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Plumage coloration is a sexually
selected indicator of male quality
Geoffrey E. Hill

Museum of Zoology and Department of Biology, University of Michigan,
Ann Arbor, Michigan 48109, USA

FEMALE choice of mates based on the expression of characters
that correlate with male quality remains a controversial and largely
untested idea'. By choosing quality males, females stand to gain
resources’, genetic benefits for their offspring®>>, or both. In the
house finch (Carpodacus mexicanus), male plumage coloration is
a function of dietary intake of carotencids®’. Here I present results
of field studies that indicate that females prefer to mate with
colourful males and that plumage brightness correlates with a
male’s capactity for parental care and perhaps its genotypic
quality. Artificially brightened males paired more quickly and
frequently than sham control or lightened males. Among
unmanipulated males, plumage coloration was correlated with nest
attentiveness and overwinter survival. In addition, there was a
positive correlation between the coloration of fathers and sons.
The house finch is a small, sexually dichromatic passerine
that is socially monogamous®®. Unlike many passerine species,
house finches do not defend territories during the breeding
season”!’, although both males and females defend mates from
rivals. Pairing begins several weeks before the start of nestbuild-
ing and, once paired, house finches form tight associations.

Paired individuals are rarely seen alone until the female begins
to incubate, so the pairing status of individuals can be deter-
mined unambiguously before nesting. Within populations, males
display continuous variation in plumage coloration, ranging
from pale yellow to bright red®'!. Captive feeding experiments
indicate that all male house finches have the same potential to
display bright or drab plumage’ and that variation in plumage
coloration reflects the type and quantity of carotenoids ingested
by individuals at the time of their annual moult®’. In laboratory
mate-choice experiments with wild-caught house finches,
females display a significant preference for the reddest male
available®.

To determine whether female house finches use male plumage
coloration as a criterion for mate choice in the wild and to
investigate whether male plumage coloration might be an
indicator of male quality, I studied a breeding population of
house finches at Ann Arbor, Michigan. Between 10 February
and 21 March in 1989 and 1990, I used hair dyes to brighten
40 males and hair lighteners to lighten 40 males. I also assigned
20 males as sham controls by treating them with colour developer
which did not alter plumage coloration. There were no significant
differences among treatment groups in the size or pre-manipula-
tion plumage scores of males, but all three groups differed
significantly in post-manipulation plumage scores (Table 1). The
range of plumage scores of manipulated males (96-177) fell
within the range of natural plumage coloration in the Ann Arbor
population (87-177).

There were no significant differences in dispersal or mortality
between manipulated and unmanipulated males (x*=0.12,
d.f.=1, P> 0.25) or among manipulated males used in different
treatments (Table 1). Brightened males were significantly more
likely to attain a mate than lightened or sham-control males,
and sham-control males were more successful than lightened
males (Table 1). Of the males that paired, brightened males
paired earlier than lightened or sham-control males (Table 1),
but the differences were not significant. Thus, field experiments
indicate that female house finches prefer to pair with brightly
plumaged males.

Male house finches feed their mates during incubation as well
as their offspring®'“. To test whether male coloration reflects a
male’s ability to provide food for its mate and offspring, I
recorded the time between feeding visits by males at 32 nests.
I found a significant correlation between male attentiveness

TABLE 1 Results of plumage coloration manipulation experiments

Brightened (N =40) Sham control (N=20) Lightened (N =40)

Male characteristics % (s.d)
Weight (g) 21.9(1.3)
Wing length (mm) 80.2(1.8)
Original plumage score 140.7 (12.5)
Manipulated plumage score 161.6(7.9)
Number resighted (proportion resighted) 23 (0.58)

Number paired (proportion paired) 22 (1.00)
Time to pair (days)t 121(12.5)

X (s.d) X (s.d.) Test statistic P
22.3(1.4) 21.8(1.3) 0.87* 0.42
79.3(1.6) 80.3(2.3) 1.83* 0.17

139.9(14.3) 141.0(11.4) 0.05* 0.95
139.9(14.3) 129.4 (10.3) 98.7* 0.0001
10 (0.50) 26 (0.65) 1.30% >0.25

6 (0.60) 7 (0.27) 24.75% 0.0001

20.2(17.8) 27.8(22.4) 2.82* 0.07

Higher plumage scores correspond to brighter plumage; see ref. 9 for details of scoring technique. | captured house finches at feeding stations and
individually marked them with one aluminium and three coloured plastic leg bands. Males used in the experiment had dye, lightener, or colour developer
applied to pigmented regions of their plumage® at times between 13:00 and 15:00 on the day they were trapped. After excess colourant was rinsed from
their feathers, males were placed in front of a heat lamp for 2 h to dry, held overnight with food and water ad /ib, and released at 10:00 the next morning.
All manipulations were completed before the onset of nestbuilding in the study population. Only previously unbanded males were included in the manipulation.
They were assigned to treatment groups so that each group received approximately the same number of males each day and so that males in each
treatment were similar in size and pre-manipulation plumage score. Males were counted as ‘resighted’ if they were seen at least 48 h after release and
‘paired’ if they were seen in exclusive association with a female. In 1990, one brightened male was trapped 3 weeks after release but was otherwise not
seen, so this male was counted as resighted but was excluded from pairing data. There were no significant differences between years in the pre-manipulation
plumage scores or sizes of males or in the effects of the manipulations, so data were pooled for 1989 and 1990.

* F, One-way analysis of variance (ANOVA).
T x° One-tailed test.

1 Only males that paired were counted in the time to pair comparison, as measured by the interval between release following manipulation and exclusive

association with a female.
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TABLE 2 Nest and mate desertion by females

Successful (N=78)

Number renesting (proportion renesting) 42 (0.54)
Number renesting with same male (proportion) 42 (1.00)
Mean plumage score (s.d.) 152.3(8.9)

Faited (N =60) Abandoned (N=17) Test statistic P
41 (0.68) 9 (0.53) 3.28% >0.10
38 (0.93) 1 (011)* 55871 0.001

152.2(6.5) 144.4(12.3) 6.02% 0.003

Success of first nesting attempt by pairs, pooled for 1988-90. Nests were deemed successful if young fledged, failed if part or all of the nest contents
disappeared before fledging and abandoned if a complete, intact clutch or brood was deserted.
* The female from the only pair to renest together after abandoning a nest, abandoned the second nest as well.

+ x2 One-tailed test.
i F, One-way ANOVA.

(mean rate of feeding visits) and male coloration (Fig. 1a),
indicating that plumage coloration is a reliable signal of male
parental investment. Choosing an inattentive male as a mate
seems to impose direct cost on the female. Eleven per cent of
females abandoned both their nest and mate before eggs hatched
(Table 2); males that were deserted were significantly less
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FIG. 1 a Male nest attentiveness (mean rate of feeding visits) in relation
to plumage score (r,=0.42, n=32, P <0.05). Feeding rate was measured
by observing the interval between visits by the attending male. Two or three
feeding intervals, recorded at least 24 h apart, were obtained for each male
and all observations were conducted at times between 06:00 and 13:00
during incubation (between laying of the last egg in a clutch and hatching
of the first egg). To test for age effects, | repeated the comparison using
only the attendance rates of 13 males known to be two years old or older.
Again, there was a significant positive correlation between male plumage
score and attentiveness (r,=0.63, n=13, P < 0.05). b, Relationship between
the plumage score of fathers and sons (r,=0.91, n=6, P <0.01). Sons
were banded in a nest for which the attending male's plumage score was
known. The plumage score of sons was recorded the following year when
they returned to the study site as yearling males. Of the seven sons that
returned, two came from the same nest and the remaining five came from
different nests attended by different males. To maintain independence of
points, a single mean plumage score value for the brothers was used in
the analysis.
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colourful on average than males that were not deserted (Table
2). Females depend on their mates for food during incubation
and cases of desertion by females probably result from
inadequate provisioning by males.

In addition to resource benefits, females may also gain genetic
benefits by choosing to mate with a colourful male. I compared
the mean coloration of males banded in 1988 or 1989 and which
returned in the following year with the mean coloration of males
that did not return. To make the comparison less susceptible to
dispersal bias, I also considered only males that paired in 1988
or 1989. In all comparisons, returning males were significantly
more colourful than males that did not return (Table 3), suggest-
ing that colourful plumage is an indicator of male viability and
perhaps genetic quality"®, although the relationship between
colour and viability may be due to phenotypic effects.

In support of the idea that plumage coloration may be used
by females to assess male genotypic quality, is a correlation
between the coloration of fathers and sons. According to the
good genes models of sexual seléction, the overall genotypic
quality of a male determines how well it will perform in its
environment and the degree to which it will achieve maximum
expression of a display trait'*"'”. These models predict a positive
correlation between character expression of father and son'*""".
I compared the plumage scores of seven males that were banded
as nestlings and returned the following year to the plumage
scores of their fathers and found a significant positive correlation
(Fig. 1b). Although this correlation fits predictions of the ‘good
genes’ models, it could also be due to maternal or paternal
effects as colourful males tend to provide more food and prob-
ably pair with higher quality females than drab males.

These observations indicate that female house finches prefer
brightly plumaged males and that, by choosing a colourful
male, females gain resources and possibly genetic benefits for
offspring. This result provides empirical support for the idea
that plumage coloration serves as a signal of male quality* and
corroborates previous studies on intersexual selection for
integumentary pigmentation in fish'®*2, Carotenoid pigmenta-

TABLE 3 Male plumage coloration in relation to overwinter survival

Plumage score

Interval Status N X (s.d) t* P

1988-89  All returned 63 148.0(9.1) 166 0.05
All not returned 87 145.2(10.9)
Paired returned 36 150.6(7.9) 170 0.05
Paired not returned 32 147.3(7.9)

1989-90  All returned 82 149.1 (10.8) 245 0.007
All not returned 130 1447 (13.7)
Paired returned 55 152.0(10.1) 189 003
Paired not returned 39 1481(9.3)

Males were banded or sighted between 1 February and 1 July in year 1.
Males counted as returned were trapped or sighted between 1 February
and 1 July in year 2.

* One-tailed t-test comparing mean plumage scores of adjacent rows.
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tion may prove to be a display character that has independently
evolved as a viability indicator in a diverse array of taxa. [J
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The cyclops mutation blocks
specification of the floor
plate of the zebrafish
central nervous system

Kohei Hatta, Charles B. Kimmel, Robert K. Ho
& Charline Walker

Institute of Neuroscience, University of Oregon, Eugene,
Oregon 97403, USA

THE floor plate is a set of epithelial cells present in the ventral
midline of the neural tube in vertebrates' that seems to have an
important role in the developmental patterning® of central nervous
system fibre pathways™*, and arrangements of specific neurons®.
The floor plate arises from dorsal ectodermal cells closely associ-
ated with the mesoderm that forms notochord®, and it may depend
on interactions from the notochord for its specification. To learn
the nature of these interactions we have analysed mutations in
zebrafish (Brachydanio rerio). We report here that in wild-type
embryos the floor plate develops as a simply organized single cell
row, but that its development fails in embryos bearing the newly
discovered zygotic lethal ‘cyclops’ mutation, cyc-1(b16). Mosaic
analysis establishes that cyc-I blocks floor plate development
autonomously and reveals the presence of homeogenetic induction
between floor plate cells.

The floor plate (FP) can be visualized during key stages of
embryonic development in the spinal cord by the distinctive
cuboidal morphology of its cells, and by labelling with the
monoclonal antibody zn-5. It is positioned precisely in the
midline just beneath the central canal, and is but a single cell
wide (Fig. 1). In contrast, FP structure in most vertebrates is
more complex. The antibody zn-5 seems to recognize a cell-
surface antigen’, whose expression by FP cells is strongest on
faces apposed to one another, in contrast to facing their lateral
central nervous system (CNS) and ventral (notochord) neigh-
bours. The labelling by zn-5 also indicates that the FP extends
through the hindbrain and midbrain’, and ends abruptly at the
midbrain/forebrain boundary. In the one-day embryo FP cells
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in the hindbrain are more flattened in the anterior-posterior
dimension than are those in the spinal cord, and they contact
one another in a staggered linear arrangement rather than in
simple end-to-end fashion (Fig. 14, d).

Early cells that will form the FP lie dorsally, close to notochord
precursors, and single clones founded during blastula stages
frequently include both cell types®. Cellular intercalations’
elongate the two primordia into longitudinal rows, the FP overly-
ing the notochord. Cell transplantation (Fig. 1b, ¢) and clonal

FIG.1 The zebrafish embryonic FP is simply organized. a The zn-5 monoclonal
antibody labels the surfaces between adjacent FP cells. Dorsal view of the
rostral spinal cord at 28 h postfertilization at 28.5 °C. Along most of the
length of the spinal cord the FP is a single linear cell row (see ref. 4 for an
alternative interpretation), and this structure changes at about the fourth
spinal segment (arrowhead) to a staggered row, which continues into the
hindbrain. The interpretive drawing shows this patterning in the spinal cord
(lower) and hindbrain (upper). in both regions the ventrai CNS fibre pathways
termed the medial longitudinal fasicles (MLF; stippled) flank the FP. The
double-headed arrow indicates one segment length. The number of FP cells
per segment varies from about 25 in the hindbrain to 3 in the caudal spinal
cord. b, ¢, Transverse sections of spinal cord show that the MLF (arrowhead;
as labelled with the monoclonal antibody zn-1223) is separated from the FP
(arrow; as labelled by injection with lineage tracer in b), but contacts its
neighbouring cells (arrows in ¢). d Schematic representation of the topologi-
cal relationships of the FP in the spinal cord. The FP underlies the central
canal {CC), and is specifically juxtaposed to the underlying notochord (NOTO),
also present as a single row of cells.

METHODS. Whole embryos were labelled by injection of a mixture of 5%
rhodamine-dextran and 5% fixable biotin-dextran (Molecular Probes) into
the yolk region of the embryo at the 2-8 cell stages®*. The tracers spread
through the cytoplasm to all of the blasoderm cells. Later, 10-100 cells
within or near the embryonic shield of the early gastrula were orthotopically
transplanted to unlabelled hosts®*. Hosts with labelled ventral CNS cells
were selected by inspection of rhodamine fluoresence at 28 h, and the biotin
labelling was developed histochemically with streptoavidin/horseradish per-
oxidase (Vectastain) and diaminobenzidine, allowing detailed observation of
the morphoiogy of individual cells. The methods for immunohistology were
as previously described?®, After whole-mount staining, selected embryos
were embedded in plastic and sectioned at 6 pm. Scale bars, 20 pm.
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