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Abstract:

 

Environmental and genetic factors increasingly stress natural populations, and conservationists

need simple tools to measure the effect of these stresses before populations become irreversibly affected. The

inability of an organism to withstand random perturbations during its development—so-called developmen-

tal instability—has been proposed as a potential early indicator of stress. To act as a true early warning sys-

tem, however, stress-mediated changes in developmental instability should be manifest in the phenotype be-

fore major changes occur in more direct components of fitness. We tested this hypothesis by estimating the

survival probabilities of 260 Taita Thrushes (

 

Turdus helleri

 

) inhabiting three differentially disturbed forest

fragments ( little, moderately, and highly deteriorated) and relating these to individual estimates of tarsus

asymmetry (a measure of developmental instability), two other putative indices of expected fitness (size and

body condition), and a coefficient of inbreeding. Tarsus symmetry, but not survival, was lower in the moder-

ately disturbed population than in the least disturbed one, whereas both symmetry and survival were lower

in the most disturbed population. Thus, higher levels of habitat disturbance were reflected by increased popu-

lation levels of asymmetry before a decrease in survival became apparent. In contrast, none of the other vari-

ables showed a significant response to habitat disturbance. At the individual level, asymmetric thrushes

showed lower probabilities of survival than more symmetric ones, and the magnitude of the relationship in-

creased with habitat disturbance. Birds in better condition (i.e., higher residual body mass) survived better,

irrespective of the quality of the habitat. The key finding that stress-mediated increase in fluctuating asymme-

try may precede decrease in survival suggests that single-trait asymmetry can serve as an early warning sys-

tem in conservation.

 

Fluctuación de Asimetría como un Sistema de Alerta Temprana en el Tordo Taita Críticamente en Peligro

 

Resumen:

 

Los factores ambientales y genéticos incrementan la presión sobre poblaciones naturales, y los

conservacionistas requieren de herramientas simples para medir el efectos de esas presiones antes de que

afecten a las poblaciones irreversiblemente. La incapacidad de un organismo de soportar perturbaciones ale-

atorias durante su desarrollo, la llamada inestabilidad del desarrollo, se ha propuesto como un potencial in-

dicador temprano de los efectos de la presión. Sin embargo, para funcionar como un verdadero “sistema de

alerta temprana” los cambios en la inestabilidad del desarrollo por la presión deben manifestarse en el

fenotipo antes de que ocurran cambios mayores en los componentes más directos de la adaptabilidad. Proba-

mos esta hipótesis estimando las probabilidades de supervivencia de 260 tordos Taita (

 

Turdus helleri

 

) habi-

tantes de tres fragmentos de bosque perturbados diferencialmente (deterioro bajo, moderado y alto) y las rel-

acionamos con estimaciones individuales de asimetría del tarso (una medida de inestabilidad del desarrollo),

con otros dos índices putativos de adaptabilidad esperada (tamaño y condición del cuerpo) y con un coefi-

ciente de endogamia. La simetría del tarso, pero no la supervivencia, fue menor en la población moderada-

mente perturbada que en la menos perturbada, mientras que tanto la simetría como la supervivencia fueron

menores en la población más perturbada. Así, los mayores niveles de perturbación de hábitat reflejaron un

incremento en los niveles de asimetría antes de que fuera aparente una disminución en la supervivencia. En

contraste, ninguna de las otras variables mostró respuesta significativa a la perturbación del hábitat. A nivel
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Introduction

 

As the loss and deterioration of indigenous habitat in-
creasingly stresses natural populations, ecologists need
simple estimators to measure their impact (Cairns et al.
1993). In particular, they are challenged to identify pop-
ulations subject to stress before these populations are ir-
reversibly affected, because this would greatly increase
the effectiveness of conservation programs (Leary & Al-
lendorf 1989; Clarke 1995

 

a

 

). Developmental instability,
the inability of an organism to withstand random pertur-
bations during its development, could be such an esti-
mator ( Leary & Allendorf 1989; Kieser & Groeneveld
1991; Palmer & Strobeck 1992; Parsons 1992; Clarke
1993, 1995

 

a

 

; Polak & Trivers 1994). Developmental in-
stability may be a more sensitive estimator than tradi-
tional life-history traits such as survival (Clarke & Mc-
Kenzie 1992) because organisms under stress may need
to allocate more energy to processes necessary to survival,
hence compromising the maintenance of their develop-
mental stability (Sommer 1996). For developmental in-
stability to predict future stress-mediated changes in di-
rect components of fitness—which are often more
cumbersome to measure—and hence use as an “early
warning system” (sensu Clarke 1995

 

a

 

)—the following as-
sumptions need to be fulfilled: (1) individuals are subject
to biologically relevant stress(es) and suffer a significant
decrease in fitness under severe stress; (2) increased ex-
posure to stress is reflected in increased levels of devel-
opmental instability; and (3) stress-mediated changes in
developmental instability are manifest in the phenotype
before major changes occur in more direct components
of fitness, such as survival or fecundity.

The degree of developmental instability among indi-
viduals and populations is most commonly expressed by
their level of fluctuating asymmetry (FA; Ludwig 1932).
The underlying assumptions of FA analysis are that the
development of both sides of bilaterally symmetrical
traits is influenced by identical genes, that nondirec-
tional differences between the sides are of environmen-
tal origin and reflect accidents during development, and
that high levels of FA indicate high levels of develop-
mental instability (Clarke 1993; Palmer 1994; Møller
1997

 

a

 

). Because the measurement and analysis of FA is
simple, does not require expensive equipment, and is

not destructive, it has become a popular measure of the
quality and health of individuals and populations (re-
views by Markow 1995; Leung & Forbes 1996; Møller
1997

 

a

 

; Clarke 1998

 

b

 

; Møller & Thornhill 1998). Al-
though population-level FA generally increases with ex-
posure to stressors of environmental or genetic origin
(or underlying processes such as the mating system or
population structure that are manifested in a measurable
genetic response) (Parsons 1990, 1992; Palmer & Stro-
beck 1992; Manning & Chamberlain 1994; Polak & Triv-
ers 1994; Møller & Swaddle 1997; but see Bjorksten et
al. 2000), relationships between FA and fitness are
highly heterogeneous among studies, often weak, and at
present poorly understood (Leung & Forbes 1996, 1997

 

a

 

,
1997

 

b

 

; Clarke 1998

 

a

 

; Dufour & Weatherhead 1998; but
for a different opinion see Møller 1999).

Inconsistency in the reported relationships of FA with
other variables of interest has been attributed to a vari-
ety of causes, such as weak between-trait correlation or
low repeatability of individual FA estimates (Leamy
1993; Whitlock 1996; Houle 1997; Clarke 1998

 

b

 

; Van
Dongen 1998

 

a

 

, 1998

 

b

 

), or an admixture of “true” FA
with other types of bilateral asymmetry that may have a
genetic basis (Palmer & Strobeck 1992; Palmer 1994;
Van Dongen et al. 1999

 

a

 

; Lens & Van Dongen 2000).
Consequently, it has been argued that FA in individuals
may not be a universal measure of quality or fitness and
that other phenotypic measures, such as mean or maxi-
mum trait size (Hunt & Simmons 1997; Bennett & Hoff-
mann 1998; David et al. 1998; Van Dongen et al. 1999

 

c

 

;
Woods et al. 1999; Bjorksten et al. 2000) or measures of
organismal condition (Leung & Forbes 1997

 

b

 

; Dufour &
Weatherhead 1998; Gage 1998), might perform better.
Although newly developed programs accommodate
most of the statistical problems intrinsic to estimation of
individual developmental instability (review by Van
Dongen et al. 2002), nonstatistical factors such as trade-
offs between different fitness components may further
confound attempts at finding universal relationships be-
tween asymmetry and fitness (M. Tracy, C. Freeman, T.
Huff, A. Alados, & J. Graham, unpublished data). Be-
sides, phenotypic quality is a function of both genetic
and environmental factors. Whereas in stressful environ-
ments only high-quality individuals might be able to
compensate for such stresses, differences in quality may

 

individual, los tordos asimétricos tuvieron menor probabilidad de supervivencia en comparación con los

simétricos, con lo que la magnitud de la relación se incrementó con la perturbación del hábitat. Aves con me-

jor condición (es decir, mayor masa corporal residual) sobrevivieron mejor, independientemente de la cal-

idad del hábitat. El hallazgo clave de que el incremento de la asimetría fluctuante debido a la presión puede

preceder una disminución de la supervivencia sugiere que la asimetría de un solo carácter puede funcionar

 

como un sistema de alerta tempana en conservación.
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have little effect on fitness under more benign condi-
tions. Negative relationships between FA and indices of
fitness may therefore be measurable only under stressful
conditions (Leung & Forbes 1997

 

b

 

).
We tested the stress dependency of relationships be-

tween fluctuating asymmetry and fitness and the appli-
cability of FA as an early warning system in biological
monitoring, relative to other putative indices of ex-
pected fitness. We studied the effects of variation in FA,
trait size, residual body mass, and coefficient of inbreed-
ing on the probability of survival of Taita Thrushes (

 

Tur-

dus helleri

 

) inhabiting a highly degraded, moderately
degraded, or virtually undegraded forest fragment. In
previous studies we showed that population levels of FA
were positively related to the extent of habitat degrada-
tion in 

 

T. helleri

 

 and six sympatric bird species (Lens &
Van Dongen 1999; Lens et al. 1999

 

b

 

; for comparable pat-
terns in immature 

 

T. merula

 

, see Møller 1995) and that
more inbred thrushes from the most degraded fragment
were more asymmetric (Lens et al. 2000). By analyzing
individual capture-recapture histories over a 3-year pe-
riod, we modeled relationships between the individual
covariates and recapture and survival rates.

 

Methods

 

Study Species and Site

 

The Taita Thrush (

 

Turdus helleri

 

) is a shy, forest-
restricted bird species, endemic to the Taita Hills for-
est of southeastern Kenya ( lat. 03

 

�

 

20

 

�

 

S, long 38

 

�

 

15

 

�

 

E )
and listed as critically endangered globally (Collar et al.
1994), the highest category of threat. Within its tiny
range, the species prefers the shady, interior understory
of intact forest ( Brooks 1997; Brooks et al. 1998). Its
habitat has been severely reduced in size and frag-
mented since the 1960s and currently covers 

 

�

 

400 ha in
12 fragments (map in Lens et al. 1999

 

a

 

). At present, the

species survives in three forest fragments only: Chawia
(50 ha), Ngangao (90 ha), and Mbololo (200 ha). De-
tailed comparison of the composition and structure of
the vegetation (Wilder et al. 2000) show that forest deg-
radation is lowest in fragment Mbololo, intermediate in
Ngangao, and highest in Chawia. The number of individ-
uals is estimated at 1059 for Mbololo, 250 for Ngangao,
and 38 for Chawia (Galbusera et al. 2000).

 

Survival and Recapture Rates

 

Between January 1997 and January 2000, we captured
260 

 

Turdus helleri

 

 with mistnets (no use of feeders or
playback). Each of the three thrush populations was
sampled 12 times, with a mean (

 

�

 

SD) capture session of
19 (

 

�

 

7) days and a mean (

 

�

 

SD) between-capture inter-
val of 70 (

 

�

 

38) days. Only one individual was recap-

tured in a fragment different from its original capture
site, compared with 289 within-fragment recaptures.
During 1850 hours of observation, no additional dis-
persal events were recorded, and genetic assignment
tests did not positively identify migrants in the current
generation (Galbusera et al. 2000). Recapture and sur-
vival rates were estimated with the program MARK
( White & Burnham 1999). Because time intervals be-
tween consecutive capture sessions were comparable
and adjustment of the intervals (on a pilot data set) did
not affect the outcome of the modeling, all time inter-
vals were set to one time unit.

We computed estimates of model parameters via nu-
merical maximum-likelihood techniques. We used a
parametric bootstrap procedure to test if a starting
model with time dependence in both recapture and sur-
vival rates adequately fit the data. We accomplished this
goodness-of-fit (GOF) testing by running 1000 simula-
tions and testing whether the observed model deviance
(i.e., deviance from the fit of the model to the original
data) fell within the distribution of the deviances from
the simulated data (i.e., simulated in absence of overdis-
persion or any violation of model assumptions). If so, we
estimated the overdispersion quasi-likelihood parameter
( ) and calculated quasi-likelihood AIC values (QAICc)
based on the number of estimable parameters. We for-
mally tested the significance of a variable by comparing
nested models with and without the variable of interest
with likelihood-ratio tests. First, we tested whether re-
capture and/or survival rates were time dependent by
comparing different models, those in which either sur-
vival or recapture—or both—varied with time and those
in which both rates were kept constant with respect to
time. By applying a stepwise forward procedure, we
next tested the significance of each grouping variable
(age, sex, population), individual covariate (FA, size, con-
dition, inbreeding coefficient), and two-way interaction
between these variables. Based on population-specific
survival rates (

 

S

 

), estimated over 70-day intervals, mean
life span (MLS) was computed as MLS 

 

�

 

 1/

 

�

 

ln

 

S

 

365/70

 

,
with 

 

�

 

2
MLS

 

 

 

�

 

 ((365/70)/(

 

S

 

*ln

 

S

 

2

 

)

 

2

 

)

 

2

 

*

 

�

 

2

 

S

 

 (delta method;
Lynch & Walsh 1998).

 

Fluctuating Asymmetry

 

Four persons, each unaware of the hypothesis tested to
ensure objectivity, made two independent measure-
ments of left and right tarsus length per capture to the
nearest 0.1 mm (sequence left-right-left-right or right-
left-right-left, with slide callipers reset to zero after each
measurement). We selected this trait for the study of
asymmetry because tarsus FA correlates with asymmetry
in a suite of other bilateral traits (Lens & Van Dongen
1999) and, among these, showed the highest level of be-
tween-capture repeatability (data not shown). Levels of
FA are usually subtle, typically in the order of 1% or less
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of the size of the trait (e.g., Møller & Swaddle 1997). Be-
cause the degree of asymmetry is so small and some
traits cannot be measured with high accuracy, measure-
ment error can be expected to cause an upward bias in
the between-sides variance if not appropriately cor-
rected ( Palmer & Strobeck 1986; Merilä & Björklund
1995; Van Dongen 1999, 2000). Therefore, tarsus asym-
metry was analyzed through mixed-regression analysis
with REML parameter estimation, which allows separa-
tion of measurement error from the analysis of left-right
asymmetry (Van Dongen et al. 1999

 

b

 

). First, we exam-
ined whether variance due to measurement error was
heterogeneously distributed between the three popula-
tions. Because this was not the case (likelihood-ratio
test: 

 

p

 

 

 

	

 

 0.05), we estimated a single error component.
Second, we separated measurement error from “real” FA
(i.e., variance components of the random side effect),
and tested for the presence of directional asymmetry by

 

F

 

 statistics (adjusting the denominator degrees of free-
dom by Satterthwaite’s formula; Verbeke & Molen-
berghs 1997). Third, we tested the significance of FA by
comparing the likelihood of models with and without
random side effect. Fourth, we calculated unbiased FA
values per individual as the variance components of the
slopes of the individual regression lines in the mixed-
regression model. Because individual, unsigned FA lev-
els did not vary with tarsus length (

 

r

 

s

 

 

 

�

 

 0.05, 

 

n

 

 

 

�

 

 255,

 

p

 

 

 

�

 

 0.43), no size scaling was performed.

 

Other Phenotypic and Genotypic Measures

 

Upon first capture, individuals were aged as juvenile or
fully grown on the basis of their plumage characteristics
(Zimmerman et al. 1996) and were sexed on the basis of
their highly conserved 

 

W

 

 chromosome–linked gene
CHD-W (Lens et al. 1998). We assessed individual size by
tarsus length, obtained by averaging all repeats over left
and right tarsi within each individual. Body mass was mea-

sured to the nearest 0.2 g. To reduce the possible effects of
time of capture on body mass, we analyzed only weights
obtained between 0900 and 1200 hours. Body mass sig-
nificantly increased with tarsus length, and we estimated
condition using the residuals derived from the regression
of log

 

e

 

(body mass) on log

 

e

 

(tarsus length) for all individu-
als pooled (Packard & Boardman 1987; Jakob et al. 1996).

A total of 237 

 

T. helleri

 

 was genotyped with six poly-
morphic microsatellite–DNA markers. Details on DNA ex-
traction and PCR amplification conditions are described
by Galbusera et al. (2000). Genotypes were scored on a
6% acrylamide gel in an automated sequencer (ALF ex-
press, Pharmacia Biotech). No allelic disequilibrium was
detected between any two loci, and all locus-population
combinations were in Hardy-Weinberg equilibrium.
Given the absence of a heterozygote deficit, null alleles
were assumed to be absent. Characteristics of the six
polymorphic microsatellite loci are described by Lens et

 

al. (2000). The probability that both alleles at any locus
are identical by descent (i.e., inbreeding coefficient 

 

f

 

; Fal-
coner & Mackay 1996) is traditionally estimated by the
proportion of homozygous loci in an individual. How-
ever, estimates of the probability of identity-by-descent
calculated from mean homozygosity at loci with different
expected levels of identity-by-state are biased downward.
Instead, we applied an unbiased estimator for individual
inbreeding coefficients ( ), originally developed by Rit-
land (1996), that combines information on the number
and frequency of all alleles for each marker loci into a sin-
gle coefficient as a weighted sum (for assumptions and
calculations see Ritland 1996; and Lens et al. 2000). Rit-
land estimates are typically hampered by large errors of
inference (Ritland 1996; Lynch & Ritland 1999) that lead
to conservative estimates of relationships with other vari-
ables of interest such as FA (e.g., Bollen 1989).

 

Results

 

Signed FA estimates showed no directional component,
in that population means of the signed FA did not signif-
icantly differ from zero (

 

F

 

 tests: Chawia, 

 

p

 

 

 

�

 

 0.95; Ngan-
gao, 

 

p

 

 

 

�

 

 0.77; Mbololo, 

 

p

 

 

 

�

 

 0.38). The leptokurtic distri-
bution patterns indicated substantial between-individual
variation in DI in the three populations (Kurtosis: 1.18 

 

�

 

K

 

 

 

�

 

 6.08; Shapiro-Wilks’s statistic: 0.74 

 

�

 

 

 

W

 

 

 

�

 

 0.86; all

 

p

 

 

 

�

 

 0.0001). Variance in the signed FA was consistently
larger than variance in measurement error (Chawia: 

 

V

 

FA

 

 

 

�

 

0.16, 

 

V

 

error

 

 

 

�

 

 0.006; Ngangao: 

 

V

 

FA

 

 

 

�

 

 0.05, 

 

V

 

error

 

 

 

�

 

 0.002;
Mbololo: 

 

V

 

FA

 

 

 

�

 

 0.02, 

 

V

 

error

 

 

 

�

 

 0.003) and was highly sig-
nificant in all three populations (likelihood-ratio tests: all

 

p

 

 � 0.0001). Population levels of the unsigned FA were
lowest in fragment Mbololo, intermediate in Ngangao,
and highest in Chawia (Fig. 1: F2,244 � 4.08, p � 0.018).
In contrast, mean tarsus length and residual body mass
did not differ between the three sites (Fig. 1: male tarsus

length, F2,150 � 0.26, p � 0.77; female tarsus length,
F2,95 � 0.68, p � 0.51; residual body mass, F2,257 � 1.32,
p � 0.27). As described by Galbusera et al. (2000), mean
inbreeding coefficients did not differ between the three
populations either (F2,234 � 1.61, p � 0.20), despite a
substantial decrease in allelic variability in population
Chawia. Mean FA, residual body mass, or inbreeding co-
efficients did not differ between sex and age classes, and
none of the individual covariates were significantly cor-
related after Bonferroni correction (data not shown; all
p 	 0.05).

A fully time-dependent model fit the data sufficiently
well (probability of observing the deviance of the fitted
model: p � 0.21) and was used as starting model. The level
of overdispersion was low (  � 1.25) and was adjusted by
calculation of QAICc values. Neither recapture nor survival
rates showed significant time dependence, so they were
kept constant with respect to time (Table 1). Recapture

f̂

ĉ
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rate did not differ between populations, ages, or sexes and
was not related to any of the individual covariates. Hence,
recapture rate was kept constant when survival rates were
modeled (Table 1). The probability of survival did not dif-
fer between ages or sexes, but was lower in the Chawia
population than in those of Ngangao and Mbololo (Fig. 1).
Given that survival rates differed between populations but
were constant in time, mean expected life spans (�SE)
were estimated at 1.4 � 2.4 years (Chawia), 2.6 � 2.3
years (Ngangao), and 3.0 � 2.2 years (Mbololo).

When the individual covariates and two-way interac-
tions with factor population were added to the model,
the probability of survival increased with condition and
decreased with FA (Table 1). Individuals with higher re-
sidual body masses survived better, irrespective of the
population involved (Fig. 2a). The negative relationship
between FA and survival, in contrast, differed between
populations, as was shown by a significant interaction
between FA and population (Table 1). This interaction
term remained significant after we tested for outlier ef-

Figure 1. Mean levels (�SE) of sur-

vival during 70-day intervals and 

of three putative indices of expected 

fitness in three T. helleri popula-

tions exposed to increasing levels of 

habitat disturbance. Because tarsus 

length significantly differed between 

sexes, population means are depicted 

separately for males and females 

( *, p � 0.05; NS, p 	 0.05). Popula-

tions: MB, Mbololo; NG, Ngangao; 

CH, Chawia.

Table 1. Likelihood-ratio statistics describing the effects of fluctuating asymmetry (FA) in tarsus length and other variables of interest on 
recapture and survival rates of 260 individuals of T. helleri.

Recapture rate Survival rate

Factor n 
2 df p 
2 df p

Time 260 15.30 10 0.12 14.95 10 0.13
Age 260 0.15 1 0.70 0.03 1 0.87
Sex 251 0.73 1 0.39 0.11 1 0.74
Population 260 3.24 2 0.20 6.34a 2 0.042a

FA 255 0.96 1 0.33 2.69 1 0.10
Size 259 2.59 1 0.11 0.45 1 0.50
Condition 260 0.57 1 0.45 6.24a 1 0.012a

Inbreeding coefficient 237 1.03 1 0.31 0.02 1 0.89
Population � FAb 255 0.17 2 0.92 7.17a 2 0.028a

Population � sizeb 259 0.32 2 0.85 0.55 2 0.76
Population � conditionb 260 0.28 2 0.87 0.47 2 0.79

aStatistically significant.
bAll other two-way interactions were not significant (p  	 0.05).
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fects by excluding the two most asymmetric individuals
from each population (FA � population: 
2

2 � 6.54, p �
0.038). In the Chawia population, survival was signifi-
cantly inversely related to FA (n � 18, 
2

1 � 5.64, p �
0.018; Fig. 2b). In the less disturbed populations, Ngan-
gao and Mbololo, more asymmetric individuals tended
to have lower survival prospects, albeit not significantly
(Ngangao: n � 70, 
2

1 � 3.44, p � 0.064; Mbololo: n �
167, 
2

1 � 1.24, p � 0.27; Fig. 2b).

Discussion

In agreement with our hypothesis, tarsus symmetry, but
not survival, was lower in the moderately disturbed pop-
ulation (Ngangao), whereas both symmetry and survival

were lower in the most disturbed population (Chawia)
than in the least disturbed population (Mbololo). In con-
trast, none of the other individual covariates showed a
significant response to habitat disturbance. At the indi-
vidual level, survival was lower in more asymmetric indi-
viduals, but the magnitude of the relationship decreased
with increasing forest quality. In the most degraded frag-
ment, FA and survival were strongly, inversely related,
whereas in the least degraded one they were not sig-
nificantly related. Because more asymmetric individuals
from the most disturbed population may have lower
probabilities of survival before being sampled (e.g.,
Møller 1997b), the degree of FA in Chawia can be ex-
pected to be even larger than inferred from our capture
data. Thrushes with higher residual body masses sur-
vived better, irrespective of the degree of habitat deteri-
oration, whereas size and inbreeding coefficients were
not significantly related to survival. Given the positive
relationship between individual FA and coefficients of
inbreeding in the Chawia population (and, to a lesser ex-
tent, that at Ngangao) (Lens et al. 2000), the latter may
have had an indirect effect on survival in these popula-
tions.

The generality of the association between FA and fit-
ness and the potential of FA to predict the fitness conse-
quences of changes in ambient stress levels have been the
subject of intense debate (e.g., Clarke 1995a, 1995b;
Markow 1995; Leung & Forbes 1996, 1997a, 1997b;
Møller 1997a; Clarke 1998a; Dufour & Weatherhead
1998; Bjorksten et al. 2000). Fluctuating asymmetry is
generated by random developmental processes, and de-
velopmentally unstable (i.e., low-quality) individuals may
therefore display low FA by chance. Consequently, rela-
tionships between FA and fitness have been predicted to
typically show triangular bivariate distributions: high vari-
ation in fitness at low FA and reduced fitness in a small
number of highly asymmetric individuals ( Leung &
Forbes 1997a). If so, low levels of FA would have little
predictive power, because they might either refer to
“true” high-quality individuals or “lucky” low-quality ones
(Palmer 1994; Whitlock 1996). But the various relation-
ships with tarsus FA, observed in this and earlier studies
of T. helleri, do not support such a pattern, given the lack
of symmetrical individuals with high inbreeding coeffi-
cients in the Chawia population (Lens et al. 2000), and
the fact that removing the most asymmetric individuals
from the three populations did not affect the relation-
ships between FA and survival (this study). Our study de-
sign does not allow rigorous testing of the correlation
among levels of stress, asymmetry, and fitness, because it
is based on only three statistically independent observa-
tions—three surviving populations. Hence, to examine
whether the concept of FA as an early warning system
can be generalized to other biological systems, future
studies should include population replicates within distur-
bance-treatment levels, whereby interactions between

Figure 2. Probability of survival of 260 individuals of 

T. helleri during 70-day intervals in (a) relation to re-

sidual body mass and (b) tarsus fluctuating asymme-

try (FA). Solid lines depict the estimated survival rates 

within the range of observed values of body mass and 

FA in each population. Dotted lines depict the predicted 

relationship in populations at Mbololo (MB) and Nga-

ngao (NG) for FA values observed in Chawia (CH).
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population-level factors and individual covariates can be
tested.

A strong association between fitness and asymmetry
under stressful conditions but not under more relaxed
ones might result from stress-mediated shifts in an ad-
mixture of FA with other types of bilateral asymmetry
(for a similar rationale see Rowe et al. 1997). Based on
predictions stemming from reaction-diffusion theory,
Graham et al. (1993) hypothesized transitions from fluc-
tuating to directional asymmetry, and/or antisymmetry,
with severe environmental or genetic stress. Increased
admixture of FA with directional asymmetry was shown
earlier in stressed populations of four other bird species
of the Taita Hills, for which larger sample sizes allowed
the use of powerful mixture analysis (Lens & Van Don-
gen 2000). But the potential mechanisms underlying
these transitions between asymmetry types, such as non-
linear feedback between left- and right-trait sides (Gra-
ham et al. 1993), are at present poorly understood. Alter-
natively, the stress dependency of relationships between
FA and fitness might result from the fact that both low-
and high-quality individuals—characterized by high and
low levels of FA, respectively—survive well in the ab-
sence of strong environmental stress, whereas low-qual-
ity ones succumb under more stressful conditions (Le-
ung & Forbes 1997b). Irrespective of the mechanism(s)
involved, the above results complement the consistent
association between FA and stress ( Lens et al. 1999b,
2000) and between FA of different traits ( Lens & Van
Dongen 1999) observed in T. helleri and a suite of sym-
patric forest birds. They further confirm that patterns of
bilateral trait asymmetry can predict fitness conse-
quences in populations of conservation concern.

When data from case studies such as the present one
are used to assess the applicability of FA in conservation
planning, it is crucial to take the level of analysis into ac-
count. In the majority of cases, the “population” is the
level of interest to conservationists, who aim to select the
most appropriate targets for conservation if resources are
restricted or to assess the extent and rate of recovery after
conservation action has been undertaken (Cairns et al.
1993). Population levels of FA have repeatedly responded
to distinct stressful events in free-living populations (e.g.,
Jagoe & Haines 1985; Zakharov & Yablokov 1989; Panka-
koski et al. 1992; Schandorff 1997; Badyaev 1998; Lens et
al. 1999b). Because our study provides evidence that
stress-mediated changes in asymmetry can actually pre-
cede detectable changes in more direct fitness compo-
nents, population FA should be regarded as a potential
early warning system (sensu Clarke 1995a). From a statis-
tical perspective, the accuracy of population FA estima-
tion is determined by the number of individuals and the
number of repeated measures within individuals relative
to measurement error (Van Dongen & Lens 2000b). Be-
cause the study of asymmetry does not require recap-
tures, adequate sample sizes are relatively easily obtained,

and estimation accuracy can be expected to be suffi-
ciently high in most population-level studies.

In specific cases, however, conservation needs to be
targeted to individuals rather than populations (e.g., dur-
ing the planning of translocation experiments to restore
demographic or genetic balances) (e.g., Tarr & Fleischer
1999; Galbusera et al. 2000), and accurate individual FA
estimates may be required. Unlike population FA, indi-
vidual estimates are generally hampered by low repeat-
ability due to high sampling variability (Whitlock 1996)
or proportionally large measurement error (Van Dongen
1998a) and are therefore considered crude estimates of
underlying developmental instability (Whitlock 1996;
Houle 1997; Van Dongen & Lens 2000a). Due to recent
statistical developments, various sources of bias in the
estimation of individual developmental instability can
now be detected and corrected for (reviewed by Van
Dongen et al. 2001). Yet the degree of error usually re-
mains substantial. The study of multiple traits could fur-
ther reduce this problem, but only at the cost of intensi-
fied fieldwork. Increased use of powerful statistical
tools, in combination with the study of synergistic inter-
actions between stresses (e.g., Parsons 1992; Palmer
1994; Lens et al. 2000), will further improve our knowl-
edge about the conditions under which fluctuating
asymmetry reliably reflects individual quality.

Acknowledgments

We thank D. Gitau, T. Imboma, S. Karimi, and E. Waiyaki
for taking field measurements, P. Galbusera, T. Schenck,
and T. Van de Casteele for help with the genetic analy-
ses, G. C. White for advice on the use of MARK, and T.
A. Brooks, John H. Graham, and three anonymous re-
viewers for helpful comments on the manuscript. Field-
and labwork were supported by Flemish Interuniversity
Council Project 02/6/7–338–607 funding to W.N. Ver-
heyen and E.M., and research grant G0111.97 of the
Fund for Scientific Research–Flanders (FWO–Flanders)
to E.M. L.L. and S.V.D. are senior research assistants with
FWO–Flanders.

Literature Cited

Badyaev, A. V. 1998. Environmental stress and developmental stability

in dentition of the Yellowstone grizzly bears. Behavioral Ecology 9:

339–344.

Bennett, D. M., and A. A. Hoffmann. 1998. Effects of size and fluctuat-

ing asymmetry on field fitness of the parasitoid Trichogramma

carverae (Hymenoptera: Trichogrammatidae). Journal of Animal

Ecology 67:580–591.

Bjorksten, T. A., K. Fowler, and A. Pomiankowsky. 2000. What does

sexual trait FA tell us about stress? Trends in Ecology and Evolution

15:163–166.

Bollen, K. A. 1989. Structural equations with latent variables. Wiley,

New York.



486 Asymmetry and survival in T. helleri Lens et al.

Conservation Biology

Volume 16, No. 2, April 2002

Brooks, T. 1997. Threatened birds of Kenya 9: Taita Thrush. Kenya

Birds 5:102–104.

Brooks, T., L. Lens, J. Barnes, R. Barnes, J. K. Kihuria, and C. Wilder.

1998. The conservation status of the forest birds of the Taita Hills,

Kenya. Bird Conservation International 8:119–139.

Cairns, J., P. V. McCormick, and B. R. Niederlehner. 1993. A proposed

framework for developing indicators of ecosystem health. Hydrobi-

ologia 263:1–44.

Clarke, G. M. 1993. Fluctuating asymmetry of invertebrate populations

as a biological indicator of environmental quality. Environmental

Pollution 82:207–211.

Clarke, G. M. 1995a. Relationships between developmental stability

and fitness: application for conservation biology. Conservation Bi-

ology 9:18–24.

Clarke, G. M. 1995b. Relationships between fluctuating asymmetry

and fitness: how good is the evidence? Pacific Conservation Biol-

ogy 2:146–149.

Clarke, G. M. 1998a. Developmental stability and fitness: the evidence

is not quite so clear. The American Naturalist 152:762–766.

Clarke, G. M. 1998b. The genetic basis of developmental stability. IV. Indi-

vidual and population asymmetry parameters. Heredity 80:553–561.

Clarke, G. M., and L. J. McKenzie. 1992. Fluctuating asymmetry as a

quality control indicator for insect mass rearing processes. Journal

of Economical Entomology 85:2045–2050.

Collar, N. J., A. J. Stattersfield, and M. J. Crosby. 1994. Birds to watch

2. The world list of threatened birds. BirdLife conservation series 4.

BirdLife International, Cambridge, United Kingdom.

David, P., A. Hingle, D. Greig, A. Rutherford, A. Pomiankowski, and K.

Fowler. 1998. Male sexual ornament size but not asymmetry re-

flects condition in stalk-eyed flies. Proceedings of the Royal Society

of London, Series B 265:2211–2216.

Dufour, K. W., and P. J. Weatherhead. 1998. Bilateral symmetry as an

indicator of male quality in Red-winged Blackbirds: associations

with measures of health, viability, and parental effort. Behavioral

Ecology 9:220–231.

Falconer, D. S., and T. F. C. Mackay. 1996. Introduction to quantitative

genetics. 4th edition. Longman, New York.

Gage, M. J. G. 1998. Influences of sex, size, and symmetry on ejaculate

expenditure in a moth. Behavioral Ecology 9:592–597.

Galbusera, P., L. Lens, T. Schenck, E. Waiyaki, and E. Matthysen. 2000.

Genetic variability and gene flow in the globally, critically-endan-

gered Taita thrush. Conservation Genetics 1:45–55.

Graham, J. H., D. C. Freeman, and J. M. Emlen. 1993. Antisymmetry, di-

rectional asymmetry, and dynamic morphogenesis. Genetica 89:

121–137.

Houle, D. 1997. Comment on ‘A meta-analysis of the heritability of de-

velopmental stability’ by Møller & Thornhill. Journal of Evolution-

ary Biology 10:17–20.

Hunt, J., and L. W. Simmons. 1997. Patterns of fluctuating asymmetry

in beetle horns: an experimental examination of the honest signal-

ing hypothesis. Behavioral Ecology and Sociobiology 41:109–114.

Jagoe, C. H., and T. A. Haines. 1985. Fluctuating asymmetry in fishes

inhabiting acidified and unacidified lakes. Canadian Journal of Zool-

ogy 63:130–138.

Jakob, E. M., S. D. Marshall, and G. W. Uetz. 1996. Estimating fitness: a

comparison of body condition indices. Oikos 77:61–67.

Kieser, J. A., and H. T. Groeneveld. 1991. Fluctuating odontometric

asymmetry, morphological variability, and genetic monomorphism

in the cheetah Acinonyx jubatus. Evolution 45:1175–1183.

Leamy, L. 1993. Morphological integration of fluctuating asymmetry in

the mouse mandible. Genetica 89:139–153.

Leary, R. F., and F. W. Allendorf. 1989. Fluctuating asymmetry as an in-

dicator of stress: implications for conservation biology. Trends in

Ecology and Evolution 4:214–217.

Lens, L., and S. Van Dongen. 1999. Evidence for organism-wide asym-

metry in five bird species of a fragmented afrotropical forest. Pro-

ceedings of the Royal Society of London, Series B 266:1055–1060.

Lens, L., and S. Van Dongen. 2000. Fluctuating and directional asym-

metry in natural bird populations exposed to different levels of

habitat disturbance, as revealed by mixture analysis. Ecology Let-

ters 3:516–522.

Lens, L., P. Galbusera, T. Brooks, E. Waiyaki, and T. Schenck. 1998.

Highly skewed sex ratios in the critically endangered Taita Thrush

as revealed by CHD genes. Biodiversity and Conservation 7:869–

873.

Lens, L., F. Adriaensen, and E. Matthysen. 1999a. Dispersal studies in

recently and historically fragmented forests: a comparison between

Kenya and Belgium. Pages 2480–2491 in N. J. Adams et al., editors.

Proceedings of the 22nd international ornithological congress.

BirdLife South Africa, Durban, Johannesburg.

Lens, L., S. Van Dongen, C. M. Wilder, T. M. Brooks, and E. Matthysen.

1999b. Fluctuating asymmetry increases with habitat disturbance

in seven bird species of a fragmented afrotropical forest. Proceed-

ings of the Royal Society of London, Series B 266:1241–1246.

Lens, L., S. Van Dongen, P. Galbusera, T. Schenck, E. Matthysen, and T.

Van de Casteele. 2000. Developmental instability and inbreeding in

natural bird populations exposed to different levels of habitat dis-

turbance. Journal of Evolutionary Biology 13:889–896.

Leung, B., and M. R. Forbes. 1996. Fluctuating asymmetry in relation to

stress and fitness: effect of trait type as revealed by meta-analysis.

Ecoscience 3:400–413.

Leung, B., and M. R. Forbes. 1997a. Modelling fluctuating asymmetry

in relation to stress and fitness. Oikos 78:397–405.

Leung, B., and M. R. Forbes. 1997b. Fluctuating asymmetry in relation

to indices of quality and fitness in the damselfly, Enallagma

ebrium (Hagen). Oecologia 110:472–477.

Ludwig, W. 1932. Das Rechts-Links Problem im Tierreich und beim

Menschen. Springer, Berlin.

Lynch, M., and K. Ritland. 1999. Estimation of pairwise relatedness

with molecular markers. Genetics 152:1753–1766.

Lynch, M., and B. Walsh. 1998. Genetics and analysis of quantitative

traits. Sinauer Associates, Sunderland, Massachusetts.

Manning, J. T., and A. T. Chamberlain. 1994. Fluctuating asymmetry in

gorilla canines: a sensitive indicator of environmental stress. Pro-

ceedings of the Royal Society of London, Series B 255:189–193.

Markow, T. A. 1995. Evolutionary ecology and developmental instabil-

ity. Annual Review of Entomology 40:105–120.

Merilä, J., and M. Björklund. 1995. Fluctuating asymmetry and mea-

surement error. Systematic Biology 44:97–101.

Møller, A. P. 1995. Developmental stability and ideal despotic distribu-

tion of blackbirds in a patchy environment. Oikos 72:228–234.

Møller, A. P. 1997a. Developmental stability and fitness: a review. The

American Naturalist 149:916–932.

Møller, A. P. 1997b. Developmental selection against developmentally

unstable offspring and sexual selection. Journal of Theoretical Biol-

ogy 185:415–422.

Møller, A. P. 1999. Asymmetry as a predictor of growth, fecundity and

survival. Ecology Letters 2:149–156.

Møller, A. P., and J. P. Swaddle. 1997. Asymmetry, developmental stabil-

ity, and evolution. Oxford University Press, Oxford, United Kingdom.

Møller, A. P., and R. Thornhill. 1998. Bilateral symmetry and sexual se-

lection: a meta-analysis. The American Naturalist 151:174–192.

Packard, G. C., and T. J. Boardman. 1987. The misuse of ratios to scale

physiological data that vary allometrically with body-size. Pages

216–239 in E. F. Feder, A. F. Bennett, W. W. Burggren, and R. B.

Huey, editors. New directions in ecological physiology. Cambridge

University Press, Cambridge, United Kingdom.

Palmer, A. R. 1994. Fluctuating asymmetry analyses: a primer. Pages

335–364 in T. A. Markow, editor. Developmental stability: its ori-

gins and evolutionary implications. Kluwer Academic Publishers,

Dordrecht, The Netherlands.

Palmer, A. R., and C. Strobeck. 1986. Fluctuating asymmetry: measure-

ment, analysis and patterns. Annual Review of Ecology and System-

atics 17:391–421.



Conservation Biology

Volume 16, No. 2, April 2002

Lens et al. Asymmetry and survival in T. helleri 487

Palmer, A. R., and C. Strobeck. 1992. Fluctuating asymmetry as a mea-

sure of developmental stability: implications of non-normal distri-

butions and power of tests. Acta Zoology Fennica 191:57–72.

Pankakoski, E., I. Koivisto, and H. Hyvärinen. 1992. Reduced develop-

mental stability as an indicator of heavy metal pollution in the com-

mon shrew Sorex araneus. Acta Zoologica Fennica 191:137–144.

Parsons, P. A. 1990. Fluctuating asymmetry: an epigenic measure of

stress. Biological Review 65:131–154.

Parsons, P. A. 1992. Fluctuating asymmetry: a biological monitor of en-

vironmental and genomic stress. Heredity 68:361–364.

Polak, M., and R. Trivers. 1994. The science of symmetry in biology.

Trends in Ecology and Evolution 9:122–124.

Ritland, K. 1996. Estimators for pairwise relatedness and individual in-

breeding coefficients. Genetical Research 67:175–185.

Rowe, L., R. R. Repasky, and A. R. Palmer. 1997. Size-dependent asym-

metry: fluctuating asymmetry versus antisymmetry and its rele-

vance to condition-dependent signalling. Evolution 51:1401–1408.

Schandorff, S. 1997. Developmental stability and skull lesions in the

harbour seal (Phoca vitulina) in the 19th and 20th centuries. An-

nales Zoologici Fennici 34:151–166.

Sommer, C. 1996. Ecotoxicology and developmental stability as an in

situ monitor of adaptation. Ambio 25:374–376.

Tarr, C. L., and R. C. Fleischer. 1999. Population boundaries and ge-

netic diversity in the endangered Mariana crow (Corvus kubaryi).

Molecular Ecology 8:941–949.

Van Dongen, S. 1998a. How repeatable is the estimation of develop-

mental stability by fluctuating asymmetry? Proceedings of the Royal

Society of London, Series B 265:1423–1427.

Van Dongen, S. 1998b. The distribution of individual fluctuating asym-

metry: why are the coefficients of variation of the unsigned FA so

high? Annales Zoologici Fennici 35:79–85.

Van Dongen, S. 1999. Accuracy and power in fluctuating asymmetry

studies: effects of sample size and number of within-subject re-

peats. Journal of Evolutionary Biology 12:547–550.

Van Dongen, S. 2000. Unbiased estimation of individual asymmetry.

Journal of Evolutionary Biology 13:107–112.

Van Dongen, S., and L. Lens. 2000a. The evolutionary potential of devel-

opmental instability. Journal of Evolutionary Biology 13:326–335.

Van Dongen, S., and L. Lens. 2000b. Symmetry, size, and stress. Trends

in Ecology and Evolution 15:330.

Van Dongen, S., L. Lens, and G. Molenberghs. 1999a. Mixture anal-

ysis of asymmetry: modelling directional asymmetry, antisymmetry

and heterogeneity in fluctuating asymmetry. Ecology Letters 2:

387–396.

Van Dongen, S., G. Molenberghs, and E. Matthysen. 1999b. The statisti-

cal analysis of fluctuating asymmetry: REML estimation of a mixed

regression model. Journal of Evolutionary Biology 12:94–102.

Van Dongen, S., E. Sprengers, C. Löfstedt, and E. Matthysen. 1999c. Fit-

ness components of male and female winter moths (Operophtera

brumata L.) (Lepidoptera, Geometridae) relative to measures of

body size and asymmetry. Behavioral Ecology 6:659–665.

Van Dongen, S., L. Lens, and G. Molenberghs. 2002. Recent develop-

ments and shortcomings in the analysis of individual asymmetry:

Can Bayesian statistics help us? Pages 387–396 in M. Polak, editor.

Developmental instability: causes and consequences. Oxford Uni-

versity Press, Oxford, United Kingdom.

Verbeke, G., and G. Molenberghs. 1997. Linear mixed models in prac-

tice: a SAS–oriented approach. Lecture notes in statistics 126.

Springer-Verlag, New York.

White, G. C., and K. P. Burnham. 1999. Program MARK: survival esti-

mation from populations of marked animals. Bird Study 46(sup-

plement):120–138.

Whitlock, M. 1996. The heritability of fluctuating asymmetry and the

genetic control of developmental stability. Proceedings of the

Royal Society of London, Series B 263:849–854.

Wilder, C. M., T. M. Brooks, and L. Lens. 2000. Vegetation structure

and composition of the Taita Hills forests. Journal of the East Afri-

can Natural History Society 87:181–187.

Woods R. E., C. M. Sgro, M. J. Hercus, and A. A. Hoffmann. 1999. The

association between fluctuating asymmetry, trait variability, trait

heritability, and stress: a multiply replicated experiment on com-

bined stresses in Drosophila melanogaster. Evolution 53:493–505.

Zakharov V. M., and A. V. Yablokov. 1989. Skull asymmetry in the Baltic

grey seal: effects of environmental pollution. Ambio 19:266–269.

Zimmerman D. A., D. A. Turner, and D. J. Pearson. 1996. Birds of

Kenya and northern Tanzania. Christopher Helm, London.


