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Seals and sea lions are what they eat, plus what? Determination
of trophic discrimination factors for seven pinniped species

Roxanne S. Beltranl*3:4, Sarah H. Peterson!, Elizabeth A. McHuron?, Colleen Reichmuth?,
Luis A. Hiickstadt!, and Daniel P. Costal

luniversity of California, Santa Cruz, Department of Ecology & Evolutionary Biology, Santa Cruz,
CA 95060, USA

2Institute of Marine Sciences, Long Marine Laboratory, Santa Cruz, CA 95060, USA

Abstract

Rationale—Mixing models are a common method for quantifying the contribution of prey
sources to the diet of an individual using stable isotope analysis; however, these models rely upon
a known trophic discrimination factor (hereafter, TDF) that results from fractionation between
prey and animal tissues. Quantifying TDFs in captive animals is ideal, because diet is controlled
and the proportional contributions and isotopic values of all prey items are known.

Methods—To calculate TDFs for the Hawaiian monk seal, northern elephant seal, bearded seal,
ringed seal, spotted seal, harbor seal, and California sea lion, we obtained whiskers, serum,
plasma, red blood cells, and prey items from nine captive individuals. We obtained 813C and §1°N
values using continuous-flow isotope ratio mass spectrometry. The average §3C and 81°N values
from bulk and lipid-corrected prey from the diet were subtracted from the 813C and 81°N values of
each blood and whisker sample to calculate tissue-specific TDFs for each individual (A3C or
AN).

Results—The A3C values ranged from +1.7 to +3.2%. (bulk prey) and from +0.8 to +1.9%o
(lipid-corrected prey) for the various blood components, and from +3.9 to +4.6%. (bulk prey) or
+2.6 to +3.9%o (lipid-corrected prey) for whiskers. The AN values ranged from +2.2 to +4.3%o
for blood components, and from +2.6 to +4.0%o for whiskers. The TDFs tended to group by tissue,
with whiskers having greater A13C values than blood components. In contrast, the AN values
were greater in serum and plasma than in red blood cells and whiskers.

Conclusions—ByY providing the first TDF values for five seal species (family Phocidae) and one
otariid species (family Otariidae), our study facilitates more accurate mixing models for these
species. These values are particularly important for critically endangered Hawaiian monk seals and
the three Arctic seal species (bearded, ringed, and spotted) that are faced with a rapidly changing
environment.

“Corresponding Author: roxanne.beltran@gmail.com.
Present Address.: University of Alaska, Department of Biological Sciences, Anchorage, AK 99508, USA
4 present Address: University of Alaska, Department of Biology and Wildlife, Fairbanks, AK 99775, USA
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Introduction

Methods

Due to the challenges of directly observing foraging behavior in many cryptic species,
biochemical approaches such as stable isotope analysis have emerged as advantageous
methods for estimating proportional prey contributions to the diets of wild animals. Stable
isotopes of carbon (13C/12C) and nitrogen (X°N/24N) are used to investigate food webs and
establish the trophic positions and diets of predators. The heavier isotopes of carbon and
nitrogen (13C and 15N, relative to the lighter isotopes 12C and 14N) increase with trophic
level as they are enriched during the metabolic processing of prey into predator tissues (i.e.,
isotopic fractionation)!14. Mixing models are used to quantify the probabilistic contribution
of prey sources to the diet. These models rely upon the assumption that the isotopic ratios of
an animal’s tissues are a function of the isotopic ratios of its diet components plus a trophic
discrimination factor (TDF) that results from the isotopic fractionation between prey sources
and animal tissues!4-81. As TDFs vary among taxa and tissues (e.g.,[”:8]), it is necessary to
apply an appropriate TDF or the interpretation of mixing model outputs may be
spurious[®-111,

TDFs are calculated using the exact proportion and isotopic composition of each prey item
contained within an individual’s diet. Thus, TDFs are typically quantified in captive animals
because the isotopic contribution of each prey item to the diet can be controlled.
Furthermore, factors that fluctuate considerably in free-ranging animals and influence TDFs
(i.e., animal diet and condition[12-14]) can be manipulated in a captive setting. Dietary
studies of free-ranging pinnipeds (seals, sea lions, fur seals, and walruses) report stable
isotope values from multiple tissues (e.g., whiskers, red blood cells, serum)[®:15-18] put the
TDFs required to interpret these data are limited. TDFs have been quantified for seven of 33
extant pinniped species, and species-specific values have been reported for six of these seven
species!1>-19], In the absence of species-specific TDFs, researchers often apply TDF values
from other species to their stable isotope analyses. However, it is unknown if and when such
assumptions are appropriate.

In this study, we calculate TDFs for whiskers and blood (red blood cells, serum, and plasma)
in seven pinniped species: the Hawaiian monk seal (Neomonachus schauinslandi), northern
elephant seal (Mirounga angustirostris), bearded seal (Erignathus barbatus), ringed seal
(Pusa hispida), spotted seal (Phoca largha), harbor seal (Phoca vitulina), and California sea
lion (Zalophus californianus). The resulting TDF values obtained from captive animals
consuming known prey items will enable more accurate estimation of the diets of wild
pinnipeds using stable isotope mixing models.

Tissue samples were collected from nine captive individuals, representing seven pinniped
species, at Long Marine Laboratory, University of California, Santa Cruz (Santa Cruz, CA,
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USA). Eight of the nine animals were held in captivity for at least two years prior to sample
collection, and during that time were maintained on a mixed diet of Atlantic herring (Clupea
harengus), Pacific herring (Clupea pallasii), and capelin (Mallotus vissolus), with additional
vitamin supplements (Vita-Zu 584Y; Mazuri, St. Louis, MO, USA). The remaining animal, a
young-of-the-year bearded seal, was placed in captivity at the Alaska SeaL ife Center
(Seward, AK, USA) in October 2014 and fed a diet of Atlantic herring, capelin, and market
squid (Doryteuthis opalescens). Records were kept of each animal’s daily food intake, and
prey samples were archived at —20°C for subsequent isotopic analysis. Blood samples were
obtained during routine health examinations, centrifuged to separate blood components
(serum, plasma, and red blood cells), and stored at —20°C. Whisker samples were obtained
from the animals’ living enclosures following natural shedding events and stored in plastic
bags in ambient indoor conditions.

The blood and prey samples were freeze-dried for > 48 hours after homogenization of prey
samples using a blender and scalpels, and then thoroughly re-homogenized. The whiskers
were rinsed with de-ionized water and mild detergent followed by a petroleum ether wash in
an ultrasonic bath to remove exogenous debris. They were measured for total length and
three sequential ~0.5 mg segments were sub-sampled starting 1 cm from the whisker base, to
avoid isotopic complications associated with the whisker root. For the northern elephant
seal, only one whisker segment was sub-sampled at 1 cm from the base. All the tissue and
prey samples were weighed into tin boats (~0.5 mg) and analyzed for their C and N stable
isotope ratios at the Stable Isotope Laboratory, University of California Santa Cruz, using a
NE2500 CHNS-O Analyzer (Carlo-Erba, Lakewood, NJ, USA) coupled to a Finnigan
DELTAplus XP Isotope Ratio Mass Spectrometer (Thermo, Waltham, MA, USA). The
standards were Vienna-Pee Belemnite Limestone for C and atmospheric N, (air) for N. The
isotope ratios obtained are expressed in delta notation (813C or 815N values) in units of parts
per thousand (%o) using the following equation:

Rsampl
§X = sample .
|: (Rstandard ) 1:| (1)
where R is the ratio of heavy to light isotopes (13C:12C or 1°N:14N) in the sample or

standard. The within-run precision was assessed using an internal laboratory standard
(Pugel) and was 0.05%o for §13C values and 0.10%. for §1°N values

The lipid content of prey can influence diet-to-tissue TDFs because the synthesis of lipids
discriminates against 13C, resulting in more negative §13C values in lipid-rich than with
lipid-depleted tissues or prey[20-22], prey samples are therefore often chemically treated to
extract lipids before isotope analysis to allow comparisons of isotope ratios among prey with
different lipid contents[23]. Alternatively, mathematical corrections can be applied to they
prey isotope ratio values after analysis to normalize for variation in prey lipid content[23.24],
We chose to apply the mathematical correction from Post et al.[23] to prey §13C values, and
we report TDFs that were both uncorrected and corrected for lipid content.

Published turnover rates for each tissue were used in conjunction with sample collection
dates and diet records to determine the contribution of each prey to the diet. The half-life of
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isotopes in plasma is typically very short (~4 d[23]), whereas for red blood cells, hereafter
RBCs, the average half-life is one to several months (~28 or ~42 d[25.26]), \We therefore
calculated the diet composition using diet records from 7 (serum and plasma) or 60 days
(RBCs) prior to sample collection. For whiskers, it was not possible to determine the exact
date that the sampled segment was grown because the whiskers of phocids (true seals)
exhibit asymptotic growth[27:28]_ Instead, we used the growth equation determined by
Beltran et al.[28] for northern elephant seals to approximate the age of each seal whisker and
estimate the most likely date that the sampled whisker segment was grown. The diet
composition was determined by averaging the diet over the 7 days following the estimated
growth initiation date of the whisker segment, as we estimated that a 0.5mg segment would
represent no more than 7 days of growth. In general, the diet of each captive animal was
relatively stable over time; therefore, differences between the estimated and actual growth
date of the whisker segment should not have affected the diet-to-whisker TDFs.

We calculated the diet-to-tissue TDFs (AX) as the difference in 813C or 815N values between
the mean isotopic composition of tissue samples and diet using the following equation:

AX=6X,,... — 3" (0 x3X,)] @

where p; is the proportion of diet (by mass) comprised of prey species / §.X); is the mean
isotope composition (§13C or §Z°N) of prey species /; § X7jssye is the isotope composition of
the tissue, and 7 is the number of prey items in the diet. Diet-to-tissue TDFs were calculated
using bulk and lipid-corrected prey 813C values.

We did not obtain RBCs from the captive northern elephant seal, and therefore followed the
methods of Germain et al.[2%] to estimate a diet-to-RBC TDF (AXgg) for this individual.
This method combined samples from free-ranging animals with the whisker sample from the
captive seal. We used whisker and RBC samples collected from four free-ranging adult
female northern elephant seals upon arrival to the Afio Nuevo colony (California, USA)
following a foraging trip. To obtain the estimated diet-to-RBC TDF, we combined the
calculated diet-to-whisker TDF (AX1sker) from the captive northern elephant seal with
the isotope values of whiskers (8 Xyyrsxer) and RBC samples (8 Xpge) from the free-
ranging seals, as follows:

AXRBC:AXWHISKER - <5XWHISKER. - 6XRBC) (3)

Isotope values for each free-ranging individual were input into Equation 3, resulting in four
diet-to-RBC TDF estimates for this species, which were than averaged.

We obtained 813C and 81°N values for 17 blood samples and 8 whiskers from 9 captive
individuals, representing 7 pinniped species (Table 1). The mean isotope ratio values of bulk
prey tissues fed to study animals ranged from —23.5 to —18.6%. for 813C and from 11.5 to
13.1%o for 81°N (Table 2; lipid correction resulted in prey §13C values of —21.0 to —18.1%o.

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2017 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beltran et al.

Page 5

The isotope ratios of predator tissues ranged from —19.3 to —16.2%o for §13C values and 14.2
to 16.6%o for 81°N values (Table 3).

The diet-to-tissue TDFs ranged from 1.7 to 4.6%o for A13C values and from +2.2 to +4.3%o
for AN values (Table 4). The use of lipid-corrected prey 813C values resulted in lower
AI3C values for all tissues, ranging from +0.8 to +3.9%.. The diet-to-tissue TDFs tended to
group by tissue type, regardless of species (Fig. 1), although the small sample size did not
allow for statistical comparison. The diet-to-whisker AL3C values from both bulk and lipid-
corrected prey were greater for whiskers than for serum, plasma, or RBCs (Fig. 1). In all
individuals, the AN values were greater for serum and plasma than for either whiskers or
RBCs, and the TDFs for serum and plasma were similar to each other (Fig. 1). In addition,
the AI°N values were greater for whiskers than for RBCs, with the exception of the
estimated diet-to-RBC AN values for northern elephant seals.

Discussion

Here we present the first species-specific TDF values for the Hawaiian monk seal, northern
elephant seal, bearded seal, ringed seal, and California sea lion. While TDFs had been
previously calculated for two ringed seals, the values were combined with those of harbor
and harp seals (Pagophilus groenlandicus) and not reported separately[®l. These results
nearly double the number of species-specific TDFs available for pinnipeds, and provide
valuable information for researchers investigating the foraging ecology of these species.

In general, the TDFs tended to be similar within a tissue type, regardless of species, although
we did not have sufficient sample sizes to statistically test for tissue or species differences.
The trends that we observed among tissues in TDFs were generally consistent with previous
studies on marine and terrestrial carnivores, and seabirds, including those with sufficient
sample sizes to statistically test for differences among tissues(6:11.15.16.30.31] The main
exception to this is that several studies have reported higher AN values for keratinized
tissues than for blood components(6:31.32] \while we found higher A1®N in the blood
compartments than in the whiskers. Tissues reflect different time periods as a result of
variation in tissue turnover rates[25:33.34] and, because of this, the TDFs could vary among
tissues due to temporal changes in diet, life history events (e.g., reproduction, molt), or
physiology (e.g., nutritional stress). Dietary variation should have little influence on TDFs
for captive animals held on constant diets; instead differences in TDFs among tissue types
may be driven by differences in biochemical composition among tissues8l. It is important to
note that several of the animals in our study were juveniles, and that age class can affect
A13C or AN values, although the magnitude and direction of this change appear to be
variable among species[30:35], We did not find any consistent trends in TDFs for juvenile
animals, with the exception of diet-to whisker TDFs; however, appropriate within-species
comparisons cannot be made because of small sample sizes and the lack of TDFs for adult
animals of these species.

Diet-to-whisker TDFs were the most variable of all the tissue types, which may have been in
part due to the growth dynamics of pinniped whiskers. The use of whisker growth rates to
calculate TDFs, similar to Tyrrell et al.[36], provides some increased confidence in the
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temporal period represented in a given whisker segment. The non-linear growth pattern
exhibited by phocid sealsl27:28] coupled with the general lack of data on whisker growth in
mammalian carnivores, complicates the ability to accurately link whisker isotope ratio
values with a specific time period. Both these factors could have influenced our estimation
of the diet that corresponded to each whisker segment, especially because we applied
estimates of whisker growth rates from northern elephant seals for all species. However, the
typical diets of the study animals were relatively constant over time, so that inaccuracies in
the estimated age or growth rate of the whisker should not significantly change the TDFs.
The one exception was the bearded seal, which had only been in captivity for several weeks
when the whisker used for TDF calculations was estimated to have started growing. Whisker
loss and regrowth have been shown to overlap with annual pelage molt for some species!37],
and physiological or behavioral changes during this period could also influence whisker
isotope values[38], thereby contributing to among individual variation in diet-to-whisker
TDFs.

The diet-to-tissue AL3C and ALSN values calculated from bulk prey were generally higher
than reported from previous studies on pinnipeds (Table 4). The exception to this was that
diet-to-blood A1SN values were ~ 1%o lower than those reported by Kurlel28] for northern fur
seals (Callorhinus ursinus). The diet-to-whisker AN values (+2.6 to +4.0%o) of animals in
our study were also lower than the mean value of +5.5%o for captive sea otters (Enhydra
Jutris), but within the range reported for wild sea otters (+2.4 to +4.3%0)[3%. For all tissue
types, the A13C values calculated from lipid-corrected prey were within the range of
calculated A13C values from studies where the prey had been lipid-extracted, including the
captive sea otter study[3%]. The one exception was that our estimates of the diet-to-RBC
A13C values (+1.4 to +1.9%o) were considerably greater than the value of +0.2%o reported by
Drago et al.[18] for South American sea lions (Otaria flavescens). The similarities among
ours and previous studies for estimates of A13C values calculated using lipid-corrected prey
suggest that differences among studies in prey lipid content may partially explain why we
observed higher A13C values from bulk prey than found in previous studies.

The noted differences between previously published AN values for marine carnivores and
our AN values may have been related to a variety of factors associated with prey sampling
or the prey themselves. We used whole prey instead of only fish muscle for the prey isotopic
composition, whereas several of these previous studies used only fish musclel®.15.18] Fish
muscle typically has higher 81°N values than whole fish[31], which results in lower TDF
values than those calculated using isotope ratios from whole fish[31l. Lipid extraction of prey
may also result in decreased A°N values because common solvent-based methods also
remove N-containing compounds, often resulting in higher 81°N values in lipid-extracted
than in non-lipid extracted prey[22:23], Several studies appear to have used lipid-extracted
prey for the calculation of both A13C values and AN values[®15.16] although the effect of
lipid extraction on AI®N values may have been relatively small as lipid extraction has a
larger effect on prey 81°N values when whole prey and not muscle are used[22], and most of
the previous studies used muscle. Lastly, differences in the isotope values or composition of
the prey could have also caused variation in TDFs among studies. For example, negative
relationships between the AN (and A13C) values and the §1°N (and 813C) values of prey
have been found for a variety of taxonomic groups, including mammalsl”-12], This
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relationship may explain why the diet-to-whisker A1°N values of captive sea otters were so
much greater than for both captive and wild pinnipeds, as the §1°N values of the top three
sea otter prey items (6.1 to 10.5%o) were considerably lower than the prey §1°N values in all
pinniped studies. Alternatively, as suggested by Tyrrell et al.[36], these differences may have
been due to differences in dietary protein quality or quantity[14:40.41],

Conclusions

The selection of TDFs for use in mixing models is not trivial and can significantly affect the
estimated contribution of prey to the diet[*0-11]. By providing the first TDF values for five
phocid and one otariid species, our study facilitates the use of mixing models for
determining pinniped foraging patterns. These values are particularly important for
Hawaiian monk seals, which are critically endangered, and the three Arctic seal species
(bearded, ringed, and spotted) that are faced with a rapidly changing environment.
Differences between our calculated AN values and those from previous studies highlight
the need for researchers to carefully consider study methodology when selecting TDF values
most appropriate for their study species. These differences also emphasize the need for
additional studies to calculate TDFs for different age classes of pinnipeds under a range of
dietary conditions, including those that closely mimic the diet of wild animals. Captive
feeding studies have provided important information about the processes that govern the
uptake of stable isotopes into tissues, and continue to enhance the use of stable isotope
analysis as a powerful tool in ecology.
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Figure 1.

The relationship between 813C and 81°N values (mean + SD) for lipid-corrected prey (black
circles) and predator tissues (colored symbols) grouped by individuals with different food
sources. (Panel A) Northern elephant seal; (Panel B) Hawaiian monk seal; (Panel C) bearded
seal; (Panel D) ringed seal, spotted seal, harbor seal and California sea lion). Dashed lines
represent the diet-to-tissue trophic discrimination factors (A13C and A1°N) by connecting
calculated individual diet 813C and 81°N values (gray circles) with individual tissue 813C

and 815N values.
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