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The domestication syndrome already recognized by Darwin
shows that domesticated species acquire a number of novel
morphological, physiological and behavioral characteristics not
present in their wild ancestors. Because body size and sexual size
dimorphism (SSD) are essential characteristics of species that
affect most aspects of their life histories, we studied the effects of
domestication on body size and SSD in domestic dogs and cats
in comparison with their wild relatives: the Canidae and Felidae,
respectively, and also analyzed the occurrence of Rensch’s rule 1752, ApreHTuHa

within both domestic species. We studied maximum body mass ? [la6opaTopyA KOMMIEKCHBIX UCCNIe0BaHMI 61OpasHO06pa3us
and maximum height at withers of 64 and 89 domestic dog breeds ~ ©TAena 6ronornm GeaepanbHoro yHusepcuteta Cepxunn,
respectively, and maximum body mass of 37 domestic cat breeds npocr. Mapsma" Porpok, XKapaun Posa Snsu, Can-Kpuctosar,
as well as body mass data for 36 wild Canidae and 36 wild Felidae 49100-000, pasunua

from our previous studies. Our results have shown that domes-

tic dogs maintain a level and range of body mass which largely
exceeds that of the Canidae as a whole while maintaining a similar
degree and range of SSD. On the contrary, domestic cats show a
much reduced body mass range within the limits of their ancestor
species while showing comparable levels of SSD as shown by the
Felidae. Regarding Rensch’s rule, both Reduced Major Axis and
Ordinary Least Squares regressions showed that both domestic
species present a scaling of male and female body sizes consistent
with Rensch’s rule while their wild relatives do not. We discuss
these findings in the light of present knowledge about the domes-
tication of Canis familiaris and Felis catus.
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npaswna PeHwa gna o6ovx fomalHuX BULOB. B aHanu3
6blIIV BK/OYEHbI JaHHbIE MO MaKCMMasibHOW BbiCOTe B
xoJike 'y 89 nopop cobak 1 MakCMManbHOM Macce Tena y
64 nopop cobak 1 37 nopop Koluek. Kpome Toro, ncnosnb-
30BaHbl faHHble MO Macce Tena 36 ANKKX BUOOB cobaubunx
1 36 BUOB KOLIAYbUX, MOJTyYeHHble B Xofie 6osiee paHHUX
nccnefoBaHuii. PesynbTaTbl NOKasasny, YTo 3Ha4YeHUA Mac-
Cbl TENa U NX ANanasoH y AOMaLUHMX COOaK 3HauUMTeNbHO
NPEeBbILIAIT 3TN NOoKasaTenun y npeacTaBuTenein ceMencTaa
Canidae B Lienom, B To BpeMs Kak COOTBETCTBYIOLLME MOKa-
3atenu MNAPT y H1X CX0XK. Y AOMALLIHMX KOLLEeK Anana3oH
3HaYeHWI Maccbl Tena yKnaabiBaeTcA B fnana3oH 3Have-
HUI, XapaKTepHbIX AN UX BUAOB-NpeawecTBEHHNKOB, HO
NPY 3TOM CYLLLECTBEHHO CYXKeH, TOrfa Kak 3HaueHus cooT-
BeTCTBYlOWMX NokasaTenen MAPT cpaBHUMbI. Perpeccuy,
nosnyyeHHble KaK CTaHZAPTHbIM METOLOM r1aBHbIX Ocel
(RMA), Tak 1 meTogom HanmeHbLUnX KBagpaTos (OLS),
nokasanu, YTo y AOMaLLUHMX BUOB pa3mMepbl Tefla CaMoK

1 CaML0B NOAUYNHATCA NpaBuy PeHLwa, a y Ux JUKNX co-
poguuen — HeT. [laHHble pe3ynbTaTbl 06CYK4AOTCA B CBETE
CyLLeCTBYIOLMUX 3HAHWI 0 AoMeCcTUKaummn Buaos Canis
familiaris v Felis catus.

Kniouesble cnoa: Canis familiaris; Felis catus; Canidae;
Felidae; pomecTrikauus; nonosoi gumopdusm no pasmepy
Tena; CTaHAAPTHBIN METOZ MMABHbIX OCEN, perpeccus;
pasmep Tena.



either as pets or as human nourishment that most

people tend to think they have always been with us
(Glutton-Brock, 2012). However, domestication of a variety
of species has been an evolutionary event, including many
evolutionary processes, of the utmost importance for Homo
sapiens and the Biosphere as a whole and started no more than
30—-40,000 years ago with the initial commensal relationship
between early humans and wolves, the ancestors of the first
domesticated species: the dog (Glutton-Brock, 2012; Larson,
Fuller, 2014; Zeder, 2015). Several definitions of domestica-
tion have been produced along the years (see Bidau, 2009;
Zeder, 2015) and for our purposes we will use one of the most
recent, that of Zeder (2015): “Domestication is a sustained
multigenerational, mutualistic relationship in which one
organism assumes a significant degree of influence over the
reproduction and care of another organism in order to secure a
more predictable supply of a resource of interest, and through
which the partner organism gains advantage over individuals
that remain outside this relationship, thereby benefitting and
often increasing the fitness of both the domesticator and the
target domesticate”.

For Charles Darwin the process of domestication and the
study of domestic breeds was essential for the formulation
of his evolutionary theory especially through the analogy
between natural and artificial selection, and the idea of un-
conscious selection (Darwin, 1859, 1868, 1871; see Bidau,
2009 for a discussion of these topics). Darwin was also the
first to note and discuss the existence of a “domestication
syndrome”: a series of common morphological characteristics
(e. g. floppy ears, shortened and curly tails, smaller brain size,
disproportionate dwarfism, piebald coats, etc.) not present in
the wild ancestors, appeared repeatedly in almost all domes-
ticated mammals (Bidau, 2009; Larson, Fuller, 2014; Wilkins
et al., 2014; Sanchez-Villagra et al., 2016). The ubiquity of
these changes in many disparate species led early authors to
think there was a single process involved in domestication
which was a consequence of direct human action. The first
evidences that this was probably not so simple came from a
long-term evolutionary experiment initiated in 1959 by the
Russian geneticist Dmitry Konstantinovich Belyaev in silver
foxes (Vulpes vulpes) (Belyaev, 1979; Belyaev, Trut, 1982;
Trut, 1999; Trut et al., 2007; Bidau, 2009). Belyaev repro-
duced the domestication syndrome in his farm foxes in a few
generations by just selecting for tameness (no direct selec-
tion for any morphological traits) (Trut, 1999; Bidau, 2009).
Today, it is recognized that the domestication process can
follow several different pathways (Zeder, 2012, 2015; Larson,
Fuller, 2014).

As mentioned above, one of the traits involved in the
domestication syndrome is wide variability in body size of
domesticated breeds with respect to their wild ancestors. Body
size is of the utmost importance in animal evolution because
it is related to almost all life history characteristics and in
turn is affected by most environmental factors (Peters, 1983;
Calder, 1984; Schmidt-Nielsen, 1984). Intimately linked to
animal body size variation is the phenomenon termed sexual
size dimorphism or the different sizes of males and females
of the same species (Darwin, 1871; Fairbairn, 1997, 2007,
2013; Fairbairn et al., 2007). The study of the proximate

Domesticated animals and plants are so commonplace
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and ultimate causes of SSD, a pervasive phenomenon in the
animal kingdom, is of fundamental evolutionary importance
because disentangling its causal mechanisms could lead to a
better understanding of the workings of evolutionary forces.
Sexual selection has usually been invoked as the main cause
behind SSD (Darwin, 1871; Andersson, 1994; Isaac, 2005) an
idea rejected by the co-discoverer of natural selection, Alfred
Russel Wallace (Wallace, 1889). However, it is true that cases
of SSD could be explained by natural selection for example
through sexual segregation or fecundity selection in females
(Isaac, 2005; Ruckstuhl, Neuhaus, 2005).

Associated to the problem of SSD is that of Rensch’s rule.
Evolutionary biologist Bernhard Rensch proposed in 1950 a
hypothesis that in taxa where males are consistently larger than
females (as in most mammals) SSD increases with increas-
ing body size when comparing related species. Later Rensch
(1960) proposed that when females are the larger sex (as in
most invertebrates and some vertebrates including some mam-
mals) SSD should decrease with increasing body size. This
pattern was later called Rensch’s rule (Abouheif, Fairbairn,
1997; Bidau, Marti, 2008b). Evidence for Rensch’s rule at the
interspecific level in different animal taxa is contradictory, and
the mechanisms involved when it does occur are less under-
stood than those explaining SSD (see Discussion). However,
a number of cases including mammalian species are known
where the rule operates intraspecifically (e.g. Bidau, Marti,
2008a; Martinez, Bidau, 2016).

Our aim was to analyze the levels and variation of body
size and SSD at the intraspecific level in different breeds of
two emblematic domesticated species: the dog, Canis famil-
iaris and the cat, Felis catus and to compare them with their
wild relatives using body mass and linear measurements. The
study of body size and SSD evolution through domestication
in dogs and cats is highly relevant for four important reasons:
(i) our previous comparative studies have demonstrated that
canids and felids do not follow Rensch’s rule at the cross-
species level and that the two families greatly differ from
each other in their levels of SSD in relation with their dif-
ferent reproductive strategies and social systems. Felids are
polygynic and show high levels of male-male competition to
access females, thus sexual selection favours large male size
and increased SSD while canids are essentially monogamous,
sexual male-male contests are rare and sexual selection does
not favor exaggerated body size of males, hence lower SSD
(Martinez et al., 2014; Bidau, Martinez, 2016); (ii) because in
domestic breeds size and SSD are not only a consequence of
natural or sexual selection in their wild ancestors but also of
self-domestication, artificial and unconscious selection along
their domestication pathways, changes in both traits could be
expected since body size (thus, SSD) is extremely sensible
to an enormous set of ecological and evolutionary factors.
Changes in SSD could also be reflected in the presence or
absence of Rensch’s rule; (iii) it has been shown for dog and
cat breeds that body size is negatively associated with life-
history traits such as longevity (Galis et al., 2007; Greer et
al., 2007; O’Neill et al., 2015) and, in cats SSD is correlated
with retroviral infections and age at maturity (Pontier et al.,
1998); and (iv) both domestic species include many breeds
with large variation in body size and the data are easily
accessible.

Evolutionary genetics
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Materials and methods

We collected measurements of male and female maximum
body mass (BM) for 64 dog breeds and 37 cat breeds from
data compiled in Bell et al. (2012) (Appendices 1, 2)!. Data
of BM of 36 wild Canidae and 36 wild Felidae were obtained
from the published literature including our own previous
work (Martinez et al., 2014; Bidau, Martinez, 2016). Body
mass is the most widely collected body size estimator in
Carnivora and the most used in studies of ecogeographic and
evolutionary rules (e.g. Martinez et al., 2014; Meiri et al.,
2014; Bidau, Martinez, 2016; Torres-Romero, Olalla-Tarraga,
2016). Because data on BM are widely available, comparisons
between domesticated and wild species are facilitated. As an
additional body size estimator in the dog we used maximum
height at withers (HW) of 89 domestic breeds (Bell et al.,
2012) (Appendix 1). Contrary to BM, HW is not a common
or standard measurement for domestic cat breeds or wild
canid and felid species. Generally, larger individuals tend to
be described earlier than smaller ones (Collen et al., 2004).
This is the reason behind the adoption by us of maximum BM
and HW to perform all our analyses because measurements
of a central trend such as the mean or the median will tend
to decrease as new populations and individuals are sampled.
For the statistical analyses both measurements, BM and HW
were transformed to decimal logarithms. As an estimator of
SSD for both body size measurements we used the ratio male
size/female size (Fairbairn, 1997).

To test for the applicability of Rensch’s rule to the domes-
tic breeds we used two methodological approaches. First,
we performed regressions between log,,(Male Size) and
log,,(Female Size) (Abouheif, Fairbairn, 1997; Fairbairn,
1997). Because there is error in the size estimator used as
predictor (independent) variable (female size in our analyses)
the use of Model I regressions (e.g. OLS, Ordinary Least
Squares) is not recommended. Thus, following Fairbairn
(1997) we performed Model II regressions of the Reduced
Major Axis type (RMA) to estimate the intercept (a) and the
slope (b) of the relationship between male and female body
sizes, as well as the coefficient of determination (r2). When the
relationship conforms to Rensch’s rule, we expect the RMA
regression slope to be significantly larger than 1.0. Slopes that
are significantly lower than 1.0 signal Rensch’s rule inver-
sion. Slopes not different from 1.0 indicate sexual isometry
(Fairbairn, 1997). Also, an isometric relationship is indicated
when the intercept of the regression function is not different
from 0 (Ranta et al., 1994). To test the null hypotheses that
bRMA = 1.0 and aRMA = 0 we calculated 95 % confidence
intervals for each parameter. As an additional confirmatory
analysis of the RMA regression results, we estimated the rela-
tionship between SSD and log, ,(Male Body size) using OLS
regressions. We used male body size as the response variable
because males showed higher variability than females in our
samples (see results). For both approaches (log, (Male Size)~
log,,(Female Size) and log, ,(Male Size)~SSD) we estimated
the model’s fit through 72 and the statistical significance
through permutation analysis (1000 interactions).

Finally, to assess the effects of domestication on the evo-
lution of BM and SSD we performed #-tests between the

T Appendices 1, 2 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2017-21/appx7.pdf
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domestic breeds and their wild relatives. All analyses were
performed in the R 3.2.2, platform with the help of the Imodel2
package (Legendre, 2015).

Results

Variation of body size and SSD

in domestic dogs and cats

Maximum Body Mass of dogs (BM) in the analyzed breeds
varied between 3.63 and 77.18 kg in males (x = 32.74 kg;
CV = 56.8) and 3.63-59.02 kg in females (x = 27.55 kg;
CV =53.3) (Appendix 1). Our results indicate that domestic
dogs show a higher mean BM and also a wider BM range than
the 36 studied members of the canid family (Fig. 1). When only
the extant wild species of canids were considered, mean body
mass ranged between 7.6 and 45 kg in males (x = 17.2 kg;
CV = 71.5) and 6.6 and 30.1 kg in females (x = 14.2 kg;
CV =62.0). SSD of domestic dog breeds varied between 1.0
(Shih Tzu, Poodle Toy, Poodle Miniature, Dandy Dinmont
Terrier and Bearded Collie breeds) and 1.46 (Airedale Ter-
rier), with a mean SSD of 1.19 (Fig. 1; Appendix 1). Besides
the five non-dimorphic (SSD = 1.0) breeds, the rest (92 %)
showed clear male-biased SSD (>1.0) (Appendix 1). On
the other hand, the domestication process seems not to have
produced a significant level of variation of SSD in dogs with
respect to their wild relatives since their comparison gives a
non-significant result (p =0.397) (Fig. 2). Mean SSD for Canis
species ranged between 0.95 and 1.45 (x = 1.18), almost the
same as in domestic dogs.

Maximum Height at Withers of dogs (HW) varied between
24.75 and 81.0 cm in males (x = 59.0 cm; CV = 21.95) and
26.5-76.0 cm (x = 56.0 cm; CV = 21.70) in females (Appen-
dix 1). SSD varied between 0.91 and 1.13 (x = 1.06) (Ap-
pendix 1). Four breeds exhibited moderate female-biased
SSD (<1.0) for HW (Beauceron, Cane Corso, Shih Tzu, and
Tibetan Mastiff); seven breeds were monomorphic (SSD = 1.0)
(Akita, Cardigan Welsh Corgi, Cavalier King Charles Spaniel,
Lakeland Terrier, Pembroke Welsh Corgi, Plott Hound, and
Miniature Poodle) and the rest (88 %) showed male-biased
SSD (b > 1.0) (Appendix 1).
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Fig. 1. A comparison of mean
maximum male body mass, its
range and standard deviation in
wild Canidae and domestic dogs.

Fig. 2. A comparison of Sexual
Size Dimorphism (SSD), its range
and standard deviation in wild
Canidae and domestic dogs.
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Fig. 3. A comparison of mean
maximum male body mass, its
range and standard deviation in
wild Felidae and domestic cats.
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Fig. 4. A comparison of Sexual
Size Dimorphism (SSD), its range
and standard deviation in wild
Felidae and domestic cats.

Maximum body mass of male cats varied between 3.63
and 9.98 kg (x = 5.8 kg; CV = 27.58), and 2.72-6.81 kg
(x=4.28 kg; CV=25.1) in females (Appendix 2). Domestica-
tion seems to have produced a sharp decline in BM of domestic
cats which also show a narrow range for this trait as compared
with its wild relatives (p < 0.001) (Fig. 3). Extant Felis spe-
cies show a body mass range of 1.86 to 9.0 kg (x = 4.76 kg;
CV =49.8), and 1.2-6.5 kg (x = 3.48 kg; CV = 48.6) in
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females. In contrast, SSD for BM of cats varied widely
between 0.80 and 1.70 (x = 1.35) with a clear bias towards
males (SSD > 1.0) (Appendix 2). Only two breeds, American
Shorthair and Kurilian Bobtail displayed female-biased SSD
(<1.0). Domestic cat SSD did not show a significant difference
in relation to the SSD displayed by wild felids (p = 0.319)
(Fig. 4). In extant species and subspecies of Felis, SSD ranged
between 1.22 and 1.55 (x = 1.37) and Felis silvestris lybica,
the modern wild descendants of the domestic cat ancestor,
SSD = 1.24.

Assessment of Rensch’s rule

We explored the occurrence of Rensch’s rule in domestic dogs
and cats using two complementary approaches: (i) the rela-
tionship between log , (male size) versus log, (female size)
using Model II RMA regression and (ii) the relationship of
logloglo (male size) versus SSD using OLS regressions. In dogs,
the scaling of SSD for BM and HW with body size showed
that SSD increases significantly with body size indicating
the operation of Rensch’s rule (Table; Fig. 5, a, b). This was
confirmed by the significant positive slopes of OLS regressions
(Table; Fig. 5, d, e). In the case of cat breeds, they also show
an SSD trend (for BM) which is consistent with Rensch’s rule.
In this latter case although the RMA slope (b = 1.06) falls
within the limits of the 95 % confidence interval, it does so
very asymmetrically (closer to the lower limit), and the OLS
regression shows a highly significant increase of SSD with
male BM (Table; Fig. 5, ¢, f).
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Fig. 5. a-c. Reduced Major Axis (RMA) regressions between: g, log;y(Maximum male body mass) vs. log;o(Maximum female body mass) of 64 dog
breeds; b, log;o(Maximum male height at withers) vs. log;o(Maximum female height at withers) of 89 dog breeds; ¢, log,o(Maximum male body mass)
vs. log;o(Maximum female body mass) of 37 cat breeds. d-f. Ordinary Least Squares (OLS) regressions between: d, log;,(Maximum male body mass)
vs. 10g;4(SSD for Maximum body mass) (64 dog breeds); e, log;(Maximum male height at withers) vs. log;,(SSD for Maximum height at withers)

(89 dog breeds); f, log;o(Maximum male body mass) vs. log;(SSD for Maximum body mass) (37 cat breeds).

In all cases, the 95 % confidence limits accompany the regression line. In a, b, and c the line corresponding to b = 1 is shown.

446 VavilovJournal of Genetics and Breeding - 2017 - 21 4

Evolutionary genetics



KowwKu 1 cobaku, B OTIYNE OT UX ANKKX K.X. bupay 2017
copognunuen, cobniopatoT npaswuno PeHlua M.A. MapTtuHec 214
A summary of RMA and OLS regressions performed to assess the occurrence of Rensch’s rule in domestic dog and cat breeds
Domesticated Variable Model Regression a 95 % Cl b 95% Cl r p
group type
Dog Maximum  Male_mass ~Female_mass RMA -0.017 -0.06_0.02 1.06 1.03_1.09 098 <0.001
By Mlass .
Male_mass~SSD_mass OLS -0.41 -1.19.037 157 090224 026 <0.001
Height at Male_height~Female_height RMA -0.033 -0.09_0.03 1.03 1.00_1.07 097 <0.001
WIHREES T oo L
Male_height ~SSD_height OLS 0.96 0.38_1.55 0.75 0.19_1.31 0.08 0.009
Cat Maximum  Male_mass ~Female_mass RMA 0.09 -0.08_0.24 1.06 0.82_134 067 <0.001
By Mass " e e At PR AR R AR AR AR R AR AR R
Male_mass~SSD_mass OLS 0.36 0.10_0.62 028 0.09.046 0.20 0.004

RMA, Reduced Major Axis regression; OLS, Ordinary Least Squares regression; a, Regression intercept; b, Regression slope; Cl, 95 % Confidence interval;

r2, Coefficient of determination; p, Statistical significance.

Discussion

Our results have shown that two emblematic domesticated spe-
cies, the dog and the cat follow a sexual dimorphism trend in
size that conforms to the empirical pattern known as Rensch’s
rule which is not present at the interspecific level in their respec-
tive families (Martinez et al., 2014; Bidau, Martinez, 2016).
We have also demonstrated that in dogs, body size variation
and SSD between breeds vary more than in the Canidae as a
whole, while cats show a much lower size variation than that
of the Felidae but SSD variation between breeds is compa-
rable to that of the whole family. Why and how domestica-
tion produced these results? Ever since Darwin, sexual size
dimorphism (SSD) became a fascinating biological problem
that has engaged researchers in a large number of studies and
a lot of controversy (Reiss, 1989; Andersson, 1994; Fairbairn
et al., 2007; Fairbairn, 2013). SSD has been aptly called a
biological enigma (Fairbairn, 2007) because despite its ubiq-
uity in the animal kingdom, its causes and consequences are
so difficult to disentangle that most hypotheses regarding the
origin of SSD tend to be unsatisfactory (Reiss, 1989). Sexual
selection, sexual segregation, fecundity selection, and other
factors may be involved and their outcome is a certain statisti-
cal difference in size (body mass, length, height, etc.) between
the sexes either male-biased as in most mammals and birds,
or female-biased as in many invertebrates (Fairbairn, 2013).
SSD is not a species trait comparable to body size which can
be measured in kilograms or milligrams or in units of length:
it is an unitless statistical parameter that varies according to
the measurement used to estimate size (e.g. body mass and
length in canids; Bidau, Martinez, 2016). Measurements of
SSD using two different proxies for body size (e. g. mass and
length) may or may not be not statistically correlated (e. g.
correlation in felids, lack of correlation in canids; Martinez
et al., 2014; Martinez, Bidau, 2016). It is not surprising that,
differently from body size, SSD frequently does not show
phylogenetic signal. Most explanations of SSD are probably
incomplete since sexual and natural selection in their diverse
modes can be jointly operating in complex ways. In this sense,
an integrative theory that accounts for SSD taking all these
caveats into consideration is that of Blanckenhorn (2005): the
differential equilibrium model which proposes that SSD of a
species is a result of opposing selective forces that equilibrate
differently in both sexes.

DBONIOLMOHHasA reHeTnkKa

Allied to this SSD enigma sensu Fairbairn (2007) is that of
the so called Rensch’s rule. The idea that SSD should increase
with body size when males are larger than females, while
decreasing in the opposite situation is so controversial that
Rensch’s rule (so named by Abouheif and Fairbairn, 1997)
can hardly be considered a rule at all because of its numer-
ous exceptions and inversions. Rensch’s rule has been tested
at the cross-species level within orders, families and genera
of the most diverse animals in phylogenetically controlled
and non-controlled comparative analyses. The results are so
diverse that Rensch’s rule can hardly be considered a general
phenomenon. Moreover, since the possible causes of SSD
are so different, it is difficult to envisage a single mechanism
explaining Rensch’s rule even when it is empirically verified.
For example, some authors have proposed sexual selection as
the basis of Rensch’s rule. Sexual selection can effectively
explain cases of SSD, even extreme ones. In pinnipeds, there
is a whole range of SSDs (male mass/female mass) from
practically 1.0 (or <1.0 when males are slightly smaller than
females) in monogamous species (e. g. Phoca and Monachus
species; Lindenfors et al., 2002) to species where males are
several times heavier than females in extremely polygynous
mating systems (e.g. Mirounga, Zalophus, Arctocephalus
and Odobenus; Lindenfors et al., 2002), but Rensch’s rule
does not occur in pinnipeds: body size of males and females
maintain an isometric scaling throughout the whole size range
of the taxonomic group independently of mating system and
the degree of SSD (Weckerly, 1998; Lindenfors et al., 2007).
Some models apply only to a restricted group of animals: for
example, metabolic scaling has been suggested as a cause
for Rensch’s rule in large mammalian herbivores (bovids,
cervids and macropodids) and is based in that female group
size increases with increasing body size and males must grow
large enough through sexual selection to control these groups
(Sibly et al., 2012). Most species of birds with female-biased
SSD follow a trend that is the inverse to Rensch’s rule: SSD
increases with body size, or do not show a trend at all (Tubaro,
Bertelli, 2003; Székely et al., 2007; Webb, Freckleton, 2007)
despite claims that sexual selection is the ultimate cause of
Rensch’s rule in birds (Dale et al., 2007). The same can be
said about other animal groups, vertebrate or invertebrate,
where Rensch’s rule has been tested at varying taxonomic
levels (orthopteroid insects, Bidau et al., 2016; spider crabs,
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Simpson et al., 2016; anurans, Liao et al., 2013; reptiles, Cox
et al., 2007; most mammals at the ordinal level, Lindenfors
et al., 2007; Primates, Smith et al., 2002). Furthermore, the
taxonomic level at which Rensch’s rule has been analyzed
is certainly variable, a problem shared by the study of other
evolutionary or ecological rules. In Rensch’s (1950) original
paper, he implied that the pattern appeared when comparing
closely related species (same genus or very phylogenetically
close ones). He mostly used pairs of species of birds and
mammals and eventually, several species (6) of Carabus
beetles without performing thorough statistical analyses. In
some groups with female-biased SSD such as the hemipteran
family Gerridae (water-striders) Rensch’s rule was verified
in phylogenetically controlled studies at the familial and
generic levels (Andersen, 1994; Abouheif, Fairbairn, 1997)
and interestingly, the rule also applies within single spe-
cies (e.g. Aquarius remigis) when different populations are
analyzed (Fairbairn, 2005). Most other studies centered on
whole tribes, subfamilies, families, orders and even classes of
animals. There is no single explanation for the occurrence or
absence of Rensch’s rule at these different taxonomic levels,
and as said by Reiss (1986) in a pioneering theoretical paper,
no satisfactory explanation for Rensch’s rule is available
(see for example the highly speculative hypotheses in Dale
et al., 2007).

SSD tends to have low or no phylogenetic signal (Martinez
etal., 2014; Stevens, Platt, 2015; Bidau, Martinez, 2016; Mar-
tinez, Bidau, 2016), and as said above there is no convincing
mechanism to explain Rensch’s rule or its frequent inversion.
The possible reason is that so many mechanisms are involved
in the production of SSD that a single trend in scaling of SSD
with body size does not exist. In fact, other more constant eco-
geographic/evolutionary rules —which are in principle, empiri-
cal patterns — such as Bergmann’s rule may also be explained
in terms of very different ecological factors (Bidau, 2014). It
is however noteworthy that very clear cases of Rensch’s pat-
tern have been uncovered within species of wide geographic
distribution suggesting a relationship between ecogeographic
body size variation and the degree of SSD (Blanckenhorn et
al., 2006; Bidau, Marti, 2008a; Martinez, Bidau, 2014; Wu et
al., 2014; Werner et al., 2016).

SSD of domesticated animals has received some attention
(e.g. Lark etal., 2006; Sutter et al., 2008; Polak, Frynta, 2010;
Remés, Székely, 2010; Frynta et al., 2012) because it is well
known that the process of domestication is usually accompa-
nied by a “domestication syndrome”. One of the “symptoms”
of this syndrome is a generalized decrease in body size. It
is thus reasonable to speculate that SSD would suffer from
the joint action of new selective pressures arising from com-
mensalism, autodomestication, and later and progressively,
artificial and unconscious selection, and that domesticates
would differ from their wild relatives in this respect.

Body size and sexual size dimorphism

of domestic dogs and cats

The dog is the first species that was domesticated (probably
autodomesticated in the beginning, much earlier than the start
of conscious breeding by humans). It is generally accepted on
the basis of archaeological and genetic findings that the tim-
ing of dog domestication dates from 15,000-16,000 BP (Late
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Upper Palaeolitic) in East Asia (Larson et al., 2012; Perri,
2016). However, a recent molecular study (Skoglund et al.,
2015) used genome sequencing of a 35,000 year old Siberian
wolf'to suggest that the ancestors of dogs were separated from
present-day gray wolves before the Last Glacial Maximum.
Also, Thalmann et al. (2013) analyzed mtDNA of prehistoric
canids and modern dogs and wolves suggesting a European
origin of domestication between 18,800 and 32,100 years ago
started by prehistoric hunter-gatherers. However, since little
is known about variation of palaeolitic gray wolf populations,
these claims must be cautiously considered (Perri, 2016). As
we have shown here, modern dogs show an impressive body
size variation which largely exceeds that of the whole canid
family. It is true that modern gray wolf populations may vary
considerably in body size (see examples in Bidau, Martinez,
2016) although the range of variation is but a fraction of that
of Canis familiaris. However, this difference has probably
not been always so. Domestication of dogs has been a long
process that probably included long periods of commensalism
and autodomestication in different geographic areas and much
more recently, the action of artificial selection accompanied
by unconscious selection (Clutton-Brock, 2012). After all,
most modern dog breeds were developed in the past 150 years
deriving from a relatively homogeneous gene pool produced
after several millennia of the admixture of different dog lin-
eages as a result of human migration (Larson et al., 2012).
Thus, most of the body size variation we observe today from
Chihuahuas to Great Danes has been the consequence of
conscious directed selection.

With respect to SSD of dogs, the story seems different. Mod-
ern breeds show a range of SSDs for body mass (1.00—1.46;
X =1.17) which is comparable to what is found within the dif-
ferent species of canids (x = 1.15) with most species varying
between 1.00 (the raccoon dog, Nyctereutes procyonoides)
and 1.53 (the Bengal fox, Vulpes bengalensis) although a
few species show slight female biased SSD, although dogs
are more variable than all canids (CV dogs = 11.0; CV ca-
nids = 8.6). Different populations of modern gray wolves, the
closest relatives of dogs, show some variation in body mass
SSD (1.10-1.20) (Bidau, Martinez, 2016). The relatively low
degree of SSD in canids as compared to other carnivores, has
been attributed at the essentially monogamous mating system,
reduced competition between males, and male involvement in
the care of young of all wild species (Asa, Valdespino, 1998;
Bidau, Martinez, 2016). Thus, sexual selection has probably
played a lesser role in the development of canid SSD than in
other carnivores (e. g. felids; see below). What about domestic
dog SSD? The species has retained a potential to maintain
the characteristic range of SSD of its family but what is the
cause of such pronounced variation? Domestic dogs are not
monogamous but promiscuous and lack paternal care of the
young, although females tend to discriminate between familiar
and unfamiliar males probably reflecting the monogamous
mating system of their ancestors (Daniels, 1983; Lord et al.,
2013). Although we do not know when this change of mating
system started during the long process of domestication prob-
ably as an adaptation to the interaction with humans, it is not
unreasonable that sexual selection may have played a major
role in shaping SSD of the domestic dog, later further altered
by human action during the creation of modern breeds but
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that could be operating today in feral and urban free-ranging
dogs, although not in established breeds.

Today there is little doubt that all cats, both purebred and
free-roaming, were domesticated from Felis silvestris lybica,
one of five subspecies of this wild felid that inhabits North Af-
rica and the Near East as shown by mtDNA and microsatellite
DNA studies (Serpell, 2014). Archaeological and behavioral
evidence also point to this subspecies (Serpell, 2014). Do-
mestication probably started in the Fertile Crescent (western
Asia) (Driscoll et al., 2007). The timing of domestication is
uncertain but less so than that of dogs: 10,000 YBP Neolithic
Levantine inhabitants were already taming wildcats (Vigne
et al., 2004), an initial step towards domestication which
significantly coincides with the presumed time of separation
of the domestic cat lineage from F. silvestris lybica (Driscoll
et al., 2007). The earliest known cat remains were found in
Egypt dating from ca. 6,000 years ago (Serpell, 2014) while
Hu et al. (2014) have reported the presence of cats dating
between 5560-5280 YBP from an agricultural village in
Shaanxi, China. Nevertheless, modern cat breeds representing
full domestication are no more than 200 years old (Serpell,
2014). Contrary to the dog with its enormous range of body
sizes, cats have maintained a relatively modest range of sizes
that is very close to its ancestral species and subspecies (see
data in Martinez et al., 2014) while the Felidae display an
enormous range of body masses from 2-3 kg (e. g. the sand
cat, Felis margarita) to 250 kg in males of Panthera tigris
altaica, the Amur tiger (Martinez et al., 2014). This indicates
a much lower genetic potential for variability of body size in
the wild ancestor.

Regarding SSD of Felis catus, despite its relatively small
size range it displays a range of SSDs (x = 1.36; CV = 13.2;
see Results) very similar to that of the whole family (x = 1.44;
CV = 15.4; Martinez et al., 2014). Unlike canids, felid spe-
cies are not monogamous but polygynous with no paternal
investment and in such conditions sexual selection may play
an important role in determining high levels of male-biased
SSD. Free-ranging cats are polygynic and compete for fe-
males which perhaps choose their mates, with mating suc-
cess strongly correlated with dominance (Liberg et al., 2000;
Hart B., Hart L., 2014). Thus it is expected that domestic cats
have been affected by sexual selection and the wide range of
SSDs shown by modern breeds as described in this paper, is a
derivative of their mating system, further affected by artificial
selection. It would be desirable to have more body size data
on free-roaming and feral populations of Felis catus in order
to corroborate the previous assumptions.

Rensch’s rule in domestic dogs and cats

Studies of Rensch’s rule in domestic animals have been per-
formed at different taxonomic levels and with variable out-
comes and interpretations. Polak, Frynta (2009, 2010) studied
SSD and Rensch’s rule in domestic breeds of goats, sheep,
and cattle, and their wild relatives. Domestic breeds followed
Rensch’s rule at the intraspecific level but their wild relatives
did not just as in dogs and cats studied in this paper (canids
and felids showed phylogenetically controlled bRMA = 1.06
and bRMA = 1.03 respectively, both not statistically different
from 1.0; Martinez et al., 2014; Bidau, Martinez, 2016). An
identical situation occurs for the genera Canis and Felis which
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show bRMA = 1.09 and bRMA = 0.97 respectively in both
cases not significantly different from 1.0 (Bidau, Martinez,
unpublished data). However, these results must be cautiously
interpreted due to the small number of species involved in
the calculations. However, in cattle, when the size proxy was
shoulder height, the Rensch’s pattern disappeared. It must
be remembered that in our sample of dog breeds, both body
mass and height at withers showed Rensch’s rule. Conversely,
a study of domestic chicken breeds and their wild relatives
revealed that the domestic breeds scaled isometrically for body
size while the wild species showed Rensch’s rule (Remes,
Székely, 2010).

Previous studies of dog breeds also showed disparate re-
sults. Sutter et al. (2008) studied 27 body measurements of
109 dog breeds and determined that male/female proportions
were maintained in small and large breeds thus Rensch’s rule
cannot occur. However, Frynta et al. (2012) using shoulder
height of 74 breeds obtained a significant positive allometric
relationship between male and female size consistent with
Rensch’s rule. The occurrence of Rensch’s rule in domestic
dogs was confirmed by us using body mass as well as height at
withers and there is little doubt that the trend exists. Cats were
not previously studied in this respect and they also exhibit the
Rensch’s pattern while their wild relatives do not.

Thus, if we consider domestic mammals (goat, sheep,
cattle, dogs and cats) a certain pattern emerges: despite the
variations in size produced by domestication domestic mam-
mals tend to maintain comparable levels of SSD as their wild
relatives, but they follow Rensch’s rule intraspecifically while
the wild species do not in cross-species comparisons. Since
patterns consistent with Rensch’s rule have been found at
the intraspecific level in several wild species-both vertebrate
and invertebrate (see above), and fails to appear in many
interspecific studies, we believe that the pattern in question
is mainly a within-species phenomenon. No studies of intra-
specific SSD variation have been performed in canids with
the exception of dogs, but in Felidae we have found that seven
different tiger subspecies obey Rensch’s rule (bRMA = 1.56;
95 % CI=1.20-1.93; 72 = 0.93) (Martinez et al., 2014).

However, wild species and their domesticated derivatives
obviously undergo very different selective pressures. In the
wild, sexual selection has been probably very relevant in shap-
ing SSD of felids but not of canids where natural selection
(e. g. via sexual segregation) may have played a major role. In
domesticates on the contrary, although these same forces could
have been important in the first stages of domestication, once
artificial (and unconscious) selection entered the scenario,
selective pressures radically changed. But why Rensch’s rule
in domestic species? Originating in already size-dimorphic
wild species, selection for large size, for example in males,
would produce a correlative increase in female body size un-
til natural selection puts a limit by selecting for an optimum
body size of females which have a higher cost than males in
reproductive terms (especially in polygynous cats without
parental investment) (see Lande, 1980; Lark et al., 20006).
Selection for small size would tend to equalize both sexes
because among other factors, females would not have to pay
the cost of carrying large sons.

Nevertheless, Rensch’s rule remains as much an enigma
as sexual size dimorphism and more studies are needed at the
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intraspecific level in wild and domesticated species in order
to unveil the mechanism or mechanisms behind this elusive
phenomenon.
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