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PROJECT SUMMARY

The primary objective of the research described in this proposal is to explore in nature and
experimentally the hormonal basis of phenotypic variation and its relation to fitness. The PIs treat
free-living male dark-eyed juncos (Junco hyemalis) with slow-release implants of testosterone (T)
that maintain naturally occurring spring maximum levels of T for the entire breeding season.
Controls receive empty implants. They then observe behavior, take physiological measurements,
and monitor reproductive success and survival rates. They ask whether fitness -of the experimental
phenotype (T-males) is greater than, less than, or equal to that of the control (C-males). In so
doing they hope to contribute to understanding of the nature of adaptation and constraint.
This technique, creation and modification of hormonal phenotypes, which they have called
'phenotypic engineering,' is a useful way to determine when and how natural selection acts at the
level of the organism. This is because hormones and their target tissues form an integrated whole.
As hormones are modulated, often in response to environmental stimuli, various targets are
affected and traits appear and disappear as suites. As a result, experimental treatment with
hormones may increase fitness along some measures through its action on one or more traits,
while simultaneously decreasing fitness by affecting other measures and other traits. It is only by
considering the net effects of treatment on an array of hormone-dependent traits and a variety of
fitness measures that we can hope to understand what maintains existing distributions of hormonal
phenotypes.
Another important feature of manipulating phenotypes with hormones is that the
phenotypes created, sometimes called phenocopies, while rare or even absent in nature, are
possible. That is, they arise in response to application of a hormone, but they could occur
naturally simply by alterations in production of the hormone or responsiveness of tissues to its
presence. Thus, it is of real interest to know why such phenotypes are not more common, and
their rarity provides possible support for three different views of the maintenance of phenotypic
variation. 1) If the control phenotype is more fit than the experimental one, this suggests that
optimizing selection maintains the norm. 2) If the fitness of an experimental phenotype is greater
than that of controls, this suggests that constraints (e.g., fitness-reducing consequences at other
stages of life) may maintain the norm; for otherwise one would expect the experimental phenotype
to replace the norm. 3) Finally, if there is little difference in the fitness of different phenotypes,
this suggests neutrality or intermittent selection.
The PIs propose:
1. to continue investigation of direct effects of testosterone on fitness-related traits in male
juncos, both in the field and under the more controlled conditions of the laboratory (aviary).
Specific objectives include comparisons of T- and C-males with respect to a) behavior towards
nestlings and b) behavior and physiology during the non-breeding season;
2. to quantify indirect effects of Ton the male's extended phenotype by measuring the
impact of enhanced male T on the behavior and physiology of females. They will ask how
treatment of a female's mate affects her hormonal state and behavior as reflected in a) the eggs she
produces and b) the sex of her offspring, and c) her movements at the time she is fertile;
3. to conclude our 10-year field study of demography and performance of T- and C-male
juncos by analyzing already-collected data on annual variation in a) net reproductive success, b)
return (minimum survival) rates of males, females, and nestlings, and c) fidelity of females to their
mates.
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PROJECT DESCRIPTION
A. RESULTS FROM PRIOR NSF SUPPORT
1. Title, amount, and dates of prior support
"Hormones and Life Histories: Exploring the Mechanistic and Functional Bases of
Fecundity Trade-offs in a Male Bird," IBN-9408061, award to . E.D. Ketterson and V. Nolan Jr.,
$275,000, September 1, 1994 - August 31, 199'7 (plus one year no cost extension).
2. Summary of results
Background. For the past 10 years, we have manipulated plasma levels of testosterone
(T) in free-living male dark-eyed juncos (Junco hyemalis : Emberizidae), a socially monogamous
songbird in which males sometimes copulate with and fertilize (by extra-pair fertilizations, or
EPFs) the eggs of the social mates of neighboring males. Half the males caught in spring before
breeding has begun are randomly assigned to receive subcutaneous silastic implants packed with T
(experimental or T-males), the other half receive empty implants (control or C-males). All are then
immediately returned to the point of capture and released. The dose of T simulates the maximum
physiological level ordinarily exhibited by unmanipulated free-living males for a brief period in
early spring; in T-males that level is maintained throughout the breeding season. The goals have
been (1) to document the hormone's diverse effects on a wide array of phenotypic traits and (2) to
relate those traits that are affected to comparisons of components of fitness. By studying how
natural selection acts on hormonally manipulated phenotypes with suites of altered physiological
and behavioral traits, we hope to enhance understanding of the evolution of complex adaptations.
Our results to date, in brief: T-males devote more effort than C-males to seeking mates and less
effort to parental behavior with, as yet, no detectable gain or loss in net fitness.
Phenotypic consequences of treatment with T studied during past 3 years.

Home range size.-- To assess the effect of T on their use of space, we radio-tracked freeli ving males at three stages of reproduction: when females were fertile (nest building, egg laying),
when females were incubating eggs, and when females and males were caring for nestlings. When
females were fertile, home ranges of treatment groups were similar in size, and T-males and Cmales spent equal time accompanying ('guarding') their mates (Chandler et al. in press). But when
females were incubating eggs or caring for nestlings, T-males' home ranges were three times larger
than those of C-males (Chandler et al. 1994). Both findings suggest equal or greater success by Tmales in gaining EPFs.
We are presently collaborating with neurobiologists Tom Smulders and Tim DeVoogd
(Cornell University) to determine mechanistic correlates of T's effect on home range size.
Smulders is tracking T- and C-males in the wild and holding others in aviaries, and he will
compare the hippocampal morphology and function of wild and captive T- and C-males to
determine the effects that differences in experience - treatment with T and freedom to range widely
- may have (Smulders et al. in prep.).

Response to predators.-- To assess whether the larger home ranges of T-males might
result in decreased effectiveness at nest defense, we placed a mounted chipmunk, the abundant and
primary' nest predator, near nests and measured the proportion of T- and C-males to respond to the
mount within 10 min. T-males were significantly less likely than C-males to detect this simulated
predation (Cawthorn et al., submitted), which would suggest that T-males should suffer greater
nest predation.
Mate choice.-- To assess the effect of T on male attractiveness, we simultaneously
1

presented dyads of T- and C-males to captive females and observed female behavior as they
expressed preference for one male or the other. T-males courted more vigorously (sang more,
were more active), and females were more likely to solicit copulation from T-males than C-males
(Enstrom et al. in press). Subsequent experiments demonstrated that females also preferred males
older than one year (which have higher endogenous levels of T) to yearling males, when neither
age class was manipulated with T (Enstrom et al. in prep.). But when yearling, and not older,
males were treated with T, female preference for older males broke down. Some females preferred
T-treated, yearling males; others preferred empty-implant, older males (Enstrom et al., in prep).
We next experimentally enhanced a plumage trait that in nature distinguishes older males
from yearlings (amount of white on feathers in tail) and found that females preferred experimental
males to males with normal tails (Hill et al. submitted). Since whiteness of tail and T covary with
age, we elevated T in a group of males with normal tails and then compared female behavior
toward these with behavior toward males with normal T but experimentally whiter tails. Some
females preferred males of one group, some the other (Hill et al. submitted). Thus, plumage and
male behavior can interact to elevate male attractiveness. We do not yet know whether levels of T
affect amount of white in the tail feathers , which are produced during prebasic molt in autumn. In
the future we will investigate this question and the question of whether variation among females in
their condition or experience can explain variation in their preferences.
Relative fertility.-- To ascertain whether treatment with T might affect male fertility, we
collected ejaculates from free-living and from captive males and determined volume and density of
sperm reserves when males' mates were fertile, when mates were incubating, and when mates and
males were tending nestlings (Kast et al., submitted). Treatment had no effect on volume or
density of sperm reserves (repeated measures, treatment by stage of reproduction), suggesting that
T neither compromised nor enhanced the likelihood of successful fertilization (Kast et al.,
submitted). Unexpectedly, stage of reproduction had a significant effect on males of both
treatments: they had fewest sperm while mates were fertile, presumably the time when copulation
is most frequent. We plan to observe directly (in aviary experiments) whether T-males copulate
more readily than C-males, and also whether treatment affects rate of replenishment of the sperm
reserve. Also, in collaboration with Smulders, we will compare T- and C-males for rate of cell
division in the gonads of males implanted with BrdU, a non-radioactive marker of cell division.
Vocal behavior.-- Previously we learned that mated T-males sing more often than mated Cmales (Ketterson et al. 1992, Chandler et al. 1994, Enstrom et al. in press). However, when we
treated captive yearling juncos with T in late winter, i.e., prior to their first breeding season, we
found that they sang less often and had smaller song repertoires than C-males (Titus et al. in press
a). This might suggest both intra- and intersexual disadvantages to males that produce T
prematurely. Stated more broadly, if enhanced T might have beneficial effects during breeding,
but enhancement would require its expression at earlier stages of life in ways that might be
detrimental, then the seasonal pattern of T may be constrained.
Corticosterone, corticosterone binding globulin (CBG), response to stressors, and
disease.-- We have known that free-living T-males have higher plasma levels of corticosterone (B)
than C-males (Ketterson et al. 1991) and have considered that this may indicate internal interactions
among hormones and/or an effect of T on exposure (or response) to environmental stressors. To
explore the impact of T on B under controlled conditions, we used captive juncos and measured B
and CBG: B proved to be higher in T-males, even when they were held in individual cages and
prevented from interacting socially. We also found that treatment with T increased levels of CBG,
a transport protein that can enhance B's half-life in the circulation (Klukowski et al. in press).
To pursue the relationship between T and B, we repeatedly measured plasma B in captive
and free-living T- and C- males and quantified their response to handling ('stress response'). After
10 min of handling we found no treatment difference in the stress response of groups of T- and C2

captives, i.e., the slope of the line relating B to handling time (Klukowski et al. in press). But
when free-living T- and C-males were captured and handled briefly at 15 min intervals for over an
hour, we found a steeper response to stress in T- males than in C-males (Schoech et al. in prep.).
These results - higher tonic circulating B and greater sensitivity to stressors - are consistent
with the possibility that T-induces corticosteroid suppression of the immune system, which might
be expected to increase susceptibility to disease. Indeed, preliminary data show that, in one of
two years, a greater proportion of T- than C-males was infected with gut protozoa, Isospora spp.
Isospora lead to coccidiosis in passerine birds, a disease that is known to kill juncos and other
passerines (Hudman et al. in prep., pers. obs.).
c. Fitness consequences of treatment with testosterone

Reproductive success (RS).-- Despite the numerous phenotypic differences between Tand C-males, we had earlier detected no effect of treatment on apparent RS, which is simply
numbers of young produced in the nests of males and their social mates (i.e., without regard to
genetic relatedness) (Ketterson et al. 1992, Ketterson and Nolan 1992). Analysis of five additional
years of data on apparent RS produced a different result. Although the treatment groups still did
not differ in nest success, in those nests that were successful T-males produced significantly fewer
hatchlings and fledglings per brood than did C-males. We attribute this, at least in part, to Tmales' reduced parental care (Ketterson et al. 1996; see discussion of nestling feeding below).
However, the results most exciting to us have been our findings from the use of multilocus DNA fingerprinting to determine net season-long genetic RS of 53 T-males and 70 C-males
studied during four breeding seasons (Raouf et al. submitted). Net RS consists of apparent RS
minus EPF losses (of paternity of young produced in nests of social mates) plus EPF gains (in
paternity of young in nests of other males' mates), and the net RS of treatment groups did not
differ. Apparent RS was significantly greater in C-males, but so were EPF losses; and production
of fledglings was lower in social broods of T-males, but EPF gains of these males were higher.
Thus, while there was no treatment difference in net success, C-males were more likely to achieve
RS as a result of their parental efforts, while T-males were more likely to achieve RS by limiting
their losses from EPFs and increasing their EPF gains. We now have four additional seasons'
worth of DNA samples, and we propose to analyze them to investigate annual variation in relative
net genetic success of T- and C-males.
Results to date raise an important question: Given that females mated to T-males have
lower RS than females mated to C-males (because apparent RS of males = actual RS of females),
why do females mate with (and evidently prefer, Enstrom et al. in press) T-males; and, even more
perplexingly, why do they remate with the same individuals in successive years (Ketterson et al.
1 996) ? Are there factors that mitigate this sacrifice of RS (see next paragraph)?

Fledgling survival to independence and return the following year.-- One answer may lie in
the effect of male treatment on survival of young after they leave the nest. When we counted the
number of newly fledged young that survived the two-week period of dependence on adult care,
we found that fledglings of T-males were more likely to survive than fledglings of C-males, with
the result that the number in a brood reaching independence was virtually identical (2.39 Tfledglings vs. 2.34 C-fledglings)(Ketterson et al. 1996). And when we extended this comparison
by measuring the rate of recapture of fledglings from one summer to the next, we found that
fledglings of T-males were significantly more likely to return in the year after they hatched than
Were fledglings of C-males (17 % of 286 T-fledglings, 10% of 459 C-fledglings, P < 0.01)(Nolan
et al. in prep.). Interestingly, when we compared the rate of return in the following spring of
fledglings that had been caught as juveniles in late summer of their hatching year (thus had
survived the few weeks following hatching), that rate did not differ according to treatment (25.1%
of 131 vs. 21% of 186, n.s.). This suggests that any increased survival (or site-attachment) of T-

offspring occurs during the breeding season in which they hatched.
Adult survival.-- Survival (measured as return rate the following year) of female mates of
T- and C-males was the same (40% vs. 42%, 6 years, Ketterson et al. 1996). For males, when
treatment was terminated by removing implants in late summer of the year of implanting, as we
typically do, T-males were at least as likely as C-males to return and breed the next year (58% T
vs. 48% C, Nolan et al. 1992, Ketterson et. al. 1996). However, if implants were not removed
and remained in place during winter, T-males were significantly less likely than C-males to return
[and we believe more likely to die (20% T vs. 43% C, Nolan et al. 1992)]. An important part of
this present proposal is to quantify the effects of T during the non-breeding season, including
possible effects on metabolic rate and social behavior.
3. Publications and manuscripts during the granting period, 1994-1997 (13,
including 2 abstracts and 5 in press; plus 6 submitted for a total of 19).
Chandler, C.R., Ketterson, E.D., Nolan, V. Jr., and C. Ziegenfus. 1994. Effects of testosterone
on spatial activity in free-ranging male dark-eyed juncos. Animal Behaviour 47:14451455.
Ketterson, E.D., and V. Nolan, Jr. 1994. Hormones and life histories: an integrative approach.
Pp. 327-353 in: Behavioral Mechanisms in Evolutionary Ecology (L. Real, ed.).
University of Chicago Press, Chicago.
Ketterson, E.D., and V. Nolan Jr. 1994. Male parental behavior in birds. Annual Review of
Ecology and Systematics 25: 601-628.
Chandler, C.R., Ketterson, E.D., and V. Jr. 1995. Roost site selection in breeding male darkeyed juncos. Condor 97:279-282.
Raouf, S.A., Parker, P.G., Ketterson, E.D., and V. Nolan Jr. 1995. The effects of testosterone
on reproductive success in the dark-eyed junco, Junco hyemalis carolinensis. Poultry and
Avian Biology Reviews 6: 286.
Lipar, J., Ketterson, E.D., and V. Nolan Jr. 1995. Steroid hormones in the yolk of red-winged
blackbird eggs. Poultry and Avian Biology Reviews 6:329.
Ketterson, E.D., Nolan, V. Jr., Cawthorn, M.J., Parker, P.G. and C. Ziegenfus. 1996.
Phenotypic engineering: using hormones to explore the mechanistic and functional bases of
phenotypic variation in nature. Ibis 138: 1-17.
Ketterson, E.D., Parker, P.G., Raouf, S.A., Nolan, V. Jr., Ziegenfus, C., and C.R. Chandler.
In press. Relative importance of extra-pair fertilizations to male and female reproductive
success in dark-eyed juncos. Pp. xxx in Avian Reproductive Tactics: Female and Male
Perspectives (P. G. Parker and N. T. Burley, eds.). Ornithological Monographs No. 49.
Chandler, C.R., Ketterson, E.D., and V. Nolan Jr. In press. EffectS of testosterone on use of
space by male dark-eyed juncos when their mates are fertile. Animal Behaviour.
Titus, R.C., Ketterson, E.D., and V. Nolan Jr. - in press a. High testosterone levels during early
life inhibit singing behavior in captive dark-eyed juncos, Junco hyemalis. Hormones and
Behavior.
Enstrom, D.E., Ketterson, E.D., and V. Nolan Jr. In press. Testosterone and mate choice in the
dark-eyed junco. Animal Behaviour.
Klukowski, L., Cawthorn, J. M., Ketterson, E.D., and V. Nolan Jr. In press. Effects of
testosterone on corticosterone and corticosterone binding globulin in captive dark-eyed
juncos (Junco hyemalis). General and Comparative Endocrinology.
Titus, R.C., Chandler, C.R., Ketterson, E.D., and V. Nolan Jr. In press b. Song rates of darkeyed juncos do not increase when females are fertile. Behay. Ecology and Sociobiology.
Ketterson, E.D., and V. Nolan Jr. MS. Phenotypic engineering: using hormones to explore
adaptation and constraint. invited ms to appear in American Naturalist.
Kast, T.L., Ketterson, E.D., and V. Nolan Jr. MS. Variation in sperm reserves according to
season, stage of reproduction, and testosterone treatment in the dark-eyed junco.
submitted, Auk.
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Raouf, S.A., Parker, P.G., Ketterson, E.D., Nolan, V. Jr., and C. Ziegenfus. MS. Testosterone
influences reproductive success by increasing extra-pair fertilizations in male dark-eyed
juncos, Junco hyemalis. submitted, Proc. Royal Society (Series B), London.
Hill, J.A., Enstrom, D.E., Ketterson, E.D., and V. Nolan Jr. MS. Mate choice by captive female
dark-eyed juncos: static vs. dynamic traits. submitted, Behavioral Ecology.
Cawthorn, J.M., Morris, D., Ketterson, E.D., and Nolan, V. Jr. MS. The influence of elevated
testosterone on nest defense in dark-eyed juncos. submitted, Animal Behaviour.
4. Contribution to the development of human resources: students receiving training with
the help of IBN-9408061, 1994-1997: 4 post-doctoral associates (3 male, 1 female), 12 graduate
students (5 male, 7 female), 13 undergraduate or post-undergraduate students (4 male, 10 female,
including 1 minority), 6 of whom have already gone on to graduate school and 4 of whom have
been (or will be) first authors on publications.

a. Post-doctoral students: David Enstrom, 1992-1994, presently on staff, Illinois
Natural History Survey and member adjunct faculty, University of Illinois; Elaina Tuttle, 199394, presently Assistant Professor, St. Mary's of Maryland; Steve Schoech, 1995-present,
Indiana University; Joe Casto, 1997-present, Indiana University.
b. Graduate students (Indiana University unless otherwise indicated): Shan Bentz,
collaborator, 1996, MS candidate, University of North Carolina, Greensboro; Alex Buerkle,
Ph.D. candidate, 1991-present; Lori Klukowski, M.A. candidate, 1992-94, presently adjunct
faculty, Indiana University; Melissa Hayes, Ph.D. candidate, 1994-present; Kerry Jones,
Ph.D. candidate, 1996-present; Tracey Kast, M.A., 1996, presently on staff, Cornell
Laboratory of Ornithology; Joe Lipar, Ph.D. candidate 1994-present; Daniels Monk, Ph.D.
candidate, 1991-present; Samrrah Raouf, Ph.D. candidate, 1988-present; Tom Smulders,
collaborator, Ph.D. candidate, Cornell University; Russell Titus, 'Ph.D. candidate, 1990present; Brandi VanRoo, Ph.D. candidate, 1996-present.
c. Undergraduate and post-undergraduate students: David Aylor, field assistant, 1997;
Gigi Gonzalez, RTG undergraduate researcher, 1994. Jennifer Hill, NSF/REU undergraduate researcher and field assistant, 1993, 1995, presently graduate student, University of New
Mexico; Elise Donnelly, field assistant, 1997, College of William and Mary; Steve Hudman,
field assistant, 1995, 1996, presently graduate student, Georgia Southern University; Erin
Kennedy, field assistant, 1996, research associate, 1997; Sharon Lynn, NSF/REU
undergraduate researcher and field assistant ,1995, 1996, presently graduate student, University of
Washington; Jenni Mikesell, field assistant 1994, 1997; Michele Rosenshield, field
assistant, 1995, presently graduate student, University of Wisconsin; Eric Snajdr, field assistant
1993-1997, presently graduate student, University of Miami (Ohio); Michelle Soenksen,
NSF/REU undergraduate researcher 1994; Jennifer Steele, HHMI undergraduate researcher,
1994; Andy Stoehr, field assistant, 1996, presently graduate student, Auburn University.
B. INTRODUCTION: RELATION OF PROPOSED WORK TO PRESENT STATE
OF KNOWLEDGE IN THE FIELD

According to Rose and Lauder (1996), the study of adaptation has entered a 'postPanglossian' renaissance. Having assimilated the lessons of Gould and Lewontin (1979),
evolutionary biologists who study adaptation need no longer fear that the label 'adaptationist' is
pejorative. Presumptions of trait-by-trait perfection have been replaced by more sophisticated
views founded on theory and supplemented by new information from studies of molecular
evolution and selection in the wild and the laboratory, as well as philosophical debate about the
nature of adaptation (Rose and Lauder 1996).
An important question still facing students of adaptation is whether and when the unit of
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selection can most profitably be thought of as the gene, the trait, the organism, or the population.
Dawkins (1982) has argued that once the effects of genes are acknowledged as manifesting
themselves beyond individual organisms, e.g., in the beaver's dam or in the phenotypes of other
organisms - the extended phenotype - then it is most logical and useful to consider the unit of
selection to be the gene itself. Genes that are selected are those that function best in their internal
milieu (other genes) and those that cause their organism ('vehicle') to perform to their best
advantage in the external milieu (the environment, including other organisms). Travis (1989), on
the other hand, writes that despite decades of debate and research, we still face the question of
"whether evolution through selection has produced organisms with individually optimal trait values
or whether it has produced an optimal organism as a consequence of genetically enforced
compromises among critical traits."
Work described in this proposal will not resolve this debate but will, we hope, contribute
ultimately to its resolution by approaching questions of adaptation, constraint, and units of
selection from the perspective of organismal biology. By manipulating hormones and quantifying
their effects on an array of correlated traits and components of fitness, we hope to project how
selection might shape integrated organismal responses to variable environments, as well as to begin
to understand what the short-term limits on such selection might be. We begin by defining terms.
Definitions.-- The term adaptation is used to refer both to the process whereby
organisms become better suited to their environments and to outcomes of that process (Fuytuma
1986). Sheldon and Whittingham (1997) offer the following definition, which they attribute to
Gould and Vrba (1982), Coddington (1988, 1994), and Baum and Larson (1991)(see also Lauder
1996):
An adaptation is an apomorphic feature that evolved in response to an apomorphic
function. It has current utility and was generated historically through the action of
natural selection for its current biological role.
Traits that are advantageous but that have arisen 'not for their own sake' but out of 'developmental
correlation with selected features (allometry, material compensation, mechanically forced
correlations)' are better described as exaptations (Gould and Vrba 1982).
But what of co-expressed advantageous traits that are consequences of a common
physiological cause, because all respond to the same integrating bio-signals, e.g., hormones?
Whether these are adaptations or exaptations would seem to us to depend on how necessary
(evolutionarily inescapable as the organism is presently configured) the correlations are. If the
correlated traits are necessarily co-expressed and advantageous, then perhaps the primary (first
favored by selection) trait is the adaptation and its physiological correlates are exaptations. And if
the necessarily co-expressed traits are disadvantageous , then we would refer to them as
constraints.
Thus, interest in adaptation inevitably leads to questions of constraint, i.e., those 'limits to
improvement imposed by inherited form and function (Gould 1986).' Constraints explain why
organisms 'resist adaptive modification,' and they arise out of inherited genetic conditions,
including lack of genetic variation, pleiotropy, and linkage (Sheldon and Whittingham 1997).
Viewed not from the perspective of the gene but of the organism, including its physiology and
behavior, constraints may lead to trade-offs. Trade-offs, when defined as those "fitness costs that
occur when a beneficial change in one trait is linked to a detrimental change in another" (Stearns
(1989) apply a brake on the evolution of the potentially beneficial change. As defined here,
hormonal trade-offs are costs to potential fitness that occur when fewer than all of the traits that
depend upon a particular hormone are beneficial.
Ways to study adaptation.-- The many methods of studying adaptation can be placed
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into five classes: modeling and theory, phylogenetic comparison, nonmanipulative study' of
selection in action (artificial or natural), study of underlying mechanisms, and manipulation.
Phylogenetic comparisons are best for determining whether 'an apomorphic feature arose in
response to an apomorphic function,' and studies of natural selection in action allow us to
demonstrate that a trait is being 'shaped by selection for its current biological role' and tentativel
to identify the environmental factors that exert selection. Selection experiments are extremely y
useful for identifying correlated traits that are resistant
ta to change and thus are possible candidates
as constraints. But perhaps the best way to demonstrate 'current utility' is through phenotypic
manipulations (Endler 1986, Mitchell-Olds and Shaw 1987, Schluter 1988, Ketterson and Nolan
1992, Sinervo and Basolo 1996), and these are the subject of this proposal.

Ph enotypic manipulations.--

The rationale for usin g
study adaptation (which we have called 'phenotypic engineering
phenotypic manipulations to
Ketterson et al. 1996) is that the method permits us tO exp
,' Ketterson and Nolan 1992,
interest. We do this by modifying traitscomparing
thelore
p why organisms
it traits of
and c
and the typical, control individuals.
erformance (fitness)
of the modified
exhib
Many workers have recommended an experimental approach to the study of adaptation,
among them Grafen (1988), Mitchell-Olds and Shaw (1987), Schluter (1988), Sinervo and Huey
(1 990), Marler and Moore (1991), Brodie et al. (
1995),Marler et al. (1996), and Sinervo and
Basolo (1996) . Because manipulations can be assigned at random, they permit workers to relate
phenotype
to also
fitness
with1)less
concern about environmentally determined correlations (Endler
1995). They
allow
varying
relivethe frequencies of phenotypes in order t
frequency dependence (Marl er
et al. 1996a, tS
Sinervo and Basolo 1996), and (2) crea oi explore
on of
individuals that lie at the tails of, or beyond, the natural range of variation in order to in
sample sizes and to follow the fates of extreme phenotypes (Marler et al. 1996, Kettersoncrease
et al.
1996, Sinervo and Basolo 1996, Zera pers comm.).
When single traits
' neutral' , and 'paradoxical'are manipulated, three classes of outcomes are expected:
'adaptive,'
(see fitness profiles in Falconer 1989, Stearns 1992, Ketterson
et al.
1996). For continuous traits whose relative frequencies in unmanipulated organisms approximate
a normal distribution, an 'adaptive outcome' is one in which individuals made to deviate in either
direction from the norm would have lower fitness than individuals that resemble the norm.
'neutral outcome' is one in which 'deviant' individuals perform as well as those that approxi A
the norm. And a 'paradoxical outcome' is one in which deviants have higher fitness.
mate
The literature is rich in examples of manipulations of single traits - sometimes enhanced and
sometimes diminished - that demonstrate adaptive outcomes. Classic examples include
experimentally darkened epaulets in red-winged blackbirds
Peek 1972) and experimentally shortened corolla spurs in (Agelaius phoeniceus, Smith 1972,
Plantathera orchids (Nilsson 1988)
Both studies reported that deviants lost fitness, i.e., red epaulets and long
corolla surs are
.
p
adaptive. Especially intriguing are studies that create phenotypes that outpeform typical
forms, the
r
paradoxical outcome. A classic study of this type is Anders
experiments in widowbirds
(1982) to il -elongation
(Euplectes
progne),
elongated tail
which showed that males with experimentallys
attracted more mates than males with tails of normal length (see also Burley's
manipulations
of crests
long-tailed finches, referred to in Ketterson et al. 1996, and a series
studies
by Moller,
e. g., in
Moller and Saino 1997).
of
Paradoxical results cause us to ask why an apparently advantageous attribute has not
evolved - are there counter-selective pressures or constraints? If
appearance or elaboration of a trait is simply an opposing selectivethe force that prevents the
force,
that would
not be
constraint. But if a trait has not evolved because its expression (e.g.,
its growth
and development)
would require the expression of additional correlated traits whose net effect would be
disadvantageous, then a constraint is indicated. In other words, and for example, an important
po
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next step in the investigation of widowbird tail length would be to find a means to induce tail
growth and then to determine all of the other consequences of the change.
Phenotypic manipulations with hormones.-- The experiment just suggested is
probably impossible because we know of no way to induce the growth of longer tails and thus
discover other traits that might be correlated. But we are struck with the potential power of using
hormones to achieve changes in phenotypes and by this means to study adaptation and constraint.
That is, systemic treatment with hormones is known to affect multiple traits and thereby to allow
consideration of the net effect of treatment as adaptive, neutral, or paradoxical.
Manipulations of multiple traits are typically accomplished by modifying the environment
(see Sinervo and Basolo 1996). For example, phenocopies of mutations have been produced by
heat shock, and a syndrome known as the 'the shade avoidance response' of plants (elongated
stems and correlated morphology) has been induced by altering light quality (Dudley and Schmitt
1996).
But hormonal treatments are of particular interest because they act on the organism's
internal environment and therefore lie one step closer to genes. More importantly, in the context of
this proposal, hormonal manipulations elicit correlated responses that the organism is capable of
achieving on it's own, in nature, but for some reason has not. Despite these attractions, there are
surprisingly few studies in which investigators have hormonally altered suites of traits and
followed the fates of the altered individuals (e.g., Hegner and Wingfield, 1987, Sinervo and Huey
1990, Marler and Moore 1989a, Ketterson and Nolan 1992, Ketterson et al. 1996). This is the
objective of hormonal research such as ours: to determine the reasons why possible phenotypes are
not expressed.
Recent examples of such work,. not involving birds, include manipulation of testosterone in
mountain spiny lizards, with effects on appetite, activity rhythms, metabolic rate and mortality
(Marler and Moore 1988, 1989, 1991, Marler et al. 1996); of thyroid hormone in juvenile cotton
rats, with effects on metabolic rate and growth (Derting 1989); of follicle stimulating hormone
(FSH) in lizards, with effects on egg size, egg number, and hatchling size (Sinervo and Huey
1990, Sinervo and Licht 1991a, 1991b, Sinervo et al. 1992); of growth hormone in brook trout,
with effects on metabolic rate, feeding behavior, anti-predator behavior, and aggression (Jonssen
et al. 1996, Johnsson et al. 1996); and of juvenile hormone in dung beetles, with effects on relative
allocation to growth of horns and eyes (D. Emlen in prep). Particularly impressive are those
treatments that have demonstrated effects on fitness (Fox 1983, Marler and Moore, 1991, Sinervo
et al. 1992)
Hormonal manipulations have been especially informative with respect to development of
alternative phenotypes (Moore 1991): e.g., manipulation of thyroid hormone in the diet of
spadefoot toads affects the ratio of tadpoles that develop as omnivores or as carnivores (Pfennig
1990, 1992); manipulation of testosterone in tree lizards affects the ratio of males that develop as
orange- or blue-throated morphs, which differ in territoriality, aggressiveness, and body size
(Hews et al. 1994); manipulation of juvenile hormone (JH) in crickets (Gryllus) affects the ratio of
alternative forms, one that delays breeding and disperses and another that matures early and does
not disperse (Zera in press); and manipulation of gonadotropin releasing hormone (GnRH)
underlies the development of two alternative phenotypes in a marine fish, the midshipman (Grober
et al. 1994)
Our own work has focused on implantation of testosterone (T) in a bird species, the darkeyed junco, and our recent findings are summarized above (pp. 1-5). Avian studies like ours have
shown that increasing T beyond the endogenous levels that are normal during breeding shifts male
effort away from care of offspring and towards other forms of reproductive effort, such as singing
and other sexual and aggressive behavior (Silverin 1980, Watson and Parr, 1981, Wingfield 1984,
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Hegner and Wingfield 1987, Oring et al. 1989, Beletsky et al. 1990, 1995, Wingfield et al. 1990,
Ketterson et al. 1991, 1992, 1996, Ketterson and Nolan 1992, Chandler et al. 1994 in press,
Beani and Dessi-Fulgheri 1994, Saino et al. 1995, Saino and Moller 1995). In some cases T also
apparently compromises survival (Dufty 1989, Folstad and Karter 1992, Zuk et al. 1990, Zuk
1990, Hilgarth and Wingfield 1997). However, no other study that we know of has attempted to
document the full array of hormone-mediated traits in the field, to relate them to so many
components of fitness, or to assess their net effects on overall fitness.
C. GENERAL AND SPECIFIC OBJECTIVES (1997-2000)
1. We propose to continue investigation of direct effects of testosterone on fitness-related
traits in male juncos, both in the field and under the more controlled conditions of the laboratory
(aviary). Specific objectives include comparisons of T- and C-males with respect to a) behavior
towards nestlings and b) behavior and physiology during the non-breeding season.
2. We propose to quantify indirect effects of T on the male's extended phenotype by
measuring the impact of enhanced male T on the behavior and physiology of females. We will ask
how treatment of a female's mate affects her hormonal state and behavior as reflected in a) the eggs
she produces and b) the sex of her offspring, and c) her movements at the time she is fertile.
3. We propose to conclude our 10-year field study of demography and performance of Tand C-male juncos by analyzing already-collected data on a) net reproductive success, b) return
(minimum survival) rates of males, females, and nestlings, and c) fidelity of females to their mates.
D. GENERAL PLAN OF WORK
1. The bird, study area, basic field methods, and research team
The dark-eyed junco is an abundant, North American, ground-nesting passerine in which
females alone build the nest and incubate, and males and females care for nestlings and fledglings
(e.g., Wolf et al 1988, 1990, 1991). As already described, the mating system is mixed, with
males and females forming socially monogamous bonds but many males successfully fertilizing
non-mate females. We study a partially migratory Appalachian population at Mountain Lake
Biological Station (MLBS) near Pembroke, Virginia. Since our work there began in 1983, we
have color-marked over 9000 juncos.
During the field season (April-August), we annually implant 80-110 males, half T-, half C;
50-60 males remain on the study area to breed. Treatment of males is assigned at random at each
of — 30 capture locations distributed across the study area. All or virtually all survivors from the
previous year return to their territories. Between 1987-1994, treatment of males that returned was
alternated from year to year, i.e., T-male one year, C-male the next. Since 1994, in an effort to
detect effects of T on lifetime reproductive success, returning males have received the same
treatment each year.
Two 10-mm silastic tubes (1.5 mm i.d., 2.0 mm o.d.), packed with testosterone or empty
(see Ketterson et al. 1991, 1992, 1996), are implanted subcutaneously. Empty-implant males have
high endogenous T only early in the season (territory acquisition, pair formation). Plasma levels
induced by T- implants mimic the early-season maxima of unmanipulated males (i.e., doses are not
pharmacological) but maintain them throughout the breeding season (Ketterson and Nolan 1992,
Chandler et al. in press). After implant, we obtain plasma samples of hormones from as many
adults as we can recapture under narrowly controlled conditions (it is not feasible to capture them
under these conditions at the time of implanting), and radioimmunoassays (RIAs) are performed
using the methods of Wingfield and Farner (1975), Wingfield et al. (1982), and Ketterson et al.
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(1991). Beginning in 1990, we have annually collected blood samples for DNA analysis of -150
adults (including females) and -200 nestlings. Finally, we routinely search for nests, including
replacements of those destroyed by predators as well as second-brood nests , and monitor
condition of young, nest success, and mate fidelity. As indicated, we record return rates of males,
females, and juveniles. In all of this we rely upon a team of highly skilled field workers, many of
whom have assisted us for several years.
Our research team will consist of Ketterson and Nolan; longtime associate Charles
Ziegenfus, faculty, James Madison University; Joe Casto, Research Associate /Postdoctoral
student , Ph.D. (anticipated late 1997), Johns Hopkins University (supported by Indiana
University); Diane Neudorf, Postdoctoral Associate (Ph.D. York University, 1996, supported by
NSERC); Joe Li par, graduate student; Kerry Jones, graduate student, and an as yet unidentified
graduate student.
2. Direct effects of T on fitness-related phenotypic traits in males.
(A) Parental behavior.-- C-males and their females feed nestlings at the same rate
(Wolf et al. 1990, Ketterson et al. 1992a), whereas T-males feed nestlings less frequently than do
C-males and sing more. But, because the mates of T-males compensate for reduced male feeding,
young in the nests of T-and C-males are fed at equal rates (Ketterson et al. 1992). Still, female
compensation must not be complete, because successful nests (those producing at least one
fledgling) of T-pairs produce fewer fledglings on average than nests of C-pairs (Ketterson et al.
1996, Raouf et al. submitted).
If we are to extrapolate from the experimental effects of T on the feeding rates of males and
their mates and explore the evolution of mechanisms that might underlie such alterations in the
balance of parental effort, we must understand exactly how T suppresses male parental behavior,
and how females 'know' to compensate. Does T render T-males less responsive to the begging
vocalizations of nestlings, even in the absence of competing stimuli? Or, are males less responsive
because competing stimuli (e.g., presence of neighboring females that might be inseminated)
become more salient? Do mates of T-males increase their rate of feeding in response to cues
associated with the male (e.g., his more frequent song) or with the young (e.g., their more
insistent begging induced by hunger)? If cues from the male are what stimulate female feeding,
then males might be equally responsive to nestlings but find them sated when they arrive to feed..
To help distinguish among these and other possible alternatives, we propose (1) to
determine whether begging of young in nests of T- and C-males differs in ways that could account
directly for female compensation. (2) We will also compare the responses of T- and C-males to (a)
tape-recorded calls of young and (b)•simultaneous presentations of a female and the calls of young
(i.e., competing stimuli).

( 1 ) Behavior of nestlings.-- In an effort to determine whether T- and C-males encounter
the same stimuli when they feed nestlings, we have begun to compare the vocalizations and
appetite of day-7 (hatching day = day 0) nestlings from each male treatment. In one comparison a
nestling (deprived nestling) was removed from each nest (12 T-, 12 C-), given no food for 105
min, and stimulated at 15-min intervals by tapping its bill. We noted whether it gaped and
vocalized ('begged') and, if so, recorded its calls. In a similar comparison (fed nestling), we billtapped a nestling (12 T-, 12 C-) at 15-min intervals, offered canned kitten food in a 1-cc plastic
syringe, and recorded vocalizations; we then measured frequency with which nestlings fed and
amount eaten.
Deprived T-nestlings called significantly sooner and repeated calls more often and more
loudly than deprived C- nestlings (Kennedy et al. in prep.). And fed T-nestlings consumed
significantly more food and gained more weight during trials than fed C-nestlings (Kennedy et al.
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in prep.). The greater readiness of nestlings from T-nests to beg and to eat suggests that they were
hungrier and that stimuli emanating from them differed. These are likely causes of female
compensation, which suggest that T-males must be less responsive to nestlings than C-males.
Tape-recordings of calls of fed and deprived nestlings (analyzed using the software
package Canary 1.2.1) revealed no difference in minimum frequency, peak frequency, duration,
etc. of begging calls of fed and deprived young. However, the maximum frequency of calls of
deprived nestlings was higher (11.4 vs. 9.5 KHz, n = 10, 10, p = 0.038)(Bentz et al. in prep).
We do not yet have sufficient tapes to compare the structure of T- and C-nestling vocalizations.
To complete this line of investigation we will obtain more tape-recordings of T and Cyoung. We will also perforni playback experiments (playing tapes of T-nestlings at nests of Cpairs, and vice-versa), to see whether 1) calls of young from T-nests increase feeding rates by Cmales and especially C-females and 2) calls of young from C-nests decrease feeding by T-males
and especially T-females.
(2) Male response to nestling vocalizations a) in the absence of competing stimuli.-- If Tnestlings are 'hungrier' than C-nestlings, yet T-males are slower to return between feedings, this
suggests that T-males are less responsive to begging calls. To test this under controlled
conditions, we will play tape-recorded nestling vocalizations to dyads of males, one T- and one Cmale, captured when nestlings of both are 8-11 days old. On the morning after capture, males will
be placed in the Y-shaped aviary employed in female mate-choice experiments (see pp. 2, Enstrom
et al. in press), with one male in each arm of the Y, out of sight of the other. From a blind we will
observe and broadcast tape-recorded nestling vocalizations in 5 alternations of 30 sec of begging
vocalizations followed by 3 min of silence. Mealworms will be present ad lib in each arm of the
maze, and we expect the nestling calls to cause the males to load their bills with food, as they
would if collecting food naturally (preliminary observations); they may also become generally
hyperactive. We will compare males (Wilcoxon matched-pairs) for activity levels (perch
changes/min) and picking up food ('loading').
The two likely outcomes are 1) heavier loading and greater activity by C-males, which will
lead us to conclude that C-males are more responsive to begging vocalizations of young.
Alternatively, T- and C-males may respond equally, in which case we would conclude that in the
absence of competing stimuli, treatment groups are equally responsive to begging young. In
follow-up experiments we will vary amplitude and duration of calls to determine relative
effectiveness at eliciting activity and loading.
(2) Male response to nestling vocalizations b) in the presence of competing stimuli.- In a
second experiment using the same apparatus, one male at a time will be presented simultaneously
with competing stimuli, a female and calls of begging young. As before, males with young in the
nest will be captured and held overnight. The next morning, we will place a male in a small cage at
the base of the Y, from which both arms are visible. In one arm will be the female, in the other,
the speaker (hidden) playing nestling calls. After 15 min of exposure, the male will be
automatically released, free to enter the arm of the Y he chooses. We will control for position
effect by switching the arms in which we place stimuli between trials, and use of multiple stimuli
(different females, different tapes) will avoid pseudoreplication. We will compare T- and C-males
(ANOVA) for time spent in each arm, courtship (song, ptiloerection), and parental behavior
(loading)(as in Enstrom et al. in press).
(B) Physiology and behavior during the non-breeding season - interseasonal constraints? Our studies to date have been confined to the effects of T on males
during early spring and the breeding season. In 1997, construction was completed on an allweather aviary built by Indiana University to support our research (1500 sq. feet of animal space,
8 experimental chambers and 3 large colony rooms) plus work and office space, allowing us to
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extend our studies into the non-breeding season.
Here we propose experiments to investigate effects of T during the non-breeding season
and to determine whether these might form the basis of a cross-seasonal constraint on pattern of
hormone secretion during the breeding season. We employ similar reasoning: if T is elevated at a
time of year when ordinarily it is low, what might the consequences be and might they be
detrimental to fitness? If yes, and if maintenance of high endogenous T during breeding is
associated with high T at other seasons, then detrimental effects of the hormone during autumn and
winter might explain why we fail to observe sustained elevated T during breeding. We are
currently testing cross-season correlation of T in captives by measuring natural T-levels during two
different photoperiodic regimes, corresponding to different seasons of the year. The presence of
such a constraint is speculative, but the basic information the proposed research will provide on
non-breeding season effects of T will, we believe, be novel.
T-males whose implants are not removed by October return the next year at a significantly
lower rate than T-males whose implants are removed (Nolan et al. 1992, compare Schleussner et
al. 1985, Dawson 1994). We have interpreted this (because site-fidelity in males is complete) as
greater overwinter mortality attributable to T , and one obvious explanation is the fact that the
residual T in unremoved implants prevents or substantially reduces the extent of prebasic molt
(which is complete in untreated males and in T-males whose implants are removed)(Nolan et al.
1992). (When males whose T-implants are not removed in year 1 return in year 3, the have
molted normally, so the no-removal treatment effect is limited to year 2.) The unmolted plumage
of survivors that do return in year 2 is thin, faded, and badly worn, certainly less effective as
insulation and probably less effective aerodynamically (Nolan et al. 1992).
Elevated T in autumn and winter might increase mortality for several possible reasons, and
heat loss and impaired flight are just two of them. Others include a suppressive effect of T on 1)
likelihood of moving downslope to a less rigorous winter climate, a suppression that might be
reflected in reduced migratory restlessness or Zugunruhe (T suppresses spring restlessness,
Cawthorn et al. unpubl. data), or 2) ability to fatten during winter (Ketterson et al. 1991), or 3)
'sociability,' i.e., aggregating into the typical flocks of juncos in winter (suppression because T
enhances aggressiveness, Archawaranon and Wiley 1988, Schlinger 1987). Alternatively, and
based on studies that suggest that some behaviors of male songbirds are 'refractory' to T in autumn
(e.g., Silverin et al. 1989, Logan and Wingfield 1990), the effect of elevated T may be confined to
preventing molt. In that case, we would expect that males treated with T after molt is complete
would resemble C-males in winter.
We will capture 48 adult male juncos at or near MLBS in Virginia in July and transport
them to Bloomington, IN (a small latitudinal change of less than 2°), where they will be held on
natural day lengths at our new aviary. Twenty-four will be implanted in July (early T-males, early
C-males), prior to the onset of molt: one 10 mm T-implant to simulate levels of T that remain at that
date in spring-implanted males, or one 10-mm empty to simulate endogenous levels. The other 24
(late T, late C) will be implanted (half T, half C; again, one implant) after molt is complete and
migratory restlessness has begun in mid-November (Nolan et al. 1992, unpubl. data).
We will measure nocturnal restlessness of all 48 individuals (following earlier methods,
Ketterson and Nolan 1983, 1987a, 1987b) and monitor body mass and fat scores (again following
earlier methods, Nolan and Ketterson 1983, Rogers et al. 1993, 1994). In a subset, we will
measure oxygen consumption (with the assistance of Henry Prange, Indiana University Program
in Medical Sciences), with the expectation that consumption will be higher in T-males (Hannsler
and Prinzinger 1979, Feuerbacher and Prinzinger 1981). Finally we will observe diurnal behavior
of groups ('flocks') of 4 birds (3 replicates from each subset of 12 birds, early T, early C, late T,
late C) to determine dominance ranks of T- and C-males (Ketterson 1978, Rogers et al. 1989,
Cristo) et al. 1990) and the amount of time spent feeding alone or with flockmates a measure of
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sociability.
Analyses will assess effects of treatment (T, C) and time of implant (early, late) on
migratory restlessness, body mass and fat, metabolic rate, and sociability. We know that early Tmales will fail to molt, and as a result we expect them to have higher metabolic rates because of
their thinner plumage. If there are additional autumn/winter effects of T, we predict that early Tmales will be less likely than early C-males to show restlessness, to fatten, and to be sociable. If
failure to molt per se is the sole cause of higher mortality in T-rriales, or, said another way, if males
are refractory to the effects of T during autumn-winter, then we expect late T-males C-males to be
similar in restlessness, autumn and winter fattening, and sociability.
3. Indirect effects of T on the male's extended phenotype - effect of male's
treatment on females (eggs laid, offspring sex ratio, movements)
A fascinating consequence of manipulation of the male phenotype has been its effects on
unmanipulated individuals. We have described how females mated to T-males allocate increased
effort to raising offspring (Ketterson et al. 1992, also Hegner and Wingfield 1987, Saino and
Moller 1995), but we know little of other effects that males' T might have on the behavior and
physiology of the female. In this section we address whether females might alter other aspects of
investment in young as a result of treatment of their mates.

We begin with a very interesting preliminary result. In summer 1997 we collected eggs
from mates of males of both treatments as their clutches were completed; and we found, in both
treatments, that egg dimensions (length, width, volume, mass) increased with date and order of
laying. There was no effect of female age (first-year or older) on egg dimensions, but last-laid
eggs of C-females were significantly wider and heavier than last-laid eggs of Tfemales (width, C: 15.7, T: 15.1 mm, p = 0.038; mass, C: 2.7g, T: 2.5g, p =
0.046, n = 8C, 14 T). There was no significant treatment difference in egg length. We
propose to investigate this further but begin by stating background facts.

Hatching asynchrony, steroids, and differential allocation.-- In most songbirds, the last
egg to be laid is the last to hatch, sometimes by a day or more ('hatching asynchrony', reviewed by
Stoelson and Beissinger 1995). Because post-natal growth begins at hatching and larger nestlings
beg more effectively for food, young from last-laid eggs are often at a competitive disadvantage to
their nestmates, sometimes leading to death, e.g., in food poor environments (review in Stenning
1996). However, in some systems, the last-laid egg is the largest (e.g., Nolan 1978), diminishing
or eliminating the competitive size disadvantage. For example, in the red-winged blackbird, older
(therefore experienced in food-gathering) females increase egg size as the clutch is laid, while
females breeding for the first time lay eggs that do not vary in size (Blank and Nolan 1983).
Exciting new work has shown that last-laid eggs in a few species tend to have higher
concentrations of T than earlier-laid eggs (Schwab! 1993, Lipar et al. 1995) and that young from
last-laid eggs are socially dominant to brood mates in future aggressive encounters (Schwab!
1993). Elevated T in the last egg has thus been interpreted as an adaptation to increase the
probability that youngest hatchlings will survive (Schwabl 1993, 1996a, 1996b). In a recent set of
exceptions that really seem to prove the rule (Schwab! et al. 1997), in species (herons and egrets)
in which young from last-laid eggs typically die before nest-leaving (as the result of aggression by
their older brood-mates), yolk testosterone decreases with laying order (Schwab' et al. 1997)
No studies to date have reported variation in egg-steroid levels in relation to attributes of the
male, but based on treatment differences in parental behavior and mate choice, and prior to
obtaining the preliminary results reported above on egg dimensions, we had articulated two
contradictory predictions.
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In the first, we postulated that females might have mechanisms that allow them to assess
and predict a male's level of parental effort. If so, and if those mechanisms were reflected in
female physiology in ways that could affect egg composition, then females might be expected to
allocate T differentially to eggs - more T if the prediction if that male effort will be high, less if not.
This would lead us to expect mates of C-males to produce larger eggs or eggs with higher yolk
concentrations of T than mates of T-males.
Alternatively, given that the literature on differential allocation of parental effort has shown
that females mated to 'attractive' males exert greater parental effort (Burley 1986, Burley et al.
1996), and that female juncos find T-males more attractive than C-males (Enstrom et al. in press,
see also Zuk et al. 1995),we might expect females mated to T-males to invest more in eggs than
mates of C-males.
Offspring sex ratio.-- Based on reasoning from the preceding paragraph, i.e., that
attractive males might be expected to sire attractive sons and that females might benefit from rearing
such sons (Weatherhead and Robertson 1979, Burley 1986, Gowaty 1993, Burley et al. 1997),
we would predict that mates of T-males would be more likely to produce sons than daughters.
Alternatively, females in better condition (C?) might be expected to bias the sex ratio of their young
towards the sex with more variable RS (probably male)(Trivers and Willard 1973, Clutton-Brock
et al. 1986). That sex ratio might vary from 50:50 is supported by recent studies that have
demonstrated facultative (pre- or post-hatch) variation in avian sex ratios (Gowaty 1993, Lessells
et al. 1996, Cooch et al. 1997, Komdeur et al. 1997, but see Westerdahl et al. 1997).
Field methods. -- For nests found under construction, daily visits will allow us to number,
measure, and weigh (calipers, portable electronic balance) all eggs as they are laid. On the day the
last egg is laid, we will collect and freeze the eggs. For nests found after two or more eggs have
been laid, so that laying order cannot be known, we will observe the nest until hatching and the
next day will collect 15 ul of blood (in non-heparenized tubes to prevent interference with PCR)
from the wing vein of each nestling (collection procedures that we know do not harm hatchling
juncos) to obtain DNA that can be used to sex young. We will follow these nests until the young
leave them and for the two-week period of dependence (Wolf et al. 1988, Ketterson et al. 1996),
thereby learning the relative production of sons and daughters by mates of T- and C-males.

To assess female physiology, we will collect plasma from T-and C-females captured in
traps (no disturbance) during the period when they are laying. FemaleS will be other than the ones
whose eggs we will collect, so that any stress of capture and bleeding will not affect the hormonal
composition of collected eggs. If T composition of eggs varies in the mates of T- and C- males,
we expect to see that difference reflected in day-to-day hormone profiles of egg-laying females.
Again, so that one day's blood sampling does not affect a later day's egg hormones, we will need
to capture a large number of females to build a composite profile of T-concentrations in mates of T
and C-males during the laying of eggs 1-4. Joe Casto will be in charge.
Finally, to assess female movements, we will radio-track females during nest-building
using radio transmitters and methods for juncos perfected by Chandler et al. 1994, in press (except
that we will apply transmitters with a harness, not glue). Diane Neudorf, who has executed similar
work on Hooded Warblers, will be in charge.
Laboratory methods .-- Plasma samples will be analyzed for estradiol, corticosterone,
di hydotestosterone (DHT), and testosterone using the methods of Wingfield et al. (1982) and
Ketterson et al. (1991). Eggs will be -assayed for steroid concentrations by our student Joe Lipar,
who is funded by the NSF for similar work on red-winged blackbirds and who has perfected the
technique in our laboratory, (Lipar et al. 1995). Briefly, we sample from three concentric levels
('layers') within the yolk to assure a representative sample and extract steroids with petroleum
ether and diethyl ether. We subject extracted samples to a competitive-binding RIA as in the assay
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for plasma hormones (Wingfield et al. 1982) but modified for yolks (Schwab) 1993). We
anticipate that we will sex young using molecular probes that bind to sex-specific bands on the W
(female) chromosome (e.g., Griffiths and Tawari 1993, Griffiths et al. 1996, Lessells et al. 1996,
Bradbury and Griffiths 1997). We have not used this technique in our laboratory, so this subproject is tentative, but the procedure is straightforward and we have the facilities and the expertise,
so we hope for no difficulties. Because our nestlings return we will be able to verify molecular sex
because 10% of those sampled will return as breeders.
4. Effect of treatment with T on components of fitness

We now have sufficient data to undertake an analysis of annual variation in the effect of Ttreatment on various components of fitness. Results to date (see pp. 1-5)(years combined, 19891993; except paternity, 1990-1993) have shown no overall treatment effect on nest success, net
male genetic success (apparent success - EPF losses + EPF gains), following-year return rates of
males or their mates, or following-year fidelity of females to last year's social mate (Ketterson et
al. 1996, Raouf et al. submitted). Thus, our measurements have revealed only difference in the
pathways by which T- and C-males attain equal RS: T-males achieve theirs by reducing EPFs of
their mates and obtaining more EPFs themselves, while C-males achieve theirs through greater
parental care of young in the nests of their social mates.
Starting in 1994, we began to assign returning males to the same treatment from year to
year: T-male one year, T-male the next. We are now ready to analyze data on returns and paternity
data collected since that time (1994-96, with 1997 in progress). By year, we have DNA samples
as follows: 1994: 164 nestlings, 51 families (both parents, all young); 1995: 257 nestlings, 88
families; 1996: 193 nestlings, 40 families; 1997: in progress).
Methods used to date for excluding and assigning males as biological sires of offspring are
standard: putative fathers and mothers are assigned by observing behavior of individually colorbanded adults towards nestlings. Nestlings are bled when 6 days old. DNA is extracted using
proteinase K and phenol, digested with Hae III, run on an agarose gel, and transferred to a nylon
membrane, which is probed (P32) with Jeffreys' 33.6 and 33.15 (Jeffreys et al. 1985, Rabenold et
al. 1990, Raouf et al. submitted). Young that cannot have been sired by the putative father are
identified by numbers of unattributable bands (in juncos, 3 or more, Raouf et al. 1995, submitted)
and band-sharing indices (in juncos, less than 0.37, Raouf et al. submitted). Their DNA is then
run again on gels on lanes adjacent to lanes with DNA of males that lived in their neighborhood,
continuing until a match is (or is not, < 10% of young) found using the foregoing criteria. We are
currently consulting with David Rollo, who has done similar work at Indiana for Barry Sinervo, as
to whether it will be cheaper or more efficient to analyze these samples using microsatellite
technology. If yes, we will make the switch, but if not, then multilocus DNA fingerprinting works
for us and we will continue to use it.
E. SIGNIFICANCE

The importance of the work described in this proposal lies, we believe, in its attempt to
connect the study of physiological mechanisms to the study of adaptation and constraints. By
manipulating a hormone in the field and tracing the cascade of effects on the phenotype of the
individual and its associates, we hope to increase understanding of the multiple and subtle effects
of hormones on animals living free, outside the laboratory. By taking an experimental approach
and seeking to document fitness consequences for individuals that deviate from the prevailing
norm, we seek a better grasp of the current advantages of phenotypic traits in nature and a greater
understanding of selection at the level of the organism. From an adaptationist perspective, animals
that deviate from the norm should be selected against, but only by testing that perspective in
diverse ways, and over time, can we learn how robust it is.
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