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Assiract.—The use of fluctuating asymmetry (FA) as a measure of developmental instability, and its
relationship to stress and fitness, is highly controversial. Here, we present results from a preliminary study
comparing levels of asymmetry in various characteristics between two island populations of the Italian Wall
Lizard (Podarcis sicula), one of which was recently founded. We relate individual asymmetry to several
meastres of physiological performance. Levels of FA varied clearly among the fraits studied. Repeatability of
FA estimates was high for meristic traits but low for metric traits. Levels of FA were on average higher in the
newly founded population. We found a significant decrease in exertion (ime untl exhaustion by
continuously chasing) with increasing levels of fluctuating asymmetry (i.e, more symmetric individuals had
a higher exertion). Speed of locometion showed a positive trend with inecreasing FA. No relationship was
found between individual levels of FA and bite force. These results suggest that FA estimates, based on the
accurate measurement of several traits, may be useful in explaining differences in developmental stability
and physiological performance at the individual and population level.

The use of fluctuating asymmetzry (FA, small
1andom deviations in the development of both
sides of a bilateral symmetric character) as an
indicator of stress or fitness (Van Valen, 1962)
has long been a contentious issue in conserva-
tion biology and evolutionary biology. The idea
that FA reflects developmental instability (DI,
the inability to buffer development against
tandom noise; Klingenberg, 2003) and, there-
fore, should correlate positively to stress and
negatively to fitness, is appealing but has drawn
much criticism regarding FA’s use and rele-
vance (e g, Lens et al, 2001; Polak, 2003; Van
Dongen, 2006). Populatior: levels of FA have
been proposed as useful early waining indica-
tors for comservation biology, but although
several studies have found a positive relation-
ship between FA and environmental stress (e.g.,
Valentine et al,, 1972; Pankakoski et al, 1992;
Clarke, 1993; Hardersen, 2000), othets have not
(e.g, Rabitsch, 1997; Polak et al, 2002). Like-
wise, at the level of individual selection, the
idea that large values of FA should reflect lower
quality in terms of fitness (reviewed in Leung
and Forbes, 1997; Moller, 1997, 1999) has
received mixed support (Clarke, 1995, 1998).
The ambiguous nature of these results has likely
coniributed to the recent decrease in popularity
of FA (Van Dongen, 2006). We argue that ihe
causes of these disparate findings are them-
selves of interest, and should be understood
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before a potentially useful tool is cast aside
prematurely  Of particulat importance is the
need to understand how vartious forms of stress
affect DI and FA and how this relates to
individual fitness and performance This re-
search should ideally be carried out on a variety
of species and populations, using different
kinds of paired traits, on large sample sizes,
and using a correct slatistical protocol (Van
Dongen, 2006).

There are surprisingly few asymmetry studies
of lizards. This is unexpected, given that these
animals possess many paired characteristics
that can be measured (eg, limbs, eyes, head
dimensions) ot counted (e g, multiple types of
scales, femoral pores) with relative ease (Soulé,
1967). In addition, lizards have proved excellent
model organisms in behavioral, ecological, and
eco-morphological studies. At the population
level, high levels of FA are associated with
genetic stress (inbreeding) and small island size
in Uta stansburiana (Soulé, 1967; Soulé and Yang,
1973; Soulé et al, 1974) and in Trachydosaurus
rugosus (Sarre and Deamn, 1991) Likewise,
Oedura reticulats and Gehyra variegata in small
habitat fragments exhibit high levels of FA
(Sarre, 1996) In contiast, the small island
populations of the lacertid Pedarcis muralis in
Lake Skadar (Montenegro) do not show an
increase in FA (Cinobrnja-Isailovic et al, 2005).
At the individual level, incubating lizard eggs at
suboptimal temperatures results in more asym-
metric juveniles in Calotes versicoler (Ji et al,
2002) and Sceloporus virgmtus (Qualls and An-
drews, 1999), suggesting that envirommental
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stress may be an impoitant cause of FA mn
lizards. In a hybridization experiment with two
species of the Sceloporus grammicus complex,
Dosselman et al {1998) found no evidence for
increased FA in hybrid against parental indi-
viduals

Evidence that FA may correlate with survival
ot reproductive success in lizards is mixed. In
the lacertids Therolacerta monticola (Lépez and
Martin, 2002) and Psammodromus algirus (Martin
and 1L6pez, 2001), males with more asymmetri-
cal femur lengths have lower escape speeds In
contrast, no relationship exists between hind-
limb asymmetry and running speed in hatch-
ling Amphibolurus muricatus (Warner and Shine,
2006) Intriguingly, I monticola females prefer
the scent of more symmetric males (Martin and
Lépez, 2000; Martin et al, 2006), implying a
potential role for FA in mate selection in this
species. Likewise, there is evidence for a
possible 1ole of FA as a determinant of mating
success in I monticola (Martin and Ldpez, 2006)
but not in Anolis carolinensis (Lailvaux and
Irschick, 2006)

Here, we describe the results of a study on FA
patterns in two island populations of the lizard
Italian Wall Lizard, Podarcis sicula. Lizards on
one of these islands are the descendents of a
founder population consisting of five males and
five females, introduced in 1971 and, therefore,
present a unique opportunity to examine the
consequences of this recent bottleneck on FA
We compare levels of FA between the two
populations and relate individual asymmetry to
petformance measures.

MATERIALS AND METHODS

Species and Study Site—During April and
September 2006, we captured {by noose} 313 P
sicula on two neighboring islets in the Adriatic
Sea: Pod Mr¢aru (42°46'N, 16°46'E; area =
003 km% N = 167) and Pod Kopiste (42°45'N,
16°43'E; atrea = 009 km?* N = 146) The islets
resemble each other closely in most aspects of
theit physiognomy Both consist of oxganic
limestone and have a cenfral, vegetated zone
(rising up to 20 m on Pod Mréaru and to 30 m
on Pod Kopiste), encircled by an almost barren
rocky belt. Plant cover on Pod Mrcaru consists
mainly of annuals: Lavatera arbores, Lotus edulis,
Portulaca oleraces, Allium ampeloprasum, and
Cynodon dactylon in the center, and Crithmum
mariimum in the periphety. Pod Kopiste has
some low bushes of Pistacia lenticus and
Juniperus excelsa; the central part is covered
mainly by Chenopodium murale, Cynodon dacty-
lon, and Asparagus officinalis; Crithmum tnariti-
mum is the dominant species on the rocky
fringes {Vervust et al, 2007) The population on

Pod Mréaru consists of the descendants of a
propagule of 10 individuals (five males, five
females) taken from Pod Kopiste and released
on the island in 1971 (Nevo et al , 1972).

The Ttalian Wall Lizard, P sicula, is a robust,
ground-dwelling, diurnal, heliothermic, actively
foraging lacertid lizard (adult snout-vent [SVL]
length 55-70 mm), which occupies a variety of
semiopen habiiats in the Mediterranean {Henle
and Klaver, 1989). Adult males have larger
heads, longer hind limbs, and better developed
femoral pores than do females In the analyses,
we considered two age classes: juveniles (boin
in the current activity season) and adults (born
earlier). These age classes can be recognized
readily on the basis of SVL. Henle and Klaver
(198%) provide detailed information on the
general biology of P sicula.

Mensurement of Morphological Characteristics —
1 izards were individually stored in cloth bags
and transported to the field station on the
neatby island of Lastovo Lizards were mea-
sured to the nearest 0.01 mm using efectronic
callipers (CD-20PP, Mituioyo Corporation, Ja-
pan) We measured head height, head width,
head length, lower jaw length, length of the
quadratam, and length of the coronoid Head
height was defined as the greatest distance from
the highest portion of the head to the bottom of
the lower jaw; head length as the distance
between the tip of the snout and the posterios
side of the parietal scales; and head width as the
greatest distance between the external sides of
the parietal scales. The lower jaw length was
measured between the anterior tip of the
dentale and postetior articulare; the quadratum
from the fenestra tempozale to the posterjor end
of the os quadraturr; and the coronoid between
the anterior tip of the fenestra temporate and tip
of the snout. The length of the lower jaw,
quadratum, and coronoid were measured twice
on each side.

To quantify the variation in scale numbers,
we took pictures of both sides of the head using
a digital reflex camera Nikon D70 with 105 mm
micro-nikkor lens (Nikon, Japan). On these
pictures, we counted the following head scales:
the supraciliaria, ocularia, supralabialia, subla-
bialia and the sum of tempotalia and auricularia
(Fig. 1) The supraciliatia consist of a row of
scales above the eye. The ocularia border the
eve ventially. The supralabialia are the scales
bordesing the mouth, from the rostrale to the
comner of the mouth The sublabialia line the
lower jaw from the mentale to the corner of the
mouth., The temporalia and auricularia are
dorsally bordered by the parietalia and ventral-
Iy by the sup1alabialia. We also took pictures of
the inner legs to quantify the number of femoral
pores These pores are the openings of follicular
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Fic 1 Head of Podarcis sicula showing the scales
used in this study. Abbreviations: ros = rostrale; men
= mentale; SpO = supraciliaria; SbO = ocularia; SpL
= supralabialia; Sbl = sublabialia; Temp = tempor-
alia; a1 = auricularia; P = parietale

glands in the dermis and accur as a single series
along the ventral side of the thighs (Cole, 1966)
To explore the degree of measurement error, we
recounted all meristic traits on a subset of 31
individuals (Palmer, 1999).

Derformance Measurements —We  estimated
maximal capacity for running speed, exertion,
and bite force in each individual lizard. Prior to
each performance trial, lizards were allowed to
rest for at least one hour (maximally, 1.5 h} in
large outdoor terraria in which they could
thermoregulate freely. At the start of each
measurement, we made sure that the hzard’s
cloacal body temperature was within the opti-
mal range for sprinting (34-37°C; Van Damme
et al., 1990), using a thermocouple connected to
an electronic thermometer (APPA 51, precision
0.1°C)

Maximal sprint speed was measured by
chasing lizards three times along a horizontal 2-
m racetrack with a cork substrate. We found no
consistent effect of trial on maximal sprint speed
(repeated measures ANOVA, P > 0 .3), indicating
that lizards did not fatigue over tiials. The fastest
time over any 25 am interval (as recorded by
photocells placed alongside the track) was
considered an estimate of an individual’s max-
imal sprint performance. Some tiials (< 5 %)
were judged to be bad because lizards did not
tun continuously. Such “bad’ trials (e.g, van
Berkum and Tsuji, 1987; Tsuji et al., 1989) were
not included in the analyses that follow.

Exertion was estimated by continuously
chasing lizards along a horizontal torus track
(1 m diameter). We considered lizards “ex-
hausted”” when they no longer responded to
10 consecutive (gentle) taps on the dorsum. The
time (in seconds) elapsed between the stait and
the end of the run was taken as a measure of
exertion {Bennett, 1980). Because this procedure

is demanding (for the lizard and the experi-
menter), each individual was tested only once
However, earlier measurements on a smaller
sample of specimens showed that the procedure
yields very repeatable results (BV, pers. obs)

Bite forces were measured using an isometric
Kistler force transducer {type 9203, Kistler, Inc,
Winterthur, Switzerland) mounied on a pui-
pose-built holder and comnected to a Kistler
charge amplifier (type 5058 A, Kistler, Inc }. All
the animals were induced to bite on two plates,
fixed at a distance of 3.65 mm. Bite forces were
recorded using a portable computer equipped
with an A/D converter (PC-Scope 1512, Imtec
GmbH, Backnang, Germany) For a full descrip-
tion of the measuring device, see Herrel et al
(2001a,b). In each animal, bite-force was mea-
sured five times. We considered the maximum
value as the maximum bite force for that
individuat lizard.

Upon completion of the measurements, the
lizards were marked (individual toe-clip codes}
and released at the exact site of capture. This
was always within two days

Statistical Analysis —Three issues that need to
be addressed when estimating asynunetry are
measurement error (ME), the occurrence of
other forms of asymmetry, and the degree of
association between individual levels of asym-
metty and the underlying process of develop-
mental instability (Van Dongen, 2006). There-
fore, we conducted a first set of analyses to
establish degrees of ME and to explore potential
directional asymmetry, following guidelines
detailed by Van Dongen (2006) Nexi, we
examined differences in the degrees of asym-
metty between the two islands and assessed
associations with performance measures, using
a linear mixed model with repeated-measures
structure The different trait-specific asymmetry
values were used as dependent variables,
whereas island, sex, age, and the three perfor-
mance measures were added as independent
variables Because the different asymmetry
values for each individual are statistically
dependent, we adopted a repeated-measures
analysis procedure by treating “individual” as a
tandom effect Asymmetry values were logio-
ttansformed and standardized (Z-transforma-
tion) for each frait. We also analyzed for
possible correlations between either DA or FA.
The three performance measures were analyzed
after loglO-transformation All analyses were
performed in SAS (version 91, SAS Institute,
Cary, NC)

ResuLTS

Measurement Error and Direciional Asymme-
iry —The amount of ME differed strongly
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Tastel. Average degree of asymmetry {unsigned fluctuating asymmeiry, FA) with standard deviation (SD),
average numbers on left and right side (R/L), #-test for directional asymmetry (DA; " P < 001, all others P >
0085), and degree of measurement errer (ME, as percentage of the average degree of asymmetry) in the meristic
fraits on the basis of 31 individuals for which these traits were counted twice.

Trait Unsigned FA (SD) R/T. and test for DA Degree of ME {%)
Femoralia 137 (1.03) 206/203, t30 =078 a
Temporalia 1.98 (145) 725/723, ts = —0;25 5
Supraciliatia 0.65 (0.75) 66/6.1, t5p = 3.38 G
QOcularia 555 (645) 180/18.0, £ = 0.19 4
Supralabialia 115 (1.03) 75/80, fzp = —176 )
Sublabialia 0.48 (0.57) 6.6/6.7, 39 = —0.24 0

between meristic and metric fraits. In compar-
ison to the degree of asymmetry, ME was
extremely low in the metistic traits but high in
the metric characters (Tables 1-2). The repeat-
abilities of FA in the metric traits were so low
that we decided to eliminate them from al
further analyses.

We found evidence for directional asymmetry
in one meristic trait, the number of supraciliaria
(Table 1). One individual had one ocular scale
more on the left side than on the right, and 14
individuals had more supraciliaria on the right
side. In 10 of these 14 cases, there was a
difference of one scale; in the remaining four
cases there was a difference of two scales The
remaining 16 individuals were symmetric. We
chose not to correct for this case of directional
asymmetry, because this would result in the
awkward situation that the perfectly symmetri-
cal individuals would become asymmetrical in
the analyses For the mettic traits, no directional
asymmetry was detected (Table 2). Correlations
in asymmetry among traits were weak and not
statistically significant.

Variation in Asymmetry and Relation to Perfor-
mance —The mixed-model analysis indicates
that, on average, the degree of FA differs
between islands; however, the difference was

Tase 2 Summary of mixed regression analysis
separating real fluctuating asymmetry (FA) from
measurement error and testing for directional
asymimetry in the three metric traits The fixed side
effect tests (F-test) for directional asymmetry, and the
ratio of the variation caused by real EA over the
degree of measurement erroz, reflect the repeatability
of the measurement of FA

Trait Test for DA Repeatability of FA
Lowet jaw  Fi41 = 025, P =062 0%
Quadiate  Fy4; = 028, P = 060 0%*

Coronoid  Fia = 220, P = 015 2992

*None of the variations resulting from real FA were
statistically significant as tested by the likelihood-ratio test
(@l 2 >072)

not the same for each trait (Table 3, significant
istand X t1ait interaction). It also reveals an
association between exertion and the level of
FA, a relationship that is unaffected by any FA
frait (no significant trait X exertion interaction,
Table 3). A graphical comparison of the differ-
ent performance measures between the 0%
most asymmetrical and symmetrical individu-
als shows that symmettic individuals have a
higher exertion capacity (Fig 2) The graph also
suggests a tendency for asymmetrical individ-
uals to have higher speeds (Fig 2), but this was
not supported by the statistical analysis (Ta-
ble 3).

Differences in average FA between the two
populations were statistically significant for the
suptaciliaria (estimated difference = SD =102
+ 0.19), supralabialia (0 70 = 0.17), sublabialia
(071 = 018), femoralia (043 = 018), and
ocularia (040 = 0.18); in each case, the recently
founded population was the more asymmetii-
cal. For the temporalia + auricudaria, the
difference (019 = 019) was in the same
direction but did not reach statistical sigmifi-
cance. A description of the meristic traits for
each insular population is given in Table 4

DiscussioN

- Ouwr study system clearly suffers from the
problems associated with inferting effects from
two-population comparisons (Garland and
Adalph, 1994) Siill, some explanations seem
mote likely than others. Population-level differ-
ences in FA have been ascribed to two types of
developmental stress: environmental perturba-
tions; and stress resulting from changes in the
genetic organization of individuals and popu-
lations {Clarke, 1995). Increased FA is associated
with the presence of pollutants, such as PCBs,
heavy metals, 1adioactive radiation, UV 1adia-
tiom, and excess axtificial fertilizer, in a wide
range of organisms (eg, Eeva et al, 2000;
Meller, 2000; Marques et al, 2005; Voets et al,
2006; but for counterexamples, see Clarke, 1998;
Bjorksten et al, 2001; Woods et al, 2002}
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IaBlE 3. Overview of significance tests in the
mixed model comparing levels of asymmetry
between the two islands and testing for associations
with the three performance measures

Source F-gtatistic dft  df2  P-value
Island 47 % 1 129 <0001
Age 008 1 120 078
Sex 000 1 126 096
Speed 198 1 119 01
Exertion 569 1 126 002
Bite force 001 1 122 094
Island X tait 263 5 560 002
Age X trait 049 5 526 079
Sex X trait 030 5 525 091
Speed X trait 019 5 521 097
Exertion X tait 83 5 B24 053
Bite force X frait) 605 526 0.70

Howevez, differences in FA observed between
the two populations of P siculz here are unlikely
to be the result of environmental differences; the
two islands Lie very close to each other and have
a very similar physiognomy; therefore, lizards
and their eggs are likely exposed to nearly equal
abiotic conditions Therefore, differences in the
biotic environument are a more likely to be
responsible for the differences in FA between
the two populations. The population on Pod
Mitaru is considerably denser than the one on
Pod Kopiste, and the lizards on the former
island interact far more frequently and more
aggressively (Vervust et al, unpubl) Compet-

itive stress is associated with increased FA in
several organisms {eg., Rettig et al, 1997
Pelabon and Van Breukelen, 1998; Sullivan,
1998). Parasites are yet a further cause of stress
that can induce FA (Mgler, 2006), but we have
1o indication that the level of parasitism differs
between the two populations of P sicula under
study,

Although population density and competitive
stress may affect FA at a proximate level, a more
likely ultimate cause for the increased level of
FA on Pod Mrdaru is the genetic history of this
population The population was founded in
1971 (about 17 generations ago) with the
experimental introduction of 10 adult lizards
from Pod Kopiste (see Nevo et al, 1972)
Although we have currently no genetic infor-
mation on the Pod Mréaru lizards, ii seems
reasonable to assume that such a severe
bottleneck should have had an impact on the
genetic diversity of the population (Wright,
1931, 1978; Gilpin, 1991; Lande, 1995; Lynch et
al., 1995). Moreover, the source population on
Pod Kopiste is likely itself to be the productof a
founding event in historical times, and most
probably P siculs underwent a seties of bottle-
necks, “hopping” from one island to another,
before amriving on Pod Mrdaru (Kammerer,
1926). Such serial bottlenecking may promote
genetic erosion (ie. loss of genetic diversity
over time; Hewitt, 2000} Fluctuating asymme-
try has been associated with inbreeding and loss
of heterozygosity (e.g., Clarke et al, 1986, 1992;

0,8 : :
SPEED 1% EXERTION i BITEFORCE
o 04 E l
2 | |
5] I |
E | |
‘% 021 | i
2 i |
R N | T Il
i< T T I TT L] T
8 | [
c | | ®
3 o | |
c | |
3 ' }
= .04+ { I )
] |
I |
] |
06 ; . ' . . ' . :
PM PK PM PK P PK

Fic.2 Mean (*+ SD) standardized speed, exertion and bite force for lizards from two populations (PK: Pod

Kopiste; PM: Pod Mréatu) Overall means for the entire population (open squares) and the means for the 50%
mest symmetrical specimens {closed circles) and the 50% most asymmetrical individuals {open circles)

are shown




374 B. VERVUST ET AL

but see Fowler and Whitlock, 1994), phenomena t1aits can partly

Femoral pores
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18
38
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56
43
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13.65
6.95
10.42
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11.87
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9.86

71
74
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Temporalia + auriculana
72

3
1
4
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0.6_63

7
7

1
5

3
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Supralabialia

8
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4
1
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3

SD
212
2.56
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2.31
1.17
224
149
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19
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19
19
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Tase 4. Overview of pholidotic traits for adtult male and female Podarcss sicula from Pod Mréaru and Pod Kopidte. Abbreviations: M = median; SD = standard

deviation; and R = range, on both right and left sides.
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neck (e.g , Wayne, 1986; Hoelzel et al , 2002), but
the generality of this result is debated (fo:
contrary findings, see Kieser and Groeneveld,
1991; Brookes et al, 1997; Suchenfrunck et al,
1998) Why botilenecks produce higher levels of
FA in some and not in other species remains an
open question

Outbreeding may present another source of
genefic stress, and this stress may result in
increased FA (review in Clatke, 1995). The only
- study that has tackled the issue in lizards
{Dosselman et al, 1998) did not find support
for this idea.

The value of FA for evolutionary biology and
conservation practice critically depends on its
relationships with fimess. Early evidence that
FA correlated negatively with growth, fecundi-
ty, and longevity (review in Mgller, 1997) fed
the hope that FA could be used as a convenient
proxy for fitness More recently, however, it has
become apparent that the relationships between
FA, DI, and fitness are far from clear (Polak,
2003), and the appeal of the index seems to be
fading somewhat (Van Dongen, 2006) Examin-
ing the relationship between FA and fitness
components, using different traits, in different
populations and under different circumstances,
may help in evaluating the usefulness of the
index as an experimental and monitoring tool
(Van Dongen, 2006). Our results indicate a
negative relationship between FA and maximal
exertion capacity; more symmetric lizards ran
for longer periods when chased continuously
The capacity for prolonged locomotor activity is
considered of direct ecological relevance in
lizards (Gatland, 1999; Sinervp et al, 2000),
especially under harsh conditions such as low
food availability {LeGalliatd et al, 2004) Be-
cause it depends on the performance of a
variety of morphological, biochemical, and
physiological characteristics (Garland, 1984), it
may also constitute a biomarker of the general
“vigor” of an animal In this respect, it is
encouzaging to find that FA and exertion covary
in parallel for different traits and in both
populations. In conirast to earlier studies on
laceriids, we found no relationship between FA
and maximal sprint capacity However, it
should be noted that the other studies (Martin
and Lépez, 2001) measured FA on chatactetis-
tics implicated in locomotion (limb dimensions);
thus, such a relationship may be expected on a
direct functional basis. The large measurement
etror on our metric characteristics precluded a
reliable test (Palmet, 1999). The great difference
in repeatability between metitic and meristic
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raits can parily be caused because live animals
were used and counts were done on the same
photographs

We would like to end with some methodo-
logical issues First, our results indicate that,
because the measurement error is small relative
to the degree of FA, scale counts constitute a
reliable substiate for studying FA in lizards
{Palmer, 1999) Also, FA for the different scale
traits exhibits similar between-island variation
and similar relationships with physiological
performance, hinting that they may be revealing
some general capacity for buffering develop-
mental noise. However, reliable measurement
of FA on the metric variables considered here
proved difficult. This was somewhat surprising,
because these distances are measured more
accurately than variables such as femur length
and crus length, which have been used in eatlier
studies (see above) RX (X-zay pictures)-mea-
swements may provide a way out of this
technical problem.

To understand when and where A can be
used as an index of DI and ultimately of
(aspects of) fitness, we need data on multiple
traits, in different populations under different
degrees or Xinds of stress We hope that ow
study will encourage the use of lizards as study
subjects in the explotation of FA as a teol in
conservation and evolutionary biology. In ad-
dition to their demonstiated value as model
organisms in behavioral ecology, ecological
morphelogy, and evolutionary biclogy, lizards
seem “exapted” for FA studies because they
possess an exceptionally rich array of paired
meristic traits that can be measuted reliably (see
also Seligmann, 2006; Seligmann and Krishnan,
2006)
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