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ABSTRACT
Temporal changes in body size have been documented in a number of vertebrate
species, with different contested drivers being suggested to explain these changes.
Among these are climate warming, resource availability, competition, predation risk,
human population density, island effects and others. Both life history traits (intrinsic
factors such as lifespan and reproductive rate) and habitat (extrinsic factors such as
vegetation type, latitude and elevation) are expected to mediate the existence of a
significant temporal response of body size to climate warming but neither have been
widely investigated. Using examples of rodents, we predicted that both life history
traits and habitat might explain the probability of temporal response using two tests
of this hypothesis. Firstly, taking advantage of new data from museum collections
spanning the last 106 years, we investigated geographical and temporal variation in
cranial size (a proxy for body size) in six African rodent species of twomurid subfamilies
(Murinae and Gerbillinae) of varying life history, degree of commensality, range size,
and habitat. Two species, the commensalMastomys natalensis, and the non-commensal
Otomys unisulcatus showed significant temporal changes in body size, with the former
increasing and the latter decreasing, in relation with climate warming. Commensalism
could explain the increase in size with time due to steadily increasing food availability
through increased agricultural production. Apart from this, we found no general life
history or habitat predictors of a temporal response in African rodents. Secondly, in
order to further test this hypothesis, we incorporated our data into a meta-analysis
based on published literature on temporal responses in rodents, resulting in a combined
dataset for 50 species from seven families worldwide; among these, 29 species showed no
significant change, eight showed a significant increase in size, and 13 showed a decline in
size. Using a binomial logistic regression model for these metadata, we found that none
of our chosen life history or habitat predictors could significantly explain the probability
of a temporal response to climate warming, reinforcing our conclusion based on the
more detailed data from the six African species.
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INTRODUCTION
The widespread effects of anthropogenic climate warming on biodiversity and ecosystems
are undeniable, with different responses reported. These include phenological changes
(e.g., Diamond et al., 2011; Miller-Rushing & Primack, 2008), species distributional range
shifts (e.g., Hickling et al., 2006; Monadjem et al., 2013; Parmesan & Yohe, 2003; Taylor et
al., 2015; Taylor et al., 2016;Walther et al., 2002) and decreasing body size (e.g., Daufresne,
Lengfellner & Sommer, 2009; Gardner et al., 2011; Sheridan & Bickford, 2011). The above-
mentioned responses are regarded collectively as the universal ecological responses to
climate warming (Daufresne, Lengfellner & Sommer, 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 (Alhajeri & Steppan, 2016; McNab, 2010;
Nengovhela, Baxter & Taylor, 2015; Stumpp, Fuzessy & Paglia, 2016; Yom-Tov & Geffen,
2011; Yom-Tov & Yom-Tov, 2004; Yom-Tov & Yom-Tov, 2005; Yom-Tov & Yom-Tov,
2012; Yom-Tov et al., 2006) in response to environmental variables including ambient
temperature and precipitation (Bergmann, 1847; Blackburn, Gaston & Loder, 1999; Blois,
Feranec & Hadly, 2008; James, 1970), food availability (McNab, 2010; Yom-Tov & Yom-
Tov, 2004; Yom-Tov & Yom-Tov, 2005; Yom-Tov, Yom-Tov & Baagoe, 2003; Yom-Tov et
al., 2010a), predation regimes (Gosler, Greenwood & Perrins, 1995), habitat fragmentation
(Schmidt & Jensen, 2003) and competition (Meiri, Yom-Tov & Geffen, 2007; Raia & Meiri,
2006). Different mechanisms have been advanced to explain these effects, most commonly,
in a geographic context (due to altitude and latitude), Bergmann’s Rule, which states
that individuals under warmer climates should be smaller in body size as compared
to individuals in colder climates (Bergmann, 1847; Mayr, 1956). While this rule was
originally formulated at an interspecific pattern within genera, by far, most studies,
including metanalyses, test this rule at the intraspecific level (Alhajeri & Steppan, 2016).
Bergmann’s Rule or related hypotheses that explain inverse temperature-body size clines
in endotherms and ectotherms (termed ‘‘Bergmann’s clines’’ hereafter) have been invoked
to explain body size changes due to global climate warming in a range of animals including
insects, birds, rodents and salamanders (Babin-Fenske, Anand & Alarie, 2008;Blanckenhorn,
2015; Caruso et al., 2014; McCoy, 2012; Nengovhela, Baxter & Taylor, 2015). However, the
authenticity, general applicability and ultimate causation of Bergmann’s clines have been
questioned (Calder, 1984; Gardner et al., 2011; McNab, 1971; McNab, 2010; Millien et
al., 2006; Scholander, 1955; Teplitsky & Millien, 2014; Yom-Tov & Geffen, 2006). Studies
contradicting Bergmann’s clines have been reported, showing an increase in size with
increasing temperature, either spatially or temporally, e.g., Norwegian and Swedish otters
(Lutra lutra), Alaskan masked shrews (Sorex cinereus), Japanese mice (Apodemus speciosus)
and red foxes (Vulpes vulpes) (Yom-Tov & Yom-Tov, 2004; Yom-Tov & Yom-Tov, 2005;
Yom-Tov & Yom-Tov, 2012; Yom-Tov et al., 2006; Yom-Tov et al., 2010a). Reasons given
for such increases in size with time included habitat factors such as improved food
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availability and urbanization and physiological factors such as reduced energy expenditure
(Yom-Tov & Yom-Tov, 2005; Yom-Tov et al., 2006; Yom-Tov et al., 2010a).

Life history traits (those relating to survival and reproduction of an organism) have been
shown to have a direct link to fitness (Lloyd, 1987), as an organism’s success depends on
the ability to grow to a reproductive age, reproductive output and timing of reproduction
(Moravcová et al., 2015). Body size in animals is said to be the central character on which
several life history traits may depend (Barbraud et al., 1999). It is often closely related to
major life history traits such as fecundity, longevity, mating system and dispersal ability
(Cardillo et al., 2005). Life-history traits such as dispersal ability and generation length, have
been hypothesized to be important in determining species’ sensitivity to climate change and
their capacity to adapt to it (Dawson et al., 2011); however, only a limited number of studies
have so far provided such evidence (Poyry et al., 2009; Santini et al., 2016). In vertebrates,
climate change, body size and life history traits are all inter-related in sometimes complex
ways, e.g., in certain tropical lizards studied, clutch size can be mediated by body size
which in turn can be affected by climate, and climate can also have size-independent effects
on clutch size (Brandt & Navas, 2011). Similarly, increase in body size related to climatic
warming resulted in an increase in reproductive success in a mountain population of the
common lizard Lacerta vivipara (Chamaille-Jammes et al., 2006). However, reproductive
success of mammals also declined with an increase in unfavorable habitat conditions
brought about by climate warming (Isaac, 2009). Additionally, body size, activity times,
fossoriality, hibernation and dispersal were shown to have mediated the response of
mammals in general to climate change (Barnosky et al., 2004; Liow et al., 2009; McCain &
King, 2014; Robertso et al., 2004; Sutton, Strickland & Norris, 2016;Williams & Blois, 2018).

Rodentia is characterized by species with varying life history traits and habitats, with
some species showing a slow (k-selected) and some a fast (r-selected) life history strategy
(Dobson & Oli, 2007) and this may facilitate or mediate their response to climate warming.
Therefore, we expect these animals to show varying phenotypic response to climate
warming based on both their life history traits and habitat quality.

The main aim of our study was to relate new and existing data on rodent temporal
changes in body size with life history traits and environmental attributes (like habitat
type, elevational range, maximum latitude and range size; from here on referred to as
‘‘habitat’’) across seven families of rodents (50 species) in order to test the hypothesis that
life history attributes and habitat may be an important determinant of the tendency of
rodent species to respond phenotypically to climate warming and to test the applicability
of the ‘‘third universal response to climate warming’’ (Gardner et al., 2011; Nengovhela,
Baxter & Taylor, 2015) . Rodents and other small mammals (like shrews) 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, Polly
& Wójcik, 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, Shepherd & Marshall, 2001).

We predicted that: (1) body size of rodents would decrease with time (year of collection),
in accordance with the ‘‘third universal response to climate warming’’; (2) differences in
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the magnitude of the temporal response would be expected between species based on
differences in phylogeny, life history and habitat attributes such as mean body mass, mean
litter size, r/k selection, range size, maximum latitude, fossoriality, desert adaptability,
high elevational range, habitat specialization and commensality. For example, we expected
r-selected and short-lived species with large litters to evolve faster and thus showmore rapid
evolutionary responses in body size to environmental variables compared to long-lived and
k-selected species (Houle et al., 2017). Generalist and widely distributed species would be
expected to adapt slower to climate change since genetic exchanges occur over wide areas,
while specialist species occurring in fragmented (e.g., higher elevations) populations would
be expected to respond more quickly as genetic changes can become more easily fixed.
Similarly, commensal species are expected to show rapid body size increases rather than
decreases due to increased food availability associated with human activity (Yom-Tov, 2003;
Yom-Tov, Yom-Tov & Baagoe, 2003). Our predictions were double–tested, first for African
murid rodent species (from data extracted from museum collections), and secondly by
conducting a global meta-analysis of studies conducted on temporal response of rodents
based on an exhaustive literature search and including the conclusions of the current study.

MATERIAL AND METHODS
As described below, two approaches and datasets were analysed in the study. Firstly,
mensural data of six African rodent species (from two sub-families) were collected from
739 voucher specimens in museum collections spanning about 100 years, and we used
PCA and general linear models to analyse morphological trends in these data. Secondly,
we added our own conclusions to a meta-database obtained from scanning all published
studies where temporal trends in body or skull size were assessed. Adding the data from
our recently analysed species to this global dataset, resulted in a final database of 50 species
from seven rodent families. The binary response variable derived from the literature was
simply the presence or absence of a reported significant temporal response of body size
for each species. In the case of a significant reported change for a species, the direction
(increase or decreases) was noted. We then scanned the literature (as detailed below) to
obtain habitat and life history variables for each of the 50 species, which were used as
predictor variables in the logistic regression model.

Specimens sampled
Murid voucher museum collections
In the first analysis, a total of 739 skulls of rodents of six African-endemic species from two
murid subfamilies, Murinae (Otomys unisulcatus (n= 102), Parotomys brantsii (n= 59),
Micaelamys namaquensis (n= 142), Mastomys natalensis (n= 210)) and Gerbillinae
(Gerbilliscus leucogaster (n= 132), Desmodillus auricularis (n= 94)) were measured
(seeTable S1 and Fig. 1 and Appendix S1 for details of natural history parameters of
the six species included). The specimens were selected from the Ditsong National Museum
of Natural History (DNMNH, formerly Transvaal Museum: TM) in South Africa, Muséum
National d’Histoire Naturelle, Paris, France (MNHN) and Musée Royal de l’Afrique
Centrale (RMCA; Tervuren, Belgium). However, it should be kept in mind that museum
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Figure 1 Map showing location of collecting localities of the studied species in Africa.
Full-size DOI: 10.7717/peerj.9792/fig-1

collections are inherently biased both geographically and temporally (see Table S2). The
species were selected based on the availability of good time series of specimens in the
museum collections mentioned above. All specimens were classified into relative ages
based on the degree of enamel tooth wear i.e., individuals were assigned to a relative age
class of 1 (youngest) to 5 (oldest) based on tooth wear and skull shape (see Taylor &
Kumirai, 2001 for Otomyini, Bates, 1985 for Gerbillini and Chimimba & Dippenaar (1994)
for Micaelamys and Mastomys). Juveniles and subadults were removed and only adults
(classes 3-5 for Otomyini, A-C for Gerbillini and 3-7 for Micaelamys and Mastomys) were
used. The sampled percentage of specimens dating before and after 1950 was 35.32% and
64.68% respectively. In addition, we sampled the ranges of species quite broadly (Fig. 1)
and there were no obvious biases in the distribution of different age groups.

Morphology
Six cranial variables were taken to measure skull size by AN with c©TESA digital calipers to
the nearest 0.01 mm: greatest length of skull (GLS), nasal width (NAW), braincase width
(BW), zygomatic width (ZYW), interorbital constriction (IOC) and the maxillary tooth
row length (MXTRL) (Taylor & Kumirai, 2001). We used principal component analysis
(PCA) to combine the information of the six skull measurements (log transformed to
standardize contribution of different variables) into a single variable for each species (PC.1,
Delcros, 2012; Yom-Tov et al., 2012). This is because all of our six cranial variables were
related to each other and PC.1 reflected a measure of size as indicated by the variable
component loadings (Fig. S1). Therefore, the final analyses were limited to PC.1 as a proxy
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for cranial size hence body size. Focusing on skull size is appropriate because it has been
shown to be a good indicator of overall body size in other mammals (Haigh, Stewart &
Mytton, 1980) and because it has been used to evaluate temporal changes in body size in
other mammals (Yom-Tov et al., 2006; Yom-Tov, Yom-Tov & Jarrell, 2008). The full raw
data are presented in Table S1.

Analysis of cranial variables for African species
All statistical analyses were conducted with R (version 3.4; R Core Team, 2017). Firstly,
the existence of sexual dimorphism in size was tested using a t -test, with PC.1 used
as an indicator of both skull and body size. None of the analyses showed significant
sexual dimorphism in size, therefore the data for males and females were pooled. Both
simple and multiple linear models were used to assess the relationship between PC.1
and 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 (Bio1) and annual precipitation (Bio12)] variables. Elevation, Bio1
and Bio12 were obtained from the Worldclim database (Hijmans et al., 2005) and ArcMap
10.4.1 was used to extract these variables for each specimen locality. Nine linear models
were built in R using ‘‘Car’’, ‘‘MuMIn’’, and ‘‘MASS’’ packages 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 using the ‘‘Dredge’’ function of R. 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 effect of
temporal changes (year of collection) on PC.1 residuals obtained after multivariate linear
regression on latitude, longitude and tooth-wear class was tested.

Meta-analysis of rodent databases
The second analysis was performed on a larger species number to test the possible effect
of different life history and habitat predictors on the probability of a temporal response.
We then incorporated our results of the previous analysis on six African rodent species
(this study) into a meta-analysis based on published literature of temporal responses
in rodents around the world, resulting in a dataset for 50 species from seven families
(Table S3). The probability of temporal response was determined as a binary response
variable based on metadata from literature, i.e., either a reported significant temporal
response (1) or no response (0). The final group of species included in the meta-analysis
included a range of small rodents such as mice (11 g) to larger rodents such as squirrels
and marmots (4 kg). Studies that tested temporal changes in body size in rodents were
included. In total, ten published studies were investigated (i.e., Eastman et al., 2012;Koontz,
Shepherd & Marshall, 2001; Nengovhela, Baxter & Taylor, 2015; Ozgul et al., 2010; Pergams
& Lawler, 2009; Pergams et al., 2015; Smith, Browning & Shepherd, 1998; Villar & Naya,
2018; Yom-Tov & Yom-Tov, 2004; Yom-Tov et al., 2012) (References in Table S3). Apart
from three species in which the studied time span was seven years (Dipodomys merriami;
Koontz, Shepherd & Marshall, 2001), eight years (Neotoma albigula; Smith, Browning &

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 6/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.9792#supp-1
http://dx.doi.org/10.7717/peerj.9792#supp-3
http://dx.doi.org/10.7717/peerj.9792#supp-3
http://dx.doi.org/10.7717/peerj.9792


Shepherd, 1998) or 32 years (Marmota flaviventris; Ozgul et al., 2010), all of the other above
studies covered a time-span of >50 years (50–106 years). These studies used different
estimators of body size from skull measurements to body mass, therefore caution needs
to be taken when interpreting our results. In order to determine which predictor variables
may explain temporal trends in size, we quantified an array of them, and this broadly
included life history traits such as mean litter size, mean body mass, and r/k selection, as
well as variables related to habitat (degree of habitat specialization (generalist or specialist),
maximum latitude, range size area, adaptation to fossoriality, desert adaptation, adaptation
to high elevation and commensality). The information about the life history and habitat
predictors was obtained fromdifferent literature, the Animal DiversityWeb (ADW)website
(https://animaldiversity.org), the Encyclopedia of Life (EOL) website (https://eol.org/),
Happold (2013), Monadjem et al. (2015), Wilson, Lacher Jr & Mittermeier (2017) and the
IUCN Redlist webpage for each species. For range size, species shape files were downloaded
from the IUCN Redlist webpage for each species account and imported into QGIS using
the field calculator in the Open attributes table dialog box after projecting to most relevant
regional Albers Equal Areas projection. These were also used to calculate the maximum
latitude and range size for each species. Range size values were log-transformed as they
varied considerably by orders of magnitude. For the meta-analysis we ran generalized linear
mixed models in R with the package ‘‘lme4’’ and rodent family used as a random factor to
account partly for phylogenetic biases.

RESULTS
Morphometric data analysis of African rodents
Significant differences in cranial size (PC.1) between relative age classes were documented
in all six species (Table 1). As expected, in all the species, mean cranial size increased
significantly from younger to older individuals (Fig. S2). In M. namaquensis, latitude,
longitude, temperature and rainfall were all significantly correlated with PC.1 (latitude
and temperature negatively, longitude and rainfall positively). In M. natalensis, latitude,
longitude and rainfall were significantly correlatedwith PC.1 (latitude and rainfall positively
and longitude negatively). 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 (Table 1).

After statistically correcting for tooth-wear class, latitude, longitude and elevation,
residuals from only two species showed temporal trends i.e., M. natalensis and O.
unisulcatus. In M. natalensis, year of collection was significantly positively correlated
with PC.1 (r2adj= 0.07, p< 0.0001) and inO. unisulcatus, year of collection was marginally
significantly negatively correlated with PC.1 (r2adj= 0.04, p= 0.032) (Fig. 2).

Meta-analysis of combined database
Among 50 rodent species reviewed, 29 showed no significant change, eight showed a
significant increase in size and 13 showed a decline in size (see Table S3). Out of the seven
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Table 1 Akaike’s information criterion (AIC) values, coefficients of determination (r2) and degrees of freedom (df) for nine models per species
fitted to explain changes in cranial size (PC.1) of six African rodent species. Micaelamys namaquensis (n= 142), Gerbilliscus leucogaste r (n= 132),
Desmodillus auricularis (n= 94),Mastomys natalensis (n= 210), Otomys unisulcatus (n= 102) and Parotomys brantsii (n= 59). The best model (with
the lowest AIC value) is shown in bold for each species. Climate values were downloaded from the WorldClim database using the software Arc-GIS
version 10.4.1. Elevation was obtained from the GTOPO30 digital elevation model for Africa.

Model (variables) Correlation coefficient Adj r2 (df) AIC

Micaelamys namaquensis
1 Latitude −0.180 0.114 (1,140)* 570.510
2 Longitude 0.173 0.260 (1,140)* 545.095
3 Year 0.003 0.005 (1,140) 588.433
4 Mean annual temperature −0.026 0.080 (1,140)* 575.940
5 Elevation −0.0003 0.002 (1,140) 587.984
6 Annual rainfall 0.004 0.250 (1,140)* 547.200
7 Tooth-wear class, TWCLS (as factor) 0.150 (3,138)* 566.955
8 Elevation + Year + Mean annual temperature + Annual
rainfall +TWCLS

0.420 (7,134)* 516.182

9 Global model 0.430 (9,132)* 515.851
Gerbilliscus leucogaster
1 Latitude −0.019 0.004 (1,130) 549.200
2 Longitude 0.132 0.171 (1,130)* 523.940
3 Year −0.010 0.011 (1,130) 547.1533
4 Mean annual temperature −0.003 0.006 (1,130) 549.484
5 Elevation 0.0001 0.007 (1,130) 549.574
6 Annual rainfall 0.002 0.102 (1,130)* 534.465
7 Tooth-wear class, TWCLS 0.074 (2,129)* 539.560
8 Latitude, Longitude, Annual rainfall, TWCLS 0.294 (5,126)* 506.555
9 Global model 0.290 (8,123)* 510.751
Desmodillus auricularis
1 Latitude −0.035 0.007 (1,92) 399.540
2 Longitude −0.033 0.007 (1,92) 399.615
3 Year 0.002 0.011 (1,92) 399.903
4 Mean annual temperature 0.001 0.011 (1,92) 399.915
5 Elevation −0.0003 0.005 (1,92) 399.416
6 Annual rainfall −0.002 0.009 (1,92) 398.050
7 Tooth-wear class, TWCLS 0.214 (2,91)* 377.284
8 Elevation + Year + Mean annual temperature + Annual
rainfall + TWCLS

0.181 (6,87)* 384.870

9 Global model 0.191 (8,85)* 385.520
Mastomys natalensis
1 Latitude 0.039 0.068 (1,208)* 856.835
2 Longitude −0.040 0.130 (1,208)* 842.372
3 Year 0.025 0.160 (1,208)* 835.571

(continued on next page)
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Table 1 (continued)

Model (variables) Correlation coefficient Adj r2 (df) AIC

4 Mean annual temperature 0.007 0.012 (1,208) 868.907
5 Elevation −0.0003 0.001 (1,208) 871.202
6 Annual rainfall 0.001 0.079 (1,208)* 854.330
7 Tooth-wear class, TWCLS 0.037 (4,205)* 866.483
8 Elevation + Year + Mean annual temperature + Annual
rainfall + TWCLS

0.196 (8,201)* 832.578

9 Global model 0.244 (10,199)* 821.628
Otomys unisulcatus
1 Latitude −0.067 0.008 (1,100) 427.101
2 Longitude 0.012 0.010 (1,100) 427.273
3 Year −0.011 0.007 (1,100) 425.622
4 Mean annual temperature −0.001 0.010 (1,100) 427.320
5 Elevation −0.0002 0.007 (1,100) 427.064
6 Annual rainfall −0.0001 0.010 (1,100) 427.318
7 Tooth-wear class, TWCLS 0.555 (2,99)* 344.765
8 Elevation + Year +Mean annual temperature + Annual
rainfall + TWCLS

0.580 (6,95)* 343.477

9 Global model 0.571 (8,93)* 346.624
Parotomys brantsii
1 Latitude 0.073 0.005 (1,57) 236.604
2 Longitude 0.037 0.015 (1,57) 237.213
3 Year 0.015 0.006 (1,57) 235.964
4 Mean annual temperature −0.003 0.017 (1,57) 237.288
5 Elevation 0.0003 0.012 (1,57) 237.040
6 Annual rainfall 0.002 0.010 (1,57) 236.910
7 Tooth-wear class, TWCLS 0.472 (2,56)* 199.555
8 Elevation + Year +Mean annual temperature + Annual
rainfall + TWCLS

0.508 (6,52)* 199.064

9 Global model 0.509 (8,50)* 200.619

Notes.
*Denotes p< 0.05.

families, three had no species that varied temporally, Dipodidae (two species), kangaroo
rats Heteromyidae (two species) and pocket gophers Geomidae (two species). A ‘‘mole-rat’’
(Spalacidae, one species) showed a temporal response (increase), while around half the
species of murids, cricetids and sciurids (squirrels) showed a temporal response. However,
the direction of changes varied between families. In Muridae (n= 18), both increases
(four) and decreases (four) were recorded, while in Cricetidae (n= 18), only decreases
(nine) were observed, and in Sciuridae (n= 7), only increases (three) were observed. Using
a binomial logistic regression model, we found that none of the several tested predictors
(i.e., maximum latitude, range size area, fossoriality, high- elevation, habitat specialist,
commensal, desert adapted, mean body mass, r/k selection and mean litter size) could
significantly explain the probability of a rodent species to show a temporal effect on body
size (Table 2).
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Figure 2 Relationship between residuals of PC.1 (skull size) and year of collection for each species in-
cluded in the analysis. (A) Desmodillus auricularis (1903–1996), (B) Gerbilliscus leucogaster (1905–1997),
(C)Micaelamys namaquensis (1907–2013), (D) Parotomys brantsii (1902–1998), (E) Otomys unisulcatus
(1903–1992), (F)Mastomys natalensis (1907-2013)

Full-size DOI: 10.7717/peerj.9792/fig-2

DISCUSSION
Temporal size trends in African rodents
Few data are available on temporal trends in body size in African rodents. Nengovhela,
Baxter & Taylor (2015) assessed temporal changes in skull size over 100 years in museum
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Table 2 Generalized linear mixedmodel results for three life history traits (underlined in table below)
and seven habitat variables (10 predictors in total) used to explain variation in probability of tempo-
ral response in 50 rodents species. Rodent family was taken as a random factor to account partly for phy-
logenetic biases. The four quantitative variables were litter size, body mass, maximum latitude and range
size area. For the six binary variables, default values were ‘‘1’’, i.e. fossoriality, habitat specialist, commen-
sal, dessert-dwelling, high elevation, r- or k-selected (r=1, k=0). Estimates represent comparisons with
state ‘‘0’’, e.g., non-fossorial rodents (‘‘0’’) have lower probability (negative sign of estimate) of temporal
change than fossorial (‘‘1’’).

Estimate Std. Error z value Pr(>|z|)

(Intercept) −6.16531 4.52460 −1.363 0.173
Mean.litter.size 0.03711 0.29563 0.126 0.900
log(Mean.body.mass..g.) 0.85106 0.62155 1.369 0.171

as.factor(Fossoriality)1 −0.09800 0.85207 −0.115 0.908
as.factor(Habitat)1 1.40864 0.97997 1.437 0.151
as.factor(Commensal)1 0.28841 1.16262 0.248 0.804
as.factor(Desert)1 0.12712 0.88419 0.144 0.886
as.factor(Elevation)1 1.48609 0.83743 1.775 0.076
as.factor(r.k)1 1.07638 1.21217 0.888 0.375
maximum.latitude 0.02137 0.02530 0.845 0.398
log(range.size.Area) −0.05335 0.21863 −0.244 0.807

collections of two South African rodent species of the murine Tribe Otomyini (laminate-
toothed rats), Otomys auratus and O. angoniensis, revealing a significant decrease in size
in both species. The decrease in size over time was greater (6%) in the former, higher-
elevation and grassland-associated species compared to the latter, savanna-associated
species (3% decrease). It was argued that the narrower-niche habitat and more restricted
high-elevation range of O. auratus compared to O. angoniensis may explain this difference
(Nengovhela, Baxter & Taylor, 2015). To better understand the generality and possible
life history and habitat causes of temporal size changes in African rodents, we here
added comparative novel data from museum collections of a further six species of
rodents, two from the murine Tribe Otomyini (O. unisulcatus from semi-arid habitats
and Parotomys brantsi from desert habitats), two additional and widespread murine
species from the savanna biome (Mastomys natalensis and Micaelamys namaquensis) and
two gerbils (Subfamily Gerbillinae) occurring in dry savannas (Gerbilliscus leucogaster)
and true deserts (Desmodillus auricularis). We only found significant temporal trends in
M. natalensis (increase) and O. unisulcatus (decrease). Taken together with the data of
Nengovhela, Baxter & Taylor (2015), this means that only four out of eight African rodent
species surveyed show a significant temporal effect on skull size over a 100 years period.
The direction of change was not uniform with three species showing decreases and one an
increase. This question both the universality and causality of the so-called third universal
response to climate change (Gardner et al., 2011). Apart from the possibility of increased
temperature explaining declines in body size, the increase in body size in M. natalensis,
which is a widespread agricultural pest in Africa, may be better explained by nutrition
(large increases in rural agriculture and settlements in Africa over the past 100 years). As
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discussed below, these data from African rodents were appended to a global meta-database
which showed similar trends.

Life history and habitat do not seem to predict response to
climate warming
Rodents have been said to display a very wide variation of life history patterns (Samuels,
2009) with body size reported to be related to amultitude of life history traits (e.g., gestation
length, reproductive rate, home range size, basal metabolic rate, etc, (Webster, Gittleman
& Purvis, 2004). Based on our generalized linear mixed model of our global meta-database
of 50 rodent species (including also our current data), we found that none of our chosen
predictors could significantly explain the probability of a temporal response. However,
looking at each predictor, elevation even though insignificant, showed a 60% chance of
temporal changes in high altitude species compared to 30% in low altitude species. This
might be due to the fact that high elevation habitats are more prone to fragmentation
(Naya, Naya & Cook, 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). Villar & Naya (2018) showed that rodent species displaying life history traits
like torpor or hibernation (heterothermic species) responded less to climate change over
time than did homeothermic species. This indicates that other life history attributes
may also explain the probability (and direction) of temporal responses in rodents. 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. Our sample was based on only 50 species out of a total of
2565 (1.95%) currently recognized rodent species.

Body size response to climate change is not so universal in rodents
Both in the new data added for six African rodents (where one species increased in size,
one decreased and four did not change), and for our global dataset of 50 species, we
found variable responses to general temporal changes over an approximately 100 year
period, with increases, decreases and no change. These differing temporal responses in
rodents have been reported in other studies, for example, Villar & Naya (2018) showed
a temporal decrease in body size of about seven rodent species and no response in ten
species. A similar trend was reported in Eastman et al. (2012), Nengovhela, Baxter & Taylor
(2015), Ozgul et al. (2010), Pergams & Lawler (2009), with either decreases, increases and
no changes reported (Table S3). Changes in body size have been attributed to differing
factors such as global warming, increased food availability, snow melt, longer growing
season (Eastman et al., 2012; Nengovhela, Baxter & Taylor, 2015; Pergams & Lawler, 2009;
Smith, Browning & Shepherd, 1998; Villar & Naya, 2018; Yom-Tov & Yom-Tov, 2004; Yom-
Tov et al., 2012) with some of these studies providing support for Bergmann’s clines. As
clarified by Blackburn, Gaston & Loder (1999), Bergmann’s Rule was originally applied
to closely related species, but as noted by James (1970) it was later adapted to apply to
‘races of a species’ (seeMayr, 1956). Blackburn, Gaston & Loder (1999) proposed restricting
the definition of Bergmann’s Rule to cases of interspecific patterns and using the term
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‘James’s Rule’ to apply to cases of intraspecific variation. At the intraspecific level (James’s
Rule sensu Blackburn, Gaston & Loder, 1999), if the temporal decrease in cranial size of O.
unisulcatus is due to temperature change, and the underlying mechanism is Bergmann’s
Rule, we would expect that the observed latitudinal trends should also be correlated with
temperature. However, our model for O. unisulcatus showed no correlation of cranial size
with temperature. Interestingly, our model for M. natalensis showed positive correlation
of precipitation with cranial size, coupled with the temporal increase in body size. This
conforms to the productivity hypothesis or whatMcNab (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). 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; Yom-Tov
& Geffen, 2011). Alhajeri, Porto & Maestri (2019) found no support of resource availability
playing a role in explaining geographic variation in rodent body size.

Body size response to climate warming in other terrestrial vertebrates
A variety of phenotypic responses to climate change, including increases, decreases and no
changes have been reported in different vertebrate taxa including Passeriformes (Gardner,
Heinsohn & Joseph, 2009; Gardner et al., 2014; Goodman et al., 2012; Husby, Hille & Visser,
2011; McCoy, 2012; Moreno-Rueda & Rivas, 2007; Yom-Tov, 2001), Carnivora (Meiri et
al., 2009; Yom-Tov, Yom-Tov & Baagoe, 2003; Yom-Tov et al., 2006; Yom-Tov, Yom-Tov
& Jarrell, 2008; Yom-Tov et al., 2010b), Ovis aries (Ozgul et al., 2009), Chroicocephalus
scopulinus (Teplitsky et al., 2008) and Sorex cinereus (Yom-Tov & Yom-Tov, 2005). Factors
invoked to explain the diversity of responses included inter alia, temperature, climate
variability, increased productivity, shorter and milder winters, stress and diet.

Difficulties in measuring body size & other study limitations
In this study, it is of importance to acknowledge potential drawbacks, consider other
alternative explanations for the lack of temporal responses in our study groups, and to
interpret our results with caution. This study has failed to incorporate other life history and
factors that may play a role in explaining the body size temporal response of certain species
to warming. Data on some life history variables (like life span, feeding habits, fecundity)
are missing although we know they vary in general between species e.g., life span, small
murids in general have shorter life spans than for example mole-rats and squirrels.

Other possible reasons for the widely divergent results concerning temporal changes in
body size of rodents could be due to how it ismeasured. Different studies have used different
proxies as a measure of body size i.e., body mass, skull length, cranial size and body length
(Alhajeri & Steppan, 2016; Nengovhela, Baxter & Taylor, 2015; Pergams & Lawler, 2009;
Villar & Naya, 2018; Yom-Tov & Yom-Tov, 2004)...... Mori et al. (2019) showed skull size
to be positively correlated with body size across theHystrix species and confirmed skull size
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to be a suitable proxy for body size. Similarly, Eastman et al. (2012) regarded skull length
as a trait positively correlated with body size. Interestingly, although all these studies have
used different measurements as a proxy for body size, they have all indicated a reduction,
an increase and a no change response.

CONCLUSIONS
In conclusion, we found that the ‘‘third universal response to warming’’ (Gardner et al.,
2011) is not as universal as claimed and that trends are conflicting and not explained by
any of the life history or habitat factors we considered. We understand there are other
factors that may play a role in explaining the temporal response or lack thereof in this
study. In our study, only one species (O. unisulcatus) showed a temporal decrease in
body size. Additionally, causes driving body size trends are still not clear as our data are
correlational rather than causal. Future studies should also test our predictors from large
samples of species within a single family and adding predictors such as gestation length,
reproductive rate, metabolic rate, neonatal weight, heterothermy versus homoethermy and
population density. A limitation of this study is that we assume that the body size changes
are genetic, the same assumption made in most of the papers reviewed here. However,
we do understand that sometimes body changes may reflect a non-genetic phenotypic
response (Khokhlova et al., 2001).

ACKNOWLEDGEMENTS
We are grateful to museum curators at the Ditsong National Museum of Natural History,
Pretoria (Dr Teresa Kearney) and Royal Museum for Central Africa, Tervuren (Dr
Emmanuel Gilissen), for allowing access to their collections.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Erasmus Mundus Programme (AESOP+ project), the
University of Venda and National Research Foundation (NRF, No. UID 87311) and
Department of Science and Technology (DST), through the SARChI Research Chair on
Biodiversity Value & Change in the Vhembe Biosphere Reserve. The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Erasmus Mundus Programme (AESOP+ project).
The University of Venda and National Research Foundation: NRF, No. UID 87311.
Department of Science and Technology (DST), through the SARChI Research Chair on
Biodiversity Value & Change in the Vhembe Biosphere Reserve.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 14/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.9792


Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Aluwani Nengovhela conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.
• Christiane Denys conceived and designed the experiments, authored or reviewed drafts
of the paper, and approved the final draft.
• Peter J. Taylor conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

Data Availability
The following information was supplied regarding data availability:

The raw cranial measurements (six) are available in Table S1. The six cranial
measurements were used for statistical analysis to calculate the overall skull size of each
species. The 739 specimens are available from the Ditsong National Museum of Natural
History (DNMNH), Royal Museum for Central Africa, Tervuren (RMCA) and Museum
National d’Histoire Naturelle (MNHN). In addition to the cranial measurements, other
raw variables used in this study such as the specimen identifiers are also available in Table
S1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.9792#supplemental-information.

REFERENCES
Alhajeri BH, Porto LMV,Maestri R. 2019.Habitat productivity is a poor predictor of

body size in rodents. Current Zoology 66(2):135–143 DOI 10.1093/cz/zoz037.
Alhajeri BH, Steppan SJ. 2016. Association between climate and body size in rodents:

a phylogenetic test of Bergmann’s rule.Mammalian Biology 81(2):219–225
DOI 10.1016/j.mambio.2015.12.001.

Babin-Fenske J, AnandM, Alarie Y. 2008. Rapid morphological change in stream
beetle museum specimens correlates with climate change. Ecological Entomology
33(5):646–651 DOI 10.1111/j.1365-2311.2008.01018.x.

Barbraud C,Weimerskirch H, Robertson GG, Jouventin P. 1999. Size-related life
history traits: insights from a study of snow petrels (Pagodroma nivea). Journal of
Animal Ecology 68(6):1179–1192 DOI 10.1046/j.1365-2656.1999.00361.x.

Barnosky AD, Bell CJ, Emslie SD, Goodwin HT, Mead JI, Repenning CA, Scott E,
Shabel AB. 2004. Exceptional record of mid-Pleistocene vertebrates helps differ-
entiate climatic from anthropogenic ecosystem perturbations. Proceedings of the
National Academy of Sciences of the United States of America 101(25):9297–9302
DOI 10.1073/pnas.0402592101.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 15/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.9792#supp-1
http://dx.doi.org/10.7717/peerj.9792#supp-1
http://dx.doi.org/10.7717/peerj.9792#supp-1
http://dx.doi.org/10.7717/peerj.9792#supplemental-information
http://dx.doi.org/10.7717/peerj.9792#supplemental-information
http://dx.doi.org/10.1093/cz/zoz037
http://dx.doi.org/10.1016/j.mambio.2015.12.001
http://dx.doi.org/10.1111/j.1365-2311.2008.01018.x
http://dx.doi.org/10.1046/j.1365-2656.1999.00361.x
http://dx.doi.org/10.1073/pnas.0402592101
http://dx.doi.org/10.7717/peerj.9792


Bates PJ. 1985. Studies of gerbils of genus Tatera: the specific distinction of Tatera
robusta (Cretzschmar, 1826), Tatera nigricauda (Peters, 1878) and Tatera phillipsi
(De Winton, 1898).Mammalia 49(1):37–52 DOI 10.1515/mamm.1985.49.1.37.

Bergmann C. 1847. Über die verhältnisse der wärmeökonomie der thiere zu ihrer grösse.
Göttinger Studien 3:595–708.

Blackburn TM, Gaston KJ, Loder N. 1999. Geographic gradients in body size: a
clarification of Bergmann’s rule. Diversity and Distributions 5(4):165–174
DOI 10.1046/j.1472-4642.1999.00046.x.

BlanckenhornWU. 2015. Investigating yellow dung fly body size evolution in the field:
response to climate change? Evolution 69(8):2227–2234 DOI 10.1111/evo.12726.

Blois JL, Feranec RS, Hadly EA. 2008. Environmental influences on spatial and temporal
patterns of body-size variation in California ground squirrels (Spermophilus
beecheyi). Journal of Biogeography 35(4):602–613
DOI 10.1111/j.1365-2699.2007.01836.x.

Brandt R, Navas CA. 2011. Life-history evolution on Tropidurinae lizards: influence of
lineage, body size and climate. PLOS ONE 6(5):e20040
DOI 10.1371/journal.pone.0020040.

CalderW. 1984. Size, function and life history. Cambridge: Harvard University Press.
Cardillo M, Mace GM, Jones KE, Bielby J, Bininda-Emonds OR, Sechrest W, Orme CD,

Purvis A. 2005.Multiple causes of high extinction risk in large mammal species.
Science 309:1239–1241 DOI 10.1126/science.1116030.

Caruso NM, Sears MW, Adams DC, Lips KR. 2014.Widespread rapid reductions in
body size of adult salamanders in response to climate change. Global Change Biology
20(6):1751–1759 DOI 10.1111/gcb.12550.

Chamaille-Jammes S, Massot M, Aragon P, Clobert J. 2006. Global warming and pos-
itive fitness response in mountain populations of common lizards Lacerta vivipara.
Global Change Biology 12(2):392–402 DOI 10.1111/j.1365-2486.2005.01088.x.

Chimimba CT, Dippenaar NJ. 1994. Non-geographic variation in Aethomys chrysophilus
(de Winton, 1897) and A. namaquensis (A. Smith, 1834) (Rodentia: Muri-
dae) from southern Africa. South African Journal of Zoology 29(2):107–117
DOI 10.1080/02541858.1994.11448335.

DaufresneM, Lengfellner K, Sommer U. 2009. Global warming benefits the
small in aquatic ecosystems. Proceedings of the National Academy of Sciences
106(31):12788–12793 DOI 10.1073/pnas.0902080106.

Dawson TP, Jackson ST, House JI, Prentice IC, Mace GM. 2011. Beyond pre-
dictions: biodiversity conservation in a changing climate. Science 332:53–58
DOI 10.1126/science.1200303.

Delcros G. 2012. The influence of abiotic processes, competition and predation on the
community structure of rodents and shrews. D. Phil. Thesis, University of KwaZulu-
Natal.

Diamond SE, Frame AM,Martin RA, Buckley LB. 2011. Species’ traits predict phe-
nological responses to climate change in butterflies. Ecology 92(5):1005–1012
DOI 10.1890/10-1594.1.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 16/21

https://peerj.com
http://dx.doi.org/10.1515/mamm.1985.49.1.37
http://dx.doi.org/10.1046/j.1472-4642.1999.00046.x
http://dx.doi.org/10.1111/evo.12726
http://dx.doi.org/10.1111/j.1365-2699.2007.01836.x
http://dx.doi.org/10.1371/journal.pone.0020040
http://dx.doi.org/10.1126/science.1116030
http://dx.doi.org/10.1111/gcb.12550
http://dx.doi.org/10.1111/j.1365-2486.2005.01088.x
http://dx.doi.org/10.1080/02541858.1994.11448335
http://dx.doi.org/10.1073/pnas.0902080106
http://dx.doi.org/10.1126/science.1200303
http://dx.doi.org/10.1890/10-1594.1
http://dx.doi.org/10.7717/peerj.9792


Dobson FS, Oli MK. 2007. Fast and slow life histories of rodents. In: Wolff JO, Sherman
PW, eds. Rodent societies. Chicago: University of Chicago Press, 99–105.

Eastman LM,Morelli TL, Rowe KC, Conroy CJ, Moritz C. 2012. Size increase in
high elevation ground squirrels over the last century. Global Change Biology
18(5):1499–1508 DOI 10.1111/j.1365-2486.2012.02644.x.

Gardner JL, Amano T, Backwell PRY, Ikin K, SutherlandWJ, Peters A. 2014. Temporal
patterns of avian body size reflect linear size responses to broad scale environ-
mental change over the last 50 years. Journal of Avian Biology 45(6):529–535
DOI 10.1111/jav.00431.

Gardner JL, Heinsohn R, Joseph L. 2009. Shifting latitudinal clines in avian body size
correlate with global warming in Australian passerines. Proceedings of the Royal
Society B-Biological Sciences 276(1674):3845–3852 DOI 10.1098/rspb.2009.1011.

Gardner JL, Peters A, KearneyMR, Joseph L, Heinsohn R. 2011. Declining body size: a
third universal response to warming? Trends in Ecology and Evolution 26(6):285–291
DOI 10.1016/j.tree.2011.03.005.

Goodman RE, Lebuhn G, Seavy NE, Gardali T, Bluso-Demers JD. 2012. Avian body
size changes and climate change: warming or increasing variability? Global Change
Biology 18:63–73 DOI 10.1111/j.1365-2486.2011.02538.x.

Gosler AG, Greenwood JJD, Perrins C. 1995. Predation risk and the cost of being fat.
Nature 377(6550):621–623 DOI 10.1038/377621a0.

Haigh JC, Stewart RR, MyttonW. 1980. Relationships among linear measurements and
weights for moose. Alces 16:1–10.

Happold DCD. 2013.Mammals of Africa. Volume III: rodents, hares and rabbits. London:
Bloomsbury Publishing.

Hickling R, Roy DB, Hill JK, Fox R, Thomas CD. 2006. The distributions of a wide
range of taxonomic groups are expanding polewards. Global Change Biology
12(3):450–455 DOI 10.1111/j.1365-2486.2006.01116.x.

Hijmans R, Cameron S, Parra J, Jones P, Jarvis A. 2005. Very high-resolution inter-
polated climate surfaces for global land areas. International Journal of Climatology
25(15):1965–1978 DOI 10.1002/joc.1276.

Houle D, Bolstad GH, Linde Kvander, Hansen TF. 2017.Mutation predicts 40 million
years of fly wing evolution. Nature 548(7668):447–450 DOI 10.1038/nature23473.

Husby A, Hille SM, Visser ME. 2011. Testing mechanisms of Bergmann’s Rule: pheno-
typic decline but no genetic change in body size in three passerine bird populations.
American Naturalist 178(2):202–213 DOI 10.1086/660834.

Isaac JL. 2009. Effects of climate change on life history: implications for extinction risk in
mammals. Endangered Species Research 7:115–123 DOI 10.3354/esr00093.

James FC. 1970. Geographic size variation in birds and its relationship to climate. Ecology
51(3):365–390 DOI 10.2307/1935374.

Khokhlova I, Degen AA, Krasnov BR, Shenbrot GI. 2001. Body mass and en-
vironment: a study in Negev rodents. Israel Journal of Zoology 47(1):1–13
DOI 10.1560/b37y-lhv0-6mrr-xjw9.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 17/21

https://peerj.com
http://dx.doi.org/10.1111/j.1365-2486.2012.02644.x
http://dx.doi.org/10.1111/jav.00431
http://dx.doi.org/10.1098/rspb.2009.1011
http://dx.doi.org/10.1016/j.tree.2011.03.005
http://dx.doi.org/10.1111/j.1365-2486.2011.02538.x
http://dx.doi.org/10.1038/377621a0
http://dx.doi.org/10.1111/j.1365-2486.2006.01116.x
http://dx.doi.org/10.1002/joc.1276
http://dx.doi.org/10.1038/nature23473
http://dx.doi.org/10.1086/660834
http://dx.doi.org/10.3354/esr00093
http://dx.doi.org/10.2307/1935374
http://dx.doi.org/10.1560/b37y-lhv0-6mrr-xjw9
http://dx.doi.org/10.7717/peerj.9792


Koontz TL, Shepherd UL, Marshall D. 2001. The effects of climate change on Merriam’s
kangaroo rat, Dipodomys merriami. Journal of Arid Environments 49(3):581–591
DOI 10.1006/jare.2001.0806.

Liow LH, Fortelius M, Lintulaakso K, Mannila H, Stenseth NC. 2009. Lower ex-
tinction risk in sleep-or-hide mammals. The American Naturalist 173:264–272
DOI 10.1086/595756.

Lloyd DG. 1987. Selection of offspring size at independence and other size-versus-
number strategies. The American Naturalist 129:800–817 DOI 10.1086/284676.

Mayr E. 1956. Geographical character gradients and climatic adaptation. Evolution
10(1):105–108 DOI 10.1111/j.1558-5646.1956.tb02836.x.

McCain CM, King SRB. 2014. Body size and activity times mediate mammalian re-
sponses to climate change. Global Change Biology 20(6):1760–1769
DOI 10.1111/gcb.12499.

McCoy DE. 2012. Connecticut birds and climate change: Bergmann’s Rule in the fourth
dimension. Northeastern Naturalist 19(2):323–334 DOI 10.1656/045.019.0213.

McNab BK. 1971. On the ecological significance of Bergmann’s rule. Ecology
52(5):845–854 DOI 10.2307/1936032.

McNab BK. 2010. Geographic and temporal correlations of mammalian size reconsid-
ered: a resource rule. Oecologia 164(1):13–23 DOI 10.1007/s00442-010-1621-5.

Meiri S, Guy D, Dayan T, Simberloff D. 2009. Global change and carnivore body size:
data are stasis. Global Ecology and Biogeography 18(2):240–247
DOI 10.1111/j.1466-8238.2008.00437.x.

Meiri S, Yom-Tov Y, Geffen E. 2007.What determines conformity to Bergmann’s rule?
Global Ecology and Biogeography 16(6):788–794
DOI 10.1111/j.1466-8238.2007.00330.x.

Miller-Rushing AJ, Primack RB. 2008. Global warming and flowering times in Thoreau’s
Concord: a community perspective. Ecology 89(2):332–341 DOI 10.1890/07-0068.1.

Millien V, Kathleen Lyons S, Olson L, Smith FA,Wilson AB, Yom-Tov Y. 2006.
Ecotypic variation in the context of global climate change: revisiting the rules.
Ecology Letters 9(7):853–869 DOI 10.1111/j.1461-0248.2006.00928.x.

Monadjem A, Taylor PJ, Denys C, Cotterill FPD. 2015. Rodents of Sub-Saharan Africa: a
biogeographic and taxonomic synthesis. Berlin: De Gruyter.

Monadjem A, Virani MZ, Jackson C, Reside A. 2013. Rapid decline and shift in
the future distribution predicted for the endangered Sokoke Scops Owl Otus
ireneae due to climate change. Bird Conservation International 23(02):247–258
DOI 10.1017/s0959270912000330.

Moravcová L, Pyšek P, Jarošík V, Pergl J. 2015. Getting the right traits: reproductive and
dispersal characteristics predict the invasiveness of herbaceous plant species. PLOS
ONE 10(4):e0123634 DOI 10.1371/journal.pone.0123634.

Moreno-Rueda G, Rivas JM. 2007. Recent changes in allometric relationships among
morphological traits in the dipper (Cinclus cinclus). Journal of Ornithology
148(4):489–494 DOI 10.1007/s10336-007-0184-7.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 18/21

https://peerj.com
http://dx.doi.org/10.1006/jare.2001.0806
http://dx.doi.org/10.1086/595756
http://dx.doi.org/10.1086/284676
http://dx.doi.org/10.1111/j.1558-5646.1956.tb02836.x
http://dx.doi.org/10.1111/gcb.12499
http://dx.doi.org/10.1656/045.019.0213
http://dx.doi.org/10.2307/1936032
http://dx.doi.org/10.1007/s00442-010-1621-5
http://dx.doi.org/10.1111/j.1466-8238.2008.00437.x
http://dx.doi.org/10.1111/j.1466-8238.2007.00330.x
http://dx.doi.org/10.1890/07-0068.1
http://dx.doi.org/10.1111/j.1461-0248.2006.00928.x
http://dx.doi.org/10.1017/s0959270912000330
http://dx.doi.org/10.1371/journal.pone.0123634
http://dx.doi.org/10.1007/s10336-007-0184-7
http://dx.doi.org/10.7717/peerj.9792


Mori E, Ancillotto L, Lovari S, Russo D, Nerva L, MohamedWF, Motro Y, Di Bari P,
Plebani M. 2019. Skull shape and Bergmann’s rule in mammals: hints from Old
World porcupines. Journal of Zoology 308(1):47–55 DOI 10.1111/jzo.12651.

Naya DE, Naya H, Cook J. 2017. Climate change and body size trends in aquatic
and terrestrial endotherms: does habitat matter? PLOS ONE 12(8):e0183051
DOI 10.1371/journal.pone.0183051.

Nengovhela A, Baxter RM, Taylor PJ. 2015. Temporal changes in cranial size in South
African vlei rats (Otomys): evidence for the ‘‘third universal response to warming’’.
African Zoology 50(3):233–239 DOI 10.1080/15627020.2015.1052014.

Ohlberger J. 2013. Climate warming and ectotherm body size from individual physiology
to community ecology. Functional Ecology 27(4):991–1001
DOI 10.1111/1365-2435.12098.

Ozgul A, Childs DZ, Oli MK, Armitage KB, Blumstein DT, Olson LE, Tuljapurkar
S, Coulson T. 2010. Coupled dynamics of body mass and population growth in
response to environmental change. Nature 466(7305):482–485
DOI 10.1038/nature09210.

Ozgul A, Tuljapurkar S, Benton TG, Pemberton JM, Clutton-Brock TH, Coulson T.
2009. The dynamics of phenotypic change and the shrinking sheep of St. Kilda.
Science 325(5939):464–467 DOI 10.1126/science.1173668.

Parmesan C, Yohe G. 2003. A globally coherent fingerprint of climate change impacts
across natural systems. Nature 421(6918):37–42 DOI 10.1038/nature01286.

Pergams ORW, Ashley MV. 1999. Rapid morphological change in Channel Island deer
mice. Evolution 53(5):1573–1581 DOI 10.1111/j.1558-5646.1999.tb05420.x.

Pergams ORW, Byrn D, Lee KLY, Jackson R. 2015. Rapid morphological change in black
rats (Rattus rattus) after an island introduction. PeerJ 3:e812 DOI 10.7717/peerj.812.

Pergams ORW, Lawler JJ. 2009. Recent and widespread rapid morphological change in
rodents. PLOS ONE 4(7):e6452 DOI 10.1371/journal.pone.0006452.

Poroshin EA, Polly PD,Wójcik JM. 2010. Climate and morphological change on decadal
scales: multiannual variation in the common shrew Sorex araneus in northeast
Russia. Acta Theriologica 55(3):193–202 DOI 10.4098/j.at.0001-7051.106.2009.

Poyry J, LuotoM, Heikkinen RK, Kuussaari M, Saarinen K. 2009. Species traits explain
recent range shifts of Finnish butterflies. Global Change Biology 15:732–743
DOI 10.1111/j.1365-2486.2008.01789.x.

R Core Team. 2017. R: a language and environment for statistical computing. Vienna:
R Foundation for Statistical Computing. Available at http://www.R-project.org/
(accessed on 10 January 2017).

Raia P, Meiri S. 2006. The Island Rule in large mammals: paleontology meets ecology.
Evolution 60(8):1731–1742 DOI 10.1111/j.0014-3820.2006.tb00516.x.

Robertso DS, McKennaMC, Toon OB, Hope S, Lillegraven JA. 2004. Survival in the
first hours of the Cenozoic. Geological Society of America Bulletin 116(5/6):760–768
DOI 10.1130/b25402.1.

Samuels JX. 2009. Cranial morphology and dietary habits of rodents. Zoological Journal
of the Linnean Society 156(4):864–888 DOI 10.1111/j.1096-3642.2009.00502.x.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 19/21

https://peerj.com
http://dx.doi.org/10.1111/jzo.12651
http://dx.doi.org/10.1371/journal.pone.0183051
http://dx.doi.org/10.1080/15627020.2015.1052014
http://dx.doi.org/10.1111/1365-2435.12098
http://dx.doi.org/10.1038/nature09210
http://dx.doi.org/10.1126/science.1173668
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1111/j.1558-5646.1999.tb05420.x
http://dx.doi.org/10.7717/peerj.812
http://dx.doi.org/10.1371/journal.pone.0006452
http://dx.doi.org/10.4098/j.at.0001-7051.106.2009
http://dx.doi.org/10.1111/j.1365-2486.2008.01789.x
http://www.R-project.org/
http://dx.doi.org/10.1111/j.0014-3820.2006.tb00516.x
http://dx.doi.org/10.1130/b25402.1
http://dx.doi.org/10.1111/j.1096-3642.2009.00502.x
http://dx.doi.org/10.7717/peerj.9792


Santini L, Cornulier T, Bullock JM, Palmer SC,White SM, Hodgson JA, Bocedi
G, Travis JM. 2016. A trait-based approach for predicting species responses to
environmental change from sparse data: how well might terrestrial mammals track
climate change? Global Change Biology 22(7):2415–2424 DOI 10.1111/gcb.13271.

Schmidt NM, Jensen PM. 2003. Changes in mammalian body length over 175 years-
adaptations to a fragmented landscape? Conservation Ecology 7(2):6.

Scholander PF. 1955. Evolution of climatic adaptation in homeotherms. Evolution
9(1):15–26 DOI 10.2307/2405354.

Sheridan JA, Bickford D. 2011. Shrinking body size as an ecological response to climate
change. Nature Climate Change 1(8):401–406 DOI 10.1038/nclimate1259.

Smith FA, Browning H, Shepherd UL. 1998. The influence of climate change on the
body mass of woodrats Neotoma in an arid region of New Mexico, USA. Ecography
21(2):140–148 DOI 10.1111/j.1600-0587.1998.tb00668.x.

Stumpp R, Fuzessy L, Paglia AP. 2016. Environment drivers acting on rodent
rapid morphological change. Journal of Mammalian Evolution 25(1):131–140
DOI 10.1007/s10914-016-9369-2.

Sutton AO, Strickland D, Norris DR. 2016. Food storage in a changing world: implica-
tions of climate change for food-caching species. Climate Change Responses 3:1–25
DOI 10.1186/s40665-016-0025-0.

Taylor PJ, Kumirai A. 2001. Craniometric relationships between the southern African
vlei rat, Otomys irroratus (Rodentia, Muridae, Otomyinae) and allied species from
north of the Zambezi River. African Small Mammals 570:161–181.

Taylor PJ, Nengovhela A, Linden J, Baxter RM. 2015. Past, present, and future distribu-
tion of Afromontane rodents (Muridae: Otomys) reflect climate-change predicted
biome changes.Mammalia 80(4):359–375 DOI 10.1515/mammalia-2015-0033.

Taylor PJ, Ogony L, Ogola J, Baxter RM. 2016. South African mouse shrews (Myosorex)
feel the heat: using species distribution models (SDMs) and IUCN Red List criteria
to flag extinction risks due to climate change.Mammal Research 62(2):149–162
DOI 10.1007/s13364-016-0291-z.

Teplitsky C, Millien V. 2014. Climate warming and Bergmann’s rule through time: is
there any evidence? Evolutionary Applications 7(1):156–168 DOI 10.1111/eva.12129.

Villar CH, Naya DE. 2018. Climate change and temporal trends in body size: the case of
rodents. Oikos 127(8):1186–1194 DOI 10.1111/oik.04884.

Walther GR, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, Fromentin J-M,
Hoegh-Guldberg O, Bairlein F. 2002. Ecological responses to recent climate change.
Nature 416(6879):389–395 DOI 10.1038/416389a.

Webster AJ, Gittleman JL, Purvis A. 2004. The life history legacy of evolutionary
body size change in carnivores. Journal of Evolutionary Biology 17(2):396–407
DOI 10.1046/j.1420-9101.2003.00664.x.

Williams JE, Blois JL. 2018. Range shifts in response to past and future climate change:
can climate velocities and species’ dispersal capabilities explain variation in mam-
malian range shifts? Journal of Biogeography 45:2175–2189 DOI 10.1111/jbi.13395.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 20/21

https://peerj.com
http://dx.doi.org/10.1111/gcb.13271
http://dx.doi.org/10.2307/2405354
http://dx.doi.org/10.1038/nclimate1259
http://dx.doi.org/10.1111/j.1600-0587.1998.tb00668.x
http://dx.doi.org/10.1007/s10914-016-9369-2
http://dx.doi.org/10.1186/s40665-016-0025-0
http://dx.doi.org/10.1515/mammalia-2015-0033
http://dx.doi.org/10.1007/s13364-016-0291-z
http://dx.doi.org/10.1111/eva.12129
http://dx.doi.org/10.1111/oik.04884
http://dx.doi.org/10.1038/416389a
http://dx.doi.org/10.1046/j.1420-9101.2003.00664.x
http://dx.doi.org/10.1111/jbi.13395
http://dx.doi.org/10.7717/peerj.9792


Wilson DE, Lacher Jr TE, Mittermeier RA. 2017. Handbook of the mammals of the
world. In: Rodents II. Vol. 7. Barcelona: Lynx edicions.

Yom-Tov Y. 2001. Global warming and body mass decline in Israeli passerine
birds. Proceedings of the Royal Society B: Biological Sciences 268(1470):947–952
DOI 10.1098/rspb.2001.1592.

Yom-Tov Y. 2003. Body sizes of carnivores commensal with humans have increased over
the past 50 years. Functional Ecology 17(3):323–327
DOI 10.1046/j.1365-2435.2003.00735.x.

Yom-Tov Y, Geffen E. 2006. Geographic variation in body size: the effects of ambient
temperature and precipitation. Oecologia 148(2):213–218
DOI 10.1007/s00442-006-0364-9.

Yom-Tov Y, Geffen E. 2011. Recent spatial and temporal changes in body size of
terrestrial vertebrates: probable causes and pitfalls. Biological Reviews 86(2):531–541
DOI 10.1111/j.1469-185x.2010.00168.x.

Yom-Tov Y, Heggberget TM,Wiig Ø, Yom-Tov S. 2006. Body size changes among
otters, Lutra lutra, in Norway: the possible effects of food availability and global
warming. Oecologia 150(1):155–160 DOI 10.1007/s00442-006-0499-8.

Yom-Tov Y, Leader N, Yom-Tov S, Baagoe HJ. 2010b. Temperature trends and recent
decline in body size of the stone martenMartes foina in Denmark.Mammalian
Biology 75:146–150 DOI 10.1016/j.mambio.2008.10.005.

Yom-Tov Y, Roos A, Mortensen P,Wiig Ø, Yom-Tov S, Heggberget TM. 2010a.
Recent changes in body size of the Eurasian otter Lutra lutra in Sweden. Ambio
39(7):496–503 DOI 10.1007/s13280-010-0074-8.

Yom-Tov Y, Yom-Tov J. 2005. Global warming, Bergmann’s rule and body size
in the masked shrew Sorex cinereus Kerr in Alaska. Journal of Animal Ecology
74(5):803–808 DOI 10.1111/j.1365-2656.2005.00976.x.

Yom-Tov Y, Yom-Tov S. 2004. Climatic change and body size in two species of
Japanese rodents. Biological Journal of the Linnean Society 82(2):263–267
DOI 10.1111/j.1095-8312.2004.00357.x.

Yom-Tov Y, Yom-Tov S. 2012. Observations on variation in skull size of three mammals
in Israel during the 20th century. Zoologischer Anzeiger - A Journal of Comparative
Zoology 251(4):331–334 DOI 10.1016/j.jcz.2011.12.003.

Yom-Tov Y, Yom-Tov S, Baagoe H. 2003. Increase of skull size in the red fox (Vulpes
vulpes) and Eurasian badger (Meles meles) in Denmark during the twentieth century:
an effect of improved diet? Evolutionary Ecology Research 5:1037–1048.

Yom-Tov Y, Yom-Tov S, Jarrell G. 2008. Recent increase in body size of the American
martenMartes americana in Alaska. Biological Journal of the Linnean Society
93(4):701–707 DOI 10.1111/j.1095-8312.2007.00950.x.

Yom-Tov Y, Yom-Tov S, Jensen TS, Baagoe H. 2012. No recent temporal changes in
body size of three Danish rodents. Acta Theriologica 57(1):59–63
DOI 10.1007/s13364-011-0052-y.

Nengovhela et al. (2020), PeerJ, DOI 10.7717/peerj.9792 21/21

https://peerj.com
http://dx.doi.org/10.1098/rspb.2001.1592
http://dx.doi.org/10.1046/j.1365-2435.2003.00735.x
http://dx.doi.org/10.1007/s00442-006-0364-9
http://dx.doi.org/10.1111/j.1469-185x.2010.00168.x
http://dx.doi.org/10.1007/s00442-006-0499-8
http://dx.doi.org/10.1016/j.mambio.2008.10.005
http://dx.doi.org/10.1007/s13280-010-0074-8
http://dx.doi.org/10.1111/j.1365-2656.2005.00976.x
http://dx.doi.org/10.1111/j.1095-8312.2004.00357.x
http://dx.doi.org/10.1016/j.jcz.2011.12.003
http://dx.doi.org/10.1111/j.1095-8312.2007.00950.x
http://dx.doi.org/10.1007/s13364-011-0052-y
http://dx.doi.org/10.7717/peerj.9792

