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• ΣPCBs were highest in the Aleutian
Islands and were higher in males in all
regions.

• ∑PCBs and∑DDTs concentrations de-
creased with increasing mass in pups.

• OC loads in pups decreased with in-
creasing mass with no influence of re-
gion or sex.

• OCs increased with age, but decreased
with increasing mass within each age
class.

• Lipid adjusted OC concentration did not
address variability due to energy states.
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Contaminant exposure is particularly important for species and populations of conservation concern, such as the
Steller sea lion (Eumetopias jubatus). We used blubber samples (n=120) to determine organochlorine concen-
trations, including polychlorinated biphenyls (PCBs) and dichloro-diphenyl-trichloroethane (DDTs), and blood
samples (n = 107) to estimate total body lipids based on the hydrogen isotope dilution method. We assessed
the influence of age, sex, condition, and geographic area on contaminant concentrations in blubber and contam-
inant body load. The concentration of ΣPCBs was highest in pups (b6months) from the Aleutian Islands, and the
concentrations inmales were higher than females in all regions. The ΣPCBs and ΣDDTs concentrations and loads
decreasedwith increasingmass in pups, however, therewere no regional or sex differences in contaminant load.
Within each of the five age classes, the concentrations of ΣPCBs and ΣDDTs decreased with increasing mass, but
overall these OCs increased with age. Further, accounting for the lipid content, a potential proxy for energy
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Fig. 1. Capture sites (circle) of Steller sea lions sampled be
Alaska). The grey circles denote the samples sampled in S
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balance, in the animal load reduced or removed the regional and sex effects present in age models for contami-
nants. We propose, that adjusting OCs concentration by the lipid content of the blubber sample alone may not
fully account for the variability in OC concentrations associatedwith differences in condition or energy states be-
tween young Steller sea lions.
Blubber
Fat
Biopsy
Steller sea lions
© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Marine mammals are long lived, apex predators with large lipid
stores in the form of a blubber layer which is the primary tissue for en-
ergy storage aswell as providinghydrodynamics and thermal insulation
(Liwanag et al., 2012). The blubber layer also acts as a storage tissue for
lipophilic contaminants including organochlorines (OCs) which are
transferred to pups through the placenta and lactation (Beckmen
et al., 1999; Greig et al., 2007; Beckmen et al., 2016). Blubber is widely
used for monitoring of OCs including polychlorinated biphenyls
(PCBs) and dichloro-diphenyl-trichloroethane (DDTs) in marine mam-
mals (Lee et al., 1996; Kajiwara et al., 2001; Greig et al., 2007; Borrell
et al., 2010; Beckmen et al., 2016). Accumulation of certain OCs in ma-
rine mammals has been linked to various deleterious biological and
physiological effects, including reproductive impairment, immune sup-
pression, and increased risk of cancer and infectious disease (Reijnders,
1986, Ross et al., 1996, Beckmen et al., 2003, Ylitalo et al., 2005, Wang
et al., 2010; Murphy et al., 2015, Randhawa et al., 2015). The impacts
of contaminant exposure are particularly important for species and pop-
ulations of conservation concern, such as the Steller sea lion
(Eumetopias jubatus; SSL). SSLs are managed as two distinct population
segments (DPS) with the western DPS listed as endangered under the
tween 1998 and 2003. The lines deno
outheast Alaska and the Eastern Gulf
U.S. Endangered Species Act in 1990 while the eastern DPS was previ-
ously listed as threatened until its delisting in 2013 (U.S. Federal Regis-
ter 62:30772–30773; Fig. 1) (NMFS, 2013). The Alaskan portion of the
western DPS continued to decline until 2000 but has since shown re-
gional variability in trends with declines continuing in the western-
central Aleutian Islands (Fritz et al., 2014). The causes of the population
decline, and slow recovery remain unknown but environmental con-
taminants including OCs have been hypothesized to be a contributing
factor (Barron et al., 2003; Atkinson et al., 2008; NMFS, 2008; Rea
et al., 2013).

Otariid (sea lion and fur seal) pups have a limited blubber layer with
an estimated total body lipid stores of 5–6% of body mass at birth
(Oftedal et al., 1987b; Brandon et al., 2005) which increases to 28–36%
by 9 months of age (Rea et al., 2016). Further, as otariids are income
breeders, their pups undergo alternating periods of nursing and fasting
while themothers forage (Bonner, 1984; Oftedal et al., 1987a; Trillmich,
1990; Costa, 1991). This strategy leaves pups at risk of entering periods
of negative energy balance (Springer et al., 2003; DeMaster et al., 2006;
Guénette et al., 2006; Atkinson et al., 2008; Hui et al., 2015). Mass loss
has been shown to increase the concentration of PCBs and DDTs (ng/g
lipid weight) in blubber sampled from California sea lions (Zalophus
californianus) while a dilution of PCB and DDT concentrations was
te the boundary between the three regions (Aleutian Islands, Gulf of Alaska, and Southeast
of Alaska that were used to assess age effects.
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observed when mass was re-gained during rehabilitation (Hall et al.,
2008). SSL pups undergo an overall increase in mass and lipid stores
during development (Rea et al., 2016) which may lead to a dilution of
OCs in their blubber. However, during this period of growth individuals
may experience short term periods of mass or lipid loss leading to tem-
porary increases in concentrations of some OCs in blubber and circulat-
ing in the blood.

Beckmen et al. (2016) found large variation in PCBs and DDTs in
blubber, milk, and feces from young SSLs (n=53) with preferential ab-
sorption and storage of some PCB congeners and DDTs leading to
biomagnification of these analytes in blubber. However, the sample
size did not support assessing factors which may have contributed to
the variation in contaminant concentrations, nor was the influence of
body condition or energy balance of the pup considered. Further,
while environmental contaminants are potential contributors to the re-
gional trends found in reproductive rates and survival, there is limited
data available to evaluate whether OC concentrations are a concern
and whether studies are needed on the potential impact of contami-
nants on the health and survival of young SSLs. To help address this
data gap, concentrations of OCs, including selected PCB congeners,
DDTs and DDT metabolites, and hexachlorobenzene (HCB), were mea-
sured in blubber samples collected from 120 free-ranging young SSLs.
We assessed the influence of age, sex, condition, and geographic loca-
tion on contaminant concentrations in blubber samples and contami-
nant body load.

2. Materials and methods

2.1. Animal captures and sample collection

We captured, sampled, and released 120 free-ranging SSLs in Alas-
kan waters between 1998 and 2003. We also collected blubber samples
from 4 freshly dead SSL pups and 1 fetus during the same period. Cap-
ture locations (n = 19) were on or near rookeries and haul outs from
Lowrie Island (54.51 N 133.31 W) in the southeastern panhandle to
Adak Island (51.6459 N 176.9841 W) in the central Aleutian Islands
(Fig. 1). Sea lions were caught on land with hoop-nets or underwater
by divers and transferred to a research vessel as previously described
(Raum-Suryan et al., 2004; Fadely et al., 2005). We estimated ages
based on time of year, tooth eruption, and tooth measurements using
the method of King et al. (2007), which is accurate through 2 years of
age. The ages of four SSLs (35–38.5 months) were estimated using the
seasonal stable isotope signature in a whisker (Rea et al., 2015).

We conducted physical examinations and sample collection under
isoflurane anesthesia (Heath et al., 1997; Lian et al., 2018). Total body
lipids were estimated in 107 SSLs based on hydrogen isotope dilution
method utilizing blood samples (Costa, 1987; Reilly and Fedak, 1990;
Bowen and Iverson, 1998; Rea et al., 2016) and these values were pub-
lished as part of a larger dataset (Rea et al., 2016).We included the body
lipid content data in our study in order to estimate PCB andDDT loads of
the SSLs we sampled. We collected blood samples using standard asep-
tic techniques via venipuncture of a hind flipper vein (21 G butterfly
catheter) or caudal gluteal plexus (18 to 20 G 1.5–2.5-inch needle) di-
rectly into polypropylene evacuated serum separator blood tubes. Fol-
lowing an initial blood sample collection, each animal was injected
intramuscularly with sterile deuterium oxide (D2O, 99.99% 2H2O) at a
dose of 0.3 to 0.5 g/kg body weight, removed from anesthesia, and left
to rest during the 2 h equilibration period. Two post D2O blood samples
were collected after a minimum of 2 h of equilibration and approxi-
mately 30 min later to measure the concentration of D2O in serum.
Serum separator tubes were kept upright and chilled until processed
in the laboratory (1 h) after which serum samples were frozen at −20
°C until analysis as described by Rea et al. (2016). We collected blubber
samples (n=120) from a sterile surgical biopsy site 3–4 cm cranial and
lateral to the femoral joint as previously described (Beckmen et al.,
2016; Keogh et al., 2018). Blubber samples did not include any skin or
muscle and were placed on a solvent-rinsed (acetone) Teflon® sheet.
After folding in the edges of the Teflon®, the wrapped sample was
then sealed in a polyethylene bag (Whirl-pak®). Blubber samples
from fresh carcasses were collected on the ventral surface near the xi-
phoid process and were handled similarly to the biopsies after excision
at the beginning of necropsy.

2.2. Blubber analysis for organochlorines

Blubber samples were extracted and analyzed for selected OCs using
a high-performance liquid chromatography/photodiode array (HPLC/
PDA) method as previously described (Krahn et al., 1994, Beckmen
et al., 2016; Supplemental methods).

When interferences resulted in no value for the concentration of an
OC, NA (data not available) was assigned. The lower limit of quantita-
tion (LOQ) for the PCB congeners was 0.88 ng/g wet weight (w.w.)
whereas for DDT isomers, the LOQ value was 0.6 ng/g w.w. and the
LOQ for HCBwas 0.26 ng/gw.w. Individual PCB congeners andDDTs iso-
mers below the LOQwere assigned a value of one-half the LOQ value for
that analyte. The mean (±SD) percent recovery of the surrogate stan-
dard (1,2,3,4-TCDD) was 81 ± 6% (range 66–98%). The OC concentra-
tions determined in blubber of a subset of these SSLs (n = 48) were
included in Beckmen et al. (2016). OC concentrations from the 5 car-
casses are reported in Supplemental Table 1 but not included in the
summary statistics or statistical modeling.

2.3. Blubber analysis for lipid content

Blubber samples were analyzed for lipid content by thin layer chro-
matography with flame ionization detection (TLC/FID) using an
Iatroscan Mark 5 (Iatron Laboratories, Tokyo, Japan) as previously de-
scribed in detail (Krahn et al., 2001; Ylitalo et al., 2005; Beckmen et al.,
2016). Total lipid concentrationswere calculated by adding the concen-
trations of the five lipid classes (i.e., sterol esters/wax esters, triglycer-
ides, free fatty acids, cholesterol, and polar lipids) for each sample and
each individual lipid class was reported as a percentage of the total
lipid. OC concentrations in lipid were calculated by dividing the OC con-
centrations in the blubber by the proportion of the sample comprised of
lipid (Kim et al., 1996; Kajiwara et al., 2001; Loughlin et al., 2002;Myers
andAtkinson, 2012).Wemultiplied the sumof the concentrations (ng/g
lipid) of PCB congeners (∑PCBs) or DDT isomers (∑DDTs) by the total
body lipid (kg) of each sea lion to calculate the∑PCB and∑DDT loads
(μg) for live SSLs (Table 1).

We calculated the PCB toxic equivalent (TEQ) values by multiplying
themolar concentration of each dioxin-like PCB congener by the appro-
priate mammalian toxic equivalent factor (TEF) value for that com-
pound listed in Van den Berg et al. (2006) and then used an additive
model of toxicity (Safe, 1990). The ΣPCB TEQs are reported as lipid
weight (pg/g lipid). The TEQ values determined by HPLC/PDA in our
study are conservative as theywere based solely onmeasurable concen-
trations of eight (i.e., PCBs 77, 105, 118, 126, 156, 157, 169, 189) of a po-
tential of 12 dioxin-like PCBs and because the PDA LOQ values are
higher than those of either low- or high-resolution gas chromatogra-
phy/mass spectrometry.

2.4. Contaminant modeling

The age distribution of young SSLs was not well represented in all
areas sampled; thus, statistical modelingwas performed on two subsets
of the data that were reasonably well balanced: 1) pups (b6 months)
across all locations and 2) all ages of young SSL in Southeast Alaska, or
the eastern portion of Gulf of Alaska. With the first subset of data, we
used general linear models to assess geographical differences in the
concentrations of ∑DDTs and ∑PCBs, as well as ∑DDT loads and
∑PCB loads, in pups, while controlling for sex, condition, and body
size. Sample locations were described categorically as residing in 1 of



Table 1
Arithmetic mean and standard deviation (SD), range and samples size for age, morpho-
metrics, and organochlorine concentrations for young Steller sea lions (data from the sam-
pled carcasses are not included).

Mean ± SD Range na

Age (months) 10.6 ± 7.7 (2.0–38.5) 120
Body mass (kg) 89.8 ± 32.9 (33.0–161.5) 120
Standard length (cm) 156.1 ± 21.0 (104.0–201.5) 120
Axillary girth (cm) 106.1 ± 11.5 (73.0–136.5) 120
Blubber lipid content (%) 36.6 ± 12.3 (4.0–87.0) 120
Total body lipid (kg) 20.0 ± 11.5 (2.2–53.8) 107
Total body lipid (%) 25.1 ± 8.9 (6.3–41.0) 107
Analyte(s)

∑PCBs 4291 ± 4184 (644–26,107) 120
∑PCB TEQs 62 ± 64.9 (4.76–405) 120
∑PCBs load 81,105 ± 84,676 (8598–509,089) 107
101/99/149/196b,c 701 ± 646 (126.67–4750.0) 120
105c 124 ± 120 (126.6–4750) 109
118 510 ± 521 (73.3–3000) 119
128/123b,c 81 ± 119 (2.1–1000) 119
138 532 ± 548 (98.2–3571.4) 84
153/87b,c 1081 ± 1093 (158.7–7500) 120
170/194b,c 71 ± 94 (0.150–607.14) 97
180c 168 ± 190 (19.8–1392.86) 103
200c 32 ± 47 (0.240–216.0) 73
∑DDTs 5413 ± 6019 (559–35,821) 113
∑DDT load 102,098 ± 124,355 (5616–698,518) 102
p,p′-DDEd 4832 ± 5602 (467–33,929) 120
p,p′-DDDd 393 ± 398 (83–3500) 120
p,p′-DDTd 214 ± 242 (3–1725) 113
o,p′-DDD 23 ± 47 (0.7–244) 110
o,p′-DDT 99 ± 152.7 (0.78–975) 69
HCB bLOQ

bLOQ = below the lower level of quantitation.
a Indicates the number of samples in which the analyte was detected.
b Co-elution.
c Denotes PCB congeners in∑PCBs and ∑PCB load.
d Denotes DDT isomers in∑DDTs and ∑DDT load.

Table 2
The models for log∑[PCBs], log(PCB load), log∑[DDTs], and log(DDTs load) for pups
(b6 months) across three regions (SE, GOA, AI) in order of most parsimonious (smaller
ΔAICc) to least. Models include one to three main effects (ME) and an interaction term
(MExME). Reported terms include the Akaike information criterion with a correction for
finite sample sizes (AICc), ΔAICc, R2

adj, and p-values from hypotheses tests using type 3
sums of squares. Only models with ΔAICc ≤2 are reported.

AICc ΔAICc Adj
R2

Main effects Interaction

ME1 ME2 ME3 MExME

log∑[PCBs]
Sex, mass, region,
mass ∗ region

86.58 0.50 0.01 b0.001 0.045 0.025

Sex, mass, sex ∗ mass 88.09 1.51 0.40 0.06 0.03 0.12
Sex, mass 88.11 1.53 0.37 0.08 b0.001

log(PCB load)
Standard length 85.14 0.08 0.06
Mass 85.29 0.15 0.07 0.06
Axial girth 86.30 1.16 0.05 0.11
Mass, region 86.43 1.29 0.12 0.09 0.16
Axillary girth, region 86.57 1.43 0.12 0.10 0.11
Mean, no covariate 86.57 1.43 0.00
Standard length,
region

86.86 1.72 0.11 0.12 0.20

log∑[DDTs]
Mass 86.43 0.43 b0.001
Mass, sex 86.78 0.35 0.45 b0.001 0.16
Mass, sex, mass ∗ sex 87.48 1.05 0.47 0.01 0.11 0.18

log(DDT load)
Standard length 82.55 0.20 0.006
Mass 83.68 1.12 0.17 0.01
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3 regions: Southeast Alaska, Gulf of Alaska, and the Aleutian Islands
rather than by latitude and longitude because the samplingwas discrete
and clumped (Fig. 1). Body sizemetricsweremass (kg), axial girth (cm),
and standard length (cm). Conditionmetricswere body condition index
[(axillary girth / standard length)× 100] (Pitcher, 1986; Ryg et al., 1990;
Jemison et al., 2011), body-volume-index [mass / (−63.88 + 0.8966
× standard length)] (Trites and Jonker, 2000), and density index [mass
/ (standard length × axial girth2)] × 106 (Castellini and Calkins, 1993).
The body condition index and density index of the sea lions in this
study were previously reported in Rea et al. (2016). We also used gen-
eral linear models to evaluate regional and sex effects on mass and
total body lipid in young pups.

With the second subset of data, we used general linear models to
evaluate the effect of age on the concentrations of ∑DDTs and
∑PCBs, as well as ∑DDT loads and ∑PCB loads, in SSLs sampled in
the eastern portion of Gulf of Alaska and Southeastern Alaskawhile con-
trolling for sex, condition, and body size. Age was included in the
models as either a continuous variable, age in months (mo), or as the
categorical variable, age class. The five age classes were young pups
(b3 months), older pups (4–6 months), young of the year (7–-
11 months), yearling (12–22 months), and juvenile (≥23 months). We
also used general linear models to explore the effect of age and sex on
the mass and total body lipids of SSLs sampled in the Eastern Gulf of
Alaska and Southeast Alaska. Models in the candidate sets included
only onemetric from each of the condition and body size categories. Al-
though there is a relatively strong correlation between the age and size
covariates, we included models with all combinations of age class and
one size covariate to assess the size effect within age classes. We in-
cluded first order interactions. The concentration data were natural
log transformed to mitigate violations of the model assumptions
concerning normality and constant variance. We evaluated parsimony
of models in our candidate set using Akaike's information criterion
(AIC) for small sample sizes (AICc; Sugiura, 1978, Hurvich and Tsai,
1989) and likelihood ratio tests. We focused our interpretation on
models within 2 units of the model with the smallest AICc value
(i.e., the top model; Burnham and Anderson, 2003). For top models
with significant effects, we specified contrasts to quantify these differ-
ences and used tests for multiple comparisons to assess their signifi-
cance using the general linear hypotheses function “glht” in the R-
package “multcomp” (Hothorn et al., 2008). Type III sums of squares
were used to test hypotheses regarding effects and p-values for these
tests are reported in Tables 2 and 3. In the presence of interactions,
tests for significance of main effects rarely yield a useful interpretation;
therefore, we assumed significant main effects for variables involved in
significant interaction terms, even if the main effect p-values exceed
0.05 and describe effect sizes when helpful. Residuals from the top
models were examined to determine if model assumptions were met.
All analyses were conducted using Program R (R Core Team, 2016).

3. Results

3.1. Descriptive statistics for age, morphometrics, and organochlorine
concentrations

Sea lion ages ranged from 2 to 38.5 months (mean age (±SD) was
10.7 ± 7.7 months). Lipid content of blubber samples was highly vari-
able among individuals ranging between 4 and 87% (Table 1). Similarly,
the total body lipid, based upon D2O dilution, varied among individuals
ranging between 6% and 41% of body mass, and between 2.2 kg and
53.8 kg lipid (Table 1). Lipid-normalized concentrations of selected
PCB congeners, DDT isomers, ∑PCBs, ∑DDTs, PCB loads, and DDT
loads from live sampled sea lions are reported in Table 1. Across age
class and region, the most dominant PCB congeners were PCB 153
followed by PCB101, PCB138, and PCB118 (Table 1). Both PCB153 and
101 were detected in all samples analyzed. Concentrations of PCBs
126, 169, and 189 were below the LOQ in all samples and PCBs 77,
157, 190 were detected in only 1–3 samples each. PCB congeners 138
and 180 were unique in that they both contributed significantly to the



Table 3
The models for log∑[PCBs], log(PCB load), log∑[DDTs], and log(DDTs load) in order of
most parsimonious (smaller ΔAICc) to least. Models include one to four main effects
(ME) and an interaction term (MExME). Reported terms include the Akaike information
criterionwith a correction for finite sample sizes (AICc), delta AICc, R2

adj, and p-values from
hypotheses tests using type 3 sums of squares. Only models with delta AICc ≤2 are re-
ported. Age (class) is age-class and Age (mo) is age in months.

All SSL ∑PCBs
(SE/EGOA) age effects

AICc ΔAICc Adj
R2

Main effects Interaction

ME1 ME2 ME3 MExME

log∑[PCBs]
Age class, mass, sex 119.20 0.38 b0.001 0.003 0.050
Age class, mass 120.96 1.76 0.35 b0.001 0.01
Age class, mass, sex,
mass ∗ sex

121.19 1.99 0.37 b0.001 0.003 0.050 0.44

log(PCB load)
Age class, BCI 130.02 0.46 b0.001 0.07
Age (mo), sex, age
(mo) ∗ sex

130.19 0.17 0.43 b0.001 0.03 0.001

Age class, BCI, sex 130.48 0.46 0.47 b0.001 0.10 0.17
Age class, sex 130.95 0.93 0.45 b0.001 0.12
Age class 131.05 1.03 0.44 b0.001

log∑[DDTs]
Age class, mass, sex 129.45 0.38 b0.001 0.002 0.10
Age class, mass 129.88 0.43 0.36 b0.001 0.004
Age class, mass, sex,
age class ∗ sex

130.85 1.40 0.44 0.062 0.003 0.070 0.07

Age class, standard
length

131.32 1.87 0.35 b0.001 0.008

log(DDT load)
Age (mo), sex, age
(mo) ∗ sex

136.56 0.36 0.29 0.03 0.001

Age class 137.02 0.46 0.37 b0.001
Age class, DSL 137.61 1.05 0.38 0.001 0.18
Age class, mass, sex,
mass ∗ sex

138.14 1.58 0.40 0.006 0.140 0.087 0.031

Age class, BCI 138.36 1.80 0.37 b0.001 0.29
Age class, sex 138.40 1.84 0.37 b0.001 0.30
Age class, DI 138.56 2.00 0.37 b0.001 0.333

Density Index (DI): [body mass / (standard length × axial girth2)] × 106.
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total ∑PCBs and they also were undetected in numerous samples due
to analytical interferences occurring in the HPLC/PDA system and there-
fore assigned “NA”. To avoid the possibility of model results being bi-
ased by the distribution of NAs (e.g., one region having more NAs than
another) these congeners were not included when calculating the
∑PCBs and PCB load values used in the models and reported in
Tables 1 and S1. That said, models run with and without these 2 conge-
ners included in∑PCBs yielded no differences in interpretation. There
was a large variation among sea lions in the concentration of ∑PCBs
(644–26,107 ng/g lipid) and ∑PCB load (8598–509,089 μg; Table 1).
The ∑PCB TEQ level was 62 ± 65 pg/g lipid (range 5 to 410 pg/g,
lipid), with PCBs 105 and 118 being the predominant dioxin-like conge-
ners contributing to these summed values (Table 1). Further, the con-
centrations of ∑PCB TEQs and ∑PCBs (both natural log transformed)
were highly correlated (r=0.95) with nearly a 1:1 correspondence be-
tween PCB118 and TEQ (slope = 1.04; SE = 0.01; adjusted R2 = 0.99)
as PCB118 is the primary dioxin-like PCB contributing substantially to
∑PCB TEQs. Given this strong relationship, we focused on ∑PCBs
and did not model ∑PCB TEQs results. The highest concentration of
∑PCBs (44,615 ng/g lipid), ∑PCB TEQs (731 pg/g lipid) and ∑DDTs
(65,385 ng/g lipid) were all from one deceased newborn sea lion sam-
pled in Southeast Alaska in 2002 (Table S1).

Concentrations of ∑DDTs also varied greatly among SSLs
(559–35,821 ng/g lipid; Table 1), with p,p′-DDE accounting for 83% of
the sum on average (range 34–100%). The DDT load of each sea lion
ranged between 5613 and 698,518 μg (Table 1).∑DDT concentrations
were calculated by adding the concentrations of three of the DDT iso-
mers (p,p′-DDD, p,p′-DDE, p,p′-DDT). The two remaining DDT isomers
(o,p′-DDD, o,p′-DDT) were not included as interferences resulted in
NA values bLOQ in 88% and 79% of the samples, respectively, and values
NLOQ contributed a negligible amount to ∑DDTs. HCB concentrations
were bLOQ for all samples except one; therefore, no further analysis
was done with these data.

3.2. Regional differences in Steller sea lion pups (b6 mo)

3.2.1. Differences in mass and total body lipid of young pups
We restricted the analysis for the effects of region and sex on mass

and total body lipid stores to young pups because older pups were, on
average, 14 kg larger than young pups (p = 0.001) and sampling was
not balanced across regions (i.e., no older pups were sampled in the
Aleutian Islands). Models examining the effects of region and sex on
mass of young pups indicate a regional effect (p b 0.001) and no sex ef-
fect (p=0.73; Fig. 2A). The top model had region as the only covariate
and explained 58% of the variability in mass. Mean mass of young pups
was 59.5 kg (SE=2.3) in the Aleutian Islands, 54.9 kg (SE=3.6) in Gulf
of Alaska, and 39.6 kg (SE = 3.2) in Southeast Alaska. The mass of pups
in both the Aleutian Islands and Gulf of Alaska was significantly higher
than pups in Southeast Alaska (p b 0.001) while therewas no difference
betweenmasses of pups in the Aleutian Islands and theGulf of Alaska (p
= 0.43).

Models examining the effects of region and sex on the total body
lipid stores of young pups indicate a significant regional effect (p ≤
0.02) and a marginally significant sex effect (p=0.045), but no signifi-
cant region:sex interaction (p = 0.60; Fig. 2B). The top model with re-
gion and sex as covariates explained 31% of the variability in total
body lipid. Mean total body lipids of female pups was 2.8 kg (SE =
1.34) greater than that for male pups but not significantly so when ac-
counting for multiple comparisons (p = 0.14). Mean total body lipids
of pups from the Aleutian Islands was 3.8 kg (SE = 1.4) greater than
that of pups from Southeast Alaska (p = 0.04) and 3.5 kg (SE = 1.6)
greater than pups from Gulf of Alaska but this difference was not statis-
tically significant (p = 0.11). The difference between young pups from
Gulf of Alaska and Southeast Alaska was not significant (0.28 kg, SE =
1.75; p = 0.99).

3.2.2. PCBs in pups (b6 months)
The concentration of ∑PCBs in pups (n = 38) ranged from 889 to

18,750 ng/g lipid (4591 ± 4908 ng/g lipid) with the∑PCB loads rang-
ing from 8598 to 168,240 μg (37,519± 6706 μg). Summary statistics for
regional differences in the concentration of∑PCBs and∑PCB loads in
pups are provided in Table S2.

The three models examining the variability in the concentration of
∑PCBs in SSL pups with ΔAICc b2 include mass and sex (Table 2). Hy-
pothesis tests indicate the effect of mass was significant in all models (p
≤ 0.03). The topmodel also included a significant sex effect (p=0.01), a
marginally significant region effect (p = 0.045) and a significant inter-
action between mass and region (p = 0.025). The addition of age class
to the top model results in an insignificant age effect (p = 0.15; AICc
= 2.2, not presented in Table 2), which supports grouping the young
and older pups for inference (Section 3.3).

The top model explains a moderate amount of the variation in
∑PCBs concentration (adjusted R2 = 0.50, Table 2). At the mean
mass of 54 kg, female SSLs from the Aleutian Islands had the largest
mean ∑PCBs concentration at 3885 ng/g lipid followed by those from
Southeast Alaska with a mean value 2787 ng/g lipid, and then Gulf of
Alaska with a mean value of 1721 ng/g lipid. Whereas, the expected
∑PCBs concentrations for males at a mass of 54 kg were, 3219 ng/g
lipid greater than that in females for each region (Aleutian Islands:
7104 ng/g lipid; Southeast Alaska 6006 ng/g lipid; Gulf of Alaska:
4940 ng/g lipid). Multiple comparison test shows the sex effect to be
significant (p = 0.04) as well as the difference between the Aleutian
Islands and Gulf of Alaska (p = 0.050). In addition, concentration of
∑PCBs decreased with increasing mass in sea lion pups from all three
regions; however, the rate of decrease differed by region as indicated



Fig. 2. Boxplots of total body lipid (kg) and mass (kg) for young pups by regions (Southeast Alaska, Gulf of Alaska, and the Aleutian Islands) and sex.
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by the different slopes of each line (Fig. 3A). For an increase in 1 kg over
the mean weight of 54 kg the concentration of ∑PCBs are expected to
be 360 ng/g lipid less for pups from the Aleutian Islands, 100 ng/g
lipid less for pups in the Gulf of Alaska, and 63 ng/g lipid less for pups
in Southeast Alaska.

The seven topmodels (ΔAICc b2) explained little of the variability of
∑PCB load in pups (adjusted R2 ≤ 0.12; Table 2). The three top models
each included one size metric (standard length, mass, or axial girth);
however, none of these effects were significant (p ≥ 0.06, Table 2). Fur-
ther, none of the topmodels for∑PCB loads contained the variable sex
and for three models that included region, its effect was not significant
(p ≥ 0.11; Table 2; Fig. 3B). Generally, there was less variability between
sexes and among regions with ∑PCB loads as the response variable
compared with the concentration of ∑PCBs (ng/g lipid).
3.2.3. DDTs in pups
The concentration of ∑DDTs in pups ranged from 813 to

20,403 ng/g lipid (5266±1036 ng/g lipid) and the∑DDT loads ranged
between5613 and 195,867 μg (41,979±54,524 μg). Summary statistics
for regional differences in the concentration of ∑DDTs and ∑DDT
loads in pups are provided in Table S2.

Three of themodels examining the variability in the concentration of
∑DDTs had ΔAICc ≤2 and all included mass (Table 2). The only covari-
ate in the top model (AICc = 86.43), mass, was significant (p b 0.001)
but this relationship explains only a moderate amount of the variability
(adjusted R2=0.43, Table 2). The only other variables in the topmodels
were sex and its interactionwithmass, whichwere not significant in the
second and third models (p ≥ 0.11; Table 2). As with concentration of
∑PCBs, the concentration of ∑DDTs decreased with increasing mass
of pups (Fig. 4A). The top model indicates an increase in 1 kg over the
mean weight of 54 kg is expected to result in a decrease of 170 ng/g



Fig. 3.A.Natural-log transformed∑PCB concentration (ng/g lipid) and B. log transformed
∑PCB load (μg) for blubber samples collected from pups (b6 months) by region. We
chose to present the second model (ΔAICc = 0.15, Table 2) in order to compare∑PCBs
concentrations and loads in the same figure. Male pups are denoted with filled symbols
and female pups by open symbols. Note the figure does not show parallel lines for each
sex.

Fig. 4. A. Natural- log transformed ∑DDT concentration (ng/g lipid) and B. log
transformed ∑DDT load (μg) for blubber samples collected from pups (b6 months) by
region. Male pups are denoted with filled symbols and female pups by open symbols.
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lipid in the concentration of ∑DDTs. Unlike the concentration of
∑PCBs, however, region was not in any of the top models (Table 2,
Fig. 4A).

The two models explaining the variability in DDT loads in SSL pups
with ΔAICc ≤2 included one size metric each (Table 2). However,
these models only explained up to 20% of the variability in DDT loads
compared to 43–47% of the variability in ∑DDT concentrations being
explained by those top models (Table 2). Unlike the top models for
the concentration of ∑DDTs, sex was not retained in any model for
the∑DDT load (Table 2).

3.3. Age differences in young Steller sea lions

3.3.1. Differences in mass and total body lipid of young Steller sea lions
Relationships among age, mass, and total body lipids were explored

using SSLs sampled in the Eastern Gulf of Alaska (n=38) and Southeast
regions (n = 30; Table S3). Across all individuals in this subset of data,
mass ranged between 33.9 kg and 161.5 kg, lipid ranged between
3.2 kg and 40.3 kg, and percent lipid ranged between 6.3 and 40.3%.

Models examining the effects of age class and sex onmass of SSLs in-
dicate an age effect (p ≤ 0.001) andno significant sex effect (p=0.13) or
age class and sex interaction (p=0.86). The topmodel had age class as
the only covariate and explained 78% of the variability inmass.With age
class as an ordered categorical variable, the linear term in the topmodel
was significant but no higher terms (e.g., quadratic) were significant
consistent with the linear increase shown in Fig. 5A.

Models examining the effects of age class and sex on the total body
lipid of young SSLs indicate a significant age class effect (p b 0.001)
without a sex effect (p = 0.18) or an effect of sex within age class (p
= 0.10). The top model had age class as the only covariate and ex-
plained 28% of the variability in the total body lipid stores. With age
class as an ordered categorical variable, the top model has a significant
negative quadratic term consistent with a leveling off and slight de-
crease in total body lipid at older age classes (Fig. 5B).



Fig. 5. Boxplots of total body lipid (kg) and mass (kg) by age class (young pups (b2 months), older pups (3–6 months), young of the year (6–11 months), yearling (12–22 months), and
juvenile (N23 months)) and sex for Steller sea lions sampled in Southeast Alaska and the eastern portion of the Gulf of Alaska (see Fig. 1).
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3.3.2. PCBs in young Steller sea lions
The concentration of∑PCBs for this subset ranged between 889 and

26,107 ng/g lipid (4885± 4202 ng/g lipid) and the∑PCB loads ranged
between 8745 and 509,089 μg (86,823 ± 87,031 μg) across the five age
classes (Table S3).

Threemodels examining the variability in∑PCBs concentration had
ΔAICc ≤2, all of which included the age class (p b 0.001) and mass (p ≤
0.01; Table 3). The top model also included a marginally significant
sex effect (p=0.050) while the secondmodel had no additional covar-
iates. Each of the top models explains a relatively small proportion of
the variance in the concentration of ∑PCBs with adjusted R2 ranging
from 0.35 to 0.38 (Table 3). The top model, with age class treated as
an ordered categorical variable has significant quadratic (p b 0.0001)
and linear (p = 0.0002) terms, which is consistent with log
concentration of ∑PCBs decreasing from young pups to older pups
then increasing in the older age classes (Fig. 6A).

The 5 top models (ΔAICc ≤2) explaining the variability in PCB loads
in SSLs included age (mo) or age class (Table 3). Sex, mass, and condi-
tion effects were insignificant and accounted for little of the variation
in PCB loads. In fact, the model with age class as the only independent
variable (ranked fifth with ΔAICc = 1.03; Table 3) explained the vast
majority of the variance with adjusted R2 = 0.44 vs. 0.46 for the top
model. That said, the second model contains a significant age (mo)
and sex interaction, indicating some support for variation in age effect
by sex. No such interaction is supported for age class and sex. For the
top model with age class, the linear term in this model was significant
but, unlike for concentration of ∑PCBs no higher order terms
(e.g., quadratic; p = 0.10) were significant (Fig. 6B).

Additional models that included geographic location as an indepen-
dent variable indicated that both the concentration of ∑PCBs and



Fig. 6. A. Natural- log transformed ∑PCB concentration (ng/g lipid) and B. log
transformed ∑PCB load (μg) for Steller sea lions by age class including young pups
(b2 months), older pups (3–6 months), young of the year (6–11 months), yearling
(12–22 months), and juvenile (N23 months). Modeling was restricted to sea lions
sampled in Southeast Alaska and the eastern portion of Gulf of Alaska. Note the figure
does not include separate parallel lines for each sex.
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∑PCB loads for Eastern Gulf of Alaska and Southeast Alaska were not
significantly different thus justifying pooling these data to obtain a
dataset relatively balanced with respect to age class distribution.

3.3.3. DDTs in young Steller sea lions
Concentrations of ∑DDTs ranged between 813 and 35,821 ng/g

lipid (6627 ± 6627 ng/g lipid) and the DDT loads ranged between
5612 and 698,518 μg (114,522± 135,570 μg) across the five age classes
(Table S3).

Four models examining the variability in the concentration of
∑DDTs had ΔAICc ≤2 and, as with the concentration of ∑PCBs, all
these models included the age class and one size metric (mass or in
onemodel standard length) as covariates (Table 3). For models without
a significant interaction term involving age class, age class was highly
significant (p b 0.001; Table 3) as was mass in the top three models (p
≤ 0.004) and standard length in the fourth model (p = 0.008). Neither
sex (p= 0.10) nor its interaction with age class (p=0.07) were signif-
icant in these models. The top model with covariates age class (p b

0.001), mass (p=0.002), and sex (p= 0.10) explains only a moderate
amount of the variability in the data (adjusted R2 = 0.38). A likelihood
ratio test indicates no significant difference in the top twomodels (p=
0.10) and points to sex as a relatively poor predictor as does a
comparison of their adjusted R2 values (0.38 vs. 0.36). As with concen-
tration of ∑PCBs, when age class is treated as an ordered categorical
variable, the model has significant quadratic (p = 0.0002) and linear
terms (p b 0.0001) consistent with the log concentration of∑DDTs de-
creasing from young pups to older pups then increasing in the older age
classes (Fig. 7A).

Analysis of DDT load resulted in seven models with ΔAICc ≤2, all of
which include age as either a continuous (topmodel) or categorical (re-
maining models) variable and exhibited a narrow range in adjusted R2

values (0.36 to 0.40; Table 3). The main effect of age was significant (p
≤ 0.006; for models without a significant interaction term involving
age). In addition to age, most models included one or more of the fol-
lowing variables sex, a size metric, and a body condition index. For ad-
ditive models (i.e., no interaction term), the effects of these variables
were not significant (p ≤ 0.18). Age (mo) appears in only the top
model; otherwise, the categorical age class is preferred. In addition,
the second model (ΔAICc = 0.46) with age class as the only covariate
has a slightly larger adjusted R2 value (0.37 vs. 0.36) than the top
model. We prefer interpreting the second model because: it performs
as well as the top model, there is a general preference for age class
over age (mo) in the top models, and because model 2 is simpler.
With age class as an ordered categorical variable, the linear term in
model 2 was significant but, unlike for the concentration of ∑DDTs,
the quadratic was not significant (p = 0.27; Fig. 7A, B).

As for PCBs, additional models that included geographic location as
an independent variable indicated that the concentration of ∑DDTs
and∑DDT loads for Eastern Gulf of Alaska and Southeast were not sig-
nificantly different thus justifying pooling these data to obtain a dataset
that was relatively balanced with respect to age class distribution.

4. Discussion

4.1. General distribution and patterns

Monitoring PCB and DDT concentrations in the blubber of marine
mammals is an effective means of assessing their exposure to toxic
OCs, as well as exploring the influence of age, sex, body condition, and
geographic location on the levels of these contaminants. The samples
in our study were collected between 1998 and 2003 with concentra-
tions spanning the reported ranges for SSLs sampled in Alaska in 1976
(Lee et al., 1996), highlighting the retention of these compounds in
the marine environment and food web for decades.

Studies have attempted to establish thresholds for contaminant ex-
posure above which sublethal effects were observed or expected
based on data and modeling from phocid seals, European otters, and
mink (Ross et al., 1995; Kannan et al., 2000; Iwata et al., 2004; Mos
et al., 2010). In our study, 6 of the 120 samples from live animals (5%)
had ΣPCB TEQs concentrations over 209 pg/g lipid and three of these
samples also had ΣPCB concentrations above 17,000 ng/g lipid, both
concentrations abovewhich immune suppression (natural killer cell ac-
tivity, T-cell proliferation) was observed in harbor seals (Ross et al.,
1995). However, if we use the tissue residue dose (TRD) of 1300 ng/g
lipid proposed byMos et al. (2010), we find that 104 of the 120 samples
(87% of the samples) fall above the TRD, a concentration below which
no unacceptable adverse health effects are expected. The dramatic dif-
ference between these thresholds highlights the difficulty in categoriz-
ing samples based on values from a single sample, particularly for
young growing pinnipeds that undergo dilution of OCs. Application of
thresholds based on phocid or other fish-eating mammals to otariid
species is further complicated by differences in life history, breeding
strategies, fasting durations and energy status. Recent studies have
found that OC concentrations alter immune function in otariid species,
demonstrating the potential for sub-lethal impacts of contaminant ex-
posure while highlighting the difficulty in predicting the effect of mix-
tures of OCs (Mori et al., 2006; Levin et al., 2007). Peñín et al. (2018)
found that in vitro exposure of T cells and natural killer cells to PCB



Fig. 7.A.Natural- log transformed∑DDT concentration (ng/g lipid) andB. log transformed∑DDT load (μg) for Steller sea lions by age class including young pups (b2months), older pups
(3–6 months), young of the year (6–11months), yearling (12–22months), and juvenile (N23months). Modeling was restricted to sea lions sampled in Southeast Alaska and the eastern
portion of Gulf of Alaska.
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congeners (individually andmixed) altered immune function, including
non-dioxin-like congeners and that the effect of mixture PCB congeners
are not simply additive. These laborary based studies demonstrate the
potential sub-lethal effects of PCBs on the immune system of otariids;
however, more studies are needed to better understand how OC con-
centrations in blubber samplesmay be associatedwith sublethal effects
in Steller sea lions and other ottariid species.
4.2. Regional effects

4.2.1. Mass and lipid content in young pups
It is important to assess the influence of sex and bodymass or condi-

tion when considering other parameters such as OC concentrations as
there is strong evidence that these factors are predictive of survival dur-
ing the early postnatal period (Baker and Fowler, 1992; Jemison et al.,
2011; Keogh et al., 2013; Maniscalco, 2014; Pendleton et al., 2016). Fur-
ther, we found young pups (b3 months) from Southeast Alaska were
significantly smaller than pups from both the Gulf of Alaska and the
Aleutian Islands. Similarly to mass, the lipid stores of young pups from
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the Aleutian Islands and the Gulf of Alaska did not differ, whereas young
pups from Southeast Alaska had significantly lower lipid stores com-
pared to the other regions, similar to patterns reported in Rea et al.
(2016). Interestingly, the eastern DPS of SSLs which includes Southeast
Alaska has increased in population leading to its removal from the list of
endnagered and threatened wildlife under the Endangered Species Act
in 2013. While regional differences in size of SSLs are well documented,
the factors contributing to these differences remain unclear andmay be
related to genetics, diet, fasting durations, and maternal investment, all
factors thatmay also influence the deposition andmobilization of OCs in
blubber.

4.2.2. PCBs and DDTs in pups
Foraging differences across the range of adult females likely contrib-

ute to the regional differences in the concentrations of ∑PCBs in SSL
pups, as diet is the primary exposure route of these lipophilic contami-
nants. SSLs under 6 months of age are nutritionally dependent and
while they disperse from the natal rookery with their mothers, they re-
main within the same region (Bonner, 1984; Raum-Suryan et al., 2004;
Schulz and Bowen, 2005). The blubber OC concentrations for pups in
our study represent the OCs accumulated through transplacental trans-
fer and through their diet of milk (Kubo et al., 2014; Beckmen et al.,
2016). Beckmen et al. (2016) found that SSL milk samples ranged be-
tween 9.9 and 36% lipid, had a mean ΣPCBs concentration of 424 ±
388 ng/g lipid (range 96–1400 ng/g lipid), and a mean ΣDDTs concen-
tration of 444 ± 511 ng/g lipid (range 51–1987 ng/g lipid). There was
a significant positive relationship between the concentrations of
ΣPCBs and ΣDDTs in milk and blubber samples, though as expected
milk had lower concentrations compared to blubber samples.

As income breeders, the milk produced by SSLs reflect the contami-
nants largely gained from recent foraging trips with contributions from
the females blubber stores (Lee et al., 1996; Kubo et al., 2014). However,
the contribution of OCs from blubber storeswould be greater during the
perinatal period immediately following birth when females remain on
shore fasting between 1.7 and 17.1 days (Merrick and Loughlin, 1997;
Maniscalco et al., 2006). Lactation is energetically expensive (Pond,
1977) and adult females must balance their own energetic needs with
that of the developing pup, two tasks that may conflict during times of
fasting or reduced prey (Champagne et al., 2012). Females with larger
blubber stores, whether due to age or regional differences in size (Rea
et al., 2016), would be expected to support longer perinatal periods,
leading to a greater transfer of lipids and OCs from her blubber layer.
Whether the length of the perinatal period or foraging trips vary be-
tween regions and how differences may influence the transfer of OCs
to young pups is not known.

The trophic level at which adult females are feeding could influence
the OC content of the milk because OCs biomagnify within the marine
food web (Muir et al., 1988; Muir et al., 2003). Overall, female SSLs in
the central and eastern Gulf of Alaska had higher δ15N values compared
to females in the central andwestern Aleutian Islands and Southeastern
Alaska (Scherer et al., 2015). Diet modeling and scat analysis found that
females in the Gulf of Alaska relied more on salmon and pollock
whereas females in the central and western Aleutian Islands rely on
lower trophic prey including squid and Atka mackerel, and Southeast
Alaska female sea lions relied heavily on forage fish and pollock
(Sinclair and Zepplin, 2002; Sinclair et al., 2013; Scherer et al., 2015;
Tollit et al., 2017). The greater the proportion of squid, forage fish, and
other lower trophic prey in the diet of SSLs would be expected to be as-
sociated with lower exposure of OCs; whereas sea lions consuming a
greater proportion of predator fish, such as cod and pollock, would be
expected to have higher concentrations of dietary derived contami-
nants. However, in our study, the concentration of ∑PCBs for all but
the larger pups were highest in pups from the Aleutian Islands. These
findings contrast with what we expect if ∑PCBs was solely due to
adult female trophic level and suggests that other factors such as atmo-
spheric transport and local input of contaminants may be contributing
to the concentration of∑PCBs found in SSL pups in our study. Hardell
et al. (2010) found substantial levels of PCBs in all fish species sampled
in the Aleutian Islands, includingmany known prey of SSLs andWalleye
pollock sampled in the Sea of Japan had higher p,p′-DDT compared to
pollock from the Bering Sea and Gulf of Alaska (deBrito et al., 2002). Be-
sides region, the topmodels explaining the variation in∑PCBs concen-
trations included mass and sex while none of the condition indexes
were retained. When reported as a non-lipid adjusted value, the con-
centration of OCs in blood were higher in female SSL pups complared
tomales and for both sexes, OC concentrationswere higher in the rook-
eries in the Russian Far East compared to the Western Aleutian Islands
(Myers et al., 2010).

Differences in mass, body lipid stores, and the change in these pa-
rameters with age appear to contribute to the regional differences in
concentrations of∑PCBs. The decrease in∑PCBs and∑DDTs concen-
trationswith increasingmass in pups (Figs. 3A and 4A) appears to result
from increasing lipid stores during the postnatal development of the
blubber layer effectively diluting the accumulating OCs in pups under
6 months of age, as found in other pinniped species (Hall et al., 2008).
SSL pups under 6 months of age are nutritionally dependent on milk
when the apparent dilution of PCBs occurred in blubber, this is in con-
trast to the growth dilution previously found in cetaceans which oc-
curred after the transition to a fish-based diet (Hickie et al., 2007;
Krahn et al., 2009). We found that for every 1 kg above the average
mass for a SSL pup the concentration of ∑PCBs was 360 ng/g lipid
lower in pups from the Aleutian Islands, 100 ng/g lipid lower in pups
in the Gulf of Alaska, and 63 ng/g lipid lower for pups in Southeast
Alaska. This pattern in the PCB data suggests that the rate at which
pups gain mass and lipid stores also varied regionally as reported by
Rea et al. (2016) however the DDT data did not vary regionally. We
found larger pups (3–6 months) had lower concentrations of ∑DDTs
than smaller pups similarly across the three regions. These findings
are somewhat contradictory as both PCBs andDDTs are lipophilic; how-
ever, it may be that multiple factors (e.g. local input, preferential depo-
sition) that we cannot fully address in our study are contributing to the
concentrations of ∑PCBs in SSL pups.

The∑PCB and∑DDT loads in pups also decreased with increasing
mass; however, there were no significant regional or sex influences as
there were for the concentration models. Similar to the concentration
models, none of the condition indices were found in the load models.
The lack of regional and sex influences on contaminant load suggests
that the observed regional and sex effects on contaminant concentra-
tions in pups may be an artifact of how the level of contamination was
quantified rather than real regional differences in contaminant expo-
sure. It appears that accounting for body lipid stores diminished the ap-
parent regional and sex effects. Indeed, regional and sex influences on
the concentrations of∑PCBs and∑DDTs in SSL pups may be a driven
by the differences in the total body lipid stores of pups (Rea et al., 2016).
In addition, models indicated that total body lipid was marginally influ-
enced by sex and more significantly by region consistent with the re-
gional and sex differences observed in the concentration models being
driven by the regional and sex differences in lipid stores in young SSLs.

To explore this possibility, we replaced mass with total body lipid
(kg) as a covariate in the top concentration models. We found that in-
cluding total body lipid in the∑PCBs models for pups led to the elimi-
nation of a significant sex effect (p = 0.81) but only marginally
diminished the regional effect. However, the model including total
body lipid had a much larger AICc and an adjusted R2 reduced by 50%
compared to model with mass as a covariate. Our findings suggest
that adjusting OCs concentration by the lipid content of the blubber
sample alone may not fully account for the variability in OC concentra-
tions associated with differences in condition or energy states between
sea lion pups.
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4.3. Age effects

4.3.1. Mass and lipid content in young Steller sea lions
Mass and lipid stores increased across the five age categories in the

current study. For mass, the age effect was linear while, for total body
lipids, the topmodel also included a negative quadratic term supporting
a plateauing of lipid content with little difference between the young of
the year, yearling, and juvenile age classes. For bothmass and lipid con-
tent, there was no influence of sex across all age classes. The lack of sex
differences is due to our samples being restricted to young, sexually im-
mature SSLs.

4.3.2. PCBs and DDTs in young Steller sea lions
The concentrations of∑PCBs and∑DDTs decreased from young to

older pups followed by an increase in the older age classes.Within each
age class the concentrations of∑PCBs and∑DDTs decreased with in-
creasing mass, but overall these OCs increased with age, similar to pre-
vious reports (Lee et al., 1996; Blasius and Goodmanlowe, 2008). There
was no relationship between mass and either ∑PCB or ∑DDT loads,
though a few of the condition indices were found in these models.
∑PCB and∑DDT loads increased linearly with age over all age classes
but the difference in the ∑PCB and ∑DDT loads between young and
older pupswas not significant.We propose the decline in OC concentra-
tions between youngpups (b2months) and older pups (3–6months) in
our study is due to a rapid increase in deposition of lipids in the blubber
layer leading to an initial dilution of the OCs. The model shows young
pups averaged 7.9 kg of body lipid store which nearly doubled to
13.2 kg by 6months of age, while the total body lipid content remained
consistent in the older age categories including young of the year
(22.6 kg), yearlings (21.3 kg), and juveniles (22.1 kg). Both the concen-
tration and load of ∑PCBs and ∑DDTs increased in those older age
classes suggesting that while the lipid stores in these age classes were
consistent, the concentration of these contaminants increased, implying
the contaminants in the blubber samples were from the accumulation
of OCs received through diet and not as influenced by changes in mass
or lipids as observed in young and older pup age classes. In harbor
seals, the concentration of∑PCBs was negatively correlated with blub-
ber thickness in females (Wang et al., 2007) and the concentration of
PCBs decreased in female California sea lions during rehabilitation as
mass and blubber stores increased supporting a dilution effect of in-
creasing lipid stores (Hall et al., 2008), whereas decreases in mass due
to extreme fasting or starvation was associated with increasing concen-
tration of ∑PCBs (Hall et al., 2008; Cipro et al., 2012). Our findings
highlight the importance of nutritional status or energy state and body
condition when interpreting and comparing OC concentrations be-
tween individuals and populations. As with the pup dataset, we re-
placed mass with total body lipid as a covariate in the top
concentration models. We found that including total body lipid in the
∑PCBs models for Steller sea lions did not substantively change the
model results. For ∑PCBs, sex remained marginally significant, age
class was strongly significant, the adjusted R2 decreased slightly (0.38
to 0.35), and AICc increased by about 1.3. Therefore, total body lipid
did not supplant age and was a slightly worse predictor than mass
alone. Similarly, for the concentration of∑DDT, sex remained insignif-
icant with age remaining significant and the effect of total body lipid
was marginal (p = 0.06). The adjusted R2 decreased (0.39 to 0.31)
and the AICc increased by 7. Therefore, a model with mass was better
than the models with total body lipid, supporting that mass explains
variability in the concentrations of OCs not accounted for by total
body lipid.

5. Conclusion

This study adds to the limited data available on the concentrations of
OCs in an apex predator of conservation concerns, the Steller sea lion.
PCBs and DDTs were found at significant levels in SSL tissues collected
between 1998 and 2003 through their range in Alaska highlight the re-
tention of these contaminants in themarine environment and foodweb.
In both the analysis of pups across regions, and the analysis of age clas-
ses of SSL within the SE/EGOA region the blubber concentrations of
∑PCBs and ∑DDTs were more variable compared to ∑PCB and
∑DDT loads. Further, accounting for the lipid content (a potential
proxy for energy balance) by using contaminant loads as the response
variable, reduced or removed the regional and sex effects present in
models for contaminants concentrations in SSL pups. We also found
that the concentrations of contaminants decreased with increasing
mass within each age class but an overall increase in contaminants
was found with increasing age. In pups b6 months of age, we found
that contaminant loads also decreased with increasing mass. However,
we found no influence of mass on contaminant loads within age classes.
Taken together, our findings suggest that adjusting OCs concentration
by the lipid content of the blubber sample alone may not fully account
for the variability in OC concentrations associated with differences in
condition or energy states between sea lion pups. Further, given the
OC concentrations found in blubber samples (1998–2003) in our
study, monitoring of OC concentrations in SSLs and other marinemam-
mal species in these areas should be continued and future studies are
needed to understand the mechanisms that increase/decrease lipid
stores in SSL pups among regions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.134183.
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