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Fluctuating asymmetry as a putative marker of
human-induced stress in avian conservation

LUC LENS and HILDE EGGERMONT

Summary

As anthropogenic stress increasingly affects the viability of natural populations of animals and
plants, conservation ecologists are challenged to identify vulnerable populations before their
demographic and/or genetic properties become irreversibly affected. Since traditional biomarkers
of anthropogenic stress are often cumbersome to measure, and populations may thus go extinct
before appropriate data can be obtained, there is a growing interest in individual-based markers
that do not require repeated captures, are relatively easy to measure, and allow mitigating action
one step ahead. One such marker, left-right asymmetry in bilateral symmetrical traits
(“fluctuating asymmetry”’, FA) has become an established bioassay of the quality and health of
individuals and populations in evolutionary-ecological studies. However, the lack of a theoretical
framework that predicts under which ecological conditions relationships between FA, stress and
fitness can be expected, continues to hamper the use of FA in applied conservation. Here, we
briefly review the concept, measurement and analysis of FA, and appraise its expediency in a
selection of 21 avian studies covering environmental or genetic stress commonly encountered in
conservation biology. The majority of studies met the basic statistical requirements of FA
analysis, and two-thirds reported significant, positive relationships with environmental or
genetic stress, although with substantial variation among traits, stresses, ages and sexes. In most
cases, the observed heterogeneity in relationships with FA could be explained by taking into
account both methodological and conceptual issues. Effect sizes ranged from very small (0.02) to
very large (0.76), with a weighted average of 0.30, indicating that on average 9% of variance in
the variable of interest was explained by FA. Given the intrinsic difficulties associated with FA
analysis, conservation ecologists are advised to combine information from FA with that of other
individual-based biomarkers, such as the study of growth-bar dimensions on developing
feathers.

Introduction

Anthropogenic factors increasingly stress natural populations of plants and animals in various
and intricate ways, and bioassays are urgently needed that can detect such effects before
populations become irreversibly affected. In recent decades, ecologists have studied a wide range
of indicators to assess the level of anthropogenic changes on populations. Measures include biotic
and abiotic properties of habitats (size, shape, structure, composition, connectivity) and
communities (components of species diversity, presence of keystone, umbrella or indicator
species, complexity of trophic interactions) (Bergman et al. 2004, Chave and Norden 2007,
Diekotter et al. 2007, Fischer and Lindenmayer 2007, Hendrickx et al. 2007 and references
therein) and single-species traits (density, sex- or age-structure, population growth rates:
Holmes et al. 1996, Burke and Nol 2001, Habib et al. 2007). While often instructive and
biologically relevant, such indicators commonly share conceptual and practical problems. First, it
is generally unknown which biotic and/or abiotic components (resource limitation,
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environmental impact of pollutants or predators, genetic effects, etc.) most strongly affect a
species or community, and to what degree these factors may interact. Second, the most
appropriate spatial scale at which to measure environmental variables (core activity area, home
range, study plot, habitat fragment, landscape) may be hard to predict, yet strongly influences
the strength or direction of biological relationships (Lens et al. 2002c, Willis and Whittaker
2002). Third, environmental variables may show daily, seasonal or yearly fluctuations, or the
level of sensitivity of species may vary by age. Hence, knowledge of appropriate temporal scales
of measurement is also a basic requirement.

One way to overcome such problems is to study individual-based markers as a proxy for
broader-scale biological phenomena. However, the study of traditional endpoints such as
survival and reproduction is generally cumbersome, time-consuming and expensive, and may
therefore be of limited use when populations face the risk of going extinct. A second-best option
is to study phenotypic or physiological proxies of fitness, such as body size, body mass, fat-free
mass, quality or quantity of hormones (or other components of blood or urine), or the rate or
precision of growth processes. As the sensitivity of these proxies to particular types of
anthropogenic effects is generally unknown (or can only be assessed post hoc), candidate markers
should preferably be applicable to diverse biological systems and organisms (Huggett et al.
1992). To allow proper conservation action, they should also not involve lethal sampling,
exhaustive training or expensive equipment, and stress-mediated changes should be detectable
before direct components of fitness are compromised (see Leung et al. 2001 for a more
exhaustive list of criteria to evaluate biomarkers). Fluctuating asymmetry (FA, small random
deviations from left-right symmetry in bilateral traits: Ludwig 1932) is believed to fulfill most of
the above criteria, based on its presumed ease, low cost, and non-lethality of measurement, its
broad application range (a wide variety of organisms show bilaterally symmetrical traits) and
link to fundamental life-history components that are more laborious to measure (Meller 1997),
its higher sensitivity to stress effects than more direct components of fitness (i.e. survival, Clarke
and McKenzie 1992), and its ability to account for synergistic interactions between stresses, and
hence to provide a more accurate picture of overall organism quality (Mayer et al. 1992, Clarke
1993).

In recent decades, a large number of FA studies have been conducted on vertebrates,
invertebrates and plants (see Moller and Swaddle 1997 for reviews). Some (but not all) of these
studies reported increased FA levels when individuals were exposed to exogenous (environ-
mental) stress (Parsons 1990, 1992, Polak and Trivers 1994, Meller and Swaddle 1997) or
suffered from endogenous (genetic) stress due to inbreeding (Soulé 1979, Vrijenhoek and
Lerman 1982, Leary et al. 1983, 1984, 1985, Clarke et al. 1992, Moller and Swaddle 1997, Lens et
al. 2000) or disruption of coadapted gene complexes (Graham 1992, Alibert and Auffray 2003,
Erbout et al. in press). Following the publication of two influential papers by Leary and
Allendorf (1989) and Clarke (1995), FA has also been promoted as a potential biomarker in
conservation biology. Two studies on birds illustrate this case particularly well. In a study on
Barn Swallows Hirundo rustica, Meller (1993) showed a significant increase in male tail feather
FA in birds captured in Chernobyl after the 1986 nuclear accident compared to pre-1986
museum samples from the same site and concurrent samples from an uncontaminated site. More
asymmetric males bred later than symmetric ones, whereas no phenotypic changes were
measured in females, nor in three other morphological variables in both sexes. In a study of
seven Afrotropical bird species, Lens et al. (1999) showed a four- to sevenfold increase in tarsus
FA in relation to forest degradation, also in comparison with museum specimens collected 50
years before. In addition, tarsus FA proved to be a more sensitive marker of environmental stress
than survival (Lens et al. 2002b), hence supporting the notion that FA may predict future stress-
mediated changes in fitness before populations become irreversibly affected (early warning
system sensu Clarke 1995).

Yet, despite these and other cases whereby FA was clearly informative in a conservation
context, the utility of FA as a biomarker of anthropogenic stress remains the subject of vivid
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debate. First, there is no consensus whether other types of bilateral asymmetry (directional
asymmetry and anti-symmetry) also reflect the homeostatic ability of individuals (Lens and Van
Dongen 2000). Second, relationships of FA with environmental stress, inbreeding and various
components of fitness are often organism-, trait- or stress-dependent (e.g. Lens et al. 2002a) and
generally weak (Leung and Forbes 1996). Third, despite substantial improvements in the
statistical treatment of asymmetry data, the underlying mechanisms of developmental
homeostasis remain poorly known (Van Dongen 2007). Fourth, as is the case with all scientific
phenomena, adequate appraisal of FA may further be hampered by selective reporting, i.e. the
reduced likelihood of reporting non-significant research findings (sensu Begg 1994). Selective
reporting is believed to conform with the notion of a scientific “revolution’”” (Kuhn 1970), in
which the early phase of a new field of research is characterized by a publication bias toward
positive results, a less critical approach to research, or both (Simmons et al. 1999). However,
based on visual inspection of funnel graphs (Light and Pillemer 1984; but see Terrin et al. 2005
for a critical view on this tool), Lens et al. (2001) did not find evidence for selective reporting in a
meta-analysis of relationships between FA and stress.

In view of the continued interest in FA as a putative marker of human-induced stress in avian
conservation, and the accumulating body of literature on this topic, we here provide a concise
overview of the concept, measurement and technicalities associated with the analysis of FA data.
Next, we present a list of 21 non-experimental studies on tropical and temperate bird species in
which FA has been used as a marker of anthropogenic stress. Rather than exploring general
relationships by pooling effect sizes in a formal meta-analysis, we aim to assess the usefulness of
FA in individual case studies, i.e. under logistic and time constraints usually encountered in the
field of applied conservation.

Concept and analysis of fluctuating asymmetry (FA)

FA as a measure of developmental stability

Left and right sides of bilateral traits, such as wings, legs or eyes, often show small deviations
from perfect symmetrical development. As corresponding body sides share a single genome and
tend to experience identical external effects, such deviations cannot be due to genetic or
environmental effects per se (Reeve 1960). Rather, the observed asymmetries are believed to
reflect the inability of individuals to buffer their development against small, random
perturbations (‘‘developmental noise”: Palmer 1994; Auffray et al. 1999). Mechanisms
underlying such developmental noise are still poorly understood, yet most likely involve
perturbations of cellular processes or random variation in physiological rates, both of which may
affect rates of cell growth, division, or elongation (Palmer 1994, McAdams and Arkin 1999,
Fiering et al. 2000). Innate homeostatic processes buffering the disruptive effects of
developmental noise during ontogeny (developmental stability) generally cause a decrease in
the magnitude of left-right asymmetries as bilateral traits develop (e.g. Swaddle and Witter
1997, Talloen et al. in press). As a result, non-directional deviations in the development of
bilaterally symmetrical traits may be viewed as the outcome of two opposing forces: those
tending to disrupt development (developmental noise) and those tending to stabilize it
(developmental stability) (Van Valen 1962, Palmer 1994, Klingenberg and Nijhout 1999).

The degree of developmental stability of individuals or populations is most often estimated by
their level of FA (Ludwig 1932). FA refers to a pattern of bilateral variation in a sample of
individuals, where the mean of right minus left values of a trait is zero and the variation is
normally distributed about that mean (Palmer 1994). The appeal of FA as a measure of
developmental stability is fourfold. First, FA is one of few morphological attributes for which the
norm, i.e. perfect symmetry, is known (Palmer 1996). Second, FA is believed to be a more
sensitive marker of stress than traditional fitness measures (e.g. survival: Clarke and McKenzie
1992, Lens et al. 2002b). Third, adequate sample sizes can rather easily be obtained, especially
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when compared to estimates of survival or (lifetime) reproduction success that often require
(multiple) recaptures or the fulfilment of stringent model assumptions. Fourth, measurement of
FA does not require expensive equipment and can be conducted in a non-destructive manner.

Exogenous or endogenous factors may affect FA by increasing the amount of developmental
noise, by decreasing the level of developmental stability, or both (Klingenberg and Nijhout 1999,
Klingenberg 2001). Early studies on individual and population levels of FA revealed positive
relationships with a wide range of abiotic, biotic and genetic stress effects, yet they also showed
variable effects among taxa, traits and types of stress (e.g. Leary and Allendorf 1989, Kieser and
Groeneveld 1991, Palmer and Strobeck 1992, Parsons 1990, 1992, Clarke 1993, 1995, Polak and
Trivers 1994, Lens et al. 1999, 2000). In a review of 21 experimental tests of relationships
between FA and environmental stress (Bjorksten et al. 2000), one-third of the studies showed a
consistent increase in FA with stress, one-third showed a trait- or stress-specific increase, and
one-third showed no effect. Despite the debate between advocates and critics of the use of FA as a
bioassay, attempts to understand the factors that may cause such observed discordance in
reported relationships, remain surprisingly scarce.

Measurement and analysis of FA

One of the most attractive properties of FA is the relative ease with which measurements can be
taken. Most animal species, and vertebrates in particular, possess multiple bilateral traits that are
potentially suitable for the study of FA. In birds, traits comprise tarsi, homologous pairs of
primaries, secondaries, tertials and rectrices, and various secondary sexual characteristics (wing-
bars, eye-rings, supercilia, streamers, wattles, etc.). Apart from external traits, some avian
studies have also included skeletal measurements. However, as the latter implies sacrificing
individuals (e.g. Karvonen et al. 2003) or the use of expensive equipment (e.g. X-rays: Van
Nuffel et al. 2007), such measurements seem less suitable for conservation studies. Unlike many
other biomarkers, FA can also be measured on dead animals, such as museum specimens. When
comparing museum specimens with live birds, possible effects of (directional) post mortem
shrinkage should be taken into account (Bjordal 1983; see Moller 1993, Lens et al. 1999 for valid
comparisons).

To be able to separate measurement error (ME) from left-right asymmetry in trait dimensions
(number, size, area or shape), at least two measurements or counts at each trait side are required.
To maximize the level of statistical independence, repeated measurements are typically taken as
sequences of left 1, right 1, left 2, right 2, or right 1, left 1, right 2, left 2. Depending on the level
of measurement accuracy, a higher number of repeats per trait side may be required in order to
maximize the probability of detecting left-right asymmetries (Van Dongen 1999, Van Poucke
et al. in press). Prior to the collection of extensive datasets, it is therefore recommended to
estimate the proportion of variation in trait size due to ME (i.e. between repeated measurements
within sides) and FA (i.e. between sides) (see Van Dongen 1999 for a discussion of effects of
sample size on accuracy and power in FA studies).

While some studies suggest that FA, directional asymmetry (DA; normal distribution with
non-zero mean) and anti-symmetry (AS; bimodal distribution with zero mean) form part of a
continuum and may all represent the ability of an individual to develop along a stable pathway
(Graham et al. 1993, Lens and Van Dongen 2000, Kark et al. 2001), DA and AS are generally
considered inappropriate for the estimation of developmental stability, owing to their presumed
heritable component (Palmer and Strobeck 1992, Palmer et al. 1994; but see Leamy 1999 for an
example of low heritability of DA). When estimating individual or population levels of FA,
therefore, it is necessary to test for DA and AS and, if present, to correct for it. Statistical
analysis of FA hence typically comprises four consecutive steps: (i) to estimate the variance due
to ME and test whether is heterogeneously distributed among samples (e.g. populations, years,
treatments); (ii) to separate ME from FA and test for DA and AS; (iii) to verify the statistical
significance of FA; and (iv) to compute a single unbiased FA value per individual.
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Various statistical protocols have been developed to perform these tests. The mixed regression
model with restricted maximum likelihood (REML) parameter estimation, developed by Van
Dongen et al. (1999), is both comprehensive and user-friendly as it can be performed with
standard statistical software. The outcome of the analysis is a list of individual FA estimates that
constitute the raw data for hypothesis-testing at individual level (regressing FA with estimates
of health, survival or reproductive success) or at population level (comparing FA between
populations, treatments or years). To examine which traits are most suitable for hypothesis-
testing, Van Nuffel et al. (2007) developed a selection protocol based on the statistical
significance of FA, the absence of other types of bilateral asymmetry, the absence of between-
trait correlation in signed FA values, and the level of signal(FA)-to-noise(ME) ratio. After final
selection of the appropriate traits, multiple-trait estimates can be analysed with the use of
composite indices of FA, through multivariate analysis, or by structural equation modelling (see
Lens et al. 2002a).

FA as a marker of stress in avian conservation

To appraise the value of FA as a bioassay of human-induced stress in avian conservation, we
searched the electronic databases Current Contents’ and Web of Science’ by submitting
different combinations of the keywords “fluctuating asymmetry’’, “‘bilateral asymmetry”,
“’/developmental stability’”” and “‘birds”’. This produced a list of 151 case studies, all of which we
managed to retrieve. Subsequently, we excluded functional-morphological studies, studies on
domesticated species, and experimental studies. While the latter may provide more powerful
evidence than correlational studies, we specifically aimed at assessing the suitability of FA as a
marker of stress under natural conditions where relationships are typically confounded by
various sources of unexplained variation. We retained studies addressing distributional edge
effects, effect of drought, extreme weather events, fire, and parasites, as these may increasingly
affect natural populations under global change. After selection, we obtained a subsample of 21
case studies which we believe are representative of conditions frequently encountered in avian
conservation biology.

Each selected paper was independently screened by both authors to extract the following
information: country of study, habitat type, type of stress and/or life-history trait involved in
hypothesis-testing, species, life stage, number of individuals (nests, populations), and bilateral
trait type(s). From a statistical perspective, we determined whether hypothesis-testing was
conducted at the population level (i.e. averaging values across nests, populations, species,
assemblages, etc.) or at the individual level. We further determined whether or not repeated
measurements were taken and directional asymmetry and anti-symmetry was examined and, if
present, corrected for (both properties serve as a crude indicator of the statistical robustness of
FA estimation; see above). Statistics describing the strength, direction or significance of
relationships between individual- or population-level estimates of FA and stress (i.e. sample
means, P-values, r,-values, F-values, U-values, etc.) were translated into a standard measure of
effect size (Rosenthal 1991) using the program META-ANALYSIS 5.3 (Schwarzer 1989). Based
on developmental theory (see above), we used positive effect sizes (r) to indicate positive
relationships between FA and stress. Since effect sizes were merely used for descriptive (rather
than analytical) purposes, multiple outcomes of the same study were treated as independent data
when calculating average effect sizes, weighted by sample size. After screening each paper, all
first authors were contacted to evaluate the accuracy of our assessment and provide additional
information, if available.

Case studies comprised temperate as well as tropical species, both passerines and non-
passerines, and were conducted in a variety of habitats ranging from temperate urban areas to
tropical rainforests (Table 1). Presumed stress effects were related to degradation or
fragmentation of natural habitats (edge effects, isolation, vegetation structure, desiccation, food
limitation), environmental pollution (pesticides, heavy metals, radioactivity), infection with
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Table 1. Avian field studies (1993—2007) using FA as bioassay for human-induced stress effects. RM, repeated measurements; DA, test for directional asymmetry; AS, test for =
anti-symmetry; yes(+), significant result in expected direction; yes (—), significant result but not in expected direction; n.a., not applicable. See text for details on selection &
criteria. a
Reference Country  Habitat Stress Level Species Age/Sex # individuals Bilateral trait  Individual RM DA AS Significant Effect §
or nests covariate effect size =
Anciaes Brazil (semi- habitat population  Dysithamnus not specified 28 ind. flattened wing yes yes yes no 0.02 =
and Marini deciduous) fragmentation mentalis length o
2000 tropical 09
rainforest 0(3
30 ind. tarsus yes yes yes yes (+) 0.37 3
length §
Conopophaga not specified 48 ind. flattened wing yes yes yes yes (+) 0.29 3
lineata length -
45 ind. tarsus yes yes yes no 0.07
length
Platyrinchus  not specified 52 ind. flattened wing yes yes yes yes (+) 0.29
mystaceus length
53 ind. tarsus yes yes yes yes (+) 0.28
length
Turdus not specified 82 ind. flattened wing yes yes yes no 0.12
albicollis length
82 ind. tarsus yes yes yes yes (+) 0.20
length
Tachyphonus not specified 62 ind. flattened wing yes yes yes no 0.05
coronatus length
52 ind. tarsus yes yes yes no 0.17
length
Trichothraupis not specified 99 ind. flattened wing yes yes yes no 0.07
melanops length
95 ind. tarsus yes yes yes yes (+) 0.23
length
Bustnes Norway  coastal organochlorine individual ~ Larus adults 86 ind. 3rd PCB-99 yes yes yes yes(4) 0.22
et al. 2002 breeding (OC) pollution hyperboreus primary concentration
colony length
PCB-118 yes yes yes yes (+) 0.24
concentration
PCB-138 yes yes yes no 0.21
concentration
PCB-153 yes yes yes no 0.19
concentration
PCB-170 yes yes yes no 0.18
concentration
PCB-180 yes yes yes no 0.18 E_{i
concentration I
e}



https://doi.org/10.1017/S0959270908000336

ssald AusiaAun aBpuguied Ag auluo paysiiand 9£0008060/265605//L0L°01/610°10p//:sd1y

Table 1. Continued.

Reference Country ~ Habitat Stress Level Species Age/Sex # individuals Bilateral trait  Individual RM DA AS Significant Effect
or nests covariate effect size
Oxychlordane yes yes yes yes (+) 0.21
concentration
DDE yes yes yes yes (+) 0.26
concentration
HCB yes yes yes yes (+) 0.32
concentration
Bustnes Norway  coastal organochlorine individual  Larus males” 10 ind. 3rd primary PCB yes yes yes yes (+) 0.63
et al. 2007 breeding (OC) pollution marinus length concentration
colony
HCB yes yes yes no -
concentration
Oxychlordane yes yes yes no =
concentration
p,p’-DDE yes yes yes no =
concentration
B-HCH yes yes yes no =
concentrarion
Brown USA cliffs, severe individual ~ Petrochelidon fledglings/ 1090 ind. outer survival yes yes yes yes (+) 0.41
and Brown bridges, weather pyrrhonota  adults rectrix
1998 buildings conditions length
(food stress)
unflattened yes yes yes yes(4) 0.69
wing length
tarsus length yes yes yes no 0.35
Brown USA bridges, severe individual ~ Hirundo male 16 ind. unflattened survival yes yes vyes yes(+)’ 054
and Brown buildings, weather rustica wing length
1999 highway conditions
culverts (food stress)
outer rectrix yes yes yes no 0.48
length
female 29 ind. unflattened yes yes yes no 0.31
wing length
outer rectrix yes yes yes no 0.42
length
Carbonell Spain mixed drought population  Sylvia fledglings/ 173 ind. tarsus length yes yes yes yes (+) 0.32
and Telleria forest along atricapilla adults
1998 a drought
gradient
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Table 1. Continued.

Reference Country  Habitat Stress Level Species Age/Sex # individuals Bilateral trait  Individual RM DA AS Significant Effect
or nests covariate effect size
Carbonell Spain mixed drought population  Sylvia fledglings/ 95 ind. rectrix length yes yes yes no 0.03
and Telleria forest along atricapilla adults
1999 a drought
gradient
98 ind. rectric mass no yes yes no 0.18
95 ind rectrix mass/ na na na yes(+) 0.28
length
Carbonell Spain gradient drought population  Sylvia fledglings/ 97 ind tarsus yes yes yes yes (+) 0.22
et al. 2003 from moist atricapilla adults length
mixed
forest to
Cuervo Colombia tropical habitat population 142 forest not specified 1545 ind. outermost yes yes vyes yes(+)* 0.08
and Restrepo premontane fragmentation passerines rectrix length
2007 moist forest
158 forest not specified 1740 ind. tarsus yes yes vyes yes(+H)* 016
passerines length
Dauwe Belgium  deciduous air pollution population  Parus fledglings/ 150 ind. outermost yes yes yes yes(—)  —0.35
et al. 2006 parkland (heavy metals) major adults rectrix length
De Santo Chile temperate habitat population  Sclerochilus ~ nestlings 106 nests tarsus no no no no <o0.10°
et al. 2002 rainforest fragmentation rubecula length
gth no no no no <o.10°
primary length
flattened no no no no <o0.10°
wing length
Eeva Finland  mixed air pollution individual ~ Parus major  nestlings 48 nests 3rd distance no yes vyes yes(+) 0.47
et al. 2000 forests in (heavy metals) primary from
vicinity of length pollution
copper smelter source
outermost no yes yes no =
rectrix length
tarsus length no yes yes no -
Ficedula nestlings 37 nests 3rd no yes yes no =
hypoleuca primary
length
outermost no yes yes no =
rectrix length
tarsus length no yes yes yes(+) 0.57
tarsus width no yes yes no =
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Table 1. Continued.

Reference Country  Habitat Stress Level Species Age/Sex # individuals Bilateral trait  Individual RM DA AS Significant Effect
or nests covariate effect size
individual ~ Parus major  nestlings 48 nests 3rd primary breeding no yes yes no -
length success
outermost no yes yes no =
rectrix length
tarsus length no yes vyes yes(—) —046
Ficedula nestlings 37 nests 3rd primary no yes yes no =
hypoleuca length
outermost no yes yes no -
rectrix length
tarsus length no yes yes yes(4) 0.35
tarsus width no yes yes no -
Herrando Spain Mediterranean fire population  Sardinian unmoulted 24 ind. rectrix length yes yes yes yes (4) 0.42
and Brotons shrubland warbler juveniles
2001
moulted 12 ind. rectrix length yes yes yes no 0.23
juveniles
adults 11 ind. rectrix length yes yes yes no —0.30
LeClerc USA golf course vs  loss of native ~ population  Sialia sialis  nestlings 85 nests tarsus length yes yes yes yes(—) —0.46
et al. 2005 grassland vegetation
communities,
pesticides
Lens and Kenya tropical habitat population  Nectarinia adults 238 ind. tarsus length yes yes vyes yes(+)° 038
Van Dongen cloud forest fragmentation olivacea
1999
193 ind. pectoral tuft yes yes yes 0.46
width
Andropadus  adults 98 ind. tarsus length yes yes yes 0.53
milanjensis
89 ind. cheek patch yes yes yes 0.41
width
Pogonocichla  adults 269 ind. tarsus length yes yes yes 0.40
stellata
141 ind. pre-ocular yes yes yes 0.39
spot width
84 ind. pre-ocular yes yes yes 0.61
spot height
Zoserops adults 122 ind. tarsus length yes yes yes 0.50
siloanus
104 ind. eye ring width yes yes yes 0.32
104 ind. eye ring height yes yes yes 0.32
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Table 1. Continued.

Reference Country  Habitat Stress Level Species Age/Sex # individuals Bilateral trait  Individual RM DA AS Significant Effect
or nests covariate effect size
Turdus adults 91 ind. tarsus length yes yes yes 0.67
helleri
96 ind. post-ocular yes yes yes 0.37
patch width
69 ind. rextric length yes yes yes 0.63
Lens et al. Kenya tropical habitat individual ~ Turdus adults 18 ind. tarsus length  inbreeding yes yes yes yes(+)° 0.60
2000 cloud forest fragmentation helleri (pop. 1)
67 ind. rextrix length yes yes yes 0.54
(pop. 1)
152 ind. postocular yes yes yes 0.26
patch width
(pop- 1)
14 ind. tarsus length yes yes yes yes (+)° 0.22
(pop. 2)
53 ind. rextrix length yes yes yes 0.20
(pop. 2)
102 ind. postocular yes yes yes 0.17
patch width
(pop. 2)
15 ind. tarsus length yes yes yes no® 0.00
(pop- 3)
58 ind. rextrix length yes yes yes 0.00
(pop. 3)
122 ind. postocular yes yes yes 0.00
patch width
(pop- 3)
Lens et al. Kenya tropical habitat individual ~ Turdus adults 18 ind. tarsus length  survival yes yes yes yes (4) 0.49
2002 cloud forest fragmentation helleri
Maul and USA agricultural cholinesterase-  population  Cardinalis not specified 82 ind. tarsus width yes yes yes yes (4) 0.16
Farris 2005 fields vs inhibiting cardinalis
pesticides
forest/wetlands unflatted
wing length
Moller 1995 Denmark Farmland habitat individual ~ Turdus nestlings 51 ind. flattened wing  post-fledgling no  yes yes yes(+) 0.75
fragmentation merula length survival
outermost no yes yes yes(+) 0.76
rectrix length
population  Turdus nestlings 61 ind. flattened wing no yes yes yes(+) 0.35
merula length
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Table 1. Continued.

Reference Country  Habitat Stress Level Species Age/Sex # individuals Bilateral trait  Individual RM DA AS Significant Effect
or nests covariate effect size
outermost no yes vyes yes(+) 0.30
rectrix length
fledglings 20 ind. outermost no yes yes no 0.41
rectrix length
outermost no yes yes no 0.26
rectrix length
adults 41 ind. outermost no yes yes no 0.18
rectrix length
outermost no yes yes no 0.12
rectrix length
Pérez-Tris Spain mixed forest distributional ~ population  Erithacus fledglings/ 112 ind. tarsus length yes yes yes no 0.09
et al. 2000 along drought  edge effects rubecula adults
gradient
Pérez-Tris Spain oak forest parasites individual  Sylvia fledglings/ 76 ind. rectrix length  mite load yes no no yes (+) 0.30
et al. 2002 atricapilla adults

*No significant relationships in two other populations and in females
*Statistics did not allow (more accurate) estimation of effect sizes

°Not significant after Bonferroni correction

“Heterogenous among species

Species and traits were treated as random effects in a single statistical model
“Different traits were treated as repeated measurements
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parasites or severe weather conditions. Traits were measured on both juveniles (nestling and
fledgling stages) and adults, and comprised various measures of wing, tail and tarsus length or
specific feather measurements (e.g. weight and density). Only two studies (Lens and Van
Dongen 1999, Lens et al. 2000) included secondary sexual traits (eye-rings, supercilia, length of
tail streamers). While most studies met the basic statistical requirements of repeated
measurements and correction for DA and AS, only three studies (Lens and Van Dongen 1999,
Lens et al. 2000, Maul and Farris 2005) combined information across different traits. The
majority of studies compared FA estimates at population level, while two studies (Ancides and
Marini 2000, Cuervo and Restrepo 2007) additionally studied assemblage-level patterns. Nine
studies also examined relationships at the level of individuals, thereby relating FA estimates
with measures of body condition, survival and genetic inbreeding.

In 13 studies, relationships between individual or population FA and the variable(s) of interest
were statistically significant and in the expected direction. In seven other studies, relationships
were not statistically significant or heterogeneous among traits, ages or sexes, while in one study
relationships were statistically significant in the opposite direction. Positive effect sizes ranged
between 0.02 and 0.76 (weighted average + SD: 0.30 + 0.17).

Discussion and conclusion

Since the publication of the milestone papers by Leary and Allendorf (1989) and Clarke (1995), it
has become clear that the use of FA as a universal biomarker in conservation biology is
hampered by various conceptual and methodological problems. Most importantly, the
underlying mechanisms of developmental homeostasis remain poorly known, despite substantial
improvement in the statistical treatment of asymmetry data. It is therefore impossible to predict
when, and to what extent, FA may be a reliable estimator of the underlying developmental
instability, which is key to detecting relationships with other variables of interest. In most case
studies listed in Table 1, observed heterogeneity in relationships with FA (between ages, traits or
stressors) was explained by the authors, thereby addressing various methodological and
conceptual issues such as unequal statistical power in testing relationships among age groups
(Herrando and Brotons 2001), presumed differences in level of directional selection between
sexes (Moller 1993) and presumed differences in pathways through which stress affected trait
development (e.g. sulphuric oxides and heavy metals directly affecting calcium metabolism of
tarsi: Eeva et al. 2000). Studies that failed to detect predicted relationships with FA either
reported significant (yet variable) effects on other phenotypic or life-history measures (e.g. body
mass, ptilochronology, reproductive success, survival: Carbonell and Telleria 1999, Pérez-Tris
et al. 2000, De Santo et al. 2002, Carbonell et al. 2003) or did not quantify stress effects at all
(e.g. Dauwe et al. 2006). As may be expected from studies on natural, free-ranging populations,
presumed stress effects were not a priori validated by independent measures.

The majority of studies examined met the basic statistical requirements of FA analysis
(appropriate sample sizes, repeated measurements, tests for DA and AS), although one study
(Herrando and Brotons 2001) ascribed between-group heterogeneity in relationships between FA
and stress to unequal sample sizes. Roughly half of the studies measured more than one trait per
individual, but only three studies combined information across traits, either by calculating a
composite FA index (Maul and Farris 2005) or by treating multiple traits as repeated
measurements at the level of the individual (Lens and Van Dongen, 1999, Lens et al. 2000).
When organism-wide asymmetry (Individual Asymmetry Parameter, IAP; Clarke 1998) is
expected, analyses that combine information across traits are believed to be more powerful in
detecting relationships with stress and fitness than single-trait analyses (Leary and Allendorf
1989, Watson and Thornhill 1994, Leung et al. 2000). Individual-level concordance in FA is,
however, rarely observed in field studies (Dufour and Weatherhead 1996, Sarre 1996, Lens and
Van Dongen 1999, Ancides and Marini 2000), although it is often implicitly assumed in
evolutionary models of FA. This seems a general trend, even for traits that are correlated
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developmentally (but see Atchley et al. 1984, Leamy and Atchley 1984, Leamy 1993 for
supportive cases). Absence of IAPs may be due to trait-specific timing during ontogeny when
environmental perturbations can cause aberrant phenotypes (Clarke 1995), or to low
repeatability of FA at the individual (as opposed to population) level resulting from high
sampling variability or proportionally large measurement error (Whitlock 1996, Van Dongen
1998). In contrast, populations with high levels of FA in one trait were often strongly
asymmetric in other traits too (Population Asymmetry Parameter; Clarke 1998). Given that
prior knowledge on the level of stress sensitivity of a particular trait is nearly always lacking in
applied conservation studies, it seems prudent to measure as many bilateral traits as possible
when handling individuals, and apply rigorous statistical techniques to assess the level of
between-trait correlation in FA, afterwards. Based on the outcome of these explorative tests,
researchers can then decide whether or not to combine information across traits when testing
relationships with the variable(s) of interest.

Several studies (e.g. Whitlock 1996, Houle 1997) showed that developmental stability
estimated by FA has a very low repeatability (i.e. single-trait FA typically owes only 7% of its
variance to underlying individual differences in developmental stability; Gangestad and
Thornhill 1999). Owing to sampling variability and the random nature of the developmental
processes that generate FA, individuals with identical underlying levels of stability can therefore
be expected to express different levels of FA (Whitlock 1998) and developmentally ““unstable”
individuals may even display lower FA levels than “‘stable’” ones, despite their poorer intrinsic
quality (Lens et al. 2002a; see also Palmer 1994, Leung and Forbes 1997). Nevertheless, two-
thirds of the case studies examined in this paper reported significant, positive relationships
between anthropogenic stress effects and levels of FA. Effect sizes ranged from very small (0.02)
to very large (0.76), with a weighted average of 0.30 across all reported (positive) relationships
(indicating that on average 9% of the variance in the variable of interest was explained by
variation in FA). Following Cohen (1988), such value corresponds to a ““medium effect’”’. Moller
and Jennions (2002) reported that more than 80% of r*-values derived from eight meta-analyses
of ecological and evolutionary studies were also smaller than 10%, and subsequent analysis
showed that average effect sizes in studies of FA were not significantly smaller than in other
ecological or evolutionary studies. As relationships between FA and developmental stability are
generally believed to be more reliable under high than under low stress (Lens et al. 2002a),
elevated levels of environmental stress inherent to most conservation studies may (partly)
explain the higher incidence of significant FA-stress and FA-fitness relationships in this review,
compared to others (e.g. Bjorksten et al. 2000).

Towards an integrated study of biomarkers

Based on the selection of studies examined in this paper, avian ecologists seem to apply FA more
often at the population than at the individual level. In addition, threatened populations can be
expected to be exposed to substantial levels of exogenous (or endogenous) stress. Under such
conditions, both sampling error and statistical noise, owing to the random nature of
developmental processes, can be expected to be rather low, and chances of detecting biologically
significant relationships with FA may hence be reasonable. Nevertheless, whenever possible
within the tight logistic framework of an applied conservation study, it remains highly
recommended to integrate different types of individual-based biomarkers. One promising
candidate biomarker to combine with FA is ptilochronology (Grubb 1989, 2006), i.e. the study of
alternating dark and light growth-bars on bird feathers. Each pair of growth-bars on a bird’s
feather constitutes a 24-hour period of growth, and growth-bar patterns are believed to reflect
the past nutritional condition of an individual. Since the introduction of the concept of
ptilochronology, a growing number of correlative and experimental studies have investigated
relationships between growth-bar dimensions and stress, while others explored ways in which
nutritional condition, as indexed by the rate of feather growth, can be used as a measure of
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fitness. The fact that feathers grow multiple times from the same follicle (i.e. after each natural
or induced moult) suggests that their growth parameters (rate or precision) may allow the
tracking of environmental (nutritional) stress conditions throughout an individual’s life span
(i.e. as opposed to tarsus measures) (Swaddle 1997, Aparicio 2001, Stige et al. 2005). As 16
studies reviewed in this paper effectively measured one or more properties of wing or tail
feathers, a complementary study of growth-bars could have been integrated without much extra
effort. Three papers that did so (Carbonell and Telleria 1999, Pérez-Tris et al. 2000, Carbonell
et al. 2003) revealed stronger or more consistent relationships with ptilochronology than with
FA (see Moller 1996, Talloen et al. in press for other examples).

In conclusion, during the last decade ecologists have continued to study FA as a biomarker of
anthropogenic stress across a wide diversity of habitats and biogeographical regions, despite the
lack of a theoretical framework that predicts under which environmental conditions biologically
significant relationships between FA, stress and fitness can be expected. At the same time,
ptilochronology has been increasingly, and successfully, applied in different conservation
hotspots, i.e. Jamaica (Strong and Sherry 2000), Brazil (Stratford and Stouffer 2001), Peru
(Velando 2002), Australia (Doucet and Montgomerie 2003) and Kenya (Spanhove and Lens
unpubl. data). Owing to their repeated and tractable growth history, bird feathers hence seem to
comprise a highly appropriate trait for integrated studies that measure both their rate of growth,
through ptilochronology, and precision of growth, through FA, when aiming to predict how
anthropogenic factors may affect the future viability of birds of conservation concern.
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