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SHIFTS IN BILATERAL ASYMMETRY WITHIN A DISTRIBUTION RANGE:
THE CASE OF THE CHUKAR PARTRIDGE
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Abstract.—Three major types of bilateral asymmetry (fluctuating asymmetry, directional asymmetry, and antisymmetry)
have long been recognized in the literature. Little, however, is known about transitions between asymmetry types,
especially in natural populations. It is often assumed that directional asymmetry and antisymmetry have a larger
genetic basis than fluctuating asymmetry. This leads many scientists to exclude traits or populations showing either
directional asymmetry or antisymmetry from developmental instability studies, focusing attention on fluctuating asym-
metry alone. This procedure may bias the findings and thus our understanding of patterns of bilateral asymmetry and
the factors influencing it. To examine changes in bilateral asymmetry across the distribution range of a species, |
studied the length of the third toe in 11 chukar partridge (Alectoris chukar) populations across a steep environmental
gradient of 320 km within the species’ range in Israel. This trait was selected due to its adaptive value in the chukar,
a species that spends much of its activity walking, and due to its high measurement repeatability. Moving from the
core toward the very extreme periphery of the range, the following four trends are detected: (1) the expression of the
directional asymmetry component significantly increases; (2) the frequency of symmetrical individualsin the population
significantly decreases, with a sharp decline at the steepest part of the climatic and environmental gradient studied,
within the Mediterranean-desert ecotone; (3) mean asymmetry levels, as estimated using the unsigned difference
between the right and left toe, significantly increases; and (4) the range of asymmetry increases such that the most
asymmetrical individuals originate from the very edge of the range. These findings provide primary evidence that
substantial shifts in asymmetry may occur across short geographical distances within a species’ distribution range.
They show a continuum between asymmetry types and support the notion that all three types of asymmetry can reflect
developmental instability. Further studies of developmental instability should be designed so that they enable detection
of transitions between asymmetry types across natural populations. Such a procedure may partly resolve some of the
contradictions seen in the literature regarding the relationship between bilateral asymmetry and environmental stress.

Key words.—Alectoris chukar, core-periphery, developmental instability, directional asymmetry, distribution range,
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The study of populations across the distribution range of
a species, and especially the study of peripheral populations,
has largely focused on understanding patterns of extinction,
population dynamics, abundance, and morphological and ge-
netic diversity (e.g., Andrewartha and Birch 1954; Lawton
1993; Hoffmann and Blows 1994). A more recent focus has
been toward the conservation implications of these patterns
and the processes underlying them (e.g., Safriel et al. 1994,
Channell and Lomolino 2000). In this context, a central goal
has been to reveal whether the levels of stress, as experienced
by individuals, change across a species’ distribution range.
It is difficult, however, to assess the response of individuals
to environmental changes in long-term field studies of pop-
ulation dynamics, physiology, and fitness that span the geo-
graphic range of a species. An approach that will enable us
to study such spatial and temporal changes within natural
populations across the distribution range, from core to pe-
riphery, would be useful. Substantial theoretical, experimen-
tal, and observational work suggests that the estimation of
developmental instability using bilateral asymmetry may
serve as a tool for assessing the degree to which individuals
were able to buffer their development in the face of stress
(e.g., McKenzie and Clarke 1988; Leary and Allendorf 1989;
Clarke 1992; Mgller 1998; Lenset al. 1999; reviewed in Lens
et al. 2002), although this conception has recently been de-
bated in relation to sexual selection (e.g., Bjorksten et al.
20008a,b).

Three principal types of bilateral asymmetries in morpho-

logical traits (i.e., deviation from perfect symmetry between
the right and the left sides of an organism’s body) have been
described. These include fluctuating asymmetry (FA), direc-
tional asymmetry (DA), and antisymmetry (Van Valen 1962;
Palmer and Strobeck 1986). The three differ in the distri-
bution of the signed difference between the right and the left
(R-L) sides of atrait in a population. Fluctuating asymmetry
is defined (based on Ludwig 1932) as the small, random,
nondirectional deviations from perfect bilateral symmetry in
morphological traits in which symmetry is the normal state.
In traits exhibiting FA, sighed R-L values in the population
are predicted to be normally distributed around a mean of
zero. In traits showing DA, there is a consistent bias toward
overdevelopment of one specific side relative to the other,
and the R-L distribution shows a nonzero mean (Van Valen
1962; Palmer and Strobeck 1986; Mgller and Swaddle 1997).
Antisymmetry (handedness) is similar to DA in the sense that
one side is usually larger than the other, yet the population
shows a broad-peaked (platykurtic) or a bimodal distribution
of signed R-L around a mean of zero (Palmer and Strobeck
1986).

Fluctuating asymmetry is often considered an indicator of
developmental instability (Clarke and McKenzie 1987; Mar-
kow 1995), reflecting the ability of individuals to buffer
themselves during development in the face of stress (Leary
and Allendorf 1989; Swaddle et al. 1994). Unlike FA, the
two other forms of asymmetry, DA and antisymmetry, due
to their unknown heritable component, have not been con-
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sidered as reliable indicators of developmental instability
(e.g., Van Valen 1962; Palmer and Strobeck 1986). Although
the discussion regarding the assumption that the heritability
of FA is lower than that of the two other asymmetry types
has not been entirely resolved (Markow and Clarke 1997),
it has led to the recommendation that traits not showing FA
(i.e., a normal distribution of signed R-L about a mean of
zero) should be excluded from the analysis in studies of de-
velopmental instability in favor of traits showing pure FA
only (e.g., Palmer and Strobeck 1992; see guidelinesin Palm-
er 1994). Such a procedure does not allow potential shifts
between asymmetry types to be identified, if they occur. In
addition, this approach ignores cases where mixtures of more
than one asymmetry type occur within a single population
(Lens and Van Dongen 1999; Van Dongen et a. 1999a; Lens
et al. 2002).

Graham et al. (1993a, 1998) challenged this conventional
thinking and its practical implications for studies of devel-
opmental instability. Using a modified reaction-diffusion
model, they suggested that DA and antisymmetry may often
reflect developmental instability and predicted a continuum
between the three asymmetry types. Indeed, several experi-
mental studies involving human-induced stresses (e.g., in-
secticides) have shown that transitions between asymmetry
types can occur even within a single population (Leary and
Allendorf 1989; Graham et al. 1993b; Henshel et al. 1993).
If asymmetry types can exhibit such shifts, findings of work
focusing on a single population may largely depend on which
populations were selected for study within the species’ range.
To test whether the level and form of asymmetry shift across
aspecies’ distribution range, | examined bilateral asymmetry
patterns along a steep gradient within the native distribution
range of the chukar partridge (Alectoris chukar) in Israel,
from core to periphery.

MATERIALS AND METHODS

Study Area

A steep environmental gradient from Mediterranean to arid
climatic regionsis found in Israel and the region across short
distances from areas in the northern Golan Heights, where
mean annual rainfall is greater than 900 mm, to areas in the
southern Negev Desert, where rainfall decreases to less than
50 mm (data from The Israel Meteorological Service, The
Hebrew University of Jerusalem Geographical Information
Systems Center, and from Bitan and Rubin 1991; for details
and maps, see Kark 1999). An especially steep portion of
this environmental gradient isalong the northern Negev M ed-
iterranean-desert ecotone (Fig. 1), where within a belt of
several dozen kilometers mean annual rainfall decreasesfrom
over 450 to less than 150 mm and both temporal and spatial
variability in rainfall increase (Bitan and Rubin 1991). This
cline is associated with a change in a phytogeographical gra-
dient from largely Mediterranean to largely Saharo-Arabian
vegetation, with a combination of both at the ecotone region
(Danin and Plitman 1987; Kark 1999). This gradient coin-
cides with both northern and southern range peripheries of
numerous species (Safriel et al. 1994; Frankenberg 1999).
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Fic. 1. Map of study area, population sampling locations, and
range periphery. The Mediterranean-arid ecotone region is marked
with a circle. Sample sizes appear in Table 1.

The Chukar Partridge

The chukar is continuously distributed and has high pop-
ulation densities in the Mediterranean areas in the north and
center of Israel (Shirihai 1996). The species reaches the edge
of its continuous distribution in the northern Negev ecotone
(Shirihai 1996). Chukar distribution becomes patchy and
populations become smaller and more isolated toward the
central and southern Negev Desert, a region that marks the
global periphery of the species distribution range (Fig. 1;
Shirihai 1996). As far asis known, chukarsin the study area
are sedentary and do not exhibit latitudinal or altitudinal
migrations (Shirihai 1996).

Sampling and Measurement

Adult birds were collected by the Israel Nature and Na-
tional Parks Authority rangers and authorized hunters, fol-
lowing Kark et al. (1999). Sampling took place during the
nonbreeding season of 1995-1996 (August to February).
Birds were measured in the field, except for those from Ben-
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TaBLE 1. Chukar partridge populations studied in Israel, population acronyms for Figures 2 and 3, distribution area, distance (km) from range
periphery (see Fig. 1), sample size, and mean unsigned value of right minus left length of third toe (R-L) in the population (cm).

Distance from Sample Mean |R-L|

Population Acronym Distribution area periphery (km) size (cm)
Mahfi Tel MT Mediterranean core 408 23 0.013
Pazra Hill PH Mediterranean core 395 16 0.038
Ramot LR Mediterranean core 372 22 0.000
Bezek BR Mediterranean core 316 19 0.032
Ben-Gurion Airport BG Mediterranean core 264 21 0.033
Gvaraam GV ecotone 218 24 0.040
Yatir HY ecotone 199 19 0.026
Hirbet Sira HS ecotone 196 30 0.070
Sede Boger SN arid periphery 148 27 0.100
Ramon RM arid periphery 129 28 0.111
Faran FR arid periphery 86 23 0.094

Gurion Airport, Bezek and Nevatim, which were measured
in the laboratory. All measurements were taken by the author,
using a metal ruler to an accuracy of 0.1 cm. Locations were
sampled in a random order relative to the range periphery to
avoid a potentially confounding bias stemming from the in-
creasing experience of the measurer over the course of the
study.

A total of 138 males and 114 females in 11 populations
were measured (Table 1, Fig. 1). In addition to population-
based comparisons, to enlarge sample sizes populations were
pooled into three predetermined ecogeographical distribution
regions (Mediterranean core, ecotone, and arid periphery; see
Table 1) and analyses were performed across the three re-
gions. Two measures of third toe length (from joint to claw),
including and excluding the claw (long and short measure-
ment, respectively), were obtained for each bird, except for
individuals from Pazra Hill and Ramon, for which only the
long measurement was taken. The asymmetry pattern across
the range was analyzed to test the following hypothesis: If
birds tend to dig (e.g., for food) more with one leg, digging
may have a different effect in dry versus mesic areas or in
different soil types. Therefore, shifts between asymmetry
types could potentially be caused by quicker and uneven
erosion of the claws on the two sides of the body in different
habitats (P. Taylor, pers. comm.). In such a case, | would
predict that the pattern found for the long measure of asym-
metry would not be repeated in the short measure, where the
claw was excluded. However, this idea was not supported by
the results. Similar trends were found for both the short and
long measures across the study gradient. The correlation be-
tween mean unsigned R-L for the two measures across all
populations was 0.91 (P < 0.0007). Due to this congruence
and given the larger sample size, results are presented here
for the long measure.

The length of the third toe was selected for the following
reasons: This trait is related with locomotion, highly impor-
tant for this phasianid species that spends much of its daily
foraging activity walking rather than flying (Alkon 1974).
Thus, it seems reasonable to suggest that this trait will have
adaptive value and would reflect selection pressures (Boag
and Van Noordwijk 1987). In addition, this trait had by far
the highest repeatability among a selection of traits that were
premeasured on a subsample of birds at the onset of the study.
These traits (including tarsus and wing length) are used in

many asymmetry studies due to their adaptive value in birds
(Boag and Van Noordwijk 1987; Smith et al. 1997), being
related with flight, locomotion, feeding ecology, and fitness
(Nissani 1974; Smith 1993; Smith et al. 1997). Working with
traits that have both potentially high adaptive value and that
can be measured with high repeatability (low measurement
error) is crucial when studying patterns in bilateral asym-
metry and shifts between asymmetry types across a species
range.

M easurement repeatability was estimated by measuring 10
individuals on both body sides, and then remeasuring the
same set of individuals (giving a total of 40 measurements).
The repeatability r-value represents the intraclass correlation
coefficient (Lessells and Boag 1987; see also Siikamaki and
Lammi 1998). These measurements were further analyzed
using a mixed-model analysis of variance (ANOVA) with
individual (1), side (S), and replicate (R) factors following
Swaddle et al. (1994). In this model, the ratio between MS
(I X S) and the combined MS (I X S X R) and MS (I X R)
provides an F-test for evaluating whether between-individual
variation in estimated asymmetry is significantly greater than
can be accounted for by measurement error taking into ac-
count session bias (Swaddle and Cuthill 1994; David et al.
1999).

Range periphery was taken as the center of the first grid
in which chukar density reduces to zero based on the distri-
bution grid system described in Shirihai (1996). Beyond this
area, towards the desert, chukars are not currently known to
live, except for an isolated postglacial relict population lo-
cated in the southern Sinai Mountain region (Kark et al.
1999). Distance from the range periphery was taken from the
center of the area of the population sampling (approximately
10 kmZ2 in all regions).

Estimation of Asymmetry

Distribution of signed R-L values over all individuals (n
= 252) was drawn and normality of the distribution was
tested using the Shapiro-Wilk W-test (Shapiro et al. 1968)
using JMP version 3.1.5 (SAS Institute 1995) statistical soft-
ware. Asymmetry was calculated in several ways. First,
asymmetry was estimated in each of the populations using
the mean of the unsigned R-L value (FA1 of Palmer 1994).
Then, the proportion of symmetrical individualsin each pop-
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ulation was calculated and a regression between distance
from range periphery and this proportion was examined. Both
a linear and an arctangent regression (as described in more
detail in the Results) were performed. An individual was
considered symmetrical if the value of R-L was zero. This
measure does not reflect the size of asymmetry but rather its
proportion in a population, and although it may potentially
be affected by measurement accuracy, it isuseful asarelative
measure for comparison among populations. Comparisons
were further done among the three predetermined areas, to
obtain larger sample sizes.

To test for normality of the distributions, the skewness and
kurtosis of the signed R-L were calculated and the distri-
bution was inspected across the three areas, following Palmer
(1994). To test for shifts between asymmetry types across
the distribution range, | used the following tests. Direction-
ality in asymmetry was tested in each of the three areas using
aWilcoxon signed-rank test for deviation of the median from
zero (Zar 1999). This aimed to test whether the median of
R-L and the symmetry of the distribution change across the
species’ range. The statistical significance was estimated fol -
lowing a sequential Bonferroni correction (Rice 1989; Palmer
1994). Antisymmetry is predicted to show a distribution of
unsigned R-L ranging from platykurtic to bimodal. When
combined with DA, the populations will show a skewed bi-
modal distribution (see fig. 3c in Palmer and Strobeck 1992).
It is often difficult to assess antisymmetry and to separate it
from FA and DA, especially when mixed with other forms
of asymmetry. Negative kurtosis has been suggested as an
indicator of antisymmetry. To test for the antisymmetrical
component | examined changes in the patterns of kurtosis
across the range. To enlarge sample sizes, | used the three
predetermined areas (M editerranean-core, ecotone, and arid-

periphery).

REsuLTs
Trends in Asymmetry across the Chukar Range in Israel

Repeatability for the long measurement of the third toe
was high (r = 0.99, F = 76.6, p < 0.0001 for third toe
measurement and r = 0.91, F = 9.9, p < 0.0007 for asym-
metry estimation of the difference between the right and the
left sides). Between-individual variation in estimated asym-
metry was significantly greater than can be accounted for by
measurement error (mixed-model ANOVA Fq,5 = 8.056, P
< 0.0001). The proportion of symmetrical individualsin the
population was significantly related to the distance of the
population from the species’ range periphery (Fig. 2), as seen
in the regression analysis. In the linear regression, 74% of
the variance in the percentage of symmetrical individualsin
a population was attributable to the location of populations
across the range (F; 9 = 25.2, P = 0.0007). The behavior of
the percentage of symmetrical individuals against distance
from the range periphery (see Fig. 2) showed a steplike shape
caused by therapid changein asymmetry levelsin the ecotone
area. For this reason, we modeled the behavior using the
arctangent family of functions, whose members all have a
steplike shape. The datamodel that we used for the regression
was therefore Yi = o + {B arctan [(x — y)/3]} + €. Fol-
lowing, as described by Zar (1999) and using MATLAB, we
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searched in the arctangent family of functionsfor the function
with the best fit to the data (i.e., the least mean squares
residual), and calculated the coefficient of determination, r2.
The best fitting parameters were: a = 45.02, B = 28.65, v
= 185.78, and & = 48.37. This model explained 82% of the
variance.

Consistent results were found for the correlation between
distance from the range periphery and mean unsigned R-L
for both sexes. Because males and females exhibited similar
trends, the two sexes were pooled for further analysis to
enlarge sample sizes, except when otherwise indicated. The
two ecotonal populations, Y atir and Hirbet Sira, located only
several kilometers away from each other (Fig. 1), but oc-
curring within avery steep part of the environmental gradient
(Yatir having over 50% higher rainfall than Hirbet Sira),
showed a sharp change from a mean unsigned R-L of 0.026
cm to 0.070 cm and from 79% to 33% symmetric individuals,
respectively (Fig. 2). If body size had increased along the
distribution range, from core to periphery, this could poten-
tially have caused an apparent trend of increasing asymmetry.
In such a case, mean unsigned R-L may increase even when
remaining similar relative to the mean trait size in the pop-
ulation (R-L/mean [R,L]) when an unweighted estimator,
such as FAlisused. If this had occurred, aweighted estimate
of asymmetry, such as FA3 of Palmer (1994), should have
been used instead. However, body size in the chukars did not
increase toward the desert (Kark 1999), and therefore the
spatial trends in asymmetry could not have been caused by
the use of an unweighted estimator.

When comparing the three areas, from the Mediterranean
core through the Mediterranean-desert ecotone toward the
arid periphery, mean asymmetry increased significantly and
was highest in the arid periphery. An analysis of variance of
mean FA1 (sexes pooled) by area was significant (F = 45.2,
P < 0.0001). Similar results were obtained when the two
sexes were analyzed separately. A Tukey-Kramer multiple
comparison test was significant for all area pairs (P < 0.01).
Furthermore, the maximum deviation from symmetry (the
absolute value of the R-L difference) increased toward the
periphery such that the most asymmetrical individuals oc-
curred near the periphery of the range (Figs. 3, 4).

Shifts in Asymmetry

The distribution of signed R-L values over all individuals
(n = 252) showed a unimodal pattern with a median and
mode of zero yet was not normal. When analyzed for the 11
populations and the three areas, a shift in the distribution of
asymmetry was observed across the range, from core to pe-
riphery. As the degree of asymmetry increased, a directional
trend (toward negative R-L) appeared (asseenin Fig. 3 across
populations and Fig. 4 across the three areas). Although the
median of the signed R-L did not significantly deviate from
zero in the core, deviation from zero, as tested using the
Wilcoxon signed-rank test, was significant in both the eco-
tone and the arid periphery (Table 2). The skewness of the
distribution was significant at the periphery of the range (Ta-
ble 2). Thus, as asymmetry increases toward the range pe-
riphery, there is a greater expression of the DA component.

Along with the decline in the percentage of symmetrical
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Fic. 2. Relationship between the distance of the population from the range periphery and the percentage of symmetrical individualsin
the population, sexes pooled, with alinear (dashed line) and an arctangent (tg-1) regression (solid line). Population acronyms and sample

sizes appear in Table 1.

individuals in the population and the increasing expression
of the DA component toward a larger |eft side (negative R-
L), the proportion of individuals with positive R-L values
increased from core to periphery (Figs. 3, 4). This occurred
in both sexes, especially in the males (not shown). Distri-
bution of R-L shifted from leptokurtic in the core to a mixed
skewed distribution in the periphery. Significant positive |lep-
tokurtosis was found in the Mediterranean coreregion (Table
2). Leptokurtosis was lower in the ecotone, where it was
negative, and in the periphery compared to the Mediterranean

core. Yet it was not negative in the periphery, probably due
to the fact that antisymmetry was mixed with a strong left-
toed DA component. Thus, it appears that there is a mixture
of DA and antisymmetrical components in chukar popula-
tions located closer to the range periphery.

DiscussioN

This study provides evidence for clear changes in the mag-
nitude and patterns of bilateral asymmetry in the central
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to periphery (south), sexes pooled. Population acronyms and sample sizes appear in Table 1. Perfect symmetry column (black) is marked
for each population. Note the shift between asymmetry types in the ecotone, as apparent when Yatir (HY) and Hirbet Sira (HS) are
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(third) toe across short geographical distanceswithin the chu-
kar range in Israel, from core to periphery. Mean unsigned
R-L significantly increased from 0.00-0.04 cm in core pop-
ulations to 0.09-0.11 cm in the periphery. The frequency of
symmetrical individuals in the population decreased across
the core-periphery gradient. The range of individual asym-
metry increased so that the least symmetrical individuals
originated from the arid periphery of the range.

The development of a bilateral trait on both sides of an
individual is presumably under the influence of the same gene
or gene complex (Clarke 1993). Therefore, it has been sug-
gested that deviation from symmetry toward the right or the
left sides does not have a significant genetic basis and rep-
resents variation of environmental origin (e.g., Palmer and
Strobeck 1992), although the tendency to develop in a stable
path and to exhibit asymmetry may have a genetic component
(Palmer and Strobeck 1986; M gller and Swaddle 1997). How-
ever, DA and antisymmetry in a trait have been thought to
have a genetic basis (e.g., Van Valen 1962). Y et, recent work
suggests that the additive genetic component of DA and an-
tisymmetry is often small, comparable to that of FA, and in

many cases is actually too small to detect (Graham et al.
1998). The underlying assumption in many studies of asym-
metry is that shifts between asymmetry types do not occur
within asingle trait, and if they do occur, they arerare. Thus,
traits are often referred to as having a single fixed type of
asymmetry. Based on simulation models and empirical evi-
dence, Graham et al. (1998) suggested that the three types
of asymmetry are dynamically interrelated and are part of a
continuum rather than separate phenomena, with shifts be-
tween the different forms of asymmetry. Transition from FA
to antisymmetry and to DA can reflect severe developmental
instability (Graham et al. 1993a). Indeed, several studieshave
shown shifts from one type of asymmetry to another under
experimental human-induced environmental stress. For ex-
ample, McKenzie and Clarke (1988) found that during the
development of resistance to Diazinon, an Australian blowfly
(Lucilia cuprina) population shifted from FA to antisym-
metry. After developing resistance the population shifted
back to FA. Antisymmetry was generated in rainbow trout
mandibular pores under stress (Leary and Allendorf 1989).
Graham et al. (1993b) demonstrated that under stressful con-

TABLE 2. Statistics of the distribution of right minus left side measurements (cm) of third toe in chukars across three predetermined study

regions.
Wilcoxon
Area Sample size Mean (SE) Skewness (SE) Kurtosis (SE) signed-rank statistic
Mediterranean 101 —0.0040 —0.0717 4.7963 —19.0
core (0.0051) (0.2402) (0.4761)***

Ecotone 73 —0.0274 —0.0914 —0.1272 —165.5%*
(0.0081) (0.2810) (0.5552)

Arid periphery 78 —0.0346 0.8344 0.6919 —376.5%*
(0.0138) (0.2722)** (0.5382)

** P < 0.01, *** P < 0.001 after a sequential Bonferroni procedure.
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ditions of high benzene concentration Drosophila melano-
gaster showed DA in sternopleural bristles compared to un-
stressed flies, which exhibited FA for the trait. Lensand Van
Dongen (2000) compared three populations of several pas-
serine species in Taita Hills, Kenya, that have been exposed
to different levels of forest fragmentation in recent decades.
They showed that under high levels of this human-induced
disturbance, asymmetry in the bird populations shifted from
FA to DA. This shift was overlooked in a previous study by
the same authors (Lens and Van Dongen 1999), and was
revealed only when new analysis methods that enable the
detection of shifts between asymmetry types were used (Van
Dongen et al. 1999a; Lens and Van Dongen 2000). Thus, it
seems that DA and antisymmetry can reflect extreme devel-
opmental and/or genetic instability in various cases (Mc-
Kenzie and Clarke 1988; Graham et al. 1993a). This study
of the chukar partridge provides evidence that shift between
asymmetry types may occur in asingle trait across a species’
natural distribution range. This phenomenon may be much
wider yet undetected because many bilateral asymmetry stud-
ies focus attention on FA alone and select only the subsample
of the traits and populations that show significant FA, while
disregarding other traits and populations.

Indeed, it has been shown that the distribution of the signed
R-L in a population can be a mixture of different asymmetry
components (Van Dongen et al. 1999a,b). The findings of
this work demonstrate that different asymmetry types can
occur acrossthe distribution rangein asingletrait, supporting
the notion that all three asymmetry types are interrelated
rather than separate phenomena. Levels of asymmetry in-
crease toward the range periphery with a notable addition of
a directional component in the ecotone region. Mean R-L
deviates from zero with a significant DA component (toward
alarger left side) in both the ecotone and the arid periphery
of the range. A mixture of DA and antisymmetry appears
when approaching the periphery. The directional and anti-
symmetrical components may be strongly expressed under
conditions where perturbations during development are the
norm.

It is difficult to explain the findings based only on the
genetic-basis approach to DA and antisymmetry. It is more
likely that the changes in directionality and asymmetry ex-
pression in more peripheral populations reflect increasing en-
vironmental stress with a consequential increase in devel-
opmental instability. Population genetics studies have re-
vealed genetic structuring among populations in the study
area despite high levels of gene flow, suggesting that local
selection pressures are acting (Kark et al. 1999). Dissimilar
asymmetry patterns were found even among neighboring
populations from very different environments, such as the
two ecotonal populations from Yatir and Hirbet Sira (Table
1, Fig. 3). The population from Y atir was much more similar
in its R-L distribution to populations located dozens of ki-
lometers away in the M editerranean core than to that of Hirbet
Sira, sampled only several kilometers away, whereas the lat-
ter was more similar to the arid peripheral populationslocated
dozens of kilometers away to the south. This suggests that
local chukar populations experience different environmental
pressures and stresses. It could be hypothesized that the in-
crease in asymmetry across the chukar range results from a
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decline in population size toward the periphery, and thus an
increase in genetic stress due to low heterozygosity near the
periphery. Yet, an analysis of genetic diversity looking at
allozyme heterozygosity patterns of the same individuals
shows no significant correlation between genetic diversity
and asymmetry levels across the range or within single pop-
ulations. Heterozygosity does not decline in asimilar fashion
toward the chukar range periphery (Kark et al. 2001).

In this study we used a single trait, a fact that limits our
ability to discuss the generality of these patterns. Yet our
approach suggests that searching for these shifts, rather than
excluding traits that show nonclassical FA distributions, may
potentially lead to important insights, and to a better under-
standing of the underlying factors of ecological and evolu-
tionary patterns in bilateral asymmetry. Whereas ignoring
these shifts causes a bias in our understanding of develop-
mental instability patterns and processes, their study may
help us solve some of the apparent contradictions seen in the
asymmetry literature. Further studies are needed to test the
generality of the patterns. A question that arises is whether
the selected trait (i.e., central toe length) will reflect the pat-
terns at the individual and population level of other traits,
reflecting organismwide asymmetry. Empirical evidence for
correlation between asymmetry levels of different traits of a
single individual appears to beinconsistent (Clarke 1998a,b).
Y et, at least part of thisinconsistency and the failure to detect
individual-level concordancein unsigned FA may result from
methodological factors, such as low repeatability (Lens and
Van Dongen 1999; Lens et a. 2002). Lens and Van Dongen
(1999) have found positive correlation between unsigned FA
values in five passerine species using a novel approach that
corrects for the bias resulting from low repeatability at the
individual level (termed hypothetical repeatability; and de-
fined as the ratio of the between-individual component of
variation in the unsigned FA divided by the total variance;
Van Dongen 1998). At the population level, the focus of this
study, increasing evidence suggests that FA levels are cor-
related among different traits (Clarke 1998a; Lens and Van
Dongen 1999). Y et, we do not know whether patterns of shifts
between asymmetry types are correlated between traits. It
would be interesting to further compare differences and sim-
ilaritiesin such shiftsin different traits at the population level
in future studies, working across species ranges.

As suggested in Materials and Methods, the selected trait
potentially has high adaptive value and can be measured with
high repeatability, factors that are crucial when studying pat-
terns in bilateral asymmetry and shifts between asymmetry
types across a species range. In light of this, the clear and
significant patterns found across the chukar range, and es-
pecially the substantial differences in asymmetry between
populations that are geographically very close to each other,
are noteworthy. These populations are genetically similar and
experience homogenizing gene flow, yet occur in regionswith
different environments (e.g., Yatir and Hirbet Sira). Reveal-
ing the underlying mechanisms following an experimental
approach should be a central direction in future studies in
this field.

Chukars are not well adapted to desert conditions, and in
arid and hot environmentsthey are distributed mainly in food-
and water-rich patches (Degen et al. 1984). The differences



SHIFTS IN BILATERAL ASYMMETRY

in asymmetry suggest that even within these apparently fa-
vorable arid-zone resource patches, individuals confront
higher levels of stress compared to those from more mesic
regions. The increasing levels of asymmetry in the examined
trait across the range support recent work showing higher FA
in peripheral populations (Mgller 1995; Carbonell and Tel-
leria 1998; Siikamaki and Lammi 1998; but see Auffray et
al. 1999). Yet unlike previous studies that focused mostly on
a core-periphery dichotomy, this study tested asymmetry
trends across a more continuous distribution gradient, in-
cluding the ecotone region, where the edge of the chukar’s
continuous distribution is found. This enabled me to test for
shifts in asymmetry types and characteristics across the spe-
cies range. This work indicates that the ecotone is an area
of transition between types and levels of third toe asymmetry.
Beyond the ecotone, toward the extreme periphery of the
range, asymmetry levels significantly increase and change.
If only part of this range (e.g., the periphery alone) would
have been sampled rather than the continuum from core to
periphery, completely different conclusions as to the type
and extent of asymmetry in this trait would have been drawn.
The study suggests that asymmetry can greatly shift across
the distribution range, even within short geographical dis-
tances and in a single trait. | recommend that future studies
of asymmetry and of developmental instability do not ignore
those traits not showing clear FA, but rather focus on tran-
sitions and interconnections between the various forms of
asymmetry. This may lead to new insights in the field, in a
test of the dynamic interface between asymmetry types.
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