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Summary

We evaluated methods for assessing carbon and nitrogen isotope compositions in the epidermis
of two species of odontocetes, the bottlenose dolphin (Tursiops trucatus, n = 2) and killer whale
(Orcinus orca, n=9). Diet profiles including composition and food intake rates of captive
animals were monitored for 5 - 7 months and matched to stable isotope values determined from
skin samples obtained immediately after the diet monitoring period. An investigation of four
different epidermal sampling sites for dolphins demonstrated that anatomical site (including
peripheral fins and body flank) had no effect on isotopic values (mean for all sites = —18.39 +
0.29 SD for 8"°C and 18.82 + 0.25 SD for §'°N). Values for killer whales differed from the
dolphins and averaged —17.69 + 0.34 for 8"°C and 14.51 + 0.15 for 8'°N. These ranges reflected
differences in diet between the species, which consisted of an approximate 50/50 mix of Atlantic
herring and Icelandic capelin for the dolphins and a mixed fish diet including these species as
well as mackerel, salmon, sardine and smelt for the killer whales. The magnitude of the observed
effect depended on the difference in isotopic profiles of the fish species comprising routine and
new diets, and may be especially evident for some species of salmon.



Introduction

Survival by carnivorous animals depends on the balance between energetic costs and energy
input in the form of prey intake (Stephens and Krebs, 1986). Of these two factors, assessing
energy input and dietary preferences of marine living mammals is especially difficult due to
cryptic foraging behaviors. With the exception of sea otters that consume their prey on the water
surface or studies involving novel technology such as animal borne cameras (Davis et al., 1999),
foraging events are rarely recorded for marine mammals. This is in contrast to studies on large
terrestrial mammals in which the details of foraging may be obtained through a combination of
visual observations, radio-collar tracking, and scat analysis (see for example Schaller, 1972).
Thus, a missing element in energy budget analyses for marine mammals is information about
foraging behavior and prey intake of the animal. As a result, two of the biggest questions for
many species of marine mammal remain unanswered: 1) when and where do they forage and 2)
what do they eat?

To address these questions investigators have relied on a variety of indirect methods. Through
miniaturized video cameras, satellite tags, three dimensional time-depth recorders, and
physiological monitors (i.e. heart rate recorders, stomach temperature sensors) scientists have
been able to evaluate the range of movements of marine animals, the use of critical habitats, and
the potential impact of these top predators on ecosystems. Because these are relatively short
duration events less is known about the long-term diets of marine mammals. One relatively new
technique to solve this problem is through the evaluation of stable isotopes in animal tissues.
Typically, the ratio of stable forms of nitrogen and carbon in tissues is used as a reflection of
dietary preferences and has been investigated in a wide variety of predatory consumers including
whales (Abend and Smith, 1997).

Although the value of these isotopic methods depends on calibration against known diets, few
studies have been able to address this, particularly for large cetaceans. This is especially
problematic for animals with diverse and widely changing diets such as killer whales (Jefferson
etal., 1991). In view of this and the current interest in killer whale prey preferences we
examined the use of stable isotope profiles to predict diet in odontocetes. There were two
primary goals of this study. First, we developed a relatively non-invasive method of obtaining
tissue samples from the epidermis of cetaceans. Second, we compared the variation in stable
isotope signatures in the epidermis to known diets in both bottlenose dolphins and killer whales
as a test of the sensitivity of the method.

Methods

Animals. This work was conducted on two species of adult odontocetes: two male Atlantic
bottlenose dolphins (Tursiops truncatus; mean body mass = 182.2 kg) housed at Long Marine
Laboratory in Santa Cruz, California and nine killer whales (Orcinus orca) housed at Sea World
(San Diego, CA and San Antonio, TX). The killer whales included two adult females (mean
body mass = 3158.9 kg), two adult males (mean body mass = 3195.1 kg), two juvenile females
(mean body mass = 774.6 kg) and three juvenile males (mean body mass = 1439.2 kg) (Table 1).
Skin sample collection was dependent on facility and was limited to November 2003 and 2004
for the bottlenose dolphins, and either December 2005 or March 2006 for the killer whales. A
single skin sample was obtained from each animal in the study.



Skin Samples. To determine potential site specific differences in stable isotope values across the
body of cetaceans, we collected samples from four different anatomical sites on the bottlenose
dolphins (Figure 1A). The body sites included the dorsal fin, a mid-thoracic site parallel with the
dorsal fin, the leading edge of the fluke, and the dorsal surface of the fluke. Because we found
no differences between stable isotope values for any of the body sites (p = 0.64, F = 0.47 for the
813C values; p=0.75,F=0.29 for §°N values), we selected the leading edge of the fluke for the
subsequent collection of samples from the killer whales. We chose this site because the animals
had previously been trained to present their fluke for husbandry purposes and we found that
bleeding was minimized in this area relative to the other sites tested.

To collect the skin samples, the area was first wiped with an alcohol swab. Using a sterile
scalpel blade, a shallow incision was made approximately 1- 3 mm into the epidermis (Figure
1B). Sterile forceps were then used to peel away an approximately a 10 -15 mg wet weight
sample of skin (Figure 1B). The sample was transferred to a clean glass vial and frozen at —20
°C until analysis. The healing time associated with this method of skin collection was minimal.
We found that within seven days, there was no visible indication of the collection in either
species of odontocete.

Isotope Methods. Skin tissue samples [~10 milligram (mg)] were stored and prepared in small
glass vials. Lipids were extracted with five rinses of a 2:1 chloroform and methanol solution,
with sonication of each rinse for 0.5 hours. For stable isotope analyses, skin subsamples (1.0 mg)
were weighed into tin capsules. Stable isotope ratios were measured using an elemental analyzer
coupled with a mass spectrometer (Finnigan DeltaPlus) at the University of California Santa
Cruz Stable Isotope Laboratory. Stable isotope compositions are reported using the standard d
notation, and are referenced to Vienna PeeDee Belemnite and air for carbon and nitrogen,
respectively. The standard deviation for replicates of a gelatin standard was <0.2%o for carbon
and nitrogen.

Diet Composition and Variation.

Food intake including total amount fed, diet composition and percentage of diet comprised of
different fish species was recorded daily for all individual animals for a period of five to seven
months prior to skin sampling for stable isotope profiles (Appendix 1). Daily records were
averaged for each month and a grand average for diet composition for the study period
computed. Average values represent five contiguous months for the bottlenose dolphins and
seven months for the killer whales. Variations in diet that occurred over the study period were
also noted but not considered a factor in the present study. Isotopic values as reported in the
literature for each fish species in the diet were summarized and used for later comparison with
the values measured in epidermal samples from the animals.

Statistics

ANOVA was used to test for significant differences between group means (JMP, SAS Institute
Inc., Cary, NC, USA). If a significant result was detected a Tukey-Kramer HSD test was used to
determine which groups were significantly different from one another.



Results

Diet Composition and Variation

Dolphins: The dolphins were maintained on a diet consisting primarily of adult Atlantic herring
and Icelandic capelin consumed in similar amounts (by weight) (Table 2, Figure 2). There was
minimal variation in the relative contribution of each species to the diet during the five months
prior to when epidermal samples were taken both in 2003 and 2004. However, in 2004 smelt
replaced capelin for approximately one month and overall contributed approximately 11% to the
summed diet for both animals (Figure 2).

Killer Whales: The diet composition of captive killer whales consisted of a wide variety of fish
species (Table 3, Figure 3, Appendix 1). The primary prey items included adult Atlantic herring
and Icelandic capelin. When salmon was present in the diet it consisted of adult salmon
(Oncorhynchus ssp.) caught in the Gulf of Alaska, specifically near Petersburg, Alaska. There was
no apparent trend in dietary variation between male and female killer whales. In contrast,
juvenile whales tended to show a 2 - 10% increase in the proportion of the diet consisting of
herring compared to adult animals (Figure 3). Each facility utilized slightly different diets. Killer
whales housed in the San Diego facility consumed a relatively consistent mixed fish diet of
capelin, herring, mackerel, and salmon for the seven months prior to skin sampling. Killer
whales in the Texas facility also used this mixed fish diet with the addition of sardines and smelt,
although at < 5% levels. The diets of the animals in Texas were also slightly more varied in
terms of relative contribution of the different fish species to the overall composition of the diet.
In addition, two animals (ID number 7 and 8), did not receive salmon in their diet at any time
during the seven months prior to when the samples were collected.

Isotope Values of Prey Items

In view of the number of factors that can affect isotopic signatures (see Discussion and Appendix
2), an estimation of isotope values for the various dietary items using previously published
values could include a margin of error. To account for this we used values from a study that
examined isotopic profiles for fish examined for captive northern fur seals (Kurle, 2002). These
isotopic values for Atlantic herring and Icelandic capelin provide reasonable estimates for the
animals in our study as they represent the same species residing in the same ocean basins as the
fish fed to the captive odontocetes. Note that the dolphins were fed smelt instead of capelin for
approximately one month during 2004 and this occurred in the first of the five months analyzed
prior to skin sample collection. Given the high epidermal turnover in these animals (discussed
below), and the relatively low contribution the smelt made to the overall diet, the addition of the
smelt was assumed to have a minimal impact on the isotopic signature. Stable nitrogen isotope
values reported previously for smelt range from approximately 13.5 to 16.5 (estimated from
Hansson et al., 1997). Hobson et al. (1994) also reported both carbon and nitrogen isotope
values for smelt, and these values were used to estimate smelt isotope values for the present
study. Lastly, isotope signatures for various species of salmon (from Herman et al., 2005) and
mackerel (from Abend and Smith, 1997) are summarized along with the other fish species in
Table 4.

Epidermal Isotope Values



Dolphins: Epidermal isotope values for the two Atlantic bottlenose dolphins were similar
between animals in both 2003 and 2004, and were thus pooled for the remainder of the
comparisons. There were no significant differences between animals for either stable isotope
8"C (p=0.65,F=0.22) or 8N (p=0.11, F =2.96). We found that isotope values averaged
~18.39 +0.29 SD for §"°C and 13.82 + 0.25 SD for 8"°N (Figure 4).

Killer Whales: Despite slight differences in diet composition including species of fish, we found
no significant differences in stable isotopes 8'°C and 8'°N between whales housed at SeaWorld,
San Diego and San Antonio (8"°C: p=0.21, F = 1.93; 8"°N: p = 0.86, F = 0.04). Thus, the values
for all whales were pooled for the remainder of the comparisons. The mean + SD for stable
isotopes was —17.69 + 0.32 for 8"°C and 14.50 + 0.15 for 8"°N for killer whales fed a mixed fish
diet (Figure 4).

Because two killer whales were not fed salmon for the entire study period, we were able to
opportunistically compare isotope values between adult whales that were fed salmon (n = 2) and
those that were not (n = 2). Although the sample sizes were too small to quantitatively test these
data, qualitatively there appears to be no difference in stable isotope 8'°C values between salmon
eaters (-17.61 = 0.390 SD) and non-salmon consumers (-17.45 + 0.35 SD). However, there was
a slightly greater difference in stable isotope 5'°N values between the salmon consumers (14.37
+0.09 SD) and non-consumers (14.63 + 0.09 SD). Similarly, we found that stable isotope &'°N
values for five juvenile whales with the highest proportion of herring in the diet averaged 14.502
+ 0.14 SD while those with low herring diets ranged from14.61 to 14.65 (Table 5). No
difference in stable isotope 8'°C values was found for these two groups. However, both age and
the presence of smelt in the diet of the low herring diet whales should be considered when
evaluating the cause of the observed differences.

Comparisons Between Species: There were significant differences in both stable isotope 5'"°C
and 8'°N values between Atlantic bottlenose dolphins and killer whales. In general, both §'°C
and 8"°N values were greater in killer whales relative to bottlenose dolphins and these
differences were highly significant (8'°C: p<0.0001, F = 24.79; '°N: P<0.0001, F = 53.47).

Discussion

The first goal of the present study was to refine methods for obtaining skin samples for isotope
evaluation in odontocetes. Most importantly, we found that there was no statistical difference in
isotope composition for skin samples taken from either peripheral or central sampling sites in
bottlenose dolphins (Figures 1 and 4). Assuming similar skin characteristics for the mammals
comprising this group, the implication is that typical biopsy sample sites for odontocetes (e.g.,
dorsal fin, flank and back) obtained in less controlled environments such as at sea will likely
yield similar results for carbon and nitrogen isotopic values.

The similarity between anatomical sites may be due in part to the relatively fast turnover rates of
the upper epidermis of cetaceans (Hicks et al., 1985). However, a question arises regarding the
effect of this skin turnover rate on the incorporation of dietary components into the epidermal
layers. Previous studies have noted that the rate at which the diet is integrated into tissues varies



between tissue type and species. Generally, incorporation occurs over 2-3 half-lives of the
isotope of interest (Hobson, 1993). For example, for skin tissue, a carbon isotope half-life of
approximately 30 days has been reported for rats (Rattus norvegicus) and lambs (Family
Bovidae) (Attaix et al., 1988; Cherel et al., 1991; Mays et al., 1991; summarized in Welle, 1999).
Consequently, if the animals have been maintained on a consistent diet, skin samples from these
species will likely be representative of the animals’ diets from approximately 60 - 90 days prior
to sampling. With a half-life of approximately 13 days for dogs (Canis familiaris) (Welle,
1999), skin samples would reflect the diet from 26-39 days prior to sampling for stable isotopes.

Similar determinations for marine mammals are difficult due to variation in epidermal growth
among groups. Kurle and Worthy used tissue rates from gerbils (Tieszen et al., 1983) to estimate
a carbon half-life of 6.4 - 27.6 days for Northern fur seals (Callorhinus ursinus), with the result
that dietary components were assumed to be effectively incorporated into the skin within 13 - 83
days. By evaluating the mean rate of epidermal cell migration from the basal lamina/germnatival
layer to the stratum externum (0.19 mm.day™") in bottlenose dolphins, Hicks et al. (1985) found
that most cells had reached the skin surface by 73 days. If the departure time from the
germnatival layer is considered, figure 5 from Hicks et al. (1985) also indicates that half of the
epidermal cells are mobilized within approximately 5.5 days in the bottlenose dolphin. Hence,
the diet of bottlenose dolphins would be incorporated into the topmost skin layers within 11-16
days. Similarly, Toperoff et al. (in prep.) estimated a rate of several days to weeks for the
incorporation of dietary components into the skin tissue of harbor porpoises (Phocoena
phocoena), a value identical to that provided by Abend and Smith (1997) for long-finned pilot
whales (Globicephala melas). Assuming turnover rates in killer whales are similar to those of
other odontocetes, it is likely that the five to seven month collection period for dietary data for
the animals in the current study represents an adequate time period to ensure incorporation of the
dietary isotopes into the skin samples.

This leads to the second goal of this study, an examination of the effect of diet on stable isotope
values for skin samples obtained from odontocetes. As suggested for wild odontocetes (Abend
and Smith, 1997; Herman et al., 2005), our data demonstrate that the carbon and nitrogen
isotopic signatures of captive bottlenose dolphins and killer whales reflect diet composition
within limits (Figure 4). In general, the mixed fish diets of killer whales, including those
containing salmon, showed higher 8"°C and 3'°N values than the herring-capelin diet of
dolphins, thus reflecting the isotopic enrichment of the individual fish (Table 4; Herman et al.,
2005). This was particularly evident for nitrogen (Figure 4).

Admittedly, the level of stable isotopes can be confounded by numerous factors including age
and reproductive state of the animal, diet quality, body size as well as the age of prey fish and
many others. Indeed, we find that the isotopic profiles observed in the present study for captive
killer whales fed a relatively mixed diet, showed less variation than observed for a wide
sampling of wild killer whale subpopulations in Alaska (Figure 5). For example, when
compared to values in Herman et al. (2005) we find that the range of carbon and nitrogen isotope
values for dolphins and killer whales fed a mixed fish diet in captivity was remarkably narrow.
This difference remains even when comparing captive animals to fish eating resident ecotypes of
wild killer whales.



Overall, within the limits of the present study, it appears that relatively small changes in the diet
composition may affect stable isotope profiles in the epidermis of odontocetes. The magnitude
of the effect will depend upon the difference in profiles of the fish species comprising the routine
and new diet. In the case of Chinook salmon, elevated 8'°C and 8'°N values relative to many
other common prey items (Table 4) may make dietary changes involving this specific prey
species especially evident though stable isotope methodologies.
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Table 1: Life history data for the dolphins and whales sampled in this study. Details

concerning housing and diet are provided in the Methods.

Species Animal ID Mass (kg) Sex Age Class
O.orca 1 3688.0 F Adult
O.orca 2 1270.1 M Juvenile
O.orca 3 2629.9 F Adult
O.orca 4 1835.7 M Juvenile
O.orca 5 4219.3 M Adult
O.orca 6 2170.9 M Adult
O.orca 7 985.5 F Juvenile
O.orca 8 563.6 F Juvenile
O.orca 9 1211.8 M Juvenile
T.truncatus A 168.7 M Adult
T.truncatus B 195.6 M Adult

11



Table 2: Time-averaged diet composition for bottlenose dolphins during the five months
prior to skin sampling for stable isotope analyses. Two adult dolphins (A and B) were used
in the study and sampled on two occasions.

Fish Species Dolphin A Dolphin B Dolphin A Dolphin B
11/13/03 11/13/03 11/23/04 11/23/04
Atlantic herring 56.3% 47.4% 47.5% 45.8%
Icelandic capelin 43.7% 52.6% 41.3% 43.2%
Smelt 0.0% 0.0% 11.3% 11.0%

12



Table 3: Time-average diet composition for killer whales during the seven months prior to
skin sampling for stable isotope analyses. Nine whales including adults and juveniles
(listed in Table 1) from two different facilities were used in the study. Each was sampled
on one occasion.

Animal capelin  herring mackerel salmon sardines  smelt Food Total
ID % % % % % % (kg/day)
1 31.0 49.0 15.0 5.0 0 0 86.4
2 32.0 52.0 8.0 8.0 0 0 41.7
3 29.0 52.0 14.0 5.0 0 0 50.1
4 32.0 52.0 11.0 5.0 0 0 48.0
5 30.0 52.0 12.0 6.0 0 0 80.5
6 45.3 29.4 9.2 9.7 0.0 6.3 63.0
7 49.3 44.0 1.6 0.0 5.1 0.0 44.1
8 48.2 48.5 0.0 0.0 3.3 0.0 27.9
9 55.5 26.6 5.8 7.6 0.0 4.5 40.0
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Table 4. Mean ratios of carbon and nitrogen stable isotopes for common dietary items of
captive dolphins and killer whales. Values are from Appendix 2, Kurle (2002), Herman et
al. (2005), Hansson et al, (1997) and Abend and Smith (1997) as described for each prey
type in the text. Geographic area of the items was matched to those fed to the animals
when known.

Fish species SN 8C
Atlantic herring (Clupea harengus) 11.8+0.2 -18.5+0.3
Icelandic capelin (Mallotus villosus) 11.1+£0.2 -19.8 +£0.1
Smelt (Thaleichthys pacificus) 14.4+0.2 -16.7 £ 0.1
Chinook salmon (Oncorhynchus 15.2 -17.2
tshawytscha)
Sockeye salmon (O. nerka) 11.1 -20.8
Coho salmon (O. kisutch) 13.8 -19.1
Mackerel (Scomber australicus) 12.21+0.2 -21.28+0.4

14



Table 5: Stable isotope values for carbon and nitrogen for the individual killer whales used in this
study. Life history characteristics of the individuals are listed in Table 1. Table 3 and Appendix 1
provide the corresponding diet composition for each animal.

Whale ID 8C 8N
1 -17.58  14.68
2 -17.94 1455
3 -18.12  14.34
4 -18.00  14.39
5 -17.40  14.55
6 -17.89  14.65
7 -17.70  14.25
8 21721 14.49
9 -17.33  14.61
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Figure Legends

Figure 1. Procedures for obtaining skin samples for stable isotope evaluation in the epidermis of
cetaceans. (A) Location of body sites that were sampled to test for site specific differences in
epidermal stable isotopic signatures. Two adult Atlantic bottlenose dolphins were used in this
evaluation with the following sites: dorsal fin (1), a mid-thoracic site parallel with the dorsal fin
(2), the leading edge of the fluke (3), and the dorsal surface of the fluke (4). (B). Photographs
illustrating a simple procedure for epidermal sampling in cetaceans. Steps included (i) a shallow
incision into the epidermis, (ii) sterile forceps being used to pull back the sample, and (iii)

cutting the sample free from the epidermis with minimal bleeding.

Figure 2. Percentage diet composition for two Atlantic bottlenose dolphins (designated A and
B) for the five months prior to when epidermal samples were collected. Two separate years are
presented. Height of each bar denotes the total proportion of the diet with the gradation in color
indicating the specific proportion of capelin, herring and smelt in the diet.

Figure 3. Percentage diet composition for nine killer whales (designated 1- 9) for the seven
months prior to when epidermal samples were collected. Height of each bar denotes the total
proportion of the diet with the gradation in color indicating the specific proportion of capelin,
herring, mackerel, salmon, sardine and smelt in the diet. Note that whales identified number 7
and 8 received no salmon in their diet. Isotope profiles for these adults were compared to those
of adults 6 and 9 to assess the effects of differences in diet composition (described in the text).

Figure 4: Epidermal stable isotope values for odontocetes. Two Atlantic bottlenose dolphins
(four anatomical sites, triangles) and nine killer whales (one anatomical site, circles) as described
in Table 1 are shown. Each point represents the values for an individual animal. Isotope values
for killer whales fed salmon (black circles) are compared to two whales in which salmon was
absent in the diet (gray circles). Numbers next to the killer whale points indicate animal ID
number given in Table 5.

Figure 5: Comparison of mean stable isotope ratios for captive and wild odontocetes. Circles
and lines denote mean values + 1 SD for each odontocete group. Values for Atlantic bottlenose
dolphins and killer whales from Figure 4 in this study are plotted in comparison to the range of
values reported by Herman et al. (2005). The previous study includes a variety of killer whale
ecotypes from the North Pacific Ocean. Note that the animals in the present study were only fed
fish and are most comparable in diet composition to the fish eating resident ecotypes.
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Figure 1. Procedures for obtaining skin samples for stable isotope evaluation in the epidermis of
cetaceans. (A) Location of body sites that were sampled to test for site specific differences in
epidermal stable isotopic signatures. Two adult Atlantic bottlenose dolphins were used in this
evaluation with the following sites: dorsal fin (1), a mid-thoracic site parallel with the dorsal fin
(2), the leading edge of the fluke (3), and the dorsal surface of the fluke (4). (B). Photographs
illustrating a simple procedure for epidermal sampling in cetaceans. Steps included (i) a shallow
incision into the epidermis, (ii) sterile forceps being used to pull back the sample, and (iii)

cutting the sample free from the epidermis with minimal bleeding.
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Figure 2. Percentage diet composition for two Atlantic bottlenose dolphins (designated A and
B) for the five months prior to when epidermal samples were collected. Two separate years are
presented. Height of each bar denotes the total proportion of the diet with the gradation in color
indicating the specific proportion of capelin, herring and smelt in the diet.
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Figure 3. Percentage diet composition for nine killer whales (designated 1- 9) for the seven
months prior to when epidermal samples were collected. Height of each bar denotes the total
proportion of the diet with the gradation in color indicating the specific proportion of capelin,
herring, mackerel, salmon, sardine and smelt in the diet. Note that whales identified number 7
and 8 received no salmon in their diet. Isotope profiles for these adults were compared to those
of adults 6 and 9 to assess the effects of differences in diet composition (described in the text).
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Figure 4: Epidermal stable isotope values for odontocetes. Two Atlantic bottlenose dolphins
(four anatomical sites, triangles) and nine killer whales (one anatomical site, circles) as described
in Table 1 are shown. Each point represents the values for an individual animal. Isotope values
for killer whales fed salmon (black circles) are compared to two whales in which salmon was
absent in the diet (gray circles). Numbers next to the killer whale points indicate animal ID
number given in Table 5.
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Figure 5: Comparison of mean stable isotope ratios for captive and wild odontocetes. Circles
and lines denote mean values + 1 SD for each odontocete group. Values for Atlantic bottlenose
dolphins and killer whales from Figure 4 in this study are plotted in comparison to the range of
values reported by Herman et al. (2005). The previous study includes a variety of killer whale
ecotypes from the North Pacific Ocean. Note that the animals in the present study were only fed
fish and are most comparable in diet composition to the fish eating resident ecotypes.
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APPENDIX 1. Monthly Diet Composition for Captive Killer Whales

Life history data for the individual animals is presented in Table 1.
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CAPELIN (lbs)
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(Ibs per day)
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(Ibs per day)
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102.3
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110.5
107.9
75.0
68.0

25.6

50.0
60.0
68.9
71.7
74.0
61.7
43.7
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94.5
91.3
90.8
95.2
98.4
75.5
69.9




APPENDIX 2. Isotopic values for common prey items of marine mammal
predators.
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Appendix 2.
reference source.

Prey species
Icelandic capelin (medium)
Atlantic herring (medium)

herring, 6-7cm, YOY
herring, 11-12cm, age 1
herring, 15-17cm
herring, >21cm

smelt

Lake herring
Rainbow smelt
Rainbow smelt
Rainbow smelt

Atlantic herring (Clupea harengus)

Capelin (Mallotus villosus)

Capelin (Mallotus villosus)

Squid spp.

Short-finned squid (lllex illecebrosus)

smelt

squid

herring

capelin

Herring (Clupea sp.)
Herring (Clupea sp.)
Herring

Pacific herring (small)

515N
111
11.8

11, 145,

155

12,125,

135

10.5, 13,

135

11,115,12
13.5, 16,

16.5
7.23
5.45
6.41
9.51

11.4

12.7
13.0
11.0
11.9

14.4
13.9
13.7
13.3
11.2
14.5
11.68

15.3

SD
0.2
0.2

0.12
0.11
0.42
0.47

0.2

0.9
0.6
0.3
0.1

0.2

0.1

0.2

613C
-19.8
-18.5

-25.04
-26.90
-20.21
-17.94

-16.8

-19.3
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SD
0.1
0.3

0.11
0.14
0.24
0.21

0.1

0.5

Reference
Kurle 2002
Kurle 2002
Hansson et al
1997
Hansson et al
1997
Hansson et al
1997
Hansson et al
1997
Hansson et al
1997

Isotopic values for common prey items of marine mammal predators. The list is arranged according to

estimates from Figure 3
estimates from Figure 3
estimates from Figure 3
estimates from Figure 3

estimates from Figure 3

Harvey & Kitchell 2000
Harvey & Kitchell 2000

Harvey et al 2002
Harvey et al 2002

Fry (1988), Dickson (1986), cited in Hobson & Montevecchi

1991

Dickson (1986), cited in Hobson & Motevecchi

1991

Hobson & Montevecchi 1991
Fry (1988), cited in Hobson & Montevecchi 1991
Hobson & Montevecchi 1991

Hobson et al 1994
Hobson et al 1994
Hobson et al 1994
Hobson et al 1994

carbon estimated from Figure
2

estimate from Figure 5
estimate from Figure 5
estimate from Figure 6

Fry (1988), cited in Hooker et al 2001
Hobson et al (1997), cited in Hooker et al 2001
Jennings et al 2002 (predicted value)

Kurle & Worthy
2001



Pacific herring (medium)
Squid (Gonatopsis borealis) (small)

Squid (Berryteuthis magister) (small)
Squid (Berryteuthis magister)
(medium)

Market squid

Icelandic capelin

Squid (Gonatus fabricii) - adult female
Squid (Gonatus fabricii) - adult female
Squid (Gonatus fabricii) - adult male
Squid (Gonatus fabricii) - juvenile
Squid (Gonatus fabricii) - juvenile

135

111

114

114

12.3

10.8
13.60
14.23
13.40

9.73

9.22

0.1

0.2

0.2

0.2

0.4

0.1

-17.6
-18.4
-18.1
-18.3
-17.1

-21.3
-19.60
-19.22
-19.55
-19.92
-19.59

27

0.1

0.5

0.2

0.2

0.2

0.3

Kurle & Worthy
2001

Kurle & Worthy
2001

Kurle & Worthy
2001

Kurle & Worthy
2001

Sydeman et al
1997

Thompson et al
1999

Hooker et al 2001
Hooker et al 2001
Hooker et al 2001
Hooker et al 2001
Hooker et al 2001
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