at the Madimatle Cave, 
Limpopo Province, South Africa. Blank cells indicate that individuals from that reproductive category were 
not captured in that season (https://www.ivb.cz/wp-content/uploads/JVB-vol.-70-1-2021-PretoriusM.-et-al.-
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