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ABSTRACT: Food availability comprises a complex interaction of factors that integrates abundance,
taxonomic composition, accessibility, and quality of the prey base. The relationship between food
availability and reproductive performance can be assessed via the nutritional stress (NSH) and junk-
food (JFH) hypotheses. With respect to reproductive success, NSH posits that a deficiency in any of
the aforementioned metrics can have a deleterious effect on a population via poor reproductive suc-
cess. JFH, a component of NSH, posits specifically that it is a decline in the quality of food (i.e. energy
density and lipid content) that leads to poor reproductive success. We assessed each in relation to
reproductive success in a piscivorous seabird, the black-legged kittiwake Rissa tridactyla. We mea-
sured productivity, taxonomic composition, frequency, size, and quality of meals delivered to
nestlings from 1996 to 1999 at 6 colonies in Alaska, USA, 3 each in Prince William Sound and Lower
Cook Inlet. Productivity varied widely among colony-years. Pacific herring Clupea pallasi, sand lance
Ammodytes hexapterus, and capelin Mallotus villosus comprised ca. 80 % of the diet among colony-
years, and each was characterized by relatively high energy density. Diet quality for kittiwakes in this
region therefore remained uniformly high during this study. Meal delivery rate and meal size were
quite variable among colony-years, however, and best explained the variability in productivity. Par-
ent kittiwakes appeared to select prey that were energy dense and that maximized the biomass pro-
visioned to broods. While these results fail to support JFH, they do provide substantial support for
NSH.
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INTRODUCTION adults. Hence, a primary factor affecting seabird life
histories and population dynamics is the extensive spa-
Reproductive success in seabirds is largely depen- tial and temporal variability inherent in their food sup-

dent on foraging constraints experienced by breeding ply (Lack 1968, Ashmole 1971). Cairns (1987) recog-
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nized that food availability for seabirds comprises a
complex interaction of factors, including prey abun-
dance, the taxonomic composition of the prey base,
prey accessibility, and prey quality (which considers
energy density and lipid content). Unfortunately, most
investigations of the relationship between food avail-
ability and avian breeding biology in general, and
seabird breeding biology in particular, typically con-
sider only 1 or 2 of these factors and then only in isola-
tion (Uttley et al. 1994, Broadman 1997). Instead, what
is required is an examination of the interactions of
prey-related variables, including the energetic compo-
sition of food and its interaction with quantity. Such an
approach has a much greater opportunity to yield data
that will elucidate the biological, ecological, and phys-
iological mechanisms underlying the response in
reproductive performance and population dynamics to
food limitation (Trites & Donnelly 2003).

Recently, 2 models have been proposed that provide
an appropriate context within which to assess the rela-
tionship between food availability and reproductive
performance in apex marine predators such as
seabirds. The first, more broad-based, model is the
nutritional stress hypothesis (NSH). NSH posits that a
deficiency in prey abundance, availability, or quality
can have a deleterious effect on a population via a
decline in individual-based metrics such as reproduc-
tive performance, body mass, or adult or juvenile sur-
vival (Trites & Donnelly 2003). The second, more spe-
cific, model is the junk-food hypothesis (JFH), which
may be viewed as a component of NSH. JFH posits that
it is the low lipid content and energy density of partic-
ular prey types, and shifts in the relative abundance of
these prey types, that negatively affect the physiologi-
cal condition of individuals, neonatal growth rates, and
overall productivity (Rosen & Trites 2000). Within the
context of annual variability in seabird reproductive
performance, a field assessment of NSH and JFH
should therefore consider both the quantity and qual-
ity of prey obtained by parents.

We sought to determine whether seabird productiv-
ity in the northern Gulf of Alaska was affected broadly
by nutritional stress and, more specifically, by prey
quality. We assessed the relationship between diet
(considering taxonomic composition, prey quantity,
and prey quality) and annual productivity in black-
legged kittiwakes Rissa tridactyla at 6 colonies in 2
ecosystems during a 4 yr period. We compared diets of
kittiwakes among colonies and years and measured
meal delivery rates, mass of meals, and energy density
of nestling meals. We assessed the impacts of these 3
parameters, singly and in combination, as well as
potential effects of colony, ecosystem, and year on
annual productivity using a model selection approach
(Burnham & Anderson 1998). By including data on

multiple metrics of diet composition, we were able to
undertake a thorough investigation of the possible role
that food quantity and quality played in the dynamics
of seabird populations. These data represent one of the
broadest examinations of NSH and JFH in a seabird
system.

MATERIALS AND METHODS

Focal species and study sites. Black-legged Kkitti-
wakes nest colonially on sea cliffs throughout much of
the circumpolar north. Kittiwakes are monogamous
and both sexes participate in brood rearing. In Alaska,
kittiwakes tend to lay 1- or 2-egg clutches and chicks
remain in the nest until nearly adult size. Kittiwakes
are efficient fliers, forage at considerable distances
from the nest (up to 100 km), and capture prey at or
near the surface (Suryan et al. 2000, Jodice et al. 2003).
Major prey in this part of the species’ range include
pelagic schooling fishes such as Pacific herring Clupea
pallasi, Pacific sand lance Ammodytes hexapterus,
capelin Mallotus villosus, and, to a lesser extent, juve-
nile gadids (e.g. walleye pollock Theragra chalco-
gramma, Pacific tomcod Microgradus proximas),
salmonids Oncorhynchus spp., and euphausiids (e.g.
Thysanoessa spp.; Roby et al. 2000, Jodice et al. 2006).

We collected data from 1996 through 1999 at 3
colonies in Prince William Sound (PWS) and 3 colonies
in Lower Cook Inlet (LCI), Alaska, USA (Fig. 1). The
Shoup Bay colony in northeastern PWS supported ca.
7000 breeding pairs of kittiwakes. The marine habitat
in this area is characterized by fjords, bays, and inlets.
The Eleanor Island colony in central PWS supported
ca. 220 breeding pairs of kittiwakes; the surrounding
area is characterized by protected bays of larger
islands and by open water influences from the north-
ern Gulf of Alaska. The North Icy Bay colony in south-
western PWS supported ca. 1800 breeding pairs of kit-
tiwakes in a marine habitat characterized by fjords,
bays, and open water influences from the Gulf. During
the study period, the Shoup Bay colony was the fastest
growing colony in PWS, the North Icy Bay colony
increased in population size but at a much slower
annual rate (less than half that of Shoup Bay), and the
Eleanor Island colony remained fairly stable (Suryan &
Irons 2001).

The Gull Island colony in southeastern LCI sup-
ported ca. 5000 breeding pairs of kittiwakes. The
marine habitat immediately surrounding Gull Island is
characterized by cold, mixed oceanic water with sig-
nificant freshwater runoff (Robards et al. 1999). The
Chisik Island colony in west-central LCI supported ca.
10 000 breeding pairs of kittiwakes; the marine habitat
in the Chisik Island area is characterized by stratified,
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Fig. 1. Rissa tridactyla. Locations of black-legged kittiwake
study colonies in Prince William Sound and Lower Cook Inlet,
Alaska

relatively warm estuarine waters. The colony at East
Amatuli Island, located in the Barren Islands group at
the mouth of LCI, supported ca. 6000 breeding pairs of
kittiwakes. The marine habitat here is characterized as
a transition zone between the northern Gulf of Alaska
and the shallow Cook Inlet estuary. The Alaska
Coastal Current enters Cook Inlet via the Barren
Islands, creating an upwelling zone along the south-
eastern Cook Inlet shelf (Robards et al. 1999). During
the study period, the Gull Island colony was increas-
ing, the Chisik Island colony was declining, and the
East Amatuli Island colony was fairly stable (Zador et
al. 1997, Robards et al. 1999).

Diet composition. We determined diet composition
by collecting regurgitations (n = 918) from parent and
nestling kittiwakes. All diet samples were stored indi-
vidually in plastic bags, weighed to the nearest 0.01 g
on electronic balances, labeled, and then frozen. We
only included regurgitation samples >3 g in our analy-
ses, as smaller samples yielded less reliable informa-
tion regarding taxonomic composition, meal size, and
energy density. We made every effort not to collect
samples from the same nestlings or adults more than
once. In rare cases where this did occur we allowed for
at least 1 wk between samples (Suryan et al.2002).

Species composition of meal samples was deter-
mined by K.R.T. at the Institute of Marine Science, Uni-
versity of Alaska Fairbanks. Regurgitations were
thawed, reweighed on a top-loading balance (+£0.01 g),
and each identifiable prey item measured for standard
length (+1 mm). Taxonomic composition of each sam-
ple was determined from gross morphological charac-
teristics of whole or partially digested fish. To estimate
standard length of partially digested prey items we
(1) used fragments to reconstruct the whole body
whenever possible, and (2) used otoliths to estimate

standard length using species-specific regression rela-
tionships of otolith length vs. standard length (Robards
et al. 1999, Stokesbury et al. 1999, Suryan et al. 2000).
If a regurgitation consisted mostly of partially digested
material, free-floating otoliths were extracted from the
sample to determine prey species and estimate the
total number of prey items in the sample (2 otoliths of
similar size or a left and right matched pair of otoliths
were assumed to represent 1 fish). Free-floating
otoliths were measured (+1 pm) under a microscope
using a micrometer. We did not observe any wear to
otoliths (all meals samples were relatively fresh and
not subjected to substantial digestion) that would have
compromised our ability to obtain an accurate mea-
sure.

Identifiable prey were categorized into age classes
based on documented size-age class relationships.
Male capelin <90 mm standard length (SL) and female
capelin or capelin of unknown sex <80 mm were clas-
sified as juveniles, reflecting known gender differ-
ences in growth rates for this species, while larger-size
individuals were classified as adults (Jangaard 1974,
Pahlke 1985). Species of nearshore demersal fish (e.g.
blennies, sculpins, pricklebacks) <80 mm SL and
pelagic schooling fishes (i.e. other than capelin)
<100 mm SL were classified as young-of-the-year
(YOY). Larger fish were either older juveniles (e.g.
walleye pollock, Pacific tomcod) or included older
juveniles and adults (e.g. Pacific sandlance, Pacific
herring) and are hereafter referred to as 1+ fish
(Smoker & Pearcy 1970, Dick & Warner 1982, Hatch &
Sanger 1992).

The above procedure provided the following data for
each regurgitation sample: type (whole or random),
total mass (g), taxonomic composition by mass (%),
mass (g) of each prey species, and mass (g) of each age
class within each prey species. These variables were
then used to quantify diet composition by calculating
the proportion of the total collected biomass of requrgi-
tation samples from a colony-year that consisted of
each prey type (species and age class).

Delivery rates and their component metrics. We
measured the number, mass, and energy density of
meals delivered by parents and used these data to
estimate the daily rates of biomass and energy provi-
sioning to nests. We measured meal delivery rates
(MDR; n = 545 nest days) to nestlings (meals nest™' d™!)
by observing clustered groups of active nests (or, at the
Barren Islands, by reviewing video tapes which, dur-
ing 1996 and 1997, were compared to direct observa-
tions to ensure accuracy; Roseneau et al. 2000). We
included different nests each day we conducted MDR
watches. When this was not feasible (e.g. some
colonies had a limited number of nests that were easily
observed), we allowed 7 d to elapse between watches
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at the same nest (Suryan et al. 2002). MDR watches
ranged from 10 to 21 h among all colonies and years
(mean = 18.0 £ 0.08 h, mode = 18 h). To scale all meal
delivery data to the rate of meals nest™! d!, we multi-
plied the per hour MDR for each nest watch with the
modal watch duration of 18 h. Parental feedings do
occur at night but are rare. Therefore, our measures of
MDR are likely only slight underestimates of the actual
meal delivery rate experienced by nestlings in a 24 h
period.

We used t-tests to determine if there were significant
differences in MDRs between 1- and 2-chick broods
for each colony-year. Where differences existed, we
calculated an adjusted meal delivery rate (aMDR) for
each colony based on the difference in MDR between
1- and 2-chick broods and mean brood size at fledging
for that colony-year:

aMDR = MDRI1la + {MDR1la x [%diff x (brood size at
fledging -1)]}

where MDR1a = mean MDR for 1-chick broods and
%diff = the percent difference between the mean MDR
for 1- and 2-chick broods. We then calculated the mean
aMDR from all broods and present that as the MDR for
each colony-year.

Meal size was determined from 918 regurgitations
collected from nestlings and adults. We defined 2 types
of samples. Whole meal samples (n = 212) were
defined as regurgitations collected from nestlings
immediately following an observed feeding. These
nestlings were encouraged to regurgitate the entire
feeding, and thus the entire meal was likely to have
been collected. We considered the mass of whole meal
samples to be the best estimate of nestling meal size
because these samples were recovered immediately
after adults returned to the nest and fed their young.
Random meal samples were defined as any regurgita-
tion from an adult (n = 255) or a nestling (n = 451),
where the probability of collecting an entire meal
could not be established. These were collected during
routine handling of adults and chicks but the probabil-
ity of collecting an entire meal could not be estab-
lished.

The mean (+1 SD) mass of random meal samples,
when pooled among all colonies and years (18.1 =+
0.48 g), was less than the mean mass of whole meal
samples (25.0 + 1.1 g; tpo4 = 5.7, p < 0.0001). Therefore,
we adjusted the mass of random meal samples to make
them comparable to whole meal samples. First we
compared the masses of random meal samples col-
lected from adults (mean = 19.3 + 0.82 g) to random
meal samples collected from chicks (mean = 174 +
0.59 g) and found there was no difference when data
were pooled among all colony-years (p > 0.1). There-
fore, we used 1 adjustment factor for all random meal

samples. We calculated the difference in mean meal
mass between random and whole samples separately
for any colony-year, using at least 15 samples of both
meal types (n = 5 colony-years). Based on data from
these sites, the adjustment factor for random meals was
1.35 (i.e. MasSynole meal = MaSSrandom meal X 1.39). Meal
mass was then estimated for each colony-year as the
average mass of all whole chick meal samples (n = 8
colony-years) or the average mass of whole meal sam-
ples and adjusted random meal samples where a suffi-
cient number of whole meals was not available (n = 12
colony-years). All samples represent fresh meals, were
collected either from chicks aged between 10 and 30 d
or from parents raising chicks of that age, and were
collected throughout each colony.

Proximate composition analysis of all samples was
conducted in the laboratory of D.D.R. under the super-
vision of P.G.R.J. and J.A.A. Details of laboratory pro-
cedures followed Anthony et al. (2000). The calculation
of energy density for kittiwake meals at each colony
during each year then followed a process similar to
that used for the calculation of average meal size (i.e.
we standardized energy density among meal types).
We reasoned that meals collected directly from adults
were a better indicator of nestling energy intake com-
pared to meals collected from nestlings because the
former were fresher (i.e. less opportunity for digestion,
differential assimilation, or hydration). We did not
detect a difference in energy density between whole
and random meal samples collected from nestlings
(Mann-Whitney U-test, p = 0.13). We did, however,
detect a difference in energy density between meals
collected from adults and chicks (p = 0.02) when we
pooled energy density values across all sites and years
that contained sufficient numbers of meal samples
from both adults and chicks (i.e. 215 of each). On aver-
age, the energy density of adult meals was 1.078 times
that of chick meals. We adjusted energy density of
meal samples from chicks to make them comparable to
energy density of meal samples from adults as (energy
density,quit meat = €nergy densityepick mear X 1.078). As
with meal size, energy density was then calculated for
each colony and year as the mean value from all sam-
ples. Standardizing energy density values based upon
meal samples from adults required that we calculate
an adjustment factor for only 4 colony-years.

We estimated a biomass provisioning rate (BPR;
g nest! d!) and energy provisioning rate (EPR;
kJ nest™! d™!) for each colony-year. BPR was calculated
as the product of mean meal delivery rate (meals d!)
and mean meal size (g), while EPR is a product of mean
meal delivery rate, mean meal size, and mean energy
density of the meal (kJ g~!). We estimated a measure of
variance for each of these single-point estimates by
incorporating the variability inherent in each of the
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component metrics. We did this by creating a simula-
tion model that randomly selected a data point from
each of the component metrics specific to data col-
lected for a given colony-year, multiplied them to get
an estimate of BPR and EPR, and then calculated the
SD from 1000 runs of the model.

The component data used to calculate BPR and EPR
were collected from kittiwake broods aged between 10
and 32 d posthatch and always collected from through-
out the entire colony to allow for complete representa-
tion of intracolony variability. The corrections applied
to the component data were done so across all colonies
and years and their use does not result in any particu-
lar bias among colonies or years. Therefore estimates
of provisioning rates and comparisons of component
data among colonies and years are not biased. Further-
more, due to the complexity of collecting data from 6
colonies over multiple years, we developed and fol-
lowed specific data collection protocols for each aspect
of the field research and trained field technicians each
year in their use.

Reproductive success. Measures of kittiwake pro-
ductivity (chicks fledged per nest structure) were
obtained from observations of nests within predefined
productivity plots (n = 311 for all colony-years). We
selected productivity plots from throughout the entire
colony at the start of the study. All nests were included
in each plot even if they were started after the median
laying date. This ensures that data were not biased by
any relationship between productivity and laying date.
We used the same set of plots in all years at each
colony. If plots or observation points were lost for any
reason, new plots were added at the beginning of the
breeding season during the laying period. We mea-
sured productivity by reqularly recording the status of

Table 1. Rissa tridactyla. Generalized linear models used in a

model selection process to analyze productivity of black-

legged kittiwakes from 6 colonies in the northern Gulf of
Alaska from 1996 to 1999

Model
number

Parameters

Meal delivery rate, meal size, energy density
Meal delivery rate, meal size

Meal delivery rate, energy density

Meal size, energy density

Meal size

Meal delivery rate

Energy density

Region (Prince William Sound, Lower Cook Inlet)
Region, year, region x year

Colony

Colony, year (colony X year not included due to
degrees of freedom limitation)

ngooﬂcmn»ww»

-

each nest in the productivity plots (ca. every 3 d from
the start of egg laying until most nestlings had
fledged). Nests were treated as subsamples within a
plot. We calculated the average productivity for each
plot as the mean number of chicks fledged per nesting
structure. Colony averages were calculated as the
average productivity of all plots.

Statistical analyses. We used a suite of 11 generalized
linear models (Table 1) along with a model selection ap-
proach based on the Akaike information criteria (AIC;
Burnham & Anderson 1998) to quantify the effects of diet
parameters, region, colony, and year on kittiwake pro-
ductivity (data from East Amatuli Island 1999 were iden-
tified as outliers based on regression diagnostics and
omitted from this analysis; see also Piatt 2003). Analyti-
cal steps followed those described in Jodice et al. (2002).
For the model selection steps we used the AIC statistic
corrected for small sample size (AIC,).

Means and regression coefficients are reported as
+1 SE. Data measured as proportions were trans-
formed with the arcsine transformation. Other vari-
ables were transformed as needed and transformations
are noted along with results. Means presented are
untransformed data. All analyses were conducted
using SAS 9.0 (2002).

RESULTS
Reproductive performance

Productivity (Fig. 2) varied significantly with the
interaction of colony and year (colony x year ANOVA
Fi5987 = 13.7, p < 0.0001). Temporal trends in produc-
tivity were not consistent among colonies even within
regions (Fig. 2). Colony-wide failures in productivity
(i.e. <0.1 young fledged per nest) occurred during at
least 1 yr at all colonies except Gull Island. At Eleanor
Island in 1998, colony failure was caused by predation
(Suryan et al. 2006). Productivity at Chisik Island never
surpassed 0.05 young fledged per nest.

Diet composition

The combined mass of just 3 prey types (Pacific her-
ring, sand lance, and capelin) comprised ca. 81 % of the
total biomass in the diet (Table 2). Pacific herring was
the most common prey type at colonies in PWS, while
sand lance comprised the majority of the diet for
colonies in LCI (Table 2). Pacific herring, sand lance,
and capelin are characterized by higher lipid content
compared to all other prey types identified in the diet
(Anthony et al. 2000). The proportion of the diet com-
prised of these 3 high-lipid prey types differed among
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Fig. 2. Rissa tridactyla. Mean (+SE) annual productivity (nestlings fledged per nest structure) of black-legged Kkittiwakes at 6
study colonies in the northern Gulf of Alaska, May to August 1996 to 1999. Error bars are not shown for productivity at the
Eleanor Island colony because that measure represented a complete colony census

the 6 colonies (F5 1, = 4.1, p = 0.02; Table 3) but did not
differ among years (F;,1; = 2.3, p = 0.13). There was a
higher proportion of the high-lipid prey types in the
diet of kittiwakes at Gull Island compared to those at
Shoup Bay and Chisik Island.

Differences in the proportion of each of the high-
lipid prey types in the diets of kittiwakes also occurred
among colonies when data were pooled among years
(F5,16 > 3.8, p < 0.02 for each of the 3 high-lipid prey
types; Fig. 3A-C). Sand lance was more abundant and

Table 2. Rissa tridactyla. Taxonomic composition of 918 regurgitations col-

lected from black-legged kittiwake adults and nestlings at 6 colonies in

the northern Gulf of Alaska from 1996 to 1999. Values reported are pro-

portion of total biomass (18.1 kg) collected. n = number of meals collected.
PWS: Prince William Sound; LCI: Lower Cook Inlet

annually less variable in the diet at Gull Island com-
pared to the 3 PWS colonies (Fig. 3A). Herring was
more prevalent in the diets at the Shoup and North Icy
Bay colonies compared to the 3 LCI colonies (Fig. 3B).
Capelin was most prevalent and least variable in the
diet at the East Amatuli Island colony and least preva-
lent at the Shoup Bay and Gull Island colonies (Fig.
3C). There was no difference in the proportion of juve-
nile gadids in the diet among colonies (p > 0.10); the
mean proportion of juvenile gadids in the diet of kitti-
wakes was 0.7 + 0.003 %.

We observed interannual shifts in diet
composition within colonies that reflected
changes in both the taxonomic composition
of the diet and the age distribution within
prey types (Fig. 4). Coincidental shifts in the
species composition or age distribution of

. prey types among colonies were more com-
Prey type PWS LCI  All colonies .
colonies  colonies combined mon in PWS compared to LCI. For example,
(n=585 (n=333) (n=918) the proportion of herring in kittiwake diets
declined from 1996 to 1997 at all 3 PWS
Pacific herring Clupea pallasi 47.1 7.2 34.9 colonies. Similarly, a decrease in YOY sand
Sand lance Ammodytes hexapterus 20.3 60.4 32.5 lance and an increase in 1+ herrin
Capelin Mallotus villosus 9.3 22.0 13.4 g
Offal® 4.7 1.0 35 occurred between 1997 and 1998 at both
Salmonids Oncorhynchus spp.” 3.9 0.6 2.6 the Shoup Bay and North Icy Bay colonies.
Smelts Osmeridae spp. 1.0 2.8 2.0 The only diet shift that we observed concur-
{Euvehmle %ad1dae SPPp- (1)2 ;(3) éé rently among colonies in LCI occurred
Aﬁpotigfliypsgsp. 117 17 91 between 1997 and 1998, when the propor-
. . ) . . tion of sand lance declined and the age
Comprised of fish discards from processing plants and commercial .
fishing vessels structure of sand lance shifted from pre-
PIncluded salmonid eggs obtained from hatchery streams dominantly YOY in 1997 to 1+ in 1998 at all
3 colonies (Fig. 4).
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Table 3. Rissa tridactyla. Mean (+ SE; untransformed) proportion of diet biomass
of black-legged kittiwakes at 6 study colonies in the northern Gulf of Alaska
that consisted of Pacific herring, sand lance, and capelin combined (i.e. the 3
most common prey types in the diet). Diet biomass was determined by analysis
of regurgitated meals collected from adults and nestlings from 1996 to 1999.
Colonies sharing any letters are not significantly different (Bonferroni p > 0.05)

Kittiwake nestlings at Shoup Bay and
East Amatuli Island appeared to expe-
rience the highest interannual vari-
ability in BPR (Table 5). Energy provi-
sioning rates ranged from a low of

117 kJ nest™! d°! at Chisik Island in

Prince William Sound
Shoup Eleanor  North Icy
Bay Island Bay

Gull
Island

Lower Cook Inlet
Chisik East Amatuli
Island

1996 to a high of 579 kJ nest™! d! at
Shoup Bay in 1996 (Table 5). The

Island significant difference we observed in

0.77+0.05 0.87+0.06 0.91+0.02
B AB AB A B

0.94 +0.02 0.74 +0.05 0.83 = 0.04

EPRs among colonies (F519 = 6.1, p =
0.007) was due entirely to the low
EPRs at Chisik Island. Within each

AB

Meal delivery rate, meal size, and energy density

Meal delivery rates varied with the interaction of
colony and year (Fj 525 = 3.9, p < 0.0001, ANOVA on
ranked values). Delivery rates were consistently low at
Chisik Island and displayed high interannual variabil-
ity at East Amatuli Island (Table 4). The CV for meal
delivery rates from all nest days was 48.7 %.

Mean meal size (Table 4) differed by colony (individ-
ual factor Fs5 913 = 6.6, p < 0.0001; log transformed) and
year (individual factor F; 913 = 5.8, p = 0.0007; log trans-
formed). Meal size was larger at Shoup Bay (28.1 +
0.9 g) compared to East Amatuli (22.7 = 1.2 g), Eleanor
(21.7 + 1.7 g) and Chisik Islands (16.0 + 1.9 g) and was
larger in 1996 (27.1 + 0.8 g) compared to 1997 (23.8 =
1.3 g) and 1999 (20.2 + 1.2 g). The CV for meal size
from all meals was 69 %. The mean meal size from all
colonies and years (25.3 + 0.6 g) was ca. 7% of esti-
mated adult body mass (ca. 375 g) for kittiwakes at
these colonies.

Mean energy density of meals (Table 4) varied by
colony (Fs 913 = 10.7, p < 0.0001; log transformed) but
not by year (F;3 913= 1.6, p = 0.2; log transformed). Pool-
ing data among years within colonies, we found that
energy density of meals was greater at Shoup Bay
(6.1 £ 0.08 kJ) compared to Eleanor Island (4.5 +
0.09 kJ), North Icy Bay (4.4 £ 0.11 kJ), and East Amat-
uli Island (4.2 + 0.07 kJ), while energy density of meals
from Gull Island (4.7 £ 0.09 kJ) was greater than from
East Amatuli Island. The CV for energy density among
all meals was 29 %.

When data were analyzed across all colonies and
years (i.e. summary data from Table 4), we found no
correlation among meal delivery rate, meal size, and
energy density (r < 0.20 for each pairwise correlation).

The daily rate of biomass provisioning ranged from a
low of 29 g nest™! d™! at Chisik Island in 1996 to a high
of 114 g nest™! d™! at Shoup Bay in 1996 and North Icy
Bay in 1998 (Table 5). The significant difference in
mean annual BPR among colonies (Fs;9 = 5.4, p =
0.008) was due entirely to the low BPR at Chisik Island.

colony, interannual variability in EPRs
was greatest at Shoup Bay and least at
Gull Island (Table 5). Lack of statistically significant
differences between colonies whose mean BPRs or
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EPRs differed by as much as 25 % was likely due to low
power associated with only having a single provision-
ing rate estimate for each colony-year.

Diet parameters and their relationship to
productivity

We examined the extent to which productivity was
related to meal delivery rate, meal size, and energy
density of prey, region, colony, and year. We used a
model selection approach and assessed the fit of 11
models to the productivity data from each colony-year
(Table 1). The model that best explained the variability
in productivity included meal delivery rate and meal
size (i.e. the biomass provisioning rate) and was 2.1
times more likely (ratio of AIC. weights for model 2
and model 5; Table 6) to be the best model compared to
the next model in the candidate set. The 5 models con-
tained in the 95 % confidence set (i.e. the set of models
that would contain the best model in 95% of cases)
each contained some combination of meal delivery
rate, meal size, and energy density (Table 6), suggest-
ing each of these 3 parameters has some effect (posi-
tive; see below) on kittiwake productivity. The vari-

ability in productivity explained by these 5 models
ranged from 19 % (model with meal delivery rate only)
to 52 % (model with meal delivery rate, meal size, and
energy density, i.e. the energy provisioning rate). The
coefficient estimates (1 SE) for the 3 variables con-
tained in the 95% confidence set were determined
using a model averaging approach. All coefficients
were positive (meal delivery rate = 0.12 + 0.06, meal
size = 0.03 + 0.01, and energy density = 0.14 + 0.12).
Colony, region, or year did not appear in any of the
models within the 95 % confidence set.

DISCUSSION

Annual rates of kittiwake productivity vary consider-
ably throughout their range and often in response to
prey abundance, although the link to provisioning
rates is often unclear (Coulson & Thomas 1985, Mur-
phy et al. 1991, Danchin 1992, Hamer et al. 1993). Pro-
ductivity was highly variable among colonies and
years during the course of our study. In PWS, produc-
tivity at Shoup Bay and Eleanor Island was high in
1996 but progressively lower in subsequent years,
while productivity at North Icy Bay followed an oppo-
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Table 4. Rissa tridactyla. Mean (+SE) delivery rate (meals
per nest day), size (g), and energy density (kJ g~! wet mass) of
black-legged kittiwake meals at 6 colonies in the northern
Gulf of Alaska from 1996 to 1999. Shoup Bay, Eleanor Island,
and North Icy Bay are located in PWS; Gull, Chisik, and East
Amatuli islands are located in LCI. na: not available

Location Meal delivery rate Meal Energy density
Year (meals/nest day)® size (g) (kJ g~! wet mass)
Shoup Bay
1996 3.9+0.23 29.1 +1.22 5.1+0.11
1997 2.8+0.15 28.9 +2.73 5.0 £0.27
1998 2.7+0.15 28.2 + 1.96 4.9 +0.20
1999 2.8+0.23 22.0 +1.88 4.8+0.20
Eleanor Island
1996 4.2+0.24 23.7 +2.26 4.5+0.11
1997 3.8+0.20 19.2 £ 2.97 4.8+0.20
1998 4.2 +0.27 19.2 £6.12 4.0+0.29
1999° - - -
North Icy Bay
1996 na 28.6 + 2.45 4.5+0.15
1997 4.0 +£0.39 25.1+3.14 4.4 +0.29
1998 4.8 +0.23 23.7 + 2.86 4.3+0.15
1999° - - -
Gull Island
1996 3.5+0.44 26.6 +2.40 4.5+0.14
1997 3.7+0.26 24.9 +4.32 52+0.23
1998 4.7 +0.38 224 +2.93 4.7+0.21
1999 3.9+045 224 +3.22 5.0+0.16
Chisik Island
1996 2.0+0.19 14.3 £ 5.96 4.1 +£0.59
1997 2.5+0.33 15.9 £ 1.96 5.0 +0.36
1998° - - -
1999° - - -
East Amatuli Island
1996 4.1 +0.62 23.5+1.75 4.0 £0.09
1997 1.7 +0.26 28.8 +2.92 4.2 +0.13
1998 3.7+0.34 25.5 +4.36 4.1+0.17
1999 2.4 +0.26 17.0 £ 1.71 4.6 +0.15
*Nest days based on deliveries per hour scaled to 18 h
PNesting failure occurred at these colony-years; therefore
too few meals collected to estimate diet parameters

Table 5. Rissa tridactyla. Annual rate (SD) of food provision-
ing and energy provisioning to black-legged Kkittiwake
broods at 6 colonies in the northern Gulf of Alaska from
1996 to 1999. Colony-years with total nesting failure (see
Table 3) are not presented. Shoup Bay, Eleanor Island, and
North Icy Bay are located in PWS; Gull, Chisik, and East
Amatuli islands are located in LCI. Note: SD calculated
from a resampling model; see 'Materials and methods’
for details

Location = Biomass provisioning  Energy provisioning
Year rate (g nest™! d1)? rate (kJ nest™! d1)®
Shoup Bay

1996 113.5 (67.5) 579 (323)

1997 80.9 (36.7) 404 (200)

1998 76.1 (37.6) 373 (196)

1999 61.6 (31.1) 296 (160)
Eleanor Island

1996 99.5 (52.8) 448 (239)

1997 72.9 (42.6) 350 (216)

1998 80.6 (48.1) 322 (204)
North Icy Bay

1997 100.4 (52.0) 441 (249)

1998 113.8 (49.3) 489 (221)
Gull Island

1996 93.1 (58.1) 419 (272)

1997 92.1 (53.1) 479 (285)

1998 105.3 (58.9) 495 (287)

1999 87.4 (55.4) 437 (280)
Chisik Island

1996 28.6 (18.9) 117 (90)

1997 39.7 (17.8) 198 (102)
East Amatuli Island

1996 96.3 (60.2) 385 (247)

1997 49.0 (28.9) 205 (126)

1998 94.3 (60.1) 386 (255)

1999 40.8 (22.4) 188 (118)
“Biomass provisioning rate = colony-year mean meal
delivery rate x colony-year mean meal size from Table 3
"Energy provisioning rate = colony-year mean meal deliv-
ery rate X colony-year mean meal size X colony-year
mean energy density from Table 3

Table 6. Rissa tridactyla. Model selection statistics from generalized linear modeling of productivity of black-legged kittiwakes

from 6 colonies in the northern Gulf of Alaska from 1996 to 1999. Models are ranked from most to least plausible given the data

collected and the models tested, but only those models from Table 1 that were included in the 95 % confidence set of models are

presented. Model number given in parentheses (see Table 1). Terms specific to the model-selection process are defined in Jodice
et al. (2002). AIC.: Akaike information criteria corrected for small sample size

Model parameters (no.) K® AAIC, AIC. weight Cumulative sum of
AIC. weights

Meal delivery rate, meal size (2) 4 0.00 0.451 0.451

Meal size (5) 3 1.49 0.214 0.666

Meal delivery rate, meal size, energy density (1) 5 2.08 0.159 0.825

Meal size, energy density (4) 4 3.81 0.067 0.892

Meal delivery rate (6) 3 4.47 0.048 0.941
*Number of estimable parameters +1 for intercept + 1 for variance estimator
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site trend. In LCI, productivity at Gull Island was con-
sistently good, productivity at Chisik Island was con-
sistently poor, and productivity at East Amatuli Island
was highly variable. Based on longer term data sets, it
appears we captured most of the range in productivity
among each region (Dragoo et al. 2001).

Variability in kittiwake productivity was best ac-
counted for by the BPR. The EPR was not as likely to
represent the best model of those we tested although it
was ranked third of 5 among models appearing in the
95 % confidence set and did explain the most variabil-
ity of any of the models we tested. Both the BRP and
EPR were positively related to productivity. We sug-
gest that when poor productivity occurred during the
course of this study it was often the result of acute or
chronic nutritional stress and that the primary mecha-
nism driving this stress was the quantity of food deliv-
ered by the parents. A close examination of the data
suggests that prey quality played an important role in
kittiwake productivity as well. The lack of a significant
effect of colony or year on productivity suggests that
attributes such as colony size or population trajectories
within colonies were not the primary mechanisms dri-
ving productivity. Large colonies appear to fail less
regularly than small colonies, however, due in part to
their enhanced protection from aerial predators (Ain-
ley et al. 2003, Suryan et al. 2006).

Meal quantity and quality

In central-place foragers such as marine birds raising
nidicolous young, rates of meal delivery are often neg-
atively associated with distance to the prey patch but
positively associated with parental energy expendi-
ture, nestling growth rates, and productivity (Ricklefs
1983, Bryant 1991, Suryan et al. 2002, Visser 2002).
Therefore, parent seabirds should exhibit higher rates
of meal delivery to nestlings when prey patches are
nearby to colonies. Black-legged kittiwakes on St.
George Island, Alaska, for example, delivered 2.8
meals d™! to nestlings on average while foraging inside
the shelf break, while red-legged kittiwakes Rissa bre-
virostris at the same colony delivered only 1.5 meals
d! but foraged at a much greater distance from the
colony beyond the shelf-break (Lance & Roby 1998).
Delivery rates, which in our study differed with the
interaction of colony and year, also appear to be
related to the proximity of prey to the colony and to
interannual differences in local forage fish abundance.
Kittiwakes at Shoup Bay and Chisik Island, the 2
largest colonies in our study, tended to have the lowest
rates of meal delivery and also engaged in foraging
trips that covered greater distances compared to kitti-
wakes at the other 4 colonies (Suryan et al. 2000, Piatt

2003). These longer foraging trips, and hence reduced
rates of meal delivery, were necessitated by a lower
density of forage fish nearby Shoup Bay and Chisik
Island compared to other colonies in the central and
southern sections of PWS and LCI (Brown & Moreland
2000, Ainley et al. 2003, Piatt 2003). The highest pro-
ductivity recorded at Shoup Bay, Eleanor Island, North
Icy Bay, and East Amatuli Island coincided with the
highest meal delivery rates at those colonies and
tended to occur when forage fish were locally abun-
dant (Suryan et al. 2002, Piatt 2003, Jodice et al. 2006).

Meal size can be a difficult parameter to measure
accurately in seabirds compared to meal delivery rates
and hence it has not received as much attention in
relation to productivity. Lance & Roby (1998) found
that, although overall productivity of red- and black-
legged kittiwakes nesting on St. George Island dif-
fered, there was no difference in average meal size
between the 2 species. During our study, meal size had
a positive effect on productivity and was included in
the 4 models that best accounted for the variability in
productivity. Mean meal size for kittiwakes in this
study was, however, only half that reported for kitti-
wakes feeding nestlings on St. George Island, Alaska,
and the variability we observed in meal size was twice
as great as the variability in meal size reported there
(Lance & Roby 1998). Furthermore, Ricklefs (1983)
estimated that meal sizes across a variety of seabird
species averaged 14 to 18% of adult body mass, far
greater than the value we obtained in this study (ca.
7 %). These results, and the fact that kittiwakes have
the ability to provision meals as large as 100 g to their
chicks (Lance & Roby 1998), suggest that parents dur-
ing our study were not maximizing meal payload
based on their gut capacity, but instead meal payload
was a response to the integration of nestling needs,
prey quality, and prey availability. For example, chick
meals at Chisik Island were consistently small and
infrequent yet high in quality. This reflected poor prey
abundance within the foraging range of the colony
(Piatt 2003) but relatively high prey quality due to high
proportions of capelin and sand lance in the diet each
year. In contrast, highly variable meal sizes among
years at Shoup Bay reflected the high interannual vari-
ability of forage fish in that region, where, for example,
preferred prey such as herring may be highly abun-
dant in one year but relatively scarce the next (Suryan
et al. 2006). It appears that kittiwakes in PWS and LCI
were able to fledge young with smaller meals, com-
pared to kittiwakes on St. George Island, for example,
because a greater number of meals d™! were delivered
and because these meals were characterized by rela-
tively high energy densities.

In forage fish, energy density varies among species,
among age categories within species, among locations
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within species, and over time within species (Anthony
et al. 2000, Wanless et al. 2005). Romano (2000) found
that kittiwake and tufted puffin Fratercula cirrhata
nestlings fed prey characterized by high energy den-
sity and high lipid:protein ratios had higher rates of
growth, greater fat reserves upon fledging, and
greater energy utilization efficiency compared to
nestlings fed an equal biomass of low quality prey.
Wanless et al. (2005) found that reduced productivity
of common guillemots Uria aalge coincided with a
decrease in energy density of primary prey. These
observations provide strong support for the junk-food
hypothesis.

In contrast, our results did not provide strong sup-
port for the junk-food hypothesis. Energy density
alone was not among the models that best explained
the variability in productivity, although the variable
did occur in 2 of the 5 models that appeared in the
95% confidence set. During the course of our study,
however, the range in energy density was quite nar-
row and did not differ among years. This was a
reflection of the breadth and structure of kittiwake
diets in PWS and LCI. For example, the mean energy
density of the 3 primary prey items (herring, sand
lance, and capelin) which comprised 81 % of the total
diet biomass during our study ranges from 3.7 to
5.8kJ g-! wet mass and is higher than most other
prey items available in the region (Anthony et al.
2000). In comparison, kittiwake diets on Middleton
and St. George Islands, Alaska, can include higher
proportions of lower quality prey such as sablefish
and juvenile gadids (Lance & Roby 1998, Gill & Hatch
2002). Energy density for these 2 species ranges only
from 2.5 to 3.5 kJ g‘1 wet mass (Van Pelt et al. 1997,
Anthony et al. 2000). Thus, parent kittiwakes in LCI
and PWS rarely foraged on low quality prey during
the course of our study.

Our results clearly demonstrate that BPRs strongly
affected kittiwake productivity and that diet quality
was less important given that, in general, diet quality
was never poor during the course of our study. Vari-
ability in diet quality still played an important role in
productivity, however. We assessed the effect of diet
quality with respect to diet quantity on productivity by
examining colony-years with productivity that were
higher than predicted for a given biomass provisioning
rate (i.e. high positive residuals in the regression of
productivity on meal size and meal delivery rate).
Examples of this scenario include Shoup Bay 1996 and
1997 and Gull Island 1997 and 1999. Diets for these
colony-years were characterized by the highest mean
energy densities recorded during our study (= 5.0 kJ
g ! wet mass), suggesting that diet quality had a posi-
tive effect on productivity beyond that afforded strictly
by diet quantity.

Reproductive performance and diet composition

For surface-feeding seabirds, food availability is a
complex suite of factors that includes the amount,
quality, and 3-dimensional location of prey (Cairns
1987). Each of these factors can affect reproductive
effort and performance in different ways, and there-
fore, it is not surprising that we observed substantial
variation in annual rates of productivity that were asso-
ciated with diet composition both within and among
colonies and years. Among colonies the differences in
diet patterns were driven to a large extent by the prox-
imity of prey to kittiwake breeding colonies and this
appears to form the foundation for the links between
reproductive success, provisioning rates, and prey
availability (i.e. prey location and abundance). For
example, sand lance were relatively abundant along
the eastern shore of LCI near Kachemak Bay within 1
to 30 km of the Gull Island colony during the course of
our study (Robards et al. 1999, Piatt 2003), and they
dominated the diets of kittiwakes at Gull Island in all
years. Although sand lance are not the largest or most
energy-dense prey available to kittiwakes in the
region (Anthony et al. 2000), Gull Island kittiwakes
maintained relatively consistent levels of provisioning
and productivity relative to the other colonies while
foraging almost exclusively on this abundant, local
food source. BPRs and EPRs at Gull Island were rela-
tively stable among years and always surpassed 85 g
and 400 kJ nest ! d!, respectively. Productivity here
also was the least variable of any colony in our study
and never was among the lowest rates measured. The
year of lowest productivity at Gull Island (1998; pro-
ductivity at East Amatuli Island also was very low)
coincided with reduced food availability throughout
LCI early in the breeding season (Piatt 2003).

In contrast to Gull Island, diets at Chisik Island were
the most variable among colonies and the abundance
of forage fish was consistently poor within the foraging
range of these kittiwakes, which typically extended 25
to 50 km from the colony (Piatt 2003). Poor food avail-
ability was reflected by low meal delivery rates, low
meal size, low BPRs, and low EPRs resulting in colony
failure during all years of the study. Interestingly, poor
prey quality was not an issue at Chisik Island; annual
estimates of energy density there ranged from 4.0 to
5.1 kJ g~! wet mass.

The remainder of the colonies displayed substantial
interannual variability in provisioning rates and repro-
ductive performance. Diet composition tended to vary
annually among these colonies as well. For example,
Shoup Bay kittiwakes tended to rely on herring more
so than other colonies. Herring are most common in the
large bays of PWS, but these bays, and hence consis-
tent stocks of herring, tend to not be located near the
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colony. Annual differences in herring abundance
within the foraging range of these kittiwakes also were
substantial (Brown & Moreland 2000, Suryan et al.
2000, 2002, Ainley et al. 2003). Furthermore, the rela-
tively large breeding population at the Shoup Bay
colony may create a halo effect which further increases
the distance at which parent kittiwakes need to forage
in relation to the colony (Ainley et al. 2003). This suite
of factors resulted in Shoup Bay kittiwakes never
exceeding 4.0 meals delivered nest™! d"!. When her-
ring were locally abundant, however, their large size
and high energy density translated to high biomass
and energy provisioning rates and consequently some
of the highest levels of productivity measured during
the course of the study (e.g. 1996).

In comparison, kittiwakes from Eleanor Island relied
on sand lance more so than kittiwakes from Shoup Bay.
Sand lance occur relatively close to the Eleanor Island
colony (Suryan et al. 2000) and hence allowed kitti-
wakes there to maintain relatively high and consistent
rates of meal delivery compared to Shoup Bay. Greater
inconsistenty in productivity there, including frequent
years of failure, were due primarily to top-down factors
such as predation and less so to bottom-up factors asso-
ciated with prey availability (Suryan et al. 2006). The
relative effect of predation, especially at a small colony
like Eleanor Island, can be magnified by delays in the
arrival of forage fish which in turn can cause extensive
laying and hatching failures (e.g. Regehr & Montevec-
chi 1997).

Our results provide substantial support for the nutri-
tional stress hypothesis, which posited that a reduction
in prey abundance, availability, or quality would result
in reduced reproductive success for kittiwakes. Most
kittiwake colonies experienced nutritional stress dur-
ing at least 1 yr of our study, although kittiwakes at
Chisik Island experienced chronic nutritional stress.
Nutritional stress during the course of our study rarely
took the form of poor diet quality (i.e. the junk-food
hypothesis). Kittiwake diets at our study colonies
tended to be comprised of herring, sand lance, and
capelin, all of which were characterized by relatively
high levels of energy density. In contrast, the overall
availability of prey and the quantity of food provi-
sioned varied substantially. This was evidenced by
higher levels of variability in both meal delivery rates
and meal sizes compared to energy density. The pre-
dominance of high-energy prey items available to kit-
tiwakes in LCI and PWS thus set the context for many
of the patterns we observed. Within both regions, par-
ent kittiwakes appeared to select prey that were
energy-dense and that optimized their ability to pro-
vide frequent and/or large meals to nestlings. Addi-
tional investigations of nutritional stress in seabirds
should be undertaken especially where diet diversity

(and hence energy density values) may be greater than
what we recorded. Such a scenario may present a more
striking comparison of the response of reproductive
performance to variability in diet quality.
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