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Abstract — One of the most important problems for evolutionary biologists is to investigate the patterns and strength of
phenotypic selection acting on quantitative traits in natural populations. Measurement of selection is complicated by the
presence of correlations between characters; selection on a particular trait produces not only a direct effect, but indirect
effects as well. Despite the growing body of phenotypic selection studies in a variety of taxa, studies on amphibians are
still sparse. The aim of this study was to estimate patterns and strength of selection acting on a set of correlated characters
in a natural population of Bufo bufo from the vicinity of Belgrade, Serbia. Morphological traits (body length, fore- and
hind leg length) were measured, while fitness was assayed as fecundity and gonad weight for females and males, respec-
tively. The regression approach was used to estimate selection differentials and gradients. Selection patterns differed
between the sexes — linear selection differentials showed significant total directional selection for body size in females,
but not in males. In males, differentials were significant for both fore- and hind leg lengths. Sample size did not permit
identification of significant nonlinear (quadratic) selection.
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INTRODUCTION of indirect effects compared to direct ones.
One of the most important problems for evolu- Commonly used univariate methods of mea-
tionary biologists is to investigate the patterns and suring selection could not distinguish direct from
estimate the strength of phenotypic selection acting indirect selection. Thus, multivariate methods were
on quantitative traits in natural populations. The developed, based on the linear and quadratic regres-
process of natural selection occurring within gener- sions of relative fitness on morphological or other
ations is distinguished from the evolutionary conse- traits, to analyze selection acting on multiple, cor-
quences of that process, which appear across genera- related traits, and to disentangle direct from indirect

tions(Landeand Arnold, 1983;Fairbairn effects(Lande, 1979;Landeand Arnold, 1983;
and Reeve,2001). Selection can be measured from Arnoldand Wade, 1984a, 1984b; Phillips

the observed changes in distribution of phenotypic and Arnold, 1989).
characters within a generation. This is complicated

by the fact that natural selection acts on numerous These methods permit calculation of linear as
traits simultaneously. Any given trait is correlated well as nonlinear (quadratic) selection differentials
with many others and these correlations influence and gradients (Landeand Arnold 1983).
the patterns observed. Selection on a given trait Selection differentials estimate the total strength of
produces a direct effect (on the distribution of that selection, including both direct effects on a given
trait) and indirect effects as well (on the distribution trait and indirect effects through other, phenotypi-
of correlated characters). One of the questions that cally correlated traits. Selection gradients estimate
researchers have to answer is the relative importance the direct effects of selection on a trait, excluding
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the residual effects of other traits. Linear selection
gradients and differentials estimate the strength
of directional selection, while nonlinear (quadrat-
ic) estimate the strength of stabilizing/disruptive
selection. The linear selection differential describes
changes in the trait mean; the nonlinear selection
differential describes changes in trait variance.

In years following the development of these
models, our knowledge about the strength of pheno-
typic selection in natural populations has increased
substantially. Thus, Kingsolver etal (2001)
present a synthetic review of phenotypic selection
studies on more than 60 species of invertebrates,
vertebrates, and plants; FairbairnandReeve
(2001) give an overview of 188 studies performed on
184 species. Kingsolver etal (2001) analyzed
a heterogeneous set of studies in order to show how
different biological and methodological features
(taxon, trait, sample size, etc.) influence our esti-
mates of the strength of selection and draw general
conclusions about selection patterns in nature.

Despite this ever growing body of information
about phenotypic selection in a variety of taxa,
studies on amphibians are still very sparse. Among
anurans, the few analyzed species include Rana
catesbeiana (Arnoldand W a d e, 1984b); Bufo
bufo(HoglundandSédterberg, 1989); Rana
lessonae and R. esculenta (A1twe ggand Reyer,
2003). Bufo bufo is a widespread and well-studied
anuran species; various aspects of its biology have
attracted much research interest(Hemelaar, 1988;
Reading,1991,2007; Kuhn, 1994;Scribner et
al, 2001;Cvetkovicetal, 2005 Bredeand
Beebee, 2006), yet so far only Hoglund and
Sdterberg (1989) have investigated the problem
of multivariate selection in this species.

Accordingly, the aim of this study was to inves-
tigate the pattern and quantify the strength of
phenotypic selection acting on a set of correlated
morphological characters in a natural population of
B. bufo from the vicinity of Belgrade, Serbia.

MATERIAL AND METHODS

Adult common toads (B. bufo) were collected

during the breeding period in 2003. The study site
was a pond near the village of Zuce (44° 41’ N, 20°
33’ E, altitude of 240 m a.s.l.), situated in an agricul-
tural area near Belgrade and surrounded by rem-
nants of deciduous sclerophylous woods.

The traits included in the analysis were: body
size (measured as snout-vent length, SVL), fore leg
length, and hind leg length [the original number
of traits examined was reduced to three to improve
statistical power (Fairbairnand Reeve,
2001)]. Body size was chosen as the phenotypic trait
most commonly analyzed in studies of this kind; it
typically correlates with fitness, e.g., with increase
in survival or fecundity (J an z e n et al, 2007;
review in Hon e and B e n t o n, 2005). Measures
were taken with dial calipers to 0.1 mm precision.
Fitness was assayed as fecundity (i.e., the number
of eggs) for females, while gonad weight was used
as the indicator of fitness for males. The total num-
ber of eggs per female was determined using image
analysis software (Image Tool, v. 3.0, UTHSC SA).
Weights were measured with an electronic balance
to 0.001 g precision. The individual age data used
in analysis of age-size relationships were obtained
from Tomas§evic¢ etal (in press); age was
assessed by the skeletochronological method (details
in Cvetkovi¢ et al., 2005). Total sample size was
58 individuals (25 males and 33 females).

Statistical methods

To quantify phenotypic selection, we applied
statistical models based on regression of relative fit-
ness on standardized morphological traits. Relative
fitness is defined with reference to mean fitness;
thus, individual fitness was divided by mean fit-
ness in the population. Morphological variables
were standardized to have normal distribution with
a mean of zero and a standard deviation of one;
these standardized values are also termed “z-scores”
(Quinn and Keough, 2002).

Standardized linear selection differentials (S’)
and gradients (), as well as nonlinear (quadratic)
selection differentials (C’) and gradients (y’) were
calculated accordingto Landeand Arnold
(1983), employing linear and quadratic regression
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models. To allow for calculation of quadratic gradi-
ents, sample size had to exceed the number of coef-
ficients to be estimated:

N >n + n(n+1)/2

where N is sample size and n is the number of
analyzed traits (Landeand Arnold, 1983;
Fairbairn and R e e v e, 2001). Analyses were
performed using the Statistica v.6 statistical package
(Statsoft Inc., USA).

RESULTS

Bufo bufo is known for high levels of sexual size
dimorphism (SSD); males and females were there-
fore analyzed separately (L an d e and Arnold,
1983). Correlations between the analyzed mor-
phological characters were positive and highly sig-
nificant, ranging from 0.618 to 0.786 in males, and
from 0.778 to 0.795 in females (p<0.001 in all cases).
Standardized linear (directional) selection differen-
tials (S) and gradients (B’) for the analyzed traits in
B. bufo females and males are given in Table 1.
Table 1. Linear (directional) standardized selection differentials
(S’) and gradients (B’) for analyzed traits in B. bufo females and

males (SVL - snout-vent length, FLL and HLL - fore and hind
leg length, respectively); p<0.05, **p<0.01.

females

S P p P
SVL  0.204%*+0.077 0.014  0.223+0.143  0.131

FLL  0.165%*+0.073  0.032
HLL 0.121+0.076 0.124

0.096+0.125 0.450
-0.115+0.130 0.384

males

S P p P
SVL  0.081+0.058  0.178 -0.057+0.072  0.437

FLL  0.157**+0.051  0.006  0.133+0.091 0.161

HLL  0.149**+0.052  0.009  0.079+0.086 0.368

Linear selection differentials pointed to sig-
nificant total directional selection for body size
in females, but not in males. Females also showed
significant positive selection for fore leg length,
while in males differentials were significant for
both fore and hind leg lengths. However, there is a
marked contrast between selection differentials and

gradients — none of the directional gradients was
significant.

Standardized nonlinear (quadratic, stabilizing/
disruptive) selection differentials and gradients for
the analyzed morphological traits in B. bufo females
and males are given in Table 2. None of the calcu-
lated differentials and gradients (i.e., indicators of
total and direct stabilizing/disruptive selection) was
significant, which is a result commonly obtained in
studies of this type.

Table 2. Nonlinear (quadratic, stabilizing/disruptive) standard-
ized selection differentials (C’) and gradients (y’) for analyzed

traits in B. bufo females and males (SVL - snout-vent length,
FLL and HLL - fore and hind leg length, respectively).

females

C p Y p
SVL  0.025+0.080  0.760  0.010+0.140  0.964
FLL  -0.065+0.056 0.259  -0.117+0.086  0.187
HLL  0.065£0.061  0.297  0.129+0.113 0.267

males

c P Y P
SVL  -0.005+0. 055 0.924  -0.023£0.057  0.692
FLL  0.036x0.043  0.414  -0.010+0.050  0.849
HLL  0.050£0.053 0362  0.013£0.060  0.844

One major point that needs to be kept in mind
in various studies considering body size in amphib-
ians is that individual age may have important
implications. Inspection of the age-size distribu-
tion revealed no significant relationship between
age and size in either sex and no significant differ-
ences between females and males. Figure 1 shows
the regressions of body size (measured as snout-
vent length) on age in female and male common
toads (Y=99.133-0.481X, p= 0.71 and Y=71.736-
0.256X, p= 0.65 in females and males, respectively).
Hoglund and Sdterberg (1989) also tested the
age-size relationship in a study concerning selection
on correlated morphological characters in B. bufo.
They found nonsignificant correlations between
age and body size in males, but significant ones in
females. Other morphological traits showed low and
nonsignificant correlations with age in both sexes,
and the same result was obtained in our study.
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Fig. 1. - Linear regression of body length (SVL) on age in
female (a) and male (b) common toads.
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Fig. 2. - Linear regression of forelimb length (FLL) on body
length (SVL) in female and male common toads.

We also examined whether there were significant
intersexual differences in the relationship between
leg lengths and total body length in females and

males. Figure 2 shows the regressions of total fore
leg length (FLL) on body size in females and males
(Y = 23.704 + 0.505 X, p < 0.001 and Y = 21.714
+ 0.524 X, p< 0.001 in females and males, respec-
tively). The difference between regression slopes was
not significant. The results for total hind leg length
(HLL) are not presented graphically, for the conclu-
sions were essentially the same (Y=37.608+0.997X,
p< 0.001 and Y=42.547+0.932X, p=0.001 in females
and males, respectively; nonsignificant differ-
ence between regression slopes). Héglund and
Sdterberg (1989) also examined the relationship
between fore leg length and total body length in
females and males and found significant intersexual
differences, males having proportionally longer fore
legs than females.

DISCUSSION

Selection patterns differed between the sexes in
our analysis. Linear selection differentials showed
significant total directional selection for body size in
females, but not in males. There was also significant
selection for longer fore legs in females, while in
males differentials were significant for both fore and
hind leg lengths.

The absolute values of linear selection gradi-
ent estimates obtained in our study, ranging from
0.06 to 0.22, are in accordance with findings of
Kingsolver et al. (2001) that the magnitude of
linear selection is generally rather modest, the medi-
an B value for morphological traits being 0.17.

A significant selection differential for body size
could be the result of sexual selection or fecundity
selection (J o n e s et al, 2005). The selection for
larger body observed in this study is consistent
with the expected pattern of fecundity selection
favoring larger body size in female toads. A strong
tendency of larger females to produce more eggs has
been documented in numerous amphibian species
(Gibbons andMcCarthy, 1986, Hoglund
andRobertson, 1987; Kuh n, 1994). It is inter-
esting that the same pattern was found in sex-role-
reversed species, where fecundity selection favored
larger males (Jones etal., 2005).
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The results for other traits are less clear. Net
directional selection for longer legs in males could
be associated with the importance of agility in males
(Hallidayand Verrell, 1986). However, we
did not detect significant intersexual differences in
total leg length relative to body length, though in
a previous study on this species H 6 g1 u n d and
Sdterberg (1989) found that males had propor-
tionally longer fore legs than females.

Although significant total directional selection
was detected for some of the characters, analysis
of directional gradients failed to reveal significant
direct effects in either sex. The marked contrast
between selection differentials and gradients is not
an uncommon result in studies of this type. One
possible explanation for such contrast is that the
observed change of character mean may be attribut-
able to indirect effects of selection acting on some
other, correlated trait. However, in this case it seems
more likely that the relatively small sample size
resulted in lower power to detect significant selec-
tion; it has been noticed that standard errors of esti-
mates can be quite large relative to the magnitude
of selection. It should be mentioned, however, that
our sample size still falls within the range reported
in reviews of previous studies (Fairbairnand
Reeve,2001;Kingsolver etal, 2001) - most
published phenotypic selection studies had relatively
small sample sizes (n < 135), and in some it was very
small (10 < n < 20).

With respect to the possibility that the observed
pattern may reflect selection on a correlated char-
acter, Kingsolveretal (2001) also concluded
that their results do not indicate that indirect effects
frequently mask or reverse direct effects, which
suggests that indirect selection is usually weak com-
pared to direct selection.

Sample size in our study was not large enough to
permit identification of significant nonlinear (qua-
dratic) selection; however, this result does not elimi-
nate the possibility of stabilizing/disruptive selection
acting on the analyzed traits. Again, the absolute
values of quadratic selection gradient estimates
obtained in our study, ranging from 0.01 to 0.13, are
in accordance with conclusions of Kingsolver et

al. (2001) that the magnitude of quadratic selection
is typically small (median y = 0.10, 84% of estimates
not significantly different from 0).

When drawing more general conclusions about
the quadratic selection, it has to be kept in mind that
quadratic differentials and gradients are often not
estimated (if sample size is modest) or not reported
(if values are nonsignificant). There is also a pub-
lishing bias, the so-called “file drawer” phenomenon
(IyengarandGreenhouse, 1988 Palmer,
1999) - studies with modest sample size reporting
nonsignificant selection are not likely to be submit-
ted/accepted.

To conclude: phenotypic selection studies show
a strong bias in favor of some taxa (e.g., insects,
herbaceous plants); for logistic reasons, studies on
amphibians are sparse. One of the main problems
is how to obtain adequate sample size and ana-
lyze diverse fitness traits without at the same time
endangering natural populations. Performed on one
of the most widespread and well studied amphibian
species in Europe, the present study yielded some
intriguing results, especially with respect to inter-
sexual differences in selection patterns, and stresses
the need for more studies on phenotypic selection
in this group.
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OEHOTUIICKA CEJIEKIIUJA KOJ BUFO BUFO

IIPATAHA IBETKOBI'R!, HATAIIIA TOMAIIEBI'R?, V1. AJIEKCU'R? u JEJIKA IPHOBPHA-VICAMTIOBI'R?

'Buonowixu gaxynmem, Yuusepsumem y Beozpady, 11000 Beorpay, Cp6uja
2Uncmumym 3a 6uonowixa ucmpaxcusawa ,,Cunuuia Cmanxosuh'; 11060 Beorpag, Cp6uja

Jenan oy HajBaXHUjUX MpodiieMa 3a €BOJTYIIH-
OHEe OmoJjore je mpolleHa oOpasara U WHTEH3UTETa
(heHOTHUTICKE CelIeKIIHje Koja JielTyje Ha KBAHTUTATHB-
HE 0COOMHE y MPUPOJHUM TIomynanujama. [Ipoueny
CeNIeKIINje KOMIUTHKYje W TIPHCYCTBO KOpEIaInje
n3Mely ocoOWHa; celekiidja Koja Jeiyje Ha Jary
0COOMHY MMa HE camo AHWpeKTaH edekar Ha Ty
ocobuHy, Beh 1 HHAUPEKTaH Ha PACTIOACITy KOpPEH-
caHMx ocoOuHa. YpKoc pacTyhoj KoTHIuHI HHPOP-
Maija o0 (PeHOTHUIICKO] CEJICKIIUjU KO Pa3InIUTUX
TaKCOHA, CTyAWje Ha BOJO3EMIIIMA CYy jOII YBEK
BpJio petke. [luib oBoOr pajsa OWo je 1a ce MporeHe
oOpaci ¥ UHTCH3HUTET CEJICKIIHje Koja je JeoBajia
Ha CKYII KOPEJIMCAHUX 0COOMHA y TIPUPOIHO] TIOITY-

nanmju Bufo bufo w3 okonune beorpaga. Mepene
cy MopdhoIloImKe 0coOMHE (Iy)KWHA Teja, ITY>KHHA
NPEABUX U 3a/IIbUX SKCTPEMUTETA); PUTHEC je TPO-
HEHEH MPEeKo (EeKyHANUTEeTa KOJ KEHKH, OJHOCHO
TEeXWHE TOHAJa KO Mykjaka. Perpecronn meton je
MIPUMEHEH 32 MTPOIIEHY CEJIEKIIMOHMX U epeHIja-
na u rpagujeHara. OOpaciy CeleKIyje Cy ce pas3iu-
KoBanu Mel)y mojoBuMa — JIMHEAPHH CENEKITMOHUX
JuQepeHLrjain yKasyjy Ha 3Ha4ajHy YKYITHY AUpeK-
[OHY CEJIEKIIH]y 3a BEIMUUHY Tella KOJ| )KEHKH, aJn
He U koI MyXjaka. Ko Mykjaka, qudepeHITHjanm cy
OV 3HAYA]HU U 32 TIPEHE U 32 38/ CKCTPEMHUTE-
Te. 300r BennuMHe y30pKa Huje Omno moryhe Hahu
3HauajHy HEMMHEApHY (KBaIpaTHY) CEIEKITH]Y.



