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CHAPTER 6

HATCHING ASYNCHRONY AND
THE ONSET OF INCUBATION

IN BIRDS, REVISITED
When Is the Critical Period?

SCOTT H. STOLESON and
STEVEN R. BEISSINGER

1. INTRODUCTION

In most animals, offspring from a reproductive bout usually hatch,
emerge, or are born within a relatively short time of each other com-
pared to the time required for their development. Thus, hatching or
birthing in most animals is synchronous. This is especially likely to be
true for animals with internal fertilization and development, where the
birth of all offspring occurs simultaneously (e.g., some fishss, snakes,
and most mammals). Synchronous reproduction also occurs in animals
with external fertilization or development when all zygotes are subject
to the same environmental conditions (e.g., many insects, anurans, and
fishes). Thus, in most animals the behavior of parents has little effect on
the time between the emergence of their first and last young.

In contrast, birds can influence birthing (i.e., hatching) intervals
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through parental care. Avian parents can influence the onset of devel-
opment of eggs, and the resultant synchrony of birth, by determining
when to begin incubation. This is possible because avian eggs develop
externally and development generally does not begin until a parent
warms the eggs by initiating incubation (White and Kinney, 1974; Drent,
1975; O’Connor, 1984). Birds can lay only one egg daily, so if incuba-
tion is initiated before the last egg is laid (hereafter “early incubation”),
eggs may hatch over a period of a few days to several weeks {Lack, 1968;
O'Connor, 1984; Beissinger and Waltman, 1991). In contrast, if incuba-
tion is delayed until all eggs of a clutch have been laid, development
and hatching will be synchronous. Eggs of a variety of birds hatch
asynchronously (e.g., raptors, herons, parrots, and many passerines),
and asynchronous hatching occurs in avian families nearly as often as
synchronous hatching (Clark and Wilson, 1981; Slagsvold, 1986b; Rick-
lefs. 1993).

1.1. The Paradox of Hatching Asynchrony

Early incubation in altricial birds results in nestlings of different
sizes {Lack, 1947; Bryant, 1978; Stokland and Amundsen, 1988). Often
this size hierarchy contributes directly to the death of the later-hatched
young (O’Connor, 1978; Mock et al., 1990). This illustrates the Paradox
of Hatching Asynchrony: avian parents are unique in having some con-
trol over birthing intervals, but many opt for a strategy that seems to he
a maladaptive waste of parental effort and resources.

Historically, asynchronous hatching was viewed as a mechanism to
promote adaptive brood reduction (Lack, 1954; Ricklefs, 1965). Recent
debate has questioned whether asynchronous hatching in birds confers
survival advantages for parents or selected offspring after hatching, or is
a result of physioclogical constraints, resource limitations or behavioral
factors that affect the onset of incubation. In many ways, the Paradox of
Hatching Asynchrony reflects current concerns about our understand-
ing of the evolution of parental care patterns: it is not always clear to
‘what extent differences in parental care among species reflect variation
in the benefits to offspring and costs to parents (Ridley, 1978; Tallamy,
1984; Clutton-Brock, 1991}, or to what extent parental care is con-
strained by environmental limitations, endogenous factors, and phy-
logenetic history (Emlen and Oring, 1977; Silver et al., 1985; Brooks and
McLennan, 1981). Studies of the onset of incubation provide good tests
of the role of adaptation, constraint, and phylogeny in the evolution of
parental care patterns.

The Paradox of Hatching Asynchrony was recognized by early
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ornithologists because they were concerned with the adaptive signifi-
cance of the early onset of incubation. For exampie, Dunlop (1910) first
suggested that early incubation served to protect eggs. The mortality of
smallest chicks was viewed as enigmatic, or in the case of siblicidal
brood reduction in raptors, as an example of the ferocious nature of the
species (Bent, 1961). David Lack {1947) presented a resolution to the
paradox by suggesting an adaptive function for the mortality that re-
sults from asynchronous hatching. He proposed that when a species’
food supply was unpredictable at the time of egg laying, parents should
lay an optimistic clutch, If resources are scarce, asynchronous hatching
enables parents to reduce the size of their brood to fit available food
resources (the Brood Reduction Hypothesis).

Lack’s hypothesis was quickly accepted, in part because it was an
elegant and intuitive idea, and became the dominant paradigm of
the field. An extensive theoretical basis was developed for this hypoth-
esis, based on the trade-off between offspring quality and quantity
{e.g., O’Connor, 1978; Lloyd, 1987; Godfray and Harper, 1990; Haig, D.,
1990), and the trade-off in reproductive success between good and bad
years (Pijanowski, 1992). Because Lack’s hypothesis has dominated the
field, hatching asynchrony has generaily become equated with adap-
tive brood reduction, even when the conditions or assumptions of the
hypothesis (such as unpredictability of food supply]} are not appropri-
ate. Despite the fact that the onset of incubation generally determines
hatching patterns, scientific focus has remained fixed on the adaptive
significance of hatching patterns (Bortolotti and Wiebe, 1993).

The Brood Reduction Hypothesis was not experimentally tested
until the 1970's (Howe, 19786, 1978; Werschkul, 1979). Recently, a num-
ber of experiments have tested Lack’s hypothesis in a variety of taxa,
but have produced results that have rarely supported the predictions
(Magrath, 1990; Amundsen and Slagsvold, 1991b). Perhaps because of
the lack of verification of the Brood Reduction Hypothesis, a plethora of
alternative hypotheses have been proposed (Magrath, 1990). However,
these have lacked a cohesive conceptual organization, and have re-
ceived scant experimental or theoretical attention. Few studies have
sxamined environmental conditions or parental behaviors during egg-
laying to assess possible benefits of early incubation that might offset
the inherent costs of asynchrony. With few exceptions (e.g., Clark and
Wilson, 1981; Hébert and Sealy, 1992; Veiga, 1992), most research has
remained focused on adaptive hatching patterns.

The lack of unambiguous support for any single hypothesis has
resulted in relatively little progress toward understanding the causes of
hatching patterns in birds. Work on this subject has probably generated
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more hypotheses than it has understanding, prompting one anonymous
reviewer of our recent National Science Foundation proposal to dis-
miss the subject of hatching asynchrony as “a stagnant backwater of
population biology.” We, however, {eel this situation is common among
complex but interesting biological phenomena. The failure of any one
hypothesis to fully explain the wide variety of hatching patterns is
characteristic of processes with multiple causal factors (Hilborn and
Stearns, 1982). Significant understanding can be achieved by broaden-
ing our focus to examine all factors that may affect hatching patterns,
especially those that influence the onset of incubation directly, and by
going beyond the testing of single factors to consider multiple causes.

1.2, Goals of this Review

In this review, we examine the causes and consequences of the
onset of incubation and resulting hatching patterns. Although Magrath
{1990) recently reviewed the hatching asynchrony literature, the many
disparate hypotheses that characterize this field were not synthesized
into a cohesive framework. We develop a conceptual framework for
understanding the effects and interactions of different factors affecting
the onset of incubation and hatching asynchrony. In addition, since
Magrath’s review, several new hypotheses of potentially broad rele-
vance have been proposed, and numerous experimental studies have
been conducted.

Whereas most previous work has focused almost exclusively on
hatching patterns, we will emphasize factors affecting the onset of incu-
bation. First, we discuss the bases and patterns of the onset of incu-
bation, as well as other factors that may influence hatching patterns.
We critically review 17 hypotheses for hatching asynchrony that have
been proposed in the literature, and concentrate on the assumptions,
requirements, and critical predictions of each. Finally, we propose a
stochastic modeling approach to evaluate empirical data as a method to

assess multiple hypotheses,

2. THE ONSET OF INCUBATION AS THE PRINCIPAL
PROXIMATE CAUSE OF HATCHING PATTERNS

The initiation of incubation and pattern of attentiveness of incu-
bating birds controls the temporal pattern of hatching within a clutch.
Therefore, to better understand hatching asynchrony, it is necessary to
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examine the proximate factors that affect incubation behavior. At the
physiological level, the different phases of reproduction are regulated
by various hormones. Patterns of attentiveness represent a compromise
between a range of exogenous factors: the tolerance of embryos to sur-
vive when neglected by their parents, the energy needs and balance of
parents, and the avoidance of predation {Vleck, 1981; Magrath, 1988;
Weathers and Sullivan, 1989).

2.1. The Timing of Periods in the Nesting Cycle

Avian embryos generally do not begin to develop until parents
supply heat by incubating (Drent, 1975). If parents defer incubation
until all the eggs of a clutch are laid, embryos will develop simul-
taneously, and hatching and fledging will be relatively synchronous
(Fig. 1a). When parents begin incubation on the first egg, development
begins immediately, and eggs will hatch asynchronously (Fig. 1c). Be-
ginning incubation on an intermediate egg will produce an intermedi-
ate hatching pattern (Fig. 1b). Differential rates of embryonic develop-
ment and parental incubation efficiency can also affect the timing of
hatching {Clark and Wilson, 1981; Bortolotti and Wiebe, 1993). Variable
growth rates of nestlings can cause patterns of fledging to differ from
hatching patterns, either by decreasing the degree of asynchrony (M. L.
Morton, personal communication) or by amplifying the degree of asyn-
chrony (e.g., Bryant, 1978; Emlen et al., 1891; Vifiuela and Bustamente,
1993).

The lengths of some periods in the nesting cycle vary with incuba-
tion and hatching patterns. The period from the start of egg-laying until
the onset of incubation is longest when hatching is synchronous {Fig.
1), and nonexistent with completely asynchronous hatching. During
this period eggs are most vulnerable to environmental conditions and
predators. The period from the onset of incubation to the first hatch is
nearly constant. Therefore, the time that a nest contains only eggs is
maximized with synchronous hatching, and minimized with asynchro-
ny. The time from first hatching to first fledging is nearly constant, The
fledging period, from the fledging of the first young to the fledging
of the last young, is longest with completely asynchronous hatching,
and least with synchronous hatching (Fig. 1). Thus, the time that a
nest contains nestlings is meximized with asynchrony, and minimized
with synchrony. Synchronous hatching allows for rapid transitions
from incubation to brooding and from tending nestlings to tending
fledglings.
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FIGURE 1. A graphic representation of the relationship between the onset of incubation,
and hatching and fledging patterns, Ovals represent the laying of eggs, filled ovals indi-
cate the onset of ingubation. Triangles represent hatching, and squares represent fledging.
Bars reprosent potential variation in hatching and fledging times due to differences in
embryonic devalopment or nestling growth. Initiating incubation on the last egg results in
synchronous hatching {A), on an intermediate egg sesults in partially asynchronous
hatching (B), and on the first egg produces completely asynchroncus hatching (C}.
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2.2. Physiological Bases for the Onset of Incubation

The onset of incubation is controlled at the proximate level by
hormones. Several hormones have been identified that control different
aspects of egg-laying and incubation behaviors, based primarily on
studies of domestic fow! and pigeons. Changes in photoperiod, rainfall,
or other environmental cues trigger the release of FSH from the ade-
nohypophysis, which stimulates the growth of ovarian follicles (Bal-
thazart, 1983). An increase in plasma-luteinizing hormone causes the
release of the ovum from its foilicle. Ovulation occurs from 15 minutes
to several hours after the laying of the preceding egg {Rol'nik, 1970;
Sturkie and Mueller, 1976). The amount of time an egg spends within
the oviduct, and therefore the laying interval, varies among taxa from
24 hours in chickens and most passerines to several days in larger
nonpasserines (Rol'nik, 1970; Sturkie and Muelier, 1976).

The onset of incubation is associated with a decrease in levels of
plasma-luteinizing hormone and steroidal hormones, frequently with a
corresponding increase in levels of prolactin (Epple and Stetson, 1980;
Hall and Goldsmith, 1983). However, the exact function of prolactin in
incubation is unclear and controversial (Goldsmith and Williams,
1980; Goldsmith, 1983; Ball, 1991). Prolactin appears to initiate broodi-
ness, and hence incubation in birds that delay incubation until their
last or penultimate egg (Drent, 1975; Mead and Morton, 1985). Levels of
prolactin increase through laying and peak during incubation in most
species (Goldsmith and Williams, 1980; Balthazart, 1983; Goldsmith,
1983). However, prolactin levels of males also peak during the incuba-
tion period in species where males do not incubate (Goldsmith, 1983},

Other svidence suggests that prolactin may maintain incubation
behavior, but does not trigger it (Drent, 1975; Goldsmith, 1983} In
Ringed Doves (Streptopelia risoria), progesterone appears to induce
incubation. Experimentelly injecting doves with progesterone pro-
duced incubatory behavior {(van Tienhoven, 1983). Tactile stimuli pro-
duced by the contact of the brood patch with eggs may induce both the
onset of incubation and an increase in prolactin levels (Parsons, 1976;
Goldsmith, 1983; Hall and Goldsmith, 1983). In general, ovulation and
egg-laying are governed by various hormones, while prolactin is associ-
ated with incubation. However, the exact role of prolactin in incubation
is not yet clear, and may vary among taxa.

2.3. External Factors Affecting the Onset of incubation

Once laying has begun, eggs are exposed to various conditions that
may affect their subsequent survival and hatchability. A parent’s deci-
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sion of when to begin to incubate involves a trade-off between ensuring
its own survival, maximizing embryo survival, and maximizing ex-
pected survivorship of offspring after hatching.

Before embryological development begins, eggs can remain viable
for a period of time without incubation, and can tolerate exposure
to very low temperatures (Hussell, 1972; Drent, 1973; Webb, 1987).
Embryos do not begin to develop until eggs reach a temperature of
about 27--28°C, and this threshold is called “physiological zero” (Webb,
1987). Once development begins, eggs must remain within a narrow
range of temperatures for development to be normal (Romanoff and
Romanoff, 1972; Deeming and Ferguson, 1992}, Prolonged exposure io
temperatures above physiological zero, but below normal incubation
temperatures, causes abnormal growth and mortality in embryos {Ro-
manoff and Romanoff, 1972; White and Kinney, 1974). The embryologi-
cal tolerance to chilling varies greatly among different taxa. Some spe-
cies can neglect their eggs for long periods without effect (Drent, 1975;
Roby and Ricklefs, 1984; Gaston and Powell, 1989; Ewert, 1992). Tem-
peratures above 41-45°C are fatal to embryos regardless of the stage
of development (Drent, 1873; White and Kinney, 1974; Webb, 1987).
Therefore, birds in extremely hot climates must show constant atten-
tiveness to their eggs, and exhibit mechanisms to keep eggs cooler than
ambient temperatures, such as wetting the egg or using the brood patch
to dissipate heat (Yom-Tov et al., 1978; Grant, 1982; Walsberg and Voss-
Roberts, 1983; Jehl and Mahoney, 1987). Similarly, high-altitude spe-
cies probably must incubate when eggs are exposed to strong, direct
solar radiation (Morton and Pereyra, 1885},

Although eggs can remain viable for an extended period without
incubation if temperatures do not exceed physiological zero, this pro-
longs exposure to potential predators and brood parasites. Once incu-
bation begins, the sitting adult may also be more vulnerable to preda-
tion, especially if its ability to escape is limited, as in cavity nesters
(Drent, 1970; Nilsson, 1986; Martin, 1992).

The onset of incubation may also be constrained by the mating
system of the species, and by which sex incubates. Nest attentiveness is
usually greater and begins earlier when both sexes incubate than when
only one sex incubates, or when the nonincubating sex provides the
incubator with all of its food requirements (Skutch, 1957; Lyon and
Montgomerie, 1985; Lifjeld and Slagsvold, 1986; Nilsson and Smith,
1988; Williams, 1991; Nilsson, 1993a). If females incubate alone and
must forage for themselves, they may be constrained by the high nutri-
ent requirements of egg production to delay incubation until after the
clutch is nearly complete (Drent, 1975; Magrath, 1988; Slagsvold and
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Lifjeld, 1989a). When laying females of some species were given sup-
plemental food, they began incubating earlier than control females
{(Moreno, 1989a; Nilsson, 1993b; but see Wiebe and Bortolotti, 1984a).
In species where males incubate, males may delay initiating incubation
until a full clutch has been laid to guard their mates to prevent cuckol-
dry (Power et al., 1981).

2.4. Patterns of the Onset of Incubation

Unfortunately, patterns of incubation have received scant atten-
tion, and what data exist are primarily circumstantial or qualitative.
Few studies have published data on the actual timing of the onset of
incubation, especially with respect to egg-laying {e.g., Haftorn, 1981;
Zerba and Morton, 1983; Morton and Pereyra, 1985; Kennamer et al.,
1990; Meijer, 1990). Parent birds may be particularly sensitive to distur-
bance and prone to desert their nests during egg-laying (Lessells and
Avery, 1989; Gotmark, 1992). This often makes direct observation of the
onset of incubation difficult. Sometimes incubation is inferred when a
parent is seen leaving the nest area. However, attendance at the nest
does not necessarily indicate incubation (Ligon, 1968; Haftorn, 1981},

As a result of these difficulties, incubation patterns are frequently
inferred from hatching patterns, and it is assumed that eggs hatch in the
order they are laid {e.g., Drent, 1875; Clark and Wilson, 1981; Slagsvold
and Lifjeld, 1989a). This assumption has been documented in relatively
few species (e.g., Cargill and Cooke, 1981; Beissinger and Waltman,
1991; Bowman, 1992). However, the haiching sequence of eggs may
bear little relation to their laying order, because incubating birds may
not be able to cover all eggs within a clutch (Bortolotti and Wiebe,
1993), or because last eggs may require less time to hatch than earlier-
laid eggs (Vifiuela, 1991). Thus, inferences about incubation patterns
made from hatching patterns may not be valid. In addition, parents may
not have as complete control over the spread of hatching of their young
as has been assumed (Bortolotti and Wiebe, 1993). This is a potentially
critical point, because hypotheses that posit an adaptive role to hatch-
ing patterns are based on parental control of those patterns (Magrath,
1990; Ricklefs, 1993). .

Parents may initiate incubation in a variety of ways. Some species
begin with full incubation {e.g., Wilson et al., 1986; Ward, 1990; Be-
issinger and Waltman, 1991). Many bird species do not begin incubat-
ing fully, but instead gradually increase the amount of daylight hours
spent incubating until complete incubation is achieved (e.g., Drent,
1970; Bengtsson and Rydén, 1981; Briskie and Sealy, 1989; Lessells and
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Avery, 1989). In such cases the hatch spread is shorter than the laying
spread. In other taxa, incomplete clutches are not incubated during the
day but are brooded at night. In these species, full incubation begins
after all eggs are laid and the resulting clutch hatches somewhat asyn-
chronously {e.g., Gibb, 1950; Kavanau, 1987; Hébert and Sealy, 1992}.

For both types of partial incubation, inferences made about the
onset of incubation based on hatching patterns may differ from infer-
ences made from occasional nest observations, because different incu-
bation regimes can produce similar hatching patterns (Fig. 2). A clutch
that hatches with an intermediate degree of asynchrony may be pro-

Hatch
A. Incubation begun on third egg spread

OO.. 1 day
OO... 2 days
OO.... wumxm

8. Incubation begun on penultimate egg

OO.. 1 day

OOO.. 1 day
OCOOCOO® gy

I ¥ ¥ T H ¥

1 2 3 4 b 6
Days of egg-laying

FIGURE 2. A graphic representation of the effects on hatch spread of different palterns of
incubation for three clutch sizes. Filled ovals represent aggs Incubated immediately alter
laying, and hollow ovals represent eggs laid before the onset of incubation. (A) When the
onset of incubation is constant relative to the beginning of laying, regardless of clutch
size, hatch spread varies with cluteh size. {B) When the onset of incubation is constant
ralative to the end of laying, hatch spread is constant,
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duced by beginning full incubation after laying half the clutch, or by
beginning gradual nocturnal or diurnal incubation on the first egg.

The hatch spread of some bird species can vary with clutch size
{e.g., Smith, 1988; Briskie and Sealy, 1989; Stouffer and Power, 1990;
Hébert and Sealy, 1992). In species that begin incubation with a specific
egg, the onset of incubation may be considered invariant with respect
to laying order (Fig. 2a). Species that begin incubation on the first egg
hatch their eggs completely asynchronously, and hatch spread is de-
pendent on clutch size. For example, clutch size in the Green-rumped
Parrotlet (Forpus passerinus) ranges from 4 to 10 eggs, and initiating
incubation on the first egg produces hatch spreads from 6 to 15 days
{Beissinger and Waltman, 1991). Species that have only partially asyn-
chronous hatching can also exhibit an invariable onset of incubation.
Incubation in the Dark-eyed Junco (Junco hymenalis) is usually begun
on the third egg, but clutch size ranges from three to five eggs {Smith,
1988). :

In other taxa, incubation may begin on a particular egg relative to
the end of laying (e.g., the last or penultimate egg). If clutch size in these
species varies, then the initiation of incubation will be variable with
respect to laying order (Fig. 2b). The resulting hatch spread will be
constant, and independent of clutch size (e.g., Zerba and Morton, 1983;
Hébert and Sealy, 1982). This pattern is thought to characterize many
passerine species, in which incubation is frequently begun on the pen-
ultimate egg (Clark and Wilson, 1981},

The lack of variation in a trait may be the result of strong selec-
tion, or may indicate ecological or phylogenetic constraints on the trait
{Stearns, 1980). The lack of variation in the onset of incubation in some
avian taxa may indicate selection for a particular pattern of incubation
(Fig. 2a). Conversely, an invariable hatch spread, independent of clutch
size, may indicate that the hatching patterns themselves are adaptive.

2.5. Other Proximate Factors Affecting Hatching Patterns

Nestling size hierarchies can be affected by intraclutch variation in
egg size as well as by hatching asynchrony. Production of relatively
small last eggs may be a mechanism to handicap last-hatched chicks to
facilitate their elimination through brood reduction, either alone or in
conjunction with asynchronous hatching. Penguins of the genus Eu-
dyptes normally reise only a single chick from the larger second egg in
two-egg clutches. These species exhibit the greatest degree of egg-size
difference of any bird and the size disparity is sufficient to counter any
effects of slight asynchrony in hatching {Lamey, 1990). Because chicks



202 SCOTT H. STOLESON and STEVEN R. BEISSINGER

hatched from small eggs frequently have a lower probability of survival
than their sibs (e.g., Parsons, 1975; Amundsen and Stokland, 1990}, and
because within-clutch variation in egg size can be greater in years of
poor food availability (Pietidinen et al., 1986}, it has been suggested that
the combination of hatching asynchrony and small last eggs constitutes
a “brood reduction strategy” {Slagsvold et al., 1984).

Except in Eudyptes penguins, it is difficult to differentiate the
effect of egg size from the effects of hatching asynchrony. Attempts to
partition the variance in nestling size between these two factors have
found a negligible role for egg size variation {Pierotti and Bellrose, 1986;
Meathrel and Ryder, 1987; Stokland and Amundsen, 1988; Magrath,
1992; Sydeman end Emslie, 1992; Jover et al., 1993). Reduced size of
last eggs may not be an adaptation, but may simply indicate a decline in
essential nulrients required for egg production in females (Murphy,
1986; Meathrel and Ryder, 1987; Bolton, 1991). Alternatively, egg size
reduction may be mediated through the interactions of hormones gov-
erning egg production and incubation behavior (Parsons, 1976},

In many passerines egg size actually increases with laying order
(e.g., Howe, 1976; Zach, 1982; Haftorn, 1986). Because hatching from a
larger egg may improve the competitive ability of last-hatched young,
this pattern has been suggested as a “brood survival strategy” (Howe,
1976, 1978; Slagsvold et al., 1984}, since it may promote the survival of
chicks under conditions of hatching asynchrony. As yet, thers is little
evidence to support or refute the idea of an adaptive role for increasing
egg size within a clutch. Therefore, designating an adaptive function to
egg size variation must be considered premature (Pierotti and Bellrose,
1986).

in some precocial species, embryos can exert some control over the
timing of hatching. Laboratory studies of quail and geese have shown
that acoustic signals between embryos within a brood increases the
synchronization of hatching of the brood {Vince, 1964, 1968; Drent,
1973; Davies and Cooke, 1983). Synchronization is achieved primarily
through accelerating the development and hatching of later-laid eggs
{Vince, 1964; Davies and Cooke, 1983}, In Northern Bobwhites {Colinus
virginianus), embryonic communication also causes more advanced
embryos to retard their hatching as well (Vince, 1968). Thus, hatching
patterns in precocial species may not reflect incubation behaviors.
Many precocial species begin incubation early {e.g., Cannon et al.,
1986: Arnold et al., 1987; Kennamer et al., 1990) perhaps in response o
some of the same selection pressures as altricial species. However, pre-
cocial species have generally been ignored in studies of asynchrony
(see Arnold et al., 1987 for a notable exception).
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Laboratory evidence suggests that embryonic communication is
possible in asynchronously-hatching altricial birds. Glaucous-winged
Gull {Larus glaucescens) eggs incubated in contact with each other had
shorter hatching spreads than eggs that were separated. However, this
effect was not evident under field conditions (Schwagmeyer et al.,
1991). Embryos of the American White Pelican (Pelecanus erythrorhyn-
chos) vocalize to parents to elicit greater attentiveness during pipping
(Evans, 1988, 1990a). The general applicability and importance of em-
bryonic control of hatching times in altricial and semiprecocial species
is not yet known.

3. HATCHING PATTERNS IN BIRDS

All birds hatch their eggs asynchronously to some extent, since
complete synchrony is virtually impossible due in part to within-clutch
variation in hatching time (Clark and Wilson, 1981). Hatch spreads vary
greatly, ranging from a few hours in many precocial species to two
weeks or more in some owls and parrots with large clutches (Wilson
el al., 1986; Beissinger and Waltman, 1991). Within a species, hatch
spreads may vary from early to late in the nesting season, or amang
broods which hatch at about the same time (Slagsvold and Lifield,
1989a: Stouffer and Power, 1990; Harper et al., 1992).

3.1. Quantification of Asynchrony

Asynchrony has generally been classified by hatch spreads. Hatch
spreads of less than 24 hours have been considered synchronous, and
all spreads greater than 24 hours have been considered asynchronous
(cf. Ricklefs, 1993). Unfortunately, this simple dichotomy neglects
much of the variation that exists in hatching patterns. Because of their
focus on the onset of incubation, Clark and Wilson {1981) chose to
classify asynchrony according to which egg a bird begins to incubate
fully. For example, incubation on the last egg is designated as n, on the
penultimate as n — 1, and on the first egg as 1. This system has the
advantages of being able to describe the whole range of possible incuba-
tion patterns, and being applicable to precocial species in which hatch
spreads are reduced. However, it ignores partial incubation, which can
influence hatching patterns {see section 2.4.}. In addition, classifica-
tions can be ambiguous: the first egg of a two-egg clutch may be desig-
nated as 1 or n — 1 {Ricklefs, 1993). Finally, the correlation betwesn
incubation and hatching patterns can be poor (Bortolotti and Wiebe,
1993).
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3.2. Phylogenetic Patterns of Incubation
and Hatching Asynchrony

Much of the variation in patterns of incubation and hatching oc-
curs at the taxonomic levels of family and order, as with many life
history traits (Stearns, 1980; Harvey and Pagel, 1991). In this section we
review the patterns of variation in the onset of incubation and hatching
asynchrony in relation to phylogeny. Although it is controversial, we
follow the taxonomy of Sibley and colleagues {Sibley and Ahlquist,
1990; Sibley and Monroe, 1990). Those taxa with single-egg clutches or
for which we could find no information are not included. Details of
incubation and hatching patterns are based on data from regional hand-
books, monographs, and original papers. In many cases generalizations
were made from relatively few examples.

3.2.1. The Eoaves and Lower Neoaves

The Eoaves comprise the orders Struthioniformes and Tinamiformes
(Fig. 3). The most basal parvclass of the neoaves, the Galloanserae,
comprises the Craciformes, Galliformes, and Anseriformes. All of these
groups have precocial young, and generally hatch their young syn-
chronously (e.g., Palmer, 1862; Marion and Fleetwood, 1978; Boag and
Schroeder, 1992: Zwickel, 1992}. There are a few exceptional species
that exhibit hatch spreads of slightly over 24 hours (e.g., Cargill and
Cooke, 1981). Several species begin incubation early, but embryonic
communication facilitates the synchronous hatching of eggs (Vince,
1964; Arnold et al., 1987). The taxonomic affinities of the button-quail
{Turniciformes) remain uncertain {Sibley and Monree 1990}, but incu-
bation, hatching, and developmental patterns are similar to the orders
discussed above {Cramp, 1980}

3.2.2. The Higher Necaves

The orders Piciformes and Galbuliformes have altricial young, yet
hatch their young relatively synchranously (Skutch, 1969, 1983; but see
Stanback, 1991). The Bucerotiformes and Upupiformes exhibit com-
plete asynchrony, while the Trogoniformes are somewhat asynchro-
nous (Kemp, 1978; Skutch, 1983; Cramp, 1985). The Coraciiformes
are mixed with regard to hatching patterns. Within the Coraciiformes,
the Cerylidae, Coraciidae, Dacelonidae, Meropidae, Momotidae, and
Todidae tend to have moderate to extreme asynchrony of hatching (Par-
ry, 1973; Kepler, 1977; Orejuela, 1977; Cramp, 1985; Scott and Martin,
1986; Bryant and Tatner, 1990; Wrege and Emlen, 1991), while the Al-
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cedinidae and Cerylidae appear to have relatively synchronous hatch-
ing patterns (Douthwaite, 1978; Boag, 1982; Skutch, 1983). However,
the breeding biology of these families is poorly known, partly because
they are predominantly tropical in distribution, and are all burrow or
cavity-nesters.



206 SCOTT H. STOLESON and STEVEN R. BEISSINGER

Extreme asynchrony predominates in the Coliiformes, Cuculi-
formes, Psittaciformes, Apodiformes, and Trochiliformes (Rowan, 1967,
1983; Lack, 1973; Balph, 1975; Smith and Saunders, 1986; Strahi, 1988;
Forshaw, 1989; Bryant and Tatner, 1890; Taplin and Beurteaux, 1992;
Fig. 3). Birds in all of these groups usually begin incubation on the first
or second egg. The hatch spreads of some psittacine species with large
clutch sizes are among the most extreme recorded (Navarro and Bucher,
1990; Beissinger and Waltman, 1991). Extreme asynchrony results in
offspring mortality in some psittacines (Beissinger and Stoleson, 1991),
but not in others (Snyder et al., 1987). All of the Trochilidae lay two
eggs and begin incubation with the first (Skutch, 1964, 1969; Calder
and Calder, 1982).

The Strigimorphae have somewhat more advanced development of
hatchlings than the more basal Neoaves (semialtricial versus altricial;
Ricklefs, 1983). The Strigidae and Tytonidae exhibit extreme asynchro-
ny, and include another contender for the longest hatch spread re-
corded for any species: the Barn Owl (Tyto alba; Voous, 1975; Wilson et
al., 1986}, All of the semiprecocial Caprimulgidae initiate incubation
on the first of their two eggs (Skutch, 1972; Jackson, 1985; Csada and
Brigham, 1992). The aberrant nocturnal, frugivorous Oilbird (Steatornis
caripensis) also begins incubation on its first egg, and hatches its two to
four eggs over a span of up to 12 days (Snow, 1961). Incubation and
hatching patterns of the Musophagiformes are poorly known in the
wild. Data from captive birds suggest incubation begins on the second
egg, and hatch spread varies with clutch size (Rowan, 1983; Candy,
1984; Hewston, 1984).

The superorder Passerimorphae shows a wide variety of incubation
and hatching patterns, both among and within orders {Fig. 3). The
Columbiformes are limited to clutches or one of two eggs. Most species
with two eggs appear to begin incubation gradually on the first egg.
but generally hatch both eggs within a 24-hour period (Rowan, 1983;
Skuteh, 1983; Bowman, 1992; Mueller, 1992). The Gruiformes display a
variety of incubation and hatching patterns {Fig. 4). The Eurypygidae,
Gruidae, and at least some Otididae begin incubation with the first egg
{Cramp, 1980; Thomas and Strahl, 1990; Tacha et al., 1992}. In contrast,
the Heliornithidae may not begin to incubate until both eggs are laid
{Alvarez del Toro, 1971). Hatching patterns within the Rallidae vary,
with most species hatching large clutches over a 24- to 36-hour period,
but some species are completely asynchronous (Cramp, 1980; Kauf-
mann, 1989; Horsfall, 1991; Meanley, 1992). Cranes {(Gruidae) are high-
ly asynchronous, show much sibling aggression, and siblicide is com-
mon (Tacha et al., 1992},

The Ciconiiformes as delineated by Sibley and Ahlquist (1990)
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comprise numerous taxa that were previously grouped in several other
orders, including the Gaviiformes, Podicipediformes, Pelecaniformes,
Sphenisciformes, Charadriiformes, and Falconiformes, as well as the
Ciconiiformes (Pettingill, 1085; Sibley and Monroe, 1990; Fig. 4). These
differ markedly in morphology, ecology, and developmental mode (al-
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tricial to precocial-2), perhaps suggesting a dubjous monophyly. Incu-
bation and hatching patterns vary widely within this order as well,
from complete synchrony to complete asynchrony (Fig. 4).

Within the Ciconiiformes (sensu Sibley and Monroe), most taxa
with altricial or semialtricial development exhibit a high degree of
hatching asynchrony (Fig. 4). Penguins (Spheniscidae) show a variety
of patterns within the constraints of one or two egg clutches (Lamey,
1990). Most species hatch their eggs extremely asynchronously, and
egg-size variation and brood reduction is common. However, Yellow-
eved Penguins (Megadyptes antipodes) hatch similar-sized eggs syn-
chronously with little offspring mortality {van Heezik and Davis, 1990).
The Ardeidae, Ciconiidae, and Scopidae tend to be completely asyn-
chronous, and sibling aggression is frequent (Kahl, 1966; Anthony and
Sherry, 1980; Thomas, 1984; Mock and Parker, 1986; Wilson et al.,
1987; Butler, 1992). In contrast, the Threskiornithidae tend to delay in-
cubation until completion of the clutch and thus hatch synchronously
{Palmer, 1962; Cramp, 1980). The Bald Ibis (Geronticus eremita) is
an exception, being completely asynchronous, and the only ground-
nesting species in this family for which information could be found
(Cramp, 1980). The raptors (Accipitridae, Sagittariidae, and Falconidae)
also begin incubation early and hatch very asynchrenously {Brown and
Amadon, 1968). Offspring mortality and sibling aggression is common,
and siblicide is prevalent in the largest species (Brown and Amadon,
1968; Meyburg, 1978; Stinson, 1979; Edwards and Collopy, 1983). The
altricial families characterized by having totipalmate feet (the Pel-
ecanidae, Anhingidae, Phalacrocoracidae, and Sulidae] all begin in-
cubation with their first or second egg. Hatching is extremely asyn-
chronous, sibling aggression is common, and siblicide occurs in many
species (Dorward, 1962; Olver, 1984; Shaw, 1985; Cash and Evans,
Emmw Drummond, 1987; Stokland and Amundsen, 1988; Anderson,
1988).

Ciconiiform families with semiprecocial and precocial chicks are
variable in hatching patterns (Fig. 4). The semiprecocial Laridae all
begin at least partial incubation on the first egg, and the resulting asyn-
chrony usually results in high mortality for last-hatched young {e.g.,
Nisbet and Cohen, 1975; Hahn, 1981; Hébert and Barclay, 1986; Boll-
inger et al., 1990). Siblicidal aggression is common only in the skuas,
subfamily Stercorariinae {Spellerberg, 1971; Williams, 1980}, but has
been reported in other species as well (e.g., Braun and Hunt, 1983). The
Gaviidae and Podicipedidae, which have downy, mobile young that are
not self-feeding at hatching (precocial-4; Ricklefs, 1983), begin incuba-
tion with the first egg, and so are completely asynchronous {Palmer,
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1962; Ferguson and Sealy, 1983; Forbes and Ankney, 1987). Sibling
aggression is common in some species, but siblicide is not known to
occur,

The shorebirds (Charadriidae, Scolopacidae, Jacanidae, Glare-
olidae) generally do not begin incubation until the full clutch has been
laid, and therefore hatch synchronously (Parmales, 1970; Gibson, 1971;
Jehl, 1973; Osborne and Bourne, 1977; Gratto-Trevor, 1992; Haig, S. M.,
1992]. There are exceptions, such as the Black-bellied Plover (Pluvialis
squaterola) which partially incubates garly eggs and has hatch spreads
of over 24 hours (Hussell and Page, 1976). The predominantly tropical
Thick-knees (Burhinidae) are also an exception to the general shorebird
pattern. They begin incubation with the first egg, and chicks hatch over
several days (Freese, 1975; Cramp, 1983). In these species the young,
though mobile, are brooded in the nest until all eggs have hatched.
Sandgrouse {Pteroclididae) are also completely asynchronous, but
early-hatched young leave the nest with one parent while the other
continues to incubate (Cramp, 1983},

There is much variation in incubation and hatching patterns among
the Passeriformes (Fig. 3). The patterns in this group have been exam-
ined in some depth by Clark and Wilson (1981}, Slagsvold (1986b), and
Ricklefs {1993). Therefore we present only some broad generalizations.
Passerines tend to begin full incubation on the penultimate or last egg,
but frequently increase their attentiveness gradually prior to full in-
cubation. Thus, most species are partially asynchronous with hatch
spreads of 24 to 48 hours (Clark and Wilson, 1981). Few passerine
species are known to hatch their eggs completely asynchronously.
Ameong these are a tropical blackbird {Agelaius icterocephalus; Wiley
and Wiley, 1980), a weaver (Ploceus taeniopterus; Jackson, 1993}, trop-
ical tityras (Tityra; Skutch, 1969), and the Australian butcherbirds
(Cracticus; Courtney and Marchant, 1971},

3.2.3. Overview of Phylogenetic Patterns

Synchronous hatching appears to be the primitive condition in
birds, and is widespread in the lower, most precocial orders (Fig. 3} A
major transition in character state from synchronous to asynchronous
hatching occurred in the Parvclass Coraciae (Galbuliformes through
Coraciiformes in Fig. 3). In the Coraciiformes, Columbiformes, and
some Gruiformes, Ciconiiformes, and Passeriformes, synchrony is sec-
ondarily derived and not necessarily associated with precocial devel-
opment. Asynchronous hetching predominates in most higher orders,
and is most often associated with altricial or semialtricial development.
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However, very different hatching patierns can be found in closely re-
lated families, such as the Glareolidae and Laridae, or even within a
family, as in the Rallidae (Fig. 4). In these taxa, asynchrony is more
likely to be & true adaptation rather than a result of phylogenetic con-
straints.

3.3. Other Correlates of Asynchrony

Birds vary in the degree of nestling development at hatching, based
on presence or absence of down, degree of mobility, and dependence on
parents (Nice, 1862; Ricklefs, 1983). Hatching asynchrony is generally
considered a phenomenon confined to altricial species, while precocial
species hatch synchronously. Although most common in altricial and
semialtricial species, hatching asynchrony occurs across a broad range
of developmental modes. Semiprecocial chicks are mobile to a limited
extent, but remain in the nest and are dependent on parental feeding.
Complete asynchrony is the norm in several semiprecocial families
including the Laridae {excluding the Alcidinae), Caprimulgidae, and
Eurypygidae. Chicks that are categorized as precocial-four are downy
and mobile at birth, but rely on parental feeding for a brief period after
hatching (Rickiefs, 1983). In this category the Gaviidae, Podicipedidae,
Burhinidae, Gruidae, and (some) Otididae are completely asynchro-
nous, while the Rallidae range from completely asynchronous to syn-
chronous hatching. Hatching asynchrony occurs in some families where
chicks are self-feeding at hatching {Precocial-3,2,1) (Ricklefs, 1983),
such as the Pteroclidae, which begin incubation on the first egg. Clearly
asynchrony in these taxa cannot be explained by hypotheses based on
limits to parental ability to feed young {e.g., Brood Reduction, Peak
Load Reduction, Hurry-up, Dietary Diversity, and Sibling Rivalry).

Several researchers have identified correlates of hatching asyn-
chrony other than developmental mode. Clark and Wilson (1881) found
that hole-nesting species tended to hatch their eggs more asynchro-
nously than species with open nests. They suggested that higher preda-
tion rates of open nests favor minimizing the length of the nestling
period through the synchronization of hatching (see section 4.5.2.).
They used the same argument of differential rates of nest predation to
explain the predominance of asynchrony in tree-nesting species versus
those that nest in bushes or on the ground, and in temperate species
versus tropical species. Their analyses were reexamined by Slagsvold
(1986b). He found asynchrony to be correlated with hole-nesting only
in tropical areas when the effects of geographic distribution and clutch
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size were controlled. He found no other significant relation between
asynchrony and geographic range.

Hatching patterns can vary independently of clutch size in species
with partial asynchrony, Frequently the degree of hatching asynchrony
increases during the course of the breeding season. For example, early
clutches of the Common Moorhen {Gallinula chioropus} hatch com-
pletely synchronously, while late nests and second broods may require
three or more days to hatch (Cramp, 1877). The usual explanation is
that greater asynchrony reflects seasonal declines in food resources,
and hence a greater utility of adaptive brood reduction (e.g., Bryant,
1978; Newton and Marquiss, 1984; Hussell and Quinney, 1987; Skagen,
1987; Perrins and McCleery, 1989). However, other hypotheses offer
alternative interpretations of this phenomenon, and will be discussed
in the following sections.

3.4. Summary of Hatching Patterns

Incubation patterns are poorly known, and difficult to guantify.
Therefore, most studies have focused on hatching patterns. Hatching
patterns range from complete synchrony to complete asynchrony, and
vary greatly among and sometimes within taxa. Synchronous hatching
is generally associated with precocial development, and is the primi-
tive condition in birds. Asynchrony is associated with altricial devel-
opment. Many species exhibit an increase in the degree of haiching
asynchrony during the course of the nesting season. The onset of incu-
bation may be affected by a number of factors, including the physiology
of eggs and embryos, and the ecology of species. Other factors may
influence hatching patterns directly. This multitude of factors has re-
sulted in many hypotheses being proposed for the evolution of hatch-
ing asynchrony in birds.

4. HYPOTHESES FOR THE EVOLUTION
OF HATCHING ASYNCHRONY

The plethora of hypotheses for the evolution of asynchronous hatch-
ing have been reviewed to varying extent by Slagsvold {1986b), Skagen
(1988), Lessells and Avery (1989), and Magrath (1990). However, lo
date, these hypotheses have lacked a conceptual framework to relate
hatching patterns with various selection pressures that potentially af-
fect incubation behavior.
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4.1. A Conceptual Framework

We categorize hypotheses for the evolution of hatching asynchrony
into four groups (Table 1), based on the factors that could potentially
produce hatching asynchrony, Two hypotheses suggsst that asynchrony
is an epiphenomenon of constraints on incubation. According to these
hypotheses, neither the onset of incubation nor the resulting hatching
pattern necessarily have an adaptive function. Four hypotheses view
asynchronous hatching as a consequence of factors selecting for the
early onsset of incubation, regardless of its effect on nestling survival,
Most of these hypotheses ascribe some sort of protective function to
early incubation. The subsequent asynchrony in hatching is a nonadap-
tive consequence which sometimes entails a cost in the form of mortal-
ity of later-hatched young. The majority of hypotheses (eight) consider
the nestling size-hierarchy produced by asynchronous hatching to be
adaptive for nestling survival or to decrease the costs of reproduction
for parents. Finally there are three hypotheses that posit that selection
acts on the timing of different phases of the nesting cycle through adult
and offspring mortality and costs of reproduction.

The various hypotheses are based on the effects of different factors
that are predominantly intrinsic to the organism (e.g., behavior or phys-
iology) or predominantly extrinsic (e.g., environmental variation, pred-
ators, or nest site availability). For each hypothesis, there is a critical
period in the nesting cycle which constrains reproductive success,
and this period differs among the categories of hypotheses. The crit-
ical period for nonadaptive hypotheses and hypaotheses based on adap-
tive hatching patterns is egg-laying, while the nestling period is critical
for hypotheses invoking adaptive hatching patterns. Hypotheses based
on both have two critical periods: egg-laying, and either brooding or
fledging. It is the relative timing of these critical pericds which is
essential.

Critical periods in the nesting cycle should be considered when
evaluating experimental tests of hatching asynchrony in birds. For ex-
ample, manipulating the hatching pattern does not alter the pattern of
incubation, and therefore can not address hypotheses for which egg-
laying is the critical period. Thus, ambiguous or negative results of
such manipulations suggest that hypotheses based on incubation pat-
terns may be of greater importance than those based on hatching pat-
terns for the species in question.

In the following sections we review the hypotheses proposed for
the evolution of hatching asynchrony, and relate them to critical peri-
ods of the nesting cycle. For each hypothesis, we describe its theoretical
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U.mmmm and applicability, identify its important assumptions and predic-
tions, review any correlational or experimental support or refutation,
and suggest how it should be tested experimentally.

4.2. Factors Affecting the Onset of Incubation:
Nonadaptive Constraints

Perhaps the simplest hypotheses consider hatching asynchrony to
be the mechanistic result of physiological or environmental constraints
on the initiation of incubation, so that neither asynchrony nor the re-
sulting nestling size hierarchy are themselves necessarily adaptive.

4.2.1. Energy Constraints Hypolhesis

Hatching patterns may reflect environmental constraints on egg-
laying (the Energy Constraints Hypothesis). When females experience
poor feeding conditions during laying, they may need to forage for a
greater part of the day, allowing less time for incubation, and causing
eggs to hatch more synchronously than normal {Greig-Smith, 1985;
Slagsvold, 1986a; Enemar and Arheimer, 1989; Moreno, 1989a). If food
availability increases through the course of a breeding season, females
can spend less time foraging and more time incubating during laying,
thereby hatching their eggs more asynchronously {Gibb, 1950; Nisbet
and Cohen, 1875; Mead and Morton, 1985; Slagsvold, 1986b; Slagsvold
and Lifjeld, 1989a; Slagsvold and Amundsen, 1992). For similar rea-
sons, Pied Flycatcher {Ficedula hypoleuca} clutches hatched more
asynchronously in high-quality habitats than in low-quality habitats
{Slagsvold, 1986a). This hypothesis is not applicable to species in
which males provide all the food requirements of incubating females. It
implies that early incubation and asynchronous hatching are the pre-
ferred or default patterns, since synchrony is induced by environmen-
tal stress.

The Energy Constraints Hypothesis predicts that females provided
with supplemental food prior to and during laying should hatch their
eggs more asynchronously than controls {Wiebe and Bortolotti, 1994a).
Marsh Tits (Parus palustris) provided with supplemental food did hatch
their eggs more asynchronously than controls {Nilsson, 1993b). How-
ever, female American Kestrels (Falco sparverius) receiving food hatched
their eggs more synchronously then control females, contrary to the
predictions (Wiebe and Bortolotti, 1994a}.
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4.2.2. Hormone Hypothesis

Hatching asynchrony may resuit if the same hormone or hormones
that cause the termination of ovulation also stimulate the initiation of
incubation (the Hormone Hypothesis; Mead and Morton, 1985). In most
birds, eggs are laid one day after ovulation (Woodard and Mather, 1864;
Gilbert, 1671). If one hormonal mechanism controls both functions si-
multaneously, females should begin incubation on the penultimate egg.
Initiating incubation on the penultimate egg may be the most common
pattern in passerine birds (Clark and Wilson, 1981). However, many
species begin incubation gradually, or on the first or second egg, and
much intraspecific variation in the onset of incubation occurs {Lessells
and Avery, 1989; Magrath, 1990; Hébert and Sealy, 1992; Ricklefs, 1993).

The hormonal mechanisms regulating avian reproduction are im--
perfectly known (Balthazart, 1983; Ball, 1991). In many species pro-
lactin is associated with incubation bul plasma-luteinizing hormone
appears to control egg-laying {(e.g. Myers et al., 1989). It is unclear
whether prolactin induces incubation or is itself a result of incubation
behavior {Goldsmith and Williams, 1980; Balthazart, 1983}, The roles
of various hormones in controlling parental behaviors must be clarified
for this hypothesis to be tenable.

When applicable, this hypothesis makes several testable predic-
tions. Full incubation attentiveness should begin with the penultimate
egg, regardless of clutch size. Hatch spreads produced by these patterns
of incubation should not vary with clutch size, nor with the experimen-
tal addition of extra eggs during egg laying (Mead and Morton, 1985).
This hypothesis has been tested only in the Yellow Warbler {Dendroica
petechia). Hatch spreads in the warbler varied with clutch size, and
experimentally adding eggs during early egg-laying advanced the on-
set of incubation and increased hatch spreads, contrary to predictions
{Hébert and Sealy, 1992].

4.3. Factors Producing Adaptive Incubation Patterns

The focus on adaptive hatching patterns has drawn attention away
from the behavior that actually causes hatching asynchrony-—the onset
of incubation—and the mechanisms that control it. The following four
hypotheses are based on the potential benefits of early incubation, and
consider the resulting hatching asynchrony and nestling size hierarchy
as incidental. Possible functions of early incubation include maintain-
ing the viability of eggs, and protecting the clutch from predators and
conspecifics that might depredate or parasitize it, or usurp the nest site.

b
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4.3.1, Egg Viability Hyputhesis

Initiating incubation before the clutch is completed could serve to
maintain the viability of first-laid eggs (the Egg Viability Hypothesis;
Arnold et al., 1987). Avian embryos do not begin to develop apprecia-
bly until egg temperatures reach about 34°C, and no development oc-
curs below physiological zero (Drent, 1973; O'Connor, 1984; Webb,
1987). Once embryonic development begins, embryos are much more
sensitive to exposure to temperatures above or below incubation tem-
perature. Prolonged exposure to temperatures above physiological zero,
yet below normal incubation levels {36-38°C), results in abnormal
development and embryo mortality (Romanoff and Romanoff, 1872;
White and Kinney, 1974; Webb, 1987). Survivorship of embryos de-
pends upon the temperature, and the duration and frequency of expo-
sure (Rol'nik, 1970; Drent, 1975; O'Connor, 1984), and varies among
taxa {Roby and Ricklefs, 1984; Webb, 1987; Gaston and Powell, 1989;
Astheimer, 1991). In all avian species studied, high temperatures have a
much greater effect on embryo survival than lower temperatures (Yom-
Tov et al., 1978; Bennett and Dawson, 1979; Carey, 1980; Grant, 1982;
Walsberg and Voss-Roberts, 1983; Webb, 1987). :

Clutch size in waterfow]l may be constrained by the decreasing
viability of unincubated eggs {Arnold et al., 1987). Waterfowl chicks are
precocial and incubation is usually initiated before the termination of
egg-laying. Yet eggs normally hatch synchronously. Arnold et al. {1987)
demonstrated that egg hatchability declined during the laying period if
eggs were unincubated. They suggested that early incubation may pre-
vent a reduction in egg viability, but would constrain the number of
eggs that could hatch synchronously (see also Cannon et al.,, 1986;
Kennamer et al.,, 1980; Arnold, 1993},

Veiga (1992} extended this idea to asynchronously hatching altri-
cial species. He demonstrated that House Sparrow (Passer domesticus)
eggs that were left unincubated for three or more days had lower hatch-
ing success than those unincubated for shorter periods, and the degree
of hatching asynchrony increased when ambient temperatures regu-
larly exceeded physiological zero later in the season. Veiga concluded
that hatching asynchrony may be a nonadaptive result of a behavioral
mechanism to maintain the viability of first-hatched eggs.

The Egg Viability Hypothesis applies only to species whose laying
period is long enough to affect egg viability, and whose laying takes
place when ambient temperatures rise above physiological zero or be-
low freezing for extended periods. Under these conditions, the hypoth-
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esis predicts that the hatchability of unincubated eggs should decrease
with increasing length of exposure to ambient temperaturss, and that
development of embryos should occur in the absence of incubation.
This can be tested experimentaily by removing eggs immediately after
laying, exposing them to ambient temperatures for specific time peri-
ods, and then allowing them to be incubated to complete development.
Hatchability of experimental eggs should be compared to that of appro-
priate controls. Results from our preliminary experimental tests of this
hypothesis with the Green-rumped Parrotlet indicated a significant
drop in hatchability may occur after just one day of exposure, and a
rapid decline with longer exposure times.

Three general predictions can be derived from this hypothesis.
With an increasing average ambient temperature, such as with a lati-
tudinal or seasonal gradient, species that hatch their eggs synchro-
nously should show either a decrease in average clutch size, or a de-
crease in the average hatchability of eggs. Alternatively, there may be an
increase in the prevalence and degree of hatching asynchrony as lati-
tude decreases or the breeding season progresses. A latitudinal decline
in clutch size has been well documented and is the subject of consider-
able debate (Klomp, 1970; Murray, 1985; Skutch, 1985; Godiray et al.,
1991). Koenig (1982) found a highly significant decline in hatchability
with decreasing latitude from a sample consisting of 42 different avian
families. Numerous studies have reported a seasonal decline in average
clutch size {e.g., Gibb, 1950; Klomp, 1970; Hussell, 1972; Bryant, 1978;
Slagsvold, 1982; Ferguson and Sealy, 1983). Although usually atiri-
buted to seasonal declines in food resources, declines in clutch size
can be independent of food supply in some species {De Steven, 1980;
Stutchbury and Robertson, 1988; Arnold, 1993).

Data on the relative occurrence of asynchronous hatching in the
tropics versus the temperate zone are ambiguous or lacking. Clark and
Wilson (1981) reported a tendency for greater synchrony in the tropics,
based on a survey of 87 species. However, their sample of tropical
species included a disproportionate number of passerines, and their
analysis did not account for smaller clutches typical of tropical pas-
serines (Slagsvold, 1986b).

Two caveats must be made concerning the Egg Viability Hypothe-
sis. First, asynchronous hatching may lead to reduced hatchability
of final eggs due to parental neglect (Slagsvold, 1985; Evans, 1990b,
Nilsson, 1993b). Parents may spend less time incubating terminal eggs
to provide care to first-hatched young. Reduced attentiveness has besn
shown to reduce hatchability (Evans, 1990c; Beissinger and Waltman,
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1991). Experimentally increasing the hatch spreads of several temper-
ate passerines produced a significant decline in the hatchability of final
eggs compared fo control nests {Slagsvold, 1985).

Second, a decline in the viability of unincubated eggs may be a
consequence of early incubation rather than a cause. If a species has
evolved complete asynchrony for some reason other than the mainte-
nance of egg viability, eggs may no longer be subject to selection to
remain viable when not incubated. Experiments that demonstrate a
decline in hatchability when eggs are not incubated do not necessarily
prove that egg viability was the ultimate selective force causing asyn-
chrony. Comparative and experimental analyses will be needed to dis-
criminate between cause and effect.

4.3.2. Egg Protection Hypothesis

Early incubation may be an adaptation to protect eggs from dangers
other than unfavorable environmental conditions {Swanberg, 1950;
Oring, 1982}, Dunlop (1810} first proposed that parent birds could re-
duce the risk of predation on eggs by beginning incubation on the first
egg (the Egg Protection Hypothesis). Incubation may be a more efficient
defense against predation of eggs than other active behaviors (Thompson
and Raveling, 1987). Parental brooding for the purpose of protecting
eggs has been noted in some fish (Salfert and Moodie, 1984) and inver-
tebrates {Milne and Calow, 1990). For egg protection to be a significant
function of early incubation, a species must be subject to a substantial
rate of egg loss prior to the start of incubation due to predation or to
destruction by conspecifics. The latter case represents a form of repro-
ductive interference. The net benefits obtained by protecting early eggs
must be greater than the potential costs of nestling mortality resulting
from asynchrony.

Colonial species do not defend all-purpose territories. They might
be expected to begin incubation early to reduce losses of first-laid eggs
due to intraspecific interference, and to hatch their eggs more asyn-
chronously than territorial species. Egg protection has been proposed
as the function of early incubation in colonial Commeon Terns {Sterna
hirundo; Bollinger et al., 1990} and Herring Gulls {Larus argeniaius;
Parsons, 1976). Embryonic synchronization of hatching {Vince, 1964,
1968) may enable precocial species to protect eggs through early incu-
bation with little hatching asynchrony (Cannon el al., 1986). Cavity-
nesting species are frequently thought to experience lower rates of pre-
dation than open-nesting species, and so might be expected to hatch
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their eggs more synchronously. However, conclusions about rates of
predation on cavity nests are based on studies of birds using nest boxes,
and may not reflect rates of predation on natural cavity nests (Mpller,
1989; Robertson and Rendell, 1990; Kuitunen and Aleknonis, 1992).
Open nests and natural cavity nests may be subject to equal rates of
predation {Nilsson, 1886). Therefore, cavity nesters may not necessarily
hatch their eggs more synchronously than open nesting species.

Testing the Egg Protection Hypothesis experimentally is problem-
atic because it is difficult to manipulate parents to lay eggs but not
incubate them. One approach is to correlate the constancy of incuba-
tion during the laying period with the rate of egg loss. For example,
incubation constancy was lower for Common Tern nests that were dep-
redated than for those that were not in nests with two or more eggs
(Bollinger et al., 1990]. However, such correlations may not take into
account the ability of parents to defend nests by means other than
incubation.

4.3.3. Limited Breeding Opportunities Hypothesis

Species that use nest sites that are limited in number may be forced
to protect the site. For species that do not defend an all-purpose terri-
tory, this might be best accomplished by occupying the nest itself. In
this way one bird would be free to forage, for itself and its mate, while
the other bird defended the nest site by initiating incubation (the
Limited Breeding Opportunities Hypothesis; Beissinger and Waltman,
1991). In the Green-rumped Parrotlet there are high rates of interactions
between pairs at nest sites and a significant proportion of the popula-
tion consists of nonbreeders (Beissinger and Bucher, 1992; Waltman
and Beissinger, 1992). This pattern appears to be common in psil-
tacines, which typically hatch their young very asynchronously {Saun-
ders, 1986; Snyder et al., 1987; Beissinger and Bucher, 1992). Female
Elf Owls (Micrathene whitneyi) occupy their nest cavities for several
weeks prior to laying, presumably to avoid losing them to other species,
and also hatch their eggs very asynchronously (Ligon, 1968).

Because nest sites tend to be limited for secondary cavity-nesters in
general (Alerstam and Hogstedt, 1981; Nilsson, 1986; Brawn and Balda,
1688; Land et al., 1989; Sedgwick and Knopf, 1990; Caine and Marion,
1991; Martin, 1993), this hypothesis predicts that asynchronous hatch-
ing should be more common in secondary cavity nesters than in prima-
ry cavity nesters or in open nesting species. This trend has been dem-
onstrated, although with small sample sizes (Slagsvold, 1986b). The
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prevalence or degree of asynchrony should be correlated with the pro-
portion of nonbreeders in the population, or with the abundance of
nest-site competifors.

Because birds can sit on their nests without incubating (Swanberg,
1950; Vinuela, 1991), this hypothesis may be insufficient by itself to
explain hatching asynchrony. However, nest site defense may function
in conjunction with other factors, such as protecting eggs, minimizing
the time females are in the nest, or by accelerating the hatching and
fledging of first-laid eggs (Beissinger and Waltman, 1991}.

4.3.4, Brood Parasitism Hypothesis

Early incubation may help to protect a clutch from brood parasit-
ism (the Brood Parasitism Hypothesis] as well as predation. By initiat-
ing incubation early, females may reduce the opportunity for intra-
specific {Kendra et al., 1988; Lombardo et al., 1989; Romagnano et al.,
1990} or interspecific parasitism {Wiley and Wiley, 1980). Interestingly,
Jackson (1993) suggested that extreme asynchrony can promote in-
traspecific brood parasitism. Northern Masked Weavers (Ploceus lae-
niopterus) hatch their broods completely asynchronously, and third or
fourth-hatched chicks rarely survive. Females may derive greater repro-
ductive success from third or fourth eggs by laying them in another
bird’s nest than by laying in their own nest, if they hatch as the first or
second chick {Jackson, 1993).

The early initiation of incubation could be advantageous if a clutch
is parasitized, because the resulting brood will be larger than the origi-
nal clutch and asynchronous hatching may facilitate the adjustment of
the brood size through brood reduction (see section 4.4.1.; Wiley and
Wiley, 1980; Magrath, 1990). In joint-nesting species {Brown, 1987),
there may be a similar competition between laying females at a nest,
Females may initiate incubation as soon as possible after the laying of
their first egg to increase the probability that their own young will
hatch first and thereby be competitively superior {Ricklefs, 1993). This
may explain why Acorn Woodpeckers (Melanerpes formicivorus) and
Pied Kingfishers (Ceryle rudis) exhibit significant asynchrony when
relatively synchronous hatching is the norm in the Picidae and Al-
cedinidae {Stanback, 1991; Ricklefs, 1993},

This hypothesis cen be tested experimentally by simulating nests
in the process of laying without incubating parents, either by using
artificial nests or by temporary removal of parents. The hypothesis
predicts that nests without incubating birds should receive parasitic
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eggs with a greater frequency than normally incubated nests. Compari-
sons of different populations or speciés should show that the degree of
asynchrony is correlated with the prevalence of brood parasitism.

4.4. Factors Selecting for Adaptive Hatching Patterns

The following hypotheses posit that asynchronous hatching pat-
terns are adaptive in their own right, and that early incubation func-
tions to produce those patterns. The first three hypotheses use nestling
size-hierarchies to prioritize young within a brood, so that low priority
young are eliminated through sibling competition or parental neglect.
In the remaining hypotheses, asynchronous hatching serves to increase
parental efficiency.

4.4.1. Brood Reduction Hypothesis

David Lack (1947, 1954) proposed that for bird species in which
the food supply varies unpredictably, the optimal clutch size should
reflect the average maximum number of young that can be raised under
favorable conditions. In the event of food scarcity, the youngest nest-
lings are either actively neglected or are outcompeted by their larger
sibs, and starve to death (Lack, 1954; Ricklefs, 1965). Brood size is
adjusted to the parental ability to supply food by the elimination of the
nestling(s) in which parents have invested the least or that will require
the most future investment (Hébert and Barclay, 19886). If hatching was
synchronous, all nestlings would be equally competitive, and all would
suffer undernourishment or starvation (Lack, 1954). This hypothesis is
best known as the Brood Reduction Hypothesis, but recently was called
the Resource Tracking Hypothesis to differentiate it from the following
two hypotheses for which asynchrony also functions to allow an adap-
tive reduction in brood size (Forbes, 1991; Ploger, 1992). Although the
latter term describes the concept of the hypothesis more accurately, for
the sake of clarity we will use the more familiar term.

Hatching asynchrony is not necessarily a prerequisite for a size
hierarchy to develop among nestlings (Nelson, 1964; Bengtsson and
Rydén, 1983; Groves, 1984; Amundsen and Slagsvold, 1991a). Also,
brood reduction can occur in synchronously-hatched nests {Clark and
Wilson, 1981; Bancroft, 1985). Therefore, the hypothesis has been mod-
ified to state that hatching asynchrony facilitates efficient brood reduc-
tion (Lack, 1966; Husby, 1986; Mock and Parker, 1986; Magrath, 1989).
Plants also may adjust parental investment to track available resources
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by terminating flowering, ovary development, or fruit set. This process
is most efficient when flowering is staggered, i.e., asynchronous (Lloyd,
1980; Haig, D,, 1992},

Brood reduction in asynchronously-hatched nests can, but does
not always, improve the condition or growth rate of surviving offspring
(Gibb, 1950; Ricklefs, 1965; Stouffer and Power, 1991). For example,
surviving nestlings in broods of common Starlings (Sturnus vuligaris)
did not show an increase in growth rate or condition following the
mortality of their youngest sibs {Stouffer and Power, 1991).

Numerous models have been constructed to provide a theoretical
framework for the concept of adaptive brood reduction. O’Conner (1978)
used Hamilton’s (1964) concept of inclusive fitness to predict that there
should be greater conflict between parents and young over when brood
reduction should occur when parents have a relatively high investment
in each chick (small broods). This should occur because surviving oft-
spring benefit more from brood reduction than do parents. This parent-
offspring conflict (Trivers, 1974} can result in the larger offspring ini-
tiating brood reduction through sibling aggression (Mock, 1984a; Mock
and Parker, 1986; Drummond and Garcfa-Chavelas, 1989). Siblicidal
behavior that seems to be contingent on inadequate food supplies is
termed facultative siblicide (Mock, 1984a). For example, siblicidal brood
reduction is much more frequent in Black-legged Kittiwakes (Rissa tri-
dactyla) when food is scarce and nestling growth rates are low (Braun
and Hunt, 1983). Drummond and Garcfa-Chavelas (1989) demonstrated
that sibling aggression in the Blue-footed Booby (Sula nebouxii) was
inversely proportional to food intake and weight increase. However,
sibling aggression may not necessarily be correlated with food supply
(Mock, 1984b, 1885b, 1987; Sullivan, 1988).

There is a growing body of evidence that some nestling mortality
resulting from asynchrony is unrelated to food supply. In most species
the feeding capacity of the parents is not exceeded in very young
broods, the time when most chick mortality occurs {Bengtsson and
Rydén, 1981; Graves et al., 1984; Amundsen and Stokland, 1988). Stei-
di and Griffin (1991} used very high growth rates as evidence of abun-
dant food in a colony of Ospreys (Pandion haligetus), yet noted wide-
spread brood reduction. The probability of chick mortality was found
to be related with the degree of hatching asynchrony but not food abun-
dance for numerous species with variable degrees of hatching asyn-
chrony {e.g., Bryant, 1978; Strehl, 1978; Stouffer and Power, 1990;
Seddon and van Heezik, 1991a,b; Stanback, 1991). In unmanipulated
Common Starling nests, clutches that hatched synchronously had low-
er levels of nestling mortality than similarly-sized asynchronously-
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hatched nests (Stouffer and Power, 1990), indicating a clear cost of
asynchrony. Penultimately hatched and last-hatched chicks in large
broods of Green-rumped Parrotlets had very low fledging success {Be-
issinger and Waltman, 1991). Manual feeding with a commercial parrot
nestling formula increased the probability of survival of last chicks but
did not affect the survival of penultimate chicks (Stoleson and Beis-
singer, in prep.).

Other models have shown that parents derive the most benefit from
brood reduction when it occurs while their investment in the youngest
chick is small, during the early part of the nestling period (Lloyd, 1987;
Forbes and Ydenberg, 1892). Pijanowski {1992) created a model that
included a cost to asynchronous hatching in good food years. Asyn-
chrony to facilitate brood reduction is still favored over synchronous
hatching when good food years are infrequent, when the cost of asyn-
chrony in good years is small, when the survival of chicks in syn-
chronous broods in bad food years is uniformly low, or when bad food
years are not severe (Pijanowski, 1992).

Several predictions can be derived from the Brood Reduction Hy-
pothesis. The quantity of food available at the time of laying and the
onset of incubation should be unrelated to the quantity of food avail-
able after hatching. Demonstrating variability in the food supply is
insufficient to support this prediction. Also, the frequency and extent
of partial brood losses should be directly related to food scarcity. This is
the only hypothesis for which there is a well-established experimental
methodology. Synchronously-hatching broods are created by swapping
eges or newly hatched chicks between nests. The hypothesis predicts
that when food is scarce, asynchronous broods should produce more
fledglings, fledglings of higher quality, or both, than synchronously-
hatched broods. Asynchronous broods need not show greater repro-
ductive success than synchronous broods when food is abundant
(Pijanowski, 1992). However, if comparisons are based on broods ma-
nipulated to create a degree of synchrony not normally encountered in
the species under study, parent birds may invest an “imprudent” de-
gree of effort into the brood, ultimately with a negative effect on life-
time reproductive success {D. W. Mock, personal communication)}.
Therefore parental effort should be monitored. Contrary to much pub-
lished work, this hypothesis does not predict that last-hatched young
in asynchronous broods are the most likely to die. Such mortality is the
phenomenon the hypothesis was formulated to explain, and therefore
is a premise of the hypothesis. Proving a premise false does not dis-
prove a hypothesis, but rather indicates that the hypothesis is not rele-
vant to the situation (Copi, 1872).
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4.4.2. Insurance Hypothesis

In some bird species, the last egg appears to serve strictly as a
replacement for earlier eggs or chicks that fail (the Insurance Egg Hy-
pothesis; Stinson, 1979; Cash and Evans, 1986). For example, Hooded
Grehe [Podiceps gallardoi) parents abandon the second of two eggs if
the first hatches, but continue incubating the second egg if the first one
fails (Neuchterlein and Johnson, 1981). Herring Gulls {Larus argen-
tatus) may also abandon their third egg after successfully hatching thelr
first two eggs (Graves et al., 1984),

The Insurance Hypothesis pertains primarily to the evolution of
clutch size in birds. Specifically, it is an explanation for why birds lay
more eggs than they can normally fledge. Applied to asynchronous
hatching, this hypothesis suggests that hatching asynchrony func-
tions o facilitate the elimination of last-hatched chicks if and when
they become redundant (Forbes, 1990). The Insurance Egg Hypothesis
can be considered a food-independent analog of the Brood Reduction
Hypothesis—asynchronous hatching is viewed as an adaptation to
variability in egg hatchability or the mortality of first-hatched nestlings
due to causes other than starvation (e.g., accident, predation, or congen-
ital defect; Stinson, 1979; Anderson, 1990; Forhes, 1990). The benefits
derived from insurance eggs are through reduced variance in reproduc-
tive success (Forbes, 1991). The Insurance Hypothesis suggests that
parents initiate the onset of incubation to maximize benefits for the
“base” clutch. Asynchronous hatching of insurance eggs would be
a consequence of such behavior, and would not necessarily have an
adaptive significance.

In species with regular brood reduction, an extra egg can have
insurance value as well as extra reproductive value, depending on the
fate of older chicks. Mock and Parker (1986) defined two different types
of reproductive value for tast-hatched nestlings in heron broods: extra
reproductive value, when a chick survives in addition to older chicks,
and insurance reproductive value, when a chick serves as a replace-
ment for an older chick that died. For example, in Little Blue Herons
{Egretta caerulea), last-hatched young normally die unless an older
sibling dies first, in which case youngest chicks have a high probability
of fledging {Werschkul, 1979). The dominant component of the total
reproductive value of last-laid and penultimately laid Creen-rumped
Parrotlet eggs in small and medium sized clutches was insurance repro-
ductive value {Beissinger and Waltman, 1991}

This hypothesis is most relevant for species with obligate brood
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reduction, where last-laid eggs are thought to serve strictly as insur-
ance. In such species under normal conditions last-hatched chicks nev-
er survive due to sibling aggression. Such mortality appsars to be inde-
pendent of food supply. Anderson {1990) noted that the Masked Booby
{Sula dactylatra) lays two eggs, but because of siblicide almost never
fledges more than one young, Its eggs have a low probability of hatch-
ing, perhaps a consequence of its ground-nesting habits, where its eggs
are vulnerable to ground predators and high surface heat. In contrast,
the sympatric Red-footed Booby (Sula sula) builds tree nests and exhib-
its high hatchability, but lays a single egg.

The Insurance Hypothesis predicts that in the absence of syn-
chrony, the elimination of excess chicks should occur less often, orat a
greater age, than with asynchrony. In Masked Boobies, the probability
and timing of siblicidal brood reduction was highly correlated with the
degree of asynchrony (Anderson, 1989). However, some experiments
with obligately siblicidal species found that one chick was eliminated
even in experimentally synchronized broods {Dorward, 1962; Meyburg,
1978; Gargett, 1982}, suggesting asynchrony may not be necessary for
brood reduction to occur.

Testing the Insurance Hypothesis as a cause of hatching asynchro-
ny is a different, and more difficult issue, than demonstrating that
parents derive benefits from laying insurance eggs. Normally asynchro-
nous clutches should produce more fledglings, on average, than either
synchronized clutches of equal size, or asynchronous clutches that
have had their last egg removed. The hypothesis requires that the sur-
vival of the smallest chicks be correlated with the mortality of earlier
eggs or chicks, and that the mortality of the smallest chicks is indepen-
dent of food supply.

4.4.3. Sex Ratio Manipulation Hypothesis

Selection may favor equal parental investment in offspring of each
sex (Fisher, 1930). In sexually dimorphic species, the larger sex should
have greater food demands than the smaller sex, and therefore be more
expensive in terms of parental investment per chick {Slagsvold et al.,
1986; Teather and Weatherhead, 1988; Breitwisch, 1989, but see Stamps
et al., 1987). Parents should invest more in the smaller sex or manip-
ulate sex ratios to maintain equal levels of investment (Trivers and
Willard, 1973; Bednarz and Hayden, 1991). Alternatively, parents may
facultatively manipulate the sex ratio of their offspring to capital-
ize on current ecological or social conditions (Myers, 1978; Gowaty,
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1991). Because unequal sex ratios at hatching are uncommon in birds
(Clutton-Brock, 1986; but see Gowaty and Lennartz, 1985; Ligon and
Ligon, 1990; Gowaty, 1991}, hatching asynchrony may provide a means
for parents to manipulate the sex ratio of broods by selectively starving
later-hatched young of the more expensive sex {the Sex Ratio Manipu-
lation Hypothesis; Slagsvold, 1990).

Sex-biased mortality has been shown in some sexually dimorphic
species when food is scarce {Howe, 1976; Cronmiller and Thompson,
1981: Roskaft and Slagsvold, 1985; Bortolotti, 1986; Teather and Weath-
erhead, 1989; Bednarz and Hayden, 1991; Slagsvold et al, 1992). But
such results appear to be a nonadaptive consequence of sex-specific
susceptibility to starvation, rather than manipulation on the part of
parents (Weatherhead and Teather, 1991). Slagsvold et al. {1986) noted
that parent Rooks (Corvus frugilegus) did not preferentially feed off-
spring of one sex over the other, yet the larger male offspring fledged at
a much lower rate. Harris' Hawks {Parabuteo unicinctus) fledge more
young when the oldest nestling is the smaller sex (male) than when the
first nestling is female, and the sex of first-hatched young is usually
skewed towards males (Bednarz and Hayden, 1991). Furthermore, in
the Blue-footed Booby, extreme size dimorphism does not seem to af-
fect nestling dominance hierarchies based on hatching order, and there
is no sex-biased mortality (Drummond et ol., 1991).

The strongest evidence of parental manipulation of nestling sex-
ratios comes from two studies of captive birds. Color-banded Zebra
Finches {Poephila guttata) with favored band colors preferentially fed
offspring of their own dex, resulting in sex-biased mortality (Burley,
1986). Both male and female Budgerigars brought food to female-biased
broods at a higher rate than other broods. However, females were not
fed preferentially within broods, and males and and females fledged
at similar ages and weights (Stamps et al,, 1987}, Manipulation of
offspring sex-ratio has been documented in rodents. When food was
severely restricted, lactating wood rats (Neotoma floridana) actively
discriminated against male young, resulting in feinale-biased litters
{McClure, 1981},

This hypothesis is relevant only to species with a relatively large
degree of sexual size dimorphism. it predicts that offspring of the larger
sex suffer higher mortality during the period of prenatal care (Slagsvold,
1990}. Therefore, the sex ratio of fledglings should be biased towards
the smaller sex (Slagsvold et al., 1992} In experimentally synchronized
broods, parents should over-invest in the larger sex, and should result
in a fledgling sex ratio that is skewed towards the larger sex, compared
to asynchronous broods.
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4.4.4. Peak Load Reduction Hypothesis

Asynchronous hatching may serve to maximize parental efficiency
without promoting offspring mortality. Ingram (1959) suggested that the
extreme nestling size hierarchy produced by asynchronous hatching
in large broods of Short-eared Owls (Asio flammeus) might serve to
spread out the total food demand of the brood. Hussell (1972) argued
that such a mechanism may exist in species with sharp peaks in food
demands of individual nestlings {the Peck Load Reduction Hypothe-
sis). For example, House Martins appear to have a sharp peak in nest-
ling energy demands, and the total brood demand is reduced by 7% to
8% through asynchronous hatching (Bryant and Gardiner, 1979).

Models by Mock and Schwagmeyer (1990) suggest that any energy
savings due to asynchrony would be minimal, except in species with
very large brood sizes (up to 10 chicks) and extreme hatching asynchro-
ny (10-14 days). In addition, the food demands of nestlings must show
a peak for any benefits to accrue. The hypothesis predicts that the peak
energy expenditure of parents tending asynchronous broods would be
less than the peak energy expenditure of parents tending gynchronous
broods of equal size. Although feeding rates may be used as an estimate
of energy expenditure (Bryant and Tatner, 1991), it is preferable to
measure energy expenditure directly using the doubly-labeled water
method (Lifson and McClintock, 1966; Speakman and Racey, 1988; but
see cautions in McNab, 1989).

4.4.5. Dietary Diversity Hypothesis

In some species asynchronous hatching may not stagger the peak
energy demands, but instead staggers the demand for a special food
resource needed only during a portion of the nestling period {the Di-
etary Diversity Hypothesis; Magrath, 1990). For example, hatchling Yel-
low Warblers were fed minute geometrid larvae almost exclusively,
while older chicks received a wider variety of food. Asynchronous
hatching may reduce the number of nestlings requiring the specific
food items at any one time {Hébert, 1993a).

This hypothesis requires that nestlings are dependent on a specific
food source at some age, and that the food itself i limited in quantity,
or that parents are limited in their ability to procure the food. 1t predicts
that parents at synchronous broods should be unable to raise their
entire brood, and that nestling mortality should be due te starvationata
particular period in the nestling period. The Dietary Diversity Hypoth-
esis can be tested by supplementing the supply of the special food
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resource at a subset of synchronized broods, and comparing fledging
success to control asynchronous nests,

4.4.6. Hurry-Up Hypothesis

By beginning incubation during laying, first-hatched nestlings will
hatch and fledge earlier than they would otherwise. This should in-
crease the probability of nesting success for species which experience a
dwindling food supply as the breeding season progresses [the Hurry-up
Hypothesis}, and would ensure that at least some young fledge (Hus-
sell, 1972; Slagsvold, 1986a). The Hurry-up Hypothesis has been sug-
gested to explain why many species hatch their eggs more asynchro-
nously as the breeding season progresses (Hussell, 1972; Skagen, 1987).

This hypothesis requires a rapid decline in food availability with
time. Few studies have documented such a decline, and most of these
used parental provisioning rates as an index of food availsbility (e.g.,
Nisbet and Cohen, 1975; Skagen, 1987). Other measures, such as a
decline in clutch size or fledging success, are also used, but may con-
found the effects of parental quality, territory quality, or thermoreg-
ulatory abilities of nestlings with food availability (van Balen and
Cavé, 1970; Bryant, 1978; Newton and Marquiss, 1984; Skagen, 1987;
Stutchbury and Robertson, 1988}, Ideally, the degree of hatching asyn-
chrony should be correlated with a direct measure of food availability.
Bryant (1978) documented a seasonal decline in the food supply of
House Martins (Delichon urbica), but found no correlation with haich
spread.

This hypothesis is probably irrelevant for species that lay multiple
clutches during a breeding season without any variation in the degree
of asynchrony. For example, Green-rumped Parrotlets are completely
asynchronous and can raise up to three broods per season (Beissinger
and Waltman, 1991; Waltman and Beissinger, 1992).

4.4.7. Sibling Rivalry Hypothesis

Asynchronous hatching may serve to impose a stable dominance
hierarchy on a brood. This would avoid wasteful scramble competition
(Hahn, 1981) and make more efficient use of parental resources regard-
less of the food supply (the Sibling Rivalry Hypothesis). Hahn found
that natural, asynchronous broods of the Laughing Guil (Larus atricilla)
had a higher fledging success than artificially synchronized broods.
She suggested a reduction in sibling competition may have contributed
to this result, although no measures of sibling rivalry were reported.
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This hypothesis assumes that a stable dominance hierarchy among nest-
lings is facilitated by hatching asynchrony. However, stable dominance
orders can be established in synchronously-hatched broods {Bancroft,
1984; Groves, 1984; Magrath, 1990}, whereas the dominance hierarchies
imposed by asynchronous hatching are not necessarily stable (Greig-
Smith, 1985).

The hypothesis predicts that asynchrony reduces the level of sib-
ling competition. The only direct support for this hypothesis comes
from studies of Cattle Egrets (Bubulcus ibis), where experimentally
synchronized broods fought more often than asynchronous broods
(Mock and Ploger, 1987). Also, parent American Kestrels provisioned
synchronized broods at higher rates than asynchronous broods, sug-
gesting that asynchrony may reduce energy expenditures of nestlings
{Wiebe and Bortolotti, 1994b). However, direct measures of energy ex-
penditure of nestling bee-eaters (Merops viridis) determined that daily
energy costs were lower in broods with same-sized chicks than in
broods with a pronounced size hierarchy (Bryant and Tatner, 1990].
This suggests that a greater degree of synchrony may be more energet-
ically efficient.

Most sibling rivalry is nonaggressive, and is manifested through
begging or maneuvering for preferred positions within the nest (Rydén
and Bengtsson, 1980; Lamey and Mock, 199%; Redondo and Castro,
1992; McRae et al., 1983). Often, the average begging level of a brood
appears to determine the rates of parental feeding (Bengtsson and Rydén,
1983; Hussell, 1991; Smith and Montgomerie, 1991; Redondo and Cas-
tro, 1892). Parents generally tend to feed the largest or closest nestling
(Rydén and Bengtsson, 1980; Bengtsson and Rydén, 1981, 1983; Nuech-
terlein, 1981; Smith and Montgomerie, 1991; but see Stamps et al.,
1985). Therefore, the smallest nestlings in asynchronous broods nor-
mally are often not fed, and expend more time and energy than their
nestmates in begging and maneuvering, i.e., sibling rivalry (Bengtsson
and Rydén, 1983; Redondo and Castro, 1982}, .

For the Sibling Rivalry Hypothesis to be viable, the costs inherent
to maintain high levels of begging in smaller nestlings must be offset by
benefits to older nestlings, probably through reduced begging costs. The
hypothesis predicts that the total energy expenditure of synchronously-
hatched broods will be greater than that of asynchronously-hatched
broods because of the extra energy expended on scramble competition.
Begging rates can be used as an index of energy expenditure in species
without overt aggression, or energy expenditure can be measured di-
rectly using the doubly-labeled water method (Lifson and McClintock,
1966; Speakman and Racey, 1988).
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Ricklefs {1993) proposed that complete asynchrony may eliminate
the evolutionary consequences of sibling competition. If hatching com-
pletely asynchronously does in fact predetermine the dominance hier-
archy among nestlings, then there should be no selection for acceler-
ated embryo growth and eatlier hatching. Prolonged incubation periods
may result. There may be fitness advantages to prolonged incubation
periods that are as yet unidentified. Ricklefs proposed a possible link
between slow embryonic growth, longevity, and delayed senescence,
mediated through extended maturation of the immune system (Rick-
lefs, 1992, 1993). Thus, complete asynchrony may be favored when
fitness advantages can be gained through prolonged embryonic devel-
opment and consequent effects on other life-history characters.

4.4.8. Larder Hypothesis

Later-laid eggs may represent a food larder for the oldest chicks
(the Larder Hypothesis; also called the Ice-box Hypothesis, Alexander,
1974). By investing energy in extra eggs during the laying stage, parents
may reduce their energetic demands later in the nestling stage because
older chicks could eat their younger sibs (Murton and Westwood,
1977). However, laying, incubating, and feeding the last young would
involve a significant waste of energy (Magrath, 1990). In addition, the
amount of food energy conteined in the extra nestlings is likely to be
insignificant compared to both the total amount of food required by
older nestlings through the entire nestling cycle, and to the amount of
energy invested by parents in maintaining the extra nestlings until
needed (Magrath, 1990). Although obligate siblicide is widespread in
raptors {Stinson, 1979), skuas (Spellerberg, 1971}, and pelicans (Drum-
mond, 1987) cannibalism by nestlings is rare {Anderson, 1990; Magrath,
1990; Ploger, 1992; Stanback and Koenig, 1992; but see Bortolotti et al.,
1991; Vifuela, 1991). It is noteworthy that both a chrysomelid beetle
(Labidomera clivicollis) and a land snail (Arianta arbustorum) lay large
clutches that hatch asynchronously in which the first-hatched larvae
cannibalize their younger sibs (Eickwort, 1973; Baur and Baur, 1986). In
these species, there is no parental care beyond egg-laying, so laying
extra eggs to act as a larder may be the only mechanism for females to
increase investment in their first-hatched offspring.

This hypothesis is unlikely to be relevant for birds. It should be
considered only for species that show regular cannibalization of youn-
gest chicks by their older sibs. The hypothesis predicts that older
chicks will eat younger ones, at least during periods of food shortage.
The amount of food that parents can supply is likely to have a limit that
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is below the peak demand in the nestling period. Therefore the hypoth-
esis predicts that parents should be unable to successfully raise broods
if the extra nestlings are removed before being consumed.

4.5, Factors Influencing the Timing of the Entire Nesting Cycle

The onset of incubation determines the lengths of the laying and
fledging periods in the nesting cycle (Fig. 1). Parents may manipulate
the lengths of these periods to maximize benefits by reducing the prob-
ability of total nest failure or their own depredation. Alternatively, fe-
males may manipulate the length of these periods to minimize their
own share of parental care at the expense of their mates.

4.5.1, Sexual Conflict Hypothesis

Slagsvold and Lifjeld (1989b) proposed a unique interpretation of
asynchronous hatching as a result of parental behavior based on sexual
conflict (the Sexual Conflict Hypothesis). Because a parent may at-
tempt to minimize its share of parental care al the expense of its mate
(Trivers, 1972}, a conflict could result over the degree of parental in-
vestment made by either sex. Initiating incubation before the end of
egg-laying may be a tactic that permits females to increase the parental
effort of their mates. Early incubation would increase the time that
females are on eggs, and asynchronous hatching would lengthen the
time that females brood young nestlings. Thus, the total time that males
must provision the female would be greater in asynchronously hatch-
ing broods than if eggs hatched synchronously. In addition, the garly
presence of nestlings may reduce a male’s opportunity to attract a
second female {Slagsvold and Lifjeld, 1989b}.

The Sexual Conflict Hypothesis assumes that incubation is less
energy demanding than alternative activities. Experimental evidence
generally supports this supposition {Walsberg and King, 1978; Ricklefs
and Hussell, 1984; Westerterp and Bryant, 1984), excep! for species at
high latitudes that experience low ambient temperatures during incu-
hation (Biebach, 1981; Moreno and Carlson, 1989). This hypothesis
applies only to species with uniparental incubation where males pro-
vide food for incubating and brooding females (Slagsvold and Lifjeld,
1989b). However, incubation feeding by males may enhance the re-
productive success of both sexes, and may indicate sexual coopera-
tion rather than conflict (Lyon and Montgomerie, 1985; Lifjeld and
Slagsvold, 1986; Alatalo et al., 1988). Males of some raptors provide
most of the food for females before and during laying (Poole, 1985;
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Beissinger, 1987; Bortolotti and Wiebe, 1993). Yet incubation may not
be initiated with the first egg, again suggesting cooperation between the
sexes rather than female manipulation. Cooperation between the sexes
mm especially likely in species with long-term monogamous pair bonds,
in which reproductive success is frequently correlated with the length
of association of pairs (Mader, 1982; Mock, 1985a; Alatalo et al., 1988;
Bradley et al., 1990; Emslie et al., 1992).

The Sexual Conflict Hypothesis makes several testable predictions.
Females may continue brooding beyond the point that the brood is
capable of effective thermoregulation. Effective thermoregulatory ability
can be determined for broods of different ages using the methodology of
Dunn (1975) and Ricklefs (1987). Also, females at asynchronous broods
should expend less energy than females at synchronous broods, and
males at asynchronous broods should be manipulated into expending
more energy than males at synchronous broods. Energy expenditures
can be estimated using feeding rates as an index (Hébert, 1993b)}, or
measured directly using the doubly-labeled water method (Lifson and
McClintock, 1966; Speakman and Racey, 1988). Mass loss in females
may be used as an index of parental effort {Bryant, 1988; Slagsvold and
Lifjeld, 1989b), unless mass loss is part of an adaptive parental strategy
{Norberg, 1981; Rickiefs and Hussell, 1984; Gaston and Jones, 1989;
Moreno, 1989b).

Two tests of this hypothesis have been published. Females at asyn-
chronous broods appeared to expend less energy than females at syn-
chronous broods in both Pied Flycatchers and Yellow Warblers (Slagsvold
and Lifjeld, 1989b; Hébert, 1993b). However, the patterns of effort by
males of both species did not support the predictions. Thus, neither
test fully supported the premise that there is conflict between the sexes.
Recently, Slagsvold et al. (1994} showed that in Blue Tits {Parus cae-
ruleus), female parents of broods with a reduced degree of asynchrony
had a higher subsequent survival rate than those with more asynchro-
nous broads. The opposite result was found for males. Because females
appear to benefit from synchronous hatching, these results contradict
the original hypothesis. However, they demonstrate that sexual conflict
over the timing of hatching can exist, even if the reasons for the conflict
are unclear.

4.5.2. Nest Failure Hypothesis

Relative to synchronous hatching, asynchrenous hatching reduces
the amount of time that a nest contains only eggs, and reduces the
m.dEcE of time before the first chick fledges, but increases the total
time a nest contains nestlings. Hussell (1972) suggested that asynchro-
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nous hatching is an adaptation to minimize total nest loss due to preda-
tion. The Nest Failure Hypothesis was formulated as a model to predict
the optimal degree of asynchrony based on the probability of total nest
failure during different phases of the nesting cycle {Clark and Wilson,
1981, 1985). In this model it is not the absolute rate of nest failure that is
important, but rather the nest failure ratio: the ratio of the daily proba-
bility of nest failure during the nestling period to the daily probability
of failure during the egg period (NFR, Clark and Wilson, 1981). Because
the time from the onset of incubation to the first hatch and from the first
hatch to the first fledge does not depend on when incubation is begun
(Fig. 1), the relevant model parameters are the probability of nest loss
during laying and during fledging (Hussell, 1985). A greater probability
of nest failure during fledging favors increased synchrony, while an
equal or greater probability of failure before incubation is begun favors
increased asynchrony. The model predicls that even in the absence of
brood reduction, most species should begin incubation before the last
egg is laid.

This hypothesis cannot be tested experimentally, but nest failure
rates can be measured for the different periods of the nesting cycle. The
observed degree of asynchrony in Snow Buntings (Plectrophenax nivalis)
was consistent with that predicted by the model {Hussell, 1985} Ban-
croft {1985} modified the hypothesis to include partial brood losses; his
model predicted greater levels of asynchrony than he observed in Boat-
tailed Grackles {Quiscalus major). Least Flycatchers (Empidonax mini-
mus) and Yellow Warblers also hatched their eggs more synchronously
than predicted by the model (Briskie and Sealy, 1989; Hébert and Sealy,
1993). It is unclear in these tests if the differences between the predic-
tions of the model and observed hatching patterns are because the
estimates of model parameters are wrong, or because the hypothesis
has been falsified (Magrath, 1990} Recent work by Murray {in press}
questions the validity of some of the assumptions of this model.

4.5.3. Adult Predation Hypothesis

The risk of predation on incubating or brooding adults may affect
the optimal time to initiate incubation (Hussell, 1972; Weathers and
Sullivan, 1989}, Magrath (1988) included the effects of predation on
adults in the Nest Failure model (Clark and Wilson, 1981, 1985; Hus-
sell, 1985) to show that the rate of nest-content loss, the risk to incubat-
ing adults, and the probability of adults breeding again can interact to
affect the timing of the onset of incubation (the Adult Predation Hy-
pothesis). As in the Nest Failure Hypothesis, the relative rates of surviv-
al during different phases of the nesting cycle determine the optimal
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hatching pattern (Magrath, 1988). The two crucial values are the rate of
survival of females during laying before and after incubation starts. A
lower probability of survival while incubating should cause hirds to
delay the onset of incubation to minimize the time spent incubating,
and would cause birds to hatch their eggs more synchronously than
otherwise expected.

Like the Nest Failure Hypothesis, this hypothesis cannot be tested
experimentally. The rates of nest failure and survival of females must
be calculated and used in the model. To date, this hypothesis has not
Wmms wmmaa. perhaps because it is difficult to determine survival rates of
emales,

4.6. Summary of Hypotheses

The categorization of hypotheses in Table I illustrates that a single
species may be subject to multiple, potentially conflicting, selection
pressures in different periods of the nesting cycle that affect patterns of
incubation and hatching. The actual patterns observed in any species
represent a compromise between the relevant intrinsic and extrinsic
selective influences on both incubation and hatching patterns. The
great variety of hatching patterns that exists in birds results from differ-
ences in the costs and benefits derived from these factors among taxa
with different life history.strategies,

Not all of the hypotheses should be considered of equal impor-
tance. Some will only apply to a subset of species with particular
natural history traits. More importantly, however, different factors rep-
resented by various hypotheses affect reproductive success in a hier-
archical manner. For example, for factors affecting nestling survival to
be relevant, eggs must survive until hatching. Patterns of incubation
that promote the survival of eggs may not necessarily produce hatching
patterns that maximize fledging success. Therefore, factors that pro-
mote egg survival may constrain the influence of those that affect nest-
ling survival.

The various hypotheses reviewed above differ in how amenable
they are to experimental testing, to being compared, and to being incor-
porated into a model. The Nest Failure and Adult Predation hypotheses
are not testable by experimental manipulation. However, they are the
only hypotheses that yield quantitative predictions. The Egg Protec-
tion, Limited Breeding Opportunites, Hurry-up, and Larder hypotheses
are difficult to test. Some hypotheses, such as the Egg Viability Hypoth-
esis, can be tested singly, such that other factors are excluded. For many
others, the proposed methodology cannot isolate single factors. For
example, the differences in fledging success between synchronized and
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asynchronous broods may be due to any or ail of the hypotheses based
on adaptive hatching patterns (section 4.4.). Furthermore, the effects of
different factors are measured using different currencies. Most can be
assessed in terms of how they may affect the expected number of fledg-
lings per brood, but the Limited Breeding Opportunities hypothesis
deals with breeding versus not breeding, the Sexual Conflict hypothe-
sis is based on benefits to just females in breeding pairs, and the Adult
Predation hypothesis is based on parental survival. It may be difficult
to compare or model the costs and benefits of factors if their effects are
not expressed in the same units.

5. FINDINGS FROM EXPERIMENTAL TESTS

5.1. Experimental Designs

Although asynchronous hatching is a common phenomenon among
altricial birds, there have been relatively few experimental tests of the
hypotheses compared to the number of observational studies {Clark
and Wilson, 1981). Magrath (1990} and Amundsen and Slagsvold (1991b)
summarized results of 29 manipulative experiments designed to test
hypotheses for the evolution of hatching asynchrony. Several more
studies have been published or presented since these reviews (Beis-
singer and Stoleson, 1991; Seddon and van Heezik, 1991b; Stanback,
1991; Bowinan, 1992; Harper et al., 1992; Hébert and Sealy, 1992, 1993;
Ploger, 1992; Bortolotti and Wiebe, 1993; Hébert, 1993a,b; Slagsvold et
al., 1994; Wiebe and Bortolotti, 1994a,b).

Nearly all experimental studies have focused on adaptive hatching
patterns [Table I). These typically employed an experimental design
that synchronized broods by moving either eggs or nestlings among
nests (35 studies). Success at experimentally synchronous nests was
compared to nests with a natural degree of hatching asynchrony. 8ix
studies included results from nests manipulated to have an exapgerated
degree of hatching asynchrony. Most experimental mﬂc&m.m have ex-
plicitly or implicitly tested the Brood Reduction Hypothesis ﬁ_mw_.m P
although many did not state any hypotheses to be tested a priori.
Many studies have simply described the outcome of synchronization of
hatching without testing any specific predictions.

5.2. Summary of Results

All of the hypotheses based on adaptive hatching patterns (Table I}
predict equal or greater fledging success for nests with a a._mzx.mw de-
gree of hatching asynchrony than experimentally synchronized nests.
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Fledging success of experimentally synchronous nests was frequently
equal to or greater than that of asynchronous broods (Table It). Only one
study reported consistently greater success in asynchronous broods
{Hahn, 1981). In another, asynchronous broods fledged more young in
one of two years (Hébert, 1993a). However, the Brood Reduction Hy-
mc@&&.m predicts greater success from asynchrony only when food is
limited (Magrath, 1989; Pijanowski, 1992}. Two studies manipulated
food availability. Synchronous broods of Eurasian Blackbirds showed
lower fledging success when food was limited (Magrath, 1989), but
there was no similar trend in captive Zebra Finches (Poephila guttata;
Skagen, 1988). Three studies monitored natural food supplies. mwmwmmsm.
success of synchronous broods of White-crowned Pigeons (Columba
leucocephala) and House Wrens (Troglodytes aedon) did not differ
from that of asynchronous broods during periods of food shortage {Bow-
man, 1992; Harper et al., 1992). Synchronized pigeon broods fledged
more young than asynchronous broods when food was abundant (Bow-
man, 1992},

Hypotheses based on food limitations or parental efficiency (Table
1) predict that synchronously-hatched nests should experience lower
growth rates and lower fledging masses of nestlings, increased parental
effort, and assume a greater age of mortality for those chicks that die

TABLE 1l
Summary of the Results of 35 Experimental Tests of Halching Asynchrony
that Compared Asynchronous with Synelironized Broods. Numbers
indicate the number of studies in each category: 5 = Synchronous,
A = Asynchronous. References for experimental tests are annotated
with “{T2)” in the Literature Cited. Modified after Magrath (1990}
and Amundsen and Slagsvold {1991b).

Relative cutcome of experiment

Measure = An S>A S<A Not reported
Number of young fledging 15.5% 17.5% 2 ]
Post-fledging survival 4 0.5 0.5 30
Ags of nestling mortality & 9 o 20
Fledging weight 18 2 6 g
Growth rate 1 3 0 21
Parental effort 4 2 0 29
Parental survival 1 11 o 34

eInchudes small differences that were not statistically significant.
bOpposia effects in good and bad yesrs are counted as 0.5 for each.
«Overall survival equal, but sexes differed by frestment {soeo text).
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compared fo nestlings in asynchronous broods. None of the 14 experi-
mental siudies that measured growth rates found significant differ-
ences between average growth rates of young from synchronous and
asynchronous broods of equal size (Table Ii). Of 26 studies that reported
prefledging masses of nestlings, most {69%) found no significant differ-
ences between masses of nestlings from synchronous and asynchro-
nous broods. One found that only male nestlings from synchronous
broods were significantly lighter (Howe, 1976). Only five studies re-
ported postfledging survival, and four found no differences based on
synchrony (Hébert and Barclay, 1986; Beissinger and Stoleson, 1991;
Harper et al., 1982; Slagsvold et al., 1994); the fourth found that young
fledged from asynchronous broods had a higher survival rate than
young fledged from synchronous broods in a food-poor year, and the
opposite in a food-abundant year (Magrath, 1989). Only six studies
have measured parental effort, using either feeding rates (Fujioka, 1985;
Héberg and Barclay, 1986; Mock and Ploger, 1987; Beissinger and
Stoleson, 1991; Bowman, 1992] or using female mass loss {Amundsen
and Slagsvold, 1991a). Two of these studies found higher feeding rates
for parents of synchronous broods of Cattle Egrets (Fujioka, 1985; Mock
and Ploger, 1987), but the others found no differences (Table II). Only
one study measured the effects of experimental synchrony on the sub-
sequent survival of adults and found no differences when sexes were
pooled, but significant differences between the sexes {Slagsvold et al.,
1994). In 60% of the 15 studies that included information on the timing
of olfspring mortalily, chicks died in synchronous nests at a later age
than did chicks in asynchronous nests; the remainder reported no sig-
nificant differences. Overall only three experimental tests unambigu-
ously support predictions of the Brood Reduction Hypothesis (Hahn,
1981; Magrath, 1989; Hébert, 1993a), although the methodology and
analyses used in Hahn's study make her results difficult to interpret
{Table 11},

We conclude that most of these experiments provide littie evidence
that early incubation and asynchronous hatching confer advantages
for offspring survival after hatching, Asynchronous and synchronous
broods generally produced equal numbers of fledglings, of similar qual-
ity, with similar degrees of parental care. However, the absence of sup-
porting evidence does not constitute rejection of the Brood Reduction
Hypothesis, especially since the hypothesis may have been misapplied
to species that do not experience unpredictable food supplies.

Few hypotheses other than Brood Reduction have been tested ex-
perimentally (Table 1). The nest failure model produced predictions
congruent with observed hatching patterns in only one of four studies
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(Bancroft, 1985; Hussell, 1985; Briskie and Sealy, 1989; Hébert and
Sealy, 1993). Various studies have supported predictions of the Insur-
ance Egg Hypothesis (Anderson, 1990; Bollinger ef al., 1990}, the Egg
Viability Hypothesis {Vinuela, 1991; Veiga, 1992; Stoleson and Beis-
singer, in prep.); and the Sibling Rivalry Hypothesis {Wiebe and Bor-
tolotti, 1994b). Predictions were not supported in tests of the Sibling
Rivalry Hypothesis (Bollinger et al., 1990}, the Sexual Conflict Hypoth-
esis (Slagsvold and Lifield, 1988h; Hébert and Sealy, 1993; Slagsvold
et al., 1994}, or the Peak Load Reduction Hypothesis (Beissinger and
Stoleson, 1991; Wiebe and Bortolotti, 1994b}. Unfortunately, there are
few predictions exclusive to a single hypothesis (Magrath, 19390}, and in
most studies alternative hypotheses could not be eliminated.

5.3. Problems with Experimental Tests of Hypotheses
for Hatching Asynchrony

Of the 39 experimental tests of hatching asynchrony, 34 have been
confined primarily to colonial water birds with small clutch sizes (12
studies), and passerines with slight degrees of hatching asynchrony
{23 studies). Little experimental work has been done on groups in
which asynchrony is the norm, such as raptors, grebes, gruiformes,
coraciiformes, or psittacines (one study each of a bee-eater, a raptor, a
parrot, a pigeon, and a swift). In addition, almost all studies have been
conducted with temperate zone species. Tropical species are thought to
have lower energetic requirements (Weathers, 1979; Bryant and Hails,
1983), slower growth {Ricklefs, 1976), lower prevalence of blood para-
sites (Ricklefs, 1992), and higher nest failure rates [Ricklefs, 1969), and
consequently are probably subject to different selective pressures than
temperate species.

Only 14 studies manipulated asynchronous broods to control for
the possible effects of experimental manipulation. Negative effects of
brood manipulations, such as decreased attentiveness, lower egg hatch-
ability, and lower feeding rates, have been demonstrated (Bryant and
Tatner, 1990; Gotmark, 1992). Therefore caution should be used when
interpreting results from studies that compared unmanipulated asyn-
chronous broods to manipulated synchronous broods. Most studies
have not quantified important measures, such as nestling growth rates,
postfledging survival, and parental effort, that are crucial to assess the
effects of asynchronous hatching on parental investment and reproduc-
tive success. .

Finally, sample sizes in most experimental studies have been small,
and therefore have lacked sufficient statistical power to detect any but
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gross differences between treatments. This problem is not confined to
hatching asynchrony (Peterman, 1980; Graves, 1991; Taylor and Ger-
rodette, 1993). Asynchrony studies have typically employed sample
sizes of 25 or less for synchronized broods {median sample size = 21}.
Testing for differences in the means of two treatments with equal vari-
ances with a student’s t-test (iwo-tailed) using o = 0.05 would have
a statistical power of 0.11 assuming a “small” but real effect of treat-
ment. A small effect as defined by Cohen (1988) signifies an approxi-
mate 15% nonoverlap of the distributions of synchronous and asyn-
chronous scores. In other words, sample sizes of 25 would give an 11%
probability of detecting a real difference between treatments. There-
fore, failure to detect a difference between treatments would be ambig-
uous. Statistical power would increase slightly to 0.41 for a “medium”
effect {approximately 33% nonoverlap of distributions; Cohen, 1988).
Cohen (1988) proposed a statistical power of 0.80 as a convention for
determining adequate sample sizes; this equates to a 20% probability of
accepting a false null hypothesis (Type Il error). In the example above,
the sample sizes necessary to obtain a power of 0.80 are 310 for a small
effect and 50 for a medium effect. Few experimental tests of hatching
asynchrony have had sample sizes over 50 for both treatments (Slagsvold,
1982, 1986a; Bowman, 1992; Harper et al., 1992},

6. SYNTHESIS: INTEGRATING MULTIPLE
HYPOTHESES THROUGH MODELING

6.1. Prior Efforts to Integrate Multiple Hypotheses

Numerous authors have suggested that the broad array of hatching
patterns exhibited by birds may be the result of trade-offs between
multiple factors affecting the onset of incubation and hatching patterns.
Clark and Wilson (1981, 1985) suggested that observed hatch spreads
may represent a trade-off between nest predation and brood reduction.
Mock and Parker (1986) postulated both brood reduction and insurance
functions of smallest nestlings. Others have recognized the probability
that multiple factors interact to produce observed hatching patterns
(e.g., Bollinger et al., 1990; Vifiuela, 1991; Bowman, 1992; Veiga and
Vifiuela, 1993).

Few researchers have attempted to integrate the effects of multiple
factors on hatching patterns. In a different context, Arnold et al. (1987)
combined the effects of egg viability and risk of nest loss to determine
constraints on clutch size in waterfowl, The risk of predation of adults
was combined with the nest failure model by Magrath (1988). Stouffer
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(1989) created a stochastic model based on empirical data to evaluate
the effects of nest failure, brood parasitism, egg removal, and brood
reduction on reproductive success in Starlings.

Recently, Konarzewski (1993) created & mathematical model that
includes the influence of hatching asynchrony, hatching failure, nest-
ling failure, brood reduction, and environmental variation on clutch
size. This model is a useful heuristic tool to understand the joint effects
and relative strengths of different factors on reproductive success. How-
ever, its general applicability is limited for several reasons. The model
is based on incubation beginning after a base clutch is laid, and examin-
ing the effects of laying additional eggs that hatch progressively more
asynchronously. This pattern may apply to some species, such as the
Dark-eyed Junco (Smith, 1988), but may be inappropriate for others in
which asynchrony is not a function of clutch size, or for those that
begin incubation on the first egg. Egg hatchability was considered only
in terms of how it may affect the insurance value of extra eggs. The
mode! does not consider the fact that viability of eggs may be a function
of the onset of incubation. Some of the required parameters of the
model are difficult to measure empirically, such as the additional effort
expended by parents prior to the death of extra chicks. Konarzewski
included environmental variability in the model as the proportion of
“good” years. He defined good food years as those years in which an
extra nestling survives even when all of its older sibs hatch. Thus, the
model ignores mortality of last-hatched nestlings due only to size dif-
ferences, though cmpirical evidence suggests this is a widespread cost
of hatching asynchrony {Stanback, 1991}. Furthermore, Konarzewski
suggested that his model shows environmental variation has a signifi-
cant effect on the fitness benefits of extra, asynchronously-hatched
eggs. This conclusion is hardly surprising since environmental varia-
tion was defined in terms of its effects on fitness. Thus, his model is of
limited value in evaluating the relative effects of factors influencing the
onset of incubation among different species, and is mostly irrelevant
for the interpretation of results of experimental tests of hypotheses for
hatching asynchrony.

6.2. Modeling Trade-offs in the Onset of Incubation

A clear methodology is needed to integrate the explicit trade-offs
between factors affecting the onset of incubation. We advocate the use
of stochastic models based on empirical data, such as that used by
Stouffer (1989), to quantitatively assess the effects of multiple factors
on fledging success. Because reproduction is a hierarchical process,
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transition probabilities of survivorship for each egg from one reproduc-
tive stage to the next (e.g., preincubation, incubation, brooding, post-
brooding, and fledging) can be determined in relation to the effects on
survivorship of the onset of incubation. Perhaps the most readily quan-
tifiable factors that affect survivorship are: (1) the duration of exposure
to eggs before incubation begins and its effects on nest predation and
egg hatchability; (2) hatching spread and its effect on brood reduction;
and {3) the time between the fledging of first and last chicks and the
likelihood of nest predation (Fig. 5). Delaying incubation may cause a
decline in the viability of first-laid eggs. But initiating incubation early
results in an increased likelihood of brood reduction of last-hatched
chicks {Fig. 6). Rifferent aspects of nest failure are affected as incuba-
tion is delayed. Delaying incubation increases the time until fledging of
the first young and so increases the chances of total brood failure.
However, initiating incubation early causes nests to contain chicks fora
longer period of time (Fig. 6). In many species nestlings may be more
likely to be depredated than eggs, so this may increase the risk of nest
failure.

The trade-cffs that a parent makes when initiating incubation can
be stochastically simulated by using transition probabilities to estimate
the survivorship of individual eggs in a clutch and expected reproduc-
tive success under different scenarios for the onset of incubation. Sur-
vival probabilities from egg viability, brood reduction, and nest failure
can be parameterized for each egg based on empirical data (Fig. 5).

In our model (Figure 7}, cach egy is given a probability of surviving
from laying to hatching (Py). This probability is the product of the
probability of an egg remaining viable (P,), derived from the relation
between duration of exposure (i) and egg viability, and the probabiiity
of nest failure during the laying period (P,). Each hatchling is given a

Egg j—® |Hatch | —=| Nestling [—m | Fledge

br f

FIGURE 5. Transition probabllities used to construct a simple model of hatching asyn-
chrony. ', = the probability of an egg remaining viable before the onset of incubation. P,
= the probability of the nest surviving the period before the onsst of Incubation. P, = the
probability of a nestling surviving the period of braod reduction. Py = the probability of a
nestling surviving the period from the fledging of the first nestling until it fledges itself.
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FIGURE 6. A graphical representation of the trade-offs from tha onset of incubation on
offspring survival. As synchrony increases, delaying incubation may cause a decline in
the viahility of first-laid eggs, but may improve the likelihood of survival for last-hatched
chicks. Defaying incubation increases the time until fledging of the first young, thus
increasing the chances for total brood failure. However, delaying incubation also de-
creases the amount of time the nest contains chicks, which may decrease the probability
of nest failure.
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probability of surviving from hatching through the period of brood
reduction (Py,). This probability is a function of the age difference be-
tween the current nestling and the first-hatched nestling {a). However,
other conditions may influence it as well. The probability of surviving
the brood reduction stage may also depend on the number of surviving
older siblings, the total brood size, the sex of the individual nestling, or
the food supply. The transitional probability Py, must be determined for
individual species based on empirical data. The likelihood of total nest
failure from the onset of incubation until the first fledging is ignored in
the model, because those stages of the nesting cycle are constant in
duration and unaffected by changes in the onset of incubation (Fig. 1).
‘Those nestlings that survive the brood reduction period are given a
probability of surviving the pericd of fledging (Py, or P, of Clark and
Wilson, 1981). This probability is a function of the interval between the
fledging of the first young and the current young (f), and may be consid-
ered an index of predation pressure exerted on nestlings as a result of
asynchrony. .

In the stochastic simulation, the survival of each egg or chick is
determined by drawing a random number from a binomial distribution
with parameters based on the transitional probabilities for that particu-
lar stage of the nesting cycle. The number of young surviving to fledg-
ing from the brood is then tallied for each iteration (Fig. 7). The mean
number of chicks that fledge can then be compared between different
incubation regimes.

‘Iransition probabilitics can be eilher ubsolute measures of survival
during the nesting stages, or relative measures. Relative measures indi-
cate the effect of individual factors on survivorship. For example, Veiga
{1992) reported hatching success for experimental and unmanipulated
control eggs in his viability experiments. The reported hatching suc-
cess of experimental eggs is an absolute measure of P,, and includes
hatching failures for causes other than loss of viability due to exposure
to ambient temperatures. The difference in hatching success between
experimental eggs and their controls is a relative measure, and repre-
sents that fraction of hatchability that is due to the viability effect. The
use of relative rather than absolute measures involves a loss of quantita-
tive accuracy for predictions of fledging success, but provides a better
assessment of the relative importance of individual factors. Also when
using relative measures, the use of appropriate experimental controls
becomes critical.

It may be possible to incorporate other hypotheses into this model-
ing framework if their effects on offspring survival can be quantified.
For example, Stouffer (1989) included the effects of brood parasitism
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ﬂocmﬂm 7. Flaw chart of the stochastic modet of the effects of egg viability, brood reduc-
tion, and total nest failure on breeding success in the House Sparrow. Each iteration
determined the fate of all eggs in a clutch of five, based on initiating incubation on egg j.
For each egg n, the interval i between the laying of the first egg and the nth egg was
nm.wnﬁ_mﬁm as a function of j. The egg was assigned a probability P.(i) of escaping total nest
failure during interval i, and a probability P.{i} of remaining viable as a function of the
nmaxmu of i. These two probebilities were compared to two random numbers from
hinomial distributions. If both P, (1} and (i) were greater than their respective random
numbers, then egg nt hatched (Y}, Otherwise, the egg did not hatch (N} and the model
considered the next egg. If egg n hatched, the spread a between the hatch of egg n and the
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on reproductive success. It may also be possible to incorporate environ-
mental variation in the model if it can be defined in a noncircular
manner. If successful, such a modeling procedure would allow the
evaluation of the relative importance of various hypotheses for hatch-
ing asynchrony, and identify the critical period in the nesting cycle for
the species in question. The model may also provide a framework for
designing studies of and making predictions for other species.

6.3. Modeling Asynchrony: An Example
Using the House Sparrow

We present an example that incorporates empirical data from the
literature into the model to illustrate its parameterization and use. Un-
fortunately, adequate data do not exist for any single species. We chose
the House Sparrow because it is the only altricial species for which the
effects of incubation patterns on ©gg viability have been published
{Veiga, 1992). These include separate values for the effects of exposure
for nests initiated early and late in the season {Table I1I}. We calculated
the relative effect of exposure on hatchability as the differencein hatch-
ability between control and experimental eggs. Nest failure rates are
taken from Table I of Clark and Wilson's review (1981) for a different
population of sparrows. There are no data on the daily probability of
nest failure prior to the onset of incubation or after the first fledging, so
we used failure rates for incubation and rates from first hatch to first
fledge, respectively (P, and P, of Clark and Wilson). The length of these
stages are from Lowther and Cink {1992). Survival probabilities for the
brood reduction stage were estimated from Veiga (1990) and Veiga and
Vifiuela (1993). These values for P, are likely to be overestimates be-
cause the ariginal data present the probability of survival as a function
of hatch order rather than as a function of g, the hatch spread, and cover
the entire nesting period rather than a well-defined brood reduction
period. Our model used only the modal clutch size of five eggs.

first agg was calculated. The nestiing was assigned a probability Pyfa} of surviving the
brood reduction peried as a function of a. If P, (8) was greater than a random number
from a binomial distribution, then nestlings survived (Y). Otherwise, the nestling died
(N), and the model considerad the next opg. For surviving nestlings, the interval f between
the fledging of the first chick and chick n was calculated as 2 function of }. Chicks were
assigned a probability P,{f} of escaping total nest fatlure during the fledging period as &
function of f. 1 P{f} was greater than a random number from a binomial distribution, then
the nestling fledged {Y). Otherwiss, the nestling died before fledging, and the model
considersd the next egg (N). The number of eggs that survive to fledge was tallied for sach

clutch.
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. TABLE 11
Parameter Values Used in Stochastic Simulations of Breeding
in the House Sparrows

P,

Interval

f,a,orf Barly Late Average Py, P, [
0 0.988 0.851 0.865 1.000 1.000 1.000
1 0.988 8.8960 0.872 0.850 (.983 0.984
2 0.930 - 0.955 0.940 0.930 0.987 0.967
3 0.874 0.785 0.834 0.870 0.950 0.951
4 0.828 6.723 0.774 0.550 0.934 0.936

«P, = the probability of an egg being viable; P, = the probability of a nostling suiviving the brood
teduction period; P, = the probability of nest failuto prior {o the enset of incubation, Py = the
probability of nest failure after the first fledge: i = the interval in days between the leying of an egg
and the onset of incubation; a = the interval in days bstween the hatching of the first nestling and the
vmwnwmnmn of the nth nestling: f = the interval in days batween the fledging of the first nestling and the
nth nestling.

Separate simulations of the model were performed beginning with
incubation on each of the five eggs, and for both early and late season
nests. All simulations were run for 1000 iterations. Results of the sim-
ulations were in the form of integer values of the expected number of
young fledged. These values were compared among simulations differ-
ing in the onset of incubation using Chi-square tests {(Manly, 1991).

Results of all simulations showed that the maximum number of
fledglings was produced by initiating incubation on the third egg (Fig.
8). Using early season values for egg viability, initiating incubation on
the second, third, or fourth eggs did not produce significantly different
fledging success (pairwise comparisons, all x? < 5.36, df = 2, P >
0.137). Fledging success produced by beginning incubation on the first
or fifth egg differed from each other and from yields for other incuba-
tion patterns (pairwise comparisons, all x2 > 28.0, df = 2, P < 0.001}.
For late season viability values, fledging success differed significantly
among all incubation strategies (all pairwise comparisons, x* > 9.5, df
= 2, P < 0.01). Early and late season viability values produced similar
fledging success when incubation was begun on the first, second, or
third eggs (pairwise comparisons, all x2 < 1.78, df = 3, P > 0.60; Fig. 8).
However, late season nests produced fewer fledglings than early season
nests when incubation was begun on the fourth or fifth egg (x* > 13.0,
df = 3, P < 0.01 for both). This was a result of the greater decrease in
viability as air temperature increased later in the nesting season (Veiga,
1992).
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FIGURE 8. The mean number of fledglings per nest as a function of the egg on which
incubation was begun, from & stochastic simulation of breeding in the House Sparrow.
Simulations were tun using viability probabilities {P,} for early season and late season
nests separately. All points represent the mean values of 1008 iterations, and bars repre-
sent standard errors of the means.

The relative importance of different factors in the simulation on
reproductive success can be assessed by conducting a sensitivity analy-
sis. The sensitivity of a parameter is measured as the proportional
change in the expected yield of fledglings that results from changing
the value of that parameter. We decreased each parameter by 10% for
beginning on the first, third, and fifth egg (Table IV). For these simula-
tions, we used an average of the early and late season viability values.

The impact of changing individual transition probabilities varied
with the incubation strategy. Those parameters based on the period of
egg laying before the onset of incubation, such as P, and P, values, had
little effect on fledging success when incubation started on the first egg,
and became progressively more important as the preincubation period
lengthened. In contrast, Py, values became progressively less critical as
incubation started later. In the House Sparrow, it appears that changes
in nest failure rates (P, and Py) have little effect on overall success,
perhaps because the original rates were very low, reflecting the species’
preference for nesting in cavities, - :
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TABLE IV
Sensitivity of the Expected Yield of Fledglings
under Three Incubation Strategies to a 10%
Decrease in Each Model Parameter

Incubation begun on:

Parameter Egg 1 Egeg 3 Egg 5
P, 0.0 >0.1 0.3
P, >0.1 >0.1 0.0
P,

o 10.3 6.1 2.3
E, 0.0 2.1 2.3
B, 0.0 2.1 1.9
E, 0.0 0.0 1.7
E, 0.0 6.0 1.1

Py
N, 2.7 6.6 10.0
N, 2.1 1.9 0.0
N, 2.4 1.9 0.0
N, 2.1 0.0 0.0
N, 1.5 0.0 0.0

aExpressed as percentage changs fram the initial value for that
stiatagy.

The effects of viability and brood reduction were of similar magni-
tude in this model (Table [V}. This relatively even trade-off is the reason
that the intermediate incubation strategy, beginning on the third egg,
has the greatest reproductive success. With this strategy, the costs of
delaying incubation, expressed as a decline in the viability of first-laid
eggs, counterbalanced the costs of initiating incubation early, expressed
as a reduced survivorship of later-hatched chicks (Fig. 8). The balanced
nature of this trade-off in the House Sparrow has some empirical sup-
port. Corpared to relatively synchronous broods, relatively asynchro-
nous broods experienced greater hatching success and lower survivor-
ship of later-hatched nestlings, but overall fledging success did not
differ between the two groups (Veiga and Viiuela, 1993).

In the model, the probability of nestling N; surviving the brood
reduction period (P,,,} was strictly a function of the difference in age
between N; and N,. In other words, the death of a nestling within the
brood was assumed to have no effect on the survival of its nestmates.
This simplistic approach was used because no data on conditional
survival probabilities were available for the House Sparrow. However,
nestling survival may be affected by brood size as well as age differ-
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ences within a brood (e.g., Ricklefs, 1965; Werschkul, 1979; Stouffer,
1989). In particular, if an older nestling dies, the smallest nestling may
have a geeatly increased chance of survival (but see Stanback, 1991).
This “insurance” effect was added to the House Sparrow model by
incorporating a facultative adjustment to the size rank of nestlings
based on the fate of their older sibs. For example, in & completely
asynchronous brood, if N, dies, then N;, N,, and N, are given the
transition probabilities for N, Ny, and N,, respectively. Simulations
were run of this modified age and brood size dependent model using an
average of early and late season viability values.

Results from the age and brood size dependent model showed two
major changes from the age dependent model (Fig. g). The mean num-
ber of fledglings produced was greater in the age and brood size depen-
dent model, which included the insurance effect, than in the age de-
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FIGURE 9. The mean number of fledglings per nest as a function of the egg on which
incubation is begun, from a stochastic simulation of breeding in the House Sparrow using
two different models of offspring survival during the brood reduction pericd. In the basic
modsl, Py, was age-dependent. The second model was modified to Include a facuitative
adjustment in the probability of surviviag broed reduction based on the fate of older
siblings, so that P, was dependent on both age and brood size. See text for details of the
models. Simulations used an average of early- and late-season viability values. All points
represent the mean valtes of 1000 lterations, and bars represent stendard errors of the
means.
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pendent model, for all incubation strategies except for starting on egg 5,
when all nestlings had the same size rank. Because the probability of
survival for younger nestlings increased if an older sib died, the inher-
ent costs of brood reduction were reduced. When an average of early
and late viability values were used, the age dependent model suggested
similar fledging success when incubation was begun on egg 3 or 4 (x* =
99.7, P = 0.53; Fig. 9). Because the inherent costs of early incubation
are mitigated in the age and brood size dependent model, beginning
incubation on the third egg became a better strategy than beginning on
the fourth egg {x2 = 202, df = 3, P < 0.001}. In general, when an
insurance effect of clutch size can be demonstrated, early incubation
bacomes relatively more advantageous.

This approach of modeling multiple factors may provide a clear
and consistent methodology for exploring the impact and interactions
of different factors that potentially affect the onset of incubation and
subsequent hatching patterns. It may help to identify the trade-offs that
parents face in trying to maximize their reproductive success. To do s0,
however, will require that different factors or hypotheses (i.e., Section
4) can be measured in relation to their effects on egg or nestling surviv-
al. Not all hypotheses, however, are easily related or measured in those
terms.

7. CONCLUSIONS

Asynchronous hatching of bird eggs has intrigued and puzzled
ornithologists for decades, because of the Paradox of Hatching Asyn-
chrony: parents primarily contro} the onset of development for eggs, yet
appear to choose a pattern of hatching that frequently results in off-
spring mortality. The Paradox of Hatching Asynchrony has been the
subject of considerable research, and 17 hypotheses have been pro-
posed to account for this phenomenon (Table I}. The Brood Reduction
Hypothesis appeared to provide a solution. Most studies have tested
this hypothesis or others that also seek an adaptive function for asyn-
chronous hatching and the resulting nestling size hierarchy, i.e., those
hypotheses for which the nestling period is the critical period of the
nesting cycle (Table I). Such tests have provided little evidence that
early incubation leading to asynchronous hatching confers advantages
for offspring survival after hatching or reduces parental investments
(Teble II). These studies have ignored the physiological, environmental,
and social constraints that directly affect the onset of incubation, and
the possible adaptive significance of early incubation.

We feel it is important for studies of hatching asynchrony to refocus
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attention from the search for adaptive hatching patterns during the
nestling period to the events surrounding the onset of incubation dur-
ing egg-laying. Hatching patterns are primarily determined by the tim-
ing of the onset of incubation (Figs. 1 and 2). But the onset of incubation
may reflect phylogenetic or physiological constraints. Asynchronous
hatching appears to be a derived condition, and there is little variation
in hatching patterns in many orders and families (Figs. 3 and 4). It is not
clear if these similarities among species are due to similar selection
regimes or because the traits are phylogenetically fixed. Hormonal con-
trols of egg-laying and incubation behavior may circumscribe when
incubation can begin. Likewise, fluctuations in the food available to
laying females may also facultatively influence the initiation of incuba-
tion, These factors may constrain the range of possible incubation pat-
terns and the resulting asynchrony of haiching patterns.

The onset of incubation involves a decision that results in trade-
offs among promoting a parent’s own survival, promoting survival of
the embryos, and the costs and benefits inherent to a particular hatch-
ing pattern that aifect nestling survival. There are a variety of benefits
that birds may derive from the early onset of incubation, such as pro-
tecting eggs from adverse effects of the environment, predators, brood
parasites, and reproductive interference. In many instances, it appears
that asynchronous hatching may jtself be the cost of initiating incuba-
tion early. This cost is manifested through increased offspring mortality
due to age differences among offspring, from starvation, accidents, or
passive competition among nestlings.

If birds derive benefits from early incubation itself, then the result-
ing nestling size hierarchy and the mortality of the smallest nestlings
may simply be epiphenomena. One might then expect mechanisms to
evolve to offset the competitive disadvantages experienced by smallest
nestlings. Indeed, some species do exhibit such behaviors. In & number
of species, one or both parents preferentially fed younger nestlings
(Ferguson and Sealy, 1983; Stamps et al., 1985; Gottlander, 1987; Sas-
véri, 1990). Maguari Stork (Ciconia maguari) parents fad their broods a
variety of different-sized food items simultaneously; larger young tend-
ed to eat the largest items, allowing smaller young to feed on the small-
gr items {Thomas, 1984). No brood reduction occurs in this species
despite an extreme disparity in nestling sizes. Finally, parents may
even be more aggressive towards larger, more competitive chicks to
aliow smaller chicks more access to food (Leonard et al., 1988). These
observations are consistent with the premise that hatching asynchrony
may be in part a consequence, and not the cause, of early incubation.

It has become increasingly obvious that no one hypothesis is suffi-
cient to explain hatching patterns in all species. It is also likely that
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single species may be subject to muitiple factors that influence the
onset of incubation and the resulting hatching patterns. Variation in the
onset of incubation among species is likely to be a function of the costs
and benefits derived from these factors, and from their interactions.
Thus, effects of the onset of incubation on survival of both eggs during
the laying period (as a result of parental neglect) and chicks during the
nestling period {as a result of size differences) must be considered, as
shown in the House Sparrow examples (Figs. 8 and 9). Multiple factors
should be tested, one at a time in a coordinated manner, to determine
their effects on reproductive success as a function of different incuba-
tion strategies. Results should be integrated in models (e.g., Fig. 7) to
evaluate the relative importance of each factor and the combinations
that lead to greatest reproductive success. The effects on fitness of
different factors affecting the onset of incubation may become evident
only when considered jointly in this manner. If the interactions of
different factors are simple enough, they can be evaluated analytically
(e.g., Arnold et al., 1987). Mare likely, interactions of different factors
will be probablistic in nature, necessitating the use of stochastic mod-
els such as the one we presented.

Finally, important experimental results are most likely to be pro-
duced from studies of taxa where asynchrony is not merely a result of
phylogenetic or physiological constraints. For example, it is not clear
whether a small degree of asynchrony (2448 hr), as is typical of pas-
serines, represents an adaptation or is an incidental effect of the me-
chanics of egg-laying. Greater hatch spreads are more likely to indi-
cate true adaptations. The majority of hatching asynchrony studies
have been done with carnivorous or insectivorous species in temperate
areas. Rapid advances are likely to occur by studying species with
fundamentally different selective regimes. In taxonomic groups that
exhibit variation in hatch spreads (e.g., the Rallidae), the variation in
asynchrony among species may illustrate different factors affecting the
onset of incubation in those species. Such taxa are especially amenable
to comparative analyses. By rigorously assessing multiple factors in
appropriate species and using modern comparative approaches, studies
of hatching asynchrony will progress out of the “stagnant backwater of
population biology” and into the mainstream.

8. SUMMARY

1. Birds are unigue among animals in being able to influence the
birthing intervals of their young through the timing of the onset incube-

HATCHING ASYNGHRONY REVISITED 2583

tion. However, many species hatch their young asynchronously, fre-
quently resulting in reduced survivorship for later-hatched young. This
is the Paradox of Hatching Asyrchrony.

2. The Brood Reduction Hypothesis provided a resolution to the
paradox by suggesting an adaptive function to the offspring mortality
that results from asynchrony. Experimental tests have provided little
support, and 16 alternative hypotheses have been proposed, but few
have been tested. Most experimental tests have not measured important
parameters such as parental effort and postiledging survival. Many
have lacked adequate controls or sufficient statistical power.

3. We divide the hypotheses for hatching asynchrony into four
categories based on the effects of intrinsic or extrinsic factors during a
critical period of the nesting cycle which constrains reproductive suc-
cess. Hatching asynchrony could be simply the consequence of the
early onset of incubation during egg-laying, either as a result of phys-
jological constraints on incubation or because parents derive fitness
benefits from the protective function of early incubation. During the
nestling period, hatching asynchrony could be adaptive if it allowed
parents to eliminate one or more nestlings selectively, or increased
parental efficiency. Alternatively, parents could manipulate the dura-
tion of the different periods of the nesting cycle to maximize benefits.

4. Because the onset of incubation generally determines hatching
patterns, we encourage refocusing attention from the search for adap-
tive hatching patterns during the nestling period to the events sur-
rounding the onset of incubation during egg-laying. Many factors can
affect when incubation is begun, including physiology, and interac-
tions with the environment, predators, competitors, and mates.

5. Patterns of the onset of incubation are difficult to determine and
to quantify, in part because many birds begin incubating gradually, or at
night. In some species, the onset of incubation varies with clutch size,
but not in others.

6. The onset of incubation is the principle proximate contiul of
hatching patterns, but other factors, such as egg size, embryonic vocali-
zations, and time of year may also affect hatching patterns.

7. Synchronous hatching is the primitive condition in birds, and is
widespread in the lower, primarily precocial taxa. Most altricial spe-
cies hatch their eggs asynchronously, although some exhibit synchrony
as a secondarily derived trait. Hatching patterns show wide variation
within some orders and families.

8. Patterns of the onset of incubation and hatching in a species
may reflect the influence of multiple factors. The relative importance of
those factors may depend on the trade-offs associated with the poten-
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tial benefits of early incubation to the survival of eggs and the potential
costs to the survivor of later-hatching young associated with nestling
size hierarchies. ‘

9. The relative effects of multiple factors can be examined by inte-
grating the results of empirical tests of single factors through modeling.

10. We demonstrated the use of a stochastic model by using empir-
ical data from the House Sparrow. Results revealed the trade-offs inher-
ent in the onset of incubation from differences in egg viability and
nestling survivorship. An intermediate onset of incubation produced
the greatest fledging success.

11. Other factors may be integrated into such models if they can be
measured in terms of their effects on fledging success. Different factors,
represented by different hypotheses, vary in how readily they may be
modeled.
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