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ABSTRACT

The critically endangered North Atlantic right whale (Eubalaena glacialis) is a
protected species and yet it continues to exhibit high mortality and low reproductive rates.
A large amount of known mortality to right whales is caused by ship strikes and gear
entanglements. Protective policies have reduced the likelihood of these types of
mortalities, but low reproductive rates continue to be of concern. Many cumulative factors
can play a role in the poor reproductive success of right whales, but little is known on what
role contaminants such as polycyclic aromatic hydrocarbons (PAH) play.

This masters project aimed to explore the relationships between PAH
concentrations in right whale tissue and prey, and Cytochrome P450 (CYP1A) expression
relative to various life parameters such as location, gender, age, and reproductive variables.
Dermal biopsy samples were obtained from both North Atlantic and Southern right whale
species in various years between 1993-2000. CYP1A expression in the endothelial tissues
of the biopsies was measured. Polycyclic aromatic hydrocarbon concentrations were
measured in biopsy samples from the North Atlantic species as well as from their
zooplankton prey in various nearshore and offshore habitats.

The results of this study show that there are significant differences in CYP1A
expression in whale samples from different feeding and calving areas. Differences in the
levels of expression are likely attributed to levels of contaminant exposure through prey
consumption. A cross-sectional comparison of CYP1A expression and PAH levels in biopsy
samples did not show a significant correlation to reproductive parameters, but a firm
conclusion regarding a causal relationship was not possible due to paucity of data. A more
longitudinal study is suggested to obtain higher quality information about the relationship
between PAH levels and CYP1A expression and reproductive parameters. Understanding
the relationships between contaminant levels and reproductive success can be useful to
inform managers of other variables that could be impacting right whale health and the
recovery of the species.



INTRODUCTION

The North Atlantic right whale (Eubalaena glacialis) population is listed as critically
endangered. Although protected, these whales continue to exhibit high mortality and low
reproductive rates. A large amount of known mortality to right whales is caused by ship
strikes and fishing gear entanglements. Policies put in place by the National Marine
Fisheries Service (NMFS) address methods for reducing the likelihood of these types of
mortalities, but low reproductive rates continue to be of concern. Polycyclic aromatic
hydrocarbons (PAHs) are thought to have negative effects on right whale reproductive
processes (Godard, C.A.J. et al. 2006). Controlling the amount of PAHs these endangered

species are exposed to could be influential in aiding their survival.

Current estimates bring North Atlantic right whale numbers to approximately 239-
640 individuals (Consortium 2010). If current trends in right whale populations are not
reversed the species are estimated to become extinct within the next two hundred years
(Fujiwara and Caswell 2001). The physical structure of the whale allows for their bodies to
float after death which was highly convenient for whalers. This morphology of the whale
gave them their name of being the “right” whale to kill and contributed to their exploitation

as a fishery and their critically low numbers today.

The population is now protected, but it is still plagued with being an “urban
species”, meaning they travel and feed in coastal regions (Kraus and Rolland 2007). Most
whales breed, migrate and feed within 160km (86 nautical miles) of the coast (Kraus and
Rolland 2007). This characteristic has increased their likeliness for being exposed to high
anthropogenic sources of pollutants and harmful interactions with boats and fishing gear.
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As stated before, regulations and other efforts to protect the species have been focused on
reducing the acute source of mortality by fishing gear entanglements and ship strikes.
Though these efforts are needed they do not address the problem of the low reproductive
rates of these whales. The average birthing cycle for females of this species has ranged
between 3-6 years (Kraus et al. 2001). There is also an indicator that the North Atlantic
species reproduction/growth rate is much lower than what it could be as compared to the
similar Southern right whale species. Population growth rates for the Southern species are
estimated to be between 6.8-7.6% as compared to the North Atlantic species being 2.5%
(Brown et al. 1994). All these characteristics suggest there may be other attributes, besides
fishing gear entanglements and ship strikes, playing a role in the decline of this species

population.

Contaminant impacts on reproductive health could be one possible contribution to
low reproductive rates of North Atlantic right whales. Specifically this project focuses on
polycyclic aromatic hydrocarbon (PAH) contaminants. PAHs are a group of organic
contaminants produced during the combustion and breakdown of fossil fuels (coal and oil).
They can be toxic to aquatic life and several are suspected human carcinogens (USGS
2010). Natural sources of PAHs include naturally occurring combustion events such as
forest fires or volcanic eruptions, and natural oil seeps which introduce petroleum based
PAHs to the environment (USGS 2010). Yet, large contributions of PAH to the environment
come from anthropogenic sources of combustion and petroleum use. Hydrocarbon
contaminants in the Northern Hemisphere are generally higher than those in the Southern
Hemisphere which could be a factor in the difference in reproductive success between
Northern and Southern right whale species (Connell 1999). Again this situation is

4



exacerbated by the fact that the North Atlantic right whale spends a majority of its time in

coastal waters where pollutants and contaminants are concentrated.

A study by Weisbrod et al. published in 2000 looked at organochloride exposure and
bioaccumulation as a hazardous influence on population growth for the North Atlantic right
whale. Though the study on dioxin effects “did not provide evidence of endangerment by
hazardous levels of bioaccumulated organochlorides”, the role of polycyclic hydrocarbon
exposure was not explored. Based on experiments done by Joy Lapseritis in her doctoral
dissertation, there is evidence to show that the aromatic hydrocarbon receptor (AHR) of
right whales and other marine mammals may show a higher affinity for polycyclic
hydrocarbons than for dioxins such as polychlorinated biphenyls (PCBs). This could be due
to the difference in structure and accumulation factors between PAHs and dioxins. The
dioxins tend to accumulate to a higher degree than PAH. Further investigation into PAH
effects on reproduction was also suggested in C. Godard’s paper, “Benzo[a]pyrene
cytotoxicity in right whale (Eubalaena glacialis) skin, testis and lung cell lines”, that
reported high fibroblast cytotoxicity of PAHs in testies of North Atlantic Right Whales.
Toxic effects in response to PAH exposure thus can result in inhibited reproductive

processes in right whales.

Baleen whales, such as the North Atlantic right whale, consume large portions of
zooplankton, and tend to have less accumulation of contaminants as compared to other
toothed marine mammals (O'Shea 1994). However, effects from toxic PAHs do not need to
accumulate to be harmful (Kennish 1992). The National Marine Fisheries Service Right

Whale recovery plan, updated in 2004, calls for monitoring contaminant levels and to



eliminate and reduce sources of contaminants if they are found to inhibit reproductive
functions of the whales. With the potential that PAHs do cause adverse effects on the
reproductive health, this project aims to explore the following questions; 1)What are the
similarities and differences in Cytochrome P450 expression patterns between Northern
and Southern hemisphere populations? 2) What are the PAH concentrations in North
Atlantic right whale biopsy samples and prey and how do they relate to CYP1A expression?
3) Do PAH levels or CYP1A expression patterns show any correlation with right whale

reproduction parameters?

METHODS

All right whale samples and data used in the present study came from past studies
conducted by Michael Moore et al. at Woods Hole Oceanographic Institution and previous
work done by Anne V. Weisbrod. Samples were collected from various years between 1993
- 2000 in the Bay of Fundy (BOF), Cape Cod Bay (CCB) and Southeastern United States
(SEUS) in the Northern hemisphere and from various years between 1995-2000 in the
South Georgia Islands (SG), Peninsula Valdés, Argentina (ARG), South Africa (SA) and
Auckland Islands, New Zealand (AUCK) in the Southern hemisphere(Fig. A-1). Biopsy
samples of the outer blubber and skin were collected from live free-ranging right whales in
the northern hemisphere as previously explained in Weisbrod et al. 2000. Samples in the
southern hemisphere were collected opportunistically in a similar way and in methods

previously reported by Best et al. 2005.



Cytochrome P450 expression patterns: Similarities and differences between
North Atlantic and Southern right whale populations.

The enzyme cytochrome P450 is often used in toxicological studies because its
levels are dramatically increased in organisms exposed to aromatic xenobiotics (Stegeman
1987). The specific form of the enzyme used in studies and this report is CYP1A, whose
specific characteristics are described in Chaloupka et al. 1995. CYP1A acts as an indicator
of exposure on a cellular level to contaminants such as PAHs and PCBs. It is a significant
biomarker of induced response to stress and metabolism of contaminants. CYP1A
expression levels were determined by endothelial protein tissue staining indices (Woodin
1997) using tissues from both the North Atlantic and Southern species of right whales.
Dermal biopsy samples were stained immunohistochemically with Mab-1-12-3 as
described in Stegeman et al 1991. Staining was then evaluated by light microscopic
examination of the stained sections. Due to the subjectivity of assigning indices to tissue
staining, CYP1A stain intensity was recorded by a single analyst with indices ranging from

0-15 based on scoring methods explained in Woodin et al., 1997.

Statistical Analysis

CYP1A index data for each location was not normally distributed. Log +1
transformations (indices included 0 values) and square root transformations did not
normalize the sample data. Due to non-normal distributed data non-parametric statistical
analysis was used. Statistical analysis was performed using the JMP Pro 9 statistical

software.



Average CYP1A indices were compared across gender and age class. Age class was
defined as adult, juvenile, calf and unknown. Any whale aged 9 or above was considered an
adult, ages 1-8 were considered juveniles, and any whale designated as 0 was considered a
calf. To test for significant differences between comparisons, ANOVA tests were performed
using the Wilcoxon method.

PAH concentrations in North Atlantic right whale biopsy samples and prey and
how they relate to CYP1A expression.

Zooplankton Collection

Calanoid copepods were collected from three sites within the Northwest Atlantic
including the Bay of Fundy (BOF), Cape Cod Bay (CCB) and Georges Bank (GB). The BOF
and CCB zooplankton samples were taken in the presence of feeding right whales whereas
the GB zooplankton samples were not. GB is further offshore than CCB and BOF and not
considered a major feeding area of North Atlantic right whales. A detailed description of

the sampling process was previously reported (Weisbrod et al. 2000).

PAH burdens in right whale dermal biopsies and zooplankton prey

PAH burden analysis was only conducted on Northern hemisphere right whale
dermal biopsy samples. Both biopsy and zooplankton samples were frozen at -20°C in the
field for chemical analysis. Samples were serially extracted with organic solvents and
passed through both gel permeation and alumina columns to remove matrix interferences
(lipids). Extracts were analyzed for PAH concentrations using gas chromatography/mass

spectrometry (HP 5890/5970 GC/MS) interfaced to an HP ChemStation/Enviroquant data



system. Minimum detection limits for each analyte was 0.1ng/g. Analytes measured
included naphthalene, 2-methylnaphthalene, 1-methylnaphthalene, biphenyl, 2,6,-
dimethylnaphthalene,  2,3,5-trimethylnaphthalene, acenaphthalene, acenaphthene,
dibenzofuran, fluorene, 1-methylfluorene, dibenzothiophene, phenanthrene, anthracene, 1-
methylphenanthrene, fluoranthene, retene, pyrene, benz[a]lanthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, perylene,
indeno[1,2,3-c,d]pyrene, dibenz[a,h]anthracene, benzo[g,h,i]perylene, and coronene. 2,3,5-

trimethylnaphthalene was not analyzed for the zooplankton samples.

Statistical Analysis

Samples with PAH concentrations less than the minimum detection limit (MDL) of
0.1 ng/g were given values of MDL/2 (0.05 ng/g) to allow for more robust statistical
comparisons. This method allowed for the use of more data points for small sample size
comparisons (Clarke 1998). Raw PAH concentration data was normally distributed for all
locations when log-transformed thus ANOVAs and Tukey tests were used to compare
means. One female calf sample from the SEUS location was removed from analysis as an
outlier due to PAH concentrations an order of magnitude higher than all other samples.

Comparison of PAH levels and CYP1A expression patterns with right whale
reproduction parameters.

The small population size and individuality of callosity patterns of North Atlantic
right whales allows for life history parameters to be recorded. The New England Aquarium
along with the North Atlantic Right Whale Consortium and NOAA Fisheries has developed a
catalog to track the histories of individual North Atlantic right whales. This catalog
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includes whale identification numbers, photo identification, calving history and significant
life events such as vessel strikes and fishing gear entanglements. Data from this catalog
was used to track the reproductive parameters of individual female right whales included
in our data set. Reproductive parameters used included age at first calf and number of

calves.

Statistical analysis

The relationships between PAH burden, CYP1A expression and age at first calf were
analyzed using Generalized Linear Models (GLM). As Northern samples were collected
from 1993-2000, all female right whales in this study would currently (2011) be of
reproductive age making age at first calf comparable to all samples. Age at sample
collection would highly influence number of calves for the individual female samples
therefore, the relationship between PAH burden, CYP1A expression and number of calves
was analyzed for adult females only. All known ages of adult females were between 9 and

12.

RESULTS

What are the similarities and differences in Cytochrome P450 expression
patterns between Northern and Southern hemisphere populations?

CYP1A expression in the feeding areas in the North Atlantic right whale samples
(BOF and CCB) were generally higher than the feeding areas in the Southern right whale
samples (SG) though not significantly different (P > 0.05) (Table 1). Within the North

Atlantic sample area the BOF and CCB feeding areas had significantly higher mean CYP1A
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expression than the calving/breeding area in the Southeast United States, with p-values of

<0.001 and 0.0042 respectively. The two northern feeding areas were also significantly

different from each other (p = 0.0113) with the BOF having higher mean CYP1A expression

of 3.80 as compared to the CCB mean CYP1A expression of 2.47.

The southern sample sites had a slightly different relationship between feeding and

breeding/calving areas. There was no significant difference in CYP1A expression between

any of the southern sample areas (p > 0.05). The SA breeding/calving area had the highest

mean CYP1A expression out of all of the southern sample areas.

Table 1: Summary of Mean CYP1A Indices by Location

Years Site Mean CYP1A StdDev. N F/B?
North 1993-1997 Bay of Fundy 3.80 2.46 83 F
Atlantic 1996-2000 Cape Cod Bay 2.47 1.54 17 F
1997-1998 Southeast United States 0.33 1.00 9 B
1997 South Georgia 1.67 1.53 3 F
Southern 1997-1998 Auckland Islands, New Zealand 0.94 1.04 36 B
1995, 1997, 2000 Valdez, Argentina 1.27 1.82 12 B
1997-1998 South Africa 2.18 1.55 121 B

aF = Feeding areas, B= breeding/calving areas
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Comparisons within the geographic areas of the North Atlantic samples did not

show any difference in CYP1A expression between male and female whales (Fig. 2), but

comparisons of CYP1A expression and age class in the North Atlantic samples showed that

the average adult and juvenile CYP1A expression was significantly higher than calves (p <

0.001 A vs. C, p =0.003 ] vs. C) (Fig. 3). There was no significant difference between any

other age class pairings ( p > 0.05).

CYP1A Expression

F M u
Gende

Figure 2: Comparing mean CYP1A expression between known
genders and unknown samples. Female (N =51), Male (N =53),
Unknown (N = 4). Bars outside of the box show outermost data
points within computed judgment of outliers.

CYP1A Expression

A (03 J U

Age
Figure 4: Comparisons between average CYP1A expression and
age class in the Southern right whale samples. A = Adult (N = 54), C
= Calf (N = 40), J = Juvenile (N = 7), U = Unknown (N = 71). ). Bars
outside of the box show outermost data points within computed
judgment of outliers.

CYP1A expression

-2
A C J U
Age
Figure 3: Comparison between average CYP1A expression and age
class in North Atlantic right whale samples. A = Adult (N =42),C=
Calf (N=17), J = Juvenile (N= 37), U = Unknown (N = 12). Bars
outside of the box show outermost data points within computed
judgment of outliers.

Within the southern samples there was
not enough data available to compare CYP1A
expression between genders because photo
identification archives were not kept for
Southern right whales at the time of sampling

and genetic gender testing was not performed.
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Unlike the North Atlantic samples, there was no significant difference between CYP1A
expression and any of the age classes (p > 0.05) (Fig. 4).

Trends in CYP1A expression throughout the sampling years in the North Atlantic
samples showed a decreasing trend from 1993-1996, and then more fluctuation in CYP1A
expression between 1997-2000 (Fig. 5). The Southern right whale samples showed no
discernable trend in the four years sampling took place. No significant differences were
found between Northern and Southern CYP1A expression levels in years that data was

available for comparison between both hemispheres (p >0.05).

12
2 H Northern
10 -
M Southern
8 1 33

CYP1A Index
()]

21402

1 Li ki J

N
1

1993 1994 1995 1996 1997 1998 1999 2000

Figure 5: Comparison of North Atlantic and Southern right whale average CYP1A expression by year samples were available.
Bars represent standard deviation and sample size is represented by number above the error bars.
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What are the PAH concentrations in North Atlantic right whale biopsy samples
and prey and how do they relate to CYP1A expression?

PAH concentrations in zooplankton were higher on average than right whale dermal
biopsy samples (Table A-1). The CCB zooplankton PAH levels were an order of magnitude
greater than the CCB right whale biopsy samples that were taken a year later. 2-3 ring PAH
compounds made up a majority of all PAH concentrations in all right whale biopsy sample
locations and in the zooplankton samples with percentages ranging from 79-97%. On a
wet weight basis PAH concentrations decreased from CCB to BOF to GB with averages of
57.6, 36.6, 17.2 ng/g wet wgt. respectively. When normalized to lipid content, the GB

zooplankton samples had higher PAH concentrations than BOF (Table A-1).

Lipid content in the biopsy samples were low, ranging from 2.10 - 24.96% (Table A-
1). There were no gender differences found within average PAH concentrations in right
whale biopsy samples with a female average of 127.4 ng/g lipid weight and a male average
of 232.9 ng/g lipid weight (Fig. 6). Average PAH concentrations in biopsy samples were
384.6 ng/g lipid weight, 96.0 ng/g lipid weight, 63.501 ng/g lipid weight and 174.7 ng/g
lipid weight for adults, calves, juveniles and unknown samples respectively. There was a
significant difference between adult and juvenile age classes in regards to biopsy PAH

concentrations (p = 0.0239), but no other age class differences were significant (Fig. 7).

14



log Total PAH (ng/g lipid weight)

1

0

Figure 6: Average PAH burden in dermal biopsy samples
by gender. F = Female (N =31) M = Male (N = 34). Note:
y-axis is log transformed.

log Total PAH (ng/g lipid weight)

L S == L L

F M 0
Gende

Age
Figure 7: Average log transformed PAH burden in dermal
biopsies by age class. A = Adult (N =21),C=Calf (N=11),J) =
Juvenile (N = 28), U = Unknown (N = 5).

Duplicate biopsies were taken from eight individuals. Biopsy samples taken days
apart showed varying PAH concentrations with some patterns increasing, some decreasing
and one that stayed relatively the same (Fig. 8-A). Biopsy samples taken a year to two
years apart showed an increase in PAH concentrations for adults and little change between
juveniles (Fig. 8-B). CYP1A expression in all individuals followed the decreasing trend of
the entire sample population (Figure 9-A & B). No significant trend was found between
CYP1A expression and PAH concentrations in biopsy samples (Fig. 10). When the outlier
sample was included the trends became more inversely related but not enough to be
significant (Fig. A-3). A significant inverse relationship was seen when average PAH
concentration and average CYP1A expression was compared between Northern locations
(R?2 = 0.8387) (Fig. A-4). Feeding areas had high CYP1A expression and low PAH
concetrations in biopsy samples, whereas the breeding/calving area had low CYP1A
expression and higher PAH concentrations in biopsy samples (outlier included). When

outlier was excluded no significant trend occurred.
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Figure 8: PAH concentrations (ng/g lipid) for duplicate biopsies from eight individuals collected days apart (Figure A) or a
year(s) apart (Figure B). Biopsy collection dates are on the x-axis (month/day/year). Vertical lines separate the different
individuals and labels represent individual demographics “age class-gender” (A = adult, J= juvenile, C= calf, M= male, F =
female, U= unknown). Note: Figure 8-B is on a logarithmic scale to better show differences between years.

16



A)

B)

7 -
A-M U-M -M C-F
6 -
5 -
x
5
2 4
S
a 3 -
>
(S}
2
1 -
0 T T T T T T T 1
8/9/1994 9/26/1994 8/26/1994 9/3/1994 9/22/1994 9/26/1994 8/7/1996 8/11/1996
9 -
A-M A-F J-F JF
8 -
7 -
6 -
x
)]
£ s
S
a 47
>
(S}
3 -
2 -
1 -
O T T T T T T T ._\

8/26/1994 9/19/1995 8/19/1994 9/17/1996 9/21/1994 9/19/1995 9/19/1995 8/11/1996

Figure 9: CYP1A index for duplicate samples. Figure A shows difference in CYP1A index in individuals sampled within the
same year. Figure B shows difference in individuals sampled in different years. Biopsy collection dates are on the x-axis
(month/day/year). Vertical lines separate the different individuals and labels represent individual demographics “age class-
gender” (A = adult, J= juvenile, C= calf, M= male, F = female, U= unknown).
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CYP1A Index

log Total PAH (ng/g lipid log 2-3 ring PAH (ng/g lipid log Total 4-7 ring PAH (ng/g lipid

Figure 10: Relationships between PAH burden in biopsy samples and CYP1A expression. Figure A illustrates relationship (p= 0.2291) between
total PAH and CYP1A index. Figure B represents the relationship (p = 0.1591) between total 2-3 ring PAH compounds and CYP1A index. Figure
C represents relationship (p = 0.4449) between total 4-7 ring PAH compounds and CYP1A index. All PAH concentrations are on a log scale.
Shaded areas indicate 95% confidence intervals.

Do PAH levels or CYP1A expression patterns show any correlation with right
whale reproduction parameters?

No significant linear trends were found between age at first calf and CYP1A
expression or total PAH burden in biopsy samples for female samples (P > 0.05) (Fig. 11).
The relationship between PAH burdens and age at first calf had a more positive trend than
CYP1A expression and age at first calf. No significant linear trends (p > 0.05) were found
between number of calves and CYP1A expression or total PAH burden in biopsy samples

for adult female samples.
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Figure 11: Linear relationships between age at first calf and CYP1A expression (p = 0.7089) (Figure A), and PAH
burden in biopsy samples (p = 0.0858) (Figure B) of female right whale samples including confidence intervals.
Sample size = 18 females.
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DISCUSSION

What are the similarities and differences in Cytochrome P450 expression
patterns between Northern and Southern hemisphere populations?

Though no statistically significant difference was found between CYP1A expression
in whale biopsies taken from feeding areas in the North Atlantic and Southern sample
areas, statistical significance does not take into account what levels of CYP1A staining
indices are representative of high levels of stress or poor health of right whales. So an
average CYP1A index of 2.5 may be representing a significantly different impact on right
whale health than an average CYP1A index of 1.7 as seen between the CCB and SG feeding
sites. Also, the small sample size of the southern feeding area may not be representative of
the true CYP1A indices seen in these southern feeding right whales which may also skew
this comparison.

The data in the present study did show a significant difference between CYP1A
expression in feeding areas and breeding/calving areas in the North Atlantic sample areas.
If CYP1A was primarily being induced by contaminants that do accumulate, such as PCB’s,
you would likely expect to see higher CYP1A expression in the breeding/calving areas since
whales are typically fasting in these areas and living off their fat stores. Yet, this is not what
was observed suggesting that non-bioaccumulating contaminants such as PAH may be
inducing CYP1A expression to a larger degree.

The South Africa area samples had the highest CYP1A levels for the Southern sample
areas even though it is a breeding/calving area and not a feeding area. Higher human

populations in this area could be contributing to higher concentrations of contaminants in
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this area that right whales are exposed to and thus increasing CYP1A expression. Also, as
stated before, the low sample size in the southern feeding grounds off the South Georgia
islands may not be representative of the actual CYP1A expression in feeding Southern right
whales.

The comparison between average CYP1A expression and age class in the North
Atlantic samples showed calves to be significantly lower than the older adult and juvenile
samples. This difference may suggest that CYP1A inducing contaminants are not
necessarily being transferred from mothers to calves. This could result if mothers are
readily metabolizing the inducing contaminants and excreting them before passing them
on to their calf. One would expect to see higher CYP1A expression in calves if the primary
inducers of CYP1A were contaminants that have a higher tendency to accumulate in lipids,
such as PCB’s.

The North Atlantic average CYP1A expression showed a generally decreasing trend
from 1993-2000. This trend could indicate various changes in the environment, such as
declining exposure to CYP1A inducing contaminants, or other characteristics attributed to
chronic exposure to these CYP1A inducing contaminants.

A study by Ben-David et al.,, 2001, showed that CYP1A induction in otters fed crude
oil in their diet was measurable throughout the exposure period and declined shortly
following the cessation of oil administration indicating a dose-response of CYP1A in the
skin endothelium. This study also performed cumulative dose analysis which showed an
asymptotic response in the high dose samples suggesting that long-term chronic exposure
may elicit different responses in individuals experiencing similar conditions. This type of

response should be kept in mind when comparing the North Atlantic right whale samples,
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which may have higher continuous exposure to CYP1A inducing contaminants, to the
Southern right whale samples, which may not be exposed to as high or continuous levels of
CYP1A inducing contaminants.

An increase in the average calving interval for North Atlantic right whales was seen
from 3.67 years for the period of 1980-1992 to 5.8 years for the period of 1990-1998
(NOAA 2006). Trends from 2001 to more recent years place the calving interval back down
to approximately 3 years with an average calving interval of 3.3 years in 2010 (Right Whale
News 2010). Allowing for lag time, these observed changes in CYP1A expression patterns
may have connections or correlations to changes in calving intervals seen in the North
Atlantic samples (Fig. 5).

What are the PAH concentrations in North Atlantic right whale biopsy samples
and prey and how do they relate to CYP1A expression?

The higher PAH concentrations in zooplankton samples than in right whale biopsy
samples may be an indication that right whales can readily metabolize PAHs and not
accumulate them to the same degree of other contaminants. In the present study
zooplankton and right whale biopsy samples were not taken at the same time. BOF biopsy
samples were taken in September of 1995 one month prior to the BOF zooplankton
samples that were taken in August of 1995 . The CCB biopsy samples were taken in 1997
and the CCB zooplankton samples were taken a year prior in 1996. Yet, PAH
concentrations were the highest in the more urban influenced CCB biopsy and zooplankton
samples suggesting PAH levels are typically higher in this location and that right whales are

likely exposed to these contaminants through their prey. Also, PAH concentrations in BOF
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zooplankton and biopsy samples were of the same magnitude suggesting PAH levels in

prey are likely consistant or only gradually change.

Dermal biopsy samples usually contain the outer blubber section and skin
containing more connective tissue than fat as compared to the lower blubber layers. This
could be seen in the low lipid content of the biopsy samples, which was also seen in a 1989
study of organochloride levels by Woodley et al. Contaminant concentrations in the inner
blubber layer are hypothesized to reflect intake from recent feeding, whereas the outer
blubber layers represent historical patterns (Aguilar 1991). Therefore in this study,
patterns in CYP1A expression are more likely represented by zooplankton prey than by
PAH burdens in biopsy samples. Furthermore the CYP1A expression patterns in these sites
are more likely due to PAH influences from prey than PCBs as many PCB compounds were

not found in the prey samples and levels that were found were low (Weisbrod 2000).

Smaller molecular weight (2-3 rings) PAH compounds made up a majority of the
PAH concentrations in biopsy and prey samples. Higher molecular weight PAH compounds
are known to be inducers of CYP1A proteins. The lack of these higher weighted PAH
compounds in prey and biopsy samples could suggest they are being readily metabolized
and inducing their effects on the CYP1A expression patterns we saw in endothelial tissues.
A study by Chaloupka et al. (1994) found that smaller molecular weight PAH compounds (3
ring) were strong inducers of CYP1A-2 gene expression and microsomal MROD activity as
opposed to EROD activity used in this study. The staining antibody used in this study (MAb

1-12-3) is specific for CYP1A-1 proteins and not CYP1A-2 proteins (Drahushuk 1998).
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Analysis of CYP1A-2 expression may be useful for further analysis of PAH impacts on

biomarkers in right whales.

CYP1A expression and PAH burden in biopsy samples showed a generally negative
trend, though not significant. CYP1A expression and levels of inducers can persist over
long periods of time when the contaminants that induce CYP1A are slowly eliminated, such
as PCBs (White 1994). Alternatively, exposure to more rapidly metabolized inducers such
as PAH generally require an ongoing exposure in order for CYP1A expression to persist.
Animals with greater CYP1A levels may accomplish a more rapid elimination of parent PAH
residues than animals having lower CYP1A levels (Moore, M. pers. comm.). The inverse
trends seen in this data (Fig. A-4) suggest that the increased CYP1A expression in whales in
the feeding areas (BOF and CCB) reflect recent PAH exposure, possibly from prey.

Do PAH levels or CYP1A expression patterns show any correlation with right
whale reproduction parameters?

No significant trends were seen between reproductive parameters and CYP1A
expression or PAH concentrations in biopsy samples. One problem with taking data from
biopsies is that you are taking a cross-section of data and comparing it to a longitudinal
history of the animal. These comparisons were made to see if the levels of PAH
concentrations and CYP1A expression in a snapshot of the whales history had any
correlation to the reproductive history of the female whales. Yet, as previously mentioned,
CYP1A expression and PAH concentrations in biopsy samples can vary between years and
even days (Figs. 8 & 9). Analyzing average levels of PAH in prey and CYP1A expression

over a longer period of time may be more useful in determining PAH impacts on
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reproductive health. Due to the effort needed for these types of studies it may be useful to
determine what levels of PAH exposure can impact reproductive health on a cellular level

and interpolate the possible levels of impact based on levels of PAH exposure through prey.

The positive trend between age at first calf and PAH levels, though not statistically
significant (p =0.0858), is interesting. As previously mentioned, dermal biopsy samples are
more likely representative of historical exposure to PAH contaminants. Since PAHs are less
likely to accumulate in blubber as compared to more persistent contaminants, the levels of
PAH in biopsy samples may be representative of high loads of these compounds that could
not be readily metabolized. An investigation of the impact of chronic exposure to PAH on

reproductive parameters may be warranted.

MANAGEMENT IMPLICATIONS

The regional differences found between CYP1A expression in North Atlantic right
whale samples provide an interesting assessment as to how whales can be exposed to these
contaminants and which contaminants are eliciting a molecular response. Small
population sizes and the endangered status of North Atlantic right whales provide a
difficult sampling hurdle to asses changes in PAH burdens and CYP1A expression, thus
further analysis of PAH and CYP1A expression at a cellular level may be feasible at
furthering our understanding of what biomarkers can tell us about contaminants exposure
and the health of right whales. Furthering the available data on Southern right whales
which are recovering at a more viable rate may be useful in making comparisons between

the two species and impacts dues to the levels of contaminant exposure.
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Many variables could be hindering the recovery of the North Atlantic right whale. It is
not fully understood why right whales are not recovering at the same or similar rate of the
Southern right whale populations and much speculation exists. Other variables might
include not having enough available food to sustain the weight and nutrition needed for
reproduction. Right whales require an average of 1-2 billion copepods a day just to
maintain a healthy weight (Kenney et al. 1986). Anthropogenic noise sources within the
marine environment could be interfering with their communication, behavior and
distribution. There is also the possibility that the species has incurred a genetic bottleneck
that may have decimated the possibility of large population growth. With changes in their
environment throughout the years there may just be a lower carrying capacity available
within their ecosystem. The case could be that this new carrying capacity has been reached
(NMEFES 2004).

All these variables can exist within the context of right whale survival. Deciding
which variable(s) to focus conservation and management efforts on can be tricky and
drawn out. This is why research is necessary to analyze these variables to provide the data
necessary to inform the players at different levels of this issue. Many current regulations
address actions that have a higher likeliness of being effective. Yet, right whale populations
are still very low and there is very little evidence that current efforts are effective enough
to bring the population levels high enough that extinction is not expected within the next
200 years.

As an endangered marine mammal, North Atlantic right whales are protected under U.S.
laws through the Endangered Species Act (1973) and the Marine Mammal Protection Act

(1972). These regulations aim to reduce critical habitat degradation and harm to these
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species. Based on the results of this analysis, increased CYP1A expression due to exposure
to PAH through prey constitutes the possibility that contaminants can cause harm to the
recovery of this species and brings forth some management implications to protect the
species from these contaminants.

Drilling for oil of the east coast of the United States is a current pressing issue. Many
leasing areas lie within right whale habitat and migrations paths. The fact that oil is made
up of PAH compounds suggests that there could be an increase in right whale exposure to
these contaminants in areas where drilling is occurring. Management implications would
include taking this potential impact to endangered North Atlantic right whales into account
when assessing leasing terms or requirements from environmental impact statements.

Since the use and combustion of fossil fuels are sources of PAH in marine systems it
would be important to include assessments of PAH impacts on right whales when setting
target levels in emission standards through climate change legislation. These assessments
would also be useful in regulations currently in place such as the Clean Air Act and Clean
Water Act. Reducing levels of PAH allowed through these regulations can reduce the
amount of PAH right whales are exposed to.

Community outreach is also important to aid in reducing right whale exposure to
harmful contaminants. Educating the public on the impact contaminants have on wildlife
and introducing them to ways to reduce their use or release of PAH producing materials
either through education in school, aquariums or through bilge boom campaigns can be a

useful management tool.
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APPENDIX

North Atlantic Sampling Areas

Right Whale Sampling Sites

Location Abbreviation
Northern Bay of Fundy BOF
Hemisphers Cape Cod Bay. CCB
Southeast United States SEUS
South Georgia SG
Southern |Auckland Islands, New Zealand AUCK
Hemisphere |valdez, Argentina ARG
South Africa SA

Red = Calving/Breeding Areas Green = Feeding Areas

Nautical Miles
0 125 250 500 750 1,000

Southern Hemisphere Sampling Areas

Map Created by Carey Pelc
Projection: GCS_WGS_1984
April 2011

Data From WHOI

Figure A-1: Sampling locations for Northern and Southern hemisphere sample locations. Green stars represent sampling
areas that are known feeding areas for right whale and red stars represent sampling areas that are known calving/breeding
areas for right whales.
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Zooplankton Sampling Sites
1995-1996

Weisbrod, A. V., Shea, D., Moore, M. J., and Stegeman, J.J. 0 35 70 140 210 280
- e s N autical Miles

Figure A-2: Map illustrating zooplankton sampling sites in Bay of Fundy (BOF), Cape Cod Bay (CCB), and Georges Bank (GB).
Map created by Amy Bishop.
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Table A-1: Means and standard deviations of polycyclic aromatic hydrocarbons (ng/g lipid weight) in right whale dermal biopsies, and zooplankton samples. Numbers in
parenthesis indicate sample size.

Right Whale Biopsies Zooplankton
Aug. 1995 Mar. 1996 June
Aug. - Sept. 1994 Sept. 1995 BOF (15) Aug. - Sept 1996 Jan. - March 1997 CCB BOF (4) CCB (3) 1996 GB
BOF (33) BOF (12) (5) Pool Pool (1) Pool
Mean SD Mean SD Mean SD Mean SD
Lipid content (%) Lipid content (%)
12.09 14.45 7.41 6.50 24.96 22.53 2.10 1.82 7.35 1.26 1.66
naphthalene 7.52 20.63 44.52 102.37 2.75 5.73 106.31 125.76 47.05 449.39 274.18
2-methylnaphthalene 4.83 8.01 21.50 42.15 3.02 3.28 23.81 17.61 10.14 450.97 60.51
1-methylnaphthalene 3.47 6.25 10.07 16.28 1.19 1.62 11.02 8.49 493 167.14 17.15
biphenyl 11.94 25.80 26.44 30.30 1.62 1.38 3.49 3.18 8.30 116.68 32.12
2,6-dimethylnaphthalene 3.64 7.97 10.20 13.43 0.83 0.94 0.29 0.55 3.51 375.28 25.26
2,3,5-trimethylnaphthalene 3.00 4.86 7.60 5.62 1.46 2.13 16.76 13.67 NA NA NA
acenaphthylene 3.05 11.97 3.70 4.68 0.18 0.23 6.12 5.41 0.58 37.06 2.42
acenaphthene 4.62 5.89 8.39 8.66 1.51 1.24 13.20 17.68 29.84 46.52 42.49
dibenzofuran 3.55 6.56 12.90 24.70 3.34 3.80 24.34 25.74 5.78 231.00 48.27
fluorene 3.09 7.40 12.54 25.06 3.14 4.32 17.65 20.01 3.83 216.02 35.93
1-methylfluorene 5.34 12.28 26.28 34.26 8.97 8.35 47.40 71.01 <0.71 123.78 7.13
dibenzothiophene 2.12 4.62 9.39 18.79 1.39 141 8.68 12.83 <0.71 189.22 71.01
phenanthrene 16.74 39.39 92.73 208.48 14.51 14.92 77.42 112.41 >212.06 >788.41 88.87
anthracene 8.13 36.34 4.28 7.69 1.97 1.31 6.60 8.55 33.52 82.78 4.68
1-methylphenanthrene 4.35 10.90 13.78 26.05 2.42 1.96 39.09 64.81 14.05 204.99 21.38
fluoranthene 5.56 21.97 38.25 90.22 4.72 5.32 17.24 26.92 7.42 >394.20 105.65
retene 4.28 10.97 10.92 19.33 1.35 1.31 8.53 14.15 17.28 99.34 19.92
pyrene 0.84 2.15 2.73 4.47 1.96 2.40 11.65 17.29 11.18 62.28 47.35
benz[a]anthracene 0.23 0.58 0.70 1.30 0.65 0.73 1.24 2.56 3.55 78.84 30.45
chrysene 0.24 0.73 3.18 5.41 0.46 0.65 0.75 1.19 33.29 89.09 77.43
benzo[b]fluoranthene 0.71 2.57 0.73 2.12 1.08 3.01 5.56 11.25 8.60 70.17 9.27
benzo[k]fluoranthene 0.44 0.97 0.58 1.64 1.27 291 4.04 8.27 6.08 48.09 2.72
benzo[e]pyrene 0.35 0.71 0.05 0.00 0.12 0.23 1.89 411 12.70 76.48 16.05
benzo[a]pyrene 0.10 0.17 0.10 0.17 0.17 0.42 0.20 0.34 431 14.98 26.49
perylene 0.14 0.44 0.05 0.00 0.05 0.00 0.05 0.01 25.28 23.65 15.80
indeno(1,2,3-c,d]pyrene 0.10 0.15 0.53 1.76 0.20 0.52 11.21 10.36 1.78 25.23 24.59
dibenz[a,h]anthracene 0.27 0.45 0.55 1.88 0.15 0.33 0.24 0.43 <3.44 <18.92 <14.39
benzol[g,h,ilperylene 0.18 0.52 0.21 0.58 0.24 0.66 0.24 0.43 <5.09 37.84 <21.59
coronene 0.05 0.00 0.05 0.00 0.05 0.00 4.56 10.09 2.01 <18.92 <14.39
Total PAH 98.87 172.21 362.95 660.40 60.78 39.00 469.61 400.73 517.01 4537.28 1033.23
Total 2-3 ring PAH 95.22 171.26 353.49 652.15 54.39 34.71 427.98 374.20 410.89 4035.06 904.31
Total 4-7 ring PAH 3.65 4.26 9.46 13.20 6.39 8.46 41.63 39.19 106.12 502.21 253.18
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Figure A-3: Relationships between PAH burden in biopsy samples and CYP1A expression. Figure A illustrates relationship (p= 0.0904)
between total PAH and CYP1A index. Figure B represents relationship (p = 0.0646) between total 2-3 ring PAH compounds and CYP1A index.
Figure C represents relationship (p = 0.1690) between total 4-7 ring PAH compounds and CYP1A index. All PAH concentrations are shown on

a log scale.

4.5 -
BOF (60)
4 ¢ R? =0.8387

3.5 1 CCB (3)
L

2 1 SEUS (3)
15

CYP1A Index

0.5

0 T T T T 1
0 1000 2000 3000 4000 5000

Average PAH Concentration (ng/g lipid wgt.)

Figure A-4: Regression of average PAH and CYP1A expression in right whale biopsy samples by location. Outlier
sample from SEUS was included. Sample size for each location is presented in parenthesis.
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