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ABSTRACT- We es t~mated the mortality of hatchery-raised pink Oncorhynchus gorbuscha and chum 
0 keta salmon fry from seabird predation near a salmon hatchery In Lake Bay, Prince William Sound, 
Alaska, USA. Fleld counts of seabirds and observations of feeding rates for plunge-diving seabirds 
were obtained durlng salmon fry releases between Apnl and June 1995. Several hundred birds of 7 pis- 
civorous species aggregated in front of the hatchery. Consumption rates were determined from focal- 
animal sampling and energetic models. For most species, per capita consumption rates based on 
behavioral data were lower than those calculated from energetic considerations. From energetic mod- 
els and fry movement rates, w e  estimated that 2.7 to 5.9 million juvenile salmon (1.1 to 2.4 "" of released 
fry) were consumed during the study period. Differences between the energetics models accounted for 
64 % of this range; assumptions about fry movement rates accounted for the remainder. Gulls recorded 
during aerial surveys throughout Prince William Sound were significantly associated with s p a w n ~ n g  
herring and hatchery sites, but not with miles of coast with herring spawn present. The correlation of 
bird aggregations with the presence of these small fish indicates that concentrations of prey fish have 
an important influence on the distribution of birds at  sea during this time of the year. Bird numbers in 
both boat counts and aerial surveys declined from early May to early June. Taken together, these 
results lndlcate that salmon fry just entering the marine environment were not especially susceptible to 
avlan predation Thelr vulnerability to predation was apparently buffered by the presence of other 
attractlve food patches within seabird foraging range early in our study period, and by declines in the 
numbers of seabirds foraging along the shoreline later In the study. 
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INTRODUCTION 

Estimated rates of predation form the basic data for 
many areas of ecology, such as our understanding of 
habitat selection (e.g. Hugie & Dill 1994, Rochette & 
Himmelman 1996), predator and prey population 
cycles (e.g. Volterra 1926, Korpimaki & Krebs 1996), or 
species coexistence (Vincent et al. 1996). The same 
estimates are also critical for addressing management 
problems (e.g. McLaren & Peterson 1994, Caro & 
Durant 1995). For example, 1s seabird predation on fish 
capable of limiting fisheries production (Wiens & Scott 
1975, Furness 1978, Crawford et al. 1991)? 

Seabirds, as consumers of fish, have been st.udied to 
understand their role in marine ecosystems (e.g. 

Wiens & Scott 1975, Hunt et al. 1981a), their physiol- 
ogy (e.g Nagy 1987, Birt-Friesen et al. 1989, Gabriel- 
sen 1994), and their foraging behavior (Hoffman et al. 
1981, Chilton & Sealy 1987, Duffy 1989). These fields 
are often used jointly or separately to understand how 
seabirds and fisheries may compete for resources. 
Birds aggregate over and feed on concentrated food 
sources, such as fish schools, in the marine environ- 
ment (Brown 1980, Hoffman et al. 1981, Duffy 1983, 
1989), rivers, streams (Wood 1985, Ruggerone 1986, 
Wood 1987a, b, KBlAs et al. 1993) and shallow-water 
estuaries (Bayer 1986, Kdlhs et al. 1993). Predation by 
birds can limit fishery production in some circum- 
stances (e.g. Elson 1962). Estimates of the amount of 
fish production taken by seabirds globally suggest 
that this is not usually the case. Seabirds consume 
between 0.8% (Sanger 1972) and 30% (Crawford et 
al. 1991) of marine tertiary productivity. This range is 
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quite large, and it has been suggested that the impact 
depends on a number of factors, including proximity 
to large colonies (e.g. Sanger 1972. Furness 1978, Dia- 
mond et al. 1993), whether consumption is averaged 
or calculated for individual prey types (e.g. Furness & 
Cooper 1982, Crawford et al. 1991), whether birds are 
resident or migratory (Woehler 1997), and the pres- 
ence of oceanographic factors such as upwelling (e.g. 
Haney 1986, Vermeer et al. 1987, Duffy 1989), down- 
welling (Hoffman et al. 1981), fronts or eddies (e.g. 
Haney 1986), and water clarity (e.g.  Haney & Stone 
1988). 

In Prince William Sound, Alaska, USA, a large com- 
mercial fishery depends on both wild and hatchery 
salmon production. Studies of salmon production lost 
to seabirds elsewhere have focused on chinook Onco- 
rhynchus tshawytscha, sockeye 0 .  nerka, and coho 0. 
kisutch salmon (e.g. Ruggerone 1986, Wood 1987a, b) 
in North America and on Atlantic salmon Salmo salar, 
brown trout S, trutta, and Arctic char Salvelin~is al- 
pinus in Europe (Kb1.b~ et al. 1993). Estimates of losses 
to seabird predators in these studies ranged between. 
1 and 65 % of hatchery and/or wild salmon production. 
Predation was low (1 to 10%) when salmon were 
migrating downstream, because predators on the river 
did not follow them into saltwater (Ruggerone 1986, 
Wood 1987a, Kalds et al. 1993) Predation was higher 
(up to 2 5 6 5 % ;  Wood 1987b) when juvenile salmon 
were not migrating downstream. In such cases, bird 
predators may limit salmon production (Elson 1962). 
While birds are known to aggregate where salmon 
enter saltwater (e.g.  Bayer 1986) estimates of avian 
predation are not generally available for mortality 
during t h ~ s  stage of the life cycle. I t  seems likely that 
predation rates upon emergence into the marine 
system could be high, particularly if salmon enter salt- 
water in a short period of time (e.g. from a large hatch- 
ery release), do not disperse immediately, and if 
seabirds are attracted in large numbers to concen- 
trated fry. 

In this paper we calculate the amount of hatchery- 
produced salmon fry lost to avian predators as fry were 
released into the marine environment. We compared 
energetic model estimates with field estimates of cap- 
ture rates, and examined the formation and composi- 
tion of foraging flocks preying on salmon. Finally, we 
consider the response of seabirds to 2 ephemeral and 
patchy food resources (schooling herring and hatch- 
ery-reared salmon fry), and present evidence for the 
hypothesis that the availability of alternative prey reg- 
ulates the intensity of predation by diverting seabirds 
to richer prey patches when they are available. 

This study is part of the 'Sound Ecosystem Assess- 
ment' research program (Cooney 1996), a component 
of the restoration effort following the 1989 'Exxon 

Valdez' oil spill in Prince William Sound. This context 
has 2 important implications for this research. First, a 
number of other studies were ongoing in Prince 
William Sound in coordination with this study. We 
therefore have detailed background data that is 
unique in studies of avian consumption. For example, 
we used rates of growth (Willette et al. 1996) and 
energy contents (A.  J .  Paul unpubl. data) for pink sal- 
mon measured on fry samples from the same hatch- 
ery, over the same time period, and in the same loca- 
tion as our observations of avian predation. We used 
on-site boat censuses of seabirds (M.  A. B~shop pers. 
comm.) to confirm identities of birds counted from 
aerial surveys, and measurements of fry size supplied 
by the hatcheries (Prince William Sound Aquaculture 
Corporation) and herring biomass supplied by Alaska 
Department of Fish & Game to provide information 
about the prey available to birds. These details pro- 
vide a rich background for our analyses. Second, the 
mortalities to seabirds as a direct result of the oil spill, 
and public sentiment against sacrificing additional 
birds for oil spill research precluded us from conduct- 
ing lethal sampling (such as collecting birds for stom- 
ach content analysis) to confirm seabird diets. We 
therefore rely on field observations and the literature 
to confirm that salmon were included in the diets of 
these birds. 

METHODS 

Study site. We surveyed seabirds from a boat in front 
of the Wally Noerenberg Hatchery, located at 60" 
48' N ,  148" 05' W on Lake Bay, Esther Island, in Prince 
William Sound (Fig. l ) ,  and from an a.irplane over other 
areas of the Sound (Fig. 2). The So.und is located in 
south central Alaska on the northern edge of the 
Gulf of Alaska. Prince William Sound is a large, deep 
(to 476 fathoms), tidal estuarine system comprised 
of mountainous islands, protected embayments, and 
glacial fjords. 

Wally Noerenberg Hatchery is owned and operated 
by the Prince William Sound Aquaculture Corporation. 
Between 29 April and 15 June 1995, the hatchery 
released into Lake Bay 169.4 million pink salmon fry at 
an average release weight of 0.29 g and 72.3 mdlion 
chum salmon fry at 0.88 g (Prince William Sound 
Aquaculture Corporation unpubl, data).  Dense schools 
of fry were visible at the surface near shore throughout 
the entire study period following the first release. Fry 
were observed initially in Lake Bay, and within a day 
or two were also seen throughout Quillian Bay, at 
Esther Point, and along the west shore of Esther Island. 
During this same period, fry were also released at 4 
other hatcheries around Prince William Sound (Fig. 2). 
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Fig 1. Study location. Small inset indicates the location of Prince William Sound in Alaska (USA); larger inset shows Esther Island 
relative to Prince William Sound. (*) Wally Noerenberg Hatchery. Numbered polygons represent the count areas surveyed from 
a small skiff. Polygons 1 to 7 collectively form Lake Bay, 9 to 13 form Quillian Bay, and 8 and 14 form the Wells Passage count area 

Bird counts at the hatchery. From 25 April to 18 May 
and 3 to 7 June 1995, we counted birds once or twice 
daily in Lake Bay, Quillian Bay, and immediately in 
front of these bays in Wells Passage (Fig. 1). Two ob- 
servers in a small open skiff counted all birds seen over 
the water. We ran the boat approximately 50 m from 
shore along both sides of each bay and birds were 
counted on both sides of the boat from the adjacent 
shore out to the middle of the bay. In Area 14, which 
was open to Wells Passage, w e  counted further offshore 
by running 2 transects parallel to the shore at  50 and 
250 m from shore, providing coverage from the shore to 
350 m out. Distances were measured using a Leitz opti- 
cal rangefinder. At times, weather prohibited counting 
the entire study area, but we were able to survey Lake 
Bay even in poor weather a s  we were stationed at  the 
hatchery. Birds were identified to the finest taxonomic 
resolution discernable in the field (to species for almost 
all birds), Due to the relatively straight and steep shore- 
lines of these bays, we feel that very few birds on or 
near the water were missed during these surveys. 

The effect of tide height and flow, sea surface state, 
precipitation, wind speed and direction, and time of 
the survey on bird counts were examined using 
ANOVAs. We tested for effects of these variables on 
each of the 7 piscivores, total birds, and total pisci- 
vores; and hence used a conservative p-value of 0.01 
For these analyses, we used data from Lake Bay only. 

This provided the largest sample size (n = 29) over a 
broad range of weather, tides, and time of day. In cal- 
culating salmon consumption (see below), however, 
our analyses included only days when all 14 count 
areas were surveyed (n = 21) because fry were eaten 
throughout this entire area and weather did not effect 
bird numbers (see 'Results'). 

Consumption of fry. Only the most abundant piscivo- 
rous seabirds (Table 1) were included in estimates of 
consumption of fry. To determine which birds con- 
sumed salmon fry, we relied on observations of behav- 
ior in the field as well as published accounts of diet. 
Black-legged kittiwakes, Arctic terns and Bonaparte's 
gulls are  plunge-diving foragers (Table I ) ,  which 
plunge from the air into the water only to depths at  or 
just below the surface (Hoffman et al. 1981), These spe- 
cies were classified as piscivores because they were ob- 
served feeding on fry. Mew gulls were considered pis- 
civores because they were observed in mixed-species 
foraging flocks where salmon fry were abundant. Mar- 
bled murrelets and both mergansers are  pursuit divers 
(Table 1; observed in this study), which remain sub- 
merged for sustained periods and may emerge some 
distance from where they entered the water (Haney & 
Stone 1988). We could not directly observe predation 
on salmon fry by pursuit divers; however, they were ob- 
served in mixed-species foraging flocks near concen- 
trations of fry and are known to consume juvenile 
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Fig. 2 Fllght paths and locations of buds  v~sib le  from the air dunng  aenal surveys (a-e only flocks of 2 5  blrds are shown) and 
the 20 x 20 km grid cells used for analyses of t h ~ s  data ( f :  circled stars lndlcate hatchery locations) 

salmon (Table 1) We therefore considered them to be 
piscivores for the purposes of this study. 

In contrast, glaucous-winged gulls, Barrotv's golden- 
eyes, and Harlequin ducks were not seen plunge- 
divlng or divlng in mixed-species forag~ng flocks dur- 

Ing thls study Flsh 1s not known to be a regular part of 
the dlet of elther duck (Bellrose 1Q76), although both 
are known to consume flsh eggs (M A Blshop pers 
comm ) Although Glaucous-wlnged Gulls are known 
to eat flsh (Hoffman et a1 1981, Sanger 1987), none 
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Table 1 The 10 most common species counted in Lake and Quilhan Bays (Prince Wllham Sound, Alaska, USA) .  'Diet' for purposes 
of calculating consumption of salmon f r y  by seabirds: P, piscivorous, N,  non-pisc~vorous. See 'h4ethods' for further explanation. 
Total count: numbers of birds (and proportion of total count) for each of the 10 most common species. These 10 species of birds 
comprised 93 % of all birds in the hatchery arpa during the study period. See Fig. 5 for daily variation in numbers of kittiwakes, 

murrelets, and total piscivores 

Con~mon name 

All species 
Black-legged kittiwake 
Marbled murrelet 
Glaucous-winged gull 
Arctic tern 
Red-breasted merganser 
Common merganser 
Barrow's goldeneye 
Harlequin duck 
Bonaparte's gull 
Mew gull 

Species 

Rissa tridactyla 
Brachyramphus marnmorat~~s 
Larus glaucescens 
Sternd paradisaea 
Mergus serrator 
M. merganser 
Bucephala islandica 
Histrionicus histrionicus 
L. philadelphia 
L canus 

Sourced Mass (kglb 

7,9. 12 0.383' 
5,7, 11 0.205" 
See text 
1,2,4, 7, 12 0.101" 
3, 8 0.794' 
10 1.134' 
3 
3 
4, 12 0.2059 
6 0.430h 

Total count 

"References for diet and forag~ng behavior of indiv~dual species (except for 1, 4, 8, and 10, all references are from Alaska or 
the Pacific northwest): (1) Wlll~ams (1947); (2) Mossman (1959); (3) Bellrose (1976); (4) Braune & Gaskin (1982); (5) Carter & 
Sealy (1986); (6) Vermeer et al. (1987); (7) Sanger (1987); (8) Ehrlich et al. (1988); (9) Irons (1992); (10) KAlds et al. (1993); (11) 
Kuletz et al. (1995); (12) this study 

"ody mass used in the energetic models taken from: 'Gabrielsen et al. (1987); "uletz et al. (1995); 'Uttley et a1 (1994); 
'Palmer (1976), gTerres (1980); hEll~s (1984) 

were seen in this study attempting to pursue fry or 
feeding on the water. We therefore consider these spe- 
cies non-piscivores for purposes of calculating con- 
sumption of salmon fry by birds. 

Behavioral data: Focal-animal sampling (Altmann 
1974) was conducted on the 3 abundant plunge-divers 
for which all successful captures of fry could be 
recorded: black-legged kittiwakes, Bonaparte's gulls, 
and Arctic terns. We did not see enough mew gulls 
to conduct focal-animal samples. Individuals were ob- 
served during feeding bouts in mixed-species flocks. 
After sampling, we noted whether or not salmon fry 
were visible near the surface of the water where 
seabirds had been foraging For focal-animal samples, 
an individual active bird in the flock was chosen and 
followed with binoculars for 3 to 5 min. Sampllng ended 
after 5 min or when the bird flew out of view. Samples 
of less than 3 min were discarded. Samples were not 
adjusted for the time the bird spent in non-foraging 
activities (e.g.  resting). A prey capture was recorded 

only if we saw the bird with a fish in its beak after a 
plunge-dive. Capture rates were calculated for each of 
the 3 species as number of prey captures divlded by the 
sample duration and averaged over all samples. Esti- 
mates of the time per day spent in active feeding were 
made from the reported behavior of radio-tagged kitti- 
wakes in Prince William Sound during the chick- 
rearing period in July (Irons 1992). We are  aware of no 
other literature on the daily active foraging times of 
terns or gulls, and so used our calculation for kittiwakes 
as the foraging time for the other plunge-divers (Arctic 
terns, Bonaparte's gulls). Daily per capita consumption 
was estimated for each species as the capture rate times 
the daily time spent actively feeding. 

Energetic models: Energetic modeling provides an  
alternative way to calculate daily consumption of fry 
by seabirds, assuming that the birds meet some fixed 
portion of their daily energetic demands by feeding on 
salmon fry wlthin the study area .  We used 3 different 
mass-metabolic rate regression equations available in 

Table 2. Parameters for the regression y = mx + b, where y is the log of field metabolic rate and X is the mass of the bird. Nagy 
(1987) reports mass as grams rather than k~lograms, and we retain his usage in this table. Birt-Friesen et al. (1989) reported 

regressions for cold-water seabirds and cold-water seabirds using flapping flight 

I source Intercept (SE) Slope (SE) Mass range Unit I 
- - 4- 

Nagy (1987) 0.904 (0.187) 0.704 (0.061) 420-9440 g 15 

Birt-Friesen et al. (1989) 
Cold-water, all seabirds 3.13 (0.03) 0.646 (0.040) 0 043-13.0 kg 16 
Cold-water, flapping flight 3.24 (0 05) 0.727 (0.039) 0.083-3.210 kg 8 
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the literature (Table 2) to calculate field metabolic 
rates (FMRs) for the common piscivores In our study 
area .  By dividing FMR by the energy content of fry, we 
estimated the number of fry required to meet a bird's 
energetic demand. The models we chose used doubly 
labeled water measurements of FMRs to calculate a 
relationship between FMR and body mass. The seabird 
assemblages used to develop these models varied con- 
siderably, and provided a range of predicted FMRs 
(Fig. 3). Developing a model for the seabird assem- 
blage in this study area was outside the scope of this 
paper; however, we consider the effects of the mod- 
elled assemblages in the 'Discussion' 

To estimate the number of fry required to meet 
seabird energetic demand, we calculated the energy 
content of the average fry in front of the hatchery for 
each day of the study period as: 

where 

E,,, is the energy content of the average fry at  t days 
post-release and E,, is the energy content of 1 g of 
salmon fry. W,,, is the average weight of fry from a 
given release I- at time t starting from an average 
weight of WO measured for pen r and assuming a 
growth rate of G. N,,, is the number of fry remai.ning 
from a given release at  t days post-release starting 
with No fry released on Day 0 and assuming a move- 
ment rate of m. 

Average release weights (Wo,,) and numbers re- 
leased (No,,] for each pen of pink and chum salmon fry 
were provided by the Prince Willlam Sound Aqua- 
culture Corporation, and growth rate of pink salmon 
fry (G) was provided by M. Willette (Willette et al. 
1996, Alaska Department of Fish & Game pers. 
comm.). Growth was measured from recaptured 
coded-wire tagged fry released from Wally Noeren- 
berg Hatchery in late April or early May 1995. Fry 
were recaptured during June and growth was calcu- 
lated as G = 4 .2% body weight per day during this 
period. Pink and chum fry were found In mixed schools 
in front of the hatchery and were likely feeding on the 
same prey. We therefore assumed that the measured 
growth rate of pink salmon fry applied to chum salmon 
fry as well. We calculated the average weight of fry in 
each cohort (W,,,), starting with the measured release 
weight on the day of release (W,,,), for each day until 
15 June 1995. The mass of the average fry in front of 
the hatchery changed depending on fry growth, re- 
lease of new fry and loss of fry to movement or preda- 
tion. To estlmate the mass of the average fry on a given 
day, we assumed that fry from each release cohort left 
the area at a fixed rate per day (m). The average mass 
of fry remaining was then calculated from known 
release weights, dates, and growth rates. We used 2 
different estimates of fry departure rates: a low move- 
ment rate of m = 2.5% departure per day and a high 
rate of m = 50 % departure per day (Fig. 4) .  

The per-gram energy content of pink salmon fry (E,) 
captured on 31 May at Esther Point in Wells Passage 
(Fig 1) was measured using bomb calorimetry ( X  = 
3.21 kJ g-' wet weight, n = 62; A. J. Paul unpubl. data). 
We recognize that the energetic content may differ 
between pink and chum fry and may change through- 
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Fig. 3. Comparison of some published ener- 
getic models for seabirds. Mass regression 

equdtions and parameters arc given in 
Table 3. Measured fleld metabolic rates 
(FMR) for black-legged kittiwakes (FMR 
equals the average of on nest and off nest 
measurements; Gabrielsen et al. 1987) and 
Arctic terns (Uttley et al. 1994) are also 
plotted for comparison to predicted values. 
See text for a discussion of differences 
between the models. Species are plotted 
based on the body masses in Table 1: Arctic 
tern (ARTE), marbled murrelet (MAMU), 
Bonaparte's gull (BOGU), black-legged 
kittiwake (BLKI), mew gull (MEGU), red- 
breasted merganser (RBME), and common 

merganser (COME) 
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Fig. 4 .  Numbers of fry rema~ning in front of 
the hatchery under 2 estimates of move- 
ment rates. We assumed that either 2.5% 
(low movement) or 50% ( h ~ g h  movement) 
of fry in the area leave each day. The high 
movement scenario was  equivalent to 
assuming an  average movement rate of 
2 km d.' Note that while this parameter 
had a large effect on the number of fry 26-AP~ !.May $-May 1 1 - M ~ Y  16.May z l - ~ a y  26-May 31-May SJun toJun is-~un 

remaining in the area (left axis, boxes), the Date 

effect on the energy content of the average 
fry (right axis, no boxes) was much smaller 

..... Fry remalnlng, low movemenl +Fry rema~ning, hlgh movement 1 

...... Energy ol average fry, low movement -Energy ol average fry, hgh moveme4 

out the season. However, to simplify our calculations, 
we assumed this was a reasonable approximation of 
salmon energy content for the purposes of this paper, 
and .used this value as the energy content of pink and 
chum salmon throughout the study period. For each 
cohort of fry, the energy content per fry was calculated 
for each day as the weight of the fry times 3.21 kJ g-l .  
Finally, we calculated the energy content of the aver- 
age fry in front of the hatchery (E,,,) as the energy con- 
tent for each cohort of fry releases weighted by the 
abundance of fry from that cohort (N,) assuming low or 
high movement rates (Fig. 4 ) .  

Seabird daily per capita consumption rates were cal- 
culated as the predicted FMRs for ea.ch species divided 
by E,,,. Per capita consumption was multiplied by the 
number of piscivores present to estimate total con- 
sumption of fry each day. These were summed to cal- 
culate cumulative consumption over the study period. 
We assumed birds ate sufficient fry to meet their 
energy demands. No corrections were made for weight 
gain or loss by the birds, seasonal changes in energy 
demand, less than 100% salmon in the birds' diets or 
less than 100 % assimilation efficiencies. These simpli- 
f ication~ were necessary because we could not make 
the necessary measurements in this study and there 
were insufficient data in the literature. However, we 
consider the effects of relaxing these assumptions in 
the 'Discussion'. 

Aerial surveys. Birds were also censused during 5 
aerial surveys (24 April, 1, 8, 16 May, and 3 June 1995) 
using high-resolution video photography. The survey 
route consisted of a fixed portion of the western Prince 
William Sound shoreline that was included in every 
flight, and a variable portion that on each flight cov- 

ered different parts of the eastern and central Sound 
shorelines (Fig. 2). The fixed portion of the survey path 
overflew salmon hatcheries at  Esther Island (Wally 
Noerenberg Hatchery), Main Bay (Main Bay Hatch- 
ery),  and Evans Island (Armin F. Koernig Hatchery). 
The survey plane was equipped with a global position- 
ing system (GPS) linked high-resolution video 
camera. Surveys were flown at an  altitude of 180 m 
(600 feet). Single white birds can readily be seen and 
counted from the videotape filmed at  this altitude. Dur- 
ing each survey, 2 observers also recorded all birds vis- 
ible on either side of the plane out to a visual angle of 
about 30" The videotapes include a transect 200 m 
wide directly under the plane and observers counted to 
either side of the plane to about 500 m,  but could not 
see directly under the plane. Birds were counted from 
video during playback and their positions were 
mapped. It was not possible to identify birds on video- 
tape to species, nor to reliably see dark birds. The 
tapes were therefore analyzed as  a sample of white 
birds, largely gulls. 

GPS-recorded flight paths and the locations of bird 
flocks were entered into a geographic information 
system using Arc/Info 6.1 (Environmental Systems 
Research Institute Inc. 1982-95, Redlands, CA, USA). 
Information on the distribution of fish was obtained 
from Prince William Sound Aquaculture Corporation 
(release dates, numbers, and  sizes of salmon fry reared 
at  each hatchery) and the Alaska Department of Fish & 
Game (estimated tons of herring gathered for spawn- 
ing a t  beaches and linear miles of herring spawn 
deposited). A 20 X 20 km grid was overlaid on the study 
area (Fig. 2f); and the linear miles of survey flight, total 
number of birds, total tons of herring seen at  beaches 
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over the 7 d preceding the flight, cumulative hatchery 
fry released, and cumulative kilometers of herring 
spawn deposited along the shoreline were calculated 
for each grid cell. ANOVAs were used to evaluate the 
correspondence of bird numbers per llnear k~lometer 
of survey to each of the other variables in each sur- 
veyed grid cell. 

RESULTS 

Numbers of birds 

Sixty-five species of birds were observed during boat 
counts in this study. However, 10 species collectively 
made up 93% of all counts (Table 1). Seven of the 10 
most common species were piscivores, totaling 80% of 
individuals of these 10 species. Of the 7 piscivorous 
species, 52% were kittiwakes or murrelets. Overall, 
piscivorous birds increased in the count area during 
the period of fry releases (Fig. 5). Black-legged kitti- 
wakes arrived and dispersed quickly, apparently in 
response to each individual release, although t h s  rela- 
tionship was not significant (Kruskal-Wallis ANOVA: 
df = 2, T = 4.6, p = 0.098). Marbled murrelet numbers 
began to increase about 1 wk following the start of 
releases and continued to increase throughout the 
release period. A notable exception to this trend was 
the decrease in marbled murrelet numbers beginning 
11 May, which corresponded to a 10 d period (8 to 
17 May) in which there was only 1 fry release (13 May). 
Murrelet numbers began to rise again following the 
13 May release (Fig. 5). Groups of Bonaparte's gulls 
and Arctic terns fed in the area for several days and 

then moved on. Red-breasted mergansers increased 
gradually through mid-May and declined by early 
June.  Common mergansers were abundant ~n~t ia l ly ,  
but declined beginning in early May. Mew gulls were 
present in small numbers throughout. 

Arctic tern counts were higher during heavy rain 
than during light or no rain (ANOVA: F = 5.65, p = 

0.004). Otherwise we found no significant effects of 
any of the environmental variables (tide height and 
flow, sea surface state, wind speed and direction, pre- 
cipitatlon, time of the survey) on any measure of bird 
numbers, including total birds counted, total pisci- 
vores, or numbers of any of the individual piscivorous 
species. Counts of Arctic terns and marbled murrelets 
were lower during surveys conducted later in the day, 
possibly reflecting a bias toward foraging more in the 
morning and using other areas following satiation. The 
signif~cance of these relationships were marginal 
given that over 40 tests were included in this analysis 
(ANOVAs: terns, F = 7.56, p = 0.011; murrelets, F = 

4.08, p = 0.055). Estimates of fry consumed are unlikely 
to be biased by this relationship because only 4 of the 
21 surveys that included both Lake and Quillian Bays 
were conducted after midday, and 2 of these were 
before fry release and therefore did not influence esti- 
mates of consumption. 

Observed feeding rates 

Black-legged kittiwakes, Arctic terns, and Bona- 
parte's gulls were observed in mixed-species foraging 
flocks where schools of salmon fry were visible near 
the surface. In no case did we fail to find a school of fry 

Fig. 5. Numbers of marbled murrelets. 
black-legged kittiwakes, and total pisci- 
vores counted in the study area. Salmon 
fry release dates and n u m b m  areb shown 
for comparison. Note that zero on the right 
axis has been raised to visual1.y separate 
the fry release line from the bird counts 
Piscivores increased In the area in response 
to fry releases, and decreased when inter- 

vals between releases were longer 
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Table 3. Observed feeding rates of 3 piscivores. n is the number of focal ani- 
mal samples. Note that hours per day spent foraging was calculated as the 
time per foraging trip spent in search behavior (e.g. localized circling, 
plunging; 60 to 80 min trip-'; Irons 1992) times the number of foraging trips 
per day. We assumed that birds made 2 foraging trips per day (Irons 1992) 
and spent 70 min trip-' actively searching and feeding. This estimate was 

used for all species 

I ~pecres  Sample lime (n) Fry h-' (SE) Foraging (h d.') 1 
Black-legged kittiwake 0:42 (9) 98.2 (71.3) 2.3 
Bonaparte's gull 0:20 (4) 66.0 (23.0) 2.3 
Arctic tern 0:31 (7) 65.2 (37.8) 2.3 

where birds were feeding during a focal-animal sam- 
ple (n = 8 foraging flocks). These 3 species foraged on 
salmon by plunge-diving (although birds also 
appeared to forage by picking at items in the surface 
layer, we observed no captures of small fish by surface- 
seizing). Focal-animal birds caught only a single fry in 
each observed capture, and were not under water long 
enough to consume fry without being observed. Feed- 
ing rates ranged from 65 to 98 (k23.0 to 71.3 SE) fry per 
hour per bird (Table 3). Multiplied by foraging time per 
day (Table 3), this yielded estimates of daily per capita 
consumption from 150 fry for Bonaparte's gulls to 230 
fry for black-legged kittiwakes. (We have no error esti- 
mate for foraging time per day, and hence were unable 
to calculate standard error for daily per capita con- 
sumption. At a minimum, however, it will be 2.3 times 
the hourly error.) 

These rates may be compared to rates derived from 
the energetic models (Table 2), provided that we can 
estimate the energy content of the fry being 
consumed. We multiplied a mass of 0.53 g fry-' 
(the mass of the average fry in front of the 

600 
hatchery on May 10) by 3.21 kJ g-' to convert 
kJ d-' required by the energetic models to 
fry d-'. The observed capture rates were lower 5 "0 

P 
than rates estlinated from the energetic models 2 - 
of Birt-Friesen et al. (1989). They were lower 5 ,, 
than estimates from Nagy (1987) for kittiwakes g 
and Bonaparte's gulls, but slightly higher for 2 

Arctic terns (Fig. 6). 300 - - 

low fry movement and cold-water flapping 
seabirds, high fry movement respectively). 

During 1995, 241.7 million pink and 
chum fry were released into Lake Bay. 
Our estimates of mortality from fish-eating 
birds represent between 1.1 and 2.4 'Yo of 
the total release. Our assumptions about 
the movement rates of fry account for 36% 
of this range in estimates: higher move- 
ment rates resulted in less growth before 
fry left the area, and hence lower mass per 
fry on average. Therefore more fry were 
required under the high movement rate 
scenario to meet seabird energetic 

demands. Differences between the energetic models 
accounted for the remaining 64 %, of the range (Fig. 7).  

Cumulative mortality to fry 

Cumulative mortality to fry reflected differ- 
ences in the energetics models (Fig. ?). Using 
Nagy's (1987) model, we arrived a t  a total mor- 
tality from birds of 2.7 to 3.6 million fry (for low 

Distribution of birds relative to fish 

Five aerial surveys were flown during which bird 
aggregations were counted and mapped (Fig. 2a-e). 
The best multivariate model (squared multiple R = 
0.442) predicting total birds per kilometer of flight in 
each grid cell contained the variables of tons of school- 
ing herring, presence of hatcheries, and date (ANOVA, 
herring: F = 7.79, p = 0.007; hatcheries: F = 22.16, p < 
0.001; date: F = 6.70, p = 0.013). Both herrlng schools 
and herring spawn were present in the survey area 
from mid-April to the first week in May, overlapping 
the period of early fry release; but herring had dis- 
persed before the week that maximum piscivore 
counts were obtained at the hatchery (Fig. 5). Total 

Benavioral 

IIIB~rbFriesen et al. 1989, mid-water flapp~ng seab~rds 

EBln-Friesen el al 1989, cold.wa1er seablrds 

Black-legged ffinlwakes Arctic Terns Bonapane's Gulk 
Species 

andhigh fry mod- Fig. 6. Comparison of per capita consumption of fry per day for 
els of Birt-Friesen et (l9891 gave estimates 3 plunae-divina seabirds based on observed feedinq rates and . " 
3.8 to 5.9 million fry (all cold-water seabirds, energetic models 
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Birt-Friesen et al. 1989. Birl-Mesen at d. 1989. Nagy 1987. general 
cold-water, flapping wld-water seab~rds seabirds 

Emrgetlc model 

Fig. 7. Cumulative consumption of pink and chum fry by 7 spe- 
cies of seabirds from 29 April 1995, the first day of fry release. 
to 7 June 1995. the last day that birds were counted. Con- 
sumption was based on the 3 energetic models listed along the 
x-axis, and calculated assuming both high and low fry move- 

ment rates. See text for details 

birds per kilometer of flight was higher in grid cells 
that contained larger amounts of schooling herring; 
and there was no significant relationship between 
cumulative kilometers of herring spawn in a grid cell 
and bird numbers. The cumulative number of fry 
released and the presence of a hatchery In a grid cell 
were both predictors of total birds per kilometer (fry 
release: regression, T = 3.56, p = 0.029 when the effect 
of schooling herring was included). However, these 
variables are confounded, and hatchery presence 
alone was the better predictor. A tendency for blrds to 
accumulate as more fry were released may have been 
masked by the decline in seabird num.bers from April 
through June, which was reflected in a negative corre- 
lation with the date and which also occurred in bird 
counts at the hatchery (Fig. 5). 

DISCUSSION 

We provided a rdnye of estimates of the amount of 
salmon hatchery production consumed by seabirds in 
the period shortly after fry were introduced i.nto the 
marine environment. Seabirds consumed 1.1 to 2.4 % 
of fry released. In arriving at this range, we compared 
estimates based on 3 models of seabird energetics 
(Nagy 1987, Birt-Friesen et al. 1989) to field measure- 
ments of prey capture rates. We found that measured 
capture rates were lower than the most reasonable 
estimate from energetics. Finally, we examined the 
distribution of seabird flocks relatlve to 2 prey types: 
salmon fry released from hatcheries and herring 
aggregated along the shoreline prior to spawning. 

Seabirds were more likely to be found near either prey 
source than in areas without these prey. Taken 
together, these results indicate that salmon fry just 
entering the marine environment were susceptible to 
avian predation, but that their vulnerability to preda- 
tion may be buffered by other attractive food patches 
within the foraging range of seabirds. 

No strong responses of bird counts were found to 
time of survey, tidal, or weather variables. Although 
these are known to affect bird behavior (e.g. Bayer 
1986), their effects in this study were probably mini- 
mized by several factors: we conducted almost all sur- 
veys in the morning, the intertidal is very steep and 
hence its extent does not vary greatly between low and 
h ~ g h  tide, tidal currents in the area are weak, and 
steep mountains on either side shelter the bays from 
strong winds. Our surveys could not measure night 
feeding or turnover of individual birds at the site, fac- 
tors that would increase the numbers of fry consumed. 

Numbers of piscivorous seabirds increased d.ur~ng 
the period of fry release (Fig 5) and declined after- 
wards, an aggregative response to prey (e.g. Piatt 
1990). However, species responded differently: kitti- 
wake counts increased for short periods only, while 
murrelet numbers increased gradually over all periods 
of frequent release (Fig. 5). Hoffman et al. (1981) iden- 
tified roles that species have in foraging-flock forma- 
tion and dispersal in Alaska: catalysts (e.g. kittiwakes) 
initiate flock formation; divers (e.g. murrelets) exploit 
food sources to which they are attracted by more con- 
spicuous foragers and may facilitate foraging of all 
species by concentrating prey near the surface (Chil- 
ton & Sealy 1987). Our finding suggests a component 
of this system not previously remarked upon in studies 
of seabird flock dynamics: dlvers accumulated at a 
favorable foraging patch over a period of weeks, 
whereas catalysts did not. This pattern may reflect the 
flight efficiencies of these birds. Divers may show 
greater site fidelity to food patches than do catalyst 
species if divers are less efficient fliers due to special- 
ization of the wings for diving. 

The models we chose to estimate energetic demands 
relied on doubly labeled water measurements of field 
metabolic rates of seabirds. Other models of seabird 
energetic demand were available, but these estimated 
basal metabolic rates (Ellis 1984, Diamond et al. 1993, 
Gabrielsen 1994) or produced results similar to models 
we included (e.g. Koteja 1991 and Birt-Friesen et al.'s 
1989 cold-water seabird equations were equivalent). 
To avoid converting between basal and field metabolic 
rates, we restricted our analyses to models that were 
based on FMRs. Nonetheless, more than half of the dif- 
ference between our low and high estimates of total fry 
consumed was attributed to differences between the 
energetic models (Fig, 7)  
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Differences between the seabird assemblages used 
to develop the FMR allometiic equations explaln why 
the models vary Nagy S (1987) model Included warm- 
water species, which typically have lower metabol~c 
rates than a rc t~c  and subarctic birds (Ellis 1984) Nagy 
(1987) Included only 53"0 cold-water species ( w ~ t h  
33 % wa~m-wate r  birds and 13 " A  non-designated, fol- 
lowing Birt-Friesen et a1 1989, n = 15 samples from 10 
species) w h ~ l e  Birt-Friesen et a1 (1989) presented inod- 
els iestr~cted to cold-water seab~rds  Blrt-Fr~esen et al 
(1989) prov~ded a further division of the cold-~vatei 
seabud assemblage to Include only flapping seab~rds  
In cold-water (n = 8 samples from 8 species) whlch 
piedicted the highest Fh4Rs The general cold-water 
seab~rd  model of Birt-Fiiesen et a1 (1989) includes data 
fiom a vanety of specles not typical of our study area 
(e  g penguins) The 7 common pisclvore species 
aggregated in front of Wally Noerenberg Hatchery 
during this study were all flapping seablrds Although 
the cold-water model for flapplng seabirds encom- 
passes a small range of body sizes (Montevecchi et al 
1992), it includes species that span a greater range in 
body size than the 7 pisclvores in our study This model 
is therefore most appropriate for our purposes 

Consumption estimates from the behavioral data 
were generally lower than those of the energetics 
models (Fig 6) Measurements of FMRs were taken 
during courtship through pos t -b~ood~ng  due to the 
ease of recapturing a blrd at a nest 01 cololly (Nagy 
1987 But-Fr~esen et a1 1989, Koteja 1991) Although 
our early counts in Aprll to early May l~kely  included 
many b ~ r d s  not engaged In energetically expensive 
breeding ac t~v~ t l e s  the study d ~ d  overlap the breeding 
season for all of the plsclvores (Isleib & Kessel 1973, 
Bellrose 1976 Hunt et a1 1981b, Ehrlich et a1 1988, 
Kuletz 1995) Therefore, while FMR equations may not 
be representative of the actlvlties of b ~ r d s  durlng the 
flrst part of oui study, neither did we feel justified 
(based on breeding a c t ~ v ~ t y )  in assuming that the mod- 
els were too high for oui purposes 

However, seveial other factors may explaln the dis- 
crepancy First, we applied a literature value for black- 
legged kittiwakes actlve foraglng tiine to Arctic terns 
and Bonaparte S gulls because of a lack of published 
values for the lattei species At the consuinption rates 
we observed, kittiwakes would require flom 3 4 to 
5 6 h of foiaging per day to meet energetic demands 
estimated by the models, Bonaparte's gulls would 
require 3 0 to 4 8 h while Arct~c  terns would need 1 8 to 
2 9 h Second, we dtd not correct for the lncluslon of 
items other than salmon fry in the diet We saw blrds 
that appeared to capture and consume a prey item 
without having flsh visible In their beaks These b ~ r d s  
may have been consuming smaller pley such as 
anlphlpods Birds may also have been selectively prey- 

lng on large1 fly In a school (but see Kzlds et a1 1993 
for a confl~cting report) To the extent that bilds ate 
other prey or larger prey, fewer fry would be required 
to meet t h e ~ r  eneigetic demands Thlrd, we assumed 
ass im~lat~on efflc~encles (AEs) of 100% to simplify our 
calc~~lations and because of a ldck of published values 
for these specles on salmon If we apply an AE of 
77 2 ' h  (average for blrds eating fish Castio et a1 
1989) our es t~mated consumpt~on froin eneigetic mod- 
els would Increase by 29 5 %  With the except~on of 
assimilation efficlencles we were unable to estlmate 
the size of these b ~ a s e s  While ~t is also poss~ble that 
these birds do not have to meet the ene rge t~c  demands 
est~mated by the models, measuied FMRs for both 
black-legged kittiwakes (Gabrlelsen et a1 1987) and 
Arctlc terns (Uttley et a1 1994) fell towards the hlgher 
FMR estlnlates (Fig 3) ,  suggesting that estimates 
based on models of energetic demand for cold-water 
f lapp~ng seabirds were reasonable 

On 5 aerial surveys over western P r~nce  Willlam 
Sound (Fig 2) gulls weie assoc~ated with spawnlng 
herring and with hatcheiy s ~ t e s  Gulls were aggre- 
gated both over beaches where heriing had spawned 
and in grld cells w ~ t h  schooling herring In some sur- 
veys w e  observed birds c~rcling ovei school~ng flsh 
and gull numbeis In the aerlal surveys lvere sign~fl- 
cantly coireldted only w ~ t h  the recent presence of 
schools of herring aggregated to spawn, not w ~ t h  
amount of spawn deposited The correlation of whlte 
b ~ r d  aggregations with the presence of both salmon fry 
and herllng ind~cates that concentrat~ons of prey flsh 
have an impoi tant influence on the distiibut~on of bil ds 
along the shoreline during this t ~ m e  of the year B~rds  
feed on these fish, as well as scavenge or steal food 
fiom other piedators attiacted to the same prey (Hoff- 
man et a1 1981) Hatchery manageis anecdotally 
report large v a r ~ a t ~ o n  in bird numbers that are 
attracted to releases each year This may be explained 
if birds aggregate d t  the best feedlng sites when avail- 
able these are the spawnlng m ~ g r a t ~ o n s  of heinng,  
sandlance, or other fish When the spalvnlng of these 
prey fish does not coincide wlth fly ielease or outmi- 
gratlon then more bilds may be attracted to feed on 
salmon fly at hatcheries and stieams Thls pattein is 
suggested by the fact that blrd numbers at the hatch- 
ery increased only gradually for the first 10 to 15 d of 
fry release while schools of spawning herrlng were 
recorded in the study area, but peaked following the 
first week In May (Fig 5 )  when heriing had dispeised 
or left the area Additional data IS requlred to test this 
idea, but losses of salmon fry to seablrds would likely 
be greater in years when many more b ~ r d s  were 
attracted to ~ e l e a s e  s ~ t e s  Gull abundances in the a e r ~ a l  
suiveys declined as the season prog~essed and counts 
recorded at Wally Noerenberg Hatchery also decllned 
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by early June.  Gulls therefore appear to leave 
the open shorelines of the Sound or become 
less visible towards the end of May. At this 
time, these birds were likely to be incubating 
eggs (Isleib & Kessel 1973, Bellrose 1976, 
Hunt et  al. 1981b, Ehrlich et  al. 1988, Kuletz et  
al. 1995) and may spend less time foraging 
and more time at colonies, or shift their activi- 
ties further up  into inlets and fjords, thereby 
escaping detection during these surveys. 

We estimated a cumulative mortality to fry 
of 1.1 to 2.4% of pink and chum salmon 
releases. This estimate is not unexpected 
given the physical structure of the habitat and 
the behavior of the fish, In 5 studies of avian 
predation on salmon, mortality rates were 
high when predation occurred in constrained 
environments such as streams and when 
salmon were resident rather than migratory 
(Table 4: merganser predation limited salmon 
productivity, Huntsman 1941; 24 to 65%, 
Wood 1987b). In contrast, when salmon were 
seaward migrants rather than residents, 
stream mortality was lower (Table 4: 2 to lo%, 
Ruggerone 1986, Wood 1987a, KAlas et  al. 
1993). However, our models predicted greater 
loss of fry with high movement than with low 
movement. These scenarios differed in the 
size of the average fry that remained in front 
of the hatchery because, with high movement, 
fry left the area before they grew large. 
Predators at the hatchery thus either ate many 
small fry (high movement) or fewer larger fry 
(low movement) to meet their energetic 
demands, and predation rates consequently 
were higher when prey were more mobile. 
However, if we consider a case where low and 
high movement fry were both present, preda- 
tors should focus on the low-movement, larger 
fry over the smaller fry that quickly disperse. 

Our study also differed from the 5 men- 
tioned above because salmon fry were not 
confined by a stream channel: fry entered a 
deep bay and migrated toward more open 
water (Fig. 1). Constrained habitat may make 
fry vulnerable to predators (e.g. dolly varden 
in stream channels had more fry per predator 
in their stomachs than did dolly varden at the 
mouths of streams; Kirkwood 19621, A few 
studies have noted predators aggregating 
near salmon fry as they enter the marine envi- 
ronment (Table 4; e.g.  seabirds, Bayer 1986; 
fish, Thorsteinson 1962, Bakshtansky 1964, 
Dobrynina et al. 1989, Nagasawa & Kaeri- 
yama 1995), but none have estimated cumula- 
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tive mortality rates. More regional studies have esti- 
inated losses of fish (or tertiary production) to seabirds, 
generally reporting losses of 10 to 30% (Table 4 ) ,  a 
level intermediate to those of migrant versus resident 
juvenile salmon (Huntsman 1941, Ruggerone 1986, 
Wood 1987a, b, KAlAs et  al. 1993). 

In previous studies, estimates of fish losses to birds 
were lower (0.6 to 30%) in marine systems over large 
areas and when prey were migratory rather than resi- 
dent in the area. The large range in these estimates 
may be attributed to differences between prey species; 
for example, off southern Africa seabirds took 31 '% of 
anchovy production but only 1 to 6% of other prey 
(Crawford et al. 1991). Conversely, estimates were 
higher (10 to 60% of available prey) in freshwater sys- 
tems (rivers and lakes) where fish were physically con- 
strained in a small body of water, where prey were res- 
ident rather than migratory (thereby extending the 
period over which predation can occur), and near 
seabird colonies where predator populations were 
highest (e.g Sanger 1972, Furness 1978, Diamond et 
al. 1993). 
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