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Secondary sexual traits arc thought to be costly to produce and maintain, and the
allocation of energy to sexual traits could result in reduced investment in traits
associated with growth and basic maintenance. It has been suggested that the
trade-off between sexual traits and growth and maintenance traits should manifest
itsell in the corrclation between development of sexual traits and resistance to
environmental variability. Interspecifically, this hypothesis predicts that species with
greater sexual ornamentation and dimorphism should be able to tolerate a narrower
width of environmental condition compared to related species with less developed
sexual traits. We (ested this prediction by examining whether sexual dimorphism in
cardueline finches was negatively associated with the width of clevational range
occupied during breeding. We assumed that the range in elevations where breeding
can occur represents a measure of tolerance of environmental variability. We found
a positive rather than a negative relationship between breeding range and sexual
dimorphism. Finches that were capable of breeding over a large range of elevations
were also more dimorphic in plumage. Possible cxplanations for the obscrved
relationship between sexual dichromatism and ecological breadth could include
interspecific differences in food availability and foraging ability, as well as variation
in energy required for baseline metabolism.

A. V. Badvaer and C. K. Ghalambor. Div. of Biological Sciences, Univ. of Montana.
Missoula. MT 59812, USA (abadyaev@sehvay.umt.edu).

Resource allocation to the development and mainte-
nance of secondary sexual traits is often viewed as an
encrgetically costly undertaking, and these traits may
serve as reliable indicators of individual quality (re-
viewed in Andersson 1982, 1994, Hill 1995a). Hence, it
is assumed that the phenotypic expression of sexual
ornaments is ultimately linked to physiological and
developmental pathways that allocate an organism’s
resources between the competing demands of mainte-
nance, growth, and reproduction (Williams 1966, Za-
havi 1975, Kodric-Brown and Brown 1984, Zeh and
Zeh 1988, McLain 1991. Promislow et al. 1992, Wine-
miller 1992, Emlen 1996). Indeed. it was shown that
environmental stress from inadequate nutrition (e.g..
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Swaddle and Witter 1994, Badyaev 1998), increased
parasite infestation (e.g. Potti and Merino 1996, Salva-
tor et al. 1996), decreased habitat suitability (Manning
and Chamberlain 1994), radioactive pollution (Maeller
1993). or climatic extremes (e.g. Parsons 1995) may
directly influence allocation patterns and the expression
of condition-dependent secondary sexual traits. How-
ever, while there may be a strong relationship between
expression of sexually selected traits and environmental
stress at the population level (reviewed in Hill 1995a).
the effects of environmental stress on variation in sex-
ual ornamentation wnong species are less clear. For
cxample. it has been suggested that species subject to
strong sexual sclection may be less ecologically plastic,
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because energy allocated towards sexual ornamentation
is unavailable for other traits associated with an organ-
ism’s ability to track environmental changes (e.g.
McLain 1993). In addition, strong local selection that
favors location-specific partitioning of resources be-
tween sexual ornaments and other traits may limit
species dispersal ability and, thus, occupied range (e.g.,
Kirkpatrick and Barton 1997). Lower ecological plas-
ticity of species under strong sexual selection has been
attributed to low competitive and dispersal capabilities,
narrow physiological tolerances, and higher vulnerabil-
ity to predators and parasites (McLain 1993, McLain et
al. 1995). For example, higher probability of extinction
for sexually-dimorphic versus monomorphic bird spe-
cies introduced to tropical islands may result from an
underlying trade-off between investment in competitive
ability and sexual ornamentation (McLain et al. 1995).
Yet. to our knowledge, no comparative studies have
examined whether the proposed trade-off exists be-
tween ecological plasticity and sexual dimorphism.
Here we examine if ability to tolerate a wide range of
ecological environments is associated with sexual
dichromatism across all extant finches of the subfamily
Carduelinae. Cardueline finches (126 species) provide a
powerful system in which to examine the trade-off
between ecological plasticity and sexual dimorphism
because finches vary extensively in plumage dimor-
phism and occupy a wide variety of environmental
conditions, occurring across the largest range of eleva-
tions of any extant birds (Clement et al. 1993, Badyaev
1997a, b). Development of sexual traits is closely asso-
ciated with fecundity and mortality in cardueline
finches, suggesting that sexual traits are costly to main-
tain and produce (Martin and Badyaev 1996, Badyaev
1997¢). We assumed that the range of occupied eleva-
tions provides a good estimate of tolerance to environ-
mental variability, because wider elevational ranges are
commonly associated with greater environmentdl vari-
ability (Agachanyanch 1981, Badyaev 1993). Biogeo-
graphical studies suggest that elevational range
occupied by finches is mostly limited by tolerance of
environmental conditions during breeding season
(Boehme 1975, Badyaev 1987). Therefore, range of
elevations occupied during breeding provides a particu-
larly good estimate of environmental variability for our
study. Sexual dichromatism often has been used as a
measure of the intensity of sexual selection in interspe-
cific studies (e.g.. Hamilton and Zuk 1982). Using
variation in sexual dimorphism as an indirect measure
of the intensity of sexual selection, we specifically tested
whether tolerance to environmental variability is associ-
ated with a species’ ability to invest in sexual ornamen-
tation, e.g., whether sexual dimorphism is negatively
correlated with the range of elevations occupied by a
species. Developmental control of sexually-selected
traits is often more relaxed compared to non-sexual
traits (e.g. Moller and Pomiankowski 1993, Parsons
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1995) and therefore sexual traits should be more re-
sponsive to variation in environmental conditions.
Thus. we also compared variation in sexually-selected
and non-sexually selected trait (female wing, Badyaev
1997b) in relation to the range of breeding elevations.

Methods

Range of elevation was calculated as the highest minus
the lowest elevation of each species breeding distribu-
tion across the entire geographic range (see Appendix A
in Badyaev 1997b). Two independent observers scored
sexual dichromatism for three body regions (rump,
breast, and head) from illustrations of males and fe-
males in Clement et al. (1993). Dichromatism was
recorded for each body region as 0 if there was little or
no dichromatism, 1 for moderate dichromatism, and 2
for high dichromatism (e.g., Badyaev 1997b). The
plumage dichromatism index was then the mean sum of
scores for the three regions between the two observers
and mean interscorer values were used in analyses (see
Badyaev 1997b for data in Appendix A and more
details). To examine biases in observers’ scoring. sexual
dimorphism scores provided by human observers in this
study were compared to scores obtained for the same
data set by using the Colortron scoring device (Badyaev
and Hill unpubl.). There was a close agreement between
the observers’ and Colortron scoring (Badyaev 1997b,
Badyaev and Hill unpubl.). The use of color plates to
score plumage dichromatism assumes an accurate de-
piction of the species’ coloration by the artist and then
high quality reproduction of the original plates by the
publisher. To test the assumption that the color plates
in Clement et al. (1993) are a reasonable depiction of
cardueline finch coloration. the plumage coloration of a
subset of 33 species of cardueline finches (all species
available in the Museum of Natural Sciences at Louisi-
ana State University) was measured with the Colortron.
Again, there was a very strong concordance between
Colortron measurements of study skins, Colortron
measurements, and human observer scores taken from
plates in Clement et al. (1993) (Badyaev and Hill,
unpubl.). Log (female weight) was used as a measure of
body size. In addition to sexually selected traits we
examine variation in a non-sexual trait — female wing
length (residuals from regression of female wing length
on female body mass) in relation to range of elevations
(see Table 1 in Badyaev 1997a and Appendix A in
Badyaev 1997b)

The phylogeny of cardueiine finches represents a
consensus tree constructed by summarizing all recent
systematics data available for each clade and is de-
scribed in detail elsewhere (Badyaev 1997b). We did not
have consistent estimates of branch lengths because
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data came from studies using different methods. All
extant cardueline species were included in the phyloge-
netic tree, and plots of standardized contrasts against
the variances of the untransformed contrasts showed no
significant correlation. Therefore, the statistical use of
equal branch lengths is justified (Garland et al. 1992,
Purvis and Rambaut 1995). To control for species
relatedness, we calculated independent contrasts be-
tween tips and nodes of the tree for the traits of interest
(Felsenstein 1985) and examined the relationships be-
tween range of elevations and sexual dichromatism by
calculating  linear through-the-origin regressions on
these contrasts (Garland et al. 1992, Purvis and Ram-
baut 1995). We also analyzed data using pairwise com-
parisons. where pairs of closely related congeners
(Table 2 in Badyaev 1997a) were ranked by the range of
breeding elevations and then compared with respect to
dichromatism. Concordance with predictions was then
tested with a sign test.

Both elevation of breeding and body size correlate
with sexual dichromatism in cardueline finches. Smaller
or low-elevation species show greater dichromatism
than larger or high-elevation species (Bjorklund 1990,
Badyaev 1997b). Therefore, we included maximum ele-
vation and body size into regression analyses to statisti-
cally control for their effects on variation in sexual
dimorphism.

Results

We had data on both elevational range and sexual
dichromatism for 23 pairs of closely related species; in
18 (78%%) of these pairs, species with a greater range of
elevations were more sexually dimorphic (sign test,
p=10.0002). Range of elevations was not associated
with wing length (k =9, » =20; sign test, p =0.8).

Degree of sexual dichromatism was positively corre-
lated with range of breeding elevations (Spearman r =
(.32, one-tailed ¢ =2.21, p=0.03; Fig. 1A). This trend
remained when effects of maximum elevation and body
size were statistically controlled (bgy =0.22, +=1.8,
p=10.04; Fig. 1B). Wing length did not correlate with
range of elevations (Spearman r=0.01, t=0.27, p =
0.79; Fig. 2A). The relationship remained non-signifi-
cant when effects of maximum elevation were
statistically controlled (bgy =0.024, 1=0.21, p=0.83;
Fig. 2B).

Discussion

Sexual selection may lower population fitness, because
investment in sexual ornaments can reduce resource
allocation to other traits associated with individual
fitness, thus limiting the response to natural selection
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(Lande 1980, Arnold and Wade 1984, McLain 1993). It
has been suggested that across species a similar set of
trade-offs might cause negative association between
development of sexual traits and tolerance of environ-
mental variability (McLain 1993, McLain et al. 1993).
In this study we found that opposite to the latter
prediction, sexual dimorphism in cardueline finches was
positively associated with a species’ ability to tolerate
environmental varability. Specifically, as the range be-
tween highest and lowest breeding elevation increased,
so did species’ sexual dimorphism in plumage (Fig. 1).
Thus, our results did not support the a priori prediction
that a negative relationship should exist across species
between ecological plasticity and sexual dimorphism
(e.g. McLain 1993, McLain et al. 1995). On the con-
trary, it appears that finches capable of occupying a
wide range of environmental conditions are also able to
invest more in sexual ornamentation compared to re-
lated species with reduced environmental tolerance
(Fig. 1). Furthermore, a non-sexually selected trait (fe-
male wing length) did not vary with range of elevations
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Fig. 1. Regression plots of data transformed by the method of
independent contrasts (which controls for possible phyloge-
netic effects) illustrating the relationship between range of
clevations occupied during breeding and (A) sexual dichroma-
tism (Spearman r=0.32, 1 =2.21, p=10.03), and (B) the stan-
dardized residuals of sexual dichromatism corrected for
maximum elevation and body size (by-=0.22, 1+ =18, p=
0.04).
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Fig. 2. Regression plots of data transformed by the method of
independent contrasts (which controls for possible phyloge-
netic effects) illustrating the relationship between range of
clevations occupied during breeding and (A) female wing
length (Spearman r=0.01. r=0.27, p=0.79). and (B) the
standardized residuals of female wing length corrected for
maximum clevation (by- = 0.024. 1 =0.21. p = 0.83).

(Fig. 2), suggesting that the relationship between envi-
ronmental variability and variation in sexually and
non-sexually selected traits may have different underly-
ing rules of resource and energy allocation and different
developmental control (e.g. Moller and Pomiankowski
1993).

Assuming that the range of breeding elevations is a
valid measure of a species’ ability to tolerate environ-
mental variability, there may be multiple pathways in
which sexual dichromatism in finches may be related to
the range of breeding elevations, McLain (1993) as-
sumed that species are constrained in their ability to
adapt to environmental changes because finite resources
cannot simultaneously be allocated to competing de-
mands (e.g. Levins 1968, Sibly and Calow 1986). How-
ever, because even closely related species may
drastically differ in baseline energy expenditure
(Gavrilov 1995). and in ability to acquire resources
(Karasov 1990, Diamond and Hammond 1992), there
may be no a priori reason to expect a similar trade-off
across species. We suggest two potential alternative
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mechanisms for why we observed a positive rather than
a negative relationship between sexual dimorphism and
ability to tolerate environmental variation. First. a
trade-off between investment in sexual ornaments and
ccological breadth may indeed exist as suggested
(McLain 1993, McLain et al. 1995): however, finches
capable of breeding over a wider range of elevations
may be better at acquiring resources. either because
they have greater food availability or are inherently
more efficient foragers (Karasov 1990). If this is the
case, then the underlying trade-off between competing
demands will be masked at the phenotypic level because
acquisition of resources differs among species (van
Noordwijk and de Jong 1986). This explanation is
corroborated by the observation that most of the inter-
specific variation in sexual dichromatism in cardueline
finches is due to changes in diet-dependent carotenoid-
based plumage coloration, and carotenoid-based col-
oration also contributes the most to overall
dichromatism (Badyaev and Hill unpubl.). The capacity
to produce carotenoid-based coloration is directly
linked to ability to acquire carotenoids from food (e.g.
Brush 1990) and that ability may vary both within and
among species (e.g. Hill 1995b). It is therefore possible
that finch species that occupy wider range of elevations
may be better at acquiring carotenoid-rich foods. It is
interesting to mention that McLain et al. (1995) found
no assoclation between plumage coloration and risk of
extinction in fringillid finches, while the relationship
was pronounced in other families. Studies of foraging
efficiency between sexually dimorphic and monomor-
phic species may provide some insight into this hypoth-
esis.

Alternatively, species with a broad tolerance to envi-
ronmental variance may have low energy expenditure
for basal metabolism (Zotin 1990, Hoffmann and Wat-
son 1993, Djawdan et al. 1997), such that metabolic
energy not used in maintenance and survival is avail-
able for sexual selection to act on, resulting in morpho-
logical evolution (Sibly and Calow 1986. Koehn and
Bayne 1989, Hoffmann and Parsons 1991, Kieser 1993,
Parsons 1993a, b). Living fossils are often cited as an
extreme example, where little evolutionary change can
occur when the cost of accommodating environmental
stress is high (Parsons 1993a, b). Under this scenario,
sexually dimorphic finches capable of breeding over a
wide range of elevations are expected to expend less
energy on maintenance and survival costs than the
more ecologically restricted monomorphic species (e.g.
Parsons 1995). Empirical studies of the energy budgets
of species occupying broad and narrow elevational
ranges are needed to test whether differences exist in
metabolic costs across a range of temperatures, and
whether there are differences in acclimation ability
across species. If species actually differ physiologically.
then each species should have a unique set of trade-offs
and it would be invalid to assume that sexual dimor-
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phism should always negatively correlate with tolerance
to environmental variability.

Ecological condition associated with elevation strongly
affects paternal investment and intensity of sexual selec-
tion in finches (Badyaev 1997¢). Similarly. the intensity of
sexual competition may vary with environmental stress
resulting in more variable selection intensity in widely
fluctuating environments.

In sum, although it has been suggested that investment
in sexually-selected traits and greater sexual dimorphism
may result in reduced ecological plasticity, we found a
positive rather than a negative relationship between
sexual dichromatism and elevational range occupied by
cardueline finches. Yet, without a better understanding of
the underlying processes that determine trade-offs across
species it is difficult to know which predictions should be
expected. Comparative field studies of ecologically simi-
lar species that differ in the intensity of sexual selection
should provide greater insight into the critical predictions
that need testing.
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