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SUMMARY

Knowledge about the extent to which organisms inhabiting the Arctic are able to adjust to
environmental variability is essential in order to predict the impact of future climate change.
In this context, the flexibility of animals with respect to energy acquisition and expenditure
may be of importance because energy is a fundamental resource required by all organisms to
survive and reproduce. The aim of this thesis was to evaluate the flexibility of Arctic-
breeding seabirds in foraging behavior and energy expenditure in response to environmental
variability. Data on two focal species, the little auk Alle alle, a small alcid that breeds
exclusively in high Arctic latitudes, and the kittiwake Rissa tridactyla, a medium sized gull
species which is widely distributed in the northern Atlantic, were collected during the
breeding seasons 2005-2008. In little auks, adjustment of foraging behavior to geographic
variation in foraging conditions was examined by comparison of foraging trip durations and
travel distances of birds breeding at five different locations across a large part of the species’
global distribution. Temporal and gender differences in behavior in relation to prevailing
conditions were determined by automated recording of foraging trip durations during two
consecutive seasons at two breeding sites. The energetic response to environmental
stochasticity was examined by comparing rates of energy expenditure during two contrasting
seasons and variability over five years in little auks and kittiwakes, respectively.
Measurements of energy expenditure were derived by the single-sample and two-sample
doubly labeled water (DLW) method. To assess the potential impact of this method on the
behavior of the study subjects and possible repercussions on resultant estimates of energy
expenditure, behavioral observations were performed of kittiwakes subjected to the DLW
procedure and non-treated control birds.

Comparison of foraging trip durations of parent little auks revealed that during chick-
rearing this species adopts a bimodal foraging strategy in which they alternate single trips of
long duration with several trips of short length, a strategy previously described for
procellariiform seabirds. However, this stereotyped pattern was found to be highly flexible
and adjusted to spatial and temporal variation in foraging conditions. Birds facing
unfavorable conditions responded by increasing the duration of long foraging trips, during
which birds predominantly feed for themselves, and by decreasing the frequency of short
trips, where birds primarily collect food for the chicks. These modifications led to reduced
chick feeding rates and lower reproductive success, indicating that behavioral adjustments

did not allow birds to fully compensate for costs incurred by unfavorable conditions.



Furthermore, provisioning behavior of little auks was sex-specific, with increased duration
of long trips in females leading to an overall male-biased chick feeding rate. These sexual
differences were best explained by diverging energetic constraints of males and females,
with females allocating more time to self-feeding during chick-rearing.

Adjustment and limitation of energy expenditure differed remarkably between the
two study species. Metabolic rate in little auks was flexible and adjusted in response to
variation in food availability. Birds increased energy expenditure when food was abundant.
Elevated metabolism was associated with increased allocation to chick provisioning,
resulting in enhanced chick survival, and increased allocation to self-maintenance, associated
with a higher return rate of adults the subsequent season. In contrast, kittiwakes did not
adjust their metabolic rate in response to environmental variability. In this species, metabolic
rate was similar across all five study years despite large variation in foraging conditions.
Instead, kittiwakes seemed to operate close to an energetic ceiling which seemed
independent of extrinsic factors. In both species, individual variation in energy expenditure
was not related to the probability of the parent birds to return to the colony the following
season. Moreover, in little auks an increased return rate coincided with increased rates of
energy expenditure. These results do not support earlier suggestions of a direct physiological
cost in terms of increased mortality as a trade-off to elevated metabolism.

In addition this study demonstrates that the use of the DLW method may elicit
behavioral modifications in the study subjects. Birds treated with the two-sample method
were considerably less motivated to return to their nests after treatment, reduced their overall
nest attendance, and presumably remained inactive for extended time periods while at sea.

These behavioral modifications may lead to biased estimates of energy expenditure.
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1. INTRODUCTION

The Arctic is currently experiencing severe effects of global climate change. Major
modifications of the physical environment, such as melting sea-ice, shrinking glaciers, and
increasing air and ocean temperatures are likely to cause marked effects on Arctic
ecosystems (IPCC 2007). These effects may be exacerbated due to the fact that low species
diversity and relatively simple biological structure of polar areas are especially vulnerable to
perturbations (e.g. McCann 2000). Predicting effects on Arctic biota is crucial because
climate change is thought to be more intense in the Arctic than in any other region of the
world (Clarke & Harris 2003, IPCC 2007). However, in order to predict the impact of future
climate change, a clearer understanding of how and to what extent organisms inhabiting the
Arctic are able to adjust to environmental variability is essential.

Marine apex predators are good model species to study ecological consequences of
stochastic environmental fluctuations because they integrate and/or amplify effects on lower
trophic levels of the food web. Seabirds are a particularly suitable study group as they
constitute a major component of the Arctic marine ecosystem, and are relatively easy to
study as they come to land to breed, often in large colonies. Seabirds are notable for their
extreme life-history traits such as low fecundity, slow chick growth and long life expectancy
(Lack 1968). Most seabirds lay only 1-3 eggs annually and chicks may take several months
to be able to fly and leave the colony, or, in some cases, are continued to be fed at sea after
fledging (Gaston & Jones 1998). Age of first breeding is often delayed and adult birds may
live for several decades. These life-history traits are thought to have evolved in response to
energetic constraints imposed by the scarce, patchy and unpredictable distribution of food
resources in the marine environment (e.g. Ashmole 1971, Ricklefs 1990).

A central concept in life-history theory is that organisms have to allocate resources
between competing traits such as reproduction, self-maintenance and growth in order to
maximize lifetime reproductive success. A major resource in this context is energy. If
adverse environmental conditions cause energetic limitations, allocation decisions are likely
to be modified (see Fig. 1). In long-lived animals, allocation processes are predicted to
prioritize self-maintenance over current reproduction because in these species fitness
primarily depends on longevity, and even a small decrease in survival will have a large
negative effect on lifetime reproductive success (Charlesworth 1980, Stearns 1992). Hence,
fluctuations in resource availability are expected to mainly affect the breeding performance

of seabirds, while future survival is thought to be altered only at high levels of energetic



stress (Erikstad et al. 1998, Weimerskirch ez al. 2001). However, the extent to which current
reproductive output is impaired by food availability partly depends on the flexibility of the

species with respect to energy acquisition and expenditure.
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Fig. 1. “Y-allocation’ trees illustrating different resource allocation decisions (numbers at the
tips of branches) for different amounts of resource input (number at the base). Maximum
allocation to, or cost of, reproduction (R) and self-maintenance (S) is taken to be 15 resource
units. Trees C and D illustrate a standard trade-off when the resource is limited. Trees A and

B illustrate the aggravating effect of reduced resource availability. When resource input
matches costs of both traits (tree E), no trade-off is incurred. After Zera & Harshman (2001).

1.1 Foraging behavior

Foraging determines an individuals’ total energy budget and thus the amount of energy
available to be allocated among competing fitness-related traits. Modification of foraging
behavior in response to variation in food availability may buffer against environmental
perturbations. Seabirds are central place foragers during the chick-rearing period (e.g.
Ashmole 1971), frequently commuting long distances between foraging areas at sea and
their breeding site on land. When resource availability close to the colony is limited, birds
often rely on distant food sources to sustain breeding, and some seabird species have adopted
a so-called bimodal foraging strategy (Chaurand & Weimerskirch 1994, Weimerskirch et al.
1994). The bimodal foraging strategy involves the alternation of single trips of long duration
(typically several days in most species) with single or several successive trips of short
duration (typically one or few days; e.g. Weimerskirch 1998, Catard et al. 2000, Congdon et
al. 2005). During short trips, birds are thought to forage primarily close to the breeding site



to collect food for the offspring. However, short trips yield a negative energy balance to the
parent birds and are conducted at the expense of body reserves. During long trips, birds are
thought to utilize profitable foraging grounds at distance to the breeding site in order to
replenish their depleted reserves (Weimerskirch 1998, Duriez et al. 2000). The decision
whether to initiate a long or short foraging trip seems to be state dependent. Birds initiate a
long trip when the proximity of a lower body mass threshold is reached, under which
mortality risks due to starvation would be increased (Weimerskirch et al. 1999). The two trip
types can therefore be regarded as the result of allocation decisions leading to alternating
investment in reproduction (short trips) and self-maintenance (long trips).

Energetic costs of short trips are high, and birds catch a limited amount of prey
during these trips (Weimerskirch et al. 2003). Although short trips increase the amount of
energy delivered to offspring, parents are unable to perform only short trips because the
foraging costs of these trips outweigh the energy gained. In contrast, long tips are
energetically less expensive and, despite long travel distances, yield a high net rate of energy
gain. However, performing exclusively long trips would result in a marked decrease in the
amount of energy delivered to the offspring (Weimerskirch er al. 2003). Hence, a dual
foraging strategy can be thought of as the optimal response to the trade-off between the need
of the offspring to be fed frequently and that of the adults to forage efficiently in order to
maintain energy balance. Bimodal foraging may therefore be an important strategy for
maximizing fitness in species that rely on distant food sources (Weimerskirch 1998).

Energetic constraints due to low local resource availability and extended travel times
to profitable foraging areas are usually considered to be the proximate causes underlying a
bimodal foraging strategy. Considerable differences in travel distances between short and
long trips have been documented in some species by satellite tracking (e.g. foraging ranges
were 8 and 30 times larger during long compared to short trips in white-chinned petrels
(Catard et al. 2000) and wandering albatrosses (Weimerskirch et al. 1997), respectively). For
most species exhibiting bimodality in trips duration, however, foraging locations remain
unknown. Recently, it has been suggested that a dual strategy may, under certain conditions,
be profitable irrespective of foraging location. By modeling the optimal rate of prey
ingestion by penguins, Ropert-Coudert e al. (2004) suggested that differences in stomach
size between parents and offspring may result in two maximum rates of food gain: short trip
durations may reflect the maximum rate of gain for chicks and the long trip lengths may
represent the maximum rate of food gain for parents. By alternating short and long trips,

parents would therefore maximize food gain for both themselves and their offspring



irrespective of foraging location (Ropert-Coudert et al. 2004). Similarly, Congdon et al.
(2005) suggested that dual foraging may be profitable even if birds always remained close to
the colony because bimodal trip durations may help to minimize travel costs. However, these
possibilities have not yet been tested.

The extent to which variation in food availability affects foraging decisions in
bimodal foragers is not well studied. Some species may use a dual strategy as a facultative
response to spatial and temporal variation in local foraging conditions (Granadeiro et al.
1998, Congdon et al. 2005). Birds may use a bimodal strategy when resource availability is
poor and switch to a unimodal strategy when conditions allow. In other species, it has been
shown that foraging behavior of dual foragers is adjusted by modification of the duration and
frequency of the two trip types (Weimerskirch et al. 1999, Duriez et al. 2000).

There is mounting evidence that bimodal foraging is widespread among species of
the order Procellariiformes (e.g. Weimerskirch et al. 1994, Weimerskirch 1998, Catard et al.
2000, Congdon ef al. 2005). Outside this group, bimodality in foraging area or trip duration
has been suggested for adeli¢ penguins (Pygoscelis adeliae; Clarke et al. 1998) and
briinnich's guillemot (Uria lomvia; Benvenuti et al. 1998). However, because bimodality in
these cases may have resulted from a tendency of individuals to perform either long or short
trips, the little auk Alle alle is the only non-procellariiform species for which a strategy of
alternating short and long foraging trips has yet been described (Steen et al. 2007, paper |
and II).

1.2 Energy expenditure

Energy is the most fundamental resource required by all organisms to survive and reproduce.
The rate of energy expenditure integrates nearly all aspects of the ecology of a species, and
reflects both the cost of living, i.e. the amount of energy an individual requires to maintain
energy balance, and the amount of energy metabolized to be allocated to competing life-
history traits. Factors limiting energy expenditure are therefore likely to be of paramount
importance for the ecology of many animal species and may play an important role in the
evolution of life-history traits and resource allocation strategies.

There are several pathways by which energetic limitation may be exerted. These may
principally be divided into intrinsic constraints operating through physiological properties of
the animals’ body, and extrinsic constraints related to ecological factors that limit food
availability or the capability/willingness of animals to obtain food from the environment. An

intrinsic limitation may be centrally imposed by the capacity of the energy-supplying
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machinery, e.g. the maximum rate of the alimentary tract, the liver, kidneys or the heart to
process, transport or excrete nutrients and wastes. Or it may be peripherally imposed by the
energy-consuming machinery, i.e. the rate at which tissues can utilize the available energy
(Weiner 1992, Hammond & Diamond 1997, Speakman & Krol 2005b). Although there can
hardly be any doubt that physiological constraints ultimately limit the rate of energy
expenditure, intensive laboratory research has not yet been able to establish the underlying
mechanism(s) of this limitation (reviewed in Speakman 2008). Attempts to estimate the
maximum sustainable rate of energy expenditure by means of inter-specific comparisons
(Drent & Daan 1980, Peterson et al. 1990, Hammond & Diamond 1997) suggest that free-
ranging species may usually operate well below their supposed physiological limit
(Speakman 2000). However, this conclusion remains tentative because it is unknown to what
extent the supposed ceilings can be generalized. In addition, there is a lack of experimental
and empirical studies at the species level that explore whether intrinsic energetic limitation
in free-ranging animals occurs or whether their rate of energy expenditure is usually limited
by extrinsic factors.

Several proximate and ultimate explanations for an extrinsic limitation of energy
expenditure have been offered (see Fig. 2). One key factor that is likely to have a strong
impact on the rate at which individuals expend energy is food availability. Animals have to
expend energy in order to obtain food, and the interplay between foraging success and
foraging costs may determine the energy budget of an individual. Food availability may
affect energy expenditure through two opposing processes: metabolic rate may be forced to
increase by low resource abundance (forcing hypothesis) or enabled to increase by high
levels of food supply (enabling hypothesis). The enabling hypothesis posits that individuals
utilize the extra energy available during favorable conditions to increase their energy
expenditure because the extra energy spent is associated with fitness benefits (Fig. 2;
Speakman et al. 2003, paper III). Support for this hypothesis stems not only from studies
reporting a positive relationship between metabolic rate and food availability for single
species (Bryant & Tatner 1988, Speakman et al. 2003, Jodice et al. 2006a), but also from
positive correlations between energy expenditure and the energy-richness of the diet or

habitat among species (Speakman 2000, Mueller & Diamond 2001).
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Fig. 2. Schematic diagram illustrating possible limitation pathways of energy expenditure.
(A) Scenario without a fitness trade-off. Fitness increases with increasing expenditure until a
physiological limit is reached. Constraints imposed by food supply or foraging time
limitations may result in lower rates of energy expenditure than expected by physiological
barriers. (B) Scenario with a fitness trade-off. Maximum fitness is achieved at a lower rate of
energy expenditure than expected from the physiological model. Fitness trade-offs may be
related to time allocation decisions, increased risk (predation, accident) or to a physiological
cost leading to increased mortality (see text for details). Redrawn after Speakman (2000).

Conversely, the forcing hypothesis suggests that individuals raise their metabolism
during unfavorable conditions by increasing their foraging effort in order to compensate for
reduced food availability (Thomas et al. 2001, Speakman et al. 2003). This explanation
implies that metabolic rate is not limited by the availability of food, but rather by fitness
trade-offs associated with elevated metabolism and the willingness of individuals to increase
foraging effort (Fig. 2). Everything else being equal, compensating behavior entails a
runaway effect because the extra energy spent foraging must also be obtained and this
therefore requires additional foraging and energy expenditure and so forth (Gorman et al.
1998). This positive feedback may make compensating behavior only feasible for small
changes in food availability unless individuals are able to counterbalance the increased
foraging costs, for example, by modifying body mass or resting metabolism, or reducing the
allocation of energy to other functions such as immuno-competence or somatic repair

(Wiersma & Verhulst 2005, Schubert ef al. 2008).
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Another important factor that may limit metabolic rate may be related to constraints
on foraging time. Time may proximately limit energy acquisition and consequently
expenditure if foraging is restricted by factors such as daylight length, tidal cycle, or prey
behavior (Fig. 2). For example, Tinbergen & Verhulst (2000) argued that the energy
expenditure of great tits (Parus major) may be proximately limited by daylight period, and
birds may not be able to increase metabolic rate when demands increased because there was
no more time available for foraging. However, time may also ultimately cause energetic
limitation if an increased allocation of time to foraging resulted in a fitness trade-off, for
example through compromised chick survival. This may especially apply to species where
parents need to guard offspring to avoid high predation risk.

Alternatively, energy expenditure may ultimately be limited because an increase in
metabolism may be associated with reduced future survival. Increased mortality may be
brought about indirectly by an increased risk of predation or accident in connection with
increased activity. More importantly, however, it has been suggested that mortality may
increase with increased metabolism because of a deleterious physiological effect. This
explanation is based on the rate of living/free radical damage hypothesis (Pearl 1928,
Harman 1956, Beckman & Ames 1998). It suggests that increased metabolism leads to an
elevated generation of free oxygen radicals, inevitable by-products of oxidative metabolism,
which in turn may lead to increased somatic damage and consequently to accelerated aging
and death. Although the free radical damage hypothesis and the relationship between
metabolic rate and mortality have recently received great interest (see Hulbert et al. 2007,
Monaghan et al. 2009 for reviews), few studies so far have explored this link in free-living
species. Earlier studies, both experimental (e.g. Wolf & Schmid-Hempel 1989, Daan et al.
1996) and empirical (Bryant 1991), indicated a negative relationship between metabolic rate
and survival, and lend support to the free radical damage hypothesis. However, recent
evidence puts doubt on the supposed direct link between free radical production and
metabolic rate (Brand 2000, Speakman et al. 2004, Selman et al. 2008a), undermining the
central assumption of the free radical damage hypothesis. In addition, the effect of increased
free radical production may also depend on the regulation of oxidative defense and repair
mechanisms (reviewed in Monaghan et al. 2009). Elevated generation of free oxygen
radicals may not lead to detrimental effects if counteracted by a corresponding increase in
antioxidant and repair systems. Hence, whether or not metabolic rate is limited due to a

physiological driven process affecting life span remains to be demonstrated.
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As discussed, the regulation and limitation of energy expenditure may operate
through several different processes, and the flexibility of the energetic response of animals to

environmental variability may critically depend on these limiting factors.

1.3 Doubly labeled water method
All estimates of energy expenditure obtained in the course of this study were derived by the
doubly labeled water (DLW) method. This is the most commonly used method to measure
metabolic rate of animals in their natural environment (Butler et al. 2004). It is based on
introducing heavy isotopes of hydrogen (either deuterium [*H] or trittum [*H]) and oxygen
(**0) into the body of the study animals, and estimating CO, production rate by comparing
the elimination rates of both isotopes for a time period during which the animal ranges
freely. The isotopes of oxygen and hydrogen can conveniently be administered as water (i.e.
doubly labeled water) which quickly equilibrates with the body water of the subject.
Subsequently, heavy hydrogen is washed out in water, e.g. as urine, in faces or by
evaporation whereas '°O is eliminated in water and CO, (see Fig. 3). Given that the size of
the body water pool is known, a quantitative estimate of CO, production can be derived by
the difference in elimination rates. The size of the body water pool can be calculated if the
exact amount of isotopes introduced into the study animals is known and a sample is taken to
estimate the initial enrichment of isotopes.

When applied in the field, the standard DLW method, also called the two-sample
(TS) method, requires that the study animals are captured and bled twice. After initial
capture, the animal is normally injected — intra-peritoneally or intra-muscularly — with the
dosage of DLW and then held captive for a period of time, usually 0.5 to 2 h depending on
the size of the animal, to allow for complete equilibration of isotopes with the body water.
Then, an initial blood sample is taken and the animal is immediately released. Recapture is
normally scheduled between 1 and 5 days post injection, upon which a second blood sample

is taken in order to estimate final isotope enrichment.
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Fig. 3. Schematic diagram illustrating changes in isotopic enrichment of deuterium (*H) and
oxygen-18 ("*0) in the body of an animal following the injection of doubly labeled water
(DLW). Isotopic enrichment increases steeply after injection until an equilibrium is reached.
Subsequently, isotopes are exponentially eliminated from the body. Because '*O is eliminated
in both water and CO,, its enrichment declines faster than that of “H. From the difference in
isotope elimination rates a quantitative estimate of CO, production can be calculated.

(A) Two-sample DLW method. The study subject is restrained for the period of time it takes
for isotopes to equilibrate with the body water. Following equilibration, an initial blood
sample is taken to estimate isotope dilution space.

(B) Single-sample DLW method. The study subject is released immediately after injection
and no initial blood sample is taken. Modified after Butler et al. (2004).

However, validity of the estimates of energy expenditure do not only depend on the
precision and accuracy of the method itself, but also on the assumption that the behavior of
the animals during the DLW measurement period reflects the natural behavior of these
animals. Even though the DLW method is widely used in a large range of energetics studies
in free-living animals this key assumption has rarely been tested systematically (reviewed in
Speakman 1997). This is even more surprising because incidental evidence of adverse
effects have been reported (e.g. Furness & Bryant 1996, Amat et al. 2000, Nilsson 2002),
and an alternative, less invasive DLW sampling protocol, the so-called single or one-sample
method, exists which has been suggested to mitigate potential effects (e.g. Amat et al. 2000,
Jodice et al. 2003, Cresswell et al. 2004). The single-sample protocol is similar to the two-

sample technique except that the study subject is released immediately after injection and
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therefore is not held captive for a prolonged time period and no initial sample is taken (Fig.
3; Webster & Weathers 1989, Speakman 1997). This approach requires an indirect estimate
of initial body water pool size and equilibrium isotope enrichment. These estimates could be
derived either from earlier studies that are likely to be comparable (paper III) or from a
second group of animals from which an initial sample is taken according to the two-sample
method (paper V).

There are several potential pathways by which the DLW method may affect behavior
(Speakman 1997), the most important of which may be a stress response to the injection,
restraint and bleeding procedure. More than 15 years ago, Speakman et al. (1991) found
significant changes in the behavior of laboratory mice after they had been subjected to the
two-sample DLW method and stated that studies on behavioral consequences in wild
animals ‘are urgently required’ (Speakman et al. 1991). However, despite the large number
of DLW studies published since then, no study dedicated to determine the potential effects
on behavior and subsequent estimates of energy expenditure in free-living animals has been
undertaken. The general conclusion that detrimental effects are negligible is largely based on
peripheral information given in some publications (reviewed in Speakman 1997). There are
several problems connected to this conclusion. Firstly, studies acknowledging detrimental
effects greatly reduce their probability of getting published unless they are specifically aimed
to assess the impact. Secondly, due to high financial costs and tedious and time-consuming
field work, DLW studies often suffer from small sample sizes and consequently from low
statistical power to detect effects. Finally, some studies have used techniques to detect
effects that are themselves stressful (e.g. direct respirometry or radio-tracking; Zurowski &
Brigham 1994, Speakman 1997). Hence, there is clearly the need for more vigorous testing
of the behavioral effects of the DLW method, and studies that explore the potential of the

single-sample method to assuage putative effects.

1.4 Study species

Two seabird species, the little auk (Alle alle; plate 1) and black-legged kittiwake (Rissa
tridactyla; plate 1, hereafter referred to as ‘kittiwake’), have been chosen for the purpose of
this study. Both species are numerous in the Arctic, but due to their divergent foraging
ecology, especially with respect to diet specialization, prey type (planktivorous vs.
piscivorous) and foraging mode (diving vs. surface-feeding) may to differ in their response

environmental variability.
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Little auks are one of the smallest members of the family Alcidae, with an average
body mass of about 160g (this study, Stempniewicz 2001). Their breeding range is
concentrated in the high Arctic zone of the Atlantic, and, with an estimated population size
of about 40 million breeding pairs (Harding et al. 2009a), it is among the most abundant
seabirds in the world. Little auks feed almost exclusively on planktonic crustaceans
(Pedersen & Falk 2001, Karnovsky et al. 2003), and are highly specialized on two species of
Calanus copepods, C. glacialis and C. hyperboreus, that are associated with cold Arctic
water masses (Scott et al. 2000, Beaugrand et al. 2002). Little auks establish their nest in
crevices in scree slopes where they lay a single egg annually (Stempniewicz 2001). Both
partners of a pair participate in incubation, brooding and chick provisioning. The chick is fed
several times a day and parents bring food back to the colony in an extensible gular pouch.
Parent birds adopt a bimodal foraging strategy during the chick-rearing period (Steen et al.
2007, paper I and II). The period of bi-parental care at the colony is followed by a period of
male-only care at sea (Stempniewicz 2001). Females tend to cease chick feeding prior to
fledging and the male parent accompanies the chick to sea (Harding et al. 2004). At that
time, the chick weighs only about 70-80% of an adult bird but is fully capable of flying.

Plate 1. Black-legged kittiwake (Rissa tridactyla, left) and little auk (Alle alle, right) at their
study sites in Kongsfjorden, Svalbard.

Little auks have a high field metabolic rate which, during reproduction, exceeds
predictions based on body mass by more than 70% (Gabrielsen et al. 1991, Nagy et al.
1999). This is likely to be caused by high energetic costs of foraging and chick provisioning
due to wing-propelled locomotion during diving, and the combination of energy intensive

flapping flight, high wing loading and long foraging distances (Gabrielsen et al. 1991, paper
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I). Due to their high rates of energy expenditure, it has been estimated that little auks have to
consume about 80% of their body mass, or 60,000 prey items per day, in order to cover their
own energy requirements (Gabrielsen et al. 1991, Harding et al. 2009a). The high energy
expenditure and requirements of the little auk suggests that they may have little flexibility in
their response to environmental variability and may therefore be especially vulnerable to
long-term changes in the polar climate.

In contrast to the little auk, kittiwakes are widely distributed in the temperate and
sub-arctic zone of both the Pacific and Atlantic and reaches its northern breeding range limit
in the Arctic. The kittiwake is a medium-sized (body mass about 380g), cliff-breeding gull
species which primarily feeds on small pelagic fish. The preferred prey species varies among
breeding locations and includes polar cod (Boreogadus saida) and capelin (Mallotus
villosus) on Svalbard and northern Norway (Mehlum & Gabrielsen 1993, Barrett 2007) and
lesser sandeels (Ammodytes marinus) and pacific herring (Clupea pallasi) in Britain and the
northern Pacific, respectively (Frederiksen et al. 2005, Jodice et al. 2006b). Kittiwakes
usually lay 2-3 eggs, and both partners of a pair share parental duties throughout the chick-
rearing period. Parent birds provision their offspring by regurgitating partly digested food at
the nest site. In contrast to little auks, in which size difference between the two sexes is
negligible (Jakubas & Wojczulanis 2007), kittiwakes are sexually size dimorphic with males
weighing on average about 12% more than females (e.g. Angelier et al. 2007).

Earlier estimates of the field metabolic rate of kittiwakes closely correspond to that
predicted by body mass (Gabrielsen et al. 1987, Nagy et al. 1999). Although kittiwakes only
have to capture about 50% of their body mass of prey per day to cover their own energetic
requirements (Piatt et al. 2007), the cost of rearing chicks increases their energy
requirements substantially. Whereas little auk chicks receive only about 15% of the food
gathered by parents (Gabrielsen et al. 1991), kittiwakes need to provide an additional 50 and
100% of their own needs for a brood of one or two chicks, respectively. It has therefore been
suggested that kittiwakes have little buffer against stochastic fluctuations in prey availability

(Piatt et al. 2007).
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Fig. 4. Allometric relationship of daily energy expenditure (DEE) and body mass of 36
marine bird species. Mean metabolic rates of little auks and kittiwakes, as measured in the
course of this study, are shown additionally. Data from Nagy et al. (1999) and references
therein.

2. OBJECTIVES

The overall aim of this thesis was to evaluate consequences of environmental variability on
the foraging behavior and energy expenditure of two key species of the Arctic avian
community, the little auk and the kittiwake. Knowledge of their flexibility in these traits is
important to detect the effects of future changes predicted in the Arctic marine environment.
We evaluated the flexibility in the foraging behavior of little auks by determining the spatial,
temporal and gender differences in behavior in relation to prevailing foraging conditions.
The energetic response to environmental stochasticity was examined by comparing two

contrasting seasons and variability over 5 years in little auks and kittiwakes, respectively.
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The specific objectives were:

Paper I:

To examine differences in foraging trip durations of little auks at 5 different breeding
sites and assess how the bimodal foraging trip pattern is adjusted with respect to local
foraging conditions.

To determine the effect of travel distance from the breeding sites to the foraging

areas on the duration and pattern of foraging trips.

Paper II:

To determine whether foraging trip duration and provisioning behavior in little auks
differs between males and females.
To examine whether behavioral adjustments to temporal variation in conditions is

dependent on the sex of the birds.

Paper 11l and IV:

To assess the effect of fluctuations in food availability on the rate of energy
expenditure in little auks and kittiwakes, and to determine fitness consequences in
terms of chick fledging success and adult local survival associated with changes in

energy expenditure.

Paper V:

To determine potential effects of the single and two-sample DLW method used to
estimate energy expenditure in paper III and IV, respectively, on the behavior of the
study animals.

To assess whether altered behavior affects estimates of metabolic rate derived by this

method.

3. MATERIALS AND METHODS

3.1 Study area and data collection
This thesis is primarily based on field data collected in Kongsfjorden (78°54'N, 12°13'E),

located at the west coast of Spitsbergen, Svalbard, Norway during the breeding seasons 2005

— 2008. The little auk study site was located at Feiringfjellet at the northern part of

Kongsfjorden and comprised approximately 1,000 — 1,500 breeding pairs. Kittiwakes were

studied at several small to medium-sized colonies in the inner part of the fjord consisting of a
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few dozen to several hundred pairs. The breeding period at Kongsfjorden is characterized by
continuous daylight, an average ambient temperature of about +5°C and relatively little
precipitation occurring as either rain or snow.

Additional field work on the foraging ecology of little auks was conducted at four
study sites located across a large part of the species’ global distribution; namely at Kap
Hoegh (70°43'N, 21°38'W), East Greenland, on Bear Island (74°23'N, 19°01'E), and at
Hornsund (77°00'N, 15°22'E) and Isfjorden (78°12'N, 15°20'E), both located at the west

coast of Spitsbergen.

3.2 Foraging behavior

In order to compare the foraging behavior of little auks among study sites, direct
observations of color-marked individuals were performed. Observations were scheduled to
take place at the same breeding stage (mid chick-rearing period) to avoid any potential
confounding effects of chick age. Activity data and estimated foraging ranges were derived
by use of miniature temperature-depth recorders (TDRs — Cefas G5 storage tag, Cefas,
Suffolk, UK) which were deployed at East Greenland, Hornsund and Kongsfjorden in 2007.
The devices were programmed to record temperature and pressure (converted to dive depth)
every five seconds, and visual inspection of the data allowed us to determine three main
types of behavior: colony attendance, flight, and time on water. Maximum foraging ranges
were estimated by dividing the sum of flight durations by two and multiplying by an
estimated flight speed of 20 m s™ (Pennycuick 1987, Elliott et al. 2004).

To continuously record durations of foraging trips throughout the chick-rearing
period in 2006 and 2007 we used automated recording systems based on VHF radio
transmitters and passive integrated transponder (PIT) tags in Kongsfjorden and Isfjorden,
respectively. In Kongsfjorden, a total of 73 parent little auks were fitted with a radio
transmitter, the presence or absence of which was permanently recorded by a stationary
receiver placed at the base of the colony. The functionality of the system was verified by two
reference transmitters that remained in the colony and by opportunistic observations of
radio-marked birds. In Isfjorden, a tube-shaped recording device, consisting of a PIT tag
antenna and a photo-electric switch was placed in the entrance of known nests, the adults of
which were subcutaneously injected with a PIT tag. Each time one of these birds passed
through the system, time and identification number was recorded. The direction of the
movement in or out of the nest was determined by the time difference between the passage

of antenna and switch.
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Although both systems reliably recorded the behavior of the birds with minimum
interference, they resulted in systematic differences in estimates of foraging trip duration.
The system in Kongsfjorden recorded the presence of the birds in the colony both inside and
outside the nest, whereas only time spent inside the nest was registered at Isfjorden. Hence,
estimates of foraging trip durations derived by the two systems were not directly comparable

and consequently data were analyzed separately.

3.3 Energy expenditure
The rate of energy expenditure of little auks and kittiwakes was estimated by the DLW
method as described above. The single-sample approach was used in little auks because a
pilot study conducted at the East Greenland study site in 2005 (Harding et al. 2009a) had
raised concerns about very low recapture rates when using the two-sample method in this
species. In kittiwakes, the two-sample method was used in all study years in order to make
results comparable to estimates of metabolic rates obtained earlier at the same site (1997 and
1998; paper 1V). Additionally, the single-sample method was applied on a subset of
kittiwakes in 2006 and 2007 in order to compare the behavioral response of birds to the two-
sample method (paper V). Initial enrichment of isotopes and dilution space in little auks was
estimated based on the relationship of body water to body mass established by desiccation of
carcasses in an earlier study on this species (Gabrielsen et al. 1991). For kittiwakes subjected
to the single-sample method, we calculated initial isotope enrichment based on the
regression of initial enrichment on body mass derived from individuals subject to the two-
sample method.

In order to calculate rates of energy expenditure from the raw data, a number of
assumptions had to be made regarding (i) the calculation of isotope dilution space (plateau
vs. intercept method), (ii) physical isotopic fractionation effects, (iii) the isotope turn-over
pool (single pool vs. two pool model), and (iv) the source of energy metabolized during the
measurement period.

(i) There are two different ways to estimate initial isotope dilution space, the plateau and
the intercept method (Speakman 1997). The intercept method calculates isotope dilution
space by extrapolating the washout curves of isotopes back to the time of dosage
(intercept), including equilibrium time. In contrast, the plateau method assumes the
initial sample, when adequately timed, to directly reflect initial enrichment (Speakman
1997). Although the plateau method may theoretically be expected to underestimate

initial enrichment and therefore overestimate dilution space, a number of studies
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(i)

(iii)

comparing plateau dilution space estimates with desiccation of carcasses, generally
found a very close correspondence (e.g. Williams & Nagy 1984, Tiebout & Nagy
1991). In addition, the intercept method critically depends on the assumption that
isotope elimination rates during the equilibration period (i.e. in captivity) are consistent
with elimination rates when individuals are free-ranging (Speakman & Krol 2005a). For
our study animals, this is obviously incorrect and we therefore applied the plateau
method to calculate initial dilution space.

Physical isotopic fractionation occurs because differences in the nuclear structure of the
different isotopes result in differences in their tendencies to change phase from liquid to
gas. This causes a problem for the DLW method because, due to fractionation, the
isotopes leaving the body do not have the same isotopic composition as the material left
behind. It has been shown that omitting to correct for fractionation effects can lead to an
overestimation of energy expenditure of up to 15% (Tiebout & Nagy 1991). However,
correcting for fractionation is difficult because its effect depends on several factors such
as temperature, type of the fractionation process (i.e. kinetic or equilibrium), or the
fraction of water loss which is subject to fractionation, all of which are practically
impossible to measure directly. We followed the recommendation of Speakman (1997)
who modified earlier correction factors of Lifson & McClintock (1966). Speakman
(1997) assumed a fractionated water loss of 25% and calculated the fractionation factor
by combining kinetic and equilibrium fractionation factors in a ratio of 3:1 at a
temperature of 37°C. Recent validation studies have shown that the resultant correction
factor is appropriate (Visser & Schekkerman 1999).

Originally it was assumed that, when introduced into the body, both 'O and ’H,
equilibrate within the same pool, the body water pool (Lifson & McClintock 1966).
However, “H is also involved in other exchange reactions (e.g. with proteins) and can
be irreversibly incorporated into lipids (Butler et al. 2004). Hydrogen dilution space
estimates therefore usually exceed calculated oxygen dilution space by approx. 4%,
suggesting that the elimination rates of the isotopes should be multiplied by their
respective dilution spaces when calculating CO, production rates. However, in small
animals (e.g. birds < 1000g, mammals < 5000g) the larger hydrogen pool size is
approximately balanced by elimination of hydrogen due to irreversible reactions
(Speakman 1987). Indeed, validation studies have demonstrated that the application of

two-pool models consistently underestimated energy expenditure in small animals
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(Visser et al. 2000, Speakman & Krol 2005a) and therefore the single-pool model was
applied in this thesis.

(iv) An assumption has to be made regarding the source of energy that is metabolized
during the DLW measurement period in order to convert rates of CO, production to
estimates of energy expenditure. Because body mass changed little during the
measurement period in both little auks and kittiwakes (mean: 1.0% + 4.1 SD and 1.2%
+ 4.1 SD, respectively), it was assumed that energy was mainly derived from
catabolism of ingested food. Therefore, year-specific caloric equivalents were
calculated based on fat and protein composition of the diet. Diet samples were collected
each year during the DLW measurement period and either directly analyzed for fat and
protein content (kittiwakes) or composition estimated from published literature (little
auks).

When these assumptions are appropriately considered, the discrepancy between the DLW

method and indirect calorimetry has been shown to be on average less than 3% (Speakman

1997, Butler et al. 2004).

3.4 Foraging conditions
Quantifying foraging conditions or food availability in seabirds is notoriously difficult
because it is the result of a complex interplay between a multitude of variables such as the
abundance, accessibility, patchiness and predictability of prey (e.g. Cairns 1987). Therefore
indirect proxies, e.g. behavioral, physiological or diet-based indices, are often used as
measures of foraging conditions. In little auks, differences in sea surface temperature (paper
I) and plasma levels of the stress hormone corticosterone (CORT, paper III) were used to
gauge variability in food availability between study sites and years, respectively. Ocean
temperature is likely to determine the quality of little auk foraging areas, because the
distribution and abundance of Calanus copepods, the main prey of little auks during chick-
rearing, is closely linked to water temperature (Falk-Petersen 2007, Loeng & Drinkwater
2007). Calanus species associated with cold water (C. glacialis and C. hyperboreus) are
higher in lipid and total energy content than species associated with warmer water masses
(C. finmarchicus; Scott et al. 2000), and accordingly little auks prefer cold water masses as
their foraging habitat (Weslawski et al. 1999, Karnovsky et al. 2003).

The secretion of CORT, used as a proxy for food availability in paper III, is induced
by food restriction. A number of studies have demonstrated a negative co-variation between

CORT levels and food availability (e.g. Pravosudov et al. 2001, Lynn et al. 2003, Kitaysky
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et al. 2007). Both baseline concentration and maximum levels of CORT' were used,
reflecting short-term and long-term changes in food availability, respectively (Kitaysky et al.
2007). In order to assess foraging conditions in kittiwakes, we used three independent
proxies, breeding success, foraging trip duration and diet composition, which have
previously been demonstrated to vary with foraging conditions in this species (Frederiksen et

al. 2005, Barrett 2007, Piatt et al. 2007).

4. FINDINGS AND DISCUSSION

4.1 Foraging behavior of little auks

Findings from paper I and II confirm the initial indication (Steen et al. 2007) that little auks
generally adopt a bimodal foraging strategy during the chick-rearing period. A bimodal trip
pattern was evident at all five study sites, covering a large part of the global range of the
species and comprising contrasting oceanographic conditions (paper I); it was evident in
different years with disparate foraging conditions and in both sexes from hatching to
fledging (paper II). The bimodal strategy was found to be highly flexible and adjusted at
three levels: (i) the duration of long trips, (ii) the frequency of short trips and (iii) the total
time spent foraging. The length of long trips was negatively related to foraging conditions:
trip duration was extended in years with unfavorable conditions (paper II) and increased with
increasing sea surface temperature among sites (paper I). Inter-colony variation in long trip
duration was remarkable, with birds in Kongsfjorden, the site with poorest conditions,
spending on average 70% more time on a long trip than their conspecifics at East Greenland
where foraging conditions were favorable (paper I). However, the response of little auks
seemed to some degree to be dependent on the sex of the birds, with male trip durations
more responsive to changes in foraging conditions than females (paper II).

In contrast, the duration of short trips did not vary between sites, years or sexes,
indicating that short trip length was largely independent of foraging conditions. However,
the frequency of short trips was flexible and inversely correlated with long trip duration
(paper I). Hence, birds responded to deteriorating conditions not only by increasing long trip

duration but also by reducing the number of short trips. These adjustments of the dual

! Baseline CORT samples are taken within three minutes of capture to ensure that samples are not affected by
handling stress. Baseline CORT reflects nutrional status of birds shortly (days) before sampling. Maximum
CORT is measured in response to a standardized stressor (handling and restraint), usually after approx. 30 min,
and is thought to reflect food-related stress over longer time periods (weeks).
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strategy resulted in a decrease in chick feeding frequency, and suggest that additional costs
incurred during unfavorable conditions were at least partly shunted to the chicks. Although
parent birds mitigated this effect by increasing their overall time allocation to foraging when
conditions were poor, feeding rates were still up to 25% lower at Kongsfjorden compared to
East Greenland. Even though data on chick growth and survival was not available for all
study sites, this large difference in feeding rates is likely to have a strong impact on these
traits (e.g. Hamer et al. 1991, Kitaysky et al. 2000).

Chick provisioning rate was male-biased throughout the chick-rearing period, with
males feeding chicks on average 15% more often per day than females (paper II). This
difference was attributable to sexual divergence in the duration and frequency of long and
short trips, respectively. Sexual differences in foraging and provisioning behavior in seabirds
have often been described in sexually size dimorphic species, and size-related mechanisms
have usually been invoked as explanations for these differences. Causes of sexual divergence
in these traits in monomorphic species are debated (e.g. Lewis ef al. 2002, Peck & Congdon
2006). Increased duration of long but not of short foraging trips of female little auks
indicates that females allocate more time to self-feeding than males. In turn, this suggests
that differential energetic requirements at other breeding stages, presumably costs of egg
production or unequal participation in incubation, may lead to different energetic constraints
of the sexes during the chick-rearing period (paper II).

As indicated by the activity data derived from TDRs, the distance to foraging areas
was an important determinant of the duration of long trips. Accordingly, mean maximum
foraging range was more than three times larger in Kongsfjorden compared to East
Greenland. Long travel distances (e.g. approx. 220 km in Kongsfjorden, paper 1) were
unexpected because of the high energetic costs of flight in little auks (Gabrielsen et al.
1991). Long commuting flights may therefore considerably reduce foraging efficiency in this
species. Differences in long trip duration between sites were not only related to travel
distance but also to differences in the amount of time spent in foraging areas once they were
reached (paper I). This may be explained by the need of the birds to compensate for high
travel costs by increasing their time spent foraging.

Surprisingly, findings from paper I suggest that the two main preconditions thought
to trigger a bimodal foraging strategy in seabirds, poor near-shore food availability and long
travel distances to profitable foraging areas, did not apply to the East Greenland site. Low
sea surface temperature and high abundance of energy-rich Calanus species close to the

colony suggest favorable foraging conditions at this site (paper I, N. Karnovsky & A.
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Harding, unpublished data). Also, differences in mean flight duration between long and short
trips were small and seemed insufficient to cause bimodal foraging at this site. This suggests
that bimodal foraging may be independent of the location of foraging areas in little auks.
Instead, dual foraging may help birds to reduce flight costs. Due to their high metabolic rate,
little auks have to consume food equivalent to 80% of their body mass each day (Gabrielsen
et al. 1991). Given the duration of time necessary for digestion, using a unimodal strategy
would require birds to commute to the colony with large amounts of food ingested, thereby
increasing flight costs (Harding et al. 2009b). Remaining longer time periods at sea,
however, may enable birds to acquire, process, and excrete the amount of food needed for
self-maintenance and consequently reduce costs of traveling to the colony (Congdon et al.
2005). The two explanations for bimodality of foraging trip durations are not mutually
exclusive, and may both, as indicated in paper I, account for the observed behavior in little
auks.

Overall, these findings demonstrate that little auks are highly flexible in their
foraging behavior and able to adjust to a large range of foraging conditions. However,
modification of foraging behavior did not allow birds to fully compensate for increased
foraging costs incurred by deteriorating conditions. Behavioral adjustments were partly done
at the expense of the offspring, as indicated by reduced chick feeding frequencies (paper |
and II) and lower fledging success (paper II). However, the lower body mass and reduced
local survival of parent little auks during unfavorable conditions suggests that despite their
flexibility in foraging behavior, adult birds also incurred a cost (paper III). Long travel
distances of birds facing high local sea surface temperatures corroborate earlier suggestions
that little auks may be dependent on access to cold Arctic water masses and their associated
energy-rich copepod species in order to reproduce successfully. If travel distances to these
areas further increase, foraging may become inefficient, making it impossible for birds to
refill reserves during long trips. This may have severe negative effects on breeding

performance, adult survival, and, eventually, the population size of this species.

4.2 Energetic response to changing condition

The energetic response to variability in foraging conditions and food availability differed
between the two focal species. While little auks increased their field metabolic rate when
food was abundant (paper III), daily energy expenditure (DEE) of kittiwakes remained

constant over five years of study in spite of large variation in foraging conditions (paper IV).
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Foraging conditions for kittiwakes were highly variable among the five study years,
as indicated by the three proxies used. High breeding success, a high proportion of fish in the
diet and relatively short foraging trip durations suggest favorable foraging conditions in 2005
and 2007. These years were in sharp contrast with 2006, which was characterized by low
breeding success, a low proportion of fish in the diet, and long foraging trip durations.
However, the rate of energy expenditure of kittiwakes did not vary correspondingly (paper
IV). DEE did not increase during favorable years which would be expected if energy
expenditure was limited by food availability (enabling hypothesis, paper III). Also, there was
no indication of an elevated rate of energy expenditure during poor years which would be
indicative of increased foraging effort to compensate for poor resource abundance (forcing
hypothesis).

In contrast, little auks showed a high inter-annual variability in energy expenditure,
with DEE during a food-rich year exceeding DEE during a food-poor year by more than
25% (paper III). This increase in metabolic rate was likely to be related to an increase in
provisioning behavior, evident in both chick feeding rate and meal size. Little auks attained
an increase in chick feeding rates by reducing time allocation to long trips and increasing
allocation to short trips (paper I and II). As it has earlier been demonstrated that the energetic
costs of long trips are considerably lower than those of short trips (Weimerskirch et al.
2003), this difference in time allocation may proximately explain the increase in DEE in the
food-rich year. Increased provisioning effort significantly enhanced the probability of chicks
to fledge successfully. Hence, elevated metabolic rate was ultimately associated with short-
term fitness benefits, results that support the enabling hypothesis as an explanation for
modification of DEE in little auks (paper III).

In opposition to some earlier studies, no evidence was found for a direct cost of
elevated DEE in terms of a reduced survival probability in either little auks or kittiwakes. In
both species, local survival was not related to individual variation in DEE (paper III and IV).
Furthermore, a high adult return rate in little auks coincided with a high mean rate of energy
expenditure during the preceding breeding season (paper III). This suggests that DEE in
these species is not limited by a life history penalty imposed by a negative effect on future
survival. The findings of this thesis therefore do not support the rate-of-living theory (Pearl
1928) and the free radical damage hypothesis (Harman 1956, Beckman & Ames 1998)
proposed as a proximate mechanism to explain a negative relationship between metabolic
rate and survival. This may be explained by recent findings that question a direct link

between metabolic rate and the production of free oxygen radicals (Brand 2000, Speakman
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2005), a fundamental assumption of the free radical damage hypothesis. In accordance,
several experimental studies have failed to establish a close link between metabolic rate,
oxidative damage and mortality (Speakman et al. 2004, Selman et al. 2008a, Selman et al.
2008b). In line with these studies, the results of the present thesis do not suggest that
elevated DEE inevitably leads to a reduction in survival driven by a direct physiological
trade-off.

Hence, energy expenditure in little auks seemed to be extrinsically limited by
availability of food rather than by a fitness cost connected to elevated DEE. Conversely,
there was no evidence for an extrinsic limitation of metabolism in kittiwakes (paper V). In
this species, DEE was not only independent of foraging conditions but also did not vary with
inter-annual differences in ambient temperature, brood size, or, when corrected for body
mass, parental sex. This lack of variation with extrinsic factors seems to support the idea of
an intrinsic limitation of DEE. However, because no data was available that would allow
inference about proximate (central or peripheral) mechanisms causing a potential intrinsic
limitation, this conclusion is tentative. Experimental studies, e.g. challenging kittiwakes to
increase their DEE, are needed to further explore the possibility of intrinsic energetic
limitation in free-living species.

It may be argued that an intrinsic metabolic ceiling does not necessarily imply that
kittiwakes were incapable to energetically respond to extrinsic factors. The body mass of
parent kittiwakes varied considerably between study years (paper IV). A reduction of body
mass during chick-rearing in this species is associated with a disproportionate reduction of
mass and metabolic intensity of internal organs (Langseth et a/. 2000, Ronning et al. 2008),
which can lead to a reduction in resting metabolic rate (Bech ef al. 2002). A down-regulation
of resting metabolism may therefore enable kittiwakes to allocate a flexible amount of
energy to activity and thereby adjust their energy budget to extrinsic constraints.

These results demonstrate that the energetic response to environmental variability in
Arctic-breeding seabirds differs remarkably between species. It also shows that flexibility in
energy expenditure may not be deduced from deviations in the metabolic rate as predicted by
body mass. Little auks, which exceed predicted DEE by more than 70%, were highly flexible
in their energy budget while kittiwakes, the metabolic rate of which closely corresponds to
predicted values, were not. Little auks utilized excess energy available in the environment to
increase resource allocation to both current reproduction and self-maintenance. However,

they also had an apparently limited capacity to buffer against unfavorable conditions. In
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contrast, kittiwakes seemed to operate close to an energetic ceiling and appeared unable to

adjust DEE to environmental variability.

4.3 Behavioral effects of the DLW method

The behavioral response of birds subject to the single and two-sample DLW method was, for
the first time, systematically recorded and compared to the behavior of unmanipulated
control birds (paper V). This was done during two successive breeding seasons, 2006 and
2007, which differed considerably in foraging conditions for kittiwakes (paper IV). The
results of this study suggest altered behavior of kittiwakes in response to the two-sample but
not to the single-sample method. While nest attendance of single-sample birds, measured
within 24 h after injection, did not deviate from controls, that of two-sample birds was
reduced by almost 50%. Additionally, the time it took for treated individuals to return to
their nest after injection was on average more than 20 times longer for two-sample compared
to single-sample birds. This effect persisted to a lower degree after subsequent captures,
even though treatment at these times did not differ between methods. This suggests that birds
responded more strongly to a similar treatment because of carry-over effects based on earlier
experience. Furthermore, the impact of the two-sample method differed between years.
Kittiwakes were less affected by the two-sample procedure during a favorable year (2007)
compared to an unfavorable year (2006), suggesting that stress imposed by the DLW
protocol may to some extent be additive, and birds may tolerate stress to a larger degree
when overall conditions are favorable.

The negative effect of the two-sample method was likely to be related to the birds
being held captive for a time period after injection (1h) rather than to the injection itself. The
dosage of DLW was administered by intra-muscular injection into the pectoral muscle, a
method which has been suspected to cause discomfort when large amounts of DLW are
applied (Wilson & Culik 1995). However, the lack of an effect of injection in single-sample
birds compared to controls clearly suggests that aberrant behavior was not related to the
dosing procedure.

Estimates of energy expenditure derived by the two-sample method were on average
about 15% lower than those obtained by the single-sample method. This difference was
likely to be caused by changes in behavior while birds were at sea. Whereas in single-sample
birds there was a strong positive relationship between DEE and the amount of time birds
spent at sea, this was not the case in two-sample birds. This indicates that two-sample

individuals may not have been foraging while away from the colony to the same extent as
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single-sample birds did, but may have been inactive for extended time periods, possibly to
recover from handling stress.

This study demonstrates that the general assumption made by most researches that
application of the DLW method has little impact on the behavior of the study subjects may
be fallacious. Clearly, behavioral effects have to be taken into account when applying the
two-sample method. When feasible, the single-sample approach seems to be preferential,
leading to DEE estimates that may more accurately reflect unbiased rates of energy
expenditure. Even though this method requires an indirect estimation of body water pool
size, potentially introducing additional error, validation studies have shown that deviation
from indirect calorimetry is not increased in comparison to the two-sample method (Webster

& Weathers 1989).

5. CONCLUSIONS AND FURTHER PERSPECTIVES

This thesis has provided new knowledge on the flexibility of foraging behavior and
adjustment of energy expenditure in response to environmental variability in little auks and
kittiwakes breeding in the Arctic. More specifically:

= This thesis has shown that little auks generally adopt a bimodal foraging strategy during
chick-rearing. This strategy is highly flexible and adjusted to spatial and temporal
variability in foraging conditions. However, behavioral adjustments did not allow birds
to fully compensate for unfavorable conditions as indicated by lower chick feeding rate,
reduced fledging success and lower adult return rate. The little auk is to date the only
non-procellariiform species for which a dual strategy has been demonstrated. The
pronounce differences in the general foraging ecology between alcids and procellariiform
seabirds suggest that a bimodal strategy may be profitable for a larger range of species
and foraging conditions than previously thought.

* The duration of long foraging trips was partly determined by the distance to foraging
areas. Estimated maximum foraging distances varied substantially between study sites,
and unexpectedly exceeded 200km at Kongsfjorden. Locating and characterizing these
foraging areas may be important to predict the effect of future oceanographic changes in
the Arctic on the foraging efficiency of little auks and subsequent consequences for

breeding performance and population size in this species.

31



= This study has demonstrated sex-specific foraging and provisioning behavior in little
auks. These sexual differences seemed to be best explained by diverging energetic
constraints of males and females, with females allocating more time to self-feeding
during the chick-rearing period. Further research on the physiological state of the sexes
prior to and subsequent to chick-rearing is necessary to confirm this conclusion. Further
exploration of proximate and functional causes of sex differences in energetic constraints
may also lead to new insights regarding the development of female desertion and male-
only care during the late chick-rearing period in this species.

* Adjustment and limitation of the rate of energy expenditure differed between the two
focal species. Energy expenditure of little auks was adjusted in response to food
availability with birds increasing their DEE when food was abundant. As predicted by
the enabling hypothesis, elevated DEE was associated with fitness benefits in terms of
enhance current reproductive success and increased local survival of adults. In contrast,
kittiwakes did not respond to variation in foraging conditions by modification of energy
expenditure. Instead, metabolic rate of kittiwakes was similar across five study years,
among parents with different brood sizes, and between sexes, indicating that kittiwakes
may be operating close to an intrinsic metabolic ceiling during a time of peak demands.
However, experimental research challenging birds to increase their metabolic rate is
necessary to verify the findings of this correlational study.

= Contrary to expectation from the rate of living/free radical damage hypothesis this thesis
provides no evidence of a survival cost related to an elevated rate of energy expenditure.
The probability of adult birds to return to the colony was independent of DEE in both
species. These results are in accordance with recent studies which called into question a
direct link between metabolic rate, free radical generation and mortality. However, due
to limitations with respect to study design (correlational) and temporal scope,
interpretation of the data has to be treated with caution. Direct measurements of
oxidative damage and defense mechanisms are needed to fully evaluate potential
physiological pathways mediating possible trade-offs of a high metabolic rate.

= Both species seemed to be unable to increase energetic effort to buffer consequences of
poor foraging conditions. Together with their apparent dependence on cold water masses
for profitable foraging, this may make the little auk vulnerable to predicted ocean
warming in the Arctic. However, if these changes lead to a relaxation of the energetic

limitation in kittiwakes, this species may be less affected by future climate change.
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= Potential negative effects on the behavior of the study subjects have to be taken into
account when applying the two-sample DLW method. Kittiwakes, a species previously
thought to be relatively insensitive to capture and handling, responded to DLW
procedures by a marked decrease of the motivation to return to the nest, decreased
overall nest attendance and presumably by being inactive for extended time periods when
at sea. These behavioral modifications may lead to biased estimates of energy
expenditure. In comparison, birds did not respond negatively when the single-sample

DLW approach was applied, which may be the preferential method in free-living species.
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