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ABSTRACT: Knowledge of the age distributions of killer whale Orcinus orca populations is critical to
assess their status and long-term viability. Except for accessible, well-studied populations for which
historical sighting data have been collected, currently there is no reliable benign method to deter-
mine the specific age of live animals for remote populations. To fill this gap in our knowledge of age
structure, we describe new methods by which age can be deduced from measurements of specific
lipids, endogenous fatty acids (FAs) and FA ratios present in their outer blubber layers. Whereas cor-
relation of wax and sterol esters with age was reasonable for female ‘resident’ killer whales, it was
less well-defined for males and ‘transients.’ Individual short-, branched-, and odd-chain FAs corre-
lated better with age for transients and residents of both sexes, but these single parameter relation-
ships were population specific and seemingly varied with long-term diet. Alternatively, a simple,
empirical multi-linear model derived from the combination of 2 specific FA ratios enabled the ages of
individual eastern North Pacific killer whales to be predicted with good precision (¢ = +3.8 yr),
appeared to be independent of individual diet and was applicable to both genders and ecotypes. The
model was applied to several less well-studied killer whale populations to predict their age distribu-
tions from their blubber FA compositions, and these distributions were compared with a population
of known age structure. Most interestingly, these results provide evidence for the first time that adult
male transient killer whales appear to have lower life expectancies than do their resident counter-
parts in Alaska.
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INTRODUCTION

Detailed information on age structure is essential for
understanding population dynamics, as key demo-
graphic characteristics such as survival, fecundity and
dispersal probabilities typically vary with individual
age (Caughley 1966, Caswell 2001, Matkin et al. 2003,
Olesiuk et al. 2005). Variations in these vital rates and
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the resultant levels of abundance are critical factors
that dictate population growth and ultimately popula-
tion viability (Akcakaya 2000). As a result, population
status is most appropriately assessed from age-
structured models that require knowledge of the age of
each individual, and demographic rates are then as-
sessed for distinct age classes (Brault & Caswell 1993,
Caswell 2001). For example, Brault & Caswell (1993)
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describe a study — a stage-classified matrix population
model —to predict pod-specific growth rates of 18 sub-
populations of eastern North Pacific southern and
northern resident killer whales. In their study they
identified juvenile and adult survival as the most
important factor governing population growth with
fecundity being somewhat less important. They also
tested the hypothesis that the age structure of these
resident killer whale populations, in turn, influences
their vital rates, and hence, also the fitness and health
of the individual members.

Age assessment of free-ranging cetaceans can be
problematic as it requires the capture and restraint of in-
dividuals to allow removal of a tooth for ageing (e.g.
Read et al. 1993). Capture operations have primarily
been restricted to smaller cetacean species and are not
feasible for larger species such as killer whales. Age dis-
tribution data are sometimes available for species ac-
quired in directed fisheries (Kasuya & Marsh 1984),
strandings (Stolen & Barlow 2003) or incidentally caught
as fisheries by-catch (Read & Hohn 1995), but the utility
of such samples is generally constrained by biases result-
ing from age selectivity. For example, Lockyer et al.
(2001) reported that by-catch of dolphins and porpoise
were often biased towards young animals whereas adult
porpoise predominated in stranded samples. Another
complication is that in many cases stranded animals will
be a mixture of animals that died as a result of fisheries
operations and from natural causes. Moreover, for killer
whales in particular, sample sizes of stranded or by-
caught animals are usually quite small, resulting in
poorly defined age distributions.

Alternatively, long-term photo-identification studies
have been possible for a limited number of killer whale
Orcinus orca populations occurring within protected,
coastal areas. Research studies of this nature provide
longitudinal life history data on individuals that have
been repeatedly documented over time (Olesiuk et al.
1990, 2005, Matkin 2003). However, such long-term
studies are difficult to maintain, particularly for species
inhabiting inaccessible offshore environments. These
long-term studies have provided baseline data equat-
ing known ages of killer whales to observable physical
characteristics (e.g. Olesiuk et al. 1990, Durban & Par-
sons 2006). This has enabled assumptions about age to
be made for remote killer whale populations that have
not been amenable to long-term recurrent study, with
ages of individual whales being estimated from char-
acteristics such as height and width of the dorsal fin
(Matkin et al. 2003). For males, these methods of age
estimation generally require some additional assump-
tions regarding the median age at which males
become physically mature (~21 yr), which is combined
with observational data noting the years in which the
dorsal fin begins to grow or is fully developed (Bigg et

al. 1990, Olesiuk et al. 1990, Matkin et al. 2003). For
females, assumptions regarding the age of maturity
(~15 yr) are determined from the year juvenile-sized
females give birth to their first calf, or in the case of
adult females, from back-calculations based on the
date of birth of their oldest known offspring. Ageing
killer whales using these methods have varying
degrees of uncertainty associated with their values
dependent upon the sex and age class of each whale as
well as the time frames in which observational data
collection began. These allometric-based methods are
most accurate for non-adult animals (calves, juveniles
and sub-adults) that are continuously growing in phys-
ical size and much less accurate for adult-aged whales.

Here we introduce an alternative approach to esti-
mating ages of free-ranging killer whales, based on
the fatty acid compositions of their outer blubber lay-
ers. Outer blubber biopsy samples can be collected
remotely using lightweight darts that elicit only minor
behavioral reactions (Barrett-Lennard et al. 1996)
without the need for restraint. Starting in the 1990s,
several studies have used skin and blubber biopsy
samples to study the population biology of killer
whales in the eastern and northern North Pacific
Ocean. Three distinct killer whale ecotypes, denoted
as 'residents,’ ‘transients’ and ‘offshores’ have been
identified in this region (e.g. Ford et al. 2000), and mol-
ecular genetic analyses of biopsy samples has demon-
strated fixed differences in their genetics (Hoelzel et
al. 1998, 2002, Barrett-Lennard 2000). Analyses of
biopsy samples for stable isotope ratios, fatty acid com-
positions and organochlorine contaminant burdens
have been used to corroborate observations about prey
differences, with resident and offshore populations
feeding on fish, and transients feeding on marine
mammals (Herman et al. 2005, Krahn et al. 2007a).
These chemical signals have also been used to docu-
ment differences in contaminant burdens and ratios,
infer life history correlations within populations and
reveal differences in foraging habitat between popula-
tions (Ross et al. 2000, Ylitalo et al. 2001, Krahn et al.
2004, 2007a). In this study we extend the use of these
samples to describe a viable, non-lethal method for
ageing remote Kkiller whale populations from measure-
ments of specific fatty acids present in their blubber.
Specifically, the outer blubber fatty acid compositions
of numerous known-age killer whales in the eastern
North Pacific Ocean have been measured and these
data used to derive an empirical age-fatty acid model,
which in turn should enable the ages of unknown-
aged whales to be determined with good precision.
Such an approach has previously been demonstrated
for other marine mammal species wherein very short-
chain fatty acids (e.g. isovaleric acid) present in the
outer thorax blubber tissues of several cetacean spe-
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cies increase with body length, and in the specific case
of adult male harbor porpoises, generally increase with
known age (Koopman et al. 1996, 2003). Because the
killer whale age-fatty acid relationships described
herein are entirely empirical in nature, the underlying
biochemical mechanisms responsible for the apparent
relationships between specific fatty acids (or fatty acid
ratios) with known age are unknown at present and
are beyond the scope of the current study.

MATERIALS AND METHODS

Killer whales sampled. During the months May
through September from 1994 to 1999 blubber biopsy
samples were collected from resident and transient
killer whales of known age from the Kenai Fjords/
Prince William Sound region of Alaska, USA, as part of
an examination of environmental contaminant levels
(Ylitalo et al. 2001). In this study the proportions of
wax and sterol esters measured in the blubber of
these whales from 1994 to 1999 (see Table Al in the
Supplementary Material available at: www.int-res.com/
articles/suppl/m372p289_app.pdf; Ylitalo et al. 2001)
were combined with wax and sterol ester results
obtained for killer whale biopsy samples acquired
between 2001 and 2006 to determine the extent
wax and sterol esters correlate with killer whale
age. Age was based on long-term sighting histories
(Matkin et al. 1999).

In the spring and summer months of 2001 to 2005,
killer whale skin and blubber biopsy samples (n = 138)
were collected in Alaska (southeast Alaska, SEAK;
Gulf of Alaska, GOA,; eastern Aleutian Islands, EAI;
and the central Aleutian Islands, CAI) and from the
Washington coast (n = 2) from live, presumably healthy
offshore, resident and transient whales. These biopsy
samples were analyzed for fatty acids (FAs), stable iso-
topes, lipid classes and persistent organic pollutants
(POPs) as part of a killer whale feeding ecology study
and reported in Herman et al. (2005) and Krahn et al.
(2007a); full demographic information for each individ-
ual killer whale as well as details of the sampling loca-
tions and protocols is provided in these publications.

In the summer of 2003, 2 west coast transient killer
whales (animal identification nos. T-93 and T-85; Table
A1) and 3 resident killer whales (AF19, AF30, AF47;
Table A1) of known ages were sampled as part of a
NOAA Steller Sea Lion Research Initiative grant and
also used in this study to establish the relationship
between killer whale age and outer blubber FA com-
position. Ages of these whales were known from long-
term photo-identification data reported in published
catalogues, specifically Matkin et al. (1999) and Ford &
Ellis (1999).

In February 2005, 3 known-age transient killer whales
(T71a, T71b and T124a; Table A1) from the west coast
transient population entered Hood Canal, Washington,
and were biopsy sampled as part of a continuation of a
North Pacific Research Board feeding ecology study
(Project No. 0535). Ages for these whales were deter-
mined from long-term photo-identification monitoring
(Ford & Ellis 1999, G. M. Ellis unpubl. data). Later in
the spring and summer of 2005, blubber biopsy sam-
ples from an additional 26 resident and transient killer
whales were collected in Alaska (including the Bering
Sea) and analyzed for FAs, stable isotopes, lipid classes
and POPs as part of the same feeding ecology project.
Of these additional 26 Alaskan killer whales sampled
in spring/summer of 2005, only 7 younger whales could
be positively assigned known ages because of relati-
vely short sighting histories in this area (see Table A1l).

Finally, in May and June 2006, 6 whales from the
west coast southern resident population of known age
were biopsied in the US territorial waters of northern
Puget Sound, Washington, as part of a study to assess
POP burdens, paternity and feeding ecology (Krahn et
al. 2007b). Ages for these whales were known from
long-term photo-identification records and from
unpublished data collected by the Center for Whale
Research, Washington (Ford et al. 2000, J. K. B. Ford,
G. M. Ellis and K. C. Balcomb unpubl. data). FA data
from these 6 biopsy samples were combined with FA
results obtained from the outer blubber layers of 2
additional southern resident killer whales (L60 and
L98; Table A1l); one died from an unknown cause in
April 2002 and the other as the result of injuries
incurred during an accidental encounter with a boat
propeller in March 2006. Necropsy samples from the
outermost blubber layers (0 to 2 cm) were acquired
from these 2 whales, and lipids were extracted and
analyzed for fatty acids using the same method used
for all biopsy blubber samples analyzed as part of this
study. A map depicting the general areas within the
eastern North Pacific Ocean from which all of the blub-
ber samples were collected, as well as the specific loca-
tions of the known age killer whales described in detail
for this study, is shown in Fig. 1.

The FA and lipid class results obtained from analyses
of all of the blubber samples were used to: (1) establish
the relationship of killer whale age with lipid class (in
particular wax and sterol esters), individual FAs, and
FA ratios, and (2) estimate the age distributions of var-
ious killer whale populations inhabiting the eastern
North Pacific Ocean (ENP). Among all these Kkiller
whale biopsy samples, only a small subset (n = 59) was
collected from animals of known age. It is the FA
results from these 59 killer whale (KW) samples that
form the basis set from which the KW(age)-FA model
described here was derived. The sex, collection dates,
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representative as the result of exces-
sive lipid loss during biopsy dart re-
covery efforts in the field or represent
blubber at depths substantially less
than 2 cm owing to oblique, non-nor-
mal penetration of the biopsy dart
during sampling operations (Krahn et
al. 2004). Thus, consistent with our
previous studies of killer whale biopsy
samples (Ylitalo et al. 2001, Krahn et
al. 2004, Herman et al. 2005), blubber
biopsy samples having <5 % total lipid
(wet weight basis) in their outer blub-
ber layers were excluded from all
models and data summary results.
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Fig. 1. Orcinus orca. Sampling locations of the 59 eastern North Pacific known-
age (@) resident and (O) transient killer whales analyzed as part of this study

age classes and collection locations of these known-
age whales are provided in Table Al. The individual
ages of all unknown-age killer whales (as well as age
distributions of various killer whale populations) were
then predicted from this model.

Known sampling biases. Unfortunately, during sam-
pling operations conducted in support of these studies,
no attempt was made to randomly sample individual
whales within (or among) all age classes (i.e. calves,
juveniles, subadults and adults). Instead, sampling was
biased toward larger adult whales with a tendency to
avoid sampling the smaller, fast-moving juveniles,
calves, or reproductive-age females accompanied by
small calves. Consequently, among all the killer whale
biopsy samples collected and analyzed to date, only
the adult-age (>20 yr) males are deemed to have been
sampled randomly and will, therefore, be representa-
tive of the age distributions of the entire population of
adult males. All other age classes of males, and all age
classes of females, will be under-represented as a
result of this known sampling bias. Thus, all compar-
isons between age distributions derived from blubber
FA results for the numerous regional populations of
killer whales described in this study will necessarily be
restricted to adult-age males.

Sample preservation and integrity. All biopsy sam-
ples were stored frozen at —80°C until analyzed. In an
attempt to standardize sample size, frozen biopsy sam-
ples were subjected to 2 lateral cuts. First, the epider-
mis was removed by cutting the sample 1 to 2 mm from
the inside edge of the epidermis and then a second lat-
eral cut was made 2 cm from the inside edge of the
epidermis (sample length ~1.8 cm). Samples contain-
ing less than 5% total lipid are assumed to be non-

Fatty acid and lipid class analyses.
Blubber FAs ranging in carbon chain
length from C10 to C24 were mea-
sured using a previously reported
analytical method (Krahn et al. 2004,
Herman et al. 2005), and their weight
percent compositions (wt%) were expressed in units of
fatty acid methyl esters (FAMEs). Unfortunately,
analysis of very short-chain length FAs (i.e. C5 to C9)
cannot be measured by this analytical method. Thus,
blubber composition results for very short-chain length
FAs could not be similarly tested to determine whether
any correlate sufficiently well with killer whale age so
as to be quantitatively useful. For the purpose of this
manuscript, we define very short-chain, short-chain
and long-chain FAs to have carbon lengths of C5 to C9,
C10 to C17 and C18 to C24, respectively. The n-num-
ber standard nomenclature system was used for abbre-
viating the names of these FAs, where the number fol-
lowing the 'n" symbol appearing in the abbreviation
refers to the carbon position of the first double bond
relative to the alkyl end of the molecule. A full list of all
83 FAs measured as part of this study (of which 3 were
added as internal standards), their abbreviations, sys-
tematic and trivial names, as well as identification of
the subsets of FAMESs that were positively and tenta-
tively identified, and quality assurance procedures can
be found in Sloan et al. (2006).

Blubber samples of killer whales were analyzed for
percent lipid classes (relative to sample wet weights)
using a thin-layer chromatography/flame ionization
detection (TLC/FID) method (Ylitalo et al. 2005). Six
lipid classes (i.e. wax esters, sterol esters, triglycerides,
free fatty acids, sterols and phospholipids) were ana-
lyzed on Chromarod type S-III silica rods using a
60:10:0.02 hexane:diethyl ether:formic acid (v/v/v) sol-
vent system and measured with a Iatroscan MK-6s
(Shell-USA). In this system, wax esters co-elute with
sterol esters. Therefore, wax and sterol esters are
reported as a sum (wax/sterol esters). Percent total
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lipids were calculated by adding the wet weight con-
centrations of the 5 separated lipid classes. The con-
centrations of wax/sterol esters are also reported as
percent of total lipid.

Statistical analyses. Multivariate and univariate
analyses were conducted on transformed (arcsine, log-
arithm and square root) and non-transformed concen-
tration data using JMP Statistical Discovery Software
(PC professional edition, v5.01). The wax/sterol ester
concentrations data were expressed on a wt% compo-
sition basis relative to total lipid and these univariate
wt% composition values were correlated with Kkiller
whale age using simple, non-weighted, linear least-
squares. Unless otherwise stated, all univariate means
comparisons (p-values) were computed using the Stu-
dent's t comparison test at oo = 0.05 significance levels.
All FAME concentration data were also expressed on a
weight percent (wt%) composition basis by dividing
the concentration of each individual FAME by the sum
of all FAMEs measured in the sample. Multi-linear
regressions of the transformed and non-transformed
FAMEs-age data for the known age killer whales
were performed using the mixed (forward and back-
ward) step-wise search procedure. The aim of these
statistical analyses was to find an empirical model
equation (univariate or multivariate) that would best
predict the age of free-ranging killer whales. The
optimum model equation derived by this procedure
was then used in this study to predict the ages of a
large number of individual killer whales of unknown
age from their outer blubber compositions. In turn,
the predicted ages of these individual killer whales
will be used to derive age distribution estimates for
several killer whale populations within the eastern
North Pacific Ocean.

RESULTS

Correlation between killer whale age and wax/
sterol esters

The percent total lipid values of the known-age killer
whale blubber samples acquired from 1994 to 1999 and
analyzed for their lipid classes (including wax/sterol
esters) ranged from 5 to 59 % (Ylitalo et al. 2001). These
data were combined with the wax/sterol ester data ob-
tained from known-age killer whale biopsy samples
acquired between 2002 and 2006 (Table Al; present
study) and then subjected to a simple least squares re-
gression analysis and results presented in Fig. 2. Only 4
of the known-age killer whale biopsy samples collected
from 2002 to 2006 had total lipid values less than 5%
and were excluded from this analysis for the reasons
outlined above. The blubber of all of these samples con-

tained primarily wax/sterol esters and triglycerides
(>85 % of the total lipid). Mean + SE percent wax/sterol
esters in the transient whales (35.3 + 3.4, n = 32) were
significantly higher (p = 0.047) than in the residents
(26.9 + 2.4, n =67). Moreover, females contained higher
mean percent wax/ sterol esters than did males for
both transient whales (females: 39.2 + 4.6, n = 22;
males: 26.6 + 6.8, n = 10) and for resident whales
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Fig. 2. Orcinus orca. Correlation of percent wax/sterol esters
with age for eastern North Pacific (a) resident and (b) tran-
sient killer whales biopsy-sampled between 1994 and 2006
and described in Ylitalo et al. (2001), Herman et al. (2005),
Krahn et al. (2007a), present study, Table A1 Supplementary
Material available at: www.int-res.com/articles/suppl/m372
p289_app.pdf. (a) Female residents (O, n = 38), male residents
(@, n = 52); (b) female transients (O, n = 21), male transients
(@, n = 10). The p-values and correlation coefficients (r) ob-
tained by linear least squares regression are imbedded
within the figure
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(females: 34.3 £ 3.6, n = 23; males: 23.0 +
2.6, n =44) where the levels of statistical
significance for this gender difference
in wax/sterol ester composition for
these 2 ecotypes were p =0.13 and p =
0.014, respectively. Most interestingly,

Table 1. Orcinus Orca. Linear correlation of individual fatty acids with age for

resident and transient killer whales from the eastern North Pacific Ocean. Fatty

acids are sorted from the highest (positive) to lowest (negative) mean correla-

tion; asterisks indicate those that statistically increase (or decrease) with known

age for both resident and transient populations at probabilitites: *p < 0.05,
**p<0.01, **p<0.001, ****p <0.0001

the proportion of wax/sterol esters in Fatty acid Correlation coefficient (r) Fatty acid Correlation coefficient (r)
killer whale blubber generally in- Residents Transients Residents Transients
creased with age for residents and tran- n=27 (n=32) n=27 (n=32)
sients of both genders (Fig. 2), but there
was a very high degree of scatter C12:0m 085 0.84 iso-18 -0.61 -0.03
. C16:1n9**** 0.85 0.81 C20:0 -0.32 -0.35
amongd all these sub-populations (0.09 < anteiso-C15:0****  0.79 0.83 C17:0 —020  -0.48
1° < 0.48). Finally, wax/sterol ester con- C14:1n9°*** 0.87 0.70 C18:2n6 ~0.16 ~0.52
centrations of both ecotypes were ob- C14:1n7**** 0.84 0.73 iso-17 -0.56 -0.14
served to be better correlated with age Cl4:1n5°**" 0.75 0.82 Ci17:1ne -0.09 -0.61
for female killer whales than for males. C12:47 0.73 0.71 C16:0 -0.50 -0.23
iso-C14:0* 0.46 0.79 C18:3n3 -0.24 -0.52
11Me-C14:0** 0.56 0.63 C20:2n9 -0.34 -0.43
2,6,10,14-C15:0* 047 0.55 C16:3n4 -0.35 -0.47
Correlation between killer whale age C11:0 0.35 0.57 C22:6n3 -0.38 -0.49
and individual fatty acids 4,8,12-C13:0 0.39 0.50 C18:1n9* -0.42 -0.45
C18:1n11* 0.48 0.37 C20:1n5* -0.48 -0.40
e 7Me-C16:1 0.36 0.44 C22:1n11 -0.65 -0.25
Amqng the 80 individual FAs mea- anteiso-C16:0 0.47 0.23 C20:2n6 -0.25 -0.66
sured in the outer blubber of the east- C10:0 0.19 0.35 C20:1n7 _0.41 ~0.53
ern North Pacific killer whales, only C14:0 ~0.12 0.64 C16:4n1* ~0.50 ~0.56
64 FAs were present at high enough C16:1n7 0.47 0.02 C18:2n7* -0.51 -0.63
concentrations in all samples to be C16:1n11 -0.34 0.68 C20:4n6" -0.52 -0.62
accurately quantified. The abbreviated C24:1n9 0.12 0.19 €20:5n3™ -0.53 -0.62
cen C16:1n5 0.25 0.01 C19:0** -0.58 -0.58
structures of these 64 quantifiable FAs anteiso-C17:0 0.04 0.16 C18:0** _056 _062
are listed in Table 1. The killer whale C20:2n11 0.37 ~0.21 C22:5n3** ~0.58 ~0.61
biopsy samples listed in Table A1 were C16:2n6 0.27 -0.19 C18:1n7* -0.46 -0.74
grouped by ecotype and the correlation C16:4n3* 0.46 -0.38 C18:3n6"* -0.55 -0.68
(I') between killer whale age and FA iso-C15:0* -0.43 0.51 C20:4n3** -0.56 -0.67
composition for the resident (n = 27) C16:2n4 0.14 ~0.36 €20:1n9"" -0.63 -0.64
) ) C20:1n11 -0.31 0.03 C18:3n4°* -0.58 -0.73
and transient (n = 32) populations rep- i50-C16:0 ~0.70 ~0.28 C18:4n3***  -0.67  -0.65
resented were computed for each indi- C15:0 -0.39 -0.10 C20:3n6** -0.62 -0.71
vidual non-transformed FA. These val- C18:1n13 -0.24 -0.26 C18:2n4*** -0.67 -0.73
ues are reported in Table 1; p-values €22:1n9 -0.14 -0.40 C18:1n5""* -0.74 -0.67

for FAs exhibiting statistically signifi-
cant correlations with individual FAs
are also indicated. In Table 1, the FAs are sorted from
those having the highest (positive) correlation to those
having the lowest (negative) correlation. With the
exception of lauric acid (C12:0), the classes of FAs
exhibiting the greatest correlations with killer whale
age were observed to be the short-chain monounsatu-
rated acids (most notably the A5-, A7- and A9-dehydro-
genase metabolites of C12:0, C14:0 and C16:0) and the
shorter branched-chain FAs (most notably the iso- and
anteiso-acids). Interestingly, saturated FAs of odd-
chain length exhibited a weaker, yet consistent, nega-
tive correlation with killer whale age for both ecotypes.
The relationship between killer whale age and individ-
ual FAs for 6 representative FAs from among these 3
classes of FAs, in particular C16:1n9, C14:1n5, anteiso-
C15:0, is0-C16:0, C15:0 and C17%:0, are depicted in

Fig. 3. Although there are reasonably well-defined cor-
relations between killer whale age and FA composition
for the 6 specific FAs depicted in Fig. 3, these relation-
ships appear to be both ecotype specific and exhibit a
rather high degree of scatter about their respective
linear regression lines.

Multi-linear killer whale age-fatty acid ratio model

The blubber FA composition results (transformed
and non-transformed) for the 59 known age Killer
whales listed in Table A1 were also subjected to multi-
linear regression analyses to determine whether multi-
linear combinations of individual FAs or multi-linear
combinations of FA ratios could be found that would
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Fig. 3. Orcinus orca. Correlation of individual (a) short-chain monounsaturated-, (b) branched-, and (c) odd-chain fatty acids

(Wt% composition) with known age (yr) for eastern North Pacific resident (M and O, dashed lines, n = 27) and transient (O

and @, solid lines, n = 32) killer whales biopsy-sampled between 2002 and 2006 (see Table Al in Supplementary Materials:

www.int-res.com/articles/suppl/m372p289_app.pdf). Males (® and M, n = 31), females (O and O, n = 25), unknown sex (®, X,

n = 3). The p-values for all regression lines were <0.005 except for iso-C16:0 transients and C17:0 residents, which were 0.13
and 0.73, respectively. Correlation values (r) are found in Table 1

simultaneously reduce the variability (scatter) among
individuals about the KW(age)-FA model equation and
be largely independent of killer whale ecotype, gen-
der, regional habitat and diet. Among the models
tested, a simple linear combination of 2 pairs of non-
transformed FA ratios was found to provide the best
correlation between killer whale age and outer blub-
ber FA composition for all killer whales independent of

the demographics and presumptive diets. The opti-
mum multi-linear equation using the mixed (forward
and backward) step-wise search procedure was:

Age (YT)predictea = 90.4 X (anteiso-C15:0/C15:0)

+ 0.561 x (C16:1n9/is0-C16:0) — 14.5 e

where the p-values associated with the parameter esti-
mated (i.e. each of the 2 coefficients and the intercept
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of this equation) were all <0.0001 and had SE values of
3.52,0.071 and 1.73, respectively.

In Fig. 4, killer whale age predicted by Eq. (1) from
the wt% composition of anteiso-C15:0, C15:0, C16:1n9
and iso-C16:0 are shown plotted against known actual
ages for each of the 59 killer whales listed in Table A1.
Although some degree of scatter remains, the correla-
tion between known and predicted age is very good
(r? = 0.89, p < 0.0001). The KW(age)-FA model appears
to be quite robust as evidenced by the fact that the data
points are normally distributed about the multi-linear
regression line (Fig. 4). Data normality is demonstrated
in Fig. 5 where the distribution of the residuals about
the multi-linear regression equation is shown plotted
for the 59 known-age Kkiller whale biopsy samples used
to derive the model. The SD of this distribution of the
residuals (ag€actual — @g€predicted) 18 3.82 yr.

Age distribution of three ENP resident killer
whale populations

The KW(age)-FA model represented by Eq. (1) was
then used to predict the ages of all killer whales for
which outer blubber biopsy samples had been col-
lected and analyzed in our laboratory for their fatty
acid compositions. Among the numerous resident and
transient killer whale populations studied to date in
which blubber biopsy/necropsy samples were col-
lected and analyzed for FAs (Herman et al. 2005,
Krahn et al. 2007a), only 3 populations of killer whales
had a sufficiently large number of males with known

604

Age (yr) = 50.4 x (anteiso-C15:0/C15:0) + 0.561
X (C16:1n9/iso-C16:0) — 14.5 (Eq. 1)
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Fig. 4. Orcinus orca. Plot showing the multi-linear bivariate
relationship (p < 0.0001, r? = 0.89) between the actual known
ages of 59 resident and transient killer whales and the ages
predicted from their outer blubber fatty acid compositions
using the killer whale(age)-fatty acid model (Eq. 1). Solid line
represents the point in the plot where predicted age (yr) =
actual age (yr). Transients (® and O, n = 32), residents (B and
0O, n = 27), males (® and W, n = 31), females (O and O, n = 25),
unknown sex (®,X, n = 3)
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Fig. 5. Orcinus orcas. Histogram depicting the normal distrib-
ution of the residual differences between actual, known killer
whale ages and their ages predicted from the killer whale
(age)-fatty acid model (Eq. 1) for the individual killer whale
biopsy samples shown plotted in Fig. 4. Transients (dark
shading), residents (light shading). SD (o) of the distribution
for both populations (transients and residents) was 3.82 yr

and/or predicted ages exceeding 20 yr (EAI residents,
n = 19; GOA residents, n = 19; EAI transients, n = 13).
As stated above, only the males of adult age (>20 yr)
are believed to have been sampled without discrimina-
tion (i.e. randomly) and it is, therefore, only this
sex/age subgroup within the overall population from
which it will be possible to estimate age distributions.
In Fig. 6, the age distributions of all resident killer
whales (males and females of all ages) biopsy sampled
to date from the EAI (na = 29) and GOA (N = 28)
and their ages predicted from Eq. (1) are presented.
The median age of the adult males from these 2
regions are predicted to be 25.4 and 28.4 yr, respec-
tively. For comparison, the age distribution of the
entire population of west coast southern residents,
WC/R(SR), alive as of the spring of 2000 is also plotted
in Fig. 6. The exact ages (birth years) for each of the
WC/R(SR) whales used to derive the age distribution
plot depicted for this population were obtained from
historical photographic records acquired over the last
35+ yr (Ford et al. 2000, Plater 2001, J. K. B. Ford, G. M.
Ellis and K. C. Balcomb unpubl. data) and do not rep-
resent ages predicted by the KW(age)-FA model. The
median age of the adult males (n = 7) for the entire
southern resident population in the spring of 2000 was
24 yr and was comparable with the mean ages of the
2 resident populations from Alaska.

Comparison of age distributions for ENP transient
and resident killer whale populations

The ages of all individual resident and transient
male killer whales biopsied in Alaska from 2001 to
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Fig. 6. Orcinus orca. Comparisons of the age distributions of 3 re-
gional groups of eastern North Pacific resident killer whale popula-
tions. Ages of the individual eastern Aleutian Island resident (EAI/R)
and the Gulf of Alaska resident (GOA/R) whales represented by
these distributions were predicted using the killer whale (age)-fatty
acid model (Eq. 1) from their measured outer blubber fatty acid com-
positions. In contrast, the age distribution of the west coast southern
resident population, WC/R(SR), was generated from the known age
(birth year) data reported in Ford et al. (2000), Plater (2001) and
J. K. B. Ford, G. M. Ellis and K. C. Balcomb (unpubl. data). Median
ages for adult-age killer whales (>20 yr) for both females (F, light
shading) and males (M, dark shading) are also depicted

whale populations from these widely overlapping
regions were 22.3 and 26.9 yr, respectively. Most
enlightening was the observation that the mean +
SE age of the transient population (24.7 = 1.2 yr)
was significantly lower (p < 0.04) than the mean
age of the resident population (28.4 + 1.0 yr) sam-
pled in these areas.

DISCUSSION

Although there appears to be a weak, yet signif-
icant, positive relationship between age and the
percent composition of wax/sterol esters in the
outer blubber of killer whales in the eastern North
Pacific Ocean (particularly for females), the corre-
lation (Fig. 2) is not sufficiently high to be quanti-
tatively useful. At present there is no clear under-
standing concerning the origin of wax/sterol
esters in the blubber of these cetaceans or why
they appear to be somewhat elevated in females
relative to males. However, it is generally ac-
cepted that deposition of waxes is not necessarily
linked to dietary wax intake across all animal
phyla, such that waxes can be synthesized de
novo in the adipose tissue of predators. However,
the observed increase in wax/sterol esters with
age is generally consistent with the findings of
other researchers reporting a general increase in
fatty acid stratification in the blubber of numerous
cetaceans and pinnipeds with age and/or body
size (Koopman et al. 1996, Koopman 2007) and our
previous findings wherein we demonstrated that
wax/sterol esters are likewise significantly strati-
fied in killer whale blubber (Krahn et al. 2004).
Regardless of the mechanism responsible for this
apparent increase in wax/sterol ester with age in
killer whales, it is clear that there is a high degree
of variability among individuals such that the
composition of wax/sterol esters will be, at best,
only a qualitative indicator of killer whale age.

In contrast to the weak correlation of wax/sterol
esters with known killer whale age, many individ-

2005 were predicted using the KW(age)-FA model and
an age distribution for each of the 2 ecotypes created
for those Kkiller whales having predicted ages =20 yr.
The population pyramids depicting the age distribu-
tions of the adult male resident and transient killer
whales are shown in Fig. 7. The resident population
(ngota1 = 47) included killer whales from CAI (n = 7), EAI
(n =19), GOA (n = 20) and SEA (n = 1). The transient
population (N = 23) included whales from the Bering
Sea (n = 1), EAl (n = 17), GOA (n = 1), Prince William
Sound (n = 2) and SEA (n = 2). The median predicted
ages of the adult male transient and resident killer

ual FAs present in the outer blubber layers exhibited a
much stronger correlation with age, and unlike wax/
sterol esters, appeared to be correlated with age for
both males and females (Fig. 3). It is informative to
note that the classes of FAs that are most correlated
with age are those that are widely believed to be
endogenous rather than exogenous (dietary) in origin
(Iverson et al. 2004). These include, but are not lim-
ited to, the short-chain monounsaturated (SCMU),
branched-chain, and odd-chain FAs that are primarily
synthesized in the liver or by bacteria in the gut
(Annous et al. 1997, Nichols et al. 2002). Although the
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Fig. 7. Orcinus orca. Comparison of the age distribution struc-
ture of adult male resident (n = 47) and adult male transient (n
= 23) killer whale populations inhabiting Alaskan coastal wa-
ters (including the Bering Sea). Ages of the individual tran-
sient and resident killer whales represented by these distribu-
tions were predicted using the killer whale (age)-fatty acid
model (Eq. 1) from their measured outer blubber fatty acid
compositions. Median and mean ages (+SE) for each of these
2 ecotype populations are also imbedded within the figure

SCMU FAs are among the most highly stratified among
all the FAs found in the blubber of many marine mam-
mals, including killer whales (Koopman et al. 1996,
Hooker et al. 2001, Krahn et al. 2004), we previously
found very low, almost negligible, degrees of stratifica-
tion for the branched- and odd-chain FAs present in
the blubber of killer whales. Consequently, whereas
much of the observed increase in SCMU FAs with
killer whale age may be directly attributable to an
increase in FA stratification with age for SCMU-type
FAs, this phenomenon cannot explain why many of
the branched-chain FAs also correlate well with age
(Table 1, Fig. 3).

Of greater significance to this discussion of the rela-
tionship between blubber FAs and killer whale age is
the observation that most individual FAs change dif-
ferently with age when these whales are grouped by
ecotype. This difference between resident and tran-
sient killer whales is most pronounced for the short-
chain monounsaturated FAs (Fig. 3). In particular, with
the sole exception of C16:1n11, the wt% compositions
of all the desaturation products of myristic (C14:0) and
palmitic acid (C16:0) were consistently elevated in the
transient population relative to residents when com-
paring individuals of comparable age. Many of these
observed differences were probably attributable to the
very different presumptive diets of whales in these 2
ecotypes, specifically, diets composed primarily of fish

for residents and marine mammals for transients,
respectively. In a previous study (Herman et al. 2005)
we noted that most short-chain monounsaturated FAs
are consistently higher in the blubber of marine mam-
mals (both pinnipeds and cetaceans) than in whole
bodies of nearly all species of marine fish. Thus, it
appears that diet is continuing to exert a small yet dis-
cernable influence on the outer blubber composition of
these predators and explains, at least in part, the ele-
vated levels of short-chain FAs observed in the mam-
mal-eating transients relative to the residents of similar
age. These differences between the 2 ecotypes in their
respective relationships between killer whale age and
individual blubber FAs appear to be true, not only for
short-chain monounsaturated FAs, but also are
observed at various levels for each of the 64 quantifi-
able FAs measured in this study (Table 1). Therefore, it
is not possible to use a single equation model to accu-
rately predict the ages of both fish-eating resident and
mammal-eating transient whales from the composition
of any one individual FA.

In contrast, it appears that specific ratios of endoge-
nous fatty acids present in the outer blubber of resident
and transient killer whales were largely independent
of their obvious long-term dietary differences and
these ratios increased linearly with Kkiller whale
age (Fig. 4). Although the anteiso-C15:0/C15:0 ratio
was the dominant factor in the optimum KW(age)-
FA model (Eq. 1), addition of the second FA ratio
(C16:1n9/iso-C16:0) significantly reduced the amount
of scatter of individual data points about the regression
equation line and was, therefore, retained in the final,
optimum multi-linear model equation. The most re-
markable feature of this model is that it appears not
only to be independent of diet (as evidenced by the
fact that data for the fish-eating residents and the
mammal-eating transients fall along the same regres-
sion line), but it is also surprisingly independent of
the gender and foraging locations of these whales
(Table Al). Moreover, because whales feeding on low-
fat diets, or feeding less frequently, will likely experi-
ence vastly different patterns of lipid mobilization and
deposition than their well-fed counterparts, and be-
cause the individual known-age whales studied herein
probably represent individuals of differing nutritional
status, it appears that the specific FA ratios appearing
in Eq. (1) are for the most part largely unaffected by
nutritional status. The efficacy of this model to killer
whales outside the area of this specific study (i.e. the
eastern North Pacific Ocean) is presently unknown.
Moreover, we have no means at present by which to
assess the ability of this model to accurately predict the
ages of offshore-type killer whales due to the fact that
none of the ENP offshore-type killer whale biopsy
samples acquired and analyzed for FA in any of these
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studies (Herman et al. 2005, Krahn et al. 2007a) were of
known age. Hence, ages predicted by this model for
offshore-type whales will not be reported until the
validity of this model can be adequately substantiated
for this ecotype.

Among all the eastern North Pacific killer whale
populations biopsied, only the GOA resident and EAI
resident and transient populations were collected in
sufficient number to enable age distribution histo-
grams of any statistical significance to be generated
from their blubber fatty acid compositions (Eq. 1). This
is particularly true if we consider that only adult male
(>20 yr) sub-populations are believed to have been
randomly sampled during the course of this study, and
similar to what is known about the age distribution of
the well-characterized southern resident killer whale
population (Ford et al. 2000, Plater 2001, J. K. B. Ford,
G. M. Ellis and K. C. Balcomb unpubl. data), adult
males could perhaps account for as little as 10 to 15%
of their respective total populations. Juvenile killer
whales represented smaller, less attainable targets
during sampling efforts, and by consequence, are
largely under-represented as an age class among the
greater population. Moreover, biopsy sampling of
females of reproductive age (i.e. ~13+ yr) is believed to
be pseudo-random (marginally non-random) due to a
preference to not disturb calve-rearing females during
sampling operations. Hence, all comparisons between
the age distributions for the various ENP killer whale
populations sampled as part of this study were neces-
sarily limited to those in which the number of adult
males is adequate to produce a meaningful age struc-
ture pyramid.

Although the age distributions of the EAI and GOA
adult age resident killer whale populations derived
from blubber fatty acid composition were somewhat
dissimilar and were derived from relatively small num-
bers of individuals, both populations were observed to
exhibit the same pseudo-exponential decrease in popu-
lation number per decade as is generally observed for
the known-age west coast southern resident population
(Fig. 6). Population pyramids exhibiting this same expo-
nential (expansive) age structure generally connote
populations in which birth rates are generally compara-
ble with adult mortality rates. However, we will not
know for certain if the EAI and GOA resident popula-
tions indeed mimic the classical pyramidal age struc-
ture observed for the entire southern resident popula-
tion (i.e. all ages) unless sampling operations designed
to guarantee random biopsy sampling of the pre-adult
age Kkiller whales (i.e. less than approximately 20 or
13 yr for males and females, respectively) are con-
ducted in these more remote geographical locations.

The median ages of adult male southern resident
and EAI resident (EAI/R) killer whales were similar,

suggesting that adult age mortality rates and life
expectancies may be quite similar in these 2 popula-
tions. In contrast, the median age of the adult male res-
ident killer whales from the GOA was somewhat
higher and contained a much higher proportion of
males older than 30 yr. However, we should caution
that in the case of the EAI residents and GOA resi-
dents(GOA/R), the numbers of adult male killer whales
actually sampled (n = 19 each) was admittedly small
and represented a small percentage of the total popu-
lation (at least 360 total GOA residents, Matkin et al.
1999; at least 901 EAI residents, Matkin et al. 2007).
Although the numbers of adult females sampled from
the EAI/R and GOA/R populations were very low, the
median ages of the adult females from each of the 3
resident populations were observed to be greater than
their male counterparts and were probably due to their
significantly greater life expectancies (Olesiuk et al.
1990, Matkin et al. 1999, Ford et al. 2000).

One of the more interesting findings of this study
was that adult male transient killer whales in Alaska
appeared to have a lower median age than did their
resident counterparts occupying the same general
regions (Fig. 7). The most significant implication of this
result is that these data provide some evidence for the
first time that transient killer whales in Alaska may
have lower life expectancies than sympatric resident
killer whale populations foraging in the same area.
This conclusion is further substantiated by the fact that
a much larger number of resident killer whales
attained ages 230 yr than did their transient counter-
parts. For example, among the 47 adult male resident
killer whales depicted in Fig. 7, approximately 28 %
(13 of 47 total) exceeded 30 yr of age whereas the num-
ber of transients exceeding this age was approximately
13 % (3 of 23 total). Although mean life expectancy val-
ues cannot be determined from a single age distribu-
tion plot such as the 2 shown for adult male residents
and transients in Fig. 7, these data do provide some
initial evidence that transient killer whales may have
shorter life spans than residents. Unfortunately, too
few female Kkiller whales having predicted ages 220 yr
have been collected and analyzed for FAs to assess
whether this difference in life expectancy between
these 2 ecotypes is also valid for females.

Although the exact cause of the aforementioned
apparent difference in life expectancy between adult
male resident and adult male transient killer whales
across Alaska is not known, several speculative, yet
plausible, explanations can be offered. First, one possi-
bility could be related to differences in prey availabil-
ity for residents and transients in the Gulf of Alaska
and western Alaska, where most of the samples were
obtained. Resident killer whales have been increasing
in the Gulf of Alaska (Matkin et al. 2003) and possibly
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in the eastern Aleutian Islands (Matkin et al. 2007). In
the Gulf of Alaska increasing stocks of Pacific salmon
Oncorhynchus spp., a primary prey (Saulitis et al.
2000), may have provided nutritionally favourable con-
ditions. Conversely, some prey species of transient
killer whales (e.g. harbor seals Phoca vitulina, Steller
sea lions Eumetopias jubatas and northern fur seals
Callorhinus ursinus) have declined in recent decades
in western Alaska (York 1987, Pitcher 1990, Trites
1992, Loughlin & York 2000, Springer et al. 2003), and
conditions for transients may be degraded although
trajectories of transient populations have not been
determined. However, we should caution that at pre-
sent no direct evidence for this hypothesis (i.e. greater
prey shortages for the transient ecotype) has been
reported as the trajectory of other prey species (e.g.
minke whales Balaenoptera acutorostrata or Dall's por-
poise Phocoenoides dalli) is not known. Second, sev-
eral of the marine mammal prey of transient killer
whales are formidable opponents that could poten-
tially inflict severe, perhaps life-shortening, wounds to
these whales during predation events. For example, a
gray whale Eschrichtius robustus has been docu-
mented killing a walrus Odobenus rosmarus (Mazzone
1987), and Eschricht (1866) reported a second-hand
account of a killer whale killed by a bowhead whale
Balaena mysticetus during an attack on the latter.
Finally, transient killer whales in Alaska generally feed
at much higher trophic levels than do residents (Her-
man et al. 2005, Krahn et al. 2007a) and, therefore,
accumulate persistent organic pollutants in their tis-
sues at much higher levels (~10 to 20x). At these much
higher levels, transient killer whales may become
immune-suppressed and more susceptible to infec-
tious disease (Hall et al. 1992, DeSwart et al. 1994,
Jepson et al. 1999, Loge et al. 2005) or may develop
other physiological disorders (e.g. skeletal deformities,
endocrine disruption; Brouwer et al. 1989, Zakharov &
Yablokov 1990) leading to premature mortalities.
Although we fully acknowledge that the current
KW(age)-FA model (Eq. 1) is entirely empirical in
nature, it appears to be adequately robust to enable
the ages of killer whales to be predicted with sufficient
precision (6 = +3.8 yr) to generate decadal age dis-
tribution data. Unfortunately, we presently lack a clear
understanding of the underlying biological pheno-
mena responsible for the age-FA correlation. In the
future, experiments will be conducted to gain an
understanding of the origins of the KW(age)-FA rela-
tionship in order to give the model a more mechanistic
underpinning as well as potentially improve the accu-
racy and precision of the age prediction estimates. To
accomplish this, experiments will be conducted to
determine what compartment within a skin-blubber
biopsy sample contains individual fatty acids (or FA

ratios) that exhibit the best correlation with known
killer whale age (e.g. skin lipids, the first few millime-
tres of outermost blubber adjoining the skin or inner
blubber). In addition, the lipids extracted from each of
these compartments will be separated by lipid class,
and the FA composition of each of the 5 lipid classes
will be measured separately and correlated with
known killer whale age. Similar to results observed by
Nazzaro-Porro et al. (1979) in human surface skin
lipids, we anticipate that the FAs associated with a sin-
gle isolated lipid class in 1 of these 3 compartments will
correlate better with age leading to a greatly im-
proved, more precise KW(age)-FA model that would
be applicable to not only eastern North Pacific killer
whales, but perhaps also to killer whale populations
worldwide. Finally, it is our intention to explore the
possibility that this novel approach of using endoge-
nous blubber FAs to estimate the ages of free-ranging
killer whales can be expanded to many other species of
cetaceans (and if successful, perhaps also pinnipeds)
and used effectively to provide better age data for a
wide range of marine mammals.
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