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Abstract Latitudinal trends in body size have been
explained as a response to temperature- or water-related
factors, which are predictors of primary production. We
used the first principal component calculated from three
body parameters (weight, body length and the greatest
length of the skull) of a sample of mammals from Israel
and Sinai to determine those species that vary in size
geographically, and whether such variation is related to
annual rainfall, average minimum January temperature
and average maximum August temperature. We used a
conservative approach to discern the effects of precipi-
tation and temperature by applying sequential regres-
sion. Variable priorities were assigned according to their
bivariate correlation with body size, except for rainfall
and its interactions that entered into the model last.
Eleven species (Acomys cahirinus, Apodemus mystacinus,
Canis lupus, Crocidura suaveolens, Gerbillus dasyurus,
Hyaena hyaena, Lepus capensis, Meles meles, Meriones
tristrami, Rousettus aegyptius and Vulpes vulpes) of the
17 species examined varied in size geographically. In five
of them, rainfall was positively related to body size,
while in one species it was negatively related to it.
Contrary to the prediction of Bergmann’s rule, mean
minimum January temperature was positively related to
body size in five species and negatively related to body
size in two species (C. suaveolens and G. dasyurus). As
predicted by Bergmann’s rule, maximum June tempera-
ture was negatively related to body size in three species,
and positively so in one (L. capensis). Primary produc-
tion, particularly in desert and semi-desert areas, is
determined mainly by precipitation. The above results
indicate that, in our sample, primary production has an
important effect on body size of several species of mam-
mals. This is evident from the considerable proportion of

the variability in body size explained by rain. However,
low ambient temperatures may slow down and even
inhibit photosynthesis. Hence, the observed positive
relationships between average minimum January tem-
perature and body size in four of the six species influ-
enced by rain further support this conclusion.
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Introduction

Bergmann’s rule (1847) is probably the best-known rule
in zoogeography. It states that, ‘‘In warm blooded ani-
mals, races from warm regions are smaller than races
from cold regions’’ (Mayr 1963). The ‘‘thermal’’ inter-
pretation of Bergmann’s rule has been questioned by
several researchers. Scholander (1955) argued that heat
dissipation and conservation are not as efficient as other
mechanisms such as vascular control and fur insulation.
Others have suggested that body size is better correlated
with basal metabolic rate, cost of transport, dominance
in a community, success in mating, size and type of food,
and competition (McNab 1971; Wilson 1975; Calder
1984; Schmidt-Nielsen 1984; Dayan et al. 1989). James
(1970) suggested that body size variation is related to a
combination of climatic factors, mainly moisture and
temperature, and that small body size is associated with
hot and humid conditions and larger size with cooler
and drier conditions. Wigginton and Dobson (1999)
studied body size variation among North America
bobcats (Lynx rufus) and found that James’ modifica-
tion of Bergmann’s rule was better supported than the
classical explanation for Bergmann’s rule. Burnett
(1983) found that moisture has a statistically more sig-
nificant influence on wing and skull size of the bat
Eptesicus fuscus than does temperature, and attributed
this correlation to the need to conserve water in hot and
dry environments. Rosenzweig (1968) claimed that body
size is better correlated with primary plant productivity,
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whereas Wigginton and Dobson (1999) found that this
hypothesis does not explain their findings. This obser-
vation was supported by Kolb (1978) who suggested
‘‘food availability is determining the average size of
foxes Vulpes vulpes, and the north/south cline in size is
the result of increasing dark time hunting hours at
higher latitudes during winter’’. Yom-Tov and Nix
(1986), who studied body-size variation in five species of
Australian mammals, showed that moisture index and
precipitation is often better correlated with body size
than is temperature. They concluded that while all the
examined factors contribute to the variation in body
size, for some species, such as the brush-tail possum
Trichosurus vulpecula and the echidna Tachyglossus
aculeatus, food supply is the main determining factor.
The debate over which factor determines body size has
clearly not been settled, and one way to settle it is to test
several climatological factors, and to assume that the
relative effect of each factor represents its effect on body
size.

Israel forms a part of the Levant that, relative to
its size and latitude, offers one of the richest and most
diverse areas in the temperate regions of the world
(Yom-Tov and Tchernov 1988). There are three main
reasons for this diversity: geological history; geograph-
ical position as a meeting point between Asia, Africa and
Europe; and the great geographical, climatic and
edaphic diversity. Along a south–north gradient of less
than 400 km, mean annual rainfall ranges between
25 mm in the south and 1,000 mm in the north, resulting
in a large variety of habitats from extreme desert to
Mediterranean chaparral forest. A negative north–south
gradient in ambient temperature co-varies with the
rainfall gradient, with mean annual temperatures of 16
and 25�C in the extreme north and south, respectively
(Jaffe 1988). Thus, there is a north–south gradient of
higher precipitation and lower ambient temperatures
(and lower evaporation) in the north to lower precipi-
tation and higher ambient temperatures in the south,
which determines plant cover and plant primary pro-
duction (and therefore presumably food availability to
animals).

Primary production, particularly in desert and semi-
desert areas, is determined primarily by precipitation.
However, low ambient temperatures may slow down
and even inhibit photosynthesis. If primary production
determines body size, one may expect a positive rela-
tionship between body size and precipitation, and in
areas where precipitation occurs mainly in winter (as it
does in Israel and Sinai), also a positive relationship
between body size and ambient temperature.

The great climatic and morphological diversity of
Israel is reflected in the morphological variety of several
species of reptiles, birds and mammals. For example,
four species (the hare Lepus capensis, the wolf Canis
lupus, the mole rat Spalax ehrenbergi and the Egyp-
tian spiny mouse Acomys cahirinus) show a trend of
decreasing body size from north to south in accordance
with Bergmann’s rule (Yom-Tov 1967; Mendelssohn

1982; Nevo et al. 1986; Nevo 1989, respectively). On the
other hand, geographical variation in size that may be
interpreted as contradicting Bergmann’s rule was
observed in two rodent species, Meriones tristrami and
Apodemus mystacinus (Chetboun and Tchernov 1983;
Mendelssohn and Yom-Tov 1999). The above opposite
trends testify to the morphological variability of mam-
mals in Israel (Yom-Tov 1988).

The aim of this study was to test two alternative
predictions: that body size of Israeli mammals is related
to (1) rainfall (and thus food availability) and/or (2)
temperature, as predicted by Bergmann’s rule. Our study
area is especially suitable for this purpose, as it com-
prises of a steep gradient in both rain and ambient
temperature. Of particular importance is the fact that it
includes extreme desert areas, where every additional
millimeter of rain makes a large difference for plants and
animals inhabiting these areas.

Materials and methods

The Zoological Museum of Tel Aviv University hosts a
collection of mammalian specimens from Israel
(including the West Bank and the Golan Heights) and
the adjacent Sinai peninsula, from which we selected
adult specimens of 17 species (about a quarter of the
terrestrial mammals found in Israel; Mendelssohn and
Yom-Tov 1999), of which there were more than 30 skulls
for each species along a south–north gradient of at least
200 km in Israel and Sinai. This sample comprised five
Carnivora (striped hyena Hyaena hyaena, wolf C. lupus,
golden jackal Canis aureus, red fox V. vulpes and Eur-
asian badger Meles meles), seven rodents (Tristram’s jird
M. tristrami, Sundevall’s jird M. crassus, Wagner’s ger-
bil Gerbillus dasyurus, greater Egyptian gerbil G. pyra-
midum, lesser jerboa Jaculus jaculus, broad-toothed field
mouse A. mystacinus and Egyptian spiny mouse A. cah-
irinus), a shrew (Crocidura suaveolens), two bats (the
Egyptian fruit bat Rousettus aegyptius and the Kuhl’s
pipistrelle Pipistrellus kuhli), the Cape hare L. capensis
(including L. europaeus following Corbet 1978) and the
mountain gazelle Gazella gazella. The specimens had
been collected for the museum at various times of the
year throughout Israel, mostly at an elevation range of
0–600 m above sea level. Specimens collected for the
present purpose were weighed and measured in the field,
or immediately after they were brought to the university.
At the university, taxidermists weighed specimens of
smaller species (shrews, bats and rodents) to an accuracy
of 1 g, and others (hares, gazelles and carnivores) to an
accuracy of 10 g, and their body (snout to anus), was
measured to an accuracy of 1 mm. Skulls that were not
smashed were cleaned and preserved. For this study, we
used body weight, body length and one measure of skull
(greatest length, measured at the museum with cali-
pers to an accuracy of 0.1 mm); all parameters most
frequently used when testing for the existence of Berg-
mann’s rule. Climate data were kindly provided by
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Ronen Kadmon (Department of Evolution Systematic
and Ecology, The Hebrew University, Jerusalem, Israel).
These data originate from the Israel Meteorological
Service and provide various climate data for nearly all
localities in Israel. For each specimen, we assigned data
on 30 years of mean annual rainfall, average minimum
temperature in January and average maximum temper-
ature in June according to the locality from which it was
collected.

We used principal component analysis (PCA) to
combine the information in the three morphological
measurements (body weight, body length and greatest
skull length) into a single variable. The first principal
component (PC1) scores of each species were related in a
sequential multiple regression to mean annual rainfall,
average minimum temperature in January (Tmin), average
maximum temperature in June (Tmax), year, month and
sex. The monthly variation was expressed by the sinu-
soidal functions, Sin(2pI/12) and Cos(2pI/12), where I is
the month, and treated in the regression as two terms (i.e.
variables). The combined functions allow the peak size to
occur at any time of the year. All four possible interaction
terms between rain, Tmax and Tmin were also included in
the regression model. The advantages of the sequential
approach are that this model is not affected by marginal
statistics, and the decision as to whether to keep a par-
ticular variable in the model is independent of the pres-
ence of other variables (Graham 2003). In the sequential
regression, the sum of the unique variable contributions
(r2) equals the whole model r2, thus the amount of vari-
ance explained by each variable can be directly assessed.
Variable priorities were assigned according to their
bivariate correlation with body size, except for rainfall
and its interactions that entered into the model last. This
priority sequence is the most conservative in respect to
our hypothesis that rainfall, as a proxy for plant primary
production, is the most significant factor in determining
body size. All calculations were performed using SPSS
(version 12, SPSS, Chicago, Ill., USA).

Results

The PCA combined the three morphological measure-
ments (body weight, body length and greatest skull
length) into a single factor in each of the species used.
Eigenvalues ranged from 1.652 to 2.594, and the pro-
portion of variance explained by that factor (PC1) ran-
ged from 55.1 to 86.5%.

Overall, independent variables entered to the model
had a mean tolerance (i.e. tolerance = 1�r2; when this
value is small the variable is almost a linear combination
of the other independent variables) of 0.83±0.2, a value
that shows little multicollinearity among independent
variables. However, much lower values were observed in
a few specific cases. The lowest tolerance was observed
in L. capensis (0.32 and 0.34 for rain and Tmax, respec-
tively) and G. dasyurus (0.41 and 0.49 for rain and its
interaction term, respectively).

The results of the sequential multiple regression show
that 11 of the 17 species examined (A. cahirinus, A. mys-
tacinus, C. lupus, C. suaveolens, G. dasyurus, H. hyaena, L.
capensis, M. meles, M. tristrami, R. aegyptius and V.
vulpes) varied in size in association with an environmental
variable (Table 1). Six species showed significant associ-
ation between rain and body size; in five, this relationship
was positive, while in one, G. dasyurus it was negative
(Table 1). Rain was a very important predictor in
L. capensis, accounting for 30.6% of the variance, but
only 4.8–10.1% of the variance in H. hyaena, M. tristra-
mi, V. vulpes, G. dasyurus and A. cahirinus (mean±SD=
11.6%±9.5; Table 1, Fig. 1). In two cases (L. capensis
and G. dasyurus), interaction terms between rain and
temperature were significant, and these explained on
average (±SD) 5.5%±1.8 of the total variance. In
addition to rain, temperature was also significantly cor-
related with body size in ten species. Minimum temper-
ature was negatively correlated, as expected from the
Bergmann’s rule, in C. suaveolens and G. dasyurus, but
correlated positively in L. capensis, M. tristrami, V. vul-
pes, A. cahirinus and A. mystacinus. Maximum tempera-
ture was negatively correlated in M. meles and C. lupus,
but correlated positively in L. capensis. Temperature was
a poor predictor for body size because, on average, it
accounted for only 12.3%±9.3 of the total variance
(maximum of about 31.0% in C. lupus and L. capensis;
Table 1). Among the five species where both rainfall and
temperature were significantly correlated with body size,
rain accounted for 10.1%±9.3 and temperature for
12.0%±9.1 of the variance (Table 1). In three species,
minimum January temperature was the sole environ-
mental predictor of body size, and it was positively related
to it in A. mystacinus and A. cahirinus (opposite to the
prediction of Bergmann’s rule), and negatively so in C.
suaveolens (Table 1).

Discussion

Geographical variation in body size of both homeo-
therms and ectotherms is a very common phenomenon
(Blackburn et al. 1999; Ashton et al. 2000; Ashton
2002a, b; Freckelton et al. 2003; Meiri and Dayan 2003)
and has been related to many factors, including inter-
and intraspecific competition, food availability and
reaction to ambient temperature in accordance with
Bergmann’s rule. This latter explanation has been
applied both to latitudinal and ambient temperature
trends in body size. The practice of using latitude as a
proxy for ambient temperature for testing Bergmann’s
rule is very common in the literature (see Ashton 2004
for review), and many studies claimed conformity to
Bergmann’s rule if a correlation was found between
latitude and body size. Other studies have used ambient
temperature to check conformity to the rule, but most
did not check other climatic factors such as rainfall.
However, climatic variables tend to covary, and there-
fore it is difficult to decide which factor influences body
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size most. One way to do this is to test several climatic
factors, and to assume that the relative effect of each
factor represents its effect on body size (Rosenzweig
1968; Yom-Tov and Nix 1986).

The results of this study show that body size (as
expressed in PC1) of 11 of the studied species is related
to either annual rainfall or ambient temperature, or
both. These results support James’ (1970) claim that
body size variation is related to a combination of cli-
matic factors, mainly moisture and temperature. Five of
the six significant relationships between rain and body
size were positive, but were negative in one species. The
positive relationship clearly demonstrate the crucial role
of primary production in determining body size in these
species. We believe that even the negative relationship
between rainfall and body size in G. dasyurus may be
related to food availability: the diet of this mainly desert
species consists chiefly of seeds of annuals (Mendelssohn
and Yom-Tov 1999), whose proportion in the plant
coverage is inversely related to rainfall. Thus, for this

species, an increase in rainfall is correlated with dimin-
ishing food availability.

The relationships between average minimum tem-
perature in January and body size were positive in five
species, and negative in two. It is interesting to note that
body size of four out of the five species that were posi-
tively affected by rain was also positively related to
average minimum temperature in January. Low ambient
temperatures may slow down and even inhibit photo-
synthesis. Hence, the observed positive relationships
between average minimum January temperature and
body size in the above species further support the
hypothesis that primary production is the prime factor
affecting body size in these species. It is no incidence that
the two species where body size was negatively related to
average minimum January temperature are the smallest
among species showing geographic variability in our
sample. Having a relatively large surface to volume ra-
tio, they are sensitive to low ambient temperature, and
react to them as predicted by Bergmann’s rule.

Table 1 Sequential multiple regression of the first principal component (PC1) as the dependent variable, and rainfall, minimum tem-
perature, maximum temperature, year, month, sex and the interactions between temperatures and rain as the independent variables

Species Sequential regression Significant variables

N r2 F P Variable r2 F P

Lepus capensis 117 0.727 25.62 <0.001 Rain (+) 0.306 105.77 <0.001
Min temp (+) 0.305 51.01 <0.001
Rain interactions 0.042 5.42 0.002
Max temp (+) 0.039 6.76 0.011

Hyaena hyaena 31 0.663 3.57 0.007 Sex 0.387 18.92 <0.001
Rain (+) 0.101 6.28 0.020

Meriones tristrami 59 0.615 6.96 <0.001 Month 0.400 18.98 <0.001
Min temp (+) 0.073 7.77 0.007
Rain (+) 0.057 7.42 0.009
Sex 0.038 4.43 0.042

Rousettus aegyptius 32 0.567 4.25 0.002 Year 0.375 19.76 <0.001
Temp interaction 0.124 8.10 0.008

Vulpes vulpes 38 0.559 3.11 0.008 Max temp (�) 0.156 6.84 0.013
Min temp (+) 0.112 5.50 0.025
Rain (+) 0.097 5.25 0.029

Gazella gazella 105 0.502 8.61 <0.001 Sex 0.435 80.05 <0.001
Canis aureus 37 0.495 2.37 0.038 Sex 0.338 18.38 <0.001
Canis lupus 49 0.466 3.02 0.006 Max temp (�) 0.310 21.55 <0.001
Meles meles 62 0.457 3.91 <0.001 Sex 0.220 17.23 <0.001

Month 0.102 4.44 0.016
Max temp (�) 0.053 4.97 0.030

Crocidura suaveolens 49 0.364 1.98 0.059 Min temp (�) 0.177 10.33 0.002
Sex 0.068 4.26 0.044

Gerbillus dasyurus 127 0.314 4.82 <0.001 Min temp (�) 0.104 14.62 <0.001
Rain (�) 0.090 14.16 <0.001
Rain interactions 0.068 3.82 0.012
Sex 0.033 4.69 0.032

Meriones crassus 29 0.313 0.75 0.685
Gerbillus pyramidum 59 0.295 1.83 0.075 Sex 0.192 13.75 <0.001
Pipistrellus kuhli 29 0.289 0.67 0.753
Acomys cahirinus 137 0.243 3.64 <0.001 Month 0.089 6.51 0.002

Min temp (+) 0.052 8.09 0.005
Rain (+) 0.048 7.86 0.006

Jaculus jaculus 39 0.212 0.68 0.742
Apodemus mystacinus 145 0.146 2.32 0.015 Min temp (+) 0.068 10.45 0.002

Temp interaction 0.031 4.99 0.027

For each species, the amount of variance explained by the regression (r2), and by each significant variable are indicated. In parenthesis the sign
of the standardized partial regression coefficients (beta) for the rainfall and temperature variables. Species are sorted by the regression r2
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Overall, the relationships between body size and
temperature were negative in five cases and positive in
the six. Hence, although in 11 cases body size was re-
lated to temperature, Bergmann’s rule explains less than
half of them. It thus seems that the relationships between
body size and temperature are not simple and should be
dealt with together with other covariate climatic factors.

In dry areas, such as Israel and Sinai where the
present study took place, rainfall is the main limiting
factor for primary production. Studies on the geo-
graphical variation of L. capensis (Yom-Tov 1967),
A. cahirinus (Nevo 1989) and S. ehrenbergi (Nevo et al.
1986) in Israel and Sinai, showed that in these species
northern animals are larger than southern ones, and that
body size is negatively correlated with temperature
variables and positively so with plant cover (reflecting
productivity or food resources) and water-related
parameters such as the number of rainy days, annual
rainfall and relative humidity. Nevo (1989) suggested
that the major agent of differentiation of body size is a
combination of temperature and food resources, but

since these factors are related to each other it is difficult
to determine the relative effect of each. In Australia,
another largely dry region, body size variation in five
species of mammals is better correlated with moisture
index and precipitation than is temperature, leading to
the conclusion that food supply is the main factor
determining body size (Yom-Tov and Nix 1986). Hence,
these results support the hypothesis that body size of
mammals inhabiting relatively dry areas is often influ-
enced by primary production (and its correlate, food
availability) and not by ambient temperature alone
(Rosenzweig 1968; Kolb 1978; Geist 1987). However,
temperature has a significant influence on primary pro-
duction. Plant growth is reduced when temperature is
low, independent of rainfall or ground water levels.
Further, low temperature can alter the survival of
juveniles of small mammals that, in turn, provide food
base for larger predators. In mammals, body size is
influenced by food availability during the short period of
juvenile growth (Henry and Ulijaszek 1996; Lindstrom
1999). Consequently, temperature can vary prey avail-
ability to the juveniles of the predator as well, which
inevitably would affect the adult body size. Since both
temperature and rainfall are key components of primary
production, it only makes sense that these two variables
would also link to body size variations in mammals.

We suggest that the effect of food availability on
latitudinal body size variation has been underestimated,
and that many of the observed trends that claimed
conformity with Bergmann’s rule (particularly those
based on latitude alone) are more influenced by the
water-related factors (or a combination of water and
temperature) that determine food availability, mainly in
arid regions. The amount of water available for plants is
determined by a combination of rainfall, temperature
and other environmental factors that affect evaporation,
such as solar radiation and wind, and this combination
ultimately affects food availability for animals.
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