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ABSTRACT: It has been hypothesized for decades that environmental
pollutants may contribute to green sea turtle ﬁbropapillomatosis (FP), possibly
through immunosuppression leading to greater susceptibility to the
herpesvirus, the putative causative agent of this tumor-forming disease. To
address this question, we measured concentrations of 164 persistent organic
pollutants (POPs) and halogenated phenols in 53 Hawaiian green turtle
(Chelonia mydas) plasma samples archived by the Biological and Environmental Monitoring and Archival of Sea Turtle Tissues (BEMAST) project at
the National Institute of Standards and Technology Marine Environmental
Specimen Bank. Four groups of turtles were examined: free-ranging turtles
from Kiholo Bay (0% FP, Hawaii), Kailua Bay (low FP, 8%, Oahu), and
Kapoho Bay (moderate FP, 38%, Hawaii) and severely tumored stranded
turtles that required euthanasia (high FP, 100%, Main Hawaiian Islands). Four
classes of POPs and seven halogenated phenols were detected in at least one of
the turtles, and concentrations were low (often <200 pg/g wet mass). The presence of halogenated phenols in sea turtles is a
novel discovery; their concentrations were higher than most man-made POPs, suggesting that the source of most of these
compounds was likely natural (produced by the algal turtle diet) rather than metabolites of man-made POPs. None of the
compounds measured increased in concentration with increasing prevalence of FP across the four groups of turtles, suggesting
that these 164 compounds are not likely primary triggers for the onset of FP. However, the stranded, severely tumored,
emaciated turtle group (n = 14) had the highest concentrations of POPs, which might suggest that mobilization of contaminants
with lipids into the blood during late-stage weight loss could contribute to the progression of the disease. Taken together, these
data suggest that POPs are not a major cofactor in causing the onset of FP.

■

INTRODUCTION
Fibropapillomatosis (FP) is a disease that aﬄicts sea turtles
with benign tumors that can grow large enough to inhibit sight,
mobility, and foraging.1,2 The suspected cause of FP is a
herpesvirus because it is often found in the tumored tissues,
and the disease has been experimentally transmitted using cellfree extracts of tumor tissue.3,4 While the virus is the likely
cause of tumor expression, additional environmental stressors
may be cofactors in this putative viral-causing disease.1,5 Sites
with poor environmental quality and intense human land use
have higher FP prevalence rate in green sea turtles.2,6−8
Investigated stressors include biotoxins, biological vectors of
the virus, and chemical pollutants.9−17
Scientists have speculated for decades that environmental
pollutants play a role in FP.1,2,5,9,16 Chemicals might act either
as cocarcinogens or suppress the immune system, which may
© 2014 American Chemical Society

allow the virus to grow with less control and promote tumor
expression. Green turtles with FP have been shown by several
studies to have suppressed immune functions,18−22 adding to
the suspicion that immunosuppressive pollutants could play a
role. Additional evidence that supports this hypothesis can be
seen in the simultaneous temporal trends of certain pollutants
and the prevalence of FP. The prevalence of FP in green turtles
increased in Hawaiian coastal waters and in southern Florida in
the 1970s with peaks in the 1990s.7,8,23 In Hawaii, prevalence
reached 50% of free-ranging turtles at one site (Palaau,
Molokai)23 and approximately 75% of strandings at other
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Figure 1. Map of Hawaiian green turtle sampling locations with varying degrees of ﬁbropapillomatosis (FP).

sites (Kaneohe Bay and West Maui).8 Most locations have seen
a recent decline in FP.8,23 This rise and fall in FP is coincident
with certain persistent organic pollutant (POP) temporal
trends, especially polybrominated diphenyl ethers (PBDEs).24
The Stockholm Convention classiﬁes certain man-made
organic pollutants as POPs. To be deﬁned as a POP, the
compounds must be greatly persistent in the environment,
hydrophobic so they bioaccumulate with age and biomagnify up
the food web, globally mobile mainly through atmospheric
transport, and toxic.25 POPs include polychlorinated biphenyls
(PCBs), organochlorine pesticides, like dichlorodiphenyltrichloroethane (DDT) and chlordanes, and brominated ﬂame
retardants, like PBDEs, many of which have been banned or
restricted from use in the U.S. and Europe. Most of them have
been shown to suppress the immune system.26−28 Green turtles
accumulate these compounds29 mainly through their diet of
algae and sea grasses and also incidental ingestion of sediments,
where large concentrations of POPs can reside.
Two studies have attempted to address the question of
whether POPs contribute to FP.9,16 Both sampled internal
tissues of dead Hawaiian green turtles; however, their methods
and small sample sizes limited their conclusions. In the ﬁrst
study, limits of detection were so high (20−1000 ng/g) that
none of the compounds could be detected in any sample.9 The
second study16 showed higher PCBs in the single non-FP
turtle, which was a diﬀerent age class/sex, than two tumored
turtles. The objective of the current study was to determine if
POPs contribute to FP by analyzing a robust sample size of
Hawaiian green turtle plasma samples for POP concentrations
using high quality, sensitive analytical methods. Halogenated
phenols were also quantiﬁed in these samples, which was a
novel objective for any sea turtle study.

marine organism samples for real-time and future retrospective
contaminant and health research.30 Thirty-nine free-ranging
green turtles were captured along the shoreline by hand, tangle
net, or scoop net, and an additional 14 stranded green turtles
with severe FP and poor prognosis for survival were sampled.
The free-ranging turtles were captured at three sites across the
Hawaiian Islands that represent diﬀerent levels of FP
prevalence (Figure 1). Kiholo Bay on the Kona or west coast
of Hawaii is an FP-free site; all 13 turtles sampled from this
study were free of external tumors. Kailua Bay on the east coast
of Oahu is an intermediate FP site; 8% (1 out of 13) of turtles
sampled had external tumors. Kapoho Bay on the east coast of
Hawaii is a site of relatively high FP prevalence with 38% (5 out
of 13) of turtles showing FP tumors. The severely tumored
turtles that stranded came from several Main Hawaiian Islands,
but mostly from Oahu (Figure 1). Turtles were measured,
weighed, tagged, and assessed for severity of FP by assigning a
tumor score according to Work and Balazs,21 and body
condition was calculated as turtle mass (kilograms) divided by
the cubed straight carapace length (SCL) (centimeters)
multiplied by 100000.31,32 Samples of blood and scute were
collected and processed using protocols described elsewhere.30
Brieﬂy, blood was drawn using double-ended stainless steel
needles into glass sodium heparin Vacutainer blood collection
tubes within 15 min of capture for the free-ranging turtles and
just prior to administration of euthanasia for stranded turtles.
Blood was kept cool, and hematocrit was measured using
centrifugation of capillary tubes containing whole blood. Blood
was centrifuged within 8 h of collection, and plasma was
transferred with hexane-rinsed glass pipettes into solvent-rinsed
Teﬂon vials and stored at −80 °C or lower. Total extractable
organic (TEO) content (a proxy for lipid content33) was
measured in plasma during the POP extraction methods
described below. Turtle capture and sampling techniques were
approved by National Marine Fisheries Service permit nos.
1581-01 and 15685, Hawaii Department of Land and Natural
Resource permit nos. 2011-03, 2012-2, and 2013-32, and
IACUC protocols.
POP Extraction and Quantiﬁcation. Brieﬂy, plasma
samples (∼3−5 mL) along with quality control materials
were weighed in 35 mL glass focused-microwave extraction

■

EXPERIMENTAL SECTION
Turtle Capture, Sample Collection, And Sample
Processing. In 2011 and 2012, samples were taken from live
green turtles to be accessioned into the Biological and
Environmental Monitoring and Archival of Sea Turtle Tissues
(BEMAST) project. BEMAST is a part of the National Institute
of Standard and Technology (NIST) Marine Environmental
Specimen Bank’s U.S. Paciﬁc Islands Program that archives
7808
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tribromophenoxy)ethane, and decabromodiphenylethane) were
below detection in all 12 turtle plasma samples (<17 pg/g wet
mass), so the second HBCDD fraction was not collected from
the remaining green turtle plasma samples, and these
brominated ﬂame retardants were not targeted. Parent extracts
were evaporated to 200 μL in glass autosampler vial inserts.
Parent extracts were injected (20 μL) ﬁrst on a GC/MS
(Agilent, Palo Alto, CA) for PCBs and pesticides using a
programmable temperature vaporization (PTV) inlet operated
in the solvent vent mode onto an Agilent 30 m × 0.18 mm DB5MS capillary column, 0.18 μm ﬁlm thickness, with a 5 m ×
0.25 mm Restek Siltek guard column (Bellefonte, PA). The MS
source was operated in electron-impact (EI) mode with
selected ion monitoring (SIM). Parent extracts were injected
(2 μL) a second time on a GC/MS for PBDEs using oncolumn injection onto an Agilent 10 m × 0.18 mm DB-5MS
capillary column, 0.18 μm ﬁlm thickness, with the same Restek
guard column. The MS source was operated in negative
chemical ionization (NCI) mode with methane as the reagent
gas with SIM.
OH extracts were injected (20 μL) on a GC/MS using a
PTV inlet operated in the solvent vent mode onto an Agilent
30 m x 0.18 mm DB-5MS capillary column, 0.18 μm ﬁlm
thickness, with the same Restek guard. The MS was operated in
EI mode with SIM.
The internal standard approach was used to quantify each
compound amount. Amounts of each analyte were calculated
using the slope and y-intercept of at least a three-point
calibration curve that bracketed the peak area ratios observed in
the samples. Concentrations were determined by dividing the
calculated analyte mass by the extracted sample mass.
Reporting limits (RLs) were determined as described elsewhere.34
Statistical Methods. Statistical tests on health and
morphometric data were performed using JMP 11 software
(SAS Institute Inc., Cary, NC). Diﬀerences between the four
groups were tested using analysis of variance (ANOVA) with
Tukey multiple comparisons. When data were non-normally
distributed or when variances diﬀered, a Kruskal−Wallis test
was used to verify the ANOVA. p-values less than 0.05 were
considered statistically signiﬁcant.
Statistical tests on POP data were performed as suggested by
Helsel36 using the NADA package for handling data with
nondetects (left censored data) in the open-source R software
package. Using these tests, nondetects were always included
and do not require substitution of values. Statistics of central
tendency and variance were calculated using either Kaplan−
Meier or regression on order models (“censtats” function).
Diﬀerences between the four turtle groups were tested using
ANOVA in NADA by using either the “cenmle” (a maximum
likelihood estimation method) when both normality of data
and homogeneity of variance assumptions were met or “cendiﬀ”
(a Kruskal−Wallis test) when one or both assumptions were
violated. Diﬀerences between pairs of turtle groups were tested
individually with the cenmle or cendiﬀ functions with a
Bonferroni correction to the α value (p < 0.0083 was
considered signiﬁcant). Correlations were performed with the
“cenken” function, which is a Kendall’s tau correlation for
censored data, or “cenreg” function when log-transformed data
met the assumptions for this parametric censored linear
regression.

(FME) vessels, spiked gravimetrically with an internal standard
solution containing 26 13C-labeled, deuterated, or ﬂuorolabeled POPs and 7 13C-labeled halogenated phenols, and
refrigerated overnight. Quality control materials included ﬁve
ﬁeld blanks consisting of ∼5 mL of Millipore water drawn
through the same lot of blood collection and processing
supplies, six procedural blanks consisting of ∼5 mL Millipore
water, a six-point calibration curve containing a mixture of the
targeted POPs and halogenated phenols (Table S1, Supporting
Information), eight replicates of NIST Standard Reference
Material 1958 Organic Contaminants in Fortiﬁed Human
Serum, and two replicates of an in-house pooled loggerhead
turtle plasma control material (called Cc pool) that has been
analyzed in ﬁve previously published studies (e.g., ref 34).
Compounds were extracted using the FME method described
in Keller et al.35 with slight modiﬁcations. Brieﬂy, 1.25 mL of
hexane-rinsed HCl, 5 mL of hexane-rinsed formic acid, and 5
mL of 25% (volume fraction) dichloromethane (DCM) in
hexane were added to the FME vessels. Vessels were
microwaved individually using CEM Discover focused microwaves (Matthews, NC) at 90 °C for 3 min with maximum
power set at 250 W, maximum pressure at 250 psi, PowerMax
on, and stirring at medium speed. Supernatant from centrifuged
vessels was pipetted into glass tubes for TEO measurements.
Two additional FME rounds were performed with the addition
of 5 mL of the 25% DCM in hexane each time to the vessels.
Supernatant was combined with the corresponding initial
extract. Total extractable organic (TEO, traditionally called
lipid content) content was determined gravimetrically from a
10% subsample of the combined extract dried overnight at
room temperature and weighed to the nearest 0.0001 mg.
Halogenated phenols were separated from other (parent)
POPs by manually shaking separatory funnels containing the
extracts plus 5 mL of 1 mol/L KOH in 50% ethanol in water
(volume fraction) for 4 min. The bottom KOH layer,
containing the phenols or OH fraction, was drained into a
glass tube. Two more 5 mL KOH additions were performed;
both drained into the same OH fraction tube. The remaining
top organic layer was drained into the original glass tube as the
parent fraction and was frozen.
To the OH fractions, 9 mL of concentrated HCl and 5 mL of
1:1 DCM/hexane were added. Tubes were rotated for 15 min
and centrifuged, and the top DCM/hexane layer was
transferred to a new tube. Two more 5 mL portions of 1:1
DCM/hexane were added with rotation, centrifugation, and
combined as the organic OH fractions. The OH fractions were
evaporated to 0.5 mL and derivatized in the dark with 0.5 mL
concentrated diazomethane. Diazomethane was synthesized
that day from the reaction of Diazald (Sigma-Aldrich, St. Louis,
MO) in ethanol with saturated KOH and captured by bubbling
the yellow gas product with a ﬂow of nitrogen into diethyl
ether. After derivatization, samples were exchanged to isooctane and evaporated to 0.5 mL and frozen. The derivatized
OH fractions were cleaned using an acidiﬁed silica column and
readied for gas chromatography single-quadrupole mass
spectrometry (GC/MS) by evaporation to 200 μL in glass
autosampler vial inserts.
Parent extracts were cleaned up using alumina and acidiﬁed
silica columns. From a preliminary set of samples (n = 3 per
turtle group), two fractions were collected from the acidiﬁed
silica columns as described elsewhere for screening of
hexabromocyclododecanes (HBCDDs).35 HBCDDs (as well
as pentabromoethylbenzene, hexabromobenzene, 1,2-bis(2,4,67809
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Within each variable, means that are signiﬁcantly diﬀerent across groups have diﬀerent letters. bFP = ﬁbropapillomatosis; SD = standard deviation; SCL = straight carapace length; TEO = total extractable
organic content from blood plasma. cOne stranded turtle was captured earlier as a free-ranging tumored turtle at Kapoho in Nov 2011.

2−3
8−26
45.4−89.2
9.3−91
8.0−14.0
0.077−0.390

range
SD

0.43
5.4
13.0
22.8
1.8
0.091
2.79 C
17.6 B
60.2 A
29.8 A
11.7 B
0.208 B

mean
n

14
10
14
14
14
14
0−3
29−42
44−83.4
13.2−89.5
11.2−16.9
0.172−0.639

range
SD

1.17
3.2
11.1
23.2
1.8
0.139
0.77 B
33.8 A
58.4 A
32.8 A
14.6 A
0.421 A

mean
n

13
13
13
13
13
13
0−2
22−41.5
42.9−80.3
10.8−60.9
5.0−15.2
0.154−0.471

range
SD

0.55
6.4
10.6
14.7
2.6
0.092
0.15 AB
32.5 A
57.4 A
25.9 A
13.1 AB
0.340 A

mean
n

13
10
13
13
13
13
0−0
26−46
43.7−65.1
10.9−27.3
12.9−15.2
0.295−0.710

range
SD
n

13
13
13
12
12
13

health variable

FP score
hematocrit (%)
SCL (cm)
mass (kg)
body condition
TEO (%)

mean

0
5.2
5.4
5.1
0.8
0.120

38%; moderate

Nov 18−22, 2011

8%; low

Mar 28 and 30, 2011; Jul 10−12, 2012

0%; no

May 5−6, 2011

% FP

Dates

0A
32.5 A
53.2 A
20.2 A
13.9 A
0.419 A

100%; high

strandedc
Kapoho Bay
Kailua Bay
Kiholo Bay

Table 1. Morphometric and Health Variables of Hawaiian Green Sea Turtles Measured for Persistent Organic Pollutant Plasma Levelsa,b
7810

Jul 31, 2011 to Dec 26, 2012

RESULTS AND DISCUSSION

Health indicators, FP prevalence, and FP severity was assessed
across the four turtle groups (Table 1). No turtles captured at
Kiholo Bay exhibited external tumors. One of the 13 turtles
sampled at Kailua Bay had tumors, whereas ﬁve of the 13 from
Kapoho Bay had tumors, showing the expected increase in
prevalence across these three sites. All of the stranded turtles
included in this study, regardless of stranding location, had
severe tumors and required euthanasia. The average FP score,
an indicator of severity of the disease,21 increased signiﬁcantly
with the increasing prevalence of FP across the four turtle
groups. Hematocrit, an indicator of anemia, was signiﬁcantly
lower in the stranded turtles compared to the free-ranging
turtles at the three sites. This trend in hematocrit with FP
presence and severity has been documented previously.18,21,22
Turtle length (SCL) increased slightly, but not signiﬁcantly,
through the four groups consistent with previous ﬁndings that
FP prevalence increases with turtle length from 30 to 70 cm
SCL.8,37 Turtle mass was consistent across the four groups of
turtles. Body condition was lowest in the stranded group,
signiﬁcantly lower than Kiholo and Kapoho turtles (p < 0.05),
suggesting that this group had experienced weight loss. Plasma
TEO (or lipid content) paralleled the body condition ﬁnding
with the stranded group having approximately half the lipid
content in their blood plasma than the free-ranging groups (p <
0.05), suggesting that the stranded turtles had not been recently
foraging and had utilized much of their lipid stores for survival.
POPs measured in the quality control materials were in
agreement with certiﬁed values or previous measurements (data
not shown). Four classes of POPs and seven halogenated
phenols were detected in at least one turtle from this study
(Figure 2; Table 2). Total PCBs were the highest of the POP
classes, found at 1−2 orders of magnitude greater levels than
total chlordanes, total PBDEs, and 4,4′-DDE (Figure 2). The
predominant PCB congeners were 153 + 132 > 138 > 99 > 180
+ 193 > 118 > 183 > 170 > 105 > 187, which is similar to the
typical PCB pattern seen in sea turtles elsewhere.38 Total
chlordanes consisted mainly of trans-chlordane > transnonachlor > oxychlordane. Total PBDEs consisted of
congeners 99 > 153 > 100 > 47 > 154, which is an unusual
pattern compared to the typical pattern, in which PBDE 47 is
predominant (47 > 99 > 100 > 153 > 154), for most aquatic
wildlife tissues.39 Unusual PBDE patterns have been commonly
seen in sea turtle and other turtle samples.40 For example, adult
male loggerhead turtles from Cape Canaveral, FL, that migrated
northward after nesting season had a pattern consisting of 154
> 153 > 99 > 100 > 183 > 155 > 47 in plasma,34 and nesting
green turtles from Malaysia had a pattern of 153 > 99 > 47 in
blood.41 Possible, yet untested, reasons for this pattern include
diﬀerent biotransformation or elimination rates/pathways in
turtles where these patterns are observed. 4,4′-DDE was the
only DDT-related compound detected.
The presence of halogenated phenols is a novel discovery for
sea turtles. Seven compounds were surprisingly detected with
concentrations higher than many POPs (Figure 2). Two
hydroxylated PBDEs had concentrations 22−35 times higher
than average total PBDEs. These compounds are known to
either come from metabolism of manmade PBDEs or naturally
produced by marine organisms, including sponges, cyanobacteria, and green, brown, and red algae.42,43 Based on their
relatively high concentrations compared to PBDEs, the source
of these hydroxylated PBDEs in sea turtles is likely derived

location/group

■
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47.7
320
64.0
416

150
367

51.9
242
81.6

180
515
1190

25.1
347
75.6

104
1040
1130

a

DDE = dichlorodiphenyldichloroethylene; PBDE = polybrominated diphenyl ether; PCB = polychlorinated biphenyl; SD = standard deviation; n > RL = number of samples with concentration greater
than reporting limit. bOut of 12, one sample was lost. cOut of 13, one sample was lost.

283
377

125
133
112
<19.2
265
174
174
165
122
144
364

p-value

0.0246
0.0220
0.0007
<0.0001
0.0076
0.0001
0.0001
0.4440
0.0208
<0.0001
<0.0001
5
4
6
14
12
3
11
3
6
7
1c

n > RL
SD

16.2
251
35.3
2890
124
42.3
354
84.1
133
210
17.9
94.9
33.3
1260
212
18.9
359
29.6
73.6
165

mean
median

8.11
5.99
17.9
170
151
2.01
204
0.423
5.25
60.5
<RL
0
0
0
2
11
9
9
0
1
12
0

n > RL
SD
mean
median

<RL
<RL
<RL
<RL
210
79.3
130
<RL
<RL
243
<RL
3
5
1
9
13
1
11
2
10
12
0

n > RL
SD

8.36
4.86
13.7
13.9

10.3
11.7
<RL
91.7
362
<RL
337
<RL
54.6
271
<RL
0b
0b
0
4b
12
8
2
1
9
13
13

mean
median
n > RL
SD
mean
median

4,4′-DDE
total chlordanes
total PBDEs
total PCBs
2,4,6-tribromophenol
2,3,4,6-tetrabromophenol
pentachlorophenol
4-OH PCB 146
4-OH PCB 187
6-OH PCB 47
6-OH PCB 99

<RL
<RL
<RL
2.84
244
45.8
<RL
<RL
32.2
955
602

ANOVA
100% FP, stranded (n = 14)
moderate FP, Kapoho (n = 13)

naturally from their diet, which is known for this neritic age
class to consist mainly of algae.44 Two hydroxylated PCBs had
concentrations 14−27 times lower than average total PCBs and
are likely metabolites of manmade PCBs as hydroxylated PCBs
are not known to be natural products.45 2,4,6-Tribromophenol,
2,3,4,6-tetrabromophenol, and pentachlorophenol were the
additional halogenated phenols detected at relatively high
concentrations compared to POPs. 2,4,6-Tribromophenol is
produced by man as a ﬂame retardant, an intermediate in
making higher molecular weight ﬂame retardants, and a wood
treatment preservative.43 It is also a natural product of marine
organisms,43 including acorn worms (Phoronopsis viridis)46 and
several species of green, brown, and red algae.42 2,3,4,6Tetrabromophenol is used as an intermediate to produce
several industrial compounds (for two examples, see US patent
5248432 for damping ﬂuids and lubricants for gyroscopes and
US patent 4059655 for plasticizers, pesticides, ﬂame retardants,
and textile impregnating agents). Pentachlorophenol has been
used since the 1940s and was banned in 1987 as a herbicide but
is still used as a fungicidal wood preservative, especially on
rounded wooden poles, like utility poles or possibly marine
pilings.47,48
To begin to understand PCB metabolism in green turtles, the
ratio of total hydroxylated PCBs to total PCBs was calculated
for the six turtles that had detectable levels. The ratios ranged
from 0.037 to 16.6 with an average ± standard deviation of 3.0
± 6.7. Since the maximum ratio was an outlier, the median is a
better description of central tendency at 0.38. Compared to
blood samples from a variety of other species, with a focus on
organisms that forage in the sea, the green turtle ratio falls in
line with other reptile and bird ratios (Figure 3). This
comparison suggests that the green turtle’s ability to
hydroxylate PCBs is higher than cartilaginous and bony ﬁsh
but much lower than the eﬃciently metabolizing polar bear
(Figure 3). The hydroxylating cytochrome P450 enzyme,
CYP1A, can be induced in reptiles by chemicals that activate
the aryl−hydrocarbon receptor, but the ability of this enzyme in
reptiles to metabolize two substrates (7-ethoxyresoruﬁn and
PCB 77) appears to be lower than birds and mammals.49
Limited CYP1A activity was detected in green sea turtle liver
tissue.50 Taken together, these studies suggest that green turtles

low FP, Kailua (n = 13)

Figure 2. Mean (standard error) plasma levels of persistent organic
pollutants and halogenated phenols in 53 Hawaiian green sea turtles
regardless of location and ﬁbropapillomatosis state.

no FP, Kiholo (n = 13)

Table 2. Mass Fractions (pg/g wet mass) of Detectable Persistent Organic Pollutants and Halogenated Phenols in Blood Plasma of Hawaiian Green Sea Turtles with ANOVA
p-Values Indicating Diﬀerences among Groups with Varying Prevalence of Fibropapillomatosis (FP) (See Figure 4 for multiple Comparison Test Results)a
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Figure 3. Comparison of the ratio of ΣOH-PCBs to ΣPCBs in a variety of species. Median or means taken from other studies53,56−61 were used to
calculate these ratios.

lowest concentrations of 4-OH PCB 187 were observed at
Kapoho Bay, the moderate FP site, which also had the lowest
total PCB concentrations (Figure 4c). This congruency lends
additional support that the hydroxylated PCBs detected in the
turtles were metabolites of parent manmade PCBs. The
concentrations of the hydroxylated PBDEs (Figure 4d,f), on
the other hand, were in opposition of the concentrations of
total PBDEs (Figure 4b). All turtles from Kiholo Bay, the FPfree site, had detectable levels of 6-OH PBDE 47 and 6-OH
PBDE 99, and this site had the highest concentrations,
signiﬁcantly diﬀerent from the other three groups (Figure
4d,f). However, this site had nondetectable levels of parent total
PBDEs (Table 2; Figure 4b). The inconsistency between the
parent PBDE compounds and their possible hydroxylated
metabolites suggests that the hydroxylated PBDEs are likely
natural chemicals produced by the algae the turtles are eating.
The preferred diet items at the three sites of free-ranging turtles
are known and diﬀer dramatically among the sites.44 Only one
previous study has analyzed the same algal genera found in the
turtle diets for concentrations of OH-PBDEs and 2,4,6tribromophenol.42 This allowed a preliminary comparison;
however, it should be noted that these three algal samples were
collected from the Philippines, very distant from the Hawaiian
turtle foraging grounds of the current study. Kiholo turtles are
unique in their selection of Cladophora species, which had
nondetectable 6-OH PBDE 47 in the Philippines. Acanthophora
spicifera is the dominant algal prey of Kailua turtles, is not eaten
by turtles from the other two sites, and has low but detectable
concentrations of 6-OH PBDE 47 in the Philippines. Neither of
these comparisons help explain why Kiholo turtles had the

may use enzymes other than CYP1A in biotransformation of
PCBs.
POP and halogenated phenol concentrations measured in
the four turtle groups with varying prevalence of FP are shown
in Table 2. Even though many samples were below the
reporting limit for many compounds, analysis of variance could
be performed using the NADA package in R, which takes into
account the reporting limit for samples below detection. Of the
11 compounds detected in at least one turtle, all but one (4OH PCB 146) signiﬁcantly diﬀered among the four turtle
groups (p < 0.05, Table 2). The diﬀerences are visually
displayed for eight of the compounds in Figure 4. If POPs play
a role in triggering tumor formation, one might expect POP
levels to increase stepwise through the four groups of turtles as
FP prevalence increased. However, this was not seen for any of
the compounds measured (Figure 4), leading to the conclusion
that POPs do not trigger FP. For the four POP classes (4,4′DDE, total chlordanes, total PBDEs, and total PCBs), the
highest concentrations were observed in the low FP site and the
stranded turtles (Table 2; Figure 4a,b). The higher levels at
Kailua Bay (the low FP site) may be explained by the fact that
this bay has the most densely populated and developed
watershed of the three sites. The higher levels in the stranded
turtles are likely due to emaciation and recent mobilization of
lipids and contaminants from fatty stores into the blood. These
explanations are supported by previous studies that have shown
that human population density and emaciation contribute to
higher POP levels in sea turtle blood.51,52
For the halogenated phenols, a variety of patterns were
observed among the groups (Table 2; Figure 4c−h). The
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Figure 4. Comparison of plasma levels of persistent organic pollutants and halogenated phenols in Hawaiian green turtles with varying degrees of
ﬁbropapillomatosis (FP). Dots are individual turtle samples (black >RL; white = 1/2 RL). Bars are means (black from NADA; white calculated with
nondetects substituted as 1/2 RL). Diﬀerent capital letters above the x-axis indicate signiﬁcant diﬀerences among groups.

highest concentration of this compound. Future studies should
simultaneously collect turtle tissues and their algal prey from
the same site because plant production of these compounds
likely varies geographically and quickly with environmental
changes.
Pentachlorophenol was higher at Kailua, Kapoho, and in the
stranded turtles than at Kiholo (Figure 4e). Its primary use is in
wood treatment, and to our knowledge it is not a natural
product. The reason for lower concentrations on the Kona
coast of Hawaii is unknown, but possible explanations may lie

in the number of wood treatment facilities or amount of treated
wood in the watersheds. Alternatively, Kiholo Bay may receive
less runoﬀ than the other locations because it is the only site on
the eastern lee side of an island. 2,4,6-Tribromophenol was
relatively similar across the four turtle groups with only Kailua
and the stranded turtles signiﬁcantly diﬀering from each other
(Figure 4g). This compound is produced by Cladophora (algae
eaten by Kiholo turtles), Gracilaria (eaten by Kailua and
Kapoho turtles), A. spicifera (eaten by Kailua turtles), and other
algal species growing in the Philippines.42,44 Since this
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have formed and severity has reached higher FP scores.21,22
With these new data on contaminant concentrations, we
conclude that none of these 164 compounds is a primary
contributor to FP in green turtles, but the rise of POP
concentrations in late-stage, severely tumored, emaciated turtles
might contribute to progression of the disease through
immunosuppression or toxic eﬀects to other organs or systems.
Other environmental contaminants should not be discounted as
possible contributors before they are investigated. The presence
of halogenated phenols is a novel ﬁnding for sea turtles,
suggesting that sea turtles are exposed to more compounds that
remain to be discovered in their tissues. The sources of these
compounds and their eﬀects on sea turtles should be
investigated.

compound is commonly produced by several algal species, it is
likely to be consumed by turtles from all three sites. Kapoho
Bay turtles had the highest levels of 2,3,4,6-tetrabromophenol
with Kailua Bay and stranded turtles having signiﬁcantly lower
levels (Figure 4h). The reason for the diﬀerences in this
compound is unknown, and few studies have analyzed
environmental samples for this compound.45,53 It was not
detected in sharks from South Carolina and Georgia,53 but a
tetrabromophenol compound, possibly with this structure, was
detected in plasma of Swedish men.45
Concentrations of certain compounds were signiﬁcantly
correlated to each other (Table S2, Supporting Information).
Possible explanations for positive correlations we observed may
include a common source (6-OH PBDE 47 vs 6-OH PBDE
99), a metabolite of a parent compound (4-OH PCB 187 vs
total PCBs), or simply covarying in the environment (total
PCBs and 4,4′-DDE). The lack of correlations between total
PBDEs and the hydroxylated PBDEs provides more evidence
that the hydroxylated PBDEs are from a natural source. With all
turtles included, we observed some signiﬁcant correlations
between compound concentrations and morphometric/health
indicators (Table S3, Supporting Information). Most notably,
as FP score increased and body condition decreased, total PCBs
increased and the food-derived hydroxylated PBDEs decreased.
As plasma lipids (TEO) and hematocrit decreased, total PCBs,
total PBDEs, and 4,4′-DDE increased and food-derived
hydroxylated PBDEs decreased. All of these signiﬁcant
correlations can be explained by weight loss, lipid mobilization,
and reduced food intake in the stranded turtle group. When
this group is excluded from the analyses, three interesting
correlations were observed (Table S4, Supporting Information). Total PCBs decreased with increasing turtle length,
which can be explained by the ontogenetic shift that these
turtles underwent from foraging omnivorously during an earlier
pelagic juvenile stage to a lower trophic level of algae during
this neritic juvenile stage.44 As FP score increased and body
condition decreased in the free-ranging turtles 6-OH PBDE 47
concentrations decreased. Again, this could be explained by
reduced food intake by tumored turtles; thus, they are
accumulating lower levels of algae-derived natural products.
For a global comparison, 4,4′-DDE and PCB levels in
Hawaiian green turtles were approximately 1 order of
magnitude lower than green turtle blood examined elsewhere
(Texas,54 San Diego,55 Malaysia41). PBDEs levels were similar
to those measured in green turtle blood from Malaysia.41 The
4,4′-DDE and PCB levels in Hawaiian green turtles were
approximately 2 orders of magnitude lower than loggerhead
turtle blood from the southeastern U.S. coast.38 It is not
possible to compare the green turtle POP levels to other
Hawaiian wildlife because no other study from this region has
analyzed blood plasma and comparing diﬀerent tissues is not
appropriate.
In conclusion, many lines of evidence indicate that these 164
POPs and halogenated phenols are not likely the triggers for
onset of FP. First, the concentrations of POPs and halogenated
phenols were very low (less than a few hundred pg/g) in the
Hawaiian green turtle plasma. These levels are lower than
concentrations measured in other sea turtles. Second, the levels
did not follow a pattern of increasing concentrations with
increasing prevalence of FP. The hypothesis that POPs cause
immunosuppression, which may lead to the herpesvirus causing
FP, is not supported by the documented time order of events.
Immunosuppression is only observed in sea turtles after tumors
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