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Abstract: Fluctuating asymmetry (FA) represents random, minor deviations from perfect 

symmetry in paired traits. Because the development of the left and right sides of a paired 

trait is presumably controlled by an identical set of genetic instructions, these small 

imperfections are considered to reflect genetic and environmental perturbations 

experienced during ontogeny. The current paper aims to identify possible neuroendocrine 

mechanisms, namely the actions of steroid hormones that may impact the development of 

asymmetrical characters as a response to various stressors. In doing so, it provides a review 

of the published studies on the influences of glucocorticoids, androgens, and estrogens on 

FA and concomitant changes in other health and fitness indicators. It follows the premise 

that hormonal measures may provide direct, non-invasive indicators of how individuals 

cope with adverse life conditions, strengthening the associations between FA and health, 

fitness, and behavior. 

Keywords: developmental instability; prenatal stress; HPA; cortisol; corticosterone; 

testosterone 

 

1. Introduction 

An organism faces a variety of challenges from its environment during ontogeny. These genetic and 

external perturbations in the environment leave enduring signs on the adult body. For example, small 

deviations from perfect symmetry in bilateral traits are highly correlated with the amount of stress 

experienced during development [1–3]. Potential stressors include extreme temperatures, 

environmental pollution, predation risk, population density, and inbreeding [4–8]. The small, random 

imperfections in bilateral symmetry are called “fluctuating asymmetry” (FA), because the direction of 

the size difference is free to vary [9]. Individuals are presumably buffered against such developmental 
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insults by employing homeostatic mechanisms to produce the ideal phenotype [10]. Thus, FA is often 

used as a proxy to quantify developmental stressors and explore the effects of these developmental 

insults on individuals’ health, fitness, and behavior. Indeed, FA increases with exposure to chemical 

pollutants [7,8,11–14], elevated predation risk [6,14,15], high population density [16,17], and 

ecosystem disturbances, including extreme temperatures in nonhuman animals [4,13,18-20]. In 

humans, inbreeding [5], poor health conditions, and various neurological disorders, such as 

schizophrenia, attention deficit disorder, developmental delays in childhood, and Down syndrome are 

positively associated with FA [21–25]. 

Although the adverse effects of developmental stressors on perfect bilateral symmetry are generally 

acknowledged, the scientific community remains skeptical of FA’s widespread use as a proxy for 

health, fitness and behavior in response to stressors. One important reason for this skepticism is the 

heterogeneity of the results pertaining to FA and its physiological and behavioral correlates (reviewed 

in [26–29]). That is, the effect of developmental perturbations on an organism’s FA level appears to be 

trait-, sex-, and stressor-specific and dependent on the developmental stage of the individual [30–33]. 

One way to carefully assess how various stressors affect morphology is to investigate concomitant 

physiological changes in the body. For example, human and nonhuman vertebrate animals experience 

elevated steroid hormone concentrations, namely glucocorticoids in response to stress. Glucocorticoids 

in turn determine how the body effectively copes with the stressors. These influences may not only 

affect immediate survival, but future growth, health, and reproduction (reviewed in [34–38]), all 

implicated as correlates of FA [28]. In addition, sex steroid hormones, namely androgens and estrogens 

are in part responsible for growth and reproduction [38], and for the observed sex differences in 

response to stress [38–41]. Several studies also linked androgens and estrogens to FA [42,43]. 

Surprisingly, very little attention is paid to these neuroendocrine substrates in FA studies and how 

these substrates may be involved in the development of bilaterally symmetrical characters. 

Accordingly, the current paper aims to identify possible neuroendocrine mechanisms that may impact 

the development of asymmetrical characters as a response to various stressors. In doing so, it provides 

a review of the published studies on hormonal influences on FA and concomitant changes in other 

health, fitness, and behavioral indicators. It follows the premise that hormonal measures may provide 

direct, non-invasive indicators of how individuals cope with adverse life conditions, strengthening the 

associations between FA and health, fitness, and behavior. 

The current paper is organized as follows: First, the role of glucocorticoids in individuals’ survival, 

growth, and reproduction is discussed with a brief introduction to neuroendocrine responses to stress. 

Second, FA studies that implicated major glucocorticoids in the development of bilaterally 

asymmetrical traits are introduced. Third, the actions of sex steroid hormones on FA are examined. 

Fourth, empirical findings on the relationship between FA and androgens and estrogens are provided. 

Fifth, a general summary for the FA and steroid hormone interactions is given. Finally, future 

directions for this promising area of research are discussed in concluding remarks. 
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2. Steroid Hormones and FA 

2.1. Glucocorticoids 

Glucocorticoids are steroid hormones that are vital in regulating metabolic, cardiovascular, 

homeostatic, and immunological functions. For example, elevated concentrations of corticosterone in 

response to stressors increase feeding behavior, fat deposition, and mobilization of resources to 

provide energy [44–47]. Conversely, if an individual cannot effectively cope with chronic or acute 

stressors, elevated concentrations of glucocorticoids result in impaired immune function, increased 

mortality, low birth weight [48,49], muscle waste, impairments of cognitive and reproductive  

function [45–47,50]. Glucocorticoids are secreted in response to a stimulator, namely 

adrenocorticotropic hormone (ACTH) through the activation of the hypothalamic-pituitary-adrenal 

(HPA) axis. The HPA axis is a primary regulatory unit of an organism that connects its central nervous 

system with the hormonal system. Activation of HPA in response to a stressor will result in the 

secretion of corticotrophin-releasing hormone (CRH) from the hypothalamus. CRH in turn will 

provoke the release ACTH from the pituitary. ACTH will then stimulate the adrenal cortex and trigger 

the release of glucocorticoids; cortisol in most primates and corticosterone in most rodents, avian 

species, and reptiles. The regulation of the HPA axis function is controlled by several negative 

feedback mechanisms in which glucocorticoids play a major role to ensure the organism’s timely 

return to the equilibrium state [34,36,38].  

If glucocorticoids are vital in several physiological functions that affect health, growth, and survival 

then FA, a proxy for these variables, should also be influenced by glucocorticoids. For example, 

prenatal stress disturbs the hormonal milieu in the mother and disrupts the HPA function and its 

response to stressors in both the mother and offspring [51]. Because prenatal stress also increases  

FA [52–54], extended exposure to glucocorticoids in developing organisms should yield high FA 

along with other adverse consequences, such as reduced growth and high mortality. The following 

section reviews empirical findings regarding these conjectures. 

2.1.1. Nonhuman Animal Studies 

2.1.1.1. Prenatal Development Period 

Several investigators have acknowledged the importance of glucocorticoids in studying the 

relationships among FA, health, growth, and survival. The resulting experiments involved prenatal 

exposure to corticosterone and concomitant changes in body symmetry in birds. It was found that 

corticosterone treatment resulted in greater embryonic mortality, reduced growth, and increased FA in 

tarsus length in chickens and marginally elevated FA of the face length in Japanese quails [55,56]. A 

separate experiment manipulated cortisol concentrations in embryos of coral reef damselfish and 

explored the adverse effects on growth and survival. As predicted, high cortisol concentrations in the 

eggs resulted in increased egg mortality and greater asymmetry in hatchlings [57].  
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2.1.1.2 Postnatal Development Period 

If environmental perturbations during postnatal growth also adversely affect bilateral  

symmetry [58], and, if an individual cannot effectively cope with these chronic or acute stressors then 

elevated concentrations of glucocorticoids in response to these stressors should accompany asymmetric 

developmental trajectory. Indeed, moderate nutritional deficits during post-hatching development 

elevated baseline corticosterone concentrations in nest-bound Western scrub-jays [59]. Also, one year 

old scrub jays that experienced nutritional deficits as hatchlings had higher FA in bone and feather 

measurements compared to controls. The treatment group had also marginally stronger adrenocortical 

response to acute restraint stress than controls. The results were further corroborated by two studies 

that investigated two divergent genetic lines of Japanese quail selected for their high (HS) and low 

stress (LS) plasma corticosterone response to acute restraint stress. It was found that HS quail had 

significantly greater FA in the lengths of tibiotarsus and metatarsus bones, middle toe, and faces than 

LS quail [56,60].  

Conversely, if animals can effectively cope with potential stressors by showing hyposensitivity to 

chronic stressors during postnatal development then low glucocorticoid concentrations should be 

associated with low FA. Indeed, female Siberian hamsters reared in winter-like conditions with short 

day lengths and low temperatures in the laboratory had significantly lower cortisol concentrations in 

response to acute stressors and lower FA in adulthood compared to the females that were reared in any 

other temperature and day length groups [61]. An elevated stress response marked by increased 

glucocorticoids in winter months may compromise growth, immune, and other important functions that 

require significant energy reserves [62]. Therefore, energetic adaptations during winter may attenuate 

physiological stress response as energy shortages in this period may limit the animals’ ability to cope 

with stressors [63]. Accordingly, winter-like conditions during neonatal development may evoke 

hyposensitivity to stress and enhance ideal growth patterns.  

Notably, an experiment that involved studying the relationships among postnatal exposure to heavy 

metals, food provisioning, and FA produced null results regarding corticosterone concentrations [64]. 

Specifically, great tit nestlings in a heavy metal polluted area exhibited higher asymmetry of primaries 

than those in the unpolluted sites. However, no differences in corticosterone concentrations were found 

between the treatment and control groups. This null result was attributed to the effect of heavy metals 

on corticosterone activity. Indeed, low level of chronic exposure to heavy metals has been shown to 

reduce the secretion of corticosteroids in fish and amphibians [65]. 

2.1.2. Human Studies 

Data pertaining to the glucocorticoids and FA in humans are scant and involve only one study. This 

study assessed the extent to which a natural disaster (i.e., ice storm) experienced by mothers during 

14–22 weeks of pregnancy predicted fingerprint ridge count asymmetry in the offspring [66]. Results 

show that prenatal maternal stress during gestation weeks 14–22 yielded greater dermatoglyphic 

asymmetry in the offspring. Maternal post-disaster cortisol, however, was negatively correlated with 

the children’s dermatoglyphic asymmetry. Given the small sample size, the results regarding maternal 

cortisol concentrations should be interpreted with caution as the authors suggest. Only 17 mother-child 
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comparisons could be made for maternal cortisol and children’s finger ridge count asymmetries. It 

should also be noted that the target group corresponded to the children who were exposed to the ice 

storm in utero during 14–22 weeks of gestation. Finger ridge configurations are established before the 

19th week of gestation, however [61–64]. After this period, injury and caustic substances may reduce 

the appearance of the ridges, but the original pattern will return unless the skin is damaged 

considerably [97]. If the target group excluded gestation weeks beyond 19, the results might have been 

different. Moreover, cortisol sampling was made several months after the exposure to the ice storm. 

Therefore, the findings on maternal cortisol and dermatoglyphic FA in the offspring require  

further study.  

Taken together, relatively high concentrations of glucocorticoids in nonhuman animals are 

generally the result of environmental stressors and adversely affect symmetrical development of 

bilateral characters. Conversely, when an organism shows hyposensitivity to stressors as evidenced by 

low glucocorticoid concentrations, this may enhance symmetric developmental trajectory. Apart from 

glucocorticoids, sex steroids, namely androgens and estrogens also play an important role in HPA axis 

response to stressors. These hormones have also been implicated in several FA studies [73,74]. The 

following section briefly reviews major functions of androgens and estrogens in relation to the HPA 

axis, reproduction, growth, and survival. It then discusses the empirical findings on the relationship 

between FA and androgens and estrogens.  

2.2. Sex Steroids 

2.2.1. Androgens 

Androgens play an important role in fetal sexual differentiation and subsequent development of the 

body [41]. The primary androgenic hormone, testosterone (T), is responsible for the development of 

secondary sexual characters and promotion of skeletal growth [41,74]. T is also positively associated 

with a number of central nervous system disorders [75], increased ectoparasite load and  

mortality [74,76], and the weakening of some components of the immune system [74,77]. Moreover, T 

has inhibitory effects on the stress-induced HPA activation [36,37]. For example, ACTH and 

corticosterone responses to acute stressors are increased with gonadectomy in rodents [77,78]. 

Castration also increases the ACTH and corticosterone response to various stressors in the rodent [78]. 

Because almost all of the major functions of T have been correlated with FA [79], several animal 

studies examined the relationship between T and FA. These relationships focused mainly on secondary 

sexual character development, such as ornament size and shape in birds and reptiles. These are 

elaborated upon below.  

2.2.1.1. Nonhuman Animal Studies 

Ornamental traits are often T dependent. Because T may suppress immune function and increase 

parasite load and mortality, the expression of such sexual traits is costly [74,80]. Accordingly, high T 

concentrations that result in species-specific expression of sexual characters should also render an 

individual at risk for asymmetric developmental trajectory. However, experimental evidence does not 

support this prediction. For example, experimental manipulation of T induced integumentary head 
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coloration in the lizard Psammodorus algirus and concomitantly increased ectoparasite load and 

mortality [80]. T treatment in this species, however, did not increase nuptial head coloration FA 

indicating that asymmetry was not affected by the presumable physiological stress induced by T 

implementation. Similarly, no significant associations were found between tarsi FA and T-dependent 

frontal shield size and color in moorhens [81].  

Apart from sexual character development, androgens are also responsible for skeletal growth. If the 

actions of androgens can be altered through experimental manipulation during early development then 

FA of bilateral traits may also be affected indicating developmental stress. One such experiment 

investigated the effects of embryonic exposure to androgen disrupting chemicals, which alter 

synthesis, release or actions of androgens, on growth and FA in Japanese quails [82]. Although 

significant differences in reproductive, immunological, and behavioral measurements were observed 

between controls and treated animals, exposure to the chemicals did not alter body weight or FA. 

2.2.1.2. Human Studies 

Human studies mostly focused on the correlational relationships between T and dermatoglyphic 

asymmetry [72], and, putative markers of T and facial and body FA [73,83–85]. Dermatoglyphic 

variables were chosen because of their link to developmental variation, their predictable pattern of 

development during fetal life [86,87] and their association with certain disorders of the central nervous 

system [87]. Because T is also linked to developmental rate and various neurological disorders [72], a 

positive association between dermatoglyphic asymmetry and testosterone concentrations was expected. 

As predicted, high T was associated with high dermatoglyphic asymmetry in males [72].  

A putative marker of T, namely digit ratio was also chosen as a parameter of interest because of the 

reported sex differences and the ease with which this marker is measured. The length of the second 

digit relative to that of the fourth digit (2D:4D) is generally sexually dimorphic with males having low 

2D:4D compared to females. Digit ratio is assumed to be a negative correlate of prenatal T [88], 

because most mammalian sex differences are androgen dependent [89,90] and digit length markings 

and bone-to-bone proportions during embryonic and fetal development are comparable to those in 

adulthood [91]. Because T is responsible for secondary sexual character development (e.g., broad jaws 

in men), high T concentrations would produce low 2D:4D resulting in low immunocompetence [74] 

putting the individual at risk for high FA [73]. Indeed, a significant correlation between low 2D:4D 

and high facial asymmetry in human males, and, high 2D:4D and high facial asymmetry in human 

females were reported [73]. However, these results should be interpreted with caution. First, the 

investigators aimed to provide a link between FA of sexual characters, such as broad jaws in men and 

2D:4D. However, no specific measurements were made to include these types of characters. Second, it 

is not clear why a high, typical female 2D:4D should be associated with high facial asymmetry. On the 

other hand, a second study indicated a curvilinear relationship between body asymmetry and 2D:4D. 

That is, both low 2D:4D and high 2D:4D were associated with elevated levels of asymmetry, 

especially in the fingers [83]. However, it has been argued that most of the observed correlations 

between 2D:4D and degrees of asymmetry are likely to be statistical artifacts and predictions can be 

formulated contrary to the observed patterns [79,84,85]. Because the same variables (i.e., digits) were 

used as both dependent and independent variables, U-shaped associations would be  
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expected [83] even in the absence of any association between 2D:4D and FA, rendering the results 

spurious [79,84,85]. These conjectures were further corroborated by the observation that 2D:4D in 

deceased human fetuses and young children correlate neither with finger FA nor any other trait 

asymmetries [79]. More importantly, it should be noted that no direct evidence exists thus far linking 

fetal T to 2D:4D. 

Taken together, the negative relationship between FA and circulating androgens in human and 

nonhuman studies is generally not supported by data. When significant associations were found in 

humans, the mechanisms through which androgens exert their influence on the development of 

bilateral characters remain unspecified. One exception to this is dermatoglyphic asymmetry. Perhaps 

because dermatoglyphic characters’ phenotypic plasticity is relatively low and thus they are 

presumably more susceptible to potential stressors this effect may be observed.  

2.2.2. Estrogens 

Apart from androgens, estrogens are also important for fetal sexual differentiation and subsequent 

development of the body [41]. Moreover, nonhuman animal studies show a strong stimulatory effect of 

the sex steroid estradiol on HPA axis functioning [38]. Despite these associations, only a few studies 

investigated the relationship between estrogens and FA. These studies pertained only to breast FA in 

women. Because breast development is estrogen dependent and high estrogen concentrations may put 

individuals at risk for breast cancer, the primary focus was on breast FA and susceptibility to breast 

cancer [92,93]. These studies indicated high breast asymmetry was indeed a risk factor for breast 

cancer. Although estrogens’ role in breast development and susceptibility to breast cancer were the 

core arguments in these studies, no direct hormonal measures were taken to confirm the purported 

associations. Similarly, another study investigated the relationship between breast asymmetry and 

measures of body size and composition [94]. It was hypothesized that heavy women with high levels 

of body fat would produce more estrogen and would thus have large breasts resulting in high FA. 

Although breast asymmetry was positively correlated with body mass and volume, again, no hormonal 

measures were taken to confirm whether estrogens actually contributed to any of these associations. 

Taken together, the empirical evidence supporting the adverse effects of estrogens on FA is scant 

and indirect. Accordingly, further studies are needed to determine how estrogens may affect the 

development of bilaterally symmetrical characters, especially in bones. Because, non-fixed 

asymmetries in soft tissue traits may show a cyclical pattern as a result of changing hormone 

concentrations [95,96], inclusion of characters that are not affected by short-term fluctuations in 

hormone concentrations would serve as better indicators of health or fitness. It should also be noted 

that the primary androgenic hormone, T, can exert estrogenic effects after being metabolized to 

estrogen by aromatization [38]. Therefore, current studies involving sex steroid hormones do not 

provide sufficient depth to evaluate positive or deleterious effects of androgens and estrogens on FA 

[72]. 

3. Summary 

FA in bilateral morphological characters often indicates an organism’s inability to effectively cope 

with stressors in the environment. Because the associations between FA and health, fitness, and 
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behavior appear to be trait-, sex-, and stressor-specific, FA’s widespread use as a measure for growth 

and survival is disputed [26–29]. If stress-induced changes in the phenotype are accompanied by such 

physiological measures as elevated concentrations of stress hormones then the purported associations 

between FA and growth and survival are unlikely to be spurious. Accordingly, the current paper 

attempted to provide an overview of the published studies pertaining to steroid  

hormone-FA interactions. In doing so, it focused on glucocorticoids. Glucocorticoids’ important 

functions in regulating the stress-activated HPA axis, consequently growth, reproduction, and survival 

[38] constituted the bases of these discussions. Further emphasis was also given to sex steroid 

hormones because of their role in maintaining the ideal developmental trajectory, and, androgens’ 

inhibitory and estrogens’ stimulatory effects in stress-induced HPA activation [36–38]. 

This review indicated that high glucocorticoid concentrations, namely cortisol and corticosterone 

generally have deleterious effects on ideal growth patterns and survival in nonhuman animals. The 

evidence regarding the deleterious effects of glucocorticoids on FA in humans remains unspecified, 

however. Similarly, the mechanisms through which androgens exert their influence on bilateral 

asymmetry are unidentified in both humans and nonhuman animals. Finally, the associations between 

estrogens and FA are at best indirect and pertain only to breast FA in women, thus require  

further study.  

4. Concluding remarks 

There is a promising area of research concerning neuroendocrine substrates and their relationship 

with the achievement of ideal developmental trajectory. The associations between exposure to stressors 

and deviations from bilateral symmetry can be strengthened by employing non-invasive, easy-to-

collect physiological measures both in the laboratory and the field. Because very little attention is paid 

to stress-hormone-FA interactions in the otherwise vast FA literature, future research would greatly 

benefit from attempts to close this gap. 

Acknowledgments 

I thank two anonymous referees for their helpful comments on the manuscript. 

References and Notes 

1. Siegel, M.I.; Smookler, H.H. Fluctuating dental asymmetry and auditory stress. Growth 1973,  

37, 35–39.  

2. Siegel, M.I.; Doyle, W.J.; Kelly, C. Heat, stress, fluctuating asymmetry, and prenatal selection in 

the laboratory rat. Am. J. Phys. Anthropol. 1977, 46, 121–126. 

3. Mooney, M.P.; Siedel, M.I.; Gest, T.R. Prenatal stress and increase fluctuating asymmetry in the 

parietal bones of neonatal rats. Am. J. Phys. Anthropol. 1985, 68, 131–134. 

4. Parsons, P.A. Fluctuating asymmetry: A biological monitor of environmental and genomic stress. 

Heredity 1992, 68, 361–364.  

5. Markow, T.A.; Martin, J.F. Inbreeding and developmental stability in a small human-population. 

Ann. Hum. Biol. 1993, 20, 389–394. 



Symmetry 2010, 2 

 

 

549

6. Galeotti, P.; Sacchi, R.; Vicario, V. Fluctuating asymmetry in body traits increases predation  

risks: Tawny owl selection against asymmetric woodmice. Evol. Ecol. 2005, 19, 405–418. 

7. Velickovic, M. Measures of the developmental stability, body size and body condition in the 

black-striped mouse (Apodemus agrarius) as indicators of a disturbed environment in northern 

Serbia. Belg. J. Zool. 2007, 137,147–156. 

8. Lewis, C.; Pook, C.; Galloway, T. Reproductive toxicity of the water accommodated fraction 

(WAF) of crude oil in the polychaetes Arenicola marina (L.) and Nereis virens (Sars) Aquat. 

Toxicol. 2008, 90, 73–81. 

9. Van Valen, L. A study of fluctuating asymmetry. Evolution 1962, 16, 125–142. 

10. Clarke, G.M.; McKenzie, L.J. Fluctuating asymmetry as a quality indicator for insect mass rearing 

processes. J. Econ. Entomol. 1992, 85, 2045–2050. 

11. Valentine, D.W.; Soulé, M.E.; Samollow, P. Asymmetry in fishes: A possible statistical indicator 

of environmental stress. Fish Bull. 1973, 71, 357–370. 

12. Hoffman, A.A.; Parsons, P.A. Selection for dessication resistance in Drosohila melanogaster: 

Additive genetic control and correlated responses for other stresses. Genetics 1989, 122, 837–845. 

13. Parsons, P.A. Fluctuating asymmetry: An epigenetic measure of stress. Biol. Rev. 1990, 65,  

131–145. 

14. Swaddle, J.P. Developmental stability and predation success in an insect predator-prey system. 

Behav. Ecol. 1997, 8, 433–436. 

15. Persons, M.H.; Uetz, G.W. Sexual cannibalism and mate choice decisions in wolf spiders: 

Influence of male size and secondary sexual characters. Anim. Behav. 2005, 69, 83–94. 

16. Gibbs, M.; Breuker, C.J. Effect of larval-rearing density on adult life-history traits and 

developmental stability of the dorsal eyespot pattern in the speckled wood butterfly, Pararge 

aegeria. Entomol. Exp. Appl. 2008, 118, 41–47.  

17. Serrano, E.; Angibault, J.M.; Cargnelutti, B.; Hewison, A.J.M. Density dependence of 

developmental instability in a dimorphic ungulate. Biol. Lett. 2008, 4, 512–514. 

18. Silva, M.C.; Lomonaco, C.; Augusto, S.C.; Kerr W.E. Climatic and anthropic influence on size 

and fluctuating asymmetry of Euglossine bees (Hymenoptera, Apidae) in a semideciduous 

seasonal forest reserve. Genet. Mol. Res. 2009, 8, 730–737. 

19. Uetz, G.W.; Roberts, J.A.; Wrinn, K.M.; Polak, M.; Guy, N. Impact of a catastrophic natural 

disturbance on fluctuating asymmetry (FA) in a wolf spider. Ecoscience 2009, 16, 379–386. 

20. McKenzie, J.A.; Clarke, G.M. Diazonian resistance, fluctuating asymmetry, and fitness in the 

Australian sheep blowfly. Genetics 1988, 120, 213–220. 

21. Mellor, C. Dermatoglyphic evidence of fluctuating asymmetry in schizophrenia. Brit. J. Psychiat. 

1992, 160, 467–472. 

22. Burton, C.; Stevenson, J.C.; Williams, D,C.; Everson, P.M.; Mahoney, E.R. Attention Deficit 

Disorder (ADD) and fluctuating asymmetry (FA) in a college sample. Am. J. Hum. Biol.  

2002, 14, 7. 

23. Burton, C. Stevenson, J.C.; Williams, D.C.; Everson, P.M.; Mahoney, E.R.; Trimble, J.E. 

Attention-deficit hyperactivity disorder (AD/HD) and fluctuating asymmetry in a college sample: 

An exploratory study. Am. J. Hum. Biol. 2003, 15, 601–619. 



Symmetry 2010, 2 

 

 

550

24. Naugler, C.T., Ludman, M.D. Fluctuating asymmetry and disorders of developmental origins. Am. 

J. Med. Genet. 1996, 66, 15–20. 

25. Barden, H.S. Fluctuating dental asymmetry: A measure of developmental instability in Down 

syndrome. Am. J. Phys. Anthropol. 1980, 52, 169–173.  

26. Van Dongen, S. Fluctuating asymmetry and developmental instability in evolutionary biology: 

Past, present and future. J. Evolution Biol. 2006, 19, 1727–1743. 

27. Lens, L.; Eggermont, H. Fluctuating asymmetry as a putative marker of human-induced stress in 

avian conservation. Bird Conserv. Int. 2008, 18, S125–S143. 

28. Knierim, U.; Van Dongen, S.; Forkman, B.; Tuyttens, F.A.M.; Špinka, M.; Campo, J.L.; 

Weissengruber, G.E. Fluctuating asymmetry as an animal welfare indicator—A review of 

methodology and validity. Physiol. Behav. 2007, 92, 398–421. 

29. Aparicio, J.M.; Bonal, R. Why do some traits show higher fluctuating asymmetry than others? A 

test of hypotheses with tail feathers of birds. Heredity 2009, 89, 139–144. 

30. Hallgrimsson, B.; Miyake, T.; Wilmore, K.; Hall, B.K. Embryological origins of developmental 

stability: Size, shape and fluctuating asymmetry in prenatal random bred mice. J. Exp. Zool. Part 

B 2003, 296B, 40–57. 

31. Badyaev, A.V.; Foresman, K.R.; Young, R.L. Evolution of morphological integration: 

Developmental accommodation of stress-induced variation. Amer. Naturalist. 2005,  

166, 382–395. 

32. Ivanovic, A.; Kalezic, M.L. Facultative paedomorphosis and developmental stability in European 

newts (Triturus spp, Salamandridae): Ontogenetic aspect. Ital. J. Zoology 2005, 72, 265–270. 

33. Vishalakshi, C.; Singh, B.N. Effect of environmental stress on fluctuating asymmetry in certain 

morphological traits in Drosophila ananassae: Nutrition and larval crowding. Can. J. Zool. 2008, 

86, 427–437. 

34. Handa, R.J.; Burgess, L.H.; Kerr, J.H.; O'Keefe, J.A. Gonadal-steroid hormone receptors and  

sex-differences in the hypothalamo-pituitary-adrenal axis. Horm. Behav. 1994, 28, 464–476. 

35. Ferin, M. Stress and the reproductive cycle. J. Clin. Endocrinol. Metab. 1999, 84, 1768–1774. 

36. Viau, V. Functional cross-talk between the hypothalamic-pituitary-gonadal and -adrenal axes. 

J. Neuroendocrinol. 2002, 14, 506–513. 

37. Viau, V.; Bingham, B.; Davis, J.; Lee, P.; Wong, M. Gender and puberty interact on the stress-

induced activation of parvocellular neurosecretory neurons and corticotropin-releasing hormone 

messenger ribonucleic acid expression in the rat. Endocrinology 2005, 146, 137–146. 

38. Kudielka, B.M.; Kirschbaum, C. Sex differences in HPA axis responses to stress: A review.  

Biol. Psychol. 2005, 69, 113–132. 

39. Maclusky, N.J.; Naftolin, F. Sexual-differentiation of the central nervous-system. Science 1981, 

211, 1294–1303. 

40. McEwen, B.S. Neural gonadal-steroid actions. Science 1981, 211, 1303–1311. 

41. Migeon, C.J.; Wisniewski, A.B. Sexual differentiation: From genes to gender. Horm. Res. 1998, 

50, 245–251. 

42. Cunningham, M.R. Adaptive flexibility, testosterone, and mating fitness: Are low FA individuals 

the pinnacle of evolution? Behav. Brain Sci. 2000, 23, 599. 



Symmetry 2010, 2 

 

 

551

43. Manning J.T.; Scutt, D.; Whitehouse, G.H.; Leinster, S.J. Breast asymmetry and phenotypic 

quality in women. Evol. Hum. Beh. 1997, 18, 223–236. 

44. Pravosudov, V.V. Long-term moderate elevation of corticosterone facilitates avian food-caching 

behaviour and enhances spatial memory. Proc. R. Soc. Lond. Ser. B-Biol. Sci. 2003, 270,  

2599–2604.  

45. Wingfield, J.C.; Oreilly, K.M.; Astheimer, L.B. Modulation of the adrenocortical responses to 

acute stress in arctic birds—A possible ecological basis. Am. Zool. 1995, 35, 285–294. 

46. Wingfield, J.C.; Breuner, C.; Jacobs, J. Corticosterone and behavioral responses to unpredictable 

events. In Perspectives in Avian Endocrinology; Harvey, S., Etches, R.J., Eds.; J. Endocrinol.: 

Bristol, UK, 1997; pp. 267–278. 

47. Wingfield, J.C.; Maney, D.L.; Breuner, C.W.; Jacobs, J.D.; Lynn, S.; Ramenofsky, M.; 

Richardson, R.D. Ecological bases of hormone-behavior interactions: The "emergency life history 

stage" Am. Zool. 1998, 38, 191–206. 

48. Mashaly, M.M. Effect of exogenous corticosterone on chicken embryonic-development. Poult. 

Sci. 1991, 70, 371–374. 

49. Kay, G.; Tarcic, N.; Poltyrev, T.; Weinstock, M. Prenatal stress depresses immune function in 

rats. Physiol. Behav. 1998, 63, 397–402. 

50. Dubey, A.K; Plant, T.M. A suppression of gonadotropin-secretion by cortisol in castrated male 

rhesus-monkeys (macaca-mulatta) mediated by the interruption of hypothalamic  

gonadotropin-releasing hormone-release. Biol. Reprod. 1985, 33, 423–431. 

51. Francis, D.D.; Caldji, C.; Champagne, F.; Plotsky, P.M.; Meaney, M.J. The role of corticotropin-

releasing factor-norepinephrine systems in mediating the effects of early experience on the 

development of behavioral and endocrine responses to stress. Biol. Psychol. 1999, 46, 1153–1166. 

52. Kieser, J.A. Fluctuating odontometric asymmetry and maternal alcohol consumption. Ann. Hum. 

Biol. 1992, 19, 513–520. 

53. Wilber, E.; Newell-Morris, L.; Streissguth, A.P. Dermatoglyphic asymmetry in Fetal Alcohol 

Syndrome. Biol. Neonate 1993, 64, 1–6. 

54. Kieser, J.A., Groeneveld, H.T.; DaSilva, P.C.F. Dental asymmetry, maternal obesity, and 

smoking. Am. J. Phys. Anthropol. 1997, 102, 133–139.  

55. Eriksen, M.S.; Haug, A.; Torjesen, P.A.; Bakken M. Prenatal exposure to corticosterone impairs 

embryonic development and increases fluctuating asymmetry in chickens (Gallus gallus 

domesticus). Br. Poult. Sci. 2003, 44, 690–697. 

56. Satterlee, D.G.; Hester, A.; LeRay, K.; Schmidt, J.B. Influences of maternal corticosterone and 

selection for contrasting adrenocortical responsiveness in Japanese quail on developmental 

instability of female progeny. Poult. Sci. 2008, 87, 1504–1509. 

57. Gagliano, M.; McCormick, M.I. Hormonally mediated maternal effects shape offspring survival 

potential in stressful environments. Oecologia 2009, 160, 657–665.  

58. Siegel, M.I.; Doyle, W.J. The differential effects of prenatal and postnatal audiogenic stress on 

fluctuating dental asymmetry. J. Exp. Zool. 1975, 191, 211–4. 

59. Pravosudov, V.V.; Kitaysky, A.S. Effects of nutritional restrictions during post-hatching 

development on adrenocortical function in western scrub-jays (Aphelocoma californica).  

Gen. Comp. Endocrinol. 2006, 145, 25–31. 



Symmetry 2010, 2 

 

 

552

60. Satterlee, D.G.; Cadd, G.G.; Jones, R.B. Developmental instability in Japanese quail genetically 

selected for contrasting adrenocortical responsiveness. Poult. Sci. 2000, 79, 1710–1714. 

61. Benderlioglu, Z.; Dow, E.; Pyter, L.M. Neonatal exposure to short days and low temperatures 

blunts stress response and yields low fluctuating asymmetry in Siberian hamsters. Physiol. Behav. 

2007, 90, 459–465. 

62. Sapolsky, R.M.; Romero, L.M.; Munck, Au. How do glucorticoids influence stress responses? 

integrating permissive, suppressive, stimulatory, and preparative actions. Endocr. Rev. 2000,  

21, 55–89. 

63. Prendergast, B.J.; Wynne-Edwards, K.E.; Yellon, S.M.; Nelson, R.J. Photorefractoriness of 

immune function in male Siberian hamsters (Phodopus sungorus). J. Neuroendocrinol. 2002, 14, 

9318–9329.  

64. Eeva, T.; Lehikoinen, E.; Nikinmaa, M. Pollution-induced nutritional stress in birds: An 

experimental study of direct and indirect effects. Ecol. Appl. 2003, 13, 1242–1249. 

65. Hontela, A. Interrenal dysfunction in fish from contaminated sites: In vitro and in vitro 

assessment. Environ. Toxicol. Chem. 1998, 17, 44–48. 

66. King, S.; Mancini-Marie, A.; Brunet, A.; Walker, E.; Meaney, M.J.; Laplante, D.P. Prenatal 

maternal stress from a natural disaster predicts dermatoglyphic asymmetry in humans.  

Dev. Psychopathol. 2009, 21, 343–353.  

67. Hale, A.R. Breadth of epidermal ridges in the human fetus and its relation to to the growth of the 

hand and foot. Anat. Rec. 1949, 105, 763–776. 

68. Hale, A.R. Morphogenesis of volar skin in the human fetus. Am. J. Anat. 1952, 91, 147–173. 

69. Mulvihill, J.J.; Smith, D.W. The genesis of dermatoglyphics. J. Pediatr. 1969, 75, 579–589.  

70. Babler, W.J. Prenatal development of dermatoglyphic patterns: Associations with epidermal 

ridge, volar pad and bone morphology. Coll Antropol. 1987, 11, 297–304.  

71. Cummins, H.; Midlo, C. Finger Prints, Palms and Soles, Dover: New York, NY, USA, 1961. 

72. Jamison, C.S.; Meier, R.J.; Campbell, B.C. Dermatoglyphic asymmetry and testosterone levels in 

normal males. Am. J. Phys. Anthropol. 1993, 90, 185–198. 

73. Fink, B.; Manning, J.T.; Neave, N.; Grammer, K. Second to fourth digit ratio and facial 

asymmetry. Evol. Hum. Behav. 2004, 25, 125–132. 

74. Folstad, I.; Karter, A.J. Parasites, bright males, and the immunocompetence handicap. Am. Nat. 

1992, 139, 603–622. 

75. Geschwind, N.; Galaburda, A.M. Cerebral lateralization-biological mechanisms, associations, and 

pathology: A hypothesis and a program for research. Arch. Neurol. 1985, 42, 634–654. 

76. Salvador, A.; Veiga, J.P.; Martin, J.; Lopez P.; Abelenda, M.; Puertac, M. The cost of producing a 

sexual signal: Testosterone increases the susceptibility of male lizards to ectoparasitic infestation. 

Behav. Ecol. 1996, 7, 145–150. 

77. Viau, V.; Meaney, M.J. The inhibitory effect of testosterone on hypothalamic-pituitary-adrenal 

responses to stress is mediated by the medial preoptic area. J. Neurosci. 1996, 16, 1866–1876.  

78. Handa, R.J.; Nunley, K.M.; Lorens, S.A; Louie, J.P.; McGivern, R.F.; Bollnow, M.R. Androgen 

Regulation Of Adrenocorticotropin And Corticosterone Secretion In The Male-Rat Following 

Novelty And Foot Shock Stressors. Physiol. Behav. 1994, 55, 117–124.  



Symmetry 2010, 2 

 

 

553

79. Van Dongen, S.; Ten Broek, C.; Galis, F.; Wijnaendts, L. No association between fluctuating 

asymmetry in highly stabilized traits and second to fourth digit ratio (2D:4D) in human fetuses. 

Early Hum. Dev. 2009, 85, 393–398. 

80. Veiga, J.P.; Salvador, A.; Martin, J.; López, P. Testosterone stress does not increase asymmetry of 

a hormonally mediated sexual ornament in a lizard. Behav. Ecol. Sociobiol. 1997, 41, 171–176. 

81. Alvarez, F.; Sanchez, C.; Angulo, S. The frontal shield of the moorhen: Sex differences and 

relationship with body condition. Ethol. Ecol. Evol. 2005, 17, 135–148. 

82. Quinn, M.J.; Summitt, C.L.; Burrell, K; Ottinger, M.A. Fluctuating asymmetry and growth as 

biomarkers for exposure to androgen disrupting chemicals in Japanese quail. Ecotoxicology 2005,  

14, 637–643. 

83. Manning, J.T.; Fink, B.; Neave, N.; Szwed, A. The second to fourth digit ratio and asymmetry. 

Ann. Hum. Biol. 2006, 33, 480–492. 

84. Van Dongen, S. A critical re-evaluation of the association between 2D:4D ratios and fluctuating 

asymmetry in humans. Ann. Hum. Biol. 2009, 36, 186–198. 

85. Van Dongen, S. Do 2D:4D ratios relate to asymmetry and developmental instability in humans? 

Ann. Human. Biol. In press. 

86. Jantz, R.L; Webb, R.S. Dermatoglyphic asymmetry as a measure of canalization. Ann. Hum. Biol. 

1980, 7, 489–493. 

87. Markow, T.A.; Wandler, K. Fluctuating dermatoglyphic asymmetry and the genetics of liability to 

schizophrenia. Psychiatry Res. 1986, 19, 323–328. 

88. Manning, J.T. Digit ratio: A pointer to fertility, behavior, and health; Rutgers University Press: 

New Brunswick, NJ, USA, 2002. 

89. Brown, W.M.; Finn, C.J.; Breedlove, S.M. Sexual dimorphism in digit-length ratios of laboratory 

mice. Anat. Rec. 2002, 267, 231–234. 

90. Brown, W.M.; Hines, M.; Fane, B.A.; Breedlove, S.M. Masculinized finger length patterns in 

human males and females with congenital adrenal hyperplasia. Horm. Behav. 2002, 42, 380–386. 

91. Garn, S.M.; Burdi, A.R.; Babler, W.J.; Stinson, S. Early prenatal attainment of adult metacarpal-

phalangeal rankings and proportions. Am. J. Phys. Anthropol. 1985, 43, 327–332. 

92. Scutt, D.; Manning, J.T.; Whitehouse, G.H.; Leinster, S.J.; Massey, C.P. The relationship between 

breast asymmetry, breast size and the occurrence of breast cancer. Br. J. Radiol. 1997, 70, 1017–1021. 

93. Scutt, D.; Lancaster, G.A; T Manning, J. Breast asymmetry and predisposition to breast cancer. 

Breast Cancer Res. 2006, 8, R14. 

94. Manning, J.T.; Scutt, D.; Whitehouse, G.H.; Leinster, S. Breast asymmetry and phenotypic 

quality in women. Evol. Hum. Behav. 1997, 18, 223–236. 

95. Manning, J.T.; Scutt, W.D.; Whitehouse, G.H.; Leinster, S.J.; Walton, J.M. Asymmetry and the 

menstrual cycle in women. Ethol. Sociobiol. 1996, 17, 129–143. 

96. Manning, J.T.; Gage, A.R.; Diver, M.J.; Scutt, W.D. Short-term changes in asymmetry and 

hormones in men. Evol. Hum. Behav. 2002, 23, 95–102. 

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 

This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 


