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ABSTRACT

The order Rodentia is the most speciose group of mammals with muroids being the most
diverse superfamily. Since they are represented in arboreal, semiaquatic, subterranean and
terrestrial niches, rodents may exhibit morphological traits reflecting their adaptations to such
diverse environments. This thesis focuses on the morphology of the endocranium, auditory bulla
and cochlea in three tribes (Otomyini, Taterillini and Gerbillini) representing 10 species of
African rodents, concentrating on their variability, function and adaptability, using micro-CT
imaging and 3D shape comparative methods. Additionally, variations in cranial size were also
studied in respective of global warming and climatic variables. Morphological changes/variations
are a result of environmental change, therefore each chapter in this study details the effect of
environmental change (in space and time) on different morphological traits i.e. general cranial
size (chapter 2), cochlea and auditory bulla (chapter 3) and endocranial size and shape (chapter
4). With chapter 2 dealing specifically with climate change in its strict sense and the remaining
two chapters looking at different environmental gradients.

Chapter 2 tests the applicability of the “third universal response to warming” (i.e.
declining body size) and the Resource Rule in two murid subfamilies, Murinae and Gerbillinae.
The study shows that the third response is not as universal as only one species conformed to
this response. Further, food availability (Resource Rule) was shown to be the more important
factor correlated with body size variations in rodent species than Bergmann’s Rule. Chapter 3
looks at the auditory bulla and cochlea, the morphological traits that play a role in hearing
capabilities of rodents. | found, with some exceptions, that bulla and cochlea modifications
between species could be explained by environment, phylogeny and/or allometry. In addition, |
concluded that true desert adapted laminate-toothed rats and gerbils use both bulla and
associated cochlea hypertrophy. Chapter 4 shows larger brain size in Taterillini and two species

of Otomyini, with life histories and environment being the most probably factors responsible for

Xiii
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this. Using a novel method of diffeomorphism (deformation models), there was more variation in
endocranial morphology between the gerbils and laminate-toothed rats than within them with
olfactory bulb, paraflocculi, and posterior ventral cortex showing the most variability. Overall,
this thesis shows that variations in the morphological traits studied are strongly influenced by

the environment and function.

Xiv
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CHAPTER ONE: INTRODUCTION

Climate change and rodents

Climate change is a well-known phenomenon worldwide even outside the scientific world
with numerous policies proposed and implemented by different countries to lessen the emission
of greenhouse gases (Steinitz, 2010). However, even if all the countries adhere to all the “green
policies”, the process of warming will continue although it may be at a slower and controlled
pace (UN secretaty-General-2007). As Lovejoy & Hannah (2005) mentioned “it is now clear that
climate change is the major new threat that will confront biodiversity this century”. A plethora of
studies have looked at the effect of climate change in mammals (Berteaux et al., 2006 and
references therein; Hetem et al., 2014; Pacifici et al., 2017, Cianfrani et al., 2018). When faced
with climate change, species or animal populations may respond differently; they may either
shift their distribution range, adapt (genetic or phenotypic plasticity) or go extinct (global or local)
(Parmesan, 2006; Fuller et al., 2010; Hetem et al., 2014). However, the most reported
responses include shift in distribution range and phenotypic plasticity (e.g. changes in size or
behaviour). An example of climate change consequence by rodents include: the extinction of the
Bramble Cay Melomys (Melomys rubicola) from the Bramble Cay island (Gynther et al., 2016);
range shifts in Texas, Senegal, Yosemite National Park, Californian mountains and South Africa
to name a few (Cameron & Scheel, 2001; Thiam et al., 2008; Moritz et al., 2008; Rowe et al.,
2015; Taylor et al.,, 2015); morphological evolution and variations (Renaud et al., 2005;
Pergams & Lawler, 2009; see Chapter 2). However, the effect of climate change on morphology
of rodents is examined in this thesis, climate change in time in its strict sense is investigated in
chapter 2 and environmental variations in space and time (climate change) is investigated in

chapter 3 and 4.
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Rodent ecology

The order Rodentia is the most speciose group of mammals with muroids being the most
diverse superfamily (Wilson et al., 2017). Rodents are highly variable in their ecological
characters, which include diet, morphology, physiology, locomotion mode, behaviour and habitat
(Nowak, 1999; Happold, 2013). Most rodents are terrestrial, with others being fossorial,
saltatorial, arboreal, gliding, subterranean and semi-aquatic. Furthermore, they live in most
habitats from hyper-arid deserts to hyper-mesic forests and most are habitat specific whilst a
few are generalists (Happold, 2013). Rodents are broadly categorized as herbivores, granivores
or frugivores with others being omnivorous and a few insectivores (Happold, 2013; Wilson et al.,
2017). Rodents show phenomenal levels of morphological diversity that makes them a prime
example taxon for the study of morphological variation.

Members of the Otomyini tribe are vole-like African rodents comprising two genera, i.e.
Parotomys and Otomys. This includes our study species: O. auratus, O. angoniensis, O.
sloggetti, O. unisulcatus, O. helleri, O. barbouri and P. brantsii. These taxa occupy mesic,
montane and sub-montane, alpine, semi-arid and arid habitats and are exclusively herbivorous.
They are terrestrial and vary in behaviour, with some being diurnal or crepuscular species and
others being active 24 hours (e.g. O. typus). Additionally, members of the genus Parotomys are
burrow-dwellers and they share a large suite of morphological traits with the genus Otomys
except for their enlarged bulla (Clausnitzer, 2013; Jackson, 2013ab; Taylor, 2013ab; Yalden,
2013; Monadjem et al., 2015).

Among members of the subfamily Gerbillinae, the three studied species (Desmodillus
auricularis, Gerbilliscus leucogaster and Gerbillus nigeriae) are endemic to Africa, omnivorous,
nocturnal, terrestrial and burrow-dwelling. However, they differ in the size of the auditory bulla
with D. auricularis having the most inflated (41% of the greatest skull length), G. nigeriae and G.

leucogaster having moderately inflated bulla but the former has a fully pneumatized (air-filled)
2
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mastoid chamber, whereas the later has no inflated mastoid (Pavlinov, 2008). Desmodillus
auricularis occupy arid gravel plains, areas with sparse grass or shrub cover, whilst G.
leucogaster is associated with savannah habitats and G. nigeriae occupy sandy areas,
cultivated and fallow lands (Dempster, 2013; Nel, 2013; Sicard, 2013; Monadjem et al., 2015).

In addition to the above species, two more in the subfamily Murinae were also included
in the study, Mastomys natalensis and Micalemys namaquensis (Aethomys namaquensis sensu
lato). Both species are endemic to Africa with the former being the most abundant and widely
distributed. They are both omnivorous, nocturnal and terrestrial, though M. namaquensis is also
semi-arboreal. Mastomys natalensis occupies a vast array of habitats e.g. savannah, grassland,
fields, human settlements and it is commensal in West Africa (Fichet-Calvet & Rogers, 2009;
Lalis et al., 2015), whilst M. namaquensis is mostly associated with savannah and semi-arid
areas (Kesner et al., 2013; Leirs, 2013). Besides their negative effects (e.g. agricultural crop
pest and reservoirs for zoonotic diseases/pathogens), rodents also have beneficial effects such
as seed dispersal (Meerburg et al., 2009; Happold, 2013; Monadjem et al., 2015). These 12
taxa were chosen because they span a wide taxonomic and ecological range, and this provides
environmental and phylogenetic gradients against which to test morphological changes in the

selected morphological traits.

Phylogeny of Otomyini and Gerbillinae

The Otomyini (suborder: Myomorpha: family: Muridae) is a rodent tribe endemic to
Africa, with most of its species occurring in Southern Africa (Musser & Carleton, 2005). The tribe
is currently comprised of 33 species (Monadjem et al., 2015) compared to 17 recognized in
Happold (2013) that are divided into two genera, i.e. Otomys and Parotomys. However, the
phylogeny of the Otomyini is unresolved due to contradictory results from different types of data

(Happold, 2013; Monadjem et al., 2015; Phukuntsi et al., 2016). Some studies have suggested
3
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that the genus Otomys is polyphyletic because species such as O. unisulcatus and O. sloggetti
are more closely related to Parotomys than to Otomys (Taylor et al.,, 2009, 2011, 2014).
Furthermore, Pocock (1976) recognized the existence of three genera within Otomyini i.e.
Otomys, Parotomys and Myotomys (which includes O. sloggetti and O. unisulcatus). Recently,
O. auratus has been elevated to species level, having been a synonym of O. irroratus, following
information gathered from molecular, chromosomal and morphometric analyses (Taylor et al.,
2009; Engelbrecht et al., 2011).

The subfamily Gerbillinae (suborder Myomorpha and family Muridae) consists of 103
species (16 genera) of murid rodents that primarily inhabit mostly arid, open regions including
deserts, grasslands and savannahs, throughout Africa and Asia (Nowak, 1999; Musser &
Carleton, 2005). Inflated tympanic bulla is one of the most characteristic features of this
subfamily (Lay, 1972). However, the systematics of this subfamily is still intensely debated at
various taxonomic levels (Abiadh et al., 2010; Alhajeri et al., 2015; Ndiaye et al., 2016). This
family consists of different tribes with Taterillini (e.g. Gerbilliscus and Desmodillus) and Gerbillini
(Gerhbillus, Pavlinov, 2008) the focus of this study. Gerbilliscus leucogaster and D. auricularis
are more closely related in the phylogenetic tree as opposed to G. nigeriae. Gerbillus was once
considered as one genus, including Dipodillus, but then split into distinct genera, on
morphological grounds (Musser & Carleton 2005; Pavlinov, 2008). However, molecular studies
suggest this distinction should not be maintained (Abiadh et al., 2010; Ndiaye et al., 2012;

Alhajeri et al., 2015).
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Functional and auditory morphology in rodents

Animals vary in form and their functions and for a long time biologists have been
studying this relationship and inferring functions from form (Lauder et al., 1995, and references
therein). The most famous example of the relationship between form and function being the
Darwin finches, which are characterized by a remarkable variety in beak form and function
(Podos & Nowicki, 2004). Morphology in organisms is often assumed to reflect habitat
adaptations and phylogenetic history and understanding how these organisms adapt to their
environment is important in ecological research (Wainwright & Reilly, 1994; Alhajeri, 2014).
Since it is believed that ecological and behavioural factors may influence variations in sensory
morphology (Moulton, 1967; Lay, 1972; Jones & Teeling, 2006), it is essential to assess the
ecological functions of some of the sensory structures. Therefore, this section will focus on the
form and function of the rodent inner ear and auditory bulla (see chapter 3 for a review of
functional morphology of the auditory structures).

A hypertrophied bulla, more common in desert rodent species, has been linked to
increased auditory sensitivity, which have been hypothesized to help in predator avoidance in
open habitats and interspecific communication (Lay, 1972; Webster & Webster, 1975;
Dempster, 2018). However, not only has the inflated bulla been correlated with arid
environments but also the increased anatomical specialization of middle and inner ear anatomy,
hence, increased auditory sensitivity (Lay, 1972; Webster & Webster, 1975). Consequently,
studies on the functional morphology of the inner ear, middle ear and auditory bulla in fossorial,
subterranean and epigeic rodents have been numerous (Lay, 1972; Webster & Webster, 1975;
Lange et al., 2004; Francescoli et al., 2012; Tabatabaei-Yazdi et al., 2015; Mason, 2016), with

different causal links proposed/mentioned.
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Rationale for the study and structure of thesis

Morphological variation has been observed in plants, invertebrates, amphibians, reptiles,
birds, and mammals (Holmes et al., 2016). In rodents, this type of variation is well documented,
probably because of their relatively small size, short generation length and life spans, as well as
because of the large number of specimens curated in natural history museum collections
(Holmes et al., 2016). However, even though studies on variation of polygenic traits, like body
size or brain size, are numerous, it is difficult to determine if this variation is genetically and/or
plastically controlled (Pergams & Lacy, 2007; Gardner et al., 2011). In any case, the influence of
factors such as phylogeny, climatic variables, environmental influences/change, life histories
and climate change on morphology is well established (Stumpp et al., 2016). For example, body
size variation have been linked to climate change, climatic variables and increased food
availability (Yom-Tov & Geffen, 2011; McNab, 2010; Alhajeri et al., 2016; Chapter 2); brain size
variation to life history traits, phylogeny, motor/sensory specializations and environment (Mace
et al., 1981; Bernard & Nurton, 1993; Hefner & Hefner, 1984; chapter 4); and bulla size, middle
and inner ear variation linked to phylogeny, ontogeny and environment (Lay, 1972; Lange et al.,
2004; Liao et al., 2007; chapter 3). As mentioned in Albelson (2016) and Sol et al. (2008)
variation in brain size can be used in estimating species extinction vulnerability and survival of
animals in novel environments. Linzmeier & Ribeiro-Costa (2011) found variation in body size
can be used to assess environmental quality (Madliger, 2012), and studying sensory ecology
can be useful in understanding how organisms gain information from their environment, and
how this information may be interpreted. Thus, integrating information from these kinds of
studies may be helpful in management strategies, particularly in Africa where the natural
environment is more susceptible to change (Gemeda & Sima, 2015). This kind of information

can be used in conservation management (Van Dyck, 2012; Madliger, 2012). Additionally,
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morphological studies can provide insight into evolutionary theory and processes and can help
in tracking climate change.

Interestingly the cranium is one of the most studied structures by anatomists and
functional morphologists and a wealth of knowledge has been contributed in order to
understand the complex structure that houses the brain, major sensory organs and masticatory
apparatus (Hanken & Hall, 1993). Additionally, different skull measurements (e.g. zygomatic
breadth, greatest length of the skull, interorbital constriction, length of the upper premolar, skull
centroid size and etc.) or combination of measurements has been used to evaluate skull size,
which has been used as a proxy for body size (Yom-Tov et al., 2007, 2010; Millien et al., 2017).
The skull therefore serves a crucial role and provides a platform to explore hypothesis relating
to adaptation (Hanken & Hall, 1993). This thesis is structured into five chapters: the present
introductory chapter and a general discussion and conclusion chapter (chapter 5) and the main
body, comprising of three chapters (chapters 2 to 4). The main body chapters are written as
manuscripts for publication, of which chapters 2 and 3 have been or will be submitted for
publication to Global Ecology and Biogeography and Journal of Anatomy, respectively. Because
of the format used, there is some repetition of introductory material and methodological detail.
The figures and tables are numbered in sequence for each chapter and not for the complete
thesis. The appendices are also grouped based on the chapter they belong. The references for
all the chapters are grouped together in the reference section, and the pages of the thesis are

numbered sequentially.
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Study objectives/main objectives for each chapter/Aim and objectives

The aim of this study was to investigate the effect of environmental change on different
morphological traits of African rodent taxa spanning a wide taxonomic and ecological range,
using both traditional and advanced 3D morphometric approaches. The results of this thesis are
contained in chapters 2, 3 and 4 and each chapter objectives are as follows:

In chapter 2 -- | tested the general morphological responses (cranial size) of several
African rodents from different ecological backgrounds over time. A decline in body size has
been inferred as the “third universal response to warming” (Gardner et al., 2011), therefore, the
general applicability of this response was tested. In addition, | explored body size variation in
commensal and non-commensal populations based on the Resource Rule, which posits that
“‘mammalian species will become larger or smaller depending on the size, abundance and
availability of resources” (McNab, 2010).

In Chapter 3 -- | examined the hearing capabilities of 10 species of rodents (gerbils and
laminate-toothed rats) by investigating the eco-morphological functions of the cochlea and
inflated bulla. It has been suggested previously that hypertrophied bulla in desert rodents may
be linked to specialized hearing abilities and predictions on the hearing capabilities of mammal
species have been proposed from observations on gross features of the cochlea (Lay, 1972;
Braga et al., 2015). Therefore, | tested this and other hypotheses by detailing morpho-functional
variations in bulla size and cochlea parameters of gerbils and laminate-toothed rats.

In Chapter 4 -- | investigated variation in endocranial size and shape in 10 species of
rodents (gerbils and laminate-toothed rats) and inferred eco-morphological functions on the
observed variation. Previously, variations in brain size have been associated with habitat type,
diet, activity (diurnal/nocturnal) and lifespan with larger brain size correlated with arboreality,

omnivorous, nocturnality, longer lifespan (Mace et al. 1981) and high elevation (Sayol et al.,
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2016). Therefore, | tested environmental variables influence on brain size and infer morpho-

functions from the body mass-endocranial volume relationship.
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CHAPTER TWO: EFFECT OF CLIMATE AND LIFE HISTORY ON TEMPORAL

CHANGES IN CRANIAL SIZE IN RODENTS

SUMMARY
Temporal changes in body size have been documented in a number of rodent species,

with different contested mechanisms being suggested to explain these changes. Among these
are climate warming (in conjunction with Bergmann’s Rule), the Resource Rule, James Rule,
competition, predation risk, human population density, island effects and others. Taking
advantage of museum collections spanning the last 100 years, we investigated geographical
and temporal variation in cranial size (a proxy for body size) in six African rodent species of
varying life history, range size and habitat from two murid subfamilies, Murinae (Otomys
unisulcatus, Parotomys brantsii, Micaelamys namaquensis, Mastomys natalensis) and
Gerbillinae (Gerbilliscus leucogaster, Desmodillus auricularis). Two species, M.natalensis and
O. unisulcatus showed significant temporal changes in body size, with the former increasing and
latter decreasing, in relation with climate warming. Only two species (M. nhamaquensis and M.
natalensis) showed significant latitudinal and longitudinal trends in skull length linked to rainfall
and temperature. As expected from the Resource Hypothesis, commensal (West African)
populations of M. natalensis were significantly larger-sized than non-commensal (East/Southern
Africa), however, non-commensal populationsshowed no temporal response. To text in a
general manner the possible effect of different lifehistory predictors on the probability of a
temporal response, we incorporated our data into ameta-analysis based on published
literature on temporal responses in rodents, resulting in a dataset for 45 species from six
families worldwide. Among 45 species tested, 25 showed nosignificant change, seven
showed a significant increase in size, and 13 showed a decline insize. Using a binomial
logistic regression model, we found that none of our chosen predictorscould significantly

explain the probability of a temporal response.
10
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INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC, 2014) reported a global surface
temperature increase of 0.08-0.14°C per decade between 1950 and 2012 and the increases are
predicted to rise by 2°C by the year 2100. Africa is believed to be warming faster than the global
average (Collier et al., 2008; Gemeda & Sima, 2015) with a predicted increase in temperature
by 2-6°C within the next 100 years (Awojobi & Tetteh, 2017). Rainfall is also expected to show
several shifts, with certain areas becoming drier and others wetter and experiencing more
frequent flooding (Hulme et al., 2001; Collier et al., 2008) The wide spread effects of
anthropogenic climate warming on biodiversity and ecosystems is undeniable, with differing
observed responses. Global warming can result in phenological changes (e.g. Diamond et al.,
2011; Miller-Rushing & Primack, 2008), species distributional range shifts (e.g. Walther et al.,
2002; Parmesan & Yohe, 2003; Hickling et al., 2006; Monadjem et al., 2013; Taylor et al., 2015,
2016) and/or decreasing body size (e.g. Daufresne et al., 2009; Gardner et al., 2011; Sheridan
& Bickford, 2011). The above-mentioned responses are regarded collectively as the universal
ecological response to climate change (Daufresne et al., 2009; Ohlberger, 2013).

Recently, morphological responses to climate change (usually entailing body size) have
received growing interest, with changes reported in both aquatic and terrestrial environments
(Gardner et al.,, 2011; Sheridan & Bickford, 2011). Body size varies geographically and
temporally within species (Yom-Tov & Yom-Tov, 2004, 2005, 2012; Yom-Tov et al., 2006;
McNab, 2010; Yom-Tov & Geffen, 2011; Nengovhela et al., 2015; Alhajeri & Steppan, 2016;
Stumpp et al., 2016) in response to environmental variables including ambient temperature and
precipitation (Bergmann, 1847; James, 1970; Blackburn et al., 1999; Blois et al., 2008), food
availability (Yom-Tov & Yom-Tov, 2004, 2005; Yom-Tov et al., 2003, 2010; McNab, 2010),

predation regimes (Gosler et al., 1995), habitat fragmentation (Schmidt & Jensen, 2003) and

11
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competition (Raia & Meiri, 2006; Meiri et al., 2007). Different mechanisms have been advanced
to explain these effects, most commonly, Bergmann’s Rule, which states that individuals under
warmer climate should be smaller in body size as compared to individuals in colder climates
(Bergmann, 1847; Mayr, 1956). Bergmann’s Rule is suggested to apply temporally in the face of
global climate warming in a range of animals including insects, birds, rodents and salamanders
(Babin-Fenske et al., 2008; McCoy, 2012; Caruso et al., 2014; Blanckenhorn, 2015; Nengovhela
et al.,, 2015). However, its authenticity, general applicability and ultimate causation have been
guestioned (Calder, 1984; Scholander, 1955; McNab, 1971; 2010; Millien et al., 2006; Yom-Tov
& Geffen, 2006; Gardner et al., 2011; Teplitsky & Millien, 2014). Studies contradicting
Bergmann’s Rule show an increase in size with increasing temperature, either spatially or
temporally, e.g. Norwegian and Swedish otters, Alaskan masked shrews (Sorex cinereus),
Japanese mice (Apodemus speciosus) and red foxes (Vulpes vulpes) (Yom-Tov & Yom-Tov,
2004, 2005, 2012; Yom-Tov et al., 2006, 2010). Reasons for such increases in size with time
could be due to factors such as improved food availability, urbanization and reduced energy
expenditure (Yom-Tov et al., 2010; Yom-Tov & Yom-Tov, 2005).

Rodents are considered as ideal model animals because of their small size, short life
spans, small dispersal distances and fast generation time as this may cause rapid
morphological changes (Poroshin et al., 2010) and adaptive convergence (Samuels, 2009),
which may be exacerbated by global environmental changes. Some species of rodents alter
their morphology in response to extensive warming, whereas others do not (Koontz et al.,
2001). In this study, we used museum collections to investigate the morphological response of
six species of African Muridae rodents to global climate warming. These species were chosen
because they cover different phylogenetic lineages, habitats and life history attributes to test the
importance of these as potential predictors of the occurrence and magnitude of temporal effects
on body size (estimated by skull length). We predict that: (1) body size of rodents would

12
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decrease with time (year of collection), in accordance with the “third universal response to
climate warming”; (2) body size would decrease with increasing temperature and increase with
an increase in rainfall; (3) body size of commensal species (in our dataset, West African
populations of Mastomys natalensis) would firstly have higher mean body size compared to
non-commensal populations and secondly, increase with time due to increased human
population densities and agricultural production with time, hence increased food availability (i.e.
Resource Rule which posits that “mammalian species will become larger or smaller depending
on the size, abundance and availability of resources”); (4) differences in the magnitude of the
temporal response would be expected between species based on differences in phylogeny and
life history attributes such as body mass (hence BMR), litter size, and r versus k-selection. The
last prediction is tested both by our choice of African muroid rodents species, as well as by
conducting a global meta-analysis of all studies conducted on temporal response of rodents

based on an exhaustive literature search.

METHODS

Specimens sampled

A total of 739 skulls of rodents of two murid subfamilies, Murinae (Otomys unisulcatus,
Parotomys brantsii, Micaelamys namaquensis, Mastomys natalensis) and Gerbillinae
(Gerbilliscus leucogaster, Desmodillus auricularis) were measured (see Table 2.1 and Table
A.1) from the Ditsong National Museum of Natural History (formerly Transvaal Museum: TM) in
South Africa, Muséum National d'Histoire Naturelle, Paris, France (MNHN) and Musée Royal de
'Afrique Centrale (Tervuren, Belgium). All specimens were aged based on the lamina wear i.e.
for Otomyini individuals were assigned to a relative age class of 1 (youngest) to 5 (oldest) based

on tooth wear and skull shape (Taylor & Kumirai, 2001) with class 4 and 5 being adult; as for

13
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Gerbillinae the age classes were also established according to the degree of lamina wear, with
classes A-D where A represents the class with the greatest tooth wear following a system of
Bates (1985); and a class of | (youngest) to VI (oldest) for Micaelamys and Mastomys, with
class 1V-VI being adults (Chimimba & Dippenaar, 1994). The sampling had a fair representation

of different periods.

Table 2.1. Composition of samples used in this study and their year of collection interval.

Genus Species No of specimens Year of collection
measured interval
Otomys unisulcatus 102 1903-1992
Parotomys brantsii 59 1902-1998
Gerbilliscus leucogaster 132 1905-1997
Desmodillus auricularis 94 1903-1996
Mastomys natalensis 210 1907-2013
Micaelamys | namaquensis 142 1906-2003
Morphology

Six cranial variables (mandible and cranium) were taken to measure skull size by AN
with the digital callipers to the nearest 0.01 mm: greatest length of skull (GLS), nasal width
(NAW), braincase width (BW), zygomatic width (ZYW), interorbital constriction (I0OC) and the
maxillary tooth row length (MXTRL) (Taylor & Kumirai, 2001; Figure A.1). We used principal
component analysis (PCA) to combine the information of the six skull measurements (log
transformed for normality) into a single variable for each species (PC.1, Yom-Tov & Yom-Tov,

2012). This is because all our six cranial variables were related to each other and PC.1 show a
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measure of size as all the variables loaded positive and high (Delcros, 2012; Figure A.2).
Therefore, the final analyses were limited to PC.1. The studied species distribution map was

constructed using specimen locality data (Figure 2.1).

Legend
@ Otomys unisulcatus
= Parotomys brantsi

Desmodillus auricularis
Mastomys natalensis
* Micaelamys namaquensis
s+ Gerbilliscus leucogaster
[ africa_boundaries

A

0 100 200 300 400 km
I a0

Figure 2.1. Map showing location of collecting localities of the studied species in Africa.

Data analysis

Firstly, sexual size dimorphism was tested using PC.1 as an indicator of size with t-test.
None of the analyses showed any sexual size dimorphism, therefore the data for males and
females were all pooled together. Regression analyses of PC.1 were performed with R (R

Development Core Team, 2012). Both simple and multiple linear models were used to assess
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the relationship between PC.1 (i.e. proxy for body size) with seven predictor variables i.e.
relative age of specimens (tooth-wear class), year of collection, geographical (elevation, latitude
and longitude) and environmental (mean annual temperature (Biol) and annual precipitation
(Biol2)) variables. Elevation, Biol and Biol2 were obtained from the Worldclim database
(Hijmans et al., 2005) and ArcMap was used to extract these variables for each specimen
locality. Nine linear models were built for each species with seven involving individual variables
a global model that combines all the variables, and the best model determined by ranking all
subsets of variables according to their Aikaike information criterion (AIC) values. The model with
the lowest AIC score was chosen as the most robust model. The model results showed
significant effects of tooth-wear class, latitude and longitude on PC.1; to correct for these
effects, the effectof temporal changes (year of collection) on PC.1 residuals obtained after
multivariate linearregression on latitude, longitude and tooth-wear class was tested.
Additionally, we also tested body size variation in a partly commensal rodent (M.
natalensis) by subdividing our data into West and South/East Africa samples. In West Africa
tropical forest, M. natalensis tends to be commensal (Fichet-Calvet & Rogers, 2009; Lalis et al.,
2015). In Eastern and Southern Africa savannas, M. natalensis frequently occupies crop fields
where it is a crop pest but it seldom enters buildings or becomes commensal (Leirs et al., 1996;
Monadjem et al., 2011; Mulungu et al., 2015). Based on these, we used Olson et al. (2001)
ecoregions (forests versus savannas) to help us divide localities of the species into two groups:

commensal (forest) and non-commensal (savannah), see Figure A.3.
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RESULTS

Significant differences in cranial size (PC.1) between relative age classes were
documented in all six species, in Micaelamys namaquensis (explaining 15% of the variation),
Gerbilliscus leucogaster (explaining 7% of the variation), Desmodillus auricularis (explaining
21% of the variation), Mastomys natalensis (explaining 3% of the variation), Otomys unisulcatus
(explaining 56% of the variation), and Parotomys brantsii (explaining 47% of the variation)
(Table 2.2). As expected in all the species mean cranial size values increased significantly from
younger to older individuals (Figure A.4).

In M. namaquensis, latitude, longitude and rainfall were all significantly correlated with
PC.1 with latitude and temperature negatively, longitude and rainfall positively. Latitude
explained 11%, longitude 26%, temperature 8% and rainfall 25% of the variance in cranial size
respectively; cranial size therefore decreased with increasing latitude and temperature and

increased with increasing longitude and rainfall (Table 2.2, Figure 2.2).
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Figure 2.2: Scatterplots and corresponding regression lines between (PC.1) and latitude (a),
longitude (b), mean annual temperature (c) and total annual rainfall (d) in Micaelamys

namaguensis.

Similarly, M. natalensis showed a similar trend with latitude, longitude and rainfall
significantly correlated with PC.1. Cranial size increased with increasing latitude, and rainfall
and decreased with increasing longitude. Latitude explained 7%, longitude 13% and rainfall 8%
of the variance in cranial size, respectively (Table 2.2, Figure 2.3). The remaining four species
(D. auricularis, G. leucogaster, O. unisulcatus and P. brantsii) showed no significant correlation
with the above variables (p > 0.05) except for G. leucogaster, for which rainfall and longitude
were positively correlated with PC.1 explaining 10% and 17% of the variance (Table 2.2),
respectively. For both M. namaquensis and M. natalensis, the best model having the lowest AIC

value involved all the predictor variables (global), whilst for D. auricularis, the best models
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involved TWCLS only, for O. unisulcatus and P. brantsii the best model involved five variables
(elevation, year, temperature, rainfall and TWCLS) and for G. leucogaster the best model
involved four variables (latitude, longitude rainfall and TWCLS). The best model considerably
out-performed the global model containing all seven predictor variables in all species except M.

namaquensis and M. natalensis.
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Figure 2.3: Scatterplots and corresponding regression lines between skull size (PC.1) and

latitude (@), longitude (b), and total annual rainfall (c) in Mastomys natalensis.
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In M. natalensis, after correcting for TWCLS, latitude and longitude, year of collection
was significantly positively correlated with PC.1 (%, = 0.07, p = 0.00006) (Figure 2.4a) and in
O. unisulcatus, after correcting for the same variables, year of collection was marginally
significantly inversely correlated with PC.1 (r%.g = 0.05, p = 0.036) (Figure 2.4b). PC.1 of non-
commensal M. natalensis population showed no significant change (p > 0.05), whilst the
commensal populations were significantly positively correlated with year of collection (PC.1 =
+0.038(Year) — 75.304, r?.q = 21%, p < 0.0001). Similarly, the t-test comparing adult (toothwear
class >5) of West African commensal (Y) and East/Southern African non-commensal (N)

populations of M. natalensis was also significant (t-value = 3.812, p = 0.0003, Figure A.5).

<1

Residual PC.1
Residual PC.1

T T T T T
1900 1920 1940 1960 1980

Figure 2.4: Temporal changes in cranial size in Mastomys natalensis [y = -30.79+0.016x, (a)]
and Otomys unisulcatus [y = 23.75-0.012x, (b)]. Scatterplot represent the relationships between

year of collection and residuals (corrected for tooth-wear class, latitude and longitude) of skull

size (PC.1).

To test generally the possible effect of different life history predictors on the probability of
a temporal response, we incorporated our data into a meta-analysis based on published
literature of temporal responses in rodents around the world, resulting in a dataset for 45

species from seven families. Among 45 species tested, 25 showed no significant change
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(mostly from the families Cricetidae and Muridae), seven showed a significant increase in size
(families: Muridae, Sciuridae and Spalacidae), and 13 showed a decline in size (families:
Muridae and Cricetidae). Using a binomial logistic regression model, we found that none of the
several tested predictors (i.e. maximum latitude, range size area, r.k selection, fossoriality, high-
elevation, habitat specialist, commensal, desert adapted, mean body mass and mean litter size)
could significantly explain the probability of a rodent species to show a temporal effect on skull

size or not (Table A.2).

Table 2.2. Akaike’s information criterion (AIC) values, coefficients of determination (r?) and
degrees of freedom (df) for nine models per species fitted to explain changes in greatest length
of the skull of six species (Micaelamys namaquensis, Gerbilliscus leucogaster, Desmodillus
auricularis, Mastomys natalensis, Otomys unisulcatus and Parotomys brantsii). The best model
(with the lowest AIC value) is shown in bold for each species. *denotes p < 0.05. Climate values
were downloaded from the WorldClim database using the software Arc-GIS version 10.1.
Elevation was obtained from the GTOPO30 digital elevation model for Africa downloaded on 28

October 2016: http://www.arcgis.com/home/item.htm|?id=c891f64c13be4a2c96491e386bfed8c5

Adj r? (df) AlIC
Model (variables)
Micaelamys namaguensis
1 Latitude 0.110 (1,140)* 570.510
2 Longitude 0.260 (1,140)* 545.095
3 Year -0.005 (1,140) 588.430
4 Mean annual temperature 0.080 (1,140)* 575.940
5 Elevation -0.002 (1,140) 587.980
6 Annual rainfall 0.250 (1,240)* 547.200
7 Tooth-wear class, TWCLS 0.150 (3,138)* 566.950
(as factor)
8 Elevation + Year + Mean 0.420 (7,134)* 516.180
annual temperature + Annual
21
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rainfall + TWCLS

9 Global model 0.430 (9,132)* 515.180
Gerbilliscus leucogaster

1 Latitude -0.004 (1,130) 549.200
2 Longitude 0.170 (1,130)* 523.940
3 Year 0.011 (1,130) 547.150
4 Mean annual temperature -0.006 (1,130) 549.480
5 Elevation -0.007 (1,130) 549.570
6 Annual rainfall 0.100 (1,130)* 534.470
7 Tooth-wear class, TWCLS 0.074 (2,129)* 539.560
(as factor)

8 Latitude, Longitude, 0.290 (5,126)* 506.550
Annual rainfall, TWCLS

9 Global model 0.290 (8,123)* 510.750
Desmodillus auricularis

1 Latitude -0.007 (1,92 399.540
2 Longitude -0.008 (1,92) 399.620
3 Year -0.011 (1,92) 399.900
4 Mean annual temperature -0.011 (1,92) 399.910
5 Elevation -0.005 (1,92 399.420
6 Annual rainfall 0.009 (1,92) 398.050
7 Tooth-wear class, TWCLS 0.214 (2,9D)* 377.280
(as factor)

8 Elevation + Year + Mean 0.181 (6,87) 384.870
annual temperature + Annual

rainfall + TWCLS

9 Global model 0.190 (8,85) 385.520
Mastomys natalensis

1 Latitude 0.068 (1,208)* 856.840
2 Longitude 0.130 (1,208)* 842.370
3 Year 0.160 (1,208)* 8.35.570
4 Mean annual temperature 0.012 (1,208) 868.910
5 Elevation 0.002 (1,208) 871.200
6 Annual rainfall 0.079 (1,208)* 854.330
7 Tooth-wear class, TWCLS 0.037 (4,205)* 866.480
(as factor)

8 Elevation + Year + Mean 0.190 (8,201)* 832.580

annual temperature + Annual
rainfall + TWCLS
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9 Global model 0.240 (10,199)* 821.630
Otomys unisulcatus

1 Latitude -0.008 (1,100) 427.10
2 Longitude -0.009 (1,100) 427.270
3 Year 0.007 (1,100) 425.620
4 Mean annual temperature -0.009 (1,100) 427.320
5 Elevation -0.007 (1,100) 427.060
6 Annual rainfall -0.010 (1,100) 427.320
7 Tooth-wear class, TWCLS 0.550 (2,99)* 344.760
(as factor)

8 Elevation + Year + Mean 0.580 (6,95)* 343.470
annual temperature +

Annual rainfall + TWCLS

9 Global model 0.570 (8,93)* 346.620
Parotomys brantsii

1 Latitude -0.005 (1,57) 236.600
2 Longitude -0.015 (1,57) 237.210
3 Year -0.006 (1,57) 235.960
4 Mean annual temperature -0.017 (1,57) 237.290
5 Elevation -0.012 (1,57) 237.040
6 Annual rainfall -0.010 (1,57) 236.910
7 Tooth-wear class, TWCLS 0.470 (2,56)* 199.550
(as factor)

8 Elevation + Year + Mean 0.508 (6,52)* 199.060
annual temperature +

Annual rainfall + TWCLS

9 Global model 0.500 (8,50)* 200.610
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DISCUSSION

Different studies have shown that it is difficult to stipulate which climatic variable exactly
influences body size, as most covary. A proposed way to carry this out is to test several climatic
factors and assume that the relative effect of each variable tested represents that factors effect
on body size (Rosenzweig, 1968; Yom-Tov & Nix, 1986; Yom-Tov & Geffen, 2011). Thus, we

tested both temperature and rainfall.

Temperature hypothesis (Bergmann’s Rule) — predicts decline in size with increased
temperature in space and time

The latitudinal patterns observed in PC.1 of M. natalensis and M. namaquensis are
consistent with the predictions of Bergmann’s Rule, reflecting an increase in size away from the
equator. A similar trend was observed in laminate-toothed rats (Nengovhela et al., 2015).
However, an undisputable demonstration of Bergmann’s Rule would require confirmation that
temperature is the causal factor in these geographical patterns. Thus, looking at the models of
M. natalensis and M. namaquensis, temperature was only negatively correlated with PC.1 in M.
namaquensis and not significant in M. natalensis. Meaning M. namaquensis conforms to the
Rule as body size decreased with temperature; however, for M. natalensis this scenario did not
hold as only rainfall seems to be the factor behind the observed body-size latitudinal trends.

The temporal patterns observed in O. unisulcatus are consistent with the predictions of
Bergmann’s Rule, showing a decrease in size with time and M. natalensis contradicts the Rule
as an increase in size with time was observed. These findings are congruent to some of the
studies mentioned in Table 2.3 (i.e. Smith et al., 1998; Pergams & Lawler 2009; Ozgul et al.,
2010; Eastman et al., 2012; Pergams et al., 2015; Nengovhela et al., 2015; Villar & Naya,
2018). However, if the temporal changes in skull size of O. unisulcatus and M. natalensis are

due to temperature change, and if the underlying mechanism is Bergmann’s Rule, we expect
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that the observed latitudinal trends should also be correlated with temperature. However, our
models for O. unisulcatus and M. natalensis showed no correlation of PC.1 with temperature.
This study provides some evidence for the idea that a decrease in body size is a “third
ecological response to global warming” (Gardner et al., 2011). Although we might conclude that
global warming is explaining these temporal trends, mean annual temperature was not a
determinant of geographical variation in O. unisulcatus and M. natalensis. Global warming is not
only causing reductions in body size, but it is also causing increases as some studies reported
an increase in body size with time (Pergams & Ashley, 1999; Ozgul et al., 2010; Eastman et al.,

2012; Pergams et al., 2015) and these were caused by an increase in food availability.
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Table 2.3. Studies investigating temporal trends in relation to climate change and Bergmann’s Rule for rodents.

Family Genus Species Continent/ Maximum Range r-k Mean litter Mean Fossorial/ Desert/not high- Habitat Commensal/ Temporal Predictors Reference
Hemisphe latitude size area selection size, body not elevation/ specialist/ pest or not size trend
re gestation mass (g) not not
period, life
span,
weaning
days
Cricetidae Dicrostonyx groenlandicus NA 83.627433662 2561987 k 3.4,20 66 Yes No No Yes No No response - Villar & Naya,
km2 days, 3.3 2018
years
Cricetidae Lemmus trimucronatus NA 74.557830811 5779510 r 3.7, 23 days 80 No No No Yes No Decrease Global Villar & Naya,
km2 warming 2018
Cricetidae Microtus longicaudus NA 68.135235592 40214210 r 5, 20-23 37 Yes No Yes No Yes No response - Villar & Naya,
0001 km2 days, 12
months
Cricetidae Microtus miurus NA 70.889335592 1431571 r 8.2,21 41 Yes No Yes Yes No Decrease Global Villar & Naya,
0001 km2 days, 12 warming 2018
months
Cricetidae Microtus oeconomus Europe, 75.537146275 19507729 r 6.9, 20-21 50 No No No Yes No Decrease Global Villar & Naya,
Asia, NA 0001 km2 days, 12 warming
months,
weaned
after 18
days
Cricetidae Microtus pennsylvanicus NA 70.253435593 11963797 r 55,21 44 Yes No No No Yes Decrease Global Villar & Naya,
0001 km2 days, 16 warming
months,
weaned
between 12-
14 days
Cricetidae Myodes gapperi NA 62.433335593 8370580 r 3.7,17t0 19 21 Yes No Yes Yes No Decrease Global Villar & Naya,
km2 days, 18 warming 2018
months,
weaned at
17-21 days
Cricetidae Peromyscus leucopus NA 51.130235463 5831155 r 4.5, 22-28 23 No Yes Yes No No Decrease Global Villar & Naya,
0001 km2 days, 12 warming
months
Cricetidae Peromyscus maniculatus NA 65.647022283 13316662 r 5,22-26 20 No Yes Yes No No Decrease Global Villar & Naya,
0001 km2 days, 12 warming 2018
months,
weaned at
25-35 days
Cricetidae Reithrodontomys megalotis NA 50.610073761 5116675 r 4,23-24 11 No Yes Yes No No No response - Villar & Naya,
0001 km2 days,12 2018
months,
weaned at
24 days
Cricetidae Sigmodon hispidus NA 40.936384675 2615709 r 5,27 159 No Yes No No Yes No response - Villar & Naya,
0001 km2 days,12 2018
months,
weaned at
5-25 days
Cricetidae Neotoma albigula NA 39.119246599 845054 k 2,30-38 197 No Yes No No Yes Decrease Climate Smith et al. 1998
0001 km2 days,17 warming
months,
26
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weaned at

62-72 days
Dipodidae Napaeozapus insignis NA 54.231935592 2009949 4.5,29 25 No No No Yes No No response - Villar & Naya,
0001 km2 days, 2 2018
years,
weaned at
34 days
Dipodidae Zapus hudsonius NA 65.02594 8737705 5,17-20 18 No No No No Yes No response - Villar & Naya,
km2 days, 1-2
years,
weaned at
28-33 days
Geomyidae Thomomys bottae NA 42.959460614 1541296 5.6, 19 116 Yes Yes Yes No No No response - Villar & Naya,
0001 km2 days, 2.5 2018
years,
weaned at
36-40 days
Heteromyidae Dipodomys merriami NA 40.387066817 1423668 3,28-32 42 Yes Yes No No No No response - Koontz et al.
0001 km2 days, 1-2 2001
years,
weaned at
24-33 days
Muridae Micaelamys namaquensis Africa 14.845464407 3338607 3.3,>22 48 No Yes No No Yes No response - Current study
km2 days, 12
months,
weaned at
21-26 days
Muridae Desmodillus auricularis Africa 12.579564407 1955062 3, 21 days, 46 Yes Yes No Yes No No response - Current study
km2 1-2 years,
weaned at
33 days
Muridae Gerbilliscus leucogaster Africa 4.9194644069 57652391 5, 28 days, 72.2 No No No Yes Yes No response - Current study
9996 0 km2 12 months,
weaned at
28 days
Muridae Mastomys natalensis (sl) Africa 16.910635593 16655238 6.5,21-22 41 No No No No Yes Increase Global Current study
0001 km2 days, <12 warming
months, (rainfall)
weaned at
21 days
Muridae Mus musculus Cosmopoli 73.530334472 15150382 5, 21 days, 21 No No No No Yes No response - Villar & Naya,
tan 5 km2 12 months, 2018
weaned at
21 days
Muridae Otomys unisulcatus Africa 27.427864407 374311 2.09, 37 124.5 No Yes No Yes No Decrease Global Current study
km2 days warming
Muridae Parotomys brantsii Africa 23.444364408 679441 34,38 95 Yes Yes No Yes No No response - Current study
km2 days, 1-2
years
Muridae Otomys angoniensis Africa 1.0217355930 595014 3.1, 37 114.3 No No No Yes No Decrease Global Nengovhela et
0007 km2 days, warming al. 2015
Muridae Otomys auratus Africa 18.035458322 519018 2.8, 35-40 127.3 No No Yes Yes No Decrease Global Nengovhela et
9999 km2 days, 22 warming al. 2015
months
Muridae Rattus rattus Cosmopoli 61.720421009 43666656 8, 21-29 200 No No No No Yes Increase Pergams et al.
tan 0001 km2 days, 12 2015
months,
weaned at
3-4 weeks
Sciuridae Tamias striatus NA 51.670135593 4197494 4,31-35 96 Yes No No No No No response - Pergams &
0001 km2 days, 3 Lawler 2009;
years, Villar & Naya,
weaned at 2018
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40 days
Sciuridae Tamiasciurus hudsonicus NA 67.781935593 10363614 k 4, 35 days, 213 No No No No Yes No response - Villar & Naya,
0001 km2 4 years, 2018
weaned at
70 days
Sciuridae Urocitellus beldingi NA 45.90964 337683 k 5.7,23-31 290 Yes No Yes No Yes Increase Temperatu Eastman et al.
km2 days, 3 re & snow 2012
years, melt
weaned at
27 days
Sciuridae Callospermophilu lateralis NA 56.388235593 1704569 k 5, 26-33 158 Yes No Yes No Yes Increase Temperatu Eastman et al.
s km2 days, 4 re & snow 2012
years, melt
weaned at
29 days,
Sciuridae Otospermophilus beecheyi NA 46.925552976 467249 k 5, 25-30 500 Yes No No No Yes No response - Eastman et al.
0001 km2 days, 4 2012
years,
weaned at
6-7 weeks
Sciuridae Marmota flaviventris NA 51.128735592 1718209 k 4, 30 days, 3350 Yes No Yes Yes No Increase Longer Ozgul et al.
0001 km2 5-6 years, growing 2010
weaned at 7 season
weeks
Cricetidae Abrothrix longipilis SA 30.294764408 717952.11 r 3.85 36.7 Yes No No No No Decrease Increased Pergams &
5 km2 temperatur Lawler 2009
e
Cricetidae Abrothrix olivaceus SA 18.388064408 1085022 r 39 - No No No No No response - Pergams &
km2 3.85 Lawler 2009
Cricetidae Abrothrix sanborni SA 42.582379829 4530.491 r 25 No No No Yes No No response - Pergams &
7646 km2 3.85 Lawler 2009
Cricetidae Microtus mexicanus NA 37.577316805 854502.16 r 2.3 35 No No Yes Yes No No response - Pergams &
0001 km2 Lawler 2009
Geomyidae Thomomys umbrinus NA 32.862199925 469421.35 k 4, 20 days, 130 Yes Yes Yes No No No response - Pergams &
9 km2 1-2 years Lawler 2009
Heteromyidae Chaetodipus fallax NA 34.356825845 46906.768 r 3,24-26 20 Yes Yes No No No No response - Pergams &
0001 km2 days, 4-6 Lawler 2009
months
Muridae Lophuromys flavopunctatus Africa 9.9458361670 1820851.7 r 2.4,30-31 69 No No Yes Yes No Decrease Increased Pergams &
0006 4 km2 days temperatur Lawler 2009
e
Muridae Oligoryzomys longicaudatus SA 25.901564407 629012.30 r 5 28 No No unknown No No Increase Increased Pergams &
4 km2 temperatur Lawler 2009
e
Muridae Phyllotis xanthopygus SA 10.682364407 1499353.4 r 4.7 55 No No Yes No No No response - Pergams &
12 km2 Lawler 2009
Muridae Praomys jacksoni Africa 11.114135593 3744033.0 r 3.8, 36 41 No No Yes No No No response - Pergams &
37 km2 days, Lawler 2009
weaned at
29 days
Muridae Rattus tanezumi Asia 45.607335593 9717373.2 r 8 140 No No No No Yes No response - Pergams &
0001 42 km2 Lawler 2009
Sciuridae Sciurus carolinensis NA 53.411035592 4083837.5 k 3, 44 days, 540.33 No No No No Yes No response - Pergams &
019 59 km2 7-8 years, Lawler 2009
weaned at
7-10 weeks
Spalacidae Tachyoryctes splendens Africa 14.592735592 680054.69 k 1.65, 46-49 265.7 Yes No Yes No Yes Increase Increased Pergams &
0001 2 km2 days, 2-3 temperatur Lawler 2009
years, e
weaned at
35 days
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Precipitation/productivity hypothesis — predicts increase in body size with increasing
rainfall

Precipitation has been shown to be strongly correlated with primary productivity
(Fang et al., 2001; Knapp et al., 2006). The relationship between increased body size and
increased precipitation (hence, increased primary productivity) have been observed in a
number of studies (Yom-Tov & Yom-Tov, 2005; Yom-Tov & Geffen, 2006). In our study,
body size (PC.1) was positively correlated with annual precipitation in M. natalensis, M.
namaquensis and G. leucogaster. This conforms to the productivity hypothesis or what
McNab (2010) refers to as Resource Rule, which posits that “mammalian species will
become larger or smaller depending on the size, abundance and availability of resources”.
Our results are consistent with what have been reported in Alhajeri & Steppan (2016), who
showed that increased body mass was related to increasing precipitation variables (hence,
increased food availability) supporting James (1970) and Yom-Tov & Geffen (2006).
Similarly, increased body size was associated with increased food availability brought about
by longer growing seasons and earlier green-up (Ozgul et al., 2010; Eastman et al., 2012).
However, the relationship between precipitation and primary productivity is not as straight
forward as other factors such as temperature, also plays a role in determining primary
productivity (Yom-Tov & Geffen, 2006, 2011). Even though precipitation was significantly
positively correlated with PC.1 in the three species, it is not clear that the increased
precipitation means increased primary productivity as precipitation varies between habitats
(Villar & Naya, 2018). These species occur in several different habitats including savannahs,
forests, shrublands, semi-arid areas, grasslands, human settlements and agricultural areas
(Happold, 2013). Thus, our study does not clearly identify primary productivity as a predictor

playing a major role in the pattern of body size variation.
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Urbanization/human population density hypothesis — predicts increase in body size
with time

Human population density and agricultural practices has increased over the years,
offering an augmentation in food availability to commensal species (Yom-Tov, 2003; Yom-
Tov & Yom-Tov, 2012). Not only is this increase in food availability linked to increase in body
size but also increase in population densities and breeding success (Yom-Tov et al., 2007).
Commensal species included in our meta-analysis confirmed the hypothesis of increase in
body size through time (y = -75.304+0.038x%, p < 0.0001), a result that is congruent with
Yom-Tov (2003), Yom Tov et al. (2003), Pergams & Lawler (2009) and Tomassini et al.
(2014). However, caution should be noted as sampling biases through the years may have
occurred as most of the so-called commensal regions have not been sampled in places
where this species is commensal but have been collected mostly in nature reserves.
Similarly, in West Africa (Senegal) the commensality of M. natalensis is not as clear cut as it
has been shown to live in houses during the dry seasons but go to the fields during crops
growing seasons (Granjon & Duplantier, 2009). Similarly, looking at general body size
variation between commensal and non-commensal subpopulations of M. natalensis in our
study, commensal populations are significantly larger in skull size than non-commensal, in
agreement with Yom-Tov et al. (2007) where foxes inhabiting agricultural areas were found
to be larger than those living elsewhere and were in high densities (Yom-Tov et al., 2007).
This is congruent with M. natalensis, which is shown to occur in high densities in agricultural
areas as compared to human dwellings and natural habitats (Monadjem & Perrin, 2003;
Mohr et al., 2007). Similarly, besides precipitation, in Pergams & Ashley (1999) and
Pergams et al. (2015) human population density was responsible for positive morphological
changes over time in rodents. Therefore, precipitation and commensalism seem to be

related (i.e. commensalism is proposed to cause an increase in food availability).
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Other factors that may contribute to body size temporal responses

Arid species seem not to respond to any climatic factors even to spatial or temporal

variation. Perhaps the absence of temporal responses due to climate warming is the
fossoriality of desert-adapted species D. auricularis and P. brantsii that may lead to less
exposure to environmental change due to shielding of temperatures in burrows (Pacifici et
al., 2017), however lack of these responses is also observed in savannah species (G.
leucogaster in part).
Based on our binomial models, we found that none of our chosen predictors could
significantly explain the probability of a temporal response. However, looking at each
predictor (box/bar plot, r/k selection, litter size and elevation, Figure A.6) shows very
marginal non-significant correlation with a temporal response. That is, species with larger
litter sizes and higher probability of being r-selected seem to be marginally more likely to
show long-term temporal changes in body size. This is expected since species with shorter
generation times have higher mutation rates and evolve faster, so would be expected to
adapt and respond faster to climate changes over a historical period than longer generation
time. Of course, this is highly speculative.

As for the elevation, even though not significant, high altitude species showed a 60%
chance of showing temporal changes compared to 30% in low altitude. This might be due
the fact that high elevation habitats are more prone to fragmentation (Naya et al., 2017),
causing rapid morphological changes. This may be equated to the rapid morphological
changes shown on islands (see Pergams & Ashley, 1999; Pergams et al., 2015). The non-
significant results in our chosen predictors may be caused by the small sample size, effects
of phylogeny, unequal sampling of different rodent families and the subjectivity of scoring
some of the predictors. Additionally, litter size can vary much in space and time. Future
studies should test these predictors from large samples of species within a single family.

In conclusion, this study shows that the “third universal response to warming” is not
universal as only one out of six African species studied showed temporal decrease in body
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size. Additionally, temperature does not seem to be correlated with body size variations in
our study animals on its own. We found significant relationship between body size and
climate variables (temperature and rainfall) that are potentially associated with increased

food availability and quality. This supports James (1970), in that it is a synergy of factors that

best explains body size variations witnessed in different organisms.

32

© University of Venda



)
o

&5 ) university of Venda
C

CHAPTER THREE: ASSOCIATED TYMPANIC BULLAR AND COCHLEAR
HYPERTROPHY DEFINE ADAPTATIONS TO TRUE DESERTS IN AFRICAN
GERBILS AND LAMINATE-TOOTHED RATS (MURIDAE: GERBILLINAE AND

MURINAE)

SUMMARY
Hearing capabilities in desert rodents such as gerbils and heteromyids have been

inferred from both anatomical and ecological points and tested with experiments and
theoretical models. However, very few studies have focused on other desert adapted
species. In this study, a refined 3D morphometric approach was used on three African
rodent tribes (Otomyini, Taterillini and Gerbillini) to describe the cochlea and tympanic bullar
morphology. We also explore the role of phylogeny, allometry and ecology to understand
better the underlying mechanism of any observed trends of hypertrophy in the bulla and
associated changes in the cochlea. As a result, desert adapted species could be
distinguished from mesic and semi-arid taxa by the gross cochlea dimensions, particularly
the oval window which is larger in desert species. With some exceptions, bulla and cochlea
modifications between species could be explained either by environment (bulla and oval
window), or phylogeny (cochlea curvature gradient) and/or allometry (cochlea relative length,
oval window and bulla). Based on their ear anatomy, we hypothesised that Desmaodillus
auricularis and Parotomys brantsii should be sensitive to low frequency sounds, with D.
auricularis also sensitive to high frequency sounds. This study concludes that desert
adapted laminate-toothed rats and gerbils both use bulla and associated cochlea
hypertrophy, particularly desert species. Gerbil’s further show tightly coiled cochlea but the
significance of this is debatable and may not have anything to do with adaptations to any

specific acoustics in the desert environment.
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INTRODUCTION

Rodents are the most diverse living mammals, colonizing a vast array of habitats
(Wilson et al., 2016, 2017) with the Muridae (or murids) being the most diverse family
(Musser & Carleton, 2005). The family consists of species with a wide range of specialization
and morphological adaptations (Happold, 2013). Rodents occupying desert
habitats/environment are characterized by numerous common features such as inflated
tympanic bullae (Prakash, 1959; Lay, 1972; Nikolai & Bramble, 1983; Alhajeri et al., 2015;
Tabatabaei-Yazdi et al., 2015; Mason, 2016), long hind feet and bipedal locomotion (Nikolai
& Bramble, 1983) with certain subterranean species showing relatively larger bulla (Stein,
2000). Not only is the inflated bulla associated with desert environment but also open micro-
habitats (Kotler, 1984) and high elevation (Zhao et al., 2013; Tabatabaei Yazdi et al., 2015).
This hypertrophy is said to improve low frequency hearing which is hypothesized to help in
both prey localization and predator avoidance (Lay, 1972), as well as interspecific
communication (e.g. vocalization, tapping, foot drumming, stomping) in burrows and open
mostly desert habitats/environment (Bridelance, 1986; Randall, 1993, 1994, 2014). However,
besides the hypertrophied bulla, other aspects of the middle ear morphology as well as the
inner ear are also important in improving low-frequency hearing (Dallos, 1970; Lay, 1972;
Ravicz et al., 1992; Ravicz & Rosowski, 1997; Salt et al., 2013). Although a plethora of
hearing studies (including those inferred from bulla and ear morphology) in desert rodents
have been conducted, most of these have focused mainly on Gerbillinae (Lay, 1972;
Plassmann et al., 1987; Plassmann & Kadel, 1991; Zhao et al., 2013; Mason, 2016; Tolnai et
al.,, 2017) including Meriones (Ryan, 1976; Tabatabaei-Yazdi et al., 2014, 2015),
Dipodomyinae (Lay, 1972; Webster & Webster, 1975; Heffner & Masterton, 1980; West,
1985; Shaffer & Long, 2004; Randall, 2014) and various subterranean rodents (Heffner &
Heffner, 1992; Lange et al., 2004, 2007; Francescoli et al., 2012; Mason et al., 2016) to
name a few. However, no studies have looked at the hearing capabilities of Otomyini in

detail despite their adaptation to life in deserts or high altitude. Vocalisation has been studied
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on two Parotomys (whistling rats) species (brantsii and littledalei; Le Roux et al., 2001ab; Le
Roux et al., 2002; Garcia-Navas & Blumstein, 2016) and in gerbils (Dempster & Perrin,
1991, 1994; Dempster et al., 1991; Dempster, 2018). Descriptions of Otomys (unknown
species, Cockerell et al., 1914) malleus and incus and Parotomys middle ears (Oaks, 1967
unpublished cited in Mason, 2015) have been made. The inner ear shows extensive
variations across taxa in mammals (Vater & Kossl, 2011) with cochlear function potentially
limiting bandwidth of hearing (Ruggero & Temchin, 2002) and semicircular canals
responsible for locomotion and balance (Spoor & Zonneveld, 1998; Pfaff et al., 2015; Grohé
et al., 2016). The geometry of cochlear features had been said to play a role in determining
the limits of high and low frequency hearing and octaval ranges in vertebrates (West, 1985;
Manoussaki et al., 2008; Ekdale & Racicot, 2015). However, these functional relationships
had been inferred from correlations but not linked to causation.

As ear specialisations are said to be more pronounced in the inner ear because of
differing lifestyles (Crumpton et al., 2015), it is of importance to test this on other taxa that
have not been studied before to assess whether this is a general/universal or taxon-specific
adaptive trend. Studies relating the bulla size to cochlear parameters and the pattern of their
covariance in response to environmental variables are very scarce, especially those looking
at rodents. The present study used a 3D morphometric approach to describe and compare in
detail the cochlea and bullar morphology of African rodent members of three Muridae tribes
belonging to two subfamilies (Otomyini in the Murinae and Taterillini and Gerbillini in the
Gerbillinae). These taxa are characterised by a wide variation of different life histories and
environmental niches, including both desert and non-desert species (see Figure 3.1 and
Table 3.1). The classification followed at the tribe level is after Lecompte et al. (2008),
Pavlinov (2008) and Wilson et al. (2017). We included the three tribes from two distant murid
subfamilies to explore the role of phylogeny, allometry and ecology in an attempt to better
understand the underlying mechanism of any observed trends of hypertrophy (if there are
any) in the bulla and associated changes in the cochlea. Gerbils are thought to have
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originated from a desert-adapted ancestor in North Africa (Pavlinov, 2008), while laminate-
toothed rats (Murinae: Otomyini) originated SMYA from Euryotomys, a murid occupying the
presumably-mesic temperate central plateau of South Africa (Pocock, 1976; Senegas, 2001;
Denys, 2003; Monadjem et al., 2015). While gerbils are mostly confined to arid or semi-arid
habitats, most Otomyini species are associated with temperate or montane or sub-montane
habitats, with the exception of Otomys unisulcatus, which is from the semi-arid shrub
habitats in the Karoo Desert of South Africa, and two species of whistling rats (Parotomys
brantsii and P. littledalei) from the Karoo, Kalahari and Namib deserts of Southern Africa.
The bullae of both desert-dwelling Parotomys species are hypertrophic, but not that of O.
unisulcatus (Pocock, 1976; Taylor et al., 2004). The very wide habitat range within Otomyini
offers an excellent opportunity to understand evolutionary responses of the bulla and
cochlea to the transition from mesic to desert environments within a closely-related clade of
species.

Within Gerbillinae, not only do species differ in the size of the bulla but also in the
degree and type of pneumatisation (expansion) of the posteriorly-located mastoid chamber
of the bulla. The extreme gerbil desert species (e.g. Desmodillus auricularis) is characterized
by larger bulla and a two chambered pneumatized mastoid cavity while Gerbilliscus, a more
semi-arid savannah-associated genus, includes species that typically display a smaller bulla
with the mastoid portion hardly expanded, and an intermediate condition of the bulla is found
in the genus Gerbillus (Lay, 1972; Pavlinov, 2001, 2008; Mason, 2016). Our study included
G. nigeriae, a species that occupies semi-arid Sahel habitats but has also expanded its
range into anthropogenic habitats and therefore is less of a desert specialist than a species
such as D. auricularis. Our choice of three gerbil taxa for this study therefore includes a
range of species representing various bullar morphologies ranging from more generalised
(un-inflated mastoid portions of bulla) to more specialised (highly inflated mastoid)

adaptations to arid habitats.
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The main objectives of this study are: (1) to investigate cochlea morpho-anatomical
variation among Otomyini and Gerbillinae focusing on five cochlea features (Braga et al.,
2015) that plays a role in hearing capabilities in mammals (West, 1985; Manoussaki et al.,
2008; Vater & Kossl, 2011); (2) to test correlation between tympanic bulla size versus
cochlea parameters (see material and methods) in three gerbils and ten Otomyini species;
(3) to test association of bulla and cochlea parameters with environmental variables (Alhajeri
et al., 2015). Following from these objectives we predict that (1) the cochlea should scale
with body size and bullar size (i.e. hypertrophy of the bulla means hypertrophy (i.e.
enlargement) of the cochlea, or some aspects of it); (2) both the bullar and cochlear
morphology should vary because of phylogeny (i.e. a significant phylogenetic signal between
the two subfamilies (Gerbillinae and Murinae) and the two tribes within Gerbillinae); body
size (i.e. an increase in cochlear and bullar size with body mass) and environmental factors
(i.e. a significant inverse correlation between bullar and cochlear measurements with mean
annual rainfall due to hypertrophy in species from low rainfall areas associated with deserts

and a significant positive correlation of the same measurements with elevational range).
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Table 3.1: Brief life history summary of all 10 species included in this study.

Species hame Diet Habitat Revised | Mean body Life style Elevation , m
habitat mass, g
Otomys auratus | Herbivorous® | Montane or highveld 1 127¢ Epigeic? Mid-elevationcd
plateau grassland®e mesic
Otomys Herbivorousa® Mesic savannah®® 1 114¢ Epigeica® Low-elevation
angoniensis mesic <1000%
Otomys Herbivorousa® Semi-arid®® 2 96° Epigeic® Low-elevation®
unisulcatus arid
Otomys helleri Herbivorous2® Alpine® 1 90°¢ Epigeic® >3000
mesic High-elevation®
Otomys sloggetti | Herbivorous® Alpine®e 1 84¢ Epigeic® >2000
mesic Mid-elevation®
Otomys barbouri | Herbivorous® Alpinebc 1 112¢ Epigeic® >3200
mesic High-elevation®
Parotomys Herbivorous2® Avridbe 2 95¢ Fossorial® <1000
brantsii arid Low-elevation®
Gerbilliscus Omnivorous® Semi-arid (Arid 2 72°¢ Fossorial® <1600
leucogaster savannah)? arid Low-elevation®
Gerbillus nigeriae | Omnivorous? Semi-arid Sahel? 2 24¢ Fossorial® Low elevation
arid <1000 (even 500)
Desmodillus Omnivorous® Aridabe 2 46.1° Fossorial® <1600
auricularis arid Low-elevation®

agkinner & Chimimba, 2005; PHappold, 2013; “Monadjem et al. 2015; “Baxter et al. 2017
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Figure 3.1: Geographic distribution map of all 10 species based on locality coordinates of
specimens included in this study. Coordinates were obtained from the specimen labels; where
there was none, localities name were used to search for one using Google Earth/Maps and

Geonet gazetteer Southern Africa.
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MATERIALS AND METHODS

Study samples

The present study is based on micro-focal X-ray computed-tomography (micro-CT) data
obtained for 110 dry skulls of known sex (see Table 3.2) representing Otomyini and Gerbillinae
curated at the Ditsong National Museum of Natural History (Pretoria) and Muséum National
d'Histoire Naturelle (Paris). Most of the specimens were adults, as estimated from their molar
lamina wear (Otomyini: Taylor & Kumirai, 2001; Gerbillinae: Bates, 1985). On rare occasions
when adult specimens were not available, specimens from younger adult age classes [e.qg.
Class 3 = subadult (see Taylor & Kumirai, 2001) in Otomyini] were also used. All the specimens
housed in the Ditsong National Museum of Natural History in Pretoria, were scanned at the
South African Nuclear Energy Corporation (NECSA) tomography centre, using the X-Tek
(Metris) H225L industrial micro-XCT scanner. The specimens housed at the Muséum National
d'Histoire Naturelle, Paris, France (MNHN) were scanned with the Phoenix Nanotom 180
scanner from the FERMAT Federation at the Centre Inter-Universitaire de Recherche et
d'Ingénierie des Matériaux (CIRIMAT) at the University of Toulouse Paul Sabatier. Their
isometric voxel size ranged from 19-23 um. The settings of 100-130 kV and 100-180 pA were

used.
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Table 3.2: Composition of species and sample size used in this study. N: number of individuals;

M: male; F: female.

Species N Country (Locality) Collections Sex (M, F)

Otomyini

Otomys angoniensis 11 South Africa, Zimbabwe, Ditsong? (6, 5)

Swaziland, Zambia

Otomys auratus 11 South Africa Ditsong? (5, 6)

Otomys unisulcatus 11 South Africa Ditsong? (6, 5)

Otomys helleri 09 Ethiopia MNHNP (4,5)

Otomys sloggettii 11 South Africa, Lesotho Ditsong? (6, 5)

Otomys barbouri 07 Uganda MNHNP (5, 2)

Parotomys brantsii 11 South Africa Ditsong? (5, 6)
Gerbillinae

Gerbilliscus leucogaster 16 Zimbabwe, South Africa, Ditsong?®, MNHNP (8, 8)

Malawi, Tanzania, Angola
Desmadillus auricularus 11 South Africa, Botswana, Ditsong? (5, 6)
Namibia
Gerbillus nigeriae 12 Mauritania, Burkina Faso, MNHNP (6,6)
Niger, Mali

aDitsong National Museum of Natural History, Pretoria; PMuséum National d'Histoire Naturelle,

Paris

Phylogenetic sampling and analysis

For the seven Otomyini and three Gerbillinae species included in this analysis (see

Table 2), the taxonomy followed Wilson et al. (2017) and Pavlinov (2008). Cytochrome b

sequences used here were downloaded from GenBank and one sequence per species was

used. The sequences were firstly aligned with clustalW and a phylogram tree based on

Maximum Composite Likelihood method (Tamura et al., 2004) was generated using MEGA7

(Kumar et al.,, 2016) software, with an assumption that all the species have been identified
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correctly (Alhajeri et al., 2015). A Neighbour-joining phylogenetic tree (Saitou & Nei, 1987) was
generated in order to test for phylogenetic signal among our samples (Figure B.1).

The phylogenetic signal (i.e. the tendency for related species to resemble one another)
was computed by calculating the parameter Lambda A (Pagel, 1999) under a Brownian model
for each trait [cochlear parameters, body mass and bulla centroid size (bullaCS)] separately on
the entire sample using “Geiger” package in R (R Development Core Team, 2012). Pagel’'s A
varies between O (traits values independent of phylogeny) and 1.0 (traits values proportional to
time of shared evolution under a Brownian model). The phylogenetic signal test is performed
under the null hypothesis that A = 0 and that A = 1 (Table B.2). The entire sample size is
selected because it can be difficult to carry out these calculations on small sample size (Braga
et al.,, 2015). For a detailed description of the procedure followed in this analysis, see

http://www. anthrotree.info/wiki/projects/pica/The AnthroTree Website.html and (Braga et al.,

2015).

Bulla data collection

The tympanic bulla semilandmarks, defined as “landmarks on smooth curves/surfaces
with positions along the curvature that cannot be identified and that are thus estimated”
(Mitteroecker & Gunz, 2009), were digitized from the ventral outer edge of the cranial in 3D with

Avizo 8.0 (Visualization Sciences Group, www.vsg3d.com). Semilandmarks were used as the

auditory bulla lacks clear homologous landmarks. As most of the skulls were slightly damaged,
the whole bulla was then considered, including the bony external auditory meatus. Therefore,
we assumed that the relative contribution of bony external meatus to middle ear components in
the bulla is the same in each species. The semilandmarks were placed in a clockwise order,
starting from the anterior junction between the bulla and the internal pterygoid process (Alhajeri
et al., 2015; Figure 3.2). A varying number of points were used by using the “B-Spline” module
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in Avizo. These points were then saved in “ASCII” format and imported into R 3.2.1 (R
Development Core Team, 2015) in order to transform them into a fixed number of points (200)
that were equally spaced. Generalized Procrustes Analysis (GPA) was conducted in order to
obtain bulla centroid sizes (CS, defined as the sum of the squared distances from the centroid
to each individual semilandmark of the bulla (Rohlf & Slice, 1990)) and shape coordinates were
discarded. CS obtained from GPA on each specimen was averaged in order to estimate species

average size in R (R Development Core Team, 2015; Claude, 2008).

Figure 3.2: Position of bulla semilandmarks used in the geometric morphometric analyses to

obtain centroid size of the bulla.

Cochlea and oval window data processing

Avizo 8.0 was also used to segment and reconstruct in 3D the cochlea and oval window
fossa. The left bony labyrinth was used; however, in cases it was damaged, the right one was
employed. The modelisation of the cochlea and oval window followed of methods of Braga et al.

(2013, 2015) and Gunz et al. (2012) (Figure 3.3A). In order to document cochlea variation within
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our samples, five cochlea parameters were calculated from the semilandmarks coordinates
placed on the external length of the cochlea (Figure 3.3A) using MATLAB R2013a v8.1
(Mathworks) software (by J. Dumoncel). These parameters included the external cochlea length
(ECL), number of turns (TUR), relative cochlea length (RECL), the curvature gradient (CUR)
and oval window area (OWA); see Braga et al. (2013, 2015). The ECL is the length between the
apex and the starting point of the basal turn near the bottom margin of the round window (Figure
3.3B). The centre of the cochlear spiral (noted “A”, Figure 3.3B) was computed from the local
chords defined by the landmarks placed at its two extremities. Then the radii of the two circles
were calculated and denoted respectively R1 for the apical turn and R2 for the basal turn
(Figure 3.3B). The ratio between these two radii make it possible to estimate the curvature of
the cochlea (CUR = R2 / R1). Two segments joining the point A at both ends of the cochlea
noted B (apex) and D (origin of the basal turn) were identified to calculate the number of turns
(TUR) which corresponds to the sum of the number of half-turns recorded between B and D and
the turn portion between C and D (Figure 3.3B). For the OWA, it was visualized in 3D after
extracting an isosurface of its fossa. An oblique slice visually considered to best-fit the complete
outline of the oval window was reconstructed. The OWA was then measured from its
segmentation on this oblique slice (see Braga et al., 2015). For mean values of each species for

these parameters see Table 3.3 and for raw data see Table B.1.
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Table 3.3: Species mean and standard deviations for each cochlea parameters and bulla

centroid size (CS).

Species RECL OWA CUR ECL TUR bullaCS | No of measured

names (mm) (mm?) (mm) specimens

O. angoniensis | Mean | 6.08 0.38 1.38 11.78 1.94 50.02414 11
SD 0.27 0.03 0.06 0.81 0.06 3.04

O. auratus Mean | 6.48 0.39 1.42 13.23 2.05 51.18687 11
SD 0.38 0.03 0.09 0.64 0.10 1.63

O. unisulcatus | Mean | 6.30 0.47 1.43 13.32 2.12 56.40981 11
SD 0.25 0.07 0.10 1.05 0.21 6.96

O. helleri Mean | 6.03 0.40 1.32 10.66 1.77 52.62486 09
SD 0.25 0.03 0.06 0.86 0.11 4.62

O. sloggettii Mean | 6.21 0.47 1.29 11.89 1.91 52.43497 11
SD 0.37 0.44 0.07 1.07 0.08 2.81

O. barbouri Mean | 6.00 0.37 1.32 10.96 1.83 48.8853 07
SD 0.14 0.04 0.06 0.90 0.15 3.74

P. brantsii Mean | 6.76 0.69 1.29 15.27 2.26 75.10032 11
SD 0.24 0.05 0.06 0.72 0.10 2.39

G. leucogaster | Mean | 5.36 0.49 1.50 13.13 2.45 60.67969 16
SD 0.25 0.03 0.11 1.14 0.17 3.24

G. nigeriae Mean | 5.12 0.37 1.28 10.64 2.08 50.40225 12
SD 0.16 0.02 0.05 0.79 0.13 2.16

D. auricularis Mean | 6.02 0.83 1.53 13.75 2.29 75.11491 11
SD 0.18 0.05 0.14 0.76 0.13 2.53
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Figure 3.3: Position of cochlea semilandmarks used to calculate five cochlear parameters with
the information on the orientation of the inner ear in relation to the position of the skull (A) and
graphical representation of five cochlear features expressed as continuous variables (B) taken

from Dumoncel (2016, lab tutorial).

Environmental data extraction

Each species habitat was categorized based on its preferred habitat history (see Table
3.1). In order to calculate aridity index, we firstly downloaded Bioclimatic variables from
WORLDCLIM (Hijmans et al., 2005) using ArcGIS based on the species geographic distribution.
This was done by cross-referencing geographic localities from the range distribution map (see
Figure 3.1) of each species with the WORLDCLIM database. We downloaded Bio 1(Annual
Mean Temperature), Bio 9 (Mean Temperature of Driest Quarter), Bio 12 (Annual Precipitation),
Bio 17 (Precipitation of Driest Quarter) and elevation. The Bio 1,9,12 and 17 were used to

calculate the aridity index. Aridity index equation:

P, 12p
_T+10"t+10
Al =
2
46

© University of Venda



3
o

&> | \University of Venda

where P is the mean annual rainfall in millimetres, T is the annual mean temperature in
degrees Celsius, p is the average rainfall of the driest month in millimetres, and t is the average
temperature of the driest month in degrees Celsius (Alhajeri et al., 2015). The aridity index is

unitless, with low aridity index value equating to a drier environment (Baltas, 2007).

Statistical Analyses

Principal component analysis (PCA) was used to explore the relationship of cochlea
parameters among our samples with R (R Development Core Team, 2012). We used the R
“Geiger” and “phytools” packages for phylogenetic bivariate linear regressions (PGLS) and non-
phylogenetic (GLS) regressions of log-transformed mean species values for cochlea parameters
and body mass in order to account for phylogeny and allometry. The correlation between the
bullaCS and cochlea parameters was also tested with non-phylogenetic (GLS) general least
squares regression models in R. The relationship of bullaCS and cochlea parameters with

aridity index, elevation and habitat was also tested with GLS.

RESULTS

Cochlea variation among our samples (Otomyini and Gerbillinae)

For the variability of the cochlea variables among the species, one-way MANOVA
revealed a significant difference between the species (Wilks’ A = 0.0008, F (45, 432.5) = 37.36,
p < 0.00001). The interspecies pair-wise differences using Tukey’s and Mann-Whitney pairwise
tests are reported in Table B.4, bonferroni-corrected at p = 0.001.

The PCA patterns between species with five (Figure B.2) and three variables (Figure
3.4) was similar and in order to prevent redundancies (as RECL = ECL/TUR), PCA with only

three cochlea variables (OWA, RECL and CUR) was performed (Figure 4). In this case, the first
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two principal components (PC1 and PC2) explained 46.31% and 37.08% of the variation,
respectively. The three arid species are separated/isolated from the other species when PC1
and PC2 are considered together. However, there is overlap among the Otomys species on
PC1; O. unisulcatus and O. barbouri do not show any overlap (Figure 3.4). The PC loadings
show that OWA, RECL and CUR are negatively correlated with PC1, with OWA having the
highest correlation (Table B.3). Though OWA shows higher loadings, other parameters loadings
are still high meaning it is the general cochlear size that is reflected in PC1. PC2 is a “shape
vector” contrasting CUR (positive high loading) with RECL (negative high loading) (Table B.3).
Individuals grouping at higher positive scores of PC2 have relatively tightly-coiled cochlea, i.e. a
steeper gradient of curvature. Although there is considerable overlap on PC2, the gerbils
(Desmodillus auricularis, Gerbilliscus leucogaster and Gerbillus nigeriae) group towards the top

of the PC plot compared to Otomyini, showing more tightly coiled cochlea (Figure 3.4).

PC2 (37076 %)

auricularis
* leucogaster
< -  * nigeriae
* angoniensis
auratus
barbouri
fhelleri
® sloggetti
S 4 * unisulcatus
brantsii

I I I I I
4 2 0 2 4

PC1 (46311 %)
Figure 3.4: Principal Component Analysis of only CUR, OWA and RECL measured among our

studied species; triangles = gerbils and circles = laminate-toothed rats.
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Phylogenetic signal and allometry

Only for body mass we obtained a high phylogenetic signal that was significantly
different from 0 at 5% level (p = 0.0203, Table B.2); this is not surprising as body mass is well
known for its high phylogenetic signal in mammals (Blomberg et al. 2003; Kamilar & Cooper,
2013). In our study, the two main clades (Gerbillinae and Murinae) were highly divergent in body
mass as gerbils are generally much smaller than Otomyini rodents.

Phylogenetically controlled regressions indicated the absence of any significant
allometric associations between cochlea (OWA, CUR and RECL) or bullaCS and body mass (p
> 0.05, Table 3.4, Figure B.3). For non-phylogenetic GLS regressions, OWA, CUR and bullaCS
showed no significant associations with body mass. However, RECL scaled to body mass with a
negative allometry (r? = 0.53, p = 0.017, Table 3.4), larger species having relatively shorter
cochleae. However, looking at Figure B.3 linear regressions G. nigeriae seems to be an outlier,
therefore we also ran analysis without this species. After removing G. nigeriae RECL and CUR
were not significantly correlated with body mass (p > 0.05). However, OWA and bullaCS were
scaled to body mass with an inverse allometry (r> = 0.61, p = 0.013; r> = 0.48, p = 0.038
respectively, Table 3.4), arid species having relatively larger OWA and bulla. Gerbils are
distinctly smaller in size than laminate-toothed rats but have a proportionally larger RECL
(Figure B.3A), resulting in significant results when inter-family comparisons were included.

In the case of the remaining variable CUR, phylogenetic correction considerably
improved the association and slope between this variable and body mass (although still non-
significant). Within each of the two subfamilies, CUR showed an association with body mass,
although in both cases, these were non-significant based on separate PGLS analyses (results
not shown, Figure B.3C). Since both families display similar ranges of values for CUR, when the

data from both families are combined there was an almost horizontal regression line (Figure
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B.3C). This is the complete opposite of the situation with respect to RECL where distinct inter-

family differences in both body mass and RECL exist (Figure B.3A).

Table 3.4: Results for the non-phylogenetic and phylogenetic bivariate linear regressions to
investigate the relationship between log-transformed mean species values for cochlear
parameters, body mass (BodyM) and bulla centroid size (bullaCS). *indicates significant

correlations (at the 5% level). G.n. = Gerbillus nigeriae.

Dep/Indep r? adj r2 p Intercept Slope Equations

Non-phylogenetic

OWA/BodyM 0.03 -0.09 0.64 -0.363 -0.09 y=-0.363-0.09x
OWA/BodyM_m 0.61 0.55 0.013* 2.483 -0.715 'y =2.483-0.715x
inus G.n

RECL/BodyM 0.53 047 0.017* 1.275 0.119 y=1.275+0.119x
CUR/BodyM 0.001 -0.12 0.93 0.297 0.004 y=0.297+0.004x
bullaCS/BodyM 0.03 -0.09 0.6 4.279 -0.056 y =4.279-0.056x
bullaCS/BodyM 0.48 0.41 0.038* 5.769 -0.383 y=5.769 -0.383x

_minus G.n

Phylogenetic

Dep/Indep P Intercept Slope Equations AlIC

OWA/BodyM 0.34 -0.625 -0.001 y =-0.625-0.001x  7.423

RECL/BodyM 0.11 1.362 0.096 y =1.362+0.096x -23.283

CUR/BodyM 0.29 0.083 0.06 y = 0.083+0.06x -24.013

bullaCS/BodyM 0.89  4.156 -0.022 y =4.423-0.022x  -2.733
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Associations between bullaCS, cochlea parameters and environmental variables

Although Maximum Likelihood (ML) tests of lambda coefficients showed a lack of
phylogenetic signal in the cochlea and bulla variables, in the previous section we noted some
differences in the body mass regressions of some bulla/cochlea variables between the
Gerbillinae and Murinae (Otomyini). For this reason, we subsequently conducted separate
analyses for combined data and for each subfamily separately. GLS showed non-significant
correlations of RECL and CUR with bullaCS (Table 3.5, Figure B.4AC). However, the GLS of
RECL vs. bullaCS in Otomyini showed a significant correlation (Otomyini, r? = 0.67, y =
0.870+0.241x, p = 0.024) (Figure B.4A). For all species and for Otomyini only, there were
significant correlations between OWA and bullaCS (all species, r? = 0.94, y = -7.386+1.642x, p <
0.0001; Otomyini, r? = 0.94, y = -6.476+1.416x, p = 0.0003) (Figure B.4B).

BullaCS was not significantly correlated with either the aridity index (p > 0.05) or
elevation (Table 3.5, Figure B.5AB), indicating that among our samples neither elevation nor
aridity index influence the size of the bulla. However, after removing G. nigeriae, the correlation
between bullaCS and aridity index becomes significantly inversely correlated (r? = 0.604, y =
4.207-0.120x, p = 0.01), indicating that bullae were larger in more arid environments (Figure
B.5A). An ANOVA indicated that desert species (in this case both arid and semi-arid, see Table
1) had significantly greater bullaCS than mesic species (F = 6.652, p = 0.033; Table 3.6, Figure
B.5C).

RECL, OWA and CUR were not significantly correlated with aridity index when all
species were considered (Table 3.5, Figure B.6). Again removing G. nigeriae from all the
analysis we only found a significant inverse correlation of OWA with aridity index (r> = 0.56, y = -
0.476-0.193%, p = 0.02), indicating that OWA was larger in more arid environments (Figure
B.6B). A non-significant correlation of RECL, OWA and CUR with elevation (Table 3.6, Figure
B.7) was also observed. ANOVA of OWA, RECL and CUR indicated a non-significant
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association with habitat (p > 0.05, Table 3.6, Figure B.8); however, a separate ANOVA of all
species minus G. nigeriae indicated that arid species had significantly greater OWA than mesic

species (p < 0.05, Table 3.6).

Table 3.5: Results for the non-phylogenetic bivariate linear regressions to investigate the
relationship between cochlear parameters and bulla centroid size (bullaCS); bullaCS and

cochlea parameters with environmental variables. *indicates significant correlations (at the 5%

level).

Dep/Indep r? adj r2 p Intercept Slope Equations
OWA/bullaCS 0.94 0.93 <.0001* -7.386 1.642 y = -7.386+1.642x
RECL/bullaCS 0.07 -0.04 0.5 1.239 0.138 y = 1.239+0.138x
CUR/bullaCS 0.16 0.06 0.3 -0.321 0.158 y =-0.321+0.158x
bullaCS /Arid  0.27 0.18 0.12 4.117 -0.072 y =4.117-0.072x
bullaCS /Elev  0.12 0.01 0.3 4.491 -0.065 y = 4.491-0.065x
OWA/Arid 0.20 0.10 0.2 -0.643 -0.105 y = -0.643-0.105x
RECL/Arid 0.08 -0.03 0.4 1.772 0.020 y = 1.772+0.020x
CUR/Arid 0.05 -0.07 0.5 0.33 -0.012 y = 0.331-0.012x
OWAV/Elev 0.05 -0.07 0.5 -0.238 -0.075 y = -0.238-0.075x
RECL/Elev 0.19 0.09 0.2 1.497 0.043 y = 1.497+0.043x
CUR/Elev 0.06 -0.06 0.5 0.441 -0.018 y = 0.441-0.018x
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Table 3.6: Results for the Anova investigating the relationship between cochlear parameters,

bullaCS and habitat, G.n = Gerbillus nigeriae. *indicates significant correlations (at the 5%

level).

Dep/Inde F P
OWA/habitat 3.821 0.09
OWA/habitat_minus G.n 9.85 0.02*
RECL/habitat 0.77 0.41
CUR/habitat 0.86 0.38
bullaCS/habitat_with G.n 6.652 0.033*

DISCUSSION

Bullar and cochlear co-variation in desert-adapted gerbils and laminate-toothed rats

Morphological variations in the cochlea have been documented in a number of species,
with different cochlea features being used to make predictions about hearing capabilities (Braga
et al., 2015). West (1985) demonstrated that basilar membrane length (effectively ECL) can be
used to predict the values of upper and lower limits of hearing (being inversely correlated with
both), while the number of cochlear turns (TUR) can be used to predict octave range (positive
correlation). Similar perceptions were confirmed by Vater & Késsl (2011), whilst Manoussaki et
al. (2008) showed a strong correlation of CUR with low frequency hearing. Rosowski &
Graybeal (1991) and Moggi-Cecchi & Collard (2002) demonstrated that OWA (proxy of
stapedial foot plate) is correlated with the range of audible frequencies, with larger OWA
correlated with low-frequency and smaller OWA with high-frequency sound detection.

In this study, we assessed the variation of the cochlea in relation to the tympanic bulla
of Otomyini and Gerbillinae based on the above-mentioned features, and assessed the effect of
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environment, phylogeny and body size on the cochlea and bulla. Our analyses show some
differences in the morphometry of the cochlea that can shed some light on the hearing
capabilities of the investigated species. Two specialist desert-adapted species (Desmodillus
auricularis and Parotomys brantsii) from diverse murid subfamilies are clearly both
distinguishable from mesic and semi-arid taxa of both subfamilies by gross cochlea dimensions
on PC1l (mostly particularly oval window area), as well as by general bulla size (extreme
hypertrophy). Our findings are in line with previous studies that documented the distinctness of
the auditory organ (be it tympanic bulla, middle ear and inner ear) of desert, subterranean,
fossorial and non-desert rodents (Lay, 1972; Webster & Webster, 1975; Shaffer & Long, 2004;
Lange et al., 2004; Alhajeri et al., 2015; Tabatabaei Yazdi et al., 2015; Mason, 2015, 2016).
Since a large oval window is strongly correlated with sensitivity to lower frequencies (see
above), the strong correlation we obtained between oval window and bullaCS (r? = 0.94)
irrespective of phylogeny/subfamily, provides indirect evidence that bulla hypertrophy in desert

rodents is indeed linked to detection of low frequency sounds.

Evolution of tightly coiled cochlea in gerbils (CUR)

Even though our results show no phylogenetic signal in the cochlea and bulla based on
ML tests of the lambda coefficient (see Table B.2), the phylogenetic effect on the cochlea of the
two subfamilies cannot be entirely excluded. For example, from PCA, we found that all three
species of gerbils have a more tightly coiled cochlea (higher CUR) than the laminate-toothed
rats, suggesting that not only the gross cochlea size is important in gerbils, but the cochlea
curvature gradient may also be important. As mentioned above, the cochlear curvature gradient
(CUR) is thought to relate to low-frequency hearing (Manoussaki et al., 2008). Even though both
P. brantsii and D. auricularis are adapted to the same desert environment through bullar and
cochlear “hypertrophy”, gerbils may be further adapted through possessing high CUR. These
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results suggest that D. auricularis and other gerbils may use different mechanisms to cope with
environmental challenges (including aridity). Gerbillinae is largely characterized by having a
hypertrophied bulla (although the degree of hypertrophy varies between species) and occupies
mostly arid, open and semi-arid environments (Carleton & Musser, 2013; Alhajeri et al., 2015)
as compared to Otomyini whose species are mostly adapted to mesic montane environments
(Carleton, 2013; Monadjem et al., 2015; Wilson et al., 2017). The possession of tightly coiled
cochlea in gerbils could be a legacy of their evolutionary history, being derived from an arid
adapted ancestor as compared to Otomys, whose ancestor was from the Highveld of South
Africa (Denys, 2003) and possibly only recently entered the desert environment.

However, even though gerbils show a more coiled cochlea than the laminate-toothed
rats, it is not clear whether our findings give support to Manoussaki et al. (2008) argument, as

no cochlea coiling had been studied in gerbils close-related outgroups.

Evolution of relatively long RECL, enlarged OWA and bulla in gerbils and desert-adapted
whistling rats

RECL, OWA and tympanic bulla are thought to be related to lower and higher frequency
thresholds, for mammals with longer RECL, enlarged OWA and bulla having sensitivity to lower
frequencies and species with smaller size of these parameters having sensitivity to higher
frequencies (Lay, 1972; West, 1985; Moggi-Cecchi & Collard, 2002; Braga et al., 2015). Our
results show that distinctly smaller gerbils have proportionately longer RECL, enlarged OWA
and bulla than larger-sized laminate-toothed rats (negative allometry with body mass). This
would suggest that gerbils have higher sensitivity to lower frequencies than laminate-toothed
rats. In spite of this, extreme desert-adapted individuals (D. auricularis and P. brantsii) in both
tribes deviate from the predicted relationship by having even longer than expected RECL
(Figure B.3A) and larger OWA and bullaCS. Our results therefore suggest that gerbils have the
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ability to hear lower frequencies than laminate-toothed rats, and over and above this, extreme
desert-adapted gerbils, as well as desert-adapted whistling rats (Parotomys) have enhanced
auditory sensitivity to low frequencies compared to other members of their respective

subfamilies.

Association of cochlea morphology and hearing sensitivity

Gerbils have been reported to use high frequency ultrasonic calls in short distance
vocalisations (Dempster & Perrin, 1991; Dempster et al., 1991; Holman, 1980; Dempster, 2018)
during encounters between individuals. This follows from the observation that to accurately
localise sound, smaller mammals having short inter-aural distance need to use higher frequency
sounds for communication (Heffner & Heffner, 1992; Heffner et al., 2001). We posit that gerbils
(and in particular, extreme desert-adapted gerbils) have good hearing sensitivity in both low
frequency sounds (e.qg. vibrations and low frequency sounds known to be generated by potential
predators like snakes and owls; Dempster, 2018), as suggested by our morphological data, but
also high frequency sounds (i.e. ultrasonic sounds used in conspecific communication). This
kind of auditory breadth and sensitivity has also been detected in the gerbil Meriones
unguiculatus (Ryan, 1976) and in Dipodomys merriami from the Family Heteromyidae (Heffner
& Masterton, 1980). However, it is not clear if the gerbils in our study follow the frequencies
trend of M. unguiculatus and D. merriami (i.e. including broad range of good sensitivity in the
middle), as no audiograms are available for these species. The two Heteromyidae rodents are
known to use low frequency foot drumming (Randall, 2001), whether this is solely for
communication with conspecifics (warning in the presence of predators) or to deter predators or
both is still debatable.

All Southern African gerbil species investigated so far use high-frequency ultrasonic
vocalisations for short-range conspecific communication; however, while occasional foot
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drumming was observed in captivity, their functionality has not yet been discussed. Foot-
drumming was not observed in D. auricularis colonies in captivity, even though it was
considered likely for this species to use foot-drumming to communicate over long distances
(Dempster & Perrin, 1994; Dempster, 2018). In case of P. brantsii, vocal alarm calls are
relatively low audible frequencies (Le Roux et al., 2002), and no information about foot-
drumming in this species is known. l.e. while foot drumming is known in gerbils (even though
not observed in D. auricularis) but not for Parotomys species, the cochlear adaptation of gerbils
to lower frequencies as compared to Parotomys might be explained by this.

In conclusion, our data cannot decisively support either the communication and/or the
predator avoidance hypothesis, as no conclusive data are known pertaining to low frequency
long distance communication of D. auricularis and P. brantsii. Even though increased CUR is
generally associated with lower frequency hearing, it may be, however, that in gerbils increased
CUR is not adapted to hearing per se, but it could be a structural constraint of the smaller head
size of gerbils compared with laminate-toothed rats, allowing more efficient “packing” of the

basilar membrane (West, 1985).

Environmental correlates of cochlea and bulla characters

After correcting for phylogeny and body size, we are left with environmental factors that
we predict would impact the morphology of bulla and in turn cochlea. The impacts of aridity,
elevation and habitat type on the bullar morphology of rodents has long been recognized, with
bulla inflation correlated with deserts, high elevation and open microhabitats (Lay, 1972;
Webster & Webster, 1980; Kotler, 1984; Zhao et al., 2013; Tabatabaei Yazdi et al., 2014;
Alhajeri et al., 2015). Analysing the above-mentioned relations with regards to bulla and
cochlea, specifically in relation with aridity, elevation and habitat, we found some conformation
and exceptions. BullaCS and OWA are shown to be correlated with aridity index and desert
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habitats. Interestingly, the variability in parameter values is shown to be much higher among
arid-region species than mesic ones in Figure B.4C & B.7. The plots seem to be strengthening
our argument of degree of specialization of cochlea and bulla in arid adapted species. To
speculate slightly, it seems like selection is acting on these structures in arid species as it
affects hearing and hearing has been shown to be important in arid environments as compared
to mesic ones with more closed vegetation. This may be explained by diversifying/disruptive
selection.

Inflated bullae (middle ear), and cochlea modification is believed to aid in communication
with conspecifics or predators through foot-drumming, hitting, and stomping; however, this
observation does not seem to directly apply to our study animals, as no detailed indication of
vibrations being produced by the two subfamilies has been documented. However, occasional
and unpredictable bouts of foot drumming in captivity have been observed in gerbils (Dempster
& Perrin, 1990; Dempster, 2018).

We did not find any correlation between cochlear and bullaCS and elevation, contrary to
what has been reported in Zhao et al. (2013, increase of bulla size with altitude in gerbils);
Tabatabaei Yazdi et al. (2015, positive correlation of bulla size with elevation in jirds) and Liao
et al. (2007, who instead found a decrease in bulla size with increasing altitude in Daurian pikas,
Ochotonidae). Our observed trend of no change refutes the prediction that if openness of the
environment is a feature of high elevation then alpine environments should show some
response in terms of bulla size and cochlea modification, as high elevations are mostly
comprised of open habitats similar to desert environments. The increase in bullar size is also
said to compensate for a reduction in oxygen partial pressure and strong winds, which are
known to impair auditory acuity at high elevations (Zhao et al., 2013). Zhao et al. (2013)
proposed that a reduction in oxygen partial pressure (hence hypoxia) and strong winds at high
elevation may cause a decrease in auditory sensitivity and sound localisation accuracy,
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therefore the increase in auditory bulla size with elevation might be a compensatory adaptation
against this selective pressure. We included three Otomyini species known to be mostly
confined to very high alpine habitats (> 3000m) in Ethiopia (O. helleri), Mt Elgon (O. barbouri)
and the South African high Drakensberg (O. sloggetti) and none of these species showed any
departure in measured cochlear features and bulla from their congeners found at lower
elevations (O. angoniensis, O. auratus, O. unisulcatus). The highest elevations experienced by
these Afroalpine species may still not be sufficient to induce critical levels of hypoxia or
hypothermia in these species. However, the elevational range of the species reported above to
have inflated bulla at high elevations is lower and their habitats is mostly in arid regions when
compared to that of our Otomys species. Alternatively, these species may exhibit behavioural
and/or physiological adaptations to hypothermia. Since Otomys species are typically relatively
large and highly sedentary rodents, their metabolic needs may be reduced such that hypoxia
does not pose significant challenge necessitating morphological evolutionary adaptation. An
investigation of the extent of possible behavioural or physiological responses to hypothermia in
these Afroalpine rodents would be an interesting future study.

Among the gerbils examined here, it seems that D. auricularis is the only species that is
showing marked bullar and cochlea hypertrophy. Although occurring in sandy semi-arid Sahel
habitats in West Africa, G. nigeriae does not show predictable response in either bulla or
cochlea dimensions. Similarly, with laminate-tooth rats, only P. brantsii showed a marked
response, while the semi-arid Karoo bush rat O. unisulcatus overlaps completely with other
mesic species in the tribe. There could be a threshold between arid and semi-arid habitats,
whereby only truly arid habitats evoke an adaptive response. This might be related to cover, as
in O. unisulcatus, where it was suggested to have relative small bulla size due to it occupying
elaborate protective stick-nests (Taylor et al., 2004), since true deserts offer no cover compared
with more semi-arid habitats where shrubs and ground cover are usually present. However, P.
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brantsii does occupy semi-arid thickets in the Karoo where it coexists with O. unisucatus,
suggesting that vegetation cover may not be such a critical factor. A wider sample of species of
both subfamilies including more arid and semi-arid species could be instructive. Our sample
sizes of specialized desert species were relatively small.

Concluding, this study shows that desert adapted laminate-toothed rats and gerbils both
use bulla and associated cochlea hypertrophy, particularly desert species. Gerbils further show
tightly coiled cochlea but the significance of this is debatable and may not have anything to do
with adaptations to aridity. More work with a larger sample size that covers all habitat types of
the three tribes (Taterillini, Gerbillini and Otomyini) needs to be assembled. Attention should
focus on the possibility of foot drumming in Southern African gerbils, as our results predict that

gerbils should have heightened sensitivity to low frequency sounds.
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CHAPTER FOUR: ENDOCRANIAL SIZE AND SHAPE IN TWO AFRICAN RODENT

SUBFAMILIES (GERBILLINAE AND MURINAE) FROM VIRTUAL ENDOCASTS

SUMMARY
Relative or absolute brain size is often considered a determining factor in cognitive

abilities, behavioural flexibility, and intelligence. The X-ray microtomographic-based 3D virtual
imaging and associated analyses were used to investigate endocranial organization and size
differences in rodents (Otomyini and Gerbillinae) in order to determine the extent of the
endocranial variation. Here we report brain size differences in 10 species of African rodents and
test the association of the brain size with different environmental variables. Natural history
components such as diet and habitat were proposed to be the probable causes of the size
difference. Furthermore, none of the tested environmental variables were significantly correlated
with brain size.

In order to compare endocranial morphology a landmark-free registration method based
on smooth and invertible surface deformation was used. Our analyses from the deformation-
based approach on the variation of endocranial morphology between Otomyini and Gerbillinae
indicate that the shape differences of the parafloculli, olfactory bulbs, medial ventral cortex and
posterior ventral cortex are more pronounced in laminate-toothed rats than in the gerbils; only
three species of gerbils are included in the study, as compared to seven laminate-toothed rats.

Furthermore, not much shape variation was seen within each group (Gerbillinae and Murinae).
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INTRODUCTION

Relative or absolute brain size variation between and within species has been of interest
to scientists studying cognition or behavioural flexibility in animals (Reader & Laland, 2002;
Byrne & Corp, 2004; Sol et al., 2008; Mgller, 2009). Brain size is reported to be variable across
mammals, with certain groups having larger brains or particular regions relative to their body
mass and the rate of increase varies between groups (Jerison, 1973). Numerous factors have
been shown to explain the variability of brain size, including phylogeny, ecology, basal
metabolic rate, behaviour, sensory complexity and life histories (Jerison 1973; Sacher & Stafeldt
1974; Eisenberg & Wilson 1978; Clutton-Brock & Harvey 1980; Eisenberg & Wilson 1981,
Harvey & Bennet, 1983; Hoffman, 1983; Sheppey & Bernard 1985; Gittleman, 1986; Bernard et
al., 1988; O'Shea & Reep 1990; Pagel & Harvey 1990; Joffe & Dunbar, 1997; Barton, 1998;
Isler & Schaik, 2006; Sobrero et al., 2011) or the interaction of these factors. Several
hypotheses have been proposed to explain the advantages of larger brains (van Schaik &
Deaner, 2003; Dunbar & Shultz, 2007; Sol, 2009), and many of these have assumed that
enlarged brains carry cognitive advantages. Amongst other advantages, larger brain has been
associated with increased habitat complexity, variety of life styles such as diet, sociality, and
nocturnality (Pirlot & Stephan, 1970; Jerison, 1973; Eisenberg & Wilson, 1978; Clutton-Brock &
Harvey, 1980; Mace et al., 1981); predation pressure (Kotrschal et al., 2015); life history
variables such as longevity, age at maturity and litter size (Sacher, 1975; Sacher & Staffeldt,
1974; Eisenberg & Wilson, 1981). However, even though a large brain has been shown to have
potential benefits, brain tissue is said to be extremely energetically costly (Aiello & Wheeler,
1995; Sobrero et al., 2011).

The advantages of larger brains are not limited to the above-mentioned, but it has also
been shown to be of advantage at high-altitude environments. Not only are the high-altitude

environments characterized by reduced oxygen availability and reduced ambient temperature
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(Storz et al., 2010), but also open habitats, intense seasonal changes, longer periods of snow
cover, i.e. highest environmental variation (Sayol et al.,, 2016). All these have been
hypothesized to have an impact on brain size and/or cognitive abilities/performance on high
altitude adapted organisms. For example, Sayol et al. (2016) showed that birds inhabiting higher
altitudes regions tend to have relatively larger brains compared with those living at lower
altitudes. Similarly, high altitude Alaskan chickadees (Poecile atricapilla) had significantly larger
hippocampal volumes, an area of the brain that plays a role in memory, hence, better spatial
memory (Pravosudov & Clayton, 2002). Temperature variability has also been reported to
shape variations in brain size (Luo et al., 2017). Environmental harshness linked to colder
climates was shown to be positively correlated with brain size in birds (Vincze, 2016) and
humans (Ash & Gallup, 2007; Naya et al., 2016). Similarly, large-brained parrots were shown to
inhabit areas of high degree of seasonal temperature variation (Schuck-Paim et al., 2008). In
contrast, temperature variability was found to have no effect on the brain size of Hylarana
guentheri frog species (Gu et al.,, 2017) but a decrease in relative brain size with increasing
environmental temperature variability has been reported in certain species of frogs (Luo et al.,
2017).

As mentioned in the previous chapters, studies focusing on morphological variation in
rodents are vast; however, studies that concern changes in morphology and size of the brain
are few (Bertrand & Silcox, 2016). Brain size variation has also been shown to be influenced by
differing factors in rodents (Pilleri et al., 1984; Mace et al., 1981). For example; enlarged brains
has been reported in Heteromyidae kangaroo rats, Peromyscus leucopus, Microtus
pennsylvanicus, Octodontid taxa (Tympanoctomys, Octodontomys and Octomys), African
Colomys goslingi, Spalax ehrenbergi, and some Southern African Sciuromorpha and
Myomorpha, and these were associated with complex auditory-sensory and locomotory
functions, urbanization, higher behavioural complexity, habitat and diet type (Mace et al., 1981,
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Stephan & Dieterlen, 1982; Hafner & Hafner, 1984; Nevo et al., 1988; Bernard & Nurton, 1993;
Monadjem, 1998; Vassallo & Echeverria, 2009; Snell-Rood & Wick, 2013). In contrast smaller
brains have also been reported in Bathyergidae, Geomyidae and South African Hystricomorpha
and Myomorpha (Mace et al., 1981; Bernard & Nurton, 1993). Kverkova et al. (2018) showed
that relative brain size was not associated with the social system in the African mole-rats.
Rodents are an ideal group to compare brain size variations because they occupy
different niches, differ along several life styles, including habitat, diet and activity period. They
can be arboreal, aerial, terrestrial, semiaquatic, burrowing, and even rock-dwelling (Krubitzer et
al.,, 2011). The diet of rodents is also very diverse: some are herbivorous, others omnivorous
(Landry, 1970), insectivorous (Pizzimenti & de Salle, 1980), and even fungivorous (Cork &
Kenagy, 1989). In this chapter, we describe the endocranial volume (a proxy for brain size
[lwaniuk & Nelson, 2002; Isler et al., 2008]) variations of 10 species of African rodents and test if
certain environmental variables/factors may correlate with these variations. Additionally, we
compare the endocranial morphology between the two groups (i.e. Gerbillinae and Muridae) and
within them and highlight the nature and extent of the differences if there are any. From these
objectives, we predict that a) brain size should scale with body size with allometric coefficient of
0.74 (Eisenberg, 1981) or 0.643 (Pilleri et al., 1984); b) brain size should vary with
environmental factors (a significant positive correlation between brain size and elevation; the
unpredictable open, arid, climatic fluctuating desert environment should select for larger brain

size).
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This chapter used the same samples (Table 4.1) and 3D scanning procedure reported in

Chapter 3 (see Chapter 3 for more details).

Table 4.1: Composition species and sample size used in this study. N: number of individuals;

M: male; F: female.

Species N Country (Locality) Collections Sex (M, F)
Otomyini
Otomys angoniensis 11 South Africa, Zimbabwe, Ditsong? (6, 5)
Swaziland, Zambia
Otomys auratus 11 South Africa Ditsong? (5, 6)
Otomys unisulcatus 11 South Africa Ditsong? (6, 5)
Otomys helleri 09 Ethiopia MNHNP (4, 5)
Otomys sloggettii 11 South Africa, Lesotho Ditsong? (6, 5)
Otomys barbouri 07 Uganda MNHNP (5, 2)
Parotomys brantsii 11 South Africa Ditsong? (5, 6)
Gerbillinae
Gerbilliscus leucogaster 16 Zimbabwe, South Africa, Ditsong?®, MNHNP (8, 8)
Malawi, Tanzania, Angola
Desmadillus auricularus 11 South Africa, Botswana, Ditsong? (5, 6)
Namibia
Gerbillus nigeriae 12 Mauritania, Burkina Faso, MNHNP (6,6)
Niger, Mali

aDitsong National Museum of Natural History, Pretoria; PMuséum National d'Histoire Naturelle,

Paris
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Endocast reconstruction

For endocranium extraction and reconstruction (Beaudet, 2015), a specifically developed
software for automatic virtual extraction of endocast "Endex" (Subsol et al., 2010) was used.
Before importing data to Endex, the surface of the entire skull was generated without smoothing
and saved in “obj” format (Figure 4.1A) in Avizo v8.0. This was then imported to Endex and
converted into "point cloud". This point cloud was then imported into Endex where a sphere was
inserted and positioned at the centre of the intracranial space (Figure 4.1B). The sphere then
underwent several phases of expansion until it approached as close as possible the internal
surface of the bone. Once the deformation of the sphere was completed (Figure 4.1C), its mesh
was exported in “obj” format and then converted to “ply” format by MeshLab v1.3.2 (Figure
4.1D). The final step involved the refinement of the automatic segmentation by converting the
surface of the endocrania into 2D slices under Avizo v8.0. with the use of "Scan Surface to
Volume" module. These sections are then merged with the segmented bone sections with the
module "Arithmetic", which allowed the correction of zones where the automatic segmentation
has crossed closed regions (where bone is possibly thin, Figure 4.1E). The slices that were not
accessed by the Endex sphere but still part of the endocranium where manually segmented with

"Interpolation” module, and thus attributed to the material representing the endocranium.
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Figure 4.1: The different stages of the automatic segmentation of an endocranium with Avizo,

Endex and meshlab. The white and red parts represent the virtual endocasts.

67

© University of Venda



V'S
>

) (&

University of Venda

Endocranial volumes

Endocranial volumes (ECV) were measured in 110 specimens of gerbils (39) and
laminate-toothed rats (71). Endocranial volume measurements were computed from the
unsmoothed 2D segmented surfaces for each specimen with the module “Material statistics”

available in Avizo v8.0.

Deformation models

Endocranial morphology between and within the two groups were compared using
diffeomorphism, which is a size-independent and landmark-free method based on smooth and
invertible surface deformation (Durrleman et al., 2012; Dumoncel et al., 2014; Beaudet et al.,
2016, 2018). However, before carrying out deformation models a preprocessing step that
involves data preparation was carried out i.e. the endocranial surfaces were resampled to
100,000 faces with the module “Remesh surfaces” in AVIZO to reduce the computation time.
From the resampled surfaces, one surface was randomly chosen as a reference surface and all
the remaining surfaces were automatically aligned in position, orientation and scale to this
reference surface using Iterative Closest Point algorithm (Figure 4.2A; Besl & McKay, 1992).

In order to generate the average shape of our sample, an artificial surface (an ellipsoidal
template) was created and aligned to our data surfaces. From the set of aligned surfaces a
shape model (called global mean shape, GMS) was computed through the deformation of the
template using the software Deformetrica (http://www.deformetrica.org/; Durrleman, 2010;
Beaudet et al., 2016; 2018; Figure 4.2BC). In addition to the GMS, the computation also yielded
the deformation fields from the GMS to each specimen (Fig. 2C). Based on the results from the
third step, the taxon mean shape (TMS) was computed for each species (Figure 4.2D). The

magnitude of the displacements of the deformation process was rendered by colour maps from
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dark blue (lowest displacement values) to red (highest displacement values) on the endocast

surfaces (Figure 4.2E; Beaudet et al., 2016, 2018).
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Figure 4.2: Successive processing steps in the deformation-based shape comparisons. First,
the surfaces are aligned in position, orientation, and scale with respect to a reference surface
(A). From an initial set of aligned surfaces and an ellipsoidal template (B), the deformation
fields, the global mean shape (GMS), and the registered surfaces are computed (C) and the
taxon mean shapes are generated (TMS) (D). The distances from the GMS to the specimens
are rendered by colour maps and vectors (E). In C, the arrows represent the deformations from
the GMS to individuals. N indicates the maximum number of specimens included in the sample.

lllustration taken from Beaudet et al. (2016).

Statistical Analyses

We used the R “Caper’ and “phytools” packages for phylogenetic bivariate linear
regressions (PGLS) and non-phylogenetic (GLS) regressions of log-transformed mean species
values for endocranial volume and body mass in order to account for phylogeny and allometry.

In order to see any endocranial morphology variations between the laminate-toothed rats and
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gerbils; within the gerbils and laminate-toothed pairwise distance deformation was
conducted/computed and the Multidimensional scaling (MDS), which yields a map of items
arranged in proximity to others to reflect groupings was used to show this relationship.
Deformation displacement maps (with Paraview software) were used to show the variations in

endocranial morphology.

RESULTS

Endocranial volumes

The means and standard deviations of endocranial volumes measured for all 10 species
are presented in Table C.1. We found a correlation between body mass and endocranial volume
(ECV) in our sample. In the non-phylogenetic regression (GLS), there is a significant positive
relationship between body mass and ECV (r%g = 0.86, y = -1.791+0.476x, p < 0.0001, Figure
4.3) and after correcting for phylogeny (using PGLS), this relationship is still present (r.= 0.75,
y = -1.883+0.497x, p = 0.001, Figure 4.3). Larger species have relatively smaller brains,
however, Desmodillus auricularis, Otomys sloggetti, Otomys auratus and Gerbilliscus
leucogaster have significantly larger brains relative to their body size (Figure 4.3). Figure 4.3
also shows that Gerbillus nigeriae, Otomys helleri, Otomys barbouri, Otomys angonienis and
Parotomys brantsii fall below the regression line and thus have small brains relative to their
body size. The allometric exponent describing the functional trend for our rodent species (slope
= 0.50) is steeper/shallower and less than the exponent value for brain size: body size scaling
across mammals (slope = 0.74; Eisenberg, 1981) and closer to the one for rodents (slope =

0.64; Pilleri et al.,1984).
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Figure 4.3: Regression plot of log endocranial volume (ECV) versus log body mass for gerbils
(black triangles) and laminate-toothed rats (red circles) specimens. PGLS (r%q = 0.75, y = -
1.883+0.497x, solid line) and GLS (r%.q= 0.86, y = -1.791+0.476X, p < 0.0001, dotted line). G.n
= Gerbillus nigeriae, D.a = Desmodillus auricularis, G.l = Gerbilliscus leucogaster, O.s = Otomys

sloggetti and O.au = Otomys auratus.

Associations between endocranial volume and environmental variables

Endocranial volume was tested against aridity index, habitat and elevation for both
combined data and Otomyini only, and additionally for individuals per species. The analysis of
individuals per species were added based on Gonda et al. (2011, and reference therein)
suggestion to also look at brain size variations in populations of the same species. Based on the
GLS, none of the previously mentioned variables could explain variations in brain size among
our samples when all species and Otomyini (separately) were considered, so the statistical
results that will be presented are those that included all the species combined. Brain size (ECV)
was not significantly correlated with aridity index (r?.g = 0.16, y = 0.16785+0.10927x, p > 0.05,
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Figure 4.4A); however, when individuals per species were considered only O. sloggetti was
significantly positively correlated with aridity index (r%.g = 0.46, y = 0.19225+0.16097x, p = 0.01,
Figure 4.4B). Similarly, elevation was not significantly correlated with ECV (%, = 0.16, y = -
0.76942+0.15125x, p > 0.05, Figure 4.4C); however, looking at individuals per species elevation
was significantly positively correlated with ECV in O. sloggetti (r?aq = 0.53, y = -1.0224+0.1959x,
p = 0.01, Figure 4.4D) only. ANOVA did not show any significant correlation between type of

habitat and brain size (F = 8, p > 0.05, Figure 4.4E).
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Endocranial morphological variations

The endocranial morphology comparisons were made between the 10 species. Pairwise
deformation distances are listed in Table S2. To improve the visualization of the results, the
pairwise deformations distances are represented in a two-dimensional MDS plot (Figure 4.5).
Figure 4.5 shows that the genus Otomys species have similar endocranial morphology, whilst all
the gerbils and P. brantsii have variable morphology compared to the Otomys variations. The
displacement map of the deformations among our sample shows a more pronounced
deformation along the medial ventral cortex (MV) and posterior ventral cortex (PV) in O.
angoniensis, O. auratus, O. barbouri, O. sloggetti, O. helleri and O. unisulcatus; with a more
elongated paraflocculi in O. barbouri, O. helleri, O. sloggetti and G. leucogaster. Only O.
angoniensis and O. helleri show a much elongated olfactory bulb, with P. brantsii only showing
grooving along the cerebral peduncle. Gerbillus nigeriae and D. auricularis both show much less
elongated paraflocculi (Figure C1,2). However, comparing the laminate-toothed rats with the
gerbils, laminate-toothed rats shows elongated paraflocculi, olfactory bulbs and more
pronounced deformations along the brainstem, PV and MV. As expected, there is no much
endocranial variations within each group, except for P. brantsii that is different based on the

cerebral peduncle within the Otomyini and G. leucogaster on the paraflocculi within Gerbillinae.
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Figure 4.5: Multidimensional Scaling (MDS) map based on the pairwise distance matrix of the
GMS deformations, gerbils = black triangles and laminate-toothed rats = red circles. The

proximity of the samples to each other indicates how similar they are to each other.

DISCUSSION

Allometry of endocranial volume

When phylogeny is taken into account, brain size and body mass relationship is still
significant with body mass explaining 75% of the variation. After correcting for phylogeny and
body mass, the residual amount of variation not explained by body size in our sample might be
associated with specific species habits as McNab & Eisenberg (1989) concluded that relative
brain size is associated with the habits of the species. The results of this study interestingly
corroborate those of Monadjem (1998) and Bernard & Nurton (1993), who also found O.

unisulcatus, O. angoniensis and P. brantsii to have smaller relative brain size (Bernard &
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Nurton, 1993; Monadjem, 1998) and G. leucogaster having a larger one (Monadjem, 1998).
However, they both used different methods than the present study, Bernard & Nurton (1993)
used cranial volume as a proxy for brain size by filling the cranial cavity with lead shot, which
was then weighed, and Monadjem (1998) used the actual brains weights. Activity regimen and
diet were said to be the probable cause of smaller brains in these species, but as for G.
leucogaster its relatively large brain size was hypothesized to be due to its enlarged auditory
bullae (Monadjem, 1998); a similar perception shown for the kangaroo (Dipodomys) rats where
their auditory bulla was positively associated with their brain size (Hafner & Hafner, 1984).
However, the eco-ethological hypothesis (which predicts correlation between relative brain size
and degree of motor or sensory specialization; Hafner & Hafner,1984) cannot explain the
variation in brain size among our species as the more hypertrophied bulla (associated with
auditory specialization) species (P. brantsii) than G. leucogaster has a negative brain size
(Figure 4.3). Nonetheless, the kangaroo rats’ brain size significant correlation with auditory bulla
did not demonstrate any causal links (Hafner & Hafner, 1984).

In general, it is suggested that bigger brains are associated with habitat type (with forest-
dwelling species having relatively bigger brains), diet (with omnivores having larger brains than
folivores), activity (with nocturnal species having bigger brains than diurnal species), locomotion
(arboreal species having larger brains), and longer lifespan (Mace et al.,, 1981; Mace &
Eisenberg, 1982; Meier, 1983; Bernard & Nurton, 1993; Monadjem, 1998; Gonzalez-Lagos et
al., 2010). Some of these arguments might be used to explain larger brains in G. leucogaster, D.
auricularis, O. sloggetti and O. auratus. Both G. leucogaster and D. auricularis share similar
ecologies such as diet which is omnivorous and nocturnal activity (Dempster, 2013; Nel, 2013;
Taylor, 2013b; Monadjem et al., 2015), these may be influencing their brain size variations;
however, G. nigeriae shares similar ecology. Mace et al. (1981) mentioned that the above-
mentioned ecologies are interrelated and after accounting for other ecological differences diet
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and habitat were the most distinguishing variables in brain size. Therefore, it is possible that
coupled with their diet and activity, habitat may be the determining factor in the two gerbil
species. The same can be said about Otomyini species, as they also share similar diet and
activity (Carleton, 2013; Monadjem et al., 2015). So, the highly patchy, high-altitude grasslands
and alpine habitats in O. auratus and O. sloggetti (Nengovhela et al., 2015, Monadjem et al.,
2015), respectively, may be driving their brain enlargement; however, O. barbouri and O. helleri
are also confined to high altitude. Meaning high altitude per se may not be the determining
factor of brain enlargement in this species but the interaction of different factors. However,
within Otomyini there was no significant correlation between ECV and body mass (results not

shown).

Environmental correlates of brain size

Analyzing the relations (for all species combined) between brain size and aridity,
elevation and habitat between species, we see no significant correlation; however, at an
individual level there are some correlations. Brain size is shown to be correlated with aridity
index and elevation in O. sloggetti, respectively. Larger brain size is believed to be of an
advantage at high elevation and cooler environments (Ash & Gallup, 2007; Vincze, 2016; Sayol
et al., 2016). Two hypotheses of high-altitude environments are proposed as to explain larger
brain size at high altitude; i) adaptation to altitude sickness (brain swelling) and ii) adaptation to
open environments. Species living in open habitats such as grassland were hypothesized to
process more visual information in order to detect potential predators (Kopperud, 2017) and if
this task is cognitively demanding, then possibility of larger brain size in species that live in open
habitats is more probable. Therefore, O. sloggetti with its larger brain size at high altitude maybe
an adaptation to detect potential predators based on our prediction that open environment is a
feature of high elevation. However, if this adaptation is solely for predator detection, we should
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expect the same brain size trend in desert adapted species coupled with their auditory
specialization as their habitats are also open.

Though not refuting the association of larger brain size with predation pressure, it seems
that based on our data, the more probable explanation of larger brain size at high altitudes is
either combating altitude sickness (brain swelling) or social brain hypothesis (SBH, for a review
see Dunbar & Shultz, 2007; van der Bijl & Kolm, 2016). Hypobaric hypoxia (HBH) is said to be
an environmental stressor to vertebrates living at high altitude that cannot be mitigated by
behavioral avoidance but by physiological adaptation (Storz et al., 2010). HBH is said to lead to
various abnormalities, which include a disruption of cognitive functions/performance (Muthuraju
& Pati, 2014). Therefore, O. sloggetti may have developed larger brain size at high altitude to
compensate for the altitude sickness that might hinder its behavioral flexibility at this demanding
and unstable environment. Alternatively, larger brains are said to be important for recognition of
group members versus strangers i.e. SBH and O. sloggetti is said to live in small groups at high
elevation (for huddling and etc) (Neville personal com). Thus, it's larger brain size at high
altitude may be an adaptation to group members recognition or the interaction of both SBH and
brain swelling.

However, a concrete conclusion of larger brain size as an adaptation at high altitude
cannot be reached as we had insufficient individual data for high altitude adapted species
(O.barbori and O. helleri) collected from different locations to see if indeed larger brain size at
highaltitude is an adaptation in rodents. Similarly, physiological experiments on the individuals
of thesame rodent species from both low and high altitude are needed to see if indeed this
is anadaptation to altitude sickness. Smaller brains at more arid environments, shown by the
positivecorrelation of aridity index and brain size might be in accordance with Bergmann’s
Rule. Brainsize increases with increasing body size (Seyfarth & Cheney, 2002), though brain
size to bodymass ratios differ from one taxonomic group to another (Jerison, 1973).
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environment were shown to have smaller body size (Nwaogu et al., 2018) in accordance with

Bergmann’s Rule.

Variations in endocranial morphology in laminate-toothed rats and gerbils

Our results reveal that there is considerable variation in endocranial morphology
between the two groups (gerbils and laminate-toothed rats) than within them. This may be so
because the two groups are phylogenetically and ecologically distinct. Though this section will
focus on describing the variation in morphology, some of the ecological functions are
speculative. Laminate-toothed rats show a well-developed olfactory bulb as compared to the
gerbils. The size of the olfactory bulb was said to be a good indication of the acuity of olfaction
in an individual (Rombaux et al., 2006). Most of the Otomys species included in this study
inhabit closed mesic grasslands, savannah habitats where olfaction is an advantage for
predator avoidance and foraging as compared to open habitats where vision and hearing might
be an advantage. Well-developed olfactory bulbs have been observed in the African giant
pouched rat (Cricetomys gambianus) and the reason why it has been hypothesized that they
can detect landmines and useful in tuberculosis diagnosis (Nzalak et al., 2008; Ibe et al., 2014).
Though there is less variation in the olfactory bulb within Otomyini, the arid, semi-arid species
showed a less developed olfactory bulb.

Besides the olfactory bulb, the paraflocculi in laminate-toothed rats was also more
elongated than in gerbils, especially in G. nigeriae and D. auricularis, within Otomyini there is a
slight variation in the morphology of paraflocculi however the direction of this variation is not as
clear. In gerbils, G. leucogaster has a more elongated paraflocculus than G. nigeriae and D.
auricularis, the reduction of the paraflocculi in G. nigeriae and D. auricularis is said to be caused
by the process of mastoid pneumatization (Pavlinov, 2008). The paraflocculi are said to regulate
functions associated with vision including control of the eye movements, and visual image
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stabilization in mammals (Zee et al., 1981; Ferreira-Cardoso et al., 2017; Lang et al., 2018).
Frugivorous primates exhibited larger paraflocculi than omnivorous (Lang et al., 2018); however,
the ecological relevance of this structure is still mostly speculative. Ferreira-Cardoso et al.
(2017) found no correlation of paraflocculi with ecology and they suggested that variation in
paraflocculi may be due to the anatomical and phylogenetic evolutionary constraints. Therefore,
the eco-morphological function of this structure in our samples is unknown. Similarly, the
ecological functions of a more protruding posterior ventral cortex in laminate-toothed rats and a
grooved cerebral peduncle in P. brantsii is unknown, however, the variation in brainstem may be
due to segmentation biases. Concluding, this study provides some useful information on the
variation in endocranial morphology and relative brain size variations of the African gerbils and
laminate-toothed rats where in certain eco-morphological functions are also speculated.
However, more samples and physiological experiments are needed to verify some of the
proposed brain eco-morphological functions. Similarly, studies looking at eco-morphological
functions of certain brain parts that are associated with different sensory systems in rodents are

needed.
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CHAPTER FIVE: GENERAL DISCUSSION AND CONCLUSION

In this final chapter, | summarize the findings reported in this thesis, discuss their implications

and discuss perspectives for future work on the topic.

Climate change and morphological variations

Rapid morphological changes in rodents have been well documented and this has been
attributed to environmental changes (Pergams & Lawler, 2009; Pergams et al., 2015; Stumpp et
al., 2016), brought about by climate warming, agricultural activities, urbanization, fragmentation,
etc. | investigated morphology-phylogeny-environment relationships in rodents by looking at
different traits: general cranial size (chapter 2), bulla and cochlea (chapter 3), endocranial size
and shape (chapter 4). The analyses showed that climate change, phylogeny and some life
history traits have an effect on the morphological variations of cranial size, bulla, cochlea and
endocranial volume to an extent. These results together demonstrate the role of the
environment in morphological variations of these traits and how evolution has influenced the
distribution of those traits. Though based on the results from chapter 2 and 4 it was hard to
pinpoint a single environmental or ecological variable, or their synergy in association with
reported morphological variations. For example, in chapter 2 the combination of rainfall and
temperature was shown to be correlated with cranial size in only three species with the 3™
universal response to warming (decreased body size with climate warming) shown in only one
species. In chapter 3 only aridity was associated with bulla and cochlea hypertrophy and in
chapter 4 the endocranial volume (ECV) was not associated with any environmental variable
(except for Otomys sloggetti whose ECV was correlated with elevation) yet a distinction of the

elongated olfactory bulb in mesic species was shown by the deformation results.
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In a nutshell this study contributes to a better understanding of potential environmental
changes impacts on the morphology of rodents in the future. Additionally, inflated auditory bulla
has been shown to be one of the morphological traits that have undergone convergence
evolution in arid/desert adapted species (Randall, 1994). Interestingly, this study offers the

possibility that the hypertrophy in bulla may also have accompanied hypertrophy in the cochlea.

Implications of trait-based ecology for conservation

Traits can determine individual or species performance under given environmental
conditions and affect whether a species will be filtered by the environment, as proposed by
“assembly rules” (Keddy, 1992). Traits can also reflect how assemblages respond to
environmental changes, as driven by “response rules” (Keddy, 1992). For this reason, by
investigating species pools or community variation across environmental gradients, trait-based
approaches can reveal general rules about the relationship between communities and the
environment, which can be particularly useful in predicting climate change effects on
communities (McGill et al., 2006). For example, analysis on morphology and climate change or
ecological/environmental gradients, showed hotter environments favour small body size in
general (Gardner et al., 2011; Yom-Tov & Geffen, 2011; Nengovhela et al., 2015), arid/desert
environments favour inflated auditory bulla (Lay, 1972), and larger brain size is associated with
high elevated environments, sociality and predation avoidance (Dunbar & Shultz, 2007,
Kotrschal et al., 2015; Sayol et al., 2016). This study also looked at the above-mentioned traits
by investigating the impacts of environmental change on cranial size (body size), bulla and
cochlea and endocranial volume and added important new data from African rodents which
contribute to debates about the eco-morphological functions of these traits. This suggests that
different ecological/environmental gradients may filter species or alter community structure
through these morphological traits.
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By investigating rodents from two distinct murid subfamilies across different
environmental gradients, | uncovered a pattern that a morphology-environment cline exists
across multiple environmental scales. My results also highlighted the importance of evolutionary
history in structuring the morphological patterns across habitats. As morphological traits could
have significant influence on species sensitivities to environmental change in some rodent
groups, the study of morphological variation across environmental gradients should be a priority
for understanding climate change vulnerability of species and ecosystems. Furthermore, actual
impacts of environmental change on species depends on the extrinsic environmental threats but
could be mediated by species specific intrinsic traits, an element often overlooked in recent risk
assessments (Garcia et al., 2014). Understanding the influence of traits on species vulnerability
could provide a more realistic prediction of their response to environmental changes and would
be useful when assessing conservation priority to environmental threats (Lips et al., 2003;

Garcia et al., 2014).

Interaction between sensory ecology traits

Chapter 3 and 4 showed a hypertrophied bulla and cochlea in arid species and an
elongated olfactory bulb in mesic species respectively. With the former chapter, showing
arid/desert species adapted to low frequency sounds and the latter chapter showing mesic
species having enhanced acuity of olfaction which is related to the elongated olfactory bulb.
However, the eco-functionality of larger brains and elongated paraflocculi are not clear in the
present study. Multisensory integration studies in rodents are available with olfactory-auditory
interaction reported in lactating mothers and their new born. Olfaction is reported to be one of
the central senses by which rodents communicate with each other. Coupled with ultrasonic
vocalizations and odours produced by young pups, mothers were shown to use both auditory
and olfactory cues to identify and locate their pups (Cohen et al., 2011). However, the

84

© University of Venda



{

University of Venda

>

) (&

integration of these senses can also be used in communication with conspecifics, and not only
between the mother and her pup. Individually, both senses are said to be used in
communication with conspecifics, predation avoidance, navigation, foraging etc. (Lay, 1972;
Amo et al., 2008; Wesson 2015; Dempster, 2018). Thus, integration of olfactory and auditory
information is said to have significance for a variety of critical scenarios such as food selection
and predator aversion (Wesson & Wilson, 2010). Such arguments, however, cannot be used to
explain the specialized audition and olfaction in this study as the results in chapter 3 and 4
shows that those species with specialized audition do not poses specialized olfaction and vice
versa. Nevertheless, based on olfactory bulb, perhaps future analysis of nasal structures could
show more integration.

Differences in habitat can drive divergence in perception as different environments may
vary in how they conceal predators, prey and conspecifics. Additionally, the conspecifics,
predators and prey signhals may also vary. Moreover, these multiple perceptual demands might
favour different perceptual sensitivity for populations/species in different habitats to perform best
the specific detection tasks posed by the local environment. Chapter 3 showed that arid/desert
species favours a specialized auditory sensitivity in communication with conspecifics and prey
avoidance whilst mesic species seems to favour a more specialized olfaction (chapter 4).
However, whether the species in this study used both specialized olfaction and audition is not
clear as those species showing specialized audition does not seem to use/need specialized
olfaction. Although there is ample of research supporting the value of each sense separately,
the merging of these senses in a natural context is lacking. This would be an interesting

research avenue to look at in the future in the two subfamilies with increased sample size.
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Conclusions and future studies

This thesis focused mainly on hypotheses that the environment and life history traits play
the most important role in morphological variations of different traits after phylogenetic and
allometric corrections. The work presented here aimed to contribute towards increasing
knowledge on the functional morphology of different traits in rodents in an African context. First,
I have shown that after increasing the dataset from Nengovhela et al. (2015) where both studied
species of Otomys (O. auratus and O. angoniensis) conformed to the third universal response;
the “third universal response to warming” is not universal given that only two out of six rodent
species studied here showed any body size temporal trends. Additionally, temperature
(Bergmann’s Rule) on its own did not seem to be influencing body size variations in our
samples; but the synergy of temperature and rainfall (hence increased food availability) was the
most important mechanism associated with body size variations in rodent species. Our results
confirm those of James (1970), Alhajeri & Steppan (2016), Yom-Tov & Geffen (2011, and
reference therein). However, as Villar & Naya (2018) concluded less than 0.5% of the extant
rodent species have been analyzed to date, therefore more studies with larger sample sizes
covering different rodent species (interspecific analyses) are required in order to reach a clear
understanding of body size variation patterns that are associated with the environment (chapter
2).

Secondly, | have presented a comparative analysis on bulla and cochlea morphology,
and showed that these forms are related to the environment that these animals live in.
Additionally, 1 showed that in extreme desert adapted species bulla hypertrophy is associated
with cochlear hypertrophy, possibly auditory specialization. Interestingly, Desmodillus showed
the possibility of being sensitive to both high and low/middle frequencies; going forward these
aspects should be studied further combining morphology studies with hearing sensitivity
experiments. This might shed light on whether this species has a bimodal sensitivity like that
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mentioned in frog-eating bat, Trachops cirrhosus (Ryan, 1983), or good sensitivity in the middle
(Heffner & Masterton, 1980). As mentioned in chapter 3, more work with a large sample size
that covers all habitat types of the three tribes (Taterillini, Gerbillini and Otomyini), still needs to
be done and attention should be focused on the possibility of foot drumming in Southern African
gerbils.

Thirdly, with the debate of using brain size as proxy for cognition, behavioural flexibility
in mammals is rife; different hypotheses have been brought forward to explain variations in brain
size e.g. predation, sociality, activity regime, diet, habitat type and habits. Though | did not find
any correlation between the ECV and different environmental predictors, | predict that larger
brain size seen in our samples may be associated with the species habitat and habits such as
diet, sociality and lifestyle or their combination. However, within O. sloggetti larger brains were
associated with high elevation. Additionally, brain was shown to vary in morphology in our
sample with Otomyini having larger sized olfactory bulb, paraflocculi, and a pronounced
posterior ventral cortex than the gerbils. Furthermore, larger sized paraflocculi were also seen in
G. leucogaster. However, even though functions of these structures are known, it is not clear
what is their ecological function. Therefore, follow up studies on the brain morphology focusing
on different parts of the brain are needed. It would be interesting to study functional morphology
of brain in different groups of rodents i.e. wild collected and those raised in laboratory

experiments, to establish the non-genetic basis of adaptations.
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APPENDICES

APPENDIX A

Table A.1: Raw data of the studied specimens for each species investigated.

Family Genus Species Country Province Year | Latitude Longitude | TWCLS | GLS MXTRL | NAW | IOC | ZYW bio_1 | bio_12 | elevation
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1903 | -27.45 23.43333 | B 34.18 | 4.98 476 | 5.78 | 19.19 176 473 1320
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1926 | -31.3833 | 21.03333 | B 38.43 | 5.12 459 | 6.14 | 21.27 169 170 1061
Muridae | Desmodillus | auricularis South Africa | Western Cape 1926 | -31.55 18.35 B 35.54 | 4.26 4.6 5.82 | 19.77 184 166 47
Muridae | Desmodillus | auricularis South Africa | Western Cape 1926 | -31.7833 | 18.61667 | B 35.34 | 4.65 461 | 5.96 | 19.19 193 171 28
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1926 | -31.4667 | 19.78333 | C 36.76 | 5.12 474 | 6.17 | 21.48 164 216 985
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1927 | -28.7833 | 20.7 A 38.49 | 5.3 5.11 | 6.48 | 21.79 202 137 665
Muridae | Desmodillus | auricularis South Africa | Western Cape 1927 | -33.5783 | 18.98167 | B 36.95 | 4.58 471 | 6.08 | 21.17 180 646 99
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1928 | -26.95 24.73333 | C 31.98 | 4.23 418 | 5.6 18.52 180 475 1206
Muridae | Desmodillus | auricularis Namibia Namibia 1928 | -27.15 18.03333 | B 35.62 | 4.75 5 5.93 | 19.76 201 119 941
Muridae | Desmodillus | auricularis Namibia Namibia 1928 | -27.15 18.03333 | C 34.78 | 4.76 469 |58 19.52 201 119 941
Muridae | Desmodillus | auricularis Namibia Namibia 1928 | -27.15 18.03333 | B 36.2 5.26 5.04 | 6.03 | 20.48 201 119 941
Muridae | Desmodillus | auricularis South Africa | North West 1928 | -27.65 25.51667 | C 35.53 | 4.87 488 | 595 | 19.1 179 485 1233
Muridae | Desmodillus | auricularis Namibia Namibia 1929 | -27.15 18.03333 | A 37.28 | 4.57 5.17 | 5.9 20.66 201 119 941
Muridae | Desmodillus | auricularis Botswana Botswana 1930 | -22.1 22.45 C 36.44 | 4.28 476 | 5.74 | 21.43 212 386 1049
Muridae | Desmodillus | auricularis Botswana Botswana 1930 | -22.1 22.45 C 33.89 | 4.75 449 | 547 | 18.97 212 386 1049
Muridae | Desmodillus | auricularis Botswana Botswana 1930 | -22.1 22.45 A 37.26 | 4.92 521 | 6.7 22.07 212 386 1049
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1932 | -26.7833 | 20.08333 | C 35.85 | 4.62 478 | 594 | 21.21 203 175 835
Muridae | Desmodillus | auricularis Namibia Namibia 1932 | -18.9092 | 16.97833 | C 33.84 | 4.22 451 | 5,55 | 19.32 227 481 1129
Muridae | Desmodillus | auricularis Namibia Namibia 1933 | -17.9167 | 15.95 B 33.02 | 4.55 4.67 | 555 | 18.43 225 470 1099
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Muridae | Desmodillus | auricularis South Africa | Northern Cape 1937 | -29.6 17.9 A 34.6 4.72 481 | 5.75 | 20.03 164 198 1049
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1937 | -29.6 17.9 B 34.43 | 4.38 4.62 | 6.15 | 19.45 164 198 1049
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1937 | -30.9667 | 22.35 C 33.3 4.69 451 | 5.61 | 19.11 150 254 1451
Muridae | Desmodillus | auricularis South Africa | Western Cape 1937 | -32.7 18.86667 | C 32.78 | 4.7 4.47 | 6.33 | 18.78 182 333 110

Muridae | Desmodillus | auricularis Namibia Namibia 1937 | -25.85 16.55 C 35.47 | 4.85 466 | 5.86 | 20.33 141 196 1697
Muridae | Desmodillus | auricularis Botswana Botswana 1944 | -20.5 22.66667 | A 36.03 | 4.8 488 | 6.36 | 19.6 223 417 925

Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -27.9333 | 22.73333 | B 33.95 | 4.92 451 | 5.9 20.69 170 357 1267
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -28.85 23.25 B 35.23 | 4.74 4.39 | 5.54 | 19.52 165 321 1303
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -28.85 23.25 C 35.75 | 4.39 473 | 5.76 | 19.8 165 321 1303
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -30.9 27.65 B 36.98 | 4.8 472 | 6.02 | 21.09 117 692 2048
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -28.25 24.25 C 33.67 | 4.91 4.8 5.87 | 19.49 180 433 1171
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -28.3333 | 24.71667 | B 37.15 | 5.13 525 | 6.32 | 21.48 183 431 1125
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -27.45 23.4333 B 37.78 | 5 492 | 6.17 | 21.38 176 473 1320
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -30.9 27.65 B 35.54 | 4.9 469 | 6.22 | 20.07 117 692 2048
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -30.9 27.65 B 36.3 4.73 4.49 | 5.92 | 19.49 117 692 2048
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1947 | -26.95 24.73333 | B 34.12 | 4.83 485 | 6.09 | 19.57 180 475 1206
Muridae | Desmodillus | auricularis South Africa | Eastern Cape 1949 | -33.1333 | 26.61667 | B 35.12 | 4.36 455 | 5.62 | 19.19 187 504 280

Muridae | Desmodillus | auricularis Namibia Namibia 1950 | -26.8167 | 17.78333 | B 36.06 | 4.79 486 | 5.83 | 20.33 | 210 105 699

Muridae | Desmodillus | auricularis Namibia Namibia 1950 | -22.45 18.96667 | B 36.76 | 4.89 5.02 | 6.42 | 21.41 193 367 1433
Muridae | Desmodillus | auricularis Namibia Namibia 1950 | -25.8833 | 16.81667 | B 36.42 | 4.95 4.82 | 6.29 | 21.04 164 171 1394
Muridae | Desmodillus | auricularis Namibia Namibia 1951 | -25.0167 | 16.75 B 34.66 | 4.66 478 | 5.82 | 19.1 164 155 1383
Muridae | Desmodillus | auricularis South Africa | North West 1953 | -27.5833 | 25.45 B 3451 | 4.6 476 | 5.84 | 19.34 177 485 1264
Muridae | Desmodillus | auricularis South Africa | North West 1953 | -27.5833 | 25.45 B 35.36 | 5.12 485 | 596 | 20.31 177 485 1264
Muridae | Desmodillus | auricularis South Africa | North West 1953 | -27.5833 | 25.45 B 35.65 | 4.7 456 | 5.71 | 20.35 177 485 1264
Muridae | Desmodillus | auricularis South Africa | North West 1954 | -27.5833 | 25.45 B 33.9 5.02 492 | 5.67 | 19.52 177 485 1264
Muridae | Desmodillus | auricularis South Africa | North West 1954 | -27.5833 | 25.45 C 32.78 | 4.45 4.24 | 556 | 18.95 177 485 1264
Muridae | Desmodillus | auricularis South Africa | North West 1954 | -27.5833 | 25.45 B 345 4.78 4.7 5.77 | 19.38 177 485 1264
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1957 | -26.45 20.56667 | C 35.77 | 5.05 463 | 6.15 | 19.7 200 217 903

Muridae | Desmodillus | auricularis South Africa | Northern Cape 1957 | -25.7667 | 20.38333 | C 37.35 | 4.95 487 | 6.27 | 21 199 229 960

Muridae | Desmodillus | auricularis South Africa | Eastern Cape 1959 | -33.75 25.46667 | B 36.43 | 4.68 4.7 5.63 | 20.51 179 439 130
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Muridae | Desmodillus | auricularis South Africa | Eastern Cape 1959 | -33.75 25.46667 | B 37.44 | 5.04 4.87 | 5.86 | 21.33 179 439 130
Muridae | Desmodillus | auricularis South Africa | Eastern Cape 1959 | -33.75 25.46667 | B 36.72 | 5.06 495 | 6.13 | 20.85 179 439 130
Muridae | Desmodillus | auricularis South Africa | Eastern Cape 1959 | -33.55 25.7 B 34.85 | 4.7 454 | 6.11 | 20.37 185 390 55
Muridae | Desmodillus | auricularis South Africa | Eastern Cape 1960 | -30.3833 | 29.21667 | C 36.5 4.69 4.63 | 5.73 | 20.68 142 803 1577
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1962 | -26.45 20.56667 | A 36.1 5.09 496 | 6.59 | 21.17 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1962 | -26.45 20.56667 | A 39.76 | 5.1 5.3 7.62 | 23.05 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1962 | -26.45 20.56667 | B 33.7 4.46 4.5 5.91 | 18.29 200 217 903
Muridae | Desmodillus | auricularis South Africa | Free State 1962 | -29.9107 | 24.6363 B 35.28 | 4.98 4.75 | 6.05 | 19.97 183 346 1107
Muridae | Desmodillus | auricularis Namibia Namibia 1965 | -18.1833 | 12.51667 | B 34.35 | 491 489 | 5.61 | 19.57 180 103 782
Muridae | Desmodillus | auricularis Botswana Botswana 1965 | -20.3333 | 23.81667 | B 35.74 | 4.77 498 | 6.38 | 19.71 221 414 937
Muridae | Desmodillus | auricularis Botswana Botswana 1965 | -20.3333 | 23.81667 | C 35.73 | 4.58 465 | 5.73 | 19.68 221 414 937
Muridae | Desmodillus | auricularis Botswana Botswana 1965 | -20.3333 | 23.81667 | C 33.95 | 4.83 475 | 6.01 | 18.81 221 414 937
Muridae | Desmodillus | auricularis Namibia Namibia 1965 | -23.55 15.03333 | A 37.46 | 4.99 5.06 | 5.75 | 21.5 210 20 406
Muridae | Desmodillus | auricularis Namibia Namibia 1965 | -23.55 15.03333 | A 35.78 | 4.9 5 6.11 | 19.15 210 20 406
Muridae | Desmodillus | auricularis Namibia Namibia 1965 | -23.55 15.03333 | A 39.1 4.99 521 | 6.22 | 20.5 210 20 406
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1966 | -26.45 20.56667 | B 37.99 | 4.97 5.03 | 5.95 | 22.43 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1966 | -26.45 20.56667 | C 33.04 | 4.74 4.89 | 5.62 | 19.95 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1966 | -26.45 20.56667 | B 37.13 | 481 5.15 | 6.34 | 20.87 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1966 | -26.45 20.56667 | B 37.26 | 4.71 452 | 6.06 | 21.94 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1966 | -26.45 20.56667 | C 33.72 | 4.9 461 | 5.7 19.47 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1966 | -26.45 20.56667 | C 35.66 | 4.78 492 | 6.06 | 20.78 200 217 903
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | A 36.95 | 4.72 5.05 | 6.05 | 18.72 196 221 974
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | C 321 4.55 4.63 | 5.64 | 18.94 196 221 974
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | B 34.21 | 4.59 472 | 5.58 | 19.54 196 221 974
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1977 | -29.5833 | 18.35 A 37.98 | 4.83 476 | 6.05 | 21.2 174 180 1033
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1977 | -29.5833 | 18.35 B 34.36 | 4.87 453 | 6.12 | 19.53 174 180 1033
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1977 | -29.5833 | 18.35 B 35.79 | 5.02 4.74 | 5.78 | 20.36 174 180 1033
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1977 | -29.5833 | 18.35 B 36.52 | 5.21 441 | 6.01 | 20.2 174 180 1033
Muridae | Desmodillus | auricularis South Africa | Western Cape 1977 | -30.95 18.2 B 36.6 4.95 491 | 5.72 | 21.06 179 176 326
Muridae | Desmodillus | auricularis South Africa | Western Cape 1977 | -30.95 18.2 B 35.79 | 4.81 4.7 5.9 20.13 179 176 326
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Muridae | Desmodillus | auricularis Namibia Namibia 1978 | -23.0667 | 15.16667 | A 37.78 | 4.72 5.1 5.94 | 20.02 199 45 566
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1980 | -28.3167 | 20.56667 | C 37.46 | 5.08 481 | 6.13 | 21.27 198 174 754
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1980 | -28.3167 | 20.56667 | B 34.86 | 5.05 481 | 5.75 | 19.47 198 174 754
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1980 | -28.3167 | 20.56667 | C 33.11 | 41 451 | 5.72 | 19.27 198 174 754
Muridae | Desmodillus | auricularis Namibia Namibia 1980 | -26.95 17.93333 | C 33.31 | 4.44 436 | 5.28 | 18.61 211 107 708
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1981 | -29.5667 | 18.35 B 34.12 | 4.57 452 | 5.47 | 18.93 177 171 1036
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1981 | -29.5667 | 18.35 B 36.82 | 5.18 493 | 5.99 | 20.95 177 171 1036
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1981 | -29.5667 | 18.35 B 345 4.61 4.68 | 5.61 | 19.93 177 171 1036
Muridae | Desmodillus | auricularis Namibia Namibia 1984 | -22.4333 | 18.1 B 34.95 | 5.01 5.02 | 6.3 19.46 188 350 1550
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1987 | -32.2833 | 19.86667 | C 34.06 | 4.73 495 | 5.85 | 20.72 186 137 445
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1987 | -32.2833 | 19.86667 | C 32.08 | 4.82 441 | 5.88 | 18.11 186 137 445
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1987 | -32.2833 | 19.86667 | B 36.27 | 4.63 459 | 5.97 | 21.05 186 137 445
Muridae | Desmodillus | auricularis South Africa | Northern Cape 1987 | -32.2833 | 19.86667 | B 38.33 | 4.85 5.12 | 6.5 21.66 186 137 445
Muridae | Desmodillus | auricularis Namibia Namibia 1988 | -24.0333 | 16.15 B 35.56 | 4.85 5.14 | 5.94 | 19.72 174 162 1173
Muridae | Desmodillus | auricularis South Africa | North West 1996 | -25.7869 | 22.86944 | C 32.66 | 4.72 4.8 5.61 | 18.96 199 333 992
Muridae | Gerbilliscus | leucogaster Zimbabwe Zimbabwe 1895 | -17 31 2 38.46 | 6.27 5.52 | 6.86 | 19.05 187 861 1286
Muridae | Gerbilliscus | leucogaster South Africa | KwaZulu-Natal 1905 | -27.0433 | 32.42306 | 1 39.38 | 6.57 5.37 | 6.24 | 19.96 226 734 88
Muridae | Gerbilliscus | leucogaster South Africa | Gauteng 1906 | -25.4 28.1 2 36.8 6.75 5.36 | 6.57 | 18.34 187 630 1111
Muridae | Gerbilliscus | leucogaster South Africa | Gauteng 1906 | -25.4 28.1 2 37.96 | 6.71 5.6 6.31 | 20.69 187 630 1111
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1907 | -16.5667 | 33.41667 | 1 39.5 7.26 6.1 6.9 18.82 259 607 196
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1907 | -23.8 30.16667 | 1 38.48 | 6.72 5.65 | 6.36 | 19.7 202 983 720
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1907 | -23.8 30.16667 | 1 38.3 7.35 5.64 | 6.01 | 19.79 202 983 720
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1911 | -25.4333 | 31.68333 | 2 39.59 | 6.79 6.18 | 6.92 | 20.1 220 680 279
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1911 | -25.4333 | 31.68333 | 2 39.1 6.79 5.66 | 6.48 | 20.97 220 680 279
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1911 | -25.4333 | 31.68333 | 1 38.14 | 6.83 5.46 | 6.52 | 18.43 220 680 279
Muridae | Gerbilliscus | leucogaster South Africa | Gauteng 1912 | -25.7167 | 28.23333 | 2 36.01 | 6.58 5.34 | 6.2 19.31 178 697 1300
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1913 | -22.2667 | 30.1 2 38.98 | 6.82 5.8 6.04 | 19.84 234 340 435
Muridae | Gerbilliscus | leucogaster South Africa | Gauteng 1914 | -25.4 28.1 1 38.42 | 7.16 5.68 | 6.36 | 19.35 187 630 1111
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1914 | -24.2833 | 28.95 1 39.04 | 7.32 5.77 | 6.58 | 19.39 189 525 1071
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1915 | -24.8833 | 27.65 1 37.07 | 6.78 5.83 | 6.46 | 18.61 184 671 1361
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Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1916 | -22.35 30.36667 | 1 37.34 | 7.06 5.6 6 19.18 235 395 403
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1917 | -23.8667 | 30.61667 | 1 38.07 | 6.83 5.39 | 5.93 | 18.98 215 576 541
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1918 | -25.4333 | 31.68333 | 1 394 6.62 6.1 6.73 | 18.87 220 680 279
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1919 | -24.7833 | 28.41667 | 1 41.11 | 7.18 5.8 6.28 | 21.62 183 636 1255
Muridae | Gerbilliscus | leucogaster South Africa | Free State 1920 | -27.4833 | 26.55 1 39.37 | 6.95 5.25 | 5.92 | 20.29 169 576 1315
Muridae | Gerbilliscus | leucogaster South Africa | Free State 1920 | -27.4833 | 26.55 2 38.93 | 6.58 5.31 | 5.97 | 19.15 169 576 1315
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1920 | -23.45 30.06667 | 1 39 6.75 5.4 6.56 | 18.82 187 1088 951
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1920 | -23.45 30.06667 | 1 39.24 | 6.63 549 | 6.75 | 19.43 187 1088 951
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1922 | -24.25 304 2 37.89 | 6.66 5.94 | 6.74 | 20.5 206 728 818
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1922 | -24.25 30.4 2 36.74 | 6.41 5.49 | 6.46 | 19.47 206 728 818
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1924 | -25.05 33.8 2 36.31 | 6.62 5.05 | 5.98 | 18.32 229 878 30
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1924 | -25.05 33.8 2 34.41 | 6.07 5.04 | 5.64 | 17.41 229 878 30
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1924 | -24.2833 | 28.95 1 37.79 | 7.18 5.21 | 6.67 | 19.43 189 525 1071
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1927 | -22.9833 | 29.88333 | 1 37.62 | 6.26 5.18 | 6.06 | 19.02 163 1243 1439
Muridae | Gerbilliscus | leucogaster South Africa | Gauteng 1928 | -25.7333 | 28.18333 | 2 38.46 | 6.47 5.47 | 6.51 | 20.09 179 697 1307
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1929 | -29.0667 | 23.63333 | 2 36.08 | 6.18 5.12 | 6.01 | 18.28 188 317 979
Muridae | Gerbilliscus | leucogaster Botswana Botswana 1930 | -22.55 23.25 1 39.94 | 7.01 5.81 | 6.56 | 20.23 211 365 1011
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1931 | -27.1 24.21667 | 2 38.26 | 6.6 543 | 5.9 19.02 171 495 1418
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1932 | -26.3667 | 25.21667 | 2 39.15 | 6.82 5.23 | 6.23 | 19.86 180 491 1293
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1932 | -26.1333 | 24.93333 | 2 38.09 | 6.67 5.16 | 6.15 | 20.13 186 468 1212
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1935 | -22.5 30.83333 | 1 38.98 | 6.56 5.41 | 5.95 | 19.87 234 485 399
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1936 | -23.5167 | 30.03333 | 2 37.32 | 6.62 5.05 | 5.91 | 19.02 194 994 805
Muridae | Gerbilliscus | leucogaster Swaziland Swaziland 1937 | -26.7694 | 31.93722 | 2 38.69 | 6.74 5.59 | 6.33 | 20 222 577 119
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1938 | -24.0667 | 31.15 1 37.8 6.52 5.4 6.24 | 19.32 226 483 331
Muridae | Gerbilliscus | leucogaster Zimbabwe Zimbabwe 1938 | -19.9667 | 32.33333 | 1 36.52 | 6.35 5.31 | 6.41 | 19.01 225 444 498
Muridae | Gerbilliscus | leucogaster Zimbabwe Zimbabwe 1938 | -19.9667 | 32.33333 | 2 37.46 | 6.78 5.39 | 6.2 18.44 225 444 498
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1941 | -26.05 32.38333 | 2 36.82 | 6.53 5.38 | 6.49 | 18.84 229 690 8
Muridae | Gerbilliscus | leucogaster South Africa | Gauteng 1943 | -25.6667 | 28.51667 | 2 38.37 | 6.44 5.47 | 6.01 | 18.75 167 704 1441
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1947 | -26.9833 | 24.73333 | 2 37.08 | 6.55 5.22 | 5.99 | 18.84 179 477 1217
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1947 | -26.9833 | 24.73333 | 2 38.02 | 6.7 5.3 6.13 | 20.33 179 477 1217
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Muridae | Gerbilliscus | leucogaster Swaziland Swaziland 1947 | -26.6833 | 31.68333 | 2 36.83 | 6.61 6.09 | 6.44 | 194 224 621 189
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1947 | -23.1333 | 29.55 2 38.5 6.3 5.71 | 6.76 | 19.08 195 488 896
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1947 | -28.85 23.25 2 37.13 | 6.2 5.17 | 6.26 | 19.07 165 321 1303
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1947 | -28.85 23.25 2 35.4 6.43 4.88 | 6.02 | 19.66 165 321 1303
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1947 | -28.85 23.25 1 38.42 | 6.78 5.31 | 6.12 | 19.41 165 321 1303
Muridae | Gerbilliscus | leucogaster South Africa | North West 1948 | -26.0833 | 26.11667 | 1 39.47 | 6.9 5.64 | 6.85 | 20.88 168 606 1513
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1950 | -15.6183 | 31.44695 | 1 38.46 | 6.59 5.45 | 5.94 | 18.72 243 716 341
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1950 | -15.6183 | 31.44695 | 1 39.81 | 6.68 5.8 6.37 | 18.67 243 716 341
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1950 | -26.9833 | 24.73333 | 1 394 6.7 5.72 | 5.92 | 20.15 179 477 1217
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1950 | -22 15.6 1 36.83 | 6.02 489 | 597 | 19.1 219 146 882
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1951 | -24.8 27.86667 | 2 36.25 | 5.98 484 | 591 | 17.9 190 631 1224
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1951 | -19.6333 | 14.83333 | 1 38.09 | 6.16 551 | 5.96 | 19.14 209 316 1205
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1952 | -28.7 20.96667 | 2 35.54 | 5.78 5.14 | 5.7 18.01 198 155 746
Muridae | Gerbilliscus | leucogaster South Africa | North West 1953 | -27.5833 | 25.45 2 37.09 | 6.19 5.1 6.06 | 18.88 177 485 1264
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1953 | -22.9833 | 31.26667 | 2 37.7 6.83 5.77 | 6.14 | 19.6 229 462 313
Muridae | Gerbilliscus | leucogaster South Africa | North West 1954 | -27.5833 | 25.45 2 38.39 | 6.5 549 | 6.08 | 19.54 177 485 1264
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1955 | -27.9333 | 22.73333 | 2 36.76 | 6.48 5.35 | 6.26 | 19.12 170 357 1267
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1955 | -27.9333 | 22.73333 | 1 38.98 | 6.72 5.73 | 6.23 | 19.44 170 357 1267
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1955 | -27.9333 | 22.73333 | 1 38.5 6.78 5.33 | 6.54 | 19.9 170 357 1267
Muridae | Gerbilliscus | leucogaster South Africa | North West 1957 | -27.3167 | 25.98333 | 2 37.4 6.6 5.23 | 6.07 | 19 173 571 1316
Muridae | Gerbilliscus | leucogaster Angola Quissama PanjA© 1957 | -9.75 13.58333 | 1 36.79 | 6.41 5.13 | 7.32 | 19.33 242 784 153
Muridae | Gerbilliscus | leucogaster Angola Quissama PanjA© 1957 | -9.75 13.58333 | 1 37.27 | 6.03 5.03 | 6.73 | 18.98 242 784 153
Muridae | Gerbilliscus | leucogaster Angola Quissama Demba 1957 | -9.75 13.58333 | 1 37.36 | 6.1 526 | 6 19.07 242 784 153
Muridae | Gerbilliscus | leucogaster Angola Quissama PanjA© 1957 | -9.75 13.58333 | 2 36.83 | 5.93 5.18 | 6.69 | 18.93 242 784 153
Muridae | Gerbilliscus | leucogaster Angola Quissama PanjA© 1957 | -9.75 13.58333 | 2 35.96 | 6.02 4.9 6.67 | 19.04 242 784 153
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1958 | -25.4333 | 31.93333 | 1 41.12 | 7.14 589 | 6.98 | 21.2 230 614 167
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1959 | -25.4333 | 31.68333 | 2 37.98 | 6.64 5.68 | 6.14 | 19.84 220 680 279
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1961 | -25.0833 | 31.6 1 39.33 | 6.61 5.61 | 6.25 | 18.82 215 668 360
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1961 | -24.25 28.58333 | 2 36.65 | 6.51 55 6.17 | 19.21 164 676 1539
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1964 | -15.6183 | 30.44695 | 2 35.96 | 6.68 5.45 | 6.25 | 17.86 256 688 328
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Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1964 | -15.6183 | 30.44695 | 1 37.87 | 6.77 5.7 6.03 | 19.73 256 688 328
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1964 | -17.3936 | 14.21694 | 2 35.4 5.73 5.36 | 5.88 | 18.23 228 326 889
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1964 | -17.3936 | 14.21694 | 2 36.35 | 6.8 5.16 | 5.79 | 17.8 228 326 889
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1964 | -17.3936 | 14.21694 | 1 37.15 | 6.33 5.17 | 5.8 18.11 228 326 889
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1964 | -27.4833 | 24.28333 | 1 36.78 | 6.55 5.66 | 6.2 18.27 169 497 1412
Muridae | Gerbilliscus | leucogaster South Africa | North West 1964 | -25.8333 | 24.68333 | 1 40.32 | 7.27 5.53 | 6.48 | 20.07 192 437 1125
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1964 | -25.75 25.1 1 38.56 | 6.94 5.77 | 6.68 | 19.91 190 478 1158
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1965 | -17.7 24.63333 | 2 38.07 | 6.94 5.29 | 6.22 | 19.08 220 641 936
Muridae | Gerbilliscus | leucogaster Zimbabwe Zimbabwe 1965 | -17.3667 | 30.2 1 37.51 | 6.65 5.55 | 5.91 | 18.81 197 818 1171
Muridae | Gerbilliscus | leucogaster Angola Angola 1966 | -12.6072 | 13.19444 | 2 35.88 | 5.91 5.08 | 5.73 | 18.19 241 254 7
Muridae | Gerbilliscus | leucogaster Angola Angola 1966 | -12.6072 | 13.19444 | 2 35.33 | 6.16 498 | 6.14 | 18.79 241 254 7
Muridae | Gerbilliscus | leucogaster South Africa | Mpumalanga 1967 | -24.75 31.41667 | 2 38.2 6.74 5.68 | 6 19.06 216 635 395
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1969 | -24.1839 | 29.01278 | 2 36.43 | 6.45 5.53 | 6.03 | 18.36 195 488 1127
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1970 | -28.5911 | 20.33833 | 1 35.42 | 6.14 491 | 5.89 | 18.7 206 139 623
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1970 | -28.5911 | 20.33833 | 1 36.69 | 6.16 5.15 | 5.66 | 18.31 206 139 623
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1970 | -28.5911 | 20.33833 | 1 35.88 | 6.3 493 | 6.14 | 18.48 206 139 623
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | 1 37.04 | 6.26 5.25 | 5.89 | 19.2 196 221 974
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1970 | -22.8333 | 29.2411 1 394 6.67 5.75 | 6.57 | 18.6 206 396 786
Muridae | Gerbilliscus | leucogaster South Africa | Gauteng 1972 | -25.4 28.1 1 40.47 | 6.51 5.98 | 6.54 | 20.69 187 630 1111
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1973 | -23.75 27.83333 | 1 39.17 | 6.46 5.97 | 6.71 | 20.68 207 464 893
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1973 | -23.75 27.83333 | 1 40.29 | 6.79 5.84 | 6.42 | 20.24 207 464 893
Muridae | Gerbilliscus | leucogaster South Africa | Limpopo 1974 | -23.5333 | 28.41667 | 2 39.21 | 6.28 5.77 | 6.81 | 19.01 199 490 1009
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1977 | -29.8333 | 22.78333 | 2 36.17 | 6.06 5.19 | 5.8 18.66 167 294 1239
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1977 | -29.8333 | 22.78333 | 2 35.33 | 5.89 5.39 | 6.01 | 19.05 167 294 1239
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1980 | -29.3833 | 20.9 2 35.2 6.26 5.13 | 5.52 | 18.66 189 176 913
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1980 | -26.95 17.93333 | 1 36.64 | 5.61 5,55 | 5.51 | 18.69 211 107 708
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1980 | -26.95 17.93333 | 2 34.5 5.87 5.19 | 5.61 | 18.04 211 107 708
Muridae | Gerbilliscus | leucogaster Namibia Namibia 1980 | -26.95 17.93333 | 2 36.42 | 6.3 5.22 | 5.89 | 18.76 211 107 708
Muridae | Gerbilliscus | leucogaster Zimbabwe Zimbabwe 1981 | -18.1667 | 28.21667 | 1 38.83 | 6.41 535 | 6.4 19.35 223 654 874
Muridae | Gerbilliscus | leucogaster Tanzania Tanzania 1981 | -6.81667 | 37.66667 | 2 39.44 | 6.66 5.53 | 7.09 | 20.08 246 935 502
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Muridae | Gerbilliscus | leucogaster Tanzania Tanzania 1981 | -6.81667 | 37.66667 | 1 36.79 | 6.92 5.2 6.88 | 17.72 246 935 502
Muridae | Gerbilliscus | leucogaster Tanzania Tanzania 1981 | -6.81667 | 37.66667 | 1 38.29 | 6.96 528 | 6.75 | 195 246 935 502
Muridae | Gerbilliscus | leucogaster Tanzania Tanzania 1981 | -6.81667 | 37.66667 | 2 39.93 | 6.67 5.44 | 7.05 | 20.42 246 935 502
Muridae | Gerbilliscus | leucogaster DRC Kinshasa 1981 | -4.325 15.32222 | 2 36.67 | 6.76 4.9 7.26 | 18.35 255 1369 281
Muridae | Gerbilliscus | leucogaster South Africa | KwaZulu-Natal 1982 | -26.8833 | 32.25 2 384 6.5 5.54 | 6.25 | 19.19 229 627 44
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1982 | -26.95 24.73333 | 2 4157 | 7.01 5.79 | 6.79 | 21.32 180 475 1206
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1982 | -26.3 25.55 2 38.94 | 7.1 5.68 | 6.02 | 20.49 178 538 1373
Muridae | Gerbilliscus | leucogaster South Africa | Northern Cape 1983 | -27.65 24.01667 | 1 38.51 | 6.92 5.66 | 6.08 | 20.18 166 495 1458
Muridae | Gerbilliscus | leucogaster Zimbabwe Kudzwe Dam 1986 | -16.7833 | 32.51667 | 1 38.16 | 6.65 5.32 | 6.86 | 19.54 228 630 545
Muridae | Gerbilliscus | leucogaster Zimbabwe Kudzwe Dam 1986 | -16.7833 | 32.51667 | 1 37.69 | 6.33 5 7.2 19.2 228 630 545
Muridae | Gerbilliscus | leucogaster Zimbabwe Kudzwe Dam 1986 | -16.7833 | 32.51667 | 3 34.31 | 6.11 495 | 6.01 | 17.28 228 630 545
Muridae | Gerbilliscus | leucogaster Zimbabwe Kudzwe Dam 1986 | -16.7833 | 32.51667 | 3 35.49 | 6.28 515 | 7 17.43 228 630 545
Muridae | Gerbilliscus | leucogaster South Africa | KwaZulu-Natal 1987 | -27.0667 | 32.43333 | 2 41.92 | 6.74 5.9 6.51 | 20.31 226 737 73
Muridae | Gerbilliscus | leucogaster Zimbabwe Angwa Bridge 1988 | -16.1014 | 30.3077 1 37.94 | 6.63 5.14 | 7.22 | 19.38 236 743 408
Muridae | Gerbilliscus | leucogaster Zimbabwe Angwa Bridge 1988 | -16.1014 | 30.3077 1 375 6.83 491 | 7.2 18.92 236 743 408
Muridae | Gerbilliscus | leucogaster Zimbabwe Angwa Bridge 1988 | -16.1014 | 30.3077 2 35.04 | 6.4 5.02 | 6.25 | 18.62 236 743 408
Muridae | Gerbilliscus | leucogaster Zimbabwe Angwa Bridge 1988 | -16.1014 | 30.3077 2 36.85 | 6.4 5.06 | 6.72 | 18.37 236 743 408
Muridae | Gerbilliscus | leucogaster Zimbabwe Angwa Bridge 1988 | -16.1014 | 30.3077 2 37.04 | 6.65 5.26 | 6.27 | 19.25 236 743 408
Muridae | Gerbilliscus | leucogaster Zimbabwe Angwa Bridge 1988 | -16.1014 | 30.3077 2 35.68 | 6.6 495 | 6.4 18 236 743 408
Muridae | Gerbilliscus | leucogaster Swaziland Swaziland 1995 | -26.3667 | 31.56667 | 2 39.95 | 7.08 5.73 | 6.68 | 20.39 214 642 376
Muridae | Gerbilliscus | leucogaster South Africa | North West 1996 | -25.8072 | 22.8875 2 36.25 | 6.33 5.29 | 5.85 | 18.8 198 337 999
Muridae | Gerbilliscus | leucogaster South Africa | North West 1996 | -25.8833 | 22.93083 | 2 36.49 | 6.53 5.52 | 6.42 | 19.26 198 344 1009
Muridae | Gerbilliscus | leucogaster South Africa | North West 1996 | -25.8833 | 22.93083 | 2 37.47 | 6.67 5.75 | 6.52 | 19.36 198 344 1009
Muridae | Gerbilliscus | leucogaster Swaziland Swaziland 1996 | -27.0167 | 31.65 2 38.01 | 6.5 5.35 | 6.2 19.48 212 711 358
Muridae | Gerbilliscus | leucogaster Malawi Karonga District, Malema | 1996 | -10 33.75 1 37.36 | 6.42 5.17 | 7.21 | 18.64 230 1315 840
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1997 | -17.0631 | 38.69417 | 2 41 7.16 6.58 | 6.46 | 20.98 254 1261 10
Muridae | Gerbilliscus | leucogaster Mozambique | Mozambique 1997 | -17.0642 | 38.74389 | 2 43.79 | 7.55 6.68 | 7.32 | 21.62 254 1253 22
Muridae | Mastomys natalensis South Africa | Limpopo 1907 | -23.8 30.16667 | 5 29.62 | 5.33 5.14 | 4.29 | 14.86 202 983 720
Muridae | Mastomys natalensis South Africa | Limpopo 1907 | -23.8 30.16667 | 5 29.92 | 5.71 446 | 4.46 | 14.6 202 983 720
Muridae | Mastomys natalensis South Africa | Limpopo 1907 | -23.8 30.16667 | 4 29.41 | 5.16 5.01 | 4.29 | 13.33 202 983 720
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Muridae | Mastomys natalensis South Africa | Limpopo 1907 | -23.8 30.16667 | 4 28.66 | 5.16 5 4.29 | 14.65 202 983 720
Muridae | Mastomys natalensis South Africa | Limpopo 1907 | -23.8 30.16667 | 5 30.05 | 5.28 496 | 4.14 | 14.14 202 983 720
Muridae | Mastomys natalensis South Africa | Limpopo 1907 | -23.8 30.16667 | 5 32.07 | 5.69 5.4 435 | 1451 202 983 720
Muridae | Mastomys natalensis South Africa | Limpopo 1907 | -23.8 30.16667 | 6 30.32 | 5.24 482 | 417 | 14.44 202 983 720
Muridae | Mastomys natalensis Kenya Kenya 1913 | -2.98333 | 38.51667 | 6 34.03 | 5.73 5.34 | 4.86 | 16.01 254 1001 416
Muridae | Mastomys natalensis Kenya Kenya 1913 | -2.98333 | 38.48333 | 5 31.74 | 5.41 482 | 4.24 | 14.82 254 1020 441
Muridae | Mastomys natalensis DRC DRC 1913 | -2.98333 | 38.46667 | 5 29.14 | 5.32 4.4 4.03 | 13.8 253 1037 452
Muridae | Mastomys natalensis Kenya Kenya 1913 | -3.36667 | 37.78333 | 4 28.47 | 5.51 5.01 | 4.41 | 14.25 225 681 885
Muridae | Mastomys natalensis Kenya Kenya 1913 | -2.98333 | 38.48333 | 6 30.92 | 5.52 454 | 4.34 | 13.96 254 1020 441
Muridae | Mastomys natalensis South Africa | Mpumalanga 1915 | -26.05 30.83333 | 4 29.39 | 5.44 487 | 4.08 | 14.37 188 1050 985
Muridae | Mastomys natalensis South Africa | Mpumalanga 1915 | -26.05 30.83333 | 4 30.33 | 5.28 4.83 | 4.47 | 13.93 188 1050 985
Muridae | Mastomys natalensis South Africa | Gauteng 1916 | -26.1 27.96667 | 5 27.59 | 5.19 417 | 3.87 | 13.57 167 704 1514
Muridae | Mastomys natalensis South Africa | North West 1916 | -25.25 27.81667 | 4 27.53 | 5.35 4.4 4.31 | 13.65 197 589 1018
Muridae | Mastomys natalensis DRC DRC 1920 | -5.13333 | 15.31667 | 6 30.6 5.02 474 | 4.65 | 14.57 236 1469 617
Muridae | Mastomys natalensis South Africa | Limpopo 1921 | -24.7833 | 28.41667 | 7 3048 | 54 5.32 | 429 | 14.48 183 636 1255
Muridae | Mastomys natalensis South Africa | Limpopo 1921 | -24.7833 | 28.41667 | 5 29.26 | 5.26 459 | 415 | 14.28 183 636 1255
Muridae | Mastomys natalensis DRC DRC 1922 | -5.46667 | 13.21667 | 7 31.6 5.51 489 | 452 | 14.36 226 1209 457
Muridae | Mastomys natalensis South Africa | Free State 1923 | -26.8667 | 27.36667 | 5 28.29 | 4.87 484 | 4 14.3 163 648 1503
Muridae | Mastomys natalensis South Africa | Free State 1923 | -27.2667 | 27.98333 | 4 28.58 | 5.22 4.4 4.12 | 14.23 154 655 1577
Muridae | Mastomys natalensis South Africa | Gauteng 1923 | -25.95 28.2 7 29.21 | 5.05 4.89 | 3.87 | 14.29 167 699 1517
Muridae | Mastomys natalensis South Africa | Limpopo 1924 | -23.95 30.6 7 30.67 | 5.63 472 | 421 | 14.71 214 605 574
Muridae | Mastomys natalensis South Africa | Limpopo 1925 | -24.5833 | 31.08333 | 4 28.42 | 5.37 5.07 | 4.16 | 13.72 208 778 632
Muridae | Mastomys natalensis Mozambique | unknown 1925 | -21.8667 | 31.01667 | 4 29.36 | 5.27 4.72 | 4.47 | 14.23 221 554 571
Muridae | Mastomys natalensis DRC DRC 1926 | -6.5 29.48333 | 7 31.95 | 5.59 474 | 4.2 14.85 241 971 766
Muridae | Mastomys natalensis DRC DRC 1929 | -5.93333 | 29.2 4 27.71 | 5.49 426 | 4.22 | 13.34 236 1089 771
Muridae | Mastomys natalensis DRC DRC 1930 | -10.5167 | 27.55 7 30.34 | 5.47 4.63 4.61 | 13.97 222 1040 945
Muridae | Mastomys natalensis South Africa | Gauteng 1931 | -25.75 28.18333 | 7 30.44 | 5.54 474 | 415 | 153 177 696 1350
Muridae | Mastomys natalensis DRC DRC 1931 | -10.8167 | 26.11667 | 5 30.54 | 5.42 4.84 4.09 | 14.65 203 1135 1307
Muridae | Mastomys natalensis DRC DRC 1934 | -11.6667 | 27.5 6 30.4 5.26 469 | 3.96 | 14.39 204 1238 1235
Muridae | Mastomys natalensis South Africa | Limpopo 1935 | -22.9667 | 30.48333 | 5 29.6 5.46 456 | 4.1 13.91 217 769 591
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Muridae | Mastomys natalensis South Africa | Limpopo 1935 | -22.5 30.83333 | 4 28.42 | 5.23 4.26 | 4.06 | 13.43 234 485 399
Muridae | Mastomys natalensis DRC DRC 1935 | -11.6833 | 27.48333 | 7 31.53 | 5.72 5.02 4.48 | 15.54 202 1242 1215
Muridae | Mastomys natalensis DRC DRC 1935 | -11.6667 | 27.46667 | 4 29.46 | 5.52 51 4.43 | 14.06 | 203 1240 1212
Muridae | Mastomys natalensis Swaziland Swaziland 1937 | -26.0333 | 31.85 4 28.01 | 5.22 463 | 3.98 | 13.21 222 705 250
Muridae | Mastomys natalensis Swaziland Swaziland 1937 | -26.0333 | 31.85 5 30.31 | 54 483 | 4 14.37 222 705 250
Muridae | Mastomys natalensis Uganda Uganda 1941 | 3.288889 | 32.87778 | 5 33.51 | 5.65 5 4.8 16.66 243 1230 951
Muridae | Mastomys natalensis Uganda Uganda 1941 | 3.288889 | 32.87778 | 4 31.02 | 5.16 5.23 | 4.87 | 14.8 243 1230 951
Muridae | Mastomys natalensis Uganda Uganda 1941 | 3.288889 | 32.87778 | 4 31.76 | 5.3 4.64 | 4.54 | 14.79 243 1230 951
Muridae | Mastomys natalensis Uganda Uganda 1941 | 3.288889 | 32.87778 | 4 31.71 | 5.36 5.4 492 | 15.61 243 1230 951
Muridae | Mastomys natalensis Uganda Uganda 1941 | 2.781667 | 32.29917 | 4 33.23 | 5.74 5.8 5.13 | 15.86 230 1506 1115
Muridae | Mastomys natalensis Uganda Uganda 1941 | 2.781667 | 32.29917 | 4 32.81 | 5.61 4.9 4.83 | 14.78 230 1506 1115
Muridae | Mastomys natalensis South Africa | Limpopo 1951 | -23.05 29.9 7 30.43 | 5.61 5.21 | 4.28 | 14.33 190 721 932
Muridae | Mastomys natalensis South Africa | Gauteng 1953 | -26.0167 | 27.7 5 29.45 | 5.33 4.32 | 4.05 | 13.75 165 695 1494
Muridae | Mastomys natalensis South Africa | Gauteng 1953 | -26.0167 | 27.73333 | 4 26.99 | 4.96 427 | 3.97 | 13.42 167 684 1474
Muridae | Mastomys natalensis South Africa | North West 1953 | -27.5833 | 25.45 6 31.31 | 5.08 5.02 | 4.27 | 15.32 177 485 1264
Muridae | Mastomys natalensis DRC DRC 1955 | -11.6667 | 27.46667 | 7 3293 | 5.44 4.87 4.32 | 15.98 203 1240 1212
Muridae | Mastomys natalensis DRC DRC 1956 | -11.55 27.61667 | 6 29.32 | 5.6 455 | 4.3 14.32 206 1223 1252
Muridae | Mastomys natalensis Zambia Zambia 1959 | -14.0833 | 25.25 5 30.9 5.74 493 | 4.11 | 14.42 205 1028 1186
Muridae | Mastomys natalensis Kenya Kenya 1960 | -1 36.36667 | 4 29.36 | 5.31 4.32 | 472 | 14.17 186 759 1671
Muridae | Mastomys natalensis South Africa | Mpumalanga 1961 | -24.9833 | 31.58333 | 4 29.59 | 54 455 | 4.27 | 13.26 218 621 272
Muridae | Mastomys natalensis South Africa | Mpumalanga 1961 | -24.9833 | 31.58333 | 5 28.77 | 5.44 4.4 4.03 | 13.67 218 621 272
Muridae | Mastomys natalensis Mozambique | Mozambique 1964 | -26.0417 | 32.32528 | 5 29.81 | 5.7 467 | 4.1 14.62 229 677 42
Muridae | Mastomys natalensis Ivory Coast Ivory Coast 1964 | 5.33333 -4.11667 | 7 30.4 5.74 4.78 | 4.45 | 15.12 266 1751 15
Muridae | Mastomys natalensis TChaD TChaD 1965 | 12.11306 | 15.04917 | 4 28.26 | 5.32 4.22 4.9 13.81 281 485 299
Muridae | Mastomys natalensis Ivory Coast Ivory Coast 1965 | 5.33333 -4.11667 | 6 30 5.67 471 | 4.62 | 14.44 266 1751 15
Muridae | Mastomys natalensis Ivory Coast Ivory Coast 1966 | 6.73333 -3.48333 | 6 33.55 | 5.66 532 | 465 | 15.3 264 1301 190
Muridae | Mastomys natalensis Burkina Faso | Burkina Faso 1966 | 12.31667 | -1.7 6 31.47 | 5.54 498 | 4.55 | 14.32 278 769 340
Muridae | Mastomys coucha Cote d'lvoire | Cote d'lvoire 1966 | 6.83333 -5.05 4 27.56 | 4.95 456 | 4.4 13.12 264 1071 184
Muridae | Mastomys coucha Cote d'lvoire | Cote d'lvoire 1966 | 6.83333 -5.05 4 27.88 | 4.96 444 | 4.3 13.14 264 1071 184
Muridae | Mastomys natalensis Togo Togo 1968 | 7.58333 0.6 6 30.01 | 5.31 466 | 4.02 | 14.61 262 1524 270
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Muridae | Mastomys natalensis Togo Togo 1968 | 9.25 1.2 4 31.46 | 5.36 4.14 | 451 | 14.62 244 1474 715
Muridae | Mastomys natalensis Togo Togo 1968 | 7.51667 1.16667 5 28.08 | 5.13 417 | 4.44 | 13.26 265 1266 236
Muridae | Mastomys natalensis Ivory Coast Ivory Coast 1968 | 8.51667 -5.31667 | 4 26.77 | 5.55 4.28 | 3.98 | 12.48 270 1084 268
Muridae | Mastomys natalensis Togo Togo 1969 | 9.25 1.2 5 31.72 | 5.82 4.73 | 4.65 | 14.99 244 1474 715
Muridae | Mastomys natalensis Togo Togo 1969 | 9.25 1.2 5 28.86 | 4.95 471 | 449 | 14.23 244 1474 715
Muridae | Mastomys natalensis Ivory Coast Ivory Coast 1969 | 7.81667 -4.68333 | 4 29.63 | 5.31 4.44 | 4.25 | 12.26 274 1073 173
Muridae | Mastomys natalensis South Africa | Gauteng 1970 | -25.95 28.2 5 30.03 | 5.48 4.7 4.06 | 14.34 167 699 1517
Muridae | Mastomys natalensis Cameroon Cameroon 1970 | 4.05 11.55 5 29.36 | 5.11 4.27 | 4.35 | 13.36 242 1636 626
Muridae | Mastomys natalensis Cameroon Cameroon 1970 | 10.5 15.2 7 33.34 | 545 482 | 4.84 | 16.02 281 749 319
Muridae | Mastomys natalensis Cameroon Cameroon 1970 | 10.55 13.68333 | 6 33.8 5.55 5.52 | 4.86 | 16.83 242 956 818
Muridae | Mastomys natalensis Cameroon Cameroon 1971 | 7.1 12.48333 | 6 30.95 | 5.48 483 | 4.68 | 14.26 225 1625 1052
Muridae | Mastomys natalensis Ivory Coast Ivory Coast 1972 | 11.53333 | -0.48333 | 7 29.82 | 5.24 448 | 425 | 13.54 283 836 270
Muridae | Mastomys natalensis TChaD TChaD 1973 | 7.766667 | 15.7 4 29.85 | 4.97 4.37 | 455 | 14.11 266 1249 458
Muridae | Mastomys natalensis TChaD TChaD 1973 | 7.766667 | 15.7 4 29.96 | 5.11 4.7 4.6 14.16 266 1249 458
Muridae | Mastomys natalensis Cameroon Cameroon 1973 | 5.03 9.83 5 31 5.4 463 | 5 14.63 161 2159 1977
Muridae | Mastomys natalensis Cameroon Cameroon 1973 | 5.03 9.83 5 31.68 | 5.1 492 | 4.6 1541 161 2159 1977
Muridae | Mastomys natalensis Cameroon Cameroon 1973 | 5.03 9.83 4 29.06 | 5 4.33 | 4.38 | 13.97 161 2159 1977
Muridae | Mastomys natalensis Cameroon Cameroon 1973 | 5.03 9.83 3 27.23 | 5.12 424 | 4.22 | 12 161 2159 1977
Muridae | Mastomys natalensis Cameroon Cameroon 1973 | 5.03 9.83 4 28.21 | 5.26 4.6 455 | 13.7 161 2159 1977
Muridae | Mastomys natalensis South Africa | Limpopo 1974 | -23.5333 | 28.41667 | 4 28.33 | 5.06 416 | 3.82 | 14.12 199 490 1009
Muridae | Mastomys natalensis Cameroon Cameroon 1974 | 5.03 9.83 7 33.17 | 5.31 5 4.6 15.6 161 2159 1977
Muridae | Mastomys natalensis Cameroon Cameroon 1974 | 5.03 9.83 6 32.34 | 5.66 5.03 | 4.9 15.56 161 2159 1977
Muridae | Mastomys natalensis Cameroon Cameroon 1974 | 10.86667 | 13.88333 | 7 31.7 5.49 485 | 4.3 15.08 263 843 504
Muridae | Mastomys natalensis Cameroon Cameroon 1975 | 5.7 10.66667 | 6 31.34 | 5.46 4.8 4.44 | 15.75 211 1956 1270
Muridae | Mastomys natalensis Burkina Faso | Burkina Faso 1976 | 11.21667 | -4.43333 | 4 28.16 | 4.75 4.18 | 4.03 | 13.45 273 1014 339
Muridae | Mastomys natalensis Burkina Faso | Burkina Faso 1976 | 11.21667 | -4.43333 | 4 26.47 | 5.17 419 | 4.09 | 13.29 273 1014 339
Muridae | Mastomys natalensis Burkina Faso | Burkina Faso 1977 | 10.61667 | -5.11667 | 4 2591 | 491 4.05 | 4.09 | 11.65 273 1081 304
Muridae | Mastomys natalensis Burkina Faso | Burkina Faso 1977 | 10.61667 | -5.11667 | 6 3242 | 5.2 481 | 441 | 153 273 1081 304
Muridae | Mastomys natalensis Senegal Senegal 1985 | 13.35 -12.4167 | 5 30 5.36 5.1 4.66 | 14.15 281 906 147
Muridae | Mastomys natalensis Senegal Senegal 1985 | 13.35 -12.4167 | 5 30.29 | 5.33 488 | 4.83 | 13.46 281 906 147
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Muridae | Mastomys natalensis Senegal Senegal 1985 | 13.35 -12.4167 | 7 33.38 | 6.26 5.92 | 5.44 | 17.14 281 906 147
Muridae | Mastomys natalensis Senegal Senegal 1985 | 13.2604 -12.1053 | 5 29.62 | 5.27 454 | 465 | 14.2 282 957 174
Muridae | Mastomys natalensis Senegal Senegal 1985 | 13.2604 -12.1053 | 6 30.39 | 5.25 467 | 4.6 15.17 282 957 174
Muridae | Mastomys natalensis Senegal Senegal 1985 | 13.2604 -12.1053 | 6 32.06 | 5.36 551 | 4.74 | 15.15 282 957 174
Muridae | Mastomys natalensis Senegal Senegal 1985 | 13.2604 -12.1053 | 5 285 4.92 488 | 465 | 14.31 282 957 174
Muridae | Mastomys natalensis Senegal Senegal 1985 | 12.46667 | -12.65 6 32.31 | 5.14 4.88 | 4.37 | 15.19 279 1272 132
Muridae | Mastomys natalensis Senegal Senegal 1985 | 12.46667 | -12.65 6 31.3 5.39 457 | 448 | 15.14 279 1272 132
Muridae | Mastomys natalensis Senegal Senegal 1985 | 12.46667 | -12.65 6 31.71 | 5.29 473 | 4.71 | 15.59 279 1272 132
Muridae | Mastomys natalensis Senegal Senegal 1985 | 12.46667 | -12.65 5 29.47 | 5.18 4.3 5 14.22 279 1272 132
Muridae | Mastomys natalensis Tanzania Morogoro 1985 | -6.85 37.63333 | 6 30.45 | 551 488 | 4.2 14.44 246 986 510
Muridae | Mastomys natalensis Tanzania Morogoro 1985 | -6.85 37.63333 | 5 27.72 | 5.45 439 | 412 | 13.46 246 986 510
Muridae | Mastomys natalensis Senegal Senegal 1986 | 13.2604 -12.1053 | 6 30.2 5.15 477 | 4.73 | 15.14 282 957 174
Muridae | Mastomys natalensis Senegal Senegal 1986 | 13.2604 -12.1053 | 5 29.82 | 4.74 429 | 485 | 141 282 957 174
Muridae | Mastomys natalensis Senegal Senegal 1986 | 13.2604 -12.1053 | 7 31.73 | 5.33 441 | 514 | 148 282 957 174
Muridae | Mastomys natalensis Senegal Senegal 1986 | 12.55 -12.1833 | 7 32.26 | 5.48 5.06 | 4.92 | 15.6 284 1204 111
Muridae | Mastomys natalensis Senegal Senegal 1986 | 12.55 -12.1833 | 5 30.53 | 5.32 454 | 4.32 | 13.7 284 1204 111
Muridae | Mastomys natalensis Tanzania Morogoro 1986 | -6.85 37.63333 | 6 29.03 | 5.42 4.39 | 4.62 | 14.05 246 986 510
Muridae | Mastomys natalensis Senegal Senegal 1987 | 12.56667 | -15.8833 | 5 29.46 | 5.43 444 | 443 | 143 267 1223 28

Muridae | Mastomys natalensis Tanzania Morogoro 1988 | -6.85 37.63333 | 6 26.95 | 5.44 3.96 | 3.97 | 13.011 | 246 986 510
Muridae | Mastomys natalensis Tanzania Morogoro 1989 | -6.85 37.63333 | 5 2442 | 5.34 3.83 | 442 | 133 246 986 510
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 5 29.03 | 5.11 4.26 | 4.48 | 13.83 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 4 28.61 | 4.63 4.24 4.49 | 13.2 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 5 29.47 | 5.12 457 | 45 13.58 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 4 28.98 | 5.18 4.12 4.62 | 13.1 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 6 30.52 | 5.61 4.35 | 4.98 | 14.48 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 5 29.76 | 5.2 4.77 4.63 | 13.57 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 4 29.8 5.08 444 | 4.46 | 14.2 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 6 32.76 | 5.52 4.85 5.02 | 15.02 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 5 29.39 | 4.98 4.3 4.67 | 13.86 244 1537 457
Muridae | Mastomys natalensis RCA RCA 1993 | 4.031944 | 17.335 5 28.41 | 4.99 3.98 4.54 | 13.69 244 1537 457
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Muridae | Mastomys natalensis Tanzania Tanzania 1995 | -7.7 31.56667 | 5 27.75 | 5.27 4.22 | 3.89 | 13.39 236 938 869
Muridae | Mastomys natalensis Tanzania Tanzania 1996 | -5.15 30.38333 | 7 31.62 | 5.27 499 | 4.74 | 16.22 220 1012 1089
Muridae | Mastomys natalensis Tanzania Tanzania 1996 | -5.15 30.38333 | 3 26.35 | 5.1 3.8 4.5 12.93 220 1012 1089
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 5 29.95 | 5.09 4.7 4.4 14.74 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 6 322 | 5.36 451 | 469 | 153 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 6 30.71 | 4.67 4.46 4.86 | 14.84 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 6 326 | 54 485 | 5.06 | 154 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 7 3251 | 5.33 4.93 4.9 15.81 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 7 33.74 | 5.17 494 | 483 | 16.52 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 7 32.58 | 5.2 473 | 4.98 | 16.13 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 5 29.74 | 5.2 458 | 4.76 | 15.11 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 4 28.86 | 4.88 452 | 4.38 | 13.94 232 1882 714
Muridae | Mastomys natalensis DRC DRC 1996 | -2.92 15.35 5 28.28 | 5.22 4.6 4.44 | 14.29 232 1882 714
Muridae | Mastomys natalensis Tanzania Tanzania 1996 | -6.18333 | 37.11667 | 5 26.45 | 5.12 427 | 4.04 | 12.9 225 793 838
Muridae | Mastomys natalensis Mali Mali 1999 | 12.50083 | -8.09056 | 7 32.19 | 545 4.6 4.55 | 15.06 279 964 333
Muridae | Mastomys natalensis Mali Mali 1999 | 12.88 -8.14222 | 6 33.68 | 5.39 4.8 4.9 15.34 272 972 424
Muridae | Mastomys natalensis Mali Mali 1999 | 12.63917 | -8.00278 | 5 3142 | 5.32 4.7 445 | 16.1 278 951 330
Muridae | Mastomys natalensis Mali Mali 1999 | 12.95222 | -8.17306 | 4 30.65 | 5.2 4.8 455 | 14.05 269 967 426
Muridae | Mastomys natalensis Mali Mali 1999 | 12.95222 | -8.17306 | 3 27.21 | 481 4 4.02 | 124 269 967 426
Muridae | Mastomys natalensis Mali Mali 1999 | 13 -8.23333 | 5 30.12 | 5.12 455 | 425 | 15.21 267 967 442
Muridae | Mastomys natalensis Mali Mali 1999 | 12.31667 | -8.13333 | 6 34.09 | 5.48 4.9 4.78 | 15.16 278 978 325
Muridae | Mastomys natalensis Mali Mali 1999 | 12.88333 | -8.13333 | 7 33.92 | 5.79 541 | 491 | 17.2 272 969 409
Muridae | Mastomys natalensis TChaD TChaD 2000 | 12.83701 | 14.78825 | 4 28.91 | 4.93 433 | 4.6 14.34 279 366 288
Muridae | Mastomys natalensis TChaD TChaD 2000 | 13.46 14.74 4 28.9 5.6 4.01 | 4.06 | 13.08 277 266 280
Muridae | Mastomys natalensis TChaD TChaD 2000 | 13.46 14.74 4 28.62 | 5.29 4.45 | 4.46 | 13.69 277 266 280
Muridae | Mastomys natalensis TChaD TChaD 2000 | 12.9 14.83333 | 6 30.53 | 5.55 455 | 498 | 1424 | 281 367 283
Muridae | Mastomys natalensis TChaD TChaD 2000 | 13.46 14.74 4 29.26 | 5.23 442 | 435 | 134 277 266 280
Muridae | Mastomys natalensis Mali Mali 2001 | 12.55 -8.05 7 33.78 | 5.7 5.22 | 5.06 | 16.52 279 955 325
Muridae | Mastomys natalensis Mali Mali 2002 | 12.45 -10.25 7 32.67 | 5.82 552 | 5 16.42 271 1200 341
Muridae | Mastomys natalensis Mali Mali 2002 | 15.05 -2.78333 | 6 32.16 | 5.33 482 | 4.7 16.01 281 436 324
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Muridae | Mastomys natalensis Mali Mali 2002 | 12.3 -8.13333 | 5 3149 | 5.33 491 | 468 | 14.73 278 978 325
Muridae | Mastomys natalensis Mali Mali 2002 | 12.55 -8.86667 | 5 29.48 | 4.72 435 | 441 | 14.01 259 1079 634
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 6 30.26 | 5.2 421 | 4.65 | 14.26 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 6 31.66 | 5.46 4.63 | 4.43 | 14.04 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 6 31.65 | 5.77 451 | 457 | 14.97 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 7 34.41 | 5.92 499 | 5.08 | 17.19 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 5 304 5.34 436 | 4.81 | 14.08 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 5 28.84 | 5.1 424 | 4.33 | 13.81 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 5 29.58 | 5.36 4.5 483 | 141 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 6 31.11 | 5.77 477 | 4.66 | 16.02 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 6 311 5.46 4.38 | 4.68 | 14.73 254 1107 159
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -8.44778 | 38.61556 | 4 29.73 | 5.36 4.5 4.42 | 14.43 254 1107 159
Muridae | Mastomys natalensis Guinea Guinea 2003 | 10.1 -10.9667 | 5 31.04 | 55 487 | 456 | 15.3 253 1527 455
Muridae | Mastomys natalensis Guinea Guinea 2003 | 10.1 -10.9667 | 5 31.12 | 5.02 4.6 4.68 | 14.48 253 1527 455
Muridae | Mastomys natalensis Guinea Guinea 2003 | 10.1 -10.9667 | 5 30 5.32 463 | 44 13.7 253 1527 455
Muridae | Mastomys natalensis Guinea Guinea 2003 | 10.1 -10.9667 | 6 321 5.28 455 | 4.1 15.47 253 1527 455
Muridae | Mastomys natalensis Guinea Guinea 2003 | 10.1 -10.9667 | 5 30.11 | 55 5.07 | 421 | 149 253 1527 455
Muridae | Mastomys natalensis Guinea Guinea 2003 | 10.1 -10.9667 | 5 31.25 | 5.37 461 | 4.3 14.05 253 1527 455
Muridae | Mastomys natalensis Guinea Guinea 2003 | 10.00056 | -10.9728 | 6 32.28 | 54 488 | 452 | 16 251 1567 463
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -6.86667 | 37.65 7 27.95 | 5.2 414 | 436 | 13.24 235 1081 686
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -6.86667 | 37.65 5 28.35 | 5.29 4.62 | 4.38 | 14.25 235 1081 686
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -6.83333 | 37.68333 | 4 25.31 | 4.83 3.9 4.06 | 11.91 242 947 544
Muridae | Mastomys natalensis Tanzania Tanzania 2003 | -6.76667 | 37.66667 | 4 28.75 | 4.86 4.5 4 13.84 248 888 474
Muridae | Mastomys natalensis Guinea Guinea 2004 | 10.00056 | -10.9728 | 5 30.94 | 5.48 474 | 464 | 145 251 1567 463
Muridae | Mastomys natalensis Guinea Guinea 2004 | 10.00056 | -10.9728 | 5 30.38 | 5.23 492 | 43 14.42 251 1567 463
Muridae | Mastomys natalensis Guinea Guinea 2004 | 10.00056 | -10.9728 | 5 30.97 | 5.26 466 | 4.84 | 14.96 251 1567 463
Muridae | Mastomys natalensis Guinea Guinea 2004 | 10.00056 | -10.9728 | 5 30.23 | 5.32 476 | 4.44 | 14.74 251 1567 463
Muridae | Mastomys natalensis Guinea Guinea 2004 | 10.00056 | -10.9728 | 4 28.76 | 4.76 426 | 4.28 | 13.09 251 1567 463
Muridae | Mastomys natalensis DRC DRC 2004 | 4.3 15.3 7 28.6 5.32 4.34 | 4.28 | 14.09 255 1370 282
Muridae | Mastomys natalensis DRC DRC 2004 | -4.3 15.3 6 32.43 | 5.26 432 | 4.37 | 16 255 1370 282
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Muridae | Mastomys natalensis DRC DRC 2004 | -4.3 15.3 6 31.44 | 5.27 471 | 492 | 13.84 | 255 1370 282
Muridae | Mastomys natalensis DRC DRC 2004 | 4.3 15.3 5 32.14 | 5.68 4.68 4.39 | 16.91 255 1370 282
Muridae | Mastomys natalensis DRC DRC 2004 | -4.3 15.3 4 28.4 4.98 406 | 433 | 12 255 1370 282
Muridae | Mastomys natalensis Mozambique | Mozambique 2004 | -17.3333 | 35.58333 | 4 28.4 5.04 421 | 4.05 | 13.59 234 1026 404
Muridae | Mastomys natalensis Zimbabwe Zimbabwe 2004 | -19.0333 | 28.9 4 29.8 5.86 466 | 4.24 | 14.26 200 664 1162
Muridae | Mastomys natalensis Zimbabwe Zimbabwe 2004 | -19.0333 | 28.9 7 27.71 | 5.15 453 | 4.23 | 13.89 200 664 1162
Muridae | Mastomys natalensis Zimbabwe Zimbabwe 2004 | -19.0333 | 28.9 7 29.47 | 5.16 461 | 429 | 13.29 200 664 1162
Muridae | Mastomys natalensis Zimbabwe Zimbabwe 2004 | -17.85 31.03333 | 5 28.29 | 5.2 465 | 3.9 13.94 185 819 1469
Muridae | Mastomys natalensis Zimbabwe Zimbabwe 2004 | -17.85 31.03333 | 7 29.98 | 5.49 464 | 4 14 185 819 1469
Muridae | Mastomys natalensis Mozambique | Mozambique 2004 | -17.3333 | 35.58333 | 5 31.28 | 5.27 439 | 435 | 138 234 1026 404
Muridae | Mastomys natalensis Mozambique | Mozambique 2004 | -17.3333 | 35.58333 | 6 29.52 | 5.34 443 | 3.96 | 13.72 234 1026 404
Muridae | Mastomys natalensis Mozambique | Mozambique 2004 | -17.3333 | 35.58333 | 6 29.12 | 5.28 463 | 411 | 13.26 234 1026 404
Muridae | Mastomys natalensis Cameroon Cameroon 2006 | 4.801389 | 9.708056 | 4 28.18 | 5.22 458 | 43 13.31 170 2274 1951
Muridae | Mastomys natalensis Benin Benin 2006 | 6.7 2.38333 7 32.79 | 5.38 497 | 475 | 14.95 275 1118 13
Muridae | Mastomys natalensis Benin Benin 2006 | 6.7 2.38333 7 29.98 | 4.93 5 4.5 14.86 275 1118 13
Muridae | Mastomys natalensis Benin Benin 2006 | 6.81667 2.36667 6 28.93 | 5.22 434 | 4.6 13.9 277 1088 11
Muridae | Mastomys natalensis Benin Benin 2006 | 7.25 2.46667 6 29.36 | 5.04 4.7 4.43 | 14.29 280 1050 15
Muridae | Mastomys natalensis Mali Mali 2007 | 14.06667 | -3.68333 | 6 30.85 | 5.18 448 | 51 14.28 | 269 532 369
Muridae | Mastomys natalensis Mali Mali 2007 | 14.06667 | -3.68333 | 4 28.76 | 5.24 4.3 4.5 12.66 269 532 369
Muridae | Mastomys natalensis Mali Mali 2007 | 14.06667 | -3.68333 | 6 30.52 | 5.16 54 4.69 | 14.01 | 269 532 369
Muridae | Mastomys natalensis Tanzania Tanzania 2007 | -4.6 38.23333 | 4 26.68 | 5.36 3.87 | 441 | 1241 150 762 1944
Muridae | Mastomys natalensis DRC DRC 2008 | 0.33333 25.16667 | 5 29.67 | 5.55 421 | 463 | 14.76 250 1761 446
Muridae | Mastomys natalensis DRC DRC 2008 | 0.33333 25.16667 | 6 29.38 | 5.17 465 | 4.26 | 13.64 250 1761 446
Muridae | Mastomys natalensis Guinea Guinea 2011 | 7.442 -9.243 7 32.42 | 5.73 4.83 | 4.63 | 15.45 246 2116 424
Muridae | Mastomys natalensis Guinea Guinea 2011 | 7.442 -9.243 7 32.7 5.8 5.16 | 4.83 | 15.52 246 2116 424
Muridae | Mastomys natalensis Guinea Guinea 2011 | 7.616667 | -7.41667 | 4 28.58 | 5.14 437 | 461 | 13 229 1611 751
Muridae | Mastomys natalensis Guinea Guinea 2013 | 9.690556 | -12.8136 | 7 33.75 | 5.88 497 | 454 | 16.55 277 2664 119
Muridae | Micalemys namaguensis | South Africa | Gauteng 1906 | -26.1833 | 28.06667 | 6 32,54 | 5.73 5.23 | 47 16.09 159 790 1798
Muridae | Micalemys namaguensis | South Africa | Gauteng 1906 | -26.1833 | 28.06667 | 4 30.06 | 5.1 459 | 4.7 15.67 159 790 1798
Muridae | Micalemys namaguensis | South Africa | North West 1906 | -26.3 274 4 28.73 | 45 451 | 4.7 13.93 161 658 1510
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Muridae | Micalemys namaguensis | South Africa | North West 1906 | -26.3167 | 27.46667 | 5 29.86 | 5.5 478 | 4.65 | 14.77 160 664 1516
Muridae | Micalemys namagquensis | South Africa | North West 1906 | -26.7333 | 27.06667 | 5 30.71 | 5.63 4.74 | 498 | 15.59 168 617 1351
Muridae | Micalemys namaguensis | South Africa | Gauteng 1907 | -26.1833 | 28.06667 | 5 30.52 | 5.26 5.16 | 5.31 | 15 159 790 1798
Muridae | Micalemys namaguensis | South Africa | Gauteng 1907 | -26.1833 | 28.06667 | 4 30.89 | 5.51 483 | 4.69 | 14.7 159 790 1798
Muridae | Micalemys namaguensis | South Africa | Gauteng 1907 | -26.1833 | 28.06667 | 5 33.15 | 5.74 5.07 | 5 16.2 159 790 1798
Muridae | Micalemys namagquensis | South Africa | North West 1907 | -26.7333 | 27.06667 | 5 32.02 | 5.67 489 | 4.74 | 15.28 168 617 1351
Muridae | Micalemys namaguensis | South Africa | Gauteng 1912 | -25.6833 | 28.2 4 31.31 | 542 475 | 4.72 | 15.29 178 696 1271
Muridae | Micalemys namaguensis | South Africa | Gauteng 1912 | -25.7167 | 28.23333 | 4 32.41 | 5.42 5.06 | 4.67 | 15.65 178 697 1300
Muridae | Micalemys namaguensis | South Africa | Gauteng 1912 | -25.7167 | 28.23333 | 5 32.88 | 5.7 495 | 511 | 16.41 178 697 1300
Muridae | Micalemys namaguensis | South Africa | Gauteng 1912 | -25.8667 | 28.23333 | 4 31.22 | 5.59 497 | 4.7 15.35 166 713 1494
Muridae | Micalemys namaguensis | South Africa | Mpumalanga 1914 | -26.0667 | 30.1 5 31.71 | 5.2 5.59 | 455 | 15.34 150 762 1665
Muridae | Micalemys namagquensis | South Africa | Limpopo 1915 | -24.8833 | 27.65 4 31.47 | 5.26 488 | 4.61 | 14.88 184 671 1361
Muridae | Micalemys namaguensis | South Africa | Mpumalanga 1915 | -26.05 30.83333 | 4 31.92 | 545 5.12 | 458 | 15.01 188 1050 985
Muridae | Micalemys namaguensis | South Africa | Limpopo 1916 | -22.35 30.36667 | 5 31.05 | 5.02 5.01 | 4.63 | 15.15 235 395 403
Muridae | Micalemys namaguensis | South Africa | Limpopo 1916 | -22.9 30.21667 | 5 30.05 | 5.32 5.22 | 5.07 | 14.54 201 910 880
Muridae | Micalemys namaguensis | South Africa | Western Cape 1917 | -33.8833 | 19.05 4 32.09 | 6.24 487 | 4.9 15.77 169 896 186
Muridae | Micalemys namaguensis | South Africa | Western Cape 1917 | -33.8833 | 19.05 4 32.18 | 5.47 441 | 4.63 | 14.32 169 896 186
Muridae | Micalemys namaquensis | South Africa | Western Cape 1917 | -31.7833 | 18.61667 | 5 31.85 | 5.47 458 | 4.82 | 15.28 193 171 28
Muridae | Micalemys namagquensis | South Africa | Western Cape 1917 | -31.7833 | 18.61667 | 5 31.92 | 5.87 4.8 4.61 | 15.49 193 171 28
Muridae | Micalemys namagquensis | South Africa | Gauteng 1923 | -25.7833 | 28.25 4 30.84 | 5.77 4.9 453 | 15.22 169 718 1491
Muridae | Micalemys namaguensis | South Africa | Gauteng 1924 | -25.75 28.3 5 32.44 | 5.58 494 | 466 | 15.02 175 703 1359
Muridae | Micalemys namagquensis | South Africa | Gauteng 1924 | -25.6833 | 28.2 6 31.07 | 6.04 474 | 4.32 | 14.8 178 696 1271
Muridae | Micalemys namaguensis | South Africa | Gauteng 1924 | -25.6833 | 28.2 6 32.22 | 5.6 4.9 4.83 | 15.17 178 696 1271
Muridae | Micalemys namagquensis | South Africa | Limpopo 1924 | -23.6667 | 30.08333 | 5 31.89 | 5.38 5.16 | 4.92 | 15.06 189 1158 927
Muridae | Micalemys namaguensis | South Africa | Gauteng 1925 | -25.6833 | 28.2 4 32.7 5.52 487 | 45 15.81 178 696 1271
Muridae | Micalemys namagquensis | South Africa | Gauteng 1925 | -25.6833 | 28.2 4 30.97 | 5.55 4.8 451 | 15.35 178 696 1271
Muridae | Micalemys namaguensis | South Africa | Gauteng 1925 | -25.7333 | 28.05 6 33.1 6.06 5.2 4.9 16 179 689 1411
Muridae | Micalemys namagquensis | South Africa | Gauteng 1925 | -25.7333 | 28.05 7 31.79 | 5.83 482 | 4.69 | 15.18 179 689 1411
Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1927 | -30.6833 | 26.7 4 31.9 6.11 4.5 477 | 15.1 155 545 1309
Muridae | Micalemys namaquensis | South Africa | North West 1927 | -27.75 25.41667 | 6 34.09 | 5.68 5.2 5.16 | 16.52 175 484 1271
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Muridae | Micalemys namaguensis | South Africa | Western Cape 1929 | -33.4167 | 19.2 4 32.18 | 5.47 4.8 4.76 | 15.57 169 738 264

Muridae | Micalemys namaguensis | South Africa | Western Cape 1929 | -33.4167 | 19.2 5 32.93 | 5.73 529 | 4.86 | 16.12 169 738 264

Muridae | Micalemys namaguensis | South Africa | Western Cape 1929 | -33.4167 | 19.2 4 32.15 | 5.81 471 | 475 | 15.42 169 738 264

Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1931 | -28.7167 | 24.96667 | 4 30.73 | 5.36 443 | 4.88 | 14.44 174 452 1275
Muridae | Micalemys namaguensis | South Africa | Northern Cape 1931 | -28.6333 | 26.15 4 30.18 | 5.48 473 | 45 15.17 164 520 1305
Muridae | Micalemys namaguensis | South Africa | Northern Cape 1931 | -28.5332 | 26.211 4 30.92 | 5.71 472 | 4.33 | 14.93 162 537 1346
Muridae | Micalemys namaguensis | South Africa | Western Cape 1933 | -33.4167 | 19.2 4 32.8 5.77 472 | 5.2 16.03 169 738 264

Muridae | Micalemys namaguensis | South Africa | Gauteng 1934 | -26.2667 | 27.96667 | 6 33.7 5.76 5.3 4.78 | 16.92 158 777 1725
Muridae | Micalemys namaguensis | Namibia Namibia 1937 | -19.9833 | 17.08333 | 4 294 5.26 4.44 | 4.37 | 13.75 200 486 1495
Muridae | Micalemys namaguensis | Namibia Namibia 1937 | -19.9833 | 17.08333 | 4 29.9 5.39 443 | 462 | 13.44 200 486 1495
Muridae | Micalemys namaguensis | Namibia Namibia 1937 | -19.6333 | 14.83333 | 4 31.95 | 5.58 476 | 458 | 14.14 209 316 1205
Muridae | Micalemys namaguensis | Namibia Namibia 1937 | -22.9167 | 16.2 4 30.4 5.1 451 | 4.44 | 14.68 196 235 1283
Muridae | Micalemys namaguensis | Namibia Namibia 1937 | -25.85 16.55 4 29.16 | 5.35 4.36 | 4.05 | 13.34 141 196 1697
Muridae | Micalemys namaguensis | Namibia Namibia 1937 | -20.65 17.1 4 30.02 | 5.3 441 | 431 | 13.87 183 457 1667
Muridae | Micalemys namaguensis | Namibia Namibia 1937 | -20.4167 | 17.25 4 31.97 | 5.35 489 | 4.78 | 14.96 189 436 1693
Muridae | Micalemys namaguensis | Namibia Namibia 1941 | -24.7833 | 16.86667 | 4 31.29 | 5.26 4.92 4.71 | 14.72 168 156 1354
Muridae | Micalemys namaguensis | Namibia Namibia 1941 | -21.6667 | 15.66667 | 4 29.08 | 5.42 453 | 4.32 | 13.76 196 267 1374
Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1947 | -33.0286 | 27.86417 | 4 33.34 | 5.36 5.2 497 | 16.21 183 834 105

Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1947 | -33.0286 | 27.86417 | 6 33.12 | 6.22 5.25 | 4.66 | 15.07 183 834 105

Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1947 | -33.0286 | 27.86417 | 4 31.3 5.6 4.67 | 4.77 | 14.95 183 834 105

Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1947 | -33.0286 | 27.86417 | 5 33.72 | 5.87 5.12 | 4.61 | 15.3 183 834 105

Muridae | Micalemys namagquensis | South Africa | Gauteng 1947 | -26.0167 | 27.73333 | 4 33.72 | 5.66 5.33 | 4.96 | 16.21 167 684 1474
Muridae | Micalemys namagquensis | South Africa | KwaZulu-Natal 1947 | -30.4 29.01667 | 4 32.35 | 5.62 4.82 | 459 | 14.98 150 773 1542
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1948 | -28.5667 | 29.73333 | 6 32.56 | 5.92 5.13 | 4.65 | 15.57 182 746 1043
Muridae | Micalemys namagquensis | South Africa | KwaZulu-Natal 1948 | -28.55 30.41667 | 4 32.34 | 5.82 478 | 4.47 | 15 168 749 1131
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1948 | -23 29.5 4 32.13 | 5.49 479 | 4.87 | 15.02 170 833 1361
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1949 | -28.3667 | 29.38333 | 7 33.56 | 4.69 594 | 472 | 16.7 140 819 1685
Muridae | Micalemys namaguensis | Namibia Namibia 1951 | -18.0667 | 13.85 4 31.77 | 5.12 458 | 421 | 14.82 216 316 1155
Muridae | Micalemys namaquensis | Namibia Namibia 1951 | -18.0667 | 13.85 4 30.82 | 5.31 451 | 444 | 143 216 316 1155
Muridae | Micalemys namaguensis | Namibia Namibia 1951 | -17.19 13.52 4 29.89 | 5.21 456 | 459 | 134 199 340 1264
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Muridae | Micalemys namaguensis | Namibia Namibia 1951 | -19.05 14.35 5 31.61 | 5.26 4.64 | 4.18 | 14.27 215 302 1227
Muridae | Micalemys namagquensis | Namibia Namibia 1951 | -19.65 17.4 5 32.07 | 5.91 473 | 4 15.11 201 546 1499
Muridae | Micalemys namaguensis | Namibia Namibia 1951 | -19.1333 | 13.61667 | 5 31.87 | 551 444 | 472 | 15.32 237 110 558

Muridae | Micalemys namagquensis | South Africa | Northern Cape 1951 | -26.7833 | 20.08333 | 5 29.92 | 5.58 429 | 432 | 13.2 203 175 835

Muridae | Micalemys namaguensis | South Africa | Gauteng 1952 | -26.0167 | 27.7 4 29.15 | 5.27 4.7 455 | 13.85 165 695 1494
Muridae | Micalemys namaguensis | South Africa | Gauteng 1952 | -26.0167 | 27.7 6 33.34 | 5.49 5.13 | 4.87 | 16.02 165 695 1494
Muridae | Micalemys namaguensis | South Africa | Gauteng 1953 | -26.0167 | 27.7 6 29.8 5.36 482 | 455 | 14 165 695 1494
Muridae | Micalemys namaguensis | South Africa | Gauteng 1953 | -26.0167 | 27.7 5 31.3 5.48 482 | 447 | 153 165 695 1494
Muridae | Micalemys namaguensis | South Africa | Gauteng 1953 | -25.9667 | 27.78333 | 6 30.95 | 5.46 498 | 4.49 | 14.97 168 691 1484
Muridae | Micalemys namaguensis | South Africa | Gauteng 1953 | -26.0167 | 27.7 5 31.91 | 556 5.12 | 494 | 15.44 165 695 1494
Muridae | Micalemys namaguensis | South Africa | Gauteng 1953 | -26.0167 | 27.7 7 32.13 | 5.19 5.14 | 4.74 | 15.12 165 695 1494
Muridae | Micalemys namaguensis | South Africa | Gauteng 1953 | -26.0167 | 27.7 7 33.05 | 5.38 5.48 | 4.94 | 16.37 165 695 1494
Muridae | Micalemys namaguensis | Namibia Namibia 1954 | -22.3167 | 17.7 4 30.63 | 5.36 461 | 4.44 | 14.25 187 368 1627
Muridae | Micalemys namaquensis | Namibia Namibia 1954 | -22.3167 | 17.7 4 29.88 | 5.32 435 | 4.38 | 14.04 187 368 1627
Muridae | Micalemys namaguensis | South Africa | Free State 1956 | -27.8333 | 25.91667 | 4 32.27 | 5.48 491 | 4.78 | 16.06 172 520 1250
Muridae | Micalemys namaguensis | South Africa | Free State 1956 | -27.8333 | 25.91667 | 4 31.52 | 5.36 453 | 452 | 15.38 172 520 1250
Muridae | Micalemys namaguensis | South Africa | Mpumalanga 1957 | -26.6667 | 29.26667 | 5 30.6 5.7 473 | 457 | 1451 153 684 1621
Muridae | Micalemys namaguensis | South Africa | Gauteng 1958 | -25.85 28.16667 | 5 33.29 | 5.78 5 484 | 1591 170 709 1433
Muridae | Micalemys namaguensis | South Africa | Gauteng 1958 | -25.85 28.16667 | 4 32.26 | 5.46 5 4.75 | 15.85 170 709 1433
Muridae | Micalemys namaguensis | Namibia Namibia 1958 | -22 15.6 4 28.79 | 5.25 446 | 4.01 | 13.26 219 146 882

Muridae | Micalemys namagquensis | South Africa | Mpumalanga 1959 | -26.6667 | 29.26667 | 4 30.2 5.67 4.3 454 | 14.44 153 684 1621
Muridae | Micalemys namaquensis | South Africa | Mpumalanga 1960 | -25.4167 | 29.33333 | 4 31.6 5.22 492 | 4.28 | 15.7 195 657 1007
Muridae | Micalemys namagquensis | South Africa | North West 1964 | -26.8333 | 24.68333 | 6 32.15 | 5.75 5.2 4.86 | 15 180 476 1228
Muridae | Micalemys namaguensis | South Africa | North West 1964 | -26.8333 | 24.68333 | 5 3148 | 5.73 5 4.63 | 15.03 180 476 1228
Muridae | Micalemys namagqguensis | Namibia Namibia 1965 | -28.6667 | 18.88333 | 5 30.05 | 5.9 469 | 412 | 15.34 197 120 883

Muridae | Micalemys namagquensis | South Africa | Gauteng 1966 | -25.5833 | 27.75 7 32.58 | 5.66 5.36 | 5.03 | 15.63 190 611 1154
Muridae | Micalemys namaquensis | Namibia Namibia 1966 | -21 15 4 31.62 | 5.42 476 | 4.33 | 14.9 225 158 814

Muridae | Micalemys namaguensis | Namibia Namibia 1966 | -21 15 4 3042 | 55 456 | 457 | 14.2 225 158 814

Muridae | Micalemys namaquensis | Namibia Namibia 1966 | -22.35 16.13333 | 4 30.82 | 5.23 443 | 441 | 14.63 221 181 891

Muridae | Micalemys namaguensis | Namibia Namibia 1966 | -22.57 17.08361 | 5 30.46 | 5.31 475 | 442 | 1454 195 359 1666
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Muridae | Micalemys namaguensis | South Africa | Mpumalanga 1967 | -24.75 31.41667 | 4 3198 | 6.1 5.14 | 4.66 | 15.24 216 635 395
Muridae | Micalemys namaquensis | South Africa | Mpumalanga 1967 | -24.75 31.41667 | 4 31.34 | 5.95 498 | 5.37 | 15.12 216 635 395
Muridae | Micalemys namaguensis | South Africa | Mpumalanga 1967 | -24.75 31.41667 | 4 3243 | 6.37 5.19 | 5.17 | 15.2 216 635 395
Muridae | Micalemys namagquensis | South Africa | Free State 1969 | -28.5167 | 28.61667 | 5 32.71 | 5.88 462 | 4.36 | 16.03 119 921 2068
Muridae | Micalemys namaguensis | South Africa | Gauteng 1970 | -25.75 28.31667 | 4 31.14 | 5.24 497 | 4.65 | 15.47 173 703 1364
Muridae | Micalemys namaguensis | South Africa | Gauteng 1970 | -25.75 28.31667 | 4 32.43 | 5.93 5.06 | 4.63 | 15.42 173 703 1364
Muridae | Micalemys namaguensis | South Africa | Limpopo 1970 | -24.05 29.11667 | 5 35.13 | 5.88 5.96 | 5.27 | 16.76 171 592 1362
Muridae | Micalemys namaguensis | South Africa | Limpopo 1970 | -24.05 29.11667 | 7 35.04 | 5.75 5.37 | 5.04 | 16.65 171 592 1362
Muridae | Micalemys namaguensis | South Africa | Limpopo 1970 | -24.05 29.11667 | 7 35.98 | 5.87 5.1 5.11 | 17.58 171 592 1362
Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1971 | -32.25 25.45 4 32.31 | 5.32 456 | 4.6 14.56 144 447 1350
Muridae | Micalemys namaguensis | Namibia Namibia 1978 | -23.0667 | 15.16667 | 5 31.15 | 5.88 433 | 461 | 15.31 199 45 566
Muridae | Micalemys namaguensis | South Africa | Eastern Cape 1979 | -32.3333 | 22.55 4 30.37 | 5.8 442 | 444 | 14.71 179 223 874
Muridae | Micalemys namaguensis | South Africa | Gauteng 1979 | -25.5167 | 28.5 5 31.25 | 5.82 476 | 4.7 14.57 179 669 1335
Muridae | Micalemys namaguensis | South Africa | Western Cape 1979 | -33.6 22.55 5 33.15 | 6.28 493 | 474 | 16.1 137 573 895
Muridae | Micalemys namaguensis | South Africa | Western Cape 1979 | -33.6 22.55 4 31.61 | 5.75 456 | 4.69 | 15.42 137 573 895
Muridae | Micalemys namaguensis | South Africa | Western Cape 1979 | -33.6 22.55 5 33.23 | 5.56 5.06 | 472 | 16.1 137 573 895
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1980 | -27.5167 | 31.35 4 31.86 | 5.63 496 | 4.64 | 14.78 186 801 852
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1980 | -27.5167 | 31.35 4 32.72 | 5.29 5.12 | 4.9 13.87 186 801 852
Muridae | Micalemys namagquensis | South Africa | KwaZulu-Natal 1980 | -27.5167 | 31.35 4 32.64 | 5.42 455 | 5.01 | 15.72 186 801 852
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1980 | -27.5167 | 31.35 5 324 5.46 5 4.87 | 15.33 186 801 852
Muridae | Micalemys namaguensis | South Africa | Northern Cape 1981 | -29.5667 | 18.35 5 31.32 | 5.8 457 | 441 | 143 177 171 1036
Muridae | Micalemys namaguensis | South Africa | Northern Cape 1981 | -29.5667 | 18.35 6 31.34 | 5.84 4.8 4.4 15.52 177 171 1036
Muridae | Micalemys namaguensis | South Africa | Limpopo 1983 | -22.6667 | 31.16667 | 5 29.86 | 5.08 4.67 | 4.79 | 13.28 231 509 407
Muridae | Micalemys namagquensis | South Africa | Limpopo 1983 | -22.6833 | 31.03333 | 4 31.13 | 5.15 488 | 4.86 | 14.73 224 592 457
Muridae | Micalemys namagqguensis | Namibia Namibia 1984 | -22.4333 | 18.1 4 31.06 | 5.75 4.8 434 | 144 188 350 1550
Muridae | Micalemys namaguensis | Namibia Namibia 1984 | -22.4333 | 18.1 4 30.05 | 5.84 458 | 4.06 | 14.26 188 350 1550
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1987 | -27.8333 | 314 4 32.92 | 5.62 536 | 5.2 15.94 161 921 1225
Muridae | Micalemys namaguensis | South Africa | Mpumalanga 1988 | -24.8765 | 30.8888 4 31.87 | 5.44 488 | 4.67 | 1455 161 1025 1465
Muridae | Micalemys namagquensis | South Africa | Mpumalanga 1989 | -25.4 29.35 6 32.6 5.52 4.76 | 5.13 | 15.07 201 652 1039
Muridae | Micalemys namaguensis | Zimbabwe Zimbabwe 1989 | -17.5167 | 30.96667 | 5 3241 | 5.64 5.06 | 4.7 15.17 183 899 1235
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Muridae | Micalemys namaguensis | South Africa | North West 1990 | -26.55 27.11667 | 6 33.37 | 5.54 5.13 | 4.74 | 15.45 166 622 1395
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 1991 | -27.3437 | 31.89041 | 4 32.16 | 5.68 5.23 | 4.56 | 14.49 224 550 140
Muridae | Micalemys namaguensis | South Africa | Mpumalanga 1991 | -25.95 30.03333 | 4 31.86 | 5.57 5.13 | 5.03 | 15.18 151 761 1634
Muridae | Micalemys namaguensis | South Africa | Gauteng 1992 | -25.7833 | 28.33333 | 5 31.09 | 5.2 5.1 461 | 15.31 167 713 1484
Muridae | Micalemys namaguensis | South Africa | Northern Cape 1992 | -28.1303 | 16.97778 | 4 30.36 | 5.54 431 | 4.7 14.24 180 54 329
Muridae | Micalemys namagquensis | South Africa | Northern Cape 1992 | -28.1267 | 16.98694 | 5 30.76 | 5.45 435 | 448 | 14.13 179 57 397
Muridae | Micalemys namaguensis | South Africa | Northern Cape 1992 | -28.1267 | 16.98694 | 5 30.52 | 5.46 456 | 4.63 | 14.73 179 57 397
Muridae | Micalemys namaquensis | South Africa | Mpumalanga 1993 | -25.1594 | 30.53778 | 4 32.14 | 5.61 494 | 4.68 | 16.72 154 905 1636
Muridae | Micalemys namaguensis | Swaziland Swaziland 1994 | -26.1333 | 31.13333 | 4 30.7 5.22 4.8 457 | 14.2 153 1237 1498
Muridae | Micalemys namaguensis | Swaziland Swaziland 1995 | -27.1 31.18333 | 6 32.73 | 5.55 535 | 5 15.36 169 900 1110
Muridae | Micalemys namaguensis | Swaziland Swaziland 1995 | -27.1 31.18333 | 6 3293 | 5.91 5.31 | 4.89 | 15.8 169 900 1110
Muridae | Micalemys namaguensis | Swaziland Swaziland 1995 | -27.1 31.18333 | 4 30.56 | 5.4 5.31 | 4.79 | 15.06 169 900 1110
Muridae | Micalemys namaguensis | Swaziland Swaziland 1996 | -27.0667 | 31.41667 | 4 31.05 | 5.83 5.02 | 4.47 | 14.75 188 829 673
Muridae | Micalemys namaquensis | Swaziland Swaziland 1996 | -27.2667 | 31.76667 | 4 30.96 | 5.56 498 | 457 | 15.1 208 702 417
Muridae | Micalemys namaguensis | Swaziland Swaziland 1996 | -27.2667 | 31.76667 | 4 30.06 | 5.67 482 | 456 | 14.43 208 702 417
Muridae | Micalemys namagquensis | South Africa | KwaZulu-Natal 2002 | -27.8426 | 31.33685 | 5 33.87 | 5.51 5.03 | 4.67 | 16.13 168 892 1232
Muridae | Micalemys namaguensis | South Africa | KwaZulu-Natal 2002 | -27.8426 | 31.33685 | 5 33.82 | 5.59 5.08 | 4.97 | 16.07 168 892 1232
Muridae | Micalemys namagquensis | South Africa | KwaZulu-Natal 2002 | -27.8426 | 31.33685 | 5 32.03 | 55 4.9 477 | 15.2 168 892 1232
Muridae | Micalemys namaguensis | South Africa | Gauteng 2003 | -25.8833 | 28.70889 | 5 33.27 | 5.75 5.4 4.82 | 16.21 164 683 1485
Muridae | Otomys unisulcatus South Africa | Northern Cape 1903 | -29.8333 | 17.71667 | 4 37.82 | 9.52 5.73 | 4.82 | 17.59 167 169 700
Muridae | Otomys unisulcatus South Africa | Western Cape 1917 | -31.7833 | 18.61667 | 3 33.37 | 8.72 5.19 | 4.33 | 16.78 193 171 28
Muridae | Otomys unisulcatus South Africa | Western Cape 1917 | -31.7833 | 18.61667 | 5 38.7 9.21 6.23 | 4.38 | 20.47 193 171 28
Muridae | Otomys unisulcatus South Africa | Western Cape 1917 | -31.7833 | 18.61667 | 4 36.35 | 9.33 6.13 | 4.49 | 18.28 193 171 28
Muridae | Otomys unisulcatus South Africa | Western Cape 1917 | -31.7833 | 18.61667 | 4 35.06 | 9.16 5.74 | 4.99 | 17.87 193 171 28
Muridae | Otomys unisulcatus South Africa | Western Cape 1917 | -31.7833 | 18.61667 | 4 35.23 | 9.24 5.73 | 4.8 17.93 193 171 28
Muridae | Otomys unisulcatus South Africa | Western Cape 1926 | -31.8667 | 18.61667 | 5 36.59 | 9.55 5.97 | 4.59 | 18.37 189 189 167
Muridae | Otomys unisulcatus South Africa | Western Cape 1926 | -31.8667 | 18.61667 | 5 36.66 | 9.14 5.88 | 5.18 | 20.08 189 189 167
Muridae | Otomys unisulcatus South Africa | Western Cape 1926 | -31.8667 | 18.61667 | 4 34.5 9.03 532 | 4.7 17.14 189 189 167
Muridae | Otomys unisulcatus South Africa | Western Cape 1926 | -31.8667 | 18.61667 | 5 35.27 | 8.78 575 | 459 | 17.89 189 189 167
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1927 | -31.1386 | 24.12897 | 5 39.32 | 95 6.63 | 5.2 21.03 145 331 1437
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Muridae | Otomys unisulcatus South Africa | Northern Cape 1926 | -31.475 19.77278 | 5 37.77 | 9.47 5.61 | 4.67 | 18.29 164 214 976
Muridae | Otomys unisulcatus South Africa | Western Cape 1931 | -31.6667 | 18.48333 | 5 38.7 9.77 6.38 | 4.96 | 20.92 184 169 33
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 5 37.43 | 9.85 5.97 | 477 | 20.21 197 431 132
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 4 34.82 | 8.84 536 | 459 | 17.7 197 431 132
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 4 32.62 | 8.65 55 454 | 16.42 197 431 132
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 5 36.51 | 9.01 5.88 | 5.14 | 18.45 197 431 132
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 5 37.04 | 8.89 5.97 | 4.05 | 18.95 197 431 132
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 4 36.58 | 9.25 5.58 | 4.72 | 18.62 197 431 132
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.3333 | 24.88333 | 4 35.13 | 9.3 5.67 | 4.76 | 18.35 169 376 569
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 5 38.62 | 9.54 6.4 4.76 | 20.57 197 431 132
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1931 | -33.1333 | 26.83333 | 5 37.21 | 941 591 | 51 19.71 197 431 132
Muridae | Otomys unisulcatus South Africa | Northern Cape 1936 | -30.3833 | 24.1 5 38 9.53 5.94 | 4.46 | 20.22 156 315 1309
Muridae | Otomys unisulcatus South Africa | Northern Cape 1937 | -30.9667 | 22.35 5 38.5 9.81 6.12 | 4.98 | 19.45 150 254 1451
Muridae | Otomys unisulcatus South Africa | Northern Cape 1937 | -29.25 16.86667 | 5 39.02 | 10.3 6.13 | 4.92 | 19.55 147 74 0
Muridae | Otomys unisulcatus South Africa | Northern Cape 1937 | -29.7 17.95 4 34.64 | 9.22 5.94 | 4.67 | 17.9 178 167 851
Muridae | Otomys unisulcatus South Africa | Western Cape 1937 | -29.7167 | 17.48333 | 3 32.06 | 8.83 5.09 | 4.42 | 16.04 162 147 594
Muridae | Otomys unisulcatus South Africa | Western Cape 1937 | -29.7167 | 17.48333 | 3 33.36 | 9.21 5.79 | 4.68 | 16.48 162 147 594
Muridae | Otomys unisulcatus South Africa | Western Cape 1937 | -29.7167 | 17.48333 | 5 36.83 | 9.18 5.84 | 492 | 19.43 162 147 594
Muridae | Otomys unisulcatus South Africa | Northern Cape 1937 | -30.5 20.41667 | 4 35.59 | 9.15 5.19 | 4.74 | 17.62 174 153 941
Muridae | Otomys unisulcatus South Africa | Northern Cape 1937 | -30.5 20.41667 | 5 37.44 | 9.27 6.01 | 5.18 | 19.99 174 153 941
Muridae | Otomys unisulcatus South Africa | Northern Cape 1937 | -30.5833 | 17.93333 | 5 35.37 | 9.06 5.78 | 4.77 | 17.37 166 203 423
Muridae | Otomys unisulcatus South Africa | Western Cape 1936 | -32.2333 | 20.98333 | 4 34.05 | 8.81 5.38 | 4.55 | 17.55 139 196 1292
Muridae | Otomys unisulcatus South Africa | Western Cape 1940 | -33.2167 | 20.58333 | 4 35.71 | 8.97 5.9 472 | 185 152 185 923
Muridae | Otomys unisulcatus South Africa | Western Cape 1940 | -33.2167 | 20.58333 | 4 3491 | 9.16 557 | 4.88 | 18.1 152 185 923
Muridae | Otomys unisulcatus South Africa | Western Cape 1940 | -33.4333 | 23.56667 | 5 34.55 | 9.27 5.56 | 4.72 | 17.82 142 526 1101
Muridae | Otomys unisulcatus South Africa | Western Cape 1940 | -33.4333 | 23.56667 | 5 37.41 | 9.35 5.83 | 4.41 | 1831 142 526 1101
Muridae | Otomys unisulcatus South Africa | Northern Cape 1960 | -28.5833 | 16.48333 | 4 35.63 | 9.26 558 | 4.62 | 19.2 161 50 8
Muridae | Otomys unisulcatus South Africa | Free state 1954 | -29.65 24.6 4 34.73 | 8.79 5.7 4,73 | 17.67 178 369 1170
Muridae | Otomys unisulcatus South Africa | Western Cape 1930 | -31.6667 | 18.48333 | 5 42.88 | 10.08 6.42 | 4.98 | 22.55 184 169 33
Muridae | Otomys unisulcatus South Africa | Free state 1954 | -29.65 24.6 4 3342 | 9 5.64 | 452 | 17.58 178 369 1170
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Muridae | Otomys unisulcatus South Africa | Western Cape 1953 | -32.8333 | 17.86667 | 4 35.09 | 9.27 5,53 | 4.61 | 18.3 157 286 79
Muridae | Otomys unisulcatus South Africa | Free state 1954 | -29.65 24.6 5 38.76 | 9.72 6.15 | 4.82 | 19.43 178 369 1170
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.2333 | 25.26667 | 5 36.04 | 9.2 5.82 | 4.47 | 18.25 137 464 1394
Muridae | Otomys unisulcatus South Africa | Western Cape 1954 | -33.8 19.88333 | 4 33.86 | 9.14 5.24 | 4.82 | 17.38 175 336 175
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1961 | -33.7667 | 25.41667 | 4 33.31 | 8.69 5.38 | 4.74 | 17.57 179 437 113
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1959 | -33.6833 | 25.8 5 36.63 | 8.8 553 | 4.87 | 19 183 445 21
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1957 | -31.9667 | 26.25 5 36.59 | 9.63 6.11 | 4.94 | 19.15 122 590 1595
Muridae | Otomys unisulcatus South Africa | Western Cape 1954 | -33.8 19.9 4 35.74 | 9.16 5.57 | 4.76 | 17.78 175 337 189
Muridae | Otomys unisulcatus South Africa | Northern Cape 1947 | -30.75 27.61667 | 4 34.13 | 8.48 5.37 | 4.64 | 17.33 127 679 1864
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.2333 | 25.26667 | 5 37.41 | 9.46 6.12 | 5.08 | 18.86 137 464 1394
Muridae | Otomys unisulcatus South Africa | Western Cape 1953 | -32.8333 | 17.86667 | 5 36.43 | 9.26 5.89 | 5.06 | 19.32 157 286 79
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1957 | -31.9667 | 26.25 4 35.92 | 9.06 5.69 | 5.2 18.09 122 590 1595
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1957 | -31.9667 | 26.25 4 34.93 | 9.37 5.66 | 4.85 | 17.92 122 590 1595
Muridae | Otomys unisulcatus South Africa | South Africa 1960 | -32.75 25.81667 | 4 35.37 | 8.7 5.42 | 439 | 17.58 173 487 688
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1957 | -31.9667 | 26.25 5 36.42 | 8.9 5.86 | 4.78 | 19.7 122 590 1595
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.75 25.81667 | 5 38.46 | 9.29 5.97 | 4.76 | 20.74 173 487 688
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.2333 | 25.26667 | 4 34.79 | 8.69 5.76 | 4.41 | 17.07 137 464 1394
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1949 | -33.25 27.0167 4 34.6 8.8 5.62 | 455 | 16.9 187 514 78
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1949 | -32.7667 | 26.58333 | 5 36.91 | 94 6.11 | 5.19 | 19.78 182 495 462
Muridae | Otomys unisulcatus South Africa | South Africa 1961 | -32.75 25.81667 | 4 35.52 | 8.89 5.75 | 4.74 | 19.31 173 487 688
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1949 | -33.25 27.0167 5 36.3 8.96 5.86 | 4.86 | 18.66 187 514 78
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1960 | -33.6483 | 26.51667 | 5 37.29 | 9.3 5.67 | 5.05 | 19.3 181 586 125
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1957 | -31.9667 | 26.25 4 33.79 | 8.87 6.06 | 4.84 | 17.55 122 590 1595
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.2333 | 25.26667 | 5 36.95 | 9.36 6.08 | 5.08 | 19.26 137 464 1394
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.2333 | 25.26667 | 4 35.3 8.82 5.47 | 4.8 17.87 137 464 1394
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.2333 | 25.26667 | 5 36.68 | 9 557 | 4.6 18.98 137 464 1394
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1963 | -32.2333 | 25.26667 | 4 35.21 | 9.25 5.6 4.76 | 17.34 137 464 1394
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1952 | -31.5 22.4 5 37.25 | 9.12 5,58 | 4.7 18.51 145 241 1426
Muridae | Otomys unisulcatus South Africa | Western Cape 1952 | -31.4 23.15 4 35.8 8.91 5.69 | 4.86 | 18.14 150 260 1261
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1959 | -33.4333 | 25.46667 | 5 37.57 | 8.82 5.65 | 4.48 | 19.98 189 341 109
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Muridae | Otomys unisulcatus South Africa | Northern Cape 1947 | -30.75 27.61667 | 5 37.81 | 945 6.44 | 4.91 | 19.05 127 679 1864
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 5 37.34 | 8.93 6.14 | 451 | 19.93 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 5 37.46 | 8.88 5.95 | 4.78 | 20.03 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 4 34.08 | 8.42 5.32 | 4.76 | 16.78 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 4 35.04 | 8.38 5.44 | 4.48 | 18.02 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 5 36.12 | 8.76 6.02 | 4.72 | 19.17 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 4 33.98 | 8.64 5.58 | 4.77 | 16.76 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 4 35.8 8.69 5.8 459 | 18.76 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 5 384 8.5 5.91 | 5.11 | 20.49 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 5 34.67 | 8.6 5.66 | 4.94 | 17.53 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -31.1667 | 21.58333 | 5 39.08 | 9.12 5.95 | 458 | 20.8 157 225 1302
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -29.8833 | 17.75 4 35.59 | 8.57 539 | 4.89 | 175 168 169 724
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -29.8833 | 17.75 4 34.66 | 8.46 5.68 | 5.37 | 17.12 168 169 724
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -29.8833 | 17.75 4 35.09 | 8.88 545 | 4.72 | 18.25 168 169 724
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -29.8833 | 17.75 4 33.19 | 851 5.27 | 4.8 17.1 168 169 724
Muridae | Otomys unisulcatus South Africa | Northern Cape 1977 | -29.8833 | 17.75 3 32.92 | 8.75 534 | 461 | 15.7 168 169 724
Muridae | Otomys unisulcatus South Africa | Western Cape 1977 | -30.95 18.2 3 33.86 | 8.99 5.52 | 4.61 | 16.66 179 176 326
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1979 | -32.3333 | 22.55 3 32.56 | 8.09 493 | 443 | 16.49 179 223 874
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1979 | -32.3333 | 22.55 5 36.69 | 9.22 5.67 | 5.17 | 18.81 179 223 874
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1979 | -32.3333 | 22.55 5 35.63 | 8.87 5,58 | 4.35 | 17.79 179 223 874
Muridae | Otomys unisulcatus South Africa | Eastern Cape 1979 | -32.3333 | 22.55 5 38.39 | 9.52 5.82 | 4.9 20.26 179 223 874
Muridae | Otomys unisulcatus South Africa | Northern Cape 1982 | -28.4333 | 21.23333 | 4 33.73 | 8.7 5.21 | 4.72 | 18.04 192 182 812
Muridae | Otomys unisulcatus South Africa | Northern Cape 1987 | -29.2167 | 17.06667 | 5 36.04 | 9.42 5.94 | 5.35 | 19.02 155 79 183
Muridae | Otomys unisulcatus South Africa | Northern Cape 1987 | -32.2833 | 19.86667 | 5 37.03 | 8.57 5.74 | 492 | 1855 186 137 445
Muridae | Otomys unisulcatus South Africa | Northern Cape 1987 | -32.2833 | 19.86667 | 5 37.8 8.84 6.63 | 5.23 | 21.16 186 137 445
Muridae | Otomys unisulcatus South Africa | Northern Cape 1987 | -32.2833 | 19.86667 | 5 37.3 8.88 5.77 | 4.96 | 20.31 186 137 445
Muridae | Otomys unisulcatus South Africa | Western Cape 1989 | -33.1167 | 18 4 35.55 | 9.03 5.74 | 4.65 | 18.52 190 310 86
Muridae | Otomys unisulcatus South Africa | Western Cape 1989 | -33.1167 | 18 5 38.56 | 10.03 6.24 | 4.9 19.45 190 310 86
Muridae | Otomys unisulcatus South Africa | Western Cape 1989 | -33.1167 | 18 4 35.63 | 9.18 5.9 4.86 | 16.52 190 310 86
Muridae | Otomys unisulcatus South Africa | Western Cape 1989 | -33.1167 | 18 4 35.47 | 9.2 5.72 | 4.86 | 17.85 190 310 86
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Muridae | Otomys unisulcatus South Africa | Northern Cape 1992 | -28.3333 | 17.01667 | 5 36.07 | 9.23 5.99 | 4.66 | 17.74 169 70 605
Muridae | Parotomys brantsii South Africa | Northern Cape 1902 | -30.9667 | 23.7667 4 34.24 | 8.28 6.25 | 4.95 | 18.7 149 309 1383
Muridae | Parotomys brantsii South Africa | Eastern Cape 1923 | -31.3 25.81667 | 5 36.31 | 9.02 6.21 | 5.13 | 19.75 144 438 1461
Muridae | Parotomys brantsii South Africa | Northern Cape 1926 | -31.5 19.71667 | 4 33.89 | 8.19 6.59 | 5.79 | 19.39 163 223 972
Muridae | Parotomys brantsii South Africa | Northern Cape 1926 | -31.5 19.71667 | 4 33.83 | 8.23 6.42 | 5.83 | 19.37 163 223 972
Muridae | Parotomys brantsii South Africa | Eastern Cape 1926 | -31.7333 | 25.3 5 38.05 | 8.72 6.2 6.12 | 20.83 158 354 1113
Muridae | Parotomys brantsii South Africa | Eastern Cape 1926 | -31.7333 | 25.3 4 36.4 7.77 6 5.08 | 19.33 158 354 1113
Muridae | Parotomys brantsii South Africa | Western Cape 1927 | -31.7833 | 18.61667 | 5 36.28 | 8.22 5.83 | 4.67 | 18.37 193 171 28
Muridae | Parotomys brantsii South Africa | Western Cape 1927 | -31.8667 | 18.61667 | 5 37.64 | 8.76 6.27 | 5.03 | 19.77 189 189 167
Muridae | Parotomys brantsii South Africa | Western Cape 1928 | -33.2833 | 19.15 5 36.99 | 8.35 6.37 | 5.02 | 19.32 172 623 173
Muridae | Parotomys brantsii South Africa | Western Cape 1929 | -31.6667 | 18.48333 | 4 33.06 | 8.06 5.91 | 4.72 | 18.16 184 169 33
Muridae | Parotomys brantsii South Africa | Western Cape 1931 | -31.6667 | 18.48333 | 5 39.51 | 8.92 6.15 | 5.19 | 19.66 184 169 33
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -29.25 17.86667 | 4 38.78 | 8.22 6.37 | 4.9 19.49 174 136 879
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -29.25 17.86667 | 4 36.39 | 8.33 6.18 | 4.84 | 18.79 174 136 879
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -29.25 17.86667 | 3 34.7 7.7 5.96 | 4.96 | 18.48 174 136 879
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -29.25 17.86667 | 5 34.88 | 8.45 6.74 | 4.72 | 20.06 174 136 879
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -29.25 17.86667 | 5 40.21 | 9.05 6.52 | 5.15 | 20 174 136 879
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -29.25 17.86667 | 5 38.37 | 9.24 6.28 | 5.28 | 19.7 174 136 879
Muridae | Parotomys brantsii South Africa | Western Cape 1937 | -29.7167 | 17.48333 | 5 38.5 9.36 6.28 | 5.04 | 21.3 162 147 594
Muridae | Parotomys brantsii South Africa | Western Cape 1937 | -29.7167 | 17.48333 | 5 38.69 | 9.12 6.31 | 5.32 | 19.34 162 147 594
Muridae | Parotomys brantsii South Africa | Western Cape 1937 | -29.7167 | 17.48333 | 4 36.29 | 8.44 6.11 | 4.72 | 18.95 162 147 594
Muridae | Parotomys brantsii South Africa | Western Cape 1937 | -31.7667 | 20.28333 | 5 37.97 | 9.03 6.23 | 5.22 | 19.18 156 182 1078
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -30.4333 | 20.98333 | 5 37.18 | 8.67 5.93 | 4.64 | 19.75 180 165 962
Muridae | Parotomys brantsii South Africa | Northern Cape 1937 | -29.3167 | 22.81667 | 4 34.66 | 7.94 5.87 | 4.86 | 18.58 178 286 1183
Muridae | Parotomys brantsii South Africa | Western Cape 1937 | -29.7167 | 17.48333 | 4 34.75 | 7.89 5.92 | 5.23 | 18.85 162 147 594
Muridae | Parotomys brantsii South Africa | Western Cape 1940 | -33.2167 | 20.58333 | 3 325 7.7 5.88 | 4.96 | 19 152 185 923
Muridae | Parotomys brantsii South Africa | Western Cape 1940 | -33.2167 | 20.58333 | 4 33.23 | 8.18 5.76 | 454 | 17.98 152 185 923
Muridae | Parotomys brantsii South Africa | Western Cape 1941 | -33.5833 | 22.2 5 39.65 | 8.68 6.19 | 5.24 | 19.9 175 262 331
Muridae | Parotomys brantsii South Africa | Western Cape 1953 | -31.7 18.2 5 36.97 | 8.43 6.03 | 5.31 | 19 180 175 3
Muridae | Parotomys brantsii South Africa | Western Cape 1954 | -33.2667 | 20.3 5 39.46 | 9.1 6.6 5.18 | 20.62 148 209 977
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Muridae | Parotomys brantsii South Africa | Western Cape 1954 | -33.5333 | 21.68333 | 4 36.65 | 8.7 5.75 | 5.2 18.75 177 209 224
Muridae | Parotomys brantsii South Africa | Western Cape 1954 | -33.5333 | 21.68333 | 5 37.14 | 8.17 6.22 | 5 19.59 177 209 224
Muridae | Parotomys brantsii South Africa | Western Cape 1954 | -33.2167 | 22.03333 | 5 38.94 | 8.8 6.02 | 4.88 | 19.74 159 201 614
Muridae | Parotomys brantsii South Africa | Western Cape 1954 | -33.5333 | 21.68333 | 5 38.8 8.91 6.19 | 5.07 | 19.18 177 209 224
Muridae | Parotomys brantsii South Africa | Northern Cape 1954 | -29.5 17.91667 | 5 38.19 | 8.57 6.23 | 4.76 | 19.04 162 192 1112
Muridae | Parotomys brantsii South Africa | Northern Cape 1956 | -27.9667 | 22.73333 | 5 35.65 | 8.64 6.67 | 5.03 | 20.16 175 342 1296
Muridae | Parotomys brantsii South Africa | Northern Cape 1956 | -26.45 20.56667 | 4 34.25 | 7.89 6.67 | 5.13 | 18.06 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1957 | -28.8 23.25 5 39.97 | 8.44 6.47 | 5.63 | 20.3 164 332 1340
Muridae | Parotomys brantsii South Africa | Northern Cape 1957 | -26.45 20.56667 | 4 36.5 8.35 6.99 | 5.75 | 18.55 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1958 | -26.45 20.56667 | 4 35.32 | 7.82 6.11 | 54 18.23 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1958 | -32.6333 | 22.66667 | 4 33.15 | 8.2 6.06 | 5.09 | 18.03 169 247 874
Muridae | Parotomys brantsii South Africa | Northern Cape 1958 | -28.45 21.25 5 37.29 | 8.23 6.56 | 4.8 19.23 193 182 797
Muridae | Parotomys brantsii South Africa | Free State 1962 | -29.7667 | 24.71667 | 5 38.53 | 8.72 6.07 | 5.21 | 20.54 181 371 1174
Muridae | Parotomys brantsii South Africa | Free State 1962 | -29.7667 | 24.71667 | 4 3454 | 8.31 6.05 | 5.53 | 19.01 181 371 1174
Muridae | Parotomys brantsii South Africa | Northern Cape 1962 | -25.8167 | 20.01667 | 4 3442 | 781 5.63 | 5.14 | 18.21 196 221 974
Muridae | Parotomys brantsii South Africa | Northern Cape 1966 | -26.45 20.56667 | 5 38.49 | 8.89 6.66 | 5.86 | 20.36 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1966 | -26.45 20.56667 | 4 37.31 | 8.7 6.45 | 5.08 | 19.33 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1966 | -26.45 20.56667 | 4 36.6 8.62 6.43 | 4.87 | 19.28 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1966 | -26.45 20.56667 | 4 35.47 | 8.35 6.36 | 5.15 | 19.15 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1966 | -26.45 20.56667 | 4 35.06 | 8.45 6.32 | 5.23 | 18.97 200 217 903
Muridae | Parotomys brantsii South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | 3 33.44 | 8.13 6.07 | 4.92 | 18.33 196 221 974
Muridae | Parotomys brantsii South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | 5 37.29 | 8.58 6.69 | 5.17 | 20.13 196 221 974
Muridae | Parotomys brantsii South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | 5 36.88 | 8.67 6.71 | 4.86 | 20.16 196 221 974
Muridae | Parotomys brantsii South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | 5 37.78 | 9.15 6.92 | 5.68 | 19.18 196 221 974
Muridae | Parotomys brantsii South Africa | Northern Cape 1970 | -25.4167 | 20.6 5 36.76 | 8.7 6.54 | 5.07 | 19.33 204 239 966
Muridae | Parotomys brantsii South Africa | Northern Cape 1970 | -25.8167 | 20.01667 | 4 36.83 | 8.61 6.72 | 5.29 | 19.67 196 221 974
Muridae | Parotomys brantsii South Africa | Northern Cape 1970 | -25.4167 | 20.6 5 38.68 | 8.68 6.87 | 5.34 | 19.11 204 239 966
Muridae | Parotomys brantsii South Africa | Northern Cape 1971 | -25.4167 | 20.6 4 35.11 | 8.53 6.3 5.3 18.05 204 239 966
Muridae | Parotomys brantsii South Africa | Northern Cape 1976 | -29.25 16.86667 | 5 37.78 | 9.14 6.02 | 5.27 | 20.2 147 74 0
Muridae | Parotomys brantsii South Africa | Northern Cape 1998 | -29.6667 | 17.08333 | 5 37.14 | 8.77 6.52 | 4.46 | 19.26 160 93 47
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Table A.2: Results for the binomial regressions to investigate the relationship between temporal

effect and life history parameters. None of the regressions were significant.

Dep/Indep p Intercept Slope AIC r>ML Equations
Temporal effect/maximum 0.6 -0.627 0.0083 65.62 0.005 y = -0.627+0.0083x
latitude
Temporal effect/range 0.96 -0.109 -0.008 65.82 0.0001 y =-0.109-0.008x
size area
Temporal effect/r.k 0.9 -0.318 0.077 64.16 0.0372 y =-0.318+0.077x
selection
Temporal effect/fossorial 1 -0.223 4.079e-16 | 65.83 0.00000 y =-0.223+4.079e-16x
Temporal effect/elevation 0.1 -0.693 1.049 61.41 0.096 y =-0.693+1.049x
Temporal effect/habitat 0.08 -0.493 0.744 64.43 0.031 y = -0.493+0.744x
Temporal 0.7 -0.143 -0.214 65.71 0.003 y =-0.143-0.214x
effect/commensal
Temporal effect/Desert 0.23 -2.030e- -0.811 64.41 0.031 y =-2.030e-16-0.811x
16
Temporal effect/mean 0.4 -0.372 0.0001 64.46 0.03 y =-0.372+0.0001x
body mass
Temporal effect/mean 0.5 -0.772 0.127 65.42 0.009 y =-0.772+0.127x
litter size
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Figure A.1: Landmarks used for skull measurements. See text for descriptions.

GLS - Greatest length of skull measured dorsally (A-B)

NAW - Nasal width, greatest width across nasals (C-D)

ZYW- Zygomatic width, greatest distance between the outer margins of the zygomatic arches
(E-F)

IOC - Interorbital constriction, least distance dorsally between the orbits (G)

BW — Braincase width (H-I)

MXTRL - Maxillary tooth row length, distance from anterior edge of first maxillary tooth to

posterior edge of last maxillary tooth (J-K)
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2.4+ Variables PC1 PC2
1.8
GLS 0.97 -0.01
g 0o MXTRL 0.59 0.77
g oo
NAW 0.78 0.54
1.2 10C 0.78 -0.53
-1.84
ZYW 0.96 -0.16
B BW 0.89 -0.34

PC 1(70.11%)

Figure A.2: Plot of component scores of the six species and the associated variable loadings of
the first two principal components (PC 1 and PC 2); red = Desmodillus auricularis, blue =
Parotomys brantsii, pink = Gerbilliscus leucogaster, green = Micalemys namagquensis, turquoise

= Mastomys natalensis, yellow = Otomys unisulcatus.

146

© University of Venda



V'S
>

o]
University of Venda

-~ — -

1500 0 1500 3000 4500 km
I T 1

Figure A.3: Map of Mastomys natalensis records showing approximate delimitation of
presumed-commensal populations from West and Central African Congolean, Guinea,
Sudanian and Sahel savannah-rainforest mosaics, and non-commensal populations from
eastern and Southern African Miombo, Zambezian, Mopane and Acacia commiphora
savannahs and Highveld grasslands (based on terrestrial ecoregions; Olson et al., 2001). Based
on studies of lassa fever outbreaks in West Africa, these are associated with the commensal
nature of Mastomys natalensis (Fichet-Calvet & Rogers 2009) so we used their risk map of
lassa fever for west/central Africa to define the limits of commensal populations for our study.
Studies of M. natalensis from east Africa (e.g. Leirs et al., 1996; Mulungu et al., 2015) and
Southern Africa (Monadjem et al., 2011) show that M. natalensis frequently occupies crop fields
where it is a crop pest; however, it seldom enters buildings or becomes commensal. In such
agricultural systems, cropping and food availability is highly seasonal and M. natalensis
populations are also highly seasonal, compared with commensal populations which are
presumable provisioned year-round on human food stores in houses. Crop productivity (as well

as productivity of natural habitats) would increase with higher rainfall.
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Figure A.4: Box-and-whisker plots describing differences in greatest length of the skull (PC.1)
between tooth-wear classes of Desmodillus auricularis (a), Micaelamys namaquensis (b),
Gerbilliscus leucogaster (c), Mastomys natalensis (d), Parotomys brantsii (e), and Otomys

unisulcatus (f).
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Figure A.5: Boxplots comparing adult West African commensal (Y) and East/Southern African

non-commensal (N) populations of Mastomys natalensis.
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Figure A.6: Barplots of temporal effect versus r-selection (a) with 0 showing no effect and 1
showing yes effect, elevation with 0 showing low elevations and 1 high elevations (b) and

boxplots of mean litter size (c) with 0 showing no effect and 1 showing yes effect.
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APPENDIX B

SUPPORTING MATERIAL FOR CHAPTER 3

Table B.1. Raw data of the studied specimens with individual sex,

measurements, body mass (BodyM) and bulla centroid size (bullaCS).

cochlear micro-ct

FILENAME GENUS SPECIES SEX | RECL, | CUR | OWA, | ECL, | TUR | BodyM, | bullaCS
mm mm? | mm g
TM13610 | Desmodillus auricularis F 5.77 171 | 0.86 | 14.71 | 2.55 46.1 72.05029
TM22976 | Desmodillus auricularis F 6.20 153 | 0.93 | 1358 | 2.19 46.1 74.4604
TM23012 | Desmodillus auricularis M 5.99 1.61 | 0.75 | 13.96 | 2.33 46.1 76.73254
TM23036 | Desmodillus auricularis F 6.08 1.63 | 0.82 | 1442 | 2.37 46.1 76.0306
TM32588 | Desmodillus auricularis M 6.23 1.37 | 0.83 | 13.71 | 2.20 46.1 | 70.52641
TM37519 | Desmodillus auricularis F 6.02 143 | 0.82 | 13.37 | 2.22 46.1 74.42082
TM4329 | Desmodillus auricularis F 5.85 1.69 | 0.84 | 13.98 | 2.39 46.1 76.68003
TM4744 | Desmodillus auricularis F 6.13 1.61 | 0.84 | 14.15| 231 46.1 | 78.02452
TM5387 | Desmodillus auricularis M 6.22 1.41 | 0.83 | 13.68 | 2.20 46.1 | 74.28502
TM6371 | Desmodillus auricularis M 6.03 153 | 0.77 | 13.93| 231 46.1 | 79.12399
TM7620 | Desmodillus auricularis M 5.71 1.30 | 0.81 | 11.76 | 2.06 46.1 73.92939
1958-742 | Gerbiliscus leucogaster F 5.97 156 | 054 |14.81 | 2.48 72 66.04022
1958-743 | Gerbiliscus leucogaster M 5.70 141 | 051 | 1299 | 2.28 72 64.75632
1969-64 Gerbiliscus leucogaster M 5.13 153 | 048 |12.11 | 2.36 72 59.80813
1990-340 | Gerbiliscus leucogaster M 5.30 159 | 047 |13.84 | 2.61 72 56.48836
1990-616 | Gerbiliscus leucogaster M 4.96 140 | 042 |11.17 | 2.25 72 56.83054
1990-617 | Gerbiliscus leucogaster F 5.45 145 | 044 | 13.35| 2.45 72 60.68751
1990-620 | Gerhiliscus leucogaster F 5.26 1.35 | 047 |13.09 | 2.49 72 58.03407
1990-626 | Gerhiliscus leucogaster M 5.48 146 | 053 | 126 | 2.30 72 59.7778
1996-573 | Gerbiliscus leucogaster M 5.13 142 | 048 | 116 | 2.26 72 60.34655
1996-574 | Gerbiliscus leucogaster F 5.44 1.33 | 049 |11.96 | 2.20 72 56.54395
1999-72 Gerbiliscus leucogaster F 5.11 147 | 045 | 1231 | 241 72 57.25886
2007-1135 | Gerbiliscus leucogaster M 5.38 155 | 051 |13.24 | 2.46 72 63.67492
TM13659 | Gerbiliscus leucogaster F 5.17 158 | 051 |13.35| 2.58 72 64.37561
TM1432 Gerbiliscus leucogaster F 5.47 1.70 | 0.51 | 14.72 | 2.69 72 62.8095
TM32 Gerbiliscus leucogaster F 5.46 15 0.47 |13.98 | 2.56 72 62.763
TM7501 Gerbiliscus leucogaster M 5.29 1.69 | 051 | 14.96 | 2.83 72 66.04022
1943-102 Gerbillus nigeriae F 5.24 1.31 | 0.38 | 10.85| 2.07 24 52.84867
1962-4220 Gerbillus nigeriae M 5.23 1.29 | 0.38 | 10.78 | 2.06 24 52.55021
1980-293 Gerbillus nigeriae F 4.87 1.18 | 0.35 | 8.96 | 1.84 24 48.12395
1980-346 Gerbillus nigeriae M 5.28 124 | 0.38 | 9.88 | 1.87 24 51.10348
1987-383 Gerbillus nigeriae M 4.78 1.29 | 0.33 | 9.85 | 2.06 24 48.03581
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1987-386 Gerbillus nigeriae F 5.25 1.31 | 0.33 | 10.93 | 2.08 24 46.53813
1990-905 Gerbillus nigeriae M 5.05 1.20 | 0.37 | 10.04 | 1.99 24 51.56148
1997-1476 Gerbillus nigeriae M 5.21 1.34 | 0.39 | 10.95| 2.10 24 48.7289
2004-1117 Gerbillus nigeriae F 5.16 1.23 | 0.35 | 1150 | 2.23 24 49.48695
2004-1120 Gerbillus nigeriae F 5.10 1.36 | 0.37 | 11.23 | 2.20 24 51.00813
2004-983 Gerbillus nigeriae M 5.08 1.30 | 0.39 | 11.02 | 2.17 24 53.17291
2004-987 Gerbillus nigeriae F 5.20 128 | 0.39 | 1165 | 2.24 24 51.66834
TM103 Otomys angoniensis F 6.05 1.34 | 0.35 | 11.68| 1.93 114 51.14102
TM123 Otomys angoniensis F 6.38 143 | 045 | 1321 | 2.07 114 54.73533
TM22700 Otomys angoniensis M 594 | 149 | 0.41 | 1193 | 2.01 114 49.92039
TM22876 Otomys angoniensis M 5.93 1.34 | 037 | 11.39 | 1.92 114 48.22569
TM24415 Otomys angoniensis M 6.53 141 | 0.38 | 12.86 | 1.97 114 50.18055
TM25623 Otomys angoniensis M 5.90 1.38 | 0.38 | 11.45] 1.94 114 49.30879
TM35027 Otomys angoniensis M 6.10 132 | 0.36 | 11.71 | 1.92 114 47.16786
TM44987 Otomys angoniensis F 5.90 1.34 | 0.36 | 10.85| 1.84 114 51.4746
TM4504 Otomys angoniensis M 5.94 1.33 | 0.38 | 1140 ] 1.92 114 43.64898
TM45584 Otomys angoniensis F 5.69 1.35 | 0.36 | 10.58 | 1.86 114 53.74636
TM6485 Otomys angoniensis F 6.50 146 | 042 | 1255 | 1.93 114 50.71592
TM10282 Otomys auratus F 6.75 1.39 | 043 |13.17 | 1.95 127 48.18751
TM15012 Otomys auratus F 6.19 1.36 | 0.33 | 13.00 | 2.10 127 49.96258
TM19287 Otomys auratus M 6.53 152 | 044 |13.20 | 2.02 127 50.22489
TM2916 Otomys auratus F 5.80 149 | 0.36 | 12.58 | 2.17 127 51.72409
TM35182 Otomys auratus M 6.78 1.36 | 041 | 13.70 | 2.02 127 51.75141
TM3611 Otomys auratus M 6.02 139 | 0.38 | 11.74 | 1.95 127 52.88281
TM3614 Otomys auratus F 6.45 154 | 037 |13.62 | 2.11 127 49.22943
TM41608 Otomys auratus M 6.25 155 | 041 |14.07 | 2.25 127 51.02863
TM46864 Otomys auratus F 6.79 1.40 | 0.39 | 13.30 | 1.96 127 52.39796
TM7597 Otomys auratus M 6.69 1.40 | 040 |13.64 | 2.04 127 53.49452
TM9052 Otomys auratus F 7.03 1.24 0.41 | 1356 | 1.93 127 52.17177
1933-2758 Otomys barbouri F 5.95 1.31 0.35 | 1142 | 1.92 112 45.22757
1933-2759 Otomys barbouri F 6.23 1.30 | 0.35 | 11.33| 1.82 112 52.69945
1933-2760 Otomys barbouri M 6.15 129 | 045 |10.77 | 1.75 112 48.72887
1933-2762 Otomys barbouri M 5.91 143 | 040 |11.65| 1.97 112 broken
1933-2764 Otomys barbouri M 5.88 1.38 | 0.37 |11.47 | 1.95 112 broken
1933-2765 Otomys barbouri M 5.86 124 | 0.35 | 9.03 | 154 112 broken
1933-2766 Otomys barbouri M 6.05 1.30 | 0.35 | 11.08 | 1.83 112 broken
1972-218 Otomys helleri M 6.28 142 | 041 | 1199 | 1.91 90 49.85414
1972-220 Otomys helleri M 5.93 126 | 041 |11.09 | 1.87 90 53.19018
1972-221 Otomys helleri M 6.35 1.28 0.44 | 11.05| 1.74 90 56.10628
1972-223 Otomys helleri F 6.21 129 | 040 | 962 | 155 90 52.06238
1972-224 Otomys helleri F 5.87 135 | 0.39 | 9.74 | 1.66 90 53.33326
1972-225 Otomys helleri F 6.00 1.35 | 0.37 | 10.8 | 1.80 90 52.63067
1972-226 Otomys helleri F 6.02 135 | 042 |11.26 | 1.87 90 53.78809
1972-227 Otomys helleri F 5.50 123 | 0.33 | 946 | 1.72 90 46.89101
1972-228 Otomys helleri M 6.08 1.34 | 043 |10.95| 1.80 90 54.84596
TM1203 Otomys sloggetti M 5.97 1.19 | 044 |10.86 | 1.82 84 51.37335
TM12915 Otomys sloggetti F 5.61 132 | 043 | 9.76 | 1.74 84 54.42251
TM13730 Otomys sloggetti F 6.48 1.30 | 050 | 12.77 | 1.97 84 52.16358
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TM16519 Otomys sloggetti M 6.15 135 | 052 | 1193 | 1.94 84 52.11853
TM22664 Otomys sloggetti M 5.86 124 | 054 | 1136 | 1.94 84 56.5382
TM22670 Otomys sloggetti F 6.71 1.25 | 046 | 13.01 | 1.94 84 50.18285
TM22676 Otomys sloggetti F 6.21 132 | 044 1192 | 1.92 84 57.4588
TM22684 Otomys sloggetti M 6.08 123 | 045 | 11.25| 1.85 84 59.29027
TM7606 Otomys sloggetti M 6.01 1.38 | 052 | 11.71| 1.95 84 54.83523
TM7780 Otomys sloggetti M 6.38 1.39 | 040 |12.96 | 2.03 84 56.28088
TM7781 Otomys sloggetti F 6.87 1.22 | 045 | 13.26 | 1.93 84 54.12049
TM2247 Otomys unisulcatus M 6.30 145 | 0.46 | 1354 | 2.15 96 55.16288
TM22768 Otomys unisulcatus F 6.37 1.43 | 043 | 13.19 | 2.07 96 50.0304
TM22782 Otomys unisulcatus M 6.48 139 | 045 |12.63 | 1.95 96 56.38046
TM22794 Otomys unisulcatus F 6.61 1.29 | 050 | 1243 | 1.88 96 75.62706
TM27359 Otomys unisulcatus F 5.86 144 | 043 |13.19| 2.25 96 51.81354
TM39371 Otomys unisulcatus M 6.06 144 | 0.49 | 13.03| 2.15 96 58.12217
TM43864 Otomys unisulcatus F 6.34 1.37 | 048 | 12.75| 2.01 96 55.37782
TM4754 Otomys unisulcatus M 6.03 1.49 | 040 | 13.14 | 2.18 96 52.83469
TM6734 Otomys unisulcatus M 6.35 141 | 044 | 1347 | 2.12 96 58.58904

TM75 Otomys unisulcatus F 6.06 1.44 | 050 | 13.02 | 2.15 96 55.65355
TM9057 Otomys unisulcatus M 6.71 132 | 044 | 1281 | 191 96 50.91629
TM16845 | Parotomys brantsii F 6.8 1.26 | 0.68 | 15.77 | 2.32 95 76.53325
TM22628 | Parotomys brantsii M 6.81 1.25 | 0.63 | 15.11 | 2.22 95 76.81687
TM22630 | Parotomys brantsii M 6.94 1.31 | 0.64 | 15.69 | 2.26 95 71.38595
TM27543 | Parotomys brantsii F 7.00 1.30 | 0.75 | 16.3 | 2.33 95 77.13138
TM4750 Parotomys brantsii F 6.54 1.38 | 0.72 | 15.11 | 231 95 77.39622
TM4799 Parotomys brantsii M 6.24 1.35 | 0.66 | 14.84 | 2.38 95 78.10408
TM5088 Parotomys brantsii M 6.55 1.24 | 0.68 | 15.01 | 2.29 95 74.51233

TM66 Parotomys brantsii F 6.89 1.39 | 0.70 | 16.41 | 2.38 95 72.25011
TM7902 Parotomys brantsii F 7.04 129 | 0.68 | 15.14 | 2.15 95 75.89446
TM7912 Parotomys brantsii F 6.66 1.24 0.78 | 14.06 | 2.11 95 74.06579
TM9069 Parotomys brantsii M 6.87 1.23 0.67 | 1449 | 2.11 95 72.01311
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Table B.2. Phylogenetic signal calculated for each cochlear trait and body mass. *indicates a

phylogenetic signal not significantly different from A = 1 but significantly different from A = 0 (at

5%).
Pagel's A aic MLvsA=0 aic MLvsA=1 aic
p-value p-value
OWA 0.000 7.144 1.000 5.144 0.680 5.316
RECL 1.000 -20.340 0.080 -19.245 1.000 -22.341
CUR 0.9768 -24.420 0.540 -24.419 0.980 -24.792
ECL 0.000 -8.740 0.999 -10.737 0.084 -7.752
TUR 0.592 -12.700 0.450 -14.137 0.514 -14.273
BodyM 1.000 13.650 0.020 * 17.037 1.00 13.362
bullaCS 0.000 -3.280 0.990 -5.280 0.460 -4.730

Table B.3. Variable loadings from PCA of three cochlea parameters for our data.

Cochlea variables PC1 PC 2
OWA -0.7503 -0.0086
RECL -0.4550 -0.7190
CUR -0.4798 0.6950
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Table B.4. Interspecies RECL and OWA ; CUR; TUR and ECL differences using a pairwise t-

tests applied to each pair of rodent species. Da, Desmodillus auricularis; Gl, Gerbilliscus

leucogaster; Gn, Gerbillus nigeriae; Oa, Otomys angoniensis; Oau, Otomys auratus; Ob,

Otomys barbouri; Oh, Otomys helleri; Os, Otomys sloggetti; Ou, Otomys unisulcatus; and Pb,

Parotomys brantsii. *indicates significant bonferroni-corrected p-values at p = 0.001.

OWA
D.a G. G.n O.a O.au O.b O.h O.s O.u P.b
RECL D.a 33.84* | 42.89* | 40.52* | 39.6* | 36.48* | 37.02* | 32.79* | 33.87* | 12.54*
G.l 9.091* 12.17* | 10.26* 39.6* | 9.675* | 8.119* | 1.859 | 3.034 20.2*
G.n 11.55* 3.302 1.505 2.438 | 0.5556 | 2.87 | 9.393* | 8.29* 30.09*
O.a 0.7195 9.874* | 12.29* 0.9133 | 0.7531 | 1.418 | 7.721* | 5.729* | 27.07*
O.au 5.768 15.37* | 17.44* 5.048 1.559 | 0.5513 | 6.808* | 5.729 27.07*
O.b 0.1842 7.661* | 9.951* | 0.8188 | 5.271 1.987 | 7.563* | 6.611* | 25.43*
O.h 0.0686 8.62* 11* 0.614 | 5.403 | 0.2379 5.907 | 4.883 | 25.13*
O.s 2.398 11.7* 14* 1.679 3.369 | 2.299 | 2.207 1.079 20.26*
O.u 3.358 12.75* | 14.98* 2.638 241 3.146 | 3.117 | 0.9594 21.34*
P.b 9.263* | 19.17* | 21.01* | 8.543* 3.495 | 8.353* | 8.719* | 6.864* | 5.905
CUR
D.a G.n O.a O.au O.b O.h O.s O.u P.b
D.a
G.l 1.298
G.n 10.31* | 9.942*
O.a 5947 | 5.176 | 4.239
O.au 4305 | 3.389 | 5.916 | 1.642
O.b 7.35* 6.72* 1.581 | 2.105 | 3.553
O.h 8.003* | 7.413* | 1.606 | 2.361 | 3.919 | 0.08624
O 9.595* | 9.148* | 0.5124 | 3.648 5.29 1.112 11
O.u 4925 | 4.064 | 5283 | 1.022 | 0.6202 | 3.006 3.33 4.67
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P.b 9.413* | 8.949* | 0.6988 | 3.466 | 5.108 | 0.9515 | 0.9268 | 0.1824 | 4.488
TUR
D.a G. G.n O.a O.au O.b O.h O.s O.u P.b
ECL D.a 40 18 1* 8* 0* 0* 0* 11 56
G.l 54.5 2.5* 0* 1.5* 0* 0* 0* 1.5* 34.5
G.n 0* 4* 24 53 6 5* 18 64.5 14
O.a 4* 28 20.5 17 20 6* 59.5 23 0*
O.au 25 80 0* o* 6 0* 15.5 51.5 8*
O.b 0* 5* 28.5 19 0* 20 26 7.5 0*
O.h 1* 4* 52.5 17 1* 22 11.5 1.5* 0*
O.s 6* 36 21 54 14 18 17 19.5 0*
O.u 13 83 0* 14 36 0* 0* 20 16.5
P.b 4* 7* 0* 0* 1* 0* 0* 0* 0*
M angoniensis
] auratus
i heleri
sloggetti
34
26 brantsii
= barbouri
unisulcatus
nigarias
auricularis
e leucog aster

no0zo

Figure B.1. Phylogram tree produced by Neighbour-Joining method with branch length.
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Figure B.2. Principal Component Analysis of all five cochlear features (OWA, RECL, CUR,

TUR, ECL) investigated in this study, gerbils (triangles) and laminate-toothed rats (circles).
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Figure B.3. Non-phylogenetic and phylogenetic controlled linear regressions between RECL,
OWA, CUR, bulla and body mass. (A) RECL for gerbils (black triangles) and Otomyini (red
circles) with dashed line (non-phylogenetic) and solid line (phylogenetic) regressions. (B) OWA
for gerbils (black triangles) and Otomyini (red circles) with dashed line (non-phylogenetic) and
solid line (phylogenetic) regressions. (C) CUR for gerbils (black triangles) and Otomyini (red
circles) with dashed line (non-phylogenetic) and solid line (phylogenetic) regressions. (D) Bulla
for gerbils (black triangles) and Otomyini (red circles) with dashed line (non-phylogenetic) and

solid line (phylogenetic) regressions. *indicates significant level of 5%.
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Figure B.4. Association between bulla CS and (A) RECL; with solid line (all species included)
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APPENDIX C

SUPPORTING MATERIAL FOR CHAPTER 4

Table C.1: Species mean and standard deviations for the endocranial volume.

Species names ECV (cm?)
0. angoniensis Mean 1.561
SD 0.26
O. auratus Mean 1.765
SD 0.113
O. unisulcatus Mean 1.47
SD 0.15
O. helleri Mean 1.33
SD 0.12
O. sloggettii Mean 1.55
SD 0.144
O. barbouri Mean 1.36
SD 0.14
P. brantsii Mean 1.396
SD 0.06
G. leucogaster Mean 1.36
SD 0.113
G. nigeriae Mean 0.69
SD 0.044781542
D. auricularis Mean 1.1678
SD 0.081121889
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Table C.2: Pairwise distance matrix of the GMS deformations.

D. G. G. O. O. 0. O. O. O. P.
auricularis leucogaster nigeriae angoniensis auratus barbouri helleri sloggetti unisulcatus brantsii
D. auricularis 0 46.6314 18.1481 64.4147 58.8218 68.7442 71.9035 74.2141 59.0689 47.9921
G. leucogaster 46.6314 0 12.8403 36.6276 27.0419 21.4390 27.0690 26.1156 22.4935 24.0298
G. nigeriae 18.1481 12.8403 0 43.6654 34.2837 34.8592 40.9253 37.2014 28.7234 24.0442
O. 64.4147 36.6276 43.6654 0 4.6211 7.1134 3.0282 4.9442 6.7498 24.1080
angoniensis
O. auratus 58.8218 27.0419 34.2837 4.6211 0 2.9003 4.2615 5.4291 4.7798 24.2707
O. barbouri 68.7442 21.4390 34.8592 7.1134 2.9003 0 3.0652 5.2714 6.4128 23.2787
O. helleri 71.9035 27.0690 40.9253 3.0282 4.2615 3.0652 0 3.2317 5.2988 19.6532
0. sloggetti 74.2141 26.1156 37.2014 4.9442 5.4291 5.2714 3.2317 0 4.6738 20.8894
O. unisulcatus 59.0689 22.4935 28.7234 6.7498 4.7798 6.4128 5.2988 4.6738 0 9.5206
P. brantsii 47.9921 24.0298 24.0442 24.1080 24.2707 23.2787 19.6532 20.8894 9.5206 0
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Olfactory bulb- it is
involved in olfaction,
the sense of smell.

Cerebrum

Cerebellum

medial ventral cortex
posterior ventral cortex

cerebral peduncle/crus-
help  transport nerve
impulses from the cortex
and brainstem/lower part
of the brain to other
areas of the central
nervous system,

Paraflocculus- regulate functions
associated with vision including
smooth pursuit and velocity control
of eye movements, and visual
image stabilization

Brainstem- coordinates motor control
signals sent from the brain to the body,
regulates cardiac and respiratory
function, central nervous system and etc.

Figure C.1: Virtual endocast of Parotomys brantsii in (a) dorsal and (b) ventral view, with brain

parts labels and functions of some of those mentioned in the manuscript.
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Figure C.2: Colour maps illustrating changes from the overall mean shape to the taxon mean shape. Cumulative displacement
variations are rendered by a pseudo-colour scale ranging from dark blue (lowest values) to red (highest values) at the individual

surface.
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Associated tympanic bullar and cochlear hypertrophy
define adaptations to true deserts in African gerbils
and laminate-toothed rats (Muridae: Gerbillinae and
Murinae)
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Abstract

Hearing capabilities in desert rodents such as gerbils and heteromyids have been inferred from both anatomical
and ecological aspects and tested with experiments and theoretical models. However, very few studies have
focused on other desert-adapted species. In this study, a refined three-dimensional morphometric approach was
used on three African rodent tribes (Otomyini, Taterillini and Gerbillini) to describe the cochlear and tympanic
bullar morphology, and to explore the role of phylogeny, allometry and ecology to better understand the
underlying mechanism of any observed trends of hypertrophy in the bulla and associated changes in the cochlea.
As a result, desert-adapted species could be distinguished from mesic and semi-arid taxa by the gross cochlear
dimensions, particularly the oval window, which is larger in desert species. Bullar and cochlear modifications
between species could be explained by environment (bulla and oval window), phylogeny (cochlear curvature
gradient) and/or allometry (cochlear relative length, oval window and bulla) with some exceptions. Based on
their ear anatomy, we predict that Desmodillus auricularis and Parotomys brantsii should be sensitive to low-
frequency sounds, with D. auricularis sensitive to high-frequency sounds, too. This study concludes that in both
arid and semi-arid adapted laminate-toothed rats and gerbils there is bulla and associated cochlea hypertrophy,
particularly in true desert species. Gerbils also show tightly coiled cochlea but the significance of this is debatable
and may have nothing to do with adaptations to any specific acoustics in the desert environment.

Key words: adaptation; cochlea; CT scans; hearing capabilities; Muridae; semi-landmarks; three-dimensional
morphometrics.

Muridae (or murids) being the most diverse family (Musser
& Carleton, 2005). The family consists of species with a wide
Rodents are the most diverse living mammals, colonising a range of specialisation and morphological adaptations
vast array of habitats (Wilson et al. 2016, 2017), with (Happold, 2013). Rodents occupying desert habitats/envi-
ronment are characterised by numerous common features
such as inflated tympanic bullae (Prakash, 1959; Lay, 1972;
Nikolai & Bramble, 1983; Alhajeri et al. 2015; Tabatabaei-
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environments but also with open micro-habitats (Kotler,
1984) and high elevation (Zhao et al. 2013; Tabatabaei-
Yazdi et al. 2015). This hypertrophy is said to improve low-
frequency hearing, which is hypothesised to help in both
prey localisation and predator avoidance (Lay, 1972), and
interspecific communication (e.g. vocalisation, tapping, foot
drumming, stomping) in burrows and open, mostly desert
habitats/environment (Bridelance, 1986; Randall, 1993,
1994, 2014). However, besides the hypertrophied bulla,
other aspects of the middle ear morphology as well as the
inner ear are also important in improving low-frequency
hearing (Dallos, 1970; Lay, 1972; Ravicz et al. 1992; Ravicz &
Rosowski, 1997; Salt et al. 2013). Although a multitude of
hearing studies (including those inferred from bulla and ear
morphology) in desert rodents have been conducted, these
have mainly focused on Gerbillinae (Lay, 1972; Plassmann
et al. 1987; Plassmann & Kadel, 1991; Zhao et al. 2013;
Mason, 2016; Tolnai et al. 2017), including Meriones (Ryan,
1976; Tabatabaei-Yazdi et al. 2014, 2015), Dipodomyinae
(Lay, 1972; Webster & Webster, 1975; Heffner & Masterton,
1980; West, 1985; Shaffer & Long, 2004; Randall, 2014) and
various subterranean rodents (Heffner & Heffner, 1992;
Lange et al. 2004, 2007; Francescoli et al. 2012; Mason et al.
2016) to name a few.

However, no studies have looked at the hearing capabili-
ties of Otomyini in detail despite their adaptation to life in
deserts or high altitude. Vocalisation has been studied in
two desert-dwelling Parotomys (whistling rats) species,
brantsii and littledalei (Le Roux et al. 2001a,b, 2002; Garcia-
Navas & Blumstein, 2016) and in gerbils (Dempster & Perrin,
1991, 1994; Dempster et al. 1991; Dempster, 2018). Otomys
(unknown species, Cockerell et al. 1914) malleus and incus
and Parotomys middle ears (Oaks, 1967, unpublished cited
in Mason, 2015) have been described.

The inner ear shows extensive variations across taxa in
mammals (Vater & Kossl, 2011), with cochlear function
potentially limiting the hearing bandwidth (Ruggero &
Temchin, 2002) and semicircular canals responsible for loco-
motion and balance (Spoor & Zonneveld, 1998; Pfaff et al.
2015; Grohé et al. 2016). The geometry of cochlear features
has been said to play a role in determining the limits of
high- and low-frequency hearing and octaval ranges in ver-
tebrates (West, 1985; Manoussaki et al. 2008; Ekdale & Raci-
cot, 2015). However, these functional relationships had
been inferred from correlations but not linked to causation.

As ear specialisations are said to be more pronounced in
the inner ear because of differing lifestyles (Crumpton et al.
2015), it is of importance to test this on other taxa that have
not been studied before to see whether this is a general/
universal or taxon-specific adaptive trend. Studies relating
the bulla size to cochlear parameters and the pattern of
their covariance in response to environmental variables are
very scarce, especially those looking at rodents. The present
study used a three-dimensional (3D) morphometric
approach to describe and compare in detail the cochlear

and bullar morphology of African rodent members of three
Muridae tribes belonging to two subfamilies (Otomyini in
the Murinae, and Taterillini and Gerbillini in the Gerbilli-
nae). These taxa are characterised by a wide variation of dif-
ferent life histories and environmental niches, including
both desert and non-desert species (see Table 1 and Fig. 1).
Our tribe classification follows Lecompte et al. (2008), Pavli-
nov (2008) and Wilson et al. (2017). We included the three
tribes from two distant murid subfamilies to explore the
role of phylogeny, allometry and ecology in an attempt to
better understand the underlying mechanism of any
observed trends of hypertrophy in the bulla and associated
changes in the cochlea. Gerbils are thought to have origi-
nated from a desert-adapted ancestor in North Africa (Pavli-
nov, 2008), and laminate-toothed rats (Murinae: Otomyini)
originated 5 MYA from Euryotomys, a murid occupying the
presumably mesic temperate central plateau of South Africa
(Pocock, 1976; Sénégas, 2001; Denys, 2003; Monadjem et al.
2015). Whereas gerbils are mostly confined to arid or semi-
arid habitats, most Otomyini species are associated with
temperate or montane or sub-montane habitats, with the
exception of Otomys unisulcatus, which is from the semi-
arid shrub habitats in the Karoo desert of South Africa, and
two species of whistling rats (Parotomys brantsii and Paro-
tomys littledalei) from the Karoo, Kalahari and Namib
deserts of southern Africa. The bullae of both desert-dwell-
ing Parotomys species are hypertrophic but not that of
O. unisulcatus (Pocock, 1976; Taylor et al. 2004). The very
wide habitat range within Otomyini offers an excellent
opportunity to understand evolutionary responses of the
bulla and cochlea to the transition from mesic to desert
environments within a closely related clade of species.

Within Gerbillinae, species differ not only in the size of
the bulla but also in the degree and type of pneumatisation
(expansion) of the posteriorly located mastoid chamber of
the bulla. Extreme desert species (e.g. Desmodillus
auricularis) are characterised by larger bulla and a two-
chambered pneumatised mastoid cavity; Gerbilliscus, a
more semi-arid savannah-associated genus, includes species
that typically display a smaller bulla with the mastoid por-
tion hardly expanded; and an intermediate condition of the
bulla is found in the genus Gerbillus (Lay, 1972; Pavlinov,
2001, 2008; Mason, 2016). Our study included Gerbillus
nigeriae, a species that occupies semi-arid Sahel habitats
but has also expanded its range into anthropogenic habi-
tats and therefore is less of a desert specialist than a species
such as D. auricularis. Our choice of three gerbil taxa for
this study therefore includes a range of species representing
various bullar morphologies ranging from more generalised
(un-inflated mastoid portions of bulla) to more specialised
(highly inflated mastoid) adaptations to arid habitats.

The main objectives of this study are (1) to investigate
cochlear morpho-anatomical variation among Otomyini
and Gerbillinae, focusing on five cochlea features (Braga
et al. 2015) that play a role in hearing capabilities in
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Table 1 Brief life history summary of all 10 species.
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Mean
Simplified body

Species name Diet Detailed habitat habitat mass (g) Life style Elevation (m)
Otomys auratus Herbivorous*' Montane or Mesic 127% Epigeic® Mid-elevation**

highveld

plateau

grassland ™
Otomys angoniensis Herbivorous*" Mesic Mesic 114* Epigeic*’ Low

savannah’™ elevation < 1000*"
Otomys unisulcatus Herbivorous*" Semi-arid* Arid 96+ Epigeic’ Low elevation’
Otomys helleri Herbivorous*' Alpine? Mesic 90* Epigeic? > 3000 High elevationi
Otomys sloggetti Herbivorous*" Alpinef* Mesic 84% Epigeic’ > 2000 Mid-elevation’
Otomys barbouri Herbivorous*" Alpinef* Mesic 112% Epigeic’ > 3200 High elevation}
Parotomys brantsii Herbivorous*" Arid™* Arid 95* Fossorial® < 1000 Low elevation®
Gerbilliscus leucogaster Omnivorous*" Semi-Arid Arid 72¢ Fossorial® < 1600 Low elevation

(Arid

savannah)**
Gerbillus nigeriae Omnivorous*" Semi-arid Arid 24% Fossorial® Low elevation < 1000

Sahel®
Desmodillus auricularis Omnivorous*" Arid* T Arid 46.1% Fossorial® < 1600 Low elevation’

*Skinner & Chimimba (2005).
"Happold (2013).
fMonadjem et al. (2015).
Baxter et al. (2017).

mammals (West, 1985; Manoussaki et al. 2008; Vater &
Kossl, 2011); (2) to test the correlation between tympanic
bulla size vs. cochlear parameters (see Material and meth-
ods) in three gerbils and seven Otomyini species; and (3)
to test the association of bullar and cochlear parameters
with environmental variables (Alhajeri et al. 2015). Fol-
lowing on from these objectives, we predict that the
cochlea should scale with body size and bulla size (i.e.
hypertrophy of the bulla means hypertrophy (i.e. enlarge-
ment) of the cochlea, or some aspects of it). In addition,
we predict that both the bullar and cochlear morphology
should vary because of phylogeny [i.e. a significant phylo-
genetic signal between the two subfamilies (Gerbillinae
and Murinae) and the two tribes within Gerbillinae],
body size (i.e. an increase in cochlea and bulla size with
body mass) and environmental factors (i.e. a significant
inverse correlation between bullar and cochlear measure-
ments with mean annual rainfall due to hypertrophy in
species from low rainfall areas associated with deserts
and a significant positive correlation of the same mea-
surements with elevational range).

Materials and methods

Study samples

The present study is based on micro-focal X-ray computed tomogra-
phy (micro-CT) data obtained for 110 dry skulls of known sex (see

© 2018 Anatomical Society

Table 2) representing Otomyini and Gerbillinae curated at the Dit-
song National Museum of Natural History (Pretoria) and Muséum
National d'Histoire Naturelle (Paris). Most of the specimens were
adults, as estimated by their molar lamina wear (Otomyini: Taylor &
Kumirai, 2001; Gerbillinae: Bates, 1985). On rare occasions where no
other specimens were available, specimens from younger adult age
classes [e.g. Class 3 = subadult (see Taylor & Kumirai, 2001) in Oto-
myini] were also used. All the specimens housed in the Ditsong
National Museum of Natural History in Pretoria were scanned at
the South African Nuclear Energy Corporation (NECSA) tomography
centre, using the X-Tek (Metris) H225L industrial micro-XCT scanner.
The specimens housed at the Muséum National d’Histoire Naturelle,
Paris, France (MNHN), were scanned with the Phoenix Nanotom 180
scanner from the FERMAT Federation at the Centre Inter-Universi-
taire de Recherche et d'Ingénierie des Matériaux (CIRIMAT) in the
University of Toulouse Paul Sabatier. Their isometric voxel size ran-
ged from 19 to 23 pm. Scanner settings of 100-130 kV and 100~
180 pA were used.

Phylogenetic sampling and analysis

For the seven Otomyini and three Gerbillinae species included in
this analysis (see Table 2) the taxonomy followed Wilson et al.
(2017) and Pavlinov (2008). Cytochrome b sequences used here were
downloaded from GenBank and one sequence per species was
used. The sequences were first aligned with cLustaiw and a phylo-
gram tree based on the maximum composite likelihood method
(Tamura et al. 2004) was generated using meca7 (Kumar et al. 2016)
software, with an assumption that all the species have been identi-
fied correctly (Alhajeri et al. 2015). A neighbour-joining phyloge-
netic tree (Saitou & Nei, 1987) was generated to test for

© University of Venda
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Fig. 1 Geographical distribution map of all 10 species based on locality coordinates of specimens included in this study and another related study
employing linear cranial measurements (A. Nengovhela unpubl. data). Coordinates were obtained from the specimen labels; where there none,
locality names were used to search for one using Google Earth/Maps and Geonet gazetteer Southern Africa.

phylogenetic signal among our samples (Supporting Information
Fig. S1).

The phylogenetic signal (i.e. the tendency for related species to
resemble one another) was computed by calculating the parameter
lambda (%; Pagel, 1999) under a Brownian model for each trait
[cochlear parameters, body mass and bulla centroid size (bullaCS)]
separately on the entire sample using the ‘Geiger’ package in r (R
Development Core Team, 2015). Pagel’'s i varies between 0 (trait
values independent of phylogeny) and 1.0 (trait values proportional
to time of shared evolution under a Brownian model). The phyloge-
netic signal test is performed under two possible null hypotheses
that A =0, or that A = 1 (Supporting Information Table S2). The
entire sample was selected because it can be difficult to carry out
these calculations on small samples (Braga et al. 2015). For a
detailed description of the procedure followed in this analysis, see
http://mww.anthrotree.info/wiki/projects/pica/The_AnthroTree_Web
site.html and Braga et al. (2015).

Bulla data collection

The tympanic bulla semi-landmarks, defined as landmarks on
smooth curves or surfaces positioned along the curvature that

cannot be identified and that are thus estimated (Mitteroecker &
Gunz, 2009), were digitised from the ventral outer edge of the cra-
nial in 3D with avizo 8.0 (Visualization Sciences Group, www.vsg3d.c
om). Semi-landmarks were used, as the auditory bulla lacks clear
homologous landmarks. As most of the skulls were slightly dam-
aged, the whole bulla was then considered, including the bony
external auditory meatus. Therefore, we assumed that the relative
contribution of bony external meatus to middle ear components in
the bulla is the same in each species. The semi-landmarks were
placed in a clockwise order, starting from the anterior junction
between the bulla and the internal pterygoid process (Alhajeri
et al. 2015; Fig. 2). A varying number of points were used with the
‘B-Spline’ module in avizo. These points were then saved in ‘ASCII’
format and imported into & 3.2.1 (R Development Core Team, 2015)
in order to transform them into a fixed number of equally spaced
points (200). Generalised Procrustes analysis (GPA) was conducted
to obtain bulla centroid sizes (CS, defined as the sum of the squared
distances from the centroid to each individual semi-landmark of the
bulla; Rohlf & Slice, 1990) and shape coordinates were discarded. CS
obtained from GPA on each specimen was averaged to estimate the
average species size in r (R Development Core Team, 2015) (Claude,
2008).

© 2018 Anatomical Society
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Table 2 Composition of samples used in this study.
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Species n Country (locality) Collections Sex (M, F)
Otomyini
Otomys angoniensis 11 South Africa, Zimbabwe, Ditsong* (6, 5)
Swaziland, Zambia
Otomys auratus 11 South Africa Ditsong* (5, 6)
Otomys unisulcatus 11 South Africa Ditsong* (6, 5)
Otomys helleri 09 Ethiopia MNHNT (4, 5)
Otomys sloggettii 11 South Africa, Lesotho Ditsong* (6, 5)
Otomys barbouri 07 Uganda MNHNT (5, 2)
Parotomys brantsii 11 South Africa Ditsong* (5, 6)
Gerbillinae
Gerbilliscus leucogaster 16 Zimbabwe, South Africa, Ditsong*, MNHN' (8, 8)
Malawi, Tanzania, Angola
Desmodillus auricularus 1 South Africa, Botswana, Ditsong* (5, 6)
Namibia
Gerbillus nigeriae 12 Mauritania, Burkina Faso, MNHN' (6, 6)
Niger, Mali

n, number of individuals; M, male; F, female.
*Ditsong National Museum of Natural History, Pretoria.
"Muséum National d’Histoire Naturelle, Paris.

Cochlea and oval window data processing

Avizo 8.0 was also used to segment and reconstruct in 3D the
cochlea and oval window fossa. The left bony labyrinth was used;
in cases where it was damaged, the right one was used instead. The
modelisation of the cochlea and oval window followed methods
used in Braga et al. (2013, 2015) and Gunz et al. (2012) (Fig. 3). To
document the cochlea variation within our samples, five cochlea
parameters were calculated from the semi-landmark coordinates
placed on the external length of the cochlea (Fig. 3) using maTLAB
r2013a v8.1 (Mathworks) software. These parameters included the
external cochlea length (ECL), number of turns (TUR), relative
cochlea length (RECL), the curvature gradient (CUR) and oval win-
dow area (OWA); see Braga et al. (2013, 2015) for an illustration.
For species values means of these parameters, see Table 3 and for
raw data see Table S1.

Environmental data extraction

Each species habitat was categorised based on its distribution and
preferred habitat history (see Table 1). To calculate aridity index,
we first downloaded bioclimatic variables from WORLDCLIM (Hij-
mans et al. 2005) using Arcais based on the species geographical dis-
tribution. This was done by cross-referencing geographical localities
from the range distribution map (see Fig. 1) of each species with
the WORLDCLIM database. We downloaded Bio 1 (Annual Mean
Temperature), Bio 9 (Mean Temperature of Driest Quarter), Bio 12
(Annual Precipitation), Bio 17 (Precipitation of Driest Quarter) and
elevation. Bio 1, 9, 12 and 17 were used to calculate the aridity
index using the following equation:

where P is the mean annual rainfall in millimetres, T is the
annual mean temperature in degrees Celsius, p is the average
rainfall of the driest month in millimetres, and t is the average
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Fig. 2 Position of bulla semi-landmarks used in the geometrical mor-
phometric analyses, to obtain centroid size of the bulla.

Posterior

Fig. 3 Position of cochlea semi-landmarks used to calculate five
cochlear parameters with the information on the orientation of the
inner ear in relation to the position of the skull.
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Table 3 Species mean and standard deviations for each cochlear parameter and bulla centroid size.

Species names RECL (mm) OWA (mm?) CUR ECL (mm) TUR bullaCS

O. angoniensis
Mean 6.08 0.38 1.38 11.78 1.94 50.02414
SD 0.27 0.03 0.06 0.81 0.06 3.04

O. auratus
Mean 6.48 0.39 1.42 13.23 2.05 51.18687
SD 0.38 0.03 0.09 0.64 0.10 1.63

O. unisulcatus
Mean 6.3 0.47 1.43 13.32 2.12 56.40981
SD 0.25 0.07 0.1 1.05 0.21 6.96

O. helleri
Mean 6.03 0.4 1.32 10.66 1.77 52.62486
SD 0.25 0.03 0.06 0.86 0.11 4.62

O. sloggettii
Mean 6.21 0.47 1.29 11.89 1.91 52.43497
SD 0.37 0.44 0.07 1.07 0.08 2.81

O. barbouri
Mean 6.00 0.37 1.32 10.96 1.83 48.8853
SD 0.14 0.04 0.06 0.9 0.15 3.74

P. brantsii
Mean 6.76 0.69 1.29 15.27 2.26 75.10032
SD 0.24 0.05 0.06 0.72 0.1 2.39

G. leucogaster
Mean 5.36 0.49 1.5 13.13 2.45 60.67969
SD 0.25 0.03 0.1 1.14 0.17 3.24

G. nigeriae
Mean 5.12 0.37 1.28 10.64 2.08 50.40225
SD 0.16 0.02 0.05 0.79 0.13 2.16

D. auricularis
Mean 6.02 0.83 1.53 13.75 2.29 75.11491
SD 0.18 0.05 0.14 0.76 0.13 2.53

temperature of the driest month in degrees Celsius (Alhajeri
et al. 2015). The aridity index is unitless, with low aridity index
value equating to a drier environment (Baltas, 2007).

Statistical analyses

Principal component analysis (PCA) was used to explore the rela-
tionship of cochlear parameters among our samples with r
(R Development Core Team, 2012). We used the r ‘Geiger’ and
‘phytools’ packages for phylogenetic bivariate linear regressions
(PGLS) and non-phylogenetic (GLS) regressions of log-transformed
mean species values for cochlea parameters and body mass to
account for phylogeny and allometry. The correlation between
the bullaCS and cochlear parameters was also tested with non-
phylogenetic (GLS) general least-squares regression models in R.
The relationship of bullaCS and cochlear parameters with aridity
index, elevation and habitat was also tested with GLS.

Results
Cochlear variation among our samples (Otomyini
and Gerbillinae)

For the variability of the cochlear variables among the spe-
cies, one-way multivariate analysis of variance (vanova)

revealed a significant difference between the species (Wilks’
A =0.0008, Fys4325=37.36, P <0.00001). The interspecies
pairwise differences using Tukey’s and Mann-Whitney pair-
wise tests are reported in Supporting Information Table 54,
Bonferroni-corrected at P = 0.001.

The PCA patterns between species with five (Supporting
Information Fig. S2) and three variables (Fig. 4) were simi-
lar, and to prevent redundancies (as RECL = ECL/TUR), PCA
with only three cochlear variables (OWA, RECL and CUR)
was performed (Fig. 4). In this case, the first two principal
components (PC1 and PC2) explained 46.31 and 37.08% of
the variation, respectively. The three arid species are sepa-
rated/isolated from the other species when PC1 and PC2 are
considered together. Although there is overlap of the Oto-
mys species on PC1; O. unisulcatus and O. barbouri show
no overlap (Fig. 4). The PC loadings show that OWA, RECL
and CUR are negatively correlated with PC1, with OWA hav-
ing the highest correlation (Supporting Information
Table S3). Though OWA shows higher loadings, other
parameter loadings are still high, meaning it is the general
cochlear size that is reflected in PC1. PC2 is a ‘shape vector’
contrasting CUR (positive high loading) with RECL (negative
high loading; Table S3). Individuals grouping at higher
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PC2 (37.076 %)

PC1(46.311 %)

Fig. 4 Principal component analysis of only CUR, OWA and RECL measured among our studied species. Triangles = gerbils; circles = laminate-

toothed rats.

positive scores of PC2 therefore have relatively tightly coiled
cochlea, i.e. a steeper gradient of curvature. Although there
is considerable overlap on PC2, the gerbils (D. auricularis,
G. leucogaster and G. nigeriae) group towards the top of
the PC plot compared with Otomyini, showing more tightly
coiled cochlea (Fig. 4).

Phylogenetic signal and allometry

Only for body mass did we obtain a high phylogenetic sig-
nal that was significantly different from 0 at 5% level
(P =0.0203, Table S2); however, this is not surprising as
body mass is well known for its high phylogenetic signal in
mammals (Blomberg et al. 2003; Kamilar & Cooper, 2013).
In our study, the two main clades (Gerbillinae and Murinae)
were highly divergent in body mass, as gerbils are generally
much smaller than Otomyini rodents.

Phylogenetically controlled regressions indicated the
absence of any significant allometric associations between
cochlea (OWA, CUR and RECL) or bullaCS and body mass
(P> 0.05, Table 4, Fig. S3). For non-phylogenetic GLS
regressions, OWA, CUR and bullaCS showed no significant
associations with body mass. However, RECL scaled to body
mass with a negative allometry (=053, P=0.017,
Table 4), larger species having relatively shorter cochleae.
However, looking at Fig. S3 linear regressions, G. nigeriae
seems to be an outlier; therefore, we also ran an analysis
without this species. After removing G. nigeriae, RECL and
CUR were not significantly correlated with body mass
(P > 0.05). However, OWA and bullaCS were scaled to body
mass with a negative allometry (=0.61, P=0.013;
r’ =0.48, P=0.038, respectively; Table 4), larger species
having relatively smaller OWA and bulla. Gerbils are dis-
tinctly smaller than laminate-toothed rats but have a pro-
portionally larger RECL (Fig. S3A), bigger OWA and bulla,
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resulting in significant results when inter-family compar-
isons were included.

In the case of the remaining variable CUR, phylogenetic
correction considerably improves the association and slope
between this variable and body mass (although still non-sig-
nificant). Within each of the two subfamilies, CUR shows an
association with body mass, although in both cases, these
were non-significant based on separate PGLS analyses (re-
sults not shown; Fig. S3C). As both families display similar
ranges of values for CUR, when data from both families are
combined there is an almost horizontal regression line
(Fig. S3Q). This is the complete opposite of the situation
with respect to RECL, where distinct inter-family differences
in both body mass and RECL exist (Fig. S3A).

Associations between bullaCS, cochlear parameters
and environmental variables

Although maximum likelihood (ML) tests of lambda coeffi-
cients showed lack of phylogenetic signal in cochlea and
bulla variables, we noted the above differences in the body
mass regressions of some bullar/cochlear variables between
the Gerbillinae and Murinae (Otomyini). For this reason,
thereafter we conducted separate analyses for combined
data and for each subfamily. GLS showed non-significant
correlations of RECL and CUR with bullaCS (Table 5,
Fig. S4AC). However, the GLS of RECL vs. bullaCS in Oto-
myini showed a significant correlation (Otomyini, r* = 0.67,
y=0.870 + 0.241x, P =0.024; Supporting Information
Fig. S4A). For all species and for Otomyini only, there were
significant correlations between OWA and bullaCs (all spe-
cies, # =0.94, y = —7.386 + 1.642x, P < 0.0001; Otomyini,
r? = 0.94, y = —6.476 + 1.416x, P = 0.0003; Fig. S4B).
BullaCS was not significantly correlated with either the
aridity index (P> 0.05) or elevation (Table 5, Supporting
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Table 4 Results for the non-phylogenetic and phylogenetic bivariate linear regressions to investigate the relationship between log-transformed
mean species values for cochlear parameters, body mass (BodyM) and bulla centroid size (bullaCS). G.n. = Gerbillus nigeriae.

Non-phylogenetic

Dep/Indep r Adj P Intercept Slope Equations
OWA/BodyM 0.03 —0.09 0.64 —0.363 —0.09 y =-0.363 — 0.09x
OWA/BodyM_minus G.n 0.61 0.55 0.013* 2.483 -0.715 y=2.483 - 0.715x
RECL/BodyM 0.53 0.47 0.017* 1.275 0.119 y=1275+0.119x
CUR/BodyM 0.001 —0.12 0.93 0.297 0.004 y = 0.297 + 0.004x
bullaCS/BodyM 0.03 —0.09 0.6 4.279 —0.056 y =4.279 — 0.056x
bullaCS/BodyM_minus G.n 0.48 0.41 0.038* 5.769 —0.383 y =5.769 — 0.383x
Phylogenetic

Dep/Indep P Intercept Slope Equations AIC
OWA/BodyM 0.34 —-0.625 —0.001 y =—-0.625 — 0.001x 7.423
RECL/BodyM 0.1 1.362 0.096 y = 1.362 + 0.096x —23.283
CUR/BodyM 0.29 0.083 0.06 y =0.083 + 0.06x —24.013
bullaCS/BodyM 0.89 4.156 —0.022 y =4.423 — 0.022x —2.733

*Significant correlations (at the 5% level).

Table 5 Results for the non-phylogenetic bivariate linear regressions to investigate the relationship between cochlear parameters and bulla
centroid size (bullaCS); bullaCS and cochlear parameters with environmental variables.

Dep/Indep r Adj r# P Intercept Slope Equations
OWA/bullaCS 0.94 0.93 <.0001* —7.386 1.642 y=-7.386 + 1.642x
RECL/bullaCs 0.07 —0.04 0.5 1.239 0.138 y =1.239 + 0.138x
CUR/bullaCS 0.16 0.06 0.3 —0.321 0.158 y = —0.321 + 0.158x
bullaCS/Arid 0.27 0.18 0.12 4.117 -0.072 y=4.117 — 0.072x
bullaCS/Elev 0.12 0.01 0.3 4.491 —0.065 y = 4.491 — 0.065x
OWA/Arid 0.20 0.10 0.2 —0.643 —-0.105 y =-0.643 — 0.105x
RECL/Arid 0.08 -0.03 0.4 1.772 0.020 y =1.772 + 0.020x
CUR/Arid 0.05 -0.07 0.5 0.33 —-0.012 y=0.331 — 0.012x
OWAV/Elev 0.05 -0.07 0.5 —-0.238 —-0.075 y =—0.238 — 0.075x
RECL/Elev 0.19 0.09 0.2 1.497 0.043 y = 1.497 + 0.043x
CUR/Elev 0.06 -0.06 0.5 0.441 —-0.018 y =0.441 — 0.018x

*Significant correlations (at the 5% level).

Information Fig. S5AB), indicating that among our samples
neither elevation nor aridity index influences the size of the
bulla. However, after removing G. nigeriae the correlation
between bullaCS and aridity index becomes significantly
inversely correlated (= 0.604, y=4.207 — 0.120x,
P = 0.01), indicating that bullae were larger in more arid
environments (Fig. S5A). Analysis of variance (anova)
indicated that desert species (in this case both arid and
semi-arid, see Table 1) had a significantly greater bullaCS
compared with mesic species (F = 6.652, P = 0.033; Table 6;
Fig. S5C).

RECL, OWA and CUR were not significantly correlated
with aridity index when all species were considered

Table 6 Results for the anova investigating the relationship between
cochlear parameters, bullaCS and habitat. G.n. = Gerbillus nigeriae.

Dep/Inde F P
OWA/habitat 3.821 0.09
OWA/habitat_minus G.n. 9.85 0.02*
RECL/habitat 0.77 0.41
CUR/habitat 0.86 0.38
bullaCS/habitat_with G.n. 6.652 0.033*

*Significant correlations (at the 5% level).
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(Table 5, Supporting Information Fig. S6). Again removing
G. nigeriae from all the analyses, we only found a signifi-
cant inverse correlation of OWA with aridity index
(P =056, y=—0.476 — 0.193x, P =0.02), indicating that
OWA was larger in more arid environments (Fig. S6B). A
non-significant correlation of RECL, OWA and CUR with ele-
vation (Table 6, Supporting Information Fig. S7) was also
observed. The anova of OWA, RECL and CUR indicated a
non-significant association with habitat (P > 0.05, Table 6;
Supporting Information Fig. S8); however, a separate anova
of all species minus G. nigeriae indicated that arid species
had significantly greater OWA compared with mesic species
(P < 0.05, Table 6).

Discussion

Bullar and cochlear covariation in desert-adapted
gerbils and laminate-toothed rats

Morphological variations in the cochlea have been docu-
mented in a number of species, with different cochlear fea-
tures being used to make predictions about hearing
capabilities (Braga et al. 2015). West (1985) demonstrated
that basilar membrane length (effectively ECL) can be used
to predict the values of upper and lower limits of hearing
(being inversely correlated with both), and the number of
cochlear turns (TUR) can be used to predict octave range
(positive correlation). Similar observations were confirmed
by Vater & Kossl (2011), and Manoussaki et al. (2008)
showed a strong correlation of CUR with low-frequency
hearing. Rosowski & Graybeal (1991) and Moggi-Cecchi &
Collard (2002) demonstrated that OWA (proxy of stapedial
foot plate) is correlated with the range of audible frequen-
cies, with larger OWA correlated with low-frequency and
smaller OWA with high-frequency sound detection.

In this study, we assessed the variation of the cochlea in
relation to the tympanic bulla of Otomyini and Gerbillinae
based on the above-mentioned features, and assessed the
effect of environment, phylogeny and body size on the
cochlea and bulla. Our analyses show some differences in
the morphometry of the cochlea that can shed some light
on the hearing capabilities of the investigated species. Two
specialist arid-adapted species (D. auricularis and P. brantsii)
from diverse murid subfamilies are clearly distinguishable
from mesic and semi-arid taxa of both subfamilies both in
their gross cochlea dimensions on PC1 (mostly particularly
oval window area) and in general bulla size (extreme hyper-
trophy). Our findings are in line with previous studies that
documented the distinctness of the auditory organ (be it
tympanic bulla, middle ear and inner ear) of desert, subter-
ranean, fossorial and non-desert rodents (Lay, 1972; Web-
ster & Webster, 1975; Lange et al. 2004; Shaffer & Long,
2004; Alhajeri et al. 2015; Mason, 2015, 2016; Tabatabaei-
Yazdi et al. 2015). As a large oval window is strongly corre-
lated with sensitivity to lower frequencies (see above), the
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strong correlation we obtained between oval window and
bullaCsS (* = 0.94) irrespective of phylogeny/subfamily pro-
vides indirect evidence that bullar hypertrophy in desert
rodents is indeed linked to detection of low-frequency
sounds.

Evolution of tightly coiled cochlea in gerbils (CUR)

Even though our results show no phylogenetic signal in the
cochlea and bulla based on ML tests of the lambda coeffi-
cient (see Table S2), the phylogenetic effect on the cochlea
of the two subfamilies cannot be entirely excluded. For
example, from PCA, we found that all three species of ger-
bils have a more tightly coiled cochlea (higher CUR) than
the laminate-toothed rats, suggesting that not only is the
gross cochlea size important in gerbils, but the cochlear cur-
vature gradient may also be important. As mentioned
above, the cochlear curvature gradient (CUR) is thought to
relate to low-frequency hearing (Manoussaki et al. 2008).
Even though both P. brantsii and D. auricularis are adapted
to the same desert environment through bullar and
cochlear ‘hypertrophy’, gerbils may be further adapted
through possessing high CUR. These results suggest that
D. auricularis and other gerbils may use different mecha-
nisms to cope with environmental challenges (including
aridity). Gerbillinae is largely characterised by having a
hypertrophied bulla (although the degree of hypertrophy
varies between species) and occupies mostly arid, open and
semi-arid environments (Happold, 2013; Alhajeri et al.
2015), in contrast to Otomyini, whose species are mostly
adapted to mesic montane environments (Happold, 2013;
Monadjem et al. 2015; Wilson et al. 2017). The possession
of tightly coiled cochlea in gerbils could be a legacy of their
evolutionary history, being derived from a desert-adapted
ancestor, as compared with Otomys, whose ancestor was
from the Highveld of South Africa (Denys, 2003).

However, even though the cochlea of gerbils is more
coiled than that of the laminate-toothed rats, it is not clear
whether our findings support Manoussaki et al.’s (2008)
argument, as no cochlear coiling had been studied in closely
related outgroups of gerbils to see whether the coiling has
increased or decreased evolutionarily.

Evolution of relatively long RECL, enlarged OWA and
bulla in gerbils and desert-adapted whistling rats

RECL, OWA and tympanic bulla are said to be related to
lower and higher frequency thresholds, with mammals
with longer RECL, enlarged OWA and bulla being sensi-
tive to lower frequencies and species with smaller sizes of
these attributes being sensitive to higher frequencies
(Lay, 1972; West, 1985; Moggi-Cecchi & Collard, 2002;
Braga et al. 2015). Our results show that distinctly smaller
gerbils have proportionately longer RECL, enlarged OWA
and bulla compared with larger-sized laminate-toothed
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rats (negative allometry with body mass). This would sug-
gest that gerbils have a higher sensitivity to lower fre-
quencies than laminate-toothed rats do. In spite of this,
extreme desert-adapted individuals (D. auricularis and
P. brantsii) in both tribes deviate from the predicted rela-
tionship by having even longer than expected RECL
(Fig. S3A) and larger OWA and bullaCS. Our results there-
fore suggest that gerbils have a greater ability to hear
lower frequencies than laminate-toothed rats and, over
and above this, extreme desert-adapted gerbils, as well as
desert-adapted whistling rats (Parotomys), have enhanced
auditory sensitivity to low frequencies compared with
other members of their respective subfamilies.

Association of cochlear morphology and hearing
sensitivity

Gerbils have been reported to use high-frequency ultrasonic
calls in shorter distance vocalisations (Holman, 1980; Demp-
ster & Perrin, 1991; Dempster et al. 1991; Dempster, 2018)
during encounters between individuals. This follows from
the observation that, to accurately localise sound, smaller
mammals having short inter-aural distance need to use
higher frequency sounds for communication (Heffner &
Heffner, 1992; Heffner et al. 2001). We posit then that ger-
bils (in particular extreme desert-adapted gerbils) have
good hearing sensitivity in both low-frequency sounds (e.g.
vibrations and low-frequency sounds known to be gener-
ated by potential predators such as snakes and owls; Demp-
ster, 2018), as suggested by our morphological data, and
also in high-frequency sounds (i.e. ultrasonic sounds used in
conspecific communication). This kind of auditory sensitivity
has also been detected in the gerbil Meriones unguiculatus
(Ryan, 1976) and in Dipodomys merriami from the family
Heteromyidae (Heffner & Masterton, 1980). However, it is
not clear whether the gerbils in our study follow the M. un-
guiculatus and D. merriami frequency trends (i.e. including
a broad range of good sensitivity in the middle), as no
audiograms are available for our species. The two
Heteromyidae rodents are known to use low-frequency
foot drumming (Randall, 2001); however, whether this is
solely for communication with conspecifics (warning in the
presence of predators) or is used to deter predators or both
is still debatable.

All southern African gerbil species investigated so far use
high-frequency ultrasonic vocalisations for short-range con-
specific communication; however, while occasional foot
drumming was observed in captivity, their functionality has
not yet been discussed. Foot drumming was not observed
specifically in D. auricularis colonies that have been
observed in captivity, even though it was considered likely
for this species to use foot drumming to communicate over
long distances (Dempster & Perrin, 1994; Dempster, 2018).
In the case of P. brantsii, vocal alarm calls are in relatively
low audible frequencies (Le Roux et al. 2002) and no

information about foot drumming in this species has been
found. Thus, as foot drumming is known for gerbils (even
though not observed in D. auricularis) and not for Paroto-
mys species, this could explain the cochlear adaptation of
gerbils to lower frequencies as compared with Parotomys.

In conclusion, our data cannot decisively support either
the communication or the predator avoidance hypothesis as
no conclusive data exist pertaining to low-frequency long-
distance communication of D. auricularis and P. brantsii.
Even though increased CUR is generally associated with
lower frequency hearing, it may be that in gerbils, increased
CUR is not adapted to hearing per se but could be a struc-
tural constraint of the smaller head size of gerbils compared
with laminate-toothed rats, allowing more efficient ‘pack-
ing’ of the basilar membrane (West, 1985).

Environmental correlates of cochlear and bullar

characters

After correcting for phylogeny and body size, we are left
with environmental factors that we predict would impact
the morphology of bulla and, in turn, cochlea. The impacts
of aridity, elevation and habitat type on the bullar mor-
phology of rodents has long been recognised, with bullar
inflation correlated with deserts, high elevation and open
microhabitats (Lay, 1972; Webster & Webster, 1980; Kotler,
1984; Zhao et al. 2013; Tabatabaei-Yazdi et al. 2014; Alha-
jeri et al. 2015). Analysing the above-mentioned relations
with regard to bulla and cochlea; aridity, elevation and
habitat, we can see that there are some conforming data
and some exceptions. BullaCS and OWA are shown to be
correlated with aridity index and desert habitats. Interest-
ingly, the variability in parameter values is shown to be
much higher among arid-region species than among mesic
ones in Figs S4C and S7. The plots seem to strengthen our
argument for a degree of specialisation of cochlea and
bulla in arid-region adapted species. To speculate slightly, it
is as if selection is acting on these structures in arid-region
species by affecting hearing, and hearing has been shown
to be important in arid environments as compared with
mesic ones whose vegetation is closed. This may be
explained by diversifying/disruptive selection.

Inflated bullae, the middle ear, and cochlear modification
are believed to aid in communication with conspecifics or
predators through foot drumming, hitting and stomping;
however, this observation doesn’'t seem to apply to our
study animals, as no detailed indication of vibrations being
produced by the two subfamilies has been documented.
However, occasional and unpredictable bouts of foot drum-
ming in captivity have been observed in gerbils (Dempster
& Perrin, 1990; Dempster, 2018).

We did not find any correlation between cochlear and
bullaCS and elevation, contrary to what has been reported
in Zhao et al. (2013; increase of bulla size with altitude in
gerbils); Tabatabaei-Yazdi et al. (2015; positive correlation
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of bulla size with elevation in jirds) and Liao et al. (2007;
who instead found a decrease in bulla size with increasing
altitude in Daurian pikas, Ochotonidae). Our observed
trend of no change refutes our prediction that if openness
of the environment is a feature of high elevation, then
alpine environments should show some response in terms
of bullar size and cochlear modification, as high elevations
are mostly composed of open habitats similar to desert
environments. The increase in bullar size is also said to com-
pensate for a reduction in oxygen partial pressure and
strong winds, which are known to impair auditory acuity at
high elevations (Zhao et al. 2013). Zhao et al. (2013)
believed that a reduction in oxygen partial pressure (hence
hypoxia) and strong winds at high elevation may cause a
decrease in auditory sensitivity and sound localisation accu-
racy, therefore the increase in auditory bullar size with ele-
vation is a compensatory adaptation against this selective
pressure. We included three Otomyini species known to be
mostly confined to very high alpine habitats (> 3000 m) in
Ethiopia (Otomys helleri), Mt Elgon (Otomys barbouri) and
the South African high Drakensberg (Otomys sloggetti) but
none of these species showed any departure in measured
cochlear features and bulla from their congeners found at
lower elevations (Otomys angoniensis, Otomys auratus,
Otomys unisulcatus). It is possible that the highest eleva-
tions experienced by these Afroalpine species may still not
be sufficient to induce critical levels of hypoxia or hypother-
mia in these species. However, the elevational range of the
species reported above to have inflated bulla at high eleva-
tions is lower and their habitats is mostly in arid regions
when compared to that of our Otomys species. Alterna-
tively, these species may exhibit behavioral and/or physiolo-
gical adaptations to hypothermia. Since Otomys species are
typically relatively large and highly sedentary rodents, their
metabolic needs may be reduced such that hypoxia does
not pose a significant challenge necessitating morphologi-
cal evolutionary adaptation. An investigation into the
extent of possible behavioural or physiological responses to
hypothermia in these Afroalpine rodents would be an inter-
esting future study.

Among the gerbils examined here, it seems like D. auricu-
laris is the only species that is showing marked bullar and
cochlear hypertrophy. Although occurring in sandy semi-
arid Sahel habitats in West Africa, G. nigeriae does not
show a predictable response in either bullar or cochlear
dimensions. Similarly, with laminate-toothed rats, only
P. brantsii shows a marked response, while the semi-arid
Karoo bush rat O. unisulcatus overlaps completely with
other mesic species in the tribe. There could be a threshold
between arid and semi-arid habitats, whereby only truly
arid habitats evoke an adaptive response. This might be
related to cover, as in the case of O. unisulcatus, where it
was suggested to have relative small bulla size due to it
occupying elaborate protective stick-nests (Taylor et al.
2004), as true deserts offer no cover compared with more
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semi-arid habitats where shrubs and ground cover are usu-
ally present. However, P. brantsii does occupy semi-arid
thickets in the Karoo, where it coexists with O. unisucatus,
suggesting that vegetation cover may not be such a critical
factor. A wider sample of species of both subfamilies includ-
ing more arid and semi-arid species could be instructive.
Our sample sizes of specialised desert species were relatively
small.

Concluding remarks

This study concludes that desert-adapted laminate-toothed
rats and gerbils both use bullar and associated cochlear
hypertrophy, particularly extreme desert species. Gerbils fur-
ther show tightly coiled cochlea but the significance of this
is debatable and may have nothing to do with adaptations
to aridity. More work with a large sample size that covers
all habitat types of the three tribes (Taterillini, Gerbillini and
Otomyini) still needs to be done. Much attention should be
focused on the possibility of foot drumming in southern
African gerbils, as our results predict that gerbils should
have heightened sensitivity to low-frequency sounds.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Table S1 Raw data of the studied specimens with individual sex,
cochlear micro-CT measurements, body mass (BodyM) and bulla
centroid size (bullaCs).

Table S2 Phylogenetic signal calculated for each cochlear trait
and body mass. * Phylogenetic signal not significantly different
from A = 1 but significantly different from A = 0 (at 5%).

Table S3 Variable loadings from PCA of three cochlear parame-
ters for our data.

Table S4 Interspecies RECL and OWA; CUR; TUR and ECL differ-
ences using a pairwise t-tests applied to each pair of rodent spe-
cies. Da, Desmodillus auricularis; Gl, Gerbilliscus leucogaster; Gn,
Gerbillus nigeriae; Oa, Otomys angoniensis; Oau, Otomys aura-
tus; Ob, Otomys barbouri; Oh, Otomys helleri; Os, Otomys slog-
getti; Ou, Otomys unisulcatus; Pb, Parotomys brantsii.
*Significant Bonferroni-corrected P-values at P = 0.001.
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Fig. S1 Phylogram tree produced by neighbour-joining method
with branch length.

Fig. S2 Principal component analysis of all five cochlear features
(OWA, RECL, CUR, TUR, ECL) investigated in this study, gerbils
(triangles) and laminate-toothed rats (circles).

Fig. S3 Non-phylogenetic and phylogenetic controlled linear
regressions between RECL, OWA, CUR, bulla and body mass. (A)
RECL for gerbils (black triangles) and Otomyini (red dots) with
dashed line (non-phylogenetic) and solid line (phylogenetic)
regressions. (B) OWA for gerbils (black triangles) and Otomyini
(red dots) with dashed line (non-phylogenetic) and solid line
(phylogenetic) regressions. (C) CUR for gerbils (black triangles)
and Otomyini (red dots) with dashed line (non-phylogenetic)
and solid line (phylogenetic) regressions. (D) Bulla for gerbils
(black triangles) and Otomyini (red dots) with dashed line (non-
phylogenetic) and solid line (phylogenetic) regressions. * Signifi-
cant level of 5%.

Fig. S4 Association between bulla CS and (A) RECL; with solid
line (all species included) and dashed line (Otomyini only), (B)
OWA,; with solid line (all species included) and dashed line (Oto-
myini only), (C) CUR. Gerbils (black triangle) and laminate-
toothed rats (red dots). * Significant level of 5%.

Fig. S5 Association between bulla CS and environmental vari-
ables (A) aridity index; with solid line (all species included) and
dashed line (nigeriae removed) (B) elevation, (C) habitat. Gerbils
(black triangle) and laminate-toothed rats (red dots). * Signifi-
cant level of 5%.

Fig. S6 Association between aridity index and cochlear parame-
ters (A) RECL, (B) OWA; with solid line (all species included) and
dashed line (nigeriae removed), (C) CUR. Gerbils (black triangle)
and laminate-toothed rats (red dots). * Significant level of 5%.
Fig. S7 Association between elevation and cochlear parameters
for all species (A) RECL, (B) OWA, (C) CUR. Gerbils (black trian-
gle) and laminate-toothed rats (red dots).

Fig. S8 Association between habitat and cochlea parameters for
all species (A) RECL, (B) OWA, (C) CUR.
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