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ABSTRACT: Organochlorine contaminants, includng polychlorinated biphenyls (PCBs), chlorinated 
bornanes (CHBs), dichloro-diphenyl-trichloroethanes (DDTs), chlordanes (CHLORs), hexachlorocyclo- 
hexanes (HCHs) and, chlorobenzenes (CBZs) were quantified in 188 harbour porpoises (Phocoenapho- 
coena) killed in commercial fisheries in the coastal waters of the Avalon Peninsula, Newfoundland (n = 
29), the Gaspe Peninsula, Quebec (Gulf of St. Lawrence) (n = 58), Grand Manan Island, New Brunswick 
(Bay of Fundy) (n = 86), and Jeffreys Ledge in the Gulf of Maine (n = 15). Levels were compared to 
determine if there were systematic differences in the organochlorine (OC) contaminant composition of 
harbour porpoises from these areas (Newfoundland, St. Lawrence, Bay of Fundy-Gulf of Maine) in the 
western North Atlantic. Bivariate analyses run on all 188 individuals showed both Fundy-Maine and 
St. Lawrence males had significantly hlgher levels of CHLORs, DDTs, PCBs and CHBs than New- 
foundland males. Fundy-Maine males also had significantly higher levels of CHLORs and PCBs than 
those from the St. Lawrence and St. Lawrence males had significantly higher levels of HCHs than 
males from Fundy-Maine. Females from Fundy-Maine had significantly higher levels of total PCB than 
both St. Lawrence and Newfoundland females. Total DDT levels were significantly hgher  in Fundy- 
Maine and St. Lawrence females than those from Newfoundland. Total CHLOR values were sigmfi- 
cantly hlgher in Fundy-Maine than in Newfoundland females. Multivariate analysis, run on a subset 
consisting of 100 immature harbour porpoises showed significant differences among the group cen- 
troids on both discriminant functions (Wilks' Lambda; p c 0.001) demonstrating that these geographic 
groups are distinguishable based on OC levels. These results indicate that delineating the western 
North Atlantic harbour porpoise population into sub-populations defined as Newfoundland, Gulf of 
St. Lawrence and Bay of Fundy-Gulf of Maine is appropriate. 
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INTRODUCTION 

Throughout their range, harbour porpoises Pho- 
coena phocoena are vulnerable to incidental mortality 
in gill nets (Jefferson & Curry 1994). Recent estimates 
of the numbers of harbour porpoises killed in Canadian 
and American commercial fishing operations (Lien 
1987, Fontaine et al. 1994a, Bravington & Bisack 1996, 
Trippel et al. 1996), together with the limited potential 

of the species to withstand such mortality (Woodley & 
Read 1991) have raised concern over the status of this 
species in the North Atlantic. For example, the Com- 
mittee on the Status of Endangered Wildlife in Canada 
considers western Atlantic harbour porpoises as 
threatened (Gaskin 1992). The high level of incidental 
mortality also prompted the Scientific Committee of 
the International Whaling Commission (IWC) to rec- 
ommend that the population structure of harbour por- 
poises in the North Atlantic be identified (IWC 1994). 
The IWC recommended that an integrated approach 
should be developed that could examine information 
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on both evolutionary (genetics, morphology) and eco- 
logical (chemical indicators, life histories) time scales. 

Identifying the population structure of a species is a 
critical step in the development of management and 
conservation strategies (Dizon et a1 1992). Gaskin 
(1984) suggested there were 4 harbour porpoise sub- 
populations in the western North Atlantic: Greenland 
(western and southeastern), Newfoundland-Labrador, 
Gulf of St. Lawrence, and Bay of Fundy-Gulf of Maine. 
This proposed sub-population structure was based on 
evidence from morphology, seasonal movements, the 
timing and distribution of sightings, strandings, and 
incidental catches. In a recent analysis of harbour por- 
poise mitochondrial DNA from the latter 3 sub-popula- 
tions, Wang et al. (1996) concluded there was genetic 
support for this putative population structure, prompt- 
ing the IWC to provisionally accept this structure as a 
working hypothesis. 

Attempts have been made to use differences in the 
ratios and compositions of various organochlorine (OC) 
pollutants to evaluate population identity and discrete- 
ness in marine mammals (Calambokidis 1986, Muir et 
al. 1990, Calambokldis & Barlow 1991, Aguilar et al. 
1993, Storr-Hansen & Spliid 1993). The composition 
and quantity of OCs in animals within a given ecosys- 
tem are the result of many factors, including the con- 
centrations of pollutants within an ecosystem, the 
transport rate of pollutants from the source to the 
ecosystem, the detoxification and degradation pro- 
cesses the pollutants undergo before they are 
ingested, and biological factors such as age, reproduc- 
tive condition, and health (Aguilar 1987). The relative 
importance of each of these factors may differ from sys- 
tem to system and populations inhabiting different 
regions may be expected to have qualitatively and 
quantitatively different OC compositions (Aguilar 
1987). Calambokidis (1986), for example, documented 
significant regional differences in some OC com- 
pounds in harbour porpoise blubber samples collected 
at different locations along the western coast of the 
United States. Calambokidis & Barlow (1991) reasoned 
that such differences could only arise if porpoises in 
these areas were allopatric. Recently, Aguilar et al. 
(1993) documented heterogeneities in the OC profiles 
of female pilot whales (Globicephala melas) from dif- 
ferent pods killed around the Faroe Islands and sug- 
gested this represented some form of biological or geo- 
graphical segregation in pilot whale schools. 

The objective of this study was to determine if there 
are systematic differences in the organochlorine cont- 
aminant composition of harbour porpoises from 3 areas 
In the western North Atlantic (Newfoundland, the Gulf 
of St. Lawrence, and the Bay of Fund.y-Gulf of Maine) 
and to evaluate the practicability of using this informa- 
tion in defining population structure. The concentra- 

tions and accumulation patterns of OCs in these por- 
poises have been described previously (Westgate et al. 
1997). 

METHODS 

Sample collection. All harbour porpoise samples 
were obtained through the co-operation of national 
observer programs of commercial gill net f~sheries. 
Between 1989 and 1991 blubber samples were ob- 
tained from 188 harbour porpoises killed incidentally 
in gill net fisheries in the coastal waters of the Avalon 
Peninsula, Newfoundland, the Gaspe Peninsula, Que- 
bec (Gulf of St. Lawrence), Grand Manan Island, New 
Brunswick (Bay of Fundy), and Jeffreys Ledge in the 
Gulf of Maine (Fig. 1). Sample sizes, method of sample 
collection, and sampling years from each locality are 
given in Table 1. 

Age determination. Ages were obtained by examin- 
ing dentinal growth layers in decalcified and stained 
thin-sections of teeth, as recommended by the Oslo 
Workshop (Rjsrge et al. 1995). An age estimate was not 
available from 1 porpoise from Newfoundland, but the 
age of this individual was estimated to be 1 yr based on 
its length (Richardson 1992). 

1 Bay of Fundy- 
Gulf of Maine 

2. Grand Manan 
3. Gaspe Peninsula 
4. Avalon Peninsula 

ATLANTIC OCEAN 

Fig. 1. Northeastern seaboard of North America showing the 
4 areas from which harbour porpoise samples were obtained. 
All samples were collected between 1989 and 1991 from indi- 

viduals incidentally caught in commercial fisheries 
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Organochlorine data. The contami- 
nant concentrations in the blubber of 
each porpoise were obtained using the 
methods described by Westgate et al. 
(1997). All contaminant concentrations 
were quantified using a gas chromato- 
graph with an 63Ni electron capture de- 
tector and are reported as ppm wet 
weight. Arithmetic means are reported 

Table 1 Location, sample size, and sample year for harbour porpoise blubber 
samples examined for organochlorine levels with bivariate and multivariate 

analysis 

Location Analysis Sample s ~ z e  Sample year 

Bay of Fundy- Bivariate Male = 51 July-October l989 
Gulf of Maine Female = 50 July-November 1990 

Throughout l991 

Multivariate Combined = 57 

., 
(abbreviated as P followed by a 
number) are numbered according to 
Ballschmiter & Zell (1980). Chlorinated 

with one standard deviation unless oth- 
erwise noted. Total polychlorinated bi- 
phenyls (CPCBs) were the sum of 68 
conaeners. Individual PCB conqeners 

Newfoundland Bivariate Male = 18 
Female = l 1  June-July 1991 

Multivariate Combined = 12 

Gulf of St. Lawrence Bivariate Male = 31 June-August l989 
Female = 27 November 1991 

Multivariate Combined = 31 

I 
bornanes (CHBs) were determined with 
a single response factor based on a CHB 
standard (US Environmental Protection Agency reposi- 
tory, Cincinnati, Ohio). Total CHBs (ECHBs) were the 
sum of all detected peaks which typically varied be- 
tween 10 and 14 (abbreviated as T followed by a num- 
ber). Total dichloro-diphenyl-trichloroethane (CDDT) 
included p,p'-DDT, o,p-DDT, p,p'-dichloro-diphenyl- 
ethane (DDE), o,p-DDE, p,p'-dichloro-diphenyl-ethane 
(DDD) and o,p-DDD. Total chlordane (CCHLOR) was the 
sum of 14 chlordane-related components, including: 
hepachlor, trans-nonachlor (TNONA), oxychlor (OXY- 
CLR), trans-chlordane (TCHLOR), cis-chlordane 
(CCHLOR), cis-nonachlor (CNONA), hepachlor epoxide 
(HEPOX), C, C2/U5, U3, U1, CIA, C3 and C5. Total 
chlorobenzenes (CCBZs) was the sum of penta- and 
hexa-chlorobenzenes. Total hexachlorocyclohexane 
(ZHCH) was the sum of all 3 hexachlorocyclohexane iso- 
mers (a,  p, y). Dieldrin (DIELD), oxystyrene (OCSTYR) 
and mirex were also quantified. 

Statistical methods. There is little evidence to sup- 
port the separation of Bay of Fundy and Gulf of Maine 
porpoises into 2 distinct samples; analysis of mitochon- 
drial DNA documented little genetic variation between 
these groups (Wang et al. 1996), life history parameters 
have been shown to be similar (Read & Hohn 1995) and 
recent evidence obtained from satellite telemetry 
(Read & Westgate 1997) revealed extensive move- 
ments between the Bay of Fundy and Gulf of Maine. 
Thus porpoises from the Bay of Fundy and Gulf of 
Maine were pooled for all further comparisons. 

Two separate analyses (detailed below) were con- 
ducted with these data. First, an analysis of covariance 
(ANCOVA), using age as the covariate, was used to 
test for differences in 6 families of OCs (CBZs, HCHs, 
DDTs, CHLORs, PCBs and CHBs) among all the por- 
poises from the 3 geographic locations. Second, a mul- 
tivariate analysis was used to test for geographic dif- 
ferences in porpoises from a single reproductive class 

using a much larger number of individual OC vari- 
ables. Thus, the former analysis accounted for varia- 
tion introduced by the large sample size and the latter 
accounted for variation introduced by the large num- 
ber of quantified compounds. Statistical analyses were 
conducted using either SAS (SAS 1989) or SPSS (SPSS 
1997) software packages. 

Analysis of covariance. Separate analyses were con- 
ducted for each sex on porpoises of all ages (n = 188). 
Geographical differences in the concentrations of cont- 
aminant groups (CPCB, CCHB, EDDT, CCHLOR, CCBZ, 
CHCH) were tested by analysis of covariance using age 
as the covariate. Frequency distributions of the residu- 
als of the linear models were tested for normality 
(Shapiro-Wilk test [Zar 19741) and all distributions were 
subsequently normalised with a log,(x+ l )  transforma- 
tion. When the assumption of homogeneity of slopes 
among groups was met (Littell et al. 1991) and the AN- 
COVA revealed significant differences between loca- 
tions, 3 pairwise comparisons of least squares means 
were examined (Newfoundland-St. Lawrence, New- 
foundland-Fundy-Maine, Fundy-Maine-St. Lawrence). 
To decrease the chance of making a Type I error, the 
alpha level was increased to 0.01 for each pairwise test. 
In the case where slopes were heterogeneous, Type 111 
sums of squares (corresponding to Yates' weighted 
squares of means analysis) were calculated and exam- 
ined for location differences (Littell et al. 1991). 

Multivariate analysis. This analysis was limited to 
male and female porpoises less than 4 yr of age (n = 

100) because no significant differences in OC concen- 
trations have been documented among these age and 
sex classes (Westgate et  al. 1997). 

To remove the influence of absolute concentration, 
the OC data from each porpoise were normalised to 
sum to 100. Following the recommendations of 
Schwartz & Stalling (1991), the data were further 
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transformed using log,(x+ l )  to reduce the influence of 
closure. Finally, each variable was scaled so as to have 
a mean of 0 and a variance of 1. 

Up to 99 individual OC compounds were quantified 
in harbour porpoise blubber. Of these, 4 8  compounds 
were excluded from the multivariate analysis because 
they were found to be non-normal after transformation 
or were below the level of detection in some samples 
(<0.01 pg g-l). We acknowledge that elimination of the 
last group weakens the power of the analysis, but this 
was necessary to avoid problems associated with the 
statistical analysis of concentrations below the level of 
detection. 

Principal components analysis (PCA) was used to 
reduce the final data set of 51 variables to a new series 
of linear combinations (principal components) (Ta- 
bachnik & Fidell 1996). Although combining all 3 local- 
ities within a single PCA may confound the intra-spe- 
cific variation, this technique allowed for the original 
data set to be reduced to a smaller, more manageable 
number of variables. To simplify the final interpreta- 
tion, the varimax rotation was used and only those 
principal components with eigenvalues greater than 
1.0 were extracted. This technique is suited to chemo- 
metric comparisons and is described by Schwartz & 
Stalling (1991) and Storr-Hansen & Spliid (1993). 

A discriminant analysis (DA), which utilised the 
principal components as input variables, was used to 
determine if the group centroids (multivariate means) 
were significantly different. This descriptive facet of 

DA was also used to evaluate which discriminant 
functions (or sets of predictor variables) contributed to 
group differences. In addition, the DA was used to re- 
classify each porpoise into 1 of the geographic groups 
based on the discriminant functions (Tabachnick & 
Fidell 1996). The adequacy of the re-classification was 
determined by the percentage of correct classifica- 
tions, assuming that there was an equal probability 
(33%) of being classified into any of the 3 groups by 
chance alone. Classification rates substantially greater 
than 33 % for any given group would indicate that the 
discriminant functions were satisfactory for predicting 
group membership. The reclassification rates were 
cross-validated by classifying each porpoise based on 
the functions derived from all porpoises other than 
that porpoise. 

Age distributions. Contaminant levels in harbour 
porpoises are related to age (Westgate et al. 1997), so 
age distributions from each location were compared 
pairwise by sex, using the Kolmogorov-Smirnov test 
(Zar 1974). 

RESULTS 

Age distributions 

The age distributions of the male and female sam- 
ples were not significantly different among regions (for 
bivariate test) nor were the age distributions of the 

Table 2. Results of the ANCOVA of the 6 families of contaminants recorded in male harbour porpoise blubber samples from the 
Bay of Fundy-Gulf of Maine, Gulf of St. Lawrence and Newfoundland. The equation of each regression line is shown with age as 
the independent and compound as the dependent variables. Means (i SD) and ranges of the contaminant levels are also shown. 

Significant differences among regions are indicated; areas followed by the same letters are not significantly different. 

Compound Region Equation of Contaminant level (ppb) p value Differences 
regression line Mean + SD Range 

ZCBZ Fundy -Maine y = 0 . 0 6 ~  + 5.56 0.33 + 0.15 0.04-0.62 p = 0.02 a 
St. Lawrence y = 0 . 0 3 ~  + 5.78 0.39 + 0.13 0.14-0.68 a 
Newfoundland y = 0 . 0 3 ~  + 5.85 0.41 + 0.12 0.24-0.68 a 

ZHCH Fundy-Maine y  = 0 . 0 5 ~  + 5.67 0.36 T 0.10 0.03-0.66 p = 0.002 a 
St. Lawrence y = 0 . 0 3 ~  + 6.07 0.51 + 0.16 0.28-0.86 b 
Newfoundland y  = 0 . 0 2 ~  + 5.85 0.39 * 0.08 0.28-0.56 ab 

ZCHLOR Fundy-Maine y = 0 . 1 5 ~  + 8.16 6.20 3.25 1.87-16.97 p < 0.001 a 
St. Lawrence y =  O.lOx+ 8.06 5.02 + 2.42 1.17-11.21 b 
Newfoundland y = 0 . 1 5 ~  + 7.40 3.83 i 1.76 1.28-7.28 C 

ZDDT Fundy-Maine y = 0 . 1 2 ~  + 8.52 7.91 * 3.64 2.61-19.79 p < 0.001 a 
St. Lawrence y = 0 . 1 0 ~  + 8.38 7.03 i 3.94 1.87-19.91 a 
Newfoundland y = 0 . 1 6 ~  + 7.42 4.06 + 1.87 1.38-7.32 b 

XPCB Fundy-Maine y = 0 . 1 4 ~  + 9.20 17.65 r 11.37 5.66-74.97 a 
St. Lawrence y = 0 . 0 8 ~  + 8.88 10.64 T 5.43 2.58-28.55 b 
Newfoundland y = 0 . 1 3 ~  + 7.81 5.24 r 2.51 1.79-10.56 C 

ZCHB Fundy-Maine y = 0 . 1 1 ~  + 8.91 12.01 i 6.65 3.00-31.07 a 
St. Lawrence y =  O.O8x+ 9.11 14.10 i 8.80 3.67-46.29 a 
Newfoundland y = 0 . 0 8 ~  + 8.40 6.98 + 2.21 4.19-10.94 b 
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immature porpoises different among regions (for mul- 
tivariate test). 

Analysis of covariance 

The assumption of homogeneity of slopes between 
geographic groups was satisfied in all cases (p = 0.09 to 
0.80), with the exception of CHCH and CCHB in female 
porpoises (p < 0.05). There were significant geographic 
differences for all contaminants except CCBZ in males 
(p = 0.20) and CCBZ (p = 0.24), CHCH (p = 0.09) and 
CCHB (p = 0.6) in females (Tables 2 & 3). In the male 
sample, all slopes were significantly positive (Table 2) 
while in female porpoises all slopes, except ECHB for 
St. Lawrence, were significantly negative (Table 3). 

Males 

The results of pairwise comparisons of adjusted 
means of organochlorine concentrations among loca- 
tions for males are presented in Table 2. Both Fundy- 
Maine and St. Lawrence males had significantly 
higher levels of CCHLOR, CDDT, CPCB and CCHB than 
animals from Newfoundland. Fundy-Maine males had 
significantly higher levels of CCHLOR and CPCB than 
individuals from the St. Lawrence and St. Lawrence 
males had significantly higher levels of CHCH than 
males from Fundy-Maine. 

Females 

The results of pairwise comparisons of adjusted 
means of organochlorine concentrations among loca- 
tions for females are presented in Table 3. Females 
from Fundy-Maine had significantly higher levels of 
CPCB than females from both St. Lawrence and New- 
foundland. Total DDT levels were significantly higher 
in Fundy-Maine and St. Lawrence females than those 
from Newfoundland. Total CHLOR values were signif- 
icantly higher in Fundy-Maine than Newfoundland 
females. 

Multivariate analysis 

Principal components analysis 

Preliminary results indicated that it was appropriate 
to proceed with the PCA: the Kaiser-Meyer-Olkin 
measure of sampling adequacy was high (0.802), there 
were sizeable correlations among the original vari- 
ables, there were low correlations in the residuals 
matrix, and there were several original variables 
which loaded highly on each function (Tabachnick & 

Fidell 1996). Four OCs (P85, P151, P172, U3) were 
eliminated from the PCA due to low communalities. A 
low comniunality score suggests that the inclusion of 
these variables would not assist in describing the vari- 
ation present in the data due to low correlations with 

Table 3. Results of the ANCOVA of the 6 families of contaminants recorded in female harbour porpoise blubber samples from the 
Bay of Fundy-Gulf of Maine, Gulf of St. Lawrence and Newfoundland. The equation of each regression Line is shown with age  as 
the independent and compound as the dependent variables Means (* SD) and ranges of the contaminant levels are  also shown. 

Significant differences anlong regions are indicated; areas followed by the same letters are not significantly different 

Compound Region Equation of Contaminant level (ppb) p value Differences 
regression line Mean + SD Range 

CCBZ Fundy-Maine y = - 0 . 2 1 ~  + 5.90 0.24 ? 0.16 0.02-0.64 p = 0.24 a 
St. Lawrence y = - 0 . 1 7 ~  + 6.03 0.29 * 0.15 0.04-0.62 a 
Newfoundland y = - 0 . 4 3 ~  + 6.48 0.34 * 0.24 0.05-0.81 a 

CHCH Fundy-Maine y = -0.1 1x + 5.94 0.29 + 0 13 0.07-0.69 p = 0.09 a 
St. Lawrence y = - 0 . 0 7 ~  + 6 07 0.36 + 0 13 0 11-0.59 a 
Newfoundland ) / = - 0 2 9 x +  6 3 8  0 3 6 t 0 1 9  0.11-0.68 a 

CCHLOR Fundy-Maine y = - 0 1 0 x + 8 4 5  3 75 + 1.78 0.85-7 29 p = 0.02 a 
St. Lawrence y = - 0 . 0 6 ~  + 8 14 3 33 t 1.85 0.85-7.90 a b  
Newfoundland y = -0 20x + 8.16 2.73 + 1.79 0.81-5.61 b 

EDDT Fundy-Maine y = - 0 . 9 ~  + 8 82 5.53 * 2.49 1.38-12.43 p < 0.001 a 
St. Lawrence y = - 0 . 0 3 ~  + 8.44 4.84 + 2.76 1.16-13.18 a 
Newfoundland y = - 0 . 1 8 ~  + 8 23 3.13 + 2.27 1.04-7.55 b 

CPCB Fundy-Maine y = - 0 . 0 7 ~  + 9.49 11.34 * 4.76 1.95-24.95 p < 0.001 a 
St. Lawrence y = - 0 . 0 5 ~  + 8.95 7.41 * 3 90 1.43-16.66 b 
Newfoundland y = - 0 . 1 6 ~  + 8.67 5.49 * 4.37 1.44-14.16 C 

CCHB Fundy-Maine y = -O.l lx+ 9.18 8.09 * 4.92 0.97-21.56 p = 0.19 a 
St. Lawrence y = 0 . 0 1 ~  + 8.97 9.80 * 6.41 1.52-26.71 a 
Newfoundland y = - 0 . 2 3 ~  + 8.97 5.49 * 2.96 1.78-10.75 a 
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-.- 
Principal Component l 

Fig. 2. Principal component scores for harbour porpoises from the Bay of Fundy-Gulf of Maine (A) .  Newfoundland (U), and the 
Gulf of St. Lawrence (0), plotted on principal components 1 and 2 
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other original variables and with resulting principal 
components (Tabachnick & Fidell 1996). The ensuing 
analysis was conducted on the remaining 47 OCs. 

The first 9 principal components (PCs) extracted 
had eigenvalues greater than 1.0 and accounted for 
85% of the total variation present (Table 4). A scatter- 
plot of individual porpoises on the first 2 principal 
components is shown in Fig. 2. There were 5 OCs 
which correlated highly with PC1 and can be consid- 
ered as defining. P149 and P95 had strong positive 
loadings (correlations), and T2, T12, and PHCH had 
strong negative loadings (Fig. 3, Table 4). Additional 
variables with high loadings are shown, in Table 4 .  
Individuals scoring hi.gh on PC1 (those toward the 
right of the scatterplot) ha.d high levels of organochlo- 
rines which correlated positively with PC1. Individu- 
als scoring low on PC1 had high levels of organochlo- 
rines correlating negatively with PC1. Four OCs had 
high positive loadings on PC2 (OHCH, yHCH, 
OCSTYR, HCBZ) and can be considered defining for 
that factor. Additional variables with high loadings 
are shown in Table 4. Each additional factor can be 
best defined by those original variables with the high- 
est loadings. 
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Discriminant analysis 

There were significant differences among the group 
centroids on both discriminant functions (Wilks' 
Lambda; p < 0.001), suggesting the geographic groups 
were distinguishable based on OC levels (Fig. 4). Dis- 
criminant function 1 (DF1) was highly correlated with 
PC2, suggesting that the separation among the groups 
on DF1 was due to those OCs associated with PC2. Dis- 
criminant function 2 was positively correlated with PCs 
1 and 8, and negatively correlated with PC6 suggest- 
ing that the separation of the groups on DF2 was due to 
OCs associated with those principal components. 

The scatterplot shows the largest degree of separa- 
tion among groups is along DF1 (Fig. 4 ) ,  and is primar- 
ily due to those OCs which were associated with PC2 
(Table 4). In general, the Newfoundland group had 
comparatively high levels of aHCH, yHCH, OCSTYR, 
HCBZ, OPDDE, P44, and TCHLOR, and comparatively 
low levels of P183, P138, P52, P170, P180, and P187. 
The Fundy-Maine group showed the opposite compo- 
sition (low levels of aHCH, yHCH, OCSTYR, HCBZ, 
OPDDE, P44, and TCHLOR, and comparatively high 
levels of P183, P138, P52, P170, P180, and P187), while 
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Fig. 3. Loading plot showing the distribution of the original 47 variables plotted on principal components 1 and 2 

the Gulf of St. Lawrence showed an intermediate com- 
position. 

PC6 had a strong negative correlation with DF2 
despite encompassing very little of the original varia- 
tion (3.8%). This suggested that the differences 
observed on DF2 were due mainly to PC6 (P146, P179, 
and P185). The high position of the Newfoundland 
group centroid and the negative correlation that exists 
between PC6 and DF2 implied that Newfoundland 
porpoises had the lowest levels of these 3 PCBs, with 
intermediate and high levels observed in Fundy- 
Maine and Gulf of St. Lawrence porpoises respec- 
tively. 

Although most of the original variation present in the 
data was attributed to PC1 (30.5%), PC1 was less 
important in group discrimination because its correla- 
tion with DF2 was not particularly high (Table 5 ) .  Four- 
teen of the original 47 variables were highly correlated 
with PC1, but the unimportance of PC1 in the discrim- 
ination of groups suggested that these OCs are not 
particularly important in group discrimination. 

A posteriori classification was 93% for the Bay of 
Fundy-Gulf of Maine group, 87% for Gulf of St. 
Lawrence, and 83% for Newfoundland (Table 6). 
Cross-validation rates were similar to the original clas- 

sification rates (Table 6). Individuals from Fundy- 
Maine and Newfoundland were never misidentified as 
each other. Porpoises from Fundy-Maine and the Gulf 
of St. Lawrence were occasionally misclassified as 
each other, as were individuals from the Gulf of St. 
Lawrence and Newfoundland. This suggests that the 
Fundy-Maine group has a suite of OC levels recognis- 
ably different from those found in Newfoundland por- 
poises. Although the Gulf of St. Lawrence individuals 
can be reliably classified, this group appears to be 
somewhat intermediate to the Fundy-Maine and New- 
foundland groups. The high classification rates in each 
group, combined with significant differences on both 
discriminant functions suggests that the principal com- 
ponents groupings of the data are reliable for group 
discrimination of OC levels based on geographic loca- 
tion. 

DISCUSSION 

The results of both analyses showed that the contam- 
inant profiles of Newfoundland harbour porpoises 
were markedly different from both St. Lawrence and 
Bay of Fundy-Gulf of Maine animals. A lesser but sig- 
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Table 4. Principal component loadings for each original nificant level of distinction was also present between 
organochlorine (OC) contaminant measured in harbour por- porpoises from St. Lawrence and Fund~-Maine areas. 
poises from the Bay of Fundy-Gulf of Maine, Newfoundland, The differences in profiles of harbour par- 
and the Gulf of St. Lawrence. Only the strongest loadings are 
given, and OCs are grouped according to the principal corn- poises the presented here 
ponent with whch  they had the strongest correlation [indi- Gaskin's (1984) hypothesis that porpoises from New- 
cated by the loading value). Eigenvalues (Eigen.) and percent foundland, Gulf of St. Lawrence and Bay of Fundy- 
of total variation (% var.) are also given for each principal ~ ~ l f  of ~~i~~ separate sub-populations. 
component. See 'Methods: organochlorine data' for contami- 

nant definitions. Cont. = contaminant 

Cont. PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

P149 0.898 
P95 0.817 
P194 0.694 
P153 0.693 
P199 0.677 
P174 0.675 
P158 0.638 
P132 0.504 
T2 0 . 9 1 0  
T12 -0.910 
BHCH -0.905 
DIELD -0.676 
HEPOX -0.636 
T17 -0.542 
AHCH 0.880 
GHCH 0.835 
OCSTYR 0.831 
HCBZ 0.827 
OPDDE 0.694 
P44 0.649 
TCHLOR 0.556 
P183 -0.669 
P138 -0.643 
P52 -0.613 
P170 -0.612 
P180 -0.608 
P187 -0.589 
TNONA 0.900 
CNON A 0.823 
OXYCLR 0.755 
C3 0.592 
P99 -0.665 
P101 -0.656 
P118 -0.534 
OPDDD 0.913 
OPDDT 0.664 
C5 0.800 
CCHLOR 0.695 
P179 0.680 
P185 0.630 
P146 0.594 
PPDDE -0.818 
PDDD -0.713 
PPDDT -0.501 
P47 0.592 
C 0.520 
MlREX 0.833 

Eigen 10.9 8.9 5.1 3 1 2.9 2.5 2.4 2.2 2.0 
% var. 23.2 19.0 10.8 6.7 6.1 5.2 5.2 4.6 4.2 

Bivariate analysis 

The similarities in the slopes of the regression lines 
for male and female harbour porpoises indicate that 
the bioaccumulation processes are similar in all 3 
regions. Thls agrees with previous studies of harbour 
porpoises (Gaskin et al. 1971, 1976, 1983, Westgate et 
al. 1997), which showed that male harbour porpoises 
tend to accumulate OCs throughout their lives 
whereas levels in females tend to decrease, presum- 
ably due to the losses incurred transplacentally to the 
foetus and through lactation. These findings also indi- 
cate that contaminant concentrations change gradu- 
ally with age in harbour porpoises and dramatic or 
unpredictable fluctuations are generally not observed. 

The contaminant composition recorded in harbour 
porpoises from Newfoundland, St. Lawrence, and Bay 
of Fundy-Gulf of Maine were similar (see Westgate et 
al. 1997) but levels in both male and female porpoises 
showed marked differences between the locations. 
The concentrations of most OCs in harbour porpoises 
from Newfoundland were significantly lower than in 
porpoises from the other 2 regions. Of the 6 contami- 
nant groups examined, 4 were significantly lower in 
Newfoundland males (Table 2) and 3 in Newfoundland 
females (Table 3). The greatest differences were found 
in levels of XPCBs in male porpoises which were 70% 
and 51 % lower in Newfoundland than in Fundy-Maine 

Table 5. Discriminant function (DF) loadings for each princi- 
pal component extracted for harbour porpoises from the Bay 
of Fundy-Gulf of Maine, Newfoundland, and the Gulf of St. 
Lawrence. Principal components are ordered according to the 
absolute magnitude of the correlati.on with the 2 discriminant 

functions 
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U Newfoundland 

Discriminant Function l 

Fig. 4 .  Discriminant function scores for harbour porpoises from the Bay of Fundy-Gulf of Maine ( A ) ,  Newfoundland ( U ) ,  and the 
Gulf of St. Lawrence (0), plotted on discriminant functions 1 and 2. Group centroids are  indicated with the grey stars. Lines were  

plotted around each group to aid in visualisation 

and St. Lawrence animals, respectively. Total CHLOR, 
CDDT and CCHB were all between 2 4 %  and 70% 
lower in males from Newfoundland than in males from 
the other 2 areas (Table 2). In the female sample, levels 

Table 6 Classdicat~on results from the discriminant analys~s 
of harbour porpoises from the Bay of Fundy-Gulf of Mame, 
Newfoundland, and the Gulf of St Lawrence The left column 
indicates the o r ~ g ~ n a l  group while the top row indicates the 
pred~cted group Percentage of porpolses class~fied ~ n t o  a 
group are given wlth the absolute number of porpoises In 
parentheses Correct class~fications are  ital~cized and mlsclas- 

sifications are not ital~cized 

Fundy- Newfound- Gulf of 
Maine land St Lawrence 

Original  count 
Fundy-Mame 93% (53) 0 %  (0) 7  % (4 )  
Newfoundland 0 % ( 0 )  83.3%(10) 16 .7%(2)  
Gulf of St. Lawrence 9 .7% (3) 3 .2% (1) 87.1 % (27) 

Cross-validated count 
Fundy-Mame 91.2% (52) 0 %  (0) 8 .8% (5) 
Newfoundland 0 %  (0) 83.3% (10) 16.7 % ( 2 )  
Gulf of St. Lawrence 12.9% (9) 3 .2% (1) 83.9% (26) 

of CCHLOR and CDDT were also significantly lower in 
Newfoundland compared to Fundy-Maine porpoises 
(Table 3) .  CPCB levels showed the most striking differ- 
ences, with Newfoundland females having levels that 
were 52 % lower than Fundy-Maine and 26 % lower 
than St. Lawrence. CPCBs were also significantly dif- 
ferent between Fundy-Maine and St. Lawrence, with 
the latter group being 35 % lower than the former. 

Levels of CCBZ and CHCH were present in much 
lower concentrations than were the other compounds 
(Tables 2 & 3). With the exception of the significantly 
higher levels of CHCH found in St. Lawrence males, 
there was little geographic variation observed in the 
concentration of these compounds. This observation 
fits well with predictions of the cold condensation 
effect of semi-volatile organics (Wania & Mackey 
1993). Volatile compounds like HCHs and CBZs tend 
to be more evenly distributed worldwide while deposi- 
tion of less volatile compounds (e.g. PCBs, DDT) 
appears to be more rapid close to their sources (e.g. 
urban and intense agricultural areas of the USA). Sim- 
ilar homogeneities in the levels of these compounds 
have been observed in arctic whales (Muir et al. 1990) 
and seals (Weis & Muir 1997) 
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Multivariate analysis 

The results of the discriminant analysis confirmed 
the presence of geographic variation in OCs among 
immature porpoises. Verifying the analysis of covari- 
ance, the Newfoundland porpoises had lower levels of 
PCBs, specifically P52, P138, P146, P170, P179, P180, 
P183, and P185. Porpoises from Newfoundland were 
the most distinct (Fig. 4), and the positioning of the St. 
Lawrence and Fundy-Maine groups was consistent 
with higher levels of contaminants in porpoises from 
these 2 regions (Tables 2 & 3).  

High reclassification rates for each geographic group 
implied that sub-population identity can be reliably 
predicted based on the organochlorine discriminant 
functions (Table 6). Porpoises from the Gulf of St. 
Lawrence were occasionally misclassified as either 
Fundy-Maine or Newfoundland, suggesting that the 
St. Lawrence group had an organochlorine profile 
intermediate to the other 2 groups. Fundy-Maine and 
Newfoundland porpoises were never misclassified as 
each other, suggesting their organochlorine profiles 
were distinct. 

Possible sources of geographic variation 

Differences in contaminant concentrations can arise 
from 1 or more of the following factors: (1) animals 
sampled are of dissimilar age, reproductive status or 
health, (2) animals are feeding on prey items that are 
differentially contaminated, and hence are accumulat- 
ing xenobiotics at varying rates, and (3) animals and 
their prey are inhabiting waters that have different 
contaminant compositions due to differences in prox- 
imity to pollution sources. 

Condition of porpoises 

Variation in age, reproductive status, and condition 
did not account for the differences observed in this 
study. Although samples were comprised of different 
relative proportions of reproductive classes, these 
were not significantly different with respect to age dis- 
tributions, making the composition of each sample, as 
a whole, similar. Marine mammals in varying degrees 
of body condition can have different OC levels 
because, as their blubber fat is mobilised or deposited, 
pollutants can concentrate or dilute (Aguilar 1985, 
Addison 1989). We assume that most porpoises exam- 
ined in this study were in good body condition because 
of the random nature of the sampling process (i.e. ani- 
mals captured in gill nets). In an examination of 212 
porpoises killed in groundfish gill nets, Read (1990) 

found all to be in good body condition. In addition, all 
porpoises examined in this study had similar percent 
lipid values in their blubber (Newfoundland 88.7 
3.2%, St. Lawrence 88.8 e 3.1%, Fundy-Maine 88.3 + 
2.6%), which varies with condition in other odonto- 
cetes (Addison 1989, Agullar et al. 1992). It is possible 
that there were more subtle variations in health or con- 
dition that were responsible for the observed differ- 
ences, but in a recent study that examined contami- 
nants, cause of death, and body condition in harbour 
porpoises from British waters, Kuiken et al. (1994) 
found that there was no relationship between contam- 
inant levels and cause of death or condition. It would 
seem unlikely, therefore, that differences in condition 
contributed to the geographic differences observed 
here. 

Food sources 

Unlike most aquatic organisms that accumulate OCs 
through bioconcentration and bioaccumulation (Con- 
nell 1988), cetaceans acquire over 90% of their OCs 
directly from the food they ingest (Aguilar 1987). 
Therefore, differences in the contaminant composition 
of harbour porpoises reflect concomitant differences in 
the prey they consume. Analysis of stomach contents 
has revealed that the composition of the diets of har- 
bour porpoises from the regions differ. Harbour por- 
poises from Newfoundland feed primarily on capelin 
Mallotus villosus (Garry Stenson, Department of Fish- 
eries and Oceans, St. John's, pers. comm.). The diet of 
porpoises from the Bay of Fundy-Gulf of Maine is pri- 
marily Atlantic herring Clupea harengus (Recchia & 
Read 1989), and St. Lawrence porpoises feed on a mix- 
ture of both capelin and herring (Fontame et al. 
1994b). Assuming that there are few inter-regional dif- 
ferences in feeding rates (Innes et al. 1987), it follows 
that contaminant levels in the prey of the Newfound- 
land porpoises are lower than those in St. Lawrence 
and Fundy-Maine. It is not clear to what extent coma- 
minant levels differ between capelin and herring; how- 
ever, given that both fishes feed at the same trophic 
level on similar items (Jangaard 1974, Scott & Scott 
1988) and both have similar, although seasonally vari- 
able, fat contents (herring 5-15% [Leim 19571; capelin 
1-23 % [Winters 1970]), the presumed lower contami- 
nant loads found in Newfoundland capelin likely 
reflect a lower degree of contamination in the New- 
foundland ecosystem rather than trophic or physiolog- 
ical differences in these prey species. One potential 
bias is the fact that we know very little about how the 
diet of Newfoundland harbour porpoises varies on an 
annual basis. Therefore, the lower levels that were 
recorded in the blubber of the Newfoundland por- 
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poises could be  the direct reflection of their exploiting 
prey items during the fall and winter that have a lower 
position on the food web. Seasonal changes in the diet 
of Fundy-Maine porpoises have been recently docu- 
mented (Gannon et al. 1997) and they show a shift in 
the relative importance of the most common prey spe- 
cies (Atlantic herring, silver hake Merluccius bilineans, 
pearlsides Maurolicus weitzmanj] rather than a shift 
toward new prey species. It is not known how quickly 
blubber, and the contaminants therein, turn over in 
marine mammals. If these turnover processes were on 
the order of years, as would seem from the trends 
shown by Westgate et  al. (1997), then the profile in a 
given porpoise would be an integration of contami- 
nants ingested over the entire year rather than those 
from the season of sampling, thereby reducing the pos- 
sible influence of seasonal shifts in diet. Seasonal vari- 
ation in the levels of contaminants in harbour por- 
poises and their prey is an area that warrants further 
investigation. 

Pollution pathways and proximity to sources 

Anthropogenic chemicals enter marine ecosystems 
through several major pathways. via gas absorption 
directly into surface waters, via wet and dry deposition 
from the atmosphere as rain and particulate matter, 
and directly as dissolved and adsorbed particles in 
freshwater runoff and effluent discharges (Clark 1992). 
The movement and pathways of organochlorine pollu- 
tants into the 3 regions is con~plex and not well under- 
stood, so it is difficult to say with certainty what 
sources and transport processes are responsible for the 
contaminants found in these environments. It seems 
reasonable, however, to assume that the relative influ- 
ence of aerial and runoff sources both currently and 
historically are responsible for the differences ob- 
served between locations. 

The majority of organochlorines in the marine envi- 
ronment around Newfoundland are thought to have 
originated in more industrialised regions of Canada 
and the United States because Newfoundland lacks 
extensive agricultural and industrial development 
(Wells & Rolston 1991). Most organochlorines have low 
vapour pressures so that significant quantities 
volatilise from the sites of application and storage and,  
once in the atmospheric circulation, can be transported 
considerable distances (Barrie et al. 1992, Norstrom & 
Muir 1994). It has been suggested that there is a posi- 
tive net transport from low to high latitudes because 
volatile contaminants would have a tendency to con- 
dense in colder temperate and arctic regions (Ottar 
1981, Wania & Mackey 1993). Aerial transport would 
also be a major source of OCs for the Gulf of St. 

Lawrence and Bay of Fundy-Gulf of Maine ecosystems 
as these regions are situated such that they receive air 
masses that have previously moved over the major 
agricultural and industrial regions in North America 
(Rapaport & Eisenreich 1988). In addition, there are 
also significant direct inputs via discharge from indus- 
try, and runoff from agriculture and landfills because 
the watersheds of the Gulf of St. Lawrence and the Bay 
of Fundy-Gulf of Maine drain some of the most devel- 
oped regions of North America (McAdie 1994). Even 
though most of the OCs in question have been banned 
or restricted in the United States and Canada,  exten- 
sive past use coupled with the long half lives of these 
compounds would mean that there could still be signif- 
icant flux rates between sediments and water. This 
could account for the similar levels of PCBs and DDTs 
in St. Lawrence and Fundy-Maine porpoises. 

Comparisons with other studies 

The degree of OC contamination recorded in har- 
bour porpoises from the 3 locations is consistent with 
other studies which have examined geographical 
trends in OCs in marine mammals. Generally, marine 
mammals that inhabit coastal regions closer to indus- 
trialised zones have higher levels of contaminants than 
animals inhabiting more remote environments (Muir et 
al. 1990, Beck et al. 1994). Calambokidis & Barlow 
(1991) measured PCB (representing more chlorinated 
homologs only), HCB (the dominant component of 
XCBZ) and DDE contaminant concentrations in 45 har- 
bour porpoises from Washington, Oregon, and Califor- 
nia, and reported that p,p'-DDE levels significantly 
increased in a north to south gradient. The other 2 
compounds did not vary among the 3 sampling loca- 
tions. Unfortunately, the balance of Calambokidis and 
Barlow's analysis focused on examining ratios rather 
than concentrations of contaminants and they did not 
report age data so it is difficult to compare their results 
directly with those presented here. The greater degree 
of differences observed in the present study could 
reflect different degrees of mixing within east and 
west coast harbour porpoise populations or differential 
contaminant gradients along these coasts. 

The significantly higher PCB levels recorded in 
both male and female porpoises from the Bay of 
Fundy-Gulf of Maine are  consistent with the high 
levels recorded in bottlenose dolphins Tursiops trun- 
catus from the eastern seaboard of the United States 
(Geraci 1989) and may be indicative of local levels of 
contamination in the Gulf of Maine. These results are 
also in accordance with other studies that have 
reported contaminant levels in this area.  Profiles of 
PCBs, DDTs, CHBs, HCHs and CBZs examined in 
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peat cores from Bar Harbor, Maine, and Forchu, Nova 
Scotia, indicate higher levels of all contaminants (ex- 
cept CHB, see below) at the Bar Harbor site (Rapaport 
& Eisenreich 1988). 

The differences in the relative composition of conta- 
minant groups are consistent with other studies that 
examined the relative importance of various OC cont- 
aminants in these regions. Stein et al. (1992) found 
PCBs to be the dominant contaminant in 3 harbour por- 
poises from the Gulf of Maine. The Newfoundland 
results are similar to those obtained in studies of white- 
beaked dolphins Lagenorhynchus albirostris and pilot 
whales from Newfoundland, in which XCHBs were the 
most prevalent contaminants (Muir et  al. 1988). Total 
CHBs were also the dominant contaminant docu- 
mented in peat cores sampled along the Northeast 
coast of Nova Scotia as well as in rainfall sampled 
around the Avalon Peninsula (Bidleman et al. 1981). 

Implications for structure below the population level 

There is a critical need to define harbour porpoise 
population structure in the Northwest Atlantic because 
of the high levels of incidental take in gill net fisheries. 
Identification of sub-populations is necessary for man- 
agement and conservation. Recently it has been pro- 
posed that investigations into structure below the 
population level should include observations and mea- 
surements of distributional, population response, phe- 
notypic, and genotypic data that imply or measure the 
degree of allopatry and genetic uniqueness (Dizon et 
al. 1992). Our report provides new information that 
infers distributional differences for porpoises in the 
Northwest Atlantic. 

Harbour porpoise population structure as indicated 
by organochlorine contaminant differences is consis- 
tent with population structure inferred from restriction 
fragment length polymorphism analysis of the rnito- 
chondrial DNA molecule. Wang et al. (1996) found sig- 
nificant differences in female mitochondnal DNA hap- 
lotype frequencies among these same reglons for each 
pairing oi the geographic groups. When males were 
included in the analysis, Bay of Fundy-Gulf of Maine 
haplotype frequencies were found to differ signifi- 
cantly from the other 2 geographic areas, but the Gulf 
of St. Lawrence and Newfoundland were not signifi- 
cantly different from each other. Rased on these 
results, Wang et al. (1996) suggested the observed dif- 
ferences indicated that female porpoises are more 
philopatric than males, while males from the Gulf of St. 
Lawrence and Newfoundland may undergo dispersal. 
The temporal resolution of genetic techniques is lirn- 
ited by both population size and the rate of dispersal 
(Dizon et al. 1997). In fact, movement of one individual 

per generation between sub-populations is thought to 
be enough to prevent the detection of quantifiable 
genetic differences (Hoelzel & Dover 1991). Examina- 
tion of contaminant levels in putative sub-populations, 
however, integrates differences that have accumulated 
over much shorter periods (lifetime) and are therefore 
more likely to reflect actual ecological differences. 
These differences in temporal scales of resolution 
(genetics = evolutionary time; contaminants = ecologi- 
cal time) likely account for the minor differences 
observed between the previous genetic and present 
contaminant studies. 

The close agreement between the genetic and cont- 
aminant evidence strongly supports the putative sub- 
population structure proposed by Gaskin (1984). One 
limitation in the use of contaminants to discriminate 
stocks is the obvious lack of direct association between 
contaminants and genetics (see Aguilar 1987). Sub- 
populations that appear allopatric on the basis of dis- 
tinctive contaminant burdens could experience consid- 
erable gene flow, especially if they are sympatric 
during the breeding season. For example it is possible 
that male porpoises could be moving between New- 
foundland and St. Lawrence waters to breed. Despite 
similarities in genetic profiles (Wang et al. 1996), the 
significant differences in contaminants between male 
porpoises from St. Lawrence and Newfoundland 
waters means that they experience different ecological 
regimes during much of the year. This, taken together 
with the significant differences between females por- 
poises from the 2 regions in both contaminant loads 
and mitochondrial DNA fragments, underscores the 
need to consider porpoises from these 2 areas as sepa- 
rate for the purposes of management and conservation. 
Investigation into the structure of the St. Lawrence and 
Newfoundland sub-populations using more sensitive 
genetic tools (microsatellites or sequencing tech- 
niques) would be a useful test of this hypothetical pop- 
ulation structure. 

Different ecosystems often have different contami- 
nant levels because of the complex way xenobiotics 
interact \nth the environment. Recording contaminant 
levels in any animal population represents a powerful 
tool for examining regional ecological differences. This 
technique also provides a valuable tool for examining 
the sub-structure of animal populations, especially 
when used in concert with other techniques. Contarni- 
nant burdens present in any animal are constrained 
simply by where the animal lives and feeds and can 
therefore be more sensitive than other genetically 
based techniques. Providing a reasonable sample size 
can be obtained and any potentially confounding 
effects ruled out, contaminant based population struc- 
ture analysis, like that presented here, is worthy of fur- 
ther investigation. 
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