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Chapter 1

Impaired Predator Evasion in the Life History
of Birds: Behavioral and Physiological
Adaptations to Reduced Flight Ability

Johan Lind, Sven Jakobsson, and Cecilia Kullberg

1.1 Introduction

Because the failure to escape a predator causes death to a prey animal, and thus excludes
opportunities to reproduce in the future, predation is a major selective force in
nature (e.g., Lima and Dill 1990; Dawkins and Krebs 1979). To evade attacks from
an array of different predators successfully is thus of key importance for all
potential prey organisms. In most animals there are periods in their life when they
are more susceptible to predation than at other times. For example, the reproductive
period might be associated with enhanced predation risk (see Magnhagen 1991
for a review). In birds, the most common way of escaping from predators is to use
the ability to fly, and when birds are attacked by predators, take-off ability and
maneuverability in flight are crucial for survival (e.g., Rudebeck 1950). Changes in
body mass or wing area will change wing load (body mass/wing area, see
Pennycuick 1989) and thus potentially will affect flight ability. Such changes in
wing load may lead to variation in predation risk during a bird’s life. Periods
when birds may have impaired evasive abilities because of changes in wing
load include during migration (increased mass from fat storage), reproduction
(increased mass from egg load), and molt (reduced wing area from feather loss
and growth).

An impaired ability to evade predator attacks may be subdivided into two parts
(Witter and Cuthill 1993): (1) reduced take-off ability and (2) impaired perfor-
mance in flight once fully airborne. When discussing flight in general, we will
use the term “flight ability,” which incorporates both of these aspects of predator
evasion (1 and 2). To emphasize the importance of rapid take-off, in terms of both
speed and angle of ascent, it should be noted that many predators rely on surprise
attack, where the success rate is much reduced if the prey gets fully airborne.
Furthermore, take-off ability may affect an individual’s survival, because many
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2 J. Lind et al.

avian species evade surprise attacks by short, quick flights to protective cover
(Cresswell 1996; Lindstrom 1989; Newton 1986; Kenward 1978; Rudebeck
1950). Recently, Bednekoff (1996) suggested that predation risk per attack
increases exponentially with the time required to reach protective cover, so high
flight speed should be important when escaping from predator attacks. But
another theoretical study suggests that under some circumstances flight ability
may be of minor importance for birds subjected to predators’ surprise attacks
(Lind 2004). Another important aspect of predator evasion is maneuverability
(e.g., Howland 1974); some birds of prey are not solely dependent on surprise
attacks, but may pursue the prey for considerable time and distance (e.g.,
Rudebeck 1950). As these aspects of flight are important in terms of predator
avoidance, they most likely influence individual survival and fitness; hence, it is
reasonable to believe that they have been optimized through natural selection
(e.g., Lima 1993).

Empirical studies so far suggest that birds face an increased predation risk
through reduced ability to escape when wing load increases. Table 1.1 summa-
rizes the empirical studies that we refer to in this review. The effects of increases
in body mass on escape flight ability are summarized in Fig. 1.1. The scope of
this review is to discuss research that has investigated how various factors influ-
ence bird-flight ability, especially in the context of evading predators. Because
increased predation risk from impaired predator evasion may lead to different
adaptations, we will focus on the physiological and behavioral adaptations that
reduce the risk of being killed.
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Fig. 1.1 Impaired take-off ability (%) in relation to natural body mass increase (%) due to
reproduction, diurnal body mass increase and migratory fuel load. Filled symbols indicate effect
on take-off speed and open symbols indicate effects on take-off angle. Filled triangle/open
triangle — reproduction. Filled square/open square — diurnal body mass increase. Open circle/
filled circle — migratory fuel load. Symbols for diurnal body mass increase represents six sedentary
where no effect could be found. Data from studies in Table 1.1
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Fig. 1.2 Examples of methods used to measure escape flights. (a) Experimental setup where a
predator model emerges from a blind simulating a predator attack. (b) Vertical take-off ability has
been measured in a high narrow cage. The birds are released at the bottom and trapped in the
collecting cage at the top

1.2 Measuring Escape Flight Ability

Empirical studies measuring variation in escape flight ability in birds have used
different setups to record the initial take-off within the first 1.5 m of the flight. The
take-offs are video recorded and then analyzed with respect to speed and, in some
cases, angle of ascent. We have broadly defined the studies cited in this review into
three different categories (Table 1.1):

1. Take-off when attacked by a model raptor (Fig. 1.2a)

2. Take-off when released directly from the hand of the experimenter accompanied
by a startle sound

3. Take-off in a narrow cage, forcing the bird to fly vertically by releasing it from
the hand or from a box (Fig. 1.2b)

In addition, maneuverability has been assessed in some studies by flying birds
through an obstacle course with wooden poles hanging from the roof of a long nar-
row aviary. Maneuverability has been measured by counting the number of contacts
with the poles and time required to fly across the course (see Witter et al. 1994).

1.3 Body Mass Variation

The relationship between increased body mass and flight ability was the first issue
studied in the framework of impaired predator evasion. The suggestive and indirect
evidence for a cost of increasing mass by increasing fat reserves (in terms of
increased risk of predation) came from the fact that birds store energy well below
physiological and environmental maxima (e.g., Macleod et al. 2007; Gosler et al. 1995;
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Witter and Cuthill 1993; Rogers 1987; Blem 1976). As pointed out by Witter and
Cuthill (1993), predation risk, metabolism, risk of injuries, foraging efficiency,
reproduction, and pathology may be affected by high body mass, thereby reducing
the individual’s fitness. Theoretically, increased body mass could affect predation
risk in mainly two ways: indirectly by mass-dependent metabolism and directly by
mass-dependent predation risk (Houston and McNamara 1993). A heavy bird may
have higher energy demands for maintenance of body mass that may force it to
spend more time foraging, and, thus, suffer from increased exposure to predators
(e.g., Witter and Cuthill 1993; Lima 1986). Furthermore, a heavy bird may be less
adept at escaping from a predator once it is actually attacked (e.g., Hedenstrom
1992; Blem 1975).

The most widely recognized reason for birds varying their body mass is through
variation in fat reserves. Birds use fat as their main source of energy, both to ensure
overnight survival and as fuel during migration (e.g., Blem 1976). Furthermore,
during reproduction female birds increase in body mass because of the presence of
an egg load and the growth of the gonads (Moreno 1989). Several theoretical stud-
ies have assumed that increased body mass should affect flight ability detrimentally
by increasing wing load (e.g., Pennycuick 1989; Lima 1986; Blem 1976).
Hedenstrom (1992) substantiated this assumption by using bird-flight theory
(Pennycuick 1975), and showed theoretically that many aspects of bird flight, such
as minimum turning radius, acceleration, maximum flight speed, and climb rate,
should be negatively affected by an increase in body mass.

1.3.1 Diurnal Variation in Body Mass

The regulation of energy reserves in small birds during winter has received much
attention in recent years. Fat, particularly triglycerids, makes up most of birds’
energy reserves and is efficiently used as energy storage because oxidation of fat
yields more energy per unit mass than either carbohydrate or protein (Schmidt-
Nielsen 1990). However, energy reserves do contain more than just fat (Dolnik and
Bluymental 1967). For example, proteins have been shown to make up a signifi-
cant part of birds’ energy reserves during long-distance migration (e.g., Bauchinger
and Biebach 2001; Lindstrom and Piersma 1993). Therefore, the term fuel load
instead of fat load is preferably used when discussing energy reserves (see also a
review by Piersma and Lindstréom 1997). These energy reserves may be regulated
by a trade-off between the benefits (reduced starvation risk) and the costs of
increased risk of predation (see, e.g., Lind and Cresswell 2005; McNamara and
Houston 1990; Lima 1986). According to several theoretical studies, wintering
birds should adjust daily energy reserves to food availability, metabolic require-
ments, and predation risk (Brodin 2000; Houston et al. 1993, 1997; Clark and
Ekman 1995; Bednekoff and Houston 1994a, b; Grubb and Pravosudov 1994;
McNamara et al. 1994; McNamara and Houston 1990; Lima 1986). If food is
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scarce or unpredictable and if metabolic requirements are high because of, for
example, low ambient temperatures, birds should increase energy reserves to
reduce the risk of starvation. Empirical studies of the regulation of energy reserves
in wintering birds support these theoretical predictions (e.g., Macleod et al. 2007;
Gosler 1996; Lilliendahl et al. 1996; Bednekoff and Krebs 1995; Witter et al.
1995; Ekman and Hake 1990; Rogers 1987; however, see Dall and Witter 1998).
Furthermore, in accordance with the assumption that enlarged energy reserves
increase the risk of predation, some studies indicate that wintering birds adjust
body mass to the perceived risk of predation, which suggests a trade-off between
the risk of starvation and predation. In England, a population of Great Tits (Parus
major) became heavier over a period of years when Sparrowhawks (Accipiter
nisus) were absent because of pesticide poisoning, and declined in mass when the
hawks were reestablished (Gosler et al. 1995; but see Cresswell et al. 2009).
Similarly, in a laboratory study of wintering Greenfinches (Carduelis chloris) a
stuffed predator model that moved in the bird’s environment resulted in lower
body masses (Lilliendahl 1997; see also van der Veen 1999). But birds have also
been found to increase their body mass in response to increased predation risk
(Lilliendahl 1998; Pravosudov and Grubb 1998). A large-scale study of 30 bird
species and over 300,000 banded individuals showed that the way that birds
respond with mass change to predation risk seems to be determined by habitat
quality and the opportunities for safe foraging conditions (Macleod et al. 2007; see
also Cresswell et al. 2009).

In the first empirical study actually investigating flight performance in relation
to natural increase in body mass, Metcalfe and Ure (1995) showed impaired flight
in Zebra Fiches (Taeniopygia guttata) attributable to a 7% increase in body mass
during the day. Zebra Finches had a 30% lower take-off speed at dusk than at
dawn. The authors concluded from their results that small birds are inherently
more vulnerable to predation at dusk than at dawn. However, the result was mainly
based on spontaneous take-offs without predator stimuli and only a few measure-
ments were made on alarmed take-offs. Spontaneous take-offs are likely to be
affected by a heavy body mass because birds might fly slower when heavier to
reduce energy costs (Pennycuick 1989). On the other hand, when attacked by a
predator birds should use all available energy to minimize the risk of being caught
(cf. Hedenstrom and Alerstam 1995). So far empirical studies on escape flight
ability in birds have been unsuccessful in demonstrating any change in escape
flight as a result of natural increases in daily body mass ranging from 6 to approxi-
mately 8% (e.g., studies on Yellowhammers (Emberiza citrinella) and Greenfinches:
van der Veen and Lindstrom 2000; Willow Tits (Parus montanus): Kullberg 1998:
Great Tits — Kullberg et al. 1998; Zebra Finches: Veasey et al. 1998). In contrast
to these findings, Witter et al. (1994) found an effect on maneuverability and angle
of ascent in European Starlings (Sturnus vulgaris) when adding artificial weights
in the range of 7-14% of the birds’ body mass. This is in the normal range of
variation in diurnal mass; however, the use of artificial weights may make inter-
pretations ambiguous because the center of gravity may be altered and drag may
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be increased in a way that induces additional and unwanted effects on take-off and
on maneuverability (Metcalfe and Ure 1995). In the same experiment (Witter et al.
1994) natural body mass was manipulated by food deprivation before trials, result-
ing in an experimental group on average 5.3 g (+0.64 g) lighter than the control
birds. The food-deprived, and therefore lighter, birds leaped more steeply and
ascended at steeper angles than controls during take-off, suggesting increased
take-off ability caused by the reduction in body mass brought about by the food
deprivation. Moreover, the food-deprived birds were more maneuverable than the
controls when flying through an obstacle course.

Thus, the available evidence suggests that the modest energy reserves accumulated
during a day in, for example, wintering birds does not seem to increase predation
risk as a consequence of reduced flight ability. This does not, however, exclude the
possible importance of indirect mass-dependent predation risk in birds attributable
to daily mass increase (e.g., Adriaensen et al. 1998; Gosler et al. 1995). Theoretical
work predicts that an increase in body mass should incur an increased indirect
mass-dependent predation risk caused by increased exposure to predators during
the time spent foraging (cf. Lind 2004; Lima 1985, 1986).

1.3.2 Migratory Fuel Load

In contrast to the modest fuel loads stored during winter nights in sedentary
birds, migratory birds store large quantities of fuel, sometimes exceeding 100%
of lean body mass (e.g., Fry et al. 1970). Although these extreme fuel loads
occur mostly when birds are about to cross wide geographic barriers, fuel loads
of 20-30% are commonly found in birds during migration (cf. Alerstam and
Lindstrdom 1990). Blackcaps (Sylvia atricapilla) that breed in northern Europe
are tropical migrants that store large fuel loads during migration. Kullberg et al.
(1996) showed that take-off ability of Blackcaps was impaired by migratory fuel
load when they were exposed to a simulated attack by a predator model. Both
take-off speed and take-off angle were affected, and it was estimated that a
Blackcap increasing its fuel load from 0 to 60% would take off at a 32% lower
angle and a 17% slower speed. In addition, a study of Robins (Erithacus
rubecula) showed that these medium-distance migrants also suffer from reduced
take-off ability (Lind et al. 1999). Although take-off speed was not affected at
all, a fuel load of 27% (the fuel load of the heaviest bird in that study) led to a
17% shallower angle at take-off compared with a bird carrying no fuel load.
A study of take-off ability in Sedge Warblers (Acrocephalus schoenobaenus),
just prior to their Trans-Saharan crossing, indicates that Sedge Warblers as
opposed to Robins seem to favor maintaining their angle of ascent at the expense
of speed. Sedge Warblers carrying a 60% fuel load flew 26% slower than birds
carrying no fuel load, but their angle of ascent was unaffected (Kullberg et al.
2000). In the take-off, birds probably face a trade-off between speed and angle
of ascent because a low angle permits the highest acceleration. These results
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suggest that take-off decisions differ between species (cf. Kullberg et al. 1996;
Witter et al. 1994).

In conclusion, migratory fuel load may increase the risk of predation in birds
through impaired predator evasion and not only because of increased exposure
when foraging to accumulate these large energy reserves. But studies suggest that
heavy birds can compensate behaviorally which means that heavy birds do not have
to suffer from augmented mortality due to their large fuel loads (Cimprich et al.
2005; Lind and Cresswell 2006; Lind 2004).

1.3.3 Reproduction

During the reproductive season female birds increase in body mass by 7-30%
through gonad growth and egg production (see Moreno 1989 for references),
which in turn may adversely affect their ability to escape from predators.
Furthermore, in addition to the effect of increased mass on wing loading, the eggs
may change the center of gravity of the bird toward the poster, which may affect
both aerial maneuverability and flight speed (see Srygley and Dudley 1993). An
increased body mass from carrying an egg may, therefore, affect flight ability
more than that caused by an increased fuel load, which can be deposited subcuta-
neously around the body in a way that has less of an effect on the center of gravity
than does an egg. An early study that focused on the reproductive behavior of
males in Bank Swallows (Riparia riparia) found that males can detect heavy
females because of the females’ impaired flight at the time of egg laying and use
this as a cue for extra-pair copulation attempts (Beecher and Beecher 1979). This
suggests that the flight ability of female Bank Swallows is impaired during the
egg-laying period, when they may increase in body mass by as much as 20%.
Jones (1986) substantiated this by experimentally increasing body mass by intra-
peritoneal injection of saline water (2 g of water was injected, corresponding to an
increase in body mass of approximately 15%). The “weighted” birds took longer
to reach ascending flight from release compared with control birds. The experi-
mentally “weighted” birds did not, however, differ in flight ability from the natu-
rally heavy (gravid) females, thus showing that the impaired flight ability was
caused by the increase in body mass. In accordance with this, Lee et al. (1996)
found large effects on flight ability during simulated predator escape in gravid
European Starlings. Female European Starlings were, on average, about 7%
heavier, and their take-off angle was 30% lower during escape when carrying eggs
than it was before egg production. Furthermore, the first study of flight ability in
wild birds during reproduction indicates that the loading effect during egg laying
impairs flight ability (Kullberg et al. 2002a). Individual Blue Tits (Cyanistes caer-
uleus) were captured during the egg-laying and early chick-rearing stages of the
nesting cycle. At each trapping occasion body mass, flight muscle size, and flight
ability were measured (for nonterminal measurement of flight muscle size, see
Selman and Houston 1996). Females were 14% heavier during egg laying than
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during the early chick-rearing stage while male body mass did not change. There
was no change in flight muscle size in either males or females, leading to a lower
flight muscle ratio (flight muscle size/body mass) for females during egg laying.
As a consequence, female Blue Tits flew 20% slower than males during egg lay-
ing. However, during the early chick-rearing stage, when female birds had reduced
their body mass and had the same flight muscle ratio as males, there was no dif-
ference in flight ability between the sexes.

There seems to be an additional factor beyond that imposed by the direct effect
of egg load that can affect flight ability during reproduction in female birds. In
some bird species, the mass of eggs produced by a female over a few days may
exceed the female’s body mass. Recent studies have shown that in a wide range of
bird species females reduce flight muscle size during the laying period (Houston
et al. 1995b; Jones 1990). It has been suggested and also shown experimentally in
captive Zebra Finches (Houston et al. 1995¢), that this decline represents a direct
contribution of muscle proteins to egg production (Houston et al. 1995a, c¢; Jones
and Ward 1976; Kendall et al. 1973). Because the flight muscle ratio positively
correlates with flight ability (Marden 1987), one might thus expect a reduced take-
off ability caused by a decrease in pectoral muscle during reproduction in female
birds. However, muscle sarcoplasm in the pectoral muscle may act as a protein
reserve that can be depleted without impairing the contractile function of the
muscle (Houston et al. 1995b; Kendall et al. 1973). Recently, Veasey et al. (2000a)
experimentally manipulated the physiological cost of egg production in female
Zebra Finches by varying both the number of eggs a female laid and the quality of
her pre-laying diet. The removal of the first eggs in a clutch will induce the laying
of a larger clutch than normal and thus encourage the female to invest more energy
in egg laying. In another study, Veasey et al. (2000b) manipulated clutch size of
individual female Zebra Finches. The same individual thus experienced both small
and large clutch sizes in a series of successive breeding attempts. The results from
both these studies (Veasey et al. 2000a, b) showed that experimentally enlarged
costs during egg laying in female Zebra Finches resulted in a large reduction in
flight muscle. This led to reduced flight ability after completion of the clutch
compared with flight ability before start of egg laying. However, a low physiologi-
cal cost of reproduction caused only a small reduction in muscle size and females
actually flew faster after completion of the clutch than before start of egg laying.
These results are in accordance with the suggested occurrence of protein storage
in the flight muscle. Small reductions in flight muscle size in birds laying a small
clutch might represent a reduction of these reserve proteins and may not involve a
decrease in muscle function but instead lead to improved flight ability through a
reduced wing load. On the other hand, females facing a large physiological cost of
reproduction as a result of experimentally increased clutch size may be forced to
use the contractile proteins in the flight muscle, which in turn will reduce their
flight ability.

Not only investment in eggs and egg load might affect flight ability in birds
during reproduction. During incubation both male and female birds might weigh
more because of high energy demands. This has recently been shown to affect vertical
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take-off ability adversely in wild breeding female Pied Flycatchers (Ficedula
hypoleuca). A 7% reduction in body mass after the chicks had hatched was associ-
ated with a 10% increase in vertical take-off speed compared with that during
incubation (Kullberg et al. 2002b.)

1.4 Molt

The period of molt, the shedding and replacement of old feathers, may affect bird
flight because the loss of flight feathers will reduce wing area and increase wing
loading (Ginn and Melville 1983). Many birds, for example divers (Gaviidae),
grebes (Podicepedidae), ducks and geese (Anatidae), become flightless during molt
(Ginn and Melville 1983) when they shed simultaneously all of their flight feathers.
This is normally performed at sites that provide protection from predators (Ginn and
Melville 1983) and where these species are normally not dependent on flight for
predator evasion. Although flightlessness may also occur in fast-molting passerines
(Haukioja 1971), most passerines remain capable of flight during molt and continue
to rely on flight to evade predators. Yet, the possibility that molt constrains flight in
birds has received little attention, especially in a framework of increased risk of
predation. Hedenstrom and Sunada (1999) showed theoretically that the greatest
effect of molt on flight ability should occur during midmolt, and that large molt gaps
should be more detrimental than smaller gaps; thus, both the position and the size of
the molt gaps influence flight ability (Fig. 1.3). An interesting finding, however, was
that these theoretically estimated effects of molt gaps were rather small.

The first study to investigate experimentally the effect of molt on flight ability
found that molt impairs flight ability in European Starlings (Swaddle and Witter
1997). European Starlings in escape flights during natural molt took off at lower

Fig. 1.3 A passerine wing in molt (p primary; s secondary). Primaries and secondaries are collec-
tively called remiges. Dark feathers are new feathers (fully-grown or in growth). The areas where
feathers have been shed and not yet been completely replaced are referred to as molt gaps. When
birds molt, the shedding of remiges result in molt gaps. Molt gaps are indicated by p,_ and s
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angles than nonmolting birds. As expected from the work of Hedenstrom and
Sunada (1999), the effect was largest during midmolt, when the angle of ascent was
approximately 33% lower than at the onset of molt. However, the authors did not
find any effect on take-off speed in naturally molting birds. In the same study,
Swaddle and Witter (1997) experimentally simulated molt in European Starlings,
which resulted in reduced take-off speed, lower level flapping flight speed, and
reduced maneuverability during escape flights; however, molt simulation did not
affect take-off angle.

The importance of the position of the molt gap was demonstrated in an experi-
ment by Chai (1997). When investigating the energetics of hovering, he found that
Ruby-throated Hummingbirds (Archilochus colubris) were more affected when
molting the primaries than when molting the secondaries. This is not in agreement
with the theoretical work of Hedenstrom and Sunada (1999), who predicted that the
effect should be largest when the molt gap occurs well inside the wing. However,
this may be explained by the fact that molt of primaries incurs a reduction in wing
span, which is critical for lift production during hovering flight (see also Chai and
Dudley 1999). Chai et al. (1999) also found that Ruby-throated Hummingbirds are
constrained during molt in their maximal horizontal flight speed, most likely caused
by the reduced maximal power output from which the molting birds suffered.

In contrast to those studies showing effects on flight ability attributable to the
presence of molt gaps, a study of escape flight in molting Eurasian Tree Sparrows
(Passer montanus) suggests that for this and other slowly molting species the effect
of the small molt gaps might be less on flight ability and thus predation risk (Lind
2001). No effect was found on take-off speed or angle of ascent in naturally molting
Eurasian Tree Sparrows that had a maximum of 2.5 missing remiges per wing.
However, when larger molt gaps of up to ten missing remiges were simulated on
the Eurasian Tree Sparrows a large detrimental effect on take-off speed (18%)
occurred. This result is contrary to the theoretical study by Hedenstrom and Sunada
(1999), where the effect of molt on flight was predicted to be surprisingly small.

Wings may not only be affected by gaps during molt; uneven feather regrowth
during molt or abrasion could also cause wings to become asymmetric (Ginn and
Melville 1983; Francis and Wood 1989). Such morphological asymmetries may have
implications for the performance of birds in flight (see Norberg 1990 for a review).
The first experimental study of this issue showed that asymmetry might affect differ-
ent aspects of flight in the European Starling (Swaddle et al. 1996). Naturally occur-
ring asymmetry on primaries caused by damage was correlated with lower angle of
ascent in escaping European Starlings, but no correlation with take-off speed could
be found. To eliminate any confounding effects (e.g., poor flyers could have more
damaged feathers), Swaddle et al. (1996) also manipulated primary length and asym-
metry. Increased asymmetry did not affect take-off ability but did impair maneuver-
ability. Reducing primary length, on the other hand, reduced take-off ability in terms
of take-off speed but not maneuverability. Because the manipulations resulted in
lengths and asymmetries outside the natural range of fully-grown feathers in European
Starlings, and were more similar to patterns occurring during molt, the authors sug-
gest these findings may have implications for molting strategies.
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1.5 Adaptations to Compensate for Impaired Predator Evasion

As reviewed so far, birds face several periods in their lives when ability to evade
predators might be impaired by reduced flight ability. If predation risk, as well as the
individually perceived predation risk, increases through impaired ability to evade
predators, we would expect selection for physiological and behavioral adaptations
that reduce the risk of being killed during these periods of increased predation risk.

1.5.1 Adaptive Reversible Changes in Physiology Caused
by Reduced Flight Ability

When birds face an increased risk of predation because of higher wing load, which
will impair predator evasion, several morphological changes in the birds’ bodies
can occur to improve predator evasion. The ability to change the size of various
organs adaptively has until recently been underestimated in birds, but recent
research has revealed patterns of organ plasticity during different life-history
stages. This plasticity in the regulation of the size and mass of body organs cannot,
of course, be regarded only as an adaptation to reduce predation risk by maintaining
escape ability. Organ plasticity may also act to maintain optimal flight ability dur-
ing migration (Lindstrom et al. 2000; Biebach 1998) and during times of high work
loads (Bautista et al. 1998; Swaddle and Biewener 2000; Moreno 1989; Norberg
1981). Muscle hypertrophy may also result from protein storage in anticipation of
protein loss during long migratory flights (Biebach 1998; Jenni and Jenni-Eiermann
1998), or for use on arrival at the breeding grounds (Fransson and Jakobsson 1998;
Davidson and Evans 1988; McLandress and Raveling 1981).

During migration birds increase in body mass as they increase their fuel load,
which results in increased wing loading. Flight muscle hypertrophy, an increase in
muscle mass, may be one way to compensate for the detrimental effects of
increased wing load. This hypertrophy seems to be a general phenomenon in
migrating birds (Biebach 1998; Piersma 1998; Gaunt et al. 1990; Marsh 1984; Fry
et al. 1972). For example, the flight muscles of Gray Catbirds (Dumetella carolin-
ensis) may increase as much as 35% during fall premigratory fattening (Marsh
1984). This plasticity is not restricted to the flight muscles. A study of Great Knots
(Calidris tenuirostris) suggests that during long-lasting flights (in this case
5,400 km) no organs apart from lungs and brains remain homeostatic (Battley
et al. 2000). Moreover, by reducing leg mass, visceral mass (e.g., Jehl 1997), and
organs such as gonads, liver, and intestines, birds might reduce body mass and thus
wing load in preparation for migration (for a review, see Piersma and Lindstrom
1997). For example, reduction of the digestive tract occurs in passerine long-
distant migrants prior to migration, and it has been suggested that these changes
in organ size are very rapid and may occur in the course of a few days (Hume and
Biebach 1996; Klaassen and Biebach 1994).
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Birds need energy to produce eggs. Yet, most passerine bird species are probably
able to accumulate energy and nutrients on a more or less daily basis for egg pro-
duction (Meijer and Drent 1999; Woodburn and Perrins 1997; Perrins 1996). But,
birds relying on diets low in protein, such as the Zebra Finch, may use protein
from their pectoral muscle for egg production and thus, under some conditions
(manipulated enlarged clutch size), experience a reduced flight ability after the
completion of the clutch (Veasey et al. 2000a, b). In Zebra Finches, the occurrence
of a protein reserve in the pectoral muscle may be an adaptation to avoid contrac-
tile muscle depletion during egg production. In a recent study of take-offs using a
model predator, nonbreeding female Zebra Finches flew just as slowly as females
with a natural egg load. Nonbreeding females retained this slow take-off speed
throughout the study while egg-laying females increased their flight speed as their
body mass was reduced after they completed their clutch (Fig. 1.4). If female
Zebra Finches store protein when the opportunity presents itself to enable a rapid
onset of breeding, they pay a cost in terms of reduced flight ability prior to egg
laying (Kullberg et al. 2005).

Molting birds may also compensate physiologically for their impaired flight
ability. Body mass decreases during molt in both Ruby-throated Hummingbirds and
European Starlings (Chai 1997; Swaddle and Witter 1997, respectively), resulting
in a possibly compensatory reduced wing load. Generally, molt is associated with
a low level of fat (Dolnik and Gavrilov 1979 and references therein) and low body
mass compared with other times during the year, as shown in the studies on
European Starlings (Swaddle and Witter 1997) and Ruby-throated Hummingbirds
(Chai 1997). However, as molt commences, birds face an increase in water content
in the body as a result of, for example, degradation, redistribution, and resynthesis
of proteins and an increased blood volume perfusing active feather pulps. This
increase in water results in a slight increase in body mass during the period of molt;
nevertheless, body mass remains low during molt (see, e.g., Flinks and Kolb 1997;
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Fig. 1.4 Time to fly 40 cm during escape take-off (mean=+SE) from a simulated predator attack
for nonbreeding (n=12) and breeding (n=12) zebra finches. Birds were subjected to the experi-
ment once when the breeding females laid their first egg (time 1) and once more after the last egg
of the clutch was laid (time 2) (data from Kullberg et al. 2005)
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Lindstrom et al. 1994; Dolnik and Gavrilov 1979). Interestingly, molt is also associated
with an increase in daily variation of nonfat components of the body (Dolnik and
Gavrilov 1979). The low fat content that occurs during molt may be a strategic body
mass reduction; however, reductions are most likely concurrently constrained by,
for example, increased water content of their bodies (Lind et al. 2004).

Another way of increasing flight ability when facing a reduced wing area dur-
ing molt would be to increase flight muscle. Dissections of Yellow-vented Bulbuls
(Pycnonotus goiavier; Ward 1969) indicate reductions in lean dry weight of flight
muscles during molt. However, the only study so far on intra-individual change in
flight muscle during molt shows that Eurasian Tree Sparrows increase the ratio
between pectoral muscle size and body mass as the wing area is reduced during
molt. Subsequently, as the molt is completed and the wing area increases, this ratio
is reduced (Lind and Jakobsson 2001). This possibly explains the lack of empirical
evidence for reduced flight ability in molting Eurasian Tree Sparrows (Lind 2001).
Furthermore, a novel pattern of strategic organ flexibility was found when
Eurasian Tree Sparrows were subjected to a simulated molt pattern outside the
molting period. In response to a reduction in wing area, Eurasian Tree Sparrows
reduced their body mass concurrently with an increase in pectoral muscle size,
which shows that the regulation of body mass and flight muscle is effectively
unlinked (Lind and Jakobsson 2001). This is in contrast to earlier studies on
migratory birds that found positive correlations between muscle size and body
mass (e.g., Bautista et al. 1998; Lindstrom et al. 2000; Swaddle and Biewener
2000; Biebach 1998; Piersma 1998). Pectoral muscle size has also been shown to
track changes in body mass during incubation in female Pied Flycatchers (Kullberg
et al. 2002b). Female pectoral muscle size was reduced concurrently with the
reduction in wing loading after nestlings hatched. That pectoral muscle size actu-
ally can covary with predation risk per se has been shown experimentally in Ruddy
Turnstones (Arenaria interpres), which increased their pectoral muscle size after
predation risk was manipulated through presentations of a flying raptor model
(van den Hout et al. 2006).

1.5.2 Adaptive Behavioral Changes Caused by Reduced
Flight Ability

When birds suffer from reduced flight ability and thus may be subject to a higher
predation risk, it is likely that they alter their behavior adaptively to reduce this risk
(for review, see Lind and Cresswell 2005). Newton (1966) suggested that molting
birds do adjust their behavior in order to avoid avian predators. Captive Bullfinches
(Pyrrhula pyrrhula) in molt were active only while feeding and spent the rest of
each day sitting in shaded positions, in contrast to their lively activity pattern when
not molting (Newton 1966). Passerines in heavy molt may become more secretive,
and hence less likely to catch the eye of predators (Haukioja 1971). For example,
Swaddle and Witter (1997) showed that manipulated molt causes European
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Fig. 1.5 Relationship between escape flight and variation in body composition. A heuristic graph
showing the likely effect physiological adaptations to increased wing load has on the effect on
escape flight. It is compared with the conventional models that describe the relationship between
increase in wing load and flight ability as being continuous. The rationale for suggesting a thresh-
old model lies in the empirical findings showing that escape flight may be unaffected by small
body mass increase and slow molt

Starlings to become less active and seek relatively more protective areas. Similar
behavior occurred when the flight ability of European Starlings was detrimentally
affected by attached artificial weights (Witter et al. 1994). Furthermore, during
reproduction, when flight ability in female birds is impaired by egg load and
reduced flight muscle mass, female Zebra Finches alter their behavior to reduce
predation risk. During the egg-laying period females reduced feeding time, avoided
foraging at high risk patches, and tended to associate with larger flocks when feed-
ing (Veasey 1999).

Boreal birds in winter are constrained by the trade-off between the risk of starva-
tion and predation (e.g., McNamara and Houston 1990). During long, cold winter
nights they rely on fat accumulated during the day for survival. Daily energy
reserves in wintering parids range from 7 to 15% of the birds’ lean body mass
(Haftorn 1989; Lehikoinen 1987). As we reported above in this review, no empiri-
cal study has so far been able to measure any effect of a natural increase of daily
body mass in the range of 6—8% of lean body mass on take-off ability in escaping
birds. Behaviors such as hoarding and hypothermia may be adaptations in winter-
ing birds, not only to minimize risk of starvation, but also to avoid large fuel loads
that may detrimentally affect flight. Food caches can be considered as external fuel
storage that has no effect on flight ability. Hence, they represent fuel storage with
no cost associated with direct mass-dependent risk of predation (McNamara et al.
1990). Furthermore, by lowering body temperature 3—10°C during the night, win-
tering parids can reduce energy consumption and thereby reduce the energy
reserves needed for the night (Reinertsen and Haftorn 1984; Haftorn 1972).
However, deep hypothermia may increase predation risk during the night by reduc-
ing the ability of the bird to react to nocturnal predators (Bednekoff et al. 1994;
Reinertsen and Haftorn 1984).
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During migration, birds are forced to put on fat as fuel for migratory flight
(Fig. 1.6). Normally, migratory birds put on fuel loads of 20-30% of lean body
mass and make several stopovers to forage and replenish energy reserves during
their journey to the wintering grounds. Decisions about the amount of fuel load and
timing of departure from a stopover site probably depend on factors like time, food
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Fig. 1.6 Empirical studies of how migratory fuel load affect escape flight. (a) Robins, a medium-
distance migrant, took off less steeply with increasing fuel loads (+=0.32, p=0.00004, n=46).
Fuel load ranged between 0 and 27%; (b) Sedge warblers’ take-off speed is negatively affected by
migratory fuel load (r*=0.45, p=0.004, n=15). Fuel load ranged between 0 and 67%; (c) take-off
speed in Blackcaps is negatively affected by migratory fuel load (*=0.22, p=0.03, n=21). Fuel
load ranged between 0 and 59%. (a) Is published with permission from Springer (Fig. 2 in Lind
et al. 1999) and (b) with permission from AOU (Fig. 1d in Kullberg et al. 2000)
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availability, and predation risk (Alerstam and Lindstrom 1990; Fransson 1997). In
a laboratory experiment, Fransson and Weber (1997) showed that Blackcaps
adjusted their rate of fuel deposition and stopover time to the perceived risk of
predation at the stopover site. Blackcaps with a high risk of predation increased
food intake rate and showed a pattern of night activity indicating that they wanted
to leave the simulated stopover site earlier and with a lower fuel load than a control
group. This finding is consistent with experimental studies on Yellow-rumped
Warblers (Dendroica coronata) that showed that the warblers resumed feeding
faster when in migratory disposition than did control birds after exposure to a
predator model (Moore 1994). This suggests that birds are more prone to predation
risk when building up migratory fuel loads. In addition, Moore and Simms (1986)
showed that Yellow-rumped Warblers foraged in a risk-prone manner during the
actual fuelling period, whereas they foraged in a risk-averse manner when they had
taken on their fuel load and had begun to show nocturnal restlessness. That birds
become predation-risk prone during migratory fuelling has also been shown in
Ruddy Turnstones (Arenaria interpres), which decrease their level of antipredatory
behavior when fuelling (Metcalfe and Furness 1984).

1.6 Discussion and Prospects

Results from experiments on flight ability in birds have until now produced just as
many questions as answers about impaired predator evasion. However, the number
of studies performed and the even smaller number of species studied make it clear
that to get a better understanding of the field more research is needed. Additional
studies of other species with different life histories are needed to assess the general
applicability of the results obtained to date. In the sections that follow, we consider
the issues that we have identified as being of special interest for future studies, and
we also make an attempt to elucidate some of the problems associated with previ-
ous studies.

1.6.1 Methodology

A critical assumption in all studies on escape flight ability is that birds in the
experimental setup perform maximally. However, the variation in the methods used
to startle the birds in the studies we have cited may affect the response of the bird.
For example, a bird released from the hand and exposed to a startling noise may
react differently from a bird that is actually attacked and pursued by a model raptor.
Furthermore, some of the methods used force the birds to ascend vertically while
others give the bird the opportunity to choose a take-off strategy trading off speed
and angle of ascent. Thus, there is a need to evaluate different methods, for example,
by using the same set of birds in different experimental setups.
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There is growing evidence for fast functional physiological responses to short-term
changes of wing load in birds. In one experiment, European Starlings that had the
opportunity to get used to artificially added weights for 3 days before a take-off
experiment performed better than birds that were subject to newly added weights
(Witter et al. 1994). There was also a tendency for a compensatory reduction in
natural body mass during the course of these 3 days. In another study, take-off
speed of European Starlings was restored to pretreatment levels 2 weeks after a
simulated molt was induced (Swaddle and Witter 1997). These improvements in
flight ability could, of course, be the result of behavioral adaptations to fly with a
heavy wing load, or to use wings with reduced area. However, in response to an
experimentally reduced wing load, which simulated molt, Eurasian Tree Sparrows
were able to change body mass within 5 days and muscle size within 7 days (Lind
and Jakobsson 2001). Thus, when subjecting birds to experimental manipulation to
resemble natural variation in wing load, one has to bear in mind that these fast
responses may occur. Furthermore, besides the change in organ size during differ-
ent life-history stages that we mentioned earlier in this review, there are reasons to
believe that variation in other traits, such as water content and hormonal levels,
might influence the magnitude of the effect on flight ability through, for example,
experimentally increased wing load.

Nonterminal methods (e.g., ultrasound, body tomographic imaging techniques,
external measurements) that give the opportunity to study changes in different body
parts within individuals could be used to yield valuable information. The recently
developed technique of measuring flight muscle size in birds by using dental alg-
inate is a simple method that can be used under field conditions and yields highly
repeatable results (Selman and Houston 1996). Interpretation of changes in the size
of flight muscles, however, requires that we need to learn more about muscle com-
position and the possible relevance of protein storage in the flight muscle (Houston
et al. 1995b). If there is such protein storage, reduction in muscle size could occur
without a concurrent reduction in contractile function and power output.

1.6.2 Migration

Long-distance migrants face many extreme situations during migration. Considering
the number of birds involved in Transcontinental migration, surprisingly little has
been done to study the effect of predation risk during migration. Until now,
impaired predation evasion has been empirically studied in only a few species, all
which have shown negative effects of migratory fuel load on take-off ability (Burns
and Ydenberg 2002; Kullberg et al. 1996, 2000; Lind et al. 1999). The studies on
fuelling and foraging in birds during migration (Fransson and Weber 1997; Moore
1994; Moore and Simms 1986; Metcalfe and Furness 1984) suggest that birds
change behaviorally, becoming more risk prone when fuelling at stopover sites.
Considering that birds during migration spend a majority of the time at stopover
sites (approximately 70-80% of the time during migration for Sylvia spp. warblers;
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Fransson 1995), the fuelling periods are of critical importance. The increased
risk-taking, together with impaired escape ability because of fuel loads, probably
leads to an enhanced predation risk. However, a recent theoretical study shows that
the risk incurred by increased wing loading, such as migratory fuel load, can be
compensated for behaviorally (Lind 2004). Possible behavioral adaptations that
reduce predation risk when carrying a high fuel load are, of course, not easy to
document in wild, small birds. However, with the recent improvements of small
radio transmitters (see, for example, Naef-Daenzer 1993), it might be possible to
overcome these difficulties. Therefore, we think that newly developed techniques
can be very useful for investigating the relationship between predation risk and
behavioral adaptations during migratory stopover. It could also be possible to
study behavioral patterns in captive birds during different stages of fuel loading
(see, for example, Fransson and Weber 1997; Moore 1994; Moore and Simms 1986).
There is much more to learn about strategic changes in body composition during
migratory stopover and flights (for a review, see Piersma and Lindstrom 1997).

1.6.3 Reproduction

Variation in flight ability during reproduction in female birds has only been studied
in three species, and more studies are obviously needed to reveal the generality of
patterns observed. There are reasons to expect species-specific differences in the
effect of reproduction on flight ability because of the great variation in reproductive
strategies. Among the factors that may affect these differences are whether or not
females deposit body reserves before reproduction or use daily food intake for the
production of eggs (capital or income breeders; Stearns 1992). Furthermore, the
occurrence of supplementary feeding from the male and variation in the cost of
incubation and brooding and provisioning of young may influence the magnitude
of any effect on flight ability, and hence the possibility for increased predation risk
caused by an impaired ability to evade predators.

Only one study has investigated change in flight ability in males during repro-
duction (Kullberg et al. 2002a). Although female Blue tits suffered from impaired
flight ability attributable to increased wing loading during egg laying, males flew
just as fast during the egg-laying period as during the early chick-rearing period.
However, in some species, males invest in incubation and build up energy reserves
(Moreno 1989). How these reserves affect flight ability remains to be investigated.
In species where males’ testes sizes are very large, males might face a trade-off
between testes size and flight ability during the mating season. For example, male
testes size in the Alpine Accentor (Prunella collaris) represents about 8% of body
mass (Nakamura 1990), which is similar to the gain in mass that a gravid females
may experience (Lee et al. 1996).

As suggested by Veasey et al. (2000a, b), maternal predation risk caused by
reduced flight ability during reproduction might be relevant in a trade-off between
reproductive effort and survival. Since an experimental increase in clutch size can
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reduce flight muscle condition in female birds (Veasey et al. 2000a, b; Monaghan
et al. 1998), predation risk may be an important factor affecting clutch size in birds,
and could be one explanation why birds often lay lower clutch sizes than optimality
theories have predicted (see Monaghan and Nager 1997, for a review). However,
the effect of an enlarged clutch size on flight ability in birds has only been studied
in captive Zebra Finches. Female Zebra Finches rely on stored protein and other
body reserves for production of eggs (Houston et al. 1995a), which probably is an
adaptation to their low protein diet (Houston et al. 1995a). However, most small
passerines are able to accumulate energy and nutrients on a more or less daily basis
for egg production (Meijer and Drent 1999; Woodburn and Perrins 1997; Perrins
1996). For example, in Blue Tits it has been shown that supplementary, i.e., “court-
ship,” feeding of the female by the male is equivalent to her daily energy require-
ments for egg production (Krebs 1970). Furthermore, in a study of change in body
composition in female Blue Tits during reproduction, there was no decline in flight
muscle mass during the egg-laying period (Woodburn and Perrins 1997), indicating
that Blue Tits might not face the same trade-off between clutch size and flight ability
as Zebra Finches.

Concerning possible adaptations to costs of large clutch size (in terms of reduced
flight ability), brood parasites, such as cuckoos and cowbirds, would be an interest-
ing group to study. In this group of birds there are species that produce more eggs
than any other wild species (Davies 2000). For example, female Brown-headed
Cowbirds (Molothrus ater) lay about 40 eggs during an 8-week breeding period and
are thus about five times as productive as bird species investing in parental care
(Scott and Ankney 1983). Furthermore, female cuckoos and cowbirds may have to
fly long distances during their egg-laying period to find host nests. In the Brown-
headed Cowbird a female’s breeding area could be as large as 60 times the size of
that of a similar-sized species in which the female cares for its own young
(Rothstein et al. 1984).

1.6.4 Molt and Wing Morphology

There is a large variation in patterns of wing molt in birds. The duration of molt
depends on the life history of the species (Jenni and Winkler 1994). Long-distance
migrants in temporal stress, brought about by the need to commence migration,
generally molt very fast, usually in approximately 30-50 days ( Jenni and Winkler
1994). Such species, therefore, suffer a greater reduction in wing area (i.e., have
larger molt gaps in their wings) during molt than species that molt more slowly. For
example, Thrush Nightingales (Luscinia luscinia) complete molt in approximately
35 days; Ginn and Melville 1983). In contrast, sedentary species generally have a
slower molt than migratory species resulting in much smaller molt gaps. Resident
passerine species complete molt in 60-85 days, whereas partial migrants take
50-85 days to complete molt (Jenni and Winkler 1994). Thus, migratory species
with a postnuptial molt (i.e., a molt between the period of reproduction and fall
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migration) probably face a trade-off between fast molt and increased predation risk
caused by reduced flight ability during molt (cf. Haukioja 1971). Slowly molting
sedentary species, on the other hand, are able to minimize the negative effects on
aerodynamic qualities of the wings and thereby maintain their flight ability largely
unaffected, as indicated by a study on flight ability in Eurasian Tree Sparrows (Lind
2001). Predation risk might thus be an important factor affecting molt strategies,
and we encourage further investigations of molt strategies in relation to predation
risk in birds (see Slagsvold and Dale 1996).

The newly found adaptive change in body mass and muscle size during molt in
Eurasian Tree Sparrows (Lind and Jakobsson 2001) likely explains why no effect
of natural molt on escape flight ability has been found in this species (Lind 2001).
However, how general these adaptive changes are, and if these changes in muscle
volume also occur in migratory birds during molt, remains to be investigated (see
discussion in Lind et al. 2004). For instance, given that compensation is costly, it is
possible that skulking species with no need to fly during molt do not compensate
physiologically, whereas species living in the open and relying on their flight ability
to evade predators and to catch prey (e.g., flying insects) do compensate physiolog-
ically for their wing load increase (cf. Lind 2004).

In many passerine species, juvenile birds have shorter and more slotted wings
than adults (Alatalo et al. 1984), which has been suggested to result from nutritional
constraints (e.g., Slagsvold 1982). However, Alatalo et al. (1984) suggested that
this difference is an adaptation to increase survival of young birds. Short, slotted
wings lead to slower speed but to increased maneuverability in flight compared
with longer wings (Pennycuick 1975; Savile 1957). Alatalo et al. (1984) suggest
that young birds might trade-off maneuverability against speed to increase such
skills as feeding efficiency and predator avoidance, while older birds that can fly
faster might compensate for their reduced maneuverability with experience. This
merits further investigation.

1.6.5 Implications for Theoretical Studies

There has been a great interest in describing bird flight theoretically (e.g.,
Hedenstrom and Sunada 1999; Norberg 1990, 1995; Hedenstrom 1992; Rayner
1988; Pennycuick 1969, 1975). For example, the cost of flight increases with
increasing wing load; however, there is no flight theory developed for take-off, nor
how take-off ability is affected by an increase in wing load. The same is true for
alarmed take-offs, where birds perform near their maximum capacity. Moreover,
theories applicable to predator evasion are scarce. Howland (1974) modeled the
situation in which a predator chases a prey, labeled the turning gambit. The model
investigates what affects that the maneuverability and speed of the predator relative
to the prey has on the outcome of the chase. The model is applicable to, for exam-
ple, a falcon hunting birds in mid-air, but not to the major hunting strategy in avian
predators, namely hunting by surprise attacks. The turning gambit was expanded by
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Hedenstrom and Rosén (2001), who examined idealized attack-escape situations
(escape by climbing, horizontal speeding, turning and diving). Intraspecific varia-
tion (representing intra-individual variation) in body mass, muscle size and wing
area was excluded from their analysis. Nevertheless, a similar approach may prove
fruitful in examining the effect of variation in body composition on escape perfor-
mance in birds. This could generate predictions regarding behavioral shifts, includ-
ing, for example, when birds should change antipredator behavior (both escape
behavior and predation risk averse/prone foraging) caused by the inevitable body
mass increase during a stopover period.

Bednekoff (1996) did model the effect of escape speed (explicitly, time to reach
cover) on survival for attacked prey birds; unfortunately, his model has not yet been
tested. However, one might need to reevaluate the generality of this model by incor-
porating scan rates other than those used, because the effect shown in the model is
strongly dependent on high scan rates. Hence, the model is most applicable to, and
should be tested on, singletons with high scanning frequencies. A similar theoreti-
cal study based on other scan rates also showed that predation risk is determined by
an interaction between fuel load and distance to cover (Lind 2004). Furthermore,
we think that it could be fruitful to describe formally optimal escape behavior in a
surprise attack situation, which may aid empiricists in interpreting data and design-
ing experiments.

A general pattern in the empirical studies described in this review is that moder-
ate increase in wing load does not affect flight ability detrimentally (Lind 2001; van
der Veen and Lindstrom 2000; Veasey et al. 1998; Kullberg 1998; Kullberg et al.
1998; but see Witter et al. 1994). In contrast, during reproduction, moderate
increases in body mass have been shown to affect flight ability negatively (Lee
et al. 1996; Kullberg et al. 2002a, b). Furthermore, large fuel loads in migratory
birds and reduced wing area during molt have also been shown to affect escape
ability (Lind et al. 1999; Kullberg et al. 1998; Swaddle and Witter 1997). Taken
together, these results suggest that birds are able to compensate for moderate
increase in wing load by body alterations (for example by increasing flight muscle
volume and reduction in body mass; Lind and Jakobsson 2001). This indicates that
the relationship between escape flight ability and wing load may not be continuous
(e.g., Hedenstrom 1992; Norberg 1990) but might be better described by a threshold
model (Kullberg et al. 1998; Lind 2001) (Fig. 1.5).

1.6.6 Applied Aspects of Predator Evasion

Whether or not birds are affected by body mass increase does also have some
practical applications. As a rule of thumb, radio transmitters used on birds should
weigh less than 5% of body mass (e.g., Naef-Daenzer 1993). The studies of escape
take-off discussed in preceding sections strongly indicate that within this range
flight ability is not negatively affected in small passerines. However, to the best of
our knowledge no experimental studies have been performed to evaluate flight ability
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in relation to added weights in form of, for example, radio transmitters. Moreover,
it is likely that a bird’s center of gravity (compare Sects. 3.3 and 6.3 about repro-
duction and studies where experimental weights have been used, e.g., Witter et al.
1994) is affected when a radio transmitter is attached, which may lead to effects not
comparable to fuel loads in the same mass range. Nevertheless, from the studies
presented in this review, we conclude that the traditionally chosen level (<5% of the
bird’s body mass) is reasonable, especially in situations where transmitters are
glued on the birds. When attaching a transmitter using a harness, impairment of
flight may appear for reasons other than the effect of an increase in body mass
(Gessaman et al. 1991; however, see Rappole and Tipton (1991) for harnesses that
work well on small passerines).

1.6.7 Concluding Remarks

Even though our knowledge of how various life-history stages affect escape flight
ability in birds is increasing, fitness consequences of impaired predator evasion are
still difficult to quantify. To determine fitness consequences of increased wing load-
ing, or any other behavior affecting predation risk, one needs to consider that indi-
viduals have the possibility to compensate for apparently risky behaviors by
decreasing their risk, or increasing their reproductive output, by means of alterna-
tive compensatory behaviors (Lind and Cresswell 2005). Ideally, birds varying in
flight ability should be observed when attacked by predators in the wild; however,
predatory events are hard to observe and quantify. Nevertheless, field studies have
been successful in showing how important the behavioral responses of the prey are
during predator attacks (e.g., Cresswell 1993) and also in determining how relative
predation risk varies between species (e.g., Solonen 1997; Goétmark and Post 1996).
Yet, studies focusing on the predator, in the framework we have presented here are
still scarce. We suggest that focusing on predator behavior may be necessary to
advance our knowledge of impaired predator evasion in the life history of birds.
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Chapter 2
Dietary Calcium Availability and Reproduction
in Birds

S. James Reynolds and Christopher M. Perrins

The total amount of calcium circulating in the blood of an
average hen at any one time is about 25 milligrams. Hence

an amount of calcium equal to the weight of calcium present in
the circulation is removed from the blood every 12 minutes
during the main period of shell calcification. Where does this
calcium come from?

Taylor (1970)

2.1 Introduction

Reproduction is energetically costly. Egg formation in birds requires 37-55% of
basal metabolism for small passerines and 160-216% for ducks and the Southern
Brown Kiwi (Apteryx australis) (Walsberg 1983). The production of eggs requires
an adequate supply of water, macronutrients (carbohydrate, protein, and fat), and
micronutrients (essential fatty acids, amino acids, vitamins, and ions). Of this latter
group of nutrients, calcium is probably the most limiting micronutrient required by
the laying bird (Burley and Vadehra 1989); 98% of the dry mass of the eggshell
consists of calcite, a crystalline form of calcium carbonate (CaCO,) (Romanoff and
Romanoff 1949). The eggshell encases all of the nutrients required for embryonic
development and survival during the incubation period, preventing the developing
chick from being crushed by the incubating adult. The shell also protects the
embryo from dehydration, prevents the entry of pathogens from the external envi-
ronment, and allows gaseous exchange. It also acts as a source of calcium for
skeletal development of the embryo. The withdrawal from the skeleton results in
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“natural thinning” of the eggshell from ~6% (e.g., Balkan et al. 2006) to 21% (e.g.,
Booth and Seymour 1987) as the embryo absorbs calcium from the shell during
incubation. After egg production, the calcium requirements of the adult in many
species must remain elevated during chick-rearing, when birds feed calcium-rich
foods to their young (see Table 3 in Graveland 1996a) for the continued mineraliza-
tion of their skeletons (Starck 1998).

In stark contrast to our detailed knowledge of the macronutrients, little is known
about the micronutrient requirements for successful avian reproduction beyond
isolated studies on trace elements and their importance during egg laying in poultry
(e.g., copper, Baumgartner et al. 1978; selenium, Jensen 1968; zinc, Savage 1968).
Many small passerines produce large clutches of eggs, requiring considerable nutri-
tional investment (macro- and micronutrients) for the production of viable eggs. For
example, the mass of a Blue Tit (Cyanistes caeruleus) clutch may represent 130%
or more of the female’s body mass (Perrins and Birkhead 1983). Although clutch
formation requires a large investment of lipid (e.g., Schifferli 1980) and protein
(Robbins 1981), micronutrient requirements are also considerable; the clutches of
small passerines often contain more calcium than is present in the entire skeleton
of the breeding female (Graveland 1995).

Unlike macronutrients, some of which may be laid down as deposits weeks or
months before laying (e.g., Korschgen 1977), calcium is not stored to any great
extent by birds during the prelaying period (Pahl et al. 1997; but see Piersma et al.
1996). For those species that do not routinely consume calcium-rich foods, females
increase their intake of dietary calcium just before the onset of egg laying (e.g.,
Great Tit [Parus major], Graveland and Berends 1997).

Although an adequate supply of dietary calcium is fundamental to successful
egg formation and chick development, surprisingly little is known about calcium
uptake and utilization by breeding birds, other than by the Domestic Chicken
(Gallus domesticus). By comparison, similar information for the macronutrient
requirements of breeding birds is detailed. Macronutrients are obtained either from
endogenous reserves or from the diet, or both (Meijer and Drent 1999; Drent and
Daan 1980). The principal macronutrients in avian reproduction are fat and protein.
Birds use a range of strategies to obtain egg nutrients. The American Coot (Fulica
americana) is not constrained by endogenous reserves but instead accumulates fat
reserves during egg laying (Arnold and Ankney 1997), whereas the Common Eider
(Somateria mollissima) spends the prelaying period foraging and then virtually
stops feeding at the onset of egg laying (Korschgen 1977). In many species, protein
reserves decline during egg production (e.g., Adélie Penguin [Pygoscelis adeliae],
Astheimer and Grau 1985; Red-billed Quelea [Quelea quelea], Jones and Ward
1976), but in others depletion does not occur (e.g., Brown-headed Cowbird
[Molothrus ater], Ankney and Scott 1980; Wood Duck [Aix sponsa], Drobney
1980). In the Glossy Swiftlet (Collocalia esculenta), daily intake of protein is three
to four times the daily requirement for clutch formation (Hails and Turner 1985).

In some species, lipid reserves are depleted for egg formation (e.g., Ring-necked
Duck [Aythya collaris], Hohman 1986; Mallard [Anas platyrhynchos], Krapu
1981), but protein is supplied almost exclusively from foraging. In other species,
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such as the Wood Duck, protein and lipid are inextricably linked. Although protein
for egg formation is derived from the diet and somatic protein reserves are not
depleted, lipid reserves provide 88% of the energetic requirements for the biosyn-
thesis of nonprotein fractions (Drobney 1980).

Whatever the strategy of macronutrient provisioning during egg laying in birds,
accounts of wholesale macronutrient-limited reproduction are absent from the
avian literature. Indeed, some species appear to experience few problems meeting
their macronutrient requirements for clutch formation (e.g., Nager et al. 1997).

In this chapter, we review the literature on dietary calcium in light of the grow-
ing concern about its declining availability in certain ecosystems. Rates of acidifi-
cation in some aquatic and terrestrial ecosystems have increased dramatically in the
last few decades, resulting in the loss of cations such as calcium from upper soil
horizons and their replacement by toxic cations such as aluminum, cadmium, and
lead (van Breemen et al. 1983). The adverse effects of acidification on commercial
fish stocks (e.g., Haines and Baker 1986) and on timber (e.g., DesGranges et al.
1987) have been appreciated for some time, but effects on avian populations have
not been considered until relatively recently (see review by Graveland 1998).

This chapter reviews the literature on incidents of calcium-specific foraging
behavior to show that the significant increase in dietary calcium intake, prior to the
onset of egg laying, is probably a widespread phenomenon occurring in all avian
species that do not routinely eat a calcium-rich diet. We also discuss calcium-rich
food items fed to chicks. We review current knowledge concerning the utilization
of dietary calcium during egg production in the Domestic Chicken and in other
avian species. We suggest that while the poultry industry has invested considerable
research effort in improving the composition of calcium-rich diets for laying birds
(see reviews by Etches 1987; Petersen 1965), relatively little is known about
the dietary calcium requirements for noncommercial species. Indeed, evidence of
calcium-limited reproduction in free-living birds was provided only relatively
recently by Graveland (1995). We also consider the effects of limited calcium avail-
ability during egg formation on eggshell structure and chick development as well
as on adult physiology and behavior. We discuss how close some birds may be to a
dietary calcium threshold, below which their breeding performance might decline
severely. Finally, we evaluate the effectiveness of measures such as calcium supple-
mentation in increasing dietary calcium availability and we suggest further research
to increase our understanding of the calcium requirements of breeding birds.

2.2 Calcium Requirements for Successful Breeding
2.2.1 Calcium-Specific Foraging During Egg Laying

The extent of the dietary shift by birds to more calcium-rich foods during breeding
depends upon the nutritional strategy of the species in question. Many birds consume
calcium-rich foods on a daily basis during egg production. Table 2.1 summarizes
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Table 2.1 Calcium-rich materials consumed by wild egg laying birds

Material Species References
Snail shell Pigeons (Columba spp.) and doves Murton et al. 1964
(Streptopelia spp.)
Great Tit (Parus major) Graveland 1996a
Coal Tit (Periparus ater) Betts 1955
Red-billed Quelea (Quelea quelea) Jones 1976
House Sparrow (Passer domesticus) Schifferli 1976

Brown-headed Cowbird (Molothrus ater) Ankney and Scott 1980
Spotted Flycatcher (Muscicapa striata) ~ Davies 1977

European Pied Flycatcher (Ficedula Eeva and Lehikoinen 1995
hypoleuca)

Black-throated Blue Warbler (Dendroica Taliaferro et al. 2001
caerulescens)

Wild Turkey (Meleagris gallopavo) Beasom and Pattee 1978

Goldcrest (Regulus regulus) and Firecrest Thaler 1979
(R. ignicapilla)

Vertebrate bones European Golden Plover (Pluvialis Byrkjedal 1975
apricaria)
Sandpipers (Calidris spp.) MacLean 1974
Red-cockaded Woodpecker (Picoides Repasky et al. 1991
borealis)
Red Crossbill (Loxia curvirostra) Payne 1972
Grit Common Pheasant (Phasianus colchicus) Kopischke 1966; Kopischke

and Nelson 1966;

Korschgen 1964; Harper

1964; Sadler 1961
Band-tailed Pigeon (Columba fasciata) March and Sadleir 1975

Red-billed Quelea Jones 1976
House Sparrow Pinowksa and Krasnicki
1985a
Chicken eggshell Great Tit Graveland 1996a
Mortar between bricks Red Crossbill Susic 1981
White-wash Pearl-breasted Swallow (Hirundo Dean 1989
dimidiata)
Ash Boreal Chickadee (Parus hudsonicus) Ficken 1989
Rufous Hummingbird (Selasphorus Adam and des Lauriers
rufus) 1998
Soil Dwarf Cassowary (Casuarius bennetti)y ~ Symes et al. 2006
Decaying wood Parrot Crossbill (Loxia pytyopsittacus) Pulliainen et al. 1978
and Common Redpoll (Carduelis
flammea)

observations of calcium-specific foraging in birds during egg laying. Although
carnivorous birds such as vultures include bone fragments in their regular diet, the
calcium content of the diet is low (e.g., 0.12% for the Cape Vulture [Gyps coproth-
eres], Mundy et al. 1992), as is their digestive efficiency (e.g., 14% for vultures
[Gyps spp.] that consume a 0.5 mg Ca per gram of meat diet, Houston 1978).
Insectivores and nectarivores typically consume low calcium diets, which often
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leads them to supplement their diets with additional calcium-rich items. Insectivores
supplement their diets with fragments of bone, snail shell, and eggshell (e.g.,
Spotted Flycatcher [Muscicapa striata], Davies 1977), and they increase grit inges-
tion to aid their digestive processing of hard-bodied insects, such as Coleoptera, in
the gizzard. In comparison with carnivores and insectivores, gizzards of nectari-
vores are relatively small (e.g., Karasov et al. 1986) because they do not consume
hard food items. However, hummingbirds eat tiny fragments of hard, calcium-rich
material (e.g., Verbeek 1971), which they beak-stab. One-third of all avian species
in tropical and temperate communities eat predominantly fruit (Klasing 1998).
While most fruits (except figs; see O’Brien et al. 1998) eaten by birds are low in
calcium, some fruiting trees may be important stopover sites for migrating birds
providing them with important sources of dietary calcium while en route to breed-
ing grounds (e.g., Foster 2007). Frugivores have short intestines with large lumens,
but the gizzard is small (e.g., Walsberg 1975). A fruit-only diet can result in defi-
ciencies of certain amino acids and electrolytes (Studier et al. 1988), so many fru-
givores eat snails and grit in order to restore nutrient balances (e.g., White-crowned
Pigeon [Patagioenas leucocephalal, Wiley and Wiley 1979).

Calcium supplementation of breeding diets is also essential for birds whose diet
is made up predominantly of plant material other than fruits. For example, the
Spruce Grouse (Falcipennis canadensis) consumes spring foods (flowers of
Trailing Arbutus [Epigaea repens] and capsules of moss Polytrichum spp.) that
provide only ~45% of the calcium required for clutch formation (Naylor and
Bendell 1989). Bendell-Young and Bendell (1999) suggest that calcareous grit
provides an additional source of dietary calcium. Other granivores, such as the
Zebra Finch (Taeniopygia guttata), also supplement their low calcium seed diets
with calcium-rich material (Zann and Straw 1984). In addition to providing dietary
calcium, ingested calcareous material may facilitate the crushing of seeds by the
ventral and dorsal grinding plates of the gizzard (see Gionfriddo and Best 1999).
The harder the food items consumed, the greater the grit content of the gizzard. Grit
is consumed by many birds (see Diamond et al. 1999; Gionfriddo and Best 1999),
but whether it simply aids the grinding action of the gizzard (Gionfriddo and Best
1996) or provides calcium to the laying bird (Bendell-Young and Bendell 1999) is
sometimes difficult to resolve. Many birds consume a range of hard materials (e.g.,
bones, insects, seeds, teeth) that are retained for a long time in the gizzard and func-
tion as grit substitutes (see Table IV in Gionfriddo and Best 1999). Clearly, hard
seeds are retained solely to enhance the efficiency of mechanical grinding by the
gizzard and not as a source of dietary calcium.

In omnivores, the extent of dietary shifts to meet the extra nutritional demands
of reproduction depends upon the quantities of calcium-rich foods that are routinely
eaten at other times of the year. Within a single population of dietary generalists,
birds can show significantly different breeding performances according to their
dietary specializations during the breeding season. For example, Pierotti and Annett
(1991)reported that Herring Gulls (Larus argentatus) on GreatIsland, Newfoundland,
that fed on Blue Mussels (Mytilus edulis), produced significantly larger and heavier
clutches and hatched more eggs than birds feeding on garbage, Leach’s Storm
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Petrels (Oceanodroma leucorhoa), or more general diets. They also laid their eggs
earlier than other birds (Pierotti and Annett 1987) and were the only birds to pro-
duce seven or more eggs with no gaps in laying during an egg-removal experiment.
Mussel-feeding specialists were probably not as calcium-stressed during egg laying
as were petrel-feeding and garbage-feeding specialists because, although low in
energy and protein, mussels are rich in calcium and manganese. Gulls that con-
sumed garbage and petrels obtained calcium predominantly from bone material, in
which calcium is relatively insoluble, sequestered in a crystalline lattice of apatite.
In contrast, mussels have a high content of easily metabolized calcium, and their
consumption during egg formation may have alleviated calcium stress in laying
females. Furthermore, early skeletal development of embryos depends upon the
availability of sulfonated amino acids that are found in abundance in mussels.
Garbage consists of connective tissue that is low in such amino acids. Sibly and
McCleery (1983) found that only female Herring Gulls at Walney Island, UK, con-
sumed mussels during laying, while their mates continued to specialize on garbage,
suggesting that females were probably obtaining calcium for reproduction from
ingested mussels.

2.2.2 Calcium-Specific Foraging During Chick-Rearing

After hatching, a chick undergoes rapid growth during which its anatomy develops
and tissues mature, resulting in large increases in overall body mass. Postnatal
growth is one of the most energy-demanding periods of a bird’s life, and in many
species parental provisioning plays a vital role in the growth and long-term survival
of their offspring. In some birds (e.g., Larus spp.), adults show discrete shifts in
foraging behavior in order to provide a full complement of nutrients for their grow-
ing chicks. For example, Western Gulls (Larus occidentalis) nesting on Alcatraz
Island, USA, switched from predominantly nutrient-poor garbage to nutrient-rich
Northern Anchovies (Engraulis mordax) after their chicks hatched (Annett and
Pierotti 1989). Furthermore, birds prey-switched again, this time to the larger
Plainfin Midshipman (Porichthys notatus) when their chicks were 2-3 weeks old.
There is some evidence to suggest that even within a single population, the growth
of chicks can vary considerably with the food items that their parents provide (e.g.,
Pigeon Guillemot [Cepphus columbal, Golet et al. 2000).

The calcium demands of developing chicks increase rapidly over the first
2 weeks posthatching. Precocial young are capable of feeding themselves almost as
soon as they hatch. In Calidris sandpipers, chicks leave the nest within a day of
hatching and are led by adult birds to feeding sites, but adults do not feed the young
directly. MacLean (1974) found bones and teeth of Brown Lemmings (Lemus
trimucronatus) in the stomachs of 22.2% of juvenile Dunlins (Calidris alpina) and
14.6% of juvenile Pectoral Sandpipers (Calidris melanotos) examined in July,
when most growth occurs, but in only 0 and 2.7%, respectively, of birds examined
in August. In precocial Galliformes, such as the Common Pheasant (Phasianus



2 Dietary Calcium Availability and Reproduction in Birds 37

colchicus) and the Ruffed Grouse (Bonasa umbellus), grit ingestion by chicks may
occur within a day of hatching (Dalke 1938 and Bump et al. 1947, respectively).

Altricial young require adults to deliver food to the nest before they fledge.
Bilby and Widdowson (1971) found that the calcium content of tissues of chicks
increased by seven to eight times from between hatching and 11-12 days of age for
Common Blackbirds (Turdus merula) (from 70 to 510 mg per 100 g fat-free body
mass) and for Song Thrushes (7. philomelos) (from 60 to 450 mg). Over this period,
the mean body mass of Blackbird nestlings increased 14 times and total somatic
calcium content increased by ~100 times (Fig. 2.1). At hatching, femora contained
~1% calcium and were predominantly cartilaginous. However, by the time the
chicks were ready to leave the nest approximately 2 weeks later, long bones had
developed calcified cortical (structural) bone deposits. Bilby and Widdowson
(1971) also found that the gut contents of nestling Common Blackbirds and Song
Thrushes sometimes contained as much as half the total calcium contained in their
bodies. Although many of their food items are apparently nutrient-poor, nestlings
also ingest earthworms (Lumbricus spp.), caterpillars, and insects, all of which
excrete calcium as a primary excretory product. In addition, earthworms and cater-
pillars consume calcium-rich soil and leaves, respectively.

In other species, adult birds supplement the diet of their young with calcium-rich
material. Fragments of fish bone, crayfish (Orconectes virilis) exoskeleton, and
eggshells of Herring Gulls and Great Northern Loons (Gavia immer) have been
found in the nestboxes and in the stomachs of nestling Tree Swallows (Tachycineta
bicolor) (St. Louis and Breebaart 1991). Barrentine (1980) found that 36% of all
grit particles retrieved from the stomachs of Barn Swallow (Hirundo rustica) nest-
lings between 1 and 16 days of age were calcareous. Parents appear to select and
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Fig. 2.1 Total mass of calcium in the bodies of Common Blackbirds and Song Thrushes sacri-
ficed at various ages over the nestling period. Redrawn from Bilby and Widdowson (1971) by kind
permission of “The British Journal of Nutrition”
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offer these particles to their young before they reach 4 days of age. Such material
may provide calcium for skeletal mineralization of nestlings, as well as aiding
young birds in the mechanical digestion of insects in the gizzard. Grit and frag-
ments of snail shell are delivered regularly to broods of Great, Blue, Coal (Periparus
ater), and Willow (Poecile montana) Tits (Gibb and Betts 1963). In particular, these
authors observed Coal Tits frequently adding grit to food bundles before delivering
them to the nest. In the Great Tit, snail shell and grit were brought to the nest twice
daily, each beakful of material being shared between approximately half the brood
members (Betts 1955). The Eurasian Wryneck (Jynx torquilla) delivers many cal-
careous items to chicks, including stones, small bones and bone splinters, snail
shell, and even pieces of china (Lohrl 1978; Klaver 1964). Furthermore, Lohrl
(1978) reported that adult Eurasian Wrynecks do not carry off eggshells after hatch-
ing, feeding them instead to the young. This may be an adaptation to their particu-
larly calcium-poor diet of ants and other insects fed to chicks.

Calcium-rich foods are fed to chicks soon after hatching. The young of Goldcrest
(Regulus regulus) and Firecrest (R. ignicapilla) are fed with numerous pieces of
snail shell and eggshell between 5 and 10 days of age (Thaler 1979). Betts (1955)
found grit and snail shell in the diet of young tits for the entire 20-day nestling
period, while Hagvar and @stbye (1976) found small bone fragments in stomachs
of 10-day-old Meadow Pipit (Anthus pratensis) nestlings.

2.2.3 Uptake and Utilization of Dietary Calcium During Egg
Formation in the Domestic Chicken

Most information concerning the calcium requirements for egg formation in birds
concerns the Domestic Chicken, in which there is commercial interest in obtaining
eggs with good quality shells. Hamilton (1982) suggested that eggshell problems
resulted in an annual loss to the USA egg producer of around US $100 million.
Considerable research effort has been invested in supplementing foodstuffs with
calcium-rich material and studying the effects of different feeding regimes on egg-
shell formation. The National Research Council (1984) recommended a daily
intake of 3.75 g of calcium for laying domestic chickens if they are to produce eggs
with good quality shells. An additional 1 g of calcium should be consumed per day
by chickens that are old or by those with egg-quality problems that are particularly
acute. However, providing diets of higher calcium content alone does not always
improve eggshell quality (Keshavarz and Nakajima 1993). Indeed, supplying a
surfeit of dietary calcium without maintaining a balance of other minerals can result
in secondary deficiencies of other minerals important in avian nutrition and health
(e.g., manganese, magnesium, and zinc; see Simons 1984). At high dietary levels
of calcium (up to ~4%), calcium absorption is low (Hurwitz and Bar 1969), as is
absorption of other minerals such as phosphorus (Hurwitz and Bar 1965).
Although it is important to supply poultry species with supplements of a suffi-
ciently high calcium content, the amount of calcium that the animal can assimilate
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(i.e., the calcium bioavailability) should also be considered. The bioavailability of
a nutrient, such as calcium, describes the extent of absorption and utilization of the
nutrient in the food source of interest (Ammerman et al. 1995). Bioavailability is
calculated by comparison with a standard reference material, with a bioavailability
of 100% and in the same chemical form as the food source under test. For instance,
the calcium concentration of dolomitic limestone is high, but calcium bioavail-
ability is low because toxic levels of magnesium disrupt calcium uptake across the
gut wall (Stillmak and Sunde 1971). The standard reference material used in the
poultry industry is CaCO, (see Table 1 in Soares 1995). The bioavailability of
some calcium supplements, such as bone meal, is 100% (Reid and Weber 1976),
whereas steel slag and others is only 50% (Leach 1985). The poultry literature
abounds with studies estimating the calcium bioavailability of poultry diets (e.g.,
Soares 1995) because both bone strength and eggshell thickness are easily mea-
sured in poultry species.

Crushed limestone and oyster shell are the most common calcium supplements
added to poultry diets; the relative calcium bioavailabilities of both are 100%.
Roland (1986) reviewed 44 papers that compared calcium availability of these
two supplements, concluding that inclusion of large particles of either resulted in
an improvement in eggshell quality. Scott et al. (1971) found that dietary substitu-
tion of 66% of crushed limestone for oyster shell resulted in a significant
improvement in eggshell strength. This may be explained by a longer retention
time of larger limestone particles in the gizzard than of smaller particles of oyster
shell (Zhang and Coon 1997). During the night, when no further calcium is
ingested, but when calcification of the eggshell occurs (Taylor 1970), calcium
retained within the gizzard is “metered out” (Scott and Mullenhoff 1970) and
chickens thereby do not become calcium deficient. Roland (1986) concluded that,
regardless of the source of the calcium fed to laying chickens, supplying 33-66%
of the larger particle size of CaCO,, along with finely ground material, should
result in eggs with good quality shells.

Domestic Chickens show a specific calcium appetite (Tordoff 2001; Joshua and
Mueller 1979) that probably plays a fundamental role in controlling calcium levels
during reproduction. Laying chickens appear to regulate food and calcium intake
independently with suppression of the calcium appetite resulting from increased
concentration of blood calcium. Consequently, chickens do not consume calcium at
a constant rate throughout the day (Etches 1987) but calcium intake is tightly con-
trolled during egg laying. Laying birds show a circadian rhythm of calcium intake
(Tordoff 2001; Hughes 1972) that is related to their calcium requirements for egg-
shell formation (Burmester 1940). Sauveur and Mongin (1974) found oyster shell
ingestion was greatest during the late afternoon, which ensured that dietary sources
of calcium were available in the evening, when eggshell formation started. As the
evening progressed and as dietary sources of calcium were exhausted, medullary
bone reserves then provided calcium for continuing eggshell formation (Bloom
et al. 1958). Work by Tyler (1954) confirmed this in laying chickens that were fed
with radioactive calcium (*Ca). Eggshells contained alternating layers of labeled
and unlabeled calcium; these corresponded to calcium supplied by the diet in the
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afternoon, by the skeleton during the night, and by the diet once more during shell
completion early in the morning.

Domestic Chickens lay eggs at progressively later hours on successive days of a
laying sequence; the ovulatory cycle during laying can vary in length from just over
24-28.25 h (Etches and Schoch 1984). Most calcium deposition into eggshells
occurs in the 15-h period preceding laying. Deposition of total eggshell calcium is
8.9%/h for the first 4 h of the period and 5.6%/h thereafter (Talbot and Tyler 1974).
The fully formed egg of the Domestic Chicken contains ~5 g of CaCO,. One of the
most remarkable features of egg formation in Domestic Chickens is the rate of
calcium deposition (i.e. ~125 mg/h). However, at any instant, there are only 25 mg
of calcium in circulation (Taylor 1970) so blood calcium is entirely cleared once
every 12 min. The Domestic Chicken is an extreme example of an avian species
that is capable of mobilizing up to 10% of total body calcium in a 24-h period dur-
ing egg laying (Taylor 1965). In the Domestic Chicken, the annual calcium turnover
as eggshells is 30 times the bird’s total somatic calcium pool at any given time
(Gilbert 1983).

2.2.4 Uptake and Utilization of Dietary Calcium During Egg
Formation in Other Avian Species

Resident passerines, such as Great Tits, are entirely dependent upon calcium-rich
foods for the calcium required for egg formation. Skeletons of birds generally do
not maintain long-term stores of calcium for the production of eggs (e.g., Graveland
and van Gijzen 1994). Some birds, such as Neotropical migrants that migrate over
long distances and over-winter in calcium-rich ecosystems on CaCO, bedrock,
might be expected to deposit calcium reserves for egg formation before migration.
However, Blum et al. (2001) showed that Black-throated Blue Warblers (Dendroica
caerulescens) relied wholly upon calcium ingested on breeding territories. They
examined the strontium (Sr) signatures of bedrock from breeding (northeastern
USA) and over-wintering (Caribbean islands) ranges of these birds. Isotopic signa-
tures of skeletons of adult birds, eggshells, egg contents, and food sources were also
examined by using strontium as a surrogate for calcium because of its similar path-
ways of uptake and utilization. Comparisons of ¥’St/%Sr ratios of food sources on
breeding territories with 3’Sr/%Sr ratios of egg constituents indicated that egg prod-
ucts were obtained exclusively from sources in the breeding areas and not from
calcium-rich sources in the wintering grounds. Furthermore, Blum et al. (2001)
corroborated the results reported by Pahl et al. (1997), finding that breeding females
contributed little calcium from their skeletons to egg contents or shells.

It is not surprising that migrants, like the Black-throated Blue Warbler, do not
deposit calcium as skeletal reserves before migration. Wintering females of this
species have an average body mass of 8.7 g (Holmes 1994) and from the allometric
equation of Graveland (1995)
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Skeletal mass (g) = 0.0339 x (body mass)l'o7 , 2.1

we calculate that the average skeletal mass of the female is 0.343 g. An average
eggshell contains ~20 mg of calcium (Taliaferro et al. 2001). A clutch of four eggs
(i.e., modal clutch size; Holmes 1994) will therefore contain ~80 mg of calcium.
Since medullary bone (a highly labile store of calcium) does not form in the long
bones of reproductive females until about 10 days before egg laying (Johnson
2000), calcium destined for the eggshell would have to be deposited as cortical
(structural) bone, which is comprised of 22.5% calcium (Graveland 1995). The
female would therefore carry an extra 356 mg of stored calcium in cortical bone
from wintering to breeding grounds. This represents an increase in wintering body
mass of ~4%. Although Black-throated Blue Warblers refuel at several stopovers
during migration, such an increase in body mass would nevertheless have major
implications for flight performance. Whereas the fuel load (i.e., fat) is accumulated
before departure but lost progressively during migration (e.g., Bairlein and Simons
1995), extra-skeletal reserves of calcium would remain constant throughout migra-
tion. The resultant changes in overall body mass would affect wingbeat kinematics
(e.g., Videler 1995) and ultimately the flight ranges of migrants (Biebach 1992).
This would affect the entire temporal and spatial organization of migration (Newton
2008; Schaub and Jenni 2000).

Of the species studied to date, most appear incapable of maintaining long-term
skeletal calcium reserves in readiness for egg production (but see Reynolds 2003;
Larison et al. 2001). Consequently, they increase their dietary intake of calcium a
few days prior to the onset of laying. However, there are a few exceptions. The Red
Knot (Calidris canutus) stores significant amounts of calcium in its skeleton before
laying (Piersma et al. 1996). This storage starts a few weeks before laying; skeletal
mass increases by 30-50% during this period, allowing birds to produce two of
their four-egg clutch without ingesting any calcium during laying. Further depletion
of medullary bone reserves, similar to the extent found in other birds (Graveland
1995), provides sufficient calcium for the formation of another eggshell.

Depending upon the timing of breeding, the Ruddy Duck (Oxyura jamaicensis)
is also capable of mobilizing calcium from endogenous reserves for egg formation.
Alisauskas and Ankney (1994) found that mineral reserves declined progressively
with eggshell formation in early breeding birds, which lost 0.08 g of mineral
reserves for every gram of eggshell deposited. This was not the case for later-
breeding birds, suggesting that the later breeders relied more heavily on exogenous
calcium sources. Even in the birds that breed later in the season, endogenous
reserves of calcium may assist the laying bird in buffering temporary shortfalls in
dietary calcium. Alisauskas and Ankney (1994) also showed that endogenous cal-
cium reserves of the female Ruddy Duck might influence clutch size; the number
of developing follicles was correlated with mineral reserves. In other waterfowl
species, the number of developing follicles is correlated with fat (e.g., Northern
Shoveler [Anas clypeata], Ankney and Afton 1988) and protein reserves (e.g.,
Gadwall [A. strepera], Ankney and Alisauskas 1991). Compared with other species,
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the eggshell of the Ruddy Duck represents a significantly higher proportion of
somatic mineral reserves of the female. Nutrient-reserve thresholds for the onset
of egg laying have been demonstrated for the Ring-necked Duck (Alisauskas et al.
1990) and the Gadwall (Ankney and Alisauskas 1991). However, in the Ruddy
Duck, the storage of not only fat and protein, but also calcium, during the prelaying
period has allowed this species to produce large eggs at a rapid rate, sometimes
even when calcium-rich food is scarce. In time, as the nutritional strategies of
breeding birds are investigated further, we may discover that other species also
supply calcium for egg formation by relying heavily upon skeletal reserves that
are deposited some time before egg laying begins. For example, many Arctic
nesting geese start to lay within a few days of arrival on the breeding grounds
(Raveling 1978), well before they can accumulate calcium by intensive foraging.
Therefore, Ryder (1970) and Ankney and Maclnnes (1978) proposed that clutch
size might be determined by the size of the nutrient reserves of females arriving on
the breeding grounds.

Extensive information is available on the calcium logistics of egg production in
poultry species because calcium intake of laying birds can be closely monitored.
Similar quantitative data are difficult to collect for free-living birds, but it is pos-
sible to make crude calculations of dietary calcium intake of captive wild birds
during egg laying. Graveland and Berends (1997) found that daily snail shell con-
sumption by captive Great Tits was minimal (4 mg) but constant in the 2-week
prelaying period (Fig. 2.2). Daily consumption then increased to 16 mg 2 days
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Fig. 2.2 Calcium consumption (in the form of snail shells) (+ 1 SE) by female Great Tits in rela-
tion to the onset of egg laying. Calcium intake is calculated from intake of shell fragments contain-
ing 33.1% calcium. Daily consumption is measured over a 24-h period beginning at 1300 h on the
day before an egg was laid. Redrawn from Graveland and Berends (1997) by kind permission of
“Physiological Zoology”



2 Dietary Calcium Availability and Reproduction in Birds 43

before the first egg was laid and then increased to a daily average of ~65 mg during
egg laying. Captive Zebra Finches also show a pronounced daily increase in cuttle-
fish bone consumption from 50 mg (15 mg calcium) to 185 mg (54 mg calcium) 2
days before clutch initiation (Houston et al. 1995). The skeleton of a female Zebra
Finch contains 90 mg of calcium, and a four-egg clutch contains 71 mg of calcium
(Houston et al. 1995). There is little skeletal contribution of calcium for eggshell
formation; an average Zebra Finch egg contains 17.8 mg of calcium, and birds
derive over 20 mg of calcium per day from ingested cuttlefish bone in the labora-
tory (Houston et al. 1995).

House Sparrows (Passer domesticus) do not store calcium during rapid follicular
growth, nor do they deplete endogenous calcium reserves during clutch formation
(Pinowska and Krasnicki 1985b). Krementz and Ankney (1995) found that clutch
size was independent of endogenous reserves of calcium (see also Anderson 1995),
despite an increase in total body calcium before egg production (Schifferli 1979)
levels declined after clutch completion. They proposed that laying birds deposit
ingested calcium as medullary bone and utilize it for overnight calcification of the
egg in the same way as Domestic Chickens (Simkiss 1967), that is, maintain a short-
term, labile store of calcium that is depleted and replenished on a daily basis during
laying. This view is supported by the foraging patterns of laying House Sparrows in
which fragments of snail shells were found more often in the gizzards of birds col-
lected in the late afternoon and early evening than in those collected before midday
(Schifferli 1976). Many species that lay early in the morning show an evening peak
in consumption of calcium-rich foods (Graveland and Berends 1997).

Reynolds (1997) provided further evidence that small passerines utilize dietary
calcium during laying in a way similar to that of Domestic Chickens. As in the
dosing experiments carried out by poultry scientists (Clunies et al. 1993), Reynolds
(1997) administered “*Ca to Zebra Finch females exactly 1 h after laying. Laying
birds excreted significantly less calcium across the entire ovulatory cycle than did
nonlaying (control) birds that were dosed at a similar time (Fig. 2.3a). Furthermore,
in the first 16 h postdosing, laying birds deposited significantly more calcium in
their skeletons than controls, but deposition of dietary calcium was similar for non-
laying and laying birds in the 7-h period preceding the next oviposition by the lay-
ing birds (Fig. 2.3b). Dietary calcium was 60 times more abundant in the
reproductive tissues of laying birds than in controls 8—16 h following dosing, a time
when calcification of the eggshell was occurring (Fig. 2.3c).

Microscopic examination of bone structure of laying birds reveals the marked
changes in bone cell types and bone tissues that occur during a single laying cycle.
Reynolds (1998) compared longitudinal 6-pum sections from long bones of laying
Zebra Finches with those from nonlaying (control) birds. Bone composition of lay-
ing birds changed profoundly with time postlaying, and changes in relative bone
cell numbers and degree of calcification could be related to the changes in calcium
demand during egg formation. Osteoid tissue, the collagenous matrix laid down by
osteoblasts prior to calcification, was abundant in sections from laying hens.
Number of osteoblast (osteogenic) and osteoclast (osteolytic) cells were signifi-
cantly higher in laying than in control sections, indicating that bone from laying
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females was metabolically active. In contrast, all sections from control hens were
heavily calcified, possessed little osteoid tissue, were metabolically inactive, and
had low numbers of osteoblasts and osteoclasts.
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2.2.5 Calcium and Eggshell Pigmentation

Avian eggshells display a broad diversity of coloration, both in terms of background
base color and the patterns of pigmentation or maculation, and a number of hypoth-
eses have been proposed to explain its functional significance (reviewed in Kilner
20006). Despite over a century of discussion on the subject, a structural role for such
coloration has only recently been proposed. Among a number of structural explana-
tions of eggshell coloration (reviewed in Reynolds et al. 2009), one is directly related
to dietary calcium. Gosler et al. (2000) established that eggshell pigmentation pat-
terns in a population of Great Tits were subject to female sex-linked inheritance but
their functional significance remained obscure. In a follow-up study of the same
population, Gosler et al. (2005) found that pigmentation patterns on eggshells were
localized where eggshell was thin and that they were negatively correlated with soil
calcium availability near the nest. Thus, they proposed a compensatory role for egg-
shell maculation (and, specifically, for protoporphyrin pigments) that might rein-
force the thin eggshell that is formed by birds breeding in areas of low calcium
availability. Solomon (1997) was the first to propose such a structural reinforcement
function for porphyrins in Domestic Chicken eggshells because of their shared struc-
tural similarities to phthalocyanines that are lubricants in solid state engineering.
Much remains to be studied in this area before such a structural function of eggshell
coloration receives widespread acceptance but the initial findings relating calcium
availability to pigmentation patterns on eggshells of Great Tits are intriguing and
will surely stimulate extensive future investigations.

2.3 Instances of Calcium-Limited Reproduction in Birds

Drent and Woldendorp (1989) were the first to investigate the effects of acid rain
on avian reproduction in forest ecosystems. They found a dramatic rise in the inci-
dence of eggshell defects in clutches of Great Tits over a 6-year period (1983—
1988), especially in areas of poor soil quality. Eggshell defects were also identified
in clutches of Blue and Coal Tits, Wood Nuthatches (Sitta europaea), and Great
Spotted Woodpeckers (Dendrocopos major). However, there were no egg defects in
clutches of European Pied Flycatchers (Ficedula hypoleuca) that fed on calcium-
rich foods (e.g., millipedes [Diplopoda spp.] and woodlice [Isopoda spp.]) in addi-
tion to their normal insect prey throughout the summer (Dekhuijzen and Schuijl
1996). These arthropods contain 100 times more calcium than most arthropods in
the flycatchers’ diet (Graveland and van Gijzen 1994). Therefore, compared with
Great Tits, which obtain only 5-10% of calcium for clutch formation from seeds
and arthropods, European Pied Flycatchers do not have to change their diet signifi-
cantly during breeding to satisfy the calcium demands of egg laying.

Graveland et al. (1994) investigated the effects of calcium deficiency on the
reproductive performance of Great Tits in The Netherlands. They explained the
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increased incidence of eggshell defects, nest desertion, and empty nests in terms of
poor availability of snail shells, the main source of calcium for laying Great Tits.
The effects of reduced calcium availability on the reproductive output of birds were
particularly pronounced in areas of poor soil quality, where snails declined as acid
rain leached calcium from soils. Eggshell quality was ameliorated in areas of
nutrient-poor soils when birds were artificially provided with calcium (e.g., grit,
eggshells) (Graveland and Drent 1997; Graveland 1996a).

Since the studies of Drent and Woldendorp (1989) and Graveland et al. (1994),
calcium-limited reproduction has been reported in a number of other species
(Table 2.2), particularly in those nesting in acidified areas. Blancher and McAuley
(1987) reviewed the evidence for reduced breeding success in North American

Table 2.2 Evidence of calcium-limited reproduction in birds

Species

Evidence

Reference

Black Tern (Chlidonias
niger)

Great Spotted Woodpecker
(Dendrocopos major)

Tree Swallow (Tachycineta
bicolor)

Great Tit (Parus major)

Blue Tit (Cyanistes
caeruleus)

Wood Nuthatch (Sitta
europaea)

White-throated Dipper
(Cinclus cinclus)

Meadow Pipit (Anthus
pratensis)

European Pied (Ficedula
hypoleuca) and Collared
(F. albicollis) Flycatcher

Eastern Kingbird (Tyrannus
tyrannus)

Incomplete clutches, hatching
failure, thin-shelled eggs
Thin-shelled eggs

Reduced egg size and clutch
volume

Reduced egg size and hatching
success (nestlings fledged/
nest box)

Incubating empty nests

Reduced clutch size and
recruitment, abnormal shell
structure causing dehydration

Shell defects, increased clutch
desertion

Reduced breeding success,
reduced number of fledglings

Incubating empty nests

Thin-shelled eggs

Thin-shelled eggs
Thin-shelled eggs

Irregular laying, reduced clutch
size, shell defects, desiccated
eggs during incubation

Retarded laying date; reduced
brood and clutch size.
Reduced hatching success,
eggs with thin permeable
shells

Beintema et al. 1997

Drent and Woldendorp 1989

Blancher and McNicol 1988

St. Louis and Barlow 1993

Zang 1998; Schmidt and
Zitzmann 1990; Winkel
and Hudde 1990;

Wilkin et al. 2009; Weimer
and Schmidt 1998;
Carlsson et al. 1991

Pinxten and Eens 1997,
Graveland et al. 1994

Dekhuijzen and Schuijl 1996

Schmidt and Zitzmann 1990
Drent and Woldendorp 1989

Ormerod et al. 1991
Bure§ and Weidinger 2001

Bures§ and Weidinger 2003

Glooschenko et al. 1986
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birds nesting in acidic wetlands. All studies demonstrated detrimental effects of
acidification on food availability. Aquatic invertebrates lost salts and showed poor
calcium uptake in acidic conditions (Malley 1980), and those with calcareous shells
(e.g., amphipods, clams, snails) were absent in waters of low pH (Mills and
Schindler 1986). In Tree Swallows, a number of reproductive parameters were posi-
tively related to wetland pH: clutch size, egg volume, and fledging success
(Blancher and McNicol 1988); egg size and nestling growth (St. Louis and Barlow
1993); and the availability of calcium-rich foods (Blancher and McNicol 1991).
Similar results were found in Eastern Kingbirds (Tyrannus tyrannus), in which
individuals nesting near acidic wetlands produced thinner shelled eggs and nest-
lings with poorer growth rates than individuals nesting in buffered areas
(Glooschenko et al. 1986). White-throated Dippers (Cinclus cinclus) have been
particularly vulnerable to increasing acidity of stream habitats. In comparisons of
White-throated Dippers nesting along acidic streams and along streams close to
neutral, Ormerod et al. (1991) found that the former delayed breeding, reduced
clutch and brood size, and suffered retarded chick growth. Egg mass and eggshell
thickness also declined at more acidic sites (Ormerod et al. 1988). The scarcity of
calcium-rich foods (e.g., fish, mollusks, shrimps) was directly responsible for
declines in the breeding success of White-throated Dippers along acidic streams.

Calcium-limited reproduction is rare, but not absent, in species that routinely
consume calcium-rich foods during the nonbreeding season. Some piscivores can
be calcium-stressed during laying. Female Sandwich Terns (Sterna sandvicensis)
require 1.4 g of calcium for the formation of their two-egg clutches (Brenninkmeijer
et al. 1997). They obtain a maximum of 0.56 g of calcium from skeletal reserves
but only 0.6 g from the regular diet of teleost fish. Brenninkmeijer et al. (1997)
observed at least five birds eating shell fragments at the onset of egg laying, pre-
sumably to make up for the shortfall of 0.24 g still required for clutch formation.
Likewise, Nisbet (1997) reported shell eating in female Common Terns (S.
hirundo), but only in the 3-5-day period before the onset of egg laying and the day
of final oviposition. Shell fragments probably restored the calcium balance during
egg laying at a time when the birds were calcium-stressed as a result of high cal-
cium demand.

2.4 Effects of Limited Calcium Availability

Calcium deficiency can result in a whole suite of symptoms in birds (Robbins 1993
and references therein). Severe deficiency occurs most commonly in captive species
(e.g., Wallach and Flieg 1969) that have been selected for high egg production, but
it has been documented in free-living species too (e.g., Graveland 1996b). Generally,
wild birds are less abundant in areas where calcium availability is insufficient to
meet the requirements for self-maintenance and reproduction (e.g., Common
Pheasant; Dale 1954); where wild birds do breed successfully, clutch size may be
constrained by broad-scale variation in dietary calcium as suggested by Patten
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(2007). Compared with captive birds, detection of the more subtle effects of calcium
deficiency remains problematic in free-ranging individuals.

Mobilization of calcium during reproduction is mediated through the endocrine
system (Scanes et al. 1982). Reproductive females show a hypercalcemic response
when parathyroid hormone (PTH) brings about an increase in plasma calcium con-
centration by increasing calcium resorption from renal tubules and medullary bone
(Dacke et al. 1993). PTH also acts on the kidneys to stimulate the release of the
hormonal version of vitamin D,, 1,25-dihydrocholecalciferol or 1,25(0H),D,,
which, in turn, increases calcium absorption from the gut and calcium resorption
from medullary bone (Soares 1984). The hormone calcitonin (CT) is secreted from
the ultimobranchial glands of birds in response to elevated plasma calcium concen-
trations that occur during egg formation. The role of CT in calcium mobilization
during egg laying remains ill-defined (Hirsch and Baruch 2003), but it appears that
CT controls the level of hypercalcemia protecting the skeleton from excessive cal-
cium resorption (Baimbridge and Taylor 1981).

In normocalcemic birds, plasma calcium concentrations increase dramatically
a few days prior to ovulation (e.g., from 2.2 mmol/L to 5.0 mmol/L at ovulation
in the Common Pigeon [Columba livia]; Lumeij 1994). These reflect increases in
the concentration of protein-bound calcium and in calcium that is complexed with
yolk precursor proteins that are released by the liver in response to estrogen. Egg
production is therefore carefully controlled according to calcium availability
from dietary and endogenous sources. However, when calcium is limiting, main-
tenance of skeletal integrity takes precedence over the requirements for reproduc-
tion. Luck and Scanes (1982) showed that restricted access to calcium caused
Domestic Chickens to cease laying before the structural integrity of cortical bone
was compromised. Similar restrictions in calcium availability to laying wild birds
can result in a number of physical abnormalities in developing eggs and young,
ultimately affecting reproductive success, as reported in Table 2.2. As in Domestic
Chickens, a bird that fails to find sufficient calcium for egg formation on its
breeding territory may not lay (e.g., Carlsson et al. 1991), but more often cal-
cium-stressed birds lay eggs with abnormal shells (Graveland 1995 and refer-
ences therein). Subsequently, the most obvious result of calcium limitation is
reproductive failure caused by desertion of nests and failure to incubate defective
eggs. For example, Graveland (1996a) reported that 43% of female Great Tits
producing abnormal eggs deserted, usually during laying, compared with 16% of
birds laying normal eggs.

2.4.1 Adult Physiology

Nutritional calcium deficiency can disrupt skeletal integrity in laying birds by causing
osteomalacia, also called osteodystrophy. Parathyroid glands become enlarged and
secrete excess PTH, which activates osteoclasts, the osteolytic bone cells that are
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responsible for calcium resorption. The result is a total demineralization of the
medullary, and then the cortical, bone, the latter becoming so thin that “greenstick
fractures” commonly occur. Grey Parrots (Psittacus erithacus) respond to nutri-
tional calcium deficiency by developing hypocalcemia syndrome (Lumeij 1994),
but, strangely, this does not result in skeletal demineralization. Serum calcium lev-
els decrease and birds become uncoordinated, convulsing and frequently falling
from perches. Their inability to mobilize skeletal calcium reserves may be caused
by a viral disruption of parathyroid function. The higher frequency of hypocalce-
mia in African parrots, as compared with Amazon parrots, may result from the
former having significantly lower plasma calcium concentrations (Lumeij 1990).
Interestingly, evidence is starting to emerge that geophagy is necessary for African
parrots if they are to obtain sufficient essential minerals, such as calcium (May
2001); in contrast, South American parrots consume soil of only moderate calcium
content (but see Foster 2007). The high cation exchange capacity and high content
of cation-binding minerals of the soils consumed by the latter suggest that geophagy
is employed by these parrots only to bind toxins and secondary plant compounds
(see Diamond et al. 1999; Gilardi et al. 1999), and not to enhance their breeding
performance per se.

Females of all avian species are physiologically osteoporotic as a result of deple-
tion of medullary bone reserves in order to provide calcium for the formation of the
eggshell. Osteoporosis, also known as cage layer fatigue, is the most important of
the skeletal diseases in Domestic Chickens, particularly in those that sustain high
egg production. Osteoporosis, resulting in skeletal abnormalities and paralysis, is
most obvious in birds that are restricted in their movement by confinement in small
enclosures and those that receive a calcium-deficient diet.

Nutritional deficiency of calcium can also result in the abnormal passage of
eggs through the reproductive tract, particularly in those species prone to bouts of
chronic egg laying (e.g., domesticated psittacine birds). When an egg fails to pass
through the oviduct at the normal rate, a condition called egg binding can develop.
The partially calcified egg becomes lodged in the cloaca and cannot be laid with-
out remedial action. Rapid displacement of the egg from the pelvic canal is
imperative because egg binding can result in circulatory disorders and shock as the
egg compresses pelvic blood vessels and the kidneys. Furthermore, the partially
calcified egg can break inside the bird, resulting in the worst cases in death from
peritonitis. The onset of egg binding can be rapid and the result fatal (Quesenberry
and Hillyer 1994), but, except for isolated cases, little is known about the mortality
of wild birds (e.g., Chattopadhyay 1980) as a result of this condition.

Both dysfunction of oviduct muscle (e.g., from calcium metabolic disease), and
the laying of malformed eggs (e.g., from dietary calcium deficiency), can cause
dystocia. In this condition, the developing egg either blocks the cloaca or it causes
prolapse of the oviduct through the cloacal opening. Egg binding and dystocia are
found most commonly in domesticated birds that are subjected to high egg produc-
tion over a wide range of environmental conditions, which probably results in dis-
ruption of hormonal control over the laying process.
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2.4.2 Eggshell Structure

In those eggs that are incubated despite shell abnormalities, embryonic death prob-
ably occurs primarily as a result of desiccation. Incomplete calcification resulted in
enlarged pores in the shells of European Pied Flycatcher eggs (Nyholm and
Myhrberg 1977). Substantial volumes of water can be lost during incubation, even
in eggs with complete, but thin shells (Ar et al. 1974). Abnormal shell structure
might also result in more subtle effects on the osmoregulation of embryos (e.g.,
Higham and Gosler 2006). Embryos mobilize calcium from the eggshell (Karlsson
and Lilja 2008), and those encased by abnormal shells suffer hypocalcemia. As a
result, they cannot regulate fluid volume because of ionic imbalance in the allantoic
sac (Hoyt 1979), water loss at inappropriate stages of incubation (Ar and Rahn
1980), and kidney malfunction. In addition, embryonic growth is retarded in eggs
with abnormal shells (Dunn and Boone 1977).

2.4.3 Chick Development

In addition to causing production of aberrant eggshells, limited calcium availabil-
ity can also affect the growth of chicks. There is evidence that in primarily insec-
tivorous Black Terns (Chlidonias niger), females may be calcium-stressed during
egg production and that limited calcium availability may also affect chick growth.
Although not widely reported in the literature, males have been seen feeding
females with fish during courtship (Oring, unpublished observations) in Idaho,
USA, perhaps providing them with additional dietary calcium in preparation for
egg laying. Beintema et al. (1997) reported that Black Terns nesting on acid bogs
in The Netherlands were feeding chicks exclusively on aquatic larvae and insects,
both of which were low in calcium. All chicks in one nest were suffering from
severe rickets, and all died by 25 days of age. Calcium limitation was confirmed
as the principal cause of skeletal under-development when Black Tern chicks were
force-fed calcium pills three times a week throughout the fledging period.
Calcium-supplemented chicks were ~16 g heavier than controls (unsupple-
mented), the latter developing rachitic symptoms in wing and leg bones. In the
best-documented case of calcium deficiency in growing nestlings, Richardson
etal. (1986) found that in 1977 up to 16.9% of nestling Cape Vultures at Magalies-
berg and Botswana colonies exhibited metabolic bone disease or rickets. Their
skeletons were poorly calcified (excessive flexibility in wing bones resulted in
numerous fractures) because the parents failed to find sufficient bone fragments
of a size small enough for young birds to swallow. A similar situation may have
resulted in the death of a Red Kite (Milvus milvus) chick in The Midlands, UK it
also exhibited rachitic symptoms (Fig. 2.4).

Even apparently normal eggs that appear to show no aberrant eggshell structure
may harbor impoverished developmental conditions for chicks that may be linked
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Fig. 2.4 X-rays of Red Kite chicks showing (a) normal skeletal development resulting from a
calcium-rich diet and (b) abnormal skeletal mineralization resulting from a calcium-poor diet. In
the latter, note the curved (deformed) tibiotarsi and the thin cortices of the leg bones in the 9-week-
old bird that was found dead near the nest. This bird died from metabolic bone disease resulting
from an inability to consume sufficient calcium-rich material (usually small bone fragments).
Reproduced by kind permission of Natural England and the Institute of Zoology at the Zoological
Society of London
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to poor calcium supply from egg constituents other than the shell. Tilgar et al.
(2005) supplemented Great Tits breeding in base-poor Estonian forests with cal-
cium and showed that egg yolk calcium concentration was elevated and that this
was positively related to growth of nestling tarsus length but only in the first half
of the nestling period. Such calcium limitation might produce particularly acute
depression of chick growth in years when food availability is low, while remaining
difficult to detect through “traditional measures” of reproductive calcium limitation
(see Table 2.2).

2.4.4 Adult Behavior

In breeding adults, limited calcium availability can produce subtle changes in
behavior. With diminishing calcium availability, foraging birds become more selec-
tive, favoring calcium-rich items. For example, a reduction of dietary calcium from
2.65 to 0.50% in laying Common Pheasants led to a 400% increase in grit con-
sumption (Sadler 1961); the birds favored calcium-rich limestone over granite grit.
With progressive calcium deficiency, some birds increasingly attempt to consume
bizarre objects in response to a calcium-specific appetite (Tordoff 2001). In ranched
areas of South Africa where large carnivores were scarce, Griffon Vultures (Gyps
fulvus) obtained few bone fragments small enough to feed to their chicks, and
Mundy and Ledger (1976) found fragments of china, glass, metal, and plastic in
their nests. Depriving captive Great Tits of snail shells during egg laying resulted
in a doubling of search effort for dietary calcium as compared with tits that had
access to fragments of snail shell (Graveland and Berends 1997). Deprivation
also resulted in alterations in other behavior patterns, with females searching for
calcium at the expense of maintenance behaviors (i.e., perching, preening, and
sleeping) and consuming more clay, sand, and small stones than birds provided
with snail shell. Graveland and Berends (1997) found also that the majority
(81.8%) of the calcium-deprived females consumed their own eggs. Strangely,
two of these calcium-deprived females also built second nests and proceeded to
lay eggs in both. Work on calcium-specific foraging behavior of Great Tits has
recently been extended to free-living birds where an analysis of 41 years of
breeding data at Wytham Woods, Oxford, UK, revealed that females may forage
interterritorially (i.e., >300 m from the nest) during egg laying to obtain sufficient
calcium for egg formation (Wilkin et al. 2009).

2.5 Detection of a Dietary Calcium Threshold

Table 2.2 lists a number of studies that have found evidence that calcium limits
reproduction in birds. In addition many species may have to sacrifice valuable for-
aging time for other nutrients to forage solely for calcium. Grey-backed Camaropteras
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(Camaroptera brevicaudata) lost fat reserves during laying as a result of investment
in time spent foraging for calcium (Fogden and Fogden 1979). Egg laying Sand
Martins (Riparia riparia) and Barn Swallows needed to forage for <6 h per day to
meet their requirements for energy, protein, and sulfur-amino acids, but they found
it difficult to collect sufficient calcium to meet the demands of daily maintenance
and egg production (Turner 1982).

Identifying dietary calcium thresholds for free-living birds may prove difficult.
Ramsay and Houston (1999) found that Blue Tits nesting near Loch Lomond, in
west-central Scotland, were able to find sufficient calcium for clutch formation,
although they nested in an area where exchangeable soil calcium (0.02 mg/g?) and
snail abundance (0.36 snails/m?) were significantly lower than in the Buunderkamp
forest in The Netherlands, where birds were severely calcium-limited (Graveland
1995). A search of 22 m? of leaf litter and topsoil from the Scottish study area found
only eight snail shells (Ramsay and Houston 1999). However, even in habitats
where calcium availability was low, breeding birds obtained sufficient calcium for
egg production. Their gizzards contained calcium-rich material (Ramsay and
Houston 1999) and they laid eggs without defective shells. These results suggest
that a major limitation currently is our inability to sample calcium availability accu-
rately. Ramsay and Houston (1999) sampled leaf litter and topsoil but birds may
have been taking snails from other sites. The main source of calcium for breeding
Black-throated Blue Warblers in New England, USA, forests is land snails that are
only ~1-2 mm in length (Taliaferro et al. 2001). These are present in the leaf litter,
in decaying wood, and under logs making them virtually impossible to detect by
researchers.

Studying captive birds in order to identify dietary calcium thresholds may be
easier than field studies because calcium availability to captives can be controlled
and foraging efforts can be quantified. For example, Reynolds (2001) investigated
the effects of low dietary calcium on egg and laying parameters of captive Zebra
Finches. Birds on low calcium did not reduce clutch size below that of birds on ad
libitum calcium, but deposition of calcium in eggshells, measured by shell ash
mass, declined with laying order (Fig. 2.5). However, captive birds cannot forage
over wide areas to redress calcium deficits that might arise during laying. Detection
of dietary thresholds without causing birds to become egg bound may be achievable
only through subtle, incremental reductions in calcium availability.

2.6 Causes of Reductions in Calcium Availability

2.6.1 Acidification

Many of the studies that have reported calcium-limited reproduction of wild birds
have attributed their results to “acid rain,” the primary cause of calcium loss from the
environment. Although acidification may have caused the most obvious depletion
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Fig. 2.5 Masses of eggshell ash (+ 1 SE) through the egg-laying sequence for Zebra Finch
females on (a) a low calcium diet for clutch 2 and on ad libitum calcium for clutches 1 and 3, and
on (b) ad libitum calcium (control) for all three clutches. Reproduced from Reynolds (2001) by
kind permission of “Ibis”

of environmental calcium (Graveland 1998 and references therein) in the past, there
is increasing evidence that reducing emissions of nitrous and sulfurous oxides and
ammonia from anthropogenic sources slows rates of acidification (Hildrew and
Ormerod 1995). Stoddard et al. (1999) reported significant declines in the rates of
acid deposition in the 1980s and 1990s across many regions of Europe and North
America. As a result, acidified, aquatic ecosystems throughout north-central Europe
have gradually recovered (i.e., increased alkalinity), especially in the 1990s, but this
occurred in only one monitored region of North America. Whereas decreases in
sulfate ions led to this recovery in Europe in the 1990s, in North America declines
in sulfate ions were insufficient to counteract the continued leaching of basic cations,
such as calcium, from sensitive soils. As a result, three extensive regions of North
America (south/central Ontario, Adirondack/Catskill Mountains, and mid-western
North America) remain acidified despite continued declines in acid deposition.
Nevertheless, in areas of the world where the emissions of precursors of acid
rain have declined, the adverse effects of acidification on terrestrial and aquatic
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ecosystems have been mitigated and amelioration persists to the present day
(e.g., Singh and Agrawal 2008).

Mahony et al. (1997) compared breeding success of Black-capped Chickadees
(Poecile atricapillus) and Chestnut-sided Warblers (Dendroica pensylvanica) at
two forest sites, one healthy and the other declining (acidified) in south/central
Ontario. Although they found no differences in clutch or brood sizes or hatching
success for either species between sites, they reported chickadees foraging consis-
tently lower in the canopy at the acidified site, perhaps in response to dieback and
the consequent declines in prey abundance higher in the canopy. More studies of
this kind are needed if the long-term effects of sustained acidic conditions on the
breeding performance of birds are to be appreciated fully. Although Graveland
(1998) reviewed the effects of acidification on avian reproduction, investigations of
long-term effects of acidification on calcium availability and the subsequent breed-
ing performance of avian species nesting over wide spatial scales are few in number
(e.g., Hames et al. 2002; Vickery and Chamberlain 1999).

2.6.2 Agricultural Intensification

Agricultural intensification may have resulted in a decrease of calcium availability.
The Netherlands suffers from the adverse environmental effects of both heavy
industry and intensive agriculture, resulting in large tracts of land that are now
calcium-impoverished (Graveland, personal communication). Historically, forest
ecosystems have undergone nutrient depletion as livestock grazed in forests during
the day but spent nights in farm buildings. The manure produced at night was sub-
sequently applied to arable land and not recycled into forests. Dutch forests now
support few calcium-rich organisms as food for breeding birds. Agricultural inten-
sification in the UK too has resulted in the wholesale decline of the Corn Bunting
(Emberiza calandra), its abundance being positively correlated with the proportion
of arable land (Shrubb 1997). Soil type may also be crucial. Birds avoid clay areas
of central East Anglia and southeast England. Reports from other areas of England
suggest that birds are found only in clay areas when they are displaced from calcar-
eous soils by conspecifics. Gillings and Watts (1997) found that Corn Buntings
preferred light, free-draining soils (usually calcareous). Their numbers may have
declined as these preferred soil types have been replaced by clay subsoil resulting
from drainage and cultivation.

2.6.3 Secondary Calcium Limitation

Calcium limitation does not always occur as a direct result of reductions in calcium
availability. In heavily acidified areas where toxic cations, such as aluminum and
cadmium, accumulate, calcium uptake mechanisms of birds may be severely disrupted
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(Eeva and Lehikoinen 1995; Scheuhammer 1991). Toxic cations accumulate in
avian tissues, damaging them and disrupting calcium uptake across gut walls. At
high levels of dietary calcium intake, ingestion of such cations does not have a toxic
effect (Scheuhammer 1987), but, when calcium intake is low, toxic cations can
outcompete calcium ions for transport proteins involved in calcium uptake (e.g., Six
and Goyer 1970), and birds then show signs of calcium deficiency.

Dichlorodiphenyltrichloroethane (DDT) was discovered in 1939 and became
“standard issue” during the Second World War, when it was employed to check the
spread of typhus, malaria, and other diseases among the Allied Forces and civilian
populations. By the end of the war, so much DDT had been manufactured that it
was widely used in veterinary services, agriculture, and forestry (Dunlap 1981). By
the 1970s it was used as a biocide on a global scale. DDT readily attacks the ner-
vous systems of insects and is highly effective in controlling their numbers.
However, DDT is also readily passed from one animal to another through the food
chain. In birds and mammals, DDT is transformed to (1,1’-dichloroethenylidene)-
bis-(4-chlorobenzene) (DDE), its main fat-soluble metabolite, which accumulates
in the somatic fat reserves and in egg yolk. Although not as toxic as DDT, DDE
degrades more slowly and has severe detrimental effects on the metabolism of
birds. These result in declines in the breeding performance of birds associated with
exposure to DDT, as has been well-documented for many species, particularly
those at higher trophic levels (Hickey and Anderson 1968). These include the
Peregrine Falcon (Falco peregrinus) (Newton et al. 1989; Ratcliffe 1970), the
Eurasian Sparrowhawk (Accipiter nisus) (Newton and Bogan 1974), the Black-
crowned Night-Heron (Nycticorax nycticorax) (Ohlendorf et al. 1988; McEwen
et al. 1984), and the Double-crested Cormorant (Phalacrocorax auritus) (Weseloh
et al. 1995; Gress et al. 1973). At least some of this lowering of breeding perfor-
mance may be attributable to the effect of DDT on calcium metabolism.

2.6.3.1 Disruption of Reproduction by DDT

Accumulation of DDT (and DDE) in avian tissues results in thinning of the egg-
shell. Cooke (1975) compared eggshells of Domestic Chickens on low dietary
calcium with those of birds on chemicals that reduce calcium deposition, with
Mallards treated with DDT, and with Grey Herons (Ardea cinerea) known to have
been exposed to organochlorine insecticides. While the mammillary and palisade
layers, the main layers of the eggshell, were of similar thickness for Domestic
Chickens and herons, some parts of the thin shells produced by DDT-treated ducks
were similar in thickness to eggs produced by untreated birds. This suggested that
DDT-induced defects in shell structure resulted from a premature cessation of
growth of the calcified layers of the eggshell, rather than from a shortage of shell
components. This is further supported by a study of eggs of Eurasian Sparrowhawks
and Peregrine Falcons comparing eggs taken before the use of DDT with contem-
porary eggs. Cooke (1979) found that the mammillary and palisade layers in con-
temporary eggs underwent roughly proportional reductions in thickness. In addition
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to disruption of eggshell calcification, Jefferies (1967) found that DDT also caused
infertility (delays in ovulation), reductions in hatching and fledging success, exten-
sions of incubation and chick-rearing periods, reductions in body weight, and death
of neonates (see Jones and Summers 1968).

Disruption of eggshell calcification by DDT is mediated through the inhibition
of prostaglandin synthesis (Lundholm 1997). Concentrations of prostaglandins
greatly increase 6-8 h after ovulation and remain high 6-16 h after ovulation, dur-
ing the period of eggshell calcification (Hertlendy 1980). Prostaglandins are power-
ful stimulators of uterine contraction and, more specifically, prostaglandin E,
influences the transport of calcium ions across the shell gland during eggshell for-
mation. DDE inhibits the activity of prostaglandin synthetase, reducing the produc-
tion of prostaglandin E, by the mucosa of the shell gland and reducing uptake of
calcium during shell formation (Lundholm, 1994; 1997). As a result, Lundholm
(1997) found that the concentration of calcium ions was significantly reduced in the
lumen of the shell gland during shell formation, and shell thinning of eggs occurred
as a result.

2.6.3.2 Is DDT Responsible for Recent Declines in Breeding Performance
of Birds?

DDT was restricted in its use in Britain in 1964 and in the USA in 1972, but in other
areas, such as Southeast Asia and Central America, DDT is still widely used. Over
25 years later, the adverse effects of DDT on bird populations persist in North
America and these have been particularly apparent in fish-eating birds (Grasman
et al. 1998). Comparisons of Double-crested Cormorant eggs measured pre- and
post-DDT exposure demonstrate a significant reduction in eggshell thickness
(Weseloh et al. 1995; Gress et al. 1973). Weseloh et al. (1995) attributed the decline
in cormorant numbers on the Great Lakes, from ~900 pairs in 1950 to virtual
extinction by the early 1970s, to DDE-induced shell thinning. Since DDT was
banned, the population has expanded by 29% per annum. Similarly, Audet et al.
(1992) found that DDE residues declined significantly in Osprey (Pandion haliae-
tus) eggs analyzed in the mid-1980s compared with those from the early 1970s.
However, long-term trends in eggshell thickness of shorebirds (Morrison and Kiff
1979) and American White Pelicans (Pelecanus erythrorhynchos) (Budgen and
Evans 1997) show little change over the decades in which DDT was employed.

In Europe, raptorial birds have suffered reproductive failure and population
declines that can be attributed to the accumulation of DDT. Perhaps the best-
documented decline is that of the Peregrine Falcon in Britain (Mellanby 1992),
where it suffered a high incidence of eggshell thinning and breakage during incu-
bation. Shell breakage occurred in ~4% of clutches prior to 1939 but rose to ~39%
after 1951. Shell thickness was constant for Peregrine eggs measured from 1850
to 1947 but then decreased rapidly in 1947. The decline in numbers of Peregrines
was not uniform across Britain but was concentrated in those areas where DDT
was commonly applied. With the ban on DDT, DDE levels in tissues and eggs
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declined and Peregrine populations recovered across extensive areas of the UK and
western Europe (Newton et al. 1989). Similar to the situation in North America,
European seabirds and shorebirds have not experienced significant reductions in
eggshell thickness over the years that DDT was employed extensively (e.g.,
Pulliainen and Marjakangas 1980).

DDT continues to reduce reproductive success of birds in areas where its wide-
spread usage persisted up until a few years ago. For example, in Zimbabwe DDT
was banned from garden and domestic use in 1973 and from agricultural use in
1985, but it was still used to control Tsetse Fly (Glossina spp.) until the end of
1995. DDE contamination of African Fish Eagles (Haliaeetus vocifer) and African
Goshawks (Accipiter tachiro) has mirrored the frequency of DDT spraying
(Douthwaite 1992), particularly in the Zambezi Valley where Tsetse Fly control
was most intense. Measurements of eggshell thickness of Peregrine Falcons in
Zimbabwe have demonstrated mean shell thickness to be 10% lower than the pre-
DDT average (Hartley et al. 1995).

2.7 Calcium Supplementation

Calcium supplementation can be implemented only over a restricted area and does
not result in enduring improvements in calcium availability; nevertheless, the
effects of elevated calcium availability on breeding performance of birds can be
better understood in studies in which calcium supplements have been provided.
Table 2.3 lists the effects of calcium supplementation on the breeding performance
of various species. The most dramatic results were those of Graveland et al. (1994)
and Graveland and Drent (1997) in The Netherlands. Birds were nesting in an area
of poorly buffered, acidified podzolic soil on which the abundance of small snails
(their main source of calcium during laying) had suffered a long-term decline.
Calcium supplementation with fragments of snail shell and eggshell produced
marked improvements in many reproductive parameters (Table 2.3). Where birds
nest in areas of good soil quality and where acid precipitation is low, calcium
supplementation may not significantly improve their breeding performance. Such
was the case with House Wrens (Troglodytes aedon) nesting in Wyoming (Johnson
and Barclay 1996) in an area where the soil, a Quaternary alluvium, consisted of
eroded carbonates of calcium and magnesium, sand, and shale, and had a high
buffering capacity. Birds whose diets were supplemented with crushed oyster shell
and eggshell fragments showed no significant improvements in any reproductive
parameters, suggesting that they were obtaining sufficient calcium for egg forma-
tion without calcium supplements.

Even in areas where birds would seemingly benefit from increases in calcium avail-
ability, calcium supplementation sometimes has no effect on breeding performance.
For instance, nesting Blue Tits were provided with additional calcium (Ramsay
and Houston 1999) in an area near Loch Lomond, whose soil was of lower quality
than that of the Buunderkamp forest in The Netherlands (Graveland et al. 1994).
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Table 2.3 Effects of calcium supplementation on reproductive parameters of birds. Adapted from
Reynolds et al. (2004)

Species Effects Reference
Cape Vulture Decrease in incidents of osteodystrophy Richardson et al. 1986
(Gyps in chicks
coprotheres)
Black Tern Increase in body mass of 15-day-old chicks ~ Beintema et al. 1997
(Chlidonias
niger)
Tree Swallow No effect on chick survival but positive effect Dawson and Bidwell 2005
(Tachycineta on growth rate
bicolor)
Great Tit (Parus Reductions in number of females without Graveland and Drent 1997,
major) eggs, clutch desertion, defective Graveland et al. 1994,
eggshells, and nonhatched eggs per Tilgar 2002; Tilgar et al.
clutch. No effect on clutch size or laying 1999a, b, 2002, 2005;
date. Positive effect on clutch size, egg Miind et al. 1998, 2000

volume, egg yolk calcium concentration,
eggshell mass and thickness, lay date,
brood size, chick growth, and fledgling

numbers

Blue Tit No effect on egg mass and volume, shell Ramsay and Houston 1999
(Cyanistes mass, shell thickness index, onset of
caeruleus) laying, clutch size, or fledging success

European Pied Positive effect on egg volume, eggshell mass Mzind and Tilgar 2003;
Flycatcher and thickness, lay date chick growth, and Tilgar 2002; Tilgar et al.
(Ficedula female condition 1999a, b; Mind et al.
hypoleuca) 1998

Purple Martin No effect on growth rate of nestlings Poulin and Brigham 2001
(Progne subis)

House Wren No effect on egg size, number of fledglings ~ Johnson and Barclay 1996
(Troglodytes or fledgling body mass. Tendency to lay
aedon) more eggs

Supplements of cuttlefish bone, oyster grit, and crushed eggshell resulted in no
significant changes in reproductive parameters of birds. These results suggested
that despite low snail availability, Blue Tits in the Loch Lomond area were not as
calcium-stressed as Great Tits in The Netherlands, which showed high rates of
eggshell defects.

Physical and chemical properties of calcium supplements can affect breeding
performance. Crushed snail shell, oyster shell, and chicken eggshell provide digest-
ible sources of calcium for many passerines, and providing those in areas where
birds are severely calcium-limited can produce rapid improvements in breeding
performance (e.g., Graveland et al. 1994). Calcareous grit is also consumed by
many species during laying, probably both as a grinding agent and as a source of
dietary calcium. Bendell-Young and Bendell (1999) found that grit ingested by
Spruce Grouse females could contribute up to 30% of the total calcium content of
the gizzard. Although grit therefore provides essential nutrients to the laying bird
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(e.g., calcium, copper, iron, phosphorus), they also found that grit ingestion resulted
in exposure to toxic cations, most notably cadmium. Analysis of liver contents
indicated that cadmium accumulated with age. Little is known about grit turnover
times in birds and correspondingly little about the resultant exposure of birds to
toxic metals through grit ingestion. If grit turnover by laying birds is particularly
high, the elemental composition of supplemented calcareous grits should be con-
sidered before providing them as calcium supplements.

Reproductive success of some species can depend upon the availability of cal-
cium supplements in relation to the timing of egg formation, embryogenesis, and
chick-rearing. In addition to the period of shell formation, some species require
calcium-rich foods that they feed directly to their chicks for mineralization of their
skeletons. Failure by parents to provide sufficient calcium-rich foods can cause
chicks to develop rickets (Fig. 2.4). For example, the low calcium content of the
soft tissues of ungulates, which are the major dietary component of seven species
of Gyps vultures, has probably caused these birds to lay a single egg and to care for
chicks over a protracted period (Houston 1978). Vultures face dietary problems
even during the nonbreeding season because they must supplement their diets with
calcium-rich foods if they are to prevent calcium deficiency (e.g., Bertran and
Margalida 1997). Furthermore, to breed successfully, adults must supply their
chicks with easily digestible calcium-rich material, usually small bone fragments.
Some vultures are found in areas where the only source of calcium is bone frag-
ments resulting from carnivores crushing the bones of their prey. Richardson et al.
(1986) found that in ranched areas of South Africa, where Spotted Hyenas (Crocuta
crocuta) were absent, Cape Vultures provided their chicks with large unfragmented
bones. As a result, many chicks developed rickets whereas in wild areas, where
hyena-produced bone fragments were abundant, none of the 387 chicks showed
signs of rickets. Richardson et al. (1986) provided bone “restaurants” (crushed
skeletons) at artificial feeding sites and reduced the incidence of rachitic chicks
from 16.9% in 1976 to 2-5% in 1983. Through the success of this supplementary
feeding program, metabolic bone disease continue to be rare in vultures and “res-
taurants,” providing fresh food and bone fragments on a regular basis, are a valu-
able vulture conservation tool (e.g., Verdoorn 1998).

A fuller account of calcium supplementation and how it can be used to study
calcium-limited reproduction in birds is provided by Reynolds et al. (2004).

2.8 Future Research

Calcium-specific foraging by laying birds has been reported for many species for
which calcium derived from the skeleton is insufficient to meet the demands for pro-
ducing even one egg (e.g., Campbell and Leatherland 1983). In addition, many birds
provide calcium-rich material to their chicks immediately after they have hatched.
Ensuring high availability of calcium to birds during breeding, at least to those that do
not routinely consume high calcium diets at other times of the year, is fundamental.
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Although some cases of calcium-limited reproduction have been reported, many
species may already be suffering from this limitation, but exhibiting declines in
reproductive success that are too subtle to detect. It is only when calcium availability
drops below a dietary threshold for any given species that declines in breeding
performance are dramatic and therefore obvious. Knowledge of the dietary calcium
requirements of laying poultry species permits poultry scientists to sustain high egg
production by providing well-formulated feeding regimes in which calcium avail-
ability is monitored closely. Such detailed knowledge for nonpoultry species is
lacking, but research to date indicates that most birds rely upon exogenous, as well
as endogenous, dietary calcium for calcification of the eggshell. Furthermore,
regardless of the time of laying (e.g., Domestic Chicken [morning] vs. Common
Pigeon [afternoon]), it appears that some dietary calcium is deposited in short-term
medullary bone reserves to be mobilized for eggshell formation at times when
dietary intake of calcium is low. Aspects of calcium physiology may be shared
between laying Domestic Chickens and other species, and the poultry literature
may be an invaluable resource in helping us to understand more about the calcium
logistics of reproduction in all bird species.

2.8.1 Basic Dietary Information

Although a growing number of avian species have been observed feeding on cal-
cium-rich food (e.g., Dhondt and Hochachka 2001) items during laying, there
remains a large number of species for which our knowledge of breeding diet is
extremely limited. Detailed studies of foraging behavior would demonstrate the
range of calcareous material that is exploited by breeding birds. For instance,
Graveland (1996a) found that, unlike Great Tits, European Pied Flycatchers in the
same forest did not suffer from calcium deficiency. Millipedes and woodlice were
consumed as calcium sources during laying by European Pied Flycatchers, which
are thin-billed insectivores that find it difficult to process fragments of snail shell.
Instead, they obtain sufficient calcium for egg production by consuming arthropods
with calcified exoskeletons. Therefore, it is surprising that supplementation of
European Pied Flycatchers’ diet with snail and eggshell fragments resulted in
marked improvements in egg and laying parameters (Table 2.3, Tilgar et al. 1999a;
Miind et al. 1998). Omnivorous birds may switch diet during breeding when pre-
ferred calcium-rich foods become scarce.

Although eggshell is rich in calcium, most altricial birds remove all fragments
of eggshell from the nest soon after hatching. The white lining of shells is highly
conspicuous to predators and shell removal may reduce the risk of predation of
chicks and unhatched eggs (Tinbergen et al. 1962). However, in species that have
concealed nests, predation pressure is usually sufficiently low that other explana-
tions need to be sought. These may include prevention of bacterial infection of
material adhered to shell fragments, injuries to naked chicks from sharp shell fragments,
disturbance of brooding adults, and “egg-capping” (Derrickson and Warkentin 1991),
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where shells slip over unhatched eggs and interfere with the pipping process and
gaseous exchange across eggshells. Few birds appear to exploit readily accessible
calcium-rich eggshell by consuming it themselves or feeding it to their nestlings
(but see Lohrl 1978). Verbeek (1996) noted that only 25 out of the 160 first-
published species (excluding two cowbird Molothrus spp.) described in “The
Birds of North America” series leave eggshells in the nest after chicks have
hatched. Only 20 of these either routinely eat eggshells or do so in combination
with other methods of disposal (i.e., carrying them off or trampling them into the
nest). Further intensive study of birds at the nest may reveal a greater prevalence
of eggshell consumption by both adults and chicks.

Extensive areas of northern Europe, the Canadian Shield, and Africa are com-
posed of gneiss or granite, noncalcareous rocks supporting few sources of calcium-
rich food. As a result, in North America some species are less abundant in
calcium-poor areas (e.g., Common Pheasant, Dale 1954; Grey Partridge [Perdix
perdix], Wilson 1959), and birds that are present may invest much time and energy
foraging for calcium during laying. Tilgar et al. (1999a, b) suggested that in years
when food availability was low, Great Tits and European Pied Flycatchers, feeding
in base-poor areas of Estonia, struggled to obtain sufficient calcium for egg forma-
tion and postponed egg laying as a result. Under such conditions, these authors
propose that laying birds incur extra costs, over and above those estimated on the
basis of energetic and nutrient requirements. In particularly base-poor areas, laying
birds may spend significantly more time foraging for calcium-rich material and
correspondingly less time searching for other nutrients. Until we have information
about soil quality (e.g., pH, cation exchange capacity, buffering capacity), pollution
levels, and historical land-use patterns of these areas, it is impossible to know
whether availability of appropriate calcium-rich foods is stable or declining at a
given site. Reliable predictions about the stability of avian populations within these
areas will be possible only when such data are available, together with accurate bird
census data (Graveland 1998). Even then, relating avian distributions to calcium
availability can be seriously confounded by other factors, such as the availability of
other nutrients (see Gionfriddo and Best 1999) and of suitable nest sites. Patten
(2007) examined the proximate and ultimate effects of dietary calcium on clutch
size and, in so doing, he has taken the first steps in understanding how broad-scale
calcium availability might explain some of the patterns in calcium-limited life-
history parameters such as clutch and brood size.

2.8.2 Supplementation of Birds’ Diets During Breeding

Few birds nesting in areas of low calcium availability have been given dietary sup-
plements of calcium-rich food, and those few studies (Table 2.3) have produced
equivocal results. Further field studies in which birds’ diets are supplemented with
calcium will substantially increase our understanding of the timing of calcium intake
and the importance of calcareous material to successful egg formation and chick
development. Such research might be imperative if some critically endangered
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species are to survive. For example, breeding success of translocated populations of
the Kakapo (Strigops habroptilus) has been ameliorated through supplementary
feeding of protein-rich foods (Elliott et al. 2001), but negative effects of supplemen-
tation (e.g., obesity of breeding females, Powlesland and Lloyd 1994) have neces-
sitated a reconsideration of supplementation protocols. Raubenheimer and Simpson
(2006) suggested that calcium might be limiting in Kakapo reproduction and, if this
be the case, that reformulation of supplementary diets to lower the macronutrient:
calcium ratio might hold the key to improving their reproductive output.

2.8.3 Calcium Uptake and Utilization

Learning about the physiological mechanisms involved in the uptake and utilization
of calcium during egg laying will assist in pinpointing the stages of reproduction at
which calcium is most critical. Laboratory investigations using drugs that restrict
the availability of calcium during egg laying would be highly informative. For
example, Cooke (1975) administered sulfanilamide to laying Domestic Chickens
and found that both mammillary and palisade layers of the eggshell were reduced
in thickness compared with those laid by control (nondrugged) birds. However, the
egg was retained for a normal time in the shell gland and was laid with an intact
cuticle. These findings suggest that sulfanilamide disrupts the supply of carbonate
and calcium ions to the shell gland, resulting in a slower rate of calcium deposition,
but it has no significant effect on the schedule of the calcification process itself.
Further research to investigate the mechanism of action of sulfanilamide would
allow such drugs to be used in tightly controlled feeding trials with captive birds.
Such calcium antagonists/inhibitors have the potential to enhance our understand-
ing of the calcium logistics of birds during reproduction.

Feeding diets of different calcium content to captives would allow identification
of a dietary calcium threshold below which birds suffer severe limitation. Eggs
could be readily collected from birds whose dietary calcium intake is known and
ultrastructural abnormalities in shell structure could be examined. Currently, little
is known about the effects of subtle changes in dietary calcium availability on egg-
shell structure, or about how structural defects in eggshells ultimately affect the
breeding performance of wild birds.

In the field, targeted studies allow invaluable insights into the timing of calcium
intake in relation to egg laying and chick-rearing (see Bure§ and Weidinger 2001)
and biochemical markers targeting skeletal development are now being used to
examine the timing of mineralization during skeletal development (e.g., Tilgar et al.
2005, 2008). A further strand of research might involve free-living species that
ingest food containing negligible amounts of calcium. Hummingbirds, for instance,
require minerals, especially during reproduction, that are found in nectar in inad-
equate quantities to meet even some metabolic requirements (Hainsworth and
Wolf 1976). They appear to meet their daily energy requirements by consuming
insects as well as nectar (Remsen et al. 1986). Their needs beyond those for self-
maintenance (e.g., calcium needed for egg production) are met by supplementing
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their diets during and after reproduction with calcium-rich soil and ash (Adam and
des Lauriers 1998). Providing calcium supplements to hummingbirds would allow
us to understand the calcium physiology of a group of organisms that do not rou-
tinely consume calcium-rich food.

It is difficult to know to what extent the results from captive studies can be
applied to free-living individuals (Lambrechts et al. 1999). Klasing (1998) ques-
tions whether domesticated animals have similar mineral requirements to free-liv-
ing, nondomesticated ones, the former having been selected for rapid growth and
production. Although earlier in this chapter we advocated increased use of the
poultry literature in order to enhance our knowledge of calcium logistics of laying
birds, in general, caution should be exercised. The Domestic Chicken has under-
gone more than 50 years of selection for high egg production, and its mechanisms
of calcium uptake and utilization may not be representative of other avian species
during eggshell formation. Other captive species are often maintained on a surfeit
of foods that can have large effects on the efficiency of nutrient utilization and even
sometimes on gut morphology. Even in the Willow Ptarmigan (Lagopus lagopus),
for example, not only do captive males have much shorter cecal and intestinal
lengths (Moss 1972) than wild males, but they also have much lower digestive
efficiencies (27 and 46%, respectively) (Moss 1977).

Despite these reservations about the applicability of studies of domesticated and
captive species to wild birds, future research should combine laboratory and field-
based studies. Investigations (e.g., Pahl et al. 1997; Reynolds 1997) have certainly
suggested some parallels between small passerines and domesticated poultry species
in terms of their calcium physiology during egg formation. Furthermore, Blom and
Lilja (2004) used a comparative approach to demonstrate intriguing relationships
between eggshell microstructure and growth patterns of both poultry and free-living,
nondomesticated species that significantly advance our understanding of avian life-
history patterns. Poultry science may contribute much to our currently limited
knowledge of the calcium requirements for successful reproduction in wild birds.
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Chapter 3
Seasonal Metabolic Variation in Birds:
Functional and Mechanistic Correlates

David L. Swanson

3.1 Introduction

The influence of seasonal changes in temperature and climate on metabolic rates
in birds has been a topic of interest to ornithologists and ecophysiologists for
decades (e.g., Hart 1962; Dawson 1958; Miller 1939). Because metabolic rates
increase linearly with temperature in endotherms outside the thermal neutral
zone, comparisons of metabolic rates among seasons or species require standard-
ized measurements of metabolic rates. The most common of these standardized
metabolic rates used for comparisons of energetics among seasons or species is
basal, or resting, metabolic rate. It often serves as a baseline for comparisons of
metabolic costs of activities within species, and for comparisons of the “rate of
living” among species or species groups (e.g., Wiersma et al. 2007a; White et al.
2007; McKechnie et al. 2006; McKechnie and Wolf 2004; Trevelyan et al. 1990;
McNab 1988; Bennett and Harvey 1987; Kersten and Piersma 1987). Theoretically,
basal metabolic rate (BMR) is the minimum metabolic rate required for mainte-
nance in endotherms. BMR is measured within the thermal neutral zone under
postabsorptive digestive conditions during the resting phase of the daily cycle on
resting, nongrowing, nonreproductive animals (McNab 1997). It is doubtful
whether truly BMRs can ever be achieved in the laboratory, so the term resting
metabolic rate (RMR) is often used to refer to such measurements, even when the
standard conditions for BMR have been met. Here, I will revert to the standard
terminology and consider BMR as the metabolic rate measured under the stan-
dard conditions listed above, recognizing that this may not, in fact, represent truly
basal rates (Table 3.1).
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Table 3.1 Definitions of commonly used terms

Term Definition

Basal metabolic rate  Minimum metabolic rate required for maintenance; measured as
(BMR) the metabolic rate at thermoneutrality in resting, postabsorptive,
nongrowing birds in the resting phase of the daily cycle
Summit metabolic Maximum metabolic rate achieved during cold exposure
rate (M )
Maximum metabolic Maximum metabolic rate achieved during any form of activity. Maximal
rate (MMR) metabolic rates during locomotion are generally higher than those
during cold exposure in birds

Field metabolic rate  Metabolic rate for free-living birds engaged in normal daily activities.

(FMR) When expressed in terms of energy use per day, FMR is the Daily
Energy Expenditure (DEE)
Cold tolerance The time period over which a bird can maintain T, by thermogenesis

(principally shivering) at a given level of cold exposure
Shivering endurance The time period over which a bird can continue shivering thermogenesis
at a given level of cold exposure, essentially equivalent to cold

tolerance
Temperature at cold ~ The temperature producing hypothermia during exposure of an individual
limit (T, ) bird to a declining series of temperatures
Acclimation Exposure of birds to controlled climatic conditions in the laboratory
Acclimatization Exposure of birds to natural climatic conditions in the field

Another standardized measure of metabolic rate is the maximal metabolic rate
during activity (MMR). Comparisons of MMR in birds are not currently possible,
as MMR during flight has not been convincingly measured for any bird because of
technical difficulties associated with verifying that oxygen consumption during
sustained flight has actually reached maximum values. However, recent studies
employing hovering flight (Chai and Dudley 1995, 1996) or hop-flutter wheels
(Wiersma et al. 2007b; Pierce et al. 2005; Chappell et al. 1999) to induce maximum
metabolic rates appear potentially promising in this regard, although such measure-
ments are probably not practical for all volant birds. Thus, I will not examine maxi-
mal activity-induced metabolic rates in birds in this review. However, a similar
standardized metabolic measure that has become more common in recent seasonal
comparisons is summit metabolism (M_ ) or maximal thermogenic capacity. Here
Idefine M as the maximum metabolic rate attained by birds under cold exposure.
Historically, summit metabolism measurements were rarely undertaken because of
the very cold temperatures required to elicit M (but see Saarela et al. 1995;
Dawson and Carey 1976; Hart 1962). More recently, helium—oxygen atmospheres
(helox) that facilitate heat loss without impairing metabolic function have been
used to generate M measurements (Rosenmann and Morrison 1974). The utility
of M measurements emerge not only from the indication that they provide for the
maximal capacity for thermogenesis in the cold, but also from the general positive
association between M_ and endurance at submaximal levels of cold exposure
(Marsh and Dawson 1989). In addition, M and MMR are significantly and
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positively correlated in some mammals (Hayes and Chappell 1990), so they may
both serve as effective general measures of aerobic capacity in endotherms,
although M and MMR (measured by hop-flutter wheel) were not correlated in
tropical birds (Wiersma et al. 2007b).

Most research attention relating to seasonal variation in metabolic rates in birds
has been paid to metabolic variation between summer and winter in strongly sea-
sonal climates, as an aspect of seasonal acclimatization to cold and its attendant
thermogenic demands. However, the precise nature of the association between
variation in metabolic rates and variation in cold tolerance in birds remains uncer-
tain (reviews by Dawson and O’Connor 1996; Dawson and Marsh 1989; Marsh and
Dawson 1989). Winter increases in M and/or BMR are correlated with improved
cold resistance in birds and may be adaptive in this context (O’Connor 1995a;
Swanson 1990a). In addition, M_ _and cold tolerance are correlated in birds on both
intraspecific and interspecific bases (Swanson and Liknes 2006; Swanson 2001).

Surprisingly little effort has been directed toward measurement of metabolic
rates of birds in migratory disposition. A substantial amount of effort has been
devoted to defining the physiological and biochemical adjustments associated with
migration (McWilliams et al. 2004; Gwinner 1990; Dawson et al. 1983a), but this
effort has been primarily directed at describing how flight muscles might increase
power and endurance during migration and such changes have not been previously
tied to changes in organismal metabolism. Recent work, however, has begun to
examine potential seasonal variation in basal and summit metabolic rates of migrat-
ing birds (Vezina et al. 2007; Battley et al. 2000; Swanson and Dean 1999; Piersma
et al. 1995).

Another measure of metabolic rate in free-living birds that has been used for
seasonal comparisons is the field metabolic rate (FMR). FMR describes the ener-
getic costs of normal daily activities in birds under natural environmental condi-
tions. FMR is usually measured by two methods, doubly labeled water and
time—energy budgets. The theory behind these two methods has been well devel-
oped and both methods have been used to measure energy use during various peri-
ods of the annual cycle in birds (Speakman 1997; Weathers and Sullivan 1993). The
doubly labeled water method measures carbon dioxide production, so it provides a
more direct measure of FMR than the time-activity budget method, which sums the
metabolic costs of different activities observed in free-living birds. Nevertheless,
if metabolic costs of different activities are carefully measured in the lab and micro-
climates are carefully measured in the field, the time—energy budget and doubly
labeled water methods are usually in relatively close agreement (Webster and
Weathers 2000; Weathers and Sullivan 1993; Goldstein 1990).

This paper reviews the recent literature on seasonal variation in basal and sum-
mit metabolic rates associated with seasonal acclimatization and migratory disposi-
tion in birds. In addition, seasonal variation in FMRs will be reviewed in the context
of how seasonal changes in energy expenditure, and in the partitioning of energy
expenditure, might impact BMR and M_ _(or MMR). I will also discuss the potential
functional significance of this seasonal variation to meeting the energetic demands
of migration and thermogenesis in cold climates. Next, I will discuss the potential
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mechanisms underlying seasonal variation in BMR and M_ . I will also try to illu-
minate some potential topics or avenues for future research. The overall goal is to
integrate biochemical and physiological adjustments at the cellular and tissue levels,
organismal physiological variation, and ecology.

3.2 The Variable Thermal Environment Encountered by Birds

3.2.1 Climate and Thermostatic Costs

Temperature is one of the major modifiers of metabolic level in endothermic
animals, so it is necessary to examine the climatic conditions to which birds are
exposed throughout their annual cycle. Birds nesting in temperate-zone or arctic
latitudes, where climatic conditions deteriorate and productivity is reduced in
winter, respond to seasonally changing environments by two major strategies,
permanent residency and acclimatization or migration to more favorable climates.
Many small mammals exhibit a third strategy, winter dormancy or hibernation, but
such a strategy has been claimed for only one bird, the Common Poorwill
(Phalaenoptilus nuttalii). These birds become inactive and may remain in one
location for up to 3 months (Brigham et al. 2006; French 1993; Jaeger 1949). In the
torpid condition, skin temperature may drop as low as 2.8°C (Brigham 1992),
although body temperature may fluctuate markedly on a daily basis (e.g., up to
11°C per day, French 1993). Despite the energetic savings attributable to such a
hibernation strategy, it has not been documented for any other bird species.
However, torpor and regulated hypothermia are used by a wide variety of small
birds on a daily basis and this can also result in substantial energetic benefit
(see McKechnie and Lovegrove 2002, 2006; Reinertsen 1996, for reviews).

Species that are resident in temperate-zone or arctic latitudes, or those that migrate
only relatively short distances so that they still winter in cold climates, are faced
with marked seasonal changes in cold exposure and thermostatic costs (e.g., Cooper
2000; Wiersma and Piersma 1994). Winter climates in which these birds reside can
be severe. Moreover, environmental productivity is reduced in these regions in
winter compared to summer and daylength is short, so species employing this strat-
egy are faced with the interacting effects of short days available for foraging, long
nights of forced fasting, relatively low food availability, and cold temperatures
(Marsh and Dawson 1989). Such factors may combine to make the winter environ-
ment thermally stressful for resident birds. If seasonal changes in temperature or
climate are a major factor driving seasonal adjustments of physiology, then species
wintering in cold climates should demonstrate substantial seasonal physiological
adjustment.

Migratory species, particularly those that winter in tropical to subtropical climates,
move to more favorable climates in winter and thereby reduce their exposure to the
climatic deterioration and declining food base associated with wintering on or near
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the breeding grounds. This, in turn, reduces winter thermoregulatory costs relative
to those for birds wintering in colder climates (Wiersma and Piersma 1994).
As might be expected, based on the severity of winter climate, the percentages of
birds migrating varies with latitude such that higher latitudes show an increased
proportion of birds moving out of the area in winter. For example, in North America
the percentage of birds migrating south in winter varies from 12% in Florida (25°N)
to 87% at Ellesmere Island (80°N) (Newton and Dale 1996). Thus, migrating birds
escape the potentially stressful environmental conditions present on their breeding
grounds during the winter.

During migration, however, birds may encounter adverse weather conditions,
although they are still not exposed to the seasonal extremes of temperature that cold
climate-wintering species encounter. For birds wintering in tropical or subtropical
climates, which migrate later in spring and earlier in fall than shorter-distance
migrants (Hagan et al. 1991), average temperatures during spring migration are
often lower than those during fall migration (O’Reilly and Wingfield 1995). This
seasonal difference is moderated for shorter-distance migrants. For example, mean
temperatures surrounding median spring passage dates of the Neotropical migrants
Warbling Vireo Vireo gilvus and Yellow Warbler Dendroica petechia in southeast-
ern South Dakota were 5-6°C colder than temperatures surrounding median fall
passage dates (Swanson and Dean 1999). For mild temperate-zone migrants Ruby-
crowned Kinglet Regulus calendula and Yellow-rumped Warbler Dendroica coro-
nata, migrating through the same area, mean temperatures around spring and fall
passage dates differed by only 1-2°C.

Because of the differences in seasonal temperature extremes encountered by
cold climate residents and migrants, if temperature drives seasonal changes in
metabolic rates in birds, then migrants should show less metabolic variation than
residents. However, migration is also an energetically expensive endeavor and
physiological adjustments promoting endurance muscular activity during migra-
tion occur in birds and might influence organismal metabolic rates (Vezina et al.
2007; Dawson et al. 1983a). Knowledge of how such migratory adjustments
relate to seasonal variation in organismal metabolic rates is rather rudimentary at
present (Vezina et al. 2007; Battley et al. 2000; Swanson and Dean 1999; Piersma
et al. 1995).

3.2.2 Seasonal Variation in Field Metabolic Rates

For birds wintering in cold climates, higher thermostatic costs in winter might be
expected to elevate overall energy demands in winter relative to other seasons.
However, it is often assumed that energy expenditure of parent birds should peak
during the breeding season, in support of breeding and parental care costs, to maxi-
mize the number of offspring produced and thereby maximize fitness. According to
this scenario, FMR (or daily energy expenditures, DEE) should be greatest during



80 D.L. Swanson

the breeding season, or at least during the most expensive stage of the nesting cycle.
Two hypotheses have been proposed to describe seasonal patterns of energy expenditure
by birds, the increased demand hypothesis and the reallocation hypothesis (Masman
et al. 1986). The increased demand hypothesis posits that breeding and parental
care activities constitute a higher energetic demand than that at other times of the
year, such that FMR during the breeding season, or at least during the most
demanding period of the breeding season, is the highest of the annual cycle. The
reallocation hypothesis contends that the moderate temperatures and abundant food
base during the breeding season reduce thermostatic and foraging costs so that
energy used for these purposes can be reallocated to support costs of breeding and
parental care. According to this hypothesis, summer and winter FMR should be
similar. However, for small birds wintering in cold climates the high costs of ther-
moregulation over prolonged periods might be expected to elevate FMR in winter
relative to other seasons.

Weathers and Sullivan (1993) and Dawson and O’Connor (1996) reviewed
seasonal studies of FMR in birds and concluded, for birds studied to that time
(eight species total), that FMR during the breeding season was as high or higher
than that at other times of the year, thus supporting the increased demand or real-
location hypotheses. Also in support of this conclusion, Anava et al. (2000) docu-
mented approximately equal FMR in summer and winter for nonbreeding Arabian
Babblers Turdoides squamiceps in the northern Arabian Saharan desert in Israel.
For breeding Arabian Babblers, FMR was higher in birds during the spring breed-
ing season than nonbreeding birds in summer and winter, and this difference
resulted from higher daytime energy expenditure; nocturnal energy expenditure
did not vary among breeding, summer, and winter (Anava et al. 2002). Williams
(2001) also found stable FMR over the annual cycle in Dune Larks (Mirafra
erythroclamys) from the Namib desert in southern Africa. However, several
recent studies of small birds have documented higher FMR in winter than in sum-
mer. Nonbreeding Verdins Auriparus flaviceps in southeastern Arizona had 47%
higher FMR in winter than in summer, but costs of breeding were not incurred by
summer birds in this study (Webster and Weathers 2000). FMR of White-crowned
Sparrows Zonotrichia leucophrys on the central California coast was 17% higher
in winter than during incubation or nestling periods in summer, despite the mod-
erate winter climate at this location (Weathers et al. 1999). In addition, Mountain
Chickadees Poecile gambeli and Juniper Titmice Baeolophus griseus in northern
Utah showed 36 and 104% increases in FMR, respectively, in winter relative to
summer (Cooper 2000). Carolina Chickadees Poecile carolinensis from Ohio also
showed elevated FMR in winter relative to summer, with winter values 42%
greater than summer values (Doherty et al. 2001). Thus, winter FMR in some
birds may be higher than breeding season FMR and these results conflict with
those from earlier studies.

Are there any patterns that emerge from these studies on seasonal variation in FMR
in birds? Cooper (2000) noted that previous studies of seasonal variation in
FMR had largely been conducted on birds wintering in relatively mild winter climates,
where winter increases in thermostatic costs would be moderate. In addition, of the
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species in the Weathers and Sullivan (1993) and Dawson and O’Connor (1996)
reviews, those wintering in relatively cold climates had body masses above 160 g.
Because large body size results in low surface area to volume ratios and low ther-
mal conductance, thermostatic costs should vary much less seasonally in these
birds than in small birds. Thus, the emerging pattern of seasonal variation in FMR
appears to be seasonal stability or higher FMR during the breeding season than
during winter for large birds or for birds wintering in mild winter climates, but
higher FMR in winter than during the breeding season for small birds wintering in
cold climates. This emphasizes the prominent role of thermoregulatory costs in the
winter energy budget of small birds in cold climates and underscores the impor-
tance of the metabolic adjustments by which small birds meet these demands.
These adjustments, in turn, are likely to influence BMR and M.

3.3 Patterns and Functional Significance of Seasonal
Metabolic Variation

3.3.1 Thermogenic Mechanisms

Before discussing patterns of seasonal variation in metabolic rates, a brief review
of the mechanisms of heat production in birds is in order because increased ther-
moregulatory demands have been implicated as a factor driving winter increases
in metabolic rates (Dawson and O’Connor 1996). Heat is generated in resting
birds primarily, if not exclusively, by shivering (Marsh and Dawson 1989). The
flight muscles, pectoralis and supracoracoideus, comprise the largest muscle
group in the body of most birds, and range in size from about 15 to 25% of total
body mass (Hartman 1961). Flight muscles thus contribute greatly to shivering
thermogenesis and, as a consequence, have been the most extensively studied
muscle group regarding shivering thermogenesis. However, in some species leg
muscles may also contribute importantly to shivering thermogenesis (Marjoniemi
and Hohtola 1999; Carey et al. 1989). Birds shiver isometrically so that antagonis-
tic muscle groups work against each other (Hohtola 1982). This has the decided
advantage of creating little disruption of the insulative layer at the body surface.
Generally, increases in electrical activity in shivering muscles are linearly related
to increases in metabolic rate during shivering and EMG activity and oxygen con-
sumption both increase as ambient temperature declines (e.g., Hohtola et al. 1998;
Tgien 1992).

Nonshivering thermogenesis (NST) has been claimed for several bird species,
based on discrepancies between oxygen consumption and EMG activity (see
Reinertsen 1996; Dawson and O’Connor 1996; Duchamp et al. 1993; for reviews).
The occurrence of NST in birds, however, is controversial (Hohtola 2002; Marsh
1993) and if it does occur, the site of action is unknown, although skeletal muscle
appears to be a likely candidate (Reinertsen 1996). Birds lack brown fat, the principal
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site of NST in mammals, and they also lack the uncoupling protein (UCP 1) responsible
for dissociation of electron transport from ATP production in the mitochondrion
that allows the thermogenic function of brown fat in mammals (Mezentseva et al.
2008; Emre et al. 2007; Brigham and Trayhurn 1994; Saarela et al. 1989a, 1991;
Olson et al. 1988). Thus, if NST occurs in birds, its primary site is different from
that in mammals. Birds do possess an UCP gene (avUCP) that is highly homolo-
gous to mammalian UCP 2 and UCP 3 and is expressed in skeletal muscle, heart
and liver (Mozo et al. 2005; Raimbault et al. 2001; Vianna et al. 2001). Expression
of avUCP increases in cold-acclimated and glucagon-treated Muscovy ducklings
(Cairina muschata) (Raimbault et al. 2001). Cold exposure in Swallow-tailed
Hummingbirds (Eupetomena macroura) elicited torpor and avUCP expression
increased in torpid birds (Vianna et al. 2001). Moreover, cold exposure in broiler
chicks increased plasma triiodothyronine (T,) levels and avUCP expression
(Collin et al. 2003a) and treatment of broiler chicks with T, increased, whereas
treatment with thyroid hormone decreased, avUCP expression (Collin et al. 2003b).
These data suggest some role for avUCP in energy expenditure in birds, mediated
by T,, but Mozo et al. (2005) suggest that the primary role for avUCP may the
control of production of reactive oxygen species by mitochondria, rather than
thermogenesis.

Maximum metabolic rates during cold exposure in birds generally range from
about 3 to 8-times BMR (Dutenhoffer and Swanson 1996; Saarela et al. 1995;
Marsh and Dawson 1989). The largest factorial increment in metabolic rate
recorded during cold exposure in birds is from summer acclimatized House
Sparrows (Passer domesticus) from Wisconsin, USA, where M exceeds BMR by
ninefold (Arens and Cooper 2005a). Interestingly, winter acclimatized House
Sparrows from this same population exhibited a factorial increment of only 6.9. The
second largest factorial increment in the cold (8.4) is from a South American hum-
mingbird, the Green-backed Firecrown (Sephanoides sephanoides; Lopez-Calleja
and Bozinovic 1995). Metabolic expansibility (M _/BMR) during cold exposure is
usually less than that during locomotion (MMR/BMR), where metabolic expansi-
bilities generally range from about 8 to 14-times BMR for running or flying birds
(Brackenbury 1984). Klaassen et al. (2000) suggest that long-term steady-state
flights may be somewhat cheaper, as metabolic rates during extended flights in a
Thrush Nightingale Luscinia luscinia exceeded BMR by only 5.5-times. These
values, however, do not represent maximal aerobic metabolic rates during locomo-
tion, which can be much higher. For example, Bundle et al. (1999) recorded a meta-
bolic expansibility for Rheas Rhea americana running on an inclined treadmill of
36-times BMR. Flight metabolic expansibility values exceeding 20 have been
claimed for some birds, including migrating grebes Podiceps nigricollis (based on
fat depletion rates; Jehl 1994), pigeons Columba livia carrying loads (Gessaman
et al. 1991; Gessaman and Nagy 1988), and some small passerines during short
flights (Nudds and Bryant 2000; Tatner and Bryant 1986).

The full aerobic capacity of the flight muscles is thus evidently not available for
shivering thermogenesis. Marsh and Dawson (1989) suggest three possible reasons
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for the difference between M and maximum exercise-induced metabolic rate in
birds. First, the muscle mass recrulted may be less for shivering than for flight if
mechanical constraints on force production during shivering exist. Because birds
shiver isometrically, force production by the smaller of the antagonistic muscle
groups (supracoracoideus in the case of flight muscles) may limit force production
by the larger muscle group (pectoralis in the case of flight muscles). The high meta-
bolic expansibility during cold exposure for the only hummingbird for which M_
has been measured, Sephanoides sephanoides (Lopez-Calleja and Bozinovic 1995)
is noteworthy in this regard because hummingbirds have the largest supracoracoi-
deus mass relative to body mass among birds because of their hovering flight style
(Mathieu-Costello et al. 1992). Second, because body temperature of birds is often
slightly reduced during shivering at very cold temperatures and slightly elevated
during flight, temperature effects on metabolic processes could result in elevated
flight metabolic rates relative to shivering metabolic rates. Finally, the nearly con-
stant contraction in shivering muscles may restrict blood flow to the muscle during
shivering relative to blood flow to muscles during flight where the muscles inter-
mittently contract and relax. Such a restriction in blood flow could reduce oxygen
supply to shivering muscles and thereby limit maximum aerobic metabolic rates
during shivering.

Heat produced as a by-product of digestion (heat increment of feeding) or activ-
ity may substitute for thermoregulatory heat production in some birds (Dawson and
O’Connor 1996). Partial substitution of activity- or digestion-generated heat for
thermostatic costs occurs when metabolic rates at temperatures below thermoneu-
trality are elevated above those for activity or digestion alone, but not to the com-
bined level of activity or digestion costs plus thermostatic costs for resting birds.
Complete substitution occurs when metabolic rates for activity or digestion at a
given temperature below thermoneutrality are indistinguishable from those for
thermoregulation at rest. Partial or complete substitution of activity-induced heat
production for thermostatic costs has been documented for White-crowned
Sparrows Zonotrichia leucophrys (Paladino and King 1984), Verdins Auriparus
flaviceps (Webster and Weathers 1990), Gambel’s Quail Callipepla gambelii
(Zerba and Walsberg 1992), Red Knots Calidris canutus (Bruinzeel and Piersma
1998), Ruby-throated Hummingbirds Archilochus colubris (Chai et al. 1998),
House Finches Carpodacus mexicanus (Zerba et al. 1999), and Black-capped
Chickadees Poecile atricapillus (Cooper and Sonsthagen 2007). Partial to complete
substitution of the heat increment of feeding for thermostatic costs has also been
reported for Eurasian Kestrels Falco tinnunculus (Masman et al. 1989), House
Wren chicks Troglodytes aedon (Chappell et al. 1997), Thick-billed Murres Uria
lomvia (Hawkins et al. 1997), pigeons (Rashotte et al. 1999), and Tawny Owls Strix
aluco (Bech and Prastang 2004). The net result of this substitution is that overall
thermostatic costs are reduced in active or digesting birds. However, Kaseloo and
Lovvorn (2003) found that Mallards (Anas platyrhynchos) eating grain voluntarily
in small meal sizes showed no substitution of the heat increment of feeding for
thermoregulation.
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3.3.2 BMR and Seasonal Acclimatization

The positive relationship between latitude and BMR in terrestrial (Broggi et al.
2007; Weathers 1979) and marine (Ellis 1984) birds suggests that differences in
BMR among birds are related to climatic variation. In addition, tropical resident
species often have lower BMR than temperate-zone species (Wiersma et al. 2007a;
Hails 1983), although some of this variation may be related to habitat, as tropical
species from shaded forest areas tend to have average BMR while those from open
sunny habitats have reduced BMR (Merola-Zwartjes 1998; Weathers 1997; Vleck
and Vleck 1979). In addition, for species that migrate to tropical regions or for
those that occupy geographic ranges encompassing both temperate-zone and tropical
populations, BMR tends to be lower in the tropics (Kersten et al. 1998; Lindstrém
1997, Klaassen 1995; Kersten and Piersma 1987).

Laboratory acclimation experiments have shown that temperature can influence
BMR, with cold acclimation increasing BMR and warm acclimation decreasing
BMR in certain captive species (see McKechnie 2008, for review; also see Gelineo
1964). Although BMR in winter is usually higher than in summer for wild birds in
seasonal climates, it may also be lower or seasonally stable (see McKechnie 2008;
Dawson and O’Connor 1996, for reviews), so winter increases in BMR are not
required for seasonal acclimatization to cold. Weathers and Caccamise (1978) sug-
gested that seasonal variation in BMR is related to body mass, with large birds
(>200 g) generally showing winter decreases in BMR, while small birds generally
show winter increases in BMR (Fig. 3.1). However, McKechnie (2008) critically
reevaluated Weathers and Caccamise’s (1978) data and included additional data
meeting strict requirements for BMR and found no evidence of a relationship
between body mass and the magnitude of seasonal variation in BMR for birds,
although he noted that sample sizes for species >30 g were too low at present for
definitive conclusions.

How much does BMR vary seasonally or with temperature acclimation in those
species showing labile BMR? Gelineo (1964) reported changes in BMR in captive
birds ranging from 10 to 85% upon cold acclimation in the laboratory. Similarly,
more recent data show cold acclimation-induced increases in BMR ranging from 5
to 42% (McKechnie 2008). Interestingly, BMR of Rufous-collared Sparrows
(Zonotrichia capensis) showed a greater response to cold acclimation in popula-
tions from seasonally variable environments than in those from seasonally stable
environments, suggesting that seasonal phenotypic flexibility in BMR is associated
with climatic variability (Cavieres and Sabat 2008). The maximum degree of sea-
sonal variation in BMR for wild birds to date was documented for House Sparrows,
where BMR was 64% higher in winter than in summer (Arens and Cooper 20052).
According to the allometric equation of Weathers and Caccamise (1978), winter
BMR/summer BMR ratios of 1.24, 1.16, and 1.05 would be expected for birds of
10, 25, and 100 g body mass, respectively.

Because winter elevations of BMR in small birds are often correlated with
improvements in cold tolerance (e.g., Liknes et al. 2002; Liknes and Swanson 1996;
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Fig. 3.1 Relationship between body mass and winter/summer BMR ratio in birds. The dashed
line represents equality between summer and winter BMR. Birds less than about 200 g tend to
show elevated BMR in winter relative to summer, while the opposite is generally true for larger
birds. Redrawn from Weathers and Caccamise (1978), with permission

Cooper and Swanson 1994; Swanson 1991a; Weathers and Caccamise 1978), this
suggests that changes in BMR are functionally correlated with changes in cold
tolerance. Dawson and O’Connor (1996) suggested that an elevation of BMR in
winter appears unnecessary and energetically expensive for cold defense given the
substantial capacity of birds for regulatory thermogenesis. They mentioned two
possibilities by which winter increases in BMR could benefit cold tolerance in birds
directly. First, winter increases in BMR could serve as an emergency response for
protection of peripheral tissues from cold injury. Second, an elevation of BMR
could lower the threshold temperature for initiation of shivering, thus decreasing
energetic costs of thermoregulation. Neither of these possibilities seem particularly
likely, as shivering thermogenesis should provide sufficient protection of peripheral
tissues from cold injury and an elevated BMR entails an energetic cost that offsets
the benefit from a decreased threshold for shivering thermogenesis. Regarding the
relationship of increases in BMR with increases in cold tolerance, Dawson and
O’Connor (1996) suggest that it is currently impossible to distinguish whether
increases in BMR in winter contribute to increases in cold tolerance, are a by-product
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of them, or are a separate response. The by-product possibility seems most likely,
as the increased metabolic machinery required for enhanced thermogenesis in win-
ter probably entails higher maintenance costs (Swanson 1991a). Such a relationship
should be manifested by a positive correlation between BMR and M in birds.
Some studies have found that BMR and M are significantly correlated in birds on
an interspecific basis (Rezende et al. 2002 Dutenhoffer and Swanson 1996), but
Wiersma et al. (2007b) found no significant interspecific correlation between M_
and BMR for tropical birds. To my knowledge, the relationship between BMR and
M on an intraspecific basis is unstudied in birds. Potentially pertinent to this
question, however, Chappell et al. (1999) found that BMR and maximal exercise-
induced metabolic rates were significantly and positively correlated in juvenile
House Sparrows, but not in adults.

Most treatments of seasonal variation in BMR in birds have focused on its asso-
ciation with winter acclimatization, but variation in BMR related to the energetics
of reproduction might also be expected. In this regard, decrements of BMR in the
nonmigratory season or with summer acclimatization are common in birds (Dawson
and O’Connor 1996). Such decreases in BMR during periods of the year where
energy demands for migration or thermoregulation are reduced may be directly
adaptive, functioning to decrease maintenance costs of metabolically active tissues
during these periods. Ambrose and Bradshaw (1988) found that White-browed
Scrubwrens (Sericornis frontalis) from arid environments exhibited a BMR that
was 19% lower in summer than in winter, while scrubwrens from more mesic envi-
ronments did not undergo seasonal variation in BMR. In addition, birds from the
arid environments had lower BMR than birds from the more mesic environments in
summer, but not in winter. These data suggest that the decrease in summer BMR
for scrubwrens from arid environments could be directly adaptive, allowing reduc-
tions in energy expenditure, heat production, and respiratory evaporative water loss
in hot, dry environments (Ambrose and Bradshaw 1988).

Another physiological adjustment during the breeding season that could contrib-
ute to decreases in BMR is mass loss during reproduction. This is a common occur-
rence among birds, although such mass losses are often restricted to females that
are largely responsible for chick brooding and provisioning (Moreno 1989). Two
alternative hypotheses have been proposed to explain reproductive mass losses in
birds, the cost of reproduction hypothesis and the adaptive mass loss (or pro-
grammed anorexia) hypothesis (e.g., Golet and Irons 1999). The cost of reproduc-
tion hypothesis contends that the heavy workload associated with reproduction,
incubation, brooding, and chick provisioning results in nutritional stress and
decreases energetic condition, particularly in female birds. Thus, the decline in
body condition and fat stores is viewed as a cost to reproduction. According to this
hypothesis, mass loss should be greatest during the period of heaviest workload
(i.e., feeding nestlings). Patterns of mass loss consistent with this hypothesis have
been documented for a number of bird species (e.g., Nagy et al. 2007; Williams
et al. 2007; Moe et al. 2002; Holt et al. 2002; Chastel and Kersten 2002; Murphy
et al. 2000; Golet and Irons 1999; Bryant 1988; Nur 1984). Alternatively, mass loss
during breeding could be adaptive if it reduces energetic costs (BMR and flight
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costs) of adults involved in chick rearing. According to this hypothesis, mass loss
should not be coincident with the period of highest workload, but should occur
prior to or at the initiation of chick provisioning so that flight costs (and BMR) are
lower during this period. A number of studies have documented this pattern of mass
loss in breeding birds (e.g., Blem and Blem 2006; Kullberg et al. 2002; Cichon
2001; Phillips and Furness 1997; Sanz and Moreno 1995; Croll et al. 1991; Ricklefs
and Hussell 1984; Freed 1981; Norberg 1981).

Variation of BMR in birds has been correlated with variation in lean mass or
with variations in organ masses in several studies (e.g., Liu and Li 2006; Vezina and
Williams 2003, 2005; Bech and Ostnes 1999; Chappell et al. 1999; Piersma et al.
1996a; Scott et al. 1996; Daan et al. 1990). Furthermore, a number of studies have
estimated the reductions in BMR and flight costs potentially attributable to repro-
ductive mass losses. These reductions range from about 5 to 25% for BMR and
from about 4 to 10% for flight costs (Phillips and Furness 1997; Jones 1994; Croll
et al. 1991). However, these estimates were generated from allometric equations
predicting metabolic rates as a function of body mass and changes in body compo-
sition associated with reproductive mass losses were not quantified. Thus, these
indirect estimates are of little value for describing the energetic consequences of
breeding season mass losses. If mass losses were primarily from metabolically
inactive tissues (e.g., fat), the reductions in BMR may be overestimated. However,
loss of muscle protein during the egg-laying period has been documented for a
number of birds, although its occurrence is not universal (Cottam et al. 2002;
Houston et al. 1995; Jones 1991), and muscle protein levels depleted during the
laying period may remain low during incubation (Mawhinney et al. 1999).
Regardless of how breeding season mass losses are accomplished, significant ener-
getic savings could accrue from decreases in flight costs and BMR during the
reproductive season (Norberg 1981).

Few studies have directly measured variation in RMR over the breeding season
in birds to evaluate how such changes might associate with variation in body mass.
Nilsson and Réaberg (2001) found that RMR in Great Tits (Parus major) increased,
relative to winter levels, by 12% during nest building, 27% during egg production,
and 20% during chick provisioning stages of the nesting cycle. RMR also varied
among nonbreeding, egg-laying, and chick provisioning periods in European
Starlings (Sturnus vulgaris), but relative RMR among the stages differed among
years, with each stage being highest during one of 3 years of measurement (Vezina
and Williams 2002). Black-legged Kittiwakes (Rissa tridactyla) exhibited a 26%
reduction in RMR during the chick provisioning stage compared to pre-breeding
and incubation stages of the nesting cycle, and this was associated with a concomi-
tant increase in FMR and decrease in body mass (Fyhn et al. 2001). The body mass
decrease between incubation and chick provisioning in kittiwakes is accompanied
by reductions in plasma triiodothyronine levels and kidney metabolic intensity
(Rgnning et al. 2008), suggesting that a downregulation of metabolic intensity, in
addition to decreased body mass, may contribute to the reduced BMR during chick
rearing. However, Vezina and Williams (2005) found that mass-specific metabolic
intensity (measured by citrate synthase activity) did not vary consistently with mass
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changes in several organs across the breeding season in starlings, so mass and meta-
bolic intensity of organs do not necessarily vary in tandem. This result is also sup-
ported by the finding that Red Knots (Calidris canutus) show a reduced BMR,
despite increases in body mass, lean mass and gizzard mass when switched to a
lower quality diet (Piersma et al. 2004).

3.3.3 BMR and Migratory Disposition

Migration involves sustained bouts of an energetically expensive behavior (flight)
that are not immediately balanced by feeding and resting. Thus, migration results
in physiological changes promoting endurance flight in birds (McWilliams et al.
2004; Gwinner 1990; Dawson et al. 1983a). Organismal metabolic rates might be
expected to increase with migratory disposition because of the physiological adjust-
ments promoting endurance flight. Several studies have examined seasonal varia-
tion in BMR (on a whole-organism basis) associated with migration (Table 3.2).
Piersma et al. (1995) found that arctic-breeding Red Knots Calidris canutus held as
outdoor-captives on the western European wintering grounds, demonstrated sea-
sonal variation in BMR (up to 2.1-fold), with values in late spring and early sum-
mer (spring migration and initiation of breeding) higher than the annual minimum
value during winter (Fig. 3.2). Similarly, Weber and Piersma (1996) showed
that BMR in outdoor captive knots decreased markedly, along with mass, over a
31-day period following the attainment of peak mass associated with the spring
migration period. Lindstrom (1997) found that BMR was higher in populations of
autumn migrants than in populations on the African wintering grounds for three
species of shorebirds, although the Sanderling (Calidris alpina) showed no seasonal

Table 3.2 Variation in BMR associated with migratory disposition in birds

Mass (g) BMR (mL O,-min™")

Annual Annual
Species Spring Low Fall Spring Low Fall H/L References
Shorebirds
Calidris canutus 165 115 115 397  2.06* 2.24 2.1  Piersmaetal. 1995
C. alpina - 35 4 - 1.04 1.58 1.51 Lindstrom 1997
C. ferruginea - 52 51 - 1.64 1.85 1.27 Lindstrom 1997
C. alba - 47 47 - 1.58 1.58 1.0  Lindstrom 1997
Arenaria interpres - 100 87 - 1.67 275 1.64 Lindstrom 1997
Passerines
Dendroica coronata 13 - 11 084 - 0.64 131 Swanson and Dean

1999

The Annual Low column refers to the time period providing the lowest BMR over the annual cycle.
For the shorebirds above, which are arctic-breeders and tropical-winterers, this period is in winter
“Values estimated as averages for three individuals from Fig. 3 in Piersma et al. 1995

H/L: the annual high BMR divided by the annual low BMR
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Fig. 3.2 Annual variation in body mass and BMR (in Watts) for three individual captive Red
Knots, Calidris canutus. Both mass and BMR increased during the spring migration period and
peaked during late June/early July, which coincides with the early breeding season on their arctic
breeding grounds. Redrawn from Piersma et al. (1995), with permission

variation in BMR. Redshanks Tringa totanus also demonstrated elevated BMR in
association with migratory fattening (Scott et al. 1996). Recently, Vezina et al.
(2007) demonstrated that BMR in Red Knots varied over the cycle of fattening and
mass loss surrounding the spring migration period and that changes in BMR were
positively associated with changes in body mass and pectoral muscle mass. In addi-
tion to the shorebird data, BMR in Yellow-rumped Warblers increased by 31% in
spring relative to fall migration (Swanson and Dean 1999).

The general pattern emerging from these studies is that whole-organism BMR
does increase with migratory disposition in birds, at least during spring migration,
and that elevated BMR accompanies the increment in body mass during migration
(Fig. 3.2). Because only a few species have been studied, these conclusions
regarding seasonal variation in BMR with migratory disposition must remain
tentative at present. Further research, including BMR measurements from a wider
variety of taxa, is needed to determine if these general patterns are robust.
Additional specific research questions in need of study include: (1) Is the migratory
elevation of BMR detected in shorebirds common to other taxa as well? (2) How
does BMR compare between spring and fall migration? (3) Does variation of BMR
with migration differ between short-distance and long-distance migrants, perhaps
as a result of differential storage and use of protein and fat prior to and during
migratory flights (Piersma and Jukema 2002; Klaassen et al. 1997; Klaassen 1996;
Klaassen and Biebach 1994)?
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The elevated BMR associated with migratory disposition in many birds suggests
that a general elevation of metabolism supports an increased capacity for endurance
flight. Most likely, BMR tracks changes in the total aerobic capacity of migrants,
which presumably increases in association with the high and sustained energy
demands of migration (Vezina et al. 2007; Weber and Piersma 1996). In this
respect, increases in BMR with migratory disposition do not directly promote
enhanced endurance flight, but instead are indicative of adaptation of total aerobic
capacity (Piersma 2002; Piersma et al. 1995, 1996a). That is, migration-induced
increases in BMR result from increased maintenance costs of tissues involved in
support (e.g., heart, gut, kidney) of the high energetic demands of peripheral effec-
tor organs (i.e., skeletal muscles) during migration (Piersma et al. 1996a, 1999).
Moreover, as mass declines (along with flight and maintenance costs) during long-
distance migratory flights, BMR may concurrently decline (Battley et al. 2000;
Klaassen and Biebach 1994).

3.3.4 M, and Seasonal Acclimatization

A general pattern emerging from seasonal studies of both M and cold tolerance
in birds is that those species showing marked winter enhancement of cold tolerance
also show significant increases in M (Arens and Cooper 2005a; Liknes et al.
2002; Cooper 2002; Liknes and Swanson 1996; O’Connor 1995a; Cooper and
Swanson 1994; Swanson 1990a; Marsh and Dawson 1989; Dawson and Smith
1986). Cold acclimation also increased M and cold tolerance in Red Knots
(Vezina et al. 2006). This suggests that M_ and cold tolerance in birds are posi-
tively associated. Consistent with such a relatlonshlp, birds exhibiting only minor
seasonal adjustment of cold tolerance also demonstrate little or no seasonal varia-
tion in M (Swanson and Weinacht 1997; Dawson et al. 1983b). However, geo-
graphic Varlatlon in cold tolerance in small birds is not necessarily congruent with
geographic variation in M__, suggesting that M__is a rather imprecise indicator of
cold tolerance (Swanson 1993 Dawson et al 1983b). Moreover, significant
improvement of cold tolerance in winter in small birds can occur without or with
only minor winter elevation of M (Saarela et al. 1989b, 1995; Dawson and Smith
1986; Dawson et al. 1983b).

Marsh and Dawson (1989) and Dawson and Marsh (1989) reviewed the litera-
ture to that date on seasonal variation in M__ and cold tolerance in small birds.
They concluded that the major physwloglcal adjustment associated with winter
acclimatization in small birds was a seasonal increase in shivering endurance,
rather than changes in thermogenic capacity. However, changes in endurance are
associated with changes in aerobic capacity in vertebrates generally (Bennett
1991), so the relatively minor seasonal changes in M accompanying seasonal
changes in cold tolerance (i.e., shivering endurance under cold exposure) in birds
seem somewhat unusual in this regard. Marsh and Dawson (1989) and Dawson and
Marsh (1989) also noted that seasonal variation in M__ in most birds amounted to
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less than about 15% and that such seasonal changes were lower in birds than in
mammals, which sometimes exceeded 50%.

Much of the data used to formulate the conclusion of relatively minor seasonal
adjustments in M__ in small birds came from studies of cardueline finches, includ-
ing the well- studled American Goldfinch Carduelis tristis (Dawson and Smith
1986; Dawson and Carey 1976) and the House Finch Carpodacus mexicanus
(Dawson et al. 1983b). Dawson and Carey (1976) found no significant seasonal
difference in mass-specific peak metabolic rates in goldfinches exposed to less
than —60°C in air, despite winter birds tolerating these temperatures for up to 8 h
while summer birds became hypothermic in less than 1 h. However, whole-
organism peak metabolic rates in winter in these goldfinches were 32% higher
than in summer. Dawson and Smith (1986) argued persuasively that whole-organ-
ism metabolic rates are actually the more pertinent measure for seasonal compari-
sons, largely because of seasonal differences in fattening. These authors detected
a 16% elevation of M in goldfinches in winter relative to spring, but M in
spring birds was measured in April, which has colder temperatures than summer
months, so 16% might underestimate the full degree of seasonal variation in M_
in these birds. Indeed, in American Goldfinches from South Dakota, whole-organ-
ism M in winter exceeds that in summer by 31% (Liknes et al. 2002), a value
s1m11ar to the whole-organism seasonal difference in peak metabolic rate docu-
mented by Dawson and Carey (1976). Thus, American Goldfinches appear to
exhibit a greater degree of seasonal variation in M_ _ than previously credited
them. Dawson et al. (1983b) found no seasonal dlfferences in M from House
Finches in California or Colorado, but O’Connor (1995a) found a 30% elevation
of whole-organism M__ in winter relative to summer in House Finches from
Michigan. In addltlon recent studies on a wider diversity of avian taxa have
revealed that relatively large seasonal changes in M are common among small
birds, with winter increments of M relative to summer commonly exceeding
25%, and exceeding 50% in some spec1es (Liknes and Swanson 1996, Table 3.3).
Thus, winter elevations of M__ in birds and mammals appear less disparate than
previously recognized. Fmally, M may also vary among winters or even within
a winter in small birds and such variation is inversely correlated with temperature
(Swanson and Olmstead 1999). This suggests that temperature exerts a proximate
influence on M in these birds.

The general pos1t1ve relationship between M and cold tolerance in birds
suggests that the physiological changes underlying increases in M__ may be
important to winter acclimatization. M_ cannot be sustained indefinitely, as birds
become hypothermic after some time at a cold exposure eliciting peak thermogenesis
(e.g., O’Connor 1995a). However, some fraction of M can be maintained indefi-
nitely, allowing survival of prolonged cold periods where energy demands for
thermogenesis are high (Marsh and Dawson 1989). The fraction of M_  that can
be sustained for prolonged periods may be related to the relative pr0v1s10n of ATP
to shivering muscles from fats or carbohydrates or from aerobic or anaerobic
metabolism. In mammals, carbohydrates play an increasingly important role in
ATP provision as exercise intensity increases, and lactate accumulates at high
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Table 3.3 Variation in M__associated with seasonal acclimatization in birds

sum

Mass (g) M (mL O, min™)
Species Summer Winter Summer Winter  W/S References
American Goldfinch 12.8 14.4 4.20 4.83 1.15 Dawson and Smith 1986
(Michigan)
(S. Dakota) 12.4 13.8 4.27 5.61 1.31 Liknes et al. 2002
House Finch 21.0 21.6 5.34 5.83 1.09* Dawson et al. 1983b
(California)
(Colorado) 21.8 21.7 6.54 6.73 1.03* —
(Michigan)® 21.1 21.6 5.46 7.12 1.30 O’Connor 1995a
(S. Dakota) 21.3 21.0 6.03 6.54 1.08* Swanson and Liknes 2006

Eurasian Siskin 12.8 13.2 4.18 4.53 1.08 Saarela et al. 1995
Eurasian Greenfinch 27.1 26.6 6.19 5.19 0.84* —

Evening Grosbeak  58.0 62.1 12.33 14.50 1.18 Hart 1962
European Starling ~ 79.6 89.8 17.33 18.83 1.09 -

House Sparrow 27.1 29.4 7.0 10.0 143 -
(Ontario)
(Wisconsin) 26.4 27.6 8.4 10.9 1.29  Arens and Cooper 2005b
(S. Dakota) 26.8 27.1 8.4 9.3 1.11  Swanson et al. 2009

Black-capped 12.4 13.4 4.78 6.49 1.36  Cooper and Swanson
Chickadee 1994

Black-capped 13.2 13.0 4.39 6.00 1.37 Swanson and Liknes 2006
Chickadee

Dark-eyed Junco 16.9 18.2 5.78 7.39 1.28 Swanson 1990a

White-breasted 19.8 21.3 5.18 8.04 1.55 Liknes and Swanson 1996
Nuthatch?

White-breasted 19.6 21.8 4.87 6.21 1.28 Swanson and Liknes 2006
Nuthatch

Downy Woodpecker 25.0 26.6 6.62 10.04 1.52 Liknes and Swanson 1996
Downy Woodpecker 25.8 26.0 7.73 7.19 0.93* Swanson and Liknes 2006

Northern Bobwhite 220 230 20.19 22.02 1.09* Swanson and Weinacht
1997
Mountain 11.4 11.3 4.26 5.37 1.26  Cooper 2002
Chickadee

Juniper Titmouse 16.3 17.1 5.23 5.73 1.10 -
Northern Cardinal ~ 41.4 48.3 8.10 10.91 1.35 Swanson and Liknes 2006

The W/S column is the ratio of M in winter divided by M in summer

*Seasonal values did not differ significantly

®Michigan House Finches were tested at —10°C in helox, so values may not represent actual sum-
mit metabolism. However, all birds became hypothermic at the end of these tests suggesting that
metabolic rates closely approached summit metabolism

“Values from Hart (1962) are reported as presented in Marsh and Dawson (1989)

dSummer values for nuthatches are mid-summer values, which were significantly lower than early/
late summer values (20.5 g, 6.20 mL O,-min™") in this study

exercise intensities (e.g., 85% of maximum aerobic capacity), indicating an
anaerobic contribution to ATP provision at these levels of exercise (Roberts et al.
1996), but this does not appear to be the case for birds, where fat serves as the
major fuel for both shivering and locomotion at all levels of intensity (Vaillancourt
et al. 2005; McWilliams et al. 2004).
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Fig. 3.3 Variable fraction and variable maximum models for how shivering endurance and M

sum

are related on a seasonal basis. The entire extent of the bars respresents M, while the filled
portions of the bars indicate the metabolic rates that can be sustained indefinitely (some percent-
age of M_ ). The variable fraction model suggests that winter birds can sustain a higher fraction
of M than summer birds, thereby increasing shivering endurance at cold temperatures and
1mprov1ng cold tolerance. The variable maximum model suggests that M varies seasonally and
that sustaining a seasonally constant fraction of M elevates sustainable levels of thermogenesis
and thereby improves cold tolerance. The two models are not mutually exclusive. From Liknes
et al. (2002)

Birds could presumably increase cold tolerance (i.e., shivering endurance) in
winter by increasing the fraction of M that could be sustained relative to that in
summer (variable fraction model, Flg 3 3). Alternatively, birds could sustain a
seasonally constant fraction of M__ but increase M _in winter (variable maximum
model, Fig. 3.3). These two models explaining seasonal differences in shivering
endurance are not mutually exclusive and the end result of both models is an
increase in sustained heat production in winter relative to summer (Liknes et al.
2002). For mammals, interspecific differences in endurance are mediated by differ-
ences in aerobic capacity, rather than by differences in the fraction of maximum
aerobic metabolic rate that can be sustained (Roberts et al. 1996). Marsh and
Dawson (1989) suggested that because seasonal changes in M in birds tested to
that date were relatively minor (mostly <15%), winter increments of cold tolerance
and shivering endurance were mediated through the ability of winter birds to sus-
tain higher fractions of M than summer birds, consistent with the variable frac-
tion model. Recent data 1nd1cat1ng larger seasonal variations in M__, however, are
more consistent with the variable maximum model (e.g., L1knes et al. 2002).
According to this model, species sustaining a seasonally constant fraction of M_
would increase heat production in winter relative to summer for any given fraction
of M sustained. If we assume that shivering endurance is seasonally stable for
any given fraction of M sustained, a winter increase in M__ would affect an
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increase in cold tolerance because sustainable levels of heat production would be
higher in winter than in summer. Such an increase in sustained heat production
would seem to be the functionally significant feature of winter increments of M_
to cold tolerance and acclimatization (Liknes et al. 2002; Liknes and Swanson
1996; O’Connor 1995a). Furthermore, if a higher fraction of M__ could be main-
tained in winter than in summer, as Marsh and Dawson (1989) Suggest then this
could further improve cold tolerance in winter birds.

Because large winter increases in cold tolerance in birds may occur with only
relatively minor winter increases in M (Dawson and Smith 1986; Dawson and
Carey 1976; Hart 1962) and 1ntraspec1f1c geographic variation in M__ does not
necessarily parallel geographic variation in cold tolerance, the precise nature of the
relationship between cold tolerance (i.e., increased shivering endurance) and M_
in birds is uncertain. Swanson (2001) demonstrated that mass-independent M
and shivering endurance (measured as time to hypothermia under a standardrzed
cold stress in helox) were positively correlated for Dark-eyed Juncos (Junco hye-
malis), American Tree Sparrows (Spizella arborea), and Black-capped Chickadees
(Poecile atricapillus) overwintering in South Dakota, although the variation in M_|
explains only a portion of the variance in endurance (R*=0.11-0.54). Moreover
mass-adjusted M was positively associated with cold tolerance on an interspe-
cific basis for 25 brrd species (Swanson and Liknes 2006). Thus, the general posi-
tive correlation between M and cold tolerance (i.e., shivering endurance) in birds
is consistent with the general rule among vertebrates of a positive association
between expanded aerobic capacities and enhanced endurance at submaximal
levels of activity (Bennett 1991; Marsh and Dawson 1989).

3.3.5 M_  and Migratory Disposition

Because physiological adjustments for migration and winter acclimatization both
promote endurance muscular activities (long-distance flight and prolonged shiver-
ing, respectively) and organismal M_ _ generally increases in winter, it might be
expected that migratory disposition could influence M_ . Seasonal variationin M_

associated with migration has been documented in four passerine migrants
(Table 3.4, Swanson and Dean 1999; Swanson 1995). For Warbling Vireos Vireo
gilvus and Yellow Warblers Dendroica petechia, per-bird M was elevated (18 and
23%, respectively) during spring migration relative to summer and fall migration
periods, which do not differ significantly. M_ _in Ruby-crowned Kinglets Regulus
calendula and Yellow-rumped Warblers Dendroica coronata was measured only
during spring and fall migration periods and was significantly greater in spring than
in fall for warblers (20%) and for male kinglets (11%), but not for female kinglets.
The general pattern emerging from these studies is that M__ is elevated during
spring migration, relative to other seasons, at least in the terrrtory establishing sex.
Interestingly, the degree of seasonal variation in M associated with migration
shows broad overlap with the percent increases in M associated with winter
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Table 3.4 Variation in M__ associated with migratory disposition in passerine birds

sum

Mass (g) M (mL O, min")

Species Spring Sum Fall Spring Sum Fall S/F* References
Warbling Vireo 14.4 13.6 14.1 5.00 419 426 1.18 Swanson 1995
Ruby-crowned 6.3 - 6.0 2.63 - 237 1.11 Swanson and

Kinglet (male) Dean 1999
Ruby-crowned 5.6 - 57 217 - 2.14  1.01 -

Kinglet (female) (NS)
Yellow Warbler 10.0 9.1 9.5 3.46 2.89 273 123 -
Yellow-rumped 12.7 - 11.8  4.49 - 375 1.20 -

Warbler
“Ratio calculated as spring M_ divided by fall M or pooled fall and summer M_

n

acclimatization (0-55%, but most values <35%, Table 3.3). In addition to these
studies on passerines, Vezina et al. (2007) found that M and cold tolerance in
captive Red Knots changed in tandem with body mass and pectoralis muscle size
changes over the period encompassing spring migration, and that this relationship
was independent of thermal acclimation. More studies measuring seasonal trends
in M associated with migratory disposition on a wider variety of taxa are needed.
Specific research questions in need of testing include: (1) Is the general pattern so
far documented for passerines and Red Knot robust? (2) Do fall migratory adjust-
ments in M generally differ from those during spring or does variation in M
relate to differing migration strategies? (3) Are the percent changes in M associ-
ated with migration and winter acclimatization similar? (4) Does M_ _ change with
the duration of migration (i.e., approaching the migratory destination), as rates of
migration sometimes do (Ellegren 1993)?

The potential significance for the general pattern of a spring increment in M_
in migratory birds is less obvious than the increase in M associated with winter
acclimatization because most migrants are not exposed to the seasonal extremes of
temperature encountered by residents of cold climates. Swanson (1995) and
Swanson and Dean (1999) presented two hypotheses, the cold acclimatization
hypothesis and the flight adaptation hypothesis, to explain the pattern of seasonal
variation in M associated with migration documented for passerine migrants. The
cold acclimatization hypothesis posits that selection for improved cold hardiness
during spring migration relative to other seasons is responsible for the spring incre-
ment of M. Many migrants are subject to colder temperatures during spring
migration and upon arrival on breeding grounds than during the remainder of the
breeding season or during fall migration (Swanson and Dean 1999; O’Reilly and
Wingfield 1995; Wiersma and Piersma 1994). Thus, provided that increases in M
are related to increases in cold hardiness (see above), elevated M and cold resis-
tance during spring could be beneficial from a thermoregulatory standpoint.

Alternatively, the flight adaptation hypothesis suggests that the spring incre-
ment of M is a by-product of selection for improved endurance flight during the

spring rush to the breeding grounds. Faster flight velocities, longer flight durations,
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or shorter stopover periods between successive flights could all produce a faster
pace of migration in spring than in fall. The intensity, duration, and frequency of
exercise training appear to be important in eliciting metabolic adjustments associ-
ated with improved muscular endurance in mammals and/or birds (Butler and
Turner 1988; Harms and Hickson 1983; Hickson 1981). Thus, behaviors resulting
in a faster pace of migration might be expected to produce improved flight endur-
ance in migrating birds.

For the flight adaptation hypothesis to be a valid explanation for the patterns of
seasonal variation in M__ associated with migration documented for passerines by
Swanson (1995) and Swanson and Dean (1999), spring rates of migration must
exceed rates of migration in fall. This appears to be the case for several Old World
passerine migrants and spring migration rates can exceed fall migration rates by
two- to threefold in these species (Fransson 1995; Pearson and Lack 1992). Data
are not available to test whether seasonal differences in migration rates exist for
New World migrants, but some indirect evidence suggesting a faster pace of migration
in spring than in fall has been reported (Swanson and Dean 1999; Morris et al.
1994; Winker et al. 1992).

One method of testing whether M variation associated with migration con-
forms better to cold acclimatization or flight adaptation hypotheses is to examine
seasonal variation in M__ in migrants with differing migration strategies. Swanson
and Dean (1999) used this method to compare seasonal variation M _in the mild
temperate-zone migrants, Ruby-crowned Kinglet and Yellow-rumped Warbler, with
that in the Neotropical migrants, Warbling Vireo, and Yellow Warbler. Mild tem-
perate-zone migrants migrate earlier in the spring and later in the fall than
Neotropical migrants (Hagan et al. 1991), so they are exposed to lower average and
extreme temperatures, increased probabilities of encountering cold or adverse
weather, and are subject to reduced variation between spring and fall migration
periods than are Neotropical migrants. Swanson and Dean (1999) found that mild
temperate and Neotropical migrants demonstrated similar mass-independent M_
and similar levels of seasonal variation in M__, despite the differences in thermal
environments encountered. These data are not consistent with the cold acclimatiza-
tion hypothesis and suggest that factors other than temperature acclimatization,
perhaps adaptation for endurance flight, are responsible for the migration-induced
changes in M_ . The data of Vezina et al. (2007) for captive Red Knots provide a
more direct test of the flight adaptation hypothesis and the increases in M and
cold tolerance during the period of spring migratory fattening and pectoralis muscle
hypertrophy, irrespective of thermal acclimation, also support the idea that elevated
thermogenic capacity is a by-product of migratory disposition. Even if cold accli-
matization is not the selective factor responsible for the spring increment of M_ _in
migratory birds, elevated M and accompanying increases in cold tolerance could
still presumably benefit thermoregulatlon in these birds if they encounter cold tem-
peratures or adverse climatic conditions during migration or upon arrival on breed-
ing grounds. However, the spring increment of M in the passerine migrants
studied by Swanson (1995) and Swanson and Dean (1999) was not uniformly asso-
ciated with improved cold resistance.
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3.4 Mechanistic Correlates of Seasonal Variation
in Metabolic Rates

Adjustments contributing to seasonal changes in whole-organism basal, summit, or
MMRs could occur at several levels within the bird (Fig. 3.4). BMR is largely a
function of central organs (e.g., brain, heart, gut, and kidney), while maximal and
summit metabolic rates are largely functions of skeletal muscle activity (Hoppeler
and Weibel 1998; Bennett 1991; Taigen 1983). Consequently, adjustments promot-
ing changes in MMR or M  might not promote similar changes in BMR. Thus,
M and BMR may not show corresponding seasonal or migration-induced varia-
tion in birds. Such a discrepancy between seasonal variation in BMR and M has
been demonstrated in some birds (O’Connor 1995a; Dawson and Smith 1986; Hart
1962). On the other hand, BMR and M_  are phenotypically correlated in birds
independent of mass and phylogeny (Rezende et al. 2002; Dutenhoffer and
Swanson 1996; but see Wiersma et al. 2007b), so physiological and biochemical
adjustments influencing M in birds may generally influence BMR or vice versa.

Because seasonal or migration-induced changes in BMR in birds apparently
reflect increased maintenance costs for support of elevated metabolic capacities
(M and MMR) (Piersma et al. 1995, 1996a; Swanson 1991a), a review of poten-
tial limits to aerobic metabolism is needed before examination of mechanistic
responses underlying changes in BMR and metabolic capacities can proceed.

Organismal metabolic capacities are potentially limited at several steps along the

1. Organismal

3. Tissue

4. Biochemical

Fig. 3.4 Adjustments potentially mediating seasonal variation in basal, summit, or MMRs can
occur from the whole-organism to the biochemical levels within the bird. At the whole-organism
level, changes in fattening or thermal conductance, along with changes in organismal metabolic
rates, could markedly influence flight or shivering endurance. Such organism-level adjustments in
basal or MMRs could themselves be mediated by changes in masses of metabolically active nutri-
tional or exercise organs. Variation at the cell or tissue level, such as cellular hypertrophy or changes
in capillary density in the muscle or lumenal surface area of the intestine, could complement organ-
level adjustments to enhance metabolic or nutritional support capacities. Finally, contributions from
biochemical changes, such as increased catabolic enzyme activities, increased capacities of meta-
bolic substrate transport, or increased intestinal transporter uptake rates, could influence mass-
specific metabolic intensities of organs and thereby impact organismal metabolic rates
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pathways for provision and use of oxygen and metabolic substrates (Hoppeler and
Weibel 1998; Suarez 1998). Limits might be imposed by oxygen diffusing capacity
in the lung, substrate mobilization from storage depots, transport capacity of oxygen
and substrates to tissues, capillarity of muscles, transport of oxygen and substrates
into muscle cells, intracellular transport to mitochondria, availability of intracellular

Substrates Oxygen

Oxidation
Carbohydrate Lipid

Fig. 3.5 Diagram illustrating the interacting structures and pathways involved in the processing,
transport, and use of oxygen and substrates during oxidative metabolism. Substrates enter the
bloodstream from the gut or from storage depots, while oxygen enters at the lung. Both oxygen
and substrates are delivered to the muscle cell and are transported into the mitochondria for oxida-
tive metabolism. Limitations to aerobic capacity might be imposed by oxygen diffusing capacity
in the lung, substrate mobilization from storage depots, transport capacities of oxygen or sub-
strates to muscle cells, capillarity of muscles and transport of oxygen and substrates into muscle
cells, intracellular transport to mitochondria, availability of intracellular substrate stores to supple-
ment extracellular supply, or cellular oxidative capacity. CHO carbohydrates; GS glycolysis; KC
Krebs cycle; BOX B-oxidation; Fat,, intracellular lipid deposits; a arterial; and v venous. Open
circles indicate lipids, open squares indicate carbohydrates, and closed dots indicate oxygen.
Reprinted from Hoppeler and Weibel (1998), with permission
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substrate stores to supplement extracellular supply, or cellular energy use
(Fig. 3.5). Interspecific studies of mammals suggest that the following factors are
important to MMRs: lung volume, stroke volume of the heart and blood oxygen
carrying capacity, capillarity of muscles, transport of oxygen into muscle cells,
intracellular substrate supplies in the muscle, and muscle mitochondrial volume
(Hoppeler and Weibel 1998). Thus, limitations to aerobic capacity appear at a
number of levels and limits may vary under differing conditions for activity. This
suggests that the capacities for any one level of the integrated system do not
greatly exceed capacities at other levels, a concept known as symmorphosis
(Taylor and Weibel 1981). Symmorphosis, or at least correlated changes in some
steps of pathways affecting organismal performance, appears to be generally
applicable to limits on aerobic performance in vertebrates, including birds
(Seymour et al. 2008; Suarez 1998; Bennett 1991). Thus, elevated organismal
aerobic capacity is often accompanied by changes in several components of energy
processing, transport, and use.

Nevertheless, metabolism of the skeletal muscle cells determines the aerobic
energy demand during maximal metabolism (Hoppeler and Weibel 1998; Bennett
1991). With regard to energy demand, seasonal or migration-induced variation in
summit metabolic rates could conceivably result from either (or both) changes in
metabolic intensity (i.e., mass-specific alteration of metabolism) or masses of
muscles active in shivering. Factors involved in regulating muscle metabolic inten-
sity include mitochondrial volume, mitochondrial cristae surface area, and concen-
trations of catabolic enzymes (Suarez 1998). The flight muscles (pectoralis and
supracoracoideus) are probably primary determinants of MMRs during both migra-
tory flights and prolonged shivering, but the leg muscles may also be important for
shivering in some species (Vittoria and Marsh 1996; Duchamp and Barre 1993;
Marsh and Dawson 1989; Carey et al. 1989; Aulie and Tgien 1988). Thus, if varia-
tion in metabolic intensity is associated with changes in aerobic capacity, it should
occur at these sites. Such variation would alter the metabolic capacity of skeletal
muscles without corresponding changes in muscle mass. Regulatory enzymes espe-
cially important to control aerobic capacity include citrate synthase (CS), a regula-
tory enzyme of the Krebs cycle, and cytochrome ¢ oxidase (CCO), which is the
terminal step in the electron transport chain. Activities of both of these enzymes
have been used as indices of mass-specific aerobic capacity of tissues (e.g., Vezina
and Williams 2005; Liknes 2005; Weber and Piersma 1996; O’Connor 1995b;
Marsh and Dawson 1982). Enzyme activities typically used as indicators of carbo-
hydrate and lipid provision capacities to the Krebs cycle in birds are phosphofruc-
tokinase-1 (PFK-1), a regulatory step for glycolysis, and B-hydroxyacyl-CoA
dehydrogenase (HOAD), a regulatory step in the -oxidation pathway for catabo-
lism of free fatty acids (FFA) (e.g., Liknes 2005; Guglielmo et al. 2002; O’Connor
1995b; Marsh and Dawson 1982; Marsh 1981).

Whole-organism variation in aerobic metabolic capacity could also occur without
changes in metabolic intensity by variation in the masses of skeletal muscles (Daan
et al. 1990). During migratory periods or season-long cold exposure, increases in
energy demand resulting from increased mass and activity of skeletal muscles
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would also entail increased processing and provision of energy to support elevated
metabolic rates. The heart, gut, digestive organs, and kidney might undergo sea-
sonal or migration-induced adjustment to meet these heightened energy demands
and such changes in these central organs would presumably influence BMR.

3.4.1 Seasonal or Migration-Induced Changes in Transport
Capacities for Oxygen

The principle of symmorphosis dictates that elevated energy demand by the skeletal
muscles during migration or winter should be accompanied by increases in other
systems involved in energy provisioning. Critical steps in the provision of energy
to active muscles involve the transport and delivery of oxygen and substrates to
muscles. Seasonal or migration-induced variation in metabolic rates would there-
fore be expected to be associated with alterations in oxygen and substrate transport
mechanisms. Oxygen carrying capacity of the blood is determined by the hemoglo-
bin concentration, which in turn is related to the hematocrit, or packed cell volume,
of the blood. Hematocrit was elevated by 11% and oxygen carrying capacity by 9%
in Dark-eyed Juncos in winter relative to summer (Swanson 1990b). In White-
crowned Sparrows, hematocrit was elevated in winter and during spring migration
relative to other periods of the year (deGraw et al. 1979). Moreover, migratory Bar-
tailed Godwits (Limosa lapponica) had higher hematocrit and hemoglobin content
than allometrically predicted, and both increased in birds that improved their ener-
getic condition during stopover, suggesting that high levels are associated with
readiness for departure on migratory flights (Landys-Ciannelli et al. 2002; Piersma
et al. 1996b). Hematocrit was also positively correlated with MMR during treadmill
running in female, but not male, Red Junglefowl Gallus gallus (Hammond et al.
2000). In contrast, Breuer et al. (1995) found that four species of Australian pas-
serines all showed seasonally constant hematocrit, but winter increases in erythro-
cyte number, suggesting smaller erythrocytes with greater surface area in winter
relative to summer. These authors speculated that the smaller erythrocytes in winter
could increase efficiency of gas exchange and oxygen transport in support of winter
thermogenic demands. Hematocrit also showed little seasonal variation in captive
Ruff Philomachus pugnax and Red Knot during the annual cycle, despite mainte-
nance of typical annual cycles of body mass and molt in these birds (Piersma et al.
2000). In a recent review of hematocrit variation in birds, Fair et al. (2007) con-
cluded that hematocrit generally, but not universally, increased in winter relative to
summer for birds in temperate climates.

Transport of oxygen from blood to working muscles is also important to aerobic
muscle function and depends, among other factors, on the vascularization of the
muscle (high vascularity decreases diffusion distance) and the gradient for diffu-
sion. In addition, oxygen transfer from blood to muscle can be facilitated by muscle
myoglobin because its affinity for oxygen is higher than that of hemoglobin. In an
interspecific study of pectoralis muscle capillary density in 15 species of European
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passerines, Lundgren and Kiessling (1988) found that capillary density was higher
in long-distance migrants when compared with short-distance migrants or resi-
dents, suggesting that increased capillary density is important to endurance flight.
Swim training increased both the maximum oxygen consumption during swimming
(27%) and the capillary to muscle fiber ratio (20%) in leg muscles of Tufted Ducks
Aythya fuligula (Butler and Turner 1988). Cold acclimation in the pigeon increased
capillary density in pectoralis muscle, but no such change occurred between flying
and sedentary birds (Mathieu-Costello et al. 1994, 1998). Treadmill training in Bar-
headed Geese Anser indicus increased leg muscle myoglobin content by 20-31%
in different thigh muscles (Saunders and Fedde 1991). Captive Tufted Ducks in an
outdoor aviary that underwent a natural training regimen that included diving and
flying had higher myoglobin content in pectoralis and leg muscles (38-55%) than
untrained indoor captives (Butler and Turner 1988). In addition, European Starlings
had higher myoglobin content in both heart and pectoralis muscle shortly after
arrival from migration when compared to wintering birds in Spain (Palacios et al.
1984). In general, both the capacity of the blood to transport oxygen and the ability
to unload oxygen to the tissues seem to increase with activity training, migration,
or cold exposure in birds. In contrast to these results, however, American
Goldfinches showed no difference in capillary to muscle fiber ratios in the pectora-
lis between winter and late spring (Carey et al. 1978).

Oxygen extraction efficiency (EO,) may vary under cold exposure in birds and
seasonal changes in EO, could contribute to variation in oxygen delivery to work-
ing muscles among seasons (Arens and Cooper 2005a; 2005b). Only two species
have been studied to date with regard to seasonal changes in EQ,. Seasonally stable
EO, under severe (helox) and moderate cold exposure was documented for House
Sparrows during the active phase of the daily cycle, but moderate cold exposure
resulted in higher EO, in winter than in summer during the rest phase, when ther-
mogenic demands are typically greatest (Arens and Cooper 2005a, b). Black-
capped Chickadees showed winter increases in EO, relative to summer under
severe cold stress (Cooper and Same 2000).

3.4.2 Seasonal or Migration-Induced Changes in Transport
Capacities for Substrates

Prolonged shivering and endurance flights are both fueled largely by lipid (Dawson
et al. 1983a) and birds rely on circulatory lipids to fuel sustained exercise to a
greater degree than mammals (McWilliams et al. 2004; Weber et al. 1996), so trans-
port capacities for lipids might be expected to increase with winter acclimatization
or migratory disposition. Because lipids are relatively insoluble in plasma, they are
generally carried in the blood bound to carrier proteins. FFA are generally bound to
plasma albumin and triglycerides (TG) are bound to apoproteins, mainly as very
low-density lipoproteins (VLDL) for transport to muscle (Fig. 3.6; McWilliams
et al. 2004; Stevens 1996; Ramenofsky 1990). Plasma FFA levels are generally
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Fig. 3.6 Pathways for lipid mobilization and use as a metabolic substrate for migration. The
heavy lines indicate major metabolic pathways operating during migration. Lipids are mobilized
from stored fat and transported to liver and flight muscle as free fatty acids (FA) bound to plasma
albumin. Triglycerides (TG) from the liver may also be released into the blood and bound to apo-
proteins to form very low-density lipoproteins (VLDL). VLDLs can be hydrolyzed by muscle
lipoprotein lipase (MLPL) for transfer into the muscle cell as FA. Enzymes are shown in bold. MG
monoacylglycerol; Port portomicrons; HSL hormone-sensitive lipase; ALPL adipose lipoprotein
lipase; FAS fatty acid synthethase; ACC acetyl-CoA carboxylase; ML muscle lipase; HO
B-hydroxyacyl-CoA dehydrogenase; and CS citrate synthase. Reprinted from Ramenofsky (1990),
with permission

elevated during cold exposure (Liknes 2005; O’Connor 1995b; Swanson 1991b;
Marsh et al. 1984; Marsh and Dawson 1982) and sustained flights or hop-flutter
wheel exercise (Pierce et al. 2005; Landys et al. 2005; Jenni-Eiermann et al. 2002;
Gannes et al. 2001; Jenni-Eiermann and Jenni 1992, 2001) in birds, although
plasma levels under such conditions often do not vary seasonally. Moreover, plasma
levels of albumin did not change between winter and late spring in House Finches,
despite improved cold tolerance and elevated M in winter birds (O’Connor
1995b). Plasma TG and VLDL were elevated during active migratory flights when
compared to resting or foraging birds in European Robins Erithacus rubecula, Pied
Flycatchers Ficedula hypoleuca, and Garden Warblers Sylvia borin (Jenni-
Eiermann and Jenni 1992). Moreover, Bar-tailed Godwits captured immediately
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following migratory flights had elevated TG levels compared to inactive fasting
birds, also suggesting that elevated TG levels may support the high metabolic
demands of flight (Landys et al. 2005). This raises the possibility that the transport
of TG via VLDL might be a general mechanism for seasonal variation in lipid
transport associated with migration or winter acclimatization in birds. However, TG
levels did not show similar elevation with flight for pigeons (Schwilch et al. 1996;
Bordel and Haase 1993) or Red Knots (Jenni-Eiermann et al. 2002). Neither did TG
levels increase with hop-flutter wheel exercise in Red-eyed Vireos Vireo olivaceous
(Pierce et al. 2005) or with severe cold exposure (in either summer or winter) in
Black-capped Chickadees, House Sparrows, and White-breasted Nuthatches Sitta
carolinensis (Liknes 2005). Thus, seasonal modulation of lipid supply to working
muscles via TG and VLDL does not appear to be a common mechanism supporting
high levels of muscular activity among birds.

Muscle lipoprotein lipase (MLPL), present in the capillary endothelial wall,
catalyzes the hydrolysis of plasma TG to FFA and glycerol, which can then be
taken up by the muscle cells (Ramenofsky 1990). Peak MLPL activity in captive
Dark-eyed Juncos during the spring migratory period occurred when birds were
exhibiting migratory restlessness, suggesting an increased supply of lipid to mus-
cles during periods of migratory flight (Ramenofsky 1990). Seasonal changes in
MLPL activity might allow modulation of uptake of lipids by muscles. Pectoralis
lipoprotein lipase activity, however, did not vary between premigratory and winter-
ing Rosy Pastors (Sturnus roseus) from India (George and Vallyathan 1964). Savard
etal. (1991) also failed to document any difference in peak MLPL activity between
migratory and nonmigratory juncos. Furthermore, mean MLPL activity was higher
in outdoor captive Dark-eyed Juncos during early molt than during migration
(Ramenofsky et al. 1999). On the other hand, diel rhythms of MLPL activity in
juncos were apparent during migration, but not during winter or molt, with noctur-
nal values associated with migratory restlessness greater than diurnal values
(Ramenofsky et al. 1999). MLPL activity declined overnight in juncos exhibiting
nocturnal migratory restlessness, concomitant with an increase in adipose tissue
lipolysis, suggesting a relatively steady supply of FFA to muscles during nocturnal
activity (Savard et al. 1991). Thus, although lipids are the primary fuel source for
prolonged shivering and migratory flights, conclusive demonstration of enhanced
capacities of circulatory lipid transport to working muscles during migration or
winter in birds is lacking.

Another potential regulatory point for lipid metabolism is the delivery of fatty
acids from the plasma across the sarcolemma into the muscle cell. Fatty acid trans-
porters account for much of this delivery (McWilliams et al. 2004), so could func-
tion as sites of migration-induced or seasonal variation. Sarcolemmal fatty acid
transporters in birds and mammals include plasma membrane-bound fatty acid
binding protein (FABP ) and fatty acyl translocase (FAT/CD36) (Sweazea and
Braun 2006; Bonen et al. 2004; Abumrad et al. 1999; Luiken et al. 1999). McFarlan
(2007) recently studied migratory variation in sarcolemmal fatty acid transporters
in White-throated Sparrows (Zonotrichia albicollis) and found that gene expression
in the pectoralis muscle for both FABPpm and FAT/CD36 increased in migratory
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birds from Ontario relative to wintering birds from southern Mississippi, with fall
migrants showing higher expression than spring migrants. Pectoralis FABPle pro-
tein levels also increased in migratory sparrows relative to winter, but spring and
fall protein levels did not differ. These data suggest that sarcolemmal fatty acid
transporters may be an important regulatory site for phenotypic flexibility in overall
fatty acid flux rates during prolonged muscular exercise in birds.

A limited amount of information is available regarding migration-induced varia-
tion in intracellular transport of lipids to the mitochondrial matrix, where -oxida-
tion of fatty acids occurs. In exercising mammals, maximum delivery of extracellular
carbohydrate and lipid to the muscle cells occurs at moderate workloads, about
40-50% of MMR. Higher work rates require reliance on intracellular substrate
stores, which are higher in athletic species than in sedentary species of mammals
(Hoppeler and Weibel 1998). Heart-type fatty acid binding protein (H-FABP)
facilitates the intracellular transport of fatty acids within the skeletal muscle cell
(Pelsers et al. 1999). H-FABP is a prominent cytosolic protein in pectoralis muscle
and heart of migrating Western Sandpipers Calidris mauri where it is found at
levels several-fold higher than in nonvolant mammals (Guglielmo et al. 1998).
Guglielmo et al. (1998) further suggest that modulation of muscle H-FABP expres-
sion could serve as an important mechanism for enhancing extracellular lipid use
during migratory flights. In Barnacle Geese Branta leucopsis pectoralis H-FABP
increases throughout development and is further increased, in wild birds but not in
captives, just prior to migration suggesting a relationship between H-FABP and
aerobic capacity (Pelsers et al. 1999). In addition, increases in pectoralis H-FABP
and/or H-FABP expression have been documented during migration for Western
Sandpipers (Guglielmo et al. 2002) and White-throated Sparrows (McFarlan 2007)
and during winter for Black-capped Chickadees and White-breasted Nuthatches,
although H-FABP remained seasonally stable in House Sparrows (Liknes 2005).
H-FABP was also seasonally stable in the supracoracoideus muscle for Black-
capped Chickadees, White-breasted Nuthatches and House Sparrows (Liknes
2005). These data suggest that intracellular lipid transport via H-FABP in the pec-
toralis is generally elevated by the increased metabolic demands of winter and,
particularly, migration, so intracellular fatty acid transport may be another key
regulatory site for phenotypic flexibility of metabolism in birds.

Few data are available to assess whether intracellular lipid stores in avian muscle
are as important as they are in mammals for support of high aerobic workloads. The
volume density of intracellular lipid droplets in pigeon pectoralis muscle approxi-
mately doubled after cold exposure compared to controls, but flight activity did not
promote a similar change relative to sedentary controls (Mathieu-Costello et al.
1994, 1998). Intracellular lipid in the pectoralis muscle of Eared Grebes Podiceps
nigricollis approximately doubled during hypertrophy following the flightless molt
period and just prior to fall migration (Gaunt et al. 1990). Piersma et al. (1999)
detected little change in the fat content of flight muscles during staging in red knots,
despite marked changes in the size of the muscles, suggesting little change in intra-
cellular fat content. Intramuscular lipid in pectoralis muscles of Black-capped
Chickadees, White-breasted Nuthatches and House Sparrows from the cold winter
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climate of South Dakota was seasonally stable (Liknes 2005). Thus, available data
are equivocal with regard to whether intracellular lipid in avian muscle increases
with increasing energy demands. The absence of consistent increases in intracel-
lular lipid with increasing energy demand is, perhaps, not surprising given the
primary reliance of birds on exogenous fat stores to fuel sustained exercise
(McWilliams et al. 2004).

The final step in lipid delivery to the mitochondria is transport of FFA across the
mitochondrial membrane into the matrix where B-oxidation enzymes are housed.
Transport of FFA into the mitochondrial matrix is catalyzed carnitine acyl CoA
transferase (CAT), but may also involve FAT/CD36, which occurs on the mitochon-
drial membrane in mammals, may be physically associated with CAT, and func-
tions in transport of long-chain fatty acids into the mitochondria in exercising
muscle (Holloway et al. 2006; Campbell et al. 2004). In Semipalmated Sandpipers
Calidris pusilla that were ready to depart on migration following a stopover period,
carnitine oleoyl CoA transferase activity was significantly elevated relative to birds
that were not in migratory disposition (Driedzic et al. 1993). Similarly, carnitine
palmitoyl transferase increased in migratory relative to nonmigratory Western
Sandpipers (Guglielmo et al. 2002). These data suggest that the capacity for FFA
transport into the mitochondrion is enhanced with migratory disposition, but
whether this result applies to other migrants or to birds wintering in cold climates
is unknown. Based on the limited information available, it appears that intracellular
transport of FFA to the mitochondrial matrix may vary with energy demand in
birds, so this would seem to be a profitable avenue for further research relating to
seasonal or migration-induced adjustments in metabolic rate.

3.4.3 Seasonal or Migration-Induced Changes in Mass-Specific
Metabolic Intensity

Mass-specific adjustment of metabolic intensity could result from elevated mito-
chondrial density in tissues or from enhanced mass-specific activities of catabolic
enzymes. Mitochondrial density in muscle as a function of cold acclimation, migra-
tion, or flight activity has only been investigated for a few species and these data
suggest that mitochondrial density does increase positively with energy demand.
Pectoralis muscle mitochondrial density increased concomitantly with muscular
hypertrophy during the premigratory phase in three species of Calidris sandpipers
(Evans et al. 1992). Mitochondrial density in pectoralis muscle also increased with
hypertrophy in Eared Grebes during the period following molt and immediately
prior to fall migration (Gaunt et al. 1990). Flight activity and cold acclimation both
increased mitochondrial volume density in pigeon pectoralis muscle (Mathieu-
Costello et al. 1994, 1998).

If mass-specific aerobic capacity of muscles increases during migration or win-
ter acclimatization, such changes would need to be supported by an increased flux
of substrates, principally lipid and carbohydrates, into the Krebs cycle. Thus,
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increased activities of enzymes in B-oxidation and glycolysis pathways might be
expected with development of migratory disposition or with winter acclimatization.
Winter acclimatized American Goldfinches showed elevated mass-specific activi-
ties of PFK-1 and HOAD in pectoralis muscle relative to their summer counter-
parts, but hexokinase (HK) activity (an indicator of catabolism of glucose from
plasma) was seasonally stable (Yacoe and Dawson 1983; Marsh and Dawson 1982).
In House Finches, mass-specific activities of pectoralis muscle HK, PFK-1, and
HOAD were all seasonally stable, while leg muscle showed seasonally stable HK
and PFK-1, but winter increases in HOAD (O’Connor 1995b; Carey et al. 1989).
Black-capped Chickadees exhibited elevated mass-specific and total HOAD activi-
ties in winter compared to summer for pectoralis and leg muscles, but not for
supracoracoideus, and HOAD activity was seasonally stable in all these muscles for
White-breasted Nuthatches and House Sparrows (Liknes 2005). For the same three
species, activity of PFK-1 was seasonally stable in pectoralis, supracoracoideus and
leg muscles (Liknes 2005).

Guglielmo et al. (2002) documented a 12% increase in pectoralis HOAD activity
during migration in Western Sandpipers. Elevation of mass-specific activities of
pectoralis HOAD in migratory compared with nonmigratory individuals is com-
monly reported for passerine migrants (Lundgren 1988; Lundgren and Kiessling
1985, 1986; Marsh 1981), but such elevation does not occur universally. Migratory
Sedge Warblers Acrocephalus schoenobaenus, Reed Buntings Emberiza schoeni-
clus, and Yellowhammers Emberiza citrinella showed seasonally constant activities
of pectoralis HOAD (Lundgren 1988; Lundgren and Kiessling 1985). Glycolytic
enzyme activities (PFK-1 or pyruvate kinase) in pectoralis are unchanged or
decrease with migratory disposition in most species (Lundgren 1988; Lundgren and
Kiessling 1985; Marsh 1981), but increases have been reported in migratory
Semipalmated Sandpipers Calidris pusilla (Driedzic et al. 1993) and juvenile Reed
Warblers Acrocephalus scirpaceus (Lundgren and Kiessling 1986). Generalizing
from these data, an increased capacity for lipid oxidation in pectoralis muscle is
common, but not universal, to both winter acclimatization and migration in birds,
but alteration of carbohydrate oxidation capacity is less regularly associated with
these conditions.

For alterations in substrate catabolism to be important to changes in mass-
specific aerobic capacity, enzyme activities in Krebs cycle and oxidative phospho-
rylation pathways would also need to be adjusted to permit changes in flux
through these pathways. Current data are equivocal with reference to whether
seasonal or migration-induced variation in mass-specific activities of oxidative
enzymes underlie changes in aerobic capacity, as some species show changes
while others do not. Muscovy ducklings, Anas barbariae, exhibited increased
activities of CS and CCO in pectoralis and hindlimb muscles after cold acclima-
tion (Vittoria and Marsh 1996; Barré et al. 1987). Black-capped Chickadees and
House Sparrows showed elevated CS activity in pectoralis and/or supracoracoi-
deus muscles (but not in leg muscles) in winter relative to summer (Liknes 2005).
Likewise, European Tree Sparrows Passer montanus showed elevated pectoralis
CCO activity in winter compared to summer (Zheng et al. 2008). European
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Starlings had higher mass-specifc and total pectoralis CS activity at the end of
winter than during the egg-laying period, and total activity was also higher at the
end of winter than during the chick-rearing period (Vezina and Williams 2005).
Treadmill training elevated CS activity in leg muscles of the Tufted Duck relative
to untrained individuals (Butler and Turner 1988). Combined pectoralis and leg
muscle CS activity was positively correlated with MMR during treadmill running
in male, but not female, Red Junglefowl (Hammond et al. 2000). Reed Warbler,
European Robin Erithacus rubecula, Eurasian Blackbird Turdus merula, and Reed
Bunting all showed elevated pectoralis muscle activities of CS and CCO in migra-
tory relative to nonmigratory individuals (Lundgren and Kiessling 1985, 1986).
Activities of CS and CCO in the pectoralis were also increased during migration
in Goldcrests Regulus regulus, Great Tits Parus major, and Yellowhammers
(Lundgren 1988) and pectoralis CS activity also increased during migration in
Western Sandpipers (Guglielmo et al. 2002). These results suggest that alterations
of mass-specific oxidative enzyme activities might function to elevate aerobic
capacity in migrants or cold acclimatized birds.

In contrast to these data, however, are a number of studies documenting no
mass-specific variation of oxidative enzyme activities with migration or cold accli-
matization. Neither House Finches nor American Goldfinches exhibited differences
in mass-specific CS activity of the pectoralis muscle associated with seasonal accli-
matization, although leg muscle in House Finches did show a winter increment of
CS activity (O’Connor 1995b; Carey et al. 1989; Yacoe and Dawson 1983; Marsh
and Dawson 1982). CS activities in pectoralis, supracoracoideus, and leg muscles
of White-breasted Nuthatches were also seasonally stable (Liknes 2005).
Furthermore, American Goldfinches show no seasonal variation in the activity of
succinate dehydrogenase, another Krebs cycle enzyme (Carey et al. 1978), and
pectoralis muscle homogenates and isolated mitochondria show no seasonal varia-
tion in their capacity to oxidize fats or carbohydrates (Yacoe and Dawson 1983).
Mass-specific succinate dehydrogenase activity in the pectoralis also did not vary
between migratory and nonmigratory Rosy Pastors (George and Vallyathan 1964).
Gray Catbirds Dumetella carolinensis demonstrated no variation in mass-specific
CS or CCO activities in flight muscles between migratory and nonmigratory indi-
viduals (Marsh 1981). No differences in mass-specific pectoralis CS activity were
evident between migratory and nonmigratory Sedge Warblers (Lundgren and
Kiessling 1985). In addition, Semipalmated Sandpipers and Red Knots showed no
migration-induced variation in mass-specific CS or CCO activities, respectively, in
flight muscles (Weber and Piersma 1996; Driedzic et al. 1993). Thus, while cold,
activity, or migration-induced increments of mitochondrial density or mass-specific
oxidative enzyme activities do occur in some species, their occurrence is far from
universal, and such changes do not appear to be required for migration or cold
acclimatization.

It might also be expected that nutritional organs would show increases in meta-
bolic intensity associated with migratory disposition or cold acclimatization to
assist in support of the elevated energy demands of migration and thermoregulation
in the cold. There are few data to address this possibility, but some studies have
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examined catabolic enzyme activities in the heart associated with migration and
digestive enzyme activity and nutrient uptake capacities in the gut associated with
cold acclimation. Stable or decreasing mass-specific aerobic capacity of the heart,
as indicated by CS or CCO activities, with migratory disposition occurs in
Semipalmated Sandpipers and Red Knots (Weber and Piersma 1996; Driedzic et al.
1993). Heart CS activity was also seasonally stable in European Starlings (Vezina
and Williams 2005). Cold acclimation in Cedar Waxwings Bombycilla cedrorum
produced no changes in digestive enzyme activities or nutrient uptake rates per unit
intestine (McWilliams et al. 1999). Intestinal carrier-mediated glucose uptake was
higher in cold-acclimated, exercised House Wrens than in warm-acclimated seden-
tary controls, but carrier-mediated glucose transport was an order of magnitude
lower than passive glucose transport and proline-uptake rates in the gut did not vary
between groups (Dykstra and Karasov 1992). Thus, the few available data suggest
that mass-specific metabolic intensity of central organs does not vary substantially
with migration or cold acclimatization. In contrast, Zheng et al. (2008) documented
higher CCO activity in winter than in summer in liver of Eurasian Tree Sparrows.

3.4.4 Seasonal or Migration-Induced Changes in Organ Masses
and Their Influence on Organismal Metabolic Rates

Because mass-specific increases in metabolic intensity do not seem to vary consis-
tently with metabolic demands of migration or winter thermogenesis in birds, an
alternative or additional strategy for elevating metabolic rates to meet these
demands is to increase the masses of the tissues involved in provision and use of
energy. A number of recent studies have examined the relationship between varia-
tion in masses of organs and variation in BMR in birds. The interspecific study of
Daan et al. (1990) revealed that BMR in birds was correlated with lean dry masses
of heart and kidney, but not with masses of other organs. BMR was also correlated
with daily energy expenditure in this study, prompting the authors to conclude that
organ mass is adjusted to meet daily energetic demands and that BMR varies
accordingly with the adjusted organ masses. BMR varied positively with lean mass
in Red Knots, but this relationship was mostly associated with variation in masses
of stomach and intestine (Piersma et al. 1996a). In Tree Swallows Tachycineta
bicolor, BMR was positively associated with kidney mass, but was negatively asso-
ciated with pectoralis and intestine masses and showed no relationship with heart
mass (Burness et al. 1998). Intestine length and liver mass were positively corre-
lated with BMR in nestling European Shags Phalacrocorax aristotelis, but BMR
showed no relationship with heart or kidney masses (Bech and Ostnes 1999). BMR
was positively associated with gut, liver, kidney, and pectoralis masses in House
Sparrows (Chappell et al. 1999). BMR was positively associated with intestine and
lung masses in male Red Junglefowl and with spleen mass in females (Hammond
et al. 2000). Cold-acclimated Hoopoe Larks Alaemon alaudipes showed elevated
BMR relative to warm-acclimated birds and BMR was positively associated with
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masses of liver, kidney, intestine and stomach (Williams and Tieleman 2000).
Vezina and Williams (2003) studied variation in BMR and organ masses during the
breeding season in female European Starlings and found that BMR was positively
associated with oviduct mass during the laying period, with liver and gizzard
masses during the chick-rearing period, and with pectoral muscle mass during the
nonbreeding (end of winter) season. In contrast, BMR decreased while gizzard
mass increased in Red Knots shifted from soft to hard-shelled food (Piersma et al.
2004). These studies indicate that changes in organ masses can influence BMR in
birds and although individual organs are not positively associated with BMR in
every case, important contributors to BMR variation appear to include kidney, liver,
heart, and gut masses.

Given that variation in masses of central organs can influence BMR in birds, it
is instructive to examine how central organ masses vary with migratory disposition
or with winter acclimatization. Increment of heart mass is a regular component of
development of migratory disposition in birds (Piersma 1998). Similarly, gut mass
increases are commonly associated with elevated energy expenditures and resultant
increases in daily food intake in birds (McWilliams and Karasov 2001; Karasov
1996). For long-distance migratory shorebirds, and presumably for other long-
distance migrant species as well, immediately prior to departure on migratory
flights “exercise organs” (i.e., pectoralis muscle and heart) increase in mass, while
“nutritional organs” (i.e., stomach, intestine, and liver) decrease in mass (Landys-
Ciannelli et al. 2003; Battley et al. 2001; Piersma 1998). Instructive in this regard
is a study of body composition variation during a 24-day migratory stopover in Red
Knots on the southern coast of Iceland (Piersma et al. 1999). During the first 7-days
of the stopover period, knots showed little change in overall body mass, although
heart, stomach, and liver masses increased. Over the next 10-days, body mass
increased rapidly as the birds accumulated fat stores and masses of kidneys, liver,
and intestine increased, along with a decrease in stomach mass. During the final
7-days before departure, body mass increased slowly and pectoral muscle and heart
masses also increased, while stomach, intestine, liver, and leg muscle masses
decreased (Fig. 3.7). Similar patterns of organ mass variation have been docu-
mented for Great Knot Calidris tenuirostris (Battley et al. 2001) and Bar-tailed
Godwit (Landys-Ciannelli et al. 2003).

Also interesting are examinations of the body composition of birds immedi-
ately before and/or after long-distance migratory flights. Biebach (1998) and
Bauchinger et al. (2005) studied migratory Garden Warblers before and after
crossing the Sahara desert (a 2-3-day flight period) and found that this crossing
resulted in decreases in most organ masses, with breast and leg muscle masses
decreasing from 14 to 25% and digestive organ masses decreasing from 34 to 57%.
Lean dry masses of most organs (excepting brain and lung) decreased following a
5,400-km migratory flight from Australia to China in Great Knots (Battley et al.
2000). Similarly, individual Red Knots showed decreases in pectoral muscle size
and body mass following extended flights in a laboratory wind tunnel (Lindstrém
et al. 2000) and a Thrush Nightingale showed decreases of about 20% in both
BMR and body mass following 12-h wind tunnel flights (Lindstrom et al. 1999).
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Bar-tailed Godwits just prior to takeoff on long-distance migratory flights had
small gizzard, gut, liver, and kidney masses relative to nonmigrating individuals
(Piersma and Gill 1998). Migration in Western Sandpipers, a short-hop migrant,
resulted in increases in masses of pectoralis muscle, heart, gizzard, pancreas, liver,
and ceca, with relatively greater increases in digestive than in exercise organs
(Guglielmo and Williams 2002).

Seasonal changes in gut mass, with higher values in winter, are common among
birds, but these changes are usually associated with diet switches to less digestible
food and gut mass increases on diets of low digestibility (Karasov 1990). However,
there is evidence that cold, and its attendant thermoregulatory demands, can result
in increments of gut mass in birds. Cold acclimation resulted in a 30% increase in
intestinal length in Japanese Quail Coturnix coturnix (Fenna and Boag 1974).
Dykstra and Karasov (1992) showed that cold acclimation in House Wrens pro-
duced a 21% increase in small intestine length. Moreover, cold-acclimated Cedar
Waxwings increased masses of digestive organs by 22-53% over warm-acclimated
controls (McWilliams et al. 1999). Winter acclimatized Rufous-collared Sparrows
Zonotrichia capensis exhibited dry mass increases of 27 and 45% for crop and
intestine, respectively, and this occurred despite the larger fraction of insects rela-
tive to seeds in the diets of winter birds relative to their summer counterparts
(Novoa et al. 1996). Liknes (2005) documented winter increases, relative to sum-
mer, in intestine mass for Black-capped Chickadees, in liver and gizzard masses for
House Sparrows, and in gizzard mass for White-breasted Nuthatches. Eurasian
Tree Sparrows showed elevated BMR in winter along with increases in masses of
liver, gizzard, and intestine (Zheng et al. 2008; Liu and Li 2006). Finally, Swanson
(1991b) showed that liver wet mass in winter acclimatized Dark-eyed Juncos
increased by 39% relative to summer acclimatized birds. Even though it is difficult
to tease apart the factors driving the increase in gut and digestive organ masses dur-
ing winter (i.e., diet or energetic demands of thermoregulation), elevated masses of
the gut and digestive organs in winter may entail an energetic cost for maintenance,
thereby driving up BMR in winter.

In summary, changes in central organ masses, and sometimes flight muscle
masses, can influence BMR in birds and such changes are associated with migra-
tion and seasonal acclimatization. Thus, seasonal and migration-induced changes in
body composition appear to be a mechanism by which similar variation in BMR
can be modulated (e.g., Piersma 1998, 2002).

Can similar seasonal or migration-induced variation in organ masses help
account for the seasonal patterns of variation in aerobic capacity or M docu-
mented for birds? Changes in M could presumably result from alterations in
masses of skeletal muscles, especially those prominently involved in shivering (i.e.,
flight muscles). Few studies have directly examined correlations between aerobic
capacity or M_ and organ masses in birds. However, Chappell et al. (1999) inves-
tigated correlations between organ masses and maximum oxygen consumption
during hop-flutter exercise in House Sparrows. In this study, breast muscle and
heart masses were significantly and positively correlated with aerobic capacity,
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although they explained only 17% of the variation in aerobic capacity. Hammond
et al. (2000) demonstrated that maximum oxygen consumption during treadmill
running in Red Junglefowl was positively correlated with intestine mass in females
and with heart and pectoralis mass in males. In addition, M_ _ was positively cor-
related with breast muscle size in both cold-acclimated and mlgratory Red Knots
(Vezina et al. 2006, 2007). These data suggest that masses of flight muscles and
heart, among other factors, can have an important influence on aerobic capacity or
M in birds.

If we accept that variation in masses of skeletal muscle and heart can influence
aerobic capacity and M__in birds, to determine if such changes can assist in explain-
ing seasonal patterns of variation in M we need to examine how muscle and heart
masses change with migration and winter acclimatization. Flight muscle and
heart hypertrophy are common in migratory birds during premigratory and migra-
tory periods (Landys-Ciannelli et al. 2003; Piersma 1998; Dawson et al. 1983a).
This hypertrophy may occur rapidly, over a period as short as a few days (Lindstrom
et al. 2000; Piersma et al. 1999; Jehl 1997; Fry et al. 1972). Increases in pectoralis
muscle mass associated with the development of migratory disposition can be as
high as 35% (Piersma et al. 1999; Jehl 1997; Evans et al. 1992; Marsh 1984;
Baggott 1975). The degree of pectoralis muscle hypertrophy can even exceed these
levels in species rebuilding muscle following a flightless molt period prior to
migration (Gaunt et al. 1990). Increments of heart mass are also commonly associ-
ated with preparedness for departure on migratory flights in birds (Landys-Ciannelli
et al. 2003; Piersma 1998) and interspecific modeling studies have revealed that
heart mass and associated stroke volume changes are important to adaptive special-
izations of aerobic capacity (Bishop and Butler 1995).

Pectoralis muscle hypertrophy is also a common aspect of winter acclimatiza-
tion, at least in small birds with marked winter increases in M__ (Liknes 2005;
Cooper 2002; O’Connor 1995b; Swanson 1991b). These studies indicate that per-
cent changes in pectoralis muscle mass often rather closely parallel percent changes
in M (Fig.3.8). In contrast to these data, however, House Finches from Colorado
showed no seasonal variation in pectoralis muscle mass, but this population also
exhibited no seasonal difference in M and only modest winter improvement of
cold tolerance (Carey et al. 1989; Dawson et al. 1983b). Seasonal variability in
heart mass associated with winter acclimatization in birds has received little study,
but heart mass did increase in winter relative to summer for three species of small
passerines (Black-capped Chickadees, White-breasted Nuthatches, and House
Sparrows) from South Dakota (Liknes 2005).

In summary, available data indicate that flight muscle and/or heart do increase
in mass with migratory disposition and winter acclimatization in birds. These
adjustments likely impact aerobic capacity and M during these periods of the
annual cycle, as suggested by the data for winter acchmatlzed birds. In addition,
because flight muscles comprise such a large fraction of total body mass in volant
birds, hypertrophy of these muscles might also elevate BMR and such a correla-
tion has been demonstrated in some birds (Vezina and Williams 2003; Chappell
et al. 1999).
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Fig. 3.8 Percent increases in pectoralis muscle mass and M in winter relative to summer in
passerine birds for which both values have been measured. Data are from the following studies:
Dark-eyed Junco (DEJU, Swanson 1990a; 1991b), House Finch (HOFI, O’Connor 1995a, b),
Mountain Chickadee and Juniper Titmouse (MOCH and JUTI, Cooper 2002), and Black-capped
Chickadee (BCCH, Cooper and Swanson 1994, E.T. Liknes and Swanson, unpublished data).
Pectoralis muscle mass values are mostly for wet mass because this is the most common measure
reported in the literature, although lean dry mass is probably the better metric. O’Connor (1995b)
provided seasonal measurements of pectoralis lean dry mass for House Finches, so I also included
this value in the figure

3.5 Suggestions for Future Research

Seasonal patterns of variation in BMR and M associated with winter acclimatiza-
tion in birds have been well described. However more research is needed to better
describe patterns of variation in BMR and M_ _ during the different stages of repro-
duction (e.g., Vezina and Williams 2005). Moreover the functional significance of
metabolic variation during reproduction and how such variation might be related
to variation in FMR is in need of further study (e.g., Vezina and Williams 2003).
BMR variation associated with migration has been well documented in shorebirds,
but migration-associated variation in BMR is practically unstudied in other migra-
tory birds. Further study is also required to document if emerging patterns of
migration-induced M__ variation are broadly applicable. Measurement of MMR
variation associated Wlth migration would also be fruitful, although current tech-
niques measuring MMR during hovering flight or in hop-flutter wheels (Chappell
et al. 1999; Chai and Dudley 1995, 1996) might not accurately represent MMR
during horizontal flight typical of migration.

Several topics related to the relationship between organ masses, tissue metabolic
intensity, and organismal metabolic rates in birds deserve further research attention.
First, additional detailed experiments examining potential variation in both meta-
bolic intensity (e.g., CS, CCO, HOAD activities, and/or mitochondrial density) and
organ masses of nutritional and exercise organs, along with measurement of BMR
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and M__, or at least in species for which BMR and M are known to vary with
migration or season, are needed. To date, the only birds for which most of these
parameters have been measured are Red Knots during migration (Piersma et al.
1995, 1996a, 1999; Weber and Piersma 1996) and American Goldfinches and
House Finches during winter acclimatization (O’Connor 1995a, b; Carey et al.
1989; Dawson et al. 1983b; Yacoe and Dawson 1983; Marsh and Dawson 1982;
Dawson and Carey 1976). Recent studies examining organ mass changes and meta-
bolic intensity of European Starlings during the breeding season (Vezina and
Williams 2005) and several species of small passerines during seasonal acclimati-
zation (Zheng et al. 2008; Liknes 2005) are steps in the right direction.

Second, virtually all studies of variation in organ masses have so far been carried
out on samples from populations during different seasons or different stages of
migration, rather than the ideal method of tracking organ masses in individual birds
over time. Following temporal variation in organ masses in individual birds has not
been possible because, as Lindstrém and Piersma (1993, p. 70) point out, “one can-
not kill a bird twice” for examination of body composition on individual birds dur-
ing periods of changing energy demands. However, Dietz et al. (1999a) used
ultrasonography to demonstrate that organ masses in individual captive Red Knots
did change over time in association with the development of migratory disposition.
Lindstrom et al. (2000) also used ultrasonography to document changes in pectoral
muscle size associated with flight, fasting, and fueling in individual knots. To date,
ultrasonography has been validated for measurement of breast muscle size in birds
as small as medium-sized shorebirds, but it is likely applicable to smaller species
as well. Thus, recent technological developments, including ultrasonography
(Lindstrom et al. 2000; Dietz et al. 1999a, 1999b) and high field MRI (Anderson
et al. 2000), may allow successful noninvasive tracking of organ size changes in
individual birds over time. Studies using such techniques during the development
of migratory disposition or during exposure to cold temperatures would nicely
complement current data and coupling organ size data with metabolic measure-
ments would allow assessment of how tightly changes in organ masses and metabo-
lism are linked in individual birds. Indeed, Vezina et al. (2006, 2007) tracked
changes in breast muscle size during cold acclimation and development of migra-
tory disposition using ultrasonography and correlated these changes with BMR and
M . In addition, such studies could show how rapidly mass and metabolism could
be adjusted to meet changing energetic demands.

A third area where additional research is needed is to determine if body compo-
sition or metabolic intensity alterations confer differences in endurance flight or
cold hardiness. Current data suggesting such changes are largely correlative.
Experiments monitoring cold or exercise training effects on flight or shivering
endurance, BMR, M, and MMR in association with measurements of organ mass
and metabolic intenSity variation would be useful in this regard. Additionally, the
question of whether exercise training influences thermogenic capacity or endur-
ance, or whether cold acclimation increases maximum exercise-induced metabo-
lism or exercise endurance has not been addressed in birds. Potentially relevant in
this regard is the finding that M and MMR during activity were significantly and
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positively associated in deer mice Peromyscus maniculatus (Hayes and Chappell
1990). Cold acclimation increases peak metabolism during exercise in some mam-
mals (Turner et al. 1995; Hayes and Chappell 1986) and exercise training elevates
M or cold tolerance in others (McDonald et al. 1988; Harri et al. 1984; Strgmme
and Hammel 1967). However, in some mammals exercise training does not influ-
ence M (Conley et al. 1985). Moreover, extrapolation of mammalian results to
birds is comphcated by the prominent role of brown fat and NST in mammalian
thermoregulation in the cold. The only relevant study for birds of which I am aware
is Vezina et al. (2007), which documented that increases in body mass and flight
muscle size associated with migratory disposition in Red Knots were positively
correlated with M

Because fat is the principal fuel for both long-distance migratory flights and
prolonged shivering, additional studies of what factors might limit fat catabolism,
and thereby influence organismal metabolic rates, during migratory flights and
shivering are needed. Recent studies suggest that intracellular transport or trans-
port across sarcolemmal and mitochondrial membranes may be critical steps in
regulating lipid catabolism (McWilliams et al. 2004). Research addressing varia-
tion in these steps with migration is in its infancy (McFarlan 2007; Guglielmo
et al. 2002; Pelsers et al. 1999) and even less is known about variation in these
steps with seasonal acclimatization (Liknes 2005). Another factor relating to fat
catabolism and organismal metabolic rates that warrants further study is the
impact of fatty acid composition of depot fat on aerobic performance in birds.
Pierce et al. (2005) studied Red-eyed Vireos and showed that diets lower in
unsaturated fatty acids (but higher in 18:2n6 content) produced fat stores with
similar fatty acid composition, and that birds with lower unsaturated fatty acid
content (but higher 18:2n6 content) had elevated MMR during hop-flutter wheel
exercise. How such differences in fatty acid composition are regulated naturally in
birds and how such differences might impact migratory performance or M_
would be a fruitful area for additional research. A

The cellular and molecular mechanisms regulating muscle and organ mass
changes with migration and seasonal acclimatization have received very little study
to date. A potential candidate for regulation of muscle mass changes is myostatin,
a member of the TGF-f superfamily of growth factors, which is a potent autocrine/
paracrine inhibitor of muscle growth in mammals (Lee 2004) and birds (Kim et al.
2006, 2007). Myostatin is synthesized in skeletal muscle in an inactive form that
requires proteolytic removal of the N-terminal signal sequence and the propeptide
to produce the active C-terminal fragment (Lee and McPherron 2001; McPherron
and Lee 1997). Cleavage of the latent complexes to the mature form that binds to
myostatin receptors is required for myostatin activity. Metalloproteinases, includ-
ing BMP-1/tolloid family members TLL-1 and TLL-2, can activate myostatin
(Wolfman et al. 2003; Huet et al. 2001). Swanson et al. (2009) documented winter
decreases in myostatin and TLL-1 gene expression in pectoralis muscle of House
Sparrows, a species showing winter increases in pectoralis muscle mass. These
results are consistent with a role for myostatin in promoting pectoralis muscle
hypertrophy in winter and additional research examining how expression and
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protein levels of myostatin and its metalloproteinase activators vary with migration
and seasonal acclimatization would likely be productive.

Finally, one proposal for what limits maximal thermogenic capacity in birds is the
amount of muscle recruited (Marsh and Dawson 1989). Because birds shiver isometri-
cally (Hohtola 1982), force production by the smaller of the antagonistic muscle pair
(supracoracoideus in the case of flight muscles) may limit force production by the
larger muscle. Thus, for winter acclimatized birds, measurement of relative seasonal
changes in mass and metabolic intensity of pectoralis and supracoracoideus muscles
could illuminate mechanisms for enhancing thermogenic capacity and cold hardiness.
Relatively larger seasonal changes in the supracoracoideus muscle might be expected
if the smaller of the muscle pair is actually a limiting factor to thermogenic capacity.
Such a scenario would not be expected in migrating birds because pectoralis and
supracoracoideus muscles contract sequentially rather than isometrically during flight.
Indeed, in Gray Catbirds, mass-specific cytochrome ¢ concentrations and CS activities
in the pectoralis were approximately double values for the supracoracoideus, although
supracoracoideus CS activity was weakly, but positively, correlated with premigratory
fattening (Marsh 1981). However, the relative masses of pectoralis and supracoracoi-
deus muscles vary during the annual cycle in Red Knots, although such variation is not
necessarily associated with migration (Piersma and Dietz 2007). Measurements of
relative masses and metabolic intensities of pectoralis and supracoracoideus muscles
during winter acclimatization and migration are needed.

3.6 Summary and Conclusions

In this paper, I have reviewed the evidence for seasonal and migration-induced
variation in metabolic rates in birds. I have also tried to draw some generalizations
about the importance of variation in BMR and M_ to the ecology of wintering and
migrating birds and attempted to link seasonal or migration-induced variation in
organismal metabolic rates with physiological and biochemical variation at the
cellular and tissue levels. Several conclusions that I believe are noteworthy have
emerged from this body of work.

First, increments of M in winter acclimatized small birds relative to their summer
counterparts appear to be greater than previously recognized, and such increments are
a common component of winter acclimatization in these birds. Thus, it seems probable
that the mechanistic adjustments underlying winter increases in shivering endurance
(i.e., cold tolerance) also promote increases in M_ . Elevated M__ in winter should
increase heat production for any given fraction of M . thatis sustalned during shiver-
ing, and this would appear to be the functionally 51gn1ﬁcant aspect of winter increases
in M to improved cold hardiness. However, variation in BMR does not necessarily
track changes in cold tolerance and M in birds, so its precise relation to winter
improvements in cold resistance is uncertain and may vary among species.

Second, BMR and M (and presumably maximal exercise-induced metabolic rates)
also vary with migratory disposition in birds, although spring and fall migratory
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periods do not necessarily induce identical changes in organismal metabolism.
From the limited available data, migration-induced changes in M appear better
explained as a by-product of adjustments for endurance flight, rather than for
adjustment to cold temperatures. Nevertheless, higher M in spring migrants may
benefit birds if they encounter cold or adverse weather during migration or during
arrival on the breeding grounds. Migration-induced changes in BMR appear, in
general, to track changes in energy demand during the migratory period.

Third, mechanistic changes underlying variation in metabolic rates in birds
could occur at several levels of the interacting system for energy processing, trans-
port, and use. Some levels of this interacting system have received far more study
than others, but some preliminary conclusions have emerged from this body of
work. The ability to transport oxygen in the blood and to deliver it to working
muscles seems to parallel energy demands from the tissues in species studied to
date. Lipid transport and delivery to muscle cells does not appear to vary consis-
tently with season or migratory disposition. Intracellular transport of lipid to the
mitochondria, as well as intracellular stores of lipid, do seem positively related to
energy demands, but this topic has been very little studied. Mass-specific aerobic
capacity of muscles does not vary consistently with migration or winter acclimati-
zation, nor does the metabolic intensity of central organs. Organ mass changes,
however, do occur regularly with migration and winter acclimatization and this
variation appears to occur in an adaptive manner, with larger central organ and
muscle masses as needs for energy processing and/or use increase. Such changes in
organ masses appear to serve as a vehicle by which whole-organism changes in
aerobic capacity and metabolic rates are affected.

In summary, some aspects relating to variation in metabolic rates in birds and
their underlying mechanisms have been well studied, but other aspects have
received little attention. Thus, some of the preceding generalizations must be
regarded as preliminary. More research needs to be conducted to thoroughly evaluate
these generalizations and I have tried to outline some potentially valuable research
approaches toward this end throughout the review. Data from such studies should
help solidify our understanding of how seasonal metabolic variation in birds is
mediated and whether or not such variation occurs in an adaptive manner.
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Chapter 4
Assessing Cause—Effect Relationships

in Environmental Accidents: Harlequin Ducks
and the Exxon Valdez Oil Spill

John A. Wiens, Robert H. Day, Stephen M. Murphy, and Mark A. Fraker

4.1 Introduction

Over the past several decades, scientists, resource managers, politicians, policy
makers, and the general public have all become increasingly aware of the magnitude
and complexity of environmental problems resulting from human activities.
Assessing the ecological consequences of environmental disruptions such as habitat
fragmentation, timber harvesting, or the release of pollutants into the environment
has become the focus of entire disciplines. In all of these fields, the development of
remediation, mitigation, or management strategies ultimately rests on assessing
cause—effect relationships.

Consider oil spills as an example. In marine ecosystems, oil spills can have
severe impacts on wildlife, especially for species that are closely tied to the near-
shore environment, where oil often accumulates after a spill. Thus, when differ-
ences in abundance, survival, reproduction, habitat use, or other attributes of
individuals or populations are observed between oiled and unoiled areas after an oil
spill, it is easy to conclude that these differences are caused by the spill. The logic
behind this conclusion is clear, and it accords well with our preconception that oil
spills are bad for wildlife.

Unfortunately, simple logic does not always match reality. Assessing cause—
effect linkages following an oil spill is not as straightforward as it may appear. On
the one hand, preconceptions, emotions, unproven assumptions, and advocacy may
stand in the way of reaching reliable conclusions. On the other hand, constraints on
study design or statistical analysis may compromise the rigor and increase the
uncertainty of conclusions based on scientific studies of such events. Like most
environmental accidents, oil spills are not random events in either space or time, so
the core assumption of many statistical methods is suspect (Wiens and Parker 1995).
The broad issue that confronts any scientist, then, is how to determine with a
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reasonable degree of rigor and certainty what happened following an environmental
disturbance, whether it be an oil spill, habitat fragmentation, timber harvesting, or
some other anthropogenic change. Reliably assessing these effects is critical, not
only to scientists who are trying to understand patterns of ecological response to
perturbations and to managers attempting to mitigate and restore damaged
resources, but also to the litigation that inevitably follows such events.

To explore some of the difficulties in assessing causation and developing
scientifically rigorous conclusions about the consequences of environmental
disturbances, we focus here on a particularly instructive case study: Harlequin
Ducks (Histrionicus histrionicus) and the Exxon Valdez oil spill. This focus is
appropriate because (1) the Exxon Valdez oil spill is the largest tanker spill to
occur in North American waters; (2) it caused the immediate mortality of hun-
dreds of thousands of seabirds, including Harlequin Ducks (Piatt and Ford 1996;
Piatt et al. 1990); (3) the Harlequin Duck is a charismatic species of conservation
concern; (4) it is closely associated with shoreline environments, where it may be
especially vulnerable to oiling (King and Sanger 1979); and (5) it has been identi-
fied as a species that has not yet fully recovered from the Exxon Valdez oil spill
[Exxon Valdez Oil Spill Trustee Council (hereafter, Trustees), 2009; status last
updated 2009, see http://www.evostc.state.ak.us/publications/annualstatus.cfm].
We adopt this specific focus because it allows us to examine the difficulties in
assessing cause and effect. We make no attempt to review either the large body
of literature that deals with the effects of oil spills or other environmental con-
taminants on birds (see Burger 1997; Frink et al. 1995; Wiens 1995; Furness and
Greenwood 1993; Hunt 1987; Clark 1984) or the effects of the Exxon Valdez oil
spill on other elements of the marine ecosystem (see National Wildlife Federation
2003; Carls et al. 2002; Peterson 2001; Rice et al. 1996; Wells et al. 1995;
Loughlin 1994), both of which are beyond the scope of this evaluation. Esler
et al. (2002) have also reviewed the effects of the Exxon Valdez oil spill on
Harlequin Ducks but have done so from a somewhat different perspective.

In this case study, we begin by providing some essential background on features
of the Prince William Sound (hereafter, PWS) environment, of Harlequin Duck
ecology, and of the Exxon Valdez oil spill. We then review statements that have
been made regarding the effects of this spill on Harlequins. We follow with a more
detailed examination of the evidence: what do we really know, and what can we
unequivocally say, about the effects of the spill on Harlequin Duck distribution
and abundance, reproduction and survival, and habitat use? What alternative or
complementary hypotheses could explain the observations? What approaches have
been used to examine cause—effect relationships, what do they show, and how
adequate are they? We conclude by considering the broader implications of this
case study for the assessment of the impacts of environmental disruptions. How
can reliable conclusions be reached when such disruptions are essentially
unplanned and poorly designed “experiments?” Finally, how can uncertain knowledge
be balanced with the need to determine impacts and recovery and to initiate mitigation
or restoration efforts?
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4.2 Background

4.2.1 The Prince William Sound Environment

PWS is a large embayment of the Northern Gulf of Alaska that includes numerous
fjords, islands, islets, and reefs (Fig. 4.1). The coastline is highly complex, with
~4,800 km of shoreline in an area only ~125 km in diameter (Isleib and Kessel 1973).
Most of the northern part of PWS is either glaciated or has recently been deglaciated,
resulting in primarily rocky shorelines in that part of the Sound. In contrast, some of
southern PWS (especially Montague Island) has numerous wide, finer-grained
beaches as a result of the Alaska earthquake of 1964 (Isleib and Kessel 1973). Eastern
PWS is less rugged and rocky and is more heavily forested than is western PWS.
In western PWS, Knight Island and nearby areas are particularly rugged, with mostly
rocky shorelines, few large streams, and numerous cliffs. Marine productivity is lower
in the glacial waters of northern PWS than in the warmer waters of the Alaska Coastal
Current, which flows through the southern Sound (Royer et al. 1990).

4.2.2 Harlequin Duck Ecology

Harlequin Ducks are small seaducks that breed along clear, fast-flowing rivers and
streams and winter in shallow intertidal zones of rocky coastlines. They exhibit
delayed sexual maturity, low annual recruitment, and high adult survivorship
(Rosenberg and Petrula 1998; Goudie et al. 1994b) — all features of species adapted
to harsh and/or highly variable environments. General aspects of their ecology,
distribution, behavior, and life history have been reviewed by Robertson and
Goudie (1999).

In coastal PWS, Harlequin Ducks occur throughout the year, although many
individuals leave the coastal areas in the spring to breed in inland nesting areas and
then return in late summer and fall (Rosenberg and Petrula 1998; Isleib and Kessel
1973). Densities peak in the fall, when both resident and migrant birds are present,
then decline through the rest of the winter. In spring and summer, prebreeding birds
concentrate near the mouths of salmon-spawning streams, which are preferred nesting
habitat (Robertson and Goudie 1999; Crowley 1994; Dzinbal 1982). Birds move as
far as several kilometers upstream to nest. Egg-laying occurs from mid-May to
mid-June, and hatching occurs from mid-June onward. Initially, broods are reared
on their natal streams and adjacent freshwater habitats, but they soon move to
nearby estuaries and protected shorelines in late July to mid-August to complete
growth (Robertson and Goudie 1999; Dzinbal 1982; Sangster et al. 1978;
Nysewander and Knudtson 1977; Isleib and Kessel 1973; Wiens et al., unpublished
data). Harlequin Duck broods become fully feathered at ~45 days of age and
flight-capable at ~55 days, although the timing to independence varies both within
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and among populations (Robertson and Goudie 1999). From mid-July to mid-August,
male and nonbreeding female Harlequins molt are flightless, remaining within a few
meters of shorelines in sheltered bays; in contrast, breeding females arrest the molt
until after the young have fledged. Adult Harlequin Ducks may exhibit strong site
fidelity to both breeding (Cassirer and Groves 1994; Kuchel 1977; Bengtson 1972)
and molting/wintering locations (Iverson and Esler 2006; Iverson et al. 2004; Cooke
et al. 2000; Robertson et al. 2000), whereas site fidelity is less pronounced in subadult
females and juveniles of both sexes (Holland-Bartels et al. 1998).

In the fall and winter, Harlequin Ducks typically loaf on small offshore rocks
and forage around rocky shorelines, where they feed in shallow waters on a wide
range of intertidal invertebrates, primarily gastropods (especially Littorina snails)
and crustaceans such as hermit crabs and amphipods (Fischer and Griffin 2000;
Patten et al. 2000; see also Robertson and Goudie 1999; Vermeer 1983). In the
winter and early spring, individuals may aggregate in considerable numbers around
localized, ephemeral food sources such as herring spawn, with some individuals
moving as much as 80 km to join such groups (Rodway et al. 2003a). In the spring
and early summer, Harlequins feed on a variety of invertebrates (Littorina and other
snails, shore and hermit crabs, sea stars, insects) and eelgrass (Zostera) in intertidal
areas of protected marine waters and at the mouths of small streams, shifting to
forage on drifting salmon roe in lower portions of salmon-spawning streams later
in the summer (Dzinbal and Jarvis 1984). Young forage primarily on dipteran lar-
vae in eddies and slower moving portions of streams; in some locations, reproductive
success is markedly reduced in years or areas in which insect prey are scarce in
streams (Bengtson 1972; Bengtson and Ulfstrand 1971).

By nature of their life-history traits and ecology, Harlequin Ducks are potentially
among the most vulnerable species to oil spills (Esler et al. 2000a; Holland-Bartels
et al. 1998; King and Sanger 1979). Day et al. (1997, 1995) found that the magni-
tude of impacts of the Exxon Valdez oil spill on bird species occurring in marine
and shoreline habitats in PWS was greatest for species that foraged in intertidal and
nearshore habitats and for species that were year-around residents. The tendency of
Harlequins to forage in intertidal areas, their residency in PWS, and their tendency
to loaf on intertidal rocks and spend time near shorelines all enhance their potential
vulnerability to an oil spill.

4.2.3 The Exxon Valdez Oil Spill

The details of the Exxon Valdez oil spill have been well documented (Rice et al.
1996; Wells et al. 1995; Wheelwright 1994). The tanker grounded on Bligh Reef
on 24 Mar 1989, releasing ~41,000,000 L of Alaska North Slope crude oil into the
waters of northeastern PWS. The oil drifted to the west and southwest from the spill
site, generally affecting shorelines in the western, but not the eastern, portion of
PWS (“Western” and “Eastern” in Fig. 4.1a). Within western PWS, however, the
level of oiling of shorelines varied considerably, even within short distances.
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About 783 km (~16%) of the ~4,800 km of shoreline in PWS were oiled (Boehm
et al. 2008; Neff et al. 1995). Shores on the eastern and northern sides of the Knight
Island Group and nearby islands generally received much oil, whereas shores on the
western and southern sides were more protected and received little or no oil. The
concentration of polycyclic aromatic hydrocarbons (PAH’s) from Exxon Valdez oil
in the water column had returned to background levels at most locations by June
1989 and at all locations by the spring of 1990 (Neff and Stubblefield 1995; Wolfe
etal. 1994), and the amount of oil on and in beach sediments declined dramatically
between 1989 and 1992 (Neff et al. 1995; Wolfe et al. 1994) and continued to
decline afterward (Boehm et al. 2008; Page et al. 2008, 2005, 1999, Short et al.
2002, 2004, 2006, 2007; Hoff and Shigenaka 1999). The toxicity of oil in beach
sediments also decreased rapidly as the lighter and more toxic fractions dissipated
and fell below toxic thresholds in all but a few locations by 1990-1991 (Page et al.
2002a, 2002b; Boehm et al. 1995; but see Boehm et al. 2008; Page et al. 2003; Rice
et al. 2003). Cleanup operations were extensive in 1989, considerably reduced in
1990, and minor in 1991, as the quantity of beached oil declined as a result of the
cleanup operations and natural weathering. By 1993, the extent of oiled shoreline
had decreased from ~800 to ~14 km, 92% of which was very lightly oiled (i.e., the
intertidal zone had <10% oil cover); heavily oiled shoreline (i.e., the intertidal zone
had a band of oil >6 m wide and >50% oil cover) had declined from 140 km in 1989
to 0.1 km in 1993 (Neff et al. 1995). A separate, Trustee-sponsored survey of all of
the originally oiled areas in PWS found subsurface oil residues remaining in widely
scattered locations along about 7 km of shoreline and surficial oil residues along
4.8 km of shoreline in 1993 (Peterson 2001; Gibeaut and Piper 1998). Although the
quantity and distribution of residual oil continue to be debated, it is clear that some
oil residues persisted in a moderately unweathered and potentially toxic state in
isolated locations in PWS several years after the spill (Hayes and Michel 1999).
Based on a stratified random survey conducted during 2001 (primarily on sites that
had been heavily oiled in 1989 and that had substantial oil residues remaining in
1990-1993), Short et al. (2004, 2002) estimated that approximately 11.3 ha of
shoreline (equivalent to ~5.8 km of linear shoreline) in PWS were still contami-
nated with surface and subsurface oil residues. In this and more recent surveys,
most remaining oil residues were highly weathered (81% of subsurface oil samples
analyzed from a 2007 survey had >70% loss of total PAH with respect to the cargo
crude; Boehm et al. 2008) and confined to widely scattered patches in the middle
and upper intertidal zones, sequestered under a surface armor of boulders and
cobbles (Boehm et al. 2008; Taylor and Reimer 2008).

4.3 Concerns About Impacts to Harlequin Ducks

Within weeks of the spill, concerns were expressed about detrimental effects on
numerous marine bird species, including Harlequin Ducks. To provide a context for
the examination of evidence that follows, we give a sample of the statements made
and conclusions drawn about spill impacts on Harlequin Ducks in Table 4.1. These
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Table 4.1 A sampling of statements made and conclusions drawn in the peer-reviewed scientific
literature, in reports, and in the public media about the effects of the Exxon Valdez oil spill on
Harlequin Ducks in Prince William Sound, arranged chronologically

Harlequin Ducks “may have suffered high losses relative to the size of the local populations”
(Piatt et al. 1990)

Harlequin Ducks in the unoiled portion of Prince William Sound were in “much better
condition” than birds in the spill area (Patten 1993a)

“Since the spill, ducks living in areas hit by oil have failed to breed at all” (Pain 1993)

It is “possible that a local extinction of Harlequin Ducks may occur within the spill area” (Patten
1993a)

“We find it unlikely that these (population) declines were caused only by the oil spill”
(Klosiewski and Laing 1994)

“Overall, definitive conclusions cannot be drawn about the condition of harlequin ducks in
western Prince William Sound” (Patten 1994)

“Densities of Harlequins were consistently low (in 1990-1992) in oiled areas” (Patten 1994)

“Breeding population of Prince William Sound, AK, decimated by Exxon Valdez oil spill”
(Goudie et al. 1994a)

“Direct mortality of females, combined with sublethal effects of oil toxicity on reproductive
physiology and survival likely caused low productivity and decline of molting harlequin
ducks” (Patten et al. 1995)

“Considering the low frequency of mussel beds with residual oil, the patchy distribution of
remaining weathered oil residues, and the relatively low PAH concentrations in the mussels,
the risk of quantifiable injury at the level of an individual bird ... or at the population level,
is minimal” (Boehm et al. 1996)

“Harlequin Duck (habitat use) was negatively impacted, with evidence of recovery seen by
19917 (Day et al. 1997)

“A negative trend in harlequin abundance in western (oiled) Prince William Sound and a positive
trend in eastern (unoiled) Prince William Sound suggests that harlequin numbers in western
Prince William Sound are still declining” (Rosenberg and Petrula 1998)

“There continues to be concern about poor reproduction and survival in oiled areas, although
the overall population in Prince William Sound appears to be increasing” (Exxon Valdez Oil
Spill Trustee Council 1998)

The “breeding propensity of female harlequin ducks is lower in western than in eastern Prince
William Sound. However, the presence of a relatively large number of sub-adults in western
Prince William Sound suggests that the lack of breeding activity by females in that region
may be the result of females not attaining breeding age, and not because they have failed to
attain breeding condition” (Rosenberg and Petrula 1998)

“We suspect relatively little breeding habitat exists in Prince William Sound, but relatively more
is available in eastern Prince William Sound” (Rosenberg and Petrula 1998)

“Harlequin ducks exhibited negative population effects in 1990 and 1991 only” (Irons et al.
1999)

“It is clear that the breeding habitat in the western sound is very limited compared to what is
available in the eastern sound ... conclusions of reproductive failure based on lack of broods
in the oiled area do not now seem warranted” (Exxon Valdez Oil Spill Trustee Council 1999)

“Many intertidal mussel beds are still contaminated with oil, seriously handicapping recovery of
sea otters and harlequin ducks” (Ott 1999)

“Lack of recovery of Harlequin Ducks in oiled areas does not appear to be related to their
population-genetic characteristics, but may instead be associated with unfavorable local
environmental conditions” (Lanctot et al. 1999)

“The effects are still there on various populations. The populations are diminished in the spill
area. They have not recovered. But you have to know where to look and what you’re looking
for” (McCammon 1999)

(continued)
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Table 4.1 (continued)

“... Full recovery of some sea duck populations impacted by the Exxon-Valdez oil spill may be
constrained by exposure to residual oil” (Trust et al. 2000)

“Survival of (adult female harlequin ducks) in oiled areas was lower than in unoiled areas ...
continued effects of the oil spill likely restricted recovery of harlequin duck populations
through at least 1998 (Esler et al. 2000a)

After accounting for habitat effects, “densities were lower in oiled than unoiled areas,
suggesting that population recovery from the oil spill was not complete” (Esler et al. 2000b)

“Harlequin Ducks ... displayed strong evidence of negative oil spill effects a few years after the
spill and may be recovering” (Irons et al. 2000)

“We suggest Harlequins suffered population-level effects through 1992, but spill effects and
regional ecologies cannot be separated to explain differences in abundance and productivity
between oiled and unoiled areas” (Patten et al. 2000)

“Recovery of harlequin ducks has not occurred rapidly following this acute-phase mortality (in
1989) and there is evidence of persistent chronic effects of the oil spill” (Peterson 2001)
“Researchers still believe that continued hydrocarbon exposure is a potential contributing factor

to (the) lack of recovery” (Exxon Valdez Oil Spill Trustee Council 2001)

*“... Adult female winter survival was lower on oiled than unoiled areas during 1995-1998...”
(Esler et al. 2002)

“Recovery of ... harlequin ducks in the heavily oiled region of Knight Island has not occurred,
with continuing oil exposure suspected as a factor” (Exxon Valdez Oil Spill Trustee Council
2002a)

“The 1989 Exxon Valdez oil spill took a terrible toll from which the Sound has not fully
recovered” (National Wildlife Federation 2002)

“Taken together, the population census trends, survival measures and indications of exposure
suggest that the harlequin duck has not recovered from the effects of the spill” (Exxon
Valdez Oil Spill Trustee Council 2002b)

“Species such as ... harlequin duck declined due to the oil spill and are not recovering”
(National Wildlife Federation 2003)

“Female survival and CYP1A induction were similar between oiled and unoiled areas,
suggesting that spill related injury was no longer occurring” (Esler et al. 2003)

“We conclude that there was no evidence of an impact on habitat occupancy by Harlequin
Ducks” (Wiens et al. 2004)

“The lower proportions of females in oiled areas provided the only evidence for a possible
lingering oiling effect. Demographic data interpreted in concert with other biological
parameters leads us to conclude that harlequin duck populations are recovering from the
Exxon Valdez oil spill” (Rosenberg et al. 2005)

“Our homogeneity of slopes test and regressions on summer and winter densities in oiled areas
relative to unoiled areas of PWS did not show any evidence of a recovering population....
Higher levels of P4501A induction were found in oiled areas than unoiled areas for
Harlequin Ducks .... These results are consistent with our trends showing ... no recovery for
Harlequin Ducks” (McKnight et al. 2006)

... The most recent data from March 2005 irrefutably demonstrated that harlequin ducks
continued to be exposed to lingering oil...” (Esler 2007)

“Harlequin ducks continued to be exposed to residual Exxon Valdez oil up to 20 years after the
original spill” (Esler et al 2010)

“Direct effects of the oil spill on harlequin duck demography had largely abated by the winters
of 200-2001 to 2002-2003 Esler and Iverson 2010)
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statements are sometimes contradictory, but most center on possible spill effects on
Harlequin body condition, reproductive performance, and/or population structure
and dynamics. Early and persistent concerns were expressed about failed reproduc-
tion by birds occupying the spill area and about possible toxic effects of ingesting
oiled mussels. In recent years, population declines have been linked to reduced
overwintering survival of females, poor habitat quality, exposure to hydrocarbons
(as assayed by cytochrome P450 (CYP1A); see Sect. 4.4.2.1), and/or reproductive
failure. Poor reproduction and reduced survival in the spill area have also been
linked with declining populations or a slower rate of population increase in oiled
areas in relation to unoiled parts of PWS, although there is uncertainty about the
effects of the spill on population dynamics. Fears also were raised about long popu-
lation-recovery times, and some researchers concluded that there has been little
recovery nearly two decades after the spill occurred. Esler et al. (2002) concluded
that Harlequin Ducks had not yet recovered by 1998 and that full recovery was con-
strained by continuing exposure to residual oil. More recently, both McKnight et al.
(2006) and the Trustees (Trustees 2009) concluded that Harlequin Ducks had not
fully recovered from the effects of the spill by 2005 or 2009, respectively.

4.4 Evaluating the Evidence of Spill Effects

Before we assess the observations and data that bear on these concerns, it is useful
to consider the ways in which an oil spill can affect seabirds. There are three path-
ways of possible spill effects: direct oiling of birds, oiling of the habitat, and con-
sequences of the cleanup activities (Fig. 4.2). Each of these pathways involves a
series of mechanisms that produce particular results. Collectively, these pathways
influence the distribution (habitat occupancy), abundance, and reproductive perfor-
mance and survivorship of populations (see Wiens 1995 for details).

Conceptual models such as Fig. 4.2 are useful because they require explicit
identification of the potential pathways that link causes (on the left) with effects (on
the right). It is immediately apparent, for example, that the variables that one mea-
sures to monitor spill effects (e.g., population size) may be affected by numerous
pathways, both direct and indirect. Thus, although it might appear to be straightfor-
ward to detect a decreased population size of Harlequin Ducks in the spill area, it
is much more difficult to determine which pathway(s), if any, caused the population
decrease. One could argue, of course, that determining the precise pathway of a
spill effect is not really necessary, because all of the pathways reflect consequences
of the spill itself. The value of defining causal pathways, however, is that the
mechanisms that link cause to effect are specified, providing possible solutions for
mitigation. Documenting a mechanism helps to strengthen a causal explanation;
conversely, the lack of a bona fide mechanism that can link an oil spill to a given
consequence makes inferences about cause—effect relationships tenuous. Of course,
other causal pathways that are unrelated to the spill event (not shown in Fig. 4.2)



140

Hypothermia

—

Mortality

Altered
age/sex ratio

Decreased
reproductive
performance

J.A. Wiens et al.

Decreased

Reduced
habitat
occupancy

Oiling of Predation
birds risk
Ingestion
" Reduced
I Oiling of
Ot spill habitat prey
availability
Reduced
feeding
Cleanup Behavioral
activities avoidance
\\v Disturbance

Emigration

abundance

Event 4’ F Mechanism~‘ ‘— Result 4’

Fig. 4.2 Potential pathways through which an oil spill can affect birds

may lead to similar effects (e.g., decreased population size). This uncertainty
explains why it is so important to develop and evaluate all reasonable hypotheses
before attributing a given consequence to an oil spill (Harwell et al. 2010;

Wiens 2008).

We can now evaluate how the Exxon Valdez oil spill affected Harlequin Ducks
by examining the evidence in the context of the causal pathways shown in Fig. 4.2
and in terms of other potential pathways unrelated to the spill. We organize this
evaluation around the three major consequences of oil spills — changes in abun-
dance, in reproduction and survival, and in habitat occupancy and use.

4.4.1 Potential Effects on Harlequin Duck Distribution

and Abundance

44.1.1 Direct Mortality

Direct mortality is the most obvious and clearest consequence of an oil spill.
Overall, 212 oiled Harlequin Duck carcasses were retrieved from the spill area in
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1989, 147 of them within PWS (Rosenberg and Petrula 1998). Models developed
to generate total mortality estimates from carcass counts used a retrieval rate of
35% for PWS (Ecological Consulting Inc 1991); thus, ~423 Harlequin Ducks were
estimated to have died in PWS as a result of direct exposure to oil (Patten et al.
2000; Rosenberg and Petrula 1998). Trustee researchers collected another 231
Harlequin Ducks for bioassays during 1989 and 1990, 132 of them within PWS.
Overall, then, some 555 Harlequin Ducks died in PWS directly as a consequence
of the spill and research associated with it. Based on late-winter population esti-
mates (Table 4.2), this mortality would represent ~3—-6% of the Harlequin Ducks
present in PWS. Following Piatt and Ford (1996), Esler et al. (2002), used a 15%
retrieval rate of carcasses. This would lead to a direct mortality of 980 birds in
PWS, or roughly 7% of the wintering population of the area. These values were

Table 4.2 Population estimates and 95% confidence intervals for Harlequin Ducks in Prince
William Sound, Alaska, 1972-2000

March July August
Year Number 95% CI Number 95% CI1 Number 95% CI
19721 12,480 3,325 3,607 2,038 - -
19732 15,831 5,528 - - 18,218 27,281
1984/1985° - - 5,476 - - -
1989¢ - - 3,923 1,318 7,160 2,307
1990¢ 10,629 2,544 9,341 3,507 7,815 2,168
1991¢ 11,158 2,872 8,264 3,116 - -
19934 18,619 7,389 8,322 2,658 - -
1994¢ 19,204 4,573 - - - -
1996¢ 17,151 4,041 10,619 2,991 - -
1998t 14,257 3,469 8,800 2,448

14,621 3,486 8,853 2,425 - -
2000=" 14,881 3,332 9,276 2,955

14,876 3,288 9,191 2,868 B -
2004 13,174 2,994 6,740 2,106 - -
20058 11,066 3,399 8,981 2,381 - -

“Estimated from data of Dwyer et al. (unpublished), as reported in Klosiewski and Laing (1994)
and Agler et al. (1999)

"From Irons et al. (1988); a census of birds along essentially the entire shoreline rather than a
population estimate. In addition, no coastal-pelagic segments were done this year, so this number
is for the nearshore component only. Segments were surveyed from mid-July to late August 1984
and from late May to late August 1985, although subsequent studies (Klosiewski and Laing 1994;
Agler et al. 1994) have treated them as if they had been surveyed in July

‘From Klosiewski and Laing (1994)

YFrom Agler et al. (1994)

*From Agler and Kendall (1997)

From Lance et al. (1999); first numbers presented

fFrom McKnight et al. (2006); second numbers presented. No explanation is presented for the
discrepancy in population estimates between the two reports

"From Stephensen et al. (2001); first numbers presented
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used in the recent Trustee update of spill impacts on Harlequin Ducks in the immediate
aftermath of the spill (Trustees 2006).

4.4.1.2 Prespill Abundance

Limited information is available on the abundance and distribution of Harlequin
Ducks in PWS prior to the oil spill. Surveys conducted in 1972—-1973 by U.S. Fish
and Wildlife (USFWS) personnel [Dwyer, Isleib, Davenport, and Haddock (hereaf-
ter, Dwyer et al.), cited in Agler et al. 1999; Klosiewski and Laing 1994] indicated
that perhaps 12,000-15,000 individuals were present in PWS in late winter
(March), with numbers reduced to ~3,600 individuals in mid-summer (July;
Table 4.2). Dwyer et al. estimated that over 18,000 individuals were present in
August 1973 (Table 4.2), but that value had an extremely high error estimate (~50%
higher than the population estimate), suggesting an abnormal distribution of birds
and/or inadequate sampling, so its accuracy is questionable. Irons et al. (1988)
censused the entire shoreline of PWS in the mid-1980s, recording 5,746 Harlequins
in mid-summer (Table 4.2).

4.4.1.3 Seasonal Variation in Abundance

Although Harlequin Ducks occur in PWS throughout the year, densities are greatest
in the fall and winter and are lowest during the breeding season, when nonresident
birds depart for inland breeding areas and many resident females move into streams
to breed (Table 4.2; Rosenberg and Petrula 1998). Numbers then increase in late
summer and fall through recruitment and return of migrant individuals to molting
and wintering areas. The Sound-wide surveys have estimated 11,000-19,000 indi-
viduals in late winter and (except for the aberrant estimate of Dwyer et al.) 5,000—
10,000 birds in the summer.

4.4.1.4 Postspill Changes in Abundance and Distribution

Changes in abundance and distribution often represent the “bottom line” in evaluat-
ing the effects of an oil spill or, indeed, any environmental change. If effects on
other components of the pathways shown in Fig. 4.2 are biologically important,
they should ultimately translate into changes in abundance in the spill-affected area.
In this section, we will describe in some detail the ways in which the effects of the
Exxon Valdez spill on Harlequin Duck abundance have been measured and evalu-
ated. Such a detailed examination is necessary to understand how the design of a
study can affect its conclusions and to understand why such contrasting conclusions
(e.g., Table 4.1) have been reached.

Comparisons to determine changes in Harlequin Duck abundance after the oil
spill have been made in several ways and at several scales. Considered over PWS
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as a whole, estimates of overall abundance in late winter suggest a substantial
reduction in numbers in 1990 from estimates made in the early 1970s by Dwyer
et al. (a baseline design; Wiens and Parker 1995), with numbers matching or
exceeding the prespill estimates by 1993 (Table 4.2). The summer surveys also
suggest a reduction in overall abundance in July 1989 from the 1984 to 1985
prespill levels, again followed by a dramatic increase that exceeded prespill num-
bers by July 1990 (Table 4.2). In comparison with the 1972 summer surveys, Agler
et al. (1999) reported a 107% overall increase in numbers in the 1989-1993 period
as a whole; this was the largest proportional increase of any of the 25 taxa that they
considered.

It is unclear whether these Sound-wide estimates indicate broad-scale, regional
trends or more localized effects. The confidence intervals on the estimates are large,
so these patterns are coarse at best. Further, because much of PWS was not directly
affected by the Exxon Valdez spill, such estimates may provide little insight into
actual spill-related effects. Other comparisons have sought to narrow the focus in
several ways. One way is to compare abundance trends over time in eastern PWS,
which was well away from the spill path, with those in western PWS, which was
generally in the spill path [i.e., a before-after-control-impact (BACI) design; Irons
et al. 2000; McDonald et al. 2000; Wiens and Parker 1995; Osenberg et al. 1994]
(Fig. 4.1a). These two areas represent the main “oiled-control” comparison used in
several of the postspill Harlequin Duck studies (e.g., Rosenberg and Petrula 1998;
Crowley 1995; Patten et al. 1995, 2000; Patten 1993a, 1993b, 1994), although
Rosenberg et al. (2005) later added a second study area within the general oil-
affected area (“Southwestern PWS”) and the control area (“Montague Island”) to
broaden the geographic scope of the study and to increase sample sizes. This com-
parison (Fig. 4.3) indicates no systematic changes in summer abundance over time
in either area, although estimates of abundance in western PWS in 1984—-1985 were
somewhat greater than in eastern PWS. A separate analysis of seasonal variations
in abundance revealed a strong correlation between the two areas (r=0.664; n=9;
P=0.026). A comparison of estimated populations based on the full set of 1984
survey segments with estimates based on a subset of the 1984—1985 survey seg-
ments that was used in the subsequent analyses of Klosiewski and Laing (1994)
suggests that these subsets systematically underestimated abundances in western
PWS and overestimated abundances in eastern PWS (compare “1984” estimates
with “1984-1990” estimates in Fig. 4.3).

These findings contrast with those of Patten et al. (1995, 2000), who surveyed
areas of differing extent in western PWS in July—August 1991-1993 and com-
pared their results with those obtained by Crowley (1994) in eastern PWS in
1991-1992 and by a separate field crew in 1993 (Table 4.3). Harlequin densities
(birds/km of shoreline surveyed) were consistently lower in the western area than
in the eastern area and decreased from 1991 to 1993, whereas densities in the
eastern area were higher overall and fairly constant through time. The surveys
were not randomly or systematically located, however, and the selection of survey
sites apparently differed between eastern PWS (where Crowley focused attention
on suitable breeding streams and shorelines) and western PWS (where surveys
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Fig. 4.3 Mid-summer abundances of Harlequin Ducks in eastern and western Prince William
Sound (Fig. 4.1a). The 1984-1985 data (cross-hatched) are from Irons et al. (1988). The “1984
subsample” data are an estimate generated from a subset of the transects used by Irons et al. that
were also surveyed by Klosiewski and Laing in 1989-1990. The 1989-1993 data are from
Klosiewski and Laing (1994) and Agler et al. (1994)

Table 4.3 Abundances of Harlequin Ducks recorded in nearshore boat surveys in July—August
1991-1993 in western and eastern Prince William Sound

Western PWS Eastern PWS

1991 1992 1993 1991 1992 1993
Shoreline length surveyed (km) 537 2,276 1,296 700 410 620
Total Harlequins recorded 680 1,713 761 1,396 743 1,373
Linear density (individuals/km) 1.27 0.75 0.59 1.99 1.81 2.21

From Patten et al. (1995)

included a broad range of environmental conditions). It is unclear whether the
differences among observers or survey-location selection contributed to the differ-
ences in Harlequin abundances between the regions or whether the change in
survey extent in western PWS among years might have affected the likelihood of
encountering birds. Because the surveys were conducted at different distances
from shore, there may also have been confounding differences in detection
probabilities.

Many of the same transects that were surveyed in Patten’s studies were also
surveyed in 1995-1997 by Rosenberg and Petrula (2001, 1998), who used more
standardized procedures than did Patten. All survey transects in eastern PWS, how-
ever, were known to support high densities of Harlequin Ducks, whereas some
known low-density areas were included among the survey transects in western PWS.
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Thus, the likelihood of encountering Harlequins differed systematically between
the areas for reasons that may have had nothing to do with oil-spill effects.
Rosenberg and Petrula analyzed the survey data by evaluating how frends in abun-
dance over the 3 years differed between the areas (a “parallelism” or “homogeneity
of slopes” analysis; see Skalski et al. 2001; Skalski 1995) at three scales of analysis
(individual transects, regions, and entire areas). The 1995-1997 trends were non-
significantly positive for all scales in eastern PWS but were all negative in western
PWS (but significantly so only at the regional scale; Table 4.4). Rosenberg and
Petrula concluded that the abundance of Harlequin Ducks remained stable over the
3-year period in eastern PWS but decreased in western PWS, continuing the pattern
reported by Patten.

Other studies have compared the oiled area of PWS with the entire unoiled area,
which includes the northern and northwestern part of PWS as well as the eastern
region used above (Fig. 4.1b). Klosiewski and Laing (1994) compared the results
of the prespill, Sound-wide surveys of Dwyer et al. (in 1972-1973) and of Irons
et al. (in 1984—1985) with their own postspill data (1989-1991) from a subsample
of the earlier survey transect locations (i.e., a BACI design; Wiens and Parker
1995). Compared with the 1972-1973 surveys, Klosiewski and Laing found a
significant decrease in the overall abundance of Harlequin Ducks in PWS in August
[P=0.09; but note that this comparison involves the questionable August estimate
of Dwyer et al. (Table 4.2)]. Comparisons with Irons et al. yielded only nonsignifi-
cant decreases and increases in overall population estimates between pre and post-
spill surveys in March (P=0.17) and July (P=0.38), respectively.

Klosiewski and Laing also evaluated whether abundance decreased or increased
more in the oiled area over years than would have been expected from the yearly
trend in abundance in the unoiled area (i.e., a pre/post pairs design; Wiens and Parker
1995). Population size decreased more strongly in the oiled part of PWS than in the
unoiled part in July and August but not in March. In comparison with the 1984—1985
summer survey data of Irons et al., Klosiewski and Laing found a nonsignificant
relative increase in Harlequin Duck numbers in the oiled part of PWS in 1989
(P=0.88) but significant relative decreases in abundances in the oiled region in both
1990 (P=0.02) and 1991 (P=0.01). In another comparison involving the same areas,
Agler et al. (1994) and Agler and Kendall (1997) found a significant oiling effect on
abundance trends in the oiled part of PWS in late winter but not in mid-summer
(Fig. 4.4). In both periods, however, the increasing divergence over time between
densities in unoiled and oiled areas was taken as evidence of continuing spill impacts
(Agler and Kendall 1997). Using the same sort of parallelism analysis for 1989—
2000 survey data from the same areas, Stephensen et al. (2001) concluded that the
population trend in oiled areas for winter (March) surveys was consistent with a
recovering population but that the summer (July) populations were not recovering.

McKnight et al. (2006) extended the Stephenson et al. (2001) data set through
2005 and concluded that the Harlequin Duck population in PWS still was not recovering
(Fig. 4.4, Table 4.2). They based this conclusion on the observation that the slope
of the regression of the population estimate against year for the oiled area was
not significantly greater than that in the unoiled area (a “homogeneity-of-slopes” test).
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Fig. 4.4 Estimates of densities (birds’km?) of Harlequin Ducks in unoiled and oiled areas of
Prince William Sound (Fig. 4.1b) in March and July 1990-1991 (Klosiewski and Laing 1994),
1993 (Agler et al. 1994), 1994 (Agler et al. 1995), 1996 (Agler and Kendall 1997), 1998 (Lance
etal. 1999), 2000 (Stephensen et al. 2001), and 2004-2005 (McKnight et al. 2006). The regression
lines are from McKnight et al. (2006)

A closer examination of the data plotted in Fig. 4.4, however, indicates that there
are strong inflections in the data from the unoiled area for both March and July. To
reflect the trends in the data more accurately, we have added multiple trendlines
(fitted by eye) to Fig. 4.4. The revised trendlines indicate that the slope of the trend-
line in the oiled area is substantially greater than the (declining) trendline in the
unoiled area in March. According to a homogeneity-of-slopes test, this indicates
ongoing recovery since ~1993. The July data from 1990 onward follow similar,
relatively stable trendlines. This parallelism of slopes meets one of the primary
assumptions of a BACI analysis.
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Fig. 4.5 Mid-summer abundances of Harlequin Ducks in oiled and unoiled areas of Prince
William Sound (Fig. 4.1b). Data sources as in Fig. 4.3

Two additional analyses of the data sets of Klosiewski and Laing and Agler et al.
provide some insight into the consequences of using different sets of transects or
areas in comparisons. We reanalyzed postspill, summer abundance trends in the
nearshore zone of the oiled and unoiled areas of PWS as they were defined by
Klosiewski and Laing and by Agler et al. Comparing postspill estimates with the
baseline of the entire Irons et al. data set (partitioned into oiled and unoiled regions)
clearly indicates a postspill increase in abundance in the unoiled part of PWS but
no postspill increase in the oiled region (Fig. 4.5). If we compare the prespill esti-
mates generated only from the subset of Irons et al. transects that were subsequently
surveyed by Klosiewski and Laing, however, there was a significant (53%) decline
in abundance in the unoiled part of PWS in 1989 but a nonsignificant (18%)
decline in the oiled area. The lack of correspondence in abundance trends between
the oiled and unoiled regions is reflected in the poor correlation between the
monthly estimates (r=-0.193; n=9; P>>0.05). These differences between the pre-
spill abundance estimates of Irons et al. and of Klosiewski and Laing for both areas
again suggests that the postspill transects surveyed by Klosiewski and Laing may
not have been a representative subset of the original transects (see Fig. 4.3).

Rosenberg and Petrula (Alaska Department of Fish and Game; hereafter, ADFG;
1998) also compared trends during 1995-1997 with those derived from the
Klosiewski and Laing and Agler and Kendall (USFWS) studies in 1989-1996. In a
comparison that included the entire unoiled area surveyed by the USFWS,
Rosenberg and Petrula found no significant temporal trends in either oiled or
unoiled areas and no significant differences in the slopes of changes between the
areas for any time periods in 1995-1997. When the comparison excluded those
transects surveyed by the USFWS that lay outside of the eastern and western PWS
areas defined by Rosenberg and Petrula, there was no significant trend in Harlequin
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abundances in eastern PWS for the ADFG data but a significant positive trend for
the USFWS data; for western PWS, neither trend was significant, and slopes did
not differ between eastern and western regions in either data set. Thus, the conclu-
sions about relative trends differed depending on the analysis and geographic areas
used in the comparisons. Rosenberg and Petrula attributed both the differences in
results and the generally low power of tests involving the USFWS data to differ-
ences between the two studies in the allocation of survey effort within oiled and
unoiled areas and to the inclusion in the USFWS data set of many areas containing low
densities of Harlequin Ducks. One can also question the propriety of selecting for
surveys only those areas in which large numbers of Harlequins occurred.

Despite these inconsistencies, it is clear that numbers of Harlequin Ducks were
consistently much lower in the oiled than in the unoiled region of PWS, both before
and after the oil spill. This difference suggests that these two regions differ funda-
mentally in their environmental suitability or attractiveness to Harlequin Ducks.
The differences in numerical trends over time between the entire unoiled region
(Figs. 4.4 and 4.5) and the eastern part of PWS (a subset of the unoiled region;
Fig. 4.3) also suggest environmental differences among parts of the unoiled region.
In particular, the increase in abundance of Harlequin Ducks in the unoiled area during
the early 1990s appears to have occurred almost entirely in the glaciated fjords of
northern and northwestern PWS, compromising the interpretation of the broad-
scale patterns and the utility of the BACI design that included those fjords.

At a finer scale of analysis, we used a set of ten study bays that differed in the
magnitude of oiling (from completely unoiled to some of the most heavily oiled
bays in PWS) but were generally similar in other habitat characteristics (Day et al.
1995, 1997; see Wiens et al. 2001a). If we compare only postspill (1989-2001)
densities in the set of four bays that were unoiled or lightly oiled (hereafter,
unoiled) with those in the six moderately to heavily oiled bays (hereafter, oiled) (an
impact-level-by-time design; Wiens and Parker 1995) (Fig. 4.6), it is apparent that
densities were consistently greater in the unoiled bays than in the oiled bays in all
years except 2001 and 2004 and that the year-to-year rate of increase in densities
was greater in the oiled bays.

Because these same bays were also surveyed by Irons et al. as part of their
1984-1985 mid-summer surveys, we extended the time-line back to 1984 to com-
pare the postspill trends with this prespill “baseline.” This comparison changes the
interpretation of the trends from that based only on the postspill surveys. In 1984—
1985, densities of Harlequin Ducks were considerably lower in those bays that were
later oiled than they were in the unoiled bays, suggesting that underlying habitat
differences between the two sets of bays may have contributed to the apparent oil-
ing effect. Moreover, densities in the subsequently oiled bays in 1984—-1985 were
only slightly greater than densities in those bays in 1989-1991, whereas densities
in the unoiled bays declined substantially between 1984—1985 and 1990 (but not
1989 or 1991; Fig. 4.6).

Wiens et al. (2004) conducted statistical analyses of these pre/postspill comparisons
by partitioning the analysis to determine whether changes in densities from prespill
levels differed between unoiled and oiled bays [a pre/post pairs (BACI) design;
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Fig. 4.6 Estimated population densities of Harlequin Ducks in mid-summer surveys of four
unoiled/lightly oiled (“unoiled”) and six moderately to heavily oiled (“oiled”) bays in Prince
William Sound. The 1984 data are from surveys conducted in the same bays by Irons et al. (1988);
the 1989-1998 data are from Day et al. (1995, 1997, unpublished)

Wiens and Parker 1995]. Densities of Harlequin Ducks decreased in the oiled bays
by 9.6, 5.4, and 1.1% relative to changes in the unoiled bays from the prespill
baseline during 1989, 1991, and 1996, respectively, but increased by 25.3, 25.8,
and 126.4% in 1990, 1998, and 2001, respectively. Of these increases, only the
1984-2001 increase was statistically significant. Nevertheless, this analysis
revealed no clear indications of spill-related impacts on Harlequin densities in even
some of the most heavily oiled bays in PWS shortly after the spill.

These results can be compared with those reported by Irons et al. (2000), who
conducted a similar BACI analysis of Harlequin Duck abundances on a larger number
of survey transects scattered throughout PWS. Irons et al. analyzed their data at
three scales: individual transects (several of which might lie within a single bay), a
medium scale combination of transects within a location (corresponding in size
roughly to the bay scale used by Wiens et al.), and a coarse scale that grouped
transects over the entire oiled or unoiled areas. At the medium scale, Irons et al.
found a nonsignificant relative increase in Harlequin densities in oiled bays in 1989
from 1984 to 1985, followed by significant relative decreases in 1990 and 1991 and
nonsignificant decreases in 1993, 1996, and 1998. Statistical power at this scale of
analysis was moderate (0.47-0.64 at =0.20). The patterns were similar at the fine
scale, although only the decrease in 1990 was significant. At the coarse scale
(corresponding roughly to the scale used by Klosiewski and Laing and by Agler
et al.), relative abundances in the oiled area in 1989, 1993, 1996, and 1998 were
substantially greater than the prespill baseline and were significantly lower
(P<0.20) only in 1991; however, power at this scale was generally low (0.23-0.62).
Thus, whereas Wiens et al. found nonsignificant relative decreases from prespill
levels in 1989, 1991, and 1996 and nonsignificant increases in 1990 and 1998,
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Irons et al. reported nonsignificant relative increases in oiled areas in 1989,
significant relative decreases in 1990 and 1991 (depending on the scale used), and
nonsignificant decreases thereafter. Irons et al. concluded that there was “strong
evidence of negative oil spill effects a few years after the spill” but that Harlequin
Ducks “may be recovering.” Wiens et al. (2001b) have commented on the sampling
design and interpretations of this study (see also Irons et al. 2001).

4.4.1.5 Interpretation of Abundance and Distribution Changes

What can we conclude from these varied analyses of possible spill-related changes
in the abundance of Harlequin Ducks following the Exxon Valdez oil spill? The
comparison of eastern PWS with western PWS revealed no significant differences
in trends in postspill abundance between the regions, although there were indica-
tions that postspill increases in the western region were less than those in the eastern
region and may actually have been decreases. Other comparisons indicated that
(1) Harlequin Ducks were more abundant in the unoiled than in the subsequently
oiled regions of PWS, even before the spill occurred; (2) abundances continued to
be lower in oiled than in unoiled areas several years after the spill; (3) some studies
recorded proportionately greater decreases in 1989 relative to prespill abundances
in oiled areas, whereas other studies found greater decreases in unoiled areas;
(4) several studies found clear evidence of reduced densities in oiled areas in 1990
and 1991 relative to prespill baselines; and (5) abundances increased during the
mid- to late 1990s to levels equal to or greater than the prespill estimates in both
oiled and unoiled areas, although different studies recorded greater postspill
increases in either oiled or unoiled areas. In our view, these findings are consistent
with a limited negative effect of the spill on Harlequin Duck distribution and abun-
dance, followed by apparent recovery within a few years.

Several factors confound these conclusions, however. First, the estimated direct
mortality of Harlequins from the spill was small, so it would have been difficult to
detect the loss of a few hundred birds out of thousands over the spill area, much less
over the entire Sound. (Of course, abundance may be influenced by factors other
than direct mortality (Fig. 4.2); we consider potential effects on reproductive per-
formance and habitat occupancy below.) If, however, ducks were to emigrate from
the spill area in response to the oil or cleanup activities, abundance in the oil-
affected area would be reduced, especially if individuals returned to the affected
areas only after several years. Although there is evidence from banding studies that
many adults exhibit strong site fidelity to molting or wintering locations but sub-
adults less so (Iverson et al. 2004; Robertson et al. 2000; Holland-Bartels et al.
1998), the extent of such site fidelity in the population as a whole is unknown.
Mark-recapture studies are likely to record those individuals that return to the study
sites but not those individuals that have moved elsewhere. Further, genetic studies
of Harlequin Ducks in PWS found no evidence of population structuring or subdivision
(Lanctot et al. 1999), suggesting that movement of individuals is substantial enough
to prevent genetic differentiation among localized populations.
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Second, uncertainties about the baseline data available for comparison further
complicate interpretations. The 1972—-1973 data indicate abundance 16-17 years
before the spill occurred and would be a suitable baseline for comparisons only if
nothing had changed over the interim (i.e., the system as a whole is in steady-state
equilibrium). This assumption is clearly violated (Wiens 1995, 1996). There have
been several El Niiio events, at least two marine regime shifts have affected the
region (Hare and Mantua 2000; Peterson and Schwing 2003), sea-surface tempera-
tures have undergone decadal-scale shifts (Francis et al. 1998), and the prey base
for seabirds has changed dramatically since the 1970s (Golet et al. 2002; Agler
et al. 1999; Piatt and Anderson 1996). The 1984-1985 data are more recent and
therefore are a more reliable baseline. Except in BACI analyses, the use of prespill
data to evaluate spill effects also assumes steady-state equilibrium in the absence of
the oil spill.

Third, the abundance comparisons described above encompass quite different
spatial scales and survey designs. The Sound-wide estimates show that overall
numbers of Harlequin Ducks vary among seasons and years, but it is not clear
whether the increases in numbers reported in the 1990s represent real population
increases or simply reflect increased survey effort (itself a consequence of the oil
spill). More to the point, such broad-scale analyses cannot really reveal spill
impacts. The comparisons among broadly defined oiled and unoiled regions of
PWS assume that these regions were adequately sampled and that there were no
systematic spatial variations in abundances within the designated areas. The under-
lying assumption is that, prior to the spill, Harlequins “were abundant and distrib-
uted throughout the entire Prince William Sound” (Patten 1994). The differences in
population trends between the overall unoiled region and eastern PWS (a subset of
the unoiled region), as well as the differences between oiled and unoiled regions
evident in the data of Irons et al., clearly show that these assumptions are almost
certainly false. Similarly, the comparison between eastern and western portions of
PWS assumes that these areas are ecologically similar except for the presence of
oil, so eastern PWS can serve as a “control” for the western “treatment.” As we will
show below, this assumption is also invalid. The comparisons between eastern and
western PWS may be further compromised by the problems in survey design (i.e.,
nonrandom designation of survey locations, differences in survey-site selection
criteria and survey intensity, among-observer variation) noted above.

Fourth, interpretation of relative population trends over time between unoiled and
oiled areas (e.g., Fig. 4.4) may also be problematic. As we have noted, the abun-
dance of a species might differ between a set of oiled sites and another set of unoiled
(reference) sites, independently of any oiling effects. Abundances might also vary
among years, but if there is no oiling effect, one might expect the slopes of the overall
trends in abundance over several years in the two areas to be the same. This is the
“parallelism” or “homogeneity-of-slopes” approach advocated by McKnight et al.
(2006), Skalski et al. (2001), Lance et al. (2001), and Stephensen et al. (2001). The
expectation of homogeneity of slopes holds if both areas experience a constant
arithmetic increase (i.e., both populations are incremented annually by the same
number of individuals) or if populations show a constant proportionate increase
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(i.e., populations are incremented annually by the same percentage, as might occur
if there were a region-wide population increase) and the data are expressed as log
(density). A lower rate of increase in the oiled area relative to that in the unoiled area
(i.e., diverging slopes) would therefore indicate continuing impact, whereas a more
rapid increase in the oiled area (converging slopes) would suggest recovery from an
initial impact. All of these interpretations (as well as the BACI analyses of Murphy
et al. (1997), Irons et al. (2000), and Wiens et al. (2004)) depend on the assumption
that, in the absence of an oil spill, the rates and patterns of change would be the same
in both areas (Wiens et al. 2001b; Stephensen et al. 2001). This assumption is tenuous
at best. For example, if the capacity of habitat to support Harlequin Ducks is inher-
ently poorer in those areas that happened to end up in the spill path, rates of popula-
tion change almost certainly will be substantially lower than those in the unoiled area,
even in the absence of a spill. Hence, interpretation of differences in the slopes of
population trends is not as straightforward as it might seem (see Hatch 2003).
Moreover, the test itself requires that the data be plotted as simple linear regressions;
the revised trendlines in Fig. 4.4 cast doubt on the efficacy of this approach.

Finally, the fine-scale studies of individual bays that differed in the magnitude
of oiling from the spill may impose some degree of control over environmental
variation among bays through the selection of study sites, and oiling can be
treated as a quantitative rather than a categorical variable, facilitating more
rigorous statistical analyses (see below). Nonetheless, there may still be environ-
mental differences among bays that can obscure the effects of oiling (Wiens
et al. 2001a; Day et al. 1997), and the sample size is inherently small because
the number of possible sample units (bays) is limited. There is inevitably a
trade-off between the intensity and quantitative rigor of a study design and the
spatial scope, sample size, and statistical power of the study (Wiens and Parker 1995).
The emerging message is that how a comparison is structured affects both the
findings and the confidence one can place in them. Unfortunately, it is not obvious
that any single approach or scale is necessarily “best,” although some are probably
better than others and some are clearly inadequate.

4.4.2 Potential Effects on Harlequin Duck Reproduction
and Survival

4.4.2.1 Reproduction

Shortly after the Exxon Valdez spill, concerns were voiced about effects on the
reproductive performance of Harlequin Ducks (Table 4.1). Initial observations
suggested that productivity was extremely low in the spill area, and it was soon
concluded that Harlequins in the spill zone had suffered “a massive reproductive
failure” (Patten 1993a). This conclusion was promptly repeated in the media (e.g.,
Chadwick 1993; Edgar 1993; Pain 1993), although Wheelwright (1994) later
considered it more critically. What was the evidence for such a conclusion?
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Harlequin nests are difficult to find, so most assays of reproductive productivity
in the spill area have been based on counts of Harlequin broods encountered after
females bring their chicks to estuaries, sheltered bays, or shorelines. Prespill obser-
vations were opportunistic, depending on where investigators were working and
whether they bothered to record broods or could identify them. Older broods are
hard to distinguish from the large number of molting birds present in PWS in late
summer, so there is some uncertainty about brood counts at that time (see Rosenberg
and Petrula 1998). These records are scattered widely over PWS, but broods were
reported in several locations within the area that was subsequently oiled by the spill
(e.g., Oakley and Kuletz 1979; but later repudiated by Oakley and Kuletz, personal
communication). Because the prespill observations were not made systematically,
however, it is not possible to use them to derive quantitative estimates of reproductive
activity or productivity in different parts of PWS; however, they do indicate how
widely Harlequins nested at that time.

Following the oil spill, efforts were made to conduct more intensive studies of
breeding Harlequin Ducks in both the eastern and western portions of PWS
(Fig. 4.1a). Based on his own surveys and those of Crowley (1994), Patten (1994;
Patten et al. 1995) calculated that Harlequin Duck production in eastern (unoiled)
PWS was 2.9 broods/100 km of shoreline in 1991, 0.9 broods/100 km in 1992, and
1.8 broods/100 km in 1993. In contrast, production in western (oiled) PWS was 0.7
broods/100 km in 1991, 0.1 broods/100 km in 1992, and 0.2 broods/100 km in
1993!. As noted above, the survey extent in western PWS was broadened considerably
in 1992 and 1993 (Table 4.3) and included a greater amount of unsuitable habitat
than in the 1991 surveys. In addition, a cold, wet spring may have depressed pro-
duction in both regions in 1992 (Patten 1993a; see also Ganter and Boyd 2000).
Although they did not report their observations in the same way, Rosenberg and
Petrula (1998) recorded 10, 14, and 12 broods in eastern PWS and none in western
PWS in 1995, 1996, and 1997, respectively.

During our studies in Prince William Sound, we also recorded observations of
Harlequin Duck broods. Between 1989 and 1993, we saw broods in both unoiled
and lightly oiled bays and in areas subjected to moderate or heavy oiling in western
PWS. We conducted only limited surveys in eastern PWS in 1996 and 1998 (where
we also observed broods), so we cannot relate our observations to the east—west
comparisons of Patten and Crowley. It is apparent, however, that some successful
reproduction was occurring in the oil-spill area after the spill, even in the spill year
(1989), when we saw broods not only in unoiled bays but also in the moderately
oiled Bay of Isles; the consistent factor in all of these observations was their asso-
ciation with bays that had substantial salmon-spawning streams. Some of the con-
cerns about complete reproductive failure expressed in Table 4.1, therefore, appear
to be overstated. In fact, Rosenberg and Petrula (1998, 1999) questioned whether
brood counts can provide a reasonable index of reproductive success in PWS, and

! Apparently, Patten neglected to record where his surveys began and ended; therefore, he had
to reconstruct the shoreline distances surveyed several years after the fact, casting doubt on the
reliability of the results.
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by 1999 the Trustees declared that “conclusions of reproductive failure based on
lack of broods in the oiled area do not now seem warranted” (Trustees 1999).

On balance, it does seem clear that productivity by Harlequin Ducks was
greater during the postspill study years in eastern PWS than it was in western PWS
(cf. Crowley 1994). The critical question is, Why? Patten (1993a, 1993b, 1994)
offered two mechanistic hypotheses to account for the lower reproduction by
Harlequins in the spill area: disturbance and chronic exposure to hydrocarbons.

Harlequin Ducks are sensitive to disturbance of many types (Goudie 2006;
Goudie and Jones 2004; Perfito et al. 2002; Clarkson 1992; Wallen 1987; Dzinbal
1982), and the intensive cleanup activities during the summer of 1989 might have
caused birds to leave areas that otherwise would have been occupied for breeding.
Because cleanup activities were reduced in 1990 and minimal in 1991, Patten
reasoned that one might expect to see an increase in productivity if disturbance had
caused the low productivity in western PWS in 1989. Patten’s observations sug-
gested that productivity was in fact even lower in 1990 and 1991 than in 1989, so
he rejected this hypothesis. Of course, if birds that left the area because of disturbance
in 1989 bred elsewhere that year and then returned to those new breeding areas in
subsequent years, one would not see the anticipated rebound in productivity once
disturbance was reduced. Consequently, the Patten hypothesis cannot be com-
pletely discounted.

Patten’s hydrocarbon hypothesis was more involved. He argued as follows
(Fig. 4.7). Many beds of blue mussels (Mytilus trossulus) were oiled during the
spill. In some cases, oil became trapped beneath the mussels’ byssal-thread mats in
anoxic sediments, where the oil retained the some toxic components. Petroleum
hydrocarbons also became concentrated in mussel tissues from hydrocarbons in the
water and the sediments. Patten also noted that Harlequin Ducks feed on blue mus-
sels, consuming the entire mussel as well as the attached byssal threads (and some
associated sediments), all of which could contain high levels of petroleum hydro-
carbons. The birds could then accumulate elevated levels of these contaminants in
their tissues, causing reproductive failure. Patten suggested that, because some
mussel beds in the spill zone continued to retain oil for years after the spill, these
effects would be chronic, contributing to continuing population declines in the spill
area and eventually resulting in local extinction. This hypothesis has subsequently
been extended to apply to a large suite of species (Peterson 2001); in a somewhat
modified form, it is the basis for conclusions that Harlequin Ducks in PWS have
not yet fully recovered from the effects of the oil spill (Trustees 2009).

Patten supported this scenario both with the results of the brood surveys
discussed above and by noting that reproduction in the Naked Island group (which
was in the spill path but only lightly oiled) declined from 156 juveniles in 11 broods
reported in 1978 (Oakley and Kuletz 1979) to no broods in 1990-1992. (There is
some doubt, however, that the prespill observations were actually of broods;
Rosenberg and Petrula 1998; 1999; Oakley, USGS-BRD, personal communication.)
Further, three Harlequins collected in western PWS had higher tissue hydrocarbon
levels than did birds collected from several unoiled areas well away from the spill (and
from PWS). None of the 104 sea ducks of several species examined for histopathology,
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Fig. 4.7 Pathways through which different investigators have hypothesized that the Exxon Valdez
oil spill affected Harlequin Ducks. Pathway A, advanced by Patten (1993a, 1993b, 1994)
attempted to link reproductive failure and “local extinction” to ingestion of contaminated mussels.
Pathway B, advanced by Esler et al. (2000a, 2002) and Esler (2008) attempted to link mortality of
overwintering females to exposure to Exxon Valdez oil residues, as evidenced by elevated levels
of Cytochrome P450 1A in the livers of ducks in the oiled region (Fig. 4.1a)

however, showed evidence of spill effects (Patten et al. 2000). In 1992, Patten and
his colleagues found that 32 of 121 mussel beds examined actually contained sig-
nificant amounts of subsurface oil (NOAA/NMFS investigators identified an addi-
tional 18 beach segments containing oiled mussel beds; Patten et al. 2000). Patten
also observed that molting Harlequins frequently occurred on oiled mussel beds.
Finally, he examined the prey items in the birds that were collected and found that
some birds had ingested contaminated mussels (Patten et al. 1995, 2000).

Because Patten postulated a series of explicit linkages between the oil spill and
the observations of low reproduction in the spill area (Fig. 4.7), we can examine
and evaluate the evidence bearing on each link. First, large areas of mussel beds
were indeed oiled by the Exxon Valdez spill, some of them quite heavily. Shortly
after the spill, a decision was made that, to protect the integrity of the mussel bed
communities, beds on fine-sediment substrates should not be cleaned (Babcock
et al. 1996). Because some of these beds retained oil in the underlying fine sedi-
ment and the dense byssal mats hindered natural cleaning processes, less weathered
oil persisted below the mats. Overall, however, the number and extent of such
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chronically oiled mussel beds that remained in PWS 1-2 years after the spill was
small. After extensive searches, Patten and his colleagues (Patten 1994) found
“over 50 oiled mussel beds, most of them located in protected, low-energy sites
with fine-grained sediments (Babcock et al. 1996); such sediments form <4% of the
shoreline of the spill area (Boehm et al. 1996; Page et al. 1995). Moreover, most of
these beds were small, and the distribution of oil within such beds was patchy
(Babcock et al. 1996; Harris et al. 1996). Based on surveys conducted in 1995,
Carls et al. (2001) reported that total PAH concentrations in sediments at 27 of 34
sites in the most heavily oiled portions of the most heavily oiled locations in PWS
(not necessarily mussel beds) were more than twice background levels. In two
heavily oiled locations, however, Boehm et al. (1996) estimated that <3% of the
mussels present in 1993 actually occurred on contaminated sediments and that,
across all oiled sediments in PWS, the percentage of mussels associated with oiled
shorelines was probably much lower.

The potential for mussels to be contaminated with Exxon Valdez oil residues is
linked closely to the amount and distribution of these residues that remain in beach
and intertidal sediments in PWS. Both Hayes and Michel (1999) and Carls et al.
(2004) concluded that the geomorphic structure of beaches rather than the occur-
rence of mussel beds was responsible for oil being retained in some sediments.
Surveys at a broad range of previously oiled sites in PWS recorded PAH concentrations
at prespill background levels by 1990 or 1991 (O’Clair et al. 1996; Wolfe et al.
1996). In 1999, the Trustees reported that oil remained in “at least 30 sites” in PWS.
As noted previously, Short et al. (2004) reported that their 2001 survey projected
that a cumulative area of ~11.3 ha of shoreline in Prince William Sound was still
contaminated by surface or subsurface oil residues. Most of this survey was con-
ducted on cobble beaches lacking mussel beds, and most sampling stations were
located in areas that were heavily oiled in 1989 and that had substantial oil remaining
in 1990-1993. Although weathered oil persists in sequestered forms at beaches
with boulder—cobble surface “armor” as long as 18 years after the spill (Michel
et al. 2006; Taylor and Reimer 2008), what residues do persist are highly weathered
and are found in scattered patches at limited locations that in turn are scattered
along the 783 km of shoreline that had been oiled in 1989 (Boehm et al. 2008; Page
et al. 2008; Short et al. 2007). Overall, it appears that the likelihood of a Harlequin
actually encountering contaminated mussel beds within the entire spill-affected
area would have been small by the mid- to late 1990s.

The second component of Patten’s scenario is the bioaccumulation of hydrocar-
bons in the tissues of mussels occupying oiled beds. PAH levels were indeed high
in mussels in heavily oiled areas immediately after the spill but decreased by
several orders of magnitude over the next 2 years (Short and Harris 1996; Boehm
etal. 1995; Shigenaka and Henry 1993). In most cases, PAH concentrations in mus-
sel tissues within a few years of the spill were well below those known to affect the
growth of mussels (Widdows et al. 1995) and PAH residues in mussel populations
over the spill area of PWS were back to background levels by 1998-2000 (Neff
et al. 2006; Integral Consulting 2006; Page et al. 2005; Boehm et al. 2004; Carls
et al. 2004). Thus, the probability that a foraging Harlequin would encounter a
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contaminated mussel bed was low, and the probability that a foraging Harlequin
would encounter mussels with high tissue concentrations of PAHs within those
contaminated beds would be lower still, even if it were to feed predominately in
oiled beds.

This series of linked effects assumes that Harlequin Ducks actually consume
large quantities of blue mussels. Extensive diet data from PWS are not available,
but Patten’s own studies (1994) indicated that blue mussels constituted only 12%
of the food volume (apparently including the indigestible shells) and 8% of the prey
individuals of the Harlequins collected in PWS. Studies elsewhere on the West
Coast (e.g., Fischer and Griffin 2000; Robertson and Goudie 1999; Gaines and
Fitzner, 1997; Dzinbal and Jarvis 1984; Vermeer 1983; Kenyon 1961; Murie 1959)
have found similarly low proportions of blue mussels in Harlequin diets. Harlequins
also select only small (<5 mm) mussels, which were largely absent from heavily
oiled mussel beds in PWS for several years after 1989 (Boehm et al. 1996). Small
(young) mussels are generally present in a mussel bed for only a few years after the
establishment of a bed, which usually follows a single settlement event. Such young
mussels might have carried significant PAH contamination immediately after the
spill in 1989 and 1990, but not in subsequent years, when the amount of oil in the
environment was substantially less. In addition, small mussels occur primarily on
macroalgae on the lower shore and shallow subtidal zone, where little or no residual
Exxon Valdez oil persisted. Direct ingestion of relatively unweathered oil would
occur primarily via the byssal threads, which would occur only with the larger mussels
that Harlequins do not eat. Finally, Patten et al. (2000) reported that hydrocarbon-
contaminated food was present in only 3 (4%) of 75 Harlequins collected for diet
analysis in PWS in 1989-1990, when there was considerable surface oil on the
shoreline. None of these individuals contained mussels among the diet items. Given
these findings, it seems unlikely that, more than a decade later with far less oil present
(and that primarily below the boulder—cobble surface), individuals could consume
sufficient quantities of heavily contaminated mussels to produce the hypothesized
physiological effects, much less the population-wide effects (Wiens 2007).

The next component in the hypothesized linkage of spill-related effects on
Harlequin reproduction is the uptake of contaminants by the birds. Patten collected
104 ducks for analysis of hydrocarbon concentrations in organs and tissues and
concluded that there were indications of elevated exposure to hydrocarbons in birds
from western PWS relative to those from eastern PWS in 1989 (Patten 1993a).
However, the analyses necessary to support this conclusion were never completed
(Wheelwright 1994). Bence and Burns (1995) conducted a fingerprint analysis of
the PAH compositions reported for the stomach contents of the Harlequins col-
lected by Patten in 1989-1990. Of 18 birds analyzed in 1989, two had detectable
Exxon Valdez hydrocarbon residues; of 56 birds analyzed in 1990, only one had
detectable Exxon Valdez residues.

More recent studies (Esler et al. 2010, 2002; Esler 2008; Bodkin et al. 2002a, 2003;
Trust et al. 2000) have suggested that there may indeed be differences in hydrocarbon
exposure between birds in oiled and unoiled parts of western PWS. This conclusion
rests on the use of a biomarker, the cytochrome P450 mixed-function oxygenase
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(CYP1A) system, which is induced (its activity is increased) in the liver and other
tissues by exposure to a variety of natural and anthropogenic chemicals in the
environment (Stegeman and Hahn 1994). Trust et al. (2000) and Esler et al. (2002
2010) reported that liver samples collected in 1998 and 2000 and 2005-2009 from
Harlequin Ducks in the Knight Island area (oiled) had higher levels of CYP1A (as
measured by ethoxyresorufin-o-deethylase (EROD) activity) than did those from
birds collected at an unoiled reference site on northwestern Montague Island. They
concluded that the differences were likely due to exposure to residual oil from the
Exxon Valdez spill and speculated that the biochemical and physiological changes
in birds chronically exposed to oil were constraining the recovery of Harlequin
populations. Bodkin et al. (2002a) confirmed the differences between areas in 2000
and offered much the same interpretation. Elevated levels of CYPIA in sea otters
(Enhydra lutris) and nearshore fishes in oiled areas of PWS have also been related
to exposure to residual Exxon Valdez hydrocarbons (Bodkin and Ballachey 2004;
Bodkin et al. 2003; Jewett et al. 2002; but see Boehm et al. 2003; Jewett et al. 2003).

The CYPIA story is not as strong as would first appear, however, for several
reasons. First, all of the reference (unoiled) samples were collected from birds on
Montague Island. Although Montague Island does indeed lie largely (but not
entirely) outside of the spill path, it also differs environmentally and oceanographi-
cally from most of the spill zone. Montague Island was uplifted during the 1964
Alaskan earthquake and now has a broad, shallow nearshore area. Nearshore currents
and circulation patterns therefore differ from those in the deeper waters that char-
acterize most of the spill area, affecting the exposure of birds to hydrocarbons.

Montague Island has served as the reference area not only for the CYP1A stud-
ies but for evaluations of overwinter survival of Harlequin Ducks in oiled vs.
unoiled areas of PWS as well (see Sect. 4.4.2.2). We therefore used recent data on
physical and biological variables from survey segments to compare shoreline habi-
tats on Montague Island with those in the spill-affected area (Knight Island group
and adjacent areas) (Parker et al., unpublished data). The statistical analyses
(MANOVA and principal components analysis) indicated that there was essentially
no overlap in habitat characteristics between the two areas for either the physical
variables (P<0.001) or the biological variables (P<0.001) (Fig. 4.8). Montague
Island does not seem to be an appropriate reference area to evaluate spill effects on
Harlequin Ducks in PWS.

Second, although mean CYP1A levels (as measured by EROD activity) were
more than 2 times higher in Harlequin Ducks from the Knight Island area than from
Montague Island in 1998 and 2000, there was less than a twofold difference in
levels between the areas in ducks collected in 2001, 2002, and 2005 (Esler 2008;
Esler et al. 2002; Trust et al. 2000), although the differences may have been greater
in subsequent years (Esler et al. 2010). Overall, levels of CYP1A in both oiled and
reference locations were highly variable among years and among individuals within
years. Mean EROD activity in samples from the reference area over the five sam-
pling years between 1998 and 2005 ranged from 70.7+21.5 to 218.3+59.9 pmol/
min/mg protein, whereas those in the oiled area ranged from 40.2+18.4 to
776.6+193.0 pmol/min/mg protein during the same time period. (Esler et al. (2010)
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Fig. 4.8 Principal Component Analysis results for differences in physical habitats (top) and
biological habitats (bottom) between shoreline segments on Montague Island (unoiled reference
area) and shoreline segments on the Knight Island Group and the northwestern part of the spill-
affected area (oiled area). The positions of oiled and unoiled symbols indicate that shoreline and
nearshore habitats differ significantly between oiled and unoiled areas. Had habitat features been
similar, the oiled and unoiled symbols would be randomly placed and thoroughly mixed. For the
physical habitats, important features of Principal Component I are percent bedrock shoreline,
islands/km shoreline, and percent boulder/cobble shoreline; important features for Principal
Component II are percent bedrock/rubble shoreline, shallowness index, and islets/km shoreline.
For the biological habitats, important features of Principal Component I are salmon runs/km of
shoreline and percent of shoreline with seagrass; important features for Principal Component II
are percent of shoreline with mussels and percent of shoreline with Fucus cover

do not report EROD levels for the 2006-2007 or 2009 samples, precluding an
assessment of variation). Esler concluded that, however the samples and data were
analyzed, CYP1A induction was greater in oiled than in unoiled areas in 1998 and
2000, that values converged in 2001 and 2002, and that CYP1A levels were again
higher in oiled than in unoiled areas in 2005, 20062007, and 2009 (Esler et al. 2010;
Esler 2008). Esler et al. (2010) concluded that these results “provide strong evidence
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of CYP1A induction in harlequin ducks from oiled areas, which we conclude is due
to exposure to residual Exxon Valdez oil, and indicates that harlequin ducks
remained at risk of potential deleterious consequences of that exposure.”

Esler clearly related these results to the exposure of Harlequin Ducks to residual
Exxon Valdez oil. However, CYP1A is induced by exposure of marine animals to
bioavailable forms of a wide variety of compounds, such as PAH’s, PCBs, dibenzo-
p-dioxins, some chlorinated hydrocarbon pesticides, and a large array of other
poorly characterized chemicals dissolved in the water column, in food, or in sediments
(Lee and Anderson 2005; Hahn 2002). PAHs also differ in their ability to induce
CYPIA activity; in general, the PAH’s that are most abundant in petroleum (petrogenic
PAH’s) are weaker inducers than the PAH’s that are more abundant in combustion
(pyrogenic) hydrocarbon mixtures (Neff et al. 2005; Neff 2002). There are many
sources of both petrogenic and pyrogenic hydrocarbons in PWS other than the
Exxon Valdez — fuel leaks at sites of former or current human activity, fuel spills
associated with boating activity, eroding shale and oil seeps southeast of PWS, oil
released by the 1964 Alaska earthquake, natural peat deposits, engine exhausts
from boats and machinery, air-borne particles from industrial activity or forest fires,
or even bonfires on a beach (Bence et al. 2007; Neff et al. 2006; Page et al. 1999,
2002b, 2006; Lee and Anderson 2005; Huggett et al. 2003; Boehm et al. 2003;
Mudge 2002; Kvenvolden et al. 1995).

The level of CYP1A activity induced by exposure to PAH’s or other inducing
chemicals is also affected by factors that vary among individual birds and among
seasons. Differences among individuals in their proximity to areas of human activity
can affect both their level of stress and their exposure to PAHs associated with those
activities. The mobilization of the mixed-function oxygenase system is increased
during the development of reproductive organs (Knight and Walker 1982; reviewed
in Rattner et al. 1989), so individuals of different reproductive status or collected at
different seasons may differ in the level of CYPIA induction, even if they have
similar exposure to PAH’s. Dietary differences of individuals among areas may also
affect CYP1A induction (Oris, personal communication).Thus, although exposure
to some PAH’s does indeed elevate levels of CYP1A in Harlequin Ducks, the variations
among individuals, years, and areas in CYP1A levels may reflect the influences of
a variety of factors (Forbes et al. 2006; Lee and Anderson 2005). The difference in
CYP1A levels between reference and oiled areas alone cannot be used to conclude
that Harlequin Ducks from the oiled area of PWS continue to be exposed specifi-
cally to residual PAH’s from the Exxon Valdez spill, as has been suggested by some
(e.g., Esler et al. 2002, 2010; Esler 2008; Irons et al. 2000).

Finally, variation aside, we must ask what an elevated level of CYP1A in one
area relative to another area really means, biologically. Although CYP1A levels in
birds from Knight Island were at times more than double those from the Montague
Island reference area, one can question whether statistically significant differences
in EROD activity are also biologically significant (Oris and Roberts 2007). CYP1A
indicates a normal response of organisms to exposure to chemicals in the environ-
ment, but it is not in itself an indicator of harmful individual or population-level
effects (Forbes et al. 2006; Neff 1985). A linkage between PAH-induced CYPIA
activity in birds and toxicological or physiological effects that would impair
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reproduction has not been established (Esler et al. 2002, 2010; Leighton 1993). The
laboratory experiments conducted by Bodkin et al. (2002a) indicated that food
consumption rates were significantly greater in Harlequins exposed to oil than in
control birds, but metabolic rate, daily energy expenditure, and feeding behavior
did not differ significantly between groups. Moreover, although the doses of crude
oil administered to birds in these experiments resulted in a 7- to 11-fold induction
of hepatic EROD activity, there was no dose-response relationship (Bodkin et al.
2003), suggesting that biological or chemical factors other than PAH exposure were
affecting hepatic EROD activity (Neff, personal communication). Because the
doses were high, it is also likely that even the lowest dose caused maximal induc-
tion of the CYP system (Oris, personal communication).

The results of two other studies bear on the suggestion that Harlequin Duck
productivity could have been impaired by exposure to hydrocarbons. First,
Stubblefield et al. (1995a, 1995b) conducted laboratory tests in which Mallards
(Anas platyrhynchos) were fed a diet containing naturally weathered Exxon Valdez
crude oil to determine the dosages that might affect body condition, eggshell thin-
ning, and the like. These controlled studies established a dosage below which no
effects could be detected. Second, Boehm et al. (1996) determined the PAH dosages
to which Harlequin Ducks might be exposed if the birds consumed a diet with a
high proportion of mussels (assumed to be 30%, shells excluded; i.e., 2-3 times
known consumption rates) exclusively from oiled mussel beds. Based on this latter
work, the estimated dosages they would receive 4 years after the spill were one to
three orders of magnitude below the doses that produced sublethal effects in
Stubblefield’s Mallards. Mallards may not be a perfect surrogate for Harlequin
Ducks (see Bodkin et al. 2002a; Peterson 2001), and temperature-stressed birds
in nature might respond differently to a given dosage of oil than would individuals
maintained under benign laboratory conditions (Rodway et al. 2003b; Esler et al.
2002; Mittelhauser 2000; Goudie and Ankney 1986). Mallards are considered the
standard physiological surrogate for ducks, however (Stubblefield, personal com-
munication), and it is unlikely that physiological differences between the species or
the effects of thermal stress would override such a large difference between esti-
mated (and almost certainly overestimated) exposure and measured sublethal dosage
levels. Studies of fish have also noted the lack of clear evidence linking elevated
levels of CYPIA to higher-order biological effects such as toxicity, lesions, or
reproductive failure (Lee and Anderson 2005; Jewett et al. 2003).

So we are left with the observation that Harlequin Duck reproduction apparently
was lower in western PWS than in eastern PWS during the 1990s, but Patten’s
hydrocarbon hypothesis lacks evidence on nearly every count (see Wheelwright
1994). In addition, the CYP1A evidence cannot be causally linked with either
Exxon Valdez oil or contamination-impaired reproductive performance. Instead, the
observed differences in reproduction may be related to inherent differences in habitats
between the two regions of PWS.

To address the possible effects of habitat differences on Harlequin productivity,
we conducted a GIS-based analysis of the availability of potential nesting habitat
in the eastern and western portions of PWS (as defined by Patten and others;
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Fig. 4.1a). Guided by Crowley’s (1994) studies, we used stream density (streams/km
of shoreline) as an indicator of overall stream availability and stream length as an
index of stream discharge volume.

The differences in stream characteristics between the two areas are dramatic. We
tallied 216 streams in western PWS and 207 in the eastern region, for densities of 0.14
streams/km of shoreline in western PWS (1,689 km of shoreline) and 0.21 streams/
km in the east (1,035 km). Streams in the west averaged 1.9 km long, whereas those
in the east averaged 5.8 km. Thus, stream density is not only ~50% greater in eastern
than in western PWS, but the average length of those streams is ~300% that of
streams in western PWS. Patten (1994) also noted that potential breeding streams in
western PWS differed from those in the east, particularly in having lower discharge
rates and being shallower and considerably shorter. Similarly, Crowley (1994) indi-
cated that Harlequins in eastern PWS selected the largest streams available for nest-
ing, which were streams that also were large enough for salmon to use for spawning;
he found that stream discharge volume was the most important habitat factor distin-
guishing streams that were used from those that were not used by breeding Harlequins.
Dzinbal’s (1982) work also suggested that streams in PWS as a whole were lower in
invertebrate productivity than were inland nesting streams. All of this led Rosenberg
and Petrula (1998) to conclude that there is little suitable Harlequin breeding habitat
in PWS as a whole but that, of that which is available, more occurs in eastern PWS.
The Trustees (1999) stated that “the breeding habitat in the western sound is very
limited compared to what is available in the eastern sound.” Based simply on these
differences in nesting habitat alone, one should not be surprised that reproduction and
population trends differ between areas.

4.4.2.2 Survival

Quite apart from the effects of direct mortality immediately after the oil spill, the
abundance and dynamics of populations could also be affected through changes in
individual survival over a longer time period. Survivorship is difficult to document,
but Esler et al. (2000a) conducted a 3-year study (1995-1997) in which they used
radiotelemetry to assess the survival of adult female Harlequins over winter
(October—March). As with several other studies, their design compared the spill area
as a whole with an unoiled reference site (Montague Island). Over all years, cumula-
tive estimated winter survival was 78.0% (SE=3.3%) in oiled areas and 83.7%
(SE=2.9%) in the unoiled reference site. The difference in survival rates is not statis-
tically significant (Parker, personal communication). Nonetheless, these survivorship
estimates were applied to a Harlequin Duck population-dynamics model (Robertson
1997), which suggested that the difference in survival would be sufficient to produce
a declining population trend in the oiled area that contrasted with a fairly stable popu-
lation in the unoiled area. These predictions coincided with the population-trend
patterns reported by Rosenberg and Petrula (1998), leading Esler et al. (2002) to
conclude that the poor survival of adult females in oiled areas demonstrated continued
spill effects and described “the demographic mechanisms that would lead to persistent
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population declines.” These predictions also led Rosenberg and Petrula (1998) and
Rosenberg et al. (2005) to conclude that the difference in sex ratios between oiled and
unoiled parts of PWS was caused by this differential female survival. The comparison
of population trends between oiled and unoiled parts of PWS, however, indicates that
there is not a significantly declining population trend in the oiled area during either
season (Fig. 4.4; also see McKnight et al. 2006), so the results of the population
modeling of Esler et al. (2002, 2000a) may not apply.

Making this linkage between oiling history and survival requires one to assume that
the unoiled reference site and the oiled capture sites were representative of the larger
unoiled and oiled areas and that the survival patterns of overwintering birds carried
over into the summer (i.e., they were not disrupted by differential movements of resi-
dents or nonresident breeders into oiled or unoiled areas). Because the estimates of
female recruitment that Rodway et al. (2003b) derived in a study of wintering
Harlequin Ducks in coastal British Columbia in 1999-2000 also suggested a declin-
ing population, Rodway et al. cautioned that “it is necessary to incorporate emigration
in estimates of adult survival before demographic trends can be confidently inferred.”

The conclusions of Esler et al. (2002, 2000a) about reduced survival rates in the
oiled area also rest on the assumption that there are no habitat or environmental dif-
ferences between the areas that would contribute to differences in survival. To evalu-
ate this assumption, Esler et al. compared the survival of the Montague Island birds
with a subset of the oiled-area birds that were captured at Green Island, reasoning that
Green Island is closer to Montague Island than are the other oiled sites and, therefore,
should be more similar environmentally. The survival estimate for Green Island birds
(76.8%, SE=5.7%), however, more closely approximated that for all oiled areas
combined than that for Montague Island. This result is not too surprising because the
Green Island birds constituted 49% of the entire sample from the oiled area.

Esler et al. (2002, 2000a) speculated that the reduced winter survival of Harlequin
females in the spill area was due to continuing contamination from residual oil, cit-
ing the CYP1A studies as evidence. Although the survivorship of wintering female
Harlequins initially documented by Esler et al. (2002, 2000a) did differ (albeit not
significantly) in different parts of PWS in a way that coincides with oiling history, it
also coincided with habitat differences between the two areas. More recently,
Rosenberg (cited in National Wildlife Federation 2003), Esler et al. (2003), Esler
and Iverson (2010), and Bodkin et al. (2003) reported that the extent of hydrocarbon
exposure and female survival rates from 2000 to 2003 were similar between oiled
and unoiled areas, and Rosenberg and Petrula (2005) suggested that the recruitment
rates they observed during 1997-2005 were indicative of a stable population in
PWS. Overall, then, the evidence to establish a direct cause—effect linkage between
oil exposure and reduced survival, much less between reduced survival and the
population trends recorded by some observers (but not others), remains equivocal.

Although the hypothesized pathways and linkages that underpin the current
claims of ongoing injury to Harlequin Ducks are not clearly articulated in the
Trustees’ most recent update on injured resources (Trustees 2009), the basic proposi-
tion appears to be that oil residues in intertidal or subtidal sediments become bio-
available through bioturbation by sea otters digging pits during their foraging
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(Short et al. 2006), that Harlequins are exposed to and ingest toxic fractions of
residual oil as evidenced by CYP1A studies (Esler et al. 2010), and that overwinter
survival of females is reduced in the oiled regions of PWS due to this exposure
(Esler et al. 2002). In the context of the exposure pathways presented in Fig. 4.2,
these current claims are depicted in Fig. 4.7. Our assessment of this hypothesized
pathway of exposure and injury can be summarized as follows. First, the bioturba-
tion pathway for releasing significant quantities of bioavailable oil residues is flawed
because the residual oil is buried beneath under 25-10 cm of clean sediment overlain
by boulder and cobble veneers in the middle and upper intertidal zones, where sea
otters generally do not forage (Harwell et al. in press). In addition, there are very
few locations (all in Northwest Bay on Knight Island) where some residual oil is
located in the lower intertidal. Bioturbation can occur only in finer grained sedi-
ments of the lower tide zone and nearshore subtidal. Second, the CYP1A results are
compromised by significant environmental differences between oiled and reference
areas, laboratory inconsistencies, and lack of statistical significance (Esler 2008).
The form and location of residual oil in PWS and the induction of CYP1A by a
variety of hydrocarbons make interpretations that link the CYP1A results directly to
exposure of Harlequins to residual Exxon Valdez oil unrealistic. Third, the negative
population trends of Harlequins in the oiled areas reported by McKnight et al. (2006)
and Esler et al. (2002) are no longer detectable (this paper; Rosenberg 2008).

4.4.3 Potential Effects on Harlequin Duck Habitat
Occupancy and Use

Variations in habitat appear to be important contributors to regional differences in
Harlequin Duck densities and reproduction within PWS. Broadly defined, the inter-
tidal areas and shorelines where oil was deposited by the Exxon Valdez spill are the
primary habitat of Harlequin Ducks in PWS (except when they are actually nesting).
Consequently, these habitat effects might also translate into effects on the distribu-
tion or local abundance of Harlequins. Because most of the oil had been removed
from the shorelines within a year of the spill, either through the cleanup activities
or by natural weathering (Neff et al. 1995), one might expect rapid reoccupancy of
previously oiled habitats.

Evaluation of the effects of an oil spill on habitat occupancy and use therefore
requires an explicit consideration of habitat factors as well as of shoreline oiling. Few
of the studies conducted in PWS included such a consideration. Patten (1994) (Patten
et al. 1995) partitioned his observations of Harlequins in western PWS among four
general habitat categories, which he further subdivided among five categories of
shoreline oiling intensity. During the mid-summer molting period, nearly half of his
observations of Harlequins were on offshore rocks (17% of them in one large group
at a single location on Channel Island), while another quarter were recorded in shel-
tered bays and lagoons. Few individuals were seen at the mouths of potential breeding
streams. Over all habitats, 10% of the birds were seen in locations that had been heavily
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oiled, another 10% were in moderately oiled sites, and 37% (including the large
group on Channel Island) were recorded in unoiled sites. Excluding the Channel
Island group, densities were greatest near moderately and heavily oiled mussel beds
and on heavily oiled offshore rocks. If Harlequins were avoiding oiled habitats at the
time of these surveys, it was not readily apparent (recall, however, that data from
postspill years 3—5 were combined in these analyses).

Recognizing that habitat variation among sites might confound the determina-
tion of oiling effects in BACI analyses, Irons et al. (2000) addressed the issue in
two ways. First, they conducted a cluster analysis based on similarity among
transects in bird-community composition and excluded from the analysis transects
that were outliers in the 1984—1985 data set. This analysis was based on a single
sampling of the bird community occurring in each transect; given local variation
in community composition, however, there is no assurance that the transects that
clustered together in 1984—-1985 (and which were therefore retained for the post-
spill analysis) would have clustered together in later years, independent of any
disruption of the habitat. Second, Irons et al. recorded shoreline type (four categories)
for each transect and used a Chi-squared analysis to determine whether the
frequencies (but not amounts) of these types differed significantly between the
sets of oiled and unoiled bays. Oiled transects occurred more frequently than did
unoiled transects on exposed rocky shores and exposed wave-cut platforms in
bedrock and less frequently on gravel beaches and sheltered rocky shores, although
the differences were not significant. For a nearshore-foraging species such as the
Harlequin Duck, however, these are coarse categorizations of habitat at best.
Moreover, those habitats that occurred more frequently in the oiled transects are
generally less suitable for Harlequins, so the differences may have been important
to the birds, even if they were not statistically significant.

In another study, Esler et al. (2000b) evaluated habitat correlates of Harlequin Duck
wintering densities in relation to oiling by comparing two heavily oiled locations on
Knight Island with unoiled reference locations on Montague Island. Not surprisingly,
their analysis indicated substantial differences in intertidal slope and coverage of rocky
substrate between the areas. Wintering Harlequin densities were significantly related
to several habitat variables (the presence of an offshore reef within 500 m, a stream
within 200 m, and wind and wave exposure). After accounting for these relationships,
however, a clear effect of location (i.e., oiling history) remained, suggesting that
“population recovery from the oil spill was not complete, due either to lack of recovery
from initial oil spill effects or continuing deleterious effects.”

In our studies (Wiens et al. 2004; Wiens 1996; Day et al. 1995, 1997), we
measured 26 features of the physical and biological habitat in ten study bays that
experienced different levels of oiling (i.e., oiling was evaluated as a quantitative,
rather than a categorical, variable). Overall, 11 habitat-bird density models were
developed for Harlequin Ducks (one for each survey conducted during 1989—
1991). Shoreline-substrate variables entered significantly into seven of these
models (pebble-gravel =4, boulder/cobble =3, bedrock =0).

Day et al. then used partial correlation to factor out the effects on bird densities
of variation in habitat characteristics among bays. The residual values of densities
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were then correlated with a measure of oiling intensity to determine whether
there was a significant relationship between the occupancy of sites (density) and
oiling level, after accounting for habitat differences among sites. These analyses
indicated that Harlequin Ducks exhibited significant negative relationships with
oiling level (i.e., an oiling impact), over and above habitat-related differences, in
summer 1989 and 1990. These effects disappeared by summer 1991, suggesting
that recovery in habitat use was occurring. No significant relationships were
detected in analyses for spring, fall, or winter data, indicating that impacts were
limited to the breeding/summering population and that the habitat was occupied
at other times of year without regard to the level of oiling. Parallel analyses that
included surveys in mid-summer 1996, 1998, and 2001 (Wiens et al. 2004) indi-
cated that, when only oiling level was included in the analysis, significant nega-
tive impacts of oiling on Harlequin densities occurred in mid-summer 1989-1991
(and in the 1984 prespill data as well) but not thereafter (Fig. 4.9). When habitat
variations among the bays were considered, however, all significant relationships
with oiling disappeared. The negative relationships with oiling level evident in
most years apparently reflected subtle but systematic habitat differences among the
study bays, rather than their oiling history per se.

Several assumptions underlie this approach to gauging habitat occupancy and
interpreting the results. First, it assumes that the reduced use of oiled habitats
reflects either direct mortality of birds in oiled areas (without immediate
immigration of replacement individuals) or active avoidance of oiled areas
(i.e., emigration). Second, it assumes that there is a quantitative relationship
between the level of oiling of a bay and the suitability of the habitat in that bay
to the birds (although this relationship need not be linear; thus, we included non-
linear terms in the analyses). Third, it assumes that any site fidelity by individuals
that used an area before the spill will be overridden by the dramatic changes in
habitat conditions. Fourth, it assumes that subsequent reoccupation of oiled sites
that previously had exhibited reduced occupancy (i.e., a spill impact) indicates
that the suitability of the habitat (as viewed by the birds) has improved.
Finally, it assumes that entire bays represent an appropriate scale (i.e., intermedi-
ate scale) at which to gauge spill effects on this species. In fact, oiling levels
varied along shorelines within bays (Day et al. 1997; Neff et al. 1995). Esler et al.
(2000b) based their study on surveys of shoreline segments of 200 m rather than
entire bays, reasoning that the tight site fidelity of wintering Harlequins justified
analysis on such a fine scale. They attributed the differences between the findings
of their study and those of Day et al. to the differences in scale, even though the
scale they used was an order of magnitude smaller than that used by the birds
(Iverson et al. 2004). On the other hand, the use of short segments of shoreline as
sample units by Esler et al. also increased their sample sizes by an order of mag-
nitude over those of Day et al., enhancing their ability to detect subtle effects.

Most of the assumptions of the Day et al. approach (as well as that of Esler et al.)
relate to the interplay between site fidelity and habitat selection. Many Harlequin indi-
viduals do show strong fidelity to molting and wintering locations (Iverson and Esler
2006; Iverson et al. 2004), and there is evidence of fidelity to breeding sites as well.
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Fig. 4.9 Regressions of Harlequin Duck mid-summer density against an index of oiling (O=no oil,
400=extreme oiling) for ten study bays in Prince William Sound. Significant linear or quadratic
relationships are shown; otherwise, neither relationship was significant (a¢=0.20)

The extent of site fidelity differs among sexes and age classes, however (Robertson
etal. 2000). Because it is easier to record limited movement than broad-scale dispersal,
the interpretation of such information is not easy. Even less is known about habitat
selection by marine-oriented birds. In particular, what cues are used in determining
whether a location is suitable or not, and at what level does oiling of the beaches, or
human disturbance associated with cleanup activities, render a habitat unsuitable?
What criteria do birds use to assess whether or not a previously oiled habitat is now
“recovered?” In the absence of clear answers to such questions, we must resort to using
habitat occupancy by the birds as their bioassay of overall habitat condition.
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4.5 Discussion and Conclusions

4.5.1 Assessing the Effects of the Exxon Valdez Oil Spill
on Harlequin Ducks

Confronted with the task of evaluating the consequences of an environmental
disruption such as an oil spill, one must ask two questions. The first is, “are there
ecological effects?” In this case, do we see ecological changes that are consistent
with the likely impacts of the Exxon Valdez oil spill?

There is no doubt that several hundred Harlequin Ducks were killed directly by the
spill. Moreover, there are indications that the overwinter survival of females was
lower in oiled than in unoiled parts of western PWS, at least initially. Whether these
consequences have translated into differences in Harlequin abundance or population
trends that are causally linked to the oil spill is more problematic. Harlequin abun-
dances increased over PWS as a whole from the 1970s to the 1990s. Some analyses
suggest that the rate of increase was greater in unoiled than oiled areas, leading to an
increasing divergence in relative abundances that could be interpreted as a continuing
oil-spill effect. Other analyses, however, indicate that the rate of increase was greater
in oiled than in unoiled areas, suggesting population recovery in the oiled areas. Yet
other analyses suggested that the increase in the unoiled area was driven more by
increases in the glaciated fjords than in locations more similar to the oiled areas, and
others suggested no statistical differences in trends between the two areas. It does
appear that densities were generally lower in oiled areas than in unoiled areas, both
over PWS as a whole and within the oil-spill area. However, the same relationship
existed prior to the spill, so it is hard to conclude that the differences between areas
were a direct consequence of the oil spill. Considerations of habitat occupancy in
relation to oiling suggested that Harlequins did not conspicuously avoid heavily or
moderately oiled areas years after the spill, although there was evidence of a statisti-
cally significant negative relationship with the intensity of oiling in study bays during
the summers of 1989-1991 and a lower abundance of wintering birds in oiled than in
unoiled areas. The negative relationship with (subsequent) bay oiling in summer and
its relationship to habitat differences among the bays was also seen in 1984, 5 years
before the spill occurred, so the lower wintering abundance in oiled areas would
appear more likely to be related to habitat suitability than to oiling effects.

Similar uncertainties and inconsistencies appear when information on reproduction
is evaluated. Counts of broods suggest that reproductive output was lower after than
before the spill in some areas, although there are doubts that the prespill surveys
accurately identified Harlequin broods in some locations. Postspill surveys indicate
that brood counts were lower in western than in eastern PWS, which is consistent
with an oiling effect. It is clear, however, that survey efforts were neither equally
nor evenly distributed over the two regions, and some scientists have questioned
whether brood counts really do provide an adequate index of reproductive success.
It also is apparent that there is generally less reproductive activity in western PWS
than in the east because of habitat differences.
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The second question we must ask to evaluate the consequences of an oil spill is,
“are the effects we see due to oil, or are they due to something else?” Because of
the expectation that an oil spill will have strong negative effects, there is a tendency
to presume at the outset that any negative differences between oiled and unoiled
areas result from the spill. One does not want to discount the possible impacts of
an oil spill too easily; this is why avoidance of Type II errors is favored over the
customary approach of minimizing Type I errors in statistical tests (Wiens and
Parker 1995). Still, observing effects that are consistent with what we expect from
an oiling impact does not necessarily mean that the effects were actually caused by
the spill. Inconsistencies in apparent spill effects may arise because there are mul-
tiple pathways by which an oil spill can affect environments and populations
(Fig. 4.2) and because not all mechanisms are likely to operate in the same ways or
with the same magnitudes in all spill-affected areas. To be confident that there is a
causal link between an oil spill and an apparently consistent effect, the mechanisms
linking the two must be specified, they must be biologically plausible, and they
must be supported by evidence. These criteria are not met in the mechanistic path-
way linking oiling to the apparent reproductive failure or survival of Harlequins
through hydrocarbon effects (Fig. 4.7).

To deal with apparent spill-related effects objectively, it is important to consider
hypotheses that may link the observed effects to causes other than oiling. For many
of the possible spill-related effects observed for Harlequin Ducks following the
Exxon Valdez spill, systematic differences in habitat conditions between oiled and
unoiled areas may explain the observed patterns as well as does the presence of oil
from the spill. Common sense suggests that both oiling and underlying habitat
characteristics may be involved, but, because the two factors may covary, it is
difficult to separate their effects and to designate either as the unequivocal cause of
differences between areas in abundance, population dynamics, reproduction, or
habitat occupancy (Wiens and Parker 1995).

It is also important to consider the effects of the scales of time and space on obser-
vations and interpretations. For example, unless one accepts the assumption that the
affected system is in a long-term equilibrium, comparisons with prespill “baseline”
data may be problematic, and such comparisons become increasingly unreliable as
the time gap between the pre and postspill data widens (Wiens et al. 2001b; Paine
etal. 1996; Wiens 1996; Boersma et al. 1995). Assuming equilibrium in any ecological
system is questionable, but this may be especially true for high-latitude marine eco-
systems. For example, PWS and the Gulf of Alaska underwent several broad-scale
environmental shifts during the decades preceding the spill: the 9.2-magnitude Alaska
earthquake in 1964 and subsequent release of petroleum hydrocarbons from storage
tanks at Valdez and other nearby communities; oceanic regime shifts in the late 1970s
and 1989; the 1976-1977, 1982-1983, and 1997-1998 El Niiio events; and an excep-
tionally cold winter just before the spill (including the coldest temperatures ever
recorded in Valdez). These events undoubtedly affected marine birds and their habitats
(Holloway 1996; Paine et al. 1996; Boersma et al. 1995). In addition, this region has
experienced long-term oceanographic changes (Hare and Mantua 2000; Francis et al.
1998; Hayward 1997) and fundamental changes in the abundances of fishes on which
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seabirds feed have occurred as well (Peterson and Schwing 2003; Agler et al. 1999;
Piatt and Anderson 1996), suggesting that long-term changes in the invertebrate com-
munities on which Harlequin Ducks feed probably also have occurred. The PWS
ecosystem is clearly dynamic (for a 2000-year perspective on environmental changes
in this region, see Finney et al. 2002).

So, when all is said and done, what can be concluded about the effects of the
Exxon Valdez oil spill on Harlequin Ducks? Citing concerns about possible oil
exposure, reduced survival, and a possible ongoing decline in numbers of
Harlequins in western PWS, the Trustees (2009) concluded that the available
observations suggest that Harlequin Ducks are recovering, but have not fully
recovered from the effects of the oil spill. On the other hand, Day et al. (1997),
Murphy et al. (1997), and Wiens et al. (2004) concluded that Harlequin Ducks
either showed no evidence of spill impacts on patterns of habitat occupancy or
had recovered from any impacts on habitat use by 1991. Although Irons et al.
(1999) stated that no effects on Harlequin Duck populations were evident after
1991, Irons et al. (2000) nonetheless concluded that Harlequin Ducks exhibited
“strong evidence of negative oil spill effects a few years after the spill and may
be recovering” (but see Wiens et al. 2001b). Similarly, McKnight et al. (2006)
concluded that population data from 2005 “did not show any evidence of a recov-
ering population.” In a broader consideration of the biological effects of the
Exxon Valdez spill, Paine et al. (1996) concluded that few of the studies that
assessed changes in population density or demography in PWS “gave incontro-
vertible evidence of an oil effect.”

4.5.2 What Broader Lessons Can Be Learned from
this Case Study?

The example of Harlequin Ducks and the Exxon Valdez oil spill would seem to
provide an ideal situation in which to reach firm and unambiguous conclusions
about the effects of an environmental accident — a conspicuous and charismatic species
closely tied to the shoreline habitat that was so clearly contaminated by the largest tanker
oil spill in North America and subjected to a massive research effort. Yet reaching
such conclusions seems elusive, not just for Harlequin Ducks, but for a host of other
organisms as well (e.g., shoreline invertebrates: Gilfillan et al. 2002; Peterson et al.
2002; Skalski et al. 2001; Peterson et al. 2001; Gilfillan et al. 1995a, 1995b;
Page et al. 1995; subtidal communities: Dean et al. 2000, 2001; Fucus: Driskell
et al. 2001; other bird species: Golet et al. 2002; Boersma and Clark 2001; Wiens
et al. 2001b, 2004; Lance et al. 2001; Irons et al. 2000; Day et al. 1997; mussels:
Carls et al. 2001, 2004; Boehm et al. 1996; 2004; salmon: Rice et al. 2001; Brannon
and Maki 1996; herring: Carls et al. 2002; Pearson et al. 1999; Hose et al. 1996;
Kocan et al. 1996; sea otters: Dean et al. 2002; Bodkin et al. 2002b; Garshelis and
Johnson 2001; Monson et al. 2000; Lance et al. 1999; Garshelis 1997; Johnson
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and Garshelis 1995; Burn 1994; Garrott et al. 1993; river otters: Bowyer et al. 2003;
and harbor seals: ver Hoef and Frost 2003; Hoover-Miller et al. 2001; see also
Harwell and Gentile 2006; Peterson 2001; Paine et al. 1996). Why is this so?

The simple answer is that, in a variable, scale-dependent ecosystem such as
PWS (and, ultimately, all ecosystems), studies that address different questions
with differing preconceptions and assumptions and that are designed and analyzed
in different ways can yield different conclusions. Further, the longer such studies
are conducted, the more difficult it becomes to determine which conclusion is
“right.” These are issues that plague attempts to assess the ecological impacts of
any large or chronic disruptions of the environment, whether they are due to natural
events such as cyclones, floods, or volcanic eruptions or to anthropogenic distur-
bances such as grazing, forest clearing, or eutrophication of streams and lakes.
We see several lessons that emerge from the Harlequin Duck case study that may
be relevant to these broader concerns.

4.5.2.1 The Importance of the Question Asked

There are two ways (at least) to pose a question about the impact of some envi-
ronmental disruption. One can ask either “were there effects?”” or “how bad was
it?” The first question includes the possibility that there may have been no
effects, whereas the second not only assumes that there were effects, but that
those effects were negative. The difference between the questions is important,
for it determines how a study is designed and what sorts of statistics (if any) are
used to analyze the results. The nature of the question therefore determines and
constrains what sorts of answers can be obtained. Because many environmental
disruptions (especially dramatic ones such as oil spills) kindle emotional
responses, the preconceptions about effects that predicate the second question
can produce responses that are as much advocacy as they are science (Wiens
1997, 1996).

4.5.2.2 The Importance of the Study Design

Because an accident such as an oil spill represents such an obvious alteration of the
environment, it is tempting to think of it as an “experiment” of sorts and design a
study accordingly. The affected area or some subset of it then becomes the
“treatment,” which is compared with an unaffected “control” (or, more appropriately,
“reference”) area. The parallel with a true experiment, however, is tenuous at best.
Not only is the treatment unreplicated (which is fortunate), but rarely does it occur
randomly in relation to preexisting environmental conditions. Typically, environ-
mental factors other than the treatment itself are not considered or measured. One
then must assume that such factors are unimportant, are overwhelmed by the effects
of the treatment, or vary randomly with respect to the treatment. As we have indi-
cated above, none of these assumptions is likely to be valid. If a study design
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uses reference areas that are incorrectly classified with respect to the “treatment”
or without considering the effects of potentially confounding variables, investigators
may end up not testing what they thought they were testing, and their conclu-
sions will be suspect.

It is also rare that an environmental perturbation acts in an all-or-none fashion.
Rather, the magnitude of the environmental disturbance and its effects on the
environment will vary with the level of disturbance. Because the effects of these
variations in intensity on habitats and organisms may be “dose-dependent” or
nonlinear (i.e., threshold), it may be more appropriate to include evaluation of
such variations explicitly as part of the study design.

Overall, a variety of designs and approaches is possible (Parker and Wiens 2005;
McDonald et al. 2000; Longpré et al. 1997; Schmitt and Osenberg 1996; Wiens and
Parker 1995). It is not that one of these study designs is “best” under all conditions,
although some are clearly better than others. Logistical constraints and the lack of
replication and randomization often preclude some of the more powerful designs,
yet the study design dictates how data will be collected and how they will be com-
pared and evaluated. Therefore, different study designs can yield different
conclusions. The study design needs to be carefully matched to the question(s)
being asked and the analyses to be done, and its inherent biases and limitations need
to be acknowledged and examined at the outset.

4.5.2.3 The Importance of Variance and Scale

Designing studies to assess impacts and recovery from environmental perturbations
is difficult in part because the “treatment” is superimposed on an environment that
varies in both space and time. Unfortunately, in such cases, treatment and control
areas often are different — they contain different complexes of environmental fac-
tors and undergo different dynamics, quite apart from the perturbation that is the
focus of study. Moreover, as more time passes following a 1-time, “pulse” perturba-
tion, more things happen, many of which are unrelated to the perturbation itself.
Both of these factors increase the “noise” in a system over time. This temporal
variation makes it difficult to establish unambiguously what factors or processes are
responsible for the observed patterns and to distinguish “signal” from “noise”
(which may actually reflect many ecologically important processes and
interactions).

As in all areas of ecology, determining causal relationships is also complicated
by scale. Whether one assesses oil-spill impacts over tens or hundreds of meters of
shoreline, over bays or other similarly large units, or over the spill area as a whole
affects the ways in which data are aggregated and averaged. If the sample units that
are used in a study are so large that they include a mix of impacted and unaffected
areas, for example, the within-sample heterogeneity may confound the results.
Details that are important at one scale may fade into the background at other scales.
If investigators conduct their studies at different scales, they should not be surprised
if their conclusions do not match.
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4.5.2.4 The Importance of Considering Multiple Hypotheses

Testing of multiple hypotheses has been an intermittent part of the scientist’s toolbag
since the mid-nineteenth century (Chamberlain 1890; see also Burnham and
Anderson 1998; Platt 1964). Despite this capability, ecologists often still seek single-
factor explanations for observed patterns. This preference for single hypotheses is
especially true of large environmental disruptions in which the causal agent is obvious
and seemingly overpowering. Because various other factors were acting on the
ecological system of interest to produce patterns before the perturbation, however,
it is naive to presume that these factors or causal pathways are no longer important
simply because a perturbation has occurred. For example, sea otters were once
overharvested in PWS; then repopulation occurred well before the Exxon Valdez
spill. Because different areas of the Sound were repopulated at different times,
population trends in these areas differed. The oil spill was superimposed on these
local dynamics and on a backdrop of earthquake history and prey population
dynamics (Garshelis and Johnson 2001; Johnson, personal communication).

Regardless of the details of study design, differences in habitat, prey availability,
predation risk, background levels of human disturbance, land- (or water-) use prac-
tices, and a host of other factors may occur among the areas being compared. Some
of these factors may have clear logical relationships to the response variables being
measured. To exclude such factors from consideration increases the risk of concluding
that the effects are due to the perturbation alone, when the explanatory power of
other possible causes may be as great or greater. Preconceptions about perturbation
effects may foster a false sense of security in tests of unitary hypotheses. The real
question is whether “other factors” should be considered as contributing causal
variables in analyses or only as potential confounding variables. Development of
causal explanations of the effects of environmental disruptions should include
consideration of multiple factors, perhaps by using a formalized model-selection
procedure (e.g., Burnham and Anderson 1998).

4.5.2.5 The Importance of Defining Terms Operationally

The primary concern in evaluating the environmental impacts of an event usually is
in determining whether there were impacts and, if so, whether and when recovery
occurs. This assessment requires clear, biologically sound, and operational defini-
tions of “impact” and “recovery.” Broadly speaking, “impact” is a departure from
normal conditions and “recovery” is a return to those conditions. But what is
regarded as “normal” may ultimately boil down to one’s philosophy of Nature.
Adherents to a “balance of nature” philosophy may hold that the system is in a
steady-state equilibrium (Wiens 1977), thus specifying a stable reference condition.
By this criterion, any departure from the conditions that existed before the perturba-
tion can be taken as an impact, and recovery occurs only when the system returns
to the preperturbation reference conditions. In the case of the Exxon Valdez oil spill,
for example, the Trustees (1994) stated that “full ecological recovery will have been
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achieved when populations of flora and fauna are again present at former or prespill
abundances, healthy and productive and there is a full complement of age classes
at the level that would have been present had the spill not occurred.” By this defini-
tion, Harlequin Ducks will have recovered “when breeding- and nonbreeding-season
densities return to prespill levels” (Trustees 1999), “when hydrocarbon exposure is
similar between oiled and unoiled areas; when numbers are stable or increasing;
and when demographic attributes are similar and densities return to prespill levels”
(Trustees 2002b), or “when breeding- and nonbreeding-season demographics
return to prespill levels and when biochemical indicators of hydrocarbon exposure
of harlequins in oiled areas of Prince William Sound are similar to those in harle-
quins in unoiled areas” (Trustees 2006). Esler et al. (2002) linked full population
recovery of Harlequin Ducks to a “return to prespill numbers following cessation
of residual oil spill effects.”

This view is clearly founded on an equilibrium perception — i.e., in the absence
of the spill, populations would have been as they were before the spill — and it fol-
lows directly from legislation governing the assessment of damages from oil spills
or other pollution of aquatic ecosystems [e.g., CERCLA (42USC9601) and OPA
(33USC2701)]. All ecological systems are variable in time and space, however, and
any “equilibrium” is often coarse at best. Under these conditions, it is not possible
to specify a single value as a baseline against which to judge impact or recovery
(see Parker and Wiens 2005; Kingston 2002). Moreover, like almost any ecological
system, PWS has been subjected to a long history of human exploitation and
impacts, so the environment prior to the spill was scarcely “pristine” (Wooley
2002). What, then, is the measure of “impact” or “recovery” in a variable and previ-
ously impacted system? A departure from and return to “average” or “normal”
conditions? But over what time period or area is the “average” to be calculated, and
how much departure from “normal” represents an impact?

4.5.2.6 The Importance of Statistics and Natural History

Operationally, impact and recovery in a variable system can be defined using
statistical criteria (e.g., Wiens 1995): a significant departure from baseline or
reference conditions indicates an impact, and the disappearance of a previously
significant effect represents recovery. [This approach has been criticized by Irons
et al. (2001), who argued that it sets a lower standard for documenting recovery
than for impact. We fail to see the logic of this argument, as the statistical tests
we used established a “significance window” (defined by w=0.20) that is just as
difficult to enter (i.e., indicating impact) as it is to leave (i.e., indicating recov-
ery).] This statistical approach is operational, but it is also sensitive to the con-
straints of any statistical test. The detection of a statistically significant difference
between populations (e.g., a disturbed and an undisturbed area) is related to the
intrinsic variability of the system (the among-sample variance), the sample size,
and the amount of difference (i.e., effect size). Thus, the greater the variability of
the system in time or space, the greater the difference required to attain a given



176 J.A. Wiens et al.

level of statistical significance, but the greater the sample size or effect size, the
less difference required.

Ecologists often attempt to maximize sample sizes within logistical constraints
to detect small differences statistically. To some degree, this approach reflects a
continuing adherence to equilibrium thinking — one compensates for variance by
increasing sample size so that even small departures from “normal” conditions can
be detected. Ultimately, of course, the objective is to detect changes or differences
that are biologically significant, which may or may not be recognized statistically
(Hatch 2003). This is where thinking about effect size comes in. Statistical power
relates to the capacity to detect an effect of a certain size with a given variance and
sample size, and power is now routinely calculated in assessments of the conse-
quences of environmental perturbations (e.g., Irons et al. 2000; Murphy et al.
1997). It is more important, however, to think about biological power: what effect
size is likely to have repercussions on the biological functioning of the system of
interest? For example, does a change in abundance or reproductive output of 1 or
10% represent a biologically significant change, regardless of whether it can be
judged to be statistically significant? The answer depends on both the natural vari-
ability of the system and the natural history of the organisms of interest.
Unfortunately, in most situations, neither of these issues is known in quantitative
detail, so judgments of impacts and recovery often contain an element of subjectivity.
This subjectivity is why statistical approaches, especially those based on equilib-
rium criteria, are particularly attractive. To ignore natural-history insights in the
rush to be quantitative and objective, however, runs the risk of reaching statistically
rigorous but biologically irrelevant conclusions.

4.5.2.7 The Importance of Science in Assessing Environmental Impacts

When confronted with an environmental accident or disruption, it is important to
bring the tools, methods, and honesty of science to bear on the issue of document-
ing effects and determining causes. The alternative is often a subjective evaluation
that is colored by emotions and preconceptions and that, at worst, can be distorted
by agendas and advocacy (e.g., Ott 2005). In such situations, the problem is that
many of the usual tools of science — experiments, balanced study designs, straight-
forward statistical analyses, empirically based models, and the like — are difficult to
use. Consequently, the results of scientific studies may contain more uncertainty
than one might like. At the very time that the general public and legal proceedings
are demanding clear answers to questions about impacts and recovery, science
seems plagued by uncertainties, ambiguities, and inconsistencies. Many of these
problems are evident in the Harlequin Duck case study that we have presented here,
and they may be exacerbated by ignoring the points detailed above. Science, how-
ever, is more than a set of tools to be applied to a problem. It is an approach, a way
of gaining knowledge that is characterized by objectivity, questioning of preconcep-
tions, embracing the unexpected, providing an honest accounting of assumptions,
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methods, and results, and couching interpretations and conclusions in the context
of the quantity and quality of the information at hand. Attention to the points we
have discussed above should do much to achieve these objectives. Even if reality
imposes severe constraints on the use of traditional scientific tools, it need not
constrain careful thinking.

One can also legitimately ask how much certainty is required to establish likely
cause—effect relationships in such a dramatic event as an oil spill. Where should the
burden of proof lie? It may be appropriate to adopt a conservative approach to judg-
ing impacts and recovery to avoid Type II statistical errors — failing to detect effects
that are really there (Longpré et al. 1997; Wiens and Parker 1995; Shrader-Frechette
and McCoy 1993). One should view a failure to reject a null hypothesis of no effect
with careful skepticism. It may be more appropriate to approach the issue of
impacts and recovery from a variety of perspectives using a variety of analyses and
then employ a “weight-of-evidence” approach in drawing conclusions. The conclu-
sions should also be limited to what the data and analyses really show, not what one
thinks they should show. Drawing broad conclusions about impacts and recovery
based on possible effects with equivocal support derived from searching for confir-
matory evidence rather than careful sampling and analysis is contrary to the spirit
of science.

There is an additional, confounding factor. Scientific uncertainty opens the door
to conscious or subconscious advocacy. Environmental disruptions such as oil spills
are emotional events that offend the sensibilities of people concerned about the
state of the environment. Common sense dictates that such events will have pro-
found and far-reaching effects. Given this preconception, it is easy to see in one’s
observations what one expects (or wants) to see, to dispense with the tedium of
broad-scale sampling and rigorous statistical analysis, to ignore possible alternative
hypotheses, and to reach premature conclusions based on shreds of evidence. Large
environmental accidents such as the Exxon Valdez spill attract wide public and
media attention, and, if litigation enters the picture, positions can rapidly become
polarized and hardened, making it difficult to change one’s conclusions. As a result,
groups other than scientists may grasp onto the results they want, stripping them of
their scientific uncertainty and ignoring contrary findings. Unsubstantiated specula-
tions can easily be converted into established facts (e.g., Chadwick 1993; Pain
1993; Keeble 1991; but see Wheelwright 1994). Alternatively, public opinion can
override clear evidence of recovery to cause a species to continue not being classified
as recovered (e.g., the Black Oystercatcher Haematopus bachmani; compare
Trustees 2006; with Murphy and Mabee 2000). In such circumstances, it would be
wise for scientists to avoid reaching premature conclusions from limited (or no)
data, to withhold judgment until more complete data have been collected and ana-
lyzed, and only then discuss the findings with the media or the public. It is likely
that a clearer view of the effects of the Exxon Valdez oil spill on Harlequin Ducks
would have emerged if the picture had not been clouded by some of the statements
made soon after the spill (Table 4.1), which some individuals then felt compelled
to defend, despite contrary evidence.
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