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Rapid expansion of coastal anthropogenic development means that critical foraging and developmental
habitats often occur near highly polluted and urbanized environments. Although coastal contamination
is widespread, the impact this has on long-lived vertebrates like the green turtle (Chelonia mydas) is
unclear because traditional experimental methods cannot be applied. We coupled minimally invasive
sampling techniques with health assessments to quantify contaminant patterns in a population of green
turtles resident to San Diego Bay, CA, a highly urbanized and contaminated estuary. Several chemicals
were correlated with turtle size, suggesting possible differences in physiological processes or habitat uti-
lization between life stages. With the exception of mercury, higher concentrations of carapace metals as
well as 4,40-dichlorodiphenyldichloroethylene (DDE) and c chlordane in blood plasma relative to other
sea turtle studies raises important questions about the chemical risks to turtles resident to San Diego
Bay. Mercury concentrations exceeded immune function no-effects thresholds and increased carapace
metal loads were correlated with higher levels of multiple health markers. These results indicate immu-
nological and physiological effects studies are needed in this population. Our results give insight into the
potential conservation risk contaminants pose to sea turtles inhabiting this contaminated coastal habitat,
and highlight the need to better manage and mitigate contaminant exposure in San Diego Bay.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Nearshore ecosystems support high levels of biodiversity across
a wide range of taxa (Gray, 1997). However, many coastal areas are
also subject to intense human activities that can severely degrade
habitat quality. Resulting effects on coastal species are difficult to
quantify because reduced habitat quality rarely leads to immediate
mortality and may take years to manifest in long-lived species.
Though coastal urbanization is widely cited as a threat to marine
megafauna, currently few studies exist on the effects of pollutants
and other stressors related to habitat alteration.

Marine turtles rely on nearshore areas as critical foraging and
developmental habitats (Morreale and Standora, 2005), and may
be particularly sensitive to the alteration of these ecosystems
due to their delayed maturation and longevity (NMFS, 1998).
Populations have declined in many regions (Chaloupka et al.,
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2004), making marine turtle conservation a high priority (NMFS,
1998). Traditional conservation actions have focused on direct
threats to populations (e.g. harvest and incidental catch) with little
consideration given to sublethal risks from coastal contamination
(but see Keller and McClellan-Green, 2004; Keller et al., 2004a;
Day et al., 2007; van de Merwe et al., 2010a). Recent attention to
the importance of marine spatial planning highlights the need for
accurate data on cumulative impacts across threats (Crowder and
Norse, 2008). Consequently, evaluating effects of anthropogenic
factors is now a top global research priority for marine turtle con-
servation, with the specific impacts of pollution on marine turtles
identified as an area needing study (Hamann et al., 2010).

Chemical contaminants such as metals and persistent organic
pollutants (POPs), e.g. pesticides, flame retardants and polychlori-
nated biphenyls (PCBs), make their way into coastal environments
from a range of industrial, agricultural and urban sources (Sinder-
mann, 2006). These chemicals can exert lethal and sublethal effects
in wildlife, including alteration of neurological and immune func-
tion, growth, and reproduction (Beyer et al., 1996). For species like
marine turtles, the required experimental toxicology research to
determine these relationships is not feasible because the manipu-
lation of long-lived endangered species is rarely permitted. A
alth of green sea turtles resident to an urbanized estuary in San Diego, CA.
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Fig. 1. Map of study area in south San Diego Bay, CA, USA (N32�40.00 W117�13.70).
Dark gray shading denotes land surrounding the bay. Water area is shown in white,
with submerged eelgrass habitat depicted by light gray shading. Green turtles
utilize all regions of the Bay, particularly the southern portion (inset) and eelgrass
habitats. Dashed black box denotes South Bay channel where turtles were captured.
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substantial number of studies have quantified chemical pollutants
in sea turtle tissues, however, the majority are post-mortem anal-
yses of stranded turtles or fisheries bycatch (for reviews see Pugh
and Becker, 2001; Storelli and Marcotrigiano, 2003). Although
these data are valuable, such specimens may not be representative
of the overall population, and cannot provide information on phys-
iological effects.

Recent studies have demonstrated the advantages of non-lethal
methods for monitoring contaminants and health in protected spe-
cies (Keller et al., 2004b; Day et al., 2007; van de Merwe et al.,
2010b). Blood concentrations of many pollutants can be a proxy
for recent exposure, while keratinous scutes reflect a longer-term
signature because they incorporate elements over time. With the
advent of precise instruments capable of detecting pollutants at
very low levels, pollutants in blood and shell can now be accurately
determined to monitor levels in wild populations. When paired
with quantitative health assessments, these methods have the po-
tential to identify relationships between contaminants and physio-
logical condition (Keller et al., 2004a; Day et al., 2007), providing
information on the conservation risk that contamination poses to
sea turtles.

San Diego Bay (CA, USA) is the natural northern range limit for
the east Pacific green turtle (Chelonia mydas) along the Pacific coast
of North America, and harbors a resident population of post-pelagic
juveniles and adults (Dutton and McDonald, 1990). Though the bay
has been identified as critical habitat and foraging area for the green
turtle, it is also highly urbanized and listed as an impaired water
body (Fairey et al., 1998). Development activities such as dredging
reintroduce chemicals from historical sources (e.g. PCBs) back into
coastal food webs, while present-day pollution in San Diego Bay
stems from a large variety of commercial and residential activities
(Fairey et al., 1998). Of particular concern are polybrominated
diphenylethers (PBDEs), used predominantly as flame-retardants.
Many PBDEs have recently been banned due to a growing body of
evidence that they have toxic and bioaccumulative effects (Hites,
2004), but previously manufactured products containing PBDEs
are still in widespread use and contribute to the growing environ-
mental reservoirs of these chemicals (Ross et al., 2009). The bay pro-
vides protection from other threats green turtles face throughout
their range, but chronic pollutant exposure in this estuary may pose
a threat to sea turtles inhabiting this and other contaminated coast-
al regions. Utilizing a combination of non-lethal techniques, we
quantify levels of contaminants in the San Diego Bay green turtle
population and consider possible sublethal effects to this long-lived
endangered species residing in a highly urbanized nearshore
environment.
2. Methods

2.1. Study site and sample collection

This study was conducted in San Diego Bay, CA (N32�40.00

W117�13.70), a semi-enclosed estuarine system encompassing over
57 km2 (Fig. 1). The bay is bordered by San Diego, a densely popu-
lated metropolis with 2.9 million people, and is the terminus of
three watersheds encompassing over 660 km2. Connected to the
Pacific Ocean by a narrow northwest channel, water residence time
is largely driven by tidal pumping. Depths range between 5–15 m,
and temperatures vary seasonally from approximately 13–25 �C
(Delgadillo-Hinojosa et al., 2008).

Live green turtles were captured between November 2007 and
March 2009 using large mesh gillnets deployed from a National
Marine Fisheries Service vessel across three areas in the South
Bay channel of San Diego Bay (Fig. 1). Thirty-one unique individu-
als were captured, with seven turtles being captured two of more
Please cite this article in press as: Komoroske, L.M., et al. Pollutants and the he
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times (total = 41). We classified turtle life stages according to
Seminoff et al. (2003), including juveniles (sex undetermined)
and adults (male and female). As part of a broader ecological study
examining the demography and foraging ecology of green turtles,
individuals were brought ashore for morphological measurements
and tagging. At this time, blood and carapace tissue were sampled
according to modified protocols of Owens and Ruiz (1980) and Day
et al. (2005), respectively (see Appendix).
2.2. Contaminant analyses and health assessments

We conducted trace metal analyses for whole blood, red blood
cells, and carapace at Scripps Institution of Oceanography (Univer-
sity of California, San Diego) and the Institute for Integrated Re-
search in Materials Environments and Society (California State
University, Long Beach). We used inductively coupled plasma mass
spectrometry (ICP-MS) and cold vapor atomic fluorescence spec-
trometry for trace metals and mercury, respectively, according to
modified methods of Deheyn and Latz (2006). Percent recovery
of standard reference materials ranged from 59.9% to 155% (Tables
A1 and A2). Blood plasma was analyzed for a panel of persistent or-
ganic pollutants (POPs) at Mississippi Chemical Laboratory (Missis-
sippi State, MS) according to modifications of EPA Methods 3545,
3620B, and 8081A. Spiked sample recoveries ranged from 57.3%
to 110.0% (Table A3). Clinical health panels were conducted by a
reptilian specialist at IDEXX (Irvine, CA) within 24 h.
2.3. Statistical analysis

We conducted all statistical analyses using SYSTAT 12 (Chicago,
IL). We determined contaminant level differences among juveniles,
adult male and adult females with one-way analyses of variance
(ANOVA) for each element or chemical. For metals, we used paired
t-tests for each element to determine differences between sample
matrices. We used Pearson and Spearman correlation coefficients
to identify relationships (1) within and across sample types (i.e.
red blood cells, whole blood, carapace), and (2) among curved car-
apace length (CCL, an indicator of age), health markers, and chem-
icals. Recaptures were only sampled if caught after a minimum of
1 month to limit non-independence. Because we used blood
alth of green sea turtles resident to an urbanized estuary in San Diego, CA.
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samples to indicate recent exposure and carapace as a longer-term
indicator, we averaged recapture carapace samples. For chemicals
that exhibited correlations within sample matrices, we applied
Principal Components Analysis models (PCA). This approach served
to reduce issues of collinearity (Graham, 2003) and allowed us to
examine overall trends of contaminant loadings and their relation-
ships with CCL and health markers. Best fit PCA models for each
sample matrix retained metals that correlated to a PC factor
>|0.7| for PC factors with eigenvalues >1. All statistical analyses
were performed with significance on the basis of an a of 0.05.
Unless otherwise stated, values represent means ± one standard
error, and stated p-values are the highest encountered among all
comparisons.

3. Results and discussion

3.1. Contaminant levels

We detected all metals and numerous POPs in the majority of
San Diego green turtles (Table 1). A number of POPs of concern,
most notably total PCBs, were not detected due to higher LLOD
of analytical methods available for this study. Preliminary analyses
using techniques with improved LLOD have detected these chem-
icals in San Diego turtles (R. Lewison, unpublished data), indicating
that further investigation of POPs using more sensitive methods is
necessary. The majority of metals preferentially associated with
red blood cells relative to whole blood (Mn, Fe, Co, Cu, As, Se, Cd,
Hg, Pb; p 6 0.02). These findings are concordant with those of
Day et al. (2005), suggesting that measurement of whole blood
may introduce substantial error into concentration calculations
Table 1
Descriptive statistics for (a) metal (whole blood, N = 30; red blood cells, N = 27) and (b) PO
values for whole blood, plasma and red blood cell (ng g�1 wet weight); carapace (ng g�1 dry
instruments (LLOD). Samples below LLOD were replaced with ½ LLOD for calculations. Stan

Element Whole blood Red blood ce

N > LLOD Mean (median) ± SE N > LLOD

(a) Tissue type
Aluminum (Al) 20 146 (46.7) ± 34.2 24
Arsenic (As) 30 157 (102) ± 25.9 27
Cadmium (Cd) 19 13.2 (2.35) ± 4.20 24
Copper (Cu) 30 749 (727) ± 45.7 27
Lead (Pb) 30 1260 (967) ± 222 27
Manganese (Mn) 30 463 (248) ± 89.1 27
Mercury (Hg) 30 1.01 (0.74) ± 0.16 15
Selenium (Se) 30 776 (346) ± 253 27
Strontium (Sr) 30 725 (652) ± 56.2 27
Silver (Ag) 12 1.63 (0.34) ± 0.53 13
Tin (Sn) 11 170 (4.53) ± 138.6 14

Lower limits of detection (LLOD) for ICP-MS were calculated as 3r of the laboratory

Contaminant N > LLOD Mean (m

(b) Blood plasma
c HCH 20 0.915 (0
Heptachlor epoxide 1 0.216 (0
a Chlordane 1 0.221 (0
c Chlordane 12 0.554 (0
4,40-DDE 14 0.736 (0
PBDE #47 2 0.200 (0
PBDE #99 2 0.200 (0
PBDE #153 1 0.200 (0
PBDE #154 1 0.200 (0
Moisture (%) 20
Lipid (%) 20

All compounds quantified include: hexachlorobenzene, a-hexachlorocyclohexane, c- h
chlordane, heptachlor epoxide, trans-nonachlor, cis-nonachlor, endrin, mirex, total toxa
DDT, PBDE-28, PBDE-47, PBDE-99, PBDE-100, PBDE-153, PBDE -154, and PBDE-183. Com
detection. LLOD was 0.4 ng g�1 (w.w.) for all chemicals except PBDEs (0.2 ng g�1), total
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due to variable hematocrit concentrations. However, to date all
other studies in sea turtles have measured metals in whole blood,
making it necessary to conduct cross-study comparisons. Thus, it is
in the best interest of future studies to measure both blood
matrices or standardize whole blood values to hematocrit. Cara-
pace concentrations were significantly higher than both blood
matrices for all metals (p 6 0.046) except iron and selenium. These
findings support previous work proposing that the carapace acts as
a sink where metals are stored in a detoxified state, indicative of
longer-term exposure (Sakai et al., 2000a). However, the toxicoki-
netics are likely metal specific and need future study to facilitate
use of carapace tissues as non-lethal biomarkers of metal
bioaccumulation.

San Diego turtles exhibited lower levels of mercury in blood and
carapace than those reported in loggerheads on the US. Atlantic
coast, Kemp’s ridleys in the Gulf of Mexico, and green turtles in
Japan, but were comparable to levels in green turtles in Australia
and Florida (Table A4). For other metals, whole blood concentra-
tions were similar to all published studies, but carapace loads were
higher in San Diego. Detected POPs such as 4,40-DDE, c chlordane,
and PBDEs were also higher than most other studies. These com-
parisons are challenged by differences in analytical techniques
and small sample sizes, and should be revisited in future investiga-
tions of San Diego turtle plasma POPs.

Pollutant concentrations identified in our study raise important
questions about the longer-term physiological risks to turtles res-
ident polluted coastal habitats. Omnivores such as green turtles are
frequently assumed to have lowered exposure risks relative to car-
nivorous species, a hypothesis supported by our blood metal data
and previous studies using organ contaminant loads (Caurant
P (N = 20) concentrations detected in one or more individuals sampled. Concentration
weight). N represents number of independent samples above level of detection for the
dard error (SE) not calculated for chemicals with <3 samples above LLOD (listed n/a).

lls Carapace

Mean (median) ± SE N > LLOD Mean (median) ± SE

140 (118) ± 26.1 31 641 000 (375 000) ± 109 000
289 (202) ± 61.4 31 1470 (1000) ± 230

29.9 (7.28) ± 10.6 31 443 (432) ± 53.7
934 (887) ± 40.2 31 7090 (4960) ± 992

3260 (1900) ± 626 31 7230 (3590) ± 2330
1010 (626) ± 169 31 48 700 (29 900) ± 7040
2.13 (1.43) ± 0.42 31 47.5 (13.8) ± 14.5
1520 (646) ± 673 31 1680 (881) ± 306

316 (251) ± 42.6 31 41 100 (32 300) ± 5720
2.61 (0.34) ± 1.06 31 574 (333) ± 90.56
63.5 (54.6) ± 13.1 31 3700 (1600) ± 1340

blanks and ranged between 0.381–10.4 ng g�1.

edian) ± SE Range

.841) ± 0.092 0.460–2.45

.200) ± n/a <LLOD – 0.516

.200) ± n/a <LLOD – 0.620

.646) ± 0.073 <LLOD – 1.16

.750) ± 0.097 <LLOD – 1.56

.200) ± n/a <LLOD – 0.760

.200) ± n/a <LLOD – 0.730

.200) ± n/a <LLOD – 0.220

.200) ± n/a <LLOD – 0.230
92.5 ± 0.425 86.3–94.6

0.462 ± 0.135 0.126–2.77

exachlorocyclohexane, b- hexachlorocyclohexane, oxychlordane, c-chlordane, a-
phene, dieldrin, total PCBs, 2,40-DDE, 4,40-DDE, 2,40-DDD, 4,40-DDD, 2,40-DDT, 4,40-
pounds not shown in table indicate all 20 samples tested were below the limit of

toxaphene (10 ng g�1), and total PCBs (2 ng g�1).
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http://dx.doi.org/10.1016/j.chemosphere.2011.04.023


4 L.M. Komoroske et al. / Chemosphere xxx (2011) xxx–xxx
et al., 1999; Sakai et al., 2000a). However, carapace concentrations
of many metals as well as plasma levels of several POPs were high-
er in San Diego turtles than both carnivorous and omnivorous sea
turtles populations from other regions. The majority of these pollu-
tants have already been identified as contaminants of concern in
San Diego Bay due to high concentrations in sediments and biota
(Fairey et al., 1998), with DDE and possibly PBDEs linked to seabird
reproductive failures (Zeeman, 2004). Elevated temperatures due
to warm water from power plant discharge in south San Diego
Bay may also lead to higher foraging rates throughout the year in
this population (Eguchi et al., 2010). Thus, increased consumption
rates in a highly contaminated food web may result in San Diego
turtles having an elevated risk for chemical exposure.
3.2. Correlative trends

Only a few POPs measured in plasma were detected in an ade-
quate number of samples to calculate Spearman correlations, and
all associations were weak (c HCH and c chlordane r = 0.03, c
chlordane and 4,40-DDE r = �0.11, c HCH and 4,40-DDE r = 0.25).
In contrast, multiple correlations existed for metals, and patterns
were element dependent (Table A5). Concentrations of single met-
als were generally correlated between whole blood and red blood
cells, however, aluminum, copper, and strontium showed virtually
no relationships. Associations between different metals were ob-
served, but only a few elements exhibited consistently high corre-
lations in both blood matrices (As and Se r P 0.70, Cd and Se
r P 0.69). These findings suggest that sample choice may impact
results, possibly due to hematocrit variation.

Many metals were highly correlated within the carapace, but
overall few metals were correlated between blood and carapace.
Carapace mercury loads were correlated with mercury blood con-
centrations (r P 0.76), supporting similar findings of Day et al.
(2005). Carapace mercury was also correlated to selenium in both
Table 2
Blood serum biochemical and hematology values for all turtles sampled (2007–2009). Sy
published studies of healthy green turtles. ( = Aguirre and Balazs (2000), = Bolten and

Parameter N Mean

SCL (cm) 31 86.22
CCL (cm) 31 90.50
Weight (kg) 31 103.7
White blood cell count ( � 103 lL�1) 31 11.97
Heterophil count (lL�1) 30 2668
Lymphocytes count (lL�1) 30 7251
Eosinophils count (lL�1) 26 1756
Basophils count (lL�1) 13 85.38
Monocytes count (lL�1) 31 566.3
Hematocrit (PCV) (%) 26 38.19
Alkaline phosphatase (ALP) (U L�1) 22 73.05
Alanine aminotransferase (ALT) (U L�1) 22 5.50
Aspartate aminotransferase (AST) (U L�1) 31 153.3
Creatine phosphokinase (CPK) (U L�1) 31 1312
Lactate dehydrogenase (LDH) (IU L�1) 22 239.0
Total protein (g dL�1) 31 5.81
Albumin (g dL�1) 31 2.16
Globulin (g dL�1) 31 3.65
Cholesterol (mg dL�1) 22 228.6
Glucose (mg dL�1) 31 95.94
Calcium (mg dL�1) 31 8.24
Phosphorus (mg dL�1) 31 8.98
Calcium/Phosphorus 31 0.94
Potassium (mEq L�1) 31 4.53
Sodium (mEq L�1) 31 155.0
Uric acid (mg dL�1) 31 1.08
Blood urea nitrogen (mg dL�1) 29 22.38
Chloride (meq L�1) 15 111.5
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blood matrices (r P 0.74). These associations may be the result of
selenium playing a role in mercury detoxification processes, as
has been observed in other species (Khan and Wang, 2009). Yet
selenium and mercury were not highly correlated within blood tis-
sues, indicating that complex physiological mechanisms drive
these relationships.

Due to the lack of correlation among plasma POPs, we con-
ducted PCA only for metals. Best-fit models for each sample type
produced PC factors corresponding to groups of metals with
P75% variance explained (%VE; each metal listed factor loading
P +0.7; whole blood factor 1: Cu, As, Se, Cd (41%VE), factor 2: Al,
Ca, Sr (36%VE); red blood cell factor 1 As, Se, Cd (49%VE); Sr, Ca
(43%VE); carapace factor 1 Al, As, Ca, Co, Cu, Fe, Sr, Cd (78%VE)).
These results indicate that metals within each factor positively
associate with one another, making it likely that turtles with high-
er concentrations of one metal are likely to also have increased
contaminant loads for other metals within each PC factor. The
strong factor loadings coupled with the high %VE also support that
PC factor scores are representative composite variables appropriate
to further investigate metal load trends with turtle size, sex, and
health markers.
3.3. Size and sex trends

Numerous metals in blood matrices exhibited strong negative
correlations with turtle CCL (Table 3; As, Cu, Cd, Se, Hg:
r 6 �0.64), while lead and aluminum had moderate positive asso-
ciations (r P 0.42). In contrast, several carapace metals showed
moderate positive correlations with CCL (Al, Mn, Cu, Pb: r
P 0.36) and mercury was strongly negatively correlated
(r = �0.90). Lead and mercury were the only metals exhibiting con-
sistent relationships with CCL across all sample types, and mercury
associations were much stronger (Hg: r P �0.80, Pb: r P 0.41).
Whole blood PC factor 1 and red blood cell PC factor 1 (composite
mbols indicate variables for which 95% CIs were different in this study compared to
Bjorndal (1992)).

Median SE Range

94.40 3.25 48.25–110.4
99.25 3.26 52.10–116.5
121.0 9.59 16.00–231.0
12.10 0.99 2.30–21.90
2404 208.7 598.0–5544
8242.0 623.8 120.0–13 140
1160.0 398.6 0.00–7035
0.00 54.98 0.00–700.0
318.0 140.6 0.00–3870
38.00 1.64 28.00–69.00
33.50 32.17 11.00–709.0
3.00 1.46 2.00–30.00
150.0 6.74 77.00–287.0
795.0 312.6 325.0–9780
181.0 40.21 75.00–938.0
5.90 0.18 4.00–7.60
2.20 0.07 1.50–3.10
3.70 0.12 2.20–4.70
207.0 23.63 102.0–647.0
97.00 3.07 68.00–143.0
8.25 0.26 3.80–12.00
8.90 0.24 6.80–11.40
0.90 0.05 0.35–1.67
4.20 0.17 3.50–7.90
155.0 0.89 140.0–167.0
1.00 0.10 0.30–2.80
19.00 1.59 10.00–43.00
108.0 2.77 99.00–144.0
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metal variables) exhibited negative relationships with CCL
(r 6 �0.80), reinforcing that smaller turtles have higher loads of a
suite of metals in blood. No other PC factors were correlated with
turtle size.

Negative relationships between size and metal loads have been
reported in green turtles from other regions (Gordon et al., 1998;
Sakai et al., 2000b), hypothesized to be the result of the ontoge-
netic shift to herbivory that juvenile green turtles undergo as they
migrate into neritic habitats and enter a period of rapid growth
(Bjorndal, 1997). This process may contribute to the trends re-
sults, however, the negative correlations we observed are unlikely
to be solely the result of lingering pelagic food web signatures be-
cause many juveniles were resident to San Diego Bay months or
years prior to being sampled for this study (NMFS, unpublished
data). Recent stable isotope analyses have also determined that
San Diego resident turtles are actually omnivorous, exhibiting
the highest invertebrate consumption rates reported for this spe-
cies (Lemons et al., in press). Finally, we observed positive corre-
lations with certain metals (e.g. lead) that contradict this
hypothesis. Our observed patterns could instead be due to physi-
ological processes, such as biotransformation and elimination,
which may change with turtle maturity or exposure acclimation
over time (e.g. up-regulation of metallothionein). Metal specific
changes in these processes could potentially lead to differential
patterns and should be considered in future studies. Alternately,
our results may stem from differential resource use of foraging
habitats between juveniles and adults within San Diego Bay.
There is often high spatial variability in contaminant profiles
within the bay due to differences in input sources and develop-
ment activities (Deheyn and Latz, 2006), and such spatial segrega-
tion behavior between life stages has been observed in green
turtles in Mexico (Lopez-Mendilaharsu et al., 2005). Investigation
of this hypothesis via tracking studies is critical, as it may have
important management implications because adequate protection
of foraging areas for all life stages within San Diego Bay is neces-
sary to conserve this population.

ANOVAs determined that metal loading differences between
juveniles, adult females, and adult males were mostly explained
by turtle size, i.e. juveniles differed from adults with few differ-
ences between adult males and adult females. In whole blood fe-
males had significantly higher concentrations of aluminum,
calcium, and strontium (p 6 0.04), and in red blood cells lead
and iron were significantly higher in males (p 6 0.002). Metal
maternal transfer has been documented in sea turtles (Ikonomo-
poulou et al., 2011), so it is possible that higher lead levels in
males is the result of the ability of females to lower burdens
via egg deposition. PC factors (composite metals variables) for
all samples types did not differ between sexes, suggesting that
overall metal loads are similar for adult males and females. No
significant trends in any POPs were detected with turtle size or
sex.
3.4. Contaminants and health

The majority of hematology and biochemical health markers
were similar to reference ranges for green turtles (Table 2). Ob-
served differences may be due altered physiological conditions in
San Diego turtles or simply natural variability among populations.
Calcium:phosphorus ratios were inverted from typical mineral bal-
ance ratios found in other reptiles (65% animals < 1; mean
0.95 ± 0.05), where healthy animals generally have ratios from
1.0 to 2.0 (Hernandez-Divers et al., 2005). These are the first health
data for this population, and will serve as a baseline for future
studies.
Please cite this article in press as: Komoroske, L.M., et al. Pollutants and the he
Chemosphere (2011), doi:10.1016/j.chemosphere.2011.04.023
Blood mercury, cadmium, and selenium were correlated with
several health markers (Table 3a), however, interpretation of these
relationships is confounded by covariance with turtle size. Further
research using larger sample sizes within each turtle size class will
validate the importance of these associations for San Diego turtles.
Significant correlations with other metals and POPs not con-
founded by covariance included markers of hematology (RBC Ag,
lymphocytes r= 0.52; 4,40-DDE, hematocrit r = 0.79), organ function
and tissue damage (Mn, AST r P 0.44), overall health markers (c
HCH, total protein r = �0.49) and ion regulation (Mn, phosphorus
r = 0.42). Composite blood metal variables (PC factors) showed only
a few significant relationships across health marker categories (e.g.
RBC Factor 2, lymphocytes r = �0.57), indicating that associations
are chemical specific and do not exhibit overall trends for recent
metal exposure. Some carapace metals also covaried with CCL,
but health marker patterns overall were very dissimilar to those
observed in blood matrices (Table 3b). Silver and selenium were
negatively correlated with multiple white blood cell types
(r 6 �0.35) and positively associated with several enzymes
(r P 0.38), while carapace PC factor 1, a biomarker of longer-term
overall metal load, positively correlated with several indicators of
overall health.

The contrasting trends between blood and carapace associa-
tions with health markers reinforces that these tissues reflect dif-
ferent timescales of exposure and possibly physiological
processes. In chronically contaminated coastal systems like San
Diego Bay, recent chemical exposure may not be acute enough
to elicit obvious response patterns in large vertebrates. Over
time, however, physiological acclimatization and associated ener-
getic demands of chronic chemical biotransformation and elimi-
nation could result in altered biochemical and hematological
profiles, potentially explaining our observed trends between in-
creased carapace metal loads and health markers. Alternatively,
correlative trends may not depict relationships accurately if
physiological responses involve biological thresholds and are
non-linear. Risk assessments comparing values to established
biological threshold concentrations are typically effective under
such conditions, but are problematic for marine turtles because
few chemical thresholds have been established for reptiles. Of
thresholds established for loggerheads by Keller et al. (2006)
and Day et al. (2007), blood mercury and 4,40-DDE concentra-
tions in San Diego turtles exceeded lymphocyte proliferation
no-effects levels, suggesting that immunological effects may be
a concern at current concentrations of these pollutants. San Die-
go concentrations were generally similar or lower than thresh-
olds in birds and mammals (Beyer et al., 1996), but differences
among taxa and tissue types make interpretation of these com-
parisons uncertain.

There is evidence that chemical exposure in marine turtles may
cause abnormalities in embryonic development (van de Merwe
et al., 2009), disrupt endocrine balance (Ikonomopoulou et al.,
2009) and alter other important metabolic functions
(Peden-Adams et al., 2002; Keller and McClellan-Green, 2004).
Our results do not identify definitive cause-effect relationships of
coastal contamination on San Diego turtle health, but rather pro-
vide ecologically relevant data to inform hypotheses warranting
further investigation. Correlations between pollutants and white
blood cell counts coupled with chemical concentrations exceeding
immune function no-effects levels underscore the need for immu-
nological studies in this population (e.g. lymphocyte proliferation
and cytokine gene expression). Additionally, associations between
carapace metal loads and enzyme concentration increases support
future investigation of physiological responses and energetic
trade-offs with chronic sublethal chemical exposure.
alth of green sea turtles resident to an urbanized estuary in San Diego, CA.
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Table 3
Pearson and Spearman correlation coefficients between chemicals and health markers. Only relationships with p 6 0.1 are depicted for ease of interpretation. Correlation calculations use concentrations of metals in (a) red blood cell
(RBC), whole blood (WB), and (b) carapace, and POPs in blood plasma. Bolding designates p 6 0.05. For abbreviation definitions see Table 2.
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N for each correlation denoted in parentheses for (RBC,WB). If only one number is listed, it corresponds to the only tissue type listed for that parameter.
S = Spearman rank correlations; � One adult female outlier with high mercury levels in all tissues was removed from correlation calculations and sample size for Hg RBC correlations = 15.
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4. Conclusion

San Diego Bay is typical of many coastal areas where protection
from harvest and bycatch make it critical habitat for species vul-
nerable to these threats elsewhere. Our study demonstrates that
San Diego turtles are exposed to pollutants known to exert nega-
tive physiological effects in other species. If this urbanized estuary
is to serve as critical habitat it must be managed to consider these
risk factors. Many compounds detected in San Diego turtles have
been banned in the United States for several decades, but remain
as legacy pollutants in Bay sediments (Deheyn and Latz, 2006;
Fairey et al., 1998). Dredging occurs frequently for shipping lanes
and other development projects, resulting in the release of legacy
chemicals back into coastal food webs. The prevalence of these
activities in San Diego Bay may be partially responsible for the high
levels of contaminants observed in resident green turtles. There-
fore, in addition to regulating contemporary pollutant inputs from
commercial and residential activities, protection of critical turtle
habitat needs to include consideration of these activities. Our re-
sults highlight the need for future monitoring of both contempo-
rary and legacy pollutants in San Diego Bay wildlife to attain
robust population estimates of contaminant burdens, and suggest
that they cannot be dismissed as potential risk factors for longer-
lived vertebrates inhabiting polluted coastal habitats. Continued
monitoring of contaminant loads coupled with immunological
and physiological effects studies will increase our understanding
of pollution impacts on marine turtles inhabiting contaminated
coastal habitats.
Acknowledgements

We thank the many people who helped with sample collection
and laboratory analyses, especially T. Eguchi, R. LeRoux, E. LaCasella,
M. Porrachia, J. Fournier, D. Kacev, and B. Cheng. We are grateful for
the expertise of J. Keller, D. Deutschman, J. van de Merwe, A. Miles
and H. Harris. Funding and facilities were provided by the Port of
San Diego, PADI Foundation, Southern California Academy of
Sciences, Edna Bailey Sussman Foundation, San Diego State
University, NMFS Southwest Fisheries Sciences Center and Scripps
Institution of Oceanography. All samples were collected according
to permitted protocols as dictated by NMFS permit # 1591. This is
Contribution No. 8 of the Coastal and Marine Institute Laboratory,
San Diego State University.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chemosphere.2011.04.023.

References

Aguirre, A.A., Balazs, G.H., 2000. Blood biochemistry values of green turtles, Chelonia
mydas, with and without fibropapillomatosis. Comp. Hematol. Int. 10, 132–137.

Beyer, W.N., Heinz, G.H., Redmon-Norwood, A.W., 1996. Environmental
contaminants in wildlife: interpreting tissue concentrations. Lewis Publishers,
New York.

Bjorndal, K.A., 1997. Foraging ecology and nutrition of sea turtles. In: Lutz, P.L.,
Musick, J.A. (Eds.), The biology of sea turtles. CRC Press, Boca Raton, pp. 199–
231.

Bolten, A.B., Bjorndal, K.A., 1992. Blood profiles for a wild population of green turtles
(Chelonia mydas) in the Southern Bahamas – size specific and sex-specific
relationships. J. Wildl. Dis. 28, 407–413.

Caurant, F., Bustamante, P., Bordes, M., Miramand, P., 1999. Bioaccumulation of
cadmium, copper and zinc in some tissues of three species of marine turtles
stranded along the French Atlantic coasts. Mar. Pollut. Bull. 8, 1085–1091.

Chaloupka, M.Y., Dutton, P.H., Nakano, H., 2004. Status of sea turtle stocks in the
Pacific. FAO fisheries report: expert consultation on interactions between sea
turtles and fisheries within an ecosystem context, In: FAO Fisheries Report No.
738. FAO, Rome.
Please cite this article in press as: Komoroske, L.M., et al. Pollutants and the he
Chemosphere (2011), doi:10.1016/j.chemosphere.2011.04.023
Crowder, L., Norse, E., 2008. Essential ecological insights for marine ecosystem-
based management and marine spatial planning. Mar. Policy. 32, 772–778.

Day, R.D., Christopher, S.J., Becker, P.R., Whitaker, D.W., 2005. Monitoring
mercury in the loggerhead sea turtle, Caretta caretta. Environ. Sci. Technol.
39, 437–446.

Day, R.D., Segars, A.L., Arendt, M.D., Lee, A.M., Peden-Adams, M.M., 2007.
Relationship of blood mercury levels to health parameters in the loggerhead
sea turtle (Caretta caretta). Environ. Health Perspect. 115, 1421–1428.

Deheyn, D.D., Latz, M.I., 2006. Bioavailability of metals along a contamination
gradient in San Diego Bay. Chemosphere 63, 818–834.

Delgadillo-Hinojosa, F., Zirino, A., Holm-Hansen, O., Hernandez-Ayon, J.M., Boyd,
T.J., Chadwick, B., Rivera-Duarte, I., 2008. Dissolved nutrient balance and net
ecosystem metabolism in a Mediterranean-climate coastal lagoon: San Diego
Bay. Estuar. Coast Shelf Sci. 76, 594–607.

Dutton, P.H., McDonald, D.L., 1990. Status of sea turtles in San Diego Bay: 1989–
1990 final report. In: SeaWorld Research Institute Technical Report. SeaWorld,
San Diego.

Eguchi, T., Seminoff, J.A., LeRoux, R.A., Dutton, P.H., Dutton, D.L., 2010. Abundance
and survival rates of green turtles in an urban environment: coexistence of
humans and an endangered species. Mar. Biol. 157, 1869–1877.

Fairey, R. et al., 1998. Assessment of sediment toxicity and chemical concentrations
in the San Diego Bay region, California, USA. Environ. Toxicol. Chem. 17, 1570–
1581.

Gordon, A.N., Pople, A.R., Ng, J., 1998. Trace metal concentrations in livers and
kidneys of sea turtles from south-eastern Queensland Australia. Mar. Freshw.
Res. 49, 409–414.

Graham, M.H., 2003. Confronting multicollinearity in ecological multiple regression.
Ecology 84, 2809–2815.

Gray, J.S., 1997. Marine biodiversity: patterns, threats and conservation needs.
Biodivers. Conserv. 6, 153–175.

Hamann, M. et al., 2010. Global research priorities for sea turtles: informing
management and conservation in the 21st century. Endanger Species Res. 11,
245–269.

Hites, R.A., 2004. Polybrominated diphenyl ethers in the environment and in
people: a meta-analysis of concentrations. Environ. Sci. Technol. 38, 945–956.

Hernandez-Divers, S.J. et al., 2005. Renal evaluation in the healthy green iguana
(Iguana iguana): assessment of plasma biochemistry, glomerular filtration rate,
and endoscopic biopsy. J. Zoo Wildl. Med. 36, 155–168.

Ikonomopoulou, M.P., Olszowy, H., Hodge, M., Bradley, A.J., 2009. The effect of
organochlorines and heavy metals on sex steroid-binding proteins in vitro in
the plasma of nesting green turtles, Chelonia mydas. J. Comp. Physiol. B,
Biochem. Syst. Environ. Physiol. 179, 653–662.

Ikonomopoulou, M.P., Olszowy, H., Limpus, C., Francis, R., Whittier, J., 2011. Trace
element concentrations in nesting flatback turtles (Natator depressus) from
Curtis Island, Queensland, Australia. Mar. Environ. Res. 71, 10–16.

Keller, J.M., Kucklick, J.R., Stamper, M.A., Harms, C.A., McClellan-Green, P.D., 2004a.
Associations between organochlorine contaminant concentrations and clinical
health parameters in loggerhead sea turtles from North Carolina, USA. Environ.
Health Perspect. 112, 1074–1079.

Keller, J.M., Kucklick, J.R., Harms, C.A., McClellan-Green, P.D., 2004b. Organochlorine
contaminants in sea turtles: correlations between whole blood and fat. Environ.
Toxicol. Chem. 23, 726–738.

Keller, J.M., McClellan-Green, P.D., 2004. Effects of organochlorine compounds on
cytochrome P450 aromatase activity in an immortal sea turtle cell line. Mar.
Environ. Res. 58, 347–351.

Keller, J.M., McClellan-Green, P.D., Kucklick, J.R., Keil, D.E., Peden-Adams, M.M.,
2006. Effects of organochlorine contaminants on loggerhead sea turtle
immunity: comparison of a correlative field study and in vitro exposure
experiments. Environ. Health Perspect. 114, 70–76.

Khan, M.A.K., Wang, F.Y., 2009. Mercury-selenium compounds and their
toxicological significance. toward a molecular understanding of the mercury-
selenium antagonism. Environ. Toxicol. Chem. 28, 1567–1577.

Lemons, G., Lewison, R., Komoroske, L., Gaos, A., Lai, C., Seminoff, J.A. 2011. Trophic
ecology of green sea turtles in a highly urbanized bay: insights from stable
isotopes and mixing models. JEMBE, in press.

Lopez-Mendilaharsu, M., Gardner, S.C., Seminoff, J.A., Riosmena-Rodriguez, R., 2005.
Identifying critical foraging habitats of the green turtle (Chelonia mydas) along
the Pacific coast of the Baja California peninsula, Mexico. Aquat. Conserv. Mar.
Freshwat. Ecosyst. 15, 259–269.

Morreale, S.J., Standora, E.A., 2005. Western North Atlantic waters: crucial
developmental habitat for Kemp’s ridley and loggerhead sea turtles
Chelonian. Conserv. Biol. 4, 872–882.

NMFS (National Marine Fisheries Service), 1998. Recovery plan for US Pacific
populations of the east Pacific green turtle (Chelonia mydas). National Marine
Fisheries Service, Silver Spring.

Owens, D.W., Ruiz, G.J., 1980. New methods of obtaining blood and cerebrospinal
fluid from marine turtles. Herpetologica 36, 17–20.

Peden-Adams, M.M., Keller, J.M., Day, R.D., Johnson, A., EuDaly, J., Keil, D. 2002.
Relationship of lymphoproliferation and clinical blood parameters to
contaminants in loggerhead turtles. In: Proceedings of SETAC 23rd Annual
Meeting in North America. SETAC, Salt Lake City.

Pugh, R.S., Becker, P.R., 2001. Sea turtle contaminants: a review and annotated
bibliography. National Institute of Standards and Technology Internal Report,
NISTIR 6700, Charleston.

Ross, P.S., Couillard, C.M., Ikonomou, M.G., Johannessen, S.C., Lebeuf, M., Macdonald,
R.W., Tomy, G.T., 2009. Large and growing environmental reservoirs of
alth of green sea turtles resident to an urbanized estuary in San Diego, CA.

http://dx.doi.org/10.1016/j.chemosphere.2011.04.023
http://dx.doi.org/10.1016/j.chemosphere.2011.04.023


L.M. Komoroske et al. / Chemosphere xxx (2011) xxx–xxx 9
Deca-BDE present an emerging health risk for fish and marine mammals. Mar.
Pollut. Bull. 58, 7–10.

Sakai, H., Saeki, K., Ichihashi, H., Suganuma, H., Tanabe, S., Tatsukawa, R., 2000a.
Species-specific distribution of heavy metals in tissues and organs of
loggerhead turtle (Caretta caretta) and green turtle (Chelonia mydas) from
Japanese coastal waters. Mar. Pollut. Bull. 40, 701–709.

Sakai, H., Saeki, K., Ichihashi, H., Kamezaki, N., Tanabe, S., Tatsukawa, R., 2000b.
Growth related changes in heavy metal accumulation in green turtle (Chelonia
mydas) from Yaeyama Islands, Okinawa. Japan. Arch. Environ. Contam. Toxicol.
39, 378–385.

Seminoff, J.A., Jones, T.T., Resendiz, A., Nichols, W.J., Chaloupka, M.Y., 2003.
Monitoring green turtles (Chelonia mydas) at a coastal foraging area in Baja
California, Mexico: multiple indices to describe population status. J. Mar. Biol.
Assoc. UK. 83, 1355–1362.

Sindermann, C.J., 2006. Coastal Pollution: Effects on Living Resources and Humans.
CRC Press, Boca Raton.
Please cite this article in press as: Komoroske, L.M., et al. Pollutants and the he
Chemosphere (2011), doi:10.1016/j.chemosphere.2011.04.023
Storelli, M.M., Marcotrigiano, G.O., 2003. Heavy metal residues in tissues of marine
turtles. Mar. Pollut. Bull. 46, 397–400.

van de Merwe, J.P., Hodge, M., Olszowy, H.A., Whittier, J.M., Ibrahim, K., Lee, S.Y.,
2009. Chemical contamination of green turtle (Chelonia mydas) eggs in
peninsular Malaysia: implications for conservation and public health. Environ.
Health Perspect. 117, 1397–1401.

van de Merwe, J.P., Hodge, M., Whittier, J.M., Ibrahim, K., Lee, S.Y., 2010a. Persistent
organic pollutants in the green sea turtle Chelonia mydas: nesting population
variation, maternal transfer, and effects on development. Mar. Ecol. Prog. Ser.
403, 269–278.

van de Merwe, J.P., Hodge, M., Olszowy, H.A., Whittier, J.M., Lee, S.Y., 2010b. Using
blood samples to estimate persistent organic pollutants and metals in green sea
turtles (Chelonia mydas). Mar. Pollut. Bull. 60, 579–588.

Zeeman, C.Q., 2004. Ecological risk-based screening levels for contaminants in
sediments of San Diego Bay. Technical memorandum US Fish and Wildlife
Service, Carlsbad.
alth of green sea turtles resident to an urbanized estuary in San Diego, CA.

http://dx.doi.org/10.1016/j.chemosphere.2011.04.023

	Pollutants and the health of green sea turtles resident to an urbanized estuary in San Diego, CA
	1 Introduction
	2 Methods
	2.1 Study site and sample collection
	2.2 Contaminant analyses and health assessments
	2.3 Statistical analysis

	3 Results and discussion
	3.1 Contaminant levels
	3.2 Correlative trends
	3.3 Size and sex trends
	3.4 Contaminants and health

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary material
	References


