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ABSTRACT

Stable carbon and nitrogen isotope ratios (81°C and 8°N) of serum, red blood
cells (RBC), muscle, and blubber were measured in captive and wild northeast Pacific
harbor seals (Phoca vitulina richardii) at three coastal California sites (San Francisco
Bay, Tomales Bay, and Channel Islands). Trophic discrimination factors (A Tigsue—Diet)
were calculated for captive seals and then applied in wild counterparts in each
habitat to estimate trophic position and feeding behavior. Trophic discrimination
factors for 81°N of serum (+3.8%o), lipid-extracted muscle (+1.6%o), and lipid-
blubber (4-6.5%o) are proposed to determine trophic position. An offset between
RBC and serum of 4+0.3%o for 8'2C and —0.6%0 for 8'°N was observed, which
is consistent with previous research. Specifically, weaner seals (<1 yr) had large
offsets, suggesting strong trophic position shifts during this life stage. Isotopic
values indicated an average trophic position of 3.6 at both San Francisco Bay and
Tomales Bay and 4.2 at Channel Islands. Isotopic means were strongly dependent
on age class and also suggested that mean diet composition varies considerably
between all locations. Together, these data indicate that isotopic composition of
blood fractions can be an effective approach to estimate trophic position and dietary
behavior in wild pinnipeds.

Key words: stable isotopes, harbor seal, Phoca vitulina, carbon, >C, nitrogen, "N,
San Francisco Bay, Channel Islands, Tomales Bay, trophic discrimination.
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The Pacific harbor seal (Phoca vitulina richardii) is a small pinniped that is common
on the northeastern Pacific coast in temperate and arctic waters from Baja California
to the Aleutian Islands (Bigg 1981, Carretta e «/. 2001). Harbor seals are philopatric
and undertake short and shallow dives in familiar foraging locations (Stewart ez /.
1989). Past studies using scat and stomach-gut content analyses suggested they are
opportunistic feeders, whose diet mainly consists of fish and cephalopods (Antonellis
and Fiscus 1980). All past studies of the diet of this species along the California coast
(Harvey 1989, Torok 1994, Kopec and Harvey 1995, Grigg 2008) have used tradi-
tional methods based on scat or stomach-content analysis (Tollit ez /. 1997). These
studies offer invaluable, detailed information on prey consumption, but quantitative
assessment of diet using scat or stomach-content analysis is subject to well-known
biases related to differential digestion and a narrow temporal window of assessment
(i.e., sampling the last few meals).

Stable isotope techniques of carbon 3'3C) and nitrogen (8PN) in tissues are
a powerful tool for studying animal ecology, especially for organisms in difficult
to observe environments (Kelly 2000, Koch 2007, Newsome ¢ /. 2010). Stable
isotopes provide information on trophic level, source of diet, migratory patterns, and
body condition. Trophic discrimination factors are the isotopic differences between
predator and prey (AP Crisue—picc = 0 ChpredacorTissue — 9 Cbiec, and similarly for
AP Npigue—piee), and they vary with tissue type and metabolic state. Predictable
N trophic discrimination factors of +3%0 to +5%0 between prey and predator
allow identification of trophic level. The average '*C trophic discrimination factor is
smallerand less variable in marine food webs at +0.5%0 to +1.1%o. As a consequence,
8'°C values in top consumers often vary with factors that affect photosynthetic
fractionation of carbon isotopes at the base of the food web (e.g., CO;, growth rate,
plankton size, erc.), allowing them to be used as a proxy of foraging location. Stable
isotope analysis offers a broader temporal integration of feeding behavior, expanding
the horizon of analysis to weeks, months, or even decades, depending on the type
of tissue chosen for analysis (Newsome ez 2/. 2010). A great potential advantage
of stable isotope studies is the ability to analyze different time frames by selecting
tissues with different turnover rates. Despite the broad advantages of stable isotope
approaches to understanding diet, harbor seal populations have not been examined
closely in the northeast Pacific, with past work conducted solely in Alaskan waters
(Hobson et @/. 1997, Burton and Koch 1999).

Zhao et al. (2006) determined trophic discrimination factors in caprive, adult
seals in Alaska, which were needed to assess the feeding behavior of their wild
counterparts. Hobson ez «/. (1996) and Lesage et «/. (2002) combined values from
several phocids (ringed, Pusa hispida; harp, Pagophilus groenlandicus;, gray, Halichoerus
grypus; and harbor seals) for red blood cells (RBC) and serum. Both AP CRrec—Diec
and AP Ngrpc_piec values ranged from +1.5%0 to +1.7%o. For captive adult harbor
seals (# = 3), Zhao et al. (2006) estimated a A Cserum—pier value of —0.6%0 to
4+1.7%0 and AP Ngerum—piec value of +3.9%q¢ to +4.6%o, and similar values have
been reported for wild Alaskan pinnipeds (Hobson et 2/. 1996, Kurle and Worthy
2001).

One goal of our study was to determine if harbor seals in California (CA) have
A values similar to their northern counterparts. In addition, ours is the first study
to examine blood, muscle, and blubber tissues in young, growing seals. Our primary
objective was to apply a dual-isotope and dual-tissue approach (RBC #s. serum) to
assess the trophic level of different groups of harbor seals off the California coast. We
analyzed isotopes in rehabilitating, stranded weaner seals (<1 yr) as well as in wild
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seals in different environments in northern and southern CA (e.g., a coastal site with
upwelling; open water islands experiencing upwelling and the Californian Current;
an urbanized, impacted bay). For wild populations, blood and tissue samples were
collected in the same seasonal time frame (spring after pupping, early summer before
molting) at all locations to standardize physiological shifts associated with molting,
breeding, or a switch in prey that might impact isotopic values (Fadely ez /. 1998,
Zhao er al. 2006). Finally, examining the tropic position and diet of these animals
should provide information on local environmental conditions, acting as a “tape-
recorder” by documenting shifts in specific abundance of prey (kelp- or plankton-
derived carbon), sources of food, weaning time frames, and trophic dynamics, while
in parallel, revealing how these environmental changes affect their body conditions
(nutritional stress, anabolic vs. catabolic metabolism).

MATERIALS AND METHODS
Captive and Wild Animal Sampling

From April to June 2007, blood samples were collected from recovering harbor
seal pups at The Marine Mammal Center (TMMC), a rescue and rehabilitation center
in Sausalito, CA, during routine exams. Tissue samples were only collected once
per individual seal, either immediately before successful release or after death. Blood
serum was retained by the TMMC for successfully rehabilitated animals. Both muscle
and blubber samples were collected from most deceased pups that TMMC was not
able to rehabilitate, and blood serum was collected for those that fed at least 1 mo
before succumbing (refer to Table S1 for time in center, tissues collected, and isotope
values).

All seals were fed formula (salmon oil) for about 1 wk or until healthy enough
to eat thawed, ground Atlantic herring (Clupea harengus). Several batches of formula
and herring were collected during this timeframe, and isotopic values were pooled
to establish “food” baseline values for calculation of ATisue—piee Values. While this
study was not designed to measure tissue-turnover times, assessment of tissue isotope
values across the collection suite relative to time of arrival at TMMC suggests
that, as expected, serum equilibrated the fastest (by day 20), while all other tissues
equilibrated more slowly (days 35-40; Fig. S1). All animal sampling procedures
were approved by TMMC and UCSC Institutional Animal Care and Use Committee
Protocols.

Wild seal blood samples were collected in May—June 2007 from northern and
southern CA under NMFS Research Permit no. 555-1565. Males and females were
sampled according to the following age classes based on their weight measurements
(Bigg 1969): weaner (W), 1 mo—1 yr; yearling (Y), 1-2 yr; subadult (SA), 24 yr;
and adults (A). All animals appeared in a healthy physical state (noticeable blubber
layer and taut skin) before and after blood collection. The most northerly loca-
tion, Tomales Bay (TB; 38°13.9'N, 122°58.1'W), is approximately 64 km north
of San Francisco and adjacent to Point Reyes National Seashore. The site is a tem-
perate estuary that, seasonally, receives advected water that experience oceanic and
coastal upwelling. Our second northern capture site was in San Francisco Bay (SFB;
37°93.2'N, 122°41.9'W), centrally near Castro Rocks, which consist of six-rock
clusters near the Richmond-San Rafael Bridge. This is the largest haul-out site in
northern SFB, most likely due to being one of the few sites accessible during low tides
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(Grigg 2008). SFB is an estuary-marine bay that is highly urbanized and impacted
by agricultural runoff. Finally, samples were collected from seals in the Channel
Islands (CI; 34°03.9'N, 120°37.4"W), in the northern islands of Santa Cruz Island,
San Miguel Island, and Santa Rosa Island. The CI represent the most oceanic and
least-anthropogenically disturbed location.

Blood samples were drawn from the epidural veinous sinus into nonadditive
collection tubes, allowed to clot, and then centrifuged and separated into serum
and RBC components, which were immediately frozen and archived at —80°C.
In deceased seals, blood, pectoral muscle, and sternal axilla blubber tissue were
collected during necroscopy and stored at —80°C. All samples were then lyophilized,
homogenized, and stored in desiccator until ready for chemical treatment and isotopic
measurements. Lipids were removed from blood (both serum and RBC), muscle, and
blubber following the methods of Dobush ez #/. (1985), using petroleum ether in a
Dionex Accelerated Solvent Extractor (Bannockburn, IL); samples were then dried
under a fume hood for 1 h to evaporate residual solvent. For blubber samples, both
the lipid-extracted material and the residual solvent containing lipids were dried
and analyzed for 8'°C and 8"’ N values.

Lsotopic and Statistical Analyses

Nitrogen and carbon isotope analyses were conducted in the Stable Isotope Lab
at the University of California, Santa Cruz on a Carlo Erba 1108 elemental analyzer
(Lakewood, NJ) coupled to a ThermoFinnigan Delta Plus XP isotope ratio mass
spectrometer (San Jose, CA) (EA-IRMS). Homogenized, dried RBC, serum, and tissue
components were weighed into tin capsules and then combusted and analyzed on
the EA-IRMS system. EA-IRMS analytical precision using the standard Pugel, after
calibrating for drift of instrument and mass variability, throughout six individual runs
was 3-0.1%o for carbon and nitrogen (2 = 59). Triplicate reproducibility between 25
blood samples after standard drift corrections was £0.03 %o for carbon and £0.06%o
for nitrogen. Stable isotopes are reported using standard delta (3) notation in parts
per thousand (%0) using the following equation: 8X = [(Remple/Rstandard) — 11 X
1,000, where X is '>C or '’N, and R is the ratio of '*C/'?C or N/YN. The standard
for carbon was Vienna PeeDee Belemnite (PDB) and the standard for nitrogen was
atmospheric N.

Trophic discrimination factors were calculated as the difference between tissue
and fish feed &£ error propagation. One-way analysis of variance (ANOVA) with
Tukey-Kramer’s pairwise comparisons was used to compare serum and RBC mean
31°C and 8N values between sex, age classes, and among the three locations.
Interaction tests were performed between location and sex, age and sex, and location
and age. Isotopic differences were calculated for 8'°C and 3N between RBC and
serum (ABCRBC—Serum = 813CRBC - 813CSerum; and similarly for AlSNRBC—Serum)
for all animals, locations, and interactions between location and age. The carbon
and nitrogen isotopic differences between RBC and serum were tested using paired
t-tests for all location and age combinations.

To estimate trophic level for wild seals, we use the following equation (Pauly ez a/.
1998):

Trophic Level = [(815Nserum — Blszish) /AISNSemm_Diet]

+ [(SlsNFish — 8" Nplankeon) /AlSNFish—Diet] + 1, "
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Table 1. Stable carbon and nitrogen isotope values (mean = SD) in tissues of successfully
released (serum) and recently deceased (muscle/blubber) harbor seals, which were under care
by TMMC for more than 1 mo. Discrimation factors (A Tissue—Diec; Mean % error propagation)
were determined by difference between specific tissue and diet (fish feed). LE = lipid extracted.

Tissue n 613(: AlsCTissue—Diet SISN AIS'N'I'issue—Diet
Serum 11 —18.0+ 0.6 +1.54+0.9 163£04 +3.8+0.5
Muscle, LE 3 —16.8+£0.9 +2.6+1.2 14.1 £ 0.8 +1.6%+1.0
Muscle, bulk 4 —17.4+£0.5 +2.04+0.9 144+0.9 +19+1.1
Blubber, lipid 3 —23.0+0.5 —3.54+0.9 19.0£1.3 +6.5+1.2
Blubber, LE 4 —183 £ 1.0 +1.14+1.0 167 £1.1 +42+1.7
Fish feed 4 —19.4 £ 0.6 125£0.3

where AP Nserum—piec = 3.8%0 (Table 1) and AP Nrgigy—piec = 3.4%0 (Post 2002)
and 1 is added as plankton represents the first trophic level.
However, since we do not know 8’ N, we assume

[(SlsNSerum - 81SNFish)/AISNSerum—Diet] =1, (2)
because the transfer from seal to fish represents ~1 trophic level. Consequently,
Trophic Level = [ (8" Ngigh — 8" Nppankeon) /A Npigh—piec | + 2. 3)
Finally, to remove O NEisn, we note that
AP Nserum-—Diec = 8 Nserum — 8 Npigh = 3.8, 4
which after rearrangement and substitution results in the final equation
Trophic Level = [ (8" Nserum — 3.8) — 8" Nppankeon/3-4] + 2. (5)

The 8 Nplankeon value varies depending on location: TB, 7.5%0 (Rau ez a/. 1998);
SEB, 8% (Cloern et af. 2002); CI, 6.5%0 (Germain et al., unpublished data).

RESULTS
Stranded (Rebabilitated) Seal Tissue Isotope Values and Discrimination Factors

Mean tissue 8'°C and 8N values, A3 Crigsue—piec, a0d AP’ N figsue—piee values in
captive harbor seals are reported in Table 1 and Table S1. Isotopic values for serum
from captive animals had stabilized on the TMMC diet by 18-30 d after arrival.
Muscle and blubber appeared to stabilize between 41 and 60 d (stabilization assumed
from proximity of data points to level-fitted line), with an exponential decrease to
a constant value by day 40 for these tissues, except for lipid-extracted muscle (LE
muscle), which was still equilibrating for 8'*C at day 60 (Fig. S1).

Trophic discrimination factors were only estimated for individuals that had equi-
librated or were likely near equilibrium. Specifically, for serum, we only used values
collected more than 30 d after arrival at TMMC, whether the animal was successfully
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rehabilitated (» = 10) or succumbed (z = 2). For muscle and blubber, which were
only collected from animals that were euthanized, only four individuals survived
in captivity for 30-60 d. Hence, our sample size is small, and these animals may
still have been equilibrating to TMMC diet at the time of death. Although Ta-
ble 1 reports discrimination factors for a range of different tissues and treatments
(which may be useful for other studies), the key values for our study of wild harbor
seal(; are for serum (AP Cgerum—piec = +1.5 £ 0.9%0; APNgerum—pier = +3.8 £
0.570).

Wild Seal Tissue Isotope Values

Mean RBC and serum 8'3C and 8°N values from 102 wild seals are reported
in Table 2, along with the difference in the blood component values and the cor-
responding significance between RBC and serum (P-values). Over the entire data
set, RBC 8'°C values averaged —16.1 £ 0.5%o (range, from —14.7 %o to —18.4%o),
and 8N values averaged 16.6 &= 0.7%0 (range, 14.2%0 to 19.6%0), whereas serum
3'3C values averaged —16.5 £ 0.6%0 (range, —15.1%0 to —17.8%0) and 8'°N values
averaged 17.4 & 1.0%0 (range, 15.8%0—20.9%0). Thus, RBC samples have greater
AC (mean, +0.3 £ 0.1%0; P < 0.01) and lesser AN values (mean, —0.6 £
0.2%0; P < 0.01) than the serum samples. This pattern was significant at all loca-
tions and was observed for all age/location groups with two exceptions: yearlings of
TB and adults of SFB for which sample sizes were small (z = 1 and 4, respectively).
Weaners were the only age classes that had AP Ngpc_serum values distinctly different
from the mean value (Fig. 1A), whereas for AP CrEc—serum values, all weaners and
almost all SFB seals were different than the mean value (Fig. 1B). Consistent dif-
ferences between the two blood components likely reflect mean differences in their
amino acid composition (as different amino acids can have very different '°C and
N values) Macko ez 2/, 1987, Kurle 2002). The differences in A values observed
among age/sex/location groups may reflect the fact that these blood components have
different turnover rates and thus, record slightly different time periods.

Because this is a relatively large data set with several variables (age, sex, location),
we only report statistically significant observations. RBC and serum generally showed
consistent trends compared to each other, although there were a few discrepancies.
Mean location 8'>C values varied <1%o and were highest for TB and lowest for
SFB (Table 2, Fig. 2). Mean trophic position varied by 0.6 among locations, mostly
attributed to weaners. Trophic position for adults, subadults, and yearlings varied
by 0.2—-0.3 within locations (TB 3.5-3.7, SFB 3.2-3.5,C1 3.9-4.2, P < 0.01, Table
S2). At SFB and CI, weaners had the greatest >N values (with trophic positions of
4.0 and 4.7, respectively), whereas yearlings had the lowest (with trophic positions
of 3.4 and 3.9, respectively) (Table 2, Fig. 2, S2). There were significant isotopic
interactions between age and location, and location and sex, depending on the blood
fraction (ANOVA,; significant interactions in bold in Table S2).

The interaction of 8N and 8'?C betrween age and location was significant (P <
0.01). In the RBC fraction, TB had the lowest 8°N across age classes (the difference
in 81N between age class and TB and CI were statistically significant and had P <
0.01, Table 2, and Fig. 3A), and yearlings had the lowest values among age classes
(~15.0%0 compared to 16.0%0—17.0%o for other age groups). At a given site, the
most ’N-enriched values always occurred in weaners, with an increase in trophic
position by ~0.3 (or ~1.3%0), relative to adults. Serum 8'°N values at CI and SFB
had significant differences between age classes (P < 0.01, Fig. 3B). CI exhibited a



GERMAIN ET AL.: TROPHIC STATUS OF CALIFORNIA HARBOR SEALS

‘SPOYIIN
ur paqusIp 094¢°9 = [D PUE 08 = @S ¢ L = g1, J0 sonea "PMUN (@ Fuisn 7 4 [5¢/OMTHEN @ — (8'¢ — SN @)} = [2a9] drydox,,
8¢ 100>  TOF90— 100> TOFE0 OTFFLL 90FS9I— LOFI99T COFI9I—  0y‘T9  TIV ~ UBN
LY 100> I'c— 100> 80 GOF 6L LOF89I— COFFLL LOFO9I— S A
6¢ 110 90— 610 €0 90F 991 TOFG69I— TOFO09L T'0F99I— z1 X
Iy 100> 80— 100> CO  COFCLL €COFI9I— FOFLITL FOF 91— 79 S
7y 100> 60— 100> €0 90FLLL COFVII— COFSIT ¥OFO9I—  €1°LI \4
Ty 100> 01— 100> ¥0  OTF6LL POFCII— COFS8IL FOFI9I—  €26C  TIV D
0y 100> 01— 100> 01 S0FL8l VOFVLI— GOF9LL €OFS9I— b e A
ye 110 L0—  Z€0 0 COFFIL 80FHII— TOFLCT 90F€91— z1 X
¢e 200 70— K0 CO0  90F89l TOFOLI— LOFHIT OTFC9I— 1°C VS
¢ 200 L0 &&0 L0— TOFO09T TOFGSI— 9TF99T TI1FLII— 1°¢ \4
9'¢ 100> L0— 100> CoO  CTIFVLL LOF6E9I— TIFSIT LOTFC9I— 8°6 IV a4s
¢ - 70 - co— €91 9°¢1— L9 91— 0°1 A
Ce o LE0 C1— €10 80 TOFE9T COFTLI— TTFOCT TOFY9I— 0°C X
9'¢ 100> 90— 100> P0 SOFLIT SOFPII— €OFIIL COFO09I— <8 VS
L€ 100> Co—  $0°0 €0 90FO0LI LOFT9I— COFCIT COFSCI— 9l v
9'¢ 100> Co— 100> €0 90F69L LOFTII— 90FE9T COFGSI— 1% TIV aL
Jo81 g (%) N¢/Q d CNIR  CHNGQ  C%DIQ (P NGQ (%) DR  WJjoou 28y uoneso]
orydosy, W=D v, IS =D vy wniag gl ] JO "ou X3g

"JUBDYIUSIS PUB UBSW Y3 UL J9I8IIT ST anJeA 3yl J10q Uaym aJe sanfea WHS—DMAy; papjog "¢’ > J UM ISIXd

$20U2IIRIP IUBOYIUSIS 219y ‘sisATeue sired paypiews Fursn pakerdsip ore WMS—OEN Jo san[eA-g "P[Oq UT 2I€ S2OUIDHIP IULIYIUSS oIym (09 N (,Q
PU® DQ Y20q JOJ SUOIIDRIJ POO[( WNIAS PUE DY U2am1A] 20UIIYIP Y2 s330doy WHS—DEM 7 +(SPOYIaJA] UOII3S) IX21 Ul PUNOJ SUOIIEIAII]E 2Fe pue
u0138207T 'A305938D (DBI UT S3[BW PUE SI[BWIJ JO JAQUNU 3Y3 03 $I3J23 (JA JO "0U %J JO "OU) XaG "MOJ [eUl Y3 UT PaIedo] S[eas g()] [[e JO UedwW [e103 Y3 pue
‘sdno1g a5e pue sUOIIEI0] U2IMID] SUOLIIEINUT (TTY) sdnoiF oFe [[e 10§ UONIEIO] YIED J0J (IS F- UBaW) N [Q PUE DQ [E3S J0qIeY PN\ T 7/9%1



8 MARINE MAMMAL SCIENCE, VOL. #* NO. **, 2011

1'0I T T T T T T T T T T T T T T T T T T T T
Shift to higher trophic level A
—_ i °
2
c 0.0+ °
=}
= e o
S ° ) ° . o* ® o °
' @
8—10- () ()
o L 4
z - ¢ g
[Te]
< 20}
F [ J
_30I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
LSL=sL>sL LuLsL 3L 350L 3L 50w 0w
< < < < > > B G G RN > < £ < < >
SS035522503 ki aandd g
1'5I T T T T T T T T T T T T T T T T T T T T
Higher Lipid Source (milk)/Kelp-deriyed prey B
—_ [ J
& 1.0+ )
VE o O [ J
2 ® ¢
3 °
. 051 ® [ )
Q ad ®
E [ J
%) [ ] [ ] [ ] °
2 00 °
= .
[ ]
Plankton-derived prey
_05I 1 1 1 1 1 1 1 1 1 ‘I 1 1 1 1 1 1 1 1 ‘_
LESL>sSLsL L sL 3L 30L 3L 50w 0w
< < < & > > > € < £ > C < £ < £
SE%3553221i%dbbrcasam 3

Figure 1. The difference in isotopic value between RBC and serum (ARrpc—serum) for (A)
nitrogen and (B) carbon for each seal interaction (location and age and sex). The line is the
mean difference, where the shaded area represents the SD for total error propagation between
both blood fractions (0.4%0 for 8'>C and 0.5%o for 8'°N). Location and age abbreviations
defined in text.

similar pattern to the RBC fraction, whereas SFB had greater weaner 8'°N values
and relatively similar values among other age classes, and TB had a minor increase
with age (though we have data for only one weaner).

For 8'3C values, the patterns in the RBC fraction were similar at TB and CI;
weaners were slightly higher than yearlings, then values increased again from year-
lings to ?C-enriched adults, (P > 0.01 for age and location interaction, Fig. 3C).
The 8'°C values in SFB were different from the other two sites. Values of 8'>C were
lowest in weaners and decreased from younger adults to adult animals (Fig. 3C).
In the serum fraction, TB and CI had a progressive increase in 8'°C values of
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locations (ARpc_serum < 0.3%0), we only show serum. As 8'>C approaches —10Y%o, it resem-
bles kelp-derived carbon sources, whereas approaching —20%o resembles plankton-derived.
Female = open symbols, Male = closed symbols.

yearlings to adult seals, consistent with RBC data (CI had P < 0.05 between age
classes). SFB was again different, as the trend in serum was not consistent, with large
swings between age classes (SFB had P < 0.01). For weaners, there was no consistent
pattern of significant difference relative to other age classes among all three sites.
(Fig. 3D).

For both blood components, an interaction of location and sex contributed signif-
icantly to differences in 8'°C values. CI and TB seals have similar 8'°C values for
each sex, in both serum and RBC, whereas SFB seals were always depleted in °C
compared to other locations (Fig. 4). The *C-depletion in SFB seals relative to seals
compared to the other sites (P < 0.05) is greatest in males (—0.9%0 for RBC and
—0.6%o for serum) whereas *C-depletion in SFB females is much less (—0.1%o for
RBC and —0.4%o for serum).

Discussion
Tissue Discrimination Factors from Stranded Seals

To date, only three controlled feeding studies have examined A values in harbor
seals (Hobson ez a/. 1996, Lesage et a/. 2002, Zhao et «/. 2006), and all reported
exclusively on adults, examining blood, hair, whiskers, or nails. We examined serum
in growing, successfully rehabilitated pups that had been at TMMC for more than a
month. In addition, we analyzed blubber and muscle tissue, from a small number of
animals that were considered nutritionally healthy (i.e., eating satisfactory propor-
tions of fish feed for more than a month), but were unable to be released for a variety
of physiological reasons (trauma, neurological, colitis, enteritis) and were euthanized

(Table S1).
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Isotopic incorporation into tissues occurs during growth and tissue breakdown and
resynthesis (i.e., turnover). It takes ~3 isotopic half-lives for a tissue to equilibrate
fully to a new prey after a switch in diet. Tissues undergoing greater metabolic
activity (serum, liver, fat) have shorter half-lives than tissues with lesser metabolic
rates (brain, muscle, bone) (Tieszen ez 2/. 1983). For example, plasma from American
black bears (Ursus americanus) had a half-life of 4 d and fully incorporated isotopes
from an altered diet within 10 d (Hilderbrand e #/. 1996), and liver from gerbils
had a similar half-life of 6.4 d (Tieszen et @/. 1983). Previous work has indicated
that isotopic equilibrium for seal serum occurs over similar time frame (Kurle 2002,
Zhao 2002). Zhao et 2. (2006) concluded that due to the turnover rate of serum,
isotope values were able to record a shift in diet of less than 1 mo. In addition,
younger, rapidly growing animals have a higher metabolic and tissue turnover rate
from extremely active anabolism (Sakano ez #/. 2005). Thus, we are confident that
serum had equilibrated after 30 d on TMMC rations and, therefore, that our A values
are robust.

Our AP Ngrum—piee values of +3.8 £ 0.5%0 and A’ Cgerum—piee values of +1.5 £
0.9%o are quite similar to trophic discrimination factors from studies of other phocids
studies, where A" Nerum—piee ranged from +1.7%0 to +4.6%0 and A" Cserum—Diet
ranged from —0.6%o to +1.7%0 (Hobson ez 2. 1996, Lesage et al. 2002, Zhao et al.
20006). Aissue—Dier values may vary with the macromolecular composition of diet or
with the growth state of the animal. Trueman ez /. (2005) found lower AN values
in salmon undergoing intensive growth than those experiencing little to no growth,
with no discernable impact on AC values. However, studies on rodents indicated
that less than 10% of isotopic change is attributed to growth (West ez 2/. 2001,
MacAvoy et al. 2005). Other factors, such as nutritional stress and protein level of
diet also can affect ATigue—piec values (Sick ez @/. 1997, Zhao 2002). When animals
ingest protein for calories at levels beyond that needed for maintaining nitrogen
balance, they produce more nitrogenous waste (e.g., urea), which is > N-depleted
relative to body tissues and serum. As a consequence, 8'°N values are higher in serum,
RBC, and body tissues than on low-protein diets (Sick ez 2/. 1997). Correspondingly,
higher protein diets (pollock) increase A" Nserum—_pice 25. lower protein diets, such
as herring (4.6%o vs. 3.9%0; Zhao et al. 2006). For optimum growth, rehabilitating
seals at TMMC were fed a mixture of ground or whole herring, which is a high-
lipid/high-energy density fish, resulting in a mean AYNgeum_piec value similar to
that for herring in Zhao et a/. (2006). For A" Crriggue_pice, because lipids are strongly
13C—depleted, high-lipid diets are expected to yield lower A Cgerum—Dier values than
low-lipid diets and may even be negative relatively. The similarity of our values with
those previously reported for North Atlantic harbor seals also consuming herring
(AP Nserum—biec = +3.5%0 and AP Cserum—piec = +1.6%0 after lipid corrections;
Lesage ez 2/. 2002) indicates that these values are relatively invariant when fed a high-
lipid/high-energy prey. Because harbor seals require both high fat and high energy
to sustain a long-term, reproductive life, we recommend using A" Nserum—piec Of
+3.8%0 and AP Cserum—piec of +1.5%0 to interpret wild trophic position in healthy
populations.

Blubber is comprised of connective tissue and fat/lipid, where lipids are obtained
from both diet and biosynthesis. For blubber, the ABCLipid_Diet was —3.5 £ 0.9%o.
This is not surprising; lipids are often the most *C-depleted compound class in
animals by 5%o to 10%0 (DeNiro and Epstein 1977). After lipid-extraction, the
AV Ngubber_piee value for the residual lipid material (e.g., blubber) was +6.5 4
1.2%0. However, the AP N{E Blubber—Diec component had a smaller value similar to
the AP Ngerum-piee. The AP N differences between blubber samples could be related
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to nitrogen composition, where the LE blubber fraction has very little nitrogen, less
than half a percent, mostly likely as small enzymes or small polypeptide fragments
derived from connective tissue, possibly affecting instrument analytical precision.
Although we believe serum and blubber had adequate times for isotopic equili-
bration to TMMC diet, lipid-extracted muscle 8'°C values had not stabilized, even
for samples collected 60 d after the diet switch, whereas 8'°N values had stabilized.
The 8"°C values only changed by —0.5 %o between days 20—40 (» = 5), yet decreased
an additional 1.5%o by day 60 (» = 1; Fig. S1). The AP Crg Muscte—Diec value was
+2.6 £ 1.2%0, within error propagation of serum. The AN muscle—Dicc Value
was +1.6 & 1.0%0, however, slightly less than the value of +2.4%0 reported for
another phocid (#z = 1 harp seal; Hobson ez @/. 1996). This difference might be
attributed to the age of the seals analyzed. Only weaners were sampled in this study,
and these animals were growing rapidly, possibly reducing their flux of "’ N-depleted
waste urine to form muscle tissue and to maintain higher rates of protein synthesis
and catabolism. Regardless, a A" Nyg puscte—piee Value of 4+2.0%q¢ appears to be a
reasonable value for assessing trophic information in wild phocid populations.

Wild Seal Tissue Isorope Values

Stable isotope analysis has been used to assess the diets of pinnipeds off CA,
Oregon, and Washington (Hobson ez 2/. 1997, Hobson and Sease 1998, Burton and
Koch 1999, Burton ef #/. 2001, Hirons ¢z «/. 2001, Kurle and Worthy 2001, Hobson
et al. 2004, Aurioles et a/. 2006, Newsome et 2/. 2006, Kurle and Gudmundson
2007). Yet, there are few isotopic studies of harbor seals from the northeast Pacific,
and these were on the Bering Sea and Gulf of Alaska (Burton and Koch 1999, Hirons
et al. 2001). Comparisons to seal populations in central and southern CA may be
particularly useful in understanding harbor seal ecology in highly urbanized areas
such as SFB, where animals may have to travel greater distances to obtain adequate
nutrition due to the poor quality or quantity of prey.!

The significant differences in mean 8'°N values among sites (TB > 0.5%o to SFB
in serum, and TB > 1%o to CI in serum; Table 2) may reflect differences in 8N
values at the base of the food web or differences in trophic structure. Planktonic 8N
values vary depending on the source of nitrogen to the oceanic system and the extent
of uptake. For example, if the massive deep ocean nitrate pool (3N ~ +5%o) is the
source of nitrate in the photic zone (and if this nitrate is completely exhausted by
planktonic uptake), then plankton will have a value similar to the pool. In highly
productive regions (with suboxic waters at depth), denitrification can enrich the "N
in the upwelled nitrate to ~15%0 to 20%o, strongly enriching plankton (Altabet
et al. 1999). Freshwater runoff also has > N-enriched nitrate in urbanized areas. In
areas or seasons where other nutrients limit production, phytoplankton can be '’ N-
depleted relative to the nitrate pool due to incomplete nitrate utilization. Finally, as
zooplankton and fish are typically "’ N-enriched by 3% to 4%0 with each trophic
transfer, longer food webs have greater 81’ N values in top consumers (e.g., Montoya
2007).

To calculate trophic level for each location and age class, 8'° N values at the base of
the food web were assessed using values for particulate nitrogen from the literature
(described in Methods). TB, a temperate estuary with coastal upwelling, obtains

!Personal communication from California Department of Fish and Game, Bay-Delta Region, 4001
N. Wilson Way, Stockton, CA, May 2009.
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its nutrients primarily from suboxic and deep nitrate entrained in the California
Current, thus, its plankton values are about +7.5%0 (Rau ez 2/. 1998). In SFB, an
urbanized estuary highly influenced by terrestrial runoff, particulate 8N values
averaged +8.0%qo, ranging from 5.0%o to 10.6%o due to variations in freshwater and
tidal inputs (Cloern ez 2/. 2002, Huntington and Boyer 2008). CI, the most oceanic of
all the sites, are strongly influenced by the California Current and seasonal upwelling.
It has the lowest 8'°N values averaging about 6.5%0 (Germain et /., unpublished
data, samples collected in 1999), but values ranging from 6.9%o to 8% were reported
for the late 1980s (Altabet ez /. 1999). Given these baseline 8'°N values, harbor
seals fed at trophic levels ranging from 3.2 to 4.7, averaging 3.6 in TB and SFB
and 4.2 in CI (Fig. S2). This suggests seals in the CI consume higher trophic level
organisms, presumably feeding on more open-ocean than coastal prey (i.e., squid,
larger fish). Open-ocean fish tend to feed on longer food webs, where phytoplankton
are the base of the food web, followed by microzooplankton, macrozooplankton,
small fish, medium fish, large fish, then seals, resulting in an overall greater 31N
value. In coastal systems, the food web is shorter, generally going from plankton to
zooplankton to medium-sized fish to seals (e.g., Montoya 2007).

Changes in habitat, food sources, metabolic, and physiological parameters affect
stable carbon isotope ratios. The 8'2C data support the inferences above trophic level,
assuming source 8'?C values of plankton range from —19%0 to —22% in CI and
TB (Rau ¢ a/. 1998), and values of —17%0 to —27%o in SFB (Cloern er /. 2002).
These values are mainly influenced by changes in carbon source (i.e., kelp-based vs.
plankton-based prey). Kelp 8'°C values (—12%0 to —14%o) are much higher than
those found in plankton (Page ez @/. 2008). Therefore, if a seal was feeding at a
trophic position of 4.0 relative to plankton-derived prey, its 8'°C values would be
about —16%o0 to —19%o, similar to what was measured (Fig. 2). If feeding on eelgrass
or kelp-derived prey, instead of plankton-derived, we would expect much higher 8'°C
values of —5%o to —11%o (TB eelgrass ranges from —8%o to —10%o and CI kelp
from —12%0 to —14%o; Fourqurean ¢t a/. 1997, Page er al. 2008). Overall, harbor
seals from all coastal CA locations are feeding at similar trophic levels, preferring to
consume prey around a trophic position of 3.

The differences between age classes for each location is particularly noteworthy,
especially the weaners from SFB and CI, who are > N-enriched relative to the adults
and subadults (Table 2, Fig. 2). The weaners in these locations are still obtaining the
majority of their nutrition from their mother’s milk and are '’ N-enriched by about
0.7 trophic level. Pups nurse for approximately 1 mo before they begin capturing
and feeding on crustaceans and fish. Because they are unable to swim to the depths
and distances of their older counterparts, they are restricted to feeding on prey
that is nearby and easily obtained, making them susceptible to any potential food
deficiencies within their constrained home range. Yearlings consume at the lowest
trophic level, and while not drastically lower than the older seals, they are consistently
lower by 0.2, presuming they feed on smaller prey (benthic, crustaceans, anchovies).
In contrast, the seals in TB only vary in trophic position by 0.2 among all age classes,
indicating all seals consumed similar prey items.

In this study, we determined a AP Ngpc_serum 0f —0.6 3= 0.2%0 for wild seals
(Table 2), which is related to differences in amino acid compositions, and trophic level
calculations varied less than 0.3 for all categories, except TB weaners and SFB adults.
When AP NRgpc_seram values for an age/sex/location group fall within the range of
error propagation, it suggests that any differences between the blood fractions are
due to biochemical pathways. However, in several cases, the AP Ngpc_seram value
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was outside of this range (outside of gray area, Fig. 1A), indicating a change in
trophic level over the different time frames represented by these tissues (weeks for
serum, months for RBC). At all locations, the weaners had a shift in diet. Specifically
CI and SFB weaners switched from lower trophic level (indicated by RBC values)
to higher trophic level (indicated by serum values), obtaining their entire diet from
their mother’s milk compared with 7z utero. This implies the isotopic incorporation
experienced 7z utero is similar to that for other maternal tissues (including milk
protein), whereas a weaner consuming these tissues as milk is a trophic level higher.
The opposite trend was observed in the single weaner sampled in TB. This animal
had likely transitioned from mother’s milk to the lower trophic-level prey consumed
by yearlings, since it had a serum 8'°N value identical to yearlings from TB (Table 2).

Carbon differences mainly arise from a change in the source of diet, whether a
shift from milk to prey, a shift from open-ocean to coastal prey, or a shift from
kelp-derived to plankton-derived prey. Once again, most A Crpc_serum values fall
within the propagation of error (Fig. 1B), except for the weaners and almost all
the seals in SFB (excluding the yearlings). The weaners in CI and SFB had positive
AP CRrEC—Serums implying their current diet was composed of lipid-rich milk (with a
lower 8'3C), whereas the TB weaner had likely transitioned to a fish and invertebrate
diet (though its 8'>C value did not match that of yearlings). The differences in adults
and subadults in SFB were likely caused by shifts in prey among benthic or pelagic
sources. Harbor seals tend to forage within 5 km of their place of birth, but a small
percentage are thought to travel further (Lander ez #/. 2002), which suggests either
greater variability or lesser density of prey in SFB prey. It is possible these older
seals are venturing further distances outside of SFB to obtain adequate nutrition,
which has been observed by individual harbor seals preferring particular foraging
and habitat ranges (i.e., more open-ocean; Nickel 2003).

Significant Interactions between Location and Age Class and Location and Sex

The most significant ' N interactions existed between locations and age classes
(Fig. 3). It is important to note the striking similarities among these interactions
from RBC, whereas the patterns in serum differ among location, confirming the
value of obtaining tissues recording different timeframes. Location isotopic values
were dependent upon seal age class, especially in the serum fraction (Table S2). In
RBC 3N values, the pattern is consistent at all locations, with highest values in
weaners, intermediate values in adults to subadults, and the lowest values in yearlings
(Fig. 3A). This suggests that the yearling seals are feeding at the lowest trophic levels,
and that seals begin feeding on higher level organisms as they mature (Oates 2005).
In serum, this pattern still holds true for CI, but TB exhibited comparable 8'°N
values of ~16%0—17%0 for all age classes, with Jowest values and, thus, trophic
feeding found in the single weaner (Fig. 3B). The weaners in SFB and CI, however,
were the most '’ N-enriched, suggesting weaners have yet to wean completely from
their mother’s milk. SFB weaners are > N-enriched relative to the adults by ~2.5%o
(rather than a full trophic step of ~3.8%0), which implies they recently fed on prey
instead of milk. CI weaners are greater in 8°N by ~2.0%q than the adults, and they
are likely in the process of tissue equilibration to their diet (Fig. 3B). The low 3°N
value for adult SFB seals relative to serum from other adults and subadults indicates
that they recently consumed lower trophic-level prey (crab, anchovies).

With respect to 8'°C interaction effects, RBC patterns in TB and CI follow
each other closely, with yearlings exhibiting the lowest 8'2C values, but they only
differentiate by 0.6%o overall (Fig. 3C). However, yearlings in SFB have greater
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d3C compared with other age classes, possibly due to a greater proportion of their
diet coming from kelp-derived prey vs. plankton-derived prey. Once again, serum
had greater variability among age classes (1.5%q overall), with TB following the
RBC pattern (Fig. 3D). Serum from CI seals barely shows any isotopic differences,
indicating all age classes are all feeding on prey derived from similar sources. Both
adults and yearlings in SFB are '*C-enriched by about +1.0%0 compared with the
subadults and weaners, which confirms the conclusion by >N of adults consuming
more benthic/kelp-derived organisms than other locations (Page ez #/. 2008). Similar
source and trophic interactions are most likely the main reason for age class differences
in minimally disturbed locations such as TB and CI, where SFB is more influenced
by allochthonous sources (i.e., coastal vs. open-ocean).

Another significant 8'°C difference was the interaction between location and sex
for both RBC and serum (Table S2, Fig. 4). Since RBC displayed a consistent offset
to serum at all locations (A rpc—serum < 0.3%0), we only describe the serum fraction.
It appears females are physically constrained in both bays (SFB and TB), probably
due to obligatory proximity to weaners, whereas the males can venture to more
distant locations to consume higher-lipid/higher-energy prey (lower 8'>C values).
Male and female seals in CI feed essentially on similar prey organisms, as they
exhibit comparable 8'°C values.

Conclusions

In summary, blubber, muscle, and other tissue A-igue—Dpiec values still need more
comprehensive analysis for pinnipeds, especially from animals fed for a longer period
on a consistent diet, since we were unable to collect such data from our short-term
study of captive mammals under marine mammal protocols. Our A figue—piec Values
will be useful in interpreting long-term isotopic records of wild seals in light of
trophic-level changes or shifts in location. For future work, we recommend using a
robust multispecies approach to investigate trophic structure, with A Nrpigue_Diee
value of +3.8%0 and +2.0%o for serum and muscle, respectively. Harbor seals
along coastal CA are feeding at varying trophic levels, ranging from 3.6 to 4.2,
mostly impacted by age. Weaners are still equilibrating isotopically after consuming
mother’s milk and yearlings are feeding at a slightly lower trophic position than adults
and subadults in spring. Also, this study stresses the value of obtaining tissues that
record different time frames to evaluate shifts in diet and trophic structure. Future
studies with compound-specific amino acid isotope analysis will allow researchers to
simultaneously determine 8N and 8'°C values at the base of food web and exact
trophic level of the forager. This more detailed compound-specific isotope analysis
may be a powerful tool to assess nutritional status in marine mammals, especially
seals under extreme anabolic or catabolic conditions.
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SUPPORTING INFORMATION

The following supporting information is available for this article online:

Figure S1. 33 C and 8N equilibration times for serum, muscle (Bulk and Lipid-
extracted {LE}), and blubber (Lipid and LE). Each data point represents an individual
seal, which had either died or was successfully released between days 0 to 93 from
admittance date to TMMC (refer to Table S1). Seals were fed salmon oil 3°C =
—21.7%0, 8N = 5.4%0) for the first week, and then switched to ground herring
for the remainder of time (8'°C = —19.4%0, 8N = 12.5%0).
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Figure S2. Stable carbon vs. nitrogen in blood serum of harbor seals for all locations.
Refer to legend for symbol description. TB = Tomales Bay (black), SFB = San
Francisco Bay (dark gray), CI = Channel Islands (light gray), A = Adult > 4 yr
(diamond), SA = Subadult 2—4 yr (square), Y = Yearling 1-2 yr (star), W = Weaner
1 mo-1 yr (triangle).

Table S1. 8°C and 8N of all tissues (serum, muscle, blubber) for captive, re-
habilitating seals at TMMC (LE = Lipid Extracted). Tissue was collected once, on
final day in center either due to successful release, death, or euthanization (R, D,
E). Discrimination factors (Aigue—Dier) Were determined from seals at TMMC for
greater than 30 d (bolded). Health (1 = emaciated, 7 = obese). Refer to Table S2 for
specific tissue isotopic equilibrium graphs after grouping values from seals released
or deceased over varying time frames in TMMC.

Table §2. ANOVA statistical analysis of interaction effects between sex, location,
and age were used for both cell fractions (RBC and serum) on 3'3C and 8N.
Degrees of freedom (df), sum of squares, F-Ratios, and P-values are given for each
test. Significant interactions are those with P < 0.05 (bolded) and are presented in
Figures 3 and 4. Both RBC and serum are discussed to determine temporal changes
in trophic-level feeding behavior in specific groupings.



