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APEX Project: 
Alaska Predator Ecosystem Experiment in Prince William Sound 

and the Gulf of Alaska 

Restoration Project 97163 A - Q 
Annual Report 

Study History: The research project APEX (the Alaska Predator Ecosystem Experiment) was 
initiated under Restoration Project 95 163, merging together a group of existing bird and forage fish 
investigations and proposals to provide an integrated research approach that examines the 
interactions of seabirds and their prey, the reasons that changes in prey might have occurred, and 
the consequences for seabirds. The primary hypothesis to be tested is that several seabird species 
have failed to recover from the Exxon Valdez oil spill because of shifts in food supply that may 
have occurred independently in the marine ecosystem of Prince William Sound and the northern 
Gulf of Alaska. This annual report (97 163) covers the FY97 field season, the third of five seasons 
planned for the project. 

Abstract: 
The Alaska Predator Ecosystem Experiment (APEX) is a five-year study of the effect of food 
resources on seabirds from the Exxon Valdez oil spill (EVOS) in Prince William Sound and Cook 
Inlet. The study examines historical data, forage fish resources, seabird reproduction and colony 
and population dynamics to address this issue. Research to date strongly suggests a basic shift in 
ecosystem structure occurred after the late 1970's, with a decrease in species nutritious to seabirds 
and an increase in species less rich in lipids. This resulted in population declines for several forage 
species and may help explain the subsequent failure of seabird species to recover from EVOS 
mortality. Current work aims at extending and refining these conclusions, understanding the 
factors that may trigger such major shifts, identifying critical areas in Prince William Sound for 
fish and seabird interactions, and developing a means of monitoring the Northern Gulf of Alaska. 
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Executive Summary 

The APEX Project is a five-year study to determine if food has limited the recovery of seabirds in 
the Northern Gulf of Alaska area affected by the oil spill of the Exxon Valdez. The project has 
three interconnected components that study fish ecology, seabird foraging at sea, and seabird 
reproductive success and colony dynamics on land. 

Historical analysis of fisheries research trawls shows a strong shift in the marine ecosystem from a 
shrimp/capelin/sandlance system to one dominated by pollock since the late 1970's and early 
1980's. The change is associated with an increase in ocean temperature which may have altered 
recruitment strength and patterns or changed the distributions of predators. While there are 
differences in depth and proximity to shore between fish species, APEX research shows little 
evidence to date of major differences in hydrologic tolerances between these species, but 
competition for food may occur in mixed schools or at certain times of year. 

Analysis of data from APEX and previous studies suggest that Pigeon Guillemot breeding 
numbers in Prince William Sound declined in response to decreases in sandlance, a major prey. 
Similarly, Black-legged Kittiwake populations in northern Prince William Sound that have 
depended more on herring have been more stable than southern populations, which may have 
formerly been more capelin dependent. 

Pigeon Guillemot and Black-legged Kittiwake reproductive success reflect lipid levels in prey, 
delivery rates by adults, meal size, and--for kittiwakes-- foraging trip length and energy 
expenditure. Other factors such as predation can obscure such relationships. By using multiple 
sites over a number of years, we can begin to weigh the relative influence of different forces. 

Because of the complexity of the interplay of forces affecting seabird and fish populations, we use 
models to test the importance of different factors that affect seabirds. These products will identify 
the environmental measurements that should be most useful for longterm monitoring of the Sound. 
They will also identify critical areas that should be protected either in the event of another oil spill 
or as development occurs, especially in the western part of Prince William Sound. 

INTRODUCTION 

The spill from the oil tanker Exxon Valdez resulted in significant mortality of several seabirds and 
in acute massive damage to Prince William Sound (PWS), Lower Cook Inlet (LCI) and the Gulf 
of Alaska (GOA) (Piatt et al. 1990). Seven years following the spill in 1996, several species have 
not recovered. This may be the result of lingering effects of the oil spill (toxicity of prey or 
sublethal effects of oil exposure to organisms) or inertia in population response. However, other 
non-oil factors may also be involved, such as predation, climate-driven ecosystem changes (Duffy 
1993), or even 'random' perturbations (Wolfe and Kjerfve 1986). 

Numerous seabird species have declined between surveys in the 1970's and the 1990's in Prince 
William Sound: cormorants (Phalacrocorax spp.), Black-legged Kittiwake, Glaucous-winged Gull 
(Larus glaucescens), Arctic Tern (Stema paradisaea), Kittlitz's and Marbled murrelets 
(Brachyramphus brevirostris and B. marmoratus), Tufted (Lunda cirrhata) and Horned (F. 
comiculata) puffins, and Pigeon Guillemot (Cepphus columba) (Agler et al. 1994 a,b; Klosiewski 
and Laing 1994). 

Colony trends for kittiwakes in Prince William Sound have been inconsistent, with colonies 
decreasing in the southern portion and increasing in the north (Irons and Suryan, APEX unpubl. 



data). The population of Pigeon Guillemots in PWS decreased from about 15,000 in the 1970's to 
about 3,000 in 1993 (Isleib and Kessel 1973; Sanger and Cody 1993). Based on censuses taken 
around the Naked Island complex, pre-spill counts were roughly twice as high as post-spill counts 
(Oakley and Kuletz 1993). Pigeon Guillemots are listed as "Not recovering" in the 1994 Exxon 
Valdez Oil Spill Restoration Plan. 

Common Murres (Uria aalge) in Cook Inlet were among the species most damaged by the oil spill 
(Piatt et al. 1990). Murres were also listed as "Not recovering" in the 1994 Exxon Valdez Oil Spill 
Restoration Plan, but have been upgraded to "recovering" because productivity has been normal 
since 1993 (Roseneau et al. 1995, 1996). 

The best evidence for a shift in trophic resources for seabirds within Prince William Sound comes 
from Pigeon Guillemots (Hayes and Kuletz 1996). In 1994, sandlance (Ammodytes hexapterus) 
accounted for only about 1 % of prey items fed to guillemot chicks at Jackpot Island and about 8% 
at Naked Island. In contrast, in 1979 the sandlance component at Naked Island was about 55% 
(Kuletz 1983; Oakley and Kuletz 1993). Gadids were much more prevalent in the diet of guillemot 
chicks on Naked Island in the 1990's than they were in 1979-1981 (c 7%) (Hayes and Kuletz 
1996). 

The decline in the prevalence of sandlance in the diet of guillemots breeding at Naked Island might 
be a key element in the failure of this species to recover from the oil spill. The schooling behavior 
of sandlance, coupled with its high lipid content relative to that of gadids and nearshore bottom 
fish, might make this species a particularly high-quality forage resource for guillemots. This is 
consistent with the observation that other seabird species (e.g., puffins, murres, kittiwakes) 
experience enhanced reproductive success when sandlance are available (Pearson 1968; Harris and 
Hislop 1978; Vermeer 1979, 1980; Monaghan et al. 1989) . 

In addition, the carrying capacity of the forage environment for guillemots in the absence of pelagic 
forage species such as sandlance or herring is probably low, restricted to benthic fish. The more 
pelagic fish present, the greater the carrying capacity. Hayes and Kuletz (1996) found a strong 
correlation between total numbers of adult guillemots and active nests and the annual percentage of 
sandlance in chick diets at Naked Island, supporting this hypothesis. 

There is considerable evidence of shifts in forage species from shrimp and lipid-rich capelin to 
low-lipid wall-eye pollock (Theragra chalcogramma) and bottomfish (Springer 1993; Piatt and 
Anderson 1995; Anderson et al. 1996; Bechtol 1996; Hansen 1996). 

Mechanisms that could cause a reduction in energy-rich forage fish populations remain unknown. 
Major oceanographic shifts in the northern Gulf of Alaska and North Pacific (Springer 1993; Piatt 
and Anderson 1995) may have favored pollock, one of the most abundant forage fish species 
currently available to seabirds (Parks and Zenger 1979; Springer and Byrd 1989; Brodeur and 
Merati 1993). Pollock may also be an important competitor or predator of other forage fish species 
and may suppress populations of these species. Similarly, other species-pairs may overlap in diet, 
such as herring and sandlance (McGurk and Warburton 1992) or pink salmon (Oncorhynchus 
gorbuscha) and sandlance (Sturtevant 1995 and unpubl.), raising the possibility that reductions in 
abundance of one species may 'release' others from competition for food. 

Both to aid in the recovery of injured resources and to safeguard the long-term health of Prince 
William Sound, Cook Inlet, and the upper Gulf of Alaska, we need to understand the ecological 
processes that control the ecosystem. This project focuses on the trophic interactions of seabirds 
and the forage species they depend on. We chose food as the focus because: 



1) much of seabird population theory and several empirical field tests have identified food as an 
important limiting factor (Ashmole 1963; Furness and Birkhead 1984; Birt et al. 1987; Cairns 
1989); 

2) seabirdlfish researchers in the PWSIGOA complex have concluded that major changes in food 
have occurred during the period (Springer 1993; Piatt and Anderson 1995; Anderson et al. 1994); 

3) other factors such as oil toxicity and climate change might express themselves through the food 
supply; and 

4) knowledge of the forage prey base is critical for other apex predators, such as marine mammals 
and predatory fish (Pitcher 1980, 1981; Lowry et al. 1989), as well as for any larger effort to 
manage the marine resources of Prince William Sound and the Gulf of Alaska in a sustainable 
manner. 

This report documents progress in the study of the distribution and abundance of prey species 
through acoustic and net sampling in relation to food, environmental conditions and possible 
competitors, then proceeds to examine the physical, behavioral and competitive factors that limit 
access to these forage species for seabirds. We examine the reproductive consequences of such 
limitations for Pigeon Guillemots, Black-legged Kittiwakes, Tufted Puffins, Common Murres, 
and cormorants at the chick and colony level. 

The study uses between-year comparisons within sites and within-year comparisons between sites 
in Prince William Sound and Lower Cook Inlet, areas that have a range of different food- 
availabilities. The comparisons between years allow us to assess the degree of variability of 
different food regimes, while the between-site comparisons allow us to assess the responses of 
seabird communities to these same regimes. We use models to relate oceanographic and spatial 
features of estuaries in the Northern Gulf of Alaska to changes in seabird diet and population 
trends. We hope to build up a picture of the forage base for the entire seabird community, setting 
the stage for a long-term, low-cost monitoring program. 

Objectives 

The APEX Project has as its objective the testing of a general hypothesis: 

A shift in the Prince William Sound marine trophic structure has prevented 
recovery of injured resources. 

This is approached through research testing several more specific hypotheses: 

1. The trophic structure of PWS and GOA have changed at the decadal scale. 
2. Planktivory is the factor determining abundance of the preferred forage species of 

seabirds. 
3. Forage fish species differ in their spatial responses to oceanographic processes. 
4. Productivity and size of forage species change the energy potentially available for 

seabirds. 
5. Forage fish characteristics and interactions among seabirds limit availability of 

seabird prey. 
6. Seabird foraging group size and species composition reflect prey patch size. 
7.  Seabird diet composition and amount reflect changes in the relative abundance and 

distribution of forage fish at relevant scales around colonies. 



8. Changes in seabird productivity reflect differences in forage fish abundance. 
as measured in adult seabird foraging trips, chick meal-size and chick provisioning- 
rates. 

9. Seabird productivity is determined by differences in forage fish nutritional 
quality. 

10. Seabird species within a community react predictably to different prey bases. 
1 1. Continuing damage from oiling is restricting recovery of some forage fish species. 

By testing these hypotheses, we hope to understand how past effects of changes at the ecosystem 
level continue to affect seabird populations at present. We also hope to determine which 
environmental measures will be most effective for future monitoring, to help managers take the 
pulse of the estuaries of the Northern Gulf of Alaska. 

Methods 

APEX is a complex project, with fifteen subprojects and three main lines of investigation. In many 
cases, a single project may contribute to two or more such lines. In addition, data flow is equally 
complex: a project may contribute some of its data to a second project for analysis, while 
performing analysis and synthesis of its own data, combined with that of a third project. Several 
projects provide technical support (Project C, I, 0 ) .  

There are three main field components of APEX: 

1. studying the fish community (Projects A, B, C, K, L, M), 
2. studying fish /bird (Projects B, E, F) and harbor seallfish (Project I) interactions at sea, 
3. those studying the effects of food supply on colony size and reproductive success (Projects E, 

F, G, J, M, N). 

In addition, Project Q is modelling the fish/forage/colony interaction and Projects B and I are 
modelling spatial aspects of the system. Project 0 provides statistical and modelling advice to a 
range of projects. 

Methods may be found in the detailed project descriptions for each subproject. 

Results 

Synopsis for 1997 

Predictions: 
The summer of 1997 was expected to be very different from previous years, following a warm 
winter and reduced runoff, leading to warmer inshore conditions in Gulf of Alaska estuaries. In 
Prince William Sound, sand lance were to be more abundant around Naked Island and herring 
were expected to be scarcer in the north. In PWS, warmer waters were expected to reduce capelin, 
but the upwelling conditions in Lower Cook Inlet were expected to moderate changes in forage fish 
and the response of breeding seabirds 

Prince William Sound: 
July data from Project 99163 A in PWS show upper waters in northern and central inshore 
sampling areas were distinctly warmer than in 1995 and 1996, with less difference in the southern 



sample area. The southern area's temperature may have been buffered by the intrusion of the 
Alaska Coastal Current, an influence that may be more variable farther into the Sound. Alternately, 
the Current may not vary, but conditions in the north may be more influenced by runoff. 

Kittiwake breeding success and growth fell in the north compared to 1996, but remained 
unchanged between years in the south. As predicted, herring were scarce in the north and 
kittiwakes made long forage trips south to areas with sandlance. In contrast, southern and central 
colonies, closer to the cooler waters, did better. For murrelet productivity, 1997 was an 
improvement over 1996 overall, but again there was a northlsouth difference in productivity, based 
on counts of young at sea. 

In contrast to predictions, sand lance did not dramatically increase as a component of Pigeon 
Guillemot diet at Naked Island and productivity was lower than in the past two years. More 
interesting, and completely unpredicted, was the absence of herring in the diet of guillemots at 
Jackpot Bay, where birds have relied on this species for the last several years. Reproduction fell 
compared to 1995 as the birds shlfted to a benthic diet (1996 had no reproduction because of 
predation by a single mink). 

An apparent relationship between kittiwake and murrelet reproduction and fish acoustics suggests a 
very strong relationship between the two, or that the single acoustic survey is a good predictor of 
forage conditions for kittiwakes and murrelets for the whole season. However, we know from 
diet shifts within season for kittiwakes that such stability did not occur, at least in 1997, as herring 
disappeared from northern kittiwake diets between June and July. Similarly, we also know from 
chases of radio-tagged birds that acoustic sampling and kittiwake foraging do not always overlap. 

Lower Cook Inlet: 
As predicted, sea surface temperatures were essentially the same between 1996 and 1997 in LCI. 
Interestingly, and in contrast to PWS, first-year capelin became more abundant in beach seines in 
1997 compared to 1996, in Kachemak Bay, while sandlance continued to dominate catches at both 
Kachemak and the Barrens, as they had in 1996. Reproductive success of all seabirds was 
generally lower in 1997 than in 1996, sharply so for kittiwakes in the Barrens. Again, as in past 
years, Pigeon Guillemots showed fine-scale variation in diet within Kachemak Bay, with a wide 
range of use of sand lance. 

Progress on Hypotheses 

The specifics of results are given in the appendices under individual projects. This section 
highlights results as they bear upon specific hypotheses. 

Hypothesis 1. The trophic structure of PWS and GOA have changed at the decadal 
scale. 
Project 97163 L has essentially confirmed this hypothesis, showing that a warming of Northern 
Gulf of Alaska waters in the late 1970s led to changes in forage fish and other species, from a 
shrimp and high-lipid (capelin) forage environment to a lower lipid forage environment. Analysis 
of 1996 and 1997 data shows no signs of a reversal of this trend. Project 97163 L continues to 
mine existing historical data, independent of fishery landings, to attempt to test the 'predator 
forcing' model of species replacement, and to determine whether different components of the 
ecosystem shifted in synchrony. 

Other researchers are reporting similar decadal shifts for the entire northeastern Pacific, under the 
name of the "Pacific Decadal Oscillation" (e.g. Francis and Hare 1994; Trenberth and Hurrell 
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1995; Roernmich and McGowan 1995). 

Hypothesis 2. Planktivory is the factor determining abundance of the preferred 
forage species of seabirds. 
Project 99163 L provides some data suggesting that larval pollock and sand lance may compete for 
food during early spring. In studies of diet for mixed and single-species fish schools, 99163 C 
found herring and sand lance diets were similar when each occurred alone, but shifted when they 
co-occurred. Pink salmon diets were not similar to the diets of the other two species. Relative 
abundances of prey may shape relative forage fish populations through competition only when the 
forage species co-occur, suggesting that detecting competition between forage species may be quite 
difficult. 

To fully address this probably requires longer diet data runs over a number of years, with different 
abundances of the various forage fish and with directed sampling of mixed versus single species 
schools and their prey. 

Hypothesis 3. Forage fish species differ in their spatial responses to 
oceanographic processes. 
Projects A, B, M have been examining this. Project 97163 A has established that pollock tend to be 
offshore and forage species closer inshore. There appears at present less evidence that the inshore 
species partition competitively, based on mixed-species aggregations which occurred 21 - 41 % of 
the time (97163 C from 97163 A data); however, within mixed-school selection of prey by the 
different species still suggests some potential for competition (97163 C). 

Joyal and Ostrand (97 163 B) showed that PWS sand lance tend to associate with soft sand, rather 
than mud in acoustic transects run by 97 163 A, a finding reported at a smaller scale by Robards in 
LC1 (97306). This may allow spatial modelling of sand lance distribution and availability to 
seabirds. 

Unfortunately, the present lack of target strength for acoustics makes it difficult to consider 
biomass or even relative abundance of several species in relation to oceanographic features. 

Hypothesis 4. Productivity and size of forage species change the energy 
potentially available for seabirds. 

and 

Hypothesis 9. Seabird productivity is determined by differences in forage fish 
nutritional quality. 
Several aspects of this hypothesis has been confirmed, with a manuscript submitted on energetic 
characteristics of forage species (97163 G: Anthony et al.). Most of the attention has been directed 
at energy intake; the next step, using doubly-labelled water, is to examine energy expenditure for 
foraging adult kittiwakes. Initial results comparing Shoup and Eleanor kittiwakes suggest that 
higher adult energy expenditures while foraging are associated with reduced nesting success. 

In the field in PWS, 97163 F showed a clear multi-year difference in Pigeon Guillemot 
reproductive success based on energy content (= lipids) of prey. Their analysis shows a similar 
pattern holds for other regional populations of this species. In the laboratory, using captive birds, 
97 163 N showed important differences in fledglings fed iso-caloric and iso-biomass low and high 
fat diets. Iso-caloric diets did not lead to differences in mass or wing size but low fat diets led to 
less fat deposition; iso-biomass diets led to better growth performance in birds fed high-fat fish. 
Since Hypothesis 1 established a late 1970's shift from high lipid to low lipid forage fish in the 



northern Gulf, the results are highly suggestive that lipid levels in forage fish are an important key 
to the central question of the APEX project. 

Hypothesis 5. Forage fish characteristics and interactions among seabirds limit 
availability of seabird prey. 

and 

Hypothesis 6. Seabird foraging group size and species composition reflect prey 
patch size. 
Project 97 163 B has extensively reviewed seabird interactions, forage fish characteristics and patch 
size as determinants of prey availability. In 1997, an apparent shortage of inshore fish schools led 
to greater dependence on foraging interactions, with marbled murrelets driving prey to the surface 
becoming more important than previously for surface-plunging species. Project 97163 E found a 
similar shift offshore and greater use of foraging flocks compared to past years. 

Unfortunately, relatively few flocks were seen by 97163 B during the set transects run by 97163 
A. Coordination between aerial surveys (98163 T) and chase boats following radio-tagged 
kittiwakes (98163 E) will provide data that these groups will use in 1998, with 98163 Q, to further 
test these models, with larger sample sizes and more inshore schools. 

Hypothesis 7. Seabird diet composition and amount reflect changes in the relative 
abundance and distribution of forage fish at relevant scales around colonies. 

and 

Hypothesis 8. Changes in seabird productivity reflect differences in forage fish 
abundance as measured in adult seabird foraging trips, chick meal-size and chick 
provisioning-rates. 
Hypothesis 7 is now stalled, awaiting target strength data for forage fish species. For example, 
99163 E presented several dramatic relationships between kittiwake productivity and acoustic 
'biomass' at the January 1998 workshop, but withdrew them from the annual report, because of 
uncertainty as to what the 'biomass' actually represents. Similarly, the 1996 analysis of Project 
99163 B data on seabirds in relation to offshore distribution of forage fish biomass is essentially 
'on hold'. 

Hypothesis 8 is not so vulnerable to the target strength problem, as it uses data gathered from 
foraging birds (adult seabird foraging trips, chick meal-size and chick provisioning-rates) as an 
assay of fish abundance. This is also the most collaborative of the projects, involving 97 163 E, F, 
G, J, M and Q. Progress has been substantial. In northern PWS, a shift from herring to sand 
lance was reflected in extended kittiwake foraging ranges and reduced reproductive success (97 163 
E). Also in PWS, a 1997 shift from herring to benthic forage species at Jackpot Island resulted in 
reduced meal size and daily energy delivered to the nest and a decline in reproductive success 
compared to 1995 (1996 production was completely destroyed by a single mink). In Lower Cook 
Inlet, long foraging times for kittiwakes at Chisik Island were also associated with reduced growth 
and then with reproductive failure (97 163 M). 

On the Barrens (97163 J), kittiwake productivity, growth rate, and feeding rate fell in apparent 
association with a shift from capelin to sandlance, compared to past years. In contrast, Common 
Murre productivity and feeding rate remained unchanged, as did their diet of capelin. 

Factors such as lipid levels, food abundance, and predation may interact to make analysis more 
complex. For example, at Naked Island, adult Pigeon Guillemots feeding young higher lipid food 



also had faster delivery rates. At Moosehead Point, Kachemak Bay in 1997 (97163 M) and Jackpot 
Island in 1996 (96163 G), nest predation reduced success in areas where high proportions of 
schooling fish in diets should have generated higher seabird reproductive success. Increased 
sample size should help us untangle the relative importance of various factors, as should the 
experimental array between species, between sites and between years. 

Hypothesis 10. Seabird species within a community react predictably to different 
prey bases. 
This hypothesis essentially takes APEX full circle, back to Hypothesis 1: if the environment 
changes, can we predict the responses of seabird species and the forage fish they depend on? If so, 
we can then predict which subsets of our data on fish, birds and oceanographic features would best 
track changes through a monitoring system. Finally, if we can predict changes, we may someday 
be able to manage the marine environment to help species recover from unwanted perturbations, 
such as future oil spills or increased human disturbance. 

Project 99163 Q, working with most of the other subprojects, has begun to lay the modelling 
framework to test this. 

Hypothesis 11. Continuing damage from oiling is restricting recovery of some 
forage fish species. 
Concluded in 1996. 

Discussion 

Three years into APEX, we have a good picture of what our results are likely to be. Food is 
affecting recovery of seabird populations affected by the 1989 spill of the Exxon Valdez, and 
seabirds in the Northern Gulf estuaries are sensitive to food quality, abundance and distribution. 
From historical data and contemporary field work, we have begun to generate rules about how 
seabirds and fish interaction and where fish are available to seabirds. 

Emerging Considerations: 
One major remaining problem is the lack of target strength data for acoustic sampling. Without 
this, a series of very interesting apparent mesoscale fishlbird interactions remain unresolvable. 
Apparent relationships showing a strong relationship between kittiwake and marbled murrelet 
productivity (abstracts and posters from the 1997 Restoration workshop by Ostrand and Joyal, 
Irons et al., Kuletz and Kendall) could disappear if target strengths were found to be very 
different from raw acoustic returns. A resolution of this issue is critical to the future of APEX and 
production of its final products. 

To address finer-scale relations between fish and birds, in 1998 APEX Projects 98163 E, T, Q will 
use repeated aerial surveys, coordinated with small boat surveys, to examine the forage fish 
distribution at the Sound level and at a smaller scale within known foraging areas. How much 
predictability is there for kittiwake food resources and how do kittiwakes respond? 

In addition, 1998 sees two other new projects joining APEX: 98 163 R will extend our examination 
of several hypotheses, especially 4,5, 6, and 7 while 98 163 S will examine the role of jellyfish in 
hypotheses 1,2 and 3. 

1998: 
Finally, if 1997 wasn't different, will 1998 be? This year will follow a warm dry winter with 
temperatures at the GAK-1 buoy off Resurrection Bay reflecting very warm water conditions. 



Some of these oceanographic and meteorological events are the result of the strongest El Niiio 
event in this century. 

Initial reports in spring of 1998 show evidence of extensive murrelet mortality off Kodiak. Will 
this translate into breeding failure for murrelets on the Barrens where murres have shown so little 
fluctuation in foraging or reproductive parameters? Will herring again be unavailable for kittiwakes 
in northern Prince William Sound and for guillemots in Jackpot Bay? Will capelin be present at all 
in the Sound and the Barrens? And will Kachemak Bay again show less response to unfavorable 
conditions, with better seabird reproduction than occurs in Prince William Sound? 

Beyond 1998, there were initial projections that this coming year or 1999 would see the arrival of 
La Niiia or El Viejo conditions of cold water in the Pacific, and a cold summer in Alaska. Perhaps 
1999 will finally give us the cold conditions that in 1995 seemed to be associated with capelin and 
with improved reproductive success of Northern Gulf of Alaska seabirds. 
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INTRODUCTION 

In Prince William Sound (PWS) apex predators, including piscivorous seabirds and 
marine mammals, were severely impacted by the EXXON VALDEZ oil spill (EVOS); and 
many have not recovered to pre-EVOS levels. Piscivorous seabirds and marine 
mammals in PWS are near the apex of food webs based on pelagic production of small 
fishes including Pacific herring (Clupea pallasi), Pacific sand lance (Ammodytes 
hexapterus), walleye pollock (Theragra chalcogramma), capelin (Mallotus villosus) 
and eulachon (Thaleichthys pacificus); and macroinvertebrates, especially krill 

" 

(Euphausiids) It is not clear if apex predators have failed to recover from EVOS- 
related reductions due to long-term changes in forage species abundance or to EVOS 
effects. In this report we describe research that provides quantitative descriptions of 
the forage community in PWS in 1997 as part of the APEX program. 

OBJECTIVES 

1. Provide an estimate of the distribution and abundance of forage species in three core 
areas of Prince William Sound, including inshore and offshore areas. 

2. Describe the species composition of the forage base and size distributions of the most 
abundant forage species in the three core areas. 

3. Gather basic oceanographic data describing conditions in the study area, and salinity, 
temperature, and sigma-t profiles of the water column and water depth at all sites of 
data collection the three core areas. 

4. Describe and quantify zooplankton and zooplanktivorous species in three process 
study sites within Prince William Sound in Spring, Summer and Fall. 

FIELD METHODS 

Sampling was conducted in three cruises in 1997. 

Cruise 97-1, 17 May - 23 May 1997 

This cruise was part of process studies to quantify parts of the plankton community that 
may affect forage fish condition and distribution. The objectives of this cruise were to: 
1) Conduct a hydroacoustic study of the two study areas. 2.) Collect samples of acoustic 
targets to describe species composition and size distributions. (3) Describe and 
quantify zooplankton and zooplanktivorous species in two study sites. 4.) Collect 
samples of zooplankton to describe species composition and to determine abundance and 
distribution. (5) Collect selected species for related studies by other investigators. 

Vessel: FUV PANDALUS - Alaska Fish and Game research vessel 

The WV PANDALUS conducted a series of hydroacoustic transects in the northern and 
southern study area, respectively (Figure 1). The transects were in a pattern of 
parallel lines through each area, terminating as close as possible to the shore. Patterns 
run in each area followed a pre-selected series of north-south transects spaced at 1.5 
mile intervals. The equipment used was a Biosonics DT 4000, 120 kHz down-looking 
system. Field calibration of the acoustic equipment was done on 18 May. 



A series of midwater trawl samples were collected where acoustic signals indicated 
presence of forage species along the transects. Three sites were sampled in the north 
study area and 5 sites were sampled in the south study area (Table 1). A video-equipped 
ROV (Remote Operated Video) was used in attempt to identify a target in the south study 
area (Table 2). In addition, beach seining was conducted in both study areas (Table 1). 
Two sites were sampled in St. Matthew's Bay (north) and 3 sites were sampled in Whale 
Bay (south). Plankton were collected in these two bays by vertical tows with a ring net 
for NMFS food habits studies. Fish larger than about 50 mm were identified in the field. 
Samples were sorted to species, and all fish were measured. Fish species were 

, . 
preserved in 10% buffered formalin. 

Macrozooplankton samples and oceanographic measurements were collected at 8 stations 
within each of the 2 study areas (Table 3). BONGO plankton nets with 243 micron mesh 

n 

nets were used to collect small plankton with a vertical haul, and a 1 mL NlO/Tucker 
trawl with 1 mm mesh was used to collect large zooplankton and micronektonic species in 
a double oblique haul. Vertical tows and double-oblique tows were made to 60 m depth or 
to within 10 m of the bottom in shallower areas. All plankton nets were equipped with 
General Oceanics flow meters and the NIOTTucker trawl was also equipped with a 
maximum depth recorder. Plankton samples were preserved in 5% buffered formalin. 
An extra NIO/Tucker trawl sample was collected where euphausiids were found. 
Euphausiids from those samples were sorted by species and frozen individually. 

A Seabird SEACAT CTD equipped with a fluorometer measured temperature, salinity, and 
chlorophyll from the surface to 200 m depth, or to within 5 m of the bottom at 
shallower stations. CTD profiles were collected at each process study site to provide data 
for vertical profiles of temperature, salinity, density, and chlorophyll (Table 4). 

Cruise 97-2 , 17 July - 7 August1997 
The objectives of this cruise were to: (1) Conduct a hydroacoustic survey of three study areas 

within PWS; (2) Observe the distribution of birds in relation to forage species; (3) Collect 
samples of acoustic targets to describe species composition and size distributions; (4) 
Describe and quantify zooplankton and zooplanktivorous species in the three study areas; (5) 
Collect samples of zooplankton to describe species composition and to determine abundance and 
distribution; (6) Collect selected species for related studies by other investigators. 

Vessels: MlSS KAYLEY - Nearshore acoustic and process study vessel 
- PAGAN - Nearshore and offshore catcher, video, CTD, beach seine vessel 

CAPE ELRINGTON - Offshore acoustic vessel 
PANDALUS - ADF&G research vessel 

The MlSS KAYLEY conducted nearshore acoustic survey consisting of a series of hydroacoustic 
transects in four study areas (Figure I ) ,  using a Biosonics DT 4000, 120 kHz down-looking 
system. The transects were in a pattern of zigzags within 12 km segments of shoreline. The 12 
km study segments were laid out sequentially through the shoreline within each study area. The 
number of 12 km segments within each study area were: North - 26, Central - 8, South - 21, 
Montague - 2 Each 12 km segment was further divided into ten 1.2 km beach sections, with 
the starting and ending points of each beach section marking the shoreward turning point in a 
series of 20 transects (10 zigs and 10 zags). Each transect was about 1.2 km long. The study 
segments sampled in each area were: 

North 1, 3, 5, 7, 9, 13, 15, 17, 19 
Central 1-8 
South 2, 4, 6, 8, 10, 14, 16, 20 
Montague 1, 2 



Field calibration of the acoustic equipment was done in the morning of July 21. 

CTD profiles were collected at a location near the middle of each 12 km beach segment (Table 
4). The water column was sampled to a depth of 150 m or within 20 m of the bottom. 

Acoustic targets found by the survey vessel in the nearshore study areas were sampled by the 
PAGAN using a purse seine, dip net, cast net (Table I), or a video-equipped ROV (Remote 
Operated Video, Table 2). Plankton samples were collected at locations where fish were sampled 
(Table 3). Beach seining was also conducted in each area at sites where aerial obServations 
identified nearshore fish schools, including Bainbridge Passage (south study area), Green 
Island, Cabin Bay (central study area), and in the north study area (Table 1). 

The CAPE ELRINGTON conducted a series of hydroacoustic transects in four areas 
(Figure I ) ,  using a Biosonics DT4000 120 kHz down-looking system The transects 
were in a pattern of parallel transects through each area, terminating at shorelines as 
close as possible to the shore. Patterns to be run in each area followed a pre-selected 
series of transects spaced at two mile intervals. The acoustic system was field 
calibrated on 3 August. 

A series of net samples were collected from the WV PANDALUS with a mid-water trawl 
(Table 1). The location of net sampling was determined by acoustic and bird 
observations. Where acoustic signals or bird activity indicate the presence of forage 
species, scientists on the AcoustidBird vessel directed the midwater trawl vessel to the 
location and depth where collections were desired. 

CTD profiles were collected on each transect line (Table 4). A Seabird SEACAT SBE 19 
CTD was used to sample the water column from the surface to 150 m depth, or to within 
20 m of the bottom at shallower stations. 

A series of plankton samples were collected by the MISS KAYLEY in three process study 
areas - eight sampling locations were sampled at night with a 1 m2 NlO/Tucker trawl 
with 505 micron mesh towed in a double oblique trajectory to a depth of 60 m, and with 
a 20 cm Bongo net with 243 micron mesh towed vertically from 60 m to the surface, or 
to within 10 m of the bottom in shalower areas (Table 3). CTD measurements of 
temperature, salinity and chlorophyll were measured at each of the eight sampling 
locations (Table 4). An additional horizontal tow of the NlO/Tucker trawl was made at 
the depth of maximum acoustic return at each station to collect euphausiids for 
laboratory analyses. 

Cruise 97-3, 30 September - 10 October 

The objectives of this cruise were to: (1) Conduct a hydroacoustic survey of three study areas 
within PWS; (2) Describe and quantify zooplankton and zooplanktivorous species in the three 
study areas; (3) Collect samples of zooplankton to describe species composition and to 
determine abundance and distribution; (4) Collect selected species for related studies by other 
investigators. 

Vessel: FUV PANDALUS - ADF&G research trawl vessel 



The W PANDALUS conducted sampling in three study areas (Figure 1). Plankton and 
CTD samples were collected at preselected stations within the three study areas . For 
plankton sampling, a 1 m2 NlOlTucker trawl fitted with a 505 micron mesh net and 
digitial flowmeter was towed in a double oblique trajectory to depths of about 60 m as 
measured by a maximum depth recorder (Table 3). In addition, a 25 cm bongo net fitted 
with 243 or 353 micron mesh nets (one 243 mesh net was lost and replaced with a 353 
mesh net at station 8) and flowmeters were towed vertically from 60 m depth to the 
surface (Table 3) If the NlOlTucker trawl sample had substantial numbers of 
euphausiids present, a second NIOTTucker sample was taken in order to collect . ,  
euphausiids for laboratory analyses. 

A Seabird SEACAT SBE-19 CTD measured temperature, salinity and chlorophyll from 
the surface to 150 m depth, or to within 10 m of the bottom at shallower stations. CTD 
profiles were collected at each process study site (Table 4). 

Acoustic transects were run in the North and South study areas to assess the abundance of 
pelagic fishes; the transects planned for the Central study area were cancelled due to bad 
weather . The equipment used was a Biosonics DT4000 digital system with a120 kHz 
transducer. Field calibration of the acoustic equipment was conducted on 8 October in 
Whale Bay. 

A series of mid-water trawl samples were collected to identify targets in the acoustic 
survey and to collect samples for laboratory studies (Table 1). 

ACOUSTIC DATA ANALYSES 

The GPS produced errors in the distance estimations. The magnitude 01 the errors was a 
function of the distance between sampling points. As the vessel speed and direction varied 
substantially along the transects, uncorrected distances were estimated to be in error by 
as much as 800%. The error was estimated as follows: A straight trasect was selected 
(M0109a). Data were extracted without averaging from the raw data files. The distance 
between the start and end points was calculated and assumed to be the best overall 
estimate of the actual transect length (e.g. the error component was lowest relative to 
actual distance between points). Distances between successive points were then 
calculated and summed to produce an estimate of the transect length from individual 
increments. The correction factor was computed as the endpoint distance divided by the 
totat increment distance. The lag between distances was incremented and the procedure 
repeated to produce estimates of the correction factor required for each distance 
increment. The results were plotted and a function was fit to the curve to produce an 
estimate of the correction required for any given distance. The corrected distance was 
equal to the uncorrected distance multiplied by the uncorrected distance divided by the 
uncorrected distance plus an error component. The error component varied 
substantially relative to distance between points. The error was modeled by log 
transforming the distance and error estimates and fitting the results to an eight degree 
polynomial. The beta parameters were computed using the program error. These 
parameters and the correction factor were applied to each distance increment in the data 
files to correct estimates of distance between successive points. 

Each data record consisted of 1 m depth increments from 1 m below the transducer to the 
bottom or about 115 m depth, whichever was greater. Averaging was done using 
geometric means. The program returned volume scattering, depth, and latitude and 
longitude for each record. Various parameters in the bottom tracking software were 



modified to avoid integrating through the bottom. The bottom window was varied from 
20 to 40 m, with larger values for files with steeper slopes. A cross section of the 
volume scattering for each transect was plotted using visual basic software. Files were 
scanned visually, and estimates of species identification and size class were made for all 
substantial acoustic targets . The bottom files were edited to remove any bottom 
integration left in the data. 

Due to variations in vessel speed and direction, the distance included by successive 
integrations in the output file varied substantially. The portion of the total trasect 
abundance or biomass value contributed by each integration was estimated by ' '  

multiplying the integrated value by the integration distance divided by the total transect 
length. 

The volume scattering was corrected for calibration by the standard target. Calibration 
indicated that the recieve sensitivity and source levels were producing over- 
estimations of the volume scattering by about 3.39 dB. 

The default sound scattering was assumed to be plankton with a target strength of -70 
dB/g. Identified fish targets were scaled using target strength to length equations. 
Estimates of the number of individual fish per cubic meter were determined by equations 
relating acoustic target strength to fish length. 

Herring: TS = 20'loglO(length(cm)) -68 From Thorne 
Pollock: TS = 20*loglO(length(cm)) -66 From Thorne 
Capelin: TS = 20'loglO(length(cm)) -64.9 From Rose & Leggett 
Rockfish: TS = 20'loglO(length(cm)) - 67.1 From MacLennan & Simmonds 

We could find no target strength-length relationships for sandlance at 120 kHz; 
therefore, a default target strength was used. We assumed all sandlance were 70 mm in 
length and assigned them a target strength of -67 db per fish. Rockfish length was 
assumed to be 250 mm based on video data. 

Estimates of fish numbers were converted to an estimate of biomass per cubic meter 
using the length-weight relationship for the dominant species. Equations to compute 
biomass (W - in grams, L - in mm) were: 

pollock W = (1.89 x 10-6) L 3.272 
- herring W = (5.007 x 10- 6) 3.196 

sand lance W = (4.81 x 10 -7) L 3.451 
capelin W = (2.40 x 10-6) L 3s21 
rockfish w = (7.5 10-3) L 3.2 (length in cm) 

Biomass per cubic meter estimates were converted to biomass per square meter of 
surface by integrating the results over the depth of the sampled water column. 

Geographic distributions of forage species were assessed by developing area plots of 
biomass density gradients determined through a kriging routine. The kriging method has 
a gridding algorithm (we used a minimum curvature algorithm) that estimates the data 
between transect lines based on spatial variation along the transect lines. Therefore, the 
most accurate point estimates are those occurring closest to the lines in regions where 
transect density is highest. Land masses were overlaid on the area plots after the 
gridding algorithm had been run. 



Biomass estimates for each of the nearshore 12 km sampling sites were developed by 
calculating the mean for all transects in the site. All transects within a sampling site 
that had acoustic backscatter above a minimum threshhold were examined in detail, and 
any concentration of acoustic backscatter was identified based on target verification 
sampling. A biomass estimate for each transect was calculated by partitioning each 
transect by the target type with calculation using our best model of target strength. 

The estimate of nearshore biomass in each of the three study areas (North, Central, and 
South) was produced by averaging the overall estimate the sampling sites in the study . > 

area. 

The procedures used to estimate nearshore biomass density in 1997 differed in several 
ways from the 1996 procedures. In order to make the estimates from 1996 comparable 
to 1997 we reanalyzed all of the 1996 nearshore acoustic data using the procedures 
above. 

LABOFWTORY ANALYSES 

Subsamples of YOY herring and YOY sandlance collected in 1996 and 1997 were analyzed 
for energy content using whole body bomb calorimetry. Individual specimens were 
weighed (wet weight), dried to constant weight (dry weight), and analyzed for energy 
content using a Parr semi-microbomb calorimeter. 

RESULTS 

Hydrographic Observations. 
In summer of 1997 there were numerous reports of unusually warm marine waters 
around Alaska, including Prince William Sound. Profiles of temperature and salinity in 
our study areas in 1997 were generally similar to 1995 and 1996, although 
temperature, especially near the surface, tended to be higher in 1997 (Figures 1, 2). 

Acoustic Biomass Density 
Biomass density estimates varied substantially among the three study areas in 1997, 
with highest density in the Central area and lowest in the North. The rank order of three 
areas, based on biomass density estimates, was reversed from 1996, when the North 
area had the highest density (Table 5). In 1997 identifications were made on many of 
the targets in the acoustic survey, with underwater video providing most postive 
ide~tifications (Table 6). The breakdown of overall biomass density into target 
category gives a much better picture of the foraging environment available to avian 
predators, as several important species or species size groups are not vulnerable to 
birds - including rockfish and adult herring. There were several important differences 
in the densities of forage species among years and areas (Table 7). Of the seven 
categories of acoustic targets we analyzed, sandlance, YOY herring and 1+ herring are 
probably the most important prey for many avian predators. 

The most pronounced change in forage fish density between 1996 and 1997 appears to 
be the large decrease in biomass density in the North in 1997. This decrease is due 
principally to the large decline in density of 1+ herring and sandlance. Those losses 
were partially offset by relatively high density of YOY herring in the North in 1997 
(Table 7). The increase in biomass density in the Central area in 1997 was apparently 
due to an increase in adult herring. Those adult herring were probably unavailable to 
avian predators; however, in 1997 sandlance density also increased in the Central area, 
and could have contributed to better foraging conditions. The patterns of density changes 
observed in both the North and Central areas from 19% to 1997 were also observed in 



the South, where density of YOY herring and sandlance both increased, whereas density of 
1+ herring declined sharply (Table 7). 

The distribution of biomass within the three study areas in 1996 and 1997 displayed 
some important differences and similarities. In the North, there appeared to be a shift 
in distribution of biomass in 1997 - including more concentrations of herring (mainly 
YOY) in the Valdez ArrnIGalena Bay area, with a large decline in forage species in the 
Port Gravina area, especially for sandlance (Figures 3, 4). In the Central study area 
in 1997 there appeared to be fewer concentrations of forage species around the northern 
end of Knight Island, including Eleanor Island, with possibly more areas of high density 
around Naked Island. Sandlance occurred both in1 996 and 1997 on the west side of the 
Naked Island complex (Figures 5, 6), however the density of sandlance apparently was 
higher in 1997 than 1996 (Table 7). In the South, distributions of biomass were 
generally similar in 1997 and 1996, with concentrations of adult herring in some of 
the southwest passages, such as Prince of Wales Passage. In 1997 sandlance 
concentations did occur in the South, whereas they were absent in 1996 (Figures 7, 8). 

Process Studies. 
In 1996 and 1997 we examined variation in condition of forage species within Prince 
William Sound, with emphasis on YOY herring and sandlance. YOY herring were 
relatively rare in 1996; however, we were able to collect sufficient samples at seven 
locations throughout the North study area to assess within area variability. We also 
collected one sample in the South. Within the North area, caloric content varied from 
less than 4500 caVg at Bligh Island to over 4800 caVg at Gravina Point. The one 
sample from the South, near Jackpot Island, had the highest energy density observed 
(Figure 9). In 1996 we collected YOY sandlance at three locations in the North, two in 
the Central and two in the South. As with herring, there was considerable variation in 
energy density within an area, for example, in the Central area the sample from Bay of 
Isles had mean energy density over 5200 callg, whereas the Cabin Bay sample had the 
lowest value (~4600 caVg) observed (Figure 10). The two samples from the South 
study area had the highest energy densities observed in YOY sandlance in 1996. This was 
consistent with the pattern observed in YOY herring in 1996. 

In 1997 YOY herring were more abundant than in 1996. We have measured energy 
density on only a small subset of samples to date. YOY herring from a station in the 
South had higher energy density than a sample from the North (Figure 9), and one 
sample of YOY sandlance from the South study area had the highest energy density we 
haw observed in that species (Figure 10). Although these results are preliminary, 
there may be a pattern of higher energy density in YOY forage species in the South study 
area, relative to the Central and North. 
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Figure 1. Locations of acoustic survey study areas for the APEX project, with locations 
of temperature projles comparing 1995, 96 and 97. 
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Figure 2. Temperature profiles for selected stations in the North, Central and South 
study areas in 1995, 1996 and 1997. 



Figure 3. Geographic distibution of acoustic biomass in the North study area in 1996. 
Color scale units are grarnslm2- Codes for species are H - herring, Sn - sandlance, 
R - rockfish. 





Figure 5. Geographic dlstibutbn of acoustic Momass in th Cenlral study area k, 1996. 
Color scale unb are grarnshn2. Codes for species are H - herring, Sn - sandlance, 
R - rockfish. 



Figure 6. Geographic distibution of acoustic biomass in the Centd study area in 1997. 
Color s d e  units are grams/m2. Codes for species are H - herring, Sn - sandlance, 
R - rockfish. 
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Figure 7. Geographic distibution of acoustic biomass in the South studv area h 1996. 
Color scale units are grams/rn2. Codes for species are H - herring. ~ n .  - sandlance, 
R - rockfish. 



Figure 8. Geographic distibution of acoustic biomass in the South study area in 1997. 
Color scale units are grams/rn2. Codes for species are H - herring, Sn - sandlance, 
R - rockfish. 



Energy Content of YOY herring in PWS 
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Figure 9. Energy content of YOY herring collected in Prince William Sound in 1996 and 
1997. Sample locations are: N1 - Tatitlek Narrows, N2 - Landlocked Bay, N3 - Bligh 
Island, N4 - Port Gravina, N5 - Red Head, N6 - St. Mathews Bay, N7 - Gravina Point, 
N8 - 1997 Tatitlek Narrows, S1- 1996 Jackpot Bay, S2 - 1997 Shelter Bay. 



Energy Content of YOY Sandlance in PWS 
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Figure 10. Energy content of YOY sandlance collected in Prince William Sound in 1996 
and 1997. Sample locations are: N1 - Knowles Bay, N2 - Bligh Island, N3 - Port 
Fidafgo, C1 - Bay of Isles, C2 - Cabin Bay, S1 - Swanson Bay, S2 - Bainbridge Passage, 
S3 - 1997 Shelter Bay. 
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Study History: This is an ongoing study which began with a pilot effort in 1994 to test field 
methods. In 1995, the study was expanded to look at seabird foraging in several habitats in 3 
study sites within Prince William Sound. Data collected in 1994 and 1995 indicated that seabird 
activity was concentrated in shallow water nearshore. In response to these findings, data 
collection in 1996 and 1997 was focused on nearshore habitats. In 1997 efforts were directed 
towards habitat selection by birds and fish, and to contributing to mass balance modeling of 
Prince William Sound. 

Abstract: 
We sought to develop statistical models that would describe habitat selection by birds and fish 
within the near shore margin of Prince William Sound, Alaska (PWS). We also investigated the 
utility of bottom typing hydroacoustic software in determining Pacific Sand Lance (Ammodytes 
hexapterus) habitat. Lastly, we contributed to mass balance modeling of the PWS food web, a 
project sponsored Exxon Valdez Oil Spill Trustee Council. Marbled Murrelets (Brachyramphus 
marmoratus), seabirds collectively, and forage fish were associated with shallow water, near 
shore in 1997 but not in 1998. We viewed this as a natural experiment that allowed us to 
examine the mechanism of habitat selection by birds. We suggested that murrelets and seabirds 
foraged where there was the greatest probability of locating suitable prey. Our preliminary 
investigations of bottom typing software determined substrates associated with sand lance were 
significantly different from locations selected randomly. Bottom typing from hydroacoustic data 
is preliminary and will require ground truthing prior to PWS wide analysis. Preliminary 
calculations of total seabird biomass and food consumption were made for the mass balance 
modeling project. 

Key Words: Ammodytes, Brachyramphus, Clupea, forage fish, foraging, habitat selection, 
marbled murrelets, Prince William Sound, seabirds. 

Project Data: (will be addressed in the final report) 
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INTRODUCTION 
This report for component 971 63B is composed of 3 chapters that represent work in progress. 
Chapter one is a draft manuscript that will be revised upon receiving final data from component 
97163A and then submitted for review. Chapter two presents preliminary work on the use of 
hydroacoustic bottom typing software to identify potential Pacific Sand Lance (Ammondytes 
hexapterus) habitat. If funding is made available in 1998, this project will be continued and 
expanded. Chapter 3 is a draft "mini" manuscript that was written for a mass balance modeling 
project sponsored by the Exxon Valdez Oil Spill Trustees. This document will be further revised 
and will ultimately be a component of the mass balance model. 
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Abstract: APEX has been examining the relationship between seabirds and forage fish 
since 1994. These studies have consistently found a relationship between bird distribution and 
depth. We have suggested that this association is due to seabirds selecting habitats where the 
probability of encountering prey is the greatest. Here we report on studies conducted in 1996 and 
1997 in nearshore habitats of Prince Willam Sound, Alaska (PWS). The distribution of forage 
fish changed in 1997 generating a natural experiment that allowed us to examine factors 
influencing foraging habitat selection by murrelets and piscivorous seabirds collectively. We 
determined that forage fish, murrelet, and seabird distribution was associated with depth in 1996 
and but not in 1997 and each of these groupings was associated with deeper water in 1997. 
These findings support our speculation on the mechanism of foraging habitat selection and 
indicate that murrelets and seabirds of PWS are not limited to shallow foraging habitat. 

Key words: Brachyramphus marmoratus, foraging, Marbled Murrelets, Prince William 
Sound, Alaska. 



Previous studies have linked the foraging activities of seabirds to habitats of quantifiable 
physical character where preferred food resources are consistently available (Bran and Gaskin 
1982, Cairns and Schneider 1990). Similarly, within PWS, murrelets (Kuletz et al. 1994), 
seabirds (inclusive of all piscivorous species present in PWS) (Ostrand and Flint 1995, Ostrand 
and Maniscalco 1996), and feeding flocks (Maniscalco 1997) were associated with the same 
distinctive habitat, shallow depths near shore. Additionally, Ostrand et al. (1 998) observed that 
fish schools associated with Marbled Mwrelets (Brachyramphus marmoratus) were smaller, 
denser, and in shallower water then those available. They speculated that murrelets selected 
shallow, habitats and then searched within them for suitable prey. Hunt (1 988) has observed that 
seabirds do not have complete knowledge of the distribution and abundance of prey and are able 
only to locate general areas of improved foraging potential. Hence, in PWS shallow depths 
should be associated with the greatest probability of encountering prey. Therefore, we expect 
that if the distribution of prey changed, murrelets and seabirds would response by changing their 
habitat preference. 

Here we report on a study of the distribution of both Marbled Murrelets (Brachyramphus 
marmoratus), collective piscivorous seabirds, and schooling forage fish in PWS. Murrelets are 
the most abundant species within PWS and provided the largest samples for examining foraging 
behavior of an individual species. Previous studies have determined that the distribution of 
collective piscivorous seabirds have followed consistent patterns within PWS (Ostrand and Flint 
1995, Ostrand and Maniscalco 1996); therefore, we included this grouping in our analysis. 
During the course of the study we observed a shift in forage fish distribution which provided us 
with a natural experiment that allowed us to examine the association among predator, prey, and 
habitat. 

METHODS 
DATA COLLECTION 
We conducted this study in PWS, an embayment of about 10,000 km2, located on the southern 
coast of Alaska. The climate is maritime with a mean annual precipitation of 1.6 m and moderate 
temperatures for the subarctic. The coastline of PWS is rugged, with mountains up to 4-km in 
elevation and numerous fjords and tidewater glaciers. Nearshore bathymetry is characterized by 
both shallow water shelves and steeply sloping bottoms. Three study sites were selected for 
sampling: (1) the northern study area, which included Valdez Arm and Port Valdez, (2) the 
central study area, which included waters near Naked and Knight Islands, and (3) the southern 
study area, which included Icy and Jackpot Bays. In a study conducted in conjunction with ours, 
Haldorson et al. (1997) determined that during our study the water structure was consistently 
stratified, with synchronous thermo- and pycnoclines, throughout our three study areas and 
speculated that it was due to freshwater input from rainfall and glacier melt. 

We collected hydroacoustic and bird-location data simultaneously while traveling 
systematically arranged transects (Anderson et al. 1979, Litvaitis et al. 1994). We used the FIV 
Miss Kaylee, to conduct hydroacousticlbird transect during 15-27 July 1996 and 17-27 July 1997 
Study blocks were located systematically within three major study areas within PWS (Fig. 1). 



Blocks followed the contour of 12 krn of shoreline with a width of 1 km. We laid out 26, 8, and 
2 1 contiguous blocks in the northern, central, and southern study areas, respectively. In the 
northern and southern study areas alternate blocks and one additional randomly selected block 
were deleted from the sample group. Following removals, 9 blocks remained in the North and 8 
in both the Central and South. After the 1996 field season, computer files for blocks 5 and 6 of 
the central area were damaged and rendered unavailable, hence these data were not analyzed. In 
1997 two blocks were added along the Northwest shore of Montague Island. Within each block, 
20 continuous, 1.2 km transects were laid out in a zig-zag pattern (Fig. 1 - 7). The nearshore 
apexes of transects were located as close to shore as possible, cognizant of safety concerns for 
the survey vessel. 

In 1996 we collected hydroacoustic data with a 130 kHz BioSonics DT6000 system with 
a 6" beam angle. Returns were processed as single beam data. This system failed on the final 
day of surveying and data for blocks l , 3 ,  5, and 112 of 7 in the northern study area were 
collected with a 120 kHz BioSonics model 101 Scientific Echosounder and signal processing 
was accomplished with a BioSonics Model 221 ESP Echo Integrator. During 1997 we collected 
hydroacoustic data with a single beam 120 kHz BioSonics DT4000 system with a 6" beam angle. 
Transects were run at 6 knots with the transducer towed beside the vessel. The effective range of 
the equipment was 1 17 m from the transducer. Data obtained from a "military" Rockwell Global 
Positioning System (GPS) were written to each record. 

Selected acoustic targets found by the hydroacoustic survey were sampled from a separate 
vessel, the F/V Pagan, during both surveys. Sampling was conducted using a 200 m long by 20 
m deep with 25 mm stretched mesh, purse seine; dip nets; cast nets; or underwater video. We 
selected schools for sampling which had the greatest uncertainty regarding species and/or age- 
class composition. 
DATA ANALYSIS 
We determined biomass estimates by scaling acoustic data based on the length distributions of 
the dominant fish species collected in each study area. We collected data using a default target 
strength of -42.2 dB. Estimates of the number of individual fish m-3 were determined by the 
following equations that related acoustic target strength to fish length: 

herring TS = 20 log10 L - 68 (Thorne et al. 1983) 
pollock TS = 20 log 10 L - 66 (MacLennan and Simmonds 1992) 
rockfish TS = 20 log10 L - 67.1 (MacLennan and Simmonds 1995) 

where TS is the calculated target strength in dB and L is the length of the fish in cm. Target 
strength length relationships for were not available for salmon sharks and sandlance at 120 kHz; 
therefore, we used the default target strength for these species. The estimates of fish densities 
were converted to biomass (gm*m'3) using the following length-weight relationships for the 
dominant species, where W = weight in grams and E = length in mm: 

herring W = (5.007 x 1 0-6) L3.196 
pollock W = (1.890 x L3.272 
rockfish W = (7.500 x L3.'00 

The above regressions were determined from catch data except where noted. Biomass per cubic 
meter estimates were converted to biomass per square meter of surface by integrating the results 



over the depth of the sampled water column. We estimated the biomass for each nearshore block 
by calculating the mean for each block's individual transects separately and then determined an 
overall estimate by averaging the transect values. 

Average depths for blocks were determined from hydroacoustic data. We averaged depth 
soundings obtained from each ping within each transect and then determined an overall estimate 
by averaging the transect values within each block. Depth values were determined for each block 
both years to account for possible differences in the execution of the surveys. 

We used linear regression to determine the relationship between Marbled Murrelets 
abundance and fish biomass, seabird abundance and fish biomass, Marbled Murrelets abundance 
and depth, seabird abundance and depth, and fish biomass and depth (Zar 1984). Dependent 
variables were In-transformed to improve normality. We compared Marbled Murrelet 
abundance, Seabird abundance, and fish biomass between years, using blocks as the sample unit, 
with chi-square, goodness of fit tests (Zar 1984). We applied two-tailed t-test of paired samples 
to make between year comparisons of means of per transect, using blocks as the comparison unit, 
for murrelets numbers, seabird numbers, and fish biomass (Zar 1984). Only blocks sampled in 
both years were included in both chi-square and t-test comparisons. 

To determine if forage fish distribution changed relative to depth between years we first 
subtracted the mean biomass value for each block sampled in 1996 from the corresponding 1997 
value. Then, linear regression was conducted with biomass differences as the dependent and 97 
depth values as the independent variables. Significant positive slope indicated that fish were at 
greater depth in 1997 than 1996 and a negative slope indicate that they were at shallower depth in 
1997. 

To determine if murrelets and seabirds were located over water of greater or lesser depth 
in 1997 compared to 1996, we assigned each bird observation the mean depth of the block in 
which it was observed. Bird depths were then compared between years using a two-tailed z-test. 
We considered P I 0.05 to indicate statistical significance for all tests. 

RESULTS 
Depth was a significant predictor of fish biomass (r2 = 0.38, P = 0.002), murrelets (r2 = 

0.25, P = 0.02), and collective seabird numbers (r2 = 0.37, P = 0.01) for 1996 data (Fig. 8). 
These same depth relationships were not significant for 1997 (r2 = 0.03, P = 0.43; r2 = 0.04, P = 

0.32; and r2 = 0.07, P = 0.19, respectively). We did not detect a significant relationship between 
fish biomass and the number of murrelets or collective seabirds for either 1996 or 1997. The 
distribution of murrelets, seabirds, and fish biomass differed significantly between years, (x2,, = 

1 1 07.8, x2,, = 2366.1, x ~ ~ ,  = 62.1, respectively; P = 0.00 1 for all tests). More murrelets and 
seabirds, and less fish biomass were observed in 1997 than 1996 (Table 1); however these 
differences were not significant (t,, = - 1.02, P = 0.32; t,, = - 1.13, P = 0.27; t , ,  = - 1.90, P = 0.07; 
respectively). 

In 1997 more fish were found in deeper blocks compared to 1996 (r2 = 0.42, P = 0.002). 
Both murrelets and seabirds were observed over water of greater depth in 1997 than 1996 (a 
1996= 51.3mn= 1294, % 1997=60.9mn=2177,z= 11.3, P<0.001 and % 1996= 5 0 . l m n =  
1925, x 1997 = 63.9m n = 4298, z = 20.7, P < 0.001 for murrelets and seabirds respectively). 



Forage fish data for nearshore blocks have not been finalized, therefore results presented that 
include biomass should be considered preliminary. 

DISCUSSION 
The distribution of Marbled Murrelets, seabirds, and forage fish was related to nearshore depth in 
1996; however, these relationships were not apparent in 1997 when all groupings were associated 
with water of greater depth. The distribution of both birds and forage also differed among years. 
In neither year was there a relationship between forage fish biomass and murrelet or seabird 
abundance. 

Previous studies that have found a scale dependent relationship between the distribution 
of seabirds and forage fish (Hunt 1990). Our results suggest that we may have examined the 
inappropriate scale to identify a relationship between these trophic levels. 

Worldwide, seabirds adapt different tactics to sample their environment in order to locate 
prey (Hunt et al. 1991). Our results suggest that murrelets and seabirds of PWS may have 
changed their foraging strategy in response to a change in the distribution of prey. In 1996 forage 
was more abundant in shallow water and murrelets and seabirds increased their probability of 
encountering prey by searching in shallow water habitats. In 1997 the forage fish were in water 
of greater depth and murrelets and seabirds responded to the shift by altering their foraging 
pattern. These findings further suggest that murrelets and seabirds of PWS are not limited to a 
particular habitat but are capable of altering foraging patterns to respond to environmental 
change. Our findings support our proposal that seabirds of PWS select foraging habitat 
associated with the highest probability of encountering prey. 

Because previous studies conducted within PWS on murrelets (Kuletz et al. 1994, 
Ostrand et al. 1998) seabirds (Ostrand and Flint 1995, Ostrand and Maniscalco 1996) and feeding 
flocks (Maniscalco 1997) determined that these groups selected shallower depths in comparison 
to availability, we considered 1997 to be anomalous and the causes of the change merited 
speculation. We observed two possible environmental changes that occurred during 1997 that 
may have altered the distribution of forage fish: (1) An increase in sea temperatures at shallow 
depths (observed by component APEX 97163A) may have resulted in unsuitable conditions for 
either fish or their prey in shallow habitats and they responded by seeking cooler water. Direct 
evidence of the affect of temperature change on fish distribution is not yet available from PWS; 
however, Maravelias and Reid (1995) observed an indirect relationship between temperature, 
salinity and the distribution of herring. (2) Poor recruitment of age 1+ of Pacific herring (Clupea 
harengus) resulted in a shift in the age structure of herring population (pers. comm. Evelyn 
Brown, Univ. of Alaska). Further evidence of an age class failure was indicated by near absence 
of I +  herring in Black-legged Kittiwake (Rissa tridactyla) chick diets (observed by APEX 
component 97163E) which had been a major food item in previous years. Previously 1+ herring 
had been a major component of the nearshore fish biomass (Haldorson et al. 1997) and their 
absence may have resulted in the observed fish distribution. Further explanation of the 
distribution of forage fish is beyond the scope of this component and will be reviewed in greater 
detail by study 95320T. 
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Table 1. Summary statistics on bird observations and forage fish biomass obtained during 
surveys conducted in Prince William Sound, Alaska in July of 1996 and 1997. 

1996 1997 
Mean k SE Minimum Maximum Mean * SE Minimum Maximum 

(n = 22) value value (n = 27) value value 

forage fish 3.3 * 1.4 0.01 28.0 0.9 h 0.4' 0.01 7.9 
biomassb 

"Mean of mean of number of birds observed transect-' (n = 20) within 1 x 12 m nearshore 
blocks. Blocks are the sample unit. 
bMean of mean biomass (gm m-2) determined transect-' (n = 20) within 1 x 12 m nearshore 
blocks. Blocks are the sample unit. 
"n = 25. 



FIGURES 1-7. The locations of near shore study blocks sampled in hydroacoustic and seabird 
surveys in Prince William Sound, Alaska during July 1996 and 1997. 1996 Data from block C4 
and C5 was not available for analysis. Blocks M1 and M2, the Montague study area, were added 
to the survey in 1997. 

FIGURE 8. Scatter diagrams showing the 1996 relationships between depth and forage fish 
biomass, murrelet abundance, and the abundance of seabirds on the water. 



Sand Lance in Relation to Bottom Type in Prince William Sound, Alaska. 

Joyal, L. A , ,  and W. Ostrand. Migratory Bird Management, U.S. Fish and Wildlife Service, 
Anchorage, AK. 

Pacific Sand Lance (Ammodytes hexapterus) plays an important ecological role as prey 
for marine mammals and seabirds in Prince William Sound, Alaska (PWS) (Kuletz et al. 1997). 
However, because of a lack of commercial interest in the United States, the biology and habitat 
requirements of this species are poorly known (McGurk and Warburton 1992). Sand lance are 
commonly found in shallow nearshore habitats where they feed in the water column during the 
day and burrow into sand or gravel substrates at night (Wilimovsky et al. 1988). Sand lance also 
deposit their eggs on sand and fine gravel (McGurk and Warburton 1992). 

Hydroacoustic data are often collected during fisheries studies and these data are now 
being used not only to locate fish and estimate fish biomass, but also to characterize bottom types 
(Visual Bottom Typer, BioSonics, Inc.). The purpose of this study was to determine if Visual 
Bottom Typer software could differentiate substrates in PWS and, if so, to investigate the 
relationship between bottom type and sand lance locations. 

During late July 1997 (in collaboration with the School of Fisheries and Ocean Sciences, 
University of Alaska, Fairbanks, project 971 63A), we hydroacoustically sampled 545 nearshore 
transects in PWS. Each transect was approximately 1 km in length. A subset of the fish schools 
located hydroacoustically were physically sampled and identified to species. We also 
incorporated sand lance school locations that were made by other APEX components (n = 72). 
Of these locations, 32 also had associated hydroacoustic data. We also selected 21 random 
locations along the hydroacoustic transects and entered all locations into a geographic 
information system (GIs). 

Each hydroacoustic transect was partitioned into 50 ping segments. We used the Visual 
Bottom Typer software to characterize the bottom of each segment. Using the First Echo 
Division (Visual Bottom Typer Manual, BioSonics, Inc.), the bottom was classified into one of 
three categories (soft mud, soft sand, or sand) based on differing ratios of bottom hardness to 
bottom roughness. Bottom types that did not fall into one of the three categories were designated 
as "unknown". Using GIs we determined the distance from the center of each segment to the 
nearest sand lance location and the nearest random location. We used a Log-likelihood Ratio 
analysis to test for differences in bottom types between segments within 500 m of a sand lance 
location and segments within 500 m of a random location. We then repeated the analysis using 
1000 m instead of 500 m. 

The proportion of segments in each bottom type differed significantly between segments 
associated with sand lance locations and segments associated with random locations 
(G test: P < 0.005 for 1000 m, P < 0.001 for 500 m; Fig. I).  Segments associated with sand lance 
were more likely to be classified as soft sand and less likely to classified as mud than expected. 
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Although we do not know if the these bottom classifications correspond directly to the actual 
bottom types, they should depict a real continuum from fine grain to course grain sediment. 
Approximately 40% of our segments were classified as "unknown". This underscores the fact 
that these results are preliminary; the bottom types need to be ground truthed in PWS. Physical 
CUK s~ l i i p l c~  of diffcxllt typcs of bottoms need to be collected in order to calibrate the software 
for this area. 

The significance of the statistical analyses was slightly lower at 1000 m. One would 
expect that at some distance a difference would no longer be discernible. Doing repeated tests at 
incremental distances could provide information regarding the scale at which sand lance select 
their habitat. 

The sand lance locations that aligned with hydroacoustic transects were a clustered 
subsample (32 of 72) of all the sand lance locations (Fig. 2). This exercise was an exploratory 
examination of data collected by other studies; it suggests that a study specifically designed to 
test a relationship between sand lance and bottom type may prove productive. 
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FIGURE 1. The proportions of bottom types of tmsect  segments associated with sand lance and 
randomly selected locations. 

FIGURE 2. Randomly selected locations and locations where Pacific Sand Lance were observed 
during the sunlrner of 1997. Thesc Iocacions were used to test the effectiveness of hydroacaustic 
bottom typing software in identifying sand lance habitat. 



S
an

dl
an

ce
 

a
 

0
 

a
 0

.3
 

w
 

C
 

d
) 0
 5 
0.

2 
n
 0.

1 0 
U

n
kn

o
w

n
 

S
o

ft
 M

u
d

 
S

of
t 

S
an

d
 

S
an

d
 

B
o

tt
o

m
 T

yp
e 

"I
 

t
#

 o
x

.
 

1 

R
an

do
m

 

L
og

lik
el

ih
oo

d 
R

at
io

 
P

 c
 0

.0
01

 





PWS Mass Balance Model: Seabirds 

W. D. Ostrand and D. B. Irons 

Although the seabird population of Prince William Sound is a rich and diverse collection of 
species with differing foraging strategies (Dwyer et al. 1976), their distribution is consistent 
across taxa, with most bird observations occurring within 1 km of the shoreline (Ostrand and 
Maniscalco 1996). Within the near shore zone seabirds have associated with shallow water 
habitats, however this relationship was not apparent during 1997 (Ostrand, unpubl. data). 

Population estimates are from 1996 U.S. Fish and Wildlife Service surveys (Agler and Kendall 
1997). The survey will be replicated in 1998; hence, numbers can be updated. Population 
estimates on several species are included for general information on the attached spreadsheet and 
mass balance data is provided on the principle seabirds. The summer population and biomass is 
dominated (>20,000 individuals of each species) by Glaucous-winged Gulls (Larus glaucescens), 
Black-legged Kittiwakes (Rissa tridactyla), and Brachyrampus murrelets [Marbled Murrelet 
(Brachyrampus marmoratus) and Kittlitz's Murrelet (Brachyrampus brevirostris)]. The winter 
population and biomass differs and is dominated by Mew Gulls (Larus canus), murres [mostly 
Common Murre (Uria aalge)], and Brachyrampus murrelets. In addition, Bald Eagles 
(Haliaeetus leucocephalus) are a major contributors to avian biomass (>1.5 kg during both 
seasons. 

Bird body mass estimates for Alcids were taken from De Santo and Nelson (1995) and all other 
species from Dunning (1 993). Daily food consumption estimates for Black-legged Kittiwakes 
and Pigeon Guillemot (Cepphus columba) were obtain from studies conducted in Prince William 
Sound (Greg Golet, U.S. Fish & Wildl. Serv., Anchorage, unpubl. data). Bald Eagle 
consumption estimate was obtained from Stalmaster and Gessaman (1984). For all other species 
daily food consumption was calculated using the following formula (Birt-Friesen et al. 1989): 

loglo(daily energy) = 3.08 + 0.667 log,,(body mass) 
where energy is expressed in kJ and body mass in Kg. We assumed a 75% efficiency in 
converting energy consumed and a local energy content of 4.5 kJ gm-' of forage fish (D. Roby, 
Oregon State Univ, Corvallis, pers. comm.). Hence, we divided daily energy by .75 and then 
divided that product by 4.5 kJ gm-' to obtain a daily mass. 

Food habits for Pigeon Guillemot ware obtained from local studies (Greg Golet, U.S. Fish & 
Wildl. Serv., Anchorage, unpubl. data). Bald Eagle food habits were taken from Cash et al. 
(1 985). All other food habits data were obtained from Sanger (1987). 
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Summer Winter Summer Winter Food 
(May-Sep) (Oct-Apr) Biomass Biomass Annual Prey Mass Consumption 

Species Numbers Numbers Body Mass(g) (kglkmA2) (kglkmA2) Mortality (GlDay) QIB (kglkmA21year) 
Planktivours birds 
Fork-tailed Storm-petrel 15800 0 43.0 0.1 0.0 43.7 1 .O 14.3 
Red-necked Phalarope 8000 0 
Terns 
All Terns 5400 0 110.0 0.1 0.0 81.7 0.7 9.1 

29200 0 0.1 23.4 

Benth. Piscivorous birds 
Cormorants 
All Species 1400 13400 2000.0 
Pigeon Guillemot 3000 2500 487.0 
total 4400 15900 

Pelagic Piscivorous birds 
Fulmars & Shearwaters 
All Species 2000 
Gulls 
Bonapart's Gull 1600 
Mew Gull 14200 
Herring Gull 100 
Glaucous-winged Gull 25100 
Black-legged Kittiwake 48800 
Alcids 
All Murres 3300 
Brachyramphus murrelet 82200 
Ancient Murrelet 200 
Parakeet Auklet 800 
Tufted Puffin 5000 
Horned Puffin 500 
Totals 183800 

Prey on birds 
Bald Eagles 3000 3900 4700.0 
NW Crow 2600 7100 
Common Raven 100 300 
Totals 5700 11300 

All Merganser 3100 6500 
Shorebirds 
Black Oystercatcher 800 0 
Wandering Tattler 100 0 
Whimbrel 100 0 
Ruddy Turnstone 100 0 
Surfbird 1600 700 
Jaegers 
All Jaegers 500 0 

Mammals 
Dall Porpoise 
Sea Otter 
River Otter 
Sealion 
Harbor Seal 
TOTAL 

Species 
Sooty Shearwater 
Pelagic Cormorant 
Glaucous-winged Gull 
Black-legged Kittiwake 
Arctic Tern 
Common Murre 
Pigeon Guillemots 
Marbled Murrelet 
Ancient Murrelet 
Tufted Puffin 
Bald Eagle 

L.Pel S. Pel 
67.0 
88.0 
95.0 
95.0 
3.0 

88.0 
30.0 
80.0 
20.0 
78.0 

Demersal Fish Decapods Crust. Ceph. Cop. 
30.0 

10.0 2.0 

Euph. Non-mar~ne 
3.0 



C 
Fish Diet Overlap 



Exxon Valdez Oil Spill 
Restoration Project Annual Report 

Alaska Predator Ecosystem Study: 

Diet overlap, prey selection, die1 feeding periodicity 
and potential food competition among forage fish species 

Restoration Project 97 163C 
Annual Report 

This annual report has been prepared for peer review as part of the Exxon Valdez Oil Spill Trustee 
Council restoration program for the purpose of assessing project progress. Peer review 
comments have not been addressed in this annual report. 

Molly V. Sturdevant, 
Leland B. Hulbert, and Audra L. J. Brase 

National Marine Fisheries Service 
Alaska Fisheries Science Center 

Auke Bay Laboratory 
1 1305 Glacier Highway 

Juneau, Alaska 99801-8626 

April, 1998 



ABSTRACT 

This component of the multi-year project Alaska Predator Ecosystem Experiment (APEX) 
investigates forage fish trophic interactions to complement other APEX studies on the abundance, 
distribution and composition of forage fish populations in Prince William Sound (PWS). 
Understanding variations in the feeding ecology of these prey of seabirds may help to explain the 
health of avian predator populations which were impacted during the Exxon Valdez Oil Spill. In 
FY98 the diet component focused on 1) processing samples from 1996 collections and preparing 
a preliminary analysis of the data for this annual report; and 2) completing analysis of all data 
(1 994- 1996) to submit as chapters in a final report and for publication. 

We examined 467 stomachs from three species of forage fish collected near shore by beach and 
purse seine during July, 1996. We also analyzed 50 plankton samples collected concurrently in 20 
m vertical hauls with a 0.5 m diameter ring net (243 pm mesh). Our report compares 1) the 
feeding of juvenile Pacific herring (Clupeapallasi), Pacific sandlance (Ammodytes hexapterus), 
and pink salmon (Oncorhynchus gorbuscha) collected from allopatric (single species) and 
sympatric (multi-species) aggregations; and 2) the die1 feeding periodicity of sandlance collected 
in two regions of PWS. 

Juvenile herring, sandlance and pink salmon occurred sympatrically in 2 1-4 1% of the hauls 
whereat least one of the species was present. Zooplankton numerical composition by species was 
similar for all aggregations (-80% small calanoids) and mean densities ranged from 1800-4200 
organi~ms*m-~. Juvenile herring and sandlance diets were similar (PSI > 60%) only when both 
were allopatric. Small calanoids predominated in the diets of both species, but herring also 
selected larvaceans. Sandlance consumed both prey taxa in proportion to their availability in the 
zooplankton. Pink salmon diets were not similar (PSI < 60%) to those of either herring or 
sandlance. Pink salmon selected larvaceans and avoided calanoids. Sandlance were the least 
selective of these planktivores. 

Diet similarity and shifts were the first indications of potential competition among forage species. 
Diet composition ofjuvenile sandlance and herring shifted significantly (P < 0.05), but not 
dramatically, between fish in allopatric (n =14, 10 sets, respectively) and sympatric (n = 4 sets) 
aggregations, providing evidence for partitioning of prey. Sandlance also shifted diets when 
sympatric with pink salmon, but pink salmon and herring adhered to similar diets whether 
allopatric or sympatric. Diet composition of juvenile herring and pink salmon also shifted 
significantly (P < 0.05), but not dramatically, between fish in allopatric (n = 10, 3 sets, 
respectively) and sympatric (n = 6, 4 sets, respectively) aggregations. 

Feeding declines were more dramatic than shifts in diet composition. Measures of food 
consumption and fullness declined significantly for all species in sympatric aggregations compared 
to those in allopatric aggregations, except for sandlance sympatric with pink salmon. Feeding 
declines did not appear to be related to time of day or fish size, but may have been related to 
decreased zooplankton densities in areas of sympatric aggregations. Our results suggest that 
competitive interactions limit the feeding of these sympatric forage species, which partially 
accommodate with shifts in overall diet. The health of forage populations could be affected by 
such competition if sympatry occurs regularly. 
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INTRODUCTION 

The high sea bird mortalities associated with the Exxon Valdez oil spill (EVOS) occurred during a 
period of decline in several sea bird populations (Piatt and Anderson 1996). Long-term shifts in 
the relative abundance of prominent forage fish species were noted in the 1970's and 1980's 
(Anderson et al. 1994), coincident with increasing numbers of juvenile salmonids being released 
into PWS by enhancement facilities. The environmental conditions, trophic interactions and other 
factors controlling growth and survival of forage fish, as well as sea birds, are not well 
understood. However, damage assessment studies since the spill have associated continuing sea 
bird declines with decreased availability of high quality forage fish prey. Reproductive failures 
were documented among black-legged kittiwakes fiom oiled areas (Irons 1996) and may be 
associated with feeding conditions. Greater declines of pigeon guillemots in oiled areas compared 
to non-oiled areas were associated with reduced deliveries of Pacific sandlance, a high energy 
prey, to their chicks (Oakley and Kuletz 1996). These forage fish population changes could be 
reflected in trophic interactions if food availability limits the carrying capacity of PWS (Cooney 
1993; Heard 1998). 

Information pertaining to the impact of interactions among forage fish species is essential to an 
understanding of their availability to apex predators. Knowledge of forage fish diets, prey 
availability and selection, shifts in food habits when fish distributions overlap (allopatry vs. 
sympatry), die1 feeding chronology, and other aspects of feeding ecology, as well as geographic, 
seasonal and interannual comparisons of such trophic attributes, may provide insight into how the 
population dynamics of forage fish affect apex predators which utilize forage fish. Most of what 
is known about the associations ofjuvenile Pacific herring, Pacific sandlance and pink salmon 
relates to them as prey for piscivorous fish, sea birds or marine mammals (Cross et al. 1978; 
Rogers et al. 1979; Field 1988; Heard 199 1 ; Gilman 1994; Schweigert 1997). Numerous diet 
reports have been published, yet details of the interactions among these species are poorly 
understood. Especially little is known about Pacific sandlance, principally due to its lack of 
importance as a commercial species in the eastern Pacific. 

This diet study is a sub-project of the Alaska Predator Ecosystem Experiment (APEX 163A-Q), a 
multi-disciplinary study designed to understand the PWS food web and its effects on species 
injured in the Exxon VaIdez oil spill. Understanding the interactions between forage fish species 
may help to explain changes in the food habits and reproductive biology of injured marine birds 
dependent on them, lending support to the APEX hypothesis that "planktivory is the factor 
determining abundance of the preferred forage species of seabirds." 

Feeding overlap is one indication of competition. Herring, pink salmon and sandlance have high 
potential for feeding overlap due to their shared early life history requirement of nearshore 
residency (e.g., Simenstad et al. 1979). Competition among species can be inferred fiom an 
observed shift in resource use when two species co-occur, such as decreased presence in preferred 
habitat or decreased use of a preferred prey resource (Sogard 1994). The shift is then reflected in 
some measure of health, such as poorer condition, less energy reserves, or decreased growth. 
Ultimately, survival may be affected and populations reduced. For this study, samples collected 
by APEX 96 163A were adapted to an aposteriori experimental design with nine types of species 
aggregations. We addressed the potential for competition between juvenile Pacific herring, Pacific 



sandlance and pink salmon by comparing feeding attributes of fish in allopatric aggregations to 
those in sympatric aggregations. We examined for a) diet shifts, by comparing prey composition, 
prey selection and total diet similarity, and for b) feeding declines, by comparing quantities of 
food consumed. 

METHODS 

The field and laboratory methodologies used to conduct this study are only briefly described 
herein. Extended summaries of the 1996 APEX field collections and gear specifications are 
described in the 97163A (Fish Population Sampling) annual report and laboratory methods are 
detailed in the FY97 Detailed Project Description (DPD 97163C "Protocol for Collecting and 
Processing Samples for APEX Forage Fish Diet Investigations"). 

Because of time and budget constraints, the diet study addressed only the first and second of the 
objectives listed in the FY98 proposal. We focused on our principal objective, an analysis of 
trophic interactions between allopatric and sympatric forage fish aggregations. Our second 
objective of determining die1 feeding periods succeeded only for sandlance due to limited samples. 
We determined the principal time of feeding to provide information on whether temporal 
partitioning of prey occurs among different forage species feeding on the same resources. To our 
knowledge, this information is not currently available for any juvenile Ammodytes species. 
Although all objectives have not been met, all tasks scheduled in the FY98 proposal were 
completed. This annual report will be followed by a close-out Final Report in September, 1998, 
covering all findings of Project 163C. 

Field Methods 

Using several nets deployed from several small vessels, we sampled schools of forage fish in PWS 
during July, 1996. These samples were obtained while we assisted Project 96163A in conducting 
both offshore and nearshore fish surveys, the principal purpose being to assess the distribution and 
abundance of forage species. The offshore hydroacoustic surveys were conducted along 
established parallel transects in each APEX area of the sound (northeast, central, southwest). 
Nearshore hydroacoustic surveys were conducted concurrently along zig-zag transects in each 
area. Various nets were fished to verifL acoustic targets, to determine species composition and to 
collect diet and other project samples which were routinely preserved or frozen. Schools detected 
hydroacoustically in offshore areas were sampled with purse seines and trawls. Schools detected 
hydroacoustically in deeper nearshore water or sighted at the surface were sampled primarily with 
purse seines, cast nets and dipnets. A nearshore beach seine survey was conducted systematically, 
but blindly (without sighting a hydroacoustic target) along shoreline segments defined in each 
region. Only alternate beach segments were seined due to time constraints (see Haldorson et al. 
1997). We seined three randomly selected, but "fishable" sections out of the ten comprising each 
beach segment. The whole segment formed the base of the zig-zag that was hydroacoustically 
assessed. When fish were caught in beach seines, zooplankton samples (20 m vertical hauls, 0.5 m 
diameter ring net, 243,um mesh) and epibenthic samples (10 m horizontal hauls, 0.3 m diameter 
ring net, 243,um mesh) were also collected to assess the prey available to fish from pelagic and 
epibenthic production systems. Zooplankton samples were collected within approximately 100 m 



of the fish sampling site unless the site was too shallow. The epibenthic sled rested 1 1-cm above 
the substrate, thus collecting both epibenthic and planktonic organisms across the integrated 
micro habitats near the bottom. Replicates of either type of sample were preserved in 5% 
buffered formaldehyde solution in individual 500 ml sample bottles. Few additional plankton 
samples were collected offshore; therefore, prey samples collected to complement beach seined 
fish were used with purse seined fish samples from the same area in a few cases (see Table 1). 

With the above survey priorities and limited time, it was not possible to conduct directed sampling 
on specific schools as proposed. Instead, we investigated feeding periodicity and compared diets 
between fish in allopatric and sympatric schools (971636 DPD) by adapting survey samples to a 
balanced, aposteriori, experimental design which could address competition. This design 
considered the factors: a) species, b) allopatric vs. sympatric, and c) species pairing for sympatric 
aggregations. With samples of herring, sandlance and pink salmon available, the factors 
comprised nine categories of aggregations. 

We defined sympatric as any co-occurrence of two species in a sample set at a station. We re- 
examined the catch data (97163A) to determine the percent frequency of occurrence of sympatric 
Pacific herring, Pacific sandlance and pink salmon. Then we classified all sets catching one of the 
three species of interest as allopatric or sympatric (Tables 1 and 2). The criteria for classifjling 
species aggregations were: 

Aliovatric Svmmtric 

mixed species per area in different hauls mixed species per area in same hauls 

2 species with n < 9 for one of them 2 species with n 2 10 each 

2 size classes for a species occumng alone 2 size classes of one species with a co- 
(sandlance, 1 1 -2B) occurring second species 

additional species present in low numbers, 
but not of interest (e.g., tomcod) 

We analyzed all sympatric sets available, then selected sets fiom the more common allopatric 
aggregations to complement them and to represent intraspecific spatial variation in diet across the 
regions. We pooled sets across regions to make comparisons between allopatric and sympatric 
aggregations. Our experimental design was not spatially balanced because allopatric and 
sympatric samples of each species were not both captured in the northeast, central and 
southwestern regions of the sound, even though all three species were present throughout the 
sound. 

For the second objective, diel samples were collected at four stations throughout 24 hours of 
beach seining in northeastern PWS at the end of the APEX surveys. Two beach segments (see 
above) were selected where fish of interest, particularly sandlance and herring, had been 
success~lly seined earlier. We fished replicate stations on two beach segments, southwestern 
Bligh Island (sections N1503 and N1507) and Knowles Bay (sections NO505 and N0506). The 
four stations were fished during four, 6-hour diel intervals (I: 10:Ol-14:00,II: 14:Ol-20:00,III: 



20:Ol-04:00, and IV: 04:Ol- 10:OO) except during time interval 111. We successfully collected a 3- 
sample diel series of sandlance at Knowles Bay and obtained a 5-sample diel series from Cabin 
Bay on western Naked Island (Central PWS) by pre-arrangement with pigeon guillemot (PIGU) 
Project 96163F. 

Laboratory methods 

Once the experimental design was outlined, we followed established protocol for analyzing diet 
samples. We examined fish stomach contents to determine: a) if different forage species consumed 
the same prey types and b) if feeding shifts that could provide evidence of competition occurred 
between allopatric and sympatric aggregations of each species. Forage fish stomach samples and 
prey samples (zooplankton invertebrates) were analyzed at the NMFS Auke Bay Laboratory 
according to the protocol written in 1997. This process was greatly enhanced by having 
experienced NMFS employees on staff, compared to other years of the project. 

Preserved fish were measured and weighed in the laboratory, stomachs were removed and 
weighed, and semiquantitative indices of stomach fullness and prey digestion were recorded from 
visual assessment. Relative fullness was recorded as: 1 = empty, 2 = trace, 3 = 25%, 4 = 50%, 5 
= 75%, 6 = 100% full, and 7 = distended. The state of digestion was recorded as: 0 = fresh, 1 = 

partially digested, 2 = mostly digested, 3 = stomach empty. Stomach contents were teased apart 
and split according to standard subsampling techniques when stomachs were too full to count 
every prey item (Kask and Sibert 1976). We identified zooplankton to determine selection from 
pelagic prey fields by fish at each station. Because fish preyed very little on epibenthic prey taxa, 
we did not analyze the epibenthic tow samples. Zooplankton samples were split with a Folsom 
splitter. Organisms in stomachs and zooplankton samples were identified, enumerated under the 
microscope, and numbers were expanded. As much as possible, taxa were identified to allow 
examination of prey selection by species, sex and life history stage, and within size groups. Large 
copepods were identified as those > 2.5 mm total length (TL). Small copepods were identified as 
those s 2.5. mm TL, and include the cyclopoid, Oithona. Taxa such as euphausiid or amphipod 
species were similarly defined by length ranges. 

Data Summary and Statistical Methods 

The numerical percentage composition and mean abundance of prey taxa in plankton samples 
were summarized to characterize the general resources available to planktivores at each station 
and in the three regions of PWS during July. Density of planktonic prey was standardized to 1 
m3 water volume using the number of animals per sample divided by the volume (V) of water 
sampled: 

where xi = number observed per taxon, f = the fraction of the sample analyzed, r = radius of the 
net (0.5 m) and D = depth of the tow. Depth of plankton samples were generally 20 m, filtering 
approximately 4 m3 of water. Biomass was calculated by prey multiplying counts by the mean 



weight per taxon-size class from literature values and data-on-file. 

Ten fish from each species-size group per station were analyzed from diet sample collections. 
Mean preserved fork lengths (FL) for each group was calculated to distinguish between 
intraspecific sizejage groups. In general, herring and sandlance less than 100 mm were considered 
0-age and fish greater than 100 mrn were considered 1-age. All pink salmon were 0-age, but were 
classified in two similar size classes. Mean fullness index and stomach fullness as mean prey 
percent body weight (%BW) were also computed: 

% B W =  C (xi w,) 100 
BW-(C x, w,) 

Where z = 1 to n prey taxa, xi = total number of prey per taxon, wi = the mean weight of each 
prey taxon in mg, and BW = the fish body weight in mg. 

Overall food habits of forage fish species were summarized for the allopatric and sympatric 
groups of each species by pooling the specific prey taxa identified into major prey categories. 
These were presented as percent total biomass and percent total numbers. The Schoener Index of 
Overlap, also known as the Percent Similarity Index (PSI), was used as the principal measure of 
diet similarity (Wieser, 1960; Schoener 1974; Boesch, 1977; Hurlbert 1978; Krebs 1989). The 
PSI is computed by summing the minimum percentage of all prey taxa shared between two 
species of forage fish : 

where p is the biomass proportion of the ith prey taxon in n taxonomic categories consumed by 
fish species j and k. The PSI is a simple and conservative estimator of diet overlap based on the 
finest resolution identifications available. We used the measure to compare several groups of fish 
diets: interspecific-allopatric (both species allopatric), interspecific-sympatric (two co-occurring 
species), and intraspecific allopatric-sympatric (allopatric species compared to itself when 
sympatric). Values above 60% were considered significant. 

Strauss Linear Selection Index was used as the principal measure of prey selection. This measure 
compares the percent numbers of prey taxa consumed by fish to the percent numbers available in 
prey resource sample (Ivlev 196 1; Krebs 1989; Strauss 1979): 

L, = (pi - e,)100 

where i = 1 to n prey taxa, pi is the numerical proportion consumed and ei is the numerical 
proportion in the prey resource sample. Selection values were calculated for fish whose stomach 
contents could be compared to zooplankton samples collected at the same station; in a few 
instances, nearby stations were substituted when exact station samples were not available. 
Selection values were calculated for all taxa observed in either the stomachs or the prey samples. 
Negative values indicate avoidance, positive values indicate selection, and values near zero 



indicate predation at a rate proportional to the availability of the taxon. 

In statistical analyses, the set of fish at a station were the sampling unit, with stations as replicate 
observations of allopatric or sympatric occurrences. All data were tested for normality of 
distribution and homogeneity of variance. Transformations were unsuccessful; therefore, a 
nonparametric analysis was emphasized in tests for diet shifts and declines. We measured feeding 
shifts as changes in: a) overall diet similarity, b) prey percent composition, c) prey selection, d) 
numbers and biomass of prey consumed, and e) stomach fullness. We converted observations to 
ranks, then applied a two-way ANOVA on the ranked data (Conover 1980) with the allopatric- 
sympatric classification and species as factors. When the interaction term was significant (P < 
0.05), multiple comparisons between allopatric and specific sympatric species combinations were 
performed (Mann-Whitney Rank Sum Test). 

RESULTS 

The locations fished for diet samples are shown in each of the three APEX geographic regions of 
PWS in Figure 1. More fish came from the northern region than the other two, but some stations 
in both the north and central regions were sampled more than once for the diel study. The 
allopatric-sympatric classification and characterics of stations in Figure 1 are shown in Table 1. 
All samples were collected in the second half of July during daylight hours (between 06:35 and 
20: 15), with the exception of set 87-1B-D4 (a diel station), which was fished at dawn (04:40). 

The frequency of occurrence, abundance and distribution of forage species were summarized in 
the 1996 annual report; however, species associations were not presented (Haldorsen et al. 1997). 
We set the stage here by briefly repeating the findings. Forage fish were seldom encountered 
offshore in 1996, and differences between areas were noted for nearshore surveys. Of all gear 
types, fish were caught most frequently with beach seines onshore, where fishing effort was 
focused. Fish were not randomly distributed and were encountered in the north more often than 
in the other regions. Herring and sandlance were the most frequently occurring and abundant 
species caught in the north. Pink salmon and tomcod were the most frequently occurring species 
in the south and central areas, but herring (mostly adults) were the most abundant species in the 
south. Catches were generally low in the central area, and although we caught sandlance third 
most frequently there, other work suggests that our beach seine sites missed areas where they 
commonly occur. Sandlance schools were commonly sighted in the Naked Island complex during 
Sound Ecosystem Assessment (SEA) aerial surveys and the PIGU project (96163F) collected a 
number of samples for use in our diet study during its beach seining operations at Cabin Bay and 
other sites around Naked Island. 

Sympatric forage fish aggregations were relatively common in July, 1996 (Table 2). Of the 330 
sets that caught fish in the 1996 APEX surveys (excluding the samples provided by the PIGU 
project), juvenile Pacific herring, Pacific sandlance and pink salmon were caught in 39,22 and 34 
sets, respectively (Table 2a). We identified sympatric species pairs in 2 1-4 1 % of the hauls 
catching at least one of the three species (Table 2b). All sympatric sets available were analyzed 
(four sets of herring-pink salmon, four sets of herring-sandlance, and one set of sandlance-pink 
salmon; Table 2c). 



The total density and biomass of zooplankton available at allopatric and sympatric stations for 
each forage species are summarized in Table 3 for comparison of feeding environments to fish 
diets and feeding declines. We compared zooplankton densities and composition at allopatric 
stations to those at sympatric stations for each species. Mean zooplankton densities across the 
nine categories of aggregations ranged fiom approximately 1800 to 4200*m-3; densities at stations 
within each type of aggregation generally varied by a factor of 2-3. For aggregations of herring, 
reduced zooplankton densities were evident where fish were sympatric with sandlance but not 
where they were sympatric with pink salmon. For aggregations of pink salmon, reduced 
zooplankton densities were evident where fish were sympatric with herring, but not with 
sandlance. For aggregations of sandlance, reduced zooplankton densities were evident where fish 
were sympatric with herring and higher zooplankton densities were observed where they were 
sympatric with pink salmon. 

Although zooplankton densities differed between allopatric and sympatric aggregations, zoo- 
plankton composition was virtually identical (Figure 2). Zooplankton in the upper 20 m water 
column universally consisted of small organisms, with small copepods forming at least 72% by 
number. These were principally the calanoids, Pseudocalanus, Acartia, and Centropages and the 
cyclopoid, Oithona. Four taxa comprised the majority of the rest of the organisms present, but 
none comprised more than 10%: larvaceans (Oikopleura dioica), pteropod gastropods (Limacina 
helicina), cladocerans (Evadne and Podon), and "other" consisting mostly of bivalve larvae. 
Barnacle larvae and large calanoids (Calanuspacz~cus) were occasionally present also (< 3%). 
The species composition of zooplankton available to these forage fish aggregations is detailed in 
Appendix 2. 

Differences in zooplankton total density at allopatric and sympatric stations did not appear to be 
due to regional differences. We pooled stations fiom different regions for the experimental 
design, but because more samples were collected in the north, processes there weighted the mean 
zooplankton density values. However, density values from the north included both the lowest and 
highest observed (Table 3; Appendix 1). Mean density of zooplankters by region was very similar 
to mean values among species aggregations, ranging from 2325 to 3490*m-~ in the upper 20 m 
water column. Between-station variation in density was substantial within all regions and within 
all types of forage fish aggregations. Zooplankton composition was very similar between regions, 
with small calanoid copepods predominant and other taxa as described above for different fish 
aggregations (Appendix 1). 

The mean sizes of forage species among stations classified as allopatric and sympatric suggested 
that most were O-age or l-age fish (Table 4). Within stations, fish FLs were fairly uniform, with 
typical coefficients of variation < 10%. Herring FL ranged fiom approximately 30 mm-19 1 mm, 
with a cluster of fish I 55 mm, a cluster between 100-1 30 mm, and one set of 191 mm fish (Table 
4). Sandlance clustered in groups of s 89 mm and > 112 mm FL. Pink salmon ranged fiom 62- 
130 mm in FL. The interaction term in a two-way ANOVA testing lengths of the forage species 
classified as allopatric or sympatric was marginally significant (P = 0.0538). Further tests showed 
significant differences (P < 0.001) within species between median sizes of allopatric and sympatric 
forage fish (Figure 3). Herring sympatric with pink salmon (107 mm) were significantly larger 
than allopatric herring (47mm) and sandlance sympatric with pink salmon (63.5 rnm) were 
significantly smaller than allopatric sandlance (79 rnrn). Conversely, herring sympatric with 



sandlance (46.5 mm) and sandlance sympatric with herring ( 76.5 mm) were each similar in size to 
allopatric individuals of the same species. Allopatric pink salmon (85 mm) were significantly 
smaller than pink salmon in both syrnpatric aggregations (98 rnm). However, comparisons of 
species size with allopatric-sympatric classification revealed that virtually the full range of sizes of 
any of the three species were found sympatric with either of the other two species (Table 5). 

Overall diet similarities (PSI) were used as the first indication of potential competitive interac- 
tions. We computed PSI between species occurring allopatrically, between species occurring 
sympatrically, and within species occurring allopatrically and sympatrically (Table 6; Figure 4). 
Few differences in the similarity of diets were noted when percent numbers or percent biomass of 
shared prey species was used for the comparisons. Interspecific diets were not similar (< 60%), 
except for allopatric herring and allopatric sandlance by percent number of prey species (73.1%). 
Interspecific diets were not similar for any pair of sympatric species. Intraspecific herring diets 
and intraspecific pink salmon diets were similar (61.0-72.7% overlap by both percent number and 
biomass) between allopatric aggregations and either syrnpatric aggregation. Intraspecific diets 
were similar (> 60.5% biomass) for allopatric sandlance and sandlance sympatric with hemng. 

The diet similarity analysis was followed by an examination for shifts in prey composition with 
sympatry. Diet compositions of forage species in allopatric and sympatric aggregations are 
presented as percent numbers (Figure 5) and percent biomass (Figure 6) of major prey groups to 
indicate principal prey and to examine for shifts between aggregations. Principal prey differed 
among forage species, and were: for herring, small calanoids and larvaceans; for pink salmon, 
larvaceans and fish; and for sandlance, small calanoids. Minor prey included large calanoids, 
decapod zoeae, barnacle larvae and molts, hyperiid amphipods, cladocera, gammarid amphipods 
and harpacticoid copepods. The frequency of occurrence, percent numerical contribution and 
percent gravimetric contribution of prey species consumed by forage species in each type of 
aggregation are presented in Appendix 3. 

Significant (P < 0.05), but not dramatic, prey shifts occurred within species from allopatry to 
sympatry when the proportions of principal prey groups consumed by either number or weight 
were tested (Figures 5 and 6). Shifts occurred for sandlance sympatric with either herring or pink 
salmon and for herring sympatric with pink salmon. When with herring, sandlance shifted away 
from their principal prey, small calanoids, and consumed more larvaceans and alternative prey 
(harpacticoid copepods and barnacle larvae; Figures 5 and 6, Appendix 3). Conversely, when 
sympatric with pink salmon, sandlance shifted completely away from larvaceans, which consti- 
tuted nearly 100% (numerically) of the pink salmon diet in these aggregations. When sympatric 
with pink salmon, hemng consumed proportionately less small calanoids and proportionately 
more larvaceans (P < 0.05). When with sandlance, however, no significant shifts occurred in 
hemng diet (P > 0.05). Pink salmon did not shift prey significantly when syrnpatric with either 
species (Figures 5 and 6). 

Prey selection from the available zooplankton was computed for each species aggregation. We 
compared selection among forage species and we compared selection between allopatric and 
sympatric aggregations within each species (Figure 7). Prey selection did vary among species. 
Sandlance and herring selected small calanoids and larvaceans in fairly close proportion to their 
abundance in the environment. Pink salmon avoided small calanoids and strongly selected 



larvaceans. Few shifts in prey selection were noted between allopatric and sympatric fish, 
however. Herring had positive selection for large calanoids only when syrnpatric with pink 
salmon. Sandlance had a slightly positive selection value for larvaceans when allopatric, but had 
slightly negative values for larvaceans when sympatric with either herring or pink salmon. No 
other patterns of prey selection were observed (Figure 7). 

Diet attributes used to examine for shifts between species in allopatric and sympatric aggregations 
included two measures of the amount of food consumed (total prey numbers and weight) and two 
measures of stomach fbllness (fullness index and prey percent body weight; Table 7). The 
interaction terms in two-way ANOVAs testing each of these measures among forage species 
classified as allopatric and sympatric were highly significant (P < 0.009). Subsequent tests 
revealed that the amount of prey consumed by forage species in most sympatric aggregations was 
significantly less than the amount consumed in allopatric aggregations (P < 0.05). Declining 
trends of fish feeding in sympatric aggregations compared to fish feeding in allopatric aggrega- 
tions are illustrated using prey percent body weight (Figure 8). The median value for prey percent 
body weight of allopatric herring was 1.5%, declining to 1.1% for herring sympatric with 
sandlance and 0.4% for herring sympatric with pink salmon. The median value for prey percent 
body weight of allopatric sandlance was 0.7%; the values for sympatric sandlance were not 
significantly different. The median value for prey percent body weight of allopatric pink salmon 
was 1.6%, declining to 0.8% for pink salmon sympatric with herring and 0.5% for herring 
sympatric with sandlance. Such downward shifts in feeding were observed for at least three of the 
four measures of prey utilization for each sympatric species combination except sandlance with 
pink salmon (Table 7). 

We examined the diel feeding rhythm of sandlance from single locations to determine the time of 
peak feeding (Figure 9 and 10). On July 21-22, sandlance collected at the PIGU project "Fuel 
Cache" site in Cabin Bay (stations F1, F2) were seined from allopatric aggregations in five time 
periods. The fish caught at 08:OO and 12:OO had stomachs nearly 75% full, with mean prey 
percent body weight of 1.7% (Table 4). This occurred on the falling tide series. Fullness declined 
throughout the rest of the day as the tide rose. Stomachs were nearly empty on two successive 
nights at 20:OO (Figure 9). Food composition also changed over the diel period, differing at the 
three times when stomachs were at least 50% full (Figure 10). Early in the morning, larvaceans 
and decapod larvae predominated (46% and 33% biomass, respectively). In the middle of the 
day, the sandlance had eaten small calanoids (45%), barnacle larvae (3 1%) and other prey items, 
mainly harpacticoid copepods (16%). By late afternoon, the proportion of small calanoids present 
in the diet increased to nearly 90%. 

The second set of diel samples were from Knowles Bay in the north and were collected approxi- 
mately one week later than the central PWS diel samples, on July 27-28, during the opposite tidal 
cycle. These fish all had near empty stomachs and did not exhibit a feeding rhythm. Trace 
amounts of prey in a few stomachs consisted of small calanoids, harpacticoids and gammarid 
amphipods. 



DISCUSSION 

Species co-occurrence 

During July of 1996, between 6.7% and 10.7% of 330 net hauls from APEX surveys in PWS 
caught juvenile Pacific herring, Pacific sandlance and pink salmon. In 2 1-4 1 % of the hauls 
catching one of these species, a second species occurred sympatrically. These rates are likely to 
be even higher if sympatry is defined loosely, as the presence of two species in separate schools in 
a bay, for instance. We report on sympatric species feeding together in virtually single aggrega- 
tions. 

Few other reports exist that compare the food habits and co-occurrence of juvenile Pacific 
herring, Pacific Sandlance, and pink salmon, although each of these species is a common resident 
of nearshore habitats on the Pacific and Arctic coast in spring and summer (Craig 1984; Cross et 
al. 1978; Orsi and Landingham 1985; Robards and Piatt 1997; Rogers et al. 1986; Simenstad et 
al. 1979; Willette et al. In prep.). Their early life history strategies ensure that all three species 
overlap in spatial and temporal distributions during parts of this important feeding period. The 
interrelationships become complex when considering fish with such diverse life history patterns as 
are exhibited by herring, pink salmon and sandlance. Generally, in the spring, herring larvae hatch 
in the intertidal zone and spend the first two years of life nearshore (Norcross et al. 1995). 
Sandlance larvae are dispersed from intertidal areas where they hatch, moving onshore later in 
summer (McGurk and Warburton 1992; Blackburn and Anderson 1997). Pink salmon fry migrate 
from fresh water to nearshore estuaries before moving offshore in the summer of their first year of 
life (Heard 1991). These population pulses are especially pronounced in areas where millions of 
salmon are released by hatcheries (Heard 1997). However, spatial overlaps must decline by fall- 
winter, when pink salmon have leR protected waters for the Gulf of Alaska (Heard 1991), 
sandlance become dormant in soR substrates (Ciannelli 1997), and older juvenile herring have 
migrated to different areas (Norcross et al. 1998). 

Although investigators have rarely reported frequency of co-occurrence or species associations in 
samples, these three species are common and abundant (eg., Simenstad 1979; Robards and Piatt 
1997). Their mutual presence in many areas suggests that habitat and prey utilization must be 
shared among them at least some of the time. However, ours is not the first study to report mixed 
schools (sympatry) of these species. Richards (1976) observed sympatric schools of herring and 
sandlance juveniles in the western Atlantic. Harris and Hartt (1 977) reported frequent co- 
occurrence for these species near Kodiak and Haegele (1996) reported co-occurrence for juvenile 
herring and salmon. The potential for competition, however may vary seasonally, as indicated by 
monthly changes in the frequency of species associations observed in SEA juvenile salmon studies 
in PWS. SEA collected juvenile fish samples in the southwestern region of the sound from April 
to October, 1994 (Willette et al. In prep). The species associations, as well as frequencies of 
occurrence and abundance of juvenile herring, pink salmon and sandlance, varied widely over 
time. Generally, herring co-occurred with sandlance earlier than with pink salmon. Sandlance co- 
occurred with pink salmon at higher rates than with herring. Pink salmon co-occurred with 
sandlance at higher rates and earlier than with herring. This information, along with our high rates 



of co-occurrence for these forage species in July, and literature reports on their individual food 
habits, suggest that substantial diet overlap and competition for food are likely to occur for 
portions of the populations in summer. 

Diet similarity 

Juvenile Pacific herring, Pacific Sandlance, and pink salmon were grouped by Simenstad et al. 
(1979) into the same hnctional feeding group, pelagic planktivores, among neritic fish assem- 
blages inhabiting northern Puget Sound and the Strait of Juan de Fuca, Washington. Sandlance 
and herring were defined as obligate, while pink salmon were considered facultative. The diets of 
all three species were usually dominated by calanoid copepods, although overlap was not reported 
(Simenstad et. a1 1979). Calanoid copepods are commonly reported as the majority of prey 
weight found in the stomachs of Pacific herring (Willette et. a1 1997), Pacific sandlance (e.g., 
Meyer et al 1979; Craig 1987; Field 1988), and pink salmon (e.g., Bailey et. al 1975; Sturdevant 
et. a1 1996). This similarity of principal prey has been noted by other authors (Hobson 1986; 
Field 1988; McGurk and Warburton 1992; Willette et. a1 In Prep)). The diets of all three, 
however, may vary with season and habitat (eg., Simenstad 1979; Sturdevant et. al 1996; Willette 
et. a1 In prep; Craig 1987; Gordon 1984) and even time of day (this paper, die1 sandlance). Thus, 
seasonal changes in the abundance and distribution of these species can affect both the potential 
for food and habitat competion among them and their availability to marine predators. 

In our study, the similar composition of herring and sandlance diets was based principally on one 
shared resource, small calanoids. However, overall diet similarity was high only between 
allopatric aggregations of these species. Their diets diverged when they were sympatric. Because 
the composition of herring and sandlance diets was similar (Figures 5 and 6) and yet diet overlap 
was low in sympatric aggregations, we examined the prey size spectrum of these predators. 
Preliminary analysis of the data suggests that calanoid copepod prey are actually partitioned by 
size and species between sympatric herring and sandlance, decreasing the specific overlap. This 
aspect of feeding will be developed for the final report. Pink salmon and sandlance diets included 
no common prey. 

Herring and pink salmon also shared principal prey resources, larvaceans. Both species, however, 
consumed large proportions of a second prey. For pink salmon, unlike herring, prey biomass was 
dominated by fish and virtually no copepods were consumed. While herring selected small 
calanoids in close proportion to their availability, pink salmon avoided them and were highly 
selective of larvaceans. However, small calanoids formed most of the density and biomass of 
PWS summer zooplankton, far exceeding the abundance of larvaceans. In contrast to spring 
(Cooney 1995; Cooney 1998), large copepods, including Neocalanus spp., were virtually absent 
from our 20 m zooplankton hauls. We did not observe large calanoids in many stomachs, but 
they are commonly preferred by pink salmon f ly  at some times in some areas (LeBrasseur and 
Parsons 1969; Bailey et al. 1975; Sturdevant et al. 1996; Willette et al 1997). In July, however, 
pink salmon have grown too large to be able to obtain a daily ration from this prey (LeBrasseur 
and Parsons 1969). Other investigators have suggested that larvaceans are targeted by juvenile 
salmon because they are highly visible (Bailey et. a1 1975). When their mucous houses are intact, 
they are likely a similar size as large copepods, and unlike other gelatinous taxa, have a similar 
caloric density as copepods (Davis et al. 1997). Combined with a low escape response and high 



visibility, larvaceans may be a rich alternative prey for fish. In total, these findings suggest that 
pink salmon and herring had distinctive diets which they adhere to even when sympatric with 
another species. Sandlance generally had diets similar to herring but adhered less strongly to the 
preferred diet when sympatric. 

Feeding declines and zooplankton 

We observed declines in zooplankton density concurrent with feeding declines for four sympatric 
aggregations: herring with pink salmon, pink salmon with herring, pink salmon with sandlance, 
and sandlance with herring. Changes in prey density can greatly affect the success of fish feeding. 
For example, Campbell and Graham (1991) reported that the food supply available to larval 
herring during two periods (autumn, when feeding on copepodites and nauplii of small calanoids 
and cyclopoids; and winter, when feeding on adult small calanoids) was strongly related to their 
survival. In that study, for fish similar in size to the smaller herring we studied, a doubling of the 
density of zooplankton maximized larval survival, while halving the density decreased survival by 
10- 16%. We observed similar differences in zooplankton density between stations within 
aggregations and between types of aggregations. If the energy budget of these species requires a 
minimum density of appropriately-sized prey in order for calories consumed to balance calories 
expended, then the four sympatric aggregations with lower prey densities could have been food 
limited. 

Both pink salmon sympatric aggregations occurred in areas of lower prey density than where 
allopatric pink salmon occurred. Densities could have been higher at areas with allopatric pink 
salmon no planktivores were present to crop the small calanoids. For pink salmon as large as 
ours, the small calanoids that predominated were not adequate prey for the long term. LeBras- 
seur and Parsons (1969) found that, although they would feed on small calanoids, 90 rnm pink 
salmon could not obtain sufficient ration. In our study, pink salmon were highly selective of larv- 
aceans, even though they contributed < 10% to prey composition, on the order of 0.5*litei1. 
Larvaceans were not more prominent in aggregations where only one of these two predators 
occurred. Pink salmon diets also preyed on low numbers of larval fish at all aggregations. Larval 
fish were not quantitatively sampled by our zooplankton net; therefore, we have no estimate of 
their relative abundance. 

For both herring and sandlance, zooplankton density was lowest for aggregations where these 
two species occurred sympatrically, and may have cropped down the resource. These densities 
are low compared to those during peak zooplankton blooms in the spring (Bailey et. a1 1975; 
Cooney 1995; Cooney 1998), providing < 4 prey*liteil. Small calanoids occurred in densities of 
approximately 2-3*litei1, up to 4*litei1 at allopatric aggregations. These densities could make a 
difference to small fish. Herring larvae feeding on microzooplankton (copepod nauplii) did well at 
densities of about 4*litei1 (Purcell and Grover 1990), but another study found that 5- 1 2*litef1 
was adequate for good feeding, survival and growth (Kiorboe et al. 1985 in Purcell and Grover 
1990). Although similar density relationships may hold for the juvenile fish in our study that fed 
on later copepod stages, size of prey was probably most important parsons and LeBrasseur 
1969). 



Mean zooplankton density was 40% lower at herring-pink salmon aggregations compared to 
densities at allopatric aggregations, but was not lower at herring-sandlance aggregations. Herring 
feeding also declined much more when they were sympatric with pink salmon than when they 
were sympatric with sandlance. This is surprising because, of the two predators, only herring fed 
on the predominant resource. For these herring, the feeding decline may reflect diminished prey 
availability. But for the pink salmon sympatric with herring, which did not feed on the predomi- 
nant prey, the feeding decline was not driven by reduced zooplankton density, but by some other 
process. Both herring and pink salmon increased selection on larvaceans even though the relative 
density of this taxon was about equal to that at allopatric aggregations (Appendix 2). This type of 
shift suggests that perhaps fish minimize aggressive interactions while feeding sympatrically by 
targeting prey with a low escape response. The decreased energy expenditure to capture prey 
would also decrease the rate of encounters with a competitor. However, larvaceans predominated 
in pink salmon diets even when no competitor was present. 

For pink salmon sympatric with sandlance, some measures did decline (%BW, fullness), but 
number of prey doubled. Feeding on small prey would make it difficult for fish their size to reach 
the daily ration (LeBrasseur and Parsons 1969). Bailey et al. (1975) concluded that a maximum 
of 544 copepod prey daily was sufficient for pink salmon up to 58 rnm FL, approximately the 
number of prey observed in these pink salmon nearly twice that size. Since larvaceans numerically 
dominated (98%) the stomach contents of these pink salmon, the substantial prey biomass 
contributed by fish larvae having higher nutritional value is a vital dietary supplement. This may 
be a factor influencing the size of co-occurring herring-pink salmon and sandlance-pink salmon in 
late summer. The sandlance co-occurring with pink salmon were large enough to avoid preda- 
tion, but the O-age herring were probably not (Table 4). 

The feeding of sandlance sympatric with herring declined and prey densities were lower than for 
allopatric sandlance by about 25%. Both of these species fed on the predominant prey, which 
may have been limiting. Sandlance feeding did not decline when sympatric with pink salmon, in 
aggregations where zooplankton density was 50% higher than at allopatric aggregations. Because 
these two species do not have similar diets, competition for available prey was not a limiting 
factor. 

Feeding declines. feeding periodicity. size 

In addition to patterns for zooplankton densities and feeding declines, we investigated for patterns 
by time of day. Downward shifts in prey consumption by fish in allopatric aggregations to that of 
fish in sympatric aggregations did not appear to be influenced by proximity of sample collections 
to peak feeding times. First, allopatric herring were collected approximately six hours earlier in 
the day than reported peak feeding times for juvenile herring (16:OO; Willette et al. 1997). 
Therefore, they had probably not yet filled their guts. Both sympatric groups of herring were 
collected later in the day, near periods of peak feeding (approximately 14:OO and 16:OO). They 
would therefore be expected to have fuller stomachs and higher prey percent body weight than the 
allopatric herring, but did not (Table 6). For pink salmon, peak fullness generally occurs at dusk 
(Godin 198 1). The allopatric pink salmon we collected at -1 1:30 had stomachs 75% full and the 
highest prey percent body weight we observed (Table 6). These values for allopatric pink salmon 
were significantly higher than those of sympatric pink salmon collected later in the day with 



herring (-15:30) or collected at approximately the same time of day with sandlance (-1 1:OO). 
Finally, for sandlance, shifts in feeding depended on whom they were sympatric with. Our study 
of diel feeding patterns of juvenile sandlance indicated peak hllness occurs during mid-day 
(Figure 9). Measures of feeding were high for both allopatric sandlance collected -14:30 and for 
sandlance sympatric with pink salmon collected -1 1:OO; however, stomach fbllness of sandlance 
syrnpatric with herring was significantly lower than for allopatric sandlance, even hough they were 
taken at approximately the same time of day (-14:OO). If literature values for time of peak 
feeding of herring and pink salmon hold for our study, then these results suggest that the feeding 
declines observed for syrnpatric fish were not artifacts of the time of day they were collected. 

Few estimates of the diel feeding periodicity, gut evacuation rate or daily ration are available for 
either sandlance or herring. Larvae of the Japanese sand-eel (A. personatus) fed visually and 
actively all day beginning at dawn (Yarnashita et al. 1985). Guts were fbllest (60%) at 18:OO. 
Age-0 and older juvenile herring off of Scotland had different feeding rhythms, each with two diel 
peaks in consumption; age-0 fish stomachs were hllest at 13:20 and 22:20, while 1+ fish were 
fullest earlier, at 10:20 and 18:20 @e Silva 1973). Age-0 herring in the Baltic Sea also had two 
feeding peaks daily (Arrhenius and Hansson 1994), in evening (about 18:OO-20:OO) and mid- 
morning (10:OO). If different age classes have separate feeding rhythms, then the herring with 
pink salmon in our study could have a different peak feeding period than the herring with 
sandlance. If this is true, our conclusions about feeding declines and sampling times may not 
hold. For pink salmon peak fbllness generally occurs at dusk after feeding throughout the day 
(Bailey et al. 1975), reportedly around 20:OO in spring (Godin 1981) and 16:OO in fall (Willette et 
al. 1997). 

LeBrasseur et, a1 (1969) compared the diets of larval and juvenile sandlance, pink salmon and 
chum salmon in the spring plume of the Fraser River, British Columbia. These species became 
prominent in the nearshore at the same time (April-May) that the dominant copepods in zooplank- 
ton samples switched from small species of about 500 p m  in length (Microcalanus sp., cope- 
podites of Calanus pacificus and Pseudocalanus minutus) to a larger species of about 1500 pm 
in length (copepodites of Neocalanusplumchrus). In general, fish switched from consuming the 
small prey as larvae to the large prey as juveniles. Sandlance larvae feeding on Microcalanus had 
empty stomachs much more frequently than the juveniles feeding on Neocalanus. Ration 
experiments were not conducted for sandlance, but 85% of the zooplankton prey of juveniles > 40 
rnrn were between 500 p m  and 1000 pm in length, smaller than the salmonid's preferred prey. In 
controlled feeding experiments, salmonids could meet their daily ration when feeding on Neo- 
calanus but not when feeding on Microcalanus, even when the latter's density or biomass were 
greater. Parsons and LeBrasseur (1970) noted that 90 rnrn juvenile pink salmon can obtain their 
ration of 683 mg of food per day by feeding on Neocalanusplumchrus continuously at prey 
biomass of 20 g*m4, but could not meet this food requirement when feeding on a Pseudocalanus 
crop even at prey densities of 90 g*m-3. Maximum ration consumed by 90 mm pink salmon was 
43 mglhr Neocalanus at prey concentrations of 4,000*m4, but only 10 mg*hr-' for Pseudo- 
calanus at concentrations greater than 670,000*m-3. These authors showed that the type and size 
of prey and the presence of highly dense patches were at least as important as overall prey 
biomass to juvenile salmon in obtaining adequate food efficiently. 



The median prey percent body weight we observed in forage fish stomachs did not exceed 1.5% 
for herring, 0.7% for sandlance and 1.6% for pink salmon regardless of the type of aggregation. 
We did not compute daily ration, but compared amount of food in stomachs to roughly gauge 
feeding success. For pink salmon, we observed only one instance (58-2U; 13:30) close to a 
ration published for 90 mm pink salmon, 683 mg*day-' (Parsons and LeBrasseur 1970). For 
sandlance, using Gilman's (1994) estimated ration at temperatures similar to summer in PWS 
(2.95% BW), we would expect total daily prey weights of 2.2-4.4 mg for our 63-79 mm 
sandlance. The observed values were 25.7 mg for allopatric sandlance, <I mg for sandlance 
sympatric with herring, and 11.7 mg for sandlance sympatric with pink salmon, all taken during 
the peak feeding period we determined. For herring, using the 8.8% BW ration observed for 45- 
49 mm fish in summer (Arrhenius and Hansson 1994), and the 3.7% BW ration for 200 mm fish 
(Koster and Mollman 1997), we estimated daily prey requirements of 4.7 mg for allopatric herring 
(47 mm) and herring sympatric with sandlance (46.5 mm) and 36 mg for 107 mm herring 
sympatric with pink salmon. Our values for allopatric herring and for hemng sympatric with 
sandlance were above these estimates, but our value for herring sympatric with pink salmon was 
far below the estimate. Daily rations of O-age hemng were higher in summer (up to 17% wet 
body weight for 30 rnm fish) than fall (as low as 2.1% for 70-80 mm fish; Arrhenius and Hansson 
1994). Daily rations of 0.4-3.7% body weight were estimated for hemng approximately 200 mrn 
in length feeding on copepods and ichthyoplankton (Koster and Mollmann 1997). Maximum 
percent body weight observed for Ammodytespersonatus in spring ranged from 3.3-6.6% for fish 
up to 90 mm in length (Yamashita et al. 1985). Gilman (1994) reported a daily ration of 2.95% 
BW for A. dubius adults feeding on Calanusfinmarchius in July at temperatures similar to those 
of the PWS in July Evacuation and therefore ration are more dependent on temperature and food 
quality than on other factors, including size (Arrhenius and Hansson 1994). 

The caloric requirements of larval Ammodytes americanus appeared to be lower than for other 
species (l3uckley et al. 1984) leading to speculation that sandlance were adapted to survival at 
low food concentrations. For Pacific sandlance, storage of fats for winter must depend on high 
levels of feeding throughout summer and fall because they burrow into soft substrates and become 
dormant during winter (Ciannelli 1997). Digestion time and food storage may be extended in 
Pacific sandlance to optimize uptake of nutrients from the gut during this period (Ciannelli 1997). 
Similarly, herring depend on stored energy to survive the winter (Paul 1998), when food 
abundances are low, but this characteristic may vary among species and regions A high frequency 
of low level winter feeding continued among O-age herring (C. harengus), while older juveniles 
had a more seasonal rhythm (De Silva 1973). De Silva (1973) also noted that co-occurring 
herring and sprat partitioned prey seasonally by having different peak periods of feeding intensity. 
Paul and Willette (1997) concluded that growth of pink salmon may have been limited by 
intraspecific, density-dependent competition for food in western PWS, and noted a lack of data 
on the abundance of other competitors. Adequate growth is critical to pink salmon, which 
require sufficient energy storage and continued feeding to undergo their migration to the Gulf of 
Alaska (Perry et al. 1996). Some have speculated, in fact, that this characteristic migration is 
performed in response to reduced food levels (Healey 1980). For all of these species, the degree 
of food-limiting, negative interactions and competition experienced in spring and summer could 
have a profound effect on nutritional status and survival. 

The lack of feeding of the sandlance collected in our Knowles Bay die1 series is puzzling. Others 



have reported on regional differences in the oceanographic environment of PWS (Cooney 1995 
Cooney and Coyle 1998). We observed that mean densities of plankton in the northeast region 
were lower than in the other two regions (Table 3). The densities of zooplankton at Cabin Bay 
station 47 and at Knowles Bay station 80, both collected near high tide at about the same time of 
day, were close to 3000 ~rganisms*m-~. Sandlance feeding was near its peak in Cabin Bay at that 
time but sandlance stomachs from Knowles Bay were empty. However, they were also empty at 
other times, when plankton densities were among the lowest observed (1360 and 775 organ- 
i~ms*m'~, respectively) in the sound. We cannot explain this observation. If sandlance have a 
tidal feeding rhythm instead of an endogenous, strictly diel rhythm, then these two sample sets one 
week apart could exhibit opposite times for peak feeding. If sandlance emergence from substrates 
and their feeding are regulated by tidal rhythm, we could have missed a feeding period on the 
incoming tide between 18:OO and 06:OO at Knowles Bay. Winslade (1974) concluded that A. 
marinus activity was controlled both by a light-regulated endogenous diel pattern (emergence at 
dawn, burial at dusk), and the presence of food. Food was detected visually, not by olfaction, and 
buried sandlance did not respond to the presence of food. Therefore, low levels of partial 
emergence and swimming activity that occurred in darkness could lead to feeding at this time. 

Declines in the amount of food consumed by sympatric fish compared to allopatric fish (Figure 7) 
were also unrelated to size (Table 6). Mean sizes of fish at each station were fairly uniform, with 
typical coefficients of variation < 10% (Table 5). The amount of food consumed by herring 
sympatric with pink salmon declined from the allopatric condition independently of size (Table 4). 
Feeding also declined for herring sympatric with sandlance and sandlance sympatric with herring, 
although they were not different in size than their allopatric counterparts. For pink salmon 
sympatric with sandlance, a significant increase in number of prey but significant declines in total 
prey weight, percent body weight, and fullness index occurred. The mean total weight of prey 
consumed by pink salmon was greater than 20 mg in all cases, roughly half the maximum 
observed in B.C. pink salmon of similar size (LeBrasseur et al. 1969). Compared to pink salmon 
28-58 mm examined from mid-April to mid-June in Southeast Alaska (Bailey et al. 1975), 
however, the number of prey consumed by the larger pink salmon in our study was at the lower 
limit of daily consumption when they co-occurred with herring (136) but at the upper limit when 
they co-occurred with sandlance (544). Southeast prey densities were much higher than we 
observed, ranging from 9-5 1 *I-' in April to 76-563*1-' in June (Bailey et al. 1975). Although 
interspecific sizes differed between allopatric and sympatric aggregations of forage fish, and the 
amount of food declined in all but one case (sandlance syrnpatric with pink salmon), species' size 
ranges were similar between categories of aggregations. In almost all cases, the range in 
measures of &llness varied similarly within and between size classes of fish species in both 
allopatric and sympatric aggregations. Therefore, declines in measures of food consumption 
within species in sympatric aggregations do not appear to be an artifact of size differences 
between allopatric and sympatric forage fish aggregations. 

Part of the diel change in prey composition for sandlance could have been size-related and part 
due to sympatry. The sandlance at station 84 were sympatric with herring, while the other two 
sets (80 and 88) were allopatric. The fish hand dug from a coarse sand berm at the edge of the 
water at station 88 were larger than those collected at the other times. This occurred at dawn 
near low tide, after we failed to catch specimens from a school of smaller sandlance in shallow 
surface water. Although we sampled the same site, we did not always sample the same school of 



Sandlance were the most adaptable of these species when in sympatric aggregations. Sandlance 
prey utilization shifted when they were syrnpatric with either pink salmon or herring, but their 
total food consumption declined only when they were with herring. Sandlance with pink salmon 
was the only sympatric species combination in which feeding did not decline significantly from the 
amount consumed in allopatric aggregations. However, sandlance mean stomach hllness was 
already the lowest observed for these species, suggesting a factor other than competition 
contributed to the low incidence of feeding in these samples. Pacific sandlance are known to have 
a longer digestion time and food retention in the gut (Ciannelli 1997). 

Juvenile Pacific herring, Pacific sandlance and pink salmon co-occur commonly during spring 
(Willette et al. In prep) and summer in PWS. Forage fish catches were extremely variable (Table 
I) and we did not attempt to account for relative densities of these schooling species. Diets of 
herring and sandlance were sometimes similar, but pink salmon consumed different prey. All, 
however, exhibited reduced feeding when sympatric, independently of time of day and fish size. 
The declines may have been related to reduced prey densities in some cases. Forage species total 
diets were not greatly similar, but sandlance and herring were more similar than other species 
pairs. Contrary to other's findings of a specialized diet for sandlance (Simenstad et al. 1979) we 
found that sandlance were the more adaptive of these species because of their feeding flexibility. 

Our findings concerning diet similarity indicate some important ideas about the trophic relation- 
ships of these species: I) that herring and sandlance have similar prey requirements, but when co- 
occurring in the same prey environment, they tend to partition prey; 2) sandlance shifted prey 
most readily; and 3) pink salmon and herring adhere to similar diets whether allopatric or 
sympatric. Diet shifts were generally not disadvantageous in terms of nutritional value. The 
predominantly crustacean and larvacean prey are all relatively energy dense (Davis et. a1 1996). 
However, total food consumption decreased for all three species when they were sympatric 
compared to when they were allopatric. This downward shift in feeding occurred even though 
declines in plankton densities were not consistent and composition did not differ between 
allopatric and sympatric stations, suggesting that competitive interactions do occur among 
nearshore forage species. The behavioral interactions which reduce feeding or cause prey shifts in 
these forage species have not been examined. Competition resulting in a less ideal diet, either in 
composition or quantity, could lead to lower survival or slower growth. Such effects of competi- 
tive interactions among forage fish remain to be tested, but if forage species occur sympatrically 
frequently enough to suggest that competition is a regulating factor, their interactions could lead 
to a decrease in the availability of high quality forage species to marine birds and mammals. 
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Table 1. Sample area, location, date, sampling time, times at low and high tide, and numbers of fish caught at stations with alloptric 
and sympatric aggregations of juvenile Pacific herring, Pacific sandlance, and pink salmon in PWS during July. 1908. Samples from 
stations C and F were collected by the PlGU project outside the APEX survey sites. S t a t i i  with the letter "D" were part of the die1 
sample series. Gear type: BS = beach seine , PS = purse seine. Cast=cast net. Handahand dug. 

Fish Zoop. Gear Sample Transect Day- Sample High Low Number 
station station type area Location kl Month tima tide tide caught 

Pacific Herring 

14-18 14-P 
47-28 60-P 
47-5U 60-P 
54-1 B 54-P 
61-1B 61-P 
68-1B 68-P 
68-5U 68-P 
79-1B-Dl 79-P 
87-1B-D4 87-P 
C-7-15 40-P 

- 
BS 
Cast 
PS 
BS 
BS 
BS 
PS 
BS 
BS 
BS 

A l b p b k  
South W. of Pt. Countess 
North NE Bliih lsland 
North NE Bligh lsland 
North Galena Bay W. of Narrows 
North W. Landlocked Bay Bidarka Pt. 
North E. Porcupine Pt. 
North Gmse Island, off Porcupine Pt. 
North Knowles Bay 
North Knowles Bay 
Central NW Naked Is., E. Bob Day Bay 

8ympbk wllh dnk d m o n  
03-2U 10-P PS South Prince of Wales Passage So804 16July 1548 15:18 8:43 650 
10-1B 10-P BS South Bainbridge Pt. SO805 16July 15:30 15:18 8:43 430 
20-18 20-P BS South Paddy Bay Sf609 17July 18:42 15:48 9:16 56 
24-10 24-P BS South Italian Bay, SW Knight Is. S2008 IsJuly 13:W 16:19 9:50 48 

8yrnpbk wlth dkrm 
18-2U 29-P PS Central Bay of Isles. E. Knight Is. W105B 19-July 12:W 16:W 10:20 1300 
60-1B 60-P BS North West Bligh Is. N1507 24-July 9:50 8:15 13:39 3 2 W  
72-18 71-P BS North Knowles BaylRed Head NO505 25July 15:20 9:40 14:48 595 
84-1B-D2 84-P BS North Knowles BaylRed Head NO506 27July 18:00 23:29 17:21 9 

Pacific Sandlance 
Allopbk 

14-28 11-P BS South inside Bainbridge Pt. SO806 16-July 17:40 15:18 8:43 33 
41-28 11-P BS South inside Bainbridge Pt. SO806 16-July 17:40 15:16 8:43 33 
47-1 B 47-P BS Central S. Cabin Bay C0705 22-July 9:55 18:47 11159 50 
63-1 B 63-P BS North Boulder Bay (inside Bidarka Pt.) N1306 24July 13:35 8:15 13:39 52 
64-28 64-P BS North Irish Cove. Port Fidalgo NO905 24-July 1520 8:15 13% 579 
66- 1 B 66-P BS North Port Fidalgo NO909 24-July 18:05 8:15 13:39 127 
80-1 B-Dl 80-P BS North Knowles BayIRed Head NO506 27-July 11:lO 11:56 5:31 11000 
82-1B-D2 82-P BS North West Bligh Is. N1507 27-July 1500 11:56 17121 1 I 
881X-D4 86-P Hand North Knowles BaylRed Head NO506 ?&July 6:35 1252 6:24 16 
F-1-D8 47-P BS Central Cabin Bay. Naked Is.. "Fuel Cache" C0704 21-July 1955 18:02 11:33 12 
F-?-Dl2 47-P BS Central Cabin Bay, Naked Is., "Fuel Cache" C0704 22-July 8:00 559 12:12 15 
F-2-Dl3 47-P BS Central Cabin Bay, Naked Is., "Fuel Cache" C0704 22-July 12:lO 559 12:12 17 
F-1-015 47-P BS Central Cabin Bay, Naked Is., "Fuel Cache" '3704 22-July 16:05 18:47 12:12 32 
F-2-Dl6 47-P BS Central Cabin Bay. Naked Is., "Fuel Cache" C0704 22-July 20:15 18:47 0:07 15 

Syrnpbk with Hurinp 
18-2U 29-P PS Central Bay of Isles, E. Knight Is. C0105B 19-July 12:W 16:50 1020 28 
60-IB 60-P BS North West Biigh is. N1507 24-July 9:50 8:15 13:39 600 
71-18 71-P BS North Knowles BaylRed Head NO506 25July 14:30 9:40 14:48 13500 
84-18-02 84-P BS North Knowles BaylRed Head NO506 27-July 18:00 23:29 17:21 17 

Syrnpbk wllh Pink Wmon 
48-1 B 48-P BS Central Pt. off N. arm of Cabin Bay C0701 22-July 1O:W 18:47 11:59 151 

Pink Salmon 
Allopbk 

49-1 B 49-P BS Central S. Storey Island C0608 22-July 12:lO 18:47 11:59 137 
53-18 53-P BS North N. Galena Bay N1908 23-July 9:00 7:26 12:45 67 
5&2U 68-P PS North Outer Port Fidalgo, Porcupine NOSOlA 25-July 13:30 9:40 14:48 61 

Syrnptrio with Hwing 
03-2U 10-P PS South Prince of Wales Passage So604 lSJuly 1348 15:18 8:43 78 
03-2U 10-P PS South Prince of Wales Passage SO604 lSJuly 15:48 15:18 8:43 78 
10-1B 10-P BS South Bainbridge Pt. SO805 16-July $533 15:18 8:43 199 
10-16 10-P BS South Bainbridge PI. SO805 16-July 15:30 15:18 8:43 199 
20-18 20-P BS South Paddy Bay S1609 17-July 16:42 15:48 9:16 46 
24-18 24-P BS South Italian Bay, SW Knight Is. S2008 l&July 13:OO 1639 9:50 25 

Symphw wHh &ndknam 
48-1 B 48P BS Central Pt. off N. arm Cabin Bay C0701 22-July 1 0 : s  18147 11:59 64 



Table 2. Species associations of juvenile Pacific herring, Pacific 
sandlance and pink salmon from PWS in July, 1996 as (a) total number 
of APEX stations catching forage fish, (b) percent frequency of 
occurrence of sympatric species, and (c) number of sets analyzed for 
diet study. Two species were classified as sympatric if any were 
present together, however, not all stations yielded samples sizes large 
enough to analyze both. Allopatric fish are indicated by shaded cells. 

(a) Number of sets with species present 

< 

First s~ecies Herrina Sa 
Herring 

Sandlance 8 22 9 

Pink Salmon 13 9 34 

(b) Percent frequency of sympatric sets 

Second species 
First species Herring Sandlance Pink Salmon 
Herring -- 20.5 33.3 

Sandlance 36.4 -- 40.9 

Pink Salmon 38.2 26.5 -- 

(c) Number of sets analyzed 

:2.2,:,, ,: :,....". :> .....,..,. 
Sandlance 4 ss2m;~8~>t3me :>>= CII'- ;, .wjj;g$Is ......................... ,.<,<,,,,,,,,~%~~~~~~~~ 

1 

Pink Salmon 6 1 Bspm$:$:g 
:>>>.>>>x>xII'<::>,,,~;;~* 



Table 3. Zooplankton density (n~rnbers'm.~) and biomass (mg9m" wet weight) available to juvenile 
Pacific herring, Pacific sandlance and pink salmon at stations corresponding to allopatric and sympatric 
aggregations sampled in PWS during July. 1996. Values in parentheses are standard deviations of the 
means. Replicate zooplankton samples were collected in 20 m vertical hauls using a 0.5 m diameter ring 
net with 243 p mesh. 

Zooplankton Total Total Gear 
Station Density 

De th Date Time 
Biomass 

P a c k  Herring - 
Allopatrlc 

14-P 3723.3 (577.8) 300.7 (62.7 20 17-Jul-96 
48-P 3642.0 (376.0) 223.1 (76.5; 20 22-Jul-96 
54-P 1680.2 (63.7) 389.4 (322.3) 20 23-Jul-96 
60-P 1989.2 (182.0) 168.9 (3.0) 20 24-Jul-96 
61 -P 2406.4 (321.6) 345.7 (48.6) 20 24-Jul-96 
68-P 6641.5 (270.5) 526.0 (10.1) 8 25-Jul-96 
79-P 3432.7 (229.8) 358.2 (35.0) 10 27-Jul-96 
87-P 645.0 (27.7) 93.0 (2.0) 20 28-Jul-96 

Grand mean 3020.0 300.6 

20-P 20 17-Jul-96 18155 
24-P 3099.1 (817.1) 221.7 (67.8) 20 ISJul-96 13:30 

Grand mean 2847.7 209.1 

Sympatric with sandlance 
29-P 7. 7. 20 19-Jul-96 16155 
60-P 9 [::2.21' 20 24-Jul-96 1O:lO 
71-P 950.9 (160.6) 94.9 i8.7j 20 ~~-JuI-96 15135 
84-P 1359.9 (132.0) 87.6 (2.2) 20 27-Jul-96 18:38 

Grand mean 1801.8 147.5 

Pacific Sandlance 

11-P 2481.2 (283.2) 
47-P 2798.2 (461.9) 
63-P 3042.5 (472.5) 
64-P 3046.9 (241.6) 
66-P 2742.1 (254.6) 
80-P 3163.1 (612.8) 
82-P 1084.0 (306.1) 
88-P 774.6 (1 12.7) 

Grand mean 2391.6 

Allopatric 
198.7 (53.0) 
229.0 (99.1) 
264.9 (3.2) 
412.5 (115.3) 
31 1.2 (46.8) 
226.3 (13.9) 
138.9 (71.2) 
101.5 (45.1) 
235.4 

Sympatric with Herring 
29-P 2907.2 (467.3) 20 19-Jul-96 1655 
60-P 1989.2 (1 82.0) :g:: I:::! 20 24-Jul-96 1O:lO 
71-P 950.9 (1 60.6) 94.9 (8.7) 20 25-Jul-96 15:35 
84-P 1359.9 (132.0) 87.6 (2.2) 20 27-Jul-96 18:38 

Grand mean 1801.8 147.5 

Sympatdc with Pink Salmon 
48-P 3642.0 (376.0) 223.1 (76.5) 20 22-Jul-96 11 :05 

Pink Salmon 
Allopatric 

49-P 4029.0 (852.4) 372.0 (236.7) 20 22-Jul-96 12120 
53-P 1918.0 (404.1) 189.0 (61 .O) 20 23-Jul-96 10:30 
68-P 6641.5 (270.5) 526.0 (10.1) 8 25-Jul-96 10:55 

Grand mean 4196.2 362.3 

Sympatric with Herrlng 
10-P 2501 .O (1 98.6) 239.5 (55.0) 20 16-Jul-96 16:Zb 
20-P 3242.9 (1 438.7) 166.1 (45.6) 20 17-Jul-96 18~55 
24-P 3099.1 (817.1) 221.7 (67.8) 20 18-Jul-96 13:30 

Grand mean 2947.7 209.1 

Sympatric with Sandlance 
48-P 3642.0 (376.0) 223.1 (76.5) 20 22-Jul-96 11 :05 



Table 4. Number of fish examined, size class, mean preserved fork length (FL), mean numbers and weights of prey 
consumed, stomach fullness, number empty, and prey percent body weight of sets of allopatric and sympatric juvenile herring. 
sandlance and pink salmon at stations in PWS during July 1996. Values in parentheses are standard deviations of the means. 

Fish Number Number Prey % Body 
station examined Size class FL (mm) Body weight (g) Number of Prey Prey Weight (mg) Fullness Index empty Weight 

Sympatric with plnk salmon 
03-2U 10 2 191.3 (10.0) 68.6 (15.3) 598.8 (364.1) 667.3 (519.8) 4.8 (0.9) 0 0.9 (0.4) 
10-16 10 0 38.2 (4.4) 0.2 (0.1) 22.0 (27.3) 1.0 (1.9) 2.8 (1.5) 1 0.1 (0.2) 

Sympatric with mndlanw 
18-2U 9 1 125.6 (12.7) 17.0 (6.3) 402.2 (328.2) 42.4 (27.8) 2.8 (0.7) 1 0.2 (0.1) 
60-18 10 0 47.6 (4.3) 0.5 (0.2) 343.3 (194.6) 11.8 (6.7) 5.2 (1.0) 0 2.9 (1.2) 
72-18 10 0 46.3 (3.9) 0.5 (0.1) 679.7 (580.4) 22.6 (12.8) 4.8 (1.0) 0 1.8 (0.6) 
84-1 6-D2 9 0 33.2 (1.2) 0.1 (0.0) 44.2 (42.7) 1.6 (1.3) 3.1 (1.2) 1 0.5 (0.4) 

Pacific Sandlance 
Allopatric 

11-28 10 0 72.3 (8.1) 1.3 (0.4) 971.4 (220.6) 51.2 (14.0) 4.8 (0.4) 0 2.2 (0.6) 
17-28 10 1 134.6 (7.2) 11.4 (4.3) 3244.8 (1496.5) 355.8 (254.9) 5.1 (0.3) 0 2.2 (1.2) 
47-18 10 0 86.5 (5.8) 1.8 (0.5) 76.0 (166.0) 5.3 (12.3) 2.1 (1.4) 4 0.3 (0.5) 
63-18 9 0 88.9 (10.3) 2.2 (0.8) 423.9 (536.6) 31.6 (41.5) 3.4 (2.2) I 0.5 (0.5) 
64-28 10 0 65.8 (3.4) 0.7 (0.1) 1116.2 (802.0) 68.2 (60.0) 4.5 (1.1) 0 1.5 (0.6) 
66-18 10 0 95.9 (6.2) 2.8 (0.5) 2182.9 (160.3) 179.0(178.0) 5.6 (1.4) 0 1.6 (0.9) 
80-18-01 10 0 75.5 (8.7) 1.2 (0.4) 31.1 (43.1) 0.9 (1.2) 2.5 (0.7) 0 0.3 (0.2) 
82-1 B-D2 10 0 78.4 (7.8) 1.3 (0.4) 690.6 (542.6) 35.5 (27.9) 4.9 (1.3) 0 1.1 (0.6) 
88-1 X-D4 10 1 109.6 (10.1) 4.0 (1.7) 0.8 (1.2) 0.4 (0.7) 1.4 (0.5) 6 0.2 (0.2) 
F-1-08 10 0 68.9 (6.8) 0.9 (0.2) 313.4 (617.0) 15.6 (34.5) 2.6 (2.0) 4 0.6 (1.3) 
F-1-Dl2 10 1 114.1 (15.2) 5.4 (2.0) 975.3 (673.5) 63.3 (43.6) 5.5 (1.4) 0 1.1 (0.5) 
F-2-Dl3 10 0 61.1 (6.6) 0.7 (0.2) 616.2 (547.9) 30.0 (16.0) 5.3 (1.3) 0 1.2 (0.9) 
F-1-015 10 0 73.5 (6.0) 1.1 (0.3) 849.9 (644.1) 37.7 (34.4) 4.6 (1.3) 0 0.5 (0.3) 
F-2-016 10 0 72.4 (7.3) 1.1 (0.5) 78.1 (186.4) 3.3 (7.9) 2.3 (1.3) 1 0.2 (0.1) 

Sympatric with Herring 
18-2U 10 1 111.8 (6.2) 5.5 (1.0) 2120.0 (510.5) 145.9 (35.9) 4.7 (0.5) 0 2.1 (0.6) 
60-16 10 0 71.6 (5.7) 0.9 (0.3) 71.3 (103.9) 5.5 (9.2) 2.8 (1.5) I 0.7 (0.6) 
71-16 10 0 76.1 (4.1) 1.2 (0.2) 111.5 (223.5) 4.8 (10.0) 2.2 (1.4) 4 0.4 (0.6) 
84-1 8-D2 10 0 75.5 (8.5) 1.1 (0.4) 0.1 (0.3) 0.0 (0.0) 1.1 (0.3) 9 0.1 (0.1) 

Sympatric with Pink Salmon 
48-1 B 10 0 64.3 (2.5) 0.8 (0.1) 221.6 (203.4) 12.0 (6.9) 3.9 (1.1) 0.00 0.9 (0.5) 

Pink Salmon 
Allopatrlc 

49-1 6 10 0 83.3 (5.1) 4.7 (0.9) 443.4 (168.6) 19.7 (8.0) 4.2 (0.8) 0 1.3 (04) 
53-1 8 10 0 74.2 (9.9) 3.7 (1.7) 356.8 (264.4) 40.3 (67.1) 4.3 (1.2) 0 1.3 (0.7) 
58-2U 10 0 98.1 (62) 7.1 (1.3) 47.1 (22.1) 848.9(389.3) 5.6 (0.8) 0 2.8 (1.3) 

Sympatric with Herring 
03-2U 10 0 102.8 (5.6) 8.7 (1.6) 178.0 (247.4) 78.2 (66.0) 3.5 (0.8) 0 0.6 (0.2) 
03-2U 10 0 130.0 (5.1) 17.7 (1.6) 56.9 (82.5) 290.6 (531.7) 4.1 (1.7) 0 1.0 (0.8) 

Sympatric wkh Sandlance 
48-1 8 10 0 97.9 (3.6) 7.4 (1.4) 588.7 (453.8) 29.5 (20.6) 3.6 (0.8) 0 0.6 (0.3) 



Table 5. Range of mean sizes and overall median size (in parentheses; mm FL) of forage 
species from allopatric and sympatric aggregations in PWS during July, 1996. Allopatric 
fish are shown in shaded cells. 

Second species 

First species 

Herring 

Sandlance 

Pink Salmon 

Herrlng Sandlance Pink Salmon 
:,>>>::y<>y<>y<y<w<>>~xic$4*~ & p ~ ~ ~ ? ? > . . > ~ ~ ~ > ~ ~ ~ ~ ~ ~  :\h>.a&&~~@i$~q$$$* tK<a*qw.>@,i...>..&.&> ~ " ~ > ~ ~ ~  m$e*@*@*p 
:>x.>>>3>s>..>>>>. >>. >. >. %..: ~3&hh. >>%? ' ~ ~ s ~ ~ > > $ ~ ~ @ $ ~ * 3  ......,, . ... ,.... :, - - c,.. v.>.. *% y - 3  , - I 

&3*$s.X>i$&~s#~@ w>,*.g&$&~&~*&@~$ 
71.6-111.8 , , : : v ~ , , ; ~ ~ ~ <  >,,.,..v....,,,,..,..,... 

(76.5) ~ $ & > & @ ~ ~ ~ ~ $ $ ~ ~  &.ysFiE;<<w&y$2 >a . >>daw-, ..%v.%% ~ ~ ~ ~ ~ . ~ ~ ~ . ~ ~ ~ ~  
..p..,,. 
&jfj 

64.1 - 130.0 &@j 



Table 6. Diet similarity (PSI) by percent number and percent biomass of prey species 
within and between forage species in allopatric and sympatric aggregations in PWS 
during July, 1996. Significant diet similarity (> 60%) is indicated by shaded cells. 

(a) Diet similarity between species in allopatric aggregations. 
allopatric aggregation allopatric aggregation % Number % Biomass 

pink salmon sandlance 15.3 11.0 

pink salmon herring 25.6 17.1 

::xd$qaw#d"' - . .y$p~i. 

sandlance herring ...I &sahp2@$g ..tt,l>RstY&+.. ... 51.3 

(b) Diet similarity between species in sympatric aggregations. 
sympatric aggregation sympatric aggregation % Number % Biomass 

pink salmon wl sandlance sandlance w/ pink salmon 0.5 3.2 

pink salmon w/ herring herring wl pink salmon 36.2 37.8 

herring w/ sandlance sandlance w/ herring 46.1 53.5 

(c) Diet similarity within species between allopatric and sympatric aggregations. 
allopatric aggregation sympatric aggregation % Number % Biomass 

pink salmon pink salmon W/ sandlance 56.1 

...................... ; ........, ,;. .,; ,,,, ,....,. : .............. , ...... ...:..:.:.:.'.':'. 
pink salmon pink salmon wl herring s(K4wssf >b:?>3>33T.:2:3>>l>m. .. .... . 

.......................... @,,@$+ji +.y,;e%*f@: 
~ ~ 3 ~ ~ > ~ s : ~  !,!,!,:,!,:.:, E;.;s mLc::$::;<c*::: ;,!.:,:.:,!. :<:.;s 

sandlance 

sandlance 

sandlance wl pink salmon 42.8 54.9 

,t,y>>>>> :::$;>::>:; >>>>>> 
sandlance w/ herring 55.6 F*.? 23*.:.&zmj ;.&:, . $8 

:$$~3>~'(y~>>~>>-~$>$*$<<<<.;<<<<.:Y:. 

herring herring w/ pink salmon ,qyww333gg#, sR53>fis~~ss3m3:.x::.:.:.:.:.:.:.:.3~ 38.2 

,,,..........., , , , ,,, .,.... :...... ... .... ... <. ........................... ,. , ,.,. 
herring herring w/ sandlance , g z R ~ ~ e m , , ~ s ~ ~ ~ ~ ~ g  s55j55~~siggt~~3@ 



Table 7. Median stomach fullness, number and weight of prey consumed, and prey percent body weight of forage species in 
allopatric and sympatric aggregations in Prince William Sound during July, 1996. Fullness index values: 1 = empty, 2 = trace, 3 
= 25%, 4 = 50%, 5 = 75%, 6 = 100%, 7 = distended. Results of Mann-Whiiey Rank Sum Tests between fish in allopatric and 
sympatric aggregations are indicated with asterisks (n.s. = not significant, P < 0.05, ** P < 0.01 and P < 0.001). See 
Table 2 for stations classified by type of fish aggregation. 

Sample Percent 
Number Time Fullness Number Weight Body 
of Fish (mean) Length Index of Prey of prey weight 

Pacific herring 
Allopatric 100 11:07 47.0 5 384 20.0 1.5 

Sympatric with Sandlance 38 13:54 46.5 4 270 11.9 1.1 
n.s. ** * n.s. 

Sympatric with Pink Salmon 40 1545 107.0 2.5 24 1.7 0.4 
*** *n ** ** *** 

Pacific sandlance 
Allopatric 

Syrnpatric with Herring 40 13:42 76.5 2 14.5 0.7 0.4 
n.s. m * n.s. 

Sympatric with Pink Salmon 10 10:50 63.5 4 176 11.7 0.8 
*** n.s. n.s. n.s n.s. 

Pink salmon 
Allopatric 

Sympatric with Herring 60 15:24 98.0 4 1 23 25.1 0.8 
*** *** n.s. 

Syrnpatric with Sandlance 30 10 : s  98.0 3 588.7 22.8 0.5 
* ** n.s. *** 



Figure 1. Locations of APEX forage fish sampling stations for July, 1996 in Prince William 
Sound, Alaska. 
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Figure 2. Total density (number*m-3) and relative contribution of major prey taxa of 
zooplankton available to juvenile Pacific herring, pink salmon, and Pacific sandlance in 
(a) allopatric and (b) sympatric aggregations collected in Prince William Sound during 
July, 1996. 
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Figure 3. Mean fork lengths (FL) of forage fish from sympatric and allopatric aggregations 
collected in Prince William Sound in July, 1996. The number of sets (with 10 fish in each 
set) are shown below the bars. Results of Mann-Whitney Rank Sum comparisons between 
allopatric and syrnpatric sizes are indicated: NS = not significant, * p < 0.05, *** p < 
0.001. 
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Figure 4. Diet similarity (PSI) by percent number of prey for forage species in allopatric 
and sympatric aggregations collected from Prince William Sound during July, 1996. 
Line at 60% indicates threshold for significant overlap. 
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(a) Pacific Herring 

allopatric sympatric 
W/ pink salmon wl sandlance 

(b) Pink Salmon 

allopatric sympatric 
WI herring wl sandlance 

(c) Pacific Sandlance 

allopatric sympatric 
wl herring wl pink salmon 

Figure 5. Diet composition as percent number of prey among allopatric and sympatric 
aggregations of juvenile: (a) Pacific herring, (b) pink salmon and (c) Pacific sandlance 
collected in Prince William Sound in July, 1996. Legend as in Figure 2. 
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Figure 6. Diet composition as percent biomass of prey among allopatric and syrnpatric 
aggregations of juvenile: (a) Pacific herring, (b) pink salmon and (c) Pacific sandlance 
collected in Prince William Sound in July, 1996. Legend as in Figure 2. 
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Figure 7. Feeding selectivity (Strauss' Linear Selection Index) for juvenile: (a) Pacific 
herring, (b) pink salmon, and (c) Pacific sandlance on major prey categories. Positive 
values indicate preference, negative values, avoidance. The order shown for the types 
of aggregations (shown in the left-most panel) is repeated consistently among the 
remaining panels. 
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Figure 8. Shift in prey consumption (prey percent body weight) between allopatric and 
syrnpatric aggregations of forage species from Prince William Sound during July, 1996. 
Results of Mann-Whitney Rank Sum comparisons between groups are indicated: NS = 
not significant, * p < 0.05. 
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Figure 9. Die1 feeding pattern (mean percent fullness index and standard deviations of 10 
specimens per station) of juvenile sandlance collected at: (a) Knowles Head (section N0506, 
July 27-28) and (b) "Fuel Cache" Cabin Bay, Naked Island (Section C0704, July 21-22) in 
Prince William Sound, 1996. Codes adjacent to data points indicate station numbers. 
Arrows indicate time of tidal change (up = high tide, down = low tide). 
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Figure 10. Die1 pattern of diet composition (percent biomass of major prey categories) for 
juvenile sandlance collected at Cabin Bay, Naked Island in Prince William Sound during 
July, 1996. See Figure 9 for die1 pattern of stomach fullness. 



Appendix I. Zooplankton as mean density (numbeVmJ), percent densw, biomass (mg*mJ wet weight), 
and percent biomass by taxonomic group and total in three regions of PWS during July, 1996. Values 
in parentheses are standard deviations of the means. Replicate zooplankton samples were collected at 
the number of stations indicated, in 20 m vertical hauls using a 0.5 m diameter ring net with 243 pm 

Northeast Region 
Taxanornio Group Denaky % Danaky Bamu % Biomau 

Barnacles 
Large Cabnoids 
Small calanoids 
Chaebgnaths 
Cbdocerans 
Cyphonautes 
Detxpods 
Euphausiiis 
Fish 
Garnmarid Amphipods 
Gasbopods 
Hyperiii Amphipods 
Insect. 
Cnidariand Ctenophasa 
Larvaoeans 
Other 

Total Density 2325.1 (1513.2) Total Biomass 247.2 (45.3) 

n = 15 stations 

Central Region 
Taxanornic Group Density % Density Biomass % Biomass 

Barnacles 10.9 (8.5) 0.4 (0.3) 2.2 (1.6) 1.1 (0.8) 
Large Cabnoids 17.2 (18.1) 0.4 (0.4) 9.3 (12.0) 2.7 (2.5) 
Small calanoids 2766.7 (726.1) 78.6 (7.9) 156.3 (64.6) 60.5 (21.1) 
Chaebgnaths 0.3 (0.2) 0.0 (0.0) 0.1 (0.1) 0.1 (0.1) 
Cladocerans 88.9 (59.4) 2.7 (2.4) 3.4 (2.3) 1.5 (1.4) 
Cyphonautes 0.7 (1.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
Docapods 15.0 (6.2) 0.4 (0.2) 60.4 (43.5) 17.0 (12.3) 
Euphausiis 9.5 (13.1) 0.2 (0.3) 1.6 (2.5) 0.4 (0.4) 
Fmh 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
Garnmarid Amphipods 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
Gastopods 172.6 (51.8) 5.2 (2.4) 22.0 (7.2) 9.0 (3.5) 
Hyperid Amphipods 0.2 (0.3) 0.0 (0.0) 1.3 (1.5) 0.8 (1.0) 
lnsecta 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
CnidariandClenophores 13.3 (12.0) 0.4 (0.4) 4.8 (3.6) 2.4 (2.4) 
Lawaceans 319.2 (60.1) 9.2 (0.9) 10.6 (2.0) 4.3 (0.3) 
Other 75.4 (40.6) 2.4 (1.7) 0.5 (0.2) 0.3 (0.1) 

Total Density 3489.7 (829.4) Total Biomass 274.7 (84.3) 

Southwest Region 
Taxanornic Group Densky % Densily Biimaea % Biomau, 

Barnacles 35.7 (59.7) 1.2 (2.0) 11.6 (14.1) 4.6 (5.4) 
Large Calanoids 14 3 (8.6) 0.5 (02) 8.3 (4.8) 3.5 (1.9) 
Small calanoids 2328.9 (588.0) 77.5 (12.0) 152.0 (57.7) 66.7 (19.1) 
Chaetognaths 2.5 (4.0) 0.1 (0.1) 1.1 (1.7) 0.5 (0.6) 
Cladocerans 97.4 (89.4) 3.3 (3.0) 9.8 (3.5) 1.7 (1.4) 
Cyphonautes 5.6 (4.9) 0.2 (0.2) 0.1 (0.1) 0.1 (0.1) 
Decapoda 4.4 (6.8) 0.1 (0.2) 11.5 (17.9) 5.2 (8.4) 
Euphausiis 1.4 (2.1) 0.0 (0.1) 0.1 (0.3) 0.1 (0.1) 
Fmh 0.1 (0.1) 0.0 (0.0) 4.2 (3.3) 2.2 (1.9) 
Garnmarid Amphipods 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
Gasbopods 131.6 (93.4) 4.3 (3.1) 16.6 (11.9) 7.5 (5.5) 
Hyperiid Amphipods 1.0 (1.7) 0.0 (0.1) 4.3 (7.5) 1.9 (3.1) 
lnsecta 0.0 (0.0) 0.0 (0.0) 0 0  (0.0) 0.0 (0.0) 
CnidarianslCtenophaes 18.0 (9.4) 0.6 (0.2) 4.0 (1.9) 1.7 (0.7) 
Lwvaceans 218.0 (81.1) 7.6 (2.9) 7.3 (2.7) 3.4 (1.4) 
Other 133.5 (122.8) 4.5 (3.9) 2.7 (4.3) 0.9 (1.2) 

Total Density 2992.5 (473.0) 

n = 7 stations 

Tolal Biomass 227.6 (45.3) 



Appendix 2a. Zooplankton available to juvenile Pacific herring as mean density (numbefmJ) and percent density by species in 
taxonomic groups at stations corresponding to allopatric (n = 8) and sympatric (n = 3 with pink salmon, n = 4 with sandlance) samples 
collected in PWS during July, 1996. Values in parentheses are standard deviations of the means. Replicate samples were collected at 
each station in 20 m vertical hauls using a 0.5 m diameter ring net with 243 mm mesh. 

Pacific Herring 

Species 
Code 

Barnacles 
Barnacle, cyprid BMC 
Barnacle, aduil mon (cirri 8 moutharea) BMM 
Barnacle, naupllus BMP 

Lame CaIPnolds 
Calanoid. Calanus spp. female CCF 
Calanold, large. Nsocalanus/Calanus CLN 
Calanoid. Calanus rnarshalfae general CM 
Calanoid. C. rnarshallae copepodlle CV CMC 
Calanoid, C. marshallae lemale CMF 
Calanoid. C. rnarshallae male CMM 

Calanoid. Calanus pacificus adun CPA 
Caianoid, Calanus paclficus. general CPC 

copepodids CPD 

Calanoid. Calanus pacificus female CPF 
Calanoid. Calanus spp. general CPG 
Caianoid. Calanus pacificus male CPM 
Caianoid. C. pacificus wpepodite CV CPV 
Calanold. Eucalanus bungll, copepodite EBC 
Calanoid. Elongipedata, copepodite EPC 
Calanold. E.longipedata, lemale EPF 
Calanold. E.longlpedeta, male EPM 
Calanoid. Eucalanus bungll, general EUB 
Calanoid. Metrldla spp. copepodlds l-IV MCP 
Calanoid, Metrldla pactflca wpepodna MCS 
Calanoid. Mafridlapacifica, general MEP 
Calanoid. Matridia ochotansis lemale MOF 

Calanoid. M.paclfica CV copepodite MPC 
Calanoid. Metridla pacifica, female MPF 
Caianoid. Neocalanus spp. copepodite NCP 

Calanoid. Neocalanus plumchrus female NPF 
Small Calanoldr 

Calanoid, Acartla spp AC 

Calanoid. Acartia spp. copepodids ACP 
Calanoid. Acartia longimmus wpepodite ALC 

Caianoid, Acartia longimrnis female ALF 
Calanoid. Acarlia (ongimmus male ALM 
Calanoid. C.abdorn~nalis, copepodiie CAC 
abdorninalis .female CAF 
Calanoid. Centropages abdominalis .male CAM 
Calanoid, general nauplius CAN 
Calanoid, general small (xe2.5 mrn) CAS 
Calanoid, Copepodite small, general COS 
Calanoid. E.pacifica. copepodite EY C 
Calanoid. Eurytemra pacifica female EYF 
Calanoid. Eurytemra paclfica, gravid EYG 
Caianoid. Eurytemm pacifica male EYM 
Cyclopold. Corycaeus spp. GOG 
Cyclopoid. Oithona spp.. general OIT 
Cyclopoid. Oithona slmilk, general OS 
Cyclopold, Olthona spp. copepodite OSC 
Cyclopoid. Oithona similis AF OSF 

Cyclopold. Oithona sirnilis AM OSM 
Cyclopoid. Oithona splnlrostns, female OTF 
Cyclopoid. Oithona spinirostris, male OTM 

Cyclopold, Oithona splnlrostrts OTS 

Calanoid, Pseudocalanus wpepodids I-IV PCP 
Calanoid, Pseudocalanus spp.. general PSA 

Calanoid. Pseudocalanus spp. lemale PSF 

female PSG 

Density %Density 

wtth Plnk Salmon wMh SPndbnce 

Density %Density Density %Density 



Pacinc Herring 

Sympalrlc Siatbns 
with Pink Salmon wkh Sandlance 

Density Species 
Coda 

Calanoid. P s e ~ I a n u s  spp. male PSM 

Chaetognathr 

Chaetognath, rpecles unknown CHT 
Chaatognath, Sag la  elegans SGE 

Cladocemnr 
Cladocera, General CLA 
Ciadoceran. Evadne spp. EVD 
Cladoceran. Podon spp. PON 

Cyphonauter 
Bryozoa, cyphonautes larva CFN 

Decapod8 

Decapod. megalops. unknown crab DCM 
Decapod. zoea, Brachyura, general DGB 

Decapod. zoea, unknown general DUG 

Decapod zoea, crab. Brachyrttynche DZB 
Decapod zoea. Shrimp. Crengonldae DZC 
Decapod zoea, crab, general unknown DZG 
Decapod zoea. Shrimp. Hippolytldae HIE 
Decapod zoea. Anomuran. Llthodldae LIZ 
Decapod zoea, crab. Oregoninae ORG 
Decapod zoea, hermil crab. Paguridae PGZ 
Decapod zoea, general shrimp SHR 

Euphausllds 
Euphausiid egg EU1 

Euphausiid nauplii EU2 
Euphausiid calyptopis EU3 

Euphauslld funllla E W  

Euphausiid juvenile, general EUJ 
Euphausild. Thysannoessa spp. juvenlle THJ 
Euphauslid, Thysanoessa splnnera TS 

Flsh 
Fish, robust larva FIS 

Flsh egg (-1.0 mm) FSE 
Fish, small juvenIleAarva, general FSL 
Fish. Scorpaenidae, gen. rocwish spp. FSR 

Gammarld Amphtpods 
Amphipod. Gammarld, unknown, small GA1 

Gastropods 

Gastropod. juv. snail w/ black pigment GSB 
Gastmpoda, general juvenile (SNAIL) GST 

Gastropod, Ptempod. Limaclna helkina A LMA 

Gastropod, Pteropod. Limaclna helicina J LMJ 
Gastropod, general veliger VEL 

Hyperlld Amphipods 
Amphipod. Hyperild. Hyperle spp HP 
Arnphipod. Hyperiid. Hyperia spp. juvenile HPJ 
Amphipod. Hyperiid, unknown SMALL HYB 
Arnphipod. Hyperiid, unknown MEDIUM HYP 
Amphipod. HyperiidIP. pacifica juvenlle PA1 
Amphipod. HyperiidlP. pacifica juvenile PA2 
Amphipod. Hyperiid. P.1ibellula PL1 

Amphipod. Hyperiid. P. llbeflula PL2 
Insects 

Insect, Collembola, globular, purple CGR 

Insect, larva, unknown ILU 
Cnldarinnrl Ctenophores 

Cnldaria. Anthozoa, anemone CAA 
Cnidaria. Hydrozoan medusae, general CHM 
Cnidarla, general jellyfish (x>2mm) CNI 
Cnidaria, general jellyfish (xs2mm) CNS 
Cnldaria. Eperetmus typus EPT 
Cnidarla. Halitholm spp. HTS 
Cnidaria. Melicerturn spp. MEL 
Cnidarla. Proboscidactyla flavicirrata PFL 
Cnidaria, Phialidiumgregan'um PHG 
Cnidaria. Hydmzoa. Siphonophore "larva" SIP 

Density %Density Density %Density 

16.3 (14.1) 0.2 (0.2) 4.1 (4.7) 0.2 0.3 



Pacific Herring 

Species 
Code 

Cnidaria. Trachymedwaa spp. TRC 
Larvaceanr 

Larvacea. Oikopleura < 2mm 01 1 
Larvacea, Oikop/eura dioica OK1 

Larvacea. Oikopleura spp. OKP 
Other 

Bivalve. general juvenile BVJ 
Bivalve, larvae BVL 
Ostracod. Conchoecla spp.. small CNC 
Echlnodermata. BMtiesta! pluteus EBP 
(cO.2mm) .. . EGG 
(>0.2mm) EGL 
Gastropod, egg case (Littorina) GEC 
Harpacticoid, general, unknown stage HR 
Harpacticoid, general copepodhe HRC 
Harpacticoid. Harpactkw, unknown stage HSU 
Harpacticoid. Zaus spp. copepodita HZC 
Harpacticoid, Zaus spp. general HZZ 
Isopod, general ISP 
Copepod. Monstrilla spp. MX 
Polychaeta, general, juvenile PLL 

Allopetrlc Statlonr 

Density 

Sympatrlc Statbnr 
wlh Plnk Salmon wlh Sandlanca 

Density %Density ~enslty %Density 



Appendix 2b. Zooplankton available to juvenile sandlance as mean density (number*mJ) and percent density by species in taxonomic 
groups at stations corresponding to allopatric (n = 14) and sympatric (n = 4 with herring, n = 1 with pink salmon) samples collected in 
PWS during July, 1996. Values in parentheses are standard deviations of the means. Replicate samples were collected at each 
station in 20 m vertical hauls using a 0.5 m diameter ring net with 243 mm mesh. 

Pacific Sandlance 

Allopatrlc Statlonr Sympatrlc Ststbnr 

wlh Herrlng wlh Phk Salmon 

Species 
Code 

Bsrnadw 
Barnacle, cyprld BMC 

Barnacle, adun mon (cirri 8 moutharea) BMM 
Barnacle, nauplius BMP 

Large Calanolds 

Calanoid. Calanus spp. female CCF 
Calanoid, large. Neocalanus/Calanus CLN 
Calanold. Calanus marshallaa general CM 
Calanoid. C. mashaNae copepcdite CV CMC 
Caianoid. C. mashailae female CMF 
Calanoid. C. mshal lae male CMM 
Calanoid, Calanus pacfficus adult CPA 
Calanoid, Calanus pacnlcus, general CPC 
copepodids CPD 

Calanoid, Calanus pacfficus female CPF 

Caianold, Calanus spp. general CPG 

Calanoid. Calanus paclficus male CPM 
Calanoid. C. pacfficus copepodne CV CPV 
Calanoid. Eucalanus bungii, copepodile EBC 
Calanoid, Elongipedata, copepodile EPC 
Calanoid, Elongipedata, female EPF 
Calanoid, E.longipedata, male EPM 
Calanoid. Eucalanus bungli, general EUB 
Calanoid. Metridia spp. copepodids l-IV MCP 
Caianold. Metridia pacifica copepcdite MCS 
Calanoid. Metridla paclfica, general MEP 
Calanoid. Metridla ochotensis female MOF 

Calanoid. M.pacnlca CV copepodite MPC 

Calanoid. Metridia pacifica, female MPF 

Calanoid. Neocalanus spp. copepodite NCP 

Calanoid, Neocalanus p lumch~s female NPF 

Small CahnoMs 

Calanoid. Acartla spp. AC 

Calanold, Acartla spp. copepodids ACP 

Calanoid, Acartla longitamus copepodite ALC 

Calanoid. Acartia longitamis female ALF 
Calanoid. Acartia longiramus male ALM 
Calanoid. C.abd?m!nalls. copepodite CAC 
abdominalis .female CAF 
Calanoid. Centropages abdominalis .male CAM 
Calanoid, genaral nauplius CAN 
Calanoid, general small (x<2.5 mm) CAS 
Calanoid. Copepodite small, general COS 
Calanoid. E.pacifica, copepodlte EY C 
Calanoid, Eurylemora pacllica female EYF 
Calanold. Eurytemora pacllica, gravld EYG 

Calanold. Eurylemora pacifka male EYM 
Cyclopoid, Corycaeus spp. GOG 

Cyclopold. Oithona spp.. general OIT 
Cyclopoid. Olthona slmilis, general OS 
Cyclopoid. Oithona spp. copepodite OSC 
Cyclopoid. Olthona simills AF OSF 
Cyclopoid. Oithona slmilis AM OSM 
Cyclopoid, Olthona splnimtris, female OW 
Cyclopoid. Oithona splnlmtris, male OTM 
Cyc~opo~d. Olthona splnlmtris OTS 
Calanoid. Pseudocalanus copepodids I-IV PCP 
Calanold. Pseudocatanus spp.. general PSA 
Calanoid. Pseudocalanus spp. !emale PSF 

female PSG 

Density Density Density 



Pacific Sandlance 

species 
Code 

Calanoid. Pseudocslanus spp. male PSM 
Chaetognathc 

Chaelognath, species unknown CHT 
Chaetognath. Sepitta e@am SGE 

Cladocerans 
Cladocera. General CLA 
Cladoceran. Evadne spp. EVD 
Cladoceran, Podon spp. PON 

Cyphonautsr 
~~yozoa,  cyphonautes larva CFN 

-pod8 
Decapod, megalops, unknown crab DCM 
Decapod. zoea. Brachyura, general DGB 
Decapod, zoea, unknown general DUG 
Decapod zoea, crab, Brachyrttyncha DZB 
Decapod zoea. Shrimp, Cmnponidae DZC 
Decapod zoea. crab, general unknown DZG 
Decapod zoea. Shrimp. Hippolytidae HIE 
Decapod zoea. Anomuran. Llthodidae LIZ 
Cecapod zoea, crab. Oreaoninae ORG 
-pod zoea. hermit crab. Paguridae PGZ 
Decapod zoea, general shrimp SHR 

Euphauellds 
Euphausiid egg EU1 
Euphausiid nauplii EU2 
Euphausiid caiyptopis EU3 
Euphausiid funilia E W 
Euphausiid juvenile, general EUJ 
Euphausiid, Thysannoessa spp. juvenile THJ 
Euphausiid. Thysanoessa spinifera TS 

Flsh 
Fish, robust i a ~ a  FIS 
Fish egg (-1.0 mm) FSE 
Fish, small juvenileAarva, general FSL 
Fish. Scomenidae, gen. rockfish spp. FSR 

Gammarld Amphlpods 
Amphipod. Gammarid, unknown, small GAl 

Gaetmpodo 
Gastropod. luv. snail wl black plgrnent GSB 
Gastropods, general juvenile (SNAIL) GST 
Gastropod, Ptempod. Limacina helicina A LMA 
Gastropod. Pteropod, Llmacina helicina J LMJ 
Gastropod, general valiger VEL 

Hyperlld Amphlpods 
Amphipod. Hyperild. Hyperia spp. HP 
Amphipod. Hyperiid. Hyperia spp. juveniie HPJ 
Amphipod. Hyperiid, unknown SMALL HYB 
Amphipod. Hyperiid, unknown MEDIUM HYP 
Amphipod. HyperiidlP. pacifica juvenile PA1 
Amphipod. HyperiidlP. pacifica juveniie PA2 
Amphipod. Hyperiid. P.libeMula PL1 
Amphipod. Hyperiid. P. NbeNuia PL2 

Insects 
Insect, Coilembola, globular, purple CGR 
Insect, larva, unknown ILU 

Cnldarlancll Ctenophores 
Cnidaria. Anthozoa, anemone CAA 
Cnidaria. Hydrozoan medusae, general CHM 
Cnidaria, general jellyfish (x>2mm) CNI 
Cnidaria, general jellyfish (x<Zmm) CNS 
Cnidaria. Eperetmus Wpus EPT 
Cnidaria, Halitholw spp. HTS 
Cnidaria. Melicertum spp. MEL 

Cnidaria. Proboscidactyla flavicirrata PFL 
Cnidaria. PhlaNdium gregarium PHG 

Cnidaria. Hydrozoa. Slphonophore "larva" SIP 

Density %Density 

Sympatrlc Statbnr 
wlth Herring wkh Pink Salmon 

Denslty %Density Density %Density 

4.1 (4.7) 0.2 (0.3) 77.4 1 .o 



Pacific Sandlance 

Species Density %Density 
Code 

Cnidaria, Tmchymedwee spp. TRC 0.0 (0.1) 0.0 (0.0) 
LsNscNno 

Larvacea,OIkopleura<2mm(IMS) 011 12.5 (30.5) 1.1 (3.0) 
Larvacaa. Oikopleum dbica OKi 0.0 (0.0) 0.0 (0.0) 
Larvacea. Oikopleum spp. OKP 195.4 (64.7) 8.7 (2.6) 

Other 
Bivalve. general juvenile BVJ 0.5 (1.4) 0.0 (0.1) 
Bivalve. larvae BVL 61.9 (51.9) 2.5 (2.0) 
Ostracod. Conchoecia spp.. small CNC 0.0 (0.0) 0.0 (0.0) 
Echinodemta, Brilllestar pluteus EBP 0.0 (0.0) 0.0 (0.0) 
(~0.2mrn) .. . EGG 0.0 (0.0) 0.0 (0.0) 
(>0.2mm) EGL 8.1 (20.0) 0.3 (0.8) 
Gastropod, egg case (Llttorina) GEC 0.0 (0.0) 0.0 (0.0) 
Harpacticoid, general, unknown stage HR 0.0 (0.0) 0.0 (0.0) 
Harpaclicoid, general copepodite HRC 0.1 (0.2) 0.0 (0.0) 
Harpadicoid, Harpacticw, unknown stage HSU 0.0 (0.0) 0.0 (0.0) 
Harpacliwid. Zaw spp. copepodite HZC 0.0 (0.0) 0.0 (0.0) 
Harpacliwid. Zaus spp. general HZ2 1.0 (2.9) 0.0 (0.1) 
Isopod, general iSP 1.3 (2.9) 0.1 (0.1) 
Copepod. MonstriMa spp. MX 0.0 (0.0) 0.0 (0.0) 
Poiychaeta, general, juvenile PLL 1.1 (2.9) 0.0 (0.1) 

Syrnpptrlc Statlons 
wlth Herring wlh Pink Salmon 

Densily %Density ~ensity %Density 



Apendix 2c. Zooplankton available to juvenile pink salmon as density (nurnber'rng) and percent density b y  species in taxonomic 
groups at stations corresponding to allopatric (n = 3) and sympatric (n = 3 with herring, n = 1 with sandlance) samples collected in 
PWS during July, 1996. Values in parentheses are standard deviations of the means. Replicate samples were collected at each 
station in 20 m vertical hauls using a 0.5 rn diameter ring net with 243 pm mesh. 

Pink Salmon 

Species 
Code 

Barnacles 
Barnacle, cyprld BMC 
Barnacle, adun m n  (cirri & mutharea) BMM 

Barnacle, naupiius BMP 

Lame Calanoldr 
Calanoid. Calanus spp. female CCF 
Calanoid, large, Neocalanus/Calanus CLN 

Calanoid. Calanus marshallaa general CM 
Calanoid, C. marshallaa copepodlte CV CMC 
Calanoid, C. rnarshallae female CMF 
Calanoid. C. marshallee male CMM 
Calanoid. calanus paclflcus adun CPA 
Calanold. Calanus pacflcus, general CPC 
copepodids CPD 
Calanoid, Calanus pacflcus female CPF 
Calanold. Calanus spp. general CPG 
Calanold, Calanus pacflcus male CPM 
Calanold. C. pacificus wpepodlte CV CPV 
Calanoid. Eucalanus bungii, copepodite EBC 
Calanoid. E.longlpedata. wpepodita EPC 
Calanoid. E.longipedata . female EPF 

Calanoid. E.longlpedaQ male EPM 
Calanoid. Eucalanus bungil, general EUB 

Calanoid. Metridla spp. copepodid8 I-IV MCP 
Calanoid. Metridia paclflca wpepodite MCS 
Calanoid. Metridia paclflca, general MEP 
Calanoid. Metridla ochotensis female MOF 
Calanoid. M.pacflca CV copepodlte MPC 

Calanoid. Metridia paciflca. female MPF 
Calanoid. Neocalanus spp. wpepodite NCP 

Calanoid. Neocalanus plumchrus female NPF 

Small CalanoMs 

Calanoid. Acartia spp AC 
Calanold, Acartia spp. copepodids ACP 

Calanoid, Acartia longimrnus wpepodite ALC 

Calanoid, Acartia longimmls female ALF 
Calanoid, AcarNa longimrnus male ALM 
Calanoid. C.abdom!nalis, copepodlie CAC 
abdominal& .lamale CAF 
Calanoid. Cenhopages abdominal& .male CAM 
Calanoid, general nauplius CAN 

Calanoid. general small (xc2.5 rnm) CAS 
Calanoid. copepodne small, general COS 
Calanoid. E.paclflca. wpepodite EY C 
Calanoid. Eurytemxa paclfica female EYF 
Calanoid. Eurytemra paciflca. gravid EYG 
Calanoid. Eurytemra paciflca maia EYM 

Cyclopo~d. Corycaeus spp GOG 
Cyclopo~d. Oithona spp., general OIT 
Cyclopoid. Oithona sirnilis, general OS 
Cyclopoid. Oithona spp. copepodite OSC 
Cyclopoid. Oithona srmilis AF OSF 
Cyclopoid. Oithona similis AM OSM 
Cyclopoid. Oithona splnlrostris. female OTF 
Cyclopoid, Oithona spinlrostris, maie OTM 
Cyclopoid. Oithona spinlrostris OTS 
Calanold. Pseudocalanus copepodlds I-IV PCP 
Calanoid. Pseudocalanus SPP.. general PSA 

Calanoid. Pseudocalanus spp. famale PSF 
female PSG 

Density %Density Density 



Pink Salmon 

Syrnpatrlc Stations 
wilh Hamng w l h  Sandlsnw 

Density %Density Density %Density 

16.3 (14.1) 0.2 (0.2) 77.4 1 .O 

Species 
code 

Calanoid, Pse~docaIan~8 spp. male PSM 
Chseto(lnath8 

Chaetognath, species unknown CHT 
Chaetognath. Sagitta elegans SGE 

Clsdocenns 
Ciadocera. General CLA 
Cladoceran. Evadne spp. EVD 
Cladoceran. Podon spp. PON 

Cyphonautes 
Bryozoa, cyphonautes larva CFN 

Decapoda 
Decapod, megalops, unknown crab DCM 
Decapod, zoea, Brachyum, general DGB 
Decapod, zoea, unknown general DUG 
Decapod zoea, crab. Bmchyrhyncha DZB 
Decapod zoaa. Shrimp, Cmngonldae DZC 
Decapod zoaa, crab, general unknown DZG 
Decapod zoea. Shrimp, Hippolytldae HIE 
Decapod zoea. Anomuran. Lithodldae LIZ 
Decapod zoea, crab. Oregonhae ORG 
Decapod zoea, hermit crab. Paguridae PGZ 
Decapod zoea, general shrimp SHR 

Euphau8llds 
Euphausiid egg EU1 
Euphausiid naupiii EU2 
Euphausiid calyptopis EU3 
Euphausiid furciiia E W 
Euphausiid juvenile, general EUJ 
Euphausiid. Thysannoessa spp. juvenile THJ 
Euphausiid, mysanoessa spinllem TS 

F*h 
Fish, robust larva FIS 
Fish egg (-1.0 mm) FSE 
Fish, small juvenllellarva, general FSL 
Fish, Scorpaenidee, gen. rockfish spp. FSR 

Garnm~rid Amphipod8 
Amphipod. Gammarid, unknown, small GA1 

Gastropods 
Gastropod, juv. snail w/ black pigment GSB 
Gastropoda, general juvenile (SNAIL) GST 
Gastropod. Pteropod. Limacina helicina A LMA 
Gastropod. Pteropod. Limacina heiicina J LMJ 
Gastropod, general veliger VEL 

HyperlM Amphipod8 
Amphipod. Hyperiid. Hypefla Spp. HP 
Amphipod. Hyperiid. Hyperia spp. juvenile HPJ 
Amphlpod, Hyperiid, unknown SMALL HYB 
Amphipod. Hyperiid, unknown MEDIUM HYP 
Amphipod, HyperiIdlP. pacIflca juvenile PA1 
Amphipod, HyperiidlP. paclfica juvenile PA2 
Amphipod. Hyperiid. P.libeNula PL1 
Amphipod. Hyperiid. P. libellula PL2 

Insects 
Insect. Collembola, globular, purple CGR 
Insect, larva, unknown ILU 

Cnidarianrl Ctenophore8 
Cnidaria. Anthozoa, anemone CAA 
Cnidaria. Hydrozoan medusae, general CHM 
Cnidaria, general Jellyfish (x>2mm) CNI 
Cnidaria, general Jellyfish (xc2mm) CNS 
Cnidarie. Epemtmus fypus EPT 
Cnidaria, Halilholus spp. HTS 
Cnidaria. Mellcertum spp. MEL 
Cnidaria. Pmboscidacfyla flavicinata PFL 
Cnidaria. Phielldium gregerium PHG 

Cnidaria, Hydmzoa, Siphonophore "larva" SIP 



Pink Salmon 

Allopstrk Statlons 

Species Density k~ens i t y  
Code 

Cnidaria. Trachymsdwae spp. TRC 0.0 (0.0) 0.0 (0.0) 
Lawac r~n r  

Larvacea. Oikopleure < 2mm OMS) 011 0.0 (0.0) 0.0 (0.0) 
Larvacea. Oikopleura dblca OK1 0.0 (0.0) 0.0 (0.0) 
Larvacea. Oikopleura spp. OKP 300.1 (224.8) 6.3 (3.7) 

Other 
Bivalve, general juvenile BVJ 0.0 (0.0) 0.0 (0.0) 
Bivalve. larvae BVL 139.9 (80.9) 4.2 (3.5) 
Ostracod. Conchoecla spp.. small CNC 0.0 (0.0) 0.0 (0.0) 
Echlnodermata, BMtleste! pluteua EBP 0.0 (0.0) 0.0 (0.0) 
(<O.Pmm) .. - EGG 0.0 (0.0) 0.0 (0.0) 
(>0.2m) EGL 0.0 (0.0) 0.0 (0.0) 
Gastropod, egg case (Lmorina) GEC 0.0 (0.0) 0.0 (0.0) 
Herpactlwid, general, unknown stage HR 0.0 (0.0) 0.0 (0.0) 
Harpactiwid, general wpepodite HRC 0.0 (0.0) 0.0 (0.0) 
Harpaclicoid. Herpacticw, unknown stage HSU 2.7 (4.7) 0.0 (0.1) 
Harpactiwid. Zaus spp. copepodite HZC 0.0 (0.0) 0.0 (0.0) 
Herpactiwid, Zaus spp. general H Z  0.0 (0.0) 0.0 (0.0) 
Isopod, general ISP 6.8 (11.8) 0.0 (0.1) 
Copepod. Monstrilla spp. MX 0.0 (0.0) 0.0 (0.0) 
Poiycheeta, general, juvenile PLL 0.0 (0.0) 0.0 (0.0) 

Symp.trlc Statlona 
M h  Herring w l h  Sandlanw 

~enslty %Density Density %Density 



9.. w a n  prunth.qu.ncy, percat numbr. and p a ~ t  rwight dpny sp.cin mourned by allop~bic and .ympMcJuvmile hrring in PWS 
during July. 1996. 
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Appendix 3b. MMn percent frequenq, p e ~ n l  numba, and p e ~ n l  d g h l  Of prey spedes w s u m e d  by allopabic and 6ymp.M~ jwenlle pink d m o n  In PWS 
during July, 1096 
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KITTIWAKES AS INDICATORS OF FORAGE FISH AVAILABILITY 

Restoration Project 97 163E 
Annual Report 

Study History: Field work for project 95163E began during the summer of 1995 and consisted of 
detailed studies of the reproductive biology and foraging ecology of Black-Legged Kittiwakes in 
Prince William Sound (PWS), Alaska. In 1995, studies were conducted at one colony in 
northeastern (Shoup Bay) and two colonies (Eleanor Island and Seal Island) in central PWS. 
Research at Shoup Bay was conducted in conjunction with ongoing studies funded by the U.S. 
Fish and Wildlife Service (USFWS). In 1996, we expanded the study to include North Icy Bay 
rather than Seal Island. thereby having sites representing northeastern (Shoup Bay), central 
(Eleanor Island), and southwestern (North Icy Bay) PWS. Additionally, we can make 
comparisons with long-term demographic (Shoup Bay) and population studies (all of PWS) 
conducted by the USFWS. This allows us to more accurately address relationships of variation 
in prey and decadal trends in populations. In 1997, we conducted work at the same three sites as 
in 1996. 

Abstract: The distribution of Black-legged Kittiwakes (Rissn tl-idactyla) nesting in Prince William 
Sound (PWS), Alaska has changed dramatically since the early 1970's. Sixty-three percent of the 
population now nests in northern PWS compared to 30% in 1972. Population analyses indicated 
that between 1984 and 1997, fecundity at northern colonies was sufficient to maintain a stable or 
net population increase (P = 0.036) in contrast to southern colonies where fecundity was 
insufficient to maintain the population (P = 0.045). These changes and trends corresponded with 
a decrease in the availability of high quality forage fishes in the Gulf of Alaska (GOA) and a 
decline in breeding success of piscivorous seabirds. We hypothesize that these changes in the 
GOA primarily affected kittiwakes in southern PWS where oceanographic conditions and prey 
associated with the Alaska Coastal Current are more similar to those found at colonies in the 
GOA. This resulted in a shift of the nesting population to the north where local forage fish 
production (primarily Pacific herring, Clupea pnllasi, and Pacific sand lance, Ammodytes 
hexnpterus) allowed high kittiwake productivity in portions of PWS compared to the GOA. As 
part of the APEX project we are conducting detailed studies of three kittiwake colonies located in 
northeastern (Shoup Bay), central (Eleanor Island), and southwestern (North Icy Bay) PWS. 
Based on the above hypothesis, we would expect the northern colonies to be most successful 
when forage fish production (primarily herring) within PWS is high. Whereas breeding success of 
central and southern colonies is more influenced by forage fish production in GOA waters. Our 
results for 1996 and 1997 partially support this hypothesis and, in cooperation with other APEX 
components, will allow us to further examine the relationship between PWS and GOA 
ecosystems. Additionally, results of these studies will help determine factors limiting the 
productivity of kittiwakes in portions of PWS. 



Data collected during this study and Irons (1992) will allow us to model relationships of 
reproductive success, chick diets, chick growth rates, and foragins effort, as indicators of relative 
prey quality and availability. By working with other APEX components and the SEA project 
(EVOS project #320), the above parameters can be used to predict the effects of changes in 
oceanographic conditions and forage fish availability on population dynamics of kittiwakes in 
PWS. 

Key Words: Black-legged Kittiwake, Rissa tridactyla, foraging khavior, fecundity, survival, 
foraging trip, diets, Pacific herring, Pacific sand lance, capelin, pr=y abundance, population 
change, reproductive success, immigration, emigration, Prince IT-illiam Sound, Alaska. 

Proiect Data: (will be addressed in the final report) 

Citation: Irons, D. B., R. M. Suryan, and J. E. Benson. 1998. Kniwakes as indicators of forage 
fish availability. Exxorz Valde: Oil Spill Restoration Project Annual Report, (Restoration Project 
97 163E), U.S. Fish and Wildlife Service, Anchorage, Alaska. 

This report is comprised of two manuscripts that address four of rhe eleven APEX project 
hypotheses. 

Suryan, R. M., D. B. Irons and J. E. Benson. Interannual variation in diet and foraging effort of 
luttiwakes in relation to prey abundance. 

Hypotheses addressed: 
7) Seabird diet composition reflect changes in relative abundance and distribution of 

forage fishes at relevant scales around colonies. 
8) Changes in seabird productivity reflect differences in forage fish abundance, as 

measured in adult foraging trips. 
10) Seabird species within a community react predictably to different prey bases. 

Suryan, R. M. and D. B. Irons. Population dynamics of kittiwakes in Prince William Sound 
Alaska: productivity of individual colonies and population trends. 

Hypotheses addressed: 
1) The trophic structure of PWS and GOA has changed at the decadal scale. 
8) Changes in seabird productivity reflect differences in forage fish abundance. 



INTERANNUAL VARIATION IN DIET AND FORAGING EFFORT OF KITTIWAKES IN 
RELATION TO PREY ABUNDAKCE 

Robert M. Suryan, David B. Irons, and Jeremy E. Benson 

Migratory Bird Management 
U.S. Fish and Wildlife Service 

101 1 E. Tudor Rd. 
Anchorage, Alaska 99503 

robert-suryan @mail.fws.gov 

15 March 1998 

Running Head: foraging activities and prey abundance 

Key Words: kittiwake, Rissa tridactyla, foraging effort, prey abundance, nestling diets, time 
budgets, radio-telemetry 



Abstract: We studied nestling diets and foraging activities of breeding black-legged kittiwakes 
(Rissa tridnctyln) during five years (1989-90 and 1995-97) of low to high prey abundance at two 
colonies, Shoup Bay and Eleanor Island, in Prince William Sound, Alaska. Fifteen to 40 adult 
kittiwakes were radio-tagged annually and foraging activities and flight paths were recorded while 
following individuals using a high speed (65 kmhr) boat. Years of moderate to poor food 
availability were associated with significant (P < 0.05) changes in diet (prey switching) and 
increased foraging effort (duration, distance, and travel time). Foraging effort was consistently 
greater at Shoup Bay (P < 0.05) with a mean trip duration of 4 hr and distance of 40 km in good 
food years, increasing to a maximum average of 6 hr and 60 km during a poor food year. 
Foraging trips of kittiwakes at Eleanor Island averaged 2 hr and 5 km during good food years and 
increased to a maximum of 5.6 hr and 35 km during the worst year. Poor food years were 
associated with a decline of herring in diet and those herring consumed were primarily age 0 
compared to age 1 in other years. Greater occurrence of Pacific herring (Cl~ipea pcrllnsi) in 
nestling diets were significantly correlated with shorter foraging trips of adults at Shoup Bay. An 
opposite relationship existed for sand lance (Alnrnodytes hexapterus). These correlations were 
not significant (P > 0.20) at Eleanor Island. Consequences of reduced herring were greatest at 
Shoup Bay where alternative prey close to the colony did not exist. Whereas kittiwakes from 
Eleanor Island were able to compensate for reduced availability of herring near the colony by 
obtaining sand lance and capelin. Amount of time spent travelins increased with greater trip 
duration, but time searching and capturing prey showed no distinct trends and may reflect 
foraging strategies that vary with different prey consumed or flock versus individual foraging. 



INTRODUCTION 

Seabirds have been proposed as useful indicators of marine resources by many authors 
(Ashmole 1971; Boersma 1978; Ricklefs et al. 1984; Cairns 1987: Croxall et al. 1988; Harris and 
Wanless 1990; Furness and Barrett 1991 ; and others). In the Bering Sea, for example, 
researchers assessed changes in marine trophic level dynamics by comparing diets and 
reproductive success of seabirds among different regions, depth strata (divers vs. surface feeders), 
and trophic levels (planktivores vs. piscivores; Springer 1993). In addition various demographic 
and reproductive measures can indicate environmental change of different magnitudes and time- 
scales. The most immediate changes in forage fish distribution and abundance would presumably 
be detected in nestling diets and foraging time budgets of breeding adult seabirds (Cairns 1987). 

Interestingly, relatively few forage species have been implicated with the reproductive 
success of piscivorous seabirds in northern, polar and subpolar regions. The most common of 
these species or groups being sand lance (Ammodytes spp.; Sprinser et al. 1987; Hamer et al. 
1993; Monaghan et al. 1994; Harris and Wanless 1991), capelin (LV1allot~~s \.illosus: Brown and 
Nettleship 1984; Furness and Barrett 1985; Springer et al. 1987). and cods (gadidae: Springer et 
a1 1986, 1987). In many instances one prey species dominated seabird diets and declines in this 
prey item caused reduced reproductive performance. For example, Baird 11990) reported a 
decline in reproducti~e success in black-legged luttiwakes associated with a dietax?; change from 
capelin to sand lance. invertebrates, and other fishes. Hamer et al. (1993) reported no change in 
the predominately sand lance diet of kittiwakes during a poor food year that lead to declines in 
breeding success. Sand lance is considered a energetically valuable prey item (Van Pelt et al. 
1997). In addition to the energetic value of prey consumed, the effort of obtaining sufficient 
quantities is equally important. Availability of prey to seabirds is often affected by oceanographic 
conditions and habitat (Springer et al. 1984; Hunt1990; Ostrand et al. in press). Availability can 
also be affected by inter- and intra-specific competition (Birkhead and Furness 1985; Hunt et al. 
1986; Maniscalco and Ostrand et al. 1996). Determining foraging strategies of seabirds 
confronted with varying environmental constraints is an essential link in solving ecological 
relationships between diet and reproductive success (and potential survival costs leading to 
demographic consequences; Golet et al. in press). 

In this paper we contrast the diets and foraging activities of kittiwakes in Prince William 
Sound (PWS) during years ranging from low to high food abundance. Foraging activities were 
determined by following radio-tagged birds at sea. We also contrast how luttiwakes from two 
colonies within PWS respond to changes in availability of primary forage species. 

METHODS 

Prince William Sound is an inland marinelestuarine waterway located along the north 
coast of the Gulf of Alaska (GOA; Fig. 1). The abundant fjords, bays, and islands in PWS 
provide shoreline habitat in excess of 4000 km. This area is also characterized by heterogeneous 
bathymetry and large tidal fluctuation (5.5 m between high and low tide), although the water 
column is typically stratified throughout the summer (Niebauer et al. 1994, Halderson et al. 1997). 



Two kittiwake colonies were selected for study. The Shoup Bay colony is the largest (7000 
pairs) in PWS and is located in a fjord in the northeastern region (Fig. I). The Eleanor Island 
colony is much smaller (270 pairs) and located among the islands of central PWS (Fig. 1). 

Relative prey abundance was determined using two different measures. During 1995 to 
1997 Haldorson et al. (1996, 1997 and 1998) conducted hydroacoustic and trawl sampling of 
forage fishes within regions encompassing the two study colonies (Fig. 1). Results of this 
sampling (see Haldorson et al. 1997 for methods) indicated that prey abundance for the Shoup 
Bay Colony was greatest in 1996 and dramatically declined in 1997. Around Eleanor Island, prey 
abundance was low in 1996 and 1997. 

Hydroacoustic sampling was not conducted during the initial two years of this study (1989 
and 1990). Therefore, prey abundance (herring) was inferred from independent fisheries data 
collected during this time. These data indicated high juvenile (aze 1) abundance in 1989 (record 
spawn the previous year; Alaska Department of Fish and Game) and low juvenile abundance in 
1990 (reduced larvae survival in 1989; Brown et al. 1996; Norcross et a1 1996). Also, based on 
several kittiwake breeding and foraging parameters, Irons (1993) concluded that httiwake prey in 
PWS was abundant in 1989 and scarce in 1990. Overall, prey abundance was relatively high at 
Shoup Bay in 1989, 1995, and 1996 and low in 1990 and 1997. Prey abundance at Eleanor Island 
was high in 1989 and 1995, then declined in 1996 and 1997 (data were not collected at Eleanor 
Island in 1990). 

Diet samples (regurgitations) were collected opportunistically from nestlings throughout 
the colony. Samples were collected while handling chcks and stored in isopropyl alcohol or 
frozen. Typically, no more than one sample was collected per nestling. Prey were identified using 
otoliths or morphological characteristics (all species) and scales (Pacific herring). Otoliths were 
measured to the nearest 0.01 mm using an ocular micrometer. Diet data are presented solely as 
percent occurrence for two reasons; 1) to allow comparison among all years (1989 and 1990 data 
were limited to calculation of percent occurrence only) and 2) in relating foraging effort to diets 
we were concerned with how many foraging trips involved catching a particular prey item 
(important when addressing spatial distribution of different prey). Age classes of herring based 
on otolith length were inferred from length frequency distributions and confirmed by personnel 
from the Alaska Department of Fish and Game. 

Adult Black-legged Cttiwakes were captured at their nests using a noose po!e or leg 
noose (Suryan and Benson in prep) and radio transmitters (Advanced Telemetry Systems, Inc 
(ATS), 164 - 167 MHz. 9 - 1 1 g) were attached to 15 - 40 birds at each colony. Transmitters 
were attached to the ventral surface at the base of tail feathers (Anderson and Ricklefs 1987; 
Irons 1992) with two plastic cable ties and Loctite 494 instant adhesive. Head, breast, tail and 
underwings of radio-tagged kittiwakes were dyed (Nyanzol D and Rhodomine B) one of three 
unique color combinations. The dye permitted easy identification of kittiwakes during at-sea 
tracking. 

Foraging trip duration, distance, location, and behavior were determined while tracking 
radio-tagged kittiwakes from a 7.3 m Boston Whaler (capable of traveling 65 kmlhr) with an 
ATS receiver and a four element yagi antenna. Kittiwakes rearing chicks were selected for 
tracking. Observers waited near the colony until a radio-tagged bird left, then attempted to keep 
the kittiwake in view until it returned to the colony. Behaviors recorded included traveling 



(straight flight), searching for prey (back and forth flight), foragins (surface plunge or surface 
seize; Ashmole 1971), resting, and lost (bird out of view). Since duration of pursuit and handling 
of prey for kittiwakes is negligible compared to search time (Irons 1992), foraging was combined 
with searching in final analyses. Observers also recorded locations of foraging flocks and 
whether the radio-tagged kittiwake joined or passed them. Forasing flocks consisted of at least 
two birds (of any species) foraging less than 10 m apart. Dispersed foraging flocks were also 
recorded and defined as at least two birds foraging in a area greater than 10 m and less than 500 
m. Locations of foraging kittiwakes, foraging flocks, and flight paths of radio-tagged kittiwakes 
were determined using a Lowrance LMS-350A geographic positioning system. Atlas GIs 
software was used to plot foraging trips and measure distance to shore for foraging locations and 
maximum foraging distance from colony. Foraging trip distance is reported as the linear, one-way 
distance between the colony and the furthest foraging location of the trip. 

Percent occurrence of individual prey items were compared among years and between 
colonies using a contingency table (presence vs. absence) and chi-square analysis (Zar 1984). A 
Tukey-type multiple comparison test for proportions was used when significant differences were 
detected in chi-square analyses (Zar 1984). Means were compared using nonparametric statistics 
(Mann-Whitney and Kruskal-Wallis tests). To estimate power ( 1  - P) in failing to reject the null 
hypthesis, we used parametric statistics since power analyses are limited to such methods. 
Relationships between foraging effort and diets were determined using correlation analysis (Zar 
1984). 

RESULTS 

Diets and foraging 
The two years of poor food availability (1990 and 1997) for kittiwakes at Shoup Bay 

resulted in changes in diet and foraging effort compared to years ~vhen food was abundant (1989, 
1995, and 1996). During good food years, diets were dominated by primarily herring and 
secondarily sand lance (Fig. 2a). In the poor food years, sand lance dominated the diets; with 
significant declines in the occurrence of herring (X2 = 36.9, P < 0.01 for 1990 and 1997) and 
increases in occurrence of sand lance (X2 = 20.8, P < 0.01 for 1990 and 1997; although 1995 and 
1997 were not significantly different, P > 0.05; Fig. 2a). Other prey items were consumed, but 
never in sufficient quantity to compensate for lack of herring or sand lance (Fig. 2a). 
Additionally, herring consumed during the two years of poor food abundance were primarily age 
0, compared to predominately greater percentages of age 1 in other years (X' = 76.78, P < 0.01; 
Fig. 2b). 

In all years foraging effort was relatively high for kittiwakes at Shoup Bay with average 
trip durations from 3.7 to 6.0 hrs and distances 42 to 60 km. Corresponding to changes in diet, 
foraging effort increased during years of poor food availability (Fig 2c); however, because of 
within year variation of data, these increases were not statistically significant (P > 0.20). Our 
power to detect a difference was low (less than 0.30) therefore, it is possible that differences did 
exist, but large variation within years prevented detection of statistical significance. Foraging 
effort was most dramatic in 1990 with birds ranging 60 krn from Shoup Bay on average and trip 
durations averaging 6 hrs (Fig. 2c). A similar, albeit not as extreme, result occurred in 1997 in 



response to reduced prey abundance. The maximum distance tra~.eled to the furthest foraging 
location was 120 krn. 

Although Shoup Bay and Eleanor Island colonies are in relatively close proximity, their 
respective food supplies were to some extent independent. As at Shoup Bay, herring and sand 
lance were important prey items at Eleanor Island, with dominance varying among years. Capelin, 
however, was an important prey item at Eleanor Island and had minimal significance at Shoup 
Bay; occurring in significantly greater proportions at Eleanor Island in 1996 (X' = 60.6, P < 0.01) 
and 1997 (X2 = 15.1, P < 0.01) compared to Shoup Bay (Fig. 3a). 

For kittiwakes at Eleanor Island, 1989 and 1995 were years of good food availability near 
the colony, in contrast to 1996 and 1997 when prey biomass was reduced. This resulted in 
dietary changes and considerable variation in foraging effort among years. During poor food 
years there was a significant reduction in the occurrence of herrins (X' = 39.3; P < 0.01) and a 
increase in sand lance (X' = 7.8; P < 0.01) and capelin (X' = 11.6: P < 0.05; Fig. 3a). In 1997, 
there was a significant reduction (x' = 18.47; P = 0.001) in the percent of age 1 herring in the diet 
(Fig. 3b), as also observed at Shoup Bay (Fig. 2b). These changes corresponded wirh 
significantly increased foraging trip duration (H = 14.98, P = 0.001) and distance (H = 18.13, 
P < 0.001; Fig. 3c). Maximum distance to the furthest foraging location was 67 km. In all years, 
except 1997, foraging trip duration and distance was significantl! less (P = 0.007) for kittiwakes 
at Eleanor Island compared to Shoup Bay. 

Relationship between foraging effort and diet. 
Increased foraging effort at Shoup Bay was negatively correlated with the occurrence of 

herring in the diet (Fig 4). The opposite was true when considering sand lance; there was a 
significant positive correlation (Fig 4). This may indicate that sand lance were more time 
consuming to obtain for kittiwakes at Shoup Bay; potentially related to differences in schooling 
behavior of sand lance causing them to be difficult to obtain. Alternatively. sand lance may have 
simply occurred farther from the colony. Based on the greater distance of foraging trips 
associated with a sand lance diet, our data indicated that in most situations. kittiwakes must have 
traveled farther to obtain sand lance. 

These relationships indicated similar trends for kittiwakes at Eleanor Island, although the 
correlations were not significant (P > 0.20; Fig 4). The greater occurrence of sand lance in diets 
was not associated with such long foraging trips as with Shoup Bay. This indicated that 
httiwakes from Eleanor Island were able to obtain sufficient quantities of sand lance in closer 
proximity to the colony. 

Identification of forage fish schools throughout PWS in 1997 supports the foraging and 
were more common diet data obtained from luttiwakes. Net samples indicated schools of herrin, 

in the northern PWS (closer to Shoup Bay), while schools of sand lance and capelin were more 
associated with central and southern waters (within the foraging range of kittiwakes from Eleanor 
Island; Fig. 5) 

Time budgets 
The amount of time spent traveling, searching, and at rest during foraging trips varied 

markedly among years at both colonies (Fig. 6). As trip duration increased, the amount of travel 



time generally increased; indicating that birds were extending foraging ranges to find food. This 
supports the observation previously stated that greater foraging trip durations were associated 
with birds traveling farther from the colony. The amount of time spent searching for and 
obtaining prey, however, did not increase consistently with greater trip duration (Fig. 6). Search 
time may vary in relation to abundance of prey, schooling characteristics of prey species, or with 
competition among predators. Prey switching among years (Figs. 2a and 3a) likely caused some 
of this variation, however, other factors are undoubtedly involved. For example, kittiwakes at 
Eleanor Island significantly increased (H = 19.71, P < 0.001) search time (Fig. 6). Increased 
search effort was also observed at Shoup Bay in 1997, but the differences Lvere not statistically 
significant (H = 3.22, P = 0.36; Fig 6). The one common factor between sites in 1997 that was 
not present in other years was the increased use of foraging flocks (see below). Thls potentially 
caused increased inter- and intra-specific competition resulting in greater time required to obtain 

Prey. 

Use of foraging flocks and distance to shore. 
There was significant variation among years in the use of foraging flocks and the proximity 

to shore of foraging activities. During 1995 and 1996 adults often fed alone. only joining flocks 
30 to 50% of the time (Fig. 7) . In 1997 kittiwakes from Shoup Bay (U = -2.73; P = 0.006) and 
Eleanor Island (H = 7.01; P = 0.03) fed significantly more often in flocks (Fig. 7); reflecting 
potentially different schooling behavior of the prey species or age classes consumed in this year. 
Alternatively, this may reflect less abundant prey causing increased concentration of birds on the 
limited fish schools available. 

Kittiwakes from Eleanor Island fed progressively farther from shore during the latter two 
years with 1997 being significantly greater (H = 12.01, P = 0.003: Fig. 7). This coincided with a 
change in diet (Fig. 2) and longer foraging trips to waters near the GOA. Kittiwakes from Shoup 
Bay showed no significant change in the distance they foraged from shore (Fig. 7). Still, relative 
to the amount of open water in PWS, kittiwakes primarily used shoreline habitat for foraging 
which was likely because their primary prey, herring and sand lance, were typically associated 
with near-shore habitats (Fig. 6). 

DISCUSSION 

Reduced prey availability resulted in dietary changes and increased foraging effort for 
kittiwakes at Shoup Bay and Eleanor Island. Diets and foraging effort were linked to a few key 
prey species. In particular, reduced herring (primarily agel) during poor food years was directly 
correlated with increased foraging effort. Foraging effort was much greater at Shoup Bay, since 
lttiwakes from Eleanor Island were able to obtain sand lance and capelin in closer proximity to 
the colony. 

These two colonies provide insight into seabird, forage fish and oceanographic 
relationships in several ways. First, they provide contrast in foraging effort and diet while being 
in such close proximity. Second, prey consumption is relatively diverse, in contrast to kittiwake 
colonies in the United Kingdom where diets consist of primarily sandeels (Ammodyres marinus) in 
good and bad years (Hamer et al. 1993). Third, the common occurrence of herring in the diet is 



in contrast to most reported colonies in the GOA (Baird 1990; Hatch et al. 1992), Bering Sea 
(Springer et al. 1987 ) and Chukchi Sea (Springer et al. 1984). Fourth, breeding success has been 
consistently better compared to colonies throughout the GOA; likely due to the availability of 
herring (Suryan and Irons in prep.). 

Diets 
Being limited to the availability of surface schooling prey. kittiwakes tend to have a fairly 

specialized summer diet (Hatch 1987). Although kittiwakes in PWS regularly consumed over 
eight different species or prey types, there was only a few dominant species whose relative 
abundance significantly affected foraging effort. In particular, herring has proven to be an 
important prey item in PWS. Years of reduced prey abundance and increased foraging effort at 
both colonies were associated with decreased occurrence of herring in diets. This was particularly 
evident at Shoup Bay where luttiwakes appeared restricted to sand lance when attempting to 
compensate for lack of herring. Sand lance can be as energetically valuable as herring 
(Martensson et al. 1996), the only limitation was that sand lance seemed to be more difficult to 
obtain particularly in proximity to the Shoup Bay colony. This may reflect habitat preferences of 
the two forage species. The Shoup Bay colony is located 25 krn within a fjord in northeastern 
PWS. Herring tend to be more abundant than sand lance in the fjords and bays along the 
perimeter of PWS (Stokesbury et al. in prep). 

In contrast, kittiwakes from Eleanor Island were not as limited in diet alternatives to 
herring. As herring declined in their diets these birds increased their foraging range to include 
sand lance and capelin. Capelin, in particular, are more associated with GOA waters; which have 
a greater influence on the central and southwestern waters of Pm-S compared to northern regions 
(Niebauer et al. 1994) . The closer proximity of sand lance and capelin schools (along with other 
species potentially associated with the GOA; e.g. eulachon (Thrrleichthys pacificus in 1997) 
allowed kittiwakes from Eleanor Island to compensate for lack of herring without increasing 
foraging effort to such extremes as birds from Shoup Bay. 

Foraging trip duration and distance 
While foraging trip or colony absence durations are commonly reported for studies of 

colonial seabirds, trip distance is typically unknown. In years of good food availability in Atlantic 
colonies, foraging trips of kittiwakes were reported to be 2 to 3 h duration (Hamer et al. 1993) 
and distances (also linear over water to furthest foraging location) were less than 10 km 
(Gabrielsen and Mehlum 1988; Hamer et al. 1993). This is similar to what we typically observed 
at Eleanor Island. It is. however, markedly less than Shoup Bay ishere foraging trip distances 
averaged 40 km in good years. In a poor food year Hamer et al. (1993) reported that average 
foraging trip distances of kittiwakes in Shetland were greater than 40 krn (the maximum signal 
reception range from shore-based telemetry stations). Measured foraging distances of kittiwakes 
at Shoup Bay during poor food years was also greater than 40 krn, reaching a maximum of 60 km. 
With the 4 yrs of study at Eleanor Island foraging trip duration and distance increased as prey 
availability near the colony decreased, but the adults never exceeded a 40 km average, however it 
was close in 1997. Although we observed kittiwakes traveling over 80 km from the colony 



during a foraging trip, it appears that an average distance of over 45 km and duration > 5 hrs is 
approaching the limit that adults can maintain while successfully provisioning young. 

Time budgets 
Remote monitoring of general time budgeting (duration of flight, swimming, diving, etc) 

has been successful for diving seabirds (Gabrielsen and Mehlum 1988; Monaghan et al. 1994), but 
has not been possible for small surface-feeding species. In addition, these methods are often lack 
insights to exact locations associated with different behaviors, distances traveled, and other details 
difficult to obtain from remote monitoring. Using boats to follow animals at sea provides a 
unique opportunity to link detailed behavioral observations with exact locations and accurately 
determine foraging areas (Suryan and Harvey in press). 

As food supply near a colony declines, seabirds may respond in two different ways; 1) 
extend their foraging range by increasing travel time away from the colony or 2) spend more time 
searching for food in a particular foraging range. It is possible that a species would invoke either 
of these strategies depending on current conditions and knowledge of available prey from the 
recent past (Irons 1992). Kittiwakes in our study typically increased travel duration and distance 
from the colony in years of low food abundance, but amount of time spent obtaining prey was not 
as consistent. This implied that kittiwakes used both strategies mentioned above. Some birds 
traveled farther to locate prey that was more abundant or otherwise easier to obtain (spending 
similar amounts of time obtaining food as in good food years) and other instances birds spent 
more time searching, implying that even by increasing their foraging area, they were unable to 
locate prey in greater abundance and therefore easier to obtain. 

IOttiwakes at Eleanor Island showed greater variation such as increased travel while 
decreasing search time among years. We believe this likely reflects the prey switchng observed at 
Eleanor Island. For example, capelin (post-spawning males) occurred during mid to late July in 
predictable areas (over a period of weeks) near Montague and Green Islands (Fig. 6). Kittiwakes 
were sometimes observed flying directly to these areas then easily taking the lethargic fish that 
floated to the surface, a foraging option not readily available to luttiwakes from Shoup Bay. 

In terms of time budgeting and foraging trip distance, kittiwakes showed marked contrast 
to that reported for common murres in response to reduced food supplies. Monaghan et al. 
(1994) observed murres remaining relatively close to the colony (< 10 krn) during good and poor 
food years. The birds, however spent a much greater amount of time diving (i.e. searching) rather 
than traveling with significantly longer trip durations in a poor food year; This may be a more 
typical response of a dil-ing bird that is able to forage in a three dimensional environment. 
Conversely, kittiwakes traveled much farther from the colony when food was scarce as seen in 
this study and also reported by Hamer et al. (1993). Furness and Barrett (1996) reported during a 
year of good food supply that kittiwakes traveled an estimated 27 krn while common murres and 
shags (Phnlacrocorrrs nristotelis) remained withn 12 km of their colonies. These observed 
differences are potentially related to flight energetics with wing loading being much less for 
luttiwakes compared to murres and shags, therefore, permitting greater foraging range in search 
of available surface schooling prey. 



Use of foraging flocks and near-shore foraging 
Flock foraging and information transfer has been suggested as important mechanisms for 

seabirds to locate prey. Irons (1998) challenged this paradigm by demonstrating that in 1989 
kittiwakes at Shoup Bay often passed by foraging flocks and consistently used particular foraging 
areas. Ostrand et al. (in press) also observed tufted puffins and marbled murrelets foraging 
extensively as individuals or in small groups in PWS. We also found breeding birds often foraged 
alone rather than joining flocks, particularly during good food years. This, however, was not the 
case in 1997 when kittiwakes usually fed in flocks rather than alone. Given sufficiently available 
prey, kittiwakes may opt to feed alone; resorting to flock foraging when abundance is low. 
Hudson and Furness (1989) described the competitive feeding associated with flocks of seabirds 
near whitefish trawlers and mentioned that kittiwakes were rarely able to obtain offal, remaining 
at the periphery and rarely joining the flock. Maniscalco and Ostrand (1997) reported a high rate 
of inter- and intra-specific kleptoparasitism of luttiwakes in foraging flocks, further implicating 
increased competition and energy costs in flock foraging (Ostrand et al. in press). If kittwakes are 
not sufficiently aggressive to benefit by flock foraging, they may opt to feed alone. unless flocks 
are the only way to obtain the desired prey. An increase in the use of forasing flocks 
corresponded with increased search and prey capture time. In some cases flock foraging may be 
beneficial depending on the prey species or if a surface feeder is benefitting from activities of 
diving birds causing fish to school near the surface (competition being more among surface 
feeders and not with di~.ing birds). 

We typically observed kittiwakes foraging near-shore, with the exception of the latter two 
years at Eleanor Island. Ostrand et al. (in press) also noted the use of near-shore habitats for 
foraging by marbled murrelets in PWS. This was attributed to dispersed, low density prey 
associated with a stratified water column in the nearshore during summer (Ostrand et al. in press). 
Stokesbury et al. (in prep.) noted that in July herring were primarily distributed in surface waters 
of bays in PWS, forming single cohort schools. Sand lance are also typically located nearshore 
during this time of the year (Harris and Hartt 1977; Springer et al. 1984). Since kittiwakes at 
Shoup Bay consumed predominately herring and sand lance in bays of the northern and eastern 
region of PWS, it is not surprising that they consistently used the nearshore habitat. In contrast, 
kittiwakes from Eleanor Island tended to feed farther offshore as they spent more time foraging 
on capelin, sand lance, and eulachon in GOA influenced waters around southern PWS. In certain 
years, the influence of the Alaska coastal current in this region of PWS may present more 
advection creating a different foraging environment than what Ostrand et al. (in press) described 
for the majority of PWS (and as we observed for the Shoup Bay colony). 

In conclusion, we demonstrated that luttiwakes in PWS exhibited prey switching and a 
considerable increase in foraging effort in response to reduced food supplies. This increased effort 
included more time spent traveling farther from the colony. Time spent spent searching and 
capturing prey, however, showed no consistent trend; with the exception of increased search time 
associated with increased use of foraging flocks. Search and capture time is likely confounded by 
prey switching and the different foraging strategies required to obtain particular species. Poor 
food years at Shoup Bay were directly related to reduced herring in diets with little alternative 
prey in close proximity to the colony. In contrast, luttiwakes at Eleanor Island were able to locate 
sand lance and capelin in relatively close proximity when food supplies near the colony were 



reduced. These data support the premise that kittiwakes are able to dramatically vary their 
foraging effort in response to regional changes in prey availability. 
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Figure 1. Location of the two study colonies, Shoup Bay and Eleanor Island, in Prince William 
Sound, Alaska. Oval boundaries encompassing colonies depict foraging range of adult kittiwakes 
from respective colonies. Dashed lines indicate sampling areas for hydroacoustic and trawl 
surveys conducted by Haldorson et al. (1997, 1998). 

Figure 2. Annual percent occurrence of prey in nestling diets (a), age class of herring consumed 
(b), and foraging trip duration and distance (c) for adult kittiwakes nesting at Shoup Bay in Prince 
William Sound. 

Figure 3. Annual percent occurrence of prey in nestling diets (a), age class of herring consumed 
(b), and foraging trip duration and distance (c) for adult kittiwakes nesting at Eleanor Island in 
Prince William Sound. 

Figure 4. Relationship between foraging trip duration and percent occurrence of herring, sand 
lance, and capelin in nestling diets of kittiwakes at Shoup Bay and Eleanor Island. 

Figure 5.  Identification of forage fish schools sampled throughout Prince William Sound in 1997. 

Figure 6. At sea time budgets of foraging kittiwakes from Shoup Bay and Eleanor Island. 

Figure 7. Use of foraging flocks and foraging distance from shore for kittiwakes nesting at Shoup 
Bay and Eleanor Island, Prince William Sound. 



Figure 1. Suryan et al. 



a) Shoup Bay 

8 - 100] . Pacific Herring Capelin Offal 

I 801 Sandlance 
3 Gadids Salmon eggs 
0 

Age 1 &2 

c ) 
Duration -0- Distance 

16 
-7 

1989 1995 1996 1997 1990 
Good Years Poor Years 

Figure 2. Suryan et al. 



a> 
Eleanor Island 

l o 0 l  
Pacific herring capelin eulachon 

Pacific sand lance Gadids 

b) Age0 Age 1 Age l&2  

14 5 7 3 6 

Trip Duration 

6 --C- Trip Distance 60 

r 
2 4 40 & 
I 

2 20 

0 0 
1989 1995 1996 1997 

Year 

Figure 3. Suryan et al. 



Shoup 
60 

Pacific herring 

40 

Eleanor 

loo 1 
Island 

1 

Trip duration (hrs.) 

Figure 4. Suryan et al. 



Species 

,hf Pacific herring 

( Pacific sand lance 

x capelin 



Travel 

Shoup Bay 

Search Rest 

Eleanor Island 

Lost 

Figure 6. Suryan et al. 



Shoup Bay 

Use of Foraging Flocks Distance to shore 
1001 

Eleanor Island 

1995 1996 1997 1995 1996 1997 

Year 

Figure 7. Suryan et al. 



POPULATION DYNAMICS OF KITTIWAKES IN PRINCE WILLIAM SOUND, ALASKA: 
PRODUCTIVITY OF INDIVIDUAL COLONIES AND POPULATION TRENDS 

Robert M. Suryan 
David B. Irons 

Migratory Bird Management 
U.S. Fish and Wildlife Service 

101 1 E. Tudor Rd. 
Anchorage, AK 99503 

robert-suryan @mail.fws.gov 

13 April 1998 

Running Title: Kittiwake population dynamics 

Key words: Black-legged Kittiwake, Rissa tridactyla, Prince William Sound, Alaska, population 

model, breeding success, immigration, emigration 



Abstract. While the nesting population of Black-legged Kittiwakes (Rissa tridactyla) in Prince 
William Sound (PWS), Alaska has only a weak increasing trend since the early 19701s, the 
numbers of pairs within regions and at colonies has changed dramatically. Sixty-nine percent of 
the population in 1997 nests in northern PWS compared to 55% in 1985 and 30% in 1972. A 
population model using monte carlo simulations (5000 repetitions) was developed to help explain 
these observed changes and provide insight into the regulation of colony sizes. These analyses 
indicated that between 1984 and 1997 favorable conditions (e.g. availability of herring) in 
northern PWS allowed sufficient fecundity at northern colonies to maintain a net population 
increase (p = 0.036) in contrast to southern PWS where fecundity was insufficient to maintain the 
population (p = 0.045). These trends corresponded with the influence of the Alaska Coastal 
Current in southern PWS and the reported decrease in the availability of high quality forage fishes 
in the Gulf of Alaska, resulting in a decline in breeding success of piscivorous seabirds. In 
northern PWS where food was sufficient to support high breeding success, a positive relationship 
existed (r2 = 0.83, P < 0.001) between colony size and fecundity. We would, therefore expect an 
opposite relationship in southern PWS where food appeared limited, although there was no 
relationship (P = 0.54). The limited success of small colonies (< 500 pairs) was likely influenced 
by predation. Projected population sizes compared to observed indicated evidence of immigration 
at large and small colonies while emigration was evident at only small, failing colonies. A positive 
relationship existed (P < 0.001) between the rate of colony growth and breeding success, 
indicating most kittiwakes immigrated or recruited to successful colonies, with a few exceptions. 
Immigration may be important in maintaining a few small-medium sized failing colonies. Source 
and sink metapopulation models are applicable to the PWS kittiwake population with the caveat 
that some source colonies have not yet reached carrying capacity and are still net importers of 
individuals. 



INTRODUCTION 

Food limitation during the breeding season has been proposed by several authors as an 
important factor limiting seabird populations (see Birkhead and Furness 1985 and Furness and 
Monaghan 1987 for reviews). Gaston et al. (1983) and Hunt et a1 (1986) provided evidence that 
intraspecific competition for food was greater at large colonies resulting in reduced reproductive 
parameters compared to small ones. Along with colony size, changes in prey availability, which 
may be caused by changes in oceanographic conditions(Hunt et al. 1990; Hunt 1991), also can 
limit reproduction in seabird populations (Piatt and Anderson 1996). In the Gulf of Alaska 
(GOA), environmental change on the decadal scale has been described (Royer 1989). Piatt and 
Anderson (1996) correlated these changes with the decline in the abundance of primary forage 
fishes, which lead to reduced breeding success and population declines of piscivorous seabirds and 
marine mammals. 

Although food is thought to be a major factor in limiting seabird populations, there is 
evidence that other factors such as predation (Heubeck and Mellor 1990, Danchin and Monnat 
1992) and parasites (Danchin and Monnat 1992) can affect reproductive success and size of 
individual colonies. Baird (1990) noted a decrease in breeding success of a kittiwakes associated 
with increased predation by Glaucous-winged Gulls (Larus glaucescens), American Crows 
(Cowus brachyrhynchos), and Common Ravens (Cowus corax). Although, Baird (1990) also 
described declines in prey availability the same year and noted the uncertainty of the association 
between increased predation and limited food availability in causing poor breeding success. 

In this paper we evaluate the kittiwake population in PWS by regions related to 
oceanographic conditions which would be expected to primarily influence prey availability and, in 
turn, population size and breeding success. In addition, we propose factors that regulate colony 
growth, and productivity. 

METHODS 

Prince William Sound is located along the north coast of the GOA. Two oceanographic 
regimes primarily characterize PWS; glaciated fjords and an inland sea of sufficient size to allow 
horizontal cyclonic circulation (Niebauer et al. 1 994). The Alaska Coastal Current (ACC) flows 
westward entering PWS through Hitchinbrook Entrance and exiting through Montague Strait 
(Niebauer et al. 1994; Fig 1). The influence of the ACC and its penetration into PWS varies 
seasonally and annually (Niebauer et al. 1994; Cooney 1997). Twenty-five kittiwake colonies are 
presently active and distributed on cliffs of islands and glacial fjords throughout PWS (Fig. 1). 
Sizes of colonies ranged from less than 20 to over 7000 pairs. To help describe trends in 
population dynamics of kittiwakes, we have divided PWS in "northern7' and "southern7' regions as 
depicted in Fig. 1. The colonies in southern PWS are those nearest the influence of the ACC. 

Counts of the nesting population of Black-legged Kittiwakes in PWS were first conducted 
in 1972 by Isleib and Kessel(1973). There was a 12 yr hiatus until 1984 when Irons (1996) 
began collecting annual breeding population and productivity data. Breeding population size was 
determined by counting nests (i.e. breeding pairs) in June or early July at all colonies in PWS. 



Productivity was estimated by counting nestlings in early August, just prior to fledging. Each 
colony was divided into plots. Counts of individual plots were not replicated, however, they did 
consist of a complete census of each colony. The same methods were used in all years of the 
study (Irons 1996) and were conducted primarily by the same two observers. Observers used 
binoculars (7X to 10X) and conducted counts from a boat (7.6 m). 

Annual fecundity was defined as number of fledglings per pair. Fecundity estimates 
calculated from these methods could be biased in two, opposite ways. Fecundity could be 
underestimated because some nestlings were obscured by adults or topographic features during 
counts. Conversely, the true number of fledglings could be overestimated due to mortality of 
nestlings after counting but prior to fledging (although surveys were conducted late in the nesting 
season to minimize this). Correction factors (that accounted for both possibilities) were therefore 
determined by comparing fecundity estimates from boat-based counts with study plots being 
monitored for concurrent studies. Plots were located at four colonies from 1993 to 1997 (actual 
number of years varied with colony). Two sites represented small island colonies with less than 
500 nests and plots encompassed the entire nesting population (i.e. censuses). The other two sites 
were medium to large (1800 - 7000 nests), fjord colonies. Eleven to 18 plots containing 162 to 
430 nests were used to represent these colonies. Plots were checked every three days until 
nestlings were at least 34 days old and ready to fledge. Plots were considered the most accurate 
estimate of fecundity. Therefore, a correction factor was simply the average (* SD) fecundity 
determined from plots divided by fecundity from boat counts. Two correction factors were 
developed; one for small colonies (50 - 1000 nests) and one for medium to large colonies (> 1000 
nests; Table I). A correction was not applied at extremely small colonies (< 50 nests) where all 
nests were easily viewed. Selection of a correction factor was based on both size and location of 
a colony (e.g. if a small colony was located high on a cliff and difficult to observed, we used the 
large colony correction factor; correcting for a higher proportion of missed fledglings). 

In 1991, about 850 adult kittiwakes and 5 10 nestlings were captured at the Shoup Bay 
colony and color-banded for individual identification. Annual resighting efforts were conducted 
prior to egg laying (1992 to 1997) at this colony to estimate adult survival, mean age at first 
breeding, and survival to breeding age. Adult survival estimates were obtained from Golet et al. 
(in press) for kittiwakes at the Shoup Bay colony and averaged over four years (1991 to 1995). 
Methods for resighting and calculation of adult survival rates are described in Golet et al. (in 
press) . 

Mean age at first breeding was calculated for all fledglings color-banded in 1991 that 
returned to Shoup Bay to nest in subsequent years (Table 1). This estimate may be slightly low 
since a few 1991 cohort birds may be observed nesting for the first time at 7 or more years. 

Survival to breeding age (combined juvenile and subadult survival) was based on the 
number of banded fledglings and the proportion of those birds resighted that survived to the mean 
age at first breeding (Table I). Survival to breeding age is a minimum estimate since we do not 
know, at this time, the number of individuals that are alive but nesting at other colonies in Prince 
William Sound and the number that may be first observed in future years (i.e. unknown dispersal 
or resighting probabilities). During colony counts few birds banded as chicks at Shoup Bay were 
sighted, indicating high natal philopatry at Shoup Bay (a successful, rapidly growing colony). 



Therefore, the estimate of survival to breeding age is probably only slightly low. 
We determined whether productivity compensated mortality using the formula provided 

by Ricklefs (1973): 

Where F,,,, is the number of female offspring per female (or pair) per year for a population at 
equilibrium, S,,,,, is the finite survival rate of adults and S,,,,, is the finite survival rate from 
fledging to breeding age. The effect of S,,,, on FqUil is a combination of mean age at first 
breeding and survival to first breeding. Our potential low estimates of these parameters would 
produce a fecundity value that was biased high. This bias, however, has minimal affect on the 
results and conclusions of this paper, since most comparisons are relative among colonies within 
PWS. Monte Carlo simulations with 5000 repetitions (assuming a normal distribution) were used 
to develop a value for mean FqUil (+ 95% confidence intervals, C.I.) based on S,,,, and S,,,, 
(means k 2 SD, approximately 95% C.I., were used in simulations). 

A colony was classified as whether fecundity was greater than, equal to, or less than 
mortality. Fecundity for each colony was determined by dividing the total number of nests 
summed over 14 years (1984 - 1997) by the total number of nestlings then multiplied by the 
appropriate correction factor. Observed fecundity was compared to F,,, by calculating 2, the 
normal deviate (Zar 1984). Values were considered significantly different if the proportion of the 
normal curve (for values of F,,,,) lying beyond Z was I 0.05. 

Additionally, we addressed the working hypothesis that demographic parameters could be 
used to explain observed changes in populations at individual colonies and PWS as a whole. We 
evaluated the potential for immigration or emigration by treating individual colonies, regions, and 
PWS as closed populations (assuming no immigration or emigration) and comparing projected 
colony sizes based on above demographic parameters and observed fecundity to actual counts 
(primarily between 1989 and 1997). If projected population size (assuming 100% natal 
philopatry) was significantly less than observed , there was a potential for immigration. 
Conversely, emigration was implied if the projected population size (assuming 0% natal 
philopatry) was greater than observed. A large annual change in survival or adults that skip 
nesting could produce results that would be considered immigration or emigration using this 
method. The model, however, incorporated a large amount of variability in these parameters and 
through simulations this variability is reflected in the confidence intervals for each prediction. We, 
therefore, were able to detect only gross cases of net immigration or emigration compared to 
relying on resighting of individually color-banded birds. 

Annual projected colony sizes were determined using the formula: 

A) + [(FT-, . Q.2-1 . 'breed] 

Where N is number of females (or pairs) in the population at time T, A is the proportion of adults 



that skip nesting, S,,,,, and S,,,,, are the same as in previous formula, F,, is the number of 
fledglings at T-5 years (divided by two to represent females), and C is the correction factor for 
boat-based productivity estimates. Since counts of fledglings were first conducted in 1984, most 
projections began in 1989; at which time the number of new recruits (F,.,) to the population was 
known. Random values (k 2 SD) of demographic variables (S,,,,,, S,,,,,, A, C) were selected from 
a normal distribution for input into the model. Projected annual population sizes and 95% C.I. 
were determined using Monte Carlo simulations with 5000 repetitions, similar to methods 
described above. 

Projected population size was compared with that observed by calculating Z as described 
above. Observed trends in colony growth or decline were evaluated using linear regression 
(a = 0.05). Linear regression was also used to evaluate relationships between fecundity, colony 
size, and rate of change in colony size. 

RESULTS 

As a whole, the kittiwake population in PWS has exhibited a weak increasing trend 
(r2 = 0.28; P = 0.06) since 1972. Fecundity (0.3 1 fledglingslpair) during the past 14 yrs has been 
slightly above F,, (0.27 fledglingslpair, SD = 0.09), but not significantly (Z = 0.39, P = 0.348), 
supporting a stable to slightly increasing population. The projected population generally modeled 
observed trends except for two years (1990 and 1991) where population increases indicated 
immigration (Fig. 2). 

When evaluated on a regional scale there are striking differences between population 
trends and fecundity within PWS. A general pattern has been for colonies in the North to increase 
while southern colonies typically decreased (Fig. 3). Sixty-nine percent of the population now 
nests in northern PWS compared to 55% in 1985 and 30% in 1972. In addition, fecundity at 
northern colonies (0.44 fledglingslpair) remained significantly (Z = 1.80, P = 0.036) above F,, in 
contrast to southern colonies where fecundity (0.12 fledglingdpair) was significantly (2 = - 1.70, 
P = 0.045) below F,, during the same time period (1984 to 1997). The increasing population 
trend (r2 = 0.70; P c 0.001) in the North fit a model which assumed a closed population, except 
for 199 1 (Fig. 2). In southern PWS, a pulse lmrnigration in 1990 caused the observed 
population size to be greater than predicted. After 1990 the predicted trend generally agreed with 
the observed (Fig. 2). 

It appears that factors affecting breeding success differed between north and south PWS. 
A comparison with data from the GOA indicates that productivity in southern PWS was more 
similar to colonies in the GOA and productivity in northern PWS was consistently higher than 
these (Fig. 4). This supports the hypothesis that southern colonies are more influenced 
oceanographic conditions and prey associated with the GOA and the influence of the ACC in 
southern PWS (Fig. 1). 

Given these regional differences, we then evaluated population trends and fecundity of 
individual colonies. At this fine scale there were dramatic differences in how colony size changed 
in northern and southern PWS (Fig. 3). In the north, change in colony size ranged from a net 
increase of 6342 breeding pairs at Shoup Bay to a net decrease of 465 pairs at the Yale Glacier 



colony (Fig. 3). In the south, the greatest increase was 1327 breeding pairs at North Icy Bay and 
the greatest decrease was 4036 pairs at the Boswell Rocks colony (Fig. 3). Fecundity varied 
more dramatically in northern PWS than southern PWS. In the north, fecundity ranged from 
0.33 nestlingslpair above F,,,, to 0.27 below (Fig 5). In southern PWS, fecundity ranged from 
equilibrium to 0.27 nestlingslpair below F,,,,, (Fig. 5). 

Given this great variation in colony growth and fecundity, we next assessed their potential 
relationship. Fecundity explained 70% of the change in colony size (Fig. 6), indicating colonies 
that were reproductively successful, grew and colonies that failed reproductively, declined. 
Regardless of the strong relationship between fecundity and colony growth, there were several 
notable exceptions. Two colonies in northern PWS (SHBA and BLGL) and four colonies in 
southern PWS (NIBA, NAIS, SEIS, PIRO) grew much more than expected based on fecundity; 
indicating immigration of birds from other colonies were responsible for the positive growth of 
these colonies (Fig. 7). Four small colonies in southern PWS (SHPO, BAIS, GRRO, TIGL) 
declined more than expected based on fecundity alone, indicating birds emigrated (Fig. 7). 

To investigate why some colonies were successful and some failed we compared fecundity 
to colony size for northern and southern PWS. In the north, breeding success was positively 
correlated with colony size (P < 0.001) indicating sufficient food to maintain large colonies and 
some other limiting factor, potentially predation, for small colonies (Fig. 8). In the south, there 
was no relationship (P = 0.54) between success and colony size, indicating limitation by 
potentially food and predation (Fig 8). 

DISCUSSION 

Evaluated as a whole, there was relatively minor change in the kittiwake population in 
PWS with fecundity sufficient to compensate mortality. A closer evaluation, however, reveals 
striking regional and intercolony variation in population trends and fecundity. The majority of the 
population now nests in northern PWS where conditions have been substantially more favorable 
for chick rearing. Population regulation at individual colonies appears to be controlled by prey 
availability and predation. Most kittiwakes appear to be recruiting andlor immigrating to 
successful colonies with a few exceptions. These exceptions may be important to the initiation, 
growth and maintenance of small to medium-sized colonies. 

Dramatic fluctuations in colony size at annual and decadal scales are relatively common 
for black-legged kittiwakes (Barret and Shei 1977, Coulson 1983, Godo 1985, Hatch 1987, 
Harris and Wanless 1990, Murphy et al. 199 1, Danchin and Monnat 1992, Hatch et al. 1992, 
Heubeck and Mellor 1994). Annual variation in kittiwake breeding success can often be 
correlated with broad-scale fluctuations of oceanographic conditions and changes in prey 
availability (Barbera and Chavez 1983, Springer et al. 1986, Murphy et al. 1991). A notable long- 
term trend is the 70 yr increase of breeding kittiwakes throughout the United Kingdom followed 
by a marked, regional decline between 1969 and 1979 (Coulson 1983). The decline primarily 
occurred along the western seaboard, with favorable conditions persisting in the East (Coulson 
1983); similar to the north-south trends we observed in PWS . Coulson (1983) attributed the 
increase to recovery from human exploitation in the 19th century and increased prey availability. 



In PWS, we attribute the northerly shift in distribution of breeding birds and greater 
regional fecundity to the availability of forage fishes. These occurrences coincided with 
oceanographic changes in the GOA (Royer 1989) and associated decline in breeding success of 
piscivorous seabirds at GOA colonies (Piatt and Anderson 1996); similar to that of kittiwakes in 
southern PWS. We suggest that the regime shift in the GOA primarily affected lttiwakes in 
southern PWS where oceanographic conditions and prey associated with the ACC are more 
similar to those found at most colonies in the GOA. Diets of kittiwakes in PWS also reflect these 
regional differences. Nestling diets at a northern colony, Shoup Bay, are consistently dominated 
by primarily Pacific herring (Clupea herrengus) and secondarily Pacific sand lance (Ammodytes 
hexapterus; Suryan et al. in prep.). In contrast, nestling diets at colonies in central and southern 
PWS are often dominated by sand lance and capelin (Mallotus villosus) (Suryan et al. in prep., 
Suryan and Irons unpubl. data). Herring is nonexistent or rare in nestling diets throughout 
colonies in the GOA (Hatch et al. 1992) where capelin and sand lance are primary prey; 
portraying the similarity with southern PWS colonies. The decline in abundance of capelin and 
sand lance in the GOA since the late 1970's strongly correlates with declines in population sizes 
and breeding success of piscivorous seabirds (Piatt and Anderson 1996). This correlation is 
observable in southern PWS with northern PWS appearing independent of these changes. The 
availability of herring (and sand lance to a lesser extent), particularly in the northern regions, 
appears to have supported growing kittiwake populations in contrast to southern PWS and the 
GOA. 

In addition to regional differences, intercolony variation in population trends and breeding 
success were also striking. A variety of hypotheses regarding regulation of seabird colonies can 
be invoked in trying to explain observed inter-colony variation in PWS. Authors have suggested 
competition for food around seabird colonies and its potential for limiting reproductive success 
(Ashmole 1963, Birkhead and Furness 1984). Hunt et al. (1986) tested this relationship by 
demonstrating increased competition at larger colonies was reflected in depressed reproductive 
output (e.g. breeding success, nestling growth rates) compared to smaller colonies. By 
suggesting competition, these authors are implying a limited food source and a density dependent 
negative relationship with seabirds. In this context, we would expect large colonies in PWS to be 
the least successful. This does not appear to be the case. In northern PWS there is a positive 
relationship between colony size and breeding success, indicating in most years sufficient prey is 
available so as not to induce density dependent competition. The fact that small colonies were 
less successful under these conditions indicated regulatory factors other than food limitation. 

Two to three thousand Bald Eagles occur throughout PWS (Agler et al. 1997). Bald 
Eagles and other predators (Common Raven, Peregrine Falcon, Falco peregrinus) often cause 
total reproductive failure at small kittiwake colonies in PWS (Irons unpubl. data). We suggest 
that the relative effect of predation at small colonies likely limits breeding success. In southern 
PWS where food appeared limited, we would expect the proposed negative relationship between 
population size and breeding success to exist. This, however is not the case, indicating a 
combination of limited food and predation in regulating colony success. When predation and food 
are both regulatory factors, an optimal colony size should exist, below which breeding success is 
regulated by predation and above which breeding success is controlled by limited prey. 



Predation and parasitism have been implicated in the failure and abandonment of kittiwake 
colonies (Heubeck and Mellor 1990, Danchin and Monnat 1992). These are confounding factors 
when determining if prey availability is responsible for declines in population size and fecundity. 
The degree of relationship between forage fish availability and depredation of seabirds is unclear, 
but in some situations likely to be substantial. One example is in the Shetland Islands where 
Heubeck and Mellor (1994) correlated a decrease in sandeel abundance with increased 
proportions of bird meat in diets of nonbreeding Great Skuas (Catharacta skua). This continued, 
resulting in an increase of bird meat in chick meals in addition to adult skua meals. 

Fecundity was positively related to rate of colony growth. This relationship could be 
based on higher fecundity directly reflecting growth through natal recruitment and/or successful 
colonies being attractive to recruits from other colonies. If each colony was a closed population 
then growth would be directly related to fecundity. Since we demonstrated that colonies are not 
closed populations (as with Atlantic colonies, e.g. Porter and Coulson 1987, Danchin and Monnat 
1992, Heubeck and Mellor 1994), growth is also likely related to recruitment from other 
colonies. In particular, Boulinier et al. (1996) and Boulinier and Danchin (in press) described the 
value of conspecific reproductive success in nesting habitat selection of new recruits. Prospecting 
and eventual breeding at a successful colony would lead to increased probability of reproductive 
success. The combination of these factors help to explain the observed relationship between 
fecundity and rate of colony growth. 

Source and sink metapopulation theory has been used to describe relationships between a 
productive metapopulation (source) that supports an unproductive metapopulation (sink) through 
dispersal (Pulliam 1988). Typically the source population is defined as no net change in 
population size over several generations (a net exporter of individuals), in contrast to a sink which 
is a net importer of individuals (Pulliam 1988). This definition implies a source population is at or 
near carrying capacity. This does not seem to be the case for kittiwake colonies in PWS where 
two "source" colonies must have been net importers of individuals to sustain the rate of observed 
growth. We did, however, detect movement to stable or failing (sink) colonies. Although the 
majority of kittiwakes appeared to be recruiting and/or immigrating to successful colonies, there 
were exceptions which may be important for initiation and maintenance of these less successful 
colonies. In order to fully apply source and sink metapopulation theory we would have to 
determine movements of marked individuals among colonies and modify models to fit 
inconsistencies with definitions as described above. 

Classification of source and sink populations can be valuable in influencing management 
decisions. Wooton and Bell (1992) described Peregrine Falcons in northern California as a source 
population and Southern California as a sink population. Given this, they argued that 
management efforts should be directed to Northern California. The dramatic annual variation in 
ocean conditions that affect prey and, in turn, seabird breeding success, however, poses 
complications in applying definitions of source and sink metapopulations, particularly for 
management purposes. For example, in 1972, Boswell Rocks was potentially a "source" colony 
and would deserve more consideration in management decisions than Shoup Bay. In 1997, 
however, the opposite decision would have been made. As one would expect, a source may not 
always be a source and a sink not always a sink. This exemplifies the importance of long-term 



data sets for long-lived species in identifying "source" or "sink" populations. Morris (199 1) 
suggested that emigration to sink habitats is likely to be an evolutionarily stable strategy only if 
there is reverse migration back to the source. Given fluctuations in ocean conditions and the 
strong correlation with regional population changes in PWS, this reversing may be occurring on a 
multi-decadal scale. 

Effect of Demographic Parameters on Results 

Mean age at first breeding reported here was slightly higher than 3.9 yrs reported by 
Danchin and Monnat (1992) and 4.5 yrs reported by Coulson (1977) and Porter and Coulson 
(1987),. Porter and Coulson (1987) observed a decline in age at first breeding from 5 to 4 yrs in 
response to high adult mortality, therefore, some variation is likely given regional conditions. Our 
minimum estimate of survival to breeding age was also greater than that reported by Coulson and 
White (1959) and Coulson (1988). Using adult survival values for survival from 1 yr to breeding 
age, Coulson and White (1959) estimated a first year survival of 0.79 and Coulson (1988) 
estimated 0.70. Employing the same method, our estimate of first year survival would be 0.78, 
near the high reported for the Atlantic. Given that adult survival rates are significantly higher for 
the Pacific compared to Atlantic kittiwake populations (Golet et al. in press), we would expect 
first year survival in the Pacific to be at least equal to and possibly greater than in the Atlantic. 
Our minimum estimate is consistent with expectations. 

Philopatry to a natal colony has been reported at 1 1 % (Porter and Coulson 1987) and 
36% (Coulson and Nevede Mevergnies 1992) in the Atlantic. Our estimate of survival to 
breeding age required the assumption that natal philopatry was 100% and survival was still 
greater than that reported in the Atlantic. This implies that our estimate of S,,,,, is considerably 
low or natal philopatry is extremely high. Shoup Bay is the largest, fastest growing, and most 
productive colony in PWS and therefore likely attractive to recruits. In addition, few fledglings 
banded at Shoup have been located at other colonies (Irons unpubl. data). We believe that 
philopatry to the Shoup Bay colony is extremely high and that Sbree, is only slightly biased low. 
This would likely not be true for other colonies in PWS. 

Our calculated value of F , ,  would essentially represent a 3\. (the multiplication rate of the 
population) equal to one. Danchin (1992) warned against discrepancies in calculating P (an 
estimate of A) based on all females entering the breeding population at a mean age with constant 
fecundity, probability of breeding, and survivorship in subsequent years. Our model violates two 
of these four considerations in using 5 yrs as a mean age at first breeding and survival constant 
with age (0-5 and 5+ yrs). We emphasize, however, the primary conclusions of these analyses 
are inter-regional and intercolony comparisons. Therefore, eliminating the effect a potential bias 
in calculation of F,,,, would have on our results. 

Differences in survival among successful and unsuccessful colonies could affect the model 
presented in this paper. Given the similarity in adult survival among colonies in the GOA (Golet 
et al. in press) and particularly with Middleton Island (a colony with low breeding success; Hatch 
et al. 1993), we wouldn't expect much variation in survival estimates. Danchin and Monnat 
(1992) reported that age at first breeding and adult survival was not significantly different 



between an increasing and decreasing colony. They did, however, report that proportion of adults 
that skipped breeding were greatest at the declining colony. We used estimates for skipped 
breeding from a successful colony, therefore projections from our model may be biased high when 
applied to colonies with low breeding success. 

Conclusions 
In conclusion, the redistribution of breeding kittiwakes from southern to northern PWS 

over the past two decades directly correlates with reported decrease in available forage fishes in 
the GOA and the associated decline in seabird and marine mammal productivity. Conditions in 
northern PWS during this period (likely the availability of herring) were favorable in producing 
high breeding success compared to southern PWS and the GOA. If conditions affecting the 
availability of surface schooling forage fishes in the GOA improve, we expect these changes to be 
reflected in greater breeding success at southern colonies. Population regulation at individual 
colonies appeared to be controlled primarily by prey availability and secondarily predation. In 
northern PWS large colonies were the most successful indicating food was not limited. 
Breeding success at most small colonies in the north was likely limited by predation. In southern 
PWS where food was limited, we would have expected an inverse relationship between colony 
size and breeding success. The relative effect of predation at smaller colonies however appeared 
to confound this relationship and limit breeding success at small colonies. Individual colonies in 
PWS are not closed populations with most kittiwakes recruiting and/or immigrating to successful 
colonies with a few exceptions. These exceptions may be important in the initiation, growth and 
maintenance of some small to medium-sized colonies. The application of source and sink 
metapopulation theory is appropriate to kittiwakes in PWS with some restrictions. Source 
colonies were not limited by nesting habitat or food and therefore continued to attract individuals. 
Once these colonies reach carrying capacity they will likely become net exporters and more 
closely fit traditional sourcelsink definitions. The population model developed for PWS was 
accurate in describing most observed changes in kittiwake populations at individual colonies and 
PWS as a whole. 
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Table 1. Demographic and model parameters for Black-legged Kittiwakes nesting in Prince 
William Sound. Alaska. 

n mean SD 

Adult survival (5+ yrs of age)" 4 yrs 0.922 0.0 13 
474-6 16 birds 

Survival from fledging to breeding ageb 203 of 357 fledglings 0.567 0.026 

Age at first breedingb 1 16 birds 4.97 0.88 

Probability of breeding" 4 yrs 0.936 0.445 
399-622 birds 

Fledgling Sex Ratioc 5050 

Correction Factor 
small (50 - 1000 nests) 4 1.230 0.172 
medium to large (> 1000 nests) 7 1.311 0.253 

'' Golet et al. In Press. Probability of breeding is a combination of "skipped attending" and 
"skipped nesting" reported by Golet et al. in press 
Estimate from this study 
Assumed 



LIST OF FIGURES 

Figure 1. Location and size (number of pairs in 1997) of Black-legged Kittiwake colonies in 
Prince William Sound, Alaska. Line divides northern and southern PWS. Northern PWS 
comprises those colonies with foraging ranges more likely associated with oceanographic 
conditions specific to PWS waters vs. GOA influences in southern PWS. Approximate summer 
influence of the Alaska Coastal Current in Prince William Sound is depicted by diagonal lines (N). 
Colonies are identified by a four letter code throughout text (Bay of Isles, BAIS, Blackstone 
Glacier, BLGL, Boswell Rocks, BORO, Chenega Glacier, CHGL, Coxe Glacer, COGL, Eaglek 
Bay, EABA, Eleanor Island, ELIS, Ellamar, ELLA, Gravina Rocks, GRRO, Gull Island, GUIS, 
Icy Bay, ICBA, Middle Green Island, MGIS, Naked Island, NAIS, Nellie Juan Glacier, NJGL, 
North Icy Bay, NIBA, Passage Canal, PACA, Pinnacle Rocks, PIRO, Porpoise Rocks, PORO, 
Seal Island, SEIS, Sheep Point, SHPO, Shoup Bay, SHBA, Suprise Glacier North, SGNO, The 
Needle, THNE, Tiger Glacier, TIGL, Yale Glacier, YAGL) 

Figure 2. Observed (--.--) versus projected (+; + 95% confidence limits) population size for 
Prince William Sound (PWS) overall, northern and southern PWS. 

Figure 3. Net changes in colony size of Black-legged Kittiwakes in northern and southern Prince 
William Sound, Alaska, between 1972 and 1997. 

Figure 4. Fecundity (fledglingslpair) of Black-legged Kittiwakes nesting at colonies in northern 
vs. southern Prince William Sound (PWS; see Fig. 1 for demarcation), and the Gulf of Alaska 
(GOA; Hatch et al. 1992) from 1984 to 1997. 

Figure 5. a) The difference between fecundity (F) and fecundity at population equilibrium (FqUi1; 
bars) for colonies in north and south Prince William Sound, Alaska. Asterisks denote a significant 
difference between F and F,,,, at a = 0.05 (**) and a = 0.10 (*). 

Figure 6. Linear regression relationship between annual population change (pairslyear) and 
difference between fecundity (F) and fecundity at population equilibrium (F,,) for colonies in 
Prince William Sound, Alaska. Data include only those colonies where a significant trend in 
population growth or decline was detected (using linear regression). 

Figure 7. Percent change in population size for 26 kittiwake colonies in northern and southern 
Prince William Sound, Alaska. Circles (0) denote observed population change between 1988 
(for most colonies) and 1997. Triangles denote predicted population change assuming 100% 
(V) and 0% (A) natal philopatry. Error bars on predicted change represent 95% confidence 
intervals. Colonies are arranged by size beginning with the largest for each region. 



Figure 8. Linear regression relationship between mean population size (1985 - 1997) and 
difference between fecundity (F) and fecundity at population equilibrium (F,,) for colonies in 
northern and southern Prince William Sound, Alaska. 
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Abstract. Pigeon Guillemots, Cepphus columba, are diving seabirds that forage near shore and 
feed on both demersal and schooling fishes. During nine years between 1979-1997, we made 
intensive studies of chick diet, chick growth rate, and reproductive success at Naked Island, 
Prince William Sound, Alaska, in an attempt to understand factors limiting Pigeon Guillemot 
breeding populations. 

We found evidence for prey specialization among adult Pigeon Guillemots, but detected 
no differences in reproductive performance between specialists and generalists. We did, however, 
find significant differences in chick growth and reproductive success between pairs that fed their 
chicks primarily high energy density fishes and those that delivered primarily low energy density 
fishes. 

Chicks that were fed high energy density fishes (e.g., sand lance, herring) had significantly 
higher growth rates (21.4 + 0.8 vs. 17.4 + 1.0 gfd), and tended to attain higher peak masses (486 
+ 16 vs. 445 + 9 g) than those that were fed primarily low energy density fishes (e.g., blennies, 
sculpins, gadids). The improved growth of guillemot chicks fed more high energy density fishes 
may in part be a function of the relatively high lipid content and of these prey; however, pairs 
delivering primarily high energy density fishes had higher rates of prey delivery than pairs 
delivering primarily low energy density fishes (1.1 1 + 0.1 vs. 0.8 +- 0.04 deliverie~-~air-l.h-'). 

Pairs that delivered primarily high energy density fishes had significantly higher 
productivity than pairs that delivered primarily low energy density fishes (0.90 a 0.07 vs. 0.69 + 
0.04 fledglingsfegg), this difference being primarily attributable to a trend of increased nestling 
survival among pairs delivering high energy density fishes (0.95 k 0.04 vs. 0.77 + 0.04 
fledglingslhatchling). At fledging, pairs that delivered primarily high energy density fishes also 
had a significantly larger mean brood size than pairs that delivered primarily low energy density 
fishes (1.64 k 0.15 vs. 1.29 + 0.06 chicksfpair). 

Pigeon Guillemot chick diet varied widely from 1979 to 1997. Most of the variability was 
attributable to fluctuations in schooling fishes, particularly Pacific Sand lance, Ammodytes 
hexapterus, a high energy density fish. Regression analyses suggest that, at the population level, 
the percent occurrence of high energy density fishes in the diet affected chick growth rate. We 
conclude that chicks grow fastest, and reproductive success is highest, when high energy density 
fishes comprise a major portion of the diet. 

KEY WORDS: Alaska; Cepphus columba; chick growth; diet choice; dietary generalist; prey 
preference; prey specialization; reproductive success; seabird. 

KEY PHRASES: 
-- Pigeon Guillemots are generalist predators that demonstrate a high degree of 

individual specialization when selecting prey items for their chicks. 
-- Specializing in particular prey items for provisioning chicks does not appear to 

promote higher reproductive success than generalizing. 
-- Reproductive success, chick growth rates, and prey delivery rates are greater in Pigeon 

Guillemots that deliver primarily high energy prey fishes than in guillemots that deliver 
primarily low energy densityfishes. 

-- Populations of both Pigeon and Black Guillemots that feed their chicks more high 



energy density fishes have higher mean chick growth rates than populations that feed their 
chicks less high energy density fishes. 

-- Pigeon Guillemots are polyphagous marine predators that appear to demonstrate a 
linear relationship between the availability of a preferred prey item and chick growth rate. 

INTRODUCTION 

Within both marine and terrestrial populations of generalist predators, individuals have 
been identified that demonstrate high degrees of prey specialization (Tinbergen 1960, Harris 
1965, McCleery and Sibley 1986, Wendeln et al. 1994). Differences in patterns of prey choice 
between individuals within populations are of interest, from an ecological standpoint, because they 
represent alternate strategies to the general life history challenge of maximizing lifetime 
reproductive success. Despite this, few studies have compared the reproductive performance of 
different specialist types within populations (but see Trillrnich 1978, Trivelpiece et al. 1980, 
Pierotti and Annett 1987, 1991, Spear 1993). Much more common are studies that relate intra- 
annual or inter-colony differences in diet to reproductive performance (e.g. Harris and Hislop 
1978, Barrett et al. 1987, Monaghan et al. 1989, Van Heezik and Davis 1990, Hamer et al. 1991, 
Hatchwell 199 1, Uttley et al. 1994, Phillips et al. 1996). 

Cepphus guillemots, of the seabird family Alcidae, may be considered dietary generalists. 
Compared with other alcids, the range of prey items that they exploit is wide (Bradstreet and 
Brown 1985, Cramp 1985, Ewins 1990, 1993). On the individual level, however, guillemots 
often display a high degree of prey specialization. Studies of both Pigeon, C. columba, (Drent 
1965, Koelink 1972, Kuletz 1983, Ernrns and Verbeek 1991) and Black, C. grylle, (Slater and 
Slater 1972, Cairns 198 1, 1984) Guillemots have noted that prey selection patterns of individual 
adults often differ markedly from those of conspecifics within the same breeding colony. As a 
generalist forager that shows the propensity to specialize, Cepphus guillemots are well suited for 
studies that relate patterns of prey choice to chick growth and reproductive performance. 
Comparisons can be made of guillemot pairs that feed their chicks different prey items, without 
having to account for confounding variables that are present in inter-annual or inter-colony 
comparisons. Furthermore, because guillemots are conspicuous in their prey delivery habits (they 
carry single, intact prey items held crosswise in the bill to their chicks), chick diet composition can 
be determined through observation alone, thus minimizing effects of human disturbance on chick 
growth. 

We studied chick diet, chick growth rates, and reproductive success of Pigeon Guillemots 
to test two main hypotheses. First, we asked if specialists have higher reproductive performance 
than generalists. This might be expected if specialization reduces prey handling time (Slobokin 
and Sanders 1969) thereby increasing chick provisioning rates. Second, we asked if adults that 
deliver primarily high energy density fishes have chicks that grow faster and achieve higher overall 
reproductive success than those that deliver primarily low energy density prey fishes. In the first 
hypothesis we ask if specialization per se is important, while in the second we ask if the particular 
prey selected matters. 

The guillemot foraging strategy differs from that of other piscivorous alcids. Guillemots 



often forage solitarily, or in small groups, and primarily select nearshore demersal fishes for their 
chicks (e.g., sculpins Cottidae spp., blennies Stichaeidae and Pholididae spp.) (Winn 1950, Drent 
1965, Slater and Slater 1972, Cairns 1981, Cairns 1987a, Ernrns and Verbeek 1991, Ewins 1990, 
Ewins 1993). These prey tend to be dispersed, but may be predictable in time and space 
(Rosenthal 1979, Cairns 1987a). In contrast, most other piscivorous alcids, (e.g., murres Uria 
spp., murrelets Brachyramphus spp., puffins Fratercula spp.) feed in foraging flocks on dense 
aggregations of pelagic schooling fishes (e.g., Pacific Sand lance Ammodytes hexapterus, Capelin 
Mallotus villosus, Pacific Herring Clupea pallasii, Gadidae spp.), (Barrett et al. 1987, Piatt 1990, 
Hatch and Sanger 1992, Nelson 1997). Given that pelagic schooling fishes tend to have higher 
energy densities than demersal fishes (with the exception of the gadids) (Montevecchi et al. 1984, 
Barret et al. 1987, Hislop et al. 1991, Martensson et al. 1996, Van Pelt et al. 1997, Anthony and 
Roby 1997), it is perhaps surprising that guillemots do not prey on schooling fishes more 
extensively. At times schooling fishes are available to guillemots, as instances of individual birds 
specializing in them demonstrate (Slater and Slater 1972, Cairns 198 1, Kuletz 1983), however, 
only rarely do guillemot populations exploit schooling fishes to a large degree (see Kuletz 1983). 
During our study, most guillemots specialized in nearshore demersal fishes or were generalist, 
however some guillemots specialized in schooling fishes. In testing our energy-density 
hypothesis, we compared the reproductive performance of guillemots that specialized in high- 
energy schooling fishes with other guillemots in the population. In so doing, we ask not only if 
energy density matters, but also if the more common alcid strategy of preying on pelagic 
schooling fishes may at times be favorable for guillemots. 

METHODS 
Study Site 

We studied Pigeon Guillemots (hereafter referred to as guillemots) from 1979-198 1, 
1989-1991, and 1994-1997 at Naked Island, Alaska (Fig. I). Naked Island (ca. 3,862 ha) is 
located in central Prince William Sound (PWS), and is part of a three-island complex. The near 
shore habitat of this region is characterized by a series of bays and passages with shelf habitat <30 
meters deep radiating approximately one kilometer from shore. Naked Island is forested to its 
37 1 meter summit, and the principle tree species are sitka spruce, Picea sitchensis, and western 
hemlock, Tsuga heterophylla,. Guillemots nest semi-colonially along the island's rocky 
shorelines. They nest beneath tree roots overhanging crumbling cliffs, in rock crevices, on sea 
stacks, or among boulders on talus slopes. From 1979 to 1997 the guillemot population at the 
Naked Island complex declined from 1,87 1 to 670 birds (Oakley and Kuletz 1996, Golet 
unpublished data). During 1993, the entire Prince William Sound was surveyed for guillemots, 
and 3,028 birds were counted (Sanger and Cody 1994). Other members of the Alcidae breeding 
on these islands include Marbled Murrelets, Brachyramphus marmoratus, Parakeet Auklets 
Cyclorrhynchus psittacula, Tufted Puffins, Fratercula cirrhata, and Horned Puffins, F. 
corniculata. 



Chick Diet and Prey Specialization 
We determined chick diet composition and delivery rates by observing prey items held 

crosswise in the bills of adults guillemots provisioning their chicks. We observed from land-based 
blinds with binoculars and spotting scopes. We watched from each blind an average of four full 
days per breeding season, spacing our days of observation in a systematic manner to ensure 
representative coverage of the entire chick-rearing period. Because guillemots often pause on the 
water or on rocks in front of their nests before making deliveries to their chicks, the prey items 
they carry in their bills can usually be identified. We identified prey items to the lowest possible 
taxon that we could visually distinguish, and then grouped them into the six categories listed in 
Table 4. 

Guillemot pairs were classified as generalists or one of five specialist types based on our 
observations of adults delivering prey items to their chicks (Table I). We classified pairs rather 
than individual birds because most often we could not distinguish between mates. This 
classification was appropriate, however, because the parameters we studied were dependant upon 
both adult's prey deliveries. We included pairs in our analyses only if 2 10 deliveries were 
observed in which prey items were identified (as per Pierotti and Annett (1991)), although on 
average 29.3 deliveries were identified per pair (max = 148). Pairs were classified as specialists 
(SPEC) when particular prey items or classes of prey items comprised > 50% of the deliveries, 
and as generalists (GEN) when they did not meet this criterion. We compared specialists and 
generalists to test our first hypothesis. To test our second hypothesis we compared pairs that 
delivered primarily high energy density (HED) fishes with pairs that delivered primarily low 
energy density (LED) fishes. We grouped the non-schooling fishes, the gadids (which school, but 
are of low energy density in the size classes that guillemots select), and the generalists into the 
low energy density category. Generalist were included in this category because they delivered 
only 25.3 % high energy density fishes, on average. 

We calculated the dietary diversity of each pair with the modified Hill's ratio, F,,, (Alatalo 
198 1, Grundel 1990): 

(equation is at end with figures) 

In this equation, pi is defined as the number of prey type I delivered by the pair in a year divided 
by the total number of all prey types delivered by that pair in that year, and n equals the total 
number of prey types ( n  = 6, see Table 4). This diversity index has the advantage of not requiring 
an independent assessment of species richness, which is often a function of sample size (Alatalo 
1981). We compared the dietary diversity of pairs classified as specialists and generalists to 
determine if pairs we defined as specialists had lower dietary diversity than pairs we defined as 
generalist. 

We examined the effects of diet choice on growth and reproductive success for all but the 



early years of the study (1979-1981). These years were excluded because there were too few 
nests for which both specialization and growth or productivity measures were taken. We report 
diet data from these early years (see Table 4), however, because they relate to the population level 
effects that we describe between diet and growth rate (see Discussion). 

Chick Growth and Reproductive Success 
We compared chick growth and reproductive success between generalists and specialists 

and between pairs that delivered primarily high energy density fishes and pairs that delivered 
primarily low energy density fishes. Growth patterns were quantified for alpha (the first to hatch, 
or larger chick, of two-chick nests), beta (the second to hatch, or smaller chick, of two-chick 
nests), and single (the lone chick of one-chick nests) chicks by weighing and measuring chicks at 
least once every five days. The growth rate we report is the slope of the regression of mass on 
age for chicks between 8 and 18 days, the linear phase of the growth cycle (Emms and Veerbeek 
1991, Ewins 1993). Because this growth measure is not influenced by the particular asymptote 
that individual chicks attain (Hussel 1972, Gaston 1985), it has the advantage of being 
independent of peak and fledging mass, which we also report. We define peak mass as the highest 
mass measured, and fledging mass as the last mass measured prior to fledging (provided the chick 
was weighed 5 seven days before fledging). Peak and fledging mass have been shown to affect 
fledgling success and subsequent survival, and may well represent the condition of nestlings at 
their time of highest energetic demand (Perrins et al. 1973). By assessing chick growth in this 
manner we were able to compare our results to those of prior studies. 

We compared the following reproductive success parameters between specialists and 
generalists, and between pairs that delivered primarily high energy density fishes and pairs that 
delivered primarily low energy density fishes: clutch size, hatching success (eggs hatched per egg 
laid), nestling survival (chicks fledged per egg hatched), brood size at fledging, and productivity 
(chicks fledged per egg laid). Productivity is the most comprehensive measure of reproductive 
success that we report. 

Statistics 
Before testing the effects of diet on delivery rate, growth rate, or reproductive success, we 

tested for differences among years in each of these parameters. First, we used the Lilliefors test 
to assess normality with variables having continuous frequency distributions. Then, we compared 
variables identified as non-parametric with the Kruskal Wallis test or the Mann Whitney U- test, 
and contrasted the remainder with ANOVAs or t-tests assuming equal or unequal variance as 
appropriate. When significant year effects were found, we used general linear models to test for 
parameter effects. For contingency table analyses, we used loglinear models (LOGIN command, 
SYSTAT 1996), log-likelihood ratio tests (G-tests) (Fienberg 1970, Bishop et al. 1975), and 
Fisher's exact test. For G-tests involving only two classes, the Williams correction was applied to 
reduce the likelihood of type 1 errors (Sokal and Rohlf 1995). Mean values are presented + 
standard error, while proportions are reported k standard deviation. All tests are two-tailed, and 
significance is assigned at the 0.05 level. 



RESULTS 

Effect of Prey Specialization on Growth and Reproductive Success 
Pigeon Guillemots that specialized in particular prey types when foraging for their chicks 

did not have higher meal delivery rates, chick growth rates, or reproductive success than 
guillemots that delivered a wider variety of prey (Table 2). Thus, during the years of our study, it 
appeared that there was no selective advantage in simply being a specialist as opposed to a 
generalist. However, guillemots that delivered primarily high energy density prey had significantly 
greater reproductive performance than those that delivered primarily low energy density prey, 
suggesting that preferentially selecting certain prey items may help maximize lifetime reproductive 
success. 

Chicks fed high energy density fishes had significantly higher linear growth rates of mass 
than those fed low energy density fishes (HED: 21.4 + 0.8 gld, n = 11 chicks; LED: 17.4 + 1 gld, 
n = 32 chicks; F = 5.13, P = 0.030; Fig. 2). The difference between the two groups was apparent 
only among the two chick nests; in nests with single chicks linear growth did not differ according 
to diet. In two chick nests, the difference was most pronounced among beta chicks, although 
alpha chicks also had lower mean growth rates when fed low energy density fishes. Chicks fed 
high energy density fishes also tended to attain higher peak masses than chicks fed low energy 
density fishes (HED: 486 a 16 g, n = 13; LED: 445 + 9 g, n = 49 chicks; U = 210.5, P = 0.062; 
Fig. 3a), and although not statistically significant, the difference in fledging masses was in the 
expected direction (HED: 471 & 18 g, n = 13; LED: 432 & 10 g, n = 49 chicks; U = 247, P = 
0.22; Fig. 3b). As with growth rates, the differences in peak and fledging masses between the two 
groups were most apparent in the beta chick category. 

Guillemot pairs that provisioned their chicks with high energy density fishes made 
significantly more deliveries per hour than adults that delivered low energy density fishes (HED: 
1.1 1 k 0.1 deliverie~.nest-~.h-', n = 1 1 nests; LED: 0.8 a 0.04 deli~eries-nest-~.h-', n = 59 nests; F 
= 6.38, P = 0.014). 

Guillemot pairs that delivered high energy density fishes to their chicks had significantly 
higher productivity than pairs that delivered low energy density fishes (HED: 0.90 & 0.07 
fledglingslegg, n = 10 eggs; LED: 0.69k0.04 fledglingslegg, n = 50 eggs; U = 153.0, P = 0.029; 
Fig. 4). Pairs that delivered high energy density fishes also had a larger brood size at fledging 
than pairs that delivered low energy density fishes (HED: 1.64 k 0.15 chickslnest, n = 11 nests; 
LED: 1.29 + 0.06 chickslnest, n = 52 nests; Fisher's exact test P = 0.039). These differences in 
reproductive success were primarily attributable to a trend of higher nestling survival among 
adults that delivered high energy density fishes compared with those that delivered low energy 
density fishes (HED: 0.95 + 0.04 fledglingslhatchling n = 10 chicks; LED: 0.77 k 0.04 
fledglings/hatchling, n = 54 chicks; U = 18 1 .O, P = 0.052). There were no differences in hatching 
success (HED: 0.95 + 0.04 hatchlingslegg, n = 11 eggs; LED: 0.93 + 0.03 hatchlingslegg, n = 54 
eggs; U = 285.0, P = 0.71), or clutch size (HED: 1.91 a 0.09 eggslnest, n = 11 nests; LED: 1.84 
a 0.05 eggslnest, n = 55 nests; U = 280.5, P = 0.54) between the two groups. 



Prey Specialization Patterns 
Adult guillemots demonstrated distinct preferences in the prey items they selected for their 

young. In the six years during which we quantified specialization patterns, 58.9% of the nests had 
a particular prey type that comprised >50% of the observed deliveries (Table 3). The actual 
proportion of individuals specializing was likely greater than this, however, because mates within 
a given nest sometimes differed in their prey selection habits. Guillemots clearly differed in the 
diversity of prey items that they delivered to their chicks. In 1995 there was even a flatfish 
specialist (n = 34 identified deliveries, 62% flatfish Bothidae spp.), although this prey item 
comprised <5% of the diet in the population this year. Nests we classified as specialists had 
significantly lower dietary diversity (F,,,) than nests we classified as generalists (SPEC: 0.69 * 
0.01, n = 40; GEN: 0.84 + 0.01, n = 74; t = 7.02, P < 0.0001), further demonstrating that 
guillemots differed in their prey selection habits. The proportion of pairs that delivered primarily 
high energy density fishes did not differ significantly between the three main colony areas between 
1989 and 1997 (n = 95 pairs, G = 2.00, P = 0.59). Thus the availability of high energy density 
fishes did not appear to vary among the Naked Island guillemot colonies. However, we did find 
significant variability in the relative abundances of particular specialist types from year to year (n 
= 114 identified specialists, G = 37.9, P = 0.009; Table 3). This variability tended to reflect the 
overall abundance of particular prey items in the diet. Among nests classified as a particular 
specialist type in one year, 50.2% were classified as the same specialist type in the subsequent 
year. This level of consistency is substantially greater than what would be expected at random 
(20%). Interannual consistency appeared strongest among blenny specialists and generalists. 

Diflerences among Years 
Chick diet varied significantly during the years in which we studied adult prey 

specialization (1989-1990 & 1994-1997, n = 3,956 identified prey items, G = 787.5, P < 0.001; 
Table 4). However, even greater variability in chick diet was observed from 1979- 198 1. Overall, 
the schooling fishes fluctuated most in the diet. Pacific sand lance, Ammodytes hexapterus, 
declined steadily from a high of 60% of the identified prey items in the diet in 1979 to a low of 
10% in 1994 & 1995. Variability was also high in the herringlsmelt category (0 - 25%) and 
among the gadids (1 - 37%). In contrast, blennies and sculpins remained fairly constant in the 
chick diet. On average 8 1.5 +. 3.5% of prey items were positively identified. 

Although delivery rates differed significantly (n = 80 nests, F = 5.75, P < 0.001), we 
found no significant differences in chick growth rates (n = 102 chicks, F = 1.75, P = 0.13) from 
1989 to 1997 (Table 5). Both peak (n = 137 chicks, H = 15.69, P = 0.008) and fledging (n = 135 
chicks, H = 13.08, P = 0.023) masses were, however, significantly different among years. 

We found no differences in reproductive success from 1989-1997. Productivity was not 
significantly different among years (n = 181 nests, G = 2.70, P = 0.75), nor was hatching success 
(n = 320 eggs; G = 5.09, P = 0.41) or nestling survival (n = 245 chicks, G = 1.54, P = 0.91). 



DISCUSSION 

Effect of Prey Choice on Growth and Reproductive Success 
Pigeon Guillemots that specialized on particular prey types when foraging for their chicks 

did not appear to have any reproductive advantage over guillemots that generalized. However, 
adults that delivered primarily high energy density prey fishes had chicks that grew faster, and had 
higher overall reproductive success than those that delivered primarily low energy density prey 
fishes. Thus although specializing per se appeared to confer no fitness advantage, there may have 
been a benefit to preferentially selecting prey items of high energy density. A similar conclusion 
was reached by Fox and Morrow (198 I), who found that insect herbivores that specialized on 
particular plants appeared to have no selective advantage over those that had greater host breadth. 
Differences in insect growth, they found, depended more upon the nutritional quality of the plants 
consumed. 

Differences in reproductive performance between guillemot pairs that delivered high 
energy density fishes and those that delivered low energy density fishes were apparent during the 
early stages of chick development. Young chicks fed primarily high energy density fishes had 
growth rates that were significantly higher than those of chicks fed primarily low energy density 
fishes. The difference in growth rates was pronounced, however, only in nests with two chicks, 
and was greatest between groups of beta chicks, suggesting that adults that deliver primarily low 
energy density fishes are less likely to successfully fledge a second chick (as predicted by Kuletz 
1983). Differences in reproductive performance between the two groups persisted throughout the 
chick-rearing period, and at fledging, pairs that delivered primarily high energy density fishes had 
significantly larger brood sizes than pairs that delivered primarily low energy density fishes. 

On the population level the percent of high energy density fishes in the diet also appears to 
have affected chick growth rates at Naked Island (Fig. 5).  Chicks grew fastest from 1979 - 1981, 
when high energy density fishes comprised from 40 - 60% of their diet. By contrast, in 1990 and 
1994, when high energy density fishes comprised only - 10% of their diet, chicks grew more 
slowly. 

Anley et al. (1990) also found an effect of diet on reproductive success in their studies of 
guillemots at the Farallon Islands. They found that reproductive success was highest in cold 
water years, when rockfish, Sebastes spp., comprised a large portion of the chick diet. They 
further determined that mean fledging weight was greater in high rockfish years, although they 
found no correlation between diet and growth rate. The mean growth rate that Ainley et al. 
(1990) reported for guillemot chicks was low (16.5 g/d), relative to the nine-year mean that we 
measured at Naked Island (19.1 g/d). In part, this may be attributable to an absence of high 
energy density fishes in the diet of guillemot chicks at the Farallons. Rockfish generally have 
lower energy density (kJ/g wet mass) than Ammodytes, Clupea, or Mallotus (Van Pelt et al. 
1997), and may be less easily digested and assimilated by young chicks due to their numerous 
spines and thick scales (Eschmeyer and Herald 1983). 

At times when high energy density fishes are locally abundant they may be the preferred 
prey of guillemots (Ewins 1990). On a long-term basis, however, low energy density fishes (e.g., 
blennies and sculpins) appear to form the staple of the chick diet for most guillemot populations. 
Abundances of Ammodytes, Clupea, and Mallotus may be too variable for these prey to form the 



primary component of the chick diet in most years. In Prince William Sound, high energy density 
fishes, such as Ammodytes, are notoriously patchy (Blackburn 1979). We found that blennies and 
sculpins showed the lowest variability in their percent occurrence in the chick diet from year to 
year, which may be explained by the sedentary nature of these nearshore demersal fishes, which 
do not show marked movements during the guillemot breeding season (Rosenthal 1979, Cairns 
1987a). 

In general, studies of Pigeon Guillemots reveal relatively low growth rates when the 
percent occurrence of high energy density fishes in the chick diet is low (Fig. 5). At Mandarte 
Island, chick growth was 15.6 gld (linear slope analysis of Drent's 1965 published data) when 
Ammodytes comprised 4.7% of the diet. At Mitlenatch Island, Emms and Verbeek (1991) 
measured a growth rate of 14.5 gld when chicks received 4.6% Ammodytes and 1% Clupea, and 
at Skidegate Inlet, Vermeer et al. (1993) measured a growth rate of 15.5 gld when Ammodytes 
comprised 10% of the chick diet (although their sample size for chick diet was small, n = 20). 
These growth measurements are comparable to the lowest values we recorded at Naked Island (in 
1990 and 1994), when the percent of high energy density fishes in the diet was at its lowest in our 
nine years of study. 

Studies of the Pigeon Guillemot's congener in the North Atlantic Ocean further suggest 
that the proportion of high energy density fish in the diet may affect chick growth rates. Black 
Guillemot growth rates in Shetland were among the highest recorded for this species (16.9 gld, 
Ewins 1992) when Ammodytes was 52% of the chick diet (Ewins 1990). This contrasts the 
relatively low growth rate (14.2 gld) measured for Black Guillemots in Hudson Bay when 
Ammodytes was < 1 % of the chick diet (Cairns 1987a). Apparently for both Pigeon and Black 
Guillemots, chick growth is maximized when high energy density fishes comprise a substantial 
portion of the chick diet. 

Relationship between Diet and Growth in a Polyphagous Predator 
Cairns (1987b, p. 267) suggested that among polyphagous seabirds, the availability of a 

principle prey item may vary considerably before changes occur in parameters such as chick 
growth rates. Our studies of guillemots, however, suggest that this may not be the case. In years 
when the proportion of high energy density fishes were reduced in the chick diet, growth rates 
were lower (n = 9 years, ? = 0.53, P = 0.026, Fig. 6). Apparently, there was no suitable 
replacement for high energy density fishes in the years when they were less common in the diet. 
Hamer et al. (1991) also found a significant linear relationship between chick diet and growth. In 
their 15-year study of the Great Skua, Catharacta skua, a generalist scavenger, they found that 
sandeels, Ammodytes marinus, a high energy density fish, varied from 5 - 95% of the chick diet, 
and their use was positively correlated with chick growth rate (n = 15 years, ? = 0.52, P = 0.002, 
p. 182). Thus, it appears that species that feed their chicks a wide array of prey items may not 
show the same threshold responses that characterize the relationship between prey availability and 
growth in species with fewer alternate prey (e.g. Phillips et al. 1996). In polyphagous generalist 
predators, chick growth rates may be linearly related to the percent occurrence of a preferred prey 
type in the diet, as we found for guillemots, and Hamer et al. (1991) found for skuas. 



Prey Specialization (Diet Choice) of Generalist Predators 
Although individual prey specialization has been documented in birds, the effects of 

specialization on reproductive performance have rarely been quantified. Studies of gulls, Larus 
spp., (Pierotti and Annett 199 1, Spear 1993) and skuas, Catharacta spp., (Trillmich 1978, 
Trivelpiece et al. 1980) provide notable exceptions. In our study, as well as in those mentioned 
above, groups of birds that selected one prey type reproduced more successfully than others. We 
found that pairs that delivered primarily high energy density fishes had higher reproductive 
success than pairs that delivered primarily low energy density fishes because they had a higher 
probability of fledging chicks once the eggs hatched. Apparently delivering more high energy 
density fishes maximized the chick's rate of caloric intake, as evinced by the significantly higher 
growth rates we measured at these nests. Higher chick growth and productivity of pairs 
delivering primarily high energy density fishes may have been a function of the higher lipid content 
of their prey compared with low energy density fishes. It is also possible, however, that the 
difference in reproductive performance between these two groups was simply a function of 
differences in the amount of food delivered to the nestlings. We found that pairs that delivered 
primarily high energy density fishes had a significantly higher rate of prey delivery than pairs that 
delivered more low energy density fishes. If average prey mass was comparable between the two 
groups, then an increased rate of prey delivery could, in itself, explain the difference in 
productivity. 

In other studies, delivery rates may have been important, as high levels of reproductive 
success of particular groups of birds were attributed to close proximity to a reliable prey source. 
Trillmich (1978) and Trivelpiece et al. (1980) found that South Polar, C. maccormicki, and 
Brown, C. lonnberg, Skuas that specialized on nearby penguin eggs and chicks were more 
successful raising chicks than those that fed mainly at sea on fish. Similarly, Spear (1993) found 
that Western Gull, L. occidentalis, specialists exploiting nearby Common Murres, Uria aalge, or 
Brandt's Cormorants, Phalacrocorax penicillatus, had higher breeding success than gulls from 
the same colony that foraged elsewhere. 

In contrast to these studies, differences in reproductive success of Herring Gull, L. 
argentatus, specialists were largely a function of differences in hatching success (Pierotti and 
Annett 1991). Presumably one specialist's diet yielded a more complete complement of nutrients 
essential for producing viable eggs. Among Herring Gulls the reproductively most successful 
specialists were the most common, and the most consistent in their prey specialization patterns 
from year to year (Pierotti and Annett 1991). By contrast, we found that pairs that delivered 
primarily high energy density fishes, which were the most successful raising chicks, were less 
common in the population between 1989-1997, and less consistent from year to year than other 
specialist types. At Naked Island, it is likely that pairs that delivered primarily high energy density 
fishes were relatively uncommon in our study population because their principal prey, Ammodytes, 
tends to be both ephemeral and patchy in Prince William Sound (Blackburn 1979). Such a 
distribution may make Ammodytes difficult for guillemots to routinely exploit, except when it is 
superabundant. Nonetheless, other studies have documented similar instances of guillemots 
specializing on Ammodytes, even when its percent occurrence in the diet was relatively low in the 
population at large: Slater and Slater (1972) found that Ammodytes comprised 64% of the diet at 
one Black Guillemot nest ( n  = 89 deliveries), although this prey accounted for only 17% of the 



chick diet at the colony; and Cairns (1981) found that an individual Black Guillemot brought 
100% Ammodytes to its chicks (n = 17 deliveries) at a colony where Ammodytes averaged only 
8% of the deliveries. 

In summary, we found that even in years when high energy density fishes were not 
abundant (as appeared to be the case from 1990 - 1997), individual guillemots that delivered them 
had chicks that grew faster and had higher reproductive success than guillemots that delivered 
primarily low energy density fishes. In years when schooling fishes are more abundant, we expect 
that the differences in growth and reproductive performance between pairs that deliver primarily 
high energy density fishes and those that deliver primarily low energy density fishes would be even 
more pronounced. As the comparisons within populations, among years, and among studies 
indicate, guillemots chick growth and productivity appears to be maximized when high energy 
density fishes comprise a major portion of the chick diet. Such a finding presents an interesting 
question to the evolutionary ecologist: Given the apparent selective advantage of foraging on high 
energy density fishes, why haven't guillemots evolved (as other alcids have) to become more 
highly specialized on these prey? In the highly variable pelagic environment of the pigeon 
guillemot, there must be a long-term advantage to foraging on the widely dispersed, but 
predictable demersal fishes, even if they are of lower energy density. 
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Table 1. Groups used to classify Pigeon Guillemot pairs at Naked Island, PWS, Alaska 

(1989-1990 & 1994-1997). Pairs were classified based on the prey types they delivered 

to their chicks, and were identified as specialists when a particular prey type comprised 

>SO% of the deliveries. 

group definition 

SAN sand lance%pecialist 

BL blenny"pecia1ist 

GAD gadid" specialist 

SCU sculpina specialist 

 SPEC^ specialist (includes SCH, BL, GAD, and SCU) 

G E N ~  generalist (no particular prey type comprised >50% of the deliveries) 

HED" high energy density (includes SAN and HIS) 

LED" low energy density (includes BL, GAD, SCU, and GEN~)  

"The taxonomic composition of these groups is defined in Table 4. 

?he specialist and generalist groupings were made to test the hypothesis that specialists 

have higher productivity than generalists (SPEC vs. GEN). 

"The low energy density and high energy density groupings were made to test the hypothesis 

that adults that feed their chicks primarily high energy density prey have higher productivity 

than those that feed their chicks primarily low energy density prey (SCH vs. LED). 

d~ecause  generalists delivered only 25.3% high energy density fishes, they were included in 

the LED grouping to test the energy-density hypothesis. 



Table 2. Comparisons of growth and reproductive performance between adult Pigeon Guillemots 

classified as specialistsa and generalists at Naked Island, PWS, Alaska (1989-1990 & 1994-1997). 

Means are reported + standard error 

parameter specialists generalists test statistic P value 

meal delivery rate 0.88 + 0.05 0.80 + 0.05 F =  1.03 0.3 1 
n 42 28 

chick growth rate 18.1 k 0.9 16.4 & 1.8 F = 2.82 0.10 
n 27 10 

chick peak weight 458 + 11 451 k 11 U = 405 0.60 
n 40 22 

chick fledging weight 441 + 12 444 + 11 U = 471 0.88 
n 40 23 

clutch size 1.8 + 0.06 1.9 + 0.07 U = 527 0.47 
n 4 1 24 

hatching success 0.93 + 0.04 0.94 + 0.03 U = 417 0.93 
n 3 5 24 

nestling survival 0.82 k 0.04 0.79 + 0.06 U = 385 0.84 
n 3 3 24 

brood size at fledging 1.4 + 0.08 1.3 + 0.10 G = 0.019 0.89 
n 40 24 

productivity 0.77 k 0.04 0.7 1 k 0.06 U = 354 0.44 
n 33 24 

Wests were classified as specialists if a particular prey item or class of prey items comprised 

>50% of the deliveries made to the chicks, otherwise, nests were classified as generalists. 



Table 3. Percent of total nests at which Pigeon Guillemots were specialists and generalists at 

Naked Island, PWS, Alaska (1989- 1980 & 1994- 1997). 

sand herring total 
year n lance /smelt blennies gadids sculpins specialists generalists 

mean % 8.8 5.8 32.2 7.1 5.6 58.9 41.1 

"In addition to the specialists listed, one flatfish specialist was identified in 1995. 



Table 4. Diet of Pigeon Guillemot chicks at Naked Island, PWS, Alaska. Values reported are percents of the 

identified deliveries, which averaged 81.5 2 3.5% of the total deliveries. Prey specialization was studied from 

year blennies" gadidsb herring/smeltc sand lanced sculpinse otherf 

1979 % 20.6 1.5 0 60.4 15.4 2.1 
n 108 8 0 3 17 8 1 11 

Mean % 33.2 13.7 7.7 23.7 14.2 7.5 

"blennies crescent gunnel Pholis laeta, slender eelblenny Lumpenus fabricii, snake prickleback L. sagitta, daubed shanny 
L. maculatus, black prickleback Xiphister atropurpureus, y-prickleback Allolumpenus hypochromus, high 
cockscomb Anoplarchus purpurescetzs, penpoint gunnel Apodichthysflavidus, northern ronquil Ronquilis 
jordani, searcher Bathymaster signatus, arctic shanny Stichaeus punctatus, snailfish Liparis spp. 

hgadids Pacific cod Gadus macrocephalus, Pacific tomcod Microgadus proximus, walleye pollock Theragra 
chalcogramma. 

'herringlsmelt Pacific herring Clupea pallasii, smelt Osmeridae, including capelin Mallotus villosus. 

"sand lance Pacific sandlance Ammodytes hexapterus. 

"culpins ribbed sculpin Triglops pingelii, slim sculpin Radulinus asperllus, tidepool sculpin Oligocottus maculosus, 
plain sculpin Myoxocephalus jaok, roughspine sculpin Triglops macellus, armorhead sculpin Gymnocanthus 
galeatus, grunt sculpin Rhamphocottus richardsonii, red irish lord Hemilepidotus hemilepidotus. 

'other flatfish Bothidae, including rex sole Glyptocephalus zachirus, slender sole Lyopsetta exilis, dover sole 
Microstomus pacificus, rockfish Sebastes spp., Pacific sandfish Trichodon trichodon, greenling Hexagrammos 
spp., lingcod Ophiodon elongatus, salmon Salmonidae, invertebrates (shrimp Pandalus spp., squid Rossia 
pacifica and crabs). 



Table 5.  Delivery rates and growth parameters at Pigeon Guillemot nests on 

Naked Island, PWS, Alaska (1989-1990 & 1994-1997)". Means are reported 

+ standard error. 

delivery rate growth rate peak mass fledge mass 
year (deliveries-nest-l-hr-l) (g/d) (g) (g) 

mean 0.7920.07 18.3k0.8 488214 457kll 

"See Oakley and Kuletz (1996) for 1979- 198 1 values. 



FIGURE LEGENDS 

Figure 1. Map of the Naked Island group with the locations of the 5 Pigeon Guillemot study 
colonies indicated by numbered circles. Inset maps show the location of the Naked Island group 
within Prince William Sound, and the location of Prince William Sound (PWS) within Alaska. 

Figure 2. Growth rates (g/d) of Pigeon Guillemot chicks 8-18 days post-hatch fed by adults 
specializing in either high energy density (HED) or demersal (DEM) fishes at Naked Island, PWS, 
Alaska (1989- 1990 & 1994- 1997). 

Figure 3. Peak (a) and fledging mass (b) of Pigeon Guillemot chicks fed by adults specializing in 
either high energy density (HED) or demersal (DEM) fishes at Naked Island, PWS, Alaska (1989- 
1990 & 1994- 1997). 

Figure 4. Hatching success (eggs hatched per egg laid), nestling survival (chicks fledged per egg 
hatched), and productivity (chicks fledged per egg laid), at nests with adults specializing in either 
high energy density (HED) or demersal (DEM) fishes at Naked Island, PWS, Alaska (1989-1990 
& 1994- 1997). 

Figure 5. Regression of Pigeon Guillemot chick growth rate on percent high energy density fishes 
in the diet (Y = 1.17X + 15.1, n= 13 colony-years, ?=0.70, P c 0.001). The significant regression 
indicates that a high proportion of high energy density fishes in the diet has a beneficial effect on 
chick growth. In all studies the primary high energy density fish was Pacific Sand lance, 
Ammodytes hexapterus. This figure incorporates data from 5 studies [Naked Island, PWS, 
Alaska, this study; Mandarte Island, Haro Straight, BC, Drent (1965); Mitlenatch Island, Straight 
of Georgia, BC, Emms and Verbeek (1991); Skidegate Inlet, Queen Charlotte Islands, BC, 
Vermeer et al. (1993); and Farallon Islands, CA, Ainley et al. (1990)l; the relation holds for 
Naked Island alone, as well (n=9 years, ?=0.53, P=0.026). 
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Study History: Restoration Project 97163 G is similar to the research described in 
the original proposal submitted as 95118-BAA. It is a component of the Alaska 
Predator Ecosystem Experiment Project (APEX), for which funding was first 
approved by the EVOS Trustee Council in April 1995. This research examines the 
effects of diet composition on the reproductive energetics and productivity of 
piscivorous seabirds in the northern Gulf of Alaska, using pigeon guillemots and 
black-legged kittiwakes as models. Component G works closely with other colony 
based research that is part of APEX, including components E, F, J, and M, and 
provides data for Component Q of APEX (modeling factors limiting seabird 
recovery). In 1995, study sites for kittiwakes were breeding colonies at Shoup Bay, 
Eleanor Island, and Seal Island in Prince William Sound, and Gull Island, Chisik 
Island, and the Barren Islands in Lower Cook Inlet; study sites for guillemots 
were at Naked Island and Jackpot Island in PWS, and Kachemak Bay in Lower 
Cook Inlet. In 1996, field research continued with a shift in kittiwake study sites 
from Seal Island to North Icy Bay. In 1997, all study sites remained the same as in 
1996. 

Abstract: A shift in marine trophic structure in the area affected by the Exxon 
Valdez oil spill (EVOS) my have hindered or prevented recovery of injured 
seabird resources, especially pigeon guillemots, common murres, and marbled 
murrelets. We studied energetic factors (diet composition, diet quality, meal size, 
meal delivery rate, adult daily energy expenditure) potentially constraining 
seabird productivity in the EVOS area, focusing on pigeon guillemots and black- 
legged kittiwakes as models of fish-eating seabirds. Energy density (kJ/g wet 
mass) varied widely within and between species of forage fish; schooling pelagic 
fishes had relatively high or low values, whereas nearshore demersal fishes were 
intermediate. Seabirds and other fish-eating predators can experience multi-fold 
differences in energy intake rates based solely on the types of fish consumed. 

1997 was a mediocre or poor year for kittiwake nesting success at most 
APEX study colonies, breaking the previous trend of higher kittiwake 
productivity associated with increasing availability of capelin, herring, and sand 
lance. Kittiwake productivity within the study area appears to be strongly linked 
to the availability of these three species of forage fish, which form schools 
nearshore and have high energy densities compared with most other forage 
fishes. Availability of high-quality schooling forage fish (sand lance, herring) 
within foraging distance of guillemot colonies was positively correlated with 
energy provisioning rates to guillemot nests, as well as nestling growth rates. 

Key Words: energetics, energy, Exxon Valdez oil spill, fish, lipid, proximate 
composition, seabird, reproduction, trophic. 
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EXECUTIVE SUMMARY 

This restoration research project is a component of the APEX Project (Alaska 
Predator Ecosystem Experiment), which is investigating whether low food 
availability and quality contribute to the failure of some seabird and marine 
mammal populations to recover from the Exxon Valdez Oil Spill (EVOS). The basic 
premise of APEX is that a shift in marine trophic structure of the EVOS area has 
prevented recovery of injured seabird resources. Specifically, this research 
component of APEX addresses whether changes in diet quality may have 
constrained reproduction in pigeon guillemots (Cepphus colurnba), common 
murres (Uria aalge), and marbled murrelets (Brachyrarnphus rnarmoratus), all 
resources injured by the spill. The major hypothesis tested is that differences in 
the nutritional quality of forage fishes are a primary determinant of energy 
provisioning rates to seabird nestlings, which influence not only the growth and 
survival of young, but also other factors that regulate seabird populations (e.g., 
post-fledging survival and recruitment rates). 

Pigeon guillemots and black-legged kittiwakes were the focal piscivorous 
seabirds studied during the 1997 breeding season. In cooperation with other 
APEX projects, we collected samples of nestling diets and measured nestling 
provisioning rates, growth rates, and nesting success in relation to diet. The two 
guillemot study sites in Prince William Sound (PWS) were located at Naked 
Island (an oiled site) and Jackpot Island (an non-oiled site), and were compared 
with guillemots nesting in Kachemak Bay (a reference site). The three study sites 
for kittiwakes in PWS were Eleanor Island (an oiled site), North Icy Bay (a non- 
oiled site), and Shoup Bay (a non-oiled site). The three kittiwake study sites for 
Lower Cook Inlet (LCI) were at Gull Island, Chisik Island, and the Barren Islands 
(all reference sites). In addition, forage fishes were collected using a variety of 
methods and analyzed in the lab to determine quality as seabird prey. 

Forage fish exhibited a ten-fold difference in lipid content (% dry mass) and a 
five-fold difference in energy density (kJ/g wet mass) among individuals, such 
that predators could potentially experience large differences in foraging efficiency 
depending on prey choice (see attached manuscript by Anthony et al.). Schooling 
pelagic fishes tended to have either relatively high lipid content and energy 
density (e.g., herring, capelin, sand lance) or low lipid content and energy density 
(e.g., pollock, cod, tomcod), whereas nearshore demersal fishes (e.g., blennies, 
sculpins) had intermediate values. Interspecific variation in lipid content was the 
primary factor influencing energy density of forage fishes, with variation in water 
content also contributing. Lipid content (% dry mass) was negatively correlated 
with water content (% wet mass) and positively correlated with protein content 
(% lean dry mass). Thus, high-lipid fish had higher nutritional value than low- 
lipid fish in part because of lower water content and higher protein content. 
Intraspecific differences in lipid content and energy density of forage fishes were 
related to size, sex, month, reproductive status, location, and year. Pelagic species 
maturing at a smaller size (e.g., capelin, sand lance, lanternfish) had higher and 



more variable energy densities than did pelagic or nearshore species maturing at 
a larger size (e.g., gadids, salmonids). Diet quality for some piscivorous seabirds 
in the EVOS area is sufficiently variable to affect prey selection. 

The diet of pigeon guillemots in 1997 was more similar among the three study 
sites than in previous years, and was dominated by blennies and sculpins 
(nearshore demersal fishes) at all three sites. Schooling forage fishes, however, 
were a significant component of guillemot diets at all three sites, mostly sand 
lance at Kachemak Bay and Naked Island, and mostly gadids at Jackpot Island. 
Notable was the near total absence of herring in the diets of Jackpot Island 
guillemots in 1997 (in contrast to 1994-96), while modest increases in the 
proportion of sand lance in the diet compared to 1996 occurred at Naked Island 
and Kachemak Bay. 

In 1997, energy provisioning rates to guillemot nestlings were highest at 
Kachemak Bay, lowest at Naked Island, and intermediate at Jackpot Island. 
Results from 1997, the third field season of APEX, provide more support for the 
hypothesize that recovery of pigeon guillemots at Naked Island (an oiled site) is 
limited by availability of sand lance, which are apparently crucial for maintaining 
high densities of breeding guillemots in that region of Prince William Sound. 1997 
results also support the general hypothesis that breeding populations of pigeon 
guillemot in the EVOS area are constrained by the availability of schooling forage 
fishes with relatively high lipid content and high energy density (i.e., sand lance, 
herring, or capelin). 

The primary prey at most of the six APEX kittiwake study colonies in 1997 was 
young of the year sand lance. Two colonies in Prince William Sound were the 
exception; at the Shoup Bay colony herring were the most prevalent prey item 
and at Eleanor Island capelin were most prominant. Notable was the low 
incidence of capelin in kittiwake diets at the Barren Islands. Capelin, sand lance, 
and herring are three species of forage fish with high lipid content and energy 
density compared with other species sampled (see attached manuscript by 
Anthony et al.). 

Energy provisioning rates to kittiwake broods were generally higher at Prince 
William Sound study sites than at Lower Cook Inlet study sites. Among PWS 
study sites, energy provisioning rates were highest at North Icy Bay, lowest at 
Eleanor Island, and intermediate at Shoup Bay. Compared to 1996, energy 
provisioning rates at Shoup Bay and Eleanor Island were lower in 1997, reflecting 
generally lower prey biomass in northeastern and central PWS. At kittiwake 
study sites in Lower Cook Inlet, energy provisioning rates were moderate at Gull 
Island, low at the Barren Islands, and very low at Chisik Island. The Chisik Island 
kittiwake colony completely failed in 1997, while the Barren Islands colony had a 
poor year with low nesting success. Compared with 1996, energy provisioning 
rates were lower at all LC1 kittiwake study sites during 1997. 



Results from 1997 provide more support for the importance of juvenile herring 
and, secondarily, sand lance for maintaining high energy provisioning rates and 
high breeding productivity at Prince William Sound kittiwake colonies. The 
results from the 1997 field season also underline the importance of capelin as a 
forage fish resource for kittiwakes and other piscivorous seabirds nesting in 
Lower Cook Inlet. Thus, results from the third season of APEX field work support 
the hypothesis that the productivity of black-legged kittiwakes in the EVOS area 
is limited by the availability of sand lance, herring, and capelin, all forage fishes 
with relatively high lipid content and high energy density compared with 
available forage fishes. 

INTRODUCTION 

Reproductive success in seabirds is largely dependent on foraging constraints 
experienced by breeding adults. Previous studies on the reproductive energetics of 
seabirds have indicated that productivity is energy-limited, particularly during 
brood-rearing (Roby 1991). Also, the young of most seabird species accumulate 
substantial fat stores prior to fledging, an energy reserve that can be crucial for 
post-fledging survival in those species without post-fledging parental care (Perrins 
et al. 1973; but see Schreiber 1994). Data on foraging habitats, prey availability, and 
diet composition are critical for understanding the effects of changes in the 
distribution and abundance of forage fish resources on the productivity and 
dynamics of seabird populations. 

The composition of forage fish is particularly relevant to reproductive success 
because it is the primary determinant of the energy density of meals delivered to 
nestlings. Parent seabirds that transport chick meals in their stomachs (e.g., 
kittiwakes) normally transport meals that are close to the maximum load. Seabirds 
that transport chick meals as single prey items held in the bill (e.g., guillemots, 
murres, murrelets) experience additional constraints on meal size if optimal-sized 
prey are not readily available. Consequently, seabird parents that provision their 
young with fish high in lipids are able to support faster growing chicks that fledge 
earlier and with larger fat reserves (see annual report for APEX Component 97163 
N). This is because the energy density of lipid is approximately twice that of 
protein and carbohydrate. Also, forage fish are generally very low in carbohydrate, 
and metabolism of protein as an energy source requires the energetically expensive 
process of excreting the resultant nitrogenous waste. While breeding adults can 
afford to consume prey that are low quality (i.e., low-lipid) but abundant, 
reproductive success may depend on provisioning young with high quality (i.e., 
high-lipid) food items. If prey of adequate quality to support normal nestling 
growth and development are not available, nestlings either starve in the nest or 
prolong the nestling period and fledge with low fat reserves. 

Forage fish vary considerably in lipid content, 1ipid:protein ratio, energy density, 
and nutritional quality. In some seabird prey, such as lanternfishes (Myctophidae) 
and eulachon (Thaleichthys pacificus), lipids may constitute over 50% of dry mass 



(A. R. Place, unpubl. data; J. Piatt, unpubl. data; S. Payne, unpubl. data); while in 
other prey, such as juvenile walleye pollock (Theragra chalcogramma) and Pacific 
cod (Gadus macrocephalus), lipids are frequently less than 5% of dry mass (J. Wejak, 
unpubl. data; J. Piatt, unpubl. data). This means that a given fresh mass of 
lanternfish or eulachon may have 3-4 times the energy content of the same mass of 
juvenile pollock or Pacific cod. By increasing the proportion of high-lipid fish in 
chick diets, parents can increase the energy density of chick meals in order to 
compensate for the low frequency of chick feeding (Ricklefs 1984, Ricklefs et al. 
1985). 

Three seabird species that were damaged by the Exxon Valdez oil spill (EVOS) are 
failing to recover at an acceptable rate: pigeon guillemot (Cepphus columba), 
common murre (Uria aalge), and marbled murrelet (Brachyramphus marmoratus). 
Damage from the spill to a fourth species of seabird, black-legged kittiwake (Xissa 
tridactyla), is equivocal, but recent reproductive failures of kittiwakes within the 
spill area may be due to longer term ecosystem perturbation related to the spill (D. 
B. Irons, pers. comm.). The status of pigeon guillemots and marbled murrelets in 
PWS and Lower Cook Inlet (LCI) has been of concern for nearly a decade due to 
declines in numbers of adults observed on survey routes (Laing and Klosiewski 
1993, D. Zwiefelhofer, pers. comm.). All of these damaged or potentially damaged 
seabirds are piscivorous and rely to a greater or lesser extent on pelagic schooling 
fishes during the breeding season. 

One prevalent hypothesis for the failure of these seabirds to recover is that changes 
in the abundance and species composition of forage fish resources within the spill 
area has resulted in reduced availability and quality of food for breeding seabirds. 
Concurrent population declines in some marine mammals, particularly harbor 
seals and Steller sea lions, have also been blamed on food limitation. Seabirds, 
unlike marine mammals, offer the possibility of directly measuring diet 
composition and feeding rates, and their relation to productivity. Thus the 
piscivorous seabirds breeding in PWS and LC1 present an opportunity to assess 
the relationship between the relative availability of various forage fishes and the 
productivity of apex predators. Whether these changes in forage fish availability 
are related to or have been exacerbated by EVOS is unknown. 

This study is relevant to EVOS Restoration Work because it is designed to develop 
a better understanding of how shifts in the diet of seabirds breeding in EVOS area 
affect reproductive success. By monitoring the composition and provisioning rates 
of seabird nestling diets, prey preferences can be assessed. Measuring provisioning 
rates is crucial because even very poor quality prey may constitute an acceptable 
diet if it can be supplied at a high rate without increased parental investment. 
Understanding the diet composition, foraging niche, and energetic constraints on 
seabirds breeding within the spill area will be crucial for designing management 
initiatives to enhance productivity in species that are failing to recover from EVOS. 
If forage fish that are high in lipids are an essential resource for successful 
reproduction, then efforts can be focused on assessing stocks of preferred forage 



fish and the factors that impinge on the availability of these resources within 
foraging distance of breeding colonies in the EVOS area. As long as the 
significance of diet composition is not understood, it will be difficult to interpret 
shifts in the utilization of forage fishes and develop a management plan for 
effective recovery of damaged species. 

Guillemots are the most neritic members of the marine bird family Alcidae (i.e., 
murres, puffins, and auks), and like the other members of the family, capture prey 
during pursuit-dives. Pigeon guillemots are a well-suited species for monitoring 
forage fish availability for several reasons: (1) they are a common and widespread 
seabird species breeding in the EVOS area (Sowls et al. 1978); (2) they primarily 
forage within 5 km of the nest site (Drent 1965); (3) they raise their young almost 
entirely on fish; (4) they prey on a wide variety of fishes, including schooling 
forage fishes (e.g., sand lance, herring, pollock) and subtidal/nearshore demersal 
fishes (e.g., blennies, sculpins; Drent 1965, Kuletz 1983); and (5) the one- or two- 
chick broods are fed in the nest until the young reach adult body size. Guillemots 
carry whole fish in their bills to the nest-site crevice to feed their young. Thus 
individual prey items can be identified, weighed, measured, and collected for 
composition analyses. In addition, there is strong evidence of a major shift in diet 
composition of guillemot pairs breeding at Naked Island. Sand lance were the 
predominant prey fed to young in the late 1970s (Kuletz 1983), but currently sand 
lance is a minor component of the diet (D. L. Hayes, unpubl. data). In contrast, 
guillemots breeding in Kachemak Bay continue to provision their young 
predominately with sand lance, and sand lance is particularly prevalent in the diet 
at breeding sites that support high densities of nesting guillemots (A. Prichard, 
unpubl. data). 

Black-legged kittiwakes also breed abundantly in the spill area and rely largely on 
forage fish during reproduction. Unlike guillemots, kittiwakes are efficient fliers, 
forage at considerable distances from the nest, and capture prey at or near the 
surface. Although kittiwakes are highly colonial, cliff-nesting seabirds, they 
construct nests and can be readily studied at the breeding colony without causing 
substantial egg loss and chick mortality. Like guillemots, kittiwakes can raise one- 
or two-chick broods, and chicks remain in the nest until nearly adult size. 
Kittiwake breeding colonies at Shoup Bay, Eleanor Island, and Seal Island in PWS 
are easily accessible so that chicks can be weighed regularly without resorting to 
technical climbing. Kittiwake colonies at Gull Island, Chisik Island, and the Barren 
Islands in LC1 are not as accessible as the PWS colonies, but acquiring sufficient 
data on reproductive performance for comparison with PWS colonies is feasible. 

This study is component G of the Alaska Predator Ecosystem Experiment (APEX) 
Project (EVOS Projects 97163 A-T), whose goal is to test the general hypothesis that 
a shift in the marine trophic structure of the EVOS area has prevented recovery of 
injured resources. APEX addresses 10 more specific working hypotheses, 5 of 
which (hypotheses 4,7,8,9,10) this component helps test and two of which are the 
focus of this study: 



APEX Hypothesis 8: Changes in seabird productivity reflect differences in forage 
fish abundance, as measured in adult seabird foraging trips, chick meal-size, and 
chick meal delivery rates. 

APEX Hypothesis 9: Seabird productivity is determined by differences in forage 
fish nutritional quality. 

These two hypotheses address the two primary determinants of energy 
provisioning rates to nestling seabirds, which in turn have a direct bearing on 
fitness through variation in reproductive output. Another variable, parental 
investment, is assumed to remain constant among breeding sites and years. This 
assumption may need to be tested in the future by measuring parental energy 
expenditure rates during chick-rearing. 

OBJECTIVES 

The overall objective of this research is to determine the energy content and 
nutritional value of various forage fishes used by seabirds breeding in the EVOS 
area, and to relate differences in prey quality and availability to nestling growth 
performance and productivity of breeding adults. The research in 1997 
emphasized pigeon guillemots and black-legged kittiwakes. 

Objective 1. To determine the proximate composition of various forage fish 
species consumed by seabirds in the EVOS area as a function of size, sex, age class, 
and reproductive status, including: 

a) lipid content 
b) water content 
c) ash-free lean dry matter (protein) content 
d) energy density (kJ/g wet mass) 

Objective 2. To determine dietary parameters of pigeon guillemot and black- 
legged kittiwake chicks in the EVOS area, including: 

a) provisioning rate (meal size X meal delivery rate) 
b) taxonomic composition of diets 
c) biochemical composition of diets 
d) energy density of diets 

Objective 3. To determine the relationship between diet and the growth, 
development, and survival of seabird nestlings. Variables measured will include: 

a) growth rates of total body mass 
b) rates and patterns of wing and flight feather growth 
c) fledgling body mass 
d) fledging age 



Objective 4. To determine the contribution of specific forage fish resources to the 
overall productivity of seabird breeding pairs and populations, including: 

a) relative contribution of each forage fish species to overall energy intake of 
nestlings 

b) gross foraging efficiency of parents 
c) conversion efficiency of food to biomass in chicks 
d) net production efficiency of the parent/offspring unit 
e) estimates of population-level requirements for forage fish resources 

during brood-rearing 

STUDY AREAS 

Data collection from the field occurred in Prince William Sound (Naked, Jackpot, 
and Eleanor islands, and Shoup and North Icy bays) and Lower Cook Inlet (south 
shore of Kachemak Bay, Gull, Chisik, and the Barren islands) during the 1997 
breeding season. These sites were identical to those seabird breeding sites that 
were used in 1996 and by other components of APEX. 

Field work on pigeon guillemots was conducted at breeding colonies on Naked 
Island (oiled area), Jackpot Island (non-oiled area, both in PWS), and in Kachemak 
Bay (reference site). Approximately 500 guillemots nest along the shores of Naked 
Island (Sanger and Cody 1993), supporting a large proportion of the total breeding 
population of guillemots in PWS. The field camp in Cabin Bay served as the base 
camp for field studies of guillemots nesting on the western and northern 
shorelines of Naked Island (see annual report for APEX Component 97163 F by G. 
Golet). Naked Island has been the site of long term studies of guillemot 
reproductive ecology since 1979 by the U.S. Fish and Wildlife Service (Kuletz 
1983). 

Jackpot Island is a small island in southwestern PWS that supports the highest 
known breeding density of guillemots in the Sound (G. Sanger, D. L. Hayes, pers. 
comm.). Jackpot Island has been the site of intensive studies of guillemot nesting 
success since the 1994 field season and is located in a non-oiled portion of PWS. 
Kachemak Bay served as a third study site for guillemots. The breeding population 
of guillemots on the south shore of Kachemak Bay between Mallard Bay and 
Seldovia has been the site of intensive studies of guillemot breeding biology, diet, 
and productivity since 1994, first by UAF graduate student Alex Prichard, and 
then by M. Litzow and J. Piatt. Results in 1994-97 suggested that the guillemot prey 
base in parts of Kachemak Bay is largely sand lance, and is perhaps similar to the 
prey base at Naked Island 15-20 years ago. Consequently, the Kachemak Bay 
guillemot study site provides an excellent reference site for guillemot studies in 
PWS. 

Field work on black-legged kittiwakes in PWS was conducted at three breeding 
colonies: (1) Shoup Bay in Port Valdez (non-oiled area), the largest kittiwake 
colony in PWS consisting of c. 6500 breeding pairs, (2) Eleanor Island in central 



PWS near Knight Island (oiled area), with ca. 200 breeding pairs, and (3) North Icy 
Bay in south western PWS (non-oiled area), with ca. 500 breeding pairs. The Shoup 
Bay colony is the site of continuing long-term studies of kittiwake nesting ecology 
in PWS by the U.S. Fish and Wildlife Service; Eleanor Island and North Icy Bay 
have been selected as a sites for intensive study for comparison purposes (see 
annual report for APEX Component 97163 E by R. M. Suryan and D. B. Irons). In 
Lower Cook Inlet, kittiwake breeding colonies at the Barren Islands, Gull Island, 
and Chisik Island were monitored for diet and reproductive success (see annual 
reports for APEX Component 97163 J by D. G. Roseneau, A. B. Kettle, and G. V. 
Byrd and APEX Component 97163 M by J. Piatt et al.) . 

METHODS 

Field Data Collection 

The research approach utilized a combination of sample/data collection in the 
field (in conjunction with other APEX components in PWS and LCI) and 
laboratory analyses of seabird diet and forage fish samples. A minimum of 40 
active and accessible nests of each species were located and marked prior to 
hatching at each of the study colonies, and these nests were closely-monitored 
until the young fledged or the nesting attempt failed. Samples of forage fishes 
were collected concurrently with data on seabird reproduction during the 1997 
breeding season. 

Fresh samples of forage fishes used by guillemots were collected for determination 
of species composition and proximate composition of the diet. Guillemot diet 
samples were collected opportunistically when dropped fish were encountered 
during nest checks or by capturing adults in scraps of mist net as they entered the 
nest crevice with a chick meal held in their bill. Supplemental samples of fishes fed 
to guillemot chicks were collected using beach seines and minnow traps deployed 
in guillemot foraging areas and by netting specimens at low tide during spring 
tide series. 

Adult kittiwakes transport chick meals in the foregut, so chick diet samples consist 
of semi-digested food. Most kittiwake diet samples were collected when chicks 
regurgitated during routine weighing and measuring. Additional diet samples 
were collected by capturing adult kittiwakes as they returned to feed their young 
and encouraging them to regurgitate the contents of their esophagus. Fresh 
specimens of forage fishes used by kittiwakes were provided by trawl, cast net, dip 
net, and other methods through the cooperation of APEX Component 97163 A and 
others. 

Guillemot chick meals, kittiwake regurgitations, and fresh fish samples were 
weighed (+ 0.1 g) in the field on battery-powered, top-loading balances, placed in 
whirl-paks, and immediately frozen in small, propane-powered freezers that were 
maintained at each of the study sites. Samples of fresh forage fish, guillemot chick 



meals, and kittiwake regurgitations were shipped frozen to the lab Dr. Alan 
Springer and Kathy Turco at the Institute of Marine Science, UAF, where the 
second author (KRT) sorted, identified, sexed, aged, measured, and determined 
reproductive status of specimens in preparation for proximate analysis. 

Proximate analysis of all samples was conducted by the third author (JAA) in the 
lab of the first author (DDR) at the Department of Fisheries and Wildlife, Oregon 
State University. Forage fish specimens and chick meals were reweighed on an 
analytical balance (f 0.1 mg), dried to constant mass in a convection oven at 600C 
to determine water content. Lipid content of dried samples was determined by 
solvent extraction using a Soxtec HT-12 soxhlet apparatus and hexane/isopropyl 
alcohol 7:2 (v:v) as the solvent system. Lean dry samples were then transferred 
from extraction thimbles to glass scintillation vials and ashed in a muffle furnace at 
5 5 0 ' ~  in order to calculate ash-free lean dry mass (ca. 94 % protein) by subtraction. 
Energy density (kJ/g wet mass) and energy content of forage fishes and chick 
meals were calculated from their composition (% water, lipid, ash-free lean dry 
matter, and ash), using published energy equivalents of these fractions (Schmidt- 
Nielsen 1997: 171). 

Chick provisioning rates for pigeon guillemots and black-legged kittiwakes at each 
of the study sites were determined by monitoring active nests to determine meal 
delivery rates (meals/day) throughout the 24 h period (dawn to dusk watches). 
Average meal mass was determined for guillemots using the sample of individual 
prey items collected at nest sites. Average meal mass for black-legged kittiwakes 
was estimated from average mass of regurgitations recovered from chicks that had 
just been fed and from adults that had just returned to the colony from foraging 
trips. These data were supplemented with data on meal size from a few colonies 
using the periodic weighing technique. Nestlings were weighed in a sample of 
nests at 2-hour intervals during concurrent watches to determine meal delivery 
rates. The mass increment between weighings of chicks that were fed was 
corrected for mass loss between weighings and feedings by adding the average of 
mass loss in the previous 2-hour period and mass loss in the subsequent 2-hour 
period to the observed mass increment. This corrected mass increment was used as 
an estimate of meal size. The product of average meal size (g) and average meal 
delivery rate (meals/day) was used as an estimate of average quantity of food 
delivered to a nest daily by a pair of adults (g/(nest day)). The taxonomic and 
proximate composition of the diet was used to calculate average energy density of 
chick diets for each species at each site. Finally, the product of average energy 
density of chick diets (kJ/g wet mass) and average quantity of food delivered 
(g/(nest day)) was used as an estimate of energy provisioning rates (kJ/(nest day)) 
for each species at each site. 

Active guillemot and kittiwake nests were checked every few days during the 
hatching period in order to determine hatching date. In the case of two-chick 
broods, siblings were marked soon after hatching so that individual growth rates 
could be monitored throughout the nestling period. Nestlings growth rates were 



determined by weighing and measuring chicks on a regular basis (every 3-5 days) 
throughout the nestling period. Nestling survival rates were calculated from the 
results of periodic nest checks, using the Mayfield method. During the fledging 
period, we attempted to check nests and weigh nestlings more frequently in order 
to more precisely determine fledging mass and age. Data on nestling body mass, 
wing chord, and primary feather length were separated by colony for each species. 

Parental investment by adult kittiwakes raising broods was assessed by measuring 
daily energy expenditure (DEE) of breeding adults during the chick-rearing 
period. DEE was determined by measuring CO, production using the doubly- 
labeled water (DLW) technique (Lifson and McClintock 1966, Nagy 1980, Roby 
and Ricklefs 1986). DEE of adult kittiwakes was measured at the Shoup Bay and 
North Icy Bay colonies in 1997, as representative of kittiwake colonies of different 
size, productivity, and food availability. Twenty-five nesting adults were injected 
with doubly-labeled water at each of these colonies. 

Parent kittiwakes were captured at the nest with a noose pole and injected 
intraperitoneally with 0.9 ml of a mixture of deuterated (99.8 atom %) and oxygen- 
18 labeled (90 atom %) water (D2180). These two isotopes are stable, so no permits 
for use of radioactive materials were necessary. Following injection, each adult 
was banded, weighed, measured, and marked with dye on the plumage for easy 
recognition on the colony. One hour after injection, when injected DLW had 
equilibrated with body water, a blood sample was collected from each adult by 
puncturing the brachial vein and collecting about 100 ul of blood in non- 
heparinized microhematocrit tubes, which were subjequently flame-sealed and 
kept refrigerated. Injected adults were then released and an attempt was made to 
recapture each adult at least once in the subsequent 48-hour period. Once 
recaptured, injected adults were reweighed and a second blood sample collected 
as described above. Isotope enrichments of blood samples were measured using 
mass spectrometry in the laboratory of Dr. Henk Visser (Centre for Isotope 
Research, University of Groningen, The Netherlands). Carbon dioxide production 
of each adult during each measurement interval was calculated using the 
equations of Lifson and McClintock (1966). DEE was calculated from C02 
production using an assumed RQ of 0.8 and an energetic equivalent of respired 
C02 of 27.3 kJ/liter (Gessamen and Nagy 1988). 

RESULTS AND DISCUSSION 

Objective 1: Proximate Composition of Forage Fishes 

Results and discussion related to this objective are presented in the attached 
manuscript: "Lipid content and energy density of forage fishes from the northern 
Gulf of Alaska" by J. A. Anthony, D. D. Roby , and K. R. Turco. This manuscript 
has been submitted for publication in the peer-reviewed, scientific journal 
Canadian Journal of Fisheries and Aquatic Sciences. 



Obiective 2: Dietarv Parameters of Nestl in~ Seabirds 

Pigeon Guillemots 

Forty-one pigeon guillemot chick meals (individual fish) were collected at Naked 
Island, 58 at Jackpot Island, and 47 at Kachemak Bay in 1997. Table 1-3 shows the 
species of fish collected as guillemot chick meals at the three sites, their average 
mass, and the percent of total prey biomass for each prey species at each site. 
These samples of chick meals were generally representative of nestling diets at the 
respective study sites, as indicated by the species composition of fish observed 
being delivered to nests (Fig. 1). 

Taxonomic composition of guillemot nestling diets at Naked and Jackpot islands 
were more similar in 1997 than in any year since 1994, and consisted mostly of 
blennies and sculpins (Fig. 1). Guillemot diets on Jackpot Island diets were nearly 
devoid of juvenile herring, the dominant schooling forage fish in the diet in 
previous years, and instead the only schooling forage fishes that figured 
prominently in the diet were gadids (30.1% of prey biomass). Diets of guillemots 
on Naked Island included a significant proportion of sand lance (15.6% of prey 
biomass), a slight increase over 1995 and 1996. The proportion of sand lance in 
guillemot diets in Kachemak Bay appeared to decline in 1997, compared to 
previous years, but this was an artifact of including fewer nests in the sample 
where the parents were sand lance specialists (M. Litzow, pers. comm.) 

Average mass of chick meals collected at Naked Island (9.7 g, sd = 4.41, n = 37) 
was considerably less than that of chick meals collected at Jackpot Island (17.1 g, sd 
= 11.19, n = 49), but only marginally less than meals collected in Kachemak Bay 
(12.3 g, sd = 6.71, n = 34). Feeding frequency (chick meals delivered/(nest day)) 
was similar at Jackpot Island (11.1 meals/(nest day), sd = 5.40, n = 55), Naked 
Island (12.2 meals/(nest day), sd = 5.78, n = 28), and Kachemak Bay (13.5 
meals/(nest day), sd = 7.05, n = 63; Table 5). Consequently, the estimated mass of 
food delivered to guillemot nests at Jackpot Island (190 g/day) was more than that 
of guillemot nests at Naked Island (118 g/day), but similar to that of guillemot 
nests in Kachemak Bay (166 g/day). 

The average energy density of chick meals collected at the Jackpot and Naked 
colonies were similar in 1997 (Table 5), despite the higher incidence of sand lance 
in the diet at Naked Island. The average energy density of chick meals from 
Kachemak Bay was higher than that of either of the PWS study sites. Estimated 
energy provisioning rates to guillemot broods was lowest at Naked Island, 
highest at Kachemak Bay, and intermediate at Jackpot Island (Table 5). 
Compared to previous years, energy provisioning rates at Naked Island 
declined, while rates at Kachemak Bay remained stable. Energy provisioning 
rates at Jackpot Island declined dramatically, due mostly to a decline in meal 
delivery rate, apparently due to the scarcity of herring within foraging distance 
of the colony. 



Once again, the primary fishes in the diets of kittiwakes nesting at all 6 study 
colonies were sand lance, capelin, and herring (Table 4). The general pattern over 
all six study colonies of 1997 diets compared to 1996 diets was declines in herring 
and capelin and increases in sand lance (Fig. 2). Most of the sand lance in 
kittiwake diets in 1997 were small, young of the year fish, rather than adults 
(Table 4). The prevalence of O+ sand lance in the diets of kittiwakes nesting at 4 
of the 6 APEX study colonies suggests a general decline in the availability of 
herring and capelin. Sand lance continued to supply the vast majority of the diet 
at Gull Island in Kachemak Bay, despite the fact that over two-thirds of the 
biomass of the diet consisted of small, 0+ sand lance. There was a big decline in 
the incidence of herring in kittiwake diets from North Icy Bay, and herring were 
replaced mostly by O+ sand lance. There was also a decline in the incidence of 
herring in diets of kittiwakes breeding at Eleanor Island, but there the herring 
was replaced primarily by capelin (Fig. 2). Juvenile walleye pollock were 
virtually absent from kittiwake diets in Prince William Sound, and were a very 
minor part of the diet in Lower Cook Inlet (Table 4). 

Average nestling meal sizes at all six kittiwake study colonies were estimated from 
the average mass of whole chick and adult regurgitations. Estimated average mass 
of chick meals from all three PWS colonies was similar, but chick meals from 
Shoup Bay (22.7 g, n = 62) averaged greater than those from Eleanor Island (17.6 g, 
n = 55). Estimated average chick meal mass at the LC1 colonies varied much more 
than in PWS. The Barren Islands had the largest average meal size, while Chisik 
Island had the lowest (Table 6). Gull Island, with intermediate chick meal size, was 
similar to that of Shoup Bay kittiwakes. 

The smaller chick meals delivered at Eleanor Island were compensated for by a 
higher frequency of chick meal deliveries, so that broods at both Eleanor Island 
and Shoup Bay received about the same amount of food per day (69 g). Nests at 
North Icy Bay had the highest rate of chick meal deliveries (4.53 meals/(nest day)) 
of any of the 6 kittiwake study colonies. Consequently, North Icy Bay nests 
received an estimated 89 g of food daily, compared with about 81 g at Gull Island 
nests, 61 g at Barren Islands nests, and only 30 g at Chisik Island nests. 

In 1997, diet quality was similar at all three kittiwake study colonies in PWS 
(Table 6). Energy density of diets at the three LC1 kittiwake study sites were 
more variable, with the lowest energy density at the Barren Islands, highest 
energy density at Chisik Island, and intermediate energy density at Gull Island. 
The highest overall energy provisioning rates were recorded at the North Icy Bay 
colony, followed by Gull Island in Kachemak Bay, Shoup Bay and Eleanor Island 
in PWS, and finally Barren Islands and Chisik Island in LCI. Energy provisioning 
rates to kittiwake broods were generally lower in 1997, compared with 1996. The 
decline in energy provisioning rates was especially striking at the Shoup Bay 



colony, due mostly to longer foraging trips and a concommitant decline in meal 
delivery rates. This trend was apparently a reflection of lower availability of 
herring in northeastern PWS. Energy provisioning rates also declined from 1996 
to 1997 at the Eleanor Island colony, but not nearly as drastically as at the Shoup 
Bay colony. The much longer foraging trips (and thus lower feeding frequency) 
observed at Eleanor Island in 1997 compared to previous years was partly 
balanced by larger chick meal size and higher diet quality. 

Obi ective 3: Diet and Productivitv 

Pigeon Guillemots 

Nesting productivity of guillemots at Naked Island was lower in 1997 than in 
1995 or 1996, in agreement with lower estimated energy provisioning rates in 
1997. In contrast, the productivity of guillemots at Jackpot Island was much 
higher in 1997 than in 1996, when mink predation caused total nesting failure. 
But compared to 1995, productivity at Jackpot Island was lower in 1997, in 
agreement with lower estimated energy provisioning rates and the scarcity of 
herring in 1997 compared with 1995. The productivity at Kachemak Bay was 
similar in 1997 and 1996, in agreement with similar energy provisioning rates in 
the two years. 

Black-legged Kittiwakes 

The productivity of kittiwake study colonies in 1997 was generally lower than in 
1996, in agreement with lower energy provisioning rates in 1997. Productivity at 
the North Icy Bay colony was higher in 1997 than in 1996, in agreement with 
high energy provisioning rates in 1997 (highest of all kittiwake study colonies). 
The productivity of the Shoup Bay colony was markedly lower in 1997 compared 
with 1996, in agreement with lower energy provisioning rates. The higher 
incidence of brood reduction and nest failure at the Shoup Bay colony compared 
with previous years apparently reflected the scarcity of juvenile herring within 
foraging distance of the Shoup Bay colony. The Chisik Island kittiwake colony 
failed completely, in association with extremely low energy provisioning rates. 
The Barren Islands colony had considerably lower productivity in 1997 
compared with 1996, apparently due to reduced availability of both capelin and 
sand lance. 

Objective 4: Contribution of Forage Fish Resources to Seabird Productivitv 

The average guillemot prey size at Jackpot Island in 1997 continued to be higher 
than at Naked Island, despite the absence of juvenile herring in the Jackpot Island 
diets. Diet quality (energy density of chick meals) has remained fairly constant 
within each study colony, but diet quality at Kachemak Bay has been consistently 
higher than at Prince William Sound sites. Availability of schooling forage fish, 
especially sand lance, within foraging distance of the colony is positively 



correlated with nestling growth rates, fledging weights, and chick survival (see 
manuscript by Golet et al. under APEX Component F). The higher proportion of 
schooling forage fish in guillemot diets is associated with higher prey provisioning 
rates to broods. Thus the local availability of schooling forage fish (sand lance at 
Naked Island and Kachemak Bay, herring at Jackpot Island) appears to be closely 
linked to productivity of guillemot nesting pairs. 

As part of a pilot study investigating energy expenditure rates of adult 
kittiwakes feeding young, we measured field metabolic rates using the doubly 
labeled water technique at two colonies in Prince William Sound during 1997: 
Shoup Bay and Icy Bay. Preliminary results indicate a trend toward higher 
energy expenditure rates by adults feeding young at Shoup Bay compared with 
Icy Bay, although the difference was not significant (Table 7). Sample sizes and 
statistical power, however, will increase considerably once lab analyses are 
completed. The combination of higher average daily energy expenditure and 
lower water turnover rates of adult kittiwakes nesting at Shoup Bay suggests that 
the foraging efficiency of Shoup Bay kittiwakes was lower than that of North Icy 
Bay kittiwakes in 1997. Lower foraging efficiency at Shoup Bay is consistent with 
lower productivity, lower energy provisioning rates, and lower apparent 
availability of alternative prey at Shoup Bay compared with Icy Bay in 1997. 

The trend established in the first two years of APEX of higher kittiwake 
productivity associated with increasing availability of sand lance, capelin, and 
herring was broken in 1997, a mediocre or poor year at most APEX study 
colonies. In Prince William Sound, productivity of the inland colony at Shoup 
Bay seems to be largely dependent on availability of herring, while Eleanor 
Island and Icy Bay can potentially prey switch to capelin and/or sand lance. 
Declining availability of capelin in the vicinity of the Barren Islands was reflected 
in declining kittiwake productivity there. Gull Island appears to be entirely 
dependent on local availability of sand lance. Kittiwake productivity within the 
study area appeared to be strongly linked to the availability of three species of 
forage fish: Pacific sand lance, Pacific herring, and capelin. These three species 
form schools nearshore and have high energy densities compared with most 
other forage fishes. 

If herring does not rebound in PWS and capelin does not rebound in LCI, 1998 
may be even poorer than 1997 for productivity of kittiwakes at the six study 
colonies. The relatively high availability of young of the year sand lance at most 
kittiwake study colonies is a potential source of optimism for productivity in 
1998. But high sea surface temperatures associated with the 1997-98 El NiAo may 
lower survival and reduce availability of sand lance, capelin, and herring to 
seabird predators in 1998 breeding season. 



CONCLUSIONS 

Obiective 1: Proximate Comvosition of Forage Fishes 

Please see Conclusions Section of the attached manuscript "Lipid content and 
energy density of forage fishes from the northern Gulf of Alaska." 

Obiective 2: Dietarv Parameters of Nestling Seabirds 

Pigeon Guillemots 

Nearshore demersal fishes (blennies & sculpins) were the bulk of guillemot 
diets at all three study sites in 1997. 

Herring was virtually absent in diets at Jackpot Island, in marked contrast to 
previous years. 

Energy provisioning rates declined at Naked Island (due mostly to declining 
prey size), and declined dramatically at Jackpot Island, apparently due to 
low availability of juvenile herring. 

Average quality (energy density) of the diet in Kachemak Bay continued to be 
higher than either of the Prince William Sound study sites. 

Black-legged Kittiwakes 

Herring and capelin declined and young of the year sand lance increased in 
kittiwake diets in 1997, compared with 1996. 

Energy provisioning rates to kittiwake broods were generally lower in 1997 
than in 1996, apparently related to lower foraging efficiency on O+ sand 
lance. 

Energy provisioning rates at Shoup Bay declined dramatically from 1996, due 
mostly to longer foraging trips and a concommitant decline in meal delivery 
rates, coincident with lower availability of herring. 

At Lower Cook Inlet colonies, energy provisioning rates were lowest at Chisik 
Island, highest at Gull Island, and intermediate at the Barren Islands 

Objective 3: Diet and Productivitv 

Pigeon Guillemots 

Productivity was lower at Naked Island in 1997 than in 1995 or 1996, in 
agreement with lower energy provisioning rates in 1997. 



Productivity at Jackpot Island was lower in 1997 than in 1995, in agreement 
with lower energy provisioning rates in 1997. 

Productivity at Kachemak Bay was similar in 1997 to 1996, in agreement with 
similar energy provisioning rates in the two years. 

Black-legged Kittiwakes 

Productivity was generally lower at kittiwake study colonies in 1997 compared 
to 1996, in agreement with lower energy provisioning rates and higher 
reliance on O+ sand lance as prey in 1997. 

Productivity at Shoup Bay was markedly lower in 1997 compared with 1996, in 
agreement with lower energy provisioning rates and lower availability of 
herring. 

The Barrens Island colony had poor nesting success and the Chisik Island 
colony failed completely, in association with very low energy provisioning 
rates. 

Obiective 4: Contribution of Forage Fish Resources to Seabird Productivitv 

Pigeon Guillemots 

Diet quality has remained fairly constant within each study colony, but diet 
quality at Kachemak Bay has been consistently higher than at Prince William 
Sound sites. 

Higher proportion of schooling forage fishes (sand lance, herring) in guillemot 
diets is associated with higher prey provisioning rates to broods. 

Availability of schooling forage fish (sand lance, herring) within foraging 
distance of the colony is positively correlated with nestling growth rates, 
fledging weights, and chick survival. 

Black-legged Kittiwakes 

A pilot study measuring adult daily energy expenditure indicated lower 
foraging efficiency by parents feeding young at Shoup Bay compared with 
North Icy Bay, consistent with lower productivity and lower energy 
provisioning rates at Shoup Bay compared with Icy Bay in 1997. 

Generally lower productivity of kittiwake colonies in 1997 reflected greater 
reliance on small, 0+ sand lance as a food source. 



Productivity of the large inland colony at Shoup Bay in Prince William Sound 
seems dependent on availability of juvenile herring. 

Productivity of the Barren Islands colony in Lower Cook Inlet seems 
dependent on availability of capelin. 

The trend established in the early years of APEX of higher kittiwake 
productivity associated with increasing availability of sand lance, capelin, 
and herring was broken in 1997, a mediocre or poor year at most APEX 
study colonies. 

Kittiwake productivity within the study area appears to be strongly linked to 
the availability of three species of forage fish: Pacific sand lance, Pacific 
herring, and capelin. These three species form schools nearshore and have 
high energy densities compared with most other forage fishes. 
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Table 1. Taxonomic composition, individual mass, and proportion of total prey mass 
of each prey type delivered to pigeon guillemot broods at Jackpot Island, Prince 
William Sound in 1997. 

Number of 
Species Prev Items 

Walleye pollock 4 

Crested sculpin 5 

Snake prickleback 4 

Daubed shanny 6 

Crescent gunnel 11 

Pacific tomcod 3 

Slender eelblenny 5 

Pacific cod 2 

Northern ronquil 3 

Great sculpin 2 

Ribbed sculpin 1 

Pacific sand lance 1 

White-barred gunnel 1 

Capelin 1 

Average 
Mass (g;) 

35.7 

26.7 

30.5 

14.2 

6.9 

23.4 

12.8 

19.2 

11.2 

26.7 

18.8 

13.4 

6.6 

3.1 

% Total 
Biomass of Prey 

17.1 

15.9 

14.6 

10.1 

9.1 

8.4 

7.6 

4.6 

4.0 

3.7 

2.3 

1.6 

0.8 

0.4 



Table 2. Taxonomic composition, individual mass, and proportion of total prey mass 
of each prey type delivered to pigeon guillemot broods at Naked Island, Prince 
William Sound in 1997. 

Number of 
Species Prev Items 

Average 
Mass (g) 

12.6 

% Total 
Biomass of Prey 

17.7 Crescent gunnel 5 

Slender eelblenny 5 

Pacific sand lance 9 

Spiny-nosed sculpin 

Chum salmon 

Grunt sculpin 

Rock sole 

Northern ronquil 

Rough-spined sculpin 

Capelin 

Great sculpin 

Squid 

Pacific tomcod 



Table 3. Taxonomic composition, individual mass, and proportion of total prey mass 
of each prey type delivered to pigeon guillemot broods at Kachemak Bay, Lower Cook 
Inlet in 1997. 

Number of 
Species Prev Items 

Slender eelblenny 7 

Tidepool sculpin 4 

Pacific sand lance 7 

Crescent gunnel 4 

Ribbed sculpin 2 

Rock sole 2 

Red Irish lord 1 

Great sculpin 1 

Four-horned sculpin 1 

Daubed shanny 1 

Arctic shanny 1 

High cockscomb 1 

Spiny-nosed sculpin 1 

Average 
Mass (rr) 

18.8 

12.4 

5.5 

9.2 

15.1 

13.3 

22.8 

20.9 

18.4 

15.6 

5.0 

4.8 

1.7 

% Total 
Biomass of Prev 

32.8 

12.3 

9.5 

9.1 

7.5 

6.6 

5.7 

5.2 

4.6 

3.9 

1.2 

1.2 

0.4 



Table 4. Taxonomic composition of the diet (% prey biomass) of black-legged kittiwake nestlings at six study colonies 
in the northern Gulf of Alaska during the 1997 breeding season (YOY = young of year). 

Sand Lance 

Location YOY Older 

Prince William Sound 

Shoup Bay 19.0 7.3 

Eleanor Island 21.2 10.9 

North Icy Bay 36.7 8.1 

Lower Cook Inlet 

Barren Islands 34.9 13.4 

Gull Island 69.1 16.1 

Chisik Island 51.0 17.5 

Herrinp 

YOY Older 

C a ~ e l i n  

YOY Older Gadids Euphausiids Other 



Table 5. Average feeding frequency, meal size, energy density, and estimated energy provisioning rates to pigeon 
guillemot broods at three study sites in the northern Gulf of Alaska, 1995-1997. 

Location 
/Year 

Energy 
Feeding Energy Provisioning 

Frequency Meal Density Rate 
imeals/nest dav) Size (e)  {kT/nest day) 

Naked Island 

Jackpot Island 

Kachemak Bav 



Table 6. Average feeding frequency, meal size, energy density, and estimated energy provisioning rates to black- 
legged kittiwake broods at six study sites in the northern Gulf of Alaska, 1995-1997. 

Energy 
Provisioning 

Rate 
(kT /nest dav) 

Feeding 
Frequency 

fmeals /nest dav) 

Energy 
Density Location 

/Year 
Meal 

Size (g.) 

S h o u ~  Bav 
1995 
1996 
1997 

Eleanor Island 
1995 
1996 
1997 

North Icv Bav 
1996 
1997 

Barren Islands 
1996 
1997 

Gull Island 
1996 
1997 

Chisik Island 
1996 
1997 



Table 7. Preliminary results from doubly labeled water experiment to measure daily 
energy expenditure of free-ranging adult kittiwakes at two Prince William Sound 
colonies in 1997 (Shoup Bay and North Icy Bay colonies). 

Body Total Body Daily Energy Water Flux 
Mass (a Water (%) Ex~enditure (kT /dl Rate (g /d) 

S h o u ~  Bav Colonv (n = 10) 

Mean 394.7 61.89 937.95 196.06 
SD 22.62 2.386 178.48 51.687 

North Icv Bav Colonv (n = 10) 

Mean 374.9 62.94 821.36 215.645 
SD 31.18 1.516 201.197 59.959 
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Anthony et al. 

Abstract 

Piscivorous predators can experience multi-fold differences in energy intake rates based 

solely on the types of fishes consumed. We estimated energy density (kJ/g) of 1,311 fish 

from 32 species by proximate analysis for lipid, water, ash-free lean dry matter, and ash 

contents and evaluated factors contributing to its variation. Lipid content was the 

primary determinant of energy density, ranging from 2 to 61% dry mass and resulting 

in a 5-fold difference in energy density of individuals (2.0-10.8 kJ/g wet mass). Energy 

density varied widely within and between species. Schooling pelagic fishes had 

relatively high or low values, whereas nearshore demersal fishes were intermediate. 

Pelagic species maturing at a smaller size had higher and more variable energy density 

than pelagic or nearshore species maturing larger. High-lipid fishes had less water ('10 

wet mass) and more protein (% lean dry mass) than low-lipid fishes. In some forage 

fishes, size, month, reproductive status, or location contributed significantly to 

intraspecific variation in energy density. Differences in quality may affect diet selection 

of breeding seabirds especially, as they must transport food for their young from 

foraging area to nest site. 

Introduction 

Adult, juvenile, and larval fishes provide the bulk of the diet for many seabirds, 

marine mammals, and predacious fishes. In subarctic marine environments, food for 

fish stocks fluctuate on annual and decadal scales (Beamish and Bouillon 1995), 

influencing forage fish abundance and condition throughout predator life cycles and 

affecting predator productivity (Braun and Hunt 1983; Fumess and Barrett 1985; 
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Springer et al. 1986). Timing of seasonal reproduction for predators is closely associated 

with food supply, because of relatively high energy demands for courtship, gamete 

production, incubation or gestation, lactation, and other post-natal care of young 

(Perrins 1970; Lockyer 1987). The distribution and abundance of some marine predators 

are strongly influenced by forage fish concentrations (Brown and Nettleship 1983; 

Furness and Barrett 1985; Payne et al. 1986). Declines in fish populations can lead to 

declines in predator populations, such as the reductions in seabirds, sea lions, and seals 

following a decrease in juvenile walleye pollock (Theragra chalcogramma) in Alaska 

(Springer 1992). 

As prey vary in resource value, optimally foraging predators must integrate this 

variability in simultaneously balancing costs and benefits to optimize short-term 

survival and long-term reproductive fitness (Stephens and Krebs 1986). Predators rely 

on prey availability to satisfy nutritional and energy requirements (Murphy 1994), but 

can compensate to some extent through adjustments in prey quality (Ricklefs 1979). We 

defined prey quality as lipid content and energy density (kJ/g). Energy density of lipid 

is about twice that of protein and carbohydrate (Schmidt-Nielsen 1997: 171). Lipid 

content differs considerably among fishes (Clarke and Prince 1980)) which are generally 

low in carbohydrate and high in protein. Protein metabolism as an energy source is 

energetically expensive compared with lipid and carbohydrate metabolism (Schmidt- 

Nielsen 1997). A diet high in lipid provides sufficient metabolizable energy for 

maintenance so dietary protein can be allocated to tissue synthesis and growth in young 

predators (Roby 1991). Differences in lipid content could influence adult predator 

survival or productivity. 
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Seabird productivity is frequently energy-limited (Perrins et al. 1973; Drent and 

Daan 1980; Roby 1991). Birds have higher energy requirements than other vertebrates, 

after normalizing for body size. High power requirements of flight impose high mass- 

specific metabolic rates and birds can only meet their metabolic needs from stored 

reserves for short periods (PValsberg 1983; Blem 1990). Central place foragers optimize 

their energy delivery rate to the nest by increasing meal size or energy content (Orians 

and Pearson 1979). As seabirds must transport food to the nest to feed their young, 

power requirements of flight limit transport capacity (Ricklefs 1984; Ricklefs et al. 1985; 

Roby 1991). Seabirds would be expected to select prey based on energy density. 

Few studies have investigated the energy content and nutritional value of forage 

fishes, despite their importance as food for many marine predators. Commercially- 

harvested forage species (e.g., capelin [Mallotzis villoszis], Pacific herring [Clupea hnrengtis 

pallasi]) have received some attention (Jangaard et al. 1967; Nevenzel et al. 1969; Winters 

1970; Jangaard 1974; Sidwell et al. 1974; Montevecchi and Piatt 1984; Holdway and 

Beamish 1984). Non-commercial forage fishes have been neglected, especially nearshore 

demersal species (Krzynowek and Murphy 1987; Hislop et al. 1991). Limited research 

has been published on the bioenergetics of fishes in Alaskan waters (Harris et al. 1986; 

Paul et al. 1996). Two recent publications investigated the proximate composition of 

forage fishes from the Gulf of Alaska (Payne et al. in press; Van Pelt et al. 1997), but 

these studies relied on a limited number of species and small sample sizes. 

We examined the biochemical composition of forage fishes from Prince William 

Sound (PWS) and Lower Cook Inlet (LCI) in the northern Gulf of Alaska (NGOA) with 

the largest samples to date of species, individuals, sampling sites, and life history 
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stages. The major hypotheses tested were: (1) differences in proximate composition (i.e., 

lipid, water, ash-free lean dry matter, and ash contents) and energy density of forage 

fishes from NGOA are sufficient to influence prey selection by predators; (2) inter- and 

intraspecific differences in energy density are determined primarily by differences in 

lipid content; and (3) factors such as size, sex, month, reproductive status, location, and 

year result in substantial intraspecific differences in lipid content and energy density. If 

the range in quality of forage fishes is sufficient to influence predator selection of prey, 

the availability of higher quality fishes would be expected to influence diet quality, 

survival, productivity, and demography of piscivorous predators. 

Methods 

We defined forage fishes as species commonly consumed by higher trophic levels 

and subdivided these taxa further into pelagic schooling (i.e., dwelling in schools) and 

nearshore demersal fishes (i.e., bottom-dwelling in lower intertidal and subtidal zones). 

This study focused on seabird prey and our sample is limited to fish < 300 mm standard 

length. Of 32 species (N = 1,312 fish), 18 were represented by sample sizes greater than 

five individuals (Appendix 1). 

Fishes were collected in Prince William Sound (PWS) and Lower Cook Inlet (LCI), 

northern Gulf of Alaska (NGOA), with additional samples of eulachon (Thaleichthys 

pacificus) from Lynn Canal, southeastern Alaska. PWS was divided into three regions: 

northeastern (Valdez Arm, Port Fidalgo, Port Gravina), central (Naked, Block, Eleanor, 

northern Knight, Smith, and Seal islands), and southwestern (Knight Island Passage, 

Icy, and Whale bays; Montague, Jackpot and Chenega islands). 
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Fresh samples were collected by mid-water trawl, beach seine, cast net, dip net, 

minnow trap, and turning over rocks at low tide during the seabird breeding season 

(May through September) in 1995 and 1996. Small sample sizes were supplemented 

with whole fish that pigeon guillemots (Cepplzus colt~mba) or tufted puffins (Fratercula 

cirrhata) delivered to their nestlings. Guillemot chick meals were collected by capturing 

adults in mist nets or by picking up fish dropped near the nest. Puffin chick meals were 

collected by placing screens over burrow nest entrances, which caused some adults to 

drop their bill load of fish. Disturbance of the colonies was minimized. 

Some samples were frozen at -20 O C  immediately; others were kept in a cooler (< 10 

"C) or propane freezer (-8 "C) before storage at -20 "C. In the laboratory, samples were 

partially thawed, weighed on an analytical balance (t 0.1 mg) to determine wet mass, 

and measured for standard length (+ 1 mm). Fish were identified to the lotvest 

taxonomic level possible. 

Young-of-the-year allocate energy differently than older juvenile and adult fishes 

(Love 1970). Species with documented size-age relations were divided into their size- 

age classes (Smoker and Pearcy 1970; Dick and Warner 1982; Hatch and Sanger 1992; L. 

Haldorson [University of Alaska, 11120 Glacier Highway, Juneau, AK 998011, personal 

communication). Young-of-the-year capelin were < 80 mm standard length for females 

and < 90 mm for males, reflecting known sex differences in growth rate (Hatch and 

Sanger 1992). Species without documented size-age relations were divided into 'small' 

and 'large' size-classes at 100 mm for pelagic species and 80 mm for nearshore demersal 

species (Appendix 1). Small fish appeared to approximate young-of-the-year adequately 

and large fish were either all juveniles (e.g., walleye pollock, Pacific tomcod [Microgadus 
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prosirn~rs], Pacific cod [Gadus rnacrocephalus]) or included juveniles and adults (e.g., 

capelin, Pacific sand lance [Arnmodytes hexaptertrs], Pacific herring). 

Sex was determined by external morphology or internal examination of gonads for a 

subsample of mature pelagic fish. Reproductive status was assigned by examining 

ovaries or testes and classifying gonadal development into resting (Stage 1; gonads < 0.5 

body length in a light pink, thread-like strand), developing (Stage 2; gonads > 0.5 body 

length), ripe (Stage 3; gonads extended nearly entire length of abdominal cavity in a 

turgid sac), running (Stage 4; similar to stage 3 but contents spontaneously emerged 

with light pressure), and spent (Stage 5; gonads shrunken with some contents visible). 

Water content was determined by drying each fish to constant mass in a convection 

oven at 60 OC. Chick meals were not included in analyses involving wet mass, because 

these fish may have been desiccated before collection. Each fish was ground and 

homogenized thoroughly with mortar and pestle before extraction. Samples < 2 g dry 

mass collected in 1995 were pooled to attain a sample mass of 2-3.5 g for lipid 

extraction, whereas those collected in 1996 were analyzed individually. Total lipids 

were extracted from dried samples with a soxhlet apparatus and a solvent system of 7:2 

hexane:isopropyl alcohol (v:v). This solvent system is relatively non-toxic; extracts most 

complex lipids, such as structural lipids (e.g., phospholipids, sterols), as well as neutral 

lipids (storage forms such as triacylglycerols and wax esters); and does not extract non- 

lipids (Radin 1981). Carbohydrate content was assumed to be negligible (< 0.6%; 

Sidwell et al. 1974; Stansby 1976; Craig et al. 1978). The samples, nosv dry and lean, 

were transferred to glass scintillation vials and incinerated in a muffle furnace at 550 OC 

tor 12 h. Ash content is the portion remaining, mostly mineral from skeletal material. 
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Protein is estimated by ash-free lean dry matter (AFLDhI; 94% protein; bfontevecchi et 

al. 1984). We express AFLDM content as O/O lean dry mass, because this measure is 

independent of water and lipid content. 

Energy density (kJ/g) of wet mass and dry mass were calculated from proximate 

composition with published energy equivalents for these fractions (Schmidt-Nielsen 

1997:171). The energy equivalent of lipid is 39.3 kJ/g. The energy equivalent of protein 

depends on the efficiency of the metabolic path~vay used by the consumer. Birds excrete 

uric acid as their primary nitrogenous waste, so we used the energy equivalent of 

protein for uricotelic vertebrates (17.8 kJ/g). 

Unless otherwise noted, 'lipid content' refers to O/O dry mass and 'enerp- density' 

refers to kJ/g wet mass. Energy density based on wet mass is relevant in assessing 

relative prey quality for breeding seabirds, because fish are transported back to the nest 

in this form. Expressing energy density based on dry mass is appropriate for 

interspecific comparisons (Table 1, Appendix 2), because it minimizes effects related to 

variation in water content from desiccation (Montevecchi and Piatt 1984). 

Data were analyzed with Statview (Abacus Concepts, Berkeley, CA 94104). All 

proportional data underwent arcsin transformation. The level of statistical significance 

was a = 0.05 for all tests. 
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Results 

Interspecific Variation in Proximate composition 

Lipid Content 

Forage fishes exhibited a 10-fold difference in mean lipid content, ranging from 5% 

dry mass in Pacific tomcod to 50% in eulachon (Fig. 1). Most species averaged 10-25% 

lipid (Appendix 2). 

When only large fish (> 100 mm or > 80 mm) were analyzed, mean lipid content 

ranged from 3% in tomcod to 50% in eulachon (Fig. 1; analysis of variance, F,,,,, = 42.9, 

P < 0.01). Based on lipid content, five groups were discemable among the 18 species 

represented by more than 5 individuals (Fig. 1; analysis of variance with Bonferroni- 

Dunn multiple comparison, F-I,822 = 179, P < 0.01). Adult eulachon and lanternfish 

(Myctophidae) had the highest mean lipid contents. Pacific herring was next, followed 

by a group of Pacific sand lance, capelin, and Pacific sandfish (Trichodon trichodon). The 

fourth group was predominantly nearshore demersal fishes, such as slender eelblenny 

(Lunrpen~isfabricii), arctic shanny (Stichaeus ptrnctattrs), snake prickleback (L~rmpenzrs 

sagitta), crescent gunnel (Pholis laeta), and northern ronquil (Xonqt~ilrrs jordani); but also 

included a few pelagic fishes, namely surf smelt (Hypomestrs pretioszrs) and prowfish 

(Zaprora silen~rs). Low-lipid fishes were in the fifth group, composed of tidepool sculpin 

(Oligocotttrs maculostrs), Pacific cod, pink salmon (Oncorhynchtis gorbzrscha), walleye 

pollock, and Pacific tomcod. 

Mean lipid content of small fishes (< 100 mm or < 80 mm) ranged from 5% in 

torncod to 18% in capelin (Appendix 2; analysis of variance, F,,,,,, = 19.3, P < 0.01). 

Species high in lipid as adults generally were lower in lipid as young-of-the- ear. 
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Capelin had the highest lipid content of small fishes, despite a wide range with some 

individuals containing only 1-2% lipid. Young-of-the-year capelin and sand lance had 

relatively high lipid contents compared to other small fishes, and were high-lipid as 

adults. Young-of-the-year herring had only moderate lipid content, despite high lipid 

content in older fish. 

Water Content 

Mean water content of  vet mass ranged from 62% in lanternfish to 84'0 in prowfish 

(Appendix 2) and was correlated negatively with lipid content for large fishes (R = 

- 0.73, P < 0.01). Eulachon was an outlier, with a much higher water content of wet mass 

(71%) than expected for its high lipid content (50%). 

Mean water content of lean mass for large fishes varied from 739'0 in lanternfish to 

8596 in prowfish (analysis of variance, F , ,  742 = 54.4, P < 0.01), reflecting the degree of 

hydration of muscle and other lean tissue. The correlation between water content (% 

lean mass) and lipid content was not significant. 

Ash-free Lean Dry Matter Content 

Mean AFLDM content of lean dry mass differed from 79% in tidepool sculpin to 

89% in sand lance and surf smelt (Appendix 2; analysis of variance, F,7,794 = 33.3, P < 

0.01). Most fish averaged 86-88% AFLDM. Lipid content was correlated positively with 

AFLDM content of lean dry mass (R = 0.43, P < 0.02). Therefore, high-lipid fish tended 

to have a higher protein content of lean dry tissue than did low-lipid fish. No relation 

between AFLDM content (% lean dry mass) and water content (O/O lean mass) was 

apparent. Ash content of lean dry mass is the inverse of AFLDM content of lean dry 

mass. 
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Energy Density 

Large forage fishes exhibited a 3-fold difference in mean energy density, ranging 

from 3.0 kJ/g wet mass in prowfish to 8.5 kJ/g in lanternfish (Fig. 2; analysis of 

variance, F17,797 = 22.7, P < 0.01). Energy density for most species averaged 4-6 kJ/g. 

Individual forage fish exhibited a 5-fold difference in energy densih-, ranging from 2.0 

kJ/g to 10.8 kJ/g (Appendix 1). 

Based on energy density, four groups were apparent in the 18 species represented by 

more than 5 individuals (analysis of variance with Bonferroni-Dunn multiple 

comparison, F,,,,, = 120, P < 0.01). Adult lanternfish and eulachon had the highest mean 

energy densities (Fig. 2), associated with very high lipid contents. Herring and sand 

lance were next, followed by a group of capelin, sandfish, slender eelblenny, crescent 

gunnel, arctic shanny, snake prickleback, and surf smelt. Lowest mean energy densities 

were in the group of northern ronquil, tidepool sculpin, pink salmon, cod, pollock, 

tomcod, and prowfish. 

Energy density of small fish differed significantly among species (analysis of 

variance, F,,,,,, = 29.8, P < 0.01). Young-of-the-year sand lance had the highest mean 

energy density (5.1 kJ/g), while small prowfish had the lowest (2.8 kJ/g; Appendix 2). 

Proximate Composition as it Relates to Energy Density 

Lipid content was the primary determinant of energy density, explaining 83% of 

interspecific variation (forward stepwise multiple regression partial r2 = 0.83, P < 0.01). 

Variation in water content of lean mass explained an additional 14"/0 of the variation in 

energy density (partial r? = 0.14, P < 0.01). Thus, interspecific differences in energy 

density of forage fishes were explained almost entirely by variation in lipid content and 
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water content of lean mass (multiple r2 = 0.97, P < 0.01). Ash content (or conversely, 

AFLDM content) of lean dry mass did not explain a significant proportion of the 

variance, apparently due to little variance among species. 

Intraspecific Variation in Proximate Com~osi t ion 

Variation in quality differed among species. Pelagic schooling fishes tended to have 

higher intraspecific variance than nearshore demersal species (variance ratio F-test, F = 

0.097, P < 0.01). Lipid content of capelin ivas extremely variable in both young-of-the- 

year (2-39910) and older fish (3-51"io). Herring exhibited a similarly large 6-fold variation 

in lipid content of young-of-the-year (5-329b) and 10-fold variation in older fish (5-55Y0). 

Sand lance had a 4-fold difference in lipid content for young-of-the-year (8-35%), which 

was greater than for older fish (14-33'0). Less intraspecific variabilih- was apparent in 

other species, such as a 2-fold difference in walleye pollock, with 5-99'0 in small fish and 

3-10% in large fish. Arctic shanny ( 2  80 mm) varied little, with lipid content ranging 

from 12-18%. 

Size 

Pelagic species maturing at a smaller size were more variable in quality than pelagic 

or nearshore species maturing at a larger size. Size differences in lipid content were 

detected within our 300-mm size constraint. In some species, standard length and lipid 

content were correlated positively (Fig. 3a-d, Appendix 2): herring (R = 0.73, P < 0.01), 

pre-spawning sand lance (R = 0.25, P < 0.01), pre-spawning capelin (R = 0.24, P < 0.01), 

padded sculpin (R = 0.72, P < 0.01), sandfish (R = 0.85, P < 0.01), and surf smelt (R = 

0.76, P < 0.05). In contrast, size and lipid content were correlated negatively in tomcod 
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(Fig. 3e; R = - 0.44, P < 0.05). For other species, size and lipid content were not correlated 

(e.g., walleye pollock [Fig. 3f], Pacific cod). 

Herring demonstrated an especially dramatic increase in lipid content from young-of- 

the-year to older fish (Fig. 3a; analysis of variance, F,,,,, = 163, P < 0.01). The largest 

herring in our sample (140-300 mm) averaged almost twice the lipid content of 100-140 

mm size-class and three times that of the < 100 mm size-class (Mean i SE: 3 9 ;  -t 1.6, 25% 

* 0.7, and 10% + 0.5, respectively; F ,,,,, = 139, P < 0.01) 

Hatch and Sanger (1992) defined age-classes for female capelin as < 80 mm for young- 

of-the-year, 80-100 mm for age 1') 101-114 mm for age 2', and > 114 mm for age 3'. Age- 

classes for males were defined as < 90 mm for young-of-the-year, 90-109 mm for age I+, 

110-119 mm for age 2', and > 119 mm for age 3'. In pre-spawning capelin (Fig. 3c), lipid 

content increased from 18% + 1.8 for young-of-the-year to 25% + 1.5 for 1- capelin to 32% 

k 2.4 for 2' capelin, and decreased again to 21% + 2.1 for 3' capelin (analysis of variance, 

F ,,,, , = 11.8, P < 0.01). 

Sex 

Only Pacific sand lance demonstrated significant differences in lipid content 

between the sexes (Table la). Female sand lance had higher lipid content (23.2% + 3.7) 

than did males (2O.6OI0 + 4.9; analysis of variance, F,,,,,= 24.5, P < 0.01), with concomitant 

higher energy density (5.79 kJ/g vs. 5.25 kJ/g; F1,211= 40.7, P < 0.01). 
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Month 

Quality was highest in June for capelin and sand lance, the only hvo species with 

adequate sample size over time. Lipid content of older capelin decreased sipificantly 

from June through September (Fig. 4; analysis of variance, F,,,, = 23.2, P < 0.01), such 

that energy density in June (6.7 kJ/g f 0.60) steadily decreased from July (5.3 kJ/g _+ 1.6) 

through August (4.0 kJ/g It: 0.88) to a low in September (3.7 kJ/g + 0.87; F1 = 23.2, P < 

0.01). 

Lipid content of older sand lance declined steadily from June through !%ptember 

(Fig. 4; analysis of variance, F,,,, = 24.4, P < 0.01). Reflecting changes in lipid content, 

energy density decreased from June (5.6 kJ/g f 0.09) through September (4.9 kJ/g k 

0.10; F;,;,, = 13.1, P < 0.01). 

Young-of-the-year sand lance in PWS decreased in lipid content from June to July, 

but increased again in August (Fig. 4; analysis of variance, F,,,, = 6.80, P < 0.01). The 

AFLDM content of lean dry mass increased from June (8796 + 0.5) through August (90% 

+ 0.7; F,,3, = 5.72, P < 0.01). Thus, energy density was highest in June (6.5 kJ/g +0.11), 

decreased in July (4.8 kJ/g + 0.15) and increased again in August (5.3 kJ/g t 0.19; F,,, = 

9.39, P < 0.01). 

Reproductive Status 

Lipid content varied with reproductive status in species reaching maturity within 

our 300-mm size constraint. In capelin, lipid content was highest for resting and 

developing stages of reproduction (Table lb) .  Ripe, running, and spent capelin had 

significantly lower lipid content than did those in resting and developing stages 
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(analysis of variance, F,,, = 7.42, P < 0.01). Thus, energy density for resting and 

developing capelin was higher than ripe, running, and spent capelin (F,,, = 5.11, P = 

0.01). The AFLDM content of lean dry mass was significantly higher for resting, 

developing, and ripe capelin compared to those in running and spent stages (F,,, = 6.38, 

P < 0.01). 

In sand lance, lipid content decreased from resting to ripe fish (Table la)  for both 

females (analysis of variance, F 2 , , , ,  = 11.5, P < 0.01) and males (F, -, ,, = 27.6, P < 0.01). 

Therefore, energy density decreased significantly from resting to ripe in both females 

(F ,,,,, = 4.26, P < 0.02) and males (F,,: = 10.4, P < 0.01). Resting female sand lance had 

lower AFLDM content of lean dry mass than did developing and ripe females (F,,,,, = 

8.43, P < 0.01). Resting and detreloping males had higher AFLDM content of lean dry 

mass than ripe males (F ,,,, = 3.81, P < 0.03). 

Location 

Considerable variation in lipid content svithin size-classes of Pacific herring was 

attributable to location within PWS (analysis of variance, F,,,,, = 30.9, P < 0.01). 

Differences were most pronounced in 100-140 mm herring, because the composition 

among locations of fish < 100 mm and > 140 mm were similar. Herring (100-140 mm) 

from northeastern PWS had significantly higher lipid content (29% 5 0.1) than those 

from central (24% + 1.3) or southwestern PWS (21% i: 1.3; F,,,,, = 11.1, P < 0.01). 

Consequently, energy density of herring (100-140 mm) was higher in northeastern PWS 

(6.3 kJ/g + 0.15) than either central (5.2 kJ/g + 0.19) or southwestern PWS (4.8 kJ/g f 

0.15; F2,,:, = 24.8, P < 0.01). Energy density of herring (100-140 mm) from central PWS 

was marginally higher than from southwestern P\VS (P = 0.047). 
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Pacific herring (> 140 mm) from PWS had higher lipiii content than those from LC1 

(31°/0 k 1.9 vs. 32% + 2.7; analysis of variance, F,,, = 9.90, P < 0.01), which resulted in 

higher energy density (8.1 kJ/g i 0.33 vs. 6.9 kJ/g + 0.42; F ,,,, = 6.04, P < 0.02). 

Year 

Pacific herring (100-175 mm) from PWS had higher energy density in 1995 (6.3 kJ/g 

rt 0.22) than in 1996 (5.6 kJ/g + 0.13; analysis of variance, F1,201 = 6.91, P < 0.01). Among 

the three regions, southwestern PWS had the highest quality herring in 1995 (Fig. 5), 

much higher than this region in 1996 for both lipid content (F,,,, = 13.8, P < 0.01) and 

energy density (F,,,, = 22.3, P < 0.01). In contrast, the northeastern region had the 

highest quality herring in 1996, with less variance in lipid content between the two 

years than in southwestern (variance ratio F-test, F = 0.36, P < 0.01) and central PWS 

(variance ratio F-test, F = 1.72, P < 0.03). 

Proximate Composition as it Relates to Energy Density 

Variation in lipid content explained most of the intraspecific variation in energy 

density in most forage fishes (Table 2a, b, d). Variation in water content of lean mass 

contributed a large proportion of the residual variation in energy density in many 

species (Table 2b, d). For a few species with high water content of lean mass, such as 

eulachon at 82% (Appendix 2) and prowfish at 85%, variation in water content of lean 

mass explained more of the variation in energy density than did lipid content (Table 2c). 

In a few species, ash content (or AFLDM content) of lean dry mass explained a 

significant proportion (1-5%) of the intraspecific variation in energy density (Table 2d). 

Many forage fishes demonstrated a close correlation between water content (% wet 

mass) and energy density (kJ/g wet mass). Thus, water content is a cost- and time- 

16 



Table 4. Relative contributions of factors influencing intraspecific variation in lipid content ( O h  dry mass) and energy 

density (kJ/g wet mass) in forage fishes from the northern Gulf of Alaska, 1995-1996. Adjusted regression coefficients 

(r2) were the result of a forward stepwise multiple regression on indicator variables within species. All probabilities 

were P < 0.05. 

Size Rep reductive Location Location 
Species small-large Month Sex status NGOAa PWSb Year 

Multivle Partial Partial Partial Partial Partial Partial Partial 

Pacific sand lance: 
Lipid content 0.37 0.01 0.29 0.05 0.02 - - - 

Energy density 0.43 - 0.02 0.11 - 0.26 - 0.04 

Pacific herring: 
Lipid content 0.38 0.38 - - - - 
Energy density 0.31 0.27 0.01 - - - 

Cavelin: 
Lipid content 0.35 - 0.17 - 0.18 - - - 
Energy density 0.23 - 0.10 - 0.13 - - - 

Walleve ~ol lock:  
Lipid content 0.15 0.14 - - - - - - 
Energy density 0.24 0.24 - - - - - - 

a Location in the northern Gulf of Alaska is either Prince William Sound or Lower Cook Inlet. 
"ocation in Prince William Sound is either northeastern, central, or so~~thwestern regions. 
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efficient tray to estimate species-specific energy density in lieu of proximate analysis or 

bomb calorimetry (Table 3). 

Relative Contributions of Factors Influencing Quality 

Size and month were the most influential factors contributing to intraspecific 

variation in lipid content and energy density, with notable contributions from sex, 

reproductive status, and location (Table 4). Reproductive status was confounded with 

month. Location within PWS and year did not explain much of the \-ariation in lipid 

content or energy density. 

Relati1.e contributions of these factors to intraspecific variation in quality varied 

among forage fish species. Most of the variation in lipid content and energy density in 

sand lance was explained by month and sex (Table 4). The effect of location (PWS vs. 

LCI) on energy density was significant primarily because of differences between 

locations in AFLDM content of lean dry mass. Size contributed most to the intraspecific 

variation in lipid content and energy density for herring and pollock, whereas month 

and reproductive status were most influential for capelin. 

It is noteworthy that less than 5O0L, of the intraspecific variation in quality was 

explained by the potentially influential factors of size, sex, month, reproductive status, 

location in NGOA, location in PWS, and year. Any residual, unexplained \.ariation in 

lipid content and energy density was assumed to be primarily related to individual 

variation in condition. 

Discussion 
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The biochemical composition of forage fishes varied considerablv both ivithin and 

among species in NGOA, reflecting wide variability in prey quality for higher trophic 

levels. Piscivorous seabirds and other marine predators could enhance their energy 

intake rates by foraging on particular species or by keying in on size, sex, month, 

reproductive status, or location when foraging on a particular species of fish. By 

selecting for prey quality,within the context of relative prey availability, piscivorous 

predators can potentially increase their own fitness and the producti\-ity of the 

population. 

Differences in Fish Oualitv 

Differences in the quality of forage fishes were sufficient to influence prey selection 

bv predators (hypothesis 1). Seabirds, marine mammals, and predacious fishes could 

experience a 10-fold difference in lipid content (O/O dry mass) and a 5-fold difference in 

energy density (kJ/g wet mass), based on prey choice. Increased energy intake rate 

through prey selection would be especially important to seabirds raising young, which 

have limited transport capacity (e.g., size of bill or foregut; Ricklefs 1984; Rcklefs et al. 

1985; Roby 1991) and high energy cost of transport (Walsberg 1983; Blem 1990). In 

addition to increasing energy provisioning rates to the brood, parents selecting high- 

energy prey can potentially adjust their time and energy costs of reproduction by 

making fewer trips between foraging areas and nest site, foraging farther from the 

colony, raising more young per nesting attempt, raising young with larger fat reserves, 

and/or reducing parental investment to enhance their own survival (ilshmole 1971; 

Drent and Daan 1980; Ricklefs 1984; Laugksch and Duffy 1986; Obst 1986). Seabird 

parents that provision their young with high-lipid fish raise faster groxving nestlings 
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that fledge earlier and have larger fat reser~.es, attributes that increase their chance of 

pre- and post-fledgling survival (kck le f  1979; Ricklefs 1983; Massias and Becker 1990). 

A clear dichotomy in quality was found among pelagic forage fishes between high- 

lipid (e.g., lanternfish, eulachon, Pacific herring, Pacific sand lance, capelin) and low- 

lipid species (e.g., walleye pollock, Pacific cod, Pacific tomcod). Some similarities 

existed among species from the same taxonomic family: osmerids (e.g., eulachon, 

capelin, surf smelt) tended to be high-lipid (30% * 18% for fish 2 100 mm); gadids (e.g., 

pollock, cod, tomcod) were low-lipid (690 = 2%); and stichaeids (e.g., arctic shanny, 

slender eelblenny, snake prickleback), a family of nearshore demersal fishes, were 

intermediate (14% 2%). Other families L\-ere not well represented in our sample. We 

demonstrated that pelagic fishes varied considerably in their lipid content and energy 

density, whereas nearshore demersal species were consistently intermediate. 

Pelagic species attaining maturity at a smaller size (e.g., sand lance, capelin) had 

higher and more variable energy densiv than did species reaching maturity at a size 

larger than our upper limit of 300 mm (e.g., gadids). Size-related differences in lipid 

content among pelagic fishes result from changes in allocation of energy for 

maintenance, growth, reproduction, and storage with maturity. Some species attaining 

reproductive maturity at a smaller size invest relatively less energy in growth and 

invest in reproduction earlier than fishes reaching maturity at a larger size. Young 

organisms allocate a higher proportion of assimilated energy to growth. Rapid weight 

gain early in life requires more protein than does normal protein turnover in adults, 

such that older fish store more energy as lipid (Harris et al. 1986). 
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Variation in Energv Densitv from Proximate Comvosition - 

Lipid content was the primary determinant of variation in energy density of forage 

fishes both within and between species (hypothesis 2). Lipid content explained 83O/;, of 

the variation among species in energy density and water content of lean mass explained 

an additional 14%. Variation in ash content of lean dry mass (or conversely, AFLDM 

content) did not explain a significant proportion of the variation in energy density 

among species, but did explain 1-5% of the intraspecific variation in some species. 

Variation in water content of lean mass explained the majority of intraspecific variation 

in energy density for a few fishes with high water content of lean tissue (i.e., prowfish, 

eulachon). 

Factors Influencing - Intras~ecific Variation in Energv Densitv 

Piscivorous predators can potentially increase energy intake by selecting prey 

within species for such factors as size, sex, month, reproductive state, location, and year 

to enhance lipid content and energy density (hypothesis 3). In this study, size and 

month were most influential to variation in lipid content and energy density, with 

notable effects from sex, reproductive status, and location. Similar-sized conspecifics in 

NGOA had generally similar lipid content and energy density, based on comparisons 

between this study, Van Pelt et al. (1997), and Payne et al. (in press). As size of fish and 

month of collection were comparable among these studies, any differences within 

species are probably related to effects of sex, reproductive status, location, or year. 

Size 

Pelagic fishes that mature at a smaller size were more variable in quality than 

pelagic or nearshore species that mature at a larger size. IVe observed increasing lipid 



Anthony et al. 

content with increasing size for many species (e.g., herring, sand lance, padded 

sculpin), supporting increased allocation of energy to storage with maturity. Lipid 

content was correlated negatively with size for some species (e.g., tomcod). Other fishes 

showed no correlation between size and lipid content (e.g., walleye pollock, cod). 

In organisms with high juvenile mortalitv, selection favors rapid growth to adult 

size (Calow and Townsend 1981). Juveniles allocate their energy to somatic growth to 

increase locomotive efficiency, predator evasion, and food procurement. Once an 

organism is large enough to reduce predation pressure, selection favors maintaining an 

energy reserve, especially if life expectancv is long compared to the periods of food 

scarcity and reproduction (Calow and To\\-nsend 1981). 

Sex 

We detected differences in quality bet~veen the sexes only in Pacific sand lance, in 

which females had higher lipid content and energy density than males. Females appear 

to invest more in biochemical changes associated with reproduction; however, males 

compensate to some extent with a greater investment in reproductive behaviors and 

reproductive structures (Love 1970). Our sampling period corresponded to the 

progression of sand lance toward spawning in mid-autumn (Dick and Warner 1982). 

Many species were collected when the gonads were inactive, when sex differences 

would not be expected (Love 1970). LVe mav not have detected differences between the 

sexes in other species due to different timing of reproduction or small sample sizes. In 

Newfoundland, Montevecchi and Piatt (1984) found sex differences in the composition 

of capelin only during the spawning period. 
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Month and Reproductive Status 

Productivity in the Gulf of Alaska pulses with bimodal phytoplankton blooms in 

spring (April-May) and autumn (September-October) thrit, after a short time lag, 

support high densities of zooplankton that further serve as food for planktivorous 

fishes (Cooney and Coyle 1988). Many animals perform energeticallv expensive 

activities (e.g., reproduction, larval release) during these periods of food abundance 

(Love 1970). Monthly differences in intraspecific lipid content and energy density 

appear to reflect fluctuations in reliance on stored energy reserves and procured 

nutrients for survival, growth, and reproduction. Fish allocating most of their energy to 

somatic growth or reproduction in spring and summer must shift to increasing lipid 

storage to survive overwinter (Lox-e 1970). 

Capelin in Alaska are thought to spaivn nearshore from late Ma)- to early June 

(Warner and Shafford 1979 in Dick and Warner 1982), after the spring bloom, followed 

by offshore movement before or around the autumn bloom. Our results support 

commencement of spawning in Mav, as many capelin in our sample were already spent 

in July (when we first identified reproductive stage). Also, a small sample of spent 

males was collected as early as 26 hlay in 1996. Our data suggest spawning extends 

through September, as the proportion of spent capelin continued to increase throughout 

the summer. 

Capelin have adapted to productivity cycles by fasting when resources are low 

during overwintering and spawning and feeding on the blooms during pre-spawning 

and post-spawning (Winters 1970). The highest lipid content in capelin was recorded in 

June and decreased dramatically with advancing reproductive stage throughout the 
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summer, in concordance with prey availability and investment in reproductive 

structures and behaviors. For example, lipid content of resting capelin decreased by 

30% between July and A u p s t  (34% k 11 vs. 23% + 14), followed by a more than 5O0lO 

decline by September (10% -t 6). 

Sand lance use a different reproductive strategy than capelin by spawning mid- 

autumn, before or during the bloom. Sand lance had the highest lipid content in June. 

We observed ripe sand lance as early as Julv and as late as September. The incidence of 

ripe sand lance in our sample increased throughout the summer, corresponding to a 

steady decline in lipid content. Sand lance appear to increase investment in 

reproduction, rather than energy storage, as autumn approaches. These differences in 

reproductive strategies between sand lance and capelin reflect differences in life history, 

as they influence reliance on stored energy reserves for survival or reproduction. 

Location 

Geographic variation in lipid content and energy density was evident in some forage 

fishes. Location effects probably resulted from relative abundance and possibly from 

the nutritional quality of zooplankton prey. Herring provided an exceptional example 

of the influence of geographic location on lipid content and energy density, both within 

PWS and between PWS and LCI. Herring in the size range of 100-140 mm, presumably 

the 1 + age class, exhibited the greatest geographic variation in composition. After 

controlling for year effect, herring in the northeastern portion of PWS were higher in 

lipid than those from the rest of PWS. The northeastern portion of PPVS has low 

exchange with the NGOA (Royer 1979) and may have a more stable, larger population 

of zooplankton. Consequently, higher densities of calanoid copepods in the 
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northeastern portion of PWS may provide more food for zooplanktivores, such as 

herring (Cooney et al. 1996). Regional differences in prey availability apparently result 

in differences in body growth (Ware 1985) and lipid reserves. 

Year 

Most forage fishes did not exhibit annual differences in composition. Differences 

between 1995 and 1996 in energy density of herring suggested that the avaiiability 

and/or quality of their food may have been better in 1995. Juvenile herring (100-175 

mm) from southwestern PWS in 1995 had about 25% higher lipid content than those 

from northeastern PWS and more than t~vice the lipid content of those from central 

PWS. These regional differences were no longer apparent in 1996. In 1996, herring from 

southwestern PWS had the lowest lipid content, herring from northeastern PWS had the 

highest lipid content, and there was less regional variation in lipid content compared 

with 1993. 

Implications for Piscivorous Predators 

Birds appear to be able to select prey based on composition of macronutrients and 

micronutrients to satisfy their nutritional and energy requirements (Murphy 1994). 

Differences in prey quality can clearly alter energy provisioning rates to seabird young 

(Ricklefs 1984; Ricklefs et al. 1985; Roby 1991; Lance 1996), implying that seabirds may 

select prey based on energy density. Given the high lipid content and energy density of 

lanternfish and eulachon, it seems reasonable that seabirds would select these taxa. 

These fishes are consumed by seabirds and marine mammals in Alaska (Fritz et al. 1993; 

Lance 1996), but are not prevalent in seabird diets in the study area. Lanternfish are 

meso-pelagic and eulachon are bathy-pelagic fishes, both living mostly beyond the 
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continental shelf (Parks and Zenger 1979). Lanternfish become available to predators 

only during their vertical migration to the surface at night to prey on plankton (Fast 

1960), while juvenile eulachon remain at depth until age 3-, when these anadromous 

fish migrate to rivers to spawn (Barraclough 1964). Instead, herring, sand lance, and 

capelin, the three next most energy-dense species, are available to predators nearshore 

and in shallow water. These three species are the primary prey of piscivorous seabirds 

in Alaska (Springer 1991; Hatch et al. 1993). 

Seabirds apparently select prey based on species. As the intraspecific variation in 

quality of forage fishes demonstrate is as much as 10-fold, it is also potentially 

advantageous for piscivorous predators to select for characteristics within species. 

Selection of forage fish based on month or size would have the greatest potential effect 

on energy density of the diet, while selection based on sex, reproductive status, or 

location would also enhance diets of some forage fish species. 

A predator could potentially increase energy density of the diet while foraging on 

sand lance, capelin, or herring by selecting prey larger than 100 mm standard length. 

Predators foraging on sand lance could enhance dietary energy density by selecting 

females and those in a resting stage of reproduction. Predators consuming capelin 

should select for resting and developing stages of reproduction. Feeding on capelin 

early in the summer and switching to sand lance later would increase energy intake 

rates, if availability were equal. Predators feeding on herring could enhance energy 

density of the diet by selecting prey in certain regions of PWS, but the regions 

s~~ppor t ing  the highest quality herring apparently differ among years. 
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Proximate composition and energy density of prey can be integrated with prey 

selection, predator metabolic requirements, and predator abundance in bioenergetics 

models to understand how ecosystem shifts influence marine trophic structure. The 

NGOA ecosystem appears to be undergoing a shift in the composition and abundance 

of forage fish species. The incidence of Pacific sand lance, Pacific herring, and capelin in 

seabird diets has fluctuated (Hatch et al. 1993; Oakley and Kuletz 1996; Piatt and 

Anderson 1996), coincident with population fluctuations of these forage fishes 

(Anderson et al. 1994). These species have high energy densities compared to the 

juvenile pollock that are apparently declining in the pelagic zone (Anderson et al. 1994). 

The range in qualitv of forage fishes is sufficient to influence predator selection of prey, 

such that the availability of higher qualit1- fishes ~vould be expected to influence 

productivity of piscivorous predators. 

Conclusions 

Forage fishes exhibited a ten-fold difference in lipid content (% dry mass) and a five- 

fold difference in energy density (kJ/g wet mass) among individuals, such that 

predators could potentially experience large differences in foraging efficiency 

depending on prey choice. 

Schooling pelagic fishes tended to have either relatively high or low lipid content and 

energy density, whereas nearshore demersal fishes had intermediate values. 

Interspecific variation in lipid content was the primary factor influencing energy 

density of forage fishes, with variation in ~vater content also contributing. 
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Lipid content (% dry mass) was negatively correlated 11-ith water content (% wet 

mass) and positively correlated with protein content (46 lean dry mass). Thus, high-lipid 

fish had higher nutritional value than low-lipid fish, because of lower water content (% 

wet mass), higher protein content, and lot\*er ash content cod lean dry mass). 

Intraspecific differences in lipid content and energy density of forage fishes were 

related to size, sex, month, reproductive status, location, and year. Size and month were 

the factors with the most influence, with contributions from sex, reproductive status, 

and location. Pelagic species maturing at a smaller size had higher and more variable 

energy densities than did pelagic or nearshore species maturing at a larger size. 

Diet quality for some piscivorous seabirds is sufficientll- variable to affect prey 

selection. Additional studies are needed to examine the relative importance of food 

quality and quantity for survival and productivity of seabirds. 
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Figure Captions 

Figure 1. Lipid and ash-free lean dry matter (AFLDM) contents (% dry mass) of forage 

fishes (2 100 mm) from the northern Gulf of Alaska in 1995 and 1996. Ash content (% 

dry mass) comprises the unmarked proportion, as the three constituents sum to 10O0/0. 

Error bars represent two standard errors about the mean or roughly the 95"0 confidence 

interval. Species connected with lines above the bar graph have no significant difference 

in lipid content among species (Univariate ANOVA with Bonferroni-Dunn multiple 

comparisons tests). Sample sizes are indicated above each bar. 

Figure 2. Relative contributions of lipid content and AFLDM content toward total 

energy density (kJ/g wet mass) of forage fishes (2 100 mm) from the northern Gulf of 

Alaska, 1995 and 1996. Error bars represent two standard errors about the mean or 

roughly the 95% confidence interval. Species connected tvith lines above the bar graph 

have no significant difference in energy density among species (Univariate ANOVA 

with Bonferroni-Dunn multiple comparisons tests). Sample sizes are indicated above 

each bar. 

Figure 3. Relation between standard length (mm) and lipid content (O/O dry mass) of 

some forage fishes sampled in the northern Gulf of Alaska in 1995 and 1996: (a) 

Padded sculpin, (b) Pacific herring, (c) Pacific sand lance, (d) Capelin, with spent fish 

indicated by solid symbols, (e) Pacific tomcod, and (f)  \iYalleye pollock. Scale differs 

among graphs. 
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Figure 4. Monthly differences in lipid content (O/O dry mass) of capelin and Pacific sand 

lance from the northern Gulf of Alaska, 1995 and 1996. Error bars represent two 

standard errors about the mean or roughly the 95% confidence interval. 

Figure 5. Relative contributions of lipid and AFLDM to~vard total energy density (kJ /g  

wet mass) of Pacific herring from Prince \t-illiam Sound, Alaska, in 1995 and 1996. Error 

bars represent two standard errors about the mean or roughly the 95% confidence 

interval. Sample sizes are indicated above each bar. 



Table 1. Proximate composition of the sexes and reproductive stages of (a) Pacific sand lance and (b) capelin from the 

northern Gulf of Alaska, collected from May through September in 1995 and 1996. Standard error is presented with 

means. 

Species Water Lipid AFLDM Energy density Energy density 
n % lean mass % dry mass % lean dry mass kJ/g dry mass kJ/g wet mass 

(a) Pacific sand lance: 

Female 112 76.2f1.9 23.2 + 3.7 88.1 + 1.3 20.6 + 0.88 5.79 + 0.54 

Resting 39 77.7 + 0.3 25.2 + 0.7 87.4 + 0.2 20.8 + 0.15 5.59 + 0.09 
Developing 51 75.7 + 0.2 22.7 + 0.4 88.3 + 0.1 20.6 + 0.1 1 5.91 + 0.07 
Ripe 15 75.3 + 0.3 20.4 + 0.7 88.3 f 0.2 19.9 + 0.18 5.71 + 0.12 

Male 104 77.2 + 2.0 20.6 + 4.9 87.5 + 1.1 19.9 + 1.20 5.25 + 0.73 

Resting 36 77.8 + 0.3 24.3 + 0.8 87.5 + 0.2 20.7 + 0.20 5.43 + 0.09 
Developing 37 76.5 f 0.3 19.9 + 0.7 87.6 + 0.1 19.7 + 0.18 5.38 + 0.15 
Ripe 23 78.2 + 0.3 16.6 + 0.5 87.0 + 0.2 19.0 i! 0.1 1 4.65 + 0.08 

/b) Capelin: 
Sexes Combined 

Resting 40 80.4 + 0.8 32.8 + 2.0 88.0 -1 0.8 22.4 + 2.71 5.85 f 0.24 
Developing 12 80.2 + 0.4 32.4 + 3.5 88.1 f 0.3 22.4 + 2.96 5.86 + 0.43 
Ripe 10 79.4 + 0.4 19.8 + 2.8 89.0 rt 0.3 19.6 It 1.83 4.83 + 0.19 
Running 6 80.6 + 0.5 15.6 + 4.2 86.6 f 0.7 18.4 + 1.51 4.03 + 0.42 
Spent 30 81.1 + 0.3 18.7 + 2.8 86.8 + 0.4 19.3 + 3.59 4.38 + 0.32 



Table 2. Relative contributions of lipid, water, and AFLDM content to intraspecific 

variation in energy density of forage fishes from the northern Gulf of Alaska, 1995- 

1996. Adjusted regression coefficients (r') were the result of a forward stepwise 

multiple regression within species. All probabilities were P < 0.01. 

L i ~ i d  Water AFLDM 
I 

O/O dry mass % lean mass % lean dry mass 
Multiple Partial Partial Partial 

Species r2 r ' r2 r2 
(a) Lipid onlv: 
Arctic shanny 0.98 0.98 0 0 

/b) L i ~ i d  and water: 
Surf smelt 0.99 0.97 0.02 0 
Capelin 0.95 0.94 0.01 0 
Pacific sandfish 0.94 0.83 0.11 0 
Pacific tomcod 0.55 0.28 0.27 0 

(c) Water and l i ~ i d :  
Eulachon 0.94 0.17 0.77 0 
Prowfish 0.85 0.34 0.51 0 

id) Lipid, water. and ash: 
Pacific herring 0.95 0.87 0.07 0.01 
Pacific sand lance 0.94 0.78 0.15 0.01 
Crescent gunnel 0.95 0.74 0.17 0.04 
Walleye pollock 0.79 0.46 0.28 0.05 
Pacific cod 0.90 0.73 0.15 0.02 



Table 3. Simple linear regression equations predicting energy density (kJ/g wet mass; 

Y) from water content (% wet mass; X) for forage fishes sampled in the northern 

Gulf of Alaska. Size classes were combined. All probabilities were P < 0.01. 

Species Sample size Regression equation r ' 
Capelin 152 Y = 32.2 - 36.1 X .0.97 

Crescent gunnel 

Eulachon 

Lingcod 

Pacific cod 

Pacific herring 

Padded sculpin 

Pacific tomcod 

Pink salmon 

Prowfish 

Pacific sand lance 

Pacific sandfish 

Slender eelblenny 

Walleye pollock 
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Appendix 1. Size of forage fish samples for proximate analysis. Ranges are presented in parentheses with means. 

Size Size-Age Standard Wet mass - 
Species n Sex class class length (mm) (g) 
Armor-head sculpin Gymnocan thus galen tiis 1 - 1 80 large 109 20.9 

Arctic shanny 

Black prickleback 

Capelin 

Capelin 

Capelin 

Capelin 

Capelin 

Crescent gunnel 

Crested sculpin 

Daubed shanny 

Dover sole 

Eulacl~on (Hooligan) 

Eulachon 

Stic/iaetis ptlnctattis 

Xiphisteratro piirpzlrelrs 

Mallotus villoszis 

Pliolis laeta 

Rlepsias biloblis 

Lumpenlis rnaciilatt4s 

Microstonlrrs pclcifictis 

Tllaleic/l thys pacifictls 

large 

large . 0' 

0' 

> 0' 

0' 

> 0' 

large 

large 

large 

large 

> 0' 

> 0' 

Eulachon 10 - 2 100 > 0' 178 (138 - 202) 44.0 (19.0 - 84.2) 

Flatfish unknown species 2 - < 80 small 69 (68 - 70) 5.49 (5.06 - 5.92) 

Flatfish 2 - 2 80 large 87 (83 - 91) 11.9 (8.48 - 15.4) 

Great sculpin Myoxocephnlus 1 - 2 80 large 105 17.8 
polyacanthocephnlrrs 



Appendix 1. Continued. 

Size Size-Age Standard Wet mass 
Species n Sex class class length (mm) (g) 
High cockscomb Anop larchus  1 - 2 80 large 120 10.5 

ptrrpurescens 
Horned sculpin Myoxocephnllls 2 - < 80 small 60 (40 - 79) 9.16 (9.16 - 9.16) 

qtiadricornis 
Lanternfish Family Myctophidae 2 - > 0' 55 (37 - 73) 2.02 (0.33 - 3.7) 

Lingcod Oplziodon elongatlis 12 2 100 large 77 (69 - 89) 2.87 (1.72 - 4.27) 

Northern ronquil Ronquiltis jordani 8 - 1 80 large 114 (85 - 160) 13.5 (4.16 - 37.4) 

Pacific cod Gadlis rnacrocephalus 15 - < 100 0' 73 (58 - 86) 3.88 (3.28 - 4.46) 

Pacific cod 5 - 2100 >o+ 121 (111- 136) 15.4 (11.9 - 23.1) 

Pacific hcrring 

Pacific herring 

Pacific herring 

Pacific herring 

Pacific sand lance 

Pacific sand lance 

Pacific sand lance 

Pacific sand lance 

Pacific sand lance 

Pacific sandfish Trichodon trichodon 30 - < 100 small 68 (57 - 97) 4.74 (2.35 - 14.8) 

Pacific sandfish 8 - 1 100 large 106 (100 - 112) 20.3 (17.5 - 22.3) 



Appendix 1. Continued. 

Size Size-Age Standard Wet mass 
Specics n Sex class class length (mm) (g) 
Pacific tomcod Microgadzls proxinzzis 20 - < 100 0' 69 (54 - 95) 2.90 (1.21 - 6.79) 

Pacific tomcod 

Padded sculpin 

Padded sculpin 

Pink salmon 

Pink salmon 

Plain sculpin 

Prowfish 

Prow fish 

Red irish lord 

Red salmon 

Rex sole 

Arteditls fenestralis 

Myoxocephnlz~s jaok 

Znprorn silenils 

Hemilepidot i ls  
Ilemilepidotiis 
Oncorhynchiis nerka 

> 0' 

small 

large 

0' 

> 0' 

small 

small 

la rgc 

large 

Ribbed sculpin Triglops pingeli 1 - < 80 small 71 5.28 

Ribbed sculpin 5 - 2 80 Inrgc 120 (107 - 160) 9.53 (7.16 - 12.8) 

Rough spine sculpin Triglops mrrcellzis 2 - 1 80 large 112 (107 - 116) 9.57 (5.96 - 13.2) 

Searcher Bnthyrnnster signnt 11s 1 - 2 80 large 139 25. 9 

Silverspotted sculpin Blepsins cirrhos~is 1 - 2 80 large 83 8.64 

Slender eelblenny Liimpenzis fobricii 22 - 2100 large 156 (113 - 295) 15.4 (6.70 - 43.0) 

Slender sculpin Cotttrs tenziis 1 - 2 80 large 80 2.7 



Appendix 1. Continued. 

Size Size-Age Standard Wet mass 
Species n Sex class class length (mm) (R) 
Snake prickleback Liimpenus sagittn 7 - r 80 large 208 (142 - 272) 22.5 (6.99 - 47.6) 

Spotted snailfish Liparis callyodon 1 - < 100 small 94 15. 8 

Surf smelt Hypomesiis pretioslis 5 M < 100 small 118 (106 - 131) 17.2 (10.4 - 23.7) 

Surf smelt 2 - 2 100 large 105 (101 - 108) 10.1 (9.64 - 10.6) 

Tidepool sculpin Oligocottzis maciilosiis 1 - < 80 small 44 1.06 

Tidepool sculpin 6 - 2 80 large 120 (110 - 130) 28.3 (18.0 - 38.0) 

Walleye pollock Theragra chalcogramma 17 - < 100 0' 57 (47 - 64) 

Walleye pollock 27 - 2 100 > 0' 154 (117 - 179) 29.0 (16.6 - 47.0) 



Appendix 2. Proximate composition of forage fishes from the northern Gulf of Alaska, collected from May through 

August 1995-1996. Energy content (kJ/fish) is the product of wet mass (g) and energy density (kJ/g wet mass). 

Standard error is presented with means. 

Size 
Lipid % AFLDM % 

lean drv mass 
Energy density 
(kJ/g dry mass) 
18.6 

Energy density 
(kJ/g wet mass) 
4.77 

class Wet mass 
Species 

(mm) n (g) 
Armor-head sculpin 2 go 1 20.9 

Water % 
lean mass 
77.1 

drv mass 

Arctic slianny 2 80 11 9.04 + 0.76 

Black prickleback 2 80 3 17.8 + 6.62 

Capelin < l o 0  32 2.34f0.13 

15.1 + 0.60 

6.75 + 1.20 

17.7 + 1.80 

24.3 -1- 1.20 

11.5 1 0.40 

16.9 1 1.30 

16.5 r!: 1 .30 

5.60 

Crescent gunnel 2 80 42 10.4 + 0.59 

Crested sculpin 2 80 18.1 + 2.14 

Daubed shanny 2 80 2 7.21 rt: 0.78 

Dover sole 2 80 1 10.8 

Eulachon r 100 34 34.1 If: 2.06 

Flatfish < 80 2 5.49 + 0.43 

Flatfish 280 2 11.9k3.46 

Great sculpin 2 80 1 17.8 

High cockscomb r 80 1 10.5 

I-Jorned sculpin < 80 2 9.16 



Appendix 2. Continued. 

Size 
class Wet mass Water '/o Lipid %, AFLDM "/o Energy density Energy density 

Species 
(mm)  n (6) lean mass dry mass lean dry mass (kJ/g dry mass) (kJ/g wet mass) 

Lanternfish 2 100 2.02 + 1.68 73.4 + 1.80 46.3 + 4.40 86.5 + 3.50 25.3 + 0.70 8.49 + 0.70 

Lingcod 

Northern ronquil 

Pacific cod 

Pacific cod 

Pacific herring 

Pacific herring 

Pacific sandfish 

Pacific sandfish 

Pacific sand lance 

Pacific sand lance 

I'aci fic tomcod 

Pacific tomcod 

Padded sculpin 

Padded sculpin 

Pink salmon 

Pink salmon 

Plain sculpin 



Appendix 2. Continued. 

Size 
class Wct mass Water '%, T.ipid '%) AFLDM '%) Energy density Energy density 

Spccics 
(mm) n (g) lean mass dry mass lean dry mass (kJ/g dry mass) (kJ/g  wet mass) 

Prow fish < l o o  16 7.88k1.11 85.4k0.40 13.7_+1.00 84.5k0.40 18.1 L- 0.23 2.84 k 0.07 

Prowfish 2 100 

Red salmon < 100 

Red irish lord 2 80 

Rex sole 2 80 

Ribbed sculpin 2 80 

Rough spine sculpin 2 80 

Searcher 1 80 

Silverspotted sculpin 2 80 

Slender eelblenny 2 80 

Slender sculpin 2 80 

Snake prickleback 2 80 

Spotted snailfish < 100 

Surf smelt 2 100 

Tidepool sculpin c 80 

Tidepool sculpin 2 80 

wil leye pollock < 100 

Walleye pollock 2 100 
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Project Number 98163 I Project Leader 

This project provides coordination and scientific oversight for the APEX project. It produces the 
summary document for the APEX annual report and the detailed project description each year. It 
also identifies research needs or gaps within APEX and liases with other EVOS projects and 
marine research programs with interests similar to those of APEX. 

Project 97 163 does not directly conduct field work. It is involved in three projects, a collaborative 
one with 97064 to compare forage fish distribution with dive distribution and behavior of harbor 
seals (details of this may be found under 97064), and a project developing electronic cover layers 
of the distribution of seabird colonies in Prince William Sound for an ArcInfo Geographic 
Information Systems, for modelling. Finally, Project 99163 I has been developing the APEX web 
page which can be found at: http://www.uaa.alaska.edu/enri/apex/index.html. 



Alaska Predator Ecosystem Experiment 

Who? 

In 1989 the Exxon Valdez spilled 11 million gallons of crude oil into Prince William Sound. Seabird species 
possibly affected by the spill were Kittlitz's murrelets, marbled murrelets, common murres, black legged 
kittiwakes, puffins, and pigeon guillemots. Marine mammals and for age fish species such as Pacific herring, 
capelin, and sand lance may have also been affected. 

How? 
Some of these seabirds, marine mammals, and forage fish are either not recovering or recovering slowly. For 
age fish comprise the majority of some seabird and marine mammal diets. A documented decline in some 
forage fish species in the northern Gulf of Alaska has occurred. This change in the food web may affect 
species that depend on forage fish as a main food source. 

What? 
Alaska Predator Ecosystem Experiment, APEX, is an interdisciplinary and interagency effort of biologists, 
ecologists, oceanographers,and statisticians from federal, state, private, and university entities.APEX will test 
the general hypothesis that low food abundance contributes to the decline of seabird and marine mammal 
populations in Prince William Sound. APEX researchers are sampling the stomach contents of for age fish to 
see if they are being affected by a lack of food. In addition, researchers are monitoring where the seabirds are 
feeding and what effect diet has on their reproductive success. 

Why? 
APEX researchers have three major objectives: 1) to develop a long-term monitoring effort for the spill area, 
2) to determine the relative abundance of for age species, and 3) to understand the relationship between forage 
fish and sea bird populations. Some seabird species have been declining since the 1970s, with the Exxon 
Valdez Oil Spill exacerbating the problem. Should the documented decline of certain forage fish species 
continue, an entire food source could be eliminated and potentially devastate already threat ened seabird and 
marine mammal populations. 



Where? 

Fieldwork for the APEX project is being conducted in Prince William Sound (Naked, Jackpot, and Eleanor 
islands) and the Gulf of Alaska (lower Cook Inlet and Barren Islands). Analysis of data will occur at 
universities and facilities in Alaska, Washington, Texas, and Oregon. 

When and for how long? 

The APEX project began in 1994 through a project funded by the Exxon Valdez Oil Spill Trustee Council. 
Data collection and analy sis started in the summer of 1995. The project is slated to continue for five years, 
with sampling and data collection occurring each summer and analysis and interpretation occurring during the 
fall and winter. 

Why is APEX research significant? 

The results from APEX research are expected to help explain changes occurring in the northern Gulf of Alaska 
ecosystem. Some of these fluctuations are changes in species composition, such as those that have occurred 
with some species of fish, seabirds, and marine mammals. More importantly, the APEX project is designed to 
enable researchers to better understand why these changes have occurred and to, ultimately, help them to 
predict future ecosystem fluctuations. 

Projects 
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For information about other EVOS projects, 
contact: 

Oil Spill Public Information Center (OSPIC) 
(907) 278-8008 

Toll free in Alaska 1-800-478-7745 
Email: oswic @ muskox.alaslca.edu 

This page has been visited: times since February 3,1998. 

Last updated March 4,1998 by a, O Copyright 1998, University of Alaska Anchorage 
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Barren Islands Seabird Studies, 1997 

Restoration Project 971635 
Annual Report 

Study History: Barren Islands APEX seabird studies began in 1995 (Project 95 1635; see 
Roseneau et al. 1996a) and continued through 1996 (Project 96 163 J; see Roseneau, et al. 1997) 
and 1997 (Project 97163J). 

Abstract: We measured breeding and foraging parameters of common murres (Uria aalge), 
black-legged kittiwakes (Rissa tridactyla), and tufted puffins (Fratercula cirrhata) at the Barren 
Islands, Alaska, and compared results with those from similar studies in 1995 and 1996. 

Murre productivity was high in 1997, as it was in 1995 and 1996. The diet, feeding frequency, 
and nest attendance of murre chicks was similar among 1995-1997. Fledglings were heavier in 
1997 than in 1996. Murres have nested progressively earlier each year (including 1997) since 
1993. 

In contrast to murres, kittiwakes laid eggs later, had lower productivity, attended nests for shorter 
time periods, and fed chicks less frequently in 1997 than in 1995- 1996. Kittiwake chick diet 
composition was similar to that of 1996; in both 1996 and 1997 the proportion by weight of 
capelin (Mallotus villosus) was lower, and that of Pacific sand lance (Ammodytes hexapterus) 
higher, than in 1995. Growth rates of kittiwake chicks did not differ significantly during 1995- 
1997; it is possible that in years of low food availability, brood reduction boosts growth of 
surviving chicks. 

Productivity of tufted puffins was lower in both 1997 and 1996 than in 1995. Puffin chicks grew 
faster than in 1996 but more slowly than in 1995. Chick diet composition was diverse and 
similar among years; the size of meals in 1996 and 1997 was smaller than in 1995. 

Kev Words: Barren Islands, black-legged kittiwake, common murre, East Arnatuli Island, East 
Arnatuli Light Rock, Exxon Valdez, forage fish, Fratercula cirrhata, oil spill, Prince William 
Sound, Rissa tridactyla, tufted puffin, Uria aalge. 

Proiect Data: (To be addressed in the final report) 

Citation: Roseneau, D.G., A.B. Kettle, and G.V. Byrd. 1998. Barren Islands seabird studies, 
1997, Exxon Valdez Oil Spill Restoration Project Annual Report (Restoration Project 97 163 J), 
U.S. Fish and Wildlife Service, Alaska Maritime National Wildlife Refuge, Homer, Alaska. 
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INTRODUCTION 

This study is a component of the Alaska Predator Ecosystem Experiment (APEX). The APEX 
Project, initiated in 1995, is composed of 16 related studies designed to determine whether forage 
fish availability and quality are limiting the recovery of seabird populations injured by the T N  
Exxon Valdez oil spill. Over the course of the 5-year Project, seabird breeding parameters and 
the distribution, abundance, and energy content of forage fish are being compared among 
species, years, and study sites in Prince William Sound and lower Cook Inlet-Kachemak Bay to 
study how ecosystem processes affect populations of seabirds nesting in the spill area. 

The Barren Islands support some of the largest nesting concentrations of black-legged kittiwakes, 
common murres, and tufted puffins in the spill area. Information on several productivity and 
population parameters for these species is available from past Barren Islands studies (e.g., Bailey 
1975a,b, 1976; Manual 1978, 1980; Manual and Boersma 1978; Nysewander and Dippel 1990, 
1991; Dippel and Nysewander 1992; Nysewander et 01. 1993; Dragoo et al. 1995; Boersma et al. 
1995; Erikson 1995; Roseneau et al. 1995, 1996a,b, 1997). The islands' offshore location 
provides opportunities to compare data from an oceanic environment with results from APEX 
studies in Prince William Sound and with Minerals Management Service (MMS) and other 
APEX research in lower Cook Inlet-Kachemak Bay. 

Data collected at the Barren Islands are being used to help test 3 APEX hypotheses: 

Hypothesis 7: Composition and amount of prey in seabird diets reflect changes in the relative 
abundance and distribution of forage fish near nesting colonies. 

Hypothesis 8: Changes in seabird productivity reflect differences in forage fish abundance as 
measured by the amount of time adult birds spend foraging for food, amount of food fed to 
chicks, and provisioning rates of chicks. 

Hypothesis 9: Seabird productivity is determined by differences in forage fish nutritional 
quality. 

In 1997 we measured murre, kittiwake, and puffin productivity and nesting chronology; type and 
amount of prey fed to chicks; fledging size of murres and growth rate of kittiwake and puffin 
chicks; feeding frequency of chicks; and time-activity budgets of kittiwake and murre adults. 
We counted adults on productivity study plots as one index of population size for each of the 3 
species (trends in Barren Islands murre numbers were studied in greater detail by Project 96144 
and 97144. We also made 28 beach seine sets during the 1997 field season, using methods 
employed by the Gull and Chisik island studies (Project 97163M). 

Data were compared with results from the 1993-1994 EVOS-sponsored Barren Islands common 
murre restoration monitoring projects (Projects 93049 and 94039; see Roseneau et al. 1995, 
1996b) and the 1995- 1996 APEX Barren Islands seabird studies (see Roseneau et al. 1996a, 
1997). Information was shared with other APEX investigators for among-colony comparisons 
(e.g., Projects 97163E, 97163M, and 97163G). 



OBJECTIVES 

Objectives of the 1997 Barren Islands seabird studies were to: 

1. Determine the productivity of common murres (fledglingslegg laid), black-legged 
kittiwakes (fledglingslnest), and tufted puffins (percent of occupied burrows containing 
chicks). 

2. Determine the nesting chronology of common murres, black-legged kittiwakes, and tufted 
puffins (median hatch date). 

3. Determine the fledging size of murre chicks (grams) and growth rate of black-legged 
kittiwake and tufted puffin chicks (gramslday). 

4. Determine the types of prey fed to common murre chicks (composition by number) and to 
black-legged kittiwake and tufted puffin chicks (composition by number and weight). 

5 .  Determine provisioning rate for common murre and black-legged kittiwake chicks 
(feedings/nest/hour), and tufted puffin chicks (feedingslnestlday). 

6. Obtain an index of the amount of food fed to black-legged kittiwake and tufted puffin 
chicks (gramslchick regurgitation and gramslnest screen, respectively). 

7. Calculate activity budgets for common murre and black-legged kittiwake adults (time spent 
attending the nest, duration of foraging trips). 

8. Measure body condition of adult kittiwakes. 

9. Sample near-shore forage fish populations throughout the season with regular beach seine 
sets using methods of Project 97163M. 

10. Collect forage fish samples from kittiwake regurgitations, tufted puffin burrow screens, and 
beach seines for proximate and isotope analyses by other investigators. 

METHODS 

Study Area 

The Barren Islands are located at about 58" 55' N, 152" 10' W, between the Kodiak archipelago 
and the Kenai Peninsula (Fig. 1). The study was conducted at East and West Amatuli islands, 
and Arnatuli Cove camp served as base of operations (Fig. 2). Data were collected during 9 



June-12 September by a team of 4-5 people. Team members commuted to murre and kittiwakes 
study sites in outboard-powered, 4.8-m-long, rigid-hulled inflatable boats, and to puffin study 
areas by boating and hiking. 

Productivity 

Murres: Murre productivity data were collected at 10 East Amatuli Island - Light Rock plots 
established for this purpose in 1993 (see Roseneau et al. 1995). Plots contained about 25-50 nest 
sites (sites with eggs) each (1997 nest site total = 3 11) and were viewed through 7 x 42 
binoculars and 15-60 power spotting scopes from land-based observation posts as often as 
weather permitted (range = 1-5 days). Viewing distances varied from about 50 to 150 m, and 
each observer was assigned specific plots for the field season. Nest sites were mapped using 
photographs and sketches, and data were recorded for each site using previously established 
codes. A plot check consisted of noting for each nest whether it contained an egg, a chick, or an 
adult in incubation or brooding posture, and of counting all adults on the plot. Each plot was 
checked at least 35 times during 11 June - 3 September, from before eggs were laid until almost 
all chicks had gone to sea. Plots were treated as sample units and productivity was calculated as 
fledglingslegg. These data were also used to calculate hatching and fledging success. 
Differences among 1993-1997 results were tested by Analysis of Variance (ANOVA). 

Kittiwakes: Kittiwake productivity data were collected from 11 East Amatuli Island plots (5 
were established 1993 and 7 in 1995) located on the headlands that contained the murre 
productivity plots. Each plot contained 25-50 nests (1997 nest total = 304; 205 contained eggs). 
Methods for collecting and analyzing data were similar to those used for murres and for Projects 
96 163E and 96 163M. Nest checks consisted of searching for eggs and chicks (adult postures 
were not used to determine the content of kittiwake nests) and counting adults. Each plot was 
checked at least 35 times during 11 June - 3 September, from before egg-laying began until most 
chicks had fledged. Plots were treated as sample units and productivity was calculated as 
fledglingslnest site. These data were used to also calculate hatching and fledging success. 
Differences among 1993-1997 results were tested by ANOVA. 

Puffins: Puffin productivity data were obtained from 3 study plots established in 1990 by 
University of Washington personnel for measurement of chick growth rate (see Growth Rates 
below) and 4 transects totaling 270 m2 established in 1986 by FWS crews for monitoring 
numbers and occupancy of burrows (see Nishimoto 1990). Burrows in the growth study plots 
were first searched for signs of activity (trampled and cleared vegetation, guano from adults and 
chicks, fresh digging) and nestlings during 28 July - 4 August, when most chicks were about 1 
week old. A 35-cm-long flexible scoop was used in the burrows to help search for nestlings. 
After the initial visit, burrows containing chicks were checked every 5 days until 10 September. 
Active burrows, inactive burrows, and nestlings in the 4 transects were counted on 28 August, 
just prior to fledging. 



Data from burrows in the plots and transects were pooled for analysis. Productivity was 
calculated as active burrows containing chicks just prior to fledginglactive burrows. The 
differences among 1995- 1997 results were compared with Pearson's Chi-square tests. 

Hatching success was measured in a plot that contained 27 burrows with eggs. Burrows were 
checked 3 times during the nesting season: just before hatching, just after hatching, and just 
before most chicks fledged. To calculate hatching success we divided the number of burrows 
that produced a chick by the number that had contained eggs. 

Nesting Chronology 

Murres: Median hatch date was the measure of murre nesting chronology (see Roseneau et al. 
1995, 1996a,b, 1997). The median date was calculated for each of the productivity plots, and the 
average of these median dates was the annual index for the timing of nesting events. Because 
laying and hatching of eggs and fledging of chicks were rarely observed, the date that nest sites 
changed status (i.e., from eggs to chicks) was estimated to be the midpoint between the closest 
pre- and post-event observation dates. Two methods were used to maintain precision during 
analysis. First, for nest sites with closer pre- and post-lay observations than pre- and post-hatch 
observations, the hatch date was calculated by adding 32 days to the lay date (32 days is the 
average incubation time-see Byrd 1986, 1989; Roseneau et al. 1995, 1996a,b, 1997). Second, 
nest sites with data gaps of more than 7 days surrounding both laying and hatching were 
excluded from the data set. Plots were treated as sample units and differences among 1993-1997 
results were tested by ANOVA. 

Kittiwakes: Median hatch date was also used to measure kittiwake nesting chronology (see 
Roseneau et al. 1996a, 1997). Methods were identical to those described above for murres, 
except that 27 days (rather than 32) were added when hatch dates were calculated from lay dates 
(see Byrd 1986, 1989). Plots were treated as sample units and differences among 1993-1997 
results were tested by ANOVA. 

Puffins: Mean hatch date was the measure of puffin nesting chronology. Because burrows were 
not visited until puffin chicks were about 1 week old (visiting burrows prior to this time can 
result in abandonment of eggs or chicks), hatch date was calculated from wing measurements 
rather than nest status observations. We used a growth equation reported by Arnaral(1977) to 
estimated the age at first wing measurement of each of the 44 growth study chicks. With this 
chick age we calculated the hatch date for each chick. The mean hatch date among chicks was 
the index for the season; differences among 1994- 1997 results were tested by ANOVA. 

Chick Growth Rate 

Murres: Because disturbing murres at nests could have caused high levels of chick mortality 
from predation by glaucous-winged gulls (Lavus glaucescens), we did not measure the growth 
rate of murre chicks. During 5 nights (19, 20, 24, 26, and 28 Aug), 96 nestlings were dip-netted 



from Lonesome Cove just after they left the cliffs; the chicks were weighed (to 1 g) and 
measured (culmen, tarsus, and wing chord to 1 mm). Chicks were captured, processed, and 
released quickly, 1-at-a-time. Average chick weight was used as the index of sea-going size; 
differences between 1996 and 1997 results were compared with a t-test. 

Kittiwakes: Fifty-two kittiwake chicks from 39 broods were weighed (to 1 g) and measured 
(e.g., wing chord, culmen, tarsus, and back of head to tip of bill to 0.1 mm) every 4-7 days, from 
just after hatching until they were about 30 days old, unless they died younger (35 chicks reached 
30 days). Growth rate calculations followed Project 95163E protocol: average daily increase in 
weight was calculated for each chick for the most linear section of the growth curve (60-300 g) 
by dividing the difference in weight between the first and last measurements within this range by 
the number of days between measurements. We averaged these results for 'A' chicks (chicks in 
single-chick nests plus first-to-hatch chicks in 2-chick nests; n = 34) and 'B' chicks (the second- 
hatched chicks in 2-chick nests; n = 7). Using the chick as the sample, differences among 1995- 
1997 'A' chick growth rates were tested by ANOVA. 

Puffins: Fifty-two puffin chicks in the 3 growth study plots (see Productivity above) were 
weighed (to 1 g) and measured (culmen, wing chord, and tarsus to 0.1 mm) every 5 days, from 
the time they were about 1 week old until they fledged. Weight gain was used as the primary 
indicator of growth. The rate of increase was calculated for each chick by fitting a simple linear 
model to the 150-450 g section of the growth curve (the portion that is nearly linear); then the 
rates were averaged. Differences in growth among the years were tested by ANOVA. 

Chick Diet 

Murres: Prey items delivered to murre chicks were identified in parents' bills as they returned to 
nest sites. Observations were made with 7 x 42 binoculars from a blind located 1-20 meters from 
nest sites. On 10 days during 6 August - 3 September, 421 prey items were recorded; 408 (97%) 
of these were identified to species or family groups (e.g. Gadidae) using color and shape of the 
body and fins (e.g., caudal, anal, adipose fins). We calculated percentages of the total number 
for 6 categories of prey: capelin, Pacific sand lance, cods (Gadidae), Pacific herring (Clupea 
harengus pallasi), prowfish (Zapora silenus), and squid (Cephalopoda). 

Kittiwakes: Samples of prey brought to kittiwake nestlings were obtained from growth study 
chicks and brooding adults when they regurgitated while being handled. Eighty-two 
regurgitations were obtained on 18 days during 15 July - 2 1 August, when nestlings were about 
1-4 weeks old. Samples were weighed (to 0.01 g) and frozen in the field. Prey items were 
identified, measured, and weighed by K. R. Turco and A. M. Springer, FALCO. Percent 
composition of the total number and weight were calculated for 11 categories of prey: capelin, 
Pacific sand lance, Pacific cod (Gadus macrocephalus), walleye pollock (Theragra 
chalcogramma), Pacific herring, salmonids (Onchorynchus spp.), greenlings (Hexagrammos 
spp.), unidentified smelt (Osmeridae), euphausiids (Thyssanoessa spp.), squid, and unidentified. 



Puffins: Samples of prey brought to puffin chicks by adults were collected by blocking nesting 
burrows for 3 hours with squares of hardware cloth. When bill loads were collected, they were 
replaced with freshly-thawed fish caught during beach seining operations; these replacement 
meals were placed inside the burrows, close to the nest bowl (Wehle 1983 supplemented the diet 
of tufted puffin chicks with this method). One hundred fifty-two bill loads containing 55 1 prey 
items were obtained on 9 days at East Amatuli Island and 1 at West Amatuli Island during 11 
August - 9 September. Prey items were identified in the field using taxonomic keys and field 
guides and then cleaned, weighed (to 0.01 g), measured (fork length to 0.1 mm), and frozen. 
Percentages of the total number and weight were calculated for 9 categories of prey: capelin, 
Pacific sand lance, Pacific cod, walleye pollock, prowfish, pink salmon (Oncorhynchus 
gorbuscha), larval fish, squid, and euphausiids. 

Amount Fed to Chicks 

Murres: Because it would have caused high levels of disturbance to many birds we did not 
weigh or measure prey brought to murre chicks. 

Kittiwakes: To measure meal size we used the weight of regurgitated samples (see Chick Diet, 
above). Because mean meal size increased with the age of chicks until they were about 20 days 
old, we used as the annual index the average weight of regurgitations collected from chicks 20 
days or more of age (n = 25). Using each regurgitation as a sample, we tested differences among 
1995- 1997 results by ANOVA. 

Puffins: We used the average weight of screen samples (see Chick Diet, above) as the index for 
puffin chick meal size. We excluded bill loads that because of their condition could not be 
accurately weighed; 1 15 remained. Using each screened bill-load as a sample, differences 
among 1995- 1997 results were tested by ANOVA. 

Chick Provisioning Rate 

Murres: Murre chick provisioning rate data were collected on 6 days (14, 17,20, 22,26, and 28 
Aug) fiom a plot of 9 nest sites near one of the productivity observation posts. Activities on the 
plots were recorded with a video camera and a time-lapse recorder set at 5 frameslsec. Frames 
were labeled with dates and times. Each day's record began before dawn and ended after dusk 
(start and stop times varied with cloud cover and day length but all days started at or before 0600 
hr and ended at or after 2200 hr). Tapes were viewed with a variable-speed player; times of all 
adult arrivals, chick feedings, departures, and exchanges of brooding duties were entered on a 
spreadsheet for later analysis. It appeared that each day's recordings started before birds began 
food deliveries and ended after deliveries had stopped. 

During several occasions in 1996-1997, we recorded events on video tape while simultaneously 
collecting these data by hand with binoculars. Results for feeding frequency, attendance, and 
times of day when nest activities were first and last visible were similar between the 2 methods. 



To analyze the data, for each observation day we calculated the average number of feedingshr 
for each of the 9 nests, and then averaged the 9 nest-day values. This daily mean was the value 
used for among-year and among-site comparisons. Data collection times common to the 3 study 
years were 0700- 1959 hr (in 1997 there was no significant difference between feeding frequency 
averaged over the entire day and that measured during 0700-1959 hr). Results limited to these 
times were tested for among-year differences with ANOVA. In 1998 we will compare among- 
day differences and among-nest differences to determine the best sample unit for among-year 
analyses. 

Kittiwakes: Data on kittiwake chick provisioning rate were collected from nests containing 10- 
to 32-day-old chicks located in and near one of the kittiwake productivity plots. Data were 
collected with a time-lapse video system (see Murres, above), and results from playback analysis 
were similar to those obtained during simultaneous manual observations. Only the first 
regurgitation to a chick after a parent returned from a trip was scored as a 'feeding', and only if it 
occurred within 30 min of an adult's return from a trip of at least 30 min duration. Because at 
times both parents were gone from the nest, bands and marks applied during body condition 
measurements were used to identify adults. 

In accordance with Project 97163E protocol, we used the nest-day as the value for comparison 
among years and project sites. There were significant differences in feeding frequency between 
1- and 2-chick nests, so we analyzed separately data from the 2 nest types. We recorded 
activities of 3-6 nests during each of the 6 all-day (16-hr) observations (21 and 26 Jul; 4, 7, 15, 
and 16 Aug). Different nests were used each day; there were 27 samples for 1-chick nests and 7 
samples for 2-chick nests. We tested differences among 1995- 1997 results with ANOVA. 

Rather than covering all daylight hours (as in 1997), in 1995 observations ended at 1959 hr and 
in 1996 observations began at 0700 hr. To compare among the 3 study years we used the block 
of time common to all years: 0700-1959 hr. (in 1997 there was no significant difference between 
feeding frequency averaged over the entire day and that measured during 0700- 1959 hr). 

Puffins: Provisioning rate of tufted puffin chicks was measured by observing adults returning to 
7- 10 marked nest burrows in one of the chick growth rate study plots during 16- or 17-hr-long 
watches on 4 days (0600-2259 hr on 9 Aug and 0600-21 59 hr on 19 and 29 Aug, and 2 Sep). 
Observations began at first light, before adults returned with bill loads, and ended after dusk, 
when deliveries had ceased. Observations were made with 7 x 42 binoculars from a blind located 
about 25 m from the burrows. We recorded the times adult returned and departed, and whether 
returning adults carried bill loads. 

We also calculated the number of meals delivered to each nest, each day. The value used for 
comparison among years was the average among nests for the day. Because only 2 observation 
days were available from 1996 (and none from 1995) we did not statistically compare results 
between years. 



Activity Budgets of Adults 

Murres: Using data from the all-day observations during the nestling period (see Feeding Rates, 
above) and 4 days during the incubation period (1 5,23, and 26 July; 2 Aug), we calculated the 
amount of time adults spent at their nests. We used the unit 'bird-minutesy/hour as the measure 
of nest attendance. For example, if 1 adult was present for the entire hour and its mate was 
present for 30 min, nest attendance was 90 bird-min for that nest, that hour. For each observation 
day we averaged bird-minutes-per-hour values for each nest. The average among nests for the 
day was the value used for comparisons among years and project sites. We analyzed separately 
data from the incubation and nestling periods. Differences among 1995- 1997 results were 
compared with ANOVA. 

We also calculated the duration of foraging trips from the nest by adults. Only trips that 
concluded with chick feedings were used in the analysis (n = 145 trips). The average of all trips 
was used as the annual index. Differences among 1995-1997 indices were tested by ANOVA, 
and the frequencies of trips in 2-hr blocks of time (0-2,2-4,4-6, and 6-8 hr) were compared 
among years with Pearson's Chi-square tests. 

Kittiwakes: Using data from the all-day observations (see Feeding Rates, above), we calculated 
the amount of time 1, 2, and no adults attended each nest during the nestling period. Bird- 
minutes/hour were used to measure nest attendance. Since adults rarely attended the nest 
together, bird-minuteshour rarely exceeded 60; fewer than 60 bird-minutes indicated that the 
nest was unattended for some portion of the hour. The average number of bird-minuteshour for 
all hours of the day was calculated for each nest, for each day (the 'nest-day'). The annual index 
was the average of all the nest-day values for that season. Differences among 1995- 1997 results 
were tested with ANOVA. 

We also calculated the duration of foraging trips from the nest by adults. Only trips that 
concluded with chick feedings were used (n = 30 trips). Average time among trips was used as 
the annual index. Differences among 1995-1997 results were tested with ANOVA. 

Puffins: Adult puffins did not stay at their nests during the 4 all-day observation periods; they 
usually spent less than 15 seconds in the burrow to deliver bill loads to chicks before flying off. 
Because both adults were gone at the same time and were unmarked, it was not possible to 
determine the duration of foraging trips made by individual birds. 
Population Counts 

Murres: Murres were counted on the 10 productivity plots on 18 days between the peak of 
laying and the first sea-going of chicks. Methods for collecting and analyzing data were the 
same as those used by the 1993- 1994 and 1996 Barren Islands murre population monitoring 
studies (see Roseneau et al. 1995, 1996b, 1997) and the 1995 and 1996 Barren Islands APEX 
seabird projects (see Roseneau et al. 1996a, 1997). Differences among the 1993-1 997 indices 



were tested by ANOVA. Trends on sets of largerplots were studied in greater detail by Project 
971 44. 

Kittiwakes: Kittiwakes were counted on the 1 1 productivity plots on 3 1 days. Counts from the 
11 plots were summed for each day, then sums were averaged for the portion of the nesting 
season with stable counts. In 1997, counts began to decline earlier in the season than during 
1994-1 996 (but not earlier than 1993, the year of nesting failure) and were most stable between 
median lay and median hatch dates. Therefore, we used the average of these counts as an annual 
index of population size. Since in 1995 we counted kittiwakes on only 4 plots, daily subtotals of 
these plots were used for comparison among the years 1993-1997. These differences were tested 
with ANOVA. 

Puffins: The number of active puffin burrows on the 3 chick growth rate study plots and 4 
transects was used as the annual index of population size. Differences among 1995-1997 results 
were compared with the Friedman test. 

Sea Temperature 

During the 1996-1 997 field seasons we recorded sea temperature at Lonesome Cove during the 
1996 and 1997 field seasons with an Onset Optic Stowaway Temp data logger, anchored about 5 
m deep. In 1996 temperature was recorded every 10 min from 4 July to 4 September; in 1997 
data were recorded every 12 min from 16 June to 8 September. These data will be analyzed and 
compared in the final report. 

RESULTS 

Productivity 

Murres: Murre productivity was high (0.81 fledglingslegg, standard deviation (SD) = 0.09; Fig. 
3a; see Byrd et al. 1993 for comparisons among Pacific colonies of murre productivity measures) 
and similar to 1994-1996 levels (0.72, 0.73,0.74 fledglingslegg, respectively; Roseneau et al. 
1995, 1996a,b); all of these values were higher than 1993 results (0.47; P < 0.001 for each of the 
years 1994- 1997). Hatching and fledging success followed the same pattern. Hatching success 
was high (0.90 chickslegg; SD = 0.09) and similar to 1994-1996 levels (0.67,0.84, and 0.84) and 
results from all 4 years were higher than the 1993 value (0.80; for 1994-1996, P = 0.049, = 

0.003, = 0.003, and < 0.001). Fledging success was high (0.90 fledglingslchick; SD = 0.07), 
similar to that of 1994-1996 (0.91, 0.87, 0.88), and results from these 4 years were higher than in 
1993 (0.69; for 1994-1996, P < 0.001, = 0.002, = 0.001, and < 0.001). Data analysis methods 
have been refined; some numbers reported here differ slightly from those listed in previous 
reports. 



Kittiwakes: Productivity of kittiwakes was low (0.30 fledglingslnest; SD = 0.13; Fig. 3b; see 
Hatch et al. 1993 for comparisons among Pacific colonies) and significantly lower than 1994- 
1996 values (0.67, 0.81, and 0.71; P = 0.01 1, < 0.001, and < 0.001, respectively). Productivity 
during each of the years 1994- 1997 was higher than in 1993 (P < 0.001 for 1994- 1996; P = 0.038 
for 1997), when no eggs were laid in the plots. 

Puffins: Just before fledging 0.34 (SD = 0.17; Fig. 4) tufted puffin chicks/occupied burrow were 
found in the 3 growth rate plots and group of 4 transects. This was similar to the 1996 value 
(0.3 1 chicks/burrow); results from 1996 and 1997 were lower than in 1995 (0.53 chicks/occupied 
burrow; P < 0.001 and = 0.10, respectively). Hatching success in the plot established for this 
parameter was 0.48 chickslegg. This figure was similar to that of 1996 (0.50 chickslegg) and 
lower than most values reported from other Alaskan colonies (see Byrd et al. 1993). 

Nesting Chronology 

Murres: The median hatch date of 2 August (SD = 1.4; Fig. 5a) was 14, 8, 6, and 2 days earlier, 
respectively, than during the years 1993- 1996. Each year, hatching was significantly earlier than 
during the previous year, with the exception of the 1994- 1995 and 1996- 1997 pairs. Nesting 
chronology in 1993 was earlier than reported for 1992 at Nord Island and 199 1 at East Amatuli 
Light Rock (see Dragoo et al. 1995 and Boersma et al. 1995, respectively). 

Kittiwakes: The median hatch date for kittiwake chicks was 17 July (SD = 2.8 Fig. 5b). This 
was significantly later than in 1994-1996 (1 1,7, and 7 July; P = 0.023, < 0.001, and < 0.001, 
respectively). 

Puffins: The mean hatch date for puffins was 23 July (SD = 3.5; Fig. 6). This was significantly 
earlier than in 1996 (18 July, P<0.001) and similar to that of 1995 (22 July). 

Chick Growth Rate 

Murres: The average weight of sea-going murre chicks was 253 g (SD = 2 1.4; Fig. 7). Chicks 
were significantly heavier than in 1996 (240 g, P = 0.001). 

Kittiwakes: The average growth rate of 'A' chicks (chicks in single-chick nests plus first chicks 
to hatch in 2-chick nests was 16.7 glday (SD = 4.7; Fig. 8a). This result was similar to that of 
1996 (1 7.6 g/day) and 1995 (1 8.7 glday). There were few 'B' chicks (the second-hatched chick 
in 2-chick nests) and they grew more slowly (8.4 glday) than 'A' chicks. 

Puffins: Puffin chicks in the 3 main study plots gained an average of 6.75 g/day (SD = 3.28 g; 
Fig. 8b). This was significantly faster than in 1996 (3.3 glday, SD = 1.6; P < 0.001); in both 
years chicks grew more slowly than during 1995 (1 1.5 glday, SD = 3.3; P < 0.001 and < 0.001, 
respectively). 



Chick Diet 

Murres: Most prey items delivered to murre chick were capelin (91% by number; Fig. 9a). 
Adults also fed nestlings Pacific sand lance (4%), gadids (I%), and squid (0.2%). Thirteen fish 
(3%) could not be identified to group or species. Results were similar in 1995 and 1996: capelin 
was the predominant prey fed to chicks (86% and 91% in 1995 and 1996, respectively). 

Kittiwakes: By weight, the kittiwake regurgitation samples were composed of 63% Pacific sand 
lance, 14% capelin, 7% smelt (unidentified smelt and non-capelin smelt), 6% Pacific herring, 6% 
euphausiids; the rest (about 4%) was composed of salmonids, greenling, and pollock (Fig. 9b). 
Results were generally similar to those of 1996, except that in 1996 the proportion of Pacific 
sand lance was slightly smaller (53%) and that of capelin higher (28%). In contrast, in 1995 the 
proportions of capelin and Pacific sand lance were the reverse of the 1997 results: 64% capelin 
and 13% Pacific sand lance. 

Puffins: By weight, screen samples contained capelin (33%), Pacific sand lance (33%), and 
walleye pollock (21%). Chicks were also fed pink salmon (6%), squid (3%), and larval fish 
(2%); the remainder (about 2%) consisted of Pacific cod, euphausiids, octopus, flatfish, and 
unidentified species (Fig. 10). These results were remarkably similar to those of 1996, when the 
proportions of capelin, Pacific sand lance, walleye pollock, salmon, and squid were 37%, 27%, 
18%,6%, and 2%, respectively. Prey composition was also similar to that of 1995, with the 
exceptions of a 22% prowfish component, smaller proportion of Pacific sand lance, and lack of 
pink salmon in 1995. 

Amount Fed to Chicks 

Kittiwakes: Kittiwake chick regurgitation samples collected 20 or more days after the mean 
hatch date averaged 14.14 g (SD = 9.65). This value was significantly lower than the 1995 result 
(27.7 g; P < 0.001) and did not differ from that obtained in 1996 (20.8 g). 

Puffins: The average weight of 1 15 screen samples collected during the nestling period was 6.6 
g (SD = 6.0). This was significantly lower than the 1995 result (10.6 g; P = 0.001), but similar to 
the 1 996 value (6.9 g). 

Chick Provisioning Rate 

Murres: During the 6 all-day observation periods chicks averaged 0.28 feedingslhr (SD = 0.04; 
Fig. 1 la), and during 0700-1959 hr (the time period used for among-year comparisons), they 
averaged 0.27 (SD = 0.04). In 1995 and 1996 the averages for this time period were 0.26 and 
0.29, respectively. These differences were not significant. 

Kittiwakes: During the 6 all-day observation periods single-chick nests averaged 0.10 
feedingslhr (SD = 0.06; Fig. 1 lb); nests containing 2 chicks averaged 0.19 feedingslhr (SD = 



0.14). During the block of time used for among-year comparisons (0700-1959 hr; see Methods) 
single-chick nests averaged 0.10 feedingsh (SD = 0.06) and 2-chick nests averaged 0.20 (SD = 

0.12). Feeding rates in 1 -chick nests in 1997 were significantly lower than in 1995 (0.2 1, SD = 

0.1 1, n = 10 nest-days, P = 0.001) and 1996 (0.19, SD = 0.05, n = 11 nest-days, P = 0.002). 

Puffins: During the 4 all-day observations of tufted puffin nest returns, the number of 
feedingsldaylnest averaged 7.92 (SD = 2.64; Fig. 12). 

Activity Budgets of Adults 

Murres: (Nest Attendance) -- During the incubation period, at least 1 adult always attended each 
nest site, and both pair members were present an average of 2 1.9 m i n k  (8 1.9 bird-midhr; SD = 

5.1). During the 0700-1959 hr block of time the average was 83.8 (SD = 5.4). This result was 
similar to that of 1996 (80.3, SD = 4.0). 

During the nestling period at least 1 adult also always attended each site; both birds were present 
an average of 13.3 minlhr (73.3 bird-mink; SD = 4.2). During the 0700-1959 hr block of time, 
the result (73.1 bird-mink, SD = 4.1) was similar to the 1995-1 996 values (65.8 and 69.1 bird- 
midhr, respectively). 

(Duration of Foraging Trips) -- During the nestling period, murre foraging trips averaged 157.4 
min (SD = 1 18.7; Fig. 14). This result was not significantly different from the 1995 and 1996 
values (157.7 and 170.6 min, respectively). The frequency of trips between 0-2 hr and 2-4 hr did 
differ; there were fewer shorter trips in 1996 than in 1995 (3 = 9.02, P = 0.003) and 1997 (Y = 

11.17, P =  0.001). 

Kittiwakes: (Nest Attendance) -- Single chicks were left alone an average of 9.0 minlhr (bird- 
minlhr = 50.6; SD = 15.3; Fig. 13b) and 2-chick nests were unattended for 17.2 midnestlhr (42.8 
bird-midnestlhr; SD = 22.3). During the 0700-1959 hr block of time, results for 1- and 2-chick 
nests were 50.9 (SD = 14.9) and 43.6 (SD = 21.4) bird-midnesth, respectively. Results for 1- 
chick nests were significantly lower than 1995 and 1996 values (57.1 and 57.7, respectively; P = 

0.039 and 0.01). Two-chick nest results followed a similar among-year pattern (1995: 55.3 bird- 
min; 1996: 54.6; 1997: 43.6, SD = 4.8) but these differences were not significant. 

(Duration of Foraging Trips)-- Kittiwake foraging trips averaged 332.1 min (SD = 1 59.3 min, 
Fig. 15). This result was similar to the 1996 value (325.9 min) and significantly longer than the 
1995 results (236.6 min; P = 0.045). 

Population Counts 

Murres: Counts of murres on the productivity plots averaged 436 birds (SD = 20.9). This was 
significantly higher than the 1995 and 1996 counts (392 and 406 birds, P < 0.001 and = 0.016, 
respectively) but similar to the 1993 and 1994 values (41 1 and 429 birds, respectively). 



Kittiwakes: Kittiwake counts on the 4 productivity plots that could be compared among all years 
averaged 196 birds (SD = 1 1.2). This was similar to 1994-1 996 averages (1 92,201, and 183, 
respectively. Counts in each of these years were higher than counts made in 1993 (average = 

120; P < 0.001 in each case). 

Puffins: The number of occupied puffin burrows on the 3 growth rate study plots and group of 4 
transects was similar during 1995-1997 (125, 142, and 127, respectively). 

Sea Temperature 

During each of the 1996-1997 fields seasons, sea temperature gradually warmed and exhibited 
warm pulses that lasted about 5 days-1 month (Fig. 16). While the baseline temperature was 
similar between years, pulses in 1997 were warmer and of longer duration than in 1996. These 
data will be analyzed in the final report. 

DISCUSSION 

During the first 3 years of this Project there was a lack of concordance among the 3 study species 
in several breeding parameters. Results differed not only between the diving and surface feeding 
species but also between the 2 divers. 

Productivity: Murres maintained high productivity annually, but kittiwake productivity was 
relatively low in 1997 and puffin productivity was relatively low in 1996- 1997. 

Nesting Chronology: While mean hatch dates of puffins varied by only about 5 days during 
1994-1 997, kittiwake nesting was about 10 days later in 1997 than in the previous year. 
Kittiwake chronology appeared to be correlated with productivity: when productivity was low, 
nesting was late. 

Since 1993, murres have hatched 2-5 days earlier each year, and the timing of nesting in 1993 
was earlier than during 199 1 - 1992 studies. Because this annual progression has been remarkably 
regular, changes in food supply may not explain the pattern. Another possible explanation is 
increasing age and experience of the breeding birds. De Forest and Gaston (1996) showed that 
within breeding seasons, pairs of thick-billed mwres that included 1 or 2 young birds laid eggs 
later than pairs of older birds. Gradual colony-wide increases in age and experience would 
follow a large mortality event, such as the Exxon Valdez oil spill or a starvation event. 

Chick Growth Rate: Sea-going murre chicks were about 5% heavier in 1997 than in 1996, a 
difference that was significant because of the large sample of chicks. We did not find similar 
significant differences in some of the other murre parameters, possibly because of smaller sample 
sizes, particularly before 1997. 



Despite a drop in kittiwake productivity from 1995- 1996 to 1997, chick growth rate did not 
significantly change. Two possible explanations for the lack of association between chick 
growth and productivity are: (1) low productivity in 1997 may have been caused by lack of food 
only early in the season, before chick measurements began, so that growth of the surviving 
chicks was not affected; and (2) brood reduction in 1997 may have boosted growth rates of 
surviving chicks. 

Puffin chick growth rate varied significantly among years. These changes generally followed 
productivity and meal size results. 

Chick Diet: Capelin and Pacific sand lance were the largest component of chick diets in all 3 
species during all 3 years. Murre chicks were fed capelin almost exclusively. The diet of 
kittiwake chicks varied among years; in 1995 chicks were fed mainly capelin but in 1996- 1997 
they were fed mainly Pacific sand lance. The diet of tufted puffin chicks did not have a 
dominant component; they were fed near-equal shares of capelin, Pacific sand lance, and pollock 
in 1996-1 997. This combination made up about 80% of the diet. The 1995 diet was similar to 
that of the other years, except that the proportion of Pacific sand lance was lower and prowfish 
made up about a quarter of the diet. Prowfish are low in energy content (Anthony 1997) and are 
unlikely to have supported growth rates as high as Pacific sand lance would have; rather, it is 
likely that the greater meal size in 1995, or more frequent chick feeding (this parameter was not 
measured in 1995) supported the higher growth rate that year. 

Chick Provisioning. - Rate: Chick feeding frequency in murres was similar among the 3 years. 
For kittiwakes, feeding rates in 2-chick nests were higher than at 1-chick nests during all 3 years. 
Feeding rates in 1-chick nests followed the pattern of productivity: in 1997 rates were lower than 
in 1995 and 1996. Puffin feeding frequency was highly variable among days; therefore the 
sample of 2 days in 1996 was probably inadequate to represent conditions that year. In 1998 we 
will attempt to use a time-lapse video system to increase the sample size for puffin chick-feeding 
rates. 

Nest Attendance: For murres, mean nest attendance during both the incubation and nestling 
periods was similar in 1995-1997. A larger sample, or a large change in food supply, may cause 
this parameter to change in accordance with other parameters. 

Kittiwake attendance during the nestling period was lower at 1-chick nests than at 2-chick nests, 
each year, as was feeding frequency. Attendance was lower and more variable in the year of low 
productivity (1 997) than during 1995- 1996. 

Foraainn Trip Duration: The frequency distribution of the duration of foraging trips has differed 
among years while mean trip duration (the annual index) has not. An improved annual index that 
accounts for frequency distribution would be a more sensitive measure. 



We have not been able to compare the frequency distribution of kittiwake foraging trips because 
the data are more sparse and spread across more blocks of time. We are investigating ways to 
increase the sampling size of kittiwake nesting activities. 
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Figure 1. Location of the Barren Islands, Alaska. 
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Figure 2. The East Amatuli Island study area showing the general locations of the 
common murre (COMU), black-legged kittiwake (BLKI), and tufted puffin (TUPU) 
study sites. 



(a) Black- legged kit tiw ake 

- - 
- 

- 
- 

- 
- 

( 5 )  - 
no 

chicks (4) (12) (1 1) (1 1) 
1 _ 

1993 1994 1995 1996 1997 

Year 

Figure 3. Productivity of (a) common murres and (b) black-legged 
kittiwakes at East Amatuli Island, Barren Islands, Alaska, 1993-1 997. 
Number of plots in parentheses; error bars = standard deviation. 
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Figure 4. Productivity of tufted puffins at East Amatuli Island, 
Barren Islands, Alaska, 1993-1997. Number of plots in parentheses; 
error bars = standard deviation. 
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Figure 5. Nesting chronology of (a) common murres and (b) black- 
legged kittiwakes at East Amatuli Island, Alaska, 1993-1 997. Number 
of plots in parentheses; error bars = standard deviation. 
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Figure 6. Nesting chronology of tufted puffins at East Amatuli 
Island, Alaska, 1994- 1997. Number of chicks in parentheses; error 
bars = standard deviation. 
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Figure 7. Sea-going weight of murre chicks at East Amatuli Island, 
Barren Islands, Alaska, 1995-1 997. Number of chicks in parentheses; 
error bars = standard deviation. 
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Figure 8. Growth rate of (a) black-legged kittiwake chicks and (b) 
tufted p uffm chicks at East Amatuli Island, Barren Islands, Alaska, 
1995-1 997. Number of chicks in parentheses; error bars = standard 
deviation. 
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Figure 9. Types of prey fed to (a) common murre and (b) black-legged kittiwake chicks 
at East Amatuli Island, Barren Islands, Alaska, 1995-1997. Composition of prey by (a) 
number and (b) weight. 
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Figure 10. Types of prey fed to tufted puffin chicks at East Amatuli Island, Barren 
Islands, Alaska, 1995- 1997. Composition of prey by weight. 
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Figure 11. Provisioning rate of (a) common murre (number of days in 
parentheses) and (b) black-legged kittiwake (number of nest-days in 
parentheses) chicks at East Amatuli Island, Barren Islands, Alaska, 1995- 
1997. Error bars = standard deviation. 
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Figure 12. Provisioning rate of tufted puffin chicks at East Amatuli Island, 
Barren Islands, Alaska during (a) 1996 and (b) 1997. Number of nests in 

(a) 1996 

parentheses; error bars = standard deviation. 
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Figure 13. Number of minutes per hour spent at nests by (a) common murre 
(number of days in parentheses) and (b) black-legged kittiwake (number of nest- 
day s in p arentheses) adult s during the chick-rearing p eriod at East Amatuli 
Island, Barren Islands, Alaska, 1995-1997. Error bars = standard deviation. 
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Figure 14. Duration of foraging trips by common murres at East Amatuli Island, Barren 
Islands, Alaska during (a) 1995, (b) 1996, and (c) 1997. 
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Figure 15. Duration of foraging trips by black-legged kittiwakes at East Amatuli Island, 
Barren Islands, Alaska during (a) 1995, (b) 1996, and (c) 1997. 
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Figure 16. Sea temperature at Lonesome Cove, East Amatuli Island, Barren Islands, 
Alaska during 1996- 1997 field seasons. Daily averages of measurments taken at 12- 
minute intervals . 
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Studv Historv: This project was initiated as part of the Exxort I'aldez Oil Spill Trustee Council- 
sponsored Alaska Predator Experiment (APEX) in 1995 (Project 95163K). One report and one 
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Abstract: Evaluating the influence of fluctuating prey populations (e.g., forage fish) is critical to 
understanding the recovery of seabirds injured by the T N  Exxo71 Valdez oil spill; however, it is 
expensive to conduct annual hydroacoustic and trawl surveys to assess forage fish stocks over 
broad regions. As part of the 1995 Exxon Valdez Oil Spill Trustee Council-sponsored Alaska 
Predator Ecosystem Experiment (APEX), we began a study to test the feasibility and effectiveness 
of using stomach contents from sport-caught Pacific halibut (Hippoglossus stenolepis) to obtain 
spatial and temporal data on capelin (Mallotus villosus) and Pacific sand lance (Ammodytes 
hexapterus), two forage fish important to piscivorous seabirds (APEX Project 95163K; see 
Roseneau and Byrd 1996, 1997). Because our initial efforts demonstrated that valuable 
information on target species could be obtained by this method, additional data were collected in 
1996 with support from the Alaska Maritime National Wildlife Refuge. In 1997, we collected and 
analyzed over 1,400 halibut stomachs from the Kachemak Bay - lower Cook Inlet study area for 
the ongoing APEX ecological processes project. Results from the third year of work helped 
confirm that this relatively simple sampling technique can supply low-cost relative abundance data 
on forage fish populations in Kachemak Bay - lower Cook Inlet that are needed to help monitor and 
assess seasonal and interannual variations in forage fish stocks and seabird prey bases. 
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INTRODUCTION 

Evaluating the influence of fluctuating prey populations (e.g., forage fish) is critical to 
understanding the recovery of seabirds injured by the T N  Exxon Valdez oil spill; however, it is 
expensive to conduct annual hydroacoustic and trawl surveys to assess forage fish stocks over 
broad regions. As part of the 1995 Esxon Valdez Oil Spill Trustee Council-sponsored Alaska 
Predator Ecosystem Experiment (APEX), we began a study to test the feasibility and effectiveness 
of using stomach contents from sport-caught Pacific halibut (Hippoglossus stenolepis) to obtain 
spatial and temporal data on capelin (Mallotus villosus) and Pacific sand lance (Ammodytes 
hexaptenu), two forage fish important to piscivorous seabirds (APEX Project 95163K; see 
Roseneau and Byrd 1996, 1997). Because our initial efforts demonstrated that valuable 
information on target species could be obtained by this method, additional data were collected in 
1996 with support from the Alaska Maritime National Wildlife Refuge. In 1997, we collected and 
analyzed over 1,400 halibut stomachs from the Kachemak Bay - lower Cook Inlet study area for 
the ongoing APEX ecological processes project. Results from the third year of work helped 
confirm that this relatively simple sampling technique can supply low-cost relative abundance data 
on forage fish populations in Kachemak Bay - lower Cook Inlet that are needed to help monitor and 
assess seasonal and interannual variations in forage fish stocks and seabird prey bases. 

OBJECTIVES 

Project objectives were to test the feasibility of using stomach contents from sport-caught halibut to 
sample forage fish stocks in the northern Gulf of Alaska and evaluate the effectiveness of the 
method in obtaining information useful to APEX seabird and forage fish studies in the spill area 
(e.g., studies of common murres, Uria aalge; black-legged kittiwakes, Rissa tridacpla; Pacific 
sand lance, capelin). 

METHODS 

Halibut were chosen as potential samplers of forage fish populations because they opportunistically 
take a wide range of both fish and invertebrate prey, including sand lance and capelin (see Yang 
1990; Roseneau and Byrd 1996, 1997). They were also selected as sampling tools because a large 
100-150 vessel charter boat fleet sport fishes for them in Kachemak Bay - lower Cook Inlet 
throughout May-August in several of same general areas frequented by foraging seabirds from the 
Barren Islands and Gull and Chisik islands breeding colonies (see Roseneau and Byrd 1996, 
1997). 

The Kachemak Bay - lower Cook Inlet study area was set up and divided into 12 sampling 
subunits in May 1995 (Fig. 1, Appendix 1; see Roseneau and Byrd 1996, 1997). During late May 
- early September 1995-1997, we obtained 586,778, and 1,433 halibut stomachs from 7-8 of 
these areas, respectively (Appendix 2)l. Most stomachs were acquired when charter boat operators 
filleted fish for customers at public and private fish-cleaning facilities on the Homer Spit. 
However, in 1996, Lake Clark National Park and Alaska Department of Fish and Game biologists 
collected 173 stomachs for the project from lodge owners and sport fishermen in Areas 1 and 2 
during resource monitoring activities. Alaska Department of Fish and Game fisheries personnel 
also obtained an additional 324 stomachs from Areas 1 and 2 in 1997, when they processed sport- 
caught fish for age-sex-weight data in the Deep Creek and Ninilchik vicinities. 

1 During 1995-1997, halibut lengths averaged 39 cm (n = 586, range = 71-213 cm), 11 1 cm (n = 778, range = 64- 
160 cm), and 87 cm (n = 433, range = 57-141 cm), respectively. 



Catch dates, locations, and fish lengths were usually obtained when stomachs were removed from 
carcasses; however, in some cases, these data were attached to bagged frozen samples saved for 
the project by participating fishermen. Stomach contents were identified using taxonomic keys, 
photographs, and voucher specimens (see Roseneau and Byrd 1996, 1997). Whole and partly 
digested, but still recognizable fish and invertebrates were sorted into several categories, including 
capelin, sand lance, flatfish, sculpin, cod, crabs, shrimp, squid, octopus, mollusks, and other fish 
and invertebrate species. Empty stomachs were weighed to obtain estimates of content weight, and 
undigested capelin and sand lance were weighed and measured to obtain size data for other 
investigators (e.g., J. Piatt, Project 97163M). Samples of whole capelin and sand lance were also 
frozen, or preserved in 10% buffered formaldehyde and 75% ethanol - 2% glycerin solutions for 
later analysis by other researchers. 

Data were entered stomach-by-stomach into computer spreadsheets. Analysis consisted of 
eliminating all potential bait items from the data base (e.g., cod and salmon heads; Pacific herring, 
Clupea harengus pallasi); sorting remaining information by dates, areas, and species; and 
calculating numbers and frequencies of occurrence of fish and invertebrates in different geographic 
areas and time periods (see Roseneau and Byrd 1996, 1997). 

RESULTS 

We limited preliminary multiyear analyses to Areas 2 ,4 ,6 ,  8, and 10 (see Fig 1). Data from Areas 
1 and 12 will be incorporated into the I T  98 report. [Samples \isere not obtained from Areas 3, 5, 
7, 9, and 1 1 during 1995-1997, becacue these areas are rarelyfished by the sport cllarterfleet]. 

In 1997, fish were only present in about 32% of the stomachs, compared to 49% in 1995 and 55% 
in 1996 (Fig. 2). Changes were also apparent in stomachs containing prey: occurrence of sand 
lance, other forage fishes, and non-forage fish species tended to rise over the 3-year interval (sand 
lance 11 %, 6%, and 17%; other forage fishes 17%, 30%, and 28%; and non-forage fish species 
24%, 3176, and 34% in 1995-1997, respectively), but only about 11% of the stomachs contained 
capelin in 1996 and 8% in 1997, compared with 33% in 1995 (Fig. 3). 

Numbers of fish also declined markedly in stomachs containing prey over the 3-year period (from a 
high of 79% in 1995, to 45% in 1996 and only 36% in 1997; see Fig 4). Also, although capelin 
and sand lance dominated the annual fish component by number (83 %, 56%, and 68% in 1995- 
1997, respectively), these species clearly switched roles between 1995 and 1997 (capelin and sand 
lance 60% and 23 % in 1995 vs 19% and 49% in 1997; see Fig. 4). 

When fish numbers were compared among areas and years, numbers of capelin were consistently 
lowest in Area 2 (Fig. 5a; mean 296, range 0-7%) and highest in Areas 6 (Fig. 5b; mean 62%, 
range 47-74%) and 10 (Fig. 5c; mean 58%, range 28-82%). Data from these 3 areas and Areas 4 
and 8 also provided additional evidence that capelin stocks declined and sand lance populations 
increased between 1995 and 1997; for the five areas combined, capelin averaged 44% (range O- 
82%) and 18% (range 2-47%, and sand lance averaged 23 % (range 0-12%) and 47% (range 33- 
74%), respectively (see Figs. 5a, 5b, and 5c). 

DISCUSSION 

The consistently smaller numbers of capelin found in halibut stomachs from Area 2 (see Fig. 1) 
may have been related to the less saline, more turbid water conditions often found north of Anchor 
Point, and the consistently larger numbers of these forage fish present in Area 6 and 10 stomachs 
may have been associated with cold water upwellings that occur the Point Adam and Barren Islands 
vicinities (J. Piatt, pers. comm.). 



Study results indicated that forage fish stocks declined in Kachemak Bay - lower Cook Inlet 
between 1995 and 1997. They also suggested that sand lance populations increased and capelin 
stocks declined during this interval. These changes were supported by information from other 
studies. For example, in 1993-1995, tens of thousands seabirds, including sooty shearwaters 
(PufJinus griseus), black-legged kittiwakes, tufted puffins (Fratercula cirrhata), murres, and 
cormorants (Phulacrocorax spp.), and up to 200 humpback whales (Megaptera novaeangliae) were 
regularly observed feeding on large post-spawning schools of capelin in the Barren Islands area 
during late June - late August (see Roseneau et al. 1995, 1996; Roseneau and Byrd 1996,1997). 
In contrast, capelin schools and associated feeding concentrations of seabirds and whales were 
scarce in this area during mid-July - mid-August 1996, and nearly absent from it during the same 
interval in 1997 (seabirds primarily consisted of tufted puffins and kittiwakes in groups of fewer 
than 500 individuals in 1996, and fewer than 100 birds the following year, and the highest daily 
whale counts in these years were 12 and 4 individuals, respectively; D.G. Roseneau, pers. obs., 
Projects 96144 and 97144). 

The apparent shift from a capelin dominated food web in 1995 to one containing large numbers of 
sand lance in 1997 suggested by the multiyear halibut stomach data paralleled 1995-1997 changes 
in Barren Islands kittiwake chick diets. During these years, kittiwake chicks reared at the East 
Amatuli Island - Light Rock colony were fed about 64%, 28%, and 14% capelin, and 13 %, 53 %, 
and 63% sand lance by weight, respectively (see Roseneau et al. 1998). 

Preliminary analysis of beach seine data collected by APEX Projects 961 63 J, 97163J, 96163M, 
and 97163M also indicated that sand lance were more numerous than capelin in the Kachemak Bay 
- lower Cook Inlet region in 1997 (M. Robards, pers. comm.). More comprehensive analyses that 
incorporate halibut stomach information from Areas 1 and 2, and beach seine and seabird chick diet 
data from the Barren Islands and Gull and Chisik islands colonies will be included in the FY 98 
annual report. 

CONCLUSIONS 

1.  Results from the third year of study helped confirm that analyzing stomach contents from sport- 
caught halibut can supply low-cost relative abundance data on forage fish populations in 
Kachemak Bay - lower Cook Inlet that are needed to help monitor and assess seasonal and 
interannual variations in forage fish stocks and seabird prey bases. 

2. Results also indicated that the sampling method can be used to monitor seasonal changes in 
relative abundance of capelin and sand lance in certain circumstances. When data were sufficient to 
be divided into two-week time blocks, we were able to detect within-season variation in these 
species (e.g., Area 6 in 1995; see Roseneau and Byrd 1996, 1997). Based on these data, we 
believe that this relatively simple cost-effective technique can provide a variety of useful 
information on forage fish stocks in areas where seabird foraging areas and regular sport fishing 
activities overlap (e.g., Barren Islands, Gull and Chisik island vicinities). 

RECOMMENDATIONS 

Based on 1995-1997 results, including similarities identified between halibut stomach contents and 
seabird chick diets, we recommend continuing this relatively inexpensive Kachemak Bay - lower 
Cook Inlet forage fish sampling project in F'Y 98 - N 99 (or until the conclusion of the APEX 
ecological processes study). 
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Figure 1. The Kachemak Bay - lower Cook Inlet study area (samples were analyzed from 
Areas 2,4 ,6 ,  8, and 10; no samples were obtained from shaded areas). 
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Figure 2. Frequency of occurrence of fish and invertebrates in halibut stomachs 
from Areas 2, 4, 6, 8, and 10 in Kachemak Bay - lower Cook Inlet, 1995-1997 
(numbers of stomachs shown in parentheses). 
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Figure 3. Frequencies of occurrence of (a) fishes and (b) invertebrates in halibut 
stomachs from Areas 2, 4, 6, 8, and 10 in Kachemak Bay - lower Cook Inlet that 
contained prey, 1995-1997 (numbers of stomachs shown in parentheses). 
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Figlire 4. Numbers of fish and invertebrates in halibut stomachs from Areas 2, 4, 6, 8, and 10 in Kachemak Bay - lower Cook 
Inlet that contained prey, 1995-1997. 



Area 2 - Anchor Point 

-1 

Sand lance ( 13%) i ~ n d  lance (28%) 

Area 4 - Homer 

Figure 5a. Numbers of fish in halibut stomachs from Areas 2 and 4 in Kachemak Bay - lower Cook Inlet that contained prey, 1995-1997. 
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Figure 5b. Numbers of fish in halibut stomachs from Areas 6 and 8 in Kachemak Bay - lower Cook Inlet that contained prey, 1995-1997. 
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Figure 5c. Numbers of fish in halibut stomachs from Area 10 in Kachemak Bay - lower Cook Inlet that contained prey, 1995-1997. 



Appendix 1. Boundaries of the 1995-1997 Kachemak Bay - lower Cook Inlet halibut stomach 
sampling areas (latitudes and longitudes in hundredths of minutes and degrees and minutes). 

Area 1 (Ninilchikl: The northern boundary is 60.23 N (60" 14' N), the southern boundary is 
59.92 N (59" 55' N), and the western and eastern boundaries are the shorelines of Cook Inlet. 

Area 2 (Anchor Point): The northern boundary is 59.92 N (59' 55' N), the southern boundary is 
59.72 N (59" 43' N), and the western and eastern boundaries are the shorelines of Cook Inlet. 

Area 3 (Iniskin Bay): The northern boundary is 59.72 N (59" 43' N), the southern boundary is 
59.45 N (59' 27' N), the western boundary is the shoreline of Cook Inlet, and the eastern 
boundary is 152.50 W (152" 30' W). 

Area 4 (Homer): The northern boundary is 59.72 N (59" 43' N), the southern boundary is 59.45 
N (59" 27' N), the western boundary is 152.50 W (152" 30' W), and the eastern boundary is 
151.42 W (152" 25' W). 

Area 5 (Augustine): The northern boundary is 59.45 N (59" 27' N), the southern boundary is 
59.17 N (59" 10' N), the western boundary is the shoreline of Cook Inlet, and the eastern 
boundary is 152.50 W (152" 30' W). 

Area 6 (Point Adam): The northern boundary is 59.45 N (59" 27' N), the southern boundary is 
59.17 N (59" 10' N), the western boundary is 152.50 W (152" 30' W), and the eastern boundary 
is 151.42 W (152" 25' W). 

Area 7 (McNeil): The northern boundary is 59.17 N (59" 10' N), the southern boundary is 59.02 
N (59" 01' N), the western boundary is the shoreline of Cook Inlet, and the eastern boundary is 
152.50 W (152" 30' W). 

Area 8 (Kennedy Entrance): The northern boundary is 59.17 N (59" 10' N), the southern 
boundary is 59.02 N (59" 01' N), the western boundary is 152.50 W (152' 30' W), and the 
eastern boundary is 151.42 W (152' 25' W). 

Area 9 (Caoe Dourrlas): The northern boundary is 59.02 N (59' 01' N), the southern boundary is 
58.80 N (58" 48' N), the western boundary is the shoreline of Cook Inlet, and the eastern 
boundary is 152.50 W (152" 30' W). 

Area 10 (Barren Islands): The northern boundary is 59.02 N (5901 '  N), the southern boundary 
is 58.80 N (58' 48' N), the western boundary is 152.50 W (152' 30' W), and the eastern 
boundary is 151.58 W (151' 35' W). 

Area 1 1 (Doug.las ReeQ: The northern boundary is 5 8.80 N (5 8 "8' N), the southern boundary is 
58.58 N (58" 35' N), the western boundary is the shoreline of Cook Inlet, and the eastern 
boundary is 152.50 W (152" 30' W). 

Area 12 (Shuyak Island): The northern boundary is 58.80 N (58" 48' N), the southern boundary 
is 58.58 N (58" 35' N), the western boundary is 152.50 W (152' 30' W), and the eastern 
boundary is 151.58 W (151" 35' W). 



Appendix 2. Summary of 1995-1997 Kachemak Bay - lower Cook Inlet halibut stomach 
collections by sample area (samples were not obtained from Areas 3, 5, 7, 9, and 11; see Fig. 1 
and Appendix 1). 

Area 1 (Ninilchik) 

Total stomachs sampled: (1995) n = 10, number empty = 5 (50%), number with prey = 5 (50%); 
(1996) n = 52, number empty = 7 (13%), number with prey = 45 (87%); (1997) n = 53, number 
empty = 18 (34%), number with prey = 35 (66%). 

Sample dates: (1995) 1 Jul; (1996) 1 Jun, 4 Jun, 5 Jun, 6 Jun, 8 Jun, 10 Jun, 18 Jun, 19 Jun, 20 
Jun, 24 Jun, 26 Jun, 25 Jul, & 28 Jul; (1997) 12 Jun, 20 Jun, 21 Jun, 29 Jun, 2 Jul, 16 Jul, 27 
Jul, & 28 Jul. 

Area 2 (Anchor Point) 

Total stomachs sampled: (1995) n = 45, number empty = 10 (22%), number with prey = 35 
(78%); (1996) n = 130, number empty = 29 (22%), number with prey = 101 (78%); (1997) n = 
270, number empty = 67 (25%), number with prey = 203 (75%). 

Sample dates: (1995) 27 May, 31 May, 28 Jun, 29 Jun, & 8 Jul; (1996) 1 Jun, 5 Jun,8 Jun, 9 
Jun, 10 Jun, 11 Jun, 13 Jun. 20 Jun, 24 Jun, 27 Jun, 9 Jul, 15 Jul, 16 Jul, 21 Jul, 2 Jul, 14 Jul, 
25 Jul, & 27 Jul; (1997) 5 Jun, 12 Jun, 14 Jun, 20 Jun, 21 Jun, 29 Jun, 2 Jul. 6 Jul, 8 Jul, 15 
Jul, 16 Jul, 17 Jul, 19 Jul, 24 Jul, 28 Jul, 29 Jul, 2 Aug, 5 Aug, 6 Aug, 10 Aug, 17 Aug, 18 Aug, 
& 22 Aug. 

Area 4 (Homer) 

Total stomachs sampled: (1995) n = 96, number empty = 41 (43%), number with prey = 55 
(57%); (1996) n = 60, number empty = 11 (18%), number with prey = 49 (823): (1997) n = 92, 
number empty = 42 (46%), number with prey = 50 (54%). 

Sample dates: (1995) 27 May, 9 Jun, 28 Jun, 7 Jul, 10 Jul, 17 Jul, 18 Jul, 12 Aug, 18 Aug, & 19 
Aug; (1996) 24 Jun, 27 Jul, 19 Aug, & 20 Aug; (1997) 5 Jun, 13 Jun, 15 Jun, 14 Jul, 16 Jul, 2 
Aug, 14 Aug, & 16 Aug. 

Area 6 (Point Adam) 

Total stomachs sampled: (1995) n = 199, number empty = 54 (27%), number with prey = 145 
(73%); (1996) n = 177, number empty = 30 (17%), number with prey = 147 (83%); (1997) n = 
246, number empty = 93 (38%), number with prey = 153 (62%). 

Sample dates: (1995) 1 Jun, 3 Jun, 8 Jun, 14 Jun, 16 Jun, 26 Jun, 27 Jun, 8 Jul, 11 Jul, 15 Jul, 
21 Jul, 23 Jul, 27 Jul, 31 Jul, 5 Aug, 6 Aug, 9 Aug, & 14 Aug; (1996) 8 Jun, 13 Jun, 14 Jun, 15 
Jun, 18 Jun, 19 Jun, 26 Jun, 30 Jun, 5 Jul, 6 Jul, 8 Jul, 9 Jul, 12 Jul, 22 Jul, 23 Jul, 10 Aug, & 
11 Aug; (1997) 26 May, 5 Jun, 6 Jun, 14 Jun, 18 Jun, 1 Jul, 7 Jul, 16 Jul, 31 Jul, 10 Aug, 18 
Aug, & 23 Aug. 

Area 8 (Kennedv Entrance) 

Total stomachs sampled: (1995) n = 145, number empty = 61 (42%), number with prey = 84 
(58%); (1996) n = 175, number empty = 50 (29%), number with prey = 125 (71 %); (1997) n = 
288, number empty = 173 (60%), number with prey = 115 (40%). 



Appendix 2 (Continued). 

Area 8 (Kennedy Entrance) 

Sample dates: (1995) 1 Jun, 2 Jun, 10 Jun, 14 Jun, 21 Jun, 22 Jun, 3 Jul, 5 Jul, 16 Jul, 20 Jul, 
24 Jul, 3 Aug, 21 Aug, 1 Sep, & 3 Sep; (1996) 21 Jun, 22 Jun, 27 Jun, 7 Jul, 8 Jul, 16 Jul, 18 
Jul, 23 Jul, 7 Aug, 8 Aug, 9 Aug, 13 Aug, 14 Aug, & 18 Aug; (1997) 1 Jun, 8 Jun, 15 Jun, 20 
Jun, 21 Jun, 22 Jun, 28 Jun, 4 Jul, 5 Jul, 14 Jul, 21 Jul, 21 Jul, 26 Jul, 28 Jul, 12 Aug, 16 Aug, 
& 27 Aug. 

Area 10 (Barren Islands) 

Total stomachs sampled: (1995) n = 80, number empty = 33 (41%), number with prey = 47 
(59%); (1996) n = 184, number empty = 49 (27%), number with prey = 135 (73%); (1997) n = 
483, number empty =258 (53%), number with prey = 225 (47%). 

Sample dates: (1995) 17 Jun, 18 Jun, 23 Jun, 24 Jun, 25 Jun, 2 Jul, 26 Aug, & 30 Aug; (1996) 6 
Jun, 7 Jun, 16 Jun, 21 Jun, 28 Jun, 29 Jun, 7 Jul, 14 Jul, 19 Jul, 22 Jul, 24 Jul, 26 Jul, 28 Jul, 3 
3 Aug, & 8 Aug; (1997) 4 Jun, 8 Jun, 11 Jun, 15 Jun, 16 Jun, 20 Jun, 21 Jun, 26 Jun, 27 Jun, 
28 Jun, 29 Jun, 7 Jul, 10 Jul, 12 Jul, 19 Jul, 27 Jul, 3 Aug, 4 Aug, 6 Aug, 7 Aug, 14 Aug, & 25 
Aug . 

Area 12 (Shuvak Island) 

Total stomachs sampled: (1995) n = 11, number empty = 2 (18%), number with prey = 9 (82%); 
(1996) n = 0, no data; (1997) n = 0, no data. 

Sample dates: (1995) 20 Jun; (1996) none; (1997) none. 
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Abstract 

Large declines of apes predator populations (murres, kittiwakes, harbor seals, and Steller sea 
lion) have occurred in the Gulf of Alaska since the 1970s. Changes in composition and abundance 
of forage species may be responsible for the decline of these predator populations and their chronic 
low population levels. In an effort to delineate changes in forage species and atrophic regime shift, 
if any, over the last several decades, we have gathered together historical fishery-independent 
scientific survey data to address this question. This report includes three citations for recently 
published manuscripts resulting from project-funded studies. Nearly 10,000 individual sampling 
tows are in the current database of the two agencies. Recent analysis of the 1996 and 1997 trawl 
survey data has indicated that the fundamental trophic shift in the ecosystem is still in place. No 
evidence suggests that the shift is reversing itself. Recent results are discussed and future analysis 
strategy is discussed. There clearly is a need for moving the survey portion of this project into a 
long-term monitoring program to keep a time series reference intact. Additionally analysis of an 
icthyoplankton time series that was started during FY97 is presented and discussed. 



Introduction 

This project pursues analysis of small-mesh trawl sampling results from near-shore surveys in the 
Gulf of Alaska conducted by the National Marine Fisheries Service (NMFS) and the Alaska 
Department of Fish and Game (ADF&G). The data for analysis was collected starting in 1953 and 
continues through 1997. Only general background material concerning this part of the project will 
be discussed in this section. The reader is referred to the two recently published manuscripts 
(Anderson et al., 1997 and Bechtol, 1977) for details of the methodology and analysis used with this 
portion of the data. 

Recently there has been information presented that the Gulf of Alaska ecosysten~ has undergone 
some abrupt and significant changes (Piatt and -hderson, 1996; Anderson et al., 1997). The extent 
and degree of these changes are poorly documented and is important in determining future strategies 
for management of the marine ecosystem. Analysis of the historic data is a first step in gaining an 
appreciation for the rapid and abrupt changes that have occurred in the marine species complex in 
the last five decades. The data from small-mesh shrimp trawl cruises provides an opportunity to 
review changes in the composition of forage species that occurred through time in the Gulf of 
Alaska. 

Historically, there is evidence of major abundance changes in the fisWcrustacean community in the 
western Gulf of Alaska. Fluctuation in Pacific cod availability on a generational scale was reported 
for coastal Aleutian communities by Turner (1886). Similarly, landings from the near-shore 
Shumagin Islands cod fishery (Cobb, 1927) showed definite periods of h g h  and low catches with 
the fishery peaking in late 1870s. King crab commercial catches in the Gulf of Alaska show two 
major peaks of landings, one in the mid 1960s and another in 1978-1980 (Blau, 1986). All of the 
area was closed to fishing in response to low population levels in 1983 (Blau, 1986) and has yet to 
reopen. By the 1960s there was evidence of hi& Pandalid shrimp abundance in these same areas 
(Ronholt 1963). One of the highest densities ofpandalid shrimp known in the world was to spur the 
development of a major shnmp fishery (Anderson and Gaffhey, 1977). By the late 1970s the shrimp 
population density had declined radically and n-as accompanied by a closure of the shrimp fishery 
and the return of cod to inshore areas (Albers and Anderson, 1985). Catches of almost all salmon 
stocks of Alaskan origin suddenly increased to unprecedented levels in the 1980's (Francis and Hare, 
1994, Hare and Francis, 1995). These changes. witnessed over the last century, imply dynamic 
fluctuations in abundance of commercially fished species. Managers, fisherman, and processors 
should be aware of these dynamics and their impacts on the ecology and economy. 

Area of Coverage 

The study area includes the continental shelf (0 - 200 m.) and upper slope (201 - 400 m.) from 144" 
W. longitude (in the vicinity of Kayak Island) westward to 168 " W. longitude (vicinity of Unalaska 
Island, eastern Aleutians). Ths  area is characterized as having a relatively broad shelf, which is 



punctuated with numerous islands, separated by deep gullies and large inlets, sounds, and fjords. 
Most of the data was collected in trawlable locations associated with the numerous gullies and bays 
that are associated with this bathymetry. The study area covers the entire affected zone of the EVOS. 

Results From 1996 and 1997 Surveys 

Late summer surveys continued in the Pavlof Bay study area in 1996 and 1997. Although this area 
is outside the EVOS spill zone? it has been the site for the longest annual trawl survey sampling in 
the entire Gulf of Alaska during the last 26 years. Changes in the trophic structure were first 
observed in this area which led to expanded analysis of trawl survey data from other areas of the 
Central and Western Gulf of Alaska. T h s  long-term study has been the impetus toward a better 
understanding of the degree and magnitude of the trophic shift that has occurred and continuing 
impacts on the marine ecosystem. 

Twenty-two tows were completed each of the past two years in the Pavlof Bay study area. This same 
survey location has been sampled in the same manner and at the same relative time each year for the 
past 26 years. It is anticipated that we will again complete this survey again in late summer of 1998, 
thus keeping this part valuable time series continuous. 

Osmerids and Pandalid shnmps continue to remain at historic low levels (Figure 1). Pandalid 
shrimps are at their lowest levels ever during the entire survey series. Shrimp were recorded at 7.53 
and 2.53 kg/km during 1996 and 1997 respectively. Cod and pollock remained the major component 
of catches in each year averaging 212.89 and 379.66 k g h  in 1996 and 1997 respectively. 
Pleuronectid fish populations have apparently stabilized, and they averaged 144.45 and 158.2 1 
kg/krn for both 1996 and 1997. The high relative abundance of Pacific cod in survey catches (79.39 
kg/km in 1996 and 126.18 kg krn in 1997) may explain the lower observed s h m p  and Osmerid 
density in 1997. The trend in higher cod abundance and a negative correlation with observed shrimp 
abundance seems to support the "predator forcing" hypothesis for adult populations of Pandalid 
shnmps . 

Interesting life history table changes are also being observed for shrimp and fish species. Change in 
sex transformation of Pandalid shrimp in response to density dependant population levels was first 
reported by Chamov and Anderson, 1989. The recent survey results continue to support the 
hypothesis first presented in the earlier preliminary analysis. As population levels decline in Pandalid 
shrimp their sex tranformation from male to female is accelerated. These recent results will lead to 
important future work not supported by project funding that will improve our understanding of the 
dynamics of Pandalid shrimp in Alaskan waters. 

Icthyoplankton Analysis 

Our small-mesh trawls catch most of the species of direct interest to the APEX project except for 
one critical component, Pacific Sand Lance. We do however capture sand lance larvae in significant 
numbers during our icthyoplankton surveys, both by bongo and neuston sampling gear. FY97 was 



the first year we have attempted to quantify the changes in relative density of sand lance larvae. 
Some of the preliminary analysis of this new aspect of the project is discussed. 

Sand lance and capelin which together make up a significant amount of the forage base in the Gulf 
of Alaska have a high affinity for near-shore sediments for spawning. Potential damage to these 
critical near-shore habitats could have occurred as aresult of the EXXON Valdez oil spill, especially 
along the fine sediment Katmai coast and sandy beaches on the eastern coast of Kodiak Island. We 
propose to study the early life history and variation in production before and after the spill of sand 
lance larvae fiom NMFS collected icthyoplankton data base. Additional studies will be proposed to 
fund work on analyzing the capelin portion of thls data. 

Sand Lance are one of the main prey for marine birds, further, 0+ sand lance are a major component 
of nestling diet and may indicate a linkage between ocean production and nesting success of seabird 
colonies (Bertram and Kaiser 1993). We propose to study past abundance and test hypothesis 
concerning changes in abundance of the early life history of sand lance in the vicinity of Kodiak. We 
propose to analyze a long-term database (1972 - 1995) of an icthyoplankton collection containing 
sand lance for the Kodiak and Shelikof region of the Gulf of Alaska to develop hypothesis 
concerning observed changes in density and distribution. Preliminary analysis n-ill focus on the 
critical spawning (Oct -Jan) and over wintering (Nov - March) state of sand lance and how it might 
relate to larval survival and year-class strength. 

Methods 

Larval sand lance was collected from lower Cook Inlet to Unimak Pass with two tqpes of sampling 
devices. The neuston layer was sampled using a "Sameoto sampler" (Sameoto and Jaroszyinski, 
1969), with an opening of .3m by .5m and a mesh of 0.505mm. The water column from near-bottom 
to the surface was sampled using a MARLMAP bongo sampler (Posgay and Marak, 1980) with 0.6m 
diameter opening and either 0.333 or 0.505mm mesh nets. Depths and position were recorded for 
each deployment of the sampling gear. Samples of sand lance and other planktonic species were 
preserved using 5% formalin-seawater solution buffered with either calcium carbonate or sodium 
tetraborate. Specimens were separated, counted, and up to 50 individuals of sand lance were 
measured to the nearest 0. 1mm SL (Rugen, 1990). 

In order to simplify analysis we selected a sub area which included the Shelikof Strait fiom just 
below Barren Islands to the Semidi Islands (Figure 2). We used ARCIINFO mapping software to 
define this area and then selected all of the samples that were taken in this area over the period 1972- 
92. Results are presented for this area only. 

Results 

Out of the sixty-six taxa identified in the neuston samples, Ammodytes he-xapterzts were the fifth 
most abundant in terms of number caught for all sampling made between April 1972 and May 1986 
(1,546 neuston stations sampled). For the bongo samples they were the second most abundant during 
the same time period (2,414 bongo samples) out of 11 8 taxa. In the months of March through the 



early part of May Pacific sand lance were the single most abundant species in bongo samples. This 
peak abundance of sand lance larvae in the spring samples is also reflected well in the neuston 
samples where their peak relative abundance was found during the first half of June. Sand lance was 
absent from neuston samples after August and from bongo samples after June sampling periods. 

Large numbers of larvae from bongo samples were spatially located close to Kodiak Island with 
higher concentrations located to the northeast and southwest ofthe island in March. This distribution 
pattern held steady in later time periods except for a tendency of larvae to even out their distribution 
in Shelikof strait. Larvae captured with neuston nets showed relatively large catches later in the year 
and were found close to Kodiak Island or above the slope. Lengths of lanae were larger in the 
neuston tows (9.6-29.7 rnrn SL) than in the bongo samples (5.4-18.7 mm SL). 

The first occurrence of sand lance larvae was seen in the bongos as early as the sampling started 
(February 17 in 1979). This suggests that sand lance larvae are released into Shelikof Strait before 
the early part ofFebruary and probably much earlier. This early occurrence is well supported by the 
observations of Blackburn and Anderson, 1997 showing spawning adult fish in the Kodiak region 
in August through November. Spawning is not synchronous and is probably and adaptation to 
variable winter and early spring conditions. Variable spawning and transport of larvae and would 
benefit overall larval survival under changing climatic regimes.. 

Larvae grew rapidly during their planktonic phase. In 1981 bongo sampling was conducted 
continuously between March 12 and May 25. Larvae during the first part of >larch averaged 5.7 mm 
SL by the end of April they averaged 10.5 rnrn SL, and by the end of May larvae average 14.3 mm 
SL in 198 1. This observation of growth of larvae fits well with Blackburn and -Anderson, 1997 which 
found Kodiak area fish as small as 20mm SL in July. 

Larvae also suffer high mortality rates during their larval phase. Again referring to 1981 where 
sampling was conducted continuously. Mean density of larvae steadily declined from early March 
through mid April. In the period from March 14-20 the mean density of lan-ae was 184.53 per m2 
by March 30- April 8 the density had declined to 12 1 .O1 per m2 and finally by the period April 19-2 1 
the average density had fallen to 89.69 per m2 . The next sampling period's density estimates were 
confounded by a new size cohort of larvae entering the population, therefore compairing density 
estimates for these later periods is not valid when considering mortality. T h s  study clearly indicates 
the value of collecting size frequency information along with density as an aide to estimating 
population parameters for larval fish. 

Making comparisons among years to determine relative density is also complicated by advection of 
new larval cohorts into the sampling area. Spawning is not synchronous and therefore larvae are 
continuously being advected into the Shelikof Strait system from the b e - e n g  of the year until 
early May. Our length samples showed small post emerging larvae (4 to 5 rnrn SL) showing up in 
bongo samples as late as the middle of May. A complex model that integrates growth, and density 
as a function of time is needed to fully explore the variability of larval populations. However arough 
estimate of relative year-class strength or density can be derived by looking at the density early 
occurrence of larvae in samples. We have looked at this for the time period of 1979 through 1992. 



Figure 3 shows mean density of larvae per m' during all the years. Peak numbers of early larvae 
occurred in 1989 at a relatively high 153.28 per m2; in contrast relatively low values were calculated 
for 1979 and 1986 where 6.82 and 7.08 perm'. This indicates a high amount of variability in sand 
lance larval input into Shelikof Strait during the early part of the larval period. Low density values 
may relate to unfavorable egg survival conditions during the winter or extreme variability in the date 
of hatch and transport to the sampling area. From 1987-92 there does seem to be a trend toward 
increased numbers of early larvae in Shelikof Strait (Fig.3). Similarly, loohng at relative density of 
larvae gives you a different feel for relative density (Fig. 4) . The relative hlgh abundance in 1989 
of both the late and early occurring larvae means that a significant larval population was available 
throughout the sampling period. This argues well for a strong year-class of sand lance being 
produced in the region in 1989. 

Discussion 

Pacific sand lance are one of the most, important larval fish components of the icthyoplankton 
around Kodiak Island during the spring period. The only larval fish component that outnumbers sand 
lance in bongo samples was the walleye pollock, Theragra chalcogramma. The analysis of total 
numbers of larvae captured showed that pollock larvae were nearly 20 times more abundant 
(233,762) overall than sand lance (13,739). The next most abundant species was Bathymaster sp. 
only accounted for 80 total individuals caught in the 1972-1986 bongo samples.(Rugen, 1990) 

Walleye pollock, Tkeragra chalcogramma, are also a locally prominent component of the 
icthyoplankton during the same period as sand lance larvae and may compete with them for food. 
Distribution of pollock larvae is concentrated in lower Shelikof strait during the iMarch which is 
quite different then that of sand lance during the same time period. Also there is indication that as 
the larvae age and attain a larger size, sand lance are more commonly found in the neuston layer than 
pollock (Bodeur and Rugen, 1995) which suggests a different vertical distribution in the water 
column. Therefore it seems likely that sand lance may only be a competitor with pollock during the 
early spring at only a few localized areas mainly in lower Shelikof strait. 

Future Direction of Analysis 

1. Determine relative year-class strength of sand lance larvae in study area. Do this by examining 
larval size data and adjusting for differences in hatch dates and growth benveen years. A model is 
needed to integrate density, time, and growth while adjusting for variable advection of larvae into 
the system throughout the sampling period. 

2. Compare density estimates from neuston samples with those of the same year set for bongo 
sampling to investigate the feasibility of determining a relative survival index among year-classes. 

3. Examin the competion hypothesis by cornpairing relative density of pollock and sand lance larvae 
and see if there is a negative or positive correlation between abundance levels. This data is not 
available in the data set we are analizing. 
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Figure 1. Percent species composition from annual small-mesh survey sampling from 1972 to 1997 
in Pavlof Bay only by NMFS. All tows late summer or early fall. 



Figure 2. Pacific sand lance larvae study area in the Kodiak - Shelikof Strait region 1971 - 1992. 
Other project study areas are shown in relation to the area selected for icthyoplankton analysis. 



Figure 3. Relative density of early occurring sand lance larvae in the Shelikof Strait study area. No 
sample in 1980; density in numbers per meter squared. 



Figure 4. Late occurring sand lance larvae in Shelikof Strait bongo samples 1979-92. Density in 
numbers per meter squared. 
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Cook Inlet Seabird and Forage Fish Studies 

Restoration Project (APEX) 97 163M 
Annual Report 

Study History: Since the late 1970ts, seabirds in the Gulf of Alaska have shown signs of food 
stress: population declines, decreased productivity, changes in diet, and large-scale die-offs. 
Small-mesh fishing trawls conducted during the past 30 years reveal that a major shift in fish 
community composition occurred in the late 1970's: some forage species (e.g., capelin) virtually 
disappeared, while predatory fish (e.g., pollock) populations increased markedly. Restoration 
Project 97 163M was initiated as part of APEX in 1995 to characterize relationships between 
seabird population dynamics, foraging behavior, and forage fish densities in lower Cook Inlet-- 
the area in which most seabirds were killed by the EVOS. CISeaFFS is a collaborative project of 
the Alaska Biological Sciences Center and the Alaska Maritime National Wildlife Rehge, with 
major funding and logistic support from the EVOS Trustees (APEX), the MMS, USGS, USFWS, 
ADF&G, University of Alaska Fairbanks, Oregon State University and the University of 
Washington. 

Abstract: From 1995 through 1997, populations, productivity, diets and foraging behavior of 6 
seabird species (murre, kittiwake, guillemot, puffin, cormorant, gull) were studied at three 
seabird colonies in lower Cook Inlet (Chisik, Gull and Barren islands). Oceanographic 
measurements, seabird and hydroacoustic surveys, trawls, and beach seines were conducted in 
waters around (<40 km) each colony. In all years, offshore and southern waters of Cook Inlet 
were dominated by juvenile walleye pollock and capelin, important prey for murres and puffins. 
Nearshore waters were dominated by sand lance, which were consumed by seabirds (e.g., 
kittiwakes, guillemots, murres) in proportion to their local abundance. Acoustically-measured 
forage fish biomass, beach seine CPUE and trawl CPUE were lowest around Chisik Island, 
moderate in Kachemak Bay, and highest around the Barren Islands. Correspondingly, seabird 
breeding success in all years ranged from relatively low in the Chisik Island area to relatively 
high in the Barren Islands area. Populations of seabirds at Chisik Island continued a long-term 
decline, whereas populations at Gull and Barren islands are stable or increasing. Behavioral 
studies revealed that seabirds worked harder (longer foraging trips, less "free" time) at colonies 
where nearby fish densities were lower. Breeding success at all three colonies varied between 
years, with 1996 being the best year for production, and 1995 and 1997 being slightly worse for 
seabird breeding success. There was little evidence for adverse effects of the 1997 El Niiio event 
on seabirds, and water temperatures through summer were similar to those observed in 1996. 

Kev Words: Cook Inlet, murre, kittiwake, guillemot, forage fish, diet, pollock, capelin, 
sandlance, reproduction, growth rate, hydroacoustic, trawl, seine, Exxon Valdez, Kachemak Bay. 
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COOK INLET SEABIRD AND FORAGE FISH STUDIES (CISeaFFS) 

INTRODUCTION 

Some seabird populations in the Gulf of Alaska have declined markedly during the past few decades 
(Hatch and Piatt 1995; Piatt and Anderson 1996). Whereas human impacts such as those from the 
Eaon  Valdez oil spill can account for some proportion of these declines (Piatt et al. 1990c; Piatt and 
Naslund 1995), natural changes in the abundance and species composition of forage fish stocks have 
also affected seabird populations (Decker et al. 1994; Piatt and Anderson 1996). Marine fish 
communities in the Gulf of Alaska changed dramatically during the past 20 years (Anderson et al. 
1994). Coincident with cyclical fluctuations in sea-water temperatures, the abundance of small 
forage fish species such as capelin (Mallotus villosus) declined precipitously in the late 1970's while 
populations of large predatory fish such as walleye pollock (XJzeragra chalcogramma) and cod 
(Gadus pac$ca) increased dramatically. Correspondingly, capelin virtually disappeared from 
seabird diets in the late 1 970's, and were replaced by juvenile pollock and other species in the 1980's 
(Piatt and Anderson 1996). Seabirds and marine mammals exhibited several signs of food stress 
(population declines, reduced productivity, die-offs) throughout the 1980's and early 1990's (Menick 
et al. 1987; Piatt and Anderson 1996). Similar trends in oceanography, seabird population biology 
and prey availability have been noted in the Bering Sea, although the cycle there appears to be offset 
by 4-5 years from events in the Gulf of Alaska (Decker et al. 1994, Springer 1992). 

Factors that regulate seabird populations are poorly understood, but food supply is clearly important 
(Cairns 1992b). In many cases, anthropogenic impacts on seabird populations cannot be 
distinguished from the consequences of natural variability in food supplies (Piatt and Anderson 
1996). Thus, 'management' of seabird populations remains an uncertain exercise. For example, how 
can we enhance recovery of seabird populations lost to the Exxon Valdez oil spill if food supplies 
in the Gulf of Alaska limit reproduction? Would commercial fishery closures reduce or increase 
food availability to seabirds? What are the minimum forage fish densities required to sustain 
seabirds? 

We are attempting to answer some of these questions by studying seabird and forage fish interactions 
in lower Cook Inlet. Upwelling of oceanic water at the entrance to Cook Inlet creates a productive 
marine ecosystem that supports about 2-3 million seabirds during summer. More seabirds breed here 
than in the entire northeast Gulf of Alaska (including Prince William Sound) and concentrations at 
sea (up to 90 kg/km2) are among the highest in Alaska (Piatt 1994). For these reasons, the greatest 
damage to seabirds from the Exxon Valdez oil spill occurred in lower Cook Inlet (Piatt et al. 1990). 

Pilot studies were initiated in 1995. The overall objective was to quantify and contrast seabird- 
forage fish relationships at three seabird colonies in lower Cook Inlet: Chisik Island, Gull Island 
(Kachemak Bay), and the Barren Islands. The abundance and species composition of forage fish 
schools around each colony were quantified with hydroacoustic surveys, mid-water trawls, and beach 
seines. At each colony, we measured breeding success, diet composition, and foraging effort of 
several seabird species including: common murres, black-legged kittiwakes, pigeon guillemots, 
pelagic cormorants, glaucous-winged gulls, tufted puffins and horned puffins. 



In 1996, this research program was refined and expanded. For example, we increased hydroacoustic 
sampling of nearshore habitats, tried some new fishing techniques (bottom trawls, pair trawls, cast- 
nets), increased study effort on some species of seabirds (pigeon guillemots, puffins, cormorants) 
and forage fish (sandlance), and increased coordination of seabird studies at the three colonies (for 
example, we synchronized feeding watches and census counts with respect to breeding phenology). 

In 1997, we increased benthic trawling and added SCUBA transects for benthic fishes near guillemot 
colonies, increased study effort on pigeon guillemots, added nearshore sampling for zooplankton, 
phytoplankton and nutrients (in collaboration with Peter McRoy, UAF), measured physiological 
stress in adult and chick seabirds, initiated banding of adult murres and kittiwakes to assess adult 
survival, and further increased coordination of seabird studies at the three colonies using protocols 
developed in collaboration with other principal investigators in the EVOSIAPEX program. 

OBJECTIVES 

The overall objective of this study is to quantify components of seabird reproductive and foraging 
biology at colonies while simultaneously measuring the distribution, density and species 
composition of forage fish schools in adjacent waters. It has been hypothesized that these 
components are non-linear functions of prey density and sensitive to different thresholds of prey 
density (Piatt 1987, Cairns 1987, 1992a,b). Data collected in this study will allow us to characterize 
response curves and thresholds for several different seabird species and then go on to test other 
hypotheses about seabird-forage fish relationships . For example, is seabird recovery fiom the Exxon 
Valdez oil spill limited by current forage fish densities? Do different seabird species have different 
thresholds to prey density? Can some species adjust foraging effort to compensate for fluctuating 
prey densities? Can seabirds compensate for differences in prey quality? Do weather and 
oceanographic conditions influence prey distribution and therefore seabird foraging success? None 
of these hypotheses can be addressed without a clear understanding of the underlying hctional  and 
numerical responses. 

1997 ANNUAL REPORT 

The following Annual Report summarizes our 1997 research efforts, including some preliminary 
1997 results, and includes some compilation of findings over the entire study period (1995-1997). 
We are in the process of synthesizing and publishing detailed results of studies to date (below), and 
so this Annual Report contains only selected highlights of these studies. Details of work at the 
Barren Islands in 1997 are found in separate reports, although some data from the Barrens are 
summarized here. 

RESULTS 

OCEANOGRAPHY 

The summer of 1997 was notable for an onset of the strongest El Niiio event ever observed in the 
Pacific Ocean. Surface waters in Alaska were also warmer than nonnal, possibly owing to 
teleconnection effects of El Niiio rather than direct effects of warm El Nifio water transport to 



Alaska. By July, sea surface temperatures in the Gulf of Alaska were 2-3 degrees above average. 
However, surface waters become mixed with deeper, cooler water as currents drive up onto shallow 
banks around Kodiak Island and into the shallow entrance to the Cook Inlet estuary. Temperature 
data loggers which continuously record temperature were again deployed in Lower Cook Inlet. 
Continuous temperature recordings have now been obtained from Gull Island during summer of 
1995, and without a break since March of 1996 (Figure 1). We observed almost no difference in sea 
surface temperatures in Kachemak Bay between 1996 and 1997 until about August of 1997 when 
temperatures increased to about 2 degrees warmer than in 1996, and remained warmer through 
September (Figure 1). In June, two temperature data loggers were deployed at both Chisik and the 
Barren Islands. These loggers were retrieved in September. In July, two temperature data loggers 
were deployed at 10 and 100 m South of Hesketh Island in Kachemak Bay and will record 
temperature until August 1998. In August, temperature data loggers were re-deployed at Gull Island 
and Sixty Foot Rock in Kachemak Bay and will record temperature at 5 m until July 1998. 

Temperature and salinity (CTD) profiles of the water column were collected in conjunction with 
mid-water trawls (96 CTD casts), and bottom trawls (40 CTD casts) in Cook Inlet in 1997. Two 
CTD transects across Kachemak Bay that were established and sampled in May and August 1995, 
and February, May and August 1996 (Abookire and Norcross, unpub. data) were modified and 
sampled 3 times in the summer of 1997 (33 CTD casts). On 23 July, temperature and salinity profiles 
were collected on a CTD transect that was established and sampled in 1996 across Cook Inlet to 
Chisik Island (7 CTD casts), and during 29 July on a CTD transect that was established and sampled 
in 1996 across the entrance to Cook Inlet near the Barren Islands (6 CTD casts). The profiles show 
that oceanographic habitats near each of the colonies are dissimilar (Figure 2). In the upper part of 
lower Cook Inlet between Kachemak Bay and Chisik Island, waters are vertically mixed except for 
shallow stratification near Chisik (upper panel, Figure 2). The cold mixed water off Kachemak 
represents the intrusion of mixed oceanic from the Gulf of Alaska. Inner Kachemak Bay is strongly 
stratified in the upper 15 m owing to fresh water outflow (middle panel, Figure 2). Waters near the 
Barrens are weakly stratified, with a lens of warm, lower salinity water (lower panel, Figure 2). This 
stratification is lost north of the Barrens owing to upwelling and mixing on the relatively shallow 
estuary shelf of lower Cook Inlet. The combination of intruding dense oceanic water in the east, 
outflow in the west of fresh water from further up the Inlet, and strong tides, keep the upper Inlet 
well mixed. Property gradients are strongest fiom east to west. 

Approximately 1000 Advanced Very High Resolution Radiometer (AVHRR) images were reviewed 
for the 1997 field season. Raw images were run through an automated script that clipped out the 
Cook Inlet study area, estimated cloud cover, and dropped images with less then 20% cloud free 
pixels. A visual review of the remaining images reduced further the number analyzed to 369. These 
"better quality" images were then calibrated and georeferenced. These data will be used to compare 
with 303 images archived from 1996, and 125 images from 1985-1990. The long time-series of 
images will allow us to look at interannual variation, including past ENS0 events. The high temporal 
resolution of sampling in 1996 and 1997 will allow us to examine seasonal variations and effects of 
tides and currents in Cook Inlet on temperature regimes in different areas of the inlet. 



NUTRIENTS, PHYTOPLANKTON AND ZOOPLANKTON 

A permanent sampling site was established in Eldred Passage (59 30.47, 15 1 28.22). This site was 
sampled for phytoplankton and water nutrients on 9 occasions from 15 April to 15 August. This site 
is in fairly shallow water (60 m) and is generally well mixed. It was selected for its sheltered location 
near the Kasitsna Bay Lab. Samples of nutrients and phytoplankton were collected at the surface, 
and at 5, 10,25, and 50 m. Preliminary analysis of nutrient samples shows a steady depletion of 
nitrates from our first sample in mid-April to the phytoplankton bloom that occurred in mid-May. 
CTD casts and a vertical zooplankton tows were also conducted at this site. Zooplankton biomass 
peaked on 2 June. About 140 zooplankton samples taken during fishing operations in Cook Inlet and 
from Eldred Passage have been archived for later analyses (volume and species composition). 

On 27 June a cross-inlet transect was established between the Homer Spit to the middle of Lower 
Cook Inlet (12 stations). This transect was designed to traverse 3 distinct bodies of water identified 
from AVHRR satellite derived sea-surface temperature images. At each station, samples of 
nutrients, phytoplankton, and zooplankton were taken. Additionally, CTD, fluorometry, and PAR 
data were collected at all sites. Preliminary analysis of nutrient samples indicates that nutrient 
concentrations were high in the turbulent, mixed waters to the west of Kachemak Bay, whereas 
nutrient levels were low in stratified waters within Kachemak (Figure 3). Correspondingly, 
phytoplankton concentrations were highest in Kachemak and lowest is the mixed water offshore. 
There was an abrupt transition between low- and high-production waters (Figure 3), which 
correlates with the front between mixed and stratified waters. 

FISH SAMPLING 

Beach Seines 
Between the months of February and August, 217 beach seine sets were conducted in Kachemak 
Bay. Five permanent study sites were visited once each month until May and then twice each month 
through summer. Additional sites in Eldred Passage (3) and Seldovia Bay (3) were sampled twice 
each month throughout summer to assess availability of Pigeon Guillemot food. A total of 102,195 
fish were caught in the 21 7 seines. As in previous years, beach seine catches were dominated by 
sand lance which comprised 78% of the total catch (compared to 8 1 % and 7 1 % in 1976 and 1996, 
respectively). Sand lance occurred in 54% of sets (compared to 41% and 51% in 1976 and 1996, 
respectively). Notable changes in community structure were observed in 1997 (compared to previous 
years 1976, 1995, and 1996). Large numbers of first-year capelin (n=5 836,6 % of total catch) were 
present during the summer compared to only 1 fish in all 3 previous years of study. First-year ling 
cod numbered 330 individuals and occurred in 15% of seines compared to only 7 fish in all 3 
previous years of study. More than 500 fish comprising 10 species have been individually frozen and 
archived for energetic, stable isotope, and genetic analyses. At Chisik Island, 18 beach seine sets 
were conducted on 3 different beaches throughout summer. Catches were dominated by salmonids, 
pricklebacks, and herring. Sandlance were also dug from beaches on 7 occasions from 2 sites. All 
Chisik fish collections were frozen and archived. Beach seining was also conducted throughout 
summer at the Barren Islands. Catches were similar to those in 1996 (i.e., dominated by sand lance), 
and more cod were taken in 1997. As in 1996, seine catches were highest at the Barrens and lowest 
at Chisik Island (Figure 4, comparison of July data only). 



Mid-water Trawls 
To assess the relative abundance and species composition of forage fishes in lower Cook Inlet, 
midwater trawling was continued in 1997. Aboard the ADF&G RN Pandalus, 21 stations were 
fished from June 20 to 25, and 43 stations were fished from July 19 to August 2, 1997. Fishing 
efforts were concentrated around the Barren Islands, Gull Island, and Chisik Island. Prior to fishing 
at each station, a CTD (conductivity, temperature, and density) was deployed to record temperature 
and salinity data at depth and zooplankton samples were collected and preserved for future analysis. 
All fishes were identified, counted, measured to the nearest mm fork length, weighed for total mass 
by species, and a subsample of fishes were weighed individually. Fish data were standardized to 
catch-per-uni t-effort (CPUE) of 1 km distance trawled. 

Midwater trawl catches were greater in 1997 than 1996 (F=4.82, d g l ,  p=0.0315), and different 
among the three areas (F=3.40, df=2, p=0.0389) with highest catches at the Barren Islands and 
lowest at Chisik Island (Figure 4). Species diversity was lowest at the Barren Islands 
(Shannon-Wiener= 0.74, species richness=12), and catches were dominated by walleye pollock 
offshore and Pacific sand lance nearshore. Gull Island catches were dominated by gadids and Pacific 
sand lance (Figure 5). Percentages of walleye pollock and Pacific sand lance were high in both 1996 
(31% and 54% respectively) and 1997 (33% and 47% respectively). Pacific cod, Pacific herring, 
salmonids, and capelin were also captured, and species diversity at Gull Island was relatively high 
(Shannon-Wiener=1.23, species richness=25). Species diversity was greatest at Chisik 
(Shannon-Wiener=l.25, species richness=3 I), and catches were mixed with species Pacific sand 
lance, salmonids, walleye pollock, longfin smelt, capelin, eulachon, Pacific herring, and Pacific 
sandfish (Figure 5). 

Benthic Trawls and SCUBA 
SCUBA diving and bottom trawls were used in 1997 to assess the abundance and species 
composition of benthic fishes within foraging range of Pigeon Guillemot colonies in Kachemak Bay. 
Twenty SCUBA transects were conducted fi-om August 19 to 26 near Seldovia and Moosehead 
Point, two separate Pigeon Guillemot colonies. Each transect covered 30m3 and the depth, time, 
substrate, and habitat were noted at the beginning, middle and end of each transect. All fishes 
encountered in 1 m3 preceding the diver were identified and recorded on underwater paper according 
to three size classes: 0 - 8 cm ,8-15 cm, and > 15 cm. Bottom trawling occurred on July 3, 14 and 
August 6 at Halibut Cove (2 stations), Moosehead Point (3 stations), Yukon Island (3 stations), and 
Neptune Bay (2 stations). Additionally, on August 14, 1997, three stations were established and 
sampled around the outer Seldovia colony. A 3.05 m plumbstaff beam trawl equipped with a double 
tickler chain was towed at all stations fkom a 9.3 m aluminum Munsen skiff. Standard tow duration 
was five minutes, and depth range of stations did not exceed 25 m. All fishes were identified to 
species, counted, and measured to the nearest mm fork length; however, only fishes with length 80 
to 150 mm were analyzed for Pigeon Guillemot diet availability. Fish data were standardized to 
catch-per-unit-effort (CPUE) for an area of 1000 m2. 

Total abundance of benthic fishes in 1997 around Pigeon Guillemot colonies in Kachemak Bay 
increased with date and was greater on 6 August than on 3 or 14 July (F=3.88, df=2, p=0.0227) 
(Figure 6). Common taxa in bottom trawls were flatfishes (36%), ronquils (22%), sculpins (1 I%), 
gadids (1 I%), and pricklebacks (10%). Bottom trawl data from Kachemak Bay did not reflect a 



difference in fish species composition among Pigeon Guillemot colonies (F=0.8550, df-12, 
p=0.5966). However, SCUBA data imply benthic fish communities at Moosehead Point and 
Seldovia are only 26.8% similar (Renkonen percent similarity index). The Moosehead fish 
community is dominated by gunnels and greenlings, and pricklebacks dominate at Seldovia. 

Hydroacoustic Surveys 
Most at-sea hydroacoustic surveys were conducted fiom the R/V Pandalus, a 23m stern trawler 
operated by ADF&G. On the first Pandalus cruise (20-25 June), a general survey of Kachemak Bay 
and waters near Chisik Island were conducted over 6 days. This was a shakedown cruise to test the 
BIOSONICS DT4000 hydroacoustic equipment, and to refine the mid-water trawling methods. On 
each day, a search was made for significant hydroacoustic signs of fish. When found, these schools 
were fished with the trawl, and another hydroacoustic record of schools was taken as schools were 
trawled. In total, 30 hydroacoustic files were archived while searching, and more obtained during 

I 

the 23 trawls for fish. CTD casts (39) were taken at the beginning and end of most tows. No bird 
observations were made during this cruise. 

On the second RN Pandalus Cruise (19 July - 8 August) all nearshore and offshore transects (ca. 
1200 linear krn) that were established in 1995 and 1996 in core study areas of Kachemak Bay, Chisik 
Island, and the Barren islands were surveyed hydroacoustically and with mid-water trawls. Transects 
were broken into segments as determined by the need to stop and trawl significant fish aggregations. 
Most of the transects were completed fiom the RN Pandalus (1 5 days), but some nearshore transects 
were completed with the RN David Grey (5 days). The transects are broken into 100 acoustic data 
files, and there are 5 1 fishing files and 2 searching files, for a total of 153 hydroacoustic data files 
for the cruise. Good hydroacoustic data were obtained on most of the common fish species caught 
by trawls. Bird observations were recorded for all transects and during all trawls using DLOG, an 
automatic bird data entry program with Rockwell GPS position data for each observation. A CTD 
cast was usually made after every tow. On the few occasions when we fished an area more than once, 
we did not duplicate the cast. An additional 13 casts were made along 2 transects across the inlet, 
for a total of 60 CTD casts. All accessible hydroacoustic files have been echo-integrated and saved 
as bitmaps. All transects, trawl locations and CTD casts have been plotted using GIs software 
(CAMRIS). In Kachemak Bay, hydroacoustic surveys were conducted from the RN David Grey on 
7 days (7-12 July, 17 July) searching for good fish sign and attempting to catch fish with an Isaacs- 
Kidd midwater trawl. In total, hydroacoustic data were recorded during 18 search transects, 16 
trawls, and 2 cast-netting attempts. The hydroacoustic data have all been integrated, but analysis is 
still in progress. 

SEABIRDS 

Common Murres 
In 1997, we continued our third year of monitoring the productivity, populations, and behavior of 
common murres (Uria aalge) breeding at Gull and ChisikIDuck Islands in lower Cook Inlet. At Gull 
Island, about 6,000 murres nest in sub-colonies on open cliff-faces and cliff-tops among 5700 pairs 
of other seabirds. Seabird populations at Gull Island have increased or remained stable in the past 
20 years (Zador et al. 1997). at Duck Island, about 3500 murres nest in sub-colonies on cliff-faces 
and on cliff-tops, open or partially-to-completely over-hung by woody elderberry (Sambucus 



racemosa) shrubs. Seabird populations at Duck and Chisik have declined during the past 20 years 
(Zador et al. ,1997). 

Two to three people monitored murre activity from June through early September at each island. 
Observations of bird behavior, nest status, and prey items were made through spotting scopes and 
binoculars fiom small temporary and permanent blinds erected before the birds began to lay eggs; 
viewing distances varied fiom 1 - 500 m. Population trends were monitored on plots at both islands 
by conducting replicate counts through the season. Hatching success, productivity, and phenology 
were determined by observing 11 productivity plots with 6 - 20 nest sites each every 1 - 5 days. We 
considered chicks last seen at age 15 days or older to have fledged. Chick growth assessed from 
single measurements of 23 - 26 chicks. Fledging weights and wing lengths were measured on 38 - 
123 chicks captured after they left the colony and before they reached the water. Adult nest 
attendance, chick-feeding rates, and foraging trip durations were determined in 6-7 dawn-to-dusk 
watches of 7-1 1 nest sites conducted weekly, conditions permitting, throughout the incubation and 
chick-rearing stages. Fish brought to the colonies by adults were identified to the lowest possible 
taxonomic level through binoculars, and their sizes were estimated in relation to adult bill length. 
Adults were captured with noose poles and banded with numbered stainless steel bands and unique 
4 color combination plastic bands. 

We counted a maximum of 3500 murres at Duck and 6068 murres on Gull. Average numbers of 
murres in population plots were 128.7 * 13.9 birds (n = 3 plots) at Duck and 344.2 k 6.5 birds (n = 

10 plots) at Gull. The first murre chicks were seen on 30 July at both islands. The median hatch date 
at Duck was 7 August (range: 30 July - 2 September) and at Gull was 9 August (range: 30 July - 22 
August). There was no significant difference in hatching success or productivity between islands. 
Hatching success at Duck was 0.75 * 0.05 chicks hatched per egg (n = 11 plots) and at Gull was 0.82 
k 0.05 chicks hatched per egg (n = 8 plots). Productivity at Duck was 0.63 * 0.04 chicks fledged 
per egg (n = 11 plots) and at Gull was 0.56 k 0.08 chicks fledged per egg (n = 8 plots). 

Non-brooding adults spent significantly less time at their nest sites at Duck than at Gull. At Duck, 
average adult attendance was 66.8 * 1.3 bird-minutes per hour (n = 7 watch days) and at Gull, 77.3 
k 1.4 bird-minutes per hour (n = 6 watch days)(t = 2.3, df = 11, p = 0.039). There was no significant 
difference between islands in chick feeding rates. Chicks at Duck were fed 0.23 * 0.03 fish per hour 
(n = 3 watch days) and at Gull were fed 0.30 * 0.03 fish per hour (n = 3 watch days). Adult trip 
durations were significantly longer at Duck than at Gull. Adults at Duck returned with fish after an 
average of 182 * 16.1 minutes away (n = 1 1 1 trips) and at Gull, 1 1 1.1 * 14.6 minutes away (n = 

62)(t = 3.0, df = 171, p = 0.003). 

Osmerids were the most common fish delivered to chicks at Duck (61.2% of 603 identified fish) and 
at Gull (42.5% of 193 identified fish). Sandlance and salmonids comprised 15.4 and 13.3% of the 
chick diets at Duck. Sandlance, gadids, and herring comprised 19.7, 19.2, and 14.5% respectively 
of the chick diets at Gull. Chick growth was similar at each island. At Duck chicks were 4.92 * 0.14 
grams per mm wing length (n = 23 chicks) and at Gull were 4.65 * 0.13 grams per mrn wing length 
(n = 26). However, chicks fledged significantly lighter and smaller at Duck than at Gull. The 
average fledging weight at Duck was 229.3 * 2.6 grams (n = 123 fledglings) and at Gull was 248.9 
h 4.6 grams (n = 38 fledglings; t = 3.6, df = 159, p< 0.001). The average fledgling's wing length at 



Duck was 71.95 0.6 mm (n = 123 fledglings) and at Gull was 80.0 * 0.9 mrn (n = 37 fledglings)(t 
= 6.2, df = 158, p< 0.001). A total of 131 adult murres at Duck and 50 adult murres at Gull were 
banded. All fledglings captured at Gull were banded with a single plastic color band. 

Analysis and synthesis of data collected in 1995-1997 are in progress (see "publications" below), 
and will eventually include data fiom the Barren Islands. General trends (Table 1) for murres at Gull 
and ChisikIDuck islands are as follows: Numbers of murres in population plots at Duck have 
declined in the three years of our study (1 996: 162 birds, 1995: 199 birds), while those at Gull have 
remained stable (1996: 327 birds, 1995: 364 birds). First and median chick hatch dates at Duck were 
similar to those in 1996 (28 July and 10 August) and at Gull were 4 days later than in 1996 (3 and 
13 August). Hatching success and productivity at both islands declined from 1996 values (Duck: 
0.82 * .04 chicks hatched per egg, 0.78 * 0.04 fledged chicks per egg; Gull: 0.92 * 0.03 chicks 
hatched per egg, 0.87 * 0.05 chicks fledged per egg). Murres had the lowest productivity in 1995 
(0.44 fledged chicks per egg at both islands). Non-brooding adults spent more time attending nest 
sites in 1997 than in the previous two years. Average attendance was lowest in 1996 (Duck: 62.9 

0.49 bird-minutes per hour; Gull: 68.9 k 0.81 bird-minutes per hour) and closer to 1997 values in 
1995 (Duck: 65.4 * 0.59 bird-minutes per hour; Gull: 75.4 * 1.65 bird-minutes per hour). 
Attendance was always higher at Gull than Duck. Chick feeding rates at Duck were lowest in 1996 
(0.17 0.02 fish per chick per hour) and similar between 1997 and 1995 (0.22 * 0.07 fish per chick 
per hour). In contrast, chick feeding rates at Gull were highest in 1996 (0.35 k 0.06 fish per chick 
per hour) and similar between 1997 and 1995 (.3 1 * 0.03 fish per chick per hour). At Duck, adult 
trip durations were an average of 1 hour longer in 1996 (242.9 k 20.6 minutes) when chick feeding 
rates were lowest, but at Gull, average adult trips durations have remained approximately 2 hours 
in all three years. Chick diet composition at Duck was similar to that observed in 1996. At Gull, 
osmerids comprised a greater proportion of the diet, outnumbering gadids, which were the most 
common fish in 1996 (26.6% of 109 fish observed). Considering data pooled over 1996 and 1997, 
diets of chlcks and adults were significantly different at each colony (Figure 7), and both adult and 
chick diet composition differed significantly from what was available according to trawl samples 
in each area (Figure 7; p<0.001 in all Chi-square tests). It is clear that murres prefer to feed chicks 
osmerids while selecting sandlance or gadids for themselves. Chick growth rates at Duck increased 
over 1996 values (3.93 * 0.12 grams per mm wing length) but remained the same at Gull (4.25 * 
0.19 grams per mm wing length). This was the first year we collected fledging weight and wing 
lengths, so comparisons between years are not yet possible. 

Black-legged Kittiwakes 
Productivity data were collected every one to three days in 10 plots at Chisik and in 11 plots at Gull. 
An index of productivity (chicks per active nest) was completed during mid incubation and late chick 
rearing. Nest structures and adults were counted on 8 population plots at Chisik and 12 plots at Gull 
ten times throughout the breeding season. Nests with known-age chicks and banded or marked 
parents were observed for attendance data, feeding rates, and foraging trip lengths. Three dawn to 
dusk watches with three nests each (for a total of 9 "nest days") were conducted at Chisik and four 
watches with eight nests each (32 "nest days") were conducted at Gull. Growth rate data were 
collected every four days from hatch to 30 days of age from 8 chicks on Chisik and 45 chicks on 
Gull. Adult kittiwakes (n=71) were banded with metal USFWS bands at Chisik, and 71 adults and 
5 1 chicks were banded at Gull. All adults were additionally banded with a unique combination of 



color bandettes and were weighed and measured. Mass, wing length, tenth primary length, and 
head-plus-bill length were recorded. Chick regurgitants were collected throughout the chick rearing 
period either opportunistically or were induced through throat massage. All mean values are reported 
* 1 standard error. Values were compared between islands with t-tests and all reported differences 
are significant. 

In 1997, kittiwakes at Chisik exhibited reproductive failure, producing only 0.02* 0.01 chicks per 
nest (n=10 plots containing a total of 140 nests). In contrast, kittiwakes at Gull Island produced 
0.64* 0.1 1 chicks per nest (n=l 1 plots containing a total of 300 nests). Productivity was significantly 
higher at Gull (t= -5.343, df = 19, p = <0.001). The index of productivity estimate for Chisik and 
Gull Island was 0.005 chicks per nest, and 0.46 chicks per nest, respectively. Reproductive failure 
occurred at Chisik during chick rearing, since the mean clutch size and hatching success at each 
island were similar. Mean clutch size at Chisik was 1.53% 0.04 eggs per nest (n=9 plots) and at Gull 
1.57k 0.07 eggs per nest (n=ll plots). At Chisik 0.44k 0.10 eggs laid hatched (n=10 plots) and at 
Gull 0.48* 0.07 eggs laid hatched (n=l 1 plots). The median hatch date at Chisik was 9 July (n=5 1 
nests) and at Gull was 6 July (n=159 nests). The hatch range for Chisik (4 July - 18 July) differed 
from Gull (29 June - 25 July). Median egg laying at Chisik was 14 June (n=64 nests) and at Gull was 
9 June (n=262 nests) based on a 27 day incubation period. Assuming chicks fledge at 32 days, 
median fledging at Chisik was 6 August (n=2 nests) and at Gull was 7 August (n=141 nests). 

The mean number of adult kittiwakes and nests counted in plots at Chisik in 1997 was 555* 43 birds 
and 427k 33 nests (n=10 counts). These are the lowest numbers recorded since monitoring of the 
colonies began in 1986 by Mike Nishimoto (Zador et al. 1997). The mean number of kittiwakes 
counted in plots at Gull Island was 1177k 25 birds (n=10 counts). The mean number of nests in the 
same plots was 738k 36 nests (n=10 counts). We counted a total of 13,341 nests on Chisik on 19 
June, and 4435 nests on Gull on 26 and 27 June. The total number of nests at Gull decreased from 
5 152 in 1996. Overall, it appears that kittiwake populations continued their decline at Chisik Island, 
but populations at Gull Island are now stable (Figure 8). 

The mean foraging trip length (defined as time spent away from the nest site by the off-duty 
kittiwake) for kittiwakes at Chisik Island was 294.1* 50.6 minutes (n=8 trips). At Gull Island the 
mean trip length was 191.7* 11.5 (n=74 trips). Foraging trips at Gull were significantly shorter than 
at Chisik (t=2.657, d680, p=0.01). The mean amount of time that nests were not attended by either 
parent at Chisik was 136.0 minutes (n=l "nest day") and at Gull 55.5* 51.2 (n=4 "nest days"). 
During the linear growth phase (6-22 days of age), the average growth rate of all chicks at Chisik 
was 14.45* 1.57 grams per day (n=8 chicks). The average growth rate for all chicks at Gull was 
14.83* 0.56 (n=45 chicks). Singleton chicks at Gull gained 15.90-+ 0.71 grams per day (n=27 
chicks), Alpha chicks gained 13.85* 1.22 grams per day (n=9 chicks), and beta chicks gained 12.6W 
1.03 grams per day (n=9). Mean weights and wing lengths were calculated for all chicks that fledged 
at each island. The mean fledging weight at Chisik was 445.5* 41.62 grams and mean wing length 
was 22% 10.03 mrn (n=2 chicks). At Gull Island, the mean fledging weight was 384.4% 5.74 grams 
and mean wing length was 228* 3.61 rnm (n=42 chicks). Kittiwake chicks at Chisik were fed 0.15* 
0.04 meals per nest per hour for one chick nests (n=4 days) and 0.17 meals per nest per hour for two 
chick nests (n=l day). Chicks at Gull were fed 0.1% 0.03 meals per nest per hour for one chick nests 
(n=4 days) and 0.24h 0.02 meals per nest per hour for two chick nests (n=4 days). 



In 1997, kittiwake chick diets at Chisik were mainly composed of Pacific sand lance (67 % by 
biomass) but also included other prey items such as Pacific sandfish and sculpins (n=8 
regurgitations). Chick diets at Gull were also dominated by sand lance (76 % by biomass). The 
remainder of chick diets at Gull (by percent biomass) included euphausiids (3%), capelin (I%), and 
other fish species (20%) (n=79 regurgitations). Considering data pooled over 1995 to 1997, diets of 
chicks and adults were significantly different at each colony (Figure 9), and diet composition 
differed significantly from what was available according to trawl samples in each area (Figures 5 
and 9; p~0.001 in all Chi-square tests). Diets of adults and chicks did not contrast as much as murres 
(above), although adults at the Barrens ate far more gadids than they fed to chicks (Figure 9). 

Pigeon Guillemots 
We studied the effects of food availability and nestling diet composition on Pigeon Guillemot 
reproductive success at four colonies in Kachemak Bay (Moosehead Pt., Yukon I., Inner Seldovia 
Bay, Outer Seldovia Bay) in 1997. We conducted both a one-time shoreline survey and repetitive 
counts at the larger guillemot colonies in Kachemak Bay. Our one time count was conducted along 
most of the south shore of Kachemak Bay between 9-12 June following the methods of Sanger and 
Cody (1994). We counted a total of 634 guillemots, a higher count than those obtained in 1996 
(467) and 1995 (5 18). We conducted repetitive colony counts to make possible robust statistical 
interpretations of population trends. We counted guillemots on shore and within 100 m of land 
during morning high tides at 16 census areas established in 1996. Eight or nine replicate counts were 
made at each area. We detected no area-wide changes in population from 1996: mean counts were 
significantly higher in 1997 than 1996 at two areas, and significantly lower at two areas (t-test, P < 
0.05). 

We observed provisioning adults with telescopes from blinds, conducting 10 all-day watches at four 
different colonies. We identified meals to the lowest possible taxon, estimated meal size relative to 
bill length, and recorded delivery time and the elapsed time that an individual rested on the water 
with a fish before delivering. We collected 48 chick meals to verify species identification and length 
estimates. Meals were collected either by intercepting adults with mist nets placed over burrow 
entrances or as discarded items in nests in the course of other field activities. Each meal was 
weighed, measured, identified and fkozen for proximate composition analysis. Data compiled from 
all years of study (1995-1997) reveal that different study colonies are characterized by very different 
chick diets (Figure 10). Indeed, spatial variance in diets far exceeds temporal variance we have 
observed in 3 years (Litzow et al. in prep.). In 1997, schooling fish again comprised most of the diet 
at Moosehead Pt. (74%), and formed only a small proportion of the diet (0% - 15%) at the other three 
main study colonies. The proportion of schooling fish in the diet increased markedly from 46% to 
74% at Moosehead Pt., but declined from 21% to 15% at Outer Seldovia Bay (Figure 11). 

We visited nests every five days post-hatch, when possible, to measure flattened wing chord and 
weigh chicks with spring-loaded scales. A total of 84 chicks were weighed and measured at least 
once, and 48 chicks were followed to fledging. We weighed and measured a subset of 32 chicks 1-2 
d before fledging in order to estimate fledge weight. Chick growth was compared between 
high-sandlance and low-sandlance areas using three methods: estimated fledge mass, linear phase 
growth, and slope of transformed mass and wing chord. We defined the linear phase of growth as 
8-1 8 days and computed the slope of the regression of mass on wing chord for individuals that were 



measured at least twice during this phase. Finally, we transformed our data by taking the square root 
of mass and the square root of the natural log of wing chord. This transformation linearized the 
relationship between mass and wing chord and satisfied the assumptions of regression for normally 
distributed residuals and equal variance across the full chick-rearing period. We used the slope of 
the regression of transformed mass on transformed wing chord to compare chick growth rates. Mean 
chick mass 1-2 d pre-fledge was 447* 37 g (n=32), mean growth rate during the linear phase was 
17.7* 5.3 g/d (n=18), and the mean transformed slope was 29.5k 3.2 (n=37). There were no 
significant differences in these parameters between chicks from colonies with high and low 
proportions of sandlance in the diet (t-test, P > 0.05). 

In order to minimize nest abandonment due to disturbance, we began checking known nest sites late 
in the incubation phase, during the third week of June. New nests were discovered thoughout the 
summer, and we checked nests every five days through the nesting cycle. Reproductive success 
(chicks fledgednest) was estimated with the Mayfield Method to account for nests that failed before 
we found them. Mean clutch size was 1.78* 0.42 eggslnest (n=37), and did not vary significantly 
between high and low schooling fish colonies (t-test, P > 0.05). Estimated bay-wide reproductive 
success was 0.70 chicks fledgednest (n=58 eggs, n=66 chicks). Reproductive success was slightly 
higher at low schooling fish colonies (0.77 chicks fledgedlnest, n= 27 eggs, n=46 chicks) than the 
high schooling fish colony (0.58 chicks fledgednest, n=32 eggs, n=21 chicks). This difference was 
largely due to higher rates of nest predation at Moosehead Pt. 

Glaucous-winged Gulls 
On Gall Island, Glaucous-winged Gulls began laying eggs on or before June 1. Productivity plots 
were checked every 2 - 10 days through June and July. We monitored 60 nests in 5 plots with 8 - 19 
nests in each. Mean hatching success in these plots was 0.61 k0.07 chicks hatched per egg laid. The 
median hatch date was July 1. Mean clutch size was 2.46 k0.17 eggs per nest. We counted 1222 
individuals on the island during one census in mid-June. On Duck (Chisik) Island, Glaucous-winged 
Gulls (n=24 nests) had a mean clutch size of 2.33 eggslnest, and a hatching success of 0.46 
chicks/egg. First chicks were observed on 22 June, and median hatching was on 27 June. Population 
plots (2) were counted 10 times. Chick regurgitations were obtained from 8 chicks. 

Puffins 
On Duck (Chisik) Island, 60 Homed Puffin nest sites were followed every 4 days from incubation, 
and 13 more nests (chicks) were found at later dates. First chicks appeared between 17-21 July. 
Diurnal attendance patterns were studied on 3 days, and seasonal attendance patterns assessed from 
daily counts between 27 June and 4 September. Populations plots (6) were counted daily from 14 
June to 14 August, and 6 whole island censuses yielded a maximum count of 2335 puffins. About 
100 chick meals were obtained from netting adults, pick-ups, and visual identifications. Chick 
feeding rates were obtained from all-day watches (3) of 5-7 nest-sites. Chick growth rates were 
obtained from 17 chicks measured every 4 days. On Gull Island, individual growth rate data were 
obtained fiom 5 Tufted Puffin chicks. Some puffin chick meals and phenology data were collected 
opportunistically from sightings of adult puffins canying fish. 



Cormorants 
On Gull Island, 20 Pelagic Cormorant nests were monitored every 3-1 7 days throughout the summer. 
Productivity in 13 nests was 1.23 * 0.34 chicks per nest. An index of productivity fiom all 70 nests 
on the island was 0.93 chicks per nest. The breeding population was estimated at 140 individuals 
based on a census of nests in late June. On Duck (Chisik) Island, only 3 of 15 active Double-crested 
Cormorant nests produced chicks (6 total). No Pelagic Cormorants or active nests of this species 
were observed all summer. 

PHYSIOLOGICAL STRESS AND FOOD SUPPLY 

In contrast to adult birds, dependent chicks confined to a nest are limited in their ability to respond 
to food shortages. Starved adult birds increase plasma levels of corticosterone-- a steroid hormone 
released by the adrenal glands in response to stress-- which in turn can stimulate foraging behaviour, 
trigger irruptive migration, induce abandonment of reproduction, and mobilize stored energy 
resources to fuel increased locomotory activities. These responses can improve adult survival during 
food shortages. Similar increases in corticosterone occur in dependent chicks deprived of food, but 
little is known about the behavioural response of chicks to food stress. 

What's a chick to do when stressed by lack of food? In the Black-legged Kittiwake (Rissa 
tridacty1a)-- a cliff-nesting gull with a maximum brood of 3 chicks-- a hungry chick has only two 
behavioural options to improve its chances of survival: Either eliminate nest-mates (siblicide) or 
intensify its begging for food. Here we present evidence that elevated levels of corticosterone in 
chicks stimulates food-begging behaviour, which in turn elicits a behavioural response from adults 
that results in increased food provisioning of chicks. 

We conducted our experiment on free-living Black-legged Kittiwakes at Gull Island in lower Cook 
Inlet, Alaska. At 6 nest sites, experimental chicks were implanted subcutaneously with a 25 mm 
sealed silicon tube filled with enough crystallized corticosterone to raise blood plasma 
concentrations above base levels but below maximal stress-response levels (Kitaysky, unpubl. data). 
At 6 control nests, chicks were implanted with empty tubes. Rates of chick-begging and feeding of 
chicks by adults were monitored over a 2 day period after treatments. 

Chicks with subcutaneous corticosterone implants more than doubled their rate of begging (Kruskal- 
Wallis ANOVA: H=8.49, PC0.01) over controls with empty implants (Figure 12). Parent kittiwakes 
responded to the increased begging of chicks by nearly doubling their rate of food provisioning 
(independent samples t-test: t=3.97, Pc0.01). 

These results reveal a physiological mechanism for the regulation of chick begging behaviour and 
provide insight into the behavioural regulation of parent-offspring feeding interactions. A recent 
study showed that Blue-footed Booby (Sula nebouxii) chicks release corticosterone in response to 
short-term food deprivation. We have taken this a step hrther to show that elevating plasma 
corticosterone can initiate a behavioural cascade that increases chick begging behaviour, stimulates 
adult foraging behaviour, and ultimately increases adult feeding of chicks. Thus, chicks can regulate 
their own food supply by modifying the behaviour of their parents. Adults respond almost 



immediately to changes in chick begging behaviour, implying that elevation of corticosterone would 
be a highly adaptive short-term response of chicks to food deprivation. 

If food supplies were limiting, and parents could not increase feeding rates in accord with demands 
of their chicks, then brood reduction would be a secondary means of preventing total reproductive 
failure during food shortages. As in Blue-footed Boobies, older kittiwake chicks eliminate their 
younger siblings when food is in extremely short supply. Before reaching this point, however, it 
seems that begging behaviour would offer some evolutionary advantages over aggressive behaviour. 
Begging behaviour probably requires less energy and entails less risk of personal injury than 
aggressive behaviour. Further, survival of younger siblings could increase inclusive fitness of a 
begging individual. Experiments to evaluate the effect of corticosterone on aggressive behaviour of 
chicks would be revealing. We would predict that corticosterone levels required to induce aggressive 
behaviour should be much higher than levels needed to induce begging behaviour. 

SEABIRD RESPONSE TO FOOD SUPPLY 

We are attempting to define relationships between seabird population dynamics and food supply. 
For any species, this relationship can be characterized by quantifjrlng components of the "numerical 
(population) response" and "functional (foraging) response" of seabirds to variations in prey density 
(Holling 1959; Murdoch and Oaten 1975; Piatt 1987). The "numerical response" includes 
components of population biology such as adult survivorship, clutch size, and reproductive success. 
The "functional response" includes components of foraging such as feeding rate, time spent foraging, 
and foraging range. 

For individual seabirds, the functional response incorporates all parameters relating to the capture 
of prey. Studies have demonstrated or hypothesized that these parameters are non-linear functions 
of prey density that operate over time-scales of hours to days, and spatial scales of meters to 
kilometers. For example, foraging time declines with increasing prey density (Cairns et al. 1987; 
Monaghan et al. 1989, 1994) allowing more free time for other activities (Burger and Piatt 1990). 
Similarly, as prey densities increase, foraging ranges may contract by 10's of krn (Cairns et al. 1990; 
Monaghan et al. 1994) resulting in a considerable reduction in foraging energy expenditure (Cairns 
et al. 1987) and greater prey harvests in the vicinity of colonies (Cairns et al. 1990). 

Numerical response parameters for seabirds are, in the absence of stochastic mortality events (e.g., 
oil mortality), a direct function of food availability over longer time scales (months and years) and 
larger spatial scales (100's to 1000's of kilometers). Thus, population change in seabirds reflects day- 
to-day foraging success integrated over reproductive time-periods and the area over which 
populations are distributed (Cairns 1987, 1992a,b; Piatt 1987). 

The numerical and functional responses of individual species to changes in prey density are almost 
always non-linear, frequently sigrnoidal, and species-specific with regard to absolute density 
thresholds (Holling 1959; Murdoch and Oaten 1972; Piatt 1990; Piatt and Methven 1991). In other 
words, some seabird species may prosper at low levels of prey density while others require much 
higher densities (Piatt 1987, 1990). Cairns (1987) further hypothesized that components of the 
numerical and hctional  response in individual species of seabirds are sensitive to different levels 



(thresholds) of prey density. For example, adult survivorship is probably quite high over a wide 
range of medium to high prey densities, but at some low, critical level, adult survival diminishes 
rapidly. In contrast, when seabirds are constrained to forage locally during the breeding season and 
food demands are high (for both adults and chicks), then moderate to high prey densities are required 
to maintain high breeding success. 

Some species may be able to buffer against variation in their numerical and hnctional response by 
adjusting their foraging effort as prey densities fluctuate (Piatt 1987, 1990; Burger and Piatt 1990; 
Uttley et al. 1994; Monaghan et al. 1994). Other species may have little buffering capacity because 
they are pushed to their limits even under normal circumstances (Goudie and Piatt 199 1 ; Hamer et 
al. 1994). Thus, in some species (e.g., murres), chick feeding rates or breeding success may not be 
affected over a wide range of prey densities because adults simply spend more time foraging to 
compensate for the change in prey density. Components of numerical and functional responses 
which may be buffered are therefore less sensitive indicators of prey fluctuations (Burger and Piatt 
1990). 

In point of fact, functional and numerical responses have not been demonstrated for any seabird 
species. After 2 years of collecting data at 3 different colonies simultaneously, we have acquired just 
enough data to take a preliminary look at seabird responses to varying prey densities (Figure 13). 
In this example, we used beach seine catch data as a proxy for prey abundance until the 
hydroacoustic data are completely analysed. As predicted, kittiwakes appear to show a non-linear 
numerical response to food abundance (note log scale), and the relationship was best fit (9=0.77) 
by a sigmoidal function. In contrast, murre production was relatively insensitive to differences in 
food supply between colonies, presumably because of their ability to buffer against prey variability. 
As noted above (Common Murres), however, attendance patterns differ significantly among colonies 
in Cook Inlet. Mean attendance (bird-min per hour) was a linear function of food abundance (Figure 
13) and provides a more sensitive indicator of food stress. After another field season, we will have 
enough data to begin examining in more detail the various responses of seabird biology and behavior 
to variations in prey density. 

PUBLICATIONS 

Although field work will continue in 1998 and 1999, we are attempting to publish some of the basic 
results from the first three field seasons to lay the groundwork for later publications that will take 
a more synthetic approach. The following manuscripts comprise some of the products we hope to 
submit before the end of this fiscal year (FY98). Listed here are only those papers for which 
manuscripts have been completed and are submitted or currently under revision before submission. 
Included here are products (indicated by *asterisk) that are related to APEX interests andlor were 
prepared by investigators partially under financial support of APEX. We anticipate that all of the 
following will have been submitted for publication before 3 1 May, 1998: 

Zador, S.G., J.F. Piatt, A. Kettle, Ann Harding, and A. Abookire. 1998. Can the diet of Common 
Murres be used to assess forage fish stocks? Mss. submitted to Marine Ecology Progress 
Series. 



Kuletz, K. and J.F. Piatt. 1998. Marbled Murrelet chick production and juvenile nursery areas in 
Kachemak Bay, Alaska. Mss. under revision for submission to Wilson Bulletin. 

Abookire, A.A., J.F. Piatt and M. Robards. 1998. Near shore fish communities in two 
oceanographically distinct regions of an Alaskan estuary. Mss. under revision for submission 
to Canadian Journal of Fisheries and Aquatic Sciences. 

Kitaysky, A., J. Wingfield, and J. Piatt. 1998. What's a chick to do? Hormonal regulation of 
foraging behavior in Black-legged Kittiwake chicks. Submitted to Nature. 

* Speckman, S.G., A. Springer, and J.F. Piatt. 1998. Attendance patterns of Marbled Murrelets at sea: 
Implications for population monitoring. Under revision for submission to the Journal of 
Wildlife Management. 

*Piatt, J.F., D.C. Schneider, and D.A. Methven. Response of mobile marine predators to their prey. 
Mss. under revision for submission to Canadian Journal of Fisheries and Aquatic 
Sciences. 

*Piatt, J.F., D.C. Schneider, and D.A. Methven. Functional and aggregative response of coexisting 
marine predators. Mss. submitted to Science. 

Harding, A. and J.F. Piatt. 1998. Attendance patterns and monitoring of Homed Puffins in Cook 
Inlet, Alaska. Mss. under revision for submission to Colonial Waterbirds. 

Nielsen, A., J.F. Piatt, A. Kettle, and Tom van Pelt. 1998. Diets of Black-legged Kittiwakes in 
relation to prey availability in Cook Inlet, Alaska. Mss. under revision for submission to 
Polar Biology. 

*Kitaysky, A.S., G.L. Hunt, Jr., Flint E.N., Rubega M.A., and M.B.Decker. 1998. Does reproductive 
performance reflect population size in high latitude seabirds? Mss. under revision for 
submission to Behavioural Ecology. 

Litzow, M.A., J.F. Piatt, A.A. Abookire, M. Robards and A.K. Prichard. 1998. Variability in Pigeon 
Guillemot Diet and Nearshore Fish Communities at Kachemak Bay, Alaska. Mss. submitted 
to Canadian Journal of Zoology. 

Litzow, M.A., J.F. Piatt, and J. Figurski. 1998. Hermit crabs in the diet of Pigeon Guillemots at 
Kachemak Bay, Alaska. Submitted to Colonial Waterbirds. 

Robards, M.D., J.F. Piatt, and G.A. Rose. 1998. Maturation, fecundity and intertidal spawning of 
Pacific Sand Lance (Ammodytes hexapterus) in the northern Gulf of Alaska. Mss. submitted 
to Marine Biology. 



Robards, M., J.F. Piatt, and A. Abookire. 1998. Temporal and geographic variation in fish 
populations in nearshore and shelf areas of lower Cook Inlet, Alaska. Mss. submitted to 
Fishery Bulletin. 

Zador, S., and J.F. Piatt. 1998. Time-budgets of Common Guillemots (Uria aalge) at a declining and 
increasing colony in Alaska. Submitted to Condor. 
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Table 1. Trends in murre populations, productivity, and breeding behavior at Chisik 
and Gull Islands, 1995 - 1997. 

Duck Island Gull Island 

Parameter 1995 -> 1996 1996 -> 1997 1995 -> 1996 1996 -> 1997 

Populations 
Phenology 
Hatching Success 
Productivity 
Attendance 
Chick Feeding Rates 
Adult Trip Durations 
Chick Growth Rates 

Decline 
nla 
nla 
lncrease 
Decline 
Decline 
lncrease 
nla 

Decline 
No Change 
Decline 
Decline 
lncrease 
lncrease 
Decline 
lncrease 

Decline 
nla 
nla 
lncrease 
Decline 
lncrease 
No Change 
nla 

lncrease 
Late 
Decline 
Decline 
lncrease 
Decline 
No Change 
No Change 



I Air , 

J F M A M J J A S O N D J F M A M J J A S O N D  

Figure 1. Air temperature (daily maximum and minimum) and sea surface tem- 
perature (at 5 m below low low water) in Kachemak Bay, Alaska, 1996-1997. 
Note there was little difference in SST trends between 1996 and 1997 until 
August of 1997, when temperatures increased and stayed about 2 degrees higher 
through to October. Diamonds on SST lines indicate timing of spawning of sand 
lance in Kachemak Bay. 



Upper Cook Inlet Temperature Proflle July 23,1997 
Latitude 59.831 to 59.836 
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Kachemak Bay Temperature Proflle July 13,1997 
Longitude Range 151.337 to 151.360 

Lower Cook lnlet Temperature Proflle, July 29,1997 
Lonaltude 151.961 to 151.972 

Figure 2. Cross-sections of water temperatures in lower Cook Inlet: From Kachemak Bay to 
Chisik Island (upper panel); North to South across outer Kachemak Bay (middle panel); and 
North to South from the Kenai Peninsula to the Barren Islands (lower panel). 
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Figure 3. Nutrients and phytoplankton production on a transect across lower 
Cook Inlet. Low nutrients and high phytoplankton (stations C-9 to C-12) were 
found in stratified waters of Kachemak Bay (Fig. 2, middle panel). High nutri- 
ents and low phytoplankton (stations CI-1 to CI-8) were found in turbulent, 
mixed waters further offshore in the plume of upwelled water entering lower 
Cook Inlet (like those shown in Fig. 3, upper panel, right-hand side). 
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Figure 4. Catch-per-unit-effort (CPUE) of fish in mid-water trawls and 
beach seines at 3 study areas in lower Cook Inlet, 1996-1997. Trawl CPUE 
is standardized per krn of distance towed. Only data from the month of July 
are included in this analysis. Note increase in CPUE for both trawls and 
seines between 1996 and 1997. 
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Figure 5. Fish species composition available to seabirds in each study area. 
Data pooled for 1996 and 1997 (n=76 trawls). Percent composition was 
determined by pro-rating trawl catch composition by total foraging area 
within each study area (stratified into inshore and offshore zones). 



July 3 (n=1 0) July 14 (n=9) Aug 6 (n=lO) 

Figure 6. Seasonal variation in bottom trawl catches in Kachemak Bay, 1997. 
Includes only forage-sized fishes (80-150 rnrn). Catch-per-unit-effort (CPUE) 
was standardized for 1000 m2 area trawled. Shown are mean values with 
standard error bars. Sample size in parantheses. 
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Figure 7. Diets of Common Murre chicks and adults, and fish availability 
(from mid-water trawls), at Barren, Gull and Chisik islands. Data pooled 
from 1996 and 1997. 



Gull 

Chisik 

Year 

Figure 8. Kittiwake population trends at Gull and Chisik islands. Data from 
standardized plot counts only. Whole-island counts conducted prior to 1985 
show a marked increasing population trend at Gull Island, and a decreasing 
trend at Chisik similar to that observed above. 
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Figure 9. Diet of adult and chick Black-legged Kittiwakes at Chisik, Gull and Barren 
islands, Cook Inlet. Data from 1996 and 1997 are combined and expressed as percent 
total number or biomass in diet. See Fig. 5 for comparison with forage fish availabil- 
ity as determined by mid-water trawls. 
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Figure 10. Pigeon Guillemot nestling diet at six colonies in 
Kachemak Bay. Data from 1995-1997 combined. "Other 
Demersal Fish" category includes unidentified demersal fish. 
Schooling fish are almost entirely Pacific Sandlance. 
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Figure 11. Interannual variation in diet of Pigeon Guillemots at 3 colonies in 
Kachemak Bay, Cook Inlet. Sample sizes indicated above bars (no. nestslno. 
prey items). 
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Figure 12. (CHICKS) Black-legged Kittiwake chicks increase their begging rate in 
response to experimentally increased plasma levels of corticosterone. (PARENTS) 
Black-legged Kittiwake parents of implanted chicks increase feeding of their young in 
response to the experimentally increased begging rate of chicks. 
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Figure 13. Biological and behavioral responses of Black-legged Kittiwakes 
and Common Murres to variation in prey abundance. Constructed using data 
from 1995 (Gull Island only) to 1997 (Gull, Chisik and Barren islands). 
Kittiwakes show a non-linear (sigmoidal, note log scale) response in produc- 
tivity. Murres productivity is insensitive to fluctuations in prey density, but 
murres spent less time attending nest-sites ("loafing") when prey densities 
were low. 
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Studv Historv: Captive rearing of seabird nestlings at the Kasitsna Bay Laboratory. 
Kachemak Bay, Alaska. began during the summer of 1996 (APEX Project 96 1 G3N). 
Experi~nental feeding trials were continued during the sumnler of 1997. The field 
component of this project has been completed and a final report will be si~bnlitted in 
Sep~ember, 19C)Y. 

Abstract: Declines in the availability of certain schooling forage fishes (capelin /bf~rllo/tr.s 
~,tllo\zt.\. Pacific sand Iruice ,41nnio~!1:/c.v ~ L ' . Y L I ~ / ~ ~ I I . Y .  I'aci tic herring ( 'llll~ctr / I L ~ ~ ~ I I S ~ / \  

jxrllel.\i) have potentiall contributecl to the lack of recovery of' some fish-eating seabirds 
(Pigeon Guillemots C'el2ph~l.v colrlmt~tr. Common Mi~rres Uriu L I L I ~ ~ C ,  Marbled Murrelets 
B~~cr~~hyrcrmphzrs n7urmorattr.s) tl~at were injured by the E,r,ron Vcrlder oil spi l I .  These 
fishes tend to have I~igll lipid content and, conseqi~ently. are assumed to have high 
nutritional value as food for nestling seabirds. We tested whether conlposition ofthe diet 
IS  one factor constraining the growth and development of piscivorous seabirds. We 
raised seabird nestlings (Black-legged Kittiwakes RIS.SL[ t r i~ ie~cty l~~ and Tufted Puffins, 
FI-lrrcrczller cirrhota) in captivity on rations of either capelin. sand lance. or herring, as 
representative of high-quality forage fish. or walleye pollock (Ther(1gr.u ch~rlco~lvlme~) as 
representative of low-quality forage fish. Experimental diets consisted of iso-biomass 
~lnd iso-caloric rations of low- and high-lipid fish types. Seabird nestlings fed rations of 
capelin. sand lance or herring had higher grocvth rates of body Illass and wing length than 
nestlings fed the same biomass of pollock. Puffin chicks fed iso-caloric rations of 
pollocli. capelin. or herring showed little difference in rates of nlass or wing growth. but 
the capelin and l~erring fed chicks deposited larger fat reserves than the chiclts fed 
pollocl, Differences iri mass gain between nestlings fed the different rations were 111ore 
pronounced than differences in wing growth. suggesting that undernoi~rished nestlings 
allocate food intake nlore to structural development than body mass. We conclude that 
the lipid content and nutritional quality of forage fish fed to nestlings has a marked effect 
on gro~vtli rates and. potentially. on reproductive success. 011~ consequence of subs is ti^ H_ 

o n  pollo~l, 1115tead ofl~plci-rich I'or~~ge hpecies is that predators must espenci n~ol-c rncl.g> 
and catch more prey to meet the energ! recluirements o f t h e ~ r  offspring I n  addition. 
nestl~ngs fed lower lipid diets deposit less fat reser\.es. potentially reducing post-tledging 
s i ~ r ~ i v ; ~ I .  These conclusions provide more s~ipport for the hypothesis that recover} of 
seabird resources that bere injured by the Exson Valdez oil spill is dependent on 
recovery of certain key forage tish stocks, especially capelin. sand lance. and herring. 

I<ev Wol-ds: black-legged kitticvake. capelin. captive feeding trials. chick growth. 
herring. 1ipicl:protein ratio. sand lance. pollock. tufted puffill. 
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Abstract. - Declines in availability of certain schooling forage fishes (capelin 

iLlcl1loru.v vi1lo.su.s. Pacific sand lance A~?~mo~!v/e.s hexcrpter~r.~. Pacific herring C'lul~ecr 

11~1r.cng~is ~ L I I I L I . ~ ~ )  potentially contributed to declilnes in nesting success ofsonle fish- 

eating seabirds in Alaska. These forage fishes tend to have high lipid content compared 

~vitli that of other forage fishes. and. consequently. are assumed to have high nutritional 

value as food for young seabirds. LVe tested the hypothesis that type oftis11 consumed 

constrains the growth and developme~~t of piscivorous senbircls. We rili~ed seob~rcl 

~lestlings (Black-legged Kittiwakes. Risstr iri~l~lctylu and Tufted Puffins. Fr~r~~rcz~I t r  

cirr-l7~rta) in captivity on equal biomass rations of either capelin, herring, or sand lance 

and compr~red their gro~vth with that of nestlings raised on juvenile walleye pollock 

(Ther~rgrlr chulco,qr~irntr), (representative of low-lipid forage tislies). Seabird nestlings 

fed herr~ng. sand lance. or capelin had higher grotvth rates (body mass and wing lensth) 

t11ali nestlings fed juvenile pollock. Differences in mass gain were nlore pronounced than 

differences in wing growth. suggesting that nestlings fed lower-lipid diets allocate 

assimilated nutrients more toward structural development than to deposition of body 

mass 1'11~1s. the lipid content ot' thrnge fish fed to nest~inss h r ~ s  LI mnrhcd rlreci o n  

g~.o\vth r~ltcs and. potcntiall!. on prc- and post-tleclging sill-\ i \  r ~ l  This concl~~slon 

provides support for the hypotliesia that the demograpli) of piacik orous sc~lbircls In 

Alaska is dependent on certain key forage fish stocks. especially capelin. sand lance. iund 

herring. 

Ke) words. - Black-legged Kittinnhe. cr~pelin. captive feeding trials. chicl\ gl.o\\tIi. 

herr~ng. pollock. sand lance. se~ibirds. 'I'~~fted P ~ ~ f f i n .  

Runn ing  head: D~ct  and Seabird Growth 



INTRODUCTION 

Recent declines among populations of top trophic level predators in tlie northern Cri~lf 

of' Alaska have been linked tv decreasing a\  ailabilit! 01' forage tishes (Men-ich el ;I]. 

1987, Hatch et al. 1993. Piatt and Anderson 1'196). Several species ol'xnbircts. inclucling 

Marbled Murrelets (Br~1ci7ylvlml,hu.\. m~vmoru/l/.s). Common Murres (Ilr-it/ c1~11:<e), and 

Pigeon Guillen~ots (Ceppht~.~ coltlmhn), have experienced population declines in this area 

over the last two decades. Recently, total failure of breeding seabirds lias been recorded 

repeatedly at se~era l  sites (e.2.. Cllisili 1.. Middleton 1.).  A lack of preferrecl Ibrage lislies 

durit~g the nestins season has been hypothesized as one factor leading to lo\c productivity 

(Hatch et al. 1993). 

A mqjor change in the taxononiic composition of diets of several seabird species lias 

been observed in the northern Gcll f of Alaska. concurrent with pop~~latioti declincs n\:er 

tlie past 20 years. Sollie species Iia\!e s\\.itched froni diets domin:ltec! b!, c3pl;'Iili 

(~L l~ i l l o / z~ .~  V I ' I I ~ J . I . I J . ) .  Pacitic sand lance ( A ~ ~ I I O ~ & . ; L . . Y  hextlj>/ei.l~.~,. LIIIC: I';l;i lic lierrin: 

(C'll~petr htrren,yz~.s) to diets do~ninated by juvenile walleye pollock ( T h e r ~ ~ g r ~ ~  

chalcogrumcr) and other gadids (Piott atid Anderson 1996). Due to generally lower lipid 

colitcnt a n d  Io\vcr e11c'l.gy dt'nsity (Ii.l/g li1.t' nl;lss). ,juvenile pollock are considel-ed lower 

cl~lality p1.e). than other tisli c o ~ i i ~ i i o ~ ~ l y  found in diets of nestling seabirds (Baisd 100 I .  

Van Pelt et ~11. 1997. Anthony et al. Unpubl. 121s.). The lipid content oFcaprlin. s;~~ict 

lance. and herring is genel-ally t \ ~ o  lo ~ O L I I -  times t11;lt of.juvenile pollock. ~11id energy 

density cr11i be t~vice that o f  polluck. depending on ses and age clilss (Van I'elt et al. 1007. 

Antlion! c (  a!. I.inpilhl. 111s. 1. 



If reproducti\ e success of seabirds is directl! related to the nutritional clualil! 01' 

available forage fish, then adult seabirds that rely on low-lipid prey to provision their 

young may experience lower productivity (Nettleship 19C)0. Martin 19SC1). For exanlple, 

recent reproductive hilures among Black-legged Kittiwakes nesting in Prince William 

Suund, Alaska have been linked io forage tish availability, especially the availability of 

Pacific herring (Irons 1996). Reproductive success in seabirds is dependent. in part. on 

the parent's ability to capture and transport food energy from the foraging area to the nest 

(Ricklefs 1983. Roby 199 1 ). If parent scabircis provide their young ~b it11 an cq~~i \~ ; l l rn t  

amount of food energy in the l i ~ r m  ofjuvenile pollock (or another low-lipid I'urase fish) 

as they can provide in sand lance. herring. or capelin. they nlay Iiave to feed [heir u u n g  

' I \ '  coll~ts~ll l l~s.  t\vice the biomass of food. This may not be possible due to time and cnc.r=- 

unless pollock are readily available close to the colony. Increased foraging effort by 

parent seabirds may also expose them to higher risk of predation or other stress - related 

inortality. Consecluently. slower gro~vtll and lower tledging nlass would be expected in 

nestlings t td  primarily low-lipid foragt i;slits. The pretiictec; res;:lt ivould be tewer 

nestlings surviving to fledge and locver post-tledging survival. 

.l'his r~'se;ircIi \\.as ciesigned to provide ;I better ~ ~ ~ i c e r s t ~ i l i ~ i  ol'the relntionsliip 

bct\\.een diet qualit!. and seabird producti\.it!. Captive nestlings feel co~itrollcd rations of 

different tbl-age kish species were useel to test the hypothesis that differences in prey t>pe 

result in differences in the gro~vt11 and development of seabird nestlinss. LC'e predicted 

that seabirtl nestlings fed diets ot'c~tpelin. sand lance. or herring woulci gro\v ;lncl cie\lelup 

mure rapidly than nestlings fed the same J~lily rrltiun ofjuvenile ~TolIo~li. CVt. also 



predicted that these diet-related differences would occur regardless of the taxon of 

seabird used in captive feeding trials. 

METHODS AND MATERIALS 

The research design ~~til ized a combination of captive feeding trials and laboratory 

analyses. Captive feeding trials were col~ducted at the Kasitsna Hay I.;lbor;~~or!. 01'1llt\ 

Institute of Marine Science, U~liversity of Alaska Fairbanks. di~ring the summers of 1996 

and 1997. The Laboratory is located on Kachemak Bay near the town of Seldovia in 

South-central Alaska. Captive feeding trials were conducted following a protocol 

approved by the Institutional Animal Care and Use Committee at Oregon State 

Two species of colonial, piscivorous seabirds were chosen for captive feeding trials: 

Black-legged Icittiwakes (Ri.csu fr.i~l(~lc.tj//ct) and Tufted Put'fins ( / ; ~ ' L I I c ~ ~ c z ~ / L I  c . I ' ~~ I~ ( I I c I ) .  Tlie 

former is a larid that forages at c)r near  Llle S L I I , ~ ' ; I C ~ ~  b j  p i ~ l ~ ~ g e - i ; . \ i ~ ~ , .  ~vhiic the latter ih an 

alcid that forages by pursuit-diving to considerable depth. 130th are commo!i hreecl~ng 

species in the northern Gulf of Alaska. 

Chicks used in the study were collected from either East Anlatuli Island in the Barren 

Islands. ,4laslin or horn colonies in I<achemal\r Bay under permits held by the Alaslia 

U~olog~c:il Sc~ence Center. Dur~ng 1906. 14 Black-legged tiitti~cake chicl\s and 14 

Tufted Puffin chicks were removed from their nests at 6-1 0 days post-hatch (_+ 3 days) 



and 5-  1 8 days post-hatch (k 3 days). respectively. In 1997. 12 kittiwake chicits and 12 

pufiin chicks were removed at 3-9 days post-hatch (+ 3 days) and 4-1 7 days post-hatch 

(+ 3 days). respectively. Kittiwake cliiclis  ere ilgc~l from ;I combin;~~io~i o1'11ici1. h o c l \  

niass and wing length. using regression equr~tio~is for wing lengtli and body mass as :I 

f~unction of age. The equation was derived from known-age chicks i n  Prilicc M'illiam 

Sound, Alaslta (D.B. Irons, unpubl. data). Tufted Puffin chicks were also aged fro111 a 

combination of wing length and body mass using regression equations derived from 

known-age chicits on Aiktak Island. Alaska (Piatt and Romano, unpubl. data). 

Young cliiclcs were kept under heat lamps for several days after removal from their 

nests to preclude any possibility of liypothermia. All chiclcs were held indoors, in 

individual cages througho~lt captive feeding experiments. Cages consisted of covered 

plastic bucltets with the bottom cclt out and replaced with a floor of galvanized hardware 

cloth so that excreta could drain out. Each cage measured approximately 50 urn  deep and 

40 CIII in diameter. We attempted to keep subjects under natural photo-period but the 

light period was extended during the puffin feedin, trials using fluorescgnt i;pl~ts during 

evening feedings. All chicks were kept at ambient temperatures between 16 and 20°C 

tlirougl~out the captive feeding experinients. 

During 1996 the sample of kittiwake chicks was evenly divided into two diet groups 

(N=7 per treatment). each receii'ing a daily ration of either 100 g of age class 2; (205- 

265 Inm standard length) juvenile walleye pollocli. or 100 g of adult and juvenile (57-145 

IUIII standard length) Pacific sand I ~ ~ n c e .  During 1007 the sample of kittiwake chicks ivas 



again divided evenly into two groups (N=6 per treatment). with each nestling rccci\.ing a 

claily ration of either 100 g of' age class 2+ ( 161 -264 nim standard length) walleye 

pollock. or 100 g of age class 1 +(I 29- 14 1 mm standard length) juvenile Pacific herring. 

All chicks were fed their respective experimental diets beginning at 13 days post-hatch 

and tile experiment was terniinated at 3 1 days post-hatch. The age at the elid of the 

feeding trials was chosen as the earliest possible fledging age. Before begilllliilg tile 

feeding trial at age I3 clays. each bird was fed an t ~ d  lihitlutn diet of equal amounts of the 

high- and low-lipid forage fishes. Data from the lcittiwalces fed 100 glclay pollocl< were 

pooled for the two years because no signiiicant between-year differences ibert. Ii)und 

(using a two-sample t-test) in either the enersy density of pollock (t=0.2 16. df=40. 

P=O.S30), or in fledging body lllass (t=0.569, df=l 1, P= 0.581) or fledging wing length 

(t=1.307, df=l 1. P= 0.21 8) of lcittiwalces fed pollocli. 

The sample of puftill chicks collected in 1996 was evenly divided into two diet 

y.uups (N=7 per Lreatment), with each receiving a daily ration of either 80 g of age class 

2+ (205-265 lnnl standard length) walieye p ~ i i o c k  (a low-lipid Gsli', 01-80 g of capelin 

( 7  1 - 103 111111 standard length)(a high-lipid fish). During 1997. the sample of puffin chicks 

was again divided into t\vo diet groups (N=O per treatnient) receiving a daily ration of 

either 100 g ot'age class 1 + ( 143- 170 nlm standurcl length) \vallc> c pollocl\ or I00 g 0 1 '  

age class 1 + ( 139-1 4 1 IIII-II stanclarci length) Juvenile I'ac~tic herring ( L I  h~gh-lipicl Iibh). 

All puffin chicks were fed their respective experimental diets beginning at I c, days post- 

hatch and the experinlent was terminated at 40 days post-hatch. The ase at the end of the 

keding trials was chose11 as the earliest possible tledging age. Bel'ore beginning  he 



feeding trial at 19 days. each bird \\as fed run  l ihi~irln~ diet of equal amounts of the 

high- and low-lipid forage tishes. 

All chiclcs were fed four times per day. Meals were weighed out in pre-weighed 

alurnin~tli~ pans using an Okaus electronic balance (+ 0.1 2). Each chick was fed by 

placing the aluminun~ pan in its cage. Lab personnel ~voc~ld then checli the cages LO lnake 

sure each bird had consumed its enlire meal. 

During 1997 all subjects received a vitalllin supplement. Birds received one half of a 

"Seatabs" vitamin supplement in their final food ration of the day (Pacific Research Labs 

Inc.. El Cajon. CA). The dosage, reconlmended by aviculturists from the Oregon Coast 

Aquarium. included 50 nlg of thiamine. Piscivorous seabirds Icept in captivity often 

develop a thiamine deficiency due to being fed frozen tisll. There was no evidence that 

the vitalnil1 supplement affected the gro~vtll of subjects compared to those raised without 

Varirlbles that were measured daily for both IciLtiulakes and puftins in l7otl: !cart; 0 1 '  

the study included: ( I )  body Illass (measured with an Ohaus triple beam balance. + 0. I g). 

(2)  wing length (measured flat on a ruler, + 1 mm). (3) culrnen length (n~easured wit11 

calipers. k 0.1 mm). and (4) tarsus length (measured with calipers. If: 0.1 mni). The only 

c'\c~cl~~ioti \\a'.; that t :~rsi~s length \\.;is n o t  nie:~s~~recI for I\rirti\vake nestlinss in 1996. ,411 

meusurcments were taliell daily between 0S:OO and 10:00 ADT. prior to the lirst feeding 

of the day 



A variety of methods were used to collect fishes used in the captive feeding 

esperime~~ts .  All capelin and sand lance \ifere capti~red in either be:~cli seines o r  c:lsr ncts 

in Kachemali Bay. Alaska during late June and early July 1996. Age class I + pollock 

were collected via trawl during a National Oceanographic and Atmospheric 

Administration research cruise in the Bering Sea during June 1997. Age class 2+ pollock 

were collected via trawl during two Alaska Department of Fish and Game research 

cruises i n  I'rince LVillia~n Sound, Alaslta in May 1996 and May 1997. Juvenile herring 

were purchased during May and June 1907 from a comn~ercial baitfish supplier in 

Anchorage, Alaska. 

Sanlples of the various fishes that were fed to captive kittiwake and pi~ffin chicks 

were shipped frozen to the laboratory at Oregon State University. where they were 

subjected to prosilllate analysis. 111 the lab. fish specime~ls were individually weighed 

and measured. then dried to constant Illass in a convection oven at 60' C to determine 

water content. The dried tish were then thorougllly grourid using a mortar and pestle and 

lipid content was determined by solvent extraction using a soshlet apparatus and 

hexane/isopropyl alcohol 7:2 (v: v) as the solvent systenl (Radin 198 1). Lean dry fish 

san~ples were then ashed in a mufile furnace at 600°C for 12 hours in order to determine 

ash-free lean dry mass (ca. 04% protein: Monteveccl~i et al. 1984) by sitbtraction. Energy 

content of chick ci~ets \\ere calculated from the prosin~ate composition (perccnt \Later. 

l ip~d, ash-free lean dry matter Iprotein]. and ash) of fish dong with p~~blishecl energy 

equivalents of these fractious (39.4 kJ/g lipid: 17.5 kJ/g protein: Sch111idt-Nielsen 

19'17. I71 ). 
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Means of final body Inass for kittiwakes on different diets were co~npared using a 

Krusltal- Wallis ANOVA analysis 017 ranked data and Dunn's n~e t l~od  for multiple 

comparisons. Dunn's  neth hod was chosen over other multiple comparison proceclures 

because it accomlnodates differences in sample size. Standard ANOVA could not be used 

because the kittiwake Inass data did not meet the assu~nptio~ls of equal variance, both 

before and after several transformation attempts. Means of final wing length for 

kittiwakes were compared among cliet groups L I S ~ I I ~  one-way ANOVA ancl a Tikey test 

for pairwise ~nultiple comparisons. Plea11 linal bod! mass and mean l i n ~ ~ l  wing length for 

pi~ftins on different diets were compared using [-tests. ' I  lie l ip~d content o l ' I \ ~ ~ ~ ~ \ \ a l \ t .  ancl 

puffin diets coc~ld not be compared using ANOVA because the assiunption of equal 

variance was not met (for both raw and transformed data). A Kruskal-Wallis ANOVA 

was perfornled on the ranked data and comparisons were made using Dunn's method for 

multiple comparisons. Data on energy content of specific forage fish were log 

transformed to accommodate differences i n  sample variance. After transformation. meall 

daily energy intalte of the kittiwakes were compared using one-way ANOVA and a 

Tukey Test for pairwise multiple ccln~par;sons. Following lo& transformation mean daily 

energy intake for puffins were compared using t-tests. 

All subjects adjusted quickly to captivity, sc~rvived for the duration 01' the captive 

feeding trials. and exhibited little variation in grotvth and development rate within each 

speciesldiet sroup. All Iiitti\\ake and puftin chicks readily consumed whole prey from the 

tirsr feeding: no force-teeding \bas requirecl. 



There was a significant difference among the 3 diet groups in average body nlass of 

kitticvaltes at the end of the feeding trials (Kruslcal-Wallis analysis on ranks. df = 2, P < 

0.001; Fig. 1 a). Kittiwake i~estlings on the polloclc diet were signiiicantly lighter by the 

end of the feeding trials than 1;ittiual;eb on either ~ h c  san~l Iancc (Dunn's in~.thucl ul' 

multiple comparisons, P < 0.05) or herring (Dunn's method of n~ultiple con~parisuns. I' -. 

0.05) diets (Table 1). Kittiwake fledglings that had been raised on the herring diet Ilad a 

significantly higher average body mass than fledglings raised on the sand lance diet. 

Puffin fledglings raised on the herring diet (100 glday) were significantly heavier at 

the end of the feeding trials than pufiins raised on the polloclc diet (1 00 g/day)(t = 8.096. 

df = 10, P < 0.00 l)(Table 1). Puffin fledgliilgs raised on the capelin diet (80 glday) had a 

significantly higher average body mass than puffins raised on the pollock diet (80 glday) 

( t  = 12.739. df = 12. P < 0.001) (Table 1 b.c). 

There was a ~ i ~ n i t i c a ~ ~ t  clii'fc'lznce among tile , d i ~ . ~  groups in average wing length of 

kittiwakes at the end of the feeding trials(AN0VA. F2.14 = 54.408. P < 0.001 : Fig. 23). 

Pre-fledging wing length for kittiwakes fed the pollock diet was significantly less than 

that of kittiwakes fed either sand lance (Tukey test, P < 0.05) or herring (Tukey test, P < 

0 05). There was no signiiicant difference between the pre-fledging wing length of 

I,~tti~val,es fed e~ther sand It~nce or herring diets (Tuhey test. P > 0.05) (Table I ). 

The pw-tledging wing length of puffins fed the herring diet ( 100 glday) was not 

s~gnlficantly d~fferent from that of piiffilins fed the pollock diet ( 1  00 g/day)(t = 0.792. cif= 

I I 



10, P = 0.447)(table 1). Puffins fed the capelin diet (80 glday) had significantly greater 

pre-fledging wing length than pufiins fed the pollock diet (t = 4.494. df = I?. P < 

0.00 I)(Table I ,  Fig. 2 b,c). 

Differences in body Inass gain between chicks fed high-lipid fishes vs. chicks fed 

pollock were much more pronounced than differences in structural growth (i.e., wing 

length)(Figs. 1 Sr 2). 

Lipid content of age class 2+ pollock (2.2% wet mass) was significantly less than the 

lierrinf ( 1  0.9% wet mass)( Dunn's method of multiple comparisons. I' < 0.05). c~~pel in  

(8.7%)( P < 0.05). or sand lance (6.00/0)( P < 0.05) ([able 2). Age class 1 + pulluck haci a 

sigiiificantly lower lipid content (6.4%) than herring (Dunn's method of ~ilultiple 

comparisons. P < 0.05) or capelin ( P < 0.05). yet there was no significant difference i l l  -. 

lipid content between age class 1 + pollock and sand lance (P > 0.05) (Table 2). 

There was a signiiicant diii'ei-ence in the energy dehitj/ of the 3 diets fed to kittiwake 

nestlings (ANOVA, k2.w = 155.0. 1' < 0.00 1). The average energy density of diets ied to 

kittiwakes were highest for herring, lowest for pollock, and intermediate for sand lance 

('Pukey test. P < 0.05) Averaye energy density of diets fed to piiftins \\ere higher for 

Iierring than for age cl;lss 1 + pollocl; ( t  = 1 0.24C>. ell‘= 42. P ( 0.00 I ) anct Iiiyher for 

- 9 -  cupelin that1 for age class 2+ pollocl, ( t  = 10.823. clt = 3.1. 1' ,* 0.00 I )( P~iblc 2 )  

Kittiwakes fed the pollock diet consunied approximately 373 kJ/day (SE = 10.4). 

whereas kittiwal<es fed the sand lance diet consumed r~pprosiniately 527 I;.l/ct;~!. (SI: = 
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8.2) and kittiwakes fed the herring diet collsumed approximately 7 17 kJ1day (SE = 16.4) 

(Fig. 3). Puffins fed the polloclc diet ( 1  00 glday) received approximately 528 kJ/day (SE 

= 16.9) and puffins fed the herring diet (100 glday) consumed approsi~nately 717 kJIday 

(SE = 16.4)(Fig. 3). Puffins fed the pollock diet (80 glday) consumed an estimated 296 

k.l/day (SE = 8.0) while puffins fed the capelin diet (80 glday) consuilled approxinlately 

492 kJ/day (SE = 17.7)(Fi~.  3). 

Both lcittiwalte and puffin nestlillgs raised on diets of high-lipid fish (capelin. herring, 

or sand lance) grew faster and were heavier at fledging age than nestlings fed the sanle 

bionlass of low-lipid fish (juvenile walleye pollock). This result cvas predicted LI prior; 

because sub.jects fed hieh-lipid fish should consume considerably more energy (kJ/day) 

than subjects fed low-lipid fish. The nletabolizable energy content of lipid is Inore than 

twice that of protein for uricotelic vertebrates like birds (39.4 kJ/g lipid vs. 17.8 kJ/g 

protein)(Schmidt-Nielsen 1997: 171 j. The prote<~ c6ntent of the forage tishes used in 

these f eding trials was similar and intcrspecitic differences i n  lipid content ot't ishcs 

explained nearly all of  the variation in energ), density of the dicts. Because protein 

content of diets were similar. differences in lipid content of the clic~ \\ere ~ C > ~ ) ~ ) I I ~ I \ I I C  [ ; ) I  

most of the differences in body mass growth between diet groups. 

The age class 1 + juvenile w;~lle!,e pollock that wese fed to the puftins had an 

~ ~ ~ ~ c l i a ~ ~ : ~ c ~ c r i s t ~ c : ~ l l !  high lipicl ct)ntcnt (0.4'!.<,. \vet 111ass). and average energy density (5.3 

li.l/g) forJu\enile walle!,e pollocli. Their lipid content and energy density were 

1; 



co~lsiderably higher than previously analyzed pollock from the northern Gulf of Alaska 

(Van Pelt et al. 1997. Arlthony et al. Unpubl. 111s.). There was also a large difference in 

lipid content and energy density between the two age classes of pollock that were used in 

the puffin feeding trials. This nlay explain the growth performance of puffins on the diet 

of age cl~lss I+ pulloclc (i.e.. 110 significant difference i l l  pre-lledg~ng \vlng length a h  

compared to chicks 011 the herritlg diet.). These data suggest that juvenile walleye 

pollock are not necessarily a low-lipid diet for nestling seabirds. Juvenile walleye 

pollock that are as high in lipids as the 1+ pollock used in this study are apparently 

uncommon (Van Pelt et al. 1997, Anthony et al. Unpubl. rns.). 

Differences in mass gain alnong diet groups were much more pronounced than 

differences in structural growth. In all four con~parisons. chiclcs on the low-lipid diet 

(pollock) lagged behind in body mass growth by at least a week (i.e.. at their rote of gain 

it would take a minimum of a weel< of additional growth for the chicks on the low-lipid 

diet to reach the final body mass of the chiclts on the Iiigll-lipid diet). In ccwlLrah1. \\ills 

length growth tencieu lo be similar anlong Lliei-gro~~ps. The chicks on the low-lipid diet 

lagged only a few days behind those on the Iligh-lipid diet. Puffins fed 100 g of either 

pollock or herring showed this clearly; the difference in fledging body mass between 

chicks on the two diets was significant, yet there was no difference in the pre-fledging 

wing length for ch~cks on the two diets. Likewise there was a significant difference in 

tleiiging bud? mass between the ki~t~~val<es fed Ilerring kund those fed sand lance. yet there 

\\as no dift'erence between the two g r o ~ p s  in pre-Hedging wing length. This suggests 

that undernourished seabird chicks preferentially allocate assimilated nutrients to 

. - 
structural development over mass galn. rhis  nay be especially signiticant for kittiwakes. 
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which can raise two or even three young per nesting attenlpt (pufii~ls raise o~ily a single 

chick at a time). Sibling competition may exact a heavy toll on young that fail to grow 

on limited resources. 

Work on Atlantic Puffins (Fratercul~~ ~vcticu) has showl~ that their prod~~ctivity is 

closely tied to the availability of energy-rich forage fish prey. Atlantic Puffins at 

colonies that provision their young with capelin experienced high productivity when this 

forage fish was available. In contrast, during years when capelin were scarce 

productivity was reduced (Nettleship 1954). Martin (1989) observed a similar pattern in 

an Atlantic P~~fii~in colony that relied heavily on sand lance. Desl?ik I3 cl~l't'erenr prc! 

species in the diet, breeding puftins were not able to obtain sufficient alternative food 

when sand lance stocks declined. The result was a severe breeding failure when sand 

lance were scarce. 

CONCLUSIONS 

Low availability of high-lipid forage fishes could have adverse effects on nestling 

grow11 and development in piscivorous seabirds. If parental foraging is constrained, or 

the ability of  the parent seabirds to [ranspol-1 food back to the nest is limited. consu~i~ption 

01' 11igI1-lipid forage tish ma!. bc necessary 10 COII I~ )CI ISL~ \C  KOI. colls[r;li~l~s o n  l)io~ll;~ss 01' 

prey provided to nestlings. I'rocisiouing young with high-lipid prey \viIi ge~ic'r;~ii! rcsi~ii 

in nestlings that gain body mass and develop structurally inore rapidly. '1-his allo~vs 

nestlings to fledge at a younger age and at higher body mass. traits that should enhance 

ti tness. 
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Figure 1 : Body mass growth of Black-legged Kittiwakes (A) and Tufted Puffins (B  & C) 

raised on diets of high-lipid (herring, sand lance, capelin) or low-lipid (juvenile walleye 

pollocl<) fishes. 

7 .  t. ~gilre 2: Wing growth of Black-legped Kittiwakes (A) and Tufted I'ufiins (I3 & C )  

raised on diets of high-lipid (herring. sand lance, capelin) or low-lipid (juvenile walleye 

pollock) fishes. 

Figure 3:  Estimated daiiv e n e r p  intake of Black-legged Kittiwakes (A) and Tufted 

Puffins (B) fed rations of different torage fishes. Error oars represent one standard error 

of the mean. 



] / +sand lance (1 00 gld) / 1 

A 600 

0 -- 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

Age (days post-hatch) 

500 

Tufted Puffin 

herring (1 00 gld) 
Black-legged Kittiwake 

+- herring (I 00 gld) 
100 - 

-O- pollock 1 + (1 00 gld) 
0 , I , I I I I I i 

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Age (days post-hatch) 

i I ! , 1 I I I , 1 1 I 8 8 I I I 

1 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
Age (days post-hatch) 

500 
+capelin (80 gld) Tufted Puffin 

U pollock 2+ (80 gld) 



+sand lance (1 00 gld) 

0 1 , 
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

Age (days post-hatch) 

225 

200 - 
Tufted Puffin 

25 - 1 -0- pollock 1 + (1 00 gld) 

0 I I I 1 I I I , ! I 1 I ! I I , 4 

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Age (days post-hatch) 

c 225 - 

200 
Tufted Puffin 

150 - 
.f; 125 
0) 
C 

100 -I 
0) 
c 75 
5 + capelin (80 gld) 

50 
I * pollock 2+ (80 gld) 

25 
I 

0 I , , I I I I 1 I , I 
! , I I 

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
Age (days post-hatch) 



Black-legged Kittiwake 

1 herring (1 00 gld) sand lance (1 00 gld) pollock 2+ (1 00 gld) 

Tufted Puffin 

herring pollock 1 + 
(1 00 gld) (1 00 gld) 

capelin pollock 2+ 

(80 gld) (80 gld) 



Table 1. Pre-fledging body mass and wing length for black-legged kittiwakes (BLKI, age 31 days) and 

tufted puffins -- -- (TUPU, age 40 days) raised on diets of different forage fishes. 

Bird Species Diet Treatment Mean Body Mass (g) k S.E. Mean Wing Length (mm) -t S.E. 
- . -- - 

BLKI (N=6) Herring (100 glday) 408.2 _+ 13.31 214 _+ 2.34 

BLKl (N=7) Sand lance (100 glday) 362.0 -t 4.63 214 + 1.63 

BLKl (N=13) Pollock 2+ (1 00 glday) 260.0 i 2.1 1 193 * 1.53 

TUPU (N=7) Capelin (80 glday) 

TUPU (N=7) Pollock 2+ (80 glday) 

TUPU (N=6) Herring (100 glday) 

TUPU (N=6) Pollock 1 + (1 00 glday) 



Table 2: Results of proximate analysis of fishes used to feed young seabirds during captive feeding 

tr~als. - - Values listed are averages - for all fish of a single type, hence values in rows may not sum to 100%. 

Fish type '10 Water + S.E. % Lipid + S.E. % AFLDM + S.E. % Ash + S.E. 
- - 

Pollock 2+ (N=27) 78.12 + 0.38 2.17 + 0.17 16.18 + 0.33 3.92 + 0.31 

Pollock 1 + (N=20) 75.68 + 0.25 6.38 t- 0.21 15.53 + 0.16 3.27 + 0.04 

Sand lance (N=34) 73.78 _+ 0.49 6.02 t- 0.43 16 36 + 0.47 3.84 + 0.13 

Capelin (N=19) 73.14 k 0.54 8.71 +_ 0.65 15.29 + 0.29 2.86 + 0.14 

Herring (N=24) 70 06 + 0.39 10.85 + 0.44 16.30 + 0.13 4.36 + 0.06 
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Project Number 98163 0 Statistical Review 

Progress Report For Statistical Work Conducted With Apex Investigators, FY98. 

Since October 1997, WEST has continued development of methods for estimation of mean 
biomass density of forage fish in discrete units of Prince William Sound in cooperation with APEX 
Principal Investigators: Ken Coyle, Lew Halderson, and Thomas Shirley. This work has included 
development of statistical and computational methods for estimating the mean of auto-correlated 
data over an irregular polygonal region, along with software to implement those methods. 
Hydro-acoustic surveys typically result in samples containing very large numbers of observations 
which has prohibited implementation of traditional geostatistical methods due to computational 
bottle necks. The statistical methods have been developed for estimation of mean forage fish 
biomass density from hydro-acoustic surveys in which observations are from non randomly 
selected sites. Although the methods were developed specifically for estimating forage fish 
density, the methods are also appropriate for estimation and mapping of other spatially distributed 
parameters such as plankton and other invertebrate densities, as well as spatial distributions of sea 
bird activity. 

Software implementation has included work with Ken Coyle and Chirk Chu to modify GEOMATO 
a geostatistical package for analysis and display of spatially correlated data. The software includes 
a graphical user interface and is based on computational routines from MATLAB0 scientific 
computation and visualization software. Additional work in the upcoming months is anticipated to 
include publication of the statistical and computational methods, further modifications of the 
GEOMATG user interface to include additional analysis options, and development of additional 
analysis techniques which incorporate relationships between biomass density and other covariates 
such as distance from shore, depth and other data available as coverages from GIs systems. 

Results of the statistical methodology developed in cooperation with Ken Coyle will be submitted 
for publication in the open literature and submitted for presentation at the 1999 EVOS workshop to 
be held in March 1999. John Kern and Ken Coyle will be the authors on this paper. 

In addition to the above larger scale statistical research and applications in the Fish Population 
Sampling project, we have interacted with the Principal Investigators in the following projects in 
design and analysis of APEX studies: SeabirdForage Fish Interactions, Fish Diet Overlap, 
Kittiwake Foraging and Reproduction, Guillemot Foraging and Reproduction, Barren Islands 
Study, and Marbled Murrelets. 
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The Factors That Limit Seabird Recovery In The EVOS Study Area: A Modeling Approach 

Restoration Project 97 1634 
Annual Report 

Studv History: The project effort was initiated in February 1997 as a new project. Field 
work has not been a direct component of this project, which relies on the data gathered by all 
other APEX projects as well as data in the literature. In a sense, all APEX principle 
investigators are part of Restoration Project 971634. By the nature of our work --- inter- 
relating the data gathered by other investigators in APEX --- we, generally, are one year 
behind the other APEX projects. 

Abstract: We use mathematical models to assess ways in which food supply could be 
affecting recovery of seabirds in the EVOS study area. Our intent is to test the degree to which 
iood limitation could be affecting recovery, indicate the mechanisms by which this could come 
about, and identify the scale at which interactions are occurring between food availability and 
the species and colonies being studied by APEX. In the first year of effort we concentrated on 
acquiring and formatting data. We formatted fish availability data (fiom hyroacoustic surveys 
and aerial fish-school spotting) and integrated it spatially with foraging data for Black-legged 
Kittiwakes. We explored the feasibility of working with Pigeon Guillemots, as well, but the 
available data proved to be inadequate, although in the future this is likely to change. The 
models that we were successful in developing compared kittiwake foraging effort, using data 
gathered by APEX component B, G and E, and prey availability, from APEX component A and 
a SEA component. Best correspondence existed between kittiwake foraging and aerial spotting 
of fish schools. Successful foraging did relate to breeding productivity. Thus, we developed a 
demographic model as well. Additional work is required, but the modeling indicated that 
foraging activity during summer can affect population growth in the Black-legged Kittiwake. 

Key Words: Exxon Valdez, Pigeon Guillemots, Black-legged Kittiwakes, foraging effort, prey 
availability, population growth, mathematical modeling. 

Proiect Data: (will be addressed in the final report) 

Citation: Ford, R. G., D. C. Schneider, and D. G. Ainley. 1998. The factors that limit seabird 
recovery in the EVOS study area: a modeling approach., Exxon Valdez Oil Spill Restoration 
Project Annual Report (Restoration Project 97163Q), Anchorage, Alaska. 
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Figure 1. Results from boat chases of Black-legged Kittiwakes radio-tagged at the 
Eleanor Island colony, central Prince William Sound, 1996. Colony locations shown by 
yellow dots. 

Figure 2. Results from boat chases of Black-legged Kittiwakes radio-tagged at the 
Eleanor Island colony, central Prince William Sound, 1997: rate of movement data 
compared to actual observations of foraging behavior. Colony locations show- by yellow 
dots. 

Figure 3. Foraging grounds in Prince William Sound scaled by feeding rate for each of 
the three kittiwake study colonies relative to distance from the colony; Prince William 
Sound, 1996: red is Shoup Bay, blue is Eleanor Island, and yellow is Icy Bay. The 
brightest color shows 95% of foraging, medium color intensity shows 90% of foraging, 
and dimmest color shows 85% of foraging. Colony locations shown by red-and-white 
symbols. 

Figure 4. A plot of fish biomass (determined by hydroacoustics, blue circles) and the 
location of fish schools as determined from aerial surveys (red dots); Prince William 
Sound, 1996. Colony locations shown by black dots. 

Figure 5. A plot of foraging grounds of kittiwakes from the Eleanor Island colony and 
fish biomass (determined by hydroacoustics); Prince William Sound, 1996. Colony 
locations shown by yellow dots. 



Figure 6. A plot of foraging grounds of kittiwakes from the Shoup Bay and Eleanor 
Island colonies and the location of fish schools as determined from aerial surveys; Prince 
William Sound, 1997. Colony locations shown by yellow dots. 



Executive Summary 

We used mathematical models to assess ways in which food supply could be affecting recovery 
of seabirds in the EVOS study area. Thus, we addressed the main APEX (Alaska Predator 
Experiment) hypothesis that food supply is limiting recovery of certain avian populations from 
the Exxon Valdez oil spill. Data inputs comprised information from the field components of 
APEX supplemented with data published elsewhere. We confined our effort in 1997 to the 
Black-legged Kittiwake, the species in Prince William Sound for which data were sufficient for 
analysis. We found that foraging activity was affected by food availability, as determined from 
fish school assessments (hydroacoustic, aerial spotting). In turn, breeding success was related 
to foraging effort. Finally, we modeled population growth showing how it is affected by 
breeding success. 

Introduction 

The generai hypothesis of-the APEX project is that a change in the relative abundance of 
forage fish species has prevented recovery of injured avian populations in Prince William 
Sound; within this general hypothesis a series of 10 working hypotheses are being 
investigated by the various APEX components (see Duffy 1996, p. 6-7). The data being 
collected to test these hypotheses differ in temporal and spatial scale. Some additional data at 
the time scale of decades exist. However, most of the data are at much smaller scales than 
the general hypothesis, which is at the scale of decades (time for recovery in long-lived 
species) and at the spatial scale of the entire sound. Statistical inference can be used to 
bridge some but not all of this gap. We discussed how this task will be undertaken, in a 
conceptual way, in our previous Annual Report (Ainley et al. 1997). Our approach integrates 
the available information, bridges the gap from data to the hypothesis, and identifies 
variables that need to be linked. The model output allows avian recovery rates to be evaluated 
in relation to prey availability, using data and knowledge gathered for this ecosystem. 

After exploring the data available to us, i.e. those from the 1996 and 1997 field 
seasons, it became clear that the formulation of our models would be most successful for the 
Black-legged Kittiwake (Rissa tridacryla) in Prince William Sound (PWS). We sought to 
relate the kittiwake data --- reproductive success as well as foraging effort --- to the 
availability of forage fish. 

Objectives 

Hypotheses to be evaluated by mathematical modeling using existing data, under the null 
hypothesis: 

1. Annual survivorship, age of first breeding, foraging range, feeding frequency of chicks, and 
reproductive success in Black-legged Kittiwakes are not related to food availability. 



2. No differences in 1 will be evident in pre- and post-spill comparisons, where possible. 

Methods 

Foraging effort 
We began with the foraging effort data compiled by APEX Project 97 163E 

(David Irons, Robert Suryan and Jeb Benson). Data were available for 3 years: 1995, 
1996 and 1997; and for 3 kittiwake colonies: Icy Bay, Eleanor Is and Shoup Bay; but not 
for all years and all colonies. Useable data were available for Shoup and Eleanor in 1995, 
Eleanor and Icy in 1996, and all three in 1997. The data were collected by following 
radio-tagged individuals in a boat and recording position and behavior, as well as other 
data periodically. More details on data collection are contained in Irons et al. (1997). In 
the present report, we consider 1996 and 1997 data. Data acquisition occurred from 
about 3 July through 10 August each year. 

The data were provided to us in ASCII format. These were processed and loaded 
into CAMRIS by computing the rate of movement (km/hr) between each pair of 
sequential observations of kittiwakes and assigning that rate to the latitudellongitude 
midpoint of the pair. Points representing intervals of slow movement were overlaid on a 
map of PWS. Slow movement was considered to be foraging. We placed a 1 km grid 
over the sound and counted the number of slow-movement points occurring in each grid 
cell. -4 binary search procedure was then used to find the density isopleths that would 
contain 85%, 90% and 95% of these points. In other words, for example, the 90% 
isopleth contained the minimum area of 90% of the foraging activity. These regions were 
termed "foraging grounds" and were assumed to be equivalent to "patches" in the 
traditional sense of optimal foraging theory. Note that we could have used the actual 
foraging observations to define the foraging grounds and would have gotten similar 
results. Using the movement rates instead of the observations helped to compensate for 
areas where the kittiwakes search for food but actually find nothing on which to feed, and 
also allows us to compute the feeding rate, i.e. the number of feeding behaviors per unit 
time while in the patch. Using speed to define the patch and then using behavioral 
observations to define feeding rates avoids circularity. 

Fish abundance 
Fish availability was based either on acoustic estimates of fish biomass or on 

aerial transects in which schools of forage fish were tallied. First, we analyzed the 
relationshp between acoustic biomass and kittiwake foraging activity. Methodology for 
acoustic biomass estimation is contained in the report by Haldorson et al. (1 997). 
Basically the acoustic data are the integration of acoustic signal strength across all depth 
strata, and presumably are an index of fish abundance. Surveys were done in each of the 
three regions of PWS (vicinity of Shoup Bay, Eleanor Island and Icy Bay) during 5-6 d 
periods from late July through the first week of August. Data were summarized into 
standard transects about 0.7 km in length. These data, too, were entered into CAMRIS. 



Next, we analyzed the relationship between the prevalence of fish schooIs, as 
spotted from aircraft, and kittiwake foraging activity. Evelyn Brown, working in the 
SEA program, conducted low level (200 rn elevation) surveys of PWS several times 
during the summer. All shorelines in the Sound were over-flown. Fish schools were 
spotted and identified from the air, and each school was measured to determine major and 
minor axis lengths using a calibrated cylinder. The product of the axes lengths provided 
an index of school size. Forage fish were defined as herring (Clupea harengus), capelin 
(Mallotus vilosus), sandlance (Ammodytes hexapterus), salmon (Onchorhyncus spp.), 
walleye pollock (Theragra chalcogramma), or unidentified forage fish. Surveys were 
done in 1995 (9- 12 June, 9-28 July, 2-22 August, 4 October), 1996 (1 6-24 April, 9-14 
May, 10- 15 June, 2-2 1 July, and 1-6 Aug) and in 1997 (1 2-2 1 June, 9-25 July). 

Foraging grounds versus fish abundance 
We looked to see if kittiwake foraging behaviors were related to fish biomass for 

the 1996 results (1997 data only recently have become available). A 10-km grid was laid 
over PWS. The number of foraging behaviors in each cell were regressed against the 
mean acoustic biomass in the cell. 

Similarly, we regressed the number of foraging behaviors per 10-km grid cell on 
the sum of the axes products for each forage fish school spotted from the air mithin each 
10-km block. 

Demography 
Foraging trip time was used as an indirect measure of foraging success. i.e. a short 

trip was assumed to be more successful than a long, drawn out trip. We used a regression 
model to predict the deviation from mean colony breeding performance (chicks fledged per 
pair) resulting from foraging trip time. Each colony's "colony effect" (e.g., a sum of 
peculiarities characterizing each, e.g. predation, weather etc) was normalized by dividing 
annual productivity at each by the average productivity. Breeding productivity data were 
taken from Irons et al. (1997, unpubl.). 

A demographic model, using the breeding productivity data mentioned above and 
other demographic rate data from Suryan and Irons (ms), explored the relationship of whether 
foraging trip time, as it affected productivity, could affect colony growth. 

Results and Discussion 

Kittiwake foraging and fish availability 
The kittiwake movement data supplied by Irons et al. were divided into two sets, 

one 5 25 km/hr and the other >25 krnkour. Plotting the results showed clusters of slow 
movements interspersed with sequences of more rapid movement (Figure 1, showing 
1996 data). Moreover, using 1997 results, when a plot of movement data was overlaid 
with a plot of actual observations of feeding behaviors, the clustering of movement and 
foraging behavior showed close correspondence (Figure 2). Actual foraging behavior 



was defined as any of the following behaviors: SF  - Back and forth flight or circling; PD 
- Plunge dive; SF - Surface feed; SW - Swoop. Therefore, we were content that the 
movement data were a good proxy for foraging. We next used 1996 movement data to 
identify foraging grounds (or patches). We chose the 90% of slow-movement points to 
define foraging grounds. 

Having defined the foraging patches, we had to determine why kittiwakes visited 
the ones that they did and why they stayed as long as they did at each. Traditional 
optimal foraging theory states that they should visit nearer patches more frequently, 
depleting them so that the foraging rate near the colony (i.e. feeding as compared to 
commuting) takes relatively longer than it would if they foraged further away. At a 
distance from the colony, the feeding rate should be high to compensate for the larger 
commute time. Therefore, foraging rate should be correlated with distance: long 
commute, high feeding rate: short commute low feeding rate. This was not borne out by 
the data (Figure 3). While this is not proof that kittiwakes are not taking up food more 
rapidly in distant patches, it is reasonable to assume that the rate of food uptake is 
proportional to the rate of feeding behaviors. What we need to be able to predict is the 
visitation sequence of patches, and the time spent in each one. The visitation sequence, 
probably, is essentially a nearest-neighbor search. This may be the subject of h r e  
investigation. 

More difficult to determine is why patches were located where they were and why 
kittiwakes spent as long as they did in them. This is where we get into the relationship 
between measures of fish abundance and foraging activity. If we could define the 
location and quality of patches based on the fish data, we could go all the way from a 
hypothetical or real distribution of fish abundance to the simulation of a foraging bout, 
including the amount of time that the trip should require. 

We plotted the fish acoustic data (biomass per unit area) against the aerial spotting 
data (Figure 4). Unfortunately, the correlation was very weak or non-existent. Whether or 
not a lack of synopticity in the two surveys explains the lack of correspondence remains to be 
seen. Neither was there a correlation between kittiwake foraging grounds and the acoustic 
data (Figure 5). Why this was so is not clear to us. 

We next plotted the aerial spotting data of fish schools with the kittiwake foraging 
grounds (Figure 6).  Visually, the correspondence looked promising. We accumulated 
the data on the estimated area of schools and frequency of foraging activities into grids of 
2.5, 5.0, and 10.0 krn. The regression coefficients between the number of bird foraging 
behaviors and the total areas of fish schools were as follows (**, p<0.001): 



The correlation coefficients improved as the spatial scale of the comparison 
increased. In 1997, when kittiwake data were the most complete, the correlation was highly 
significant. We consider this a very good fit for a non-synoptic (not concurrent) bird/fish 
relationship, especially for kittiwakes. Why there was much less correspondence during the 
other years remains a puzzle. In the two earlier years, although the period when the radio 
telemetry was underway was covered by the fish-school spotting, there was also a good deal 
of spotting done outside of the radio telemetry period (see Methods, above). Perhaps this 
explains the discrepancy. Another possibility is that kittiwakes were keying on schools of 
particular forage fish species composition. We are working on this. 

Demography 
We linked foraging success to demographic output by looking at breeding 

productivity (data from Irons et al. 1997, unpubl.). Foraging success was equated to trip 
duration, for which data are available from Irons et al. for Shoup, Eleanor and Icy Bay 
colonies in 1995, 1996 and 1997. Thus, the choice to use foraging trip time was a 
practical one of availability. Regressing productivity on trip time yielded no relationship. 
But, assuming that each colony has some special attributes that make it generally good or 
bad relative to other colonies (e.g., exposure to prevailing winds or storms, predation, 
etc.), we controlled for this by dividing productivity of each colony for each year by the 
mean productivity for that colony. Thereby, "colony effect", was normalized. As a 
result, we obtained a significant or, at worst, near-significant relationship. A standard 
regression model yielded a coefficient p-value of 0.058; a stepwise (threshold) model) 
gave a value of 0.033. 

We constructed a preliminary demographic model to examine the link between food 
supply and colony growth rate. It seems that all demographic models dealing with seabirds are 
"preliminary" owing to the difficulty in acquiring the necessary data and the long time span 
required to accumulate them. With the acquisition of data each year, in an on-going project 
such as that on kittiwakes in PWS, the model can be revised. For our model, trip time was used 
to predict the per capita productivity using the relationship above. Demographic variables, 
other than productivity, are from Suryan and Irons (ms in prep) as follows: 

Age at first breeding 5 Y 
Survivorshig to breeding age: 0.567 
Adult survival (>5yrs): 0.922 
Probability of breeding: 0.936 



Using these values gives the following results: 

Foraging 
Trip Duration 

1 hr 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Per Capita 
Productivity 

0.27 1 
0.250 
0.229 
0.208 
0.188 
0.167 
0.146 
0.125 
0.104 
0.083 

Rate of 
Population Increase 

1.063 
1.054 
1.046 
1.037 
1.028 
1.018 
1.008 
0.997 
0.986 
0.975 

These results predict that at between 7 and 8 hours trip duration an average colony of 
kittiwakes in Prince William Sound, under current conditions, will begin to decline. This needs 
to be adjusted on a per colony basis for historic colony productivity, an adjustment that may be 
possible in the future. 

The next question is, What is the relationship between food supply and trip 
duration? It is not primarily distance. Straight flight accounts for a relatively small proportion 
of the trip time. So, most likely it is the feeding rate. What is the relationship between feeding 
rate and food supply? The data to answer such a question may not, at present, be available. 

Conclusions 

We spent our first year collecting and formatting data fiom several sources, and then exploring 
the strengths of statistical relationships between them. The next years of data analysis should 
be much easier and more fruitful. Nevertheless, we have determined that food supply during 
the chick-provisioning period can explain, at least in part, colony growth in the Black-legged 
Kittiwake. Thus, the main APEX hypothesis appears to be testable and appears to be valid. 
The degree to which other factors might explain colony growth (e.g. emigration, recruitment) 
will also have to be considered. 
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Figure 3. Foraging grounds in Prince William Sound scaled by feeding rate for 
each of the three kittiwake study colonies relative to distance from the colony; 
Prince William Sound, 1996: red is Shoup Bay, blue is Eleanor Island, and yellow is 
Icy Bay. The brightest color shows 95% of foraging, medium color intensity shows 
90% of foraging, and dimmest color shows 85% of foraging. Colony locations shown 
by red-and-white symbols. 
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Figure 5. A plot of foraging grounds of kittiwakes from the Eleanor Island colony 
and fish biomass (determined by hydroacoustics); Prince William Sound, 1996. 
Colony locations shown by yellow dots. 
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