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Endler (1980) suggested that in a carotenoid-poor environment, carotenoid-dependent sexual ornaments indicate
foraging ability, and hence, they can be used by females
to gauge male quality. This idea led researchers to view
female mate choice from a fresh perspective, and it gained
a fair level of acceptance (Kodric-Brown 1989; Milinski
and Bakker 1990; Houde and Torio 1992; Frischknecht
1993); however, many years passed before the “carotenoidpoor-environment” assumption began to be questioned
(Hudon 1994; Linville and Breitwisch 1997; Grether et al.
1999) or a viable alternative hypothesis was first conceived
(Lozano 1994). Carotenoids stimulate the immune system,
prevent cancer, and act as free radical scavengers (Ames
1983; Bendich and Olson 1989; Di Mascio et al. 1991;
Diplock 1991). These physiological functions had not been
considered in the ecological literature and led to the alternative hypothesis that carotenoid-dependent ornaments
actually indicate the bearer’s immune condition and health
status (Lozano 1994). Lozano’s hypothesis was recently
expanded and generalized by Von Schantz et al. (1999),
who proposed that sexual signals, carotenoid dependent
or not, indicate resistance to oxidative stress. Hill (1999)
recently outlined several alleged inconsistencies that “have
been ignored or overlooked in the growing literature promoting the idea of carotenoids as signals of immunocompetence,” but his arguments and supporting evidence
require careful scrutiny.
First, Hill (1999) aptly titles a subsection “Comparing
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Apples and Oranges,” fruits that contain carotenoids but of
differing types and with different distributions (Burden and
Bramlage 1994; Ben-Amotz and Fishler 1998; Reay et al.
1998; Mouly et al. 1999). Hill argues that differences in the
“basic biology” of different taxa preclude us from generalizing across taxa, and whereas carotenoid-dependent sexual ornaments are more common in fish and birds, “virtually all data supporting an immunoenhancing role for
carotenoids come from studies with mammals—primarily
humans, other primates and rodents” (Hill 1999, p. 590).
This is simply not so. Although most such work has indeed
been done with humans and mice, there is ample evidence
indicating that dietary carotenoids do have immunostimulant effects in many other taxa, including other mammals
(e.g., Veksler et al. 1992; Michal et al. 1994; Chew 1996),
birds (e.g., Sklan et al. 1989; Tengerdy et al. 1990; Haq et
al. 1996a, 1996b), and fish (e.g., Christiansen et al. 1995;
Torrissen and Christiansen 1995). This argument would be
inadequate even in the absence of such evidence because
the immunostimulant effects of carotenoids are primarily
the result of their ability to neutralize free radicals (Bendich
and Olson 1989; Di Mascio et al. 1991; Diplock 1991; Chew
1995, 1996; Burri 1997), a biochemical property of carotenoids that is not taxon dependent.
Second, Hill shows that circulating levels of carotenoids
are higher in birds than they are in mammals and argues
that, even if we could extrapolate across taxa, “if the immune systems of birds and fish have the same carotenoid
needs as [those of ] mammals, then the levels of circulating
carotenoids seems far in excess of what is required for
boosted immune response” (Hill 1999, p. 590). Hill further
points out that carotenoids are a diverse group of compounds, and in some cases, those carotenoids that stimulate mammalian immune systems are not absorbed very
efficiently from food by birds. These two arguments would
be valid only if we were to assume that the “basic biology”
of birds and mammals is similar, which is not so. Nonetheless, Hill’s argument inadvertently leads to an ancillary
point worth salvaging: dietary carotenoids act as immunostimulants in most vertebrate classes, but the types and
levels of carotenoids used in experiments might be different than those found in nature; so if the hypothesis is
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to be properly tested, we must first obtain information
regarding an animal’s exact carotenoid requirements, immunological, ornamental, or otherwise.
Third, to advance his thesis, Hill uses results from three
selected studies to support generalizations that in fact require further testing. Using as sole support a study of
house finches (Carpodacus mexicanus; Hill 1995b), Hill
argues that “the immune systems of birds” are unlikely to
be carotenoid limited because, in species in which only
males have carotenoid-dependent sexual ornaments, males
have higher levels of plasma carotenoids than females;
therefore, males probably have carotenoids far in excess
of what would be required by the immune system. However, the study cited (Hill 1995b) showed that in house
finches plasma carotenoids vary seasonally and similarly
in both sexes, peaking at the time of molt, when the values
of males were higher that those of females, but not significantly higher. Based on this study on a single species,
Hill further concludes that “in many of these species” both
sexes forage together and presumably have equal access to
dietary carotenoids. Hill goes on to state that even among
closely related species, carotenoid-dependent coloration is
related to plasma carotenoid levels, citing as supportive
evidence work on scarlet and white ibis (Eudocimus ruber
and Eudocimus albus, respectively; Trams 1969), which
supposedly shows that scarlet ibis have more plasma carotenoids than white ibis, and pink hybrids have accordingly intermediate levels. However, the study cited (Trams
1969), which was based on seven birds, actually showed
that a single pink ibis had more plasma carotenoids than
two white ibis but in the same range as the four scarlet
ibis. Furthermore, in the body of the paper but not the
abstract, Trams (1969) admits not knowing whether the
pink bird was indeed a hybrid or a scarlet ibis albino.
Finally, still referring to birds in general, Hill (1999, p.
592) states that “the amount of the integument that is
pigmented with carotenoids predicts the concentration of
circulating carotenoid pigments (Hill 1995a).” The study
cited, however, was based on 14 species, 12 of which were
passerines and eight of which were represented by three
or fewer individuals. Among the six species represented
by five or more individuals, the two redder species, house
finches and Northern cardinals (Cardinalis cardinalis), had
significantly redder plasma than the other four species
(Hill 1995a).
Fourth, there is a growing body of recent work that is
consistent with the idea that carotenoids are prevalent in
sexual ornaments because of their immunostimulant properties. For example, Nolan et al. (1998) showed that in a
house finch population, the redness of surviving males was
higher after a single episode of a mycoplasm epidemic. Hill
and Brawner (1998) demonstrated that combined coccidial and mycoplasm infections affect carotenoid-dependent

plumage but not melanin-dependent plumage in house
finches. Zahn and Rothstein (1999) showed that the decrease
in redness of house finches over the last 40 yr has been
correlated with, and presumably caused by, an increase in
the incidence of avian pox. These studies did not directly
test whether a trade-off exists in carotenoid use between
sexual signaling and immune function (Lozano 1994) but
are nonetheless consistent with the hypothesis.
Finally, in introducing the presumed troubling inconsistencies, Hill points out that “these problems will have
to be addressed before we accept that animals pay a cost
for carotenoid display in the form of reduced immune
efficiency.” In fact, the idea is only beginning to be tested
and is far from being widely accepted, and although Hill’s
concerns may seem a little premature, a word of caution
is probably always useful, as we would prefer not to repeat
our past mistakes. Hill ends by restating his adherence to
Endler’s (1980) “foraging ability” hypothesis and reiterating the alleged inconsistencies with the hypothesis that
carotenoids have dual and competing roles in sexual ornamentation and immunocompetence (Lozano 1994).
Given that the foraging ability hypothesis has been the
accepted dogma for nearly 15 yr, one would imagine most
workers in the field would welcome an alternative hypothesis (Platt 1964), particularly one that merges seemingly disparate fields and in doing so opens up new areas
of research. The eventual answer may even combine the
two hypotheses; carotenoid-dependent sexual ornaments
may have originated as signals of immune condition, but
via sexual selection, they may have been exaggerated to
the point of having lost their original meaning. Hill’s most
important message, and one with which everyone would
agree, is that the hypothesis is indeed intriguing and compelling, and just like any other idea, it must be tested before
it can be rejected or accepted.
Acknowledgments
I thank B. Crespi, G. Grether, A. Houde, D. Lank, R.
Ydenberg, and an anonymous reviewer for their colorful
comments on previous versions of this note.
Literature Cited
Ames, B. N. 1983. Dietary carcinogens and anticarcinogens. Science (Washington, D.C.) 221:1256–1264.
Ben-Amotz, A., and R. Fishler. 1998. Analysis of carotenoids with emphasis on 9-cis beta-carotene in vegetables
and fruits commonly consumed in Israel. Food Chemistry 62:515–520.
Bendich, A., and J. A. Olson. 1989. Biological actions of
carotenoids. Federation of the American Societies for
Experimental Biology Journal 3:1927–1932.
Burden, C. L., and W. J. Bramlage. 1994. Accumulation

202

The American Naturalist

of antioxidants in apple peel as related to preharvest
factors and superficial scale susceptibility of the fruit.
Journal of the American Society for Horticultural Science 119:264–269.
Burri, B. J. 1997. Beta-carotene and human health: a review
of current research. Nutrition Research 17:547–580.
Chew, B. P. 1995. Antioxidant vitamins affect food animal
immunity and health. Journal of Nutrition. 125:
1801A–1808S.
———. 1996. Importance of antioxidant vitamins in immunity and health in animals. Animal Feed Science and
Technology 59:103–114.
Christiansen, R., J. Glette, O. Lie, O. J. Torrissen, and R.
Waagbo. 1995. Antioxidant status and immunity in Atlantic salmon, Salmo salar L., fed semi-purified diets
with and without astaxanthin supplementation. Journal
of Fish Diseases 18:317–328.
Di Mascio, P., M. E. Murphy, and H. Seis. 1991. Antioxidant defense systems: the role of carotenoids, tocopherols, and thiols. American Journal of Clinical Nutrition 53:194S–200S.
Diplock, A. T. 1991. Antioxidant nutrients and disease
prevention: an overview. American Journal of Clinical
Nutrition 53:189S–193S.
Endler, J. A. 1980. Natural selection on color patterns in
Poecilia reticulata. Evolution 34:76–91.
Frischknecht, M. 1993. The breeding colouration of male
three-spined sticklebacks (Gasterosteus aculeatus) as an
indicator of energy investment in vigour. Evolutionary
Ecology 7:439–450.
Grether, G. F., J. Hudon, and D. F. Millie. 1999. Carotenoid
limitation of sexual coloration along an environmental
gradient. Proceedings of the Royal Society of London
B, Biological Sciences 266:1317–1322.
Haq, A. U., C. A. Bailey, and A. Chinnah. 1996a. Effect
of b-carotene, canthaxanthin, lutein, and vitamin E on
neonatal immunity of chicks when supplemented in the
broiler breeder diets. Poultry Science 75:1092–1097.
Haq, A. U., A. Chinnah, and C. A. Bailey. 1996b. Effect
of b-carotene, canthaxanthin, or lutein on lymphocyte
proliferation (in vitro) of newly hatched chicks. Avian
Diseases 40:823–827.
Hill, G. E. 1995a. Interspecific variation in plasma hue in
relation to carotenoid plumage pigmentation. Auk 112:
1054–1057.
———. 1995b. Seasonal variation in circulating carotenoid pigments in the house finch. Auk 112:1057–1061.
———. 1999. Is there an immunological cost to carotenoidbased ornamental coloration? American Naturalist 154:
589–595.
Hill, G. E., and W. R. Brawner III. 1998. Melanin-based
plumage coloration in the house finch is unaffected by

coccidial infection. Proceedings of the Royal Society of
London B, Biological Sciences 265:1105–1109.
Houde, A. E., and A. J. Torio. 1992. Effect of parasitic
infection on male color pattern and female choice in
guppies. Behavioral Ecology 3:346–351.
Hudon, J. 1994. Showiness, carotenoids, and captivity: a
comment on Hill (1992). Auk 111:218–221.
Kodric-Brown, A. 1989. Dietary carotenoids and male
mating success in the guppy: an environmental component to female choice. Behavioral Ecology and Sociobiology 25:393–401.
Linville, S. U., and R. Breitwisch. 1997. Carotenoid availability in a wild population of northern cardinal. Auk
114:796–800.
Lozano, G. A. 1994. Carotenoids, parasites, and sexual
selection. Oikos 70:309–311.
Michal, J. J., L. R. Heirman, T. S. Wong, B. P. Chew, M.
Frigg, and L. Volker. 1994. Modulatory effects of dietary
beta-carotene on blood and mammary leukocyte function in periparturient dairy cows. Journal of Dairy Science 77:1408–1421.
Milinski, M., and T. C. M. Bakker. 1990. Female sticklebacks use male coloration in mate choice and hence
avoid parasitized males. Nature (London) 344:330–333.
Mouly, P. P., E. M. Gaydou, and J. Corsetti. 1999. Determination of the geographical origin of Valencia orange
juice using carotenoid liquid chromatography profiles.
Journal of Chromatography 844:149–159.
Nolan, P. M., G. E. Hill, and A. M. Stoehr. 1998. Sex, size
and plumage redness predict house finch survival in an
epidemic. Proceedings of the Royal Society of London
B, Biological Sciences 265:961–965.
Platt, J. R. 1964. Strong inference. Science (Washington,
D.C.) 146:347–353.
Reay, P. F., R. H. Fletcher, and V. J. Thomas. 1998. Chlorophylls, carotenoids and anthocyanin concentrations
in the skin of “Gala” apples during maturation and the
influence of foliar applications of nitrogen and magnesium. Journal of the Science of Food and Agriculture
76:63–71.
Sklan, D., T. Yosefov, and A. Friedman. 1989. The effects
of vitamin A, beta-carotene and canthaxanthin on vitamin A metabolism and immune responses in the
chick. International Journal for Vitamin and Nutrition
Research 59:245–250.
Tengerdy, R. P., N. G. Lacetera, and C. F. Nockels. 1990.
Effect of b-carotene on disease protection and humoral
immunity in chickens. Avian Diseases 34:848–854.
Torrissen, O. J., and R. Christiansen. 1995. Requirements
for carotenoids in fish diets. Journal of Applied Ichthyology 11:225–230.
Trams, E. G. 1969. Carotenoid transport in the plasma of

Notes and Comments 203
the scarlet ibis (Eudocimus ruber). Comparative Biochemistry and Physiology 28:1177–1184.
Veksler, M., B. G. Skopets, and A. G. Skopets. 1992. Effects
of biologically active substances controlling bovine reproduction on T-lymphocyte and macrophage activity.
Reproduction in Domestic Animals 27:154–160.
Von Schantz, T., S. Bensch, M. Grahn, D. Hasselquist,
and H. Wittzell. 1999. Good genes, oxidative stress and

condition-dependent sexual signals. Proceedings of the
Royal Society of London B, Biological Sciences 266:
1–12.
Zahn, S. N., and S. I. Rothstein. 1999. Recent increase in
male house finch plumage variation and its possible
relationship to avian pox disease. Auk 116:35–44.
Associate Editor: Anne E. Houde

