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ABSTRACT

This study investigated several aspects of the avian life cycle, examining how
closely the events of one season are tied to those of another. I investigated
differential migration, molt and departure date in White-throated Sparrows,
Zonotrichia albicollis. 1t is known that birds that arrive earlier on their breeding
grounds are more successful than later-arriving birds. With that said, there is still
considerable unexplained variation among departure dates from wintering grounds.
This is particularly interesting when studying differential migrants, in which males
and females migrate different distances to their wintering grounds. Differential
migration is a well-studied phenomenon; however, the causes have yet to be
determined. Until this study, there has only been suggestive evidence that the White-
throated Sparrow is a differential migrant. Therefore, in the first part of the study I
investigated population segregation by sex in this species on the wintering grounds.
As predicted, I found that White-throated Sparrows were exhibiting differential
migration. This was indicated by a latitudinal cline in sex ratio in the Atlantic
flyway resulting in higher proportions of females at more southerly latitudes
according to Bird Banding Lab data, museum specimens and field site data.
Learning that this species is a differential migrant allowed me to look into one
possible cause for this pattern, that there is selective pressure on males to arrive early
on breeding grounds, and therefore they cannot migrate as far as females. There has
been only suggestive evidence for the key assumption of this hypothesis, that there is
a correlation between migration distance to and arrival date on breeding grounds.
This assumption would be fulfilled if departure date was constrained by something,
so that birds migrating further could not just leave earlier. I hypothesized that birds
were constrained by the need to molt before migrating. Thus, in the next part of the
study, expanding on previous work on this species, I looked into whether molt could
be limiting the date when birds can leave the wintering grounds. To do this, I used
diet manipulation to alter the timing of molt, and then determined the departure date
of the manipulated birds. The results supported my prediction that birds given an
insufficient diet molted later and departed later than birds given an ample diet,
providing support for the hypothesis that molt acts as a constraint on departure. This
offers an explanation for why birds cannot leave for the breeding grounds whenever
they choose, and thus makes the arrival-time hypothesis for differential migration
reasonable. Lastly, to look into the mechanism underlying this relationship, I
analyzed the nutritional condition of the experimental birds. I predicted that birds
given a poor diet, as a result of being in worse condition, would molt later than their
counterparts. To test whether nutritional condition was causing delayed molt I used
ptilochronology, the measurement of feather growth rates, to compare birds given
ample and insufficient diets. Birds on ample diets grew feathers faster. A
comprehensive literature search was done in an attempt to summarize the situations
in which ptilochronology seems a useful technique for evaluating condition. The
conclusion was that density dependent ecological factors seem to consistently
produce changes in feather growth rates, while other types of stressors do not.
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DIFFERENTIAL MIGRATION, MOLT AND DEPARTURE DATE IN

WHITE-THROATED SPARROWS, ZONOTRICHIA ALBICOLLIS



INTRODUCTION

Migration

In migratory species, long-distance travel between wintering and breeding
grounds evolved because it allowed migrant individuals to be more successful than those
that remained in one location year-round. The benefits of migration include avoiding an
inhospitable climate, starvation, competition, and an area with a shortage of nesting sites.
In addition, birds that migrate are able to exploit new resources on the breeding ground.
These benefits must outweigh the costs, such as energetic expense of the journey, or risk
of exposure, exhaustion or collisions, as the genes for this life history trait have persisted
in migratory species.

Studying how the events of one season are tied to those of another, such as how
conditions during the winter season affect success on the breeding grounds, is important
in fully understanding the ecology of a species. It has been well documented that birds
that arrive at their breeding grounds earlier are more successful than later-arriving birds.
Early arrivals have higher mating success, enhanced reproductive success, greater rates of
recruitment of offspring into the population and higher quality of mates than later-
arriving birds (Newton and Marquiss 1984; Price et al. 1988; Moller 1994). There is,
however, large variance in timing of migration, and the factors determining a bird’s
departure date from wintering grounds have scarcely been investigated. Knowing what
affects when birds can begin the spring migration will help us understand why there is
considerable variation in arrival dates on the breeding ground. In other words, if it is
advantageous to arrive early in the breeding season, why do all birds not arrive

simultaneously at the earliest date possible?



In differential migrants intraspecific age and/or sex classes migrate different
distances contributing to partial population segregation on the wintering grounds (Cristol
et al. 1999 and references therein). Because differential migration distance leads to a
large spread in how far different individuals must migrate, it could lead to differences in
timing of arrival on breeding grounds. Differential migration has been identified and
studied in numerous species (e.g., Kelly 1980; Dolbeer 1982; Prescott 1991), but its
causes are not well understood.

The three main hypotheses for differential migration are (1) the body size or cold-
tolerance hypothesis; (2) the dominance or interclass-competition hypothesis; and (3) the
arrival-time hypothesis (reviewed in Cristol et al. 1999). The body size hypothesis
assumes that larger individuals are more likely than smaller ones to survive cold
temperatures, and results in females migrating farther south to avoid cold (Calder 1974;
Ketterson and Nolan 1976). The dominanc;e hypothesis dictates that dominant birds force
subordinates to migrate further from the breeding ground by outcompeting them for
resources. Finally, the arrival-time hypothesis proposes that there is a greater advantage
of arriving early on the breeding grounds for the individuals that establish territories. The
underlying assumptions of the arrival-time hypothesis are that (1) early arrival increases
the likelihood of successful breeding, and that (2) migrating farther in autumn delays
return to the breeding grounds in spring. There is abundant evidence for the first
assumption, that birds arriving earlier on their breeding grounds are more successful
(Moller 1994; Cristol 1995; Aebisher et al. 1996). However, the second assumption has
proved more problematic. If the assumption is not met, and birds that migrate farther can

simply depart early from their more distant wintering grounds and return at the same date



as birds that have migrated less far, than the hypothesis is not sound. No previous test of
the arrival-time hypothesis has validated this latter assumption, but there is suggestive
evidence from previous work on locally wintering White-throated Sparrows, Zonotrichia
albicollis (Johnson 1999). In that study (see introduction of Chapter 2 for details) the
timing of molt was linked to departure date, but the relationship was weak and
correlative, and the underlying mechanism was not critically evaluated. The importance
of understanding this relationship is that having a constraint such as the need to complete
molt means that birds cannot leave for the breeding grounds whenever they choose, and
therefore it would serve as a constraint on arrival date at the breeding grounds. Simply
speaking, if there is such a constraint, then birds that fly further during fall migration
(particularly important for differential migrants) will arrive back on the breeding grounds
later than conspecifics that migrated a shorter distance. I am aware of only one other
species in which there is evidence that migrating farther leads to later return migration,
and that is an unusual case — a grouse that performs a short migration on foot (Gruys
1993). Thus, there is a critical need for evidence to support this assumption in order to
allow testing of the arrival-time hypothesis.

White-throated Sparrows are short distance migrants, with preliminary evidence
that they exhibit differential migration (Odum 1958). Spring migration generally occurs
during April and May (Lowther and Falls 1968), with males arriving on breeding grounds
before females (Falls and Kopachena 1994). However, there is much variability in the
onset and completion of spring migration. For example, local departure dates occurred
over 35 days (Johnson 1999), and arrival in Ontario spanned 17 days (Knapton et al.

1984). While White-throated Sparrows have been listed as a potential differential



migrant with regard to distance (Cristol et al. 1999), this has not been investigated after it
was reported anecdotally by Odum (1958). By testing critically whether White-throated
Sparrows are differential migrants, I could determine whether it is an appropriate species
for studying the arrival-time hypothesis. In addition, to investigate the assumptions
necessary for the arrival-time hypothesis, I conducted a study expanding on preliminary
results of the relationship between molt and migration (Johnson 1999), to determine

whether molt is indeed a constraint on migration.

Molt

Molt involves shedding of old feathers (ecdysis) and growth of new feathers
(endysis), where the growth of a new feather pushes the old feather out of the follicle,
such that energy is expended only in the production of new feathers (Watson 1963). The
need for molt is in part due to the wear and tear of plumage. Functional plumage is
important for insulation and flight (Payne 1972). In addition, molt allows birds to
alternate between brighter, more conspicuous plumages for attracting mates, and duller
more cryptic plumages during the non-breeding season (Payne 1972). For example, in
White-throated Sparrows the colorful and contrasting plumage of the head is sharpened
considerably during the pre-alternate (spring) molt (Falls and Kopachena 1994).

The direct causes and initiation of molt are not well understood. While hormones
are known to be involved, the links between molt and particular hormones are not clear
yet. It is generally assumed that birds molt when they have reached a certain hormonal
condition, and studies usually involve the relative importance of thyroxine, androgens,

estrogens, and progesterone (Payne 1972). However, the effects of these hormones have



differed according to species, and complex relationships are involved (Payne 1972; Hahn
et al. 1992; McNabb 2000). Adding to the complexity, in birds that molt twice a year, the
hormonal balance is most likely different proceeding and during each of these molts
(Payne 1972). In addition to hormonal effects, photoperiodism and circannual cycles
(endogenous annual cycles) are most likely tied to the initiation of molt, as with other
premigratory activities (Gwinner 1996a). For example, one study found that
manipulating photoperiod directly altered the timing of molt (Dolnik and Gavrilov 1991);
however, the results of testing this effect have varied with different species (Payne 1972;
Gwinner 1977), and birds held in constant photoperiod still molt approximately on
schedule (Gwinner 1996b). The change in daylength throughout the season probably
affects molt, but the endocrine pathways involved are not clear (Meier and Russo 1985;
Pant and Chandola-Saklani 1993). Unfortunately, unlike circadian rhythms (endogenous
daily cycles), the physiological mechanisms underlying circannual cycles are not well-
understood (Gwinner 1996a).

Molt involves primarily the deposition of protein in feathers, sheaths and outer
coverings (Murphy 1996b), which are made of about 90% protein (Murphy and King
1982a). Most of this consists of keratins, which are highly specialized, durable, pliable
complex mixtures of proteins (Fraser et al. 1972). The energy required to synthesize the
replacement feathers contributes only part of the cost of molt (King 1974). One estimate
is that only about 7% of the energy used by molting birds is actually incorporated into
feathers (Payne 1972). The remaining energy required throughout the molting process is
necessary for maintaining water balance (Chilgren 1975) and blood volume (King 1974),

and changes in body temperature (Payne 1972) and oxygen consumption (King 1980).



Studies showing increased metabolic activity associated with molt provide evidence for
the energetic costs of molt (Thompson and Boag 1976; Dolnik and Gavrilov 1979), with
increases of 5-30% reported (Payne 1972). Despite this increased energy requirement,
some birds on ad libitum diets have been shown to rely solely on their diet to obtain
nutrients required for feather synthesis (Thompson and Boag 1976), and not on
endogenous fat and/or protein (King 1980; Thompson and Drobney 1996). Regardless,
extensive body molt and migration have been adaptively timed to occur during separate
time periods, since each of these processes demands more energy than required by
normal metabolic activity (Payne 1972). Thus, few passerines are known to overlap
extensive molt of large flight feathers and migration (Rimmer 1988). While it is known
that wing and tail molt must be completed before migration, the molt of body feathers has
been found to overlap with migration. In such cases however, the peak intensities of

these events, molt and migration, are not coincident (Berthold 1975).

Several studies have shown a correlation between completion of molt and
departure for migration. For example, migrating Wood Thrushes (Hylocichla mustelina)
completed molt prior to autumn migration in all but a few individuals who had some
remaining head or body molt (Vega Rivera et al. 1998). Another study on Yellow
Warblers (Dendroica petechia) suggested that young birds might migrate south earlier
because they finish molt before the adults in the same area (Rimmer 1988). Lastly,
female Mallards (4nas platyrhynchos) that molted later in the spring, migrated later than

their counterparts (Dugger 1997).



Diet and molt

Feeding birds different diets has had variable results with respect to nutritional
condition and molt, and there is inconsistent evidence as to whether food availability
influences molt. Birds need protein and energy to replace feathers (Payne 1972;
Kendeigh et al. 1977; Smith and Sheeley 1993). In particular, protein is needed to
provide the amino acids (Fraser et al. 1972) for keratin, the main component of feathers.
Thus, it follows that a lack of this dietary component would affect feather growth (Brake
1982). In order for birds to meet the nutrient requirements of molt, they may increase
food intake/calories, alter the rate, timing, or pattern of feather production (e.g. delay or
slow molt) to reduce energy demands, and/or use endogenous energy and protein
(Murphy and King 1982a; King and Murphy 1985; Richardson and Kaminski 1992).

Studies on White-crowned Sparrows, Zonotrichia leucophrys gambelii, have

indicated that rates of feather growth and molt duration are not affected by changes in
birds’ diets in nature (Murphy and King 1984c¢; Murphy et al. 1987). In captivity, White-
crowned Sparrows fed an insufficient amount of food before and during molt experienced
body mass declines, but only the extremely malnourished birds (fed only 60% of the
normal diet) failed to begin molting. Once a normal diet was resumed, they began
molting and the duration of the molt was much shorter. White-crowned Sparrows fed a
protein-deficient diet had a lower body mass, as well as longer molt duration than birds
fed a normal diet. However, when they were fed sufficient amounts of food, but with
varying protein quality, the sparrows did not eat greater quantities to compensate for any
nutrient deficiency, nor did they differ in intensity (number of feathers growing at any

one time) of molt (Murphy and King 1984a). However, there is evidence that birds



selectively feed on higher-quality diets during molt (Anderson et al. 2000). While birds
fed a deficient diet did not postpone molt (except in extreme cases), they did grow
abnormal feathers with fault bars (Murphy et al. 1987). Fault bars are regions of the
feather lacking barbules generally assumed to be the result of some form of stress. The
results of an early study indicated that birds stressed nutritionally produce these bars
(Newton 1968). In addition, in 1902, Riddle proposed that fault bars could result from
insufficient energy or lack of specific nutrients required for proper feather structure
(Grubb 1989). Contrary to these findings, in one study no correlation was found between
fault bars and starvation days, so these areas of weakness may not have been caused by
malnutrition, but perhaps by stress from handling the birds (Murphy and King 1987;
Murphy et al. 1988). Thus, there is evidence that feather growth and molt may be able to
continue largely independent of diet and nutrition.

Contrary to the papers discussed above, several other studies on differentlspecies
have shown a relationship between diet and molt (Valcoulon et al. 1985; Pehrsson 1987;
Meijer 1991; Swaddle and Witter 1997). In one study, female Mallards that were fed an
insufficient amount of food did not initiate molt until they had food available ad libitum.
Once the normal diet was administered and the onset of molt occurred, the duration of
molt was shorter than those birds fed the normal diet throughout the experiment. This
supports the hypothesis that birds may delay the onset of molt if they have an insufficient
diet as well as being able to compress molt into a shorter time period. In addition, in this
same study the authors investigated the effect of food quality on molt (Richardson and
Kaminski 1992). Birds fed a diet of insufficient quality delayed the onset of molt and

had a longer molt duration. In another study, Mallards fed a high protein diet grew longer



wing feathers (Pehrsson 1987). In addition, starlings on a restricted diet weighed less,
had a delayed onset of molt, and had a shorter duration of molt (Meijer 1991). Juvenile
starlings subject to food deprivation had slower feather growth rates than those fed a
control diet (Swaddle and Witter 1997). Diet was also found to be a limiting factor in
feather growth in Leghorn Hens (Gallus gallus) such that a diet supplemented with
nutrients increased early feather growth (Andrews et al. 1987). Thus, while the
nutritional implications of molt are not entirely consistent, these studies reinforce the idea

that this productive process places excess nutritional demands on birds.

Condition

The proposed link between diet and molt is nutritional condition. That is, birds on
a better diet most likely are in better nutritional condition, which affects their ability to
molt. There is, however, inconsistent evidence on the effects of diet on condition and/or
condition on molt. The complexity arises, first because of the numerous ways to evaluate
nutritional condition in live birds (feather growth, fault bars, mass, fat, and/or size-
corrected indices, blood indicators, and/or conductance). One must choose a method
appropriate for the type of information needed. Body mass is often used because it gives
an easily obtained single value in a non-invasive manner (Brown 1996). Using a
structural measure in conjunction with mass, such as wing, tarsus, keel or culmen
measurements, provides a more accurate evaluator of condition than mass alone (Brown
1996; Harder and Kirkpatrick 1996). Mass divided by wing length is the most common
size-corrected index used (Harder and Kirkpatrick 1996). Scoring fat deposits, while

somewhat imprecise, is also an easy and non-invasive technique used frequently.
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However, several factors unrelated to body condition that are involved in the regulation
of fat reserves complicate predicting fat levels (Carrascal et al. 1998 and references
therein). For example, while stored fat reserves reflect an individual’s ability to avoid
starvation (King 1972; Blem 1976; Stuebe and Ketterson 1982), abundant stored fat also
may increase the chance of predation (Gosler et al. 1995), due to decreased ability to
take-off quickly (Alerstam and Lindstrom 1990; Hedenstrom 1992), and because of
increased time spent foraging (Witter et al. 1994; Metcalfe and Ure 1995; but see
Kullberg 1998; Lilliendahl 1998).

Measuring feather growth rate is a newer method of evaluating nutritional
condition, which was first described by Grubb (1989). This technique, termed
ptilochronology, has been adopted as a way to evaluate nutritional condition in birds
based on the width of sequential bands, called growth bars, on feather vanes (Grubb
1989). Growth bars appear as dark and light bands that are generally assumed to be
produced during the day and night, respectively (Riddle 1902), so each set of bars
represents 24 h of growth (Michener and Michener 1938; Brodin 1993). The width of
each band, or growth bar, represents the rate of growth of the feather (reviewed in Grubb
1995). Ptilochronology assumes that feather growth is related to nutritional status, and
the technique has been used as a proxy for overall condition and an assay for ecological
stressors.

My study incorporates migration, molt, and condition of White-throated
Sparrows. The first step was to test the prediction that this species is a differential
migrant. If the birds follow this migration pattern, the results would reveal a higher

proportion of females at southerly latitudes. Learning that the White-throated Sparrow is
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a differential migrant would make this species an ideal candidate in which to study the
arrival-time hypothesis as a potential cause for differential migration, particularly when
considering previous findings on the timing of molt and migration (see Johnson 1999).
However, I needed further, direct, and consistent results on the link between molt and
departure to determine whether molt is acting as a constraint. Thus, I used diet to
manipulate timing of molt, and looked at the effect on departure date. I hypothesized that
birds given an insuficient diet would molt later and therefore depart later than their
counterparts. Lastly, because I had measured C(;ndition using the technique of
ptilochronology, I examined the reliability of this technique. Ptilochronology was
introduced only a decade ago, and is widely used today, but there have been few

experimental studies assessing its reliability.

Study species

The White-throated Sparrow is one of the most familiar and well-studied birds in
North America (Falls and Kopachena 1994). It breeds across most of eastern Canada and
the northeastern United States, and migrates south as far as the Gulf of Mexico. Small
numbers winter west as far as the Rocky Mountain states and an isolated population
winters in California (Lowther and Falls 1968).

White-throated Sparrows form linear dominance hierarchies during winter in
which they forage during the day (Falls and Kopachena 1994). Within these hierarchies,
dominance is related to sex, age, and size with males, older, and larger birds being
dominant (Schwabl et al. 1988; Piper and Wiley 1989). Site-faithful White-throated

Sparrows tend to be dominant (Piper 1990b). In some studies dominant White-throated



Sparrows stored more fat (Piper 1990b; Piper and Wiley 1990b), and had higher survival
than subordinates (Piper and Wiley 1990b). Dominant birds have better access to
resources (Ekman 1987), feed closer to cover (Piper and Wiley 1990a), and can supplant
subordinates (Wiley 1991). However, studies on other species have shown that dominant
birds have higher metabolic rates associated with increased aggression (Roskaft et al.
1986; Hogstad 1987).

During the winter, birds are found in and along edges of woodlots, generally in or
around dense vegetation (Falls and Kopachena 1994). In addition, they are more
common in urban areas than most sparrows. They forage primarily on the ground, near
cover, and in flocks eating mostly small seeds and fruit, and insects when available (Falls
and Kopachena 1994).

White-throated sparrows undergo two annual molts. The pre-basic molt takes
place in late July through August (before fall migration) and includes body feathers and
primary coverts. Basic plumage is duller than in the alternate plumage (Falls and
Kopachena 1994). In the spring they molt into their alternate plumage. The pre-alternate
molt is partial and involves the head, neck, sides, flanks, and back (Kuenzel and Helms
1974). The pre-alternate molt takes place between late February and early May (Falls
and Kopachena 1994), and is thought to be complete prior to migration in all but a few
cases (Lowther and Falls 1968). The timing of molt does not differ between sexes
(Kuenzel and Helms 1974).

White-throated Sparrows are sexually size dimorphic with females slightly
smaller than males; however, sexes have similar plumages (Falls and Kopachena 1994).

During the breeding season, both sexes exhibit a plumage dimorphism resulting in tan

13



and white-striped morphs. White-striped morphs have sharply contrasting black and
white crown stripes, while tan-striped birds have less contrasting dull black and pale
brown or tan-colored crown stripes (Falls and Kopachena 1994). This system appears to
be unique to White-throated Sparrows, and is a result of a chromosomal dimorphism that
originates from an inversion of chromosomal material. These morphs are equally
represented in the population and are maintained by negative assortative mating. Tan and
white-striped birds have some differences in behavior, such that white-striped males are
more aggressive, and tan-striped females provide more parental care (Falls and
Kopachena 1994).

Though White-throated Sparrows are a well-studied species, there are still aspects
of its life history that have not been thoroughly investigated. Thus, it seemed an ideal
species in which to study several aspects of molt and migration. The results of this study
involving migration patterns, timing of molt and departure, and condition can be applied

to other species whose annual cycles are not as clearly understood.
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CHAPTER 1
DIFFERENTIAL MIGRATION
(Largely redundant with paper submitted February 2001. K. D. Jenkins and D. A. Cristol.

Evidence of differential migration in White-throated Sparrows,
Zonotrichia albicollis. Auk)

INTRODUCTION

In many species of migratory birds, individuals travel different distances during
the autumn migration with the result that wintering populations are partially segregated
by age and/or sex (Ketterson and Nolan 1976). The factors responsible for the evolution
and maintenance of such differential migrations are not clearly understood despite the
fact that it is a common phenomenon that has received considerable study. Worldwide,
there are over 50 well-documented species of differential migrants and almost 100 more
candidate species for which rigorous documentation is lacking (Cristol et al. 1999).
Three hypotheses that have been proposed to account for differential migration focus on
differences in body size, social dominance and the benefits of early arrival at the breeding
grounds (reviewed by Cristol et al. 1999). Inherent in each of these hypotheses is the
idea that there are costs associated with migration such that birds only migrate as far as
necessary to survive the winter (Prescott and Middleton 1990).

Evidence suggesting that White-throated Sparrows are differential migrants with
regard to sex consists of a skewed sex ratio among 45 tower-killed migrants in Florida,
from which (Odum 1958) concluded that first-year females probably winter farther south
than adults in general, and males in particular. However, since then, no one has

examined wintering sex ratios of White-throated Sparrows. The objective of this study
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was to use data from birds banded after autumn migration, but before spring migration, to
test the hypothesis that there is a detectable latitudinal cline in sex ratio of wintering
White-throated Sparrow populations. A latitudinal cline in sex ratio is indicative of
differential migration in monogamous species (Ketterson and Nolan 1976). Because
White-throated Sparrows often cannot be aged accurately in winter (Anonymous 1977,
Pyle 1997), I did not examine the possibility of differential migration by different age
classes. To assess whether my findings, based on the Bird Banding Laboratory (hereafter
BBL) data, are robust, I compared the BBL data to two independent sources of

information about White-throated Sparrow sex ratios.

METHODS

To study the geographic distribution of wintering male and female White-throated
Sparrows, I analyzed the sex ratio in each 1° block of latitude using twenty years of
winter banding data from the BBL. To determine whether the findings from the BBL
data were robust, I examined skin collections in 12 museums and calculated the sex ratio
for birds collected in winter at any latitude for which sufficient data were found. I also
determined the sex ratio of free-living birds at three field sites near the center of the
species’ winter range.

In order to ensure that only wintering birds were included, I used birds captured
from January through March, which is well outside of the migration period for this
species. I analyzed each flyway separately under the assumption that they may represent
different biological entities. Because there has historically been confusion as to how to

determine sex in White-throated Sparrows, I used only birds banded since 1980, a decade
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after the last confusion regarding sex and morph appeared in the literature (e.g. Lowther
1961; Vardy 1971).

Beginning with the raw BBL data, I obtained the sex of each bird recorded by the
bander (eliminating any birds whose sex was unknown), the latitude where it was banded,
and the date of capture, for every bird banded between 1980 and 2000. For each flyway
the total number of males and females in each 1° latitudinal block was determined,
excluding all latitudes at which less than 15 birds had been banded and had their sex
determined (see Table 1). The vast majority of White-throated Sparrows were banded
within the Atlantic and central flyways (as defined by the BBL) of the United States.
Specifically, the total number of sexed birds at all latitudes for the Atlantic, Central,
Mountain, and Pacific flyways were 2544, 904, 207, and 12. Once [ removed latitudes
which did not meet the 15 bird minimum, these numbers decreased to 2527, 876, 179,
and O (see Table 1). Because of the low numbers of sexed birds in the latter two regions,
the data for the Pacific and Mountain flyways could not be analyzed. Before carrying out
the analysis of sex ratios, the number of unsexed birds at each latitude was examined, and
tested for a cline using linear regression and ANOVA with JMP 3.1 statistical software
(SAS 1995). This was necessary because the range of wing-lengths that can be used to
classify a bird as female is smaller than that for males, and thus a higher percentage of the
unknowns are undoubtedly females. Any latitudinal cline in percentage of unknown
birds could produce a spurious change in the sex ratio. To test for a latitudinal cline in
sex ratio the proportion of females was transformed using the natural log to approximate

a normal distribution, and I then regressed the transformed values on the independent
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variable of latitude. ANOVA was used to test whether the regression differed
significantly from the null hypothesis.

Following the analysis of the BBL data, I began looking at sex ratios based on
museum data. Because only the Atlantic flyway BBL data proviﬁed a statistically
significant result (see below), and because sexed museum specimens for the Central
flyway were sparse (Table 2), the examination of the robustness of the BBL data was
restricted to the Atlantic flyway. First, data were obtained on sex ratios of birds
collected at each latitude by visiting museums as well as accessing their databases via the
Internet. I studied only collections in which there were at least 100 White-throated
Sparrows (see Acknowledgments for list of museums). For all birds collected from
January through March (n = 296) I recorded the date of collection, sex of bird on museum
tag (when present), method of sexing (if indicated), county of collection (later converted
to latitude using a searchable Internet database provided by the United States Geological
Survey), and un-flattened length of the specimen’s right wing (for all but the three
museums not visited by the author or an assistant).

Since many collections contained birds that were sexed over a century ago using
unreliable methods such as plumage color, I wished to standardize sex determination
methods. Wing chord was chosen as the primary method of sex determination because
this is how banders currently determine sex in White-throated Sparrows, and thus is most
consistent with the BBL data set. Any skin in which the labeled sex, determined by
examination of the gonads, conflicted with that determined by my wing measurement
was eliminated from consideration (n = 10). Classifying all birds with wings < 69 mm as

females and > 71 mm as males, as done here, has been shown to result in 92% accuracy
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for females and 96% accuracy for males in a field study where sex was confirmed using
laparotomies (Piper and Wiley 1991). In order to maximize sample size [ included 31
birds from three museums that [ was not able to visit. These birds were known to have
been sexed by examination of the gonads, a reliable technique. Because sample sizes
were smaller than those in the BBL data set, sex ratio was calculated for any latitude for
which sex could be determined for more than 10 birds (see Table 2).

To determine whether the latitudinal sex ratios from the BBL data differed from
the museum skin data, chi-square contingency table analysis was used to compare the
number of females collected at each latitude with the number expected for that latitude as
predicted by either (1) the proportion of females banded at that latitude, or (2) the
proportion predicted by the regression equation for the BBL data across all latitudes.
These are two alternative analyses using somewhat different expected values, the former
directly from the BBL sample at a single relevant latitude, the latter using a prediction for
each relevant latitude based on a regression equation for the entire BBL data set.

To further assess the robustness of the sex ratios derived from the BBL data, I
examined the sex ratios at three field sites where individual researchers have classified
the sex of large samples of winter-resident White-throated Sparrows in a small area
within a single year: the Mason Farm Biological Reserve in Chapel Hill, North Carolina
(1985/1986); a protected research area on the campus of the College of William and
Mary in Williamsburg, Virginia (1999/2000) (see Chapter 2 for description of study site);
and the George Washington National Forest near Harrisonburg, Virginia (1999/2000).
The sex ratio from the Chapel Hill site was provided by Walter Piper (pers. comm.), and

had been derived using laparotomies. Data published in Piper and Wiley (1991:figure 1)
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was used to adjust the laparotomy-derived sex-ratio data to what it would have been if it
had been derived from wing measurements. I determined the difference between wing
and laparotomy-derived sex ratios in that study, which was on resident and non-resident
birds at the same site, and then used the difference between sex ratios as a correction
factor for the resident-only data provided by Walter Piper. Sex-ratio data from the other
two field sites was based on wing length (measured by Charles Ziegenfus at the George
Washington National Forest), and used the same wing-length criterion as for the museum
specimens. The sex ratios at the three field sites were compared to expected values from
.

the BBL data from the Atlantic flyway using chi-squaréd analysis as described above for

the museum data.

RESULTS

Banding lab data for the Atlantic flyway included 2,527 birds of known sex, 33%
of which were classified as females, occurring in every 1° latitude block between 33° N
and 43° N. The proportion of females was significantly negatively related to latitude G
=0.376, Fy9=5.43, P =0.04; Fig. 1), indicating that sex ratios were more female biased
at more southerly latitudes. The pattern appeared similar in the BBL data for the central
flyway, but there were far fewer birds banded (Table 1), and the result was not significant
(#*=0.111, F19=1.00, P = 0.35; Fig. 1) .

The proportion of birds whose sex was unclassified was not related to latitude in
either flyway (Atlantic: proportion unsexed = 0.5 latitude +45.1, ¥ =0.07, F 9=0.66, P

> 0.4; central: proportion unsexed = 0.2 latitude + 74.2, ¥ =0.01, Fi9=0.10,P >0.5).
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TABLE 1

BIRD BANDING LAB DATA FOR ALL LATITUDES WITH SEXED
BIRDS IN EACH FLYWAY.

Flyway Latitude Proportion Female Total Sexed

Atlantic 29.5! 50 2
30.5! 67 3
31.5! 40 10
32.5 50 2
33.5 39 113
34.5 34 151
35.5 34 102
36.5 55 49
37.5 24 221
38.5 40 676
39.5 34 666
40.5 24 326
41.5 21 177
42.5 32 31
43.5 20 15

Central 29.5! 40 5
30.5 38 21
31.5! 30 10
32.5 38 45
33.5 11 45
34.5 17 115
35.5 36 357
36.5 29 123
37.5 16 45
38.5! .00 6
39.5 32 62
40.5 11 27
41.5 22 36
425! 33 3

445" 50 4



TABLE 1 CONT.

Flyway Latitude Proportion Female Total Sexed

Mountain 26.5! .00 1
28.5! .00 1
29.5! 40 10
30.5 12 58
31.5! 46 13
32.5 26 23
33.5 20 56
35.5 25 16
36.5 27 26
39.5 1.00 1
40.5! 1.00 1
41.5! .00 1

Pacific 42.5! .50 6
43.5! 33 3
445! .50 2
455! .00 1

"Latitudes that do not meet the 15 bird minimum sample size



To assess the robustness of the pattern seen in the BBL sex-ratio data, I located
154 museum skins collected during winter in the Atlantic flyway, of which 25% were
classifiable as female. These were collected between 30° N and 40° N, and there were
sufficient data at six latitudes to compare to the BBL data (see Table 2). The sex ratios at
these latitudes did not differ from those found at the same latitudes in the BBL data (XZ 4
=75,P >VO.1; Table 3), or from that predicted by the regression equation for all BBL
data (X2 s=4.8, P >0.1; Table 3). My statistical power to detect a “medium” difference
in these comparisons, as defined by Cohen (1988), was reasonably high (BBL sample:
power = 86%; BBL regression: power = 83%). The sample sizes for the birds collected
in the central flyway were small, and collections were not evenly distributed throughout
latitudes (Table 2), so I could not analyze them as I did the Atlantic flyway. So, while
there appeared to be higher proportions of females wintering in the south, central flyway
states did not have enough latitudes with greater than 10 birds (n = 3) to test whether
there was a latitudinal cline.

As an alternative way to assess the robustness of the cline found in the BBL data,
I determined the sex ratio among live birds at three field sites located in the heart of the
winter range of this species (38°20° N, 37°16” N and 35°56° N). As with the museum
skin data, sex ratios at these three field sites were compared to expected values based on
BBL data for the appropriate 1° degree block. The sex ratios at these field sites matched
closely those sampled from the same latitudes in the BBL data (XZ »=1.0, P>0.5; Table
4). My power to detect a “medium” difference (Cohen 1988) was high (>98%), so this

negative result is reliable. However, field site samples differed significantly from those
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TABLE 2

MUSEUM DATA FOR ALL LATITUDES WITH SEXED BIRDS FOR
EASTERN AND CENTRAL FLYWAYS.

Flyway Latitude Proportion Female Total # Sexed

Atlantic 29.5! 25 4
30.5 50 14
31.5! 43 7
32.5! 1.00 4
33.5! .00 8
34.5 25 12
35.5 24 33
36.5! .00 2
37.5! .00 9
38.5 21 58
39.5 19 16
40.5 24 21
41.5 .00 2
42.5' 75 4

Central 29.5! 50 4
30.5 33 79
31.5! 25 4
32.5! 40 5
33.5! .50 2
34.5! 25 8
35.5! .00 4
36.5 .00 11
39.5 07 15
40.5" .00 2
41.5" .00 1

'Latitudes that do not meet the 10 bird minimum sample size



TABLE 3

EXPECTED AND OBSERVED PROPORTIONS OF FEMALES BY LATITUDE
FROM MUSEUM SKIN DATA.

Latitude n Observed Expected1 Expected2
30.5 14 050 e 0.49
34.5 12 0.25 0.34 0.40
35.5 33 0.24 0.34 0.37
38.5 58 0.21 0.40 0.31
39.5 16 0.19 0.34 0.29
40.5 21 0.24 0.24 0.28

! Based on BBL sample for same latitudes.
2 Based on prediction for same latitude from regression of BBL data.



TABLE 4

EXPECTED AND OBSERVED PROPORTIONS OF FEMALES FOUND AT FIELD SITES.

Location (Latitude) n Observed Expected' Expected”
Harrisonburg, VA (38.5°N) 52 0.33 0.40 0.31
Williamsburg, VA (37.5°N) 276 0.18 0.24 0.33
Chapel Hill, NC (35.5°N) 287 0.54 0.55 0.37

"Based on BBL sample for same latitudes.
2 Based on prediction for same latitude from regression of BBL data.



predicted for the same three latitudes by the regression equation based on all latitudes in
the BBL data (X°, =27.4, P <0.001; Table 4). The proportion of females at the
successively more southern field sites increased with decreasing latitude much faster than

predicted by the regression equation.

DISCUSSION

The proportion of females in wintering populations of White-throated Sparrows
increased at more southerly latitudes in the Atlantic flyway. In addition, there was no
relationship between the number of unsexed birds and the proportion of females; thus the
relationship between latitude and proportion of females was not an artifact of latitudinal
differences in the tendency for banders to classify birds as being of unknown sex.

The sex ratios derived from the BBL data did not differ from sex ratios of
specimens in museum collections from the same latitudes, suggesting that the BBL data
provided a robust measure of the cline in the sex ratio across latitudes. In addition, the
sex ratios among free-living birds at three field sites in the middle of the species’
wintering range were remarkably similar to those of the same latitudes in the BBL data,
although they differed from the sex ratios predicted by the regression equation based on
all latitudes in the BBL data set. This again suggests that the BBL data provided a robust
measure of the sex ratios at various latitudes, but also that the cline in proportion of
females is not smoothly linear and thus discrepancies arose when comparing individual
sites with the predictions of a linear regression. Thus, three independent lines of
evidence all support the hypothesis that sex ratios of White-throated Sparrows in winter

differ depending upon latitude, supporting my prediction. Because each male-female pair
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begins migration at the location of their nesting site, and sex ratios of young can be
assumed to be at parity in this socially monogamous species, a latitudinal cline in sex
ratio during winter is best explained as the result of differential migration of the sexes.

The much smaller sample size of BBL data from the central flyway was
inconclusive. The relationship between proportion of females and latitude appeared
similar to that in the Atlantic flyway, but the null hypothesis of no relationship between
sex ratio and latitude was not rejected. In addition, the museum data contained small
sample sizes at the majority of the latitudes, such that I could not analyze the sex ratios.
One cannot determine from this sample whether there are real differences between
flyways, or v;/hether differing statistical power and insufficient data are responsible for
the presence of a statistically detectable effect in one flyway but not the other.

It is not surprising that my data indicated that female White-throated Sparrows
migrate farther than males in autumn, because that is the pattern predicted by each of the
three major explanatory hypotheses for differential migration. Male White-throated
Sparrows are larger than females, are dominant in winter social hierarchies (Piper and
Wiley 1989), and arrive one to two weeks earlier than females on the breeding grounds to
establish territories (Falls and Kopachena 1994). Thus, females might migrate farther
because their small body size reduces their ability to withstand cold, because they benefit
from avoiding competition with dominant males, because they do not benefit as much
from being among the first to return in the spring, or some combination of these and other
factors.

These findings add the White-throated Sparrow to the list of documented

differential migrants, and since their natural history is well studied, this would seem a
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good species in which to investigate the causes of this migration pattern through
comparative studies. On the other hand, the White-throated Sparrow is not an ideal
species for differentiating between the three primary hypotheses, body size, dominance,
and arrival-time, because each makes the same prediction — that females will migrate
farther than males. Despite this overlap in predictions of the competing alternative
hypotheses, confirming the White-throated Sparrow as a differential migrant is extremely
useful in evaluating the arrival-time hypothesis. That is, I can examine the still
unsubstantiated assumption inherent in this hypothesis — that distance migrated is
correlated with arrival date. To investigate this, one must test whether there is something
preventing birds from leaving their wintering grounds at any time, so that migrating
farther in autumn leads to later return in spring. In the study described in chapter 2,
expanding on previous work on the molt and migration patterns of locally wintering
White-throated Sparrows, I tested whether molt is the hypothesized constraint on
migration. If the timing of spring migration is constrained, for example by condition-
dependent molt, there is support for a relationship between distance traveled during
spring migration, and arrival on the breeding grounds. This evidence would validate the
second assumption of the arrival-time hypothesis, allowing it to be a potential
explanation for differential migration. The arrival-time hypothesis has received support
from other studies (Myers 1981; Byrkjedal and Langhelle 1986; Cristol 1995), and could
explain many cases of differential migration, especially when combined with the effects
of social dominance (Cristol et al. 1999).

In conclusion, three independent data sets supported the prediction that White-

throated Sparrows are differential migrants, with females migrating farther into the winter
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range than males. This study adds a well-studied species to the list of birds that exhibit
partial population segregation in the non-breeding season, most likely as the result of

differential migration.
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CHAPTER I
DIET, MOLT, AND DEPARTURE
(In part redundant with paper submitted: D.A. Cristol, K.M. Johnson, K.D. Jenkins and

D.M. Hawley. Does pre-alternate molt constrain date of departure for spring migration in
male White-throated Sparrows, Zonotrichia albicollis? Auk)

INTRODUCTION

In the previous chapter it was determined that White-throated Sparrows are
differential migrants, with populations partially segregated by sex on the wintering
grounds. While there are several non-mutually exclusive hypotheses to explain this
pattern, I am focusing on validating one, the arrival-time hypothesis. In order to do this,
the still untested second assumption must be met, that there is some constraint on
departure that restricts birds from leaving for the breeding grounds early, thus ensuring a
correlation between distance migrated and arrival time. There is only limited evidence for
this assumption, but it has been investigated in previous studies on White-throated
Sparrows (Johnson 1999). The results of that study showed a link between dominance
and departure date but did not critically test the underlying mechanism. The hypothesis
was that (1) dominant birds are in better condition which (2) allows them to molt early,
and (3) consequently depart early. While there was no evidence for dominants being in
better condition, free-living birds that were in better condition (i.e. regenerated feathers
faster) did molt earlier. Lastly, particularly in large males, peak molt date was positively
correlated with departure date. This finding was further investigated and supported by
experimentally advancing molt using artificially increased photoperiod, and then

detecting earlier migration departures in advanced birds. However, the numerous
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physiological changes accompanying photoperiod manipulation cannot be excluded as
causes for early migration. That is, since all premigratory activities are tied to
photoperiod (Gwinner 1990 and references within), and since the hormonal pathways are
not clearly understood, one cannot assume that the timing of molt, but not migration, was
directly affected by photoperiod. To demonstrate a link between molt and migration, I
would have to show that molt, independent of physiological premigratory changes, is
affecting the timing of migration. To summarize, the result of a correlative study and an
experimental manipulation of molt using photoperiod were entirely consistent with the
hypothesis that birds in better condition are somehow able to molt earlier and that molt is
in some way related to departure; however there is not direct evidence for the causality of
these links.

In order to investigate this further, nutritional condition was chosen as a different
potential regulator of the timing of molt. By altering the timing of molt, I could then
investigate the relationship between molt and departure date free from the confounding
effects of photoperiod. Briefly, I placed two groups of birds on different diets, one
designed to advance molt and the other to delay it. All birds were released after molt was
nearly complete in the advanced group, but before migration began. I then determined
migration departure dates of the two treatment groups and free-living birds, to test
whether diet affected molt, and molt, in turn affected departure date. If the results of this
study show that the timing of molt is affecting departure date, it would further support the

hypothesis that molt is acting as a constraint on departure.
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METHODS
Study site

White-throated Sparrows were captured and observed in a four-hectare site along
the edge of a woodlot in Williamsburg, Virginia. The vegetation consisted mostly of a
young oak-hickory canopy with thick underbrush. The site was bordered by the campus
of William and Mary to the north, an early successional area once a landfill to the south,
a cemetery to the east and a mature forest to the west. I caught birds at three trapping
stations consisting of unbaited mist nets and baited ground traps that were approximately
100 meters apart. In addition to the mist nets and ground traps to capture the birds, two
of the stations contained outdoor blinds from which to observe the birds.

From 26-30 January, 2000, 72 White-throated Sparrows were captured. Only
those birds with > 74 mm unflattened wing length were used, which eliminated variation
due to sex since birds this size are very likely to be males (Piper and Wiley 1991). Age
could not be determined reliably in late January when we caught most of these birds
(Pyle 1997). Birds were given a Fish and Wildlife Service metal band as well as a
unique combination of three plastic color bands. In addition, we took‘the following
measurements on all birds: un-flattened wing length, tarsus length, weight, fat (scale
of 0-5), and the whiteness of head stripes (scale of 1-4). We randomly assigned the birds

to one of two large outdoor cages located adjacent to the woodlot (8.3 x 2.3 x 2.3 m).
Diet

The birds acclimatized to the cages for 14 days before the diet manipulation commenced.

One cage of birds (n = 36), the delayed group, received an insufficient diet for the duration
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of the experiment, while the other group (n = 36), the advanced group, received an ample
diet, which was more than sufficient in quantity and quality. The delayed group received
200 g daily of a mixture of food containing four parts cracked corn, three parts white millet,
and two parts red millet in eight food dishes. This quantity was slightly in excess of the
birds’ caloric needs, based on the fact that there was a small amount of grain, usually just
corn, left in the dishes each morning. Spilled grain was always removed before refilling
dishes so that a consistent amount of food was available, and so that less preferred seeds
would not accumulate. The advanced birds were given 500 g daily of a mixture containing
four parts cracked corn, three parts white millet, two parts.red millet, two parts sunflower
hearts, one part thistle, and one part high-protein turkey starter, as well as 2-3 Tenebrio
larvae per bird, and ad libitﬁm carrots, boiled eggs, and parsley, also in eight food dishes,
such that preferred foods were available to all birds at all times. This quantity was far in
excess of the birds’ caloric needs based on the amount of seed left at the end of each day.
Spilled food was allowed to remain for several days to increase availability away from the
food dishes. Both groups received ad libitum vitamin/mineral fortified water, grit, and
cuttlefish bones. During the experiment, one bird in the delayed group died of an
accidental collision, one was released after it began losing weight, and a third died of
apparent malnutrition. No birds from the advanced group had died at the time of release.
Starting 15 March, all captive birds were recaptured every seven days at approximately
10:00 am to score molt, and record fat and weight changes. In addition to the two
captive groups, I monitored a group of 118 free-living control birds, also with wings

> 74 mm (see Table 5 for sample sizes used in analyses). These birds were captured,

color banded, and released at their original sites of capture. I continued to trap and net
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birds at least three days a week throughout the spring to record molt scores on the

free-living birds.

Molt

A quantitative method was used to determine the molt schedule for each bird.

The head and body were considered separately. Since body molt is more difficult to
consistently score, I relied on head molt for analyses. Within the head region there were
eight areas in which I counted incomirig “pin” feathers: left and right eye margins
combined, left and right lores combined, left and right superciliary stripes combined, left
and right lateral stripes combined, median stripe, left and right auriculars combined, nape,
chin, left and right éye margins combined. For each area a value was assigned based on a
scale of 0-3 representing 0, 1-10, 11-50, and greater than 50 pin feathers, respectively.
The scores for all eight areas were summed for a total head molt score.

Because the schedules and recaptures for birds varied, I was unable to track the
progress of each bird in complete detail. Therefore as first described in (Johnson 1999),
to analyze the molt for each bird, I calculated rate, onset, rate/onset and peak molt. Rate
was calculated for all birds that had consecutive molt scores indicating increasing or
decreasing of molt. Because the shortest amount of time any bird required between
starting and peaking in molt was 20 days, there had to have been less than 20 days
between qonsecutive scores in order for a bird’s rate to be calculated. To calculate rate,
the minimum score subtracted from the maximum score was divided by the number of
days between the two scores.

Molt onset was defined as date that ear or chin molt first appeared (had a score of

1). This was chosen because these areas consistently were the first to show new feathers.
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To determine molt onset for birds that I caught only after molt began (chin and/or ear >
1), I used criteria set forth in Johnson (1999). Specifically, for birds that had a molt score
in the chin area of 2, I subtracted 9 days from the day we first recorded molt, and used
that as date of onset (if the total head molt score without the chin or ear regions was less
than 8). If the chin score was 3, I subtracted 12 days (as long as the total head score was
less than 11). For molt beginning in the ear region, if the score when first captured was
2, I subtracted 9 days (if the total head molt score was less than 6). If the first score in
the ear area was 3, I subtracted 12 days (if the total head score was less than 10). If total
head scores had progressed more than indicated above, the bird was considered atypical
and excluded from the analysis.

After determining both rate and onset of molt, I calculated the index of rate/onset.
This value incorporates two aspects of the molting process, how early birds started
molting, as well as how quickly they proceeded. Thus, I could compare the molting
schedules of birds using an index based on both rate and onset of molt, possibly leading
to results not indicated by either measurement alone.

The estimated date of peak molt was defined as the date on which the bird was
molting the most feathers on its eight head regions combined. Since I did not have
complete molt schedules for birds (caged birds being scored only every seven days, and
free-living birds being recaptured at varying intervals), [ used a formula to determine this
based on the molt rate for each bird. Because the highest peak score found among all
groups was 23, [ set this as the maximum molt score. Then, based on the calculated rate
for each bird (as described above), I determined how many days it would take to reach

this maximum molt score. That date was assigned as the peak molt date.



Release

On April 12, all captive birds were released at 11:00 am at their oriéinal sites
of capture after which they were observed to determine dates of departure from their
natural setting. This date of release was ten days before any unbanded (probably
migrant) sparrows on the study site were observed, indicating that migration had not
yet begun for free-living birds. The trapping and netting continued as well as daily

observation from the blind until all White-throated Sparrows had left the site.

Departure date

To determine departure date, I followed the procedure used in 1998 and 1999A
(Johnson 1999), and corrected the last date of capture or observation for each bird by
adding one half of the average time between encounters with that bird. After March 15,
new birds were no longer added to the free-living control group to ensure that only
resident birds were included. In addition, for the same reason, birds departing prior to
March 13 were excluded. This decision was based on local White-throated Sparrow
schedules from the past three years of banding data. Birds that had large inter-encounter
intervals (> 10 days) were excluded from analysis. All birds had to have been seen at

least twice following release to be included in analyses.

Statistical Analyses
Analyses were performed using JMP 3.1 statistical software (SAS 1995).
Data were tested for normality using Shapiro-Wilk’s test and Bartlett’s test for

homogeneous variances. When data conformed to assumptions of parametric
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statistics, #-tests were used. In all other cases, non-parametric (Wilcoxon or Kruskal-
Wallis) tests were used with calculations by hand for post-hoc contrasts between multiple
treatments (Siegel and Castellan 1988). Data are presented as mean + standard deviation

in tables, and as mean + standard error in figures. Julian dates are used in analyses.

It should be noted that pseudoreplication occurred in this experiment, since all
birds from one treatment were housed together in a large cage, while those from the other
treatment were housed together in an adjacent cage of identical dimensions and layout.
As a result, the assumption that each bird was an independent data point was violated and
my statistical conclusions must be interpreted with caution. The reason this experimental
design was used was so that the results would reflect the responses of birds living in a
semi-natural setting where, for example, they could engage in social interactions with
familiar flock mates, experience normal weather fluctuations, compete for food and
exercise their flight muscles extensively. Because wintering White-throated Sparrows
are found in large groups, the alternative design of housing birds individually might have
affected the behavior of the birds and altered the results. Both cages of birds were
exposed to identical weather conditions and there was no evidence of any disease
affecting either group, two major sources of bias due to pseudoreplication. Further,
should I have found that the delayed birds contracted a disease (due to malnutrition), this
would not weaken my conclusions, which focus on nutritional condition and molt status.
Upon release, the birds were independent data points; thus the pseudoreplication was

only relevant for the captive birds in the first part of the study. Hopefully, what was
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sacrificed in statistical rigor by not caging birds separately was more than balanced by

increased applicability of the results to free-living birds.

RESULTS

As predicted, experimental manipulation of diet produced differences in molt
onset (Table 5; Figure 2). Advanced birds began to molt earlier (onset) than free-living
or delayed birds (Kruskal-Wallis, overall X = 46.4,df =2, P <0.0001; Table 5). In
addition, rate differed among groups with delayed birds molting more slowly than
advanced or free-living (Kruskal-Wallis, overall X’ = 56.8, df = 2, P < 0.0001; Table 5).
Combining these two measures gives the index of rate/onset, which also differed among
groups (Kruskal-Wallis overall X°=53.1,df=2, P <0.001; Table 5). Both advanced and
free-living birds had a higher rate/onset than delayed birds, but there was no difference in
rate/onset between advanced and free-living birds (Table 5). Because delayed birds had a
significantly higher rate of molt after being released (before: 0.18 + 0.22; after: 1.03 +
0.58) (Wilcoxon Z=4.91,n=47, P <0.0001), I used the rate indicated by birds while
still in captivity to calculate rate/onset of this group. Advanced birds had an earlier peak
of molt than free-living birds (¢55 = 2.08, P < 0.05). Because many of the delayed birds
peaked some time after release, peak molt could not be calculated for this group.

Departure date differed among the three groups (Kruskal-Wallis overall X'=9.1,
df =2, P <0.01; Table 5). Birds that had their molt onset advanced with a better diet
departed earlier than the delayed or free-living birds (Table 5), but the departure date did

not differ significantly between the delayed and free-living birds (Table 5).
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Based on a “medium” effect size (Cohen 1988), the power of the Kruskal-Wallis test
ranged from 40 to 64% and for the 7-tests power ranged from 42 to 67% (sample

sizes vary). This was assuming that the non-parametric test was approximately 95.5% as
powerful as the parametric one-way ANOVA test (Siegel and Castellan 1988). Even
though the tests were only moderately powerful, I had significant results in 9 out of 13
comparisons, and only one test resulted in a direction opposite of that predicted. In order
to aim for a minimum of 80% power (reasonably high), and avoiding the
pseudoreplication problem, I would have had to have 64 individual cages. Given the area
and design of the existing aviary as well as my time budget, it would have proven

impossible. Therefore, I feel that the experimental design used here was justified.

DISCUSSION

Birds receiving an advanced (ample) diet had an onset of molt approximately one
week before their free-living counterparts while birds given a delayed (insufficient) diet
had a delayed schedule of molt compared to the free-living birds. Analysis of departure
dates showed that those birds in the advanced group departed approximately five days
before the free-living or delayed birds. This supports the hypothesis that diet affects the
timing of molt, which in turn affects departure date. The free-living and delayed birds
however, did not differ from one another in departure dates. There are two possible
reasons for this. First of all, there may be a maximum limit on the how long a bird can
stay on the wintering grounds, after which it departs regardless of molt progress. This
may be best understood by looking into the physiological control of molt and migration.

That is, since all premigratory activities are tied to photoperiod and endogenous
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circannual cycles (Wolfson 1945; Meier 1974; Meier and Russo 1985), these activities
naturally occur at some point.* Even if molt is delayed by poor condition, there may be a
limit to how long it can be put off, in order to reach a certain level of completion before
migration must begin. A‘ second plausible explanation is that after the delayed birds were
released, they had access to a better diet, and were able to catch up on their molt. Since
this was late in the spring, high quality, protein-rich food was plentiful. This is supported
by the result that the rate of molt of delayed birds significantly increased following
release. In a study on White-crowned Sparrows, severely malnourished birds with
delayed molt rapidly completed molt when returned to a normal diet (Murphy et al.
1988). In addition, female Mallards on a restricted diet delayed molt until ad libitum diet
was resumed, after which they molted faster females given a normal diet throughout the
study (Richardson and Kaminski 1992).

Though these resullts indicate a probable link between diet and molt, a mechanism
linking diet to molt has yet to be identified. In order to support the statement that
nutritional condition is the agent responsible for restricting when birds can molt, I would
have to show a difference in condition between the advanced and delayed groups. In
order to suggest that the delayed birds had a later onset because of diet, they must be in
worse condition than their counterparts. Therefore, in the remaining part of the study, I
investigated molt and condition, by evaluating the condition of the captive birds. Using
ptilochronology, a relatively new technique for evaluating nutritional condition based on
feather growth rates (in addition to analyzing fat scores and mass), I compared the

nutritional condition of the two experimental groups exposed to diet manipulation. This
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allowed me to determine whether birds fed a better diet were in better condition than their

counterparts, testing a hypothesis for their molting earlier than birds on a restricted diet.
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CHAPTER III
NUTRITION AND FEATHER GROWTH
(Largely redundant with paper in press. K.D. Jenkins, D.M. Hawley, C.S.

Farabaugh, and D.A. Cristol. Ptilochronology reveals differences in condition of
captive White-throated Sparrows. Condor)

INTRODUCTION

In the study described in chapter 2, birds fed an insufficient (delayed) diet had a
delayed molt and migrated later than those with an ample (advanced) diet. However, the
mechanism for the relationship between diet and migration timing was only inferred to be
nutritional condition. Therefore, in this study I directly tested the prediction that
nutritional condition was altered by the diet treatments. If nutritional condition was not
affected, and does not differ between groups, then it is unlikely that nutrition affected
molt through an overall change in condition. On the other hand, if there is evidence that
nutritional condition was affected due to diet manipulation, the explanation of nutrition
affecting molt is more likély. While this would not necessarily identify molt as the agent
responsible for the timing of migration, it is consistent with the possibility. In addition,
this idea is in line with previous work in which molt manipulated by photoperiod affected
the timing of migration (Johnson 1999). Thus it would further support for the hypothesis
that molt has a role in determining migration timing.

A relatively new method used in this study to assess nutritional condition is the
measurement of feather growth rates. Despite rapid adoption by ornithologists, criticism
has been leveled at the technique of ptilochronology. Growth bars are often difficult to

see, and a small number of investigators have carried out the majority of successful
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applications of the technique. More importantly, Murphy and King (1991b:695) found
that “Only lethal kinds or levels of nutritional deprivation consistently slowed feather
growth. Moderate or even severe sub-lethal privation did not produce consistent effects
on feather growth.” In addition, Murphy (1992a) argued that the technique involves too
many untested assumptions and unresolved limitations, and that not enough is known
about the role of nutritional condition in feather growth rate.

Various indices, including fat, mass, and size-corrected indices of mass, have
been used traditionally as methods for assessing nutritional condition in living birds.
While using structural measurements increases the accuracy, there is still error involved
in evaluating nutritional condition (Brown 1996; Harder and Kirkpatrick 1996). I chose
to analyze the changes in mass using two commonly used structures to correct for size,
which are unflattened wing length and tarsus length. In addition, I analyzed the amount
of fat the birds stored at the end of the diet manipulation experiment.

The purpose of this experiment was to evaluate nutritional condition in order to
understand better the results of the previous experiment on diet and molt (Chapter 2).
Since I had identical conditions for each of the groups of captive birds, except for diet, I
should be able to attribute any changes in condition, including feather growth rate, to
some aspect of nutrition. The predictions were that birds on a better diet would be
heavier, store more fat, and grow feathers faster than their counterparts. Showing that
birds on a better diet were in better condition would explain why they molted earlier
and/or faster.

Accurate results using ptilochronology to evaluate condition would lend further

support on the reliability of this technique. Expanding on this topic, I summarized
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existing studies that have used this techniQue to better understand the situations in which
this method has been successful in detecting changes in condition. In order to do this, a
literature search was conducted using all studies that have used feather growth rates to
evaluate the effect of any ecological factors, including nutrition, on condition. By
comparing results of those studies I hoped to summarize in what types of situations in
which this technique seems to be effective for evaluating the effect of a stressor on

condition.

METHODS

This study was designed to evaluate nutritional condition, using the same captive
birds as in the previous experiment focusing on diet and molt. For details regarding the
experimental design and captive groups, refer to chapter two.

On February 7, 2000 between 09:00 am and 12:00 pm, I weighed each bird and
scored their visible subcutaneous furcular fat depbsits (on a scale of 0-5), and then
plucked their two outermost right rectrices (in case of damage to one of the replacement
feathers). After 52 days in captivity, before releasing the birds to the wild, one induced
rectrix was pulled, allowing me to measure the length and growth-bar widths of the
original and induced feathers (see below). Iused the outermost rectrices unless they were
damaged (n = 3), in which case I used the penultimate original and induced feathers.
Ptilochronology

To measure feather growth rate I followed Grubb’s (1989) procedure: (1) the
feather was attached to a card; (2) a point 1/3 of the distance from the distal end was

marked; (3) the edges of the ten growth bars centered on this point were marked on the
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card with size 0 insect mounting pins; and (4) the width of each growth bar was measured
with dial calipers and a mean taken. If fewer than ten growth bars could be detected, the
mean of all detectable bars was used instead. This procedure used both original and
induced feathers for all birds, and was carried out by an observer who was blind to the
treatments. In addition, the length of all feathers was measured from the distal end to the
superior umbilicus. Since most of the feathers from insufficient (delayed) birds had not
completed regrowth, while most of those from ample (advanced) birds had recently
completed regrowth, total length produced in 52 days provided a highly conservative
comparison of growth rate.
Statistical Analyses

Analyses were performed using JMP 3.1 statistical software (SAS 1995). Data
satisfying assumptions of parametric tests were analyzed with ¢-tests. Where Shapiro-
Wilk’s test and Bartlett’s test for homogeneous variances indicated that data were not
appropriate for parametric analysis, I used non-parametric Wilcoxon (Mann/Whitney)
signed-rank tests (Siegel and Castellan 1988). ANCOVA was used to compare length or
growth-bar width of induced feathers from different treatments. This held constant the
potential covariate length, or growth-bar width, respectively, of the original feathers from
the same birds. One-tailed tests were used to compare final values of mass, size-
corrected mass, feather length and growth-bar width throughout because I had made a
directional prediction. Otherwise two-tailed tests ;x;ere used. Data are presented as
untransformed means (+ SD in the text, + SE in the figure). It is important to note that as
with the previous experiment described in Chapter 2, this study involved

pseudoreplication.
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Literature Review

The Science Citation Index was used to identify studies citing T.C. Grubb, Jr.
and/or M.E. Murphy, as these authors have written the seminal works in the area of
ptilochronology. FirstSearch and Cambridge Scientific Abstracts wére also searched for
studies on feather growth and related topics. Only those studies measuring feather
growth rates directly on post-fledging birds were included. Because the technique of
ptilochronology was proposed only a decade ago, very few, if any, relevant English-

language publications were missed.

RESULTS

The birds receiving the ample (advanced) and insufficient (delayed) diet did not
differ in fat scores at either the beginning or end of the treatment (Table 6). Both groups
of birds declined in fat score, and this change did not differ significantly between groups
(Wilcoxon, Z=1.5,n=71, P=0.13). At the start of the experiment there was no
difference in body mass of the two groups; however, by the end birds receiving the ample
diet weighed significantly more than their counterparts (Table 6). Size-corrected indices
for wing chord and tarsus length produced similar results to uncorrected mass (Table 6).

All birds replaced their plucked rectrices. While the length of the original
feathers of the two groups did not differ, the induced feathers of the advanced birds grew
significantly longer than those of the delayed birds in the same time period (Table 6).
Likewise, there was no difference between groups in the width of the growth bars of the
original feathers (¢50= 1.6, P = 0.13), but the induced growth bars of the group with
access to ample food were significantly wider than those birds with an insufficient diet

(tso= 6.7, P < 0.001; Fig. 3).
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TABLE 6

COMPARISONS OF FAT, MASS, INDICES OF MASS CORRECTED BY WING
AND TARSUS AND FEATHER GROWTH FOR BIRDS RECEIVING THE AMPLE
(ADV) OR INSUFFUCIENT (DEL) DIET.

Variable Treatment Mean +SD  n' Test Statistic? P

Fat score

Start ADV 1.9+0.7 [71] [1.9] 0.06
DEL 1.5+0.9

End ADV 0.3+0.8 [71] [0.3] >0.5
DEL 03+0.5

Mass (g)

Start ADV 28.1+1.9 [71] [0.4] >0.5
DEL 284 +22

End’ ADV 259+19 69 29 <0.005
DEL 24.6+1.9

Mass/wing

Start ADV 0.38+0.03 [71] [0.4] >0.5
DEL 0.38+0.03

End’ ADV 0.34+0.02 [70] [5.2] <0.0001
DEL 0.32+0.03

Mass/tarsus \

Start ADV 1.20+0.01 69 0.47 >0.5
DEL 1.21 +0.01

End’ ADV 1.10+0.07 [70] [5.4] < 0.0001
DEL 1.00 +0.10

Feather length (mm)

Original ADV 70.6 +2.4 69 1.2 0.23
DEL 71.3+1.9

Induced® ADV 69.1+2.7 2,68 (36.5) <0.0001
DEL 62.5+6.1

"Numbers are degrees of freedom or, in brackets, sample sizes.

*Test statistic is 7 from -test or, in brackets, Z from Wilcoxon signed-rank test or, in
parentheses, F' value from ANCOVA.

*Results based on one-tailed tests; all others two-tailed.
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The power of the tests done in this chapter, based on “medium” effect sizes
(Cohen 1988) for the Wilcoxon and two-tailed #-tests was 52 and 54% respectively. This

is assuming that the non-parametric Wilcoxon is 95.5% as powerful as the parametric
equivalent (Siegel and Castellan 1988). As with the preceding chapter, I calculated the
sample size necessary for achieving an 80% power level using individual cages (thereby
eliminating any pseudoreplication issues). In this situation, I would have needed 64
individual cages, the same number required by the previous study. Again, I feel that my
experimental design was justified for reasons more specifically outlined in the methods
and results sections of the Chapter 2.

The literature search turned up 30 studies using ptilochronology to assay some
aspect of cc\mdition. Eight of these studies focused directly on nutrition, investigating the
effect of restricted diet, supplemental food or caches, high protein, or food availability on
feather growth rates (see Table 7). Of these eight studies (involving 11 species), all but
one found a significant effect of diet on feather growth, and the exception (Murphy and
King 1991b) still found suggestive evidence of slow growth in deprived birds (Table 7).
In addition, there were 22 studies that examined the effects of various ecological stressors
on feather growth inclu&ing social ranks, territory quality, molt status, reproductive
effort, and climate (see Table 8). Only eight of these 22 studies found no effect on

feather growth, and those eight focused on molt, reproductive effort, or climate (Table 8).
DISCUSSION

According to analysis of mass and size-corrected mass measurements, initial and final

masses for the birds on the ample (advanced) and insufficient (delayed) diets were as
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TABLE 7

NUTRITIONAL VARIABLES POSITIVELY RELATED (+), NEGATIVELY
RELATED (-), OR UNRELATED (0) TO FEATHER GROWTH RATE IN STUDIES
USING PTILOCHRONOLOGY.

Variable Species Effect  Reference
Restricted diet Poecile carolinensis (Grubb 1991)
Zonotrichia leucophrys ! (Murphy et al. 1988)

Zonotrichia leucophrys o’ (Murphy and King 1991b)

Supplemental food  Picoides pubescens, Poecile + (Grubb and Cimprich 1990)
carolinensis, Baeolophus

bicolor, Sitta carolinensis

High protein diet Anas platyrhynchos + (Pehrsson 1987)
Supplemental caches Perisoreus canadensis + (Waite 1990)

Sitta europaea + (Nilssen et al. 1993)
Food availability Seiurus aurocapillus + (Strong and Sherry 2000)
! Feather length only.

2 Slowing of growth was reported, but author concluded that effects were not
consistent.



TABLE 8

ENVIRONMENTAL VARIABLES POSITIVELY RELATED (+), NEGATIVELY
RELATED (-), OR UNRELATED (o) TO FEATHER GROWTH RATE IN STUDIES

USING PTILOCHRONOLOGY

Variable Species

Effect Reference

Social organization
High social rank Parus montanus

Parus major

Sitta carolinensis

Poecile carolinensis

Flockmates removed
Competitors removed
Territory
High tree density Dendrocopos leucotos
Aphelocoema coerulescens

Larger/more perches Lanius ludovicianus
Molt
Repeated replacement Passer domesticus
Heavier molt Diomedea immutablis
Reproductive effort
Larger brood Sturnus vulgaris
Costlier flight Oceanodroma leucorhoa
Double brooding Wilsonia citrina
Mate removed Oceanodroma leucorhoa
Climate
Cold Zonotrichia leucophrys
Winter Passer domesticus
Cardinalis cardinalis
Parus ater
Zonotrichia leucophrys
Regional Humidity Sylvia atricapilla
Wind chill Sitta carolinensis
Long day length Spizella arborea

ro 4

+

-+

o O

© © O +

)

INO o lk\)'

(Hogstad 1992)

(Carrascal et al. 1998)
(Dolby and Grubb 1998)
(Cimprich and Grubb 1994)

(Carlson 1998)

(Grubb et al. 1998)
(Grubb and Yosef 1994),
(Yosef and Grubb 1992)

(Grubb and Pravosudov 1994a)
(Senar et al. 1988)
(Langston and Rowher 1996)

(White et al. 1991)

(Mauck and Grubb 1995)
(Ogden and Stutchbury 1996)
(Takahashi et al. 1999)

(Murphy and King 1991b)
(Grubb and Pravosudov 1994a)
(Grubb et al. 1991)

(Polo and Carrascal 1998)
(Murphy and King 1991b)
(Carbonnell and Telleria 1999)
(Zuberbier and Grubb 1992)
(White and Kennedy 1992)

! Excluding mate of dominant male
? Feather length only included



expected. That is, birds that had access to an ample diet weighed more by the end of the
experiment than those fed an insufficient diet. More specifically, both size-corrected
indices, compared to mass alone, indicated a larger difference between groups at the end
of the treatment. This suggests that size-corrected indices are more sensitive to changes,
which may provide further evidence as to the relative accuracy of these methods (Harder
and Kirkpatrick 1996).

Contrary to the analyses based on mass, results of fat score analysis were not as
predicted. Not only did birds with ample food not store more fat than deprived birds, but
both groups decreased in fat stores. Johnson (1999) also did not find consistent
difference in fat levels according to resource access in White-throated Sparrows. Studies
looking at the costs and benefits of fat loads have turned up variable results, showing that
birds that have the most access to resources may (Piper 1990a), or may not (Ekman and
Lilliendahl 1993; Witter and Swaddle 1995) store more fat. These results, in agreement
with other studies, suggest that factors other than diet affect a bird’s fat load, and that the
complexity invdlved in the decisions to store fat makes this an unreliable measure of
condition. For example, risk of predation due to increased wing loading leading to
decreased flight performance affects fat storage (Lima 1986) as well as other factors such
as predictability of food supply (Blem 1990). Therefore, while fat storage has been
linked to the ability to survive food deprivation (Stuebe and Ketterson 1982), to
" avoidance of starvation (Blem 1976), and to higher overwinter survival (Piper and Wiley
1990b; Gosler 1996), there are clearly other factors that affect fat storage. The final
evaluator of condition indicated that as predicted, birds in one large flock provided with

more and better food grew feathers faster than birds in another large flock held under
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identical conditions but on a diet lower in quantity and quality. Therefore,
experimentally produced differences in nutritional status were detected as differences in
feather growth rates. This finding supports the fundamental assumption of
‘ptilochronology, that diet influences nutritional condition, which in turn affects feather
growth on a regular basis. Since replacing feathers is a productive process and requires
excess energy and nutrients (King 1974; King and Murphy 1985), it is not surprising that
feather growth varies according to nutritional condition. However, studies on a closely
related congener of our study species failed to find consistent effects of nutrition on
feather growth rate. White-crowned Sparrows maintained on various marginal diets or
deprived of specific amino acids lost body mass, but showed no consistent, significant
declines in feather growth rates (Murphy and King 1991a). The results of my study are
in agreement with two other studies on captive birds in which inadequate quantity (Grubb
et al. 1991) or protein content (Pehrsson 1987) slowed feather regeneration, and thus
provides additional support for the basic assumption of ptilochronology.

The analyses of mass and feather growth rates were in agreement, both indicating
that birds on a better diet were in better condition. This finding is important for two
reasons. First, it provides an explanation regarding the diet and molt results from the last
study. That is, birds that were maintained on better diets were in better condition,
according to measurements involvihg mass and ptilochronology, which affected their
timing of/ability to molt. Because of the energy involved in molt (King 1980), it is
intuitive that birds in better condition can molt earlier and/or faster than their
counterparts. Second, this provides further support for the reliability for using

ptilochronology to assess nutritional condition.
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According to the literature search, which included 22 studies on 30 species,
ptilochronology has reliably detected ecological stressors originating from changes in
density-dependent factors such as territory size, social rank or degree of competition, but
not necessarily those stressors related to density-independent factors such as wind chill or
day length, or internal physiological changes such as molt or reproductive effort.

In my experiment, birds on better diets weighed more and grew longer
replacement feathers with wider growth bars than their counterparts maintained on a
protein and calorie restricted, but not lethal, diet. These results, along with those of
others in the literature, validate the use of ptilochronology to assay nutritional condition
in birds. Numerous studies (examples cited above) suggest that some types of ecological
stressors, such as those resulting from climate, molt or reproductive effort, are not
consistently detected by ptilochronology. In conclusion, only certain types of stressors,
possibly those that are density-dependent, diminish nutritional condition ih ways that
affect feather growth. Practitioners of ptilochronology should use the technique as an
assay only for those stressors that it can detect reliably, and future research should be
directed at determining if there are other reliably detectable stressors.

In conclusion, ptilochronology was able to detect differences in nutritional
condition in our captive birds. That is, birds on a better diet grew longer feathers at a
faster rate than their counterparts. In addition, birds on advanced diet also weighed
significantly more than birds on a delayed diet. Because these same advanced birds
molted and migrated early, this is consistent with the hypothesis, from Chapter 2, that

superior condition allows early molt, and thus early migration.
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SUMMARY AND CONCLUSIONS

As was predicted, White-throated Sparrows were confirmed as differential
migrants, resulting in partial segregation according to sex on their wintering grounds.
More specifically, based on banding lab data, museum specimens, and field site data, I
found that females account for a higher proportion of the birds at more southerly
latitudes. This adds White-throated Sparrows to a long list of known differential
migrants (see Cristol et al. 1999). This finding led me to investigate one of the proposed
explanations for differential migration, the arrival-time hypothesis. This is based on the
assumption that natural selection for early spring arrival is driving the migration pattern
that results in partial population segregation during the non-breeding season. The '
underlying assumptions of the arrival-time hypothesis are that (1) early arrival leads to
increased success on the breeding grounds and (2) distance migrated is correlated with
arrival date (reviewed in Cristol et at. 1999). This second assumption had yet to be
validated because there was no evidence of any constraint on departure, preventing birds
from leaving early enough to make up for an increased travel distance. In the past few
years however, preliminary evidence suggested that molt was acting as a constraint;
however, the rélationship was not clear and consistent (Johnson 1999). Therefore, 1
decided to look more closely at the relationship between and timing of molt and departure
in White-throated Sparrows. Subjecting birds to diet manipulation, I monitored the
timing of molt, as well as departure date. As expected, birds fed a better diet (quality and
quantity), molted earlier than their counterparts. This was predicted because other studies

incorporating nutrition and molt have shown early molt in better-fed birds (Meijer 1991;
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Richardson and Kaminski 1992). In addition, as predicted, birds that molted earlier
departed earlier than later molting birds. Because both molt and migration are
energetically costly processes and rarely overlap, it was expected that sparrows would
finish molt before migration (Payne 1972; Berthold 1975; Kjellen 1994). In addition,
other studies have found a relationship between the timing of molt and departure
(Rimmer 1988; Dugger 1997; Vega Rivera et al. 1998). While this supported the
possibility of molt acting as a constraint on departure date, the underlying mechanism had
not been examined. Therefore, in the last part of my study, I investigated nutritional
condition as the cause for differential timing of molt. As hypothesized, birds on the
better diet were in better condition according to several measurements incorporating
mass, as well as feather growth rates. This finding provided an explanation for how diet
was affecting molt, which in turn affected departure dates. That is, birds that molted later
did so because they were in worse condition, which was also found to be the case in Barn
Swallows (Moller 1994).

In conclusion, this study has indicated that White-throated Sparrows are
differential migrants, validating the arrival-time hypothesis as a potential explanation for
differential migration by suggesting that molt.is acting as a constraint on departure, and
suggesting that nutritional condition was the mechanism for delayed molt in birds fed an
insufficient diet. The fesults of this study show how closel);' different events in a bird’s
annual cycle are linked. This can be applied in natural situations to show how resource
availability (e.g. food) affécts birds’ ability to molt, which may determine when they can
depart for migration. This in turn is related to their success on the breeding grounds since

we know that early arrival can lead to greater success (Moller 1994). Studying how

53



events on the wintering grounds are linked to those on the breeding grounds, or cross-
seasonal ecology, has been applied to other species (Marra et al. 1998a). While this
study focused on events in the annual cycle of White-throated Sparrows, the implications
can extend to any migratory species. That is, in order to fully understand the life history
of a bird, one must know what is occurring during all of the seasons and how those events

relate to one another.
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