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ABSTRACT

Studies on digestion in North Atlantic seabirds are presented, with particular
emphasis on the relationships between digestion and ecology. A negative
relationship between the rate of digestion and digestive efficiency is shown to occur
in an inter-specific comparison of eight North Atlantic seabird species. This
relationship is interpreted as representing a trade-off between benefits of rapid
digestion and benefits of high digestive efficiency. Digestion rate is related to gut
morphology: species with small guts tend to have rapid digestion. The selection
pressures which result in species adopting a given digestion strategy are considered.
Species with opportunistic feeding habits, and which include low quality food in
their diets, tend to have slow but efficient digestion, whereas species which
specialise on highly digestible and energy dense fish prey tend to adopt a strategy of
rapid but inefficient digestion. It is suggested that slow digestion and a large gut is a
requirement for species consuming low quality prey. A modelling approach
indicates that digestion strategy can also have a profound effect on time and energy
budgets of seabirds. In terms of time and energy minimisation, rapid digestion is
likely to be favoured when costs of flight to the foraging site are high (in energy or
time). An ingestion bottleneck is identified, which limits feeding rates when the gut

is full, and thus applies strong selection pressure on optimal feeding trip length.

The responses to digestive challenges of a specialist piscivore (Common Guillemot)
and an opportunistically feeding seabird (Lesser Black-backed Gull) are compared.
Birds were acclimated to one fish diet, and then abruptly switched to a novel diet.
There is evidence that switched birds have non-optimal digestion of the novel diet,
when compared with birds which are acclimated to that diet. The costs of diet
switching are greater for Common Guillemots. The digestive cost of eating a mixed
diet of two different fish types, when compared to eating the same diets separately, is
also examined. For Common Guillemots digestive efficiency is significantly lower
on the mixed diet, but no such cost is apparent for Lesser Black-backed Gulls. Thus
the decision to change between diets should be affected by digestive considerations,
even when the difference between diets is slight. It appears that species which

commonly eat a varied diet are less affected by such digestive challenges.



The relationship between diet characteristics and retention time are examined in a
range of seabird species. Different fish species are digested at different rates, and
these differences tend to be consistent across seabird species. Ease of digestion,
energy density and nutrient composition should be considered as separate attributes
of a diet, all of which may affect optimal retention time. The criterion by which
optimal retention time is set in seabirds is unclear: they may be net rate maximisers,

or efficiency maximisers.

Geographic variation in the gut morphology and other major body organs is
demonstrated within six Icelandic seabird species. This variation is consistent
among species, and is related to geographic variation in ecological conditions,
namely diet, foraging range and climate. Such variation in body composition
between areas has not previously been shown, and may be an important component

of adaptation to local habitat.



INTRODUCTION

Each chapter in this thesis has been submitted separately as a scientific paper, and
therefore is a self-contained whole. The chapters are largely presented in the style of
the journals to which they were submitted. In this general introduction I will briefly
introduce some of the key ideas underlying the work, and summarise previous work

on digestion in seabirds. I will then outline the structure of the thesis.
Theory of digestion strategies

This is a study of the links between digestion and ecology in seabirds. I examine
how seabird species differ in their digestive function, and relate this to their feeding
ecology and energetics. Studies of the interplay between digestion and ecology are
not new. W.H. Karasov and co-workers have shown that digestion strategies and
digestive constraints can have a profound effect on many ecological traits in birds,
particularly diet choice (e.g. Karasov 1990; Martinez del Rio 1990; Martinez del Rio
& Karasov 1990; Levey & Grajal 1991). Recently much work has also focused on
how digestion can limit energy assimilation and ultimately energy expenditure in

animals (Weiner 1992; Hammond & Diamond 1997).

The use of the comparative method and the behavioural ecology concepts of trade-
offs and optimality to explain differences in digestion parameters between species
has underpinned the advances made in recent years. Sibly ( 1981) gave a common
framework to various studies of digestion by suggesting the idea of an energy gain
curve that describes the net energy gain from a meal with time after ingestion. He
used this to show that, under various optimisation criteria, there is an optimal digesta
retention time, which could be predicted if the shape of the energy gain curve were
known. This explicitly linked retention time to digestive efficiency: for an
individual eating any particular meal, the proportion of the total energy content
which is extracted is a function of the time that the digesta is held in the gut.
Differences between diets in their ease of breakdown, or in the total amount of
energy which they contain, will cause variations in the shape of the energy gain
curve. Differences between consumers in the rate at which they can break down and
assimilate diets will cause between-consumer variation in energy gain curves when

eating the same diet. In general reviewers have suggested that diet-based variation in



digestion parameters is of greater magnitude than consumer-based variation (Warner
1981; Castro, Stoyan & Myers 1989; Karasov 1990). Another important point, to
which Sibly (1981) briefly alluded, is that factors other than digestion might have an
influence on optimal retention times. He suggested that birds benefit from being
light because of the high and mass-dependent energy cost of flight. Since excretion
is a mass-reducing activity, short digesta retention times might bring energetic
advantages. This hints at the need for optimal retention times to be seen as affected
not just by the diet consumed but by other ecological factors. For instance the
benefits of minimising mass might vary between individuals within a species, or
between species within a feeding guild. This issue is explored in Chapter 3, in which
I model the optimal retention time of two contrasting seabird species. I attempt to
use a more inclusive measure of the fitness of a given digestion strategy, by
incorporating the overall effects of retention time and digestive efficiency on time

and energy budgets.

Sibly’s ideas were expressed mathematically by Karasov (1996) who described it as

the digestive adaptation paradigm:

digestive efficiency o (retention time - reaction rat%

(energy density - digesta volume)

where energy density is the energy content per unit mass of digesta, and reaction rate

comprises hydrolysis and absorption rates.

In general, work on relationships between ecology and digestion has been conducted
on plant-eating animals, whether frugivorous, herbivorous, granivorous or
nectarivorous (see Karasov 1990; 1996). This bias mainly stems from the
observation that plant matter tends to pose more problems for consumers than does
animal matter. Plant matter can be refractory to digestion, contain unbalanced
nutrients or toxic chemicals, and be very energy dilute. Thus one would expect that
assimilation of sufficient nutrient from the diet would be a major problem for plant-
eaters. By contrast, vertebrate tissues are rather easy to digest, and have similar
nutrient composition to vertebrate consumers, so one might expect that digestion-

related constraints on meat-eaters would be rare (Stevens & Hume 1995).



Digestion in seabirds

Digestion in seabirds has been little studied. Most interest has centred on the
peculiar digestion of Procellariiformes. Many of these species have unusual catalytic
enzymes (chitinases and wax esterases) in order to break down their prey of marine
planktonic invertebrates (Obst 1986; Place & Roby 1986; Roby, Place & Ricklefs
1986, Jackson, Place & Seiderer 1992; Place 1992). They also have a mechanism for
concentrating the lipid component of their diet in a large distensible stomach, while
allowing the aqueous component to pass more quickly through the digestive tract
(Duke, Place & Jones 1989; Roby, Brink & Place 1989). This results in very long
digesta retention times, particularly of the lipid phase, with consequently high
digestive efficiencies (Roby, Brink & Place 1989; Jackson & Place 1990). Table 1
shows published digestive efficiencies of seabird species, or other piscivores.
Measures of digesta retention time in seabirds are much scarcer in the literature.
Jackson (1992) gives detailed figures for five Southern Hemisphere seabird species,
and data for Jackass Penguins (Spheniscus demersus) and Cape Gannets (Morus
capensis) are reported by Duffy et al. (1985) and Laugskch & Duffy (1986). Thus
this study provides novel basic information on digestion parameters of seabirds; in
particular it gives data on digestion in North Atlantic seabird species, redressing the
bias in the literature towards the Southern Ocean Procellariiformes and
Sphenisciformes. North Atlantic seabird communities are dominated by
Charadriiformes (gulls, auks and skuas) (Furness & Monaghan 1987), and digestion
in these taxa has been very little studied (but see Brekke & Gabrielsen 1994).

Although published studies on digestion in fish eating birds and seabirds have been
few, and rather ad-hoc, a major exception is the work of Sue Jackson (1990). She
discussed many of the issues with which I am concerned in this study, notably the
effect of mass constraints on digestion strategies, links between digestion and
metabolic rates, and the relative costs and benefits of digestive specialisation and

opportunism.



Digestion strategies of birds of prey

I aim to develop ideas suggested by Nigel Barton (1992) in his thesis on digestion
strategies in raptors. He demonstrated a link between retention time of digesta, the
efficiency of digestion, and gross gut morphology; he then showed an association
between these traits and the feeding methods employed by raptor species. Raptor
species with long digesta retention times tend to have higher digestive efficiency
than those with short retention times. Furthermore variations in the length of the
small intestine seem to explain the variations in digesta retention time. Species with
long small intestines have longer digesta retention times than species with short
small intestines. In Chapter 1 we show that digesta flow rate, crudely calculated as
the length of the small intestine divided by the retention time of digesta, increases as
small intestine length increases. There is almost no scatter about the calculated
regression, which implies that deviations from the predicted flow rate do not explain
retention time variations. However, the exponent of the regression is such that flow
rate increases do not fully compensate for intestine length increases, and hence
species with long small intestines tend to have long digesta retention times. Finally
Barton (1992) showed that digestion parameters in raptor species are associated with
feeding ecology. Species which actively pursue fast moving, live, mainly avian prey
(“pursuers”) tend to have short retention times and short small intestines, and
consequently to have low digestive efficiency. Species which eat mainly carrion
and/or which drop onto slow moving prey from above (“searchers”), have long
retention times, high digestive efficiency, and long small intestines. Barton
suggested that pursuit predators adopt a short retention time strategy because mass
minimisation is crucial to their hunting success. Acceleration, turning speed and
maximum speed in flight are all strongly mass-dependent (Andersson & Norberg
1981), and pursuit raptors typically have very low attack success rates (Temeles
1985), so reducing mass through rapid excretion is likely to be a good strategy, even
though the cost is a somewhat lower digestive efficiency. By contrast, searching
predators do not rely on flying ability to capture prey, and therefore their success
rates are unlikely to be mass dependent. They thus adopt a strategy of long digesta
retention times, which gives the benefit of high digestive efficiency. It was

suggested that the rapid but inefficient digestion of pursuit predators acts as a



constraint on their diet choice. Pursuit predators are unable to use low quality diets,
such as carrion, because they cannot process quantities sufficient to maintain body
mass at their low digestive efficiency. It was suggested that this explained why
many pursuit foraging raptors apparently ignore readily available carrion as a

potential food item.
Outline of the thesis

The main focus of this study falls on two critical digestion parameters - retention
time and digestive efficiency. These two parameters have important knock-on
effects on animal energetics, and are causally linked in a negative relationship;
together they constitute an animal’s “digestion strategy” (Milton 1981; Sibly 1981).
The emphasis is on differences in digestion strategy between species within the same
feeding guild. Guild members use different feeding methods to exploit the food
resource; here I examine how different digestion strategies are used in association

with these feeding methods.

I aim firstly to measure retention time and digestive efficiency of a number of
seabird species, and test for an inter-specific trade-off between the two parameters
(Chapter 2). I also examine whether digestion strategy is related to feeding ecology
as it is for raptor species. The pursuer - searcher dichotomy is problematic for
seabirds, because pursuit in piscivores is generally conducted underwater. The
effects of mass on underwater pursuit ability are unknown, and indeed it is not even
known whether catching a fish is typically a demanding job (R. Wilson pers comm.).
It may be that for most seabirds, locating dense shoals of fish is the limiting factor,
and that once found, catching the fish in the shoal is rather easy. However, recalling
that the pursuer - searcher dichotomy is also associated with dietary differences, I
relate digestion strategies in seabird species to their typical diets. Species are
divided into two categories: “generalists”, which eat a wide variety of food types,
including invertebrates and vegetable matter, which can be resistant to digestion, and
lower in energy density than fish; and “specialists” which eat mainly fish which are

relatively easy to digest and high in energy content.

For raptors there was a clear explanation for the observed between-species variation

in digestion strategy - that of the benefits of mass-minimisation, which are greater



for pursuit predators than for searchers. However, whether this intuitive explanation
is valid depends on the details of birds’ time and energy budgets. If pursuers’ meals
are infrequent, then rapid excretion may not be necessary to bring them to a low
mass before the next hunt. If searchers spend a large proportion of each day in flight
then they may make large energetic savings by rapidly excreting digesta.
Furthermore, for seabirds the distinction is problematic anyway, because pursuit
foraging underwater is poorly understood. Therefore I conducted a modelling
exercise (chapter 3) in order to clarify the ecological factors which might affect
optimal digestion strategies. A contrast is drawn between two seabird species which
differ in their feeding ecology - the Herring Gull and the Common Guillemot.
Realistic time-energy budgets are developed for both species, and the effect of
varying digestion strategy on the daily foraging time and energy expenditure is

examined

Having established that digestion strategies do vary between seabird species, in a
manner consistent with the idea of a retention time — digestive efficiency trade-off, I
move on to examine the digestion strategies of seabird species in more detail
(chapter 4). I aim to test some hypotheses concerning the cost to digestive function
of switching and mixing diets, and how these costs might differ between “generalist”
feeders and “specialist” feeders. It has been shown that digestive function in animals
shows large-scale reversible plasticity, in response to changes in the nature and
quantity of the diet. This issue is discussed at length by Karasov (1996). If an
animal “fine-tunes” its digestion in order to meet the demands of its current diet, then
it will initially have sub-optimal digestive function if forced to switch to a different
diet. Likewise an animal cannot optimise digestive function on more than one diet
simultaneously, and thus when eating a mixed diet it should show reduced digestive
performance compared to its performance on the component diets when eaten
separately. The idea of an initial cost of switching has already been examined in
species which switch between fruit, seeds, and insect diets (Levey & Karasov 1989;
Lodge 1994; Afik & Karasov 1995). These represent gross shifts in the
characteristics of the diets. Such shifts do occur seasonally in the diet of many
temperate passerine species. However, I wished to determine whether there is also a

cost associated with switches between subtly different diets, in this case between two



small shoaling marine fish, which differ in their lipid content. Such small-scale
changes in diet must be very frequent in nature. In seabirds, abrupt switches in diet
between one fish species and another are common during the breeding season,
presumably in response to changes in shoal availability (Furness & Monaghan 1987).
The issue of diet mixing, and its potential to reduce digestive performance has not
been addressed before. I also compare the relative ability of Lesser Black-backed
Gulls and Common Guillemots to deal with the “digestive challenges” of switching
and mixing diets. The former species is a generalist, which eats a varied diet,
including invertebrates and vegetable matter, whereas the latter is a specialist
piscivore (Cramp & Simmons 1983; Cramp 1985). I test the prediction that gulls
will suffer lower costs when confronted with digestive challenges than Common

Guillemots.

In the multi-species comparison described in chapter 2, two different experimental
diets were used: Lesser Sandeel and Whiting. Retention time of the latter was
consistently longer than retention time of the former. I therefore use Sibly’s (1981)
idea of an optimal retention time to investigate further how characteristics of the diet
affect retention times (chapter 5). I describe three different characteristics of the
diets: chemical composition, energy content, and the ease of breakdown in the
digestive tract (using an in vitro assay developed by Jackson, Duffy & Jenkins
(1987)). The predicted ranking of optimal retention times is compared with the
observed ranking when the fish species are fed to seabirds. One of the key points
raised is that the different characteristics of the diets act separately to influence
optimal retention times, although this has tended to be overlooked in previous

studies.

In chapter 6 I present data on how the morphology of the gut, and other major body
organs shows adaptive variation within species. For six seabird species sampled
during the breeding season in Iceland I analyse intraspecific organ mass vaﬁation
between two areas which differ in ecological conditions. The morphology of the gut
is related to characteristics of the diets which were elucidated in chapter 5. Variation
in heart, liver, kidney and flight muscle mass in relation to foraging range and

climate are also considered.
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chapter 1

ECOLOGICAL CONSTRAINTS ON DIGESTIVE PHYSIOLOGY IN CARNIVOROUS AND

PISCIVOROUS BIRDS

In press as:

G.M. Hilton, D.C. Houston, N.W.H. Barton, R.W. Furness and G.D. Ruxton.
Ecological constraints on digestive physiology in carnivorous and piscivorous birds.
Journal of Experimental Zoology.

Dr. Nigel Barton gathered the data presented in this chapter on digestion in raptors.
The analyses of these data were conducted in part by Dr. Barton (1992), and in part

by myself. I wrote the manuscript.
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ABSTRACT

Digestion strategies of meat and fish eating birds have received little attention, and
the assumption has generally been made that there is rather little variation in
digestion parameters between species in these guilds. We show that there is
significant though small variation between species in apparent absorption efficiency.
This variation is associated with an apparent trade-off between retention time of
digesta and apparent absorption efficiency: short retention times result in low
apparent absorption efficiency. We show that, in raptors, rapid digestion is a
consequence of both reduced gut length, and increased flow rate of digesta. We
examine the ecological correlates of digestive strategy in raptors and seabirds. Rapid
digestion appears to be associated with a pursuit foraging mode, whereas slow
digestion tends to occur in species with a searching foraging mode. We suggest that
in raptors which actively pursue aerial prey, the mass savings that can be achieved
through rapid digestion exceed the costs in reduced apparent absorption efficiency.
However, a species which adopts a strategy of rapid but inefficient digestion may be
restricted in diet to high quality food types, whereas species with a slow but efficient

digestive strategy are able to exploit a wider range of food types, including low

quality prey.
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INTRODUCTION

Plant eating birds and mammals show considerable variation in the structure and
action of their digestive tracts (McLelland, ‘79; Duke, ‘86; McNeill Alexander, ‘93;
Karasov and Hume, ‘96). The guts of many herbivores show specialisations that
assist the digestion of plant matter, in particular by breaking down cellulose cell
walls in order to assimilate cell contents. Examples of such specialisations in birds
include the fermentation chambers found in the foregut of the folivorous Hoatzin
(Opisthocomus hoatzin) (Grajal et al, ‘89), and in the hindgut of Tetraonidae
(Leopold, *53); conversely some Anserinae extract sufficient energy and nutrient
from a plant diet by processing large quantities very quickly with low efficiency, and
minimal microbial fermentation (Sedinger et al., ‘89). As well as frequently being
refractory to digestion (Van Soest, ‘82), plant matter is also diverse in nature.
Herbivorous birds and mammal species may be folivorous, frugivorous,
nectarivorous, granivorous, or florivorous; they may eat root tubers, or suck sap.
The difficulty and diversity of plant digestion has prompted much research into the
ecological causes and effects of different digestion strategies. Topics such as the
restrictions on diet choice imposed by a given digestive strategy (e.g. Milton, ‘81;
Van Soest, ‘82; Kehoe and Ankney, ‘85; Barnes and Thomas, ‘87; Levey and
Karasov, ‘89; Levey and Karasov, ‘92), optimal retention times for different food
types (e.g. Karasov and Levey, ‘90; Prop and Vulink, ‘92), temporal variation in
digestive organ morphology (e.g. Ankney, ‘77, Pulliainen and Tunkkari, ‘83; Lee
and Houston '93; Leif and Smith, ‘93; Lee and Houston '95) and energy expenditure
bottlenecks (e.g. Kenward and Sibly, ‘77; Diamond et al., ‘86; Weiner, ‘92) have

been studied in herbivores and seasonal herbivores.

By contrast, comparatively little attention has been given to the ecological
implications of digestion in predatory birds and mammals (but see Place and Roby,
‘86; Place et al., ‘86; Jackson, ‘90). This is probably because vertebrate tissues are
relatively simple to digest, and tend to be rather uniform in nature (Kirkwood, ‘85).
Provided acidic conditions and suitable proteolytic enzymes are present in the
stomach, animal protein can be speedily digested without the need for any
complicated fermentation chambers. One might therefore imagine that all vertebrate

predators would break down food in a similar way, and with similar efficiency. This
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was indeed the conclusion of two literature reviews of digestive efficiency (we use
the term to indicate the full range of measures which indicate the proportion of
material or energy which is absorbed, assimilated or metabolised) (Castro et al., ‘89;
Karasov, ‘90). Similarly one might suppose that predators would rarely encounter
ecological constraints imposed by their digestion, such as restricted diet choice or

limits to energy expenditure.

However, some observations suggest that there is variation in the efficiency with
which predatory animals digest their food. We started this investigation by watching
Egyptian Vultures (Neophron percnopterus) consuming Lion (Panthera leo)
droppings. Some vultures spend much of their day watching Lion prides, just
waiting for an animal to defecate and provide it with a meal (Houston, ‘88). This
rather unsavoury foraging strategy is also curious. Why should a lion void faecal
material from its gut if it still contains sufficient energy or nutrients to make it
worthwhile for another species to eat it 7 Domestic cats are known to be about 10%
less efficient at digesting food than domestic dogs (Kendall et al., ‘82), and this
seems also to apply to wild cats (such as lions) and wild dog species (Houston, ‘88).
Indeed, vultures have not been observed feeding on the dung of wild dogs, perhaps
because it is not worth them doing so. This raises the question of whether some
predatory species have constraints which prevent them from digesting food as
efficiently as other species. In this paper we consider firstly whether there is
evidence for variation in the apparent absorption efficiency of the various birds
which feed on meat and fish. We then examine whether physiological and
morphological traits, primarily gross gut morphology and retention time, are
associated with observed variation in apparent absorption efficiency. We finally
move on to assess the ecological constraints which might result in a diversity of

digestion strategies, and apparently sub-maximal digestive efficiencies.
INTER-SPECIFIC VARIATION IN APPARENT ABSORPTION EFFICIENCY

Where variations in apparent absorption efficiency between species are likely to be
small, as in the case of carnivorous and piscivorous birds, it is misleading to compare
values which have been obtained in different experiments using different

experimental designs. Small variations in the diet used, the experimental procedure,
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or in the method of calculating digestive efficiency (see Miller and Reinecke, ‘84)

could give considerable spurious variation.

However, in a few cases digestive efficiency has been measured on several species
under the same conditions (Barton, ’92; Jackson, ‘92; Barton and Houston, ‘93a;
Brekke and Gabrielsen, ‘94). Table 1.1 shows that there is small, but statistically
significant, variation between species in the efficiency with which they digest the
same food types. The difference in percent efficiency between the most efficient
and the least efficient species varies between experiments. For example Thick-billed
Murre (Uria lomvia) and Black-legged Kittiwake (Rissa tridactyla) fed Capelin
(Mallotus villosus) differ in efficiency by only 1.6% (although this difference is
statistically significant) (Brekke and Gabrielsen, ‘94), whereas the difference
between Blue Petrel (Halobaena caerulea) and King Penguin (Aptenodytes
patagonicus) on a Squid (Loligo vulgaris) diet is as much as 11.6%. These
differences could be of considerable ecological importance for bird species. In order
to absorb an equal amount of energy, a species with a apparent absorption efficiency
of 70% would have to catch and eat 12.5% more prey than a bird with an efficiency

of 80%.
CAUSES OF VARIATION IN APPARENT ABSORPTION EFFICIENCY

Theoretical models of digestion derived from chemical reactor theory (Sibly, ‘81;
Penry and Jumars, ‘87) predict the relationship between the digestive efficiency
achieved by an animal and characteristics of its gastrointestinal structure and

function. These relationships are summarised by Karasov (‘96) as:

(1)

, ) . retentiontime - reactionrate
digestive efficiency « - -
concentration - digesta volume

Concentration is the energy density (energy per unit volume) of the digesta.

Thus, if other parameters are held constant, an increase in retention time results in an
increase in apparent absorption efficiency, whereas more rapid digestion results in a

reduction in apparent absorption efficiency.
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*: TMEC = True Metabolisable Energy Coefficient (not nitrogen corrected)
AMEC, = Apparent Metabolisable Energy Coefficient (nitrogen corrected)
see Miller and Reinecke (1984) for explanation of terms.

L DMD =1 - ((dry mass of faeces + dry mass of pellets)/dry mass of food)

References: 1: Jackson 1990; 2: Brekke & Gabrielsen 1994; Barton & Houston
1993a.
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There is some experimental evidence that within a species there is a positive
relationship between retention time and digestive efficiency. Omnivorous birds
switched from a diet on which retention time is low, e.g. fruit, to a diet such as
insects for which retention time tends to be higher, don’t show an immediate change
in retention time; rather their retention time gradually increases as they acclimate to
the new diet. During this phase of increasing retention time their metabolisable
energy coefficient tends to rise as well (Levey and Karasov, ‘92; Afik and Karasov,
‘95). Prop and Vulink, (°‘92) show that free living Barnacle Geese (Branta leucopsis)
show seasonal variation in retention time, with concomitant variation in the
efficiency of digestion of graminoids. In addition, Badgers (Meles meles) show a
greatly increased retention time of digesta following a fast, and this is associated with
much higher digestive efficiency (Harlow, ‘81). At an interspecific level, a negative
relationship between retention time and digestive efficiency is evident across a large
range of herbivores (Demment and Van Soest, ‘85). These differences are however
associated with a very wide phylogenetic and body size range, and also with very
major variation in the structure and function of the gut, and associated differences in
the type of vegetable matter eaten. Such a relationship has not been shown to occur
within ecologically and morphologically similar groups of species consuming similar
foods. We therefore examined variation in digesta retention time, to see whether this

explained the observed variation in apparent absorption efficiency in raptors.
APPARENT ABSORPTION EFFICIENCY IN RELATION TO RETENTION TIME

We measured apparent absorption efficiency and retention time in seven species of
raptors. Tame birds from falconry collections were used in the digestion trials, so
stress, which may affect digestion parameters, was not a factor in the experiments.
Data from dissections indicate that gross gut morphology of these captive birds does
not differ significantly from wild birds (Barton and Houston, ‘93a). Total faecal
collections were made following single pulse meals. Meal sizes were sufficient to
provide the metabolisable energy requirement for maintenance predicted by

Kirkwood’s (‘81) equation. Apparent absorption efficiency was measured as:

dry weight of faeces + dry weight of pellets) @

dry matter digestibility = 1 -
ry matter digestibility ( dry weight of food
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Faecal collections were made every two hours, and retention time was measured as

mean 14 hour retention time, following Warner (‘81):

imi'ti

meanretention time = =

p ()

where m, is the absolute amount of faeces produced at time interval t, after feeding.

Figure 1.1 shows a positive relationship between apparent absorption efficiency and
retention time. Variation in retention time explains about 50% of the variance in
apparent absorption efficiency. Relatively large variation in retention time results in
only small changes in apparent absorption efficiency: an increase of mean retention
time from six to eight hours would result in a predicted increase in apparent
absorption efficiency of only 78% to 82%. Western Honey Buzzard (Pernis
apivorous) shows a rather low apparent absorption efficiency for its retention time,
and this may be due to this species’ rather specialised diet: in the wild it feeds mainly
on Hymenoptera (Cramp and Simmons, ‘80). Adaptations of the gut to this diet may

result in a lower than expected efficiency when fed vertebrate prey.

Further studies are under way on eight north Atlantic seabird species, to consider
whether species which feed on fish show the same relationship. There is a strong
suggestion that a similar interspecific relationship exists between retention time and

apparent absorption efficiency for this group of species.
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Fig 1.1: The relationship between apparent absorption efficiency and retention

time in raptor species.

Sample sizes: Western Honey Buzzard 1; Peregrine 3; Eurasian Sparrowhawk 2;

Common Kestrel 5; Eurasian Hobby 2; Eurasian Buzzard 4; Red Kite 2.
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CAUSES OF RETENTION TIME VARIATION

Mean retention time of digesta in the gut is determined by two factors: the length of

the gut and the speed at which digesta travels along it.

length of gut @)
rate of flow

Hence: retention time =

Thus an animal can increase its rate of digestion either by shortening the gut, or by
increasing the rate of flow of digesta, or by a combination of these two means. We
used data from dissections of raptors, combined with retention time data, to

determine which strategy is adopted.

To assess the relationship between small intestine length and gut retention time we
used standardised residual small intestine lengths from linear regression of small
intestine length on skeletal body size. A skeletal body size measure was preferred to
body mass as a means of removing the confounding effect of size in the analyses (see
Barton and Houston ‘94). Body mass reflects both structural size and nutrient
reserve size of an animal (Piersma and Davidson '91), but nutrient reserve size is
temporally variable, and is thus a potentially inaccurate measure. In intraspecific
studies, it is normal to use the factor loadings on the first principal component axis of
a Principal Components Analysis on measurements of several body parts to estimate
skeletal body size (Rising and Somers '89). However, when PCA was performed
separately for each species on the skeletal variables measured in this study, different
variables proved to be important in determining skeletal body size (shown by very
different factor loadings on the first principal component axis) for different species.
Therefore we used the two skeletal variables which had consistently high loadings on
the first principal component axis for all species - keel length and diagonal length
(distance from base of sternum to distal point of coracoid) - to calculate skeletal body

size as:
keel - diagonal *° (5)

The residual small intestine lengths are independent of body size (Pearson
Correlation r = 0.14, p > 0.1). Figure 1.2 indicates a strong relationship between
residual small intestine length and gut retention time. It appears that rapid digestion

in raptors is associated with shortening of the absorptive section of the gut. The
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resultant effect on apparent absorption efficiency is illustrated in Figure 1.3, which
shows that residual small intestine length is inversely related to apparent absorption
efficiency. Species with relatively short small intestines, controlling for body size,

tend to have, as predicted, rather low digestive efficiencies.

We estimated rate of flow of digesta as small intestine length divided by mean
retention time. This is clearly a rather crude approximation, since rates of gastric
evacuation of food may vary. In addition reflux of intestinal contents into the
stomach may occur in some species (Duke et al, ‘97). Reduced major axis
regression indicates that rate of flow of digesta is positively related to small intestine
length (flow rate (cm.hour™) = 1.5 + small intestine length (cm) x 0.12; F, s =27.9, p
< 0.001). Thus rate of flow increases as gut length increases. This would seem to
imply that in fact there is no effect of gut length on retention time. However, the
relationship between gut length and flow rate is not isometric; gut length increases

are not fully compensated by flow rate increases.

In order to assess whether flow rate variation also causes variation in retention time,
we analysed the standardised residuals of species' values on the flow rate - gut length
regression. This reveals that species with relatively fast rates of digesta flow, that is
with flow rates exceeding the predicted value for their gut length, tend to have short
digesta retention times (Spearman-rank correlation between standardised residual

flow rate and gut retention time r, = -0.86; p = 0.01; n= 7).

Thus the observed variation in retention time of digesta is explained by a
combination of gut length variation, and flow rate variation. Species use both

mechanisms in order to reduce or increase their gut retention times.
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Fig 1.2: The relationship between small intestine length and retention time in

raptor species (modified from Barton and Houston '93b).

Sample sizes for small intestine length: Western Honey Buzzard 1; Peregrine 16;
Eurasian Sparrowhawk 89; Common Kestrel 24; Eurasian Hobby 1; Eurasian

Buzzard 53; Red Kite 9. Sample sizes for retention time as for Fig 1.1.
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Fig 1.3: The relationship between small intestine length and apparent
absorption efficiency in raptor species (modified from Barton and Houston

'93a).

Sample sizes as for Figs 1.1 and 1.2.
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ECOLOGICAL CONSTRAINTS ON DIGESTION PARAMETERS

We can conclude from the data already presented that not all meat eating species
digest food with equal efficiency. Furthermore there is evidence that reduced
apparent absorption efficiency in some species is a result of rapid digestion, caused
by two factors - rapid movement of digesta and possession of a relatively short gut.
There may be selective pressures on some species which cause them to evolve
digestive systems that digest meat or fish more rapidly, but less efficiently, than other

species. What might these selection pressures be ?
Predatory Strategy

We suggest that the reason why some species appear to adopt a strategy of rapid
digestion and small gut - resulting in lowered apparent absorption efficiency - is due
to the mass savings that can be obtained. Recent work has focused on the adaptive
significance of body mass regulation in small birds (Witter and Cuthill, ‘93). It has
been suggested that, while large fat deposits are beneficial to individuals because
they reduce the risk of starvation, they also have a cost: the mass of fat reduces flight
performance, thus making the bird more susceptible to predation (Metcalfe and Ure
'95), and also increasing the energy expenditure in flight (Pennycuick '89; Norberg
'90). In a similar way, it is possible that birds are presented with a retention time -
apparent absorption efficiency trade-off. Fast digestion results in rapid mass loss due
to defecation after a meal. A small gut, besides being a means to achieve rapid
digestion, also serves to reduce mass carried, both because of its low tissue mass and
because of its low digesta capacity. In some circumstances the benefits of mass
saving may outweigh the costs, which are low apparent absorption efficiency. The
strategies of rapid digestion and/or small gut would be selected, even though they led
to poor apparent absorption efficiency, if the outcome of the trade-off was an overall
greater rate of prey capture, reduced energy expenditure, or reduced time needed for

foraging.

In species which pursue active prey, selection might be expected to favour reduction
in any non-muscular component of body mass. Acceleration, turning speed, agility
and maximum velocity in flight are all mass dependent (Andersson and Norberg,

‘81). A bird which reduces the size of the digestive tract, thus lowering tissue mass
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and mass of digesta carried, and/or which increases the rate of food throughput can
more quickly reduce its body mass and regain maximum predatory efficiency

following a meal.

A comparative approach is used to test the idea that short gut and rapid digestion are
a result of selection for mass minimisation. We predict that birds which pursue
active prey, such as small birds caught in flight, and which therefore benefit greatly
from mass reduction, will tend to adopt a strategy of “rapid but inefficient” digestion.
Species which search over large areas for carrion or slow moving terrestrial prey, and
which drop onto prey from above without an extensive chase, will have evolved a
“slow and efficient” strategy. We divided raptor species into two categories:
"Searchers", such as Eagles, Buzzards and Kites, are those species which feed
predominantly on mammals and carrion, and do not usually require active pursuit of
prey. "Pursuers" are species such as Eurasian Sparrowhawk (Accipiter nisus),
Northern Goshawk (Accipiter gentilis), and Peregrine (Falco peregrinus) which have
more than 75% avian prey in their diet (Brown, ‘78). There does indeed appear to be

a relationship between foraging type and digestive strategy in raptors.

Figure 1.4 shows the outcome of an ANCOVA with small intestine length as
dependent variable, skeletal body size as covariate and predatory strategy as a factor.
“Searchers” have significantly longer small intestines than “pursuers”. “Searchers”
also have shorter mean retention time of digesta than “pursuers” (Mann-Whitney
U=6; n=6; p<0.05). For instance the Peregrine, with a body mass of 711 g has a
mean small intestine length of 836 mm and a mean retention time of 6.02 hours,
whereas the Eurasian Buzzard (Buteo buteo), body mass 719 g, has a mean small

intestine length of 1011 mm and a mean retention time of 8.00 hours.

The skeletal body size measure was not affected by shape differences between
pursuers and searchers. Skeletal size was estimated from body trunk variables,
which are less likely to be affected by predatory strategy than tail and wing length
measures. Furthermore an Analysis of Covariance showed that, for a given body
mass, there was no difference between pursuers and searchers in estimated skeletal
body size (body mass regression F, ; = 70.6, p<0.001; predatory strategy F, ;; = 0.21,

n.s.).
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Although our preliminary analysis of work done on north Atlantic seabirds suggests
that there is a negative correlation between metabolisable energy coefficient and
retention time, for this group of birds the observed relationship cannot so readily be
explained by variations in foraging strategy. The ecological factors which might
determine which strategy is favoured in fish eating birds are perhaps more complex
and variable than in raptors. Birds of prey are mostly territorial, and so virtually all
species, regardless of predatory strategy, have only a short distance to carry the food
back to the nest (Cramp and Simmons, ‘80). Most fish eating birds forage from a
central colony, but foraging ranges, meal frequencies, and flight costs vary
dramatically between different members of the guild (Cramp and Simmons, ‘77,
Cramp and Simmons, ‘83; Cramp, ‘85; Croxall, ‘87; Phillips in press). In seabirds a
mass saving, inefficient digestive strategy may be favoured if the energy costs of
commuting between colony and feeding ground are particularly high. However, the
daily energy costs of commuting may be high for different reasons in different
species: some may have very high rates of flight energy expenditure (e.g. Alcidae,
(Pennycuick '89)), some make very frequent foraging trips (e.g. Laridae, (Cramp &
Simmons '83)), some may make very long range foraging trips (e.g.
Procellariiformes, (Warham, '96)). In addition to the variable effects of payload on
flight costs, and hence overall energetics, there may also be a direct effect of payload
on prey capture rates. As with the raptors, this might primarily be expected to affect
pursuit foragers. However, pursuit foraging seabirds operate under water, and the
effects of carrying extra mass on underwater pursuit ability have not been
determined; it is unclear whether mass reduction would enhance prey capture rates of
species that catch fish in underwater pursuit in the same way that it would for aerial
predators of birds. Thus the interaction between the different costs and benefits of
carrying mass are much more complex in seabirds than in raptors, and less amenable

to simple predictions.

Because of these difficulties in predicting which seabird species will be selected for
rapid digestion and which for slower digestion, we developed a model based on time-
energy budgets to quantify the effects on the daily energy expenditure of variations in
retention time (Hilton et al. in prep.). We developed a time-energy budget for the

Common Murre (Uria aalge), which shows the fastest and least efficient digestion of
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eight north Atlantic seabird species (G. Hilton unpubl. data). We used our measured
values for apparent absorption efficiency and retention time of Common Murres to
predict the mass trajectory of the bird during a foraging cycle. We then changed
apparent absorption efficiency and retention time to that of a Northern Fulmar
(Fulmarus glacialis), which shows slow but efficient digestion (G. Hilton unpubl.
data). Figure 1.5 shows that immediately after the meal the bird with the short
retention time (“rapid digester”) weighs more than the bird with the long retention
time (“slow digester”). This is because the lower efficiency of rapid digestion means
that the bird must eat more food in order to assimilate the same amount of
metabolisable energy. However, within two hours of the end of the feeding bout, the
rapid digester is lighter than the slow digester by virtue of its greater excretion rate.
Thus the temporal distribution of feeding and commuting activity determines which

strategy is favoured for mass minimisation.
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Fig 1.4: The relationship between foraging mode and small intestine length in

raptor species (modified from Barton and Houston '94).

species: 1 = Common Kestrel (Falco tinnunculus) (n=24); 2 = Hen Harrier (Circus
cyaneus) (n=4); 3 = Rough-legged Buzzard (Buteo lagopus) (n=1); 4 = Eurasian
Buzzard (Buteo buteo) (n=53); 5 = Tawny Eagle (Aquila rapax) (n=1); 6 = Red Kite
(Milvus milvus) (n=9); 7 = Golden Eagle (Aquila chrysaetos) (n=6); 8 = Eleonora's
Falcon (Falco eleonorae) (n=1); 9 = Merlin(Falco columbarius) (n=3); 10 =
Eurasian Sparrowhawk (Accipiter nisus) (n=89); 11 = Eurasian Hobby (Falco
subbuteo) (n=1); 12 = Lanner Falcon (Falco biarmicus) (n=2); 13 = Northern
Goshawk (Accipiter gentilis) (n=49); 14 = Peregrine (Falco peregrinus) (n=16); 15 =
Saker Falcon (Falco cherrug) (n=1).
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Fig 1.5: The results of a modelling exercise showing mass trajectories of a “fast

digester” and a “slow digester” Common Murre following a meal.

"fast digester" represents mass loss of a bird showing the observed retention time for
Common Murres. "slow digester" represents mass loss of a bird showing the

observed retention time for Northern Fulmar.

39



Weight of food carried (grammes)

250

200

150

100

50

'----------'

~

-

Slow digester

. Fast digester

60

120

I
180 2

40

300

360

Time (minutes)

420

480

540

600



ecological constraints on digestive physiology

Ecological consequences of variation in digestive strategy

Variation in apparent absorption efficiency could have a profound influence on prey
selection and feeding niche width. Species with low apparent absorption efficiency
may be restricted to feeding on high quality diets, whereas species with high apparent
absorption efficiency are able to occupy a broader feeding niche, including low

quality food types.

Barton and Houston (‘93a) examined the body mass trajectories of a low efficiency
species - the Peregrine, and a high efficiency species - the Eurasian Buzzard, when
fed diets of contrasting quality. The diets were Rabbit meat (Oryctolagus cuniculus),
which has a low fat content, and Pigeon meat (Columba livia) which has a high fat
content. Meal sizes were calculated to meet maintenance requirements, estimated on
the basis of body mass (Kirkwood, ‘81). Peregrines lost an average 5% of body mass
over an eight day period when fed rabbit, whereas Eurasian Buzzards gained an
average 2.8% over the same period. However, on a diet of pigeon both species were
able to maintain body mass. It therefore seems likely that Peregrines and other low
efficiency species will tend to avoid low quality prey to a far greater extent than will
high efficiency species. This concurs with anecdotal observations of falconers that
Peregrines are unable to maintain mass on low quality meat, even when fed ad

libitum.

In some circumstances an inefficient digester can simply increase its food intake to
deal with reduced food quality, and thereby meet its energy requirements. However
this response could fail (1) if the apparent absorption efficiency of species with
inefficient digestion gets even lower relative to species with efficient digestion as
food quality declines and gut retention time decreases. At present there are few data
that bear on this question. (2) If the cost of carrying the extra mass associated with
eating large amounts of a poor quality diet is disproportionately large. For instance
foraging efficiency may be greatly diminished by extra mass. The adverse effect on
flight ability of a given increase in body mass can be quantified (Andersson and
Norberg, ‘81). However pursuit and capture of avian prey is an all-or-nothing event.
The proportion of attacks which result in prey capture is often very low in pursuit

hunting raptors (Temeles, ‘85). For instance percent of attacks on avian prey which
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were successful has been measured as 5% for Northern Goshawks (Kenward, 82),
5% for Merlins (Falco columbarius) (Rudebeck, ‘51) and 7.5% for Peregrines
(Rudebeck, *51). When success rate is as low as this, only a slight deterioration in

flying ability may produce a disproportionate decline in prey capture rate.

Analysis of the diets of the study species in the wild supports the suggestion that
inefficient digestion is associated with a restricted, mainly high quality diet. Among
raptors, species which we have found to have efficient digestion, such as Red Kite
(Milvus milvus) and Eurasian Buzzard occupy broad feeding niches. They frequently
take very low quality diets, such as carrion and invertebrates such as earthworms
(Cramp and Simmons, ‘80). By contrast, species which we find to have relatively
low apparent absorption efficiency, such as Peregrine and Eurasian Sparrowhawk,
are notable for the restricted range of their diet, consuming almost entirely live-
caught avian prey (Cramp and Simmons, ‘80), which has comparatively high
calorific value. Figure 1.6 illustrates this association between diet and apparent
absorption efficiency. A further complication may arise for the latter group of
species: the easiest avian prey to catch may well be malnourished individuals which
show poor escape ability. However, the reduced nutritional value of starving birds
may make them undesirable as prey. Taylor et al. (‘91) found that American Kestrels
(Falco sparverius) were unable to maintain mass when fed starved passerine prey,

despite greatly increasing their food intake.

Initial indications are that a similar association between apparent absorption
efficiency and normal diet choice occurs in seabirds: The Auk species which we
examined appear to have rather inefficient digestion, and are notable for being
predominantly piscivorous, especially selecting oily fish of high calorific value such
as Clupeids (Bradstreet and Brown, 85, Cramp, ‘85;). Gulls, Skuas (Stercorariidae)
and Procellariiformes have higher digestive efficiencies and also have more varied
diets, including lower quality invertebrate prey (Cramp and Simmons, ‘77; Cramp

and Simmons, ‘83; Warham, ‘96).
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Fig 1.6: Apparent absorption efficiency of raptor species in relation to their

typical natural diets.

Apparent absorption efficiency values obtained from birds eating day-old chicks

(Barton & Houston '93a). Sample sizes as for Fig 1.1.

42



Western Honey Buzzard

live caught; Hymenoptera

Peregrine

live caught; birds

Eurasian Sparrowhawk

live caught; birds

Common Kestrel

live caught; small mammals, some birds & insects

Eurasian Hobby

live caught; insects & small birds

Eurasian Buzzard

live caught & carrion; mammals, birds, other vertebrates

Red Kite

live caught & carrion; mammals, birds, reptiles

65

Percent Dry Matter Digestibility




ecological constraints on digestive physiology

LITERATURE CITED

Afik, D. and W.H. Karasov (1995) The trade-offs between digestion rate and
efficiency in warblers and their ecological implications. Ecology 76: 2247-2257.

Andersson, M. and R.A. Norberg. (1981) Evolution of sexual size dimorphism and
role partitioning among predatory birds, with a size scaling of flight performance.

Biol. J. Linn. Soc. 15: 105-130.

Ankney, C.D. (1977) Feeding and digestive organ size in breeding Lesser Snow

Geese. Auk: 94:275-282.

Barnes, G.G. and V.G. Thomas (1987) Digestive organ morphology, diet and guild
structure of North American Anatidae. Can. J. Zool. 65: 1812-1817.

Barton, N.W. H. (1992) Morphological adaptation and digestion in relation to raptor
feeding ecology. 1-163.(Unpubl. PhD Thesis, University of Glasgow).

Barton, N.W.H. and D.C.Houston (1993a) A comparison of digestive efficiency in
birds of prey. Ibis 735 363-371.

Barton, N.W.H. and D.C.Houston (1993b) The influence of gut morphology on
digestion time in raptors. Comp. Biochem. Physiol /054: 571 578.

Barton, N.W.H. and D.C. Houston (1994) Morphological adaptation of the digestive
tract in relation to feeding ecology of raptors. J. Zool. Lond. 232: 133-150.

Bradstreet, M.S.W. and R.G.B. Brown (1985) Feeding ecology of the Atlantic
Alcidae. In: The Atlantic Alcidae; The Evolution, Distribution and Biology of the
Auks Inhabiting the Atlantic Ocean and Adjacent Water Areas. D.N. Nettleship and
T.R. Birkhead, eds. Academic Press: London.

Brekke, B. and G.W. Gabrielsen (1994) Assimilation efficiency of adult Kittiwakes
and Brunnich's Guillemots fed Capelin and Arctic Cod. Polar Biol. /4: 279-284.

Brown, L.H. (1978) British Birds of Prey, Collins: London.

Castro, G.N. Stoyan and J.P. Myers (1989) Assimilation efficiency in birds: a
function of taxon or food type ? Comp. Biochem. Physiol. 924: 271-278.

43



ecological constraints on digestive physiology

Cramp, S (1985) Handbook of the Birds of Europe, the Middle East and North
Africa. The Birds of the Western Palearctic; Volume 4: Terns to Woodpeckers,

Oxford University Press, Oxford.

Cramp, S. and K.E.L. Simmons (1977) Handbook of the birds of Europe the Middle
East and North Africa: The birds of the Western Palearctic; Volume 1: Ostrich to

Ducks, Oxford University Press, Oxford.

Cramp,S and K.E.L. Simmons (1980) Handbook of the Birds of Europe, the Middle
East and North Africa. The Birds of the Western Palearctic; Volume 2: Hawks to

Bustards, Oxford University Press, Oxford.

Cramp,S and K.E.L. Simmons (1983) Handbook of the Birds of Europe, the Middle
East and North Africa. The Birds of the Western Palearctic; Volume 3: Waders to
Gulls, Oxford University Press, Oxford.

Croxall, J.P. (ed) (1987) Seabirds: feeding ecology and role in marine ecosystems,

Cambridge University Press, Cambridge.

Demment, M.W. and P.J. Van Soest (1985) A nutritional explanation for body-size

patterns of ruminant and non-ruminant herbivores. Am Nat. /25: 641-672.

Diamond, J.M., W.H. Karasov, D. Phan, and F.L. Carpenter (1986) Digestive
physiology is a determinant of foraging bout frequency in Hummingbirds. Nature

320: 62-63.

Duke, G.E. (1986) Alimentary canal: secretion and digestion, special digestive
functions and absorption. In: Avian Physiology 4th edition, P.D. Sturkie, ed.
Springer-Verlag, New York.

Duke, G.E., J. Reynhout, A.L. Tereick, A.R. Place, and D.M. Bird (1997)
Gastrointestinal morphology and motility in American Kestrels receiving high or low

fat diets. Condor 99: 123-131.

Grajal, A., S.D. Strahl, R. Parra, M.G. Dominguez, and A. Neher (1989) Foregut

fermentation in the Hoatzin, a neotropical leaf-eating bird. Science 245: 1236-1238.

Harlow, H.J. (1981) Effect of fasting on rate of food passage and assimilation

efficiency in badgers. J. Mammal. 62: 173-177.

44



ecological constraints on digestive physiology

Houston, D.C. (1988) Digestive efficiency and hunting behaviour in cats, dogs and
vultures. J. Zool. Lond. 276: 603-605.

Jackson, S. (1990) Seabird digestive physiology in relation to foraging ecology,
PhD. Diss., Univ. of Cape Town, Rondebosch, South Africa.

Jackson, S. (1992) Do seabird gut sizes and mean retention times reflect adaptation to

diet and foraging method? Physiological Zoology 65, 674-697.

Karasov, W.H. (1990) Digestion in birds: chemical and physiological determinants
and ecological implications. Stud. Avian. Biol. /3: 391-415.

Karasov, W.H. (1996). Digestive plasticity in avian energetics and feeding ecology.
In: Avian Energetics and Nutritional Ecology, C. Carey ed., Chapman and Hall, New
York.

Karasov, W.H. and 1.D. Hume (1996) Vertebrate gastrointestinal system. In:
Handbook of Comparative Physiology, W. Dantzler ed., American Physiological
Society, Washington D.C..

Karasov, W.H. and D.J. Levey (1990) Digestive system trade-offs and adaptations of
frugivorous passerine birds. Physiol. Zool. 63: 1248-1270.

Kehoe, F.P. and C.D. Ankney (1985) Variation in digestive organ size among five

species of diving ducks. CanJ. Zool. 63: 2339-2342.

Kendall, P.T., D.W. Holme, and P.M. Smith (1982) Comparative evaluation of net
digestive and absorptive efficiency in dogs and cats fed a variety of contrasting diet

types. J. Small Anim. Pract. 23: 577-587.

Kenward, R.E. (1982) Goshawk hunting behaviour and range size as a function of

food and habitat availability. J. Anim. Ecol. 57: 69-80.

Kenward, R.E. and R.M. Sibly (1977) A woodpigeon (Columba palumbas) feeding
preference explained by a digestive bottleneck. J. Appl. Ecol. 14: 815-826.

Kirkwood, J.K. (1981) Maintenance energy requirements and rate of weight loss
during starvation in birds of prey. In: Recent Advances in the Study of Raptor
Diseases, J.E. Cooper and A.G. Greenwood, eds., Chiron. Publications, Keighley,
UK.

45



ecological constraints on digestive physiology

Kirkwood, J.K. (1985) Food requirements for deposition of energy reserves in
raptors. In: Conservation Studies on Raptors: Proceedings of the ICBP World
Conference on Birds of Prey, 1982, I. Newton and R.D. Chancellor, eds.,

International Council for Bird Preservation, Cambridge, U.K..

Lee, W.B. and D.C. Houston (1993) The effect of diet quality on gut anatomy in
British voles (Microtinae). J. Comp. Physiol. B 163: 337 - 339.

Lee, W.B. and D.C. Houston (1995) The rate of change of gut anatomy in voles in
relation to diet quality. J. Zool., Lond. 236: 341 - 345

Leif, A.P. and L.M. Smith (1993) Winter diet quality, gut morphology and condition
of Northern Bobwhite and Scaled Quail in West Texas. J. Field Ornithol. 64: 527-
538.

Leopold, S. (1953) Intestinal morphology of gallinaceous birds in relation to food
habits. J. Wildl. Manage. 17: 197-203.

Levey, D.J. and W.H. Karasov (1989) Digestive responses of temperate birds
switched to fruit or insect diets. Auk /06: 675-686.

Levey, D.J. and W.H. Karasov (1992) Digestive modulation in a seasonal frugivore,

the American Robin (Turdus migratorius). Am. J. Physiol. 262: G 711-G 718.

McLelland, J. (1979) Digestive System. In: Form and Function in Birds, Volume 1,
A.S. King and J. McLelland, eds., Academic Press, London.

McNeill Alexander, R. (1993) The relative merits of foregut and hindgut
fermentation. J. Zool. Lond. 2317: 391-401.

Metcalfe, N.B. and S.E. Ure (1995) Diurnal variation in flight performance and
hence potential predation risk in small birds. Proc. R. Soc. Lond. B 261: 395 - 400.

Miller, M.R. (1975) Gut morphology of Mallards in relation to diet quality. J. Wildl.
Manage. 39: 168-173.

Milton, K. (1981) Food choice and digestive strategies of two sympatric primate

species. Am. Nat. //7: 476-495.

Newton, 1. (1979) Population ecology of raptors, T & A.D. Poyser, Hertfordshire,
UK.

46



ecological constraints on digestive physiology

Norberg, U. (1990) How a long tail and changes in mass and wing shape affect the

cost for flight in animals. Funct. Ecol. 9: 48 - 54

Pennycuick, C.J. (1987) Flight of auks (alcidae) and other northern seabirds
compared with southern procellariiformes: ornithodolite observations. J. Exp. Biol.

128: 335 - 347.

Pennycuick, C.J. (1989) Bird flight performance: a practical calculation manual,

Oxford Univeristy Press, Oxford, U.K..

Penry, D.L. and P.A. Jumars (1987) Modelling animal guts as chemical reactors.

Am. Nat. /29: 69-96.

Phillips, R.A. (1996) N. Ratcliffe and H.T. Riley (in press) Factors influencing the
foraging range and marine distribution of U.K. seabirds with an evaluation of
possible marine extensions to Special Protection Areas in Scotland, Scottish Natural

Heritage Research and Advisory Series, Scottish Natural Heritage, Edinburgh, U.K..

Place, A.R. and D.D. Roby (1986) Assimilation and deposition of dietary fatty
alcohols in Leach's Storm Petrel Oceanodroma leucorhoa. J. Exp. Zool. 240. 149-

161.

Roby, D.D., A.R. Place, and R.E. Ricklefs (1986) Assimilation and deposition of
wax esters in planktivorous seabirds. J. Exp. Zool. 238: 29-41.

Piersma, T. and Davidson, N.C. (1991) Confusions of mass and size. Auk /08: 441-
444,

Prop, J. and T. Vulink (1992) Digestion by Barnacle Geese in the annual cycle: the

interplay between retention time and food quality. Funct. Ecol. 6. 180-189.

Pulliainen, E. and P. Tunkkari (1983) Seasonal changes in the gut length of the
Willow Grouse (Lagopus lagopus) in Finnish Lapland. Ann. Zool. Fennici 20: 53-56.

Rising, J.D. and Somers, K.M. (1989) The measurement of overall body size in
birds. Auk /06: 666-674.

Rudebeck, G. (1951) The choice of prey and modes of hunting of predatory birds

with special reference to their selective effort. Oikos 2: 65-88.

47



ecological constraints on digestive physiology

Sedinger, J.S., R.G. White, F.E. Mann, F.A. Buris, and R.A. Kedrowski (1989)
Apparent metabolisability of alfalfa components by yearling Pacific Black Brant. J.
Wildl. Manage. 53 726-734.

Sibly, R.M. (1981) Strategies of digestion and defaecation. In: Physiological
Ecology: an evolutionary approach to resource use, C.R. Townsend and P. Calow

eds., Blackwell Scientific Publications, Oxford.

Taylor, R.L., S.A. Temple, and D.M. Bird (1991) Nutritional and energetic

implications for raptors consuming starving prey. Auk /08: 716-719.

Temeles, E.J. (1985) Sexual size dimorphism of bird-eating hawks: the effect of
prey vulnerability. Am. Nat. /25: 485-499.

Van Soest, P.J. (1982) Nutritional ecology of the ruminant, O. and B. Brooks,

Corvallis, Oregon.

Warham, J. (1996) The behaviour, population biology and physiology of the petrels,

Academic Press, London.

Warner, A.C. I. (1981) Rate of passage of digesta through the gut of mammals and
birds. Nutr. Abs. Rev. Ser. B 51: 789-820.

Weiner, J. (1992) Physiological limits to sustainable energy budgets in birds and

mammals: ecological implications. Trends Ecol. Evol. 7: 384-388.

Witter, M.S. and 1.J. Cuthill (1989) The ecological costs of avian fat storage. Phil.
Trans. R. Soc. Lond. B. 340: 73-92.

48



chapter 2

A COMPARATIVE STUDY OF DIGESTION IN NORTH ATLANTIC SEABIRDS

submitted for publication in Journal of Avian Biology as:

Hilton, G.M., R.-W. Furness and D.C. Houston. A comparative study of digestion in
North Atlantic seabirds.

49
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ABSTRACT
We present data on digestive efficiencies and gut retention times of eight North
Atlantic seabird species, fed on two fish species - Lesser Sandeel (Ammodytes
marinus) and Whiting (Merlangius merlangus) - which commonly occur in the diet
of wild seabirds. In an inter-specific comparison, there was a positive relationship
between retention time and digestive efficiency, which we suggest represents a trade-
off between conflicting benefits of efficient digestion and rapid digestion. Analysis
of excretion curves revealed that retention time of digesta in the stomach was more
important than passage time of digesta through the intestine in determining whole gut
retention time. Differences in stomach retention time of Lesser Sandeel and Whiting
explained the longer overall retention time of the latter diet. Stomach retention time
and whole gut retention time was greater in species with relatively large stomachs,
while intestine passage time was correlated with relative intestine length. Species
which typically eat a wide range of food types, including low quality items, tended to
have slow and efficient digestion and heavy stomachs, whereas species which
specialise on readily digestible and energy dense food types had the opposite

digestion strategy.
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INTRODUCTION

Meat and fish diets are similar in nutrient balance to consumer tissues, and are
relatively easy to digest (Kirkwood 1985). Recent reviews have suggested that there
is rather little variation in gut retention time and digestive efficiency among the
piscivorous and carnivorous bird guilds (Castro et al. 1989; Karasov 1990). One
might assume, therefore, that feeding strategies of meat and fish eaters are dictated
solely by considerations of prey availability. However, Barton and Houston (1993a,
1993b, 1994) showed that, in captive trials, there is considerable variation among
raptor species in digestive efficiency, even when birds are fed on the same quantities
of the same diet. They identified a positive relationship among species between
retention time of digesta in the gut, and digestive efficiency: species which digest
their food slowly seem to have higher digestive efficiency. Such a relationship is
expected to occur within an individual, because the longer the food is exposed to
digestive and absorptive processes in the gut, the greater the proportion of the

available energy that will be assimilated (Sibly 1981; Karasov 1996).

Furthermore, Barton and Houston (1993a, 1993b, 1994) showed that the different
digestion strategies (i.e. combinations of retention time and digestive efficiency,
(Sibly 1981)) adopted by raptor species were related to both their gut morphology
and their foraging method. Species with short retention times and low digestive
efficiency had short small intestines, and tended to be active pursuers of fast-moving
(mainly avian) prey. Conversely, species with long retention times and high
digestive efficiency tended to have long small intestines, and to be mainly scavengers
or feeders on slow moving prey. They suggested that “pursuers”, whose prey
capture rate is dependent on flight performance, have evolved small guts and rapid
digestion because the reduced digestive efficiency is more than compensated for by

increased prey capture rates achieved through having lower body mass.

Digestion parameters of northern hemisphere seabirds are almost completely
unknown. Here we report on a study of digestive efficiency and gut retention time in
eight common and widespread North Atlantic seabird species, fed on two fish species
which are important as prey in the wild - Lesser Sandeel (Ammodytes marinus) and

Whiting (Merlangius merlangus).
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Diets differ in their ease of digestion and their energy content. Some seabird species,
such as Common Guillemots (Uria aalge), specialise on eating fish, which are easily
broken down (Jackson et al. 1987), and which have high energy density (Hislop et al.
1991). Other seabirds, such as Herring Gulls (Larus argentatus), eat a more varied
diet, including invertebrate prey which are resistant to digestion, for example
shellfish and shore crabs (Carcinus spp.), or are low in energy density, such as
earthworms (Lumbricus spp) (Cramp and Simmons 1977, 1983; Cramp 1985). One
might predict that species in the latter group would have long retention times and
large guts in order to extract sufficient nutrient from varied and low quality food
(Karasov 1990), whereas species in the former group would have more rapid
digestion and smaller guts, in order to benefit from the mass minimisation that such a

strategy would bring about (Sibly 1981).

We examine a guild of fish eating birds, and test for an inter-specific relationship
between retention time of digesta and digestive efficiency. We then investigate
correlations between gross gut morphology and digestion strategy. The retention
time of digesta in the two main gut compartments of seabirds - the stomach and the
small intestine - can be estimated using reactor theory models of digestion (Penry
and Jumars 1987). We examine the excretion curves of our study species, in order to
estimate these parameters, and thereby determine whether the gastric or the intestinal
component of the digestion process is the most important in determining overall gut
retention time. Finally we test the hypothesis that short retention times and low
digestive efficiency will be found in species which eat a narrow range of mainly high
quality food items, and that long retention times and high digestive efficiency will be

the strategy of species with a more catholic diet, including low quality food types.
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METHODS

Digestion trial protocol

Digestion parameters of eight North Atlantic seabird species (Northern Fulmar
(Fulmarus glacialis), Shag (Phalacrocorax aristotelis), Herring Gull, Great Skua
(Catharacta skua), Black-legged Kittiwake (Rissa tridactyla), Common Guillemot,
Razorbill (4/ca torda), and Atlantic Puffin (Fratercula arctica)) were measured in
Foula, Shetland (60°08'N 02°05'W), during May - July 1995. Non-breeding adults
were captured and placed in individual 60 cm square polythene-lined cages,
supported above plastic excreta-collecting trays, in a room with ambient temperature
and natural lighting. Birds were fasted for 12 - 20 hours, until digestion of any meal
eaten prior to capture was complete (indicated by the appearance of bile-like excreta).
They were then fed a single meal by hand at 0900 - 1000 hours. Meal sizes were
calculated to meet maintenance energy requirements over a 24 hour period following
the meal (Kirkwood 1981). Meal fresh mass averaged 10.88 +0.28 % and 10.82
£0.14% of body m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>