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ABSTRACT: Humpback whales Megaptera novaeangliae in the North Pacific Ocean are a migratory
species known to have a complex population structure on both feeding and breeding grounds. We
described the structure of this population using stable isotope analysis of skin samples (n = 1105) collected from free-ranging North Pacific humpback whales from 10 sampling regions in 2004 and 2005.
We detected significant quadratic relationships between latitude and both δ13C (R2 = 0.29) and δ15N
(R2 = 0.23) as well as between longitude and δ13C (R2 = 0.43) and δ15N (R2 = 0.16). A weak negative
linear relationship was seen between increasing distance from shore and both δ13C (R2 = 0.05) and
δ15N (R2 = 0.02). Sampling regions were significantly different for both δ13C (ANOVA, F9,1094 = 136.4,
p < 0.001) and δ15N (F9,1095 = 71.5, p < 0.001). We performed classification tree analyses using δ13C and
δ15N as predictor variables to assign membership to sampling regions. Results of initial classification
and ANOVAs supported combining the 10 sampling regions into 6 feeding groups. When applied to
these feeding groups, the classification tree was able to predict 57% of group membership correctly,
with accuracy rates for individual groups ranging from a low of 19% to a high of 78%. These results
indicate that stable isotope analysis can be used to distinguish unique feeding aggregations of humpback whales within the North Pacific Ocean. Ultimately, isotopic characteristics of these aggregations
can be applied to animals sampled on breeding grounds to assign them to a feeding aggregation,
enhancing the ability to describe habitat linkages and migration patterns of humpback whales.
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INTRODUCTION
Humpback whales Megaptera novaeangliae undergo one of the longest migrations of any mammal.
Humpback whales spend the summer months foraging
in productive high-latitude waters before migrating to
lower latitudes to breed and give birth. During migration and while on mating and calving grounds, these
whales feed very little or not at all (Dawbin 1966, Lockyer 1981, Baraff et al. 1991, Laerm et al. 1997). As a
result, humpback whale distribution includes seasonal

use of 2 (or more) different habitats, creating diverse
and complex habitat needs; one habitat must support
extended bouts of foraging while the other must be
suitable for mating and calving.
Within the North Pacific Ocean, humpback whales
are known to breed in the waters off the coasts of Asia,
Mexico, Central America and the Hawaiian Islands.
After migrating from their breeding grounds, humpback whales segregate geographically into several discrete feeding aggregations, between which very little
exchange occurs (Waite et al. 1999, Calambokidis et al.
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2001, Witteveen et al. 2004). This pattern of movements means that whales feeding at one location may
include individuals from multiple breeding grounds,
creating a very intricate population structure (Calambokidis et al. 1996, Waite et al. 1999). A consequence
of this complexity, coupled with the inherent difficulty
in studying pelagic marine mammals, is that many
demographic parameters for humpback whales, such
as population structure, habitat use and migration patterns, remain poorly described.
One step in unraveling the complexity of humpback
whale life history and habitat use is to identify their
foraging aggregations. Previous and on-going research show feeding aggregations in waters of southeast Alaska, the California and Oregon coasts, Kodiak
Island and the Shumagin Islands (Straley 1994, Calambokidis et al. 1996, Baker et al. 1998, Waite et al. 1999,
Calambokidis et al. 2001, Witteveen et al. 2004). Opportunistic sightings and historic whaling data suggest
that additional feeding aggregations exist in other
areas of the North Pacific Ocean, such as waters off the
coasts of Russia and British Columbia, Canada, but a
lack of dedicated research effort in these and other
areas makes defining them difficult (Nishiwaki 1966,
Ivashin & Rovnin 1967, Zerbini et al. 2006).
Traditionally, efforts to define humpback whale
feeding aggregations and migration routes have relied
on mark–recapture techniques employing either identification photographs or genetic tissue assays (i.e.
comparison of mtDNA or haplotypes). Both techniques
are limited by the requirement that individuals be
sampled at both habitats. Recently, the analysis of stable carbon and nitrogen isotope ratios have been used
in the analysis of migratory populations, specifically for
studying aspects of population structure and feeding
ecology (Hobson 1999, Kelly 2000, Farmer et al. 2003).
The isotopic signatures in the tissues of a consumer
reflect the ratio of heavy to light isotopes in its foods.
Carbon stable isotope patterns result primarily
from processes associated with photosynthesis, with
changes in the ratio of heavy to light carbon isotopes
(13C/12C) indicating sources of primary production.
Marine systems are significantly enriched, or show a
higher relative concentration, in 13C compared with
C3 terrestrial systems due to the slower diffusion of
carbon dioxide in water and the use of bicarbonate as
a carbon source (Boutton 1991). In addition, carbon
stable isotope ratios in marine systems have shown
both latitudinal and benthic–pelagic gradients, which
may result from differential freshwater influx and
lighter stable carbon ratio values of phytoplankton
(Fry 1981, Rau et al. 1982, Hobson et al. 1994). While
carbon is an excellent predictor of location, ratios of
nitrogen stable isotopes (15N/14N) provide a measure
of relative trophic position. Nitrogen stable isotope

ratios become less negative, or more enriched, with
increasing trophic position due to the preferential
excretion of 14N in metabolic processes (Minagawa &
Wada 1984). Geographically distinct patterns in both
ratios have been used to investigate the migration
patterns and rearing habitats of a number of species
including birds, salmon and sea turtles, as well as
whales (Born et al. 2003, Kennedy et al. 2005,
Baduini et al. 2006, Hobson 2006, Rocque et al. 2006,
Caut et al. 2008). More recently, stable isotope analysis has been employed to classify migratory species
by their feeding or breeding origins (e.g. Caccamise
et al. 2000, Hebert & Wassenaar 2005a,b, Wunder et
al. 2005, Szymanski et al. 2007).
The objectives of the present study were: (1) to use
variation in isotopic carbon and nitrogen signatures of
North Pacific humpback whales to describe distinct
feeding groups, and (2) to use classification tree analysis to develop a predictive model to assign individuals
to their foraging origins based on observed variation.
Patterns in stable isotope signatures described in this
study should be retained during migration and the
breeding season as the result of humpback whale fasting behavior. As such, the model could be used to
assign feeding destinations of animals sampled only on
the breeding grounds eliminating the need for resampling to confirm a migratory connection. Further, combining stable isotope analysis with other data sets,
including photo-identification and genetic markers,
will increase the power of these tools in understanding
the population structure and dynamics of humpback
whales in the North Pacific Ocean.

MATERIALS AND METHODS
Sample collection. Samples for isotopic analysis
were collected from free-ranging humpback whales
throughout all known feeding areas in the North
Pacific basin as part of the Structure of Populations,
Levels of Abundance and Status of Humpback whales
(SPLASH) project. The SPLASH project was initiated
in 2004 in an effort to collect photographs and tissue
samples from humpback whales throughout their
known range in the North Pacific basin. Effort was
divided into 10 sampling regions based on areas of
pre-existing research effort, availability of researchers,
or historic whaling records. Sampling regions were
California and Oregon (CAOR), Washington and
southern British Columbia (WASBC), northern British
Columbia (NBC), southeastern Alaska (SEAK), northern Gulf of Alaska (NGOA), western Gulf of Alaska
(WGOA), eastern Aleutian Islands (EAI), western
Aleutian Islands (WAI), Bering Sea (BER), and Russia
(RUS) (Fig. 1). Sampling occurred between 17 May and
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Fig. 1. The North Pacific Ocean showing the sampling locations (X ) and the 10 sampling regions of the SPLASH project. Lines
drawn from sampling regions indicate consolidated feeding groups. Combined feeding groups (see ‘Results: Classification’) —
WEST: western region; CENT: central region; COW: California, Oregon, Washington and southern British Columbia. Further
abbreviations in ‘Materials and methods: Sample collection’

4 December 2004 and between 22 April and 4 December 2005 (Calambokidis et al. 2008). In total, 5604
samples were collected during SPLASH field efforts, of
which 1121 were made available for stable isotope
analysis. Samples collected from animals identified as
calves, juveniles or dead (i.e. stranded) (n = 16) were
immediately removed from analysis since it is not fully
understood how samples from these categories may
influence stable isotope ratios. An error during analysis of carbon meant one sample had a result for nitrogen only. Thus, a total of 1104 carbon and 1105 nitrogen samples were used for all analyses.
Samples were collected using a hollow-tipped biopsy dart fired by either a crossbow or modified 0.22
caliber rifle. Darts collected the entire skin layer and a
portion of the blubber layer, but did not sample any
muscle. The preferred sampling location was the dorsal flank, but samples were occasionally collected from
the tail flukes. Skin that was sloughed following
acrobatic displays (such as breaching and tail slapping) was also collected for analysis. At each sampling
event, the date, location (latitude and longitude),
group composition and general whale behavior were
recorded. In addition, identification photographs of tail
flukes of sampled animals were collected whenever
possible.

As soon as possible after collection, samples were
preserved by either freezing or storage in dimethyl sulfoxide (DMSO) or ethanol. Though freezing was preferred, it was not always possible at the more remote
research locations and previous research has shown no
significant difference when lipids are extracted from
humpback whale and other cetacean skin when preserved in either DMSO or ethanol (Hobson et al. 1997,
Todd et al. 1997, Marcoux et al. 2007).
Sample preparation and stable isotope analysis. A
portion of skin from each sample (at least 10 mg wet
mass) was sliced into small pieces to increase surface area
and then oven-dried for 24 h, followed by lipid extraction
using petroleum ether in an extractor (Soxhlet) for an additional 24 h (Dobush et al. 1985). Following lipid extraction, samples were again oven-dried at 60°C for 12 to 24 h
to evaporate off any remaining petroleum ether.
Dried lipid-extracted samples were then ground to a
powder to ensure homogenization. Aliquots (0.7 to
1.5 mg) of homogenized sample were sealed in 5 ×
9 mm tin capsules and then analyzed using an isotope
ratio mass spectrometer (MAT Delta Plus XL, Finnigan) at the Stable Isotope/Soil Biology Laboratory of
the University of Georgia, Institute of Ecology.
Stable isotope ratios were reported as per mille (‰)
using delta notation determined from the equation:
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δX = [(Rsample/Rstandard) – 1] × 1000

(1)

where X is 15N or 13C and R is the corresponding ratio
of 15N/14N or 13C/12C. Standard reference materials
were carbon from Pee Dee Belemnite and atmospheric
nitrogen gas.
Quality assurance of stable isotope ratios was tested
by running 1 known standard sample (bovine tissue)
for each 12 unknown (humpback whale tissue) samples. Analytical errors for the bovine tissue (n = 204)
were ± 0.1 SD for δ13C and δ15N.
Statistical analysis. Data were tested for normality
and homogeneity of variance using KolmogorovSmirnov (K-S) and Levene’s test, respectively. Sex was
determined for a subset of sampled animals (n = 590)
through genetic analysis (SPLASH unpubl. data). A
preliminary ANOVA, controlling for year and sampling region, to determine whether sex influenced
stable isotope ratios found no differences between
males and females (F1,554 = 1.5, p = 0.215 for δ13C
and F1,555 = 2.5, p = 0.128 for δ15N). Thus, samples of
known and unknown sex were pooled for the remainder of the analyses. Potential differences in the stable
isotope ratios of animals that were sampled twice during the sample period were explored using paired
sample t-tests. Twice-sampled animals were identified
through photographs of the ventral surface of their tail
flukes.
Relationships between δ13C and δ15N and distance
from shore, latitude and longitude were explored
through polynomial regression analysis. Akaike’s
information criterion (AIC) was used to determine the
best fitting regression (Burnham & Anderson 2002).
Distance from shore (km) was calculated based on the
distance from the sample location to the nearest coastline. Longitudes were standardized by using negative
values to reflect the number of degrees west of the
prime meridian.
Classification. Classification tree analysis was used
to determine the ability of stable isotope ratios to classify humpback whales to feeding regions. Classification trees are grown by repeatedly splitting the data
via algorithms that partition the data into mutually
exclusive groups (Breiman et al. 1984, De’ath & Fabricius 2000, StatSoft 2007).
Trees were constructed for analysis using sampling
region as a categorical classification variable and δ13C
and δ15N as independent variables. The isotope ratios
were tested separately and then together, creating
3 potential classification models. To avoid under- or
overfitting the data, a single optimal tree in each
model was selected as the simplest tree (smallest
number of splits) with the highest predictive accuracy
following methods developed by Breiman et al.
(1984). The 3 optimal trees were then compared and

the tree with the greatest explanatory power was
selected as the best overall model for classification to
sampling region. Following selection, the accuracy of
the final model was assessed using cross-validation
where one-third of the sample was withheld during
initial analysis (see Hebert & Wassenaar 2005a). The
withheld data were then reclassified using the resultant model. This process was repeated 3 times. The
final accuracy of the classification tree is taken as the
combination of the 3 cross-validation applications.
Finally, some sampling regions were combined to
form isotopically similar feeding groups based on misclassification rates and geographic considerations.
These feeding groups were then entered as the classification variables and analyzed with the optimal classification tree.
All statistics were conducted within SPSS 15.0 or
JMP 7.0 for Windows with a critical value of α = 0.05 for
all analyses (Moran 2003). Values presented are mean
± SE.

RESULTS
Regional means for δ13C ranged from a minimum of
–18.8 ± 0.12 from WAI to a maximum of –16.3 ± 0.05
from CAOR (Table 1). For δ15N, the minimum regional
mean was from WAI (11.4 ± 0.25) and the maximum
regional mean was from CAOR (14.7 ± 0.09; Table 1).
K-S tests of normality were significant for δ13C (K-S =
0.033, p = 0.006) and δ15N (K-S = 0.030, p = 0.019).
However, data were treated as normal due to a number
of factors: transformations failed to improve non-normal data, the K-S test can often give significant results
with respect to large sample sizes, and visual inspection of histograms and normal quantile–quantile (Q-Q)
plots indicated normality (Field 2005).
Results of ANOVAs showed sampling regions differed significantly with respect to δ13C (F9,1094 = 136.4,
p < 0.001) and δ15N (F9,1095 = 71.5, p < 0.001). Tukey’s
post-hoc tests grouped δ13C into 5 homogeneous subsets and δ15N into 7 (Table 1).

Geographic variability
The isotope δ13C varied quadratically with latitude
(F2,1101 = 225.4, r2 = 0.29, p < 0.001) and longitude
(F2,1101 = 408.9, r2 = 0.43, p < 0.001); ΔAIC of linear and
cubic relationships were > 2, indicating poorer fit than
the quadratic regression (Burnham & Anderson 2002).
The relationship between δ13C and distance was
equally well explained by linear, quadratic and cubic
models (all AIC values were within 2), so the linear
regression was selected as the most parsimonious,
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Table 1. Sample size, number of known females and males, and mean ± SE δ13C and δ15N values for each of 10 sampling regions
sampled as a part of the SPLASH project (parentheses: region minima, maxima). Letters in common next to region names indicate
regions with similar δ13C, while Roman numerals in common indicate δ15N groupings. Abbreviations defined in ‘Materials and
methods: Sample collection’
Region
RUS b; ii, iii, iv
BER a; ii, iii
WAI a; i
EAI a; ii
WGOA a; v, vi
NGOA b; vi
SEAK c; iii, iv, v
NBC b; iv, v
WASBC d; vii
CAOR e; vii
Total

N

Females

Males

67
122
14
56
104
199
227
135
53
128

37
56
5
24
39
47
23
1
17
55

25
50
7
26
27
44
5
3
29
70

1105
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although the relationship was weak (F1,1102 = 52.3, r2 =
0.05, p < 0.001; Fig. 2). Model selections using δ15N
were similar; δ15N varied quadratically with latitude
(F2,1102 = 164.7, r2 = 0.23, p < 0.001) and longitude
(F2,1102 = 106.4, r2 = 0.16, p < 0.001) and was linearly
related (but weakly) to distance from shore (F1,1103 =
27.1, r2 = 0.02, p < 0.001; Fig. 2).

Individual variation
A total of 42 animals were sampled twice during the
study period; 35 were sampled within the same year
while the remaining 7 were sampled in both 2004 and
2005. The mean values of δ13C and δ15N for animals
sampled twice within the same year were not significantly different from one another (t34 = –0.12, p = 0.908
for δ13C and t34 = –0.24, p = 0.809 for δ15N). Similarly, no
significant difference between means of δ13C (t6 = 1.33,
p = 0.233) or δ15N (t6 = 1.39, p = 0.214) were found for
animals sampled in both 2004 and 2005. However, differences in the mean isotopic signatures of animals
sampled in different sampling regions within the same
year (n = 3) were significant (t2 = 4.64, p = 0.043 for δ13C
and t2 = 6.74, p = 0.021 for δ15N).

Classification
The accuracy of the 3 classification models, shown
by the percent of correct assignment to sampling
region, was highest for the model that used both ratios
as predictors (44.8% correctly classified), followed by
the δ13C only model (37.9%) and δ15N only model
(31.5%). The pattern was similar with respect to the
explanatory power, with the dual isotope model show-

δ13C (‰)
–17.7 ± 0.1 (–19.5, –15.9)
–18.5 ± 0.0 (–19.6, –15.9)
–18.8 ± 0.1 (–19.5, –18.1)
–18.5 ± 0.1 (–19.6, –17.5)
–18.5 ± 0.1 (–23.0, –15.8)
–17.6 ± 0.1 (–20.2, –15.9)
–17.2 ± 0.1 (–21.2, –15.4)
–17.7 ± 0.1 (–20.0, –15.9)
–16.8 ± 0.1 (–18.8, –15.9)
–16.3 ± 0.1 (–17.9, –15.2)
–17.6 ± 0.0

δ15N (‰)
12.5 ± 0.2 (8.6, 16.1)
12.4 ± 0.1 (7.4, 15.7)
11.4 ± 0.3 (10.1, 13.4)
12.1 ± 0.2 (9.1, 14.9)
13.1 ± 0.1 (11.3, 15.3)
13.6 ± 0.1 (8.8, 16.2)
12.7 ± 0.1 (7.8, 15.1)
13.0 ± 0.1 (10.6, 15.8)
14.6 ± 0.1 (11.2, 15.9)
14.7 ± 0.1 (11.8, 16.6)
13.2 ± 0.0

ing the highest power (R2 = 0.32), followed by δ13C
(R2 = 0.23) and δ15N with the smallest (R2 = 0.14). Thus,
the optimal tree from the model using both isotope
ratios was selected as best.
The cross-validated optimal tree model correctly
predicted sampling region for 45% of the samples.
The model was able to correctly predict sampling
region > 50% of the time for SEAK (64%), BER
(63%), CAOR (54%) and NGOA (54%) (Table 2).
The number of correct classifications for the remaining regions fell below 50%. Regions often showed a
majority of misclassifications to a single adjacent
region. WASBC samples were most frequently
assigned to CAOR (23%), EAI to BER (61%), and
WAI to RUS (57%) (Table 2, Fig. 1). Based on initial
classification and results of ANOVA, the original 10
samples regions were combined to form 6 feeding
groups. WASBC was combined with CAOR to form
COW, and WGOA, EAI and BER were combined to
form CENT. Finally, WAI was combined with RUS to
form WEST. NBC was not combined with any other
sampling region due to the wide distribution of misclassified samples from this region.
When applied to new feeding groups, results from the
classification tree improved (Fig. 3). The explanatory
power of the model increased to 0.37 and accuracy to
57% after cross-validation. The highest rates of accurate
classification were in COW (78%), SEAK (66%) and
CENT (77%) (Table 3). Misclassification rates for NBC
were high (81% misclassified) and were again distributed among several feeding groups. The majority of
misclassifications for WEST were assigned to SEAK
(32%; Table 3). The accuracy of the model for NGOA
was reduced from 54 to 33%, with erroneous classifications attributed to both CENT (25%) and SEAK (24%)
(Table 3).
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Fig. 2. Megaptera novaeangliae. Relationships between δ13C and δ15N of North Pacific humpback whale skin to latitude, longitude and distance from shore (km). Regression results are also shown
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Table 2. Classification tree analysis using δ13C and δ15N of humpback whale skin collected from 10 sampling regions as predicting variables. Values shown are the percent of total samples that were assigned to each region. Abbreviations defined in
‘Materials and methods: Sample collection’
Known
sampling
region

RUS

BER

WAI

EAI

WGOA

RUS
BER
WAI
EAI
WGOA
NGOA
SEAK
NBC
WASBC
CAOR

18
12
8
10
0
3
2
5
0
0

2
77
5
34
39
23
29
40
1
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
6
0
0
23
3
0
0
0
0

Predicted sampling region
NGOA
SEAK
NBC

20
19
1
9
33
107
34
31
9
10

24
3
0
1
2
31
145
23
6
36

WASBC

CAOR

Total

%
Correct

0
0
0
0
0
12
5
6
24
13

0
0
0
0
1
1
0
0
12
69

67
122
14
56
104
198
227
135
53
128
Overall

27
63
0
0
22
54
64
22
45
54
45

3
5
0
2
6
18
12
30
1
0

n = 1105
δ13C

≥-17.4
δ15N

≥14.5
δ13C
<-16.6 ≥-16
<- .6

≥-16.5

100
δ15N
δ13C
<12.9 ≥12.9
<-17.2 ≥-17.2
16 47

δ13C
<-16. 4 ≥-16.4
21

16 37

<-17.4
δ13C

≥ -18.0

<14.5

δ15N
<13
4 ≥13.4
<13.4

δ13C
<-16.5
δ15N
≥13.1

<13.1
δ13C

δ13C

56 75

63

δ13C
≥-17.11 <-17.11
8 50

δ15N
≥11.2

<11.2

46
δ15N
δ15N
≥12.7 <12.7
<13.8 ≥13.8
64 64
36 38

<-17.10 ≥-17.10
17.07 <-17.07
17.07
≥ -17.07

<-18.0

δ15N
<13.5

≥13.5

δ15N
<12.4
≥12.4
δ13C

δ13C
≥-18.7 <-18.7

δ13C

≥-18.7 <-18.7

δ15N

19

≥14.3 <14.3

≥-18.2 <-18.2
130 δ13C
17 120
≥-18.9 <-18.9

17 40

14 11
Fig. 3. Megaptera novaeangliae. Final classification tree for feeding groups using δ13C and δ15N from humpback whale skin.
Rationale for each split is indicated by δ values. Numbers at the terminal nodes indicate the final number of samples assigned to
that node

Random assignment correctly predicted feeding
group membership 17% of the time on average, with
distribution among feeding groups as 16, 12, 21, 18, 26
and 7% for COW, NBC, SEAK, NGOA, CENT and
WEST respectively. Thus, the classification tree for
feeding groups performed 3.4 times better, on average,
than random assignment by chance alone with a range
of 1.5 to 4.8.

DISCUSSION
Geographic variability
Stable isotope ratios of carbon and nitrogen can be
used to distinguish distinct feeding groups of humpback whales. Both δ13C and δ15N varied significantly
with respect to latitude, longitude and distance from
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Table 3. Results of classification tree analysis using δ13C and δ15N of humpback
whale skin collected from 6 feeding groups as predicting variables. Feeding
groups were formed based on ANOVA and misclassification of sampling regions in preliminary classification tree analysis. NGOA: northern Gulf of
Alaska; SEAK: southeastern Alaska; NBC: northern British Columbia; combined feeding groups — WEST: western region; CENT: central region; COW:
California, Oregon, Washington and southern British Columbia

effects in the CENT sampling regions,
such as freshwater influence or anthropogenic sources of carbon. Another
explanation is that latitude was not the
only factor determining the distribution
of δ13C in North Pacific humpback
whales.
Known
Predicted feeding group
Other known δ13C gradients may
feeding WEST CENT NGOA SEAK NBC COW Total
%
explain the spatial variation in stable
group
Correct
carbon isotope ratios, which are generally lower in pelagic (offshore) food
WEST
28
14
12
26
0
1
81
35
CENT
19
218
17
15
12
1
282
77
webs than in benthic (nearshore) food
NGOA
1
50
66
47
16
18
198
33
webs (McConnaughey & McRoy 1979,
SEAK
3
28
24
150
8
14
227
66
Hobson 1993, Burton & Koch 1999).
NBC
2
44
21
35
25
8
135
19
COW
1
3
18
14
3
142
181
78
Most samples in SEAK and NGOA
Overall
57
were collected in near-shore habitats
and had higher δ13C values than could
be explained by latitude alone. Similarly, a significant
shore of sample collection. Numerous previous studies
portion of NBC and CENT samples were collected
have explored latitudinal gradients in δ13C, and most
have found that δ13C is higher at mid latitudes than at
either off the continental shelf or very near the edge
and were more depleted than those collected on the
higher latitudes (Rau et al. 1982, Goericke & Fry 1994).
shelf. Depletion in samples collected in close proximity
Results presented here are somewhat contrary. Values
to or off the shelf edge may exhibit stable carbon isoof δ13C at the highest latitudes (NGOA, SEAK and
RUS) were not the most depleted as would be extope ratios indicative of pelagic food webs. Thus, dispected, indicating a quadratic, not linear, relationship
tance from the shelf edge, rather than distance from
between latitude and carbon stable isotope ratios
shore, may have a stronger influence, Regardless, it is
(Fig. 4). The mean δ13C values of humpback whale skin
clear that the stable carbon isotope ratio of North
from NGOA were similar to those from previous studPacific humpback whale skin was probably deteries for marine mammals, but values from CENT
mined by the interplay between latitudinal, benthic
seemed to be more depleted in comparison (Hobson et
versus pelagic and, perhaps most importantly, longitual. 1997, Kurle & Worthy 2001, 2002). Thus, the deviadinal food web gradients (see below).
tion in the expected linear pattern may be driven by
The δ15N values of humpback whale skin varied quadratically with increasing latitude as well (Fig. 2).
Wada & Hattori (1991) suggested latitudinal gradients
in the δ15N values of phytoplankton were the result of
low concentration of ammonia and nitrite in tropical
areas, but Rubenstein & Hobson (2004) stated that the
reasons for 15N enrichment with increasing latitude
were unclear. Differences in nitrogen signatures may
also be attributed to trophic position, with δ15N increasing between 3 and 4 ‰ with each trophic level (Peterson & Fry 1987). Humpback whales are classified as
generalists, foraging on both fish and zooplankton
(Nemoto & Kasuya 1965, Nemoto 1973, Perry et al.
1999), but regional differences in prey choice may
affect relative trophic positions of feeding groups.
However, the cause of differences in δ15N cannot be
determined without first establishing the δ15N value at
the base of regional food webs (Post 2002). Initial
review of δ15N from primary consumers shows differFig. 4. Megaptera novaeangliae. Mean values (± SE) of δ15N
ences in the stable nitrogen isotope ratios near Califorand δ13C for each of the 6 feeding groups. Combined feeding
nia (ratio = 8.8; Miller 2006), Kodiak, Alaska (9.1;
groups (see ‘Results: Classification’) — WEST: western region;
Hirons 2001) and the Bering Sea (8.1; Hirons 2001).
CENT: central region; COW: California, Oregon, and WashDifferences in δ15N at the level of primary consumer
ingtion and southern British Columbia. Further abbreviations
in ‘Materials and methods: Sample collection’
suggest that humpback whales in the NGOA and

Witteveen et al.: δ13C and δ15N of feeding North Pacific humpback whales

COW feeding groups may feed at higher trophic levels
(primarily on fish), while CENT may be feeding at a
lower level (primarily on zooplankton; Lesage et al.
2001, Das et al. 2003). Additional data on δ15N values at
the base of food webs for each of the feeding groups
will help to further explore differences in trophic positions.
The quadratic relationships between both δ13C and
15
δ N and longitude contradicted previously observed
relationships. Previous studies found no longitudinal
effect on δ15N, but a strong increase in δ13C from east to
west (Saupe et al. 1989, Schell et al. 1998, Knoche et al.
2007). The large size of our study area may have contributed to this difference. Increasing stable carbon
isotope ratios from east to west have been attributed to
freshwater inputs and areas of lower salinity within
study areas that are relatively small in scale when
compared with the entire North Pacific Ocean (Naidu
et al. 1993, Schell et al. 1998). In such studies, sources
of freshwater input may be identified as a single river
basin, but given the breadth of our study area it is not
possible to identify all of the sources that may be
driving the observed pattern. Regardless of cause the
isotopic ratio of carbon, and to a lesser extent nitrogen,
in humpback whale skin varied significantly with
longitude.

Individual variation
The stable isotope ratios of twice-sampled animals
can be predicted based on known patterns of stable
isotope ratios in foraging animals. If sequential sampling of an individual occurs within the same sampling
region, isotopic signatures, carbon in particular, should
remain relatively constant. If the animal moves to a different feeding area between sampling events, however, changes in the stable isotope ratios should be
detectable. Exploration of twice-sampled humpback
whales in this study supports both predictions. When
both sampling events occurred in the same sampling
region, δ13C and δ15N were not significantly different,
regardless of whether sampling events occurred in the
same or sequential years. In contrast, whales sampled
in different feeding regions showed significant differences in these ratios. These results lend considerable
support to the use of stable isotope ratios as descriptors
of foraging locations.

Classification
Classification trees represent a modern statistical
technique well suited for modeling ecological data.
Assignment through a classification tree does not
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require assumption of parameter distribution and is
capable of combining both discrete and continuous
data (Hobson & Wassenaar 2008). Further, model output is hierarchical, graphical and based on logical
‘if –then’ conditions (De’ath & Fabricius 2000, Spruill et
al. 2002, StatSoft 2007). Other methods of classification
commonly used in isotopic studies of origin, such as
discriminant function analysis and regression, require
linear relationships and can therefore be limiting.
Relationships between stable isotope ratios and external factors explored in this study were best explained
by nonlinear regressions. As a result, linear methods of
classification, including discriminant function analysis,
may be less suited for this data set.
Classification tree analysis was able to assign 57% of
the humpback whale tissue samples to the correct
feeding group in the best performing model (Table 3).
In this tree, groups were classified using both δ13C and
δ15N. The best model correctly classified all 6 feeding
groups over 3 times more often, on average, than random assignment and nearly 5 times more often for 2 of
the groups. Classification was lowest for NBC, NGOA
and WEST, with misclassifications occurring at rates
> 50%.
There are a number of potential reasons behind misclassifications. First, similarities in the sampling position between regions may result in misclassifications
due to latitudinal or longitudinal effects on stable isotope ratios. Latitudinal similarities may explain the
high classification of NBC samples to CENT since the
mean sampling latitude differed by only 2°, on average, between these 2 groups.
Additional misclassification could be explained if a
feeding group does not truly represent a distinct feeding destination for North Pacific humpback whales,
but rather a transitional area for animals en route to
other feeding grounds. Wide distribution of misclassification to other feeding groups, such as the distribution
of misclassifications for NBC, may indicate a transitional area. Also, boundaries between feeding groups
may not be exactly as described. For example, the
boundary between CENT and NGOA may actually lie
within the WGOA and samples from this region should
be divided amongst these feeding groups rather than
assigned exclusively to WEST.
Finally, small sample size or high variability may
account for misclassifications. The RUS and WAI sampling regions, which together comprised the WEST
feeding group, showed some of the highest regional
variability in stable isotope ratios and the lowest sample sizes, which may have contributed to the large misclassification rates for WEST. Whether this high variability was merely the result of smaller sample size is
unclear, but increased future sampling efforts in these
regions may help elucidate the potential influences on
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