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Abstract

The primary prey species of mammal-eating killer whales in the Salish Sea, the inland waters of southern British Columbia 
and Washington state, have experienced dramatic increases in population abundances in the last 25 years. It is possible that 
changes in prey abundance over time have resulted in changes in predator spatial use, occurrence and group size. Focused 
studies of mammal-eating killer whale behavior in the area were undertaken from 1987–1993, and an extensive record of 
sightings with confirmed identifications was available from 2004–2010. Changes in occurrence across years, months, and 
subareas of the Salish Sea were examined as well as changes in group size and in the identity of specific matrilines using 
the area. Occurrence of mammal-eating whales increased significantly from 2004–2010 with different seasonal peaks 
compared to 1987–1993. Different matrilines occurred in different seasons, time periods, and subareas. Group size was 
larger in 2004–2010 than in 1987–1993. The whales may be increasing use of the area due to increasing prey abundance 
or an overall increase in the whale population size. Changes in seasonal patterns of occurrence and the increase in group 
size between the two periods could be due to increased prey diversity. 
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Introduction

Top predators are key components of eco-
systems around the globe. Their removal, and 
the consequent loss of ecological interactions 
they facilitate, may be detrimental to ecosystems 
(Janzen 1974; reviewed in Estes et al. 2011). The 
marine environment is particularly vulnerable to 
the loss of top predators due to human interactions 
such as fishing, whaling, bycatch, boat collisions, 
pollution, and destruction of habitat. Previously, 
research focus has been placed on the consumptive 
effects of predation on prey populations (Estes 
and Palmisano 1974, Lima 1998, Ainley et al. 
2006, London et al. 2012), although increasing 
emphasis in examining non-consumptive effects 

(e.g., changes in prey behavior due to perceived 
risk of predation) across multiple systems and taxa 
has recently developed in ecological studies, with 
an indication that these effects may be universal 
throughout ecosystems (Wirsing et al. 2008, 
Sheriff et al. 2009, Wirsing and Ripple 2010). 
For example, temporal variation in occurrence of 
sharks in Shark Bay, Australia, significantly alters 
the behavior of their prey (Heithaus et al. 2007, 
Wirsing et al. 2007), likely impacting the seagrass 
ecosystem as a whole. In Bermuda, where numbers 
of predatory sharks have decreased, an increase in 
herbivorous sea turtle populations have coincided 
with declines in seagrasses vital to the ecosystems 
of this area (Baum et al. 2003, Murdoch et al. 2007, 
Heithaus et al. 2007). Losing top predators can 
lead to ecosystem changes stemming from both 
consumptive and non-consumptive effects on 

Northwest Science, Vol. 89, No. 2, 2015



155Mammal-eating Killer Whale Occurrence and Behavior

prey populations. An examination of occurrence 
patterns can provide insights into the potential 
effects of a loss, or of an increase, of predators.

Predator and prey populations can be tightly 
linked in marine ecosystems (May et al. 1979, 
McLaren and Peterson 1994, Whipple et al. 2000). 
As more prey become available through increased 
population abundance or increased occurrence 
in a given area (e.g., changes in distribution), 
predator abundance and occurrence may also 
increase according to numerical response theory 
(Soloman 1949). 

Mammal-eating killer whales (Orcinus orca) 
in the Gulf of Alaska have been suggested to 
influence a variety of prey populations (Estes et 
al. 1998, Springer et al. 2003), although there is 
considerable controversy about their precise role 
in the Gulf of Alaska ecosystem (Demaster et al. 
2006, Wade et al. 2007). Mammal-eating killer 
whales are frequently found in the Salish Sea, the 
inland waters of Washington state and British Co-
lumbia, and are classified as part of the west coast 
stock of ‘transient’ killer whales (Bigg et al. 1990, 
Ford et al. 1998, Allen and Angliss 2011). These 
killer whales are known to prey upon seals, sea 
lions, porpoises and occasionally other cetaceans 
throughout their range (Baird et al. 1992, Baird and 
Dill 1995, Ford et al. 2006, Dahlheim and White 
2010). Several of the most common prey species 
consumed by mammal-eating killer whales in the 
Salish Sea have undergone dramatic changes in 
the last 30 years. Harbor seals (Phoca vitulina), 
resident to the area year-round, tripled in abun-
dance between 1978 and 1999, reaching carrying 
capacity (Jeffries et al. 2003, Fisheries and Oceans 
Canada 2010, Carretta et al. 2011). California sea 
lion (Zalophus californianus) and Steller sea lion 
(Eumetopias jubatus) numbers in the area vary 
seasonally, with peak occurrence in April and May 
(Pat Gearin, NOAA National Marine Mammal 
Laboratory, personal communication), but both 
species have increased in abundance within the 
Salish Sea. The U.S. stock of California sea lions 
in the North Pacific increased in abundance at 
an annual rate of 5–6% between 1975 and 2005, 
suggesting that the population more than tripled 
throughout the 1987–2010 study period (Lowry 

and Maravilla-Chavez 2005, Puget Sound Action 
Team 2007, Carretta et al. 2011). The eastern North 
Pacific Steller sea lion population (ranging from 
California to southeast Alaska) has also increased 
in abundance by an average of about 9% per year 
between 1987 and 2010, reaching the highest 
breeding population level in recorded history 
(Pitcher et al. 2007, Steven Jeffries, Washington 
Department of Fish and Wildlife, personal com-
munication). This population is therefore four to 
five times larger in 2010 than it was in 1987. The 
California breeding stock of northern elephant 
seals (Mirounga angustirostris) has doubled in 
abundance from 1987 to 2006 and individuals are 
frequently observed in the Salish Sea year-round 
(Carretta et al. 2011). The population of harbor 
porpoise (Phocoena phocoena) in the Strait of Juan 
de Fuca and San Juan Islands has tripled since the 
early 1990s (M.B. Hanson, unpublished data), with 
a recolonization of this species to Puget Sound 
(Carretta et al. 2011). There is no trend information 
available on Dall’s porpoise (Phocoenoides dalli) 
abundance, which also are found year-round in the 
Salish Sea. Although most of these prey species 
of mammal-eating killer whales have increased 
in abundance and occurrence, the potential effects 
on their predator are undocumented.

Current ecosystem-based models in the Salish 
Sea attempt to incorporate marine mammals as 
predators, but do not include mammal-eating killer 
whales due to a lack of current information on 
spatial use and occurrence (Harvey et al. 2010). 
The purpose of this study was to determine if 
there have been changes in mammal-eating killer 
whale occurrence, spatial use, and/or group size 
over the period 1987–2010. We hypothesized that 
there is a change in mammal-eating killer whale 
occurrence and group size over the 1987–2010 
time period. The potential change could be due 
to an increase in prey abundance and occurrence 
in the Salish Sea from 1987–2010, or an overall 
increase in the size of the mammal-eating killer 
whale population (Ford et al. 2007, Towers et al. 
2012). However, a causal relationship between 
increased prey and changes in killer whale occur-
rence and behavior cannot be identified from the 
sighting data. Our findings will inform ecosystem 
models and ecological studies of predator-prey 
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dynamics in the Salish Sea. This study will also 
provide insights for other ecosystems where large-
bodied predators have the capacity to alter their 
movement and behavior on a large scale to take 
advantage of seasonally or locally abundant prey.

Methods

Using existing long-term catalogs, individual 
killer whales were identified by unique markings 
(Bigg et al. 1987, Ford and Ellis 1999, Towers et 
al. 2012). Mammal-eating killer whales travel 
in matrilineal groups with dispersal occurring 
for some adult males and for females that have 
offspring of their own (Bigg et al. 1987, Ford and 
Ellis 1999, Baird and Whitehead 2000). For this 
study, a matriline was defined as a female killer 
whale and any offspring not known to have dis-
persed from the maternal group. Between 1987 
and 1993, focused studies of mammal-eating killer 
whale behavior were undertaken in the Salish 
Sea from a small research vessel (Baird and Dill 
1995, 1996). The objectives of the previous study 
were to document mammal-eating killer whale 
occurrence, seasonality, group size, and foraging 
behavior, and the identity of all whales present in 
each encounter was documented (Baird and Dill 
1995, 1996). Documenting whale presence in 
that effort involved extensive small-boat surveys 
as well as responding to sightings reported by 
whale-watch operators, the general public, and 
other researchers working in the area. Effort 
from 1987–1993 was highest in the months of 
May to September (Baird and Dill 1995). From 
2004–2010, killer whale sighting networks (i.e. 
organizations that collect and record sightings 
of killer whales from multiple sources, includ-
ing whale-watching boats) created an extensive 
sighting record of identifications in the area, 
with attempts to document all occurrences in the 
area. Orca Network was the largest resource of 
identification data in the 2004–2010 dataset (Orca 
Network 2011). Within the 2004–2010 period, the 
number of commercial whale-watching boats was 
relatively constant (Giles and Koski 2012). With 
commercial whale-watching trends as a proxy for 
sighting effort of whales in the Salish Sea, effort is 
estimated to have been consistent from 2004–2010. 

Prior to 2004, whale-watching effort and sighting 
network activity were inconsistent. Therefore the 
years 2004–2010 were chosen as a comparable 
number of years to the 1987–1993 dataset (Baird 
and Dill 1995, 1996). The spatial distribution of 
effort between the two time periods likely varied 
substantially, but this potential limitation was 
addressed in the data analysis.

The 2004–2010 sightings were collected mostly 
through citizen science and therefore reliability 
of the data may be variable. As a caveat of citi-
zen science, it is possible that misidentifications 
may have occurred due to similar markings on 
different individuals. It is also possible that there 
was a failure to identify individuals or matrili-
nes actually present within aggregations or that 
group composition may have been based on one 
or two well-marked individuals. However, only 
confirmed identifications of mammal-eating killer 
whales were used in analyses. Identifications 
were confirmed if either a known, reputable 
source recorded the sighting (i.e., a researcher 
or whale-watch operator with several years of 
experience) or if multiple sources independently 
recorded the sighting. There are occasionally 
sightings reported to the sighting network with 
questionable identifications (e.g., “maybe T101”). 
Any such identification was not included in this 
study. Despite the limitations of citizen science, 
a previous study evaluated the reliability of sight-
ings reported largely by commercial whale-watch 
operators in the same region (Hauser et al. 2006). It 
was determined that sighting data can be effective 
in determining the location and identification of 
killer whales in the Salish Sea in order to evaluate 
patterns of spatial use (Hauser et al. 2006, Hauser 
et al. 2007). The findings from this very similar 
dataset have validated the use of sighting data 
for our analyses, as long as the limitations of the 
method are acknowledged (e.g. only including 
identifications from experienced observers).

With increased effort from 2004–2010, there 
were often multiple sightings of the same group 
when it was encountered in the Salish Sea. To 
minimize repeated detections of the same group 
of killer whales when they were in the area, and 
reduce the bias associated with increased effort 
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in the 2004–2010 period, encounters from both 
periods were reduced to a measure of occurrences. 
We accomplished this by examining the number 
of concurrent days that groups of whales were 
encountered in the Salish Sea (Table 1). From 
this analysis, we were able to determine that if a 
group was not encountered again within six days, 
it had likely left the Salish Sea and any encounters 
greater than six days before or after the original 
encounter should be treated as a separate occur-
rence of that group. Therefore, an occurrence 
was defined as an encounter of a unique group of 
mammal-eating killer whales when there was not 
an encounter of that group in the Salish Sea within 
six days before or after the encounter.

For geographic analyses the study area was 
split into five subareas: 1) central Strait of Juan 
de Fuca; 2) Gulf Islands and southern Strait of 
Georgia; 3) San Juan Islands (including eastern 
Strait of Juan de Fuca); 4) Puget Sound; and 5) 
Hood Canal (Figure 1). Hood Canal was separated 
from Puget Sound analyses due to an anomalous 
event of an extended stay by mammal-eating killer 
whales in 2005 (London et al. 2012). Research 
effort from 1987–1993 was concentrated in the 
central Strait of Juan de Fuca, San Juan Islands, 
and Gulf Islands and Strait of Georgia, with no 
effort in Puget Sound or Hood Canal. Any com-
parisons of area use and occurrence between the 
1987–1993 and 2004–2010 time periods therefore 
did not include any occurrences in Puget Sound 
and Hood Canal.

Cumulative occurrence of mammal-eating killer 
whale encounters was determined by month, year, 
and subarea to examine patterns of seasonal/annual 
occurrence and spatial use. Nonparametric Kruskal 
Wallis tests in the R programming environment 
(R Core Team 2013) were used to test for differ-
ences in the number of occurrences as a function 
of month, year, and subarea within each period. 
Minimum group size was determined from sighting 
records based on the total number of whales with 
confirmed identifications. The Wilcoxon rank-sum 
test was used to compare mean and modal group 
sizes between the two time periods.

Matrilineal groups were classified based on 
identifications (Towers et al. 2012) in order to 
examine differences in the groups of whales most 
commonly occurring in the Salish Sea. There 
were 28 matrilines identified and defined for this 
study that were documented more than once in 
the Salish Sea in the two periods (Appendix 1). 
For the 1987–1993 period, the most commonly 
encountered matrilines were classified as nearshore 
foragers (n = 3) or as non-nearshore foragers (n 
= 3), with patterns in seasonal occurrence being 
one of the differences between the two classifica-
tions (Baird and Dill 1995). Changes in seasonal 
occurrence for these six specific matrilines were 
compared between the two periods. The patterns of 
behavior of nearshore versus non-nearshore forag-
ers may be specific to the Salish Sea region, but 
as this study is a fine-scale analysis of the region 
the classifications are relevant. For the purposes 
of our analyses, different matrilines occurring 
in a given area can be considered analogous to 
different species present in a community, thus 
analytical techniques appropriate to community 
ecology were used in multivariate analyses of 
matrilineal patterns. The cumulative number of 
occurrences of each matriline was determined 
for each season, period, and subarea. Seasons 
were broken into ecologically relevant periods: 
August–September (harbor seal pupping–wean-
ing season), October–March, April–May (peak 
sea lion occurrence season), and June–July. Time 
periods were broken into 4 sections: 1987–1990, 
1991–1993, 2004–2007, and 2008–2010. Season, 
time period, and subarea were the categorical 
explanatory variables. Therefore, the multivariate 

TABLE 1. The number of concurrent days any matriline 
was encountered in the Salish Sea, restricted to 
matrilines seen on more than 20 occasions. There 
were no cases in which one of these matrilines 
was encountered more than 6 days concurrently.

 Number of concurrent
 days encountered Frequency

  1 a 280

 2 40

 3 15

 4 4

 5 0
 6 1

a No concurrent days after the first day of encounter
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Figure 1. Subareas of the Salish Sea used for analyses of spatial use. The international boundary is shown. The northernmost area 
of the Gulf Islands and Strait of Georgia and the westernmost area of the Strait of Juan de Fuca had less small boat and 
sighting effort, thus were excluded from our analyses.

Houghton et al.
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data set included 28 response variables (number 
of occurrences for each matriline) within each 
unique combination of season, time period, and 
subarea (28 x 48 matrix). 

A permutational multivariate analysis of vari-
ance test (PERMANOVA) was conducted to 
examine temporal and spatial patterns in matriline 
occurrence (Anderson 2001). This test was chosen 
because it does not have distributional assumptions 
as does a multivariate analysis of variance test. 
PERMANOVA is a powerful permutation test that 
can be used to analyze the effect of categorical 
explanatory variables on multivariate data. The 
matriline occurrence distance matrix (based on 
Bray-Curtis distance measures as is appropriate 
for zero-inflated data; Bray and Curtis 1957, 
Faith et al. 1987) was compared to the explana-
tory variables using PERMANOVA to test for a 
significant effect of season, time and subarea on 
the occurrence of the most abundant matrilines. 
Two-way interactions between each explanatory 
variable were also examined because all were 
ecologically plausible (e.g., season may have an 
effect on matrilineal patterns of occurrence in 
the older period but may not in the more recent 
period). PERMANOVA was conducted using the 
adonis function in the vegan (Oksanen et al. 2008) 
package of R with 10,000 permutations. Statisti-
cal significance of an environmental factor (e.g. 
subarea) would indicate that the matrilines most 
commonly occurring across different levels of the 
factor (e.g. the three subareas) were significantly 
different. The PERMANOVA addresses potential 
spatial and temporal heterogeneity in the dataset 
as subareas and time (both seasonally and lon-
gitudinally) are explanatory variables in which 
variability is partitioned. Specifically, this accounts 
for variable survey and spatial effort between the 
two time periods for the multivariate analyses. 

Results

Mammal-eating killer whales were encountered 
more frequently in the 2004–2010 period (339 oc-
currences, excluding Puget Sound and Hood Canal) 
than in the 1987–1993 period (97 occurrences; 
Table 2). Between 1987 and 1993, unique groups 
of mammal-eating killer whales occurred between 

9 and 19 times per year (Figure 2). The number 
of occurrences did not change by year between 
1987 and 1993 (Kruskal Wallis 2 = 2.504, df = 
6, P = 0.868). Between 2004 and 2010, unique 
groups of mammal-eating killer whales occurred 
in the Salish Sea between 26 and 79 times per year 
(excluding Puget Sound and Hood Canal), with an 
increasing number of occurrences in later years 
(Figure 2). The total number of occurrences in the 
Salish Sea significantly differed by year between 
2004 and 2010 (Kruskal Wallis 2 = 18.996, df 
= 6, P = 0.004).

The number of occurrences of mammal-eating 
killer whales was significantly different by subarea 
for both periods; 1987–1993 (excluding Puget 
Sound and Hood Canal; Kruskal Wallis 2 = 
13.632, df = 4, P = 0.001) and 2004–2010 (includ-
ing Puget Sound and Hood Canal; Kruskal Wallis 

2 = 24.693, df = 4, P < 0.001). Mammal-eating 
killer whales were more frequently observed in the 
Strait of Juan de Fuca than in any other subarea 
of the Salish Sea throughout this study. Other 
subareas of the Salish Sea (e.g., Puget Sound) had 
a slight increasing trend in annual occurrence of 
mammal-eating killer whales from 2004 to 2010 
(Figure 2).

Occurrence of mammal-eating killer whales 
differed significantly by month in 1987–1993 
(Kruskal Wallis 2 = 42.671, df = 11, P < 0.001) 
and in 2004–2010 (Kruskal Wallis 2 = 23.795, 
df = 11, P = 0.014). From 1987–1993, whales 
occurred most frequently in August–September 
(Figure 3). From 2004–2010, whales also occurred 
most frequently in August–September, but there 
was also a strong second peak in April–May 
(Figure 3). 

The most commonly observed group size in-
creased between the 1987–1993 (mode = 3; see 
Figure 3 in Baird and Dill 1996) and 2004–2010 
periods (mode = 4, Figure 4), although the dif-
ference was not statistically significant (W = 
18885.5, P = 0.231). The mean group size in 
the 2004–2010 period (mean ± SD: 5.17 ± 4.36, 
range: 1 to 36) was greater than the mean group 
size in the 1987–1993 period (mean ± SD: 4.40 
± 2.82, range: 1 to 15). 
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Figure 2. Cumulative annual occurrence of mammal-eating killer whales in the Salish Sea by subarea from 1987–1993 and 
2004–2010.

Figure 3. Cumulative monthly oc currence of mammal-eating killer whales in the Salish Sea 
by subarea from 1987–1993 and 2004–2010.
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Figure 4. Percent of occurrences for each observed minimum group size of mammal-eating killer whales in the Salish Sea 
from 1987–1993 and 2004–2010. From 1987–1993, modal group size was 3 whales (mean ± SD: 4.40 ± 2.82). 
From 2004–2010, modal group size was 4 whales (5.17 ± 4.36).

The most commonly occurring matrilines 
from the 1987–1993 period also occurred more 
frequently in the 2004–2010 period (Table 3). 
However, there were several other matrilines that 
were not documented in the study in 1987–1993 
that were common from 2004–2010 (Table 3). 
Differences in seasonal occurrence between mat-
rilines existed in both periods. For the 1987–1993 
period, the three matrilines classified as nearshore 
foragers had a more pronounced August–Septem-
ber peak, while the three matrilines classified as 
non-nearshore foragers were encountered relatively 
consistently throughout the year (Figure 5; see 
Baird and Dill 1995). For the 2004–2010 period, 
the same matrilines of nearshore foragers still had 
a peak in occurrence from August–September, 
but the matrilines of non-nearshore foragers had 
peaks in occurrence in April–May and August–
September (Figure 5). The non-nearshore foragers 
increased in overall occurrence between the two 
time periods to a greater extent than the nearshore 
foragers increased.

The matrilines occurring in each season (F = 
2.300, df1 = 3, df2 = 18, P < 0.001), time period (F 
= 4.281, df1 = 3, df2 = 18, P < 0.001), and subarea 
of the Salish Sea (F = 2.796, df1 = 2, df2 = 18, P = 
0.002) differed significantly (PERMANOVA R2 = 
0.74). Matrilineal occurrence in each area differed 
across time periods with marginal significance (F 
=1.336, df1 = 6, df2 = 18, P = 0.089). However, the 

matrilines that commonly occurred in each season 
did not differ across time periods or across areas. 

Discussion

Some of the increase in mammal-eating killer 
whales’ use of the Salish Sea between 1987 and 
2010 is likely due to an increase in sighting effort 
between the two periods. However, we attempted 
to control for differences in effort by looking 
at occurrences of groups in the Salish Sea (i.e., 
taking into account repeated sightings over six 
days). We also only included the three subareas 
that had sighting effort in both time periods when 
comparing 1987–1993 to 2004–2010. The number 
of occurrences of mammal-eating killer whales 
also increased significantly within the 2004–2010 
period itself, when sighting effort was relatively 
consistent. It is relevant to note that the measure 
of occurrences may affect spatial analyses by 
underrepresenting certain subareas (e.g., those 
that are utilized after arrival in the Salish Sea via 
one of the straits). Although mammal-eating killer 
whales most commonly occurred in the Strait of 
Juan de Fuca, they also increased in occurrence in 
other subareas (e.g., Puget Sound) in recent years. 
We suggest this apparent increase in occurrence 
over time in the Salish Sea is due to an increase 
in the abundance of mammal-eating killer whale 
primary prey, as seals, sea lions, and porpoises 
have increased substantially in abundance and 
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occurrence in the area (Jeffries et al. 2003, Lowry 
and Maravilla-Chavez 2005, Pitcher et al. 2007, 
Fisheries and Oceans Canada 2010, Carretta et al. 
2011). The increased local occurrence in the Salish 
Sea could also be due to an increase in abundance 
of the greater population of west coast ‘transient’ 
killer whales throughout the study period (Ford 
et al. 2007, Towers et al. 2012). These causative 

links are not mutually exclusive, and it is likely 
that both prey abundance and overall population 
growth have contributed to the changes in occur-
rence documented in the Salish Sea. 

Seasonal patterns of occurrence differed be-
tween the two periods with a single peak in 
occurrence of mammal-eating killer whales in 
August–September from 1987–1993 and two 

TABLE 3. Number of occurrences of at least one member of each matriline in each period (see Appendix 1 for matriline designa-
tion codes). The total number of occurrences does not include occurrence in the Puget Sound or Hood Canal (noted 
separately in 2004–2010 column). Six of the commonly occurring matrilines in 1987–1993 were classified as either 
nearshore foragers or non-nearshore foragers by Baird and Dill (1995).

  2004–2010
  # of Occurrences
 1987–1993 (Puget Sound and
 # of Hood Canal Total # of Classification
Matriline Occurrences Occurrences) Occurrences (Baird and Dill 1995)

 T21 17 47 (3) 64 Non-nearshore forager

 T13 14 40 54 Non-nearshore forager

 T41 16 27 43 Nearshore forager

 T100 0 43 (1) 43

 T2 19 20 (1) 39 Non-nearshore forager

 T88 3 34 (6) 37

 T124 0 35 (3) 35

 T10 15 20 35 Nearshore forager

 T32 24 10 34 Nearshore forager

 T30 0 33 (2) 33

 T101 0 31 (6) 31

 T19 0 24 (2) 24

 T49 0 22 22

 T46 0 22 (1) 22

 T11 12 8 20

 T109 12 5 17

 T104 0 16 16

 T36 0 12 (2) 12

 T12 10 2 12

 T65 0 11 (2) 11

 T123 0 6 6

 T124A 0 5 (6) 5

 T99 0 5 5

 T7 2 3 5

 T75 4 1 5

 T137 0 4 (3) 4

 T71 0 3 (6) 3

 T185 0 3 3
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peaks in 2004–2010, one in April–May and one 
in August–September. We suspect these changes 
in seasonal occurrence could be a consequence 
of increased prey diversity. From 1987–1993, 
half of the most commonly observed mammal-
eating killer whale matrilines were found to be 
nearshore foragers, specializing on harbor seal 
prey near haul-out sites during the pupping-
weaning season in inland waters (Bigg 1969, 
Temte et al. 1991, Baird and Dill 1995). It is 
likely that the increased use of the Salish Sea 
was by non-nearshore foragers that did not fo-
cus hunting effort near harbor seal pupping and 
haul-out sites, but still foraged on harbor seals 
throughout the year. Other prey species, includ-
ing porpoises, elephant seals, and sea lions, are 
all found in areas away from harbor seal haul 

outs. Although sea lions and occasionally elephant 
seals also utilize haul out sites, killer whales 
seem less likely to attack sea lions at haul outs, 
as attacks are often prolonged and sea lions may 
be able to reach refuge sites in shallow water or 
on shore if attacked nearshore (Baird and Dill 
1995). The second peak in mammal-eating killer 
whale occurrence in April–May during 2004–2010 
corresponds with the increased occurrence of 
California sea lions and Steller sea lions in inland 
waters in those months, suggesting the whales 
may be taking advantage of the increased occur-
rence of these pinnipeds. The lower occurrence 
of mammal-eating killer whales in the Salish Sea 
in June–July may be associated with seasonal 
fluctuations in California sea lions and Steller 
sea lions as many of these pinnipeds migrate to 

Figure 5. Cumulative monthly occurrence of non-nearshore and nearshore foragers from 1987–1993 and 2004–2010.
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the outer coast to return to natal rookeries at that 
time. Peaks in occurrence in cetacean prey species 
(Dahlheim et al. 2009) and differences in timing 
of the peak harbor seal pupping period (Temte 
et al. 1991) elsewhere throughout the range of 
mammal-eating killer whales likely also influence 
killer whale movements to areas outside of the 
Salish Sea in winter and in the months June–July. 

The most commonly occurring group size of 
mammal-eating killer whales in the Salish Sea 
had an increasing trend from 1987 to 2010, but 
this was not statistically significant. This pattern 
could be due to increased prey diversity as opti-
mum foraging group size changes by prey species, 
depending in part on the difficulty of capture, 
risk of injury, and the energetic value of the prey 
(Baird and Dill 1996). When feeding primarily 
on harbor seals, the optimum foraging group 
size was three individuals, the most frequently 
observed group size in the 1987–1993 period 
(Baird and Dill 1996). Although we have not been 
able to quantify it, there is anecdotal evidence of 
increased predation on faster and more difficult to 
catch prey species, such as harbor porpoise, and 
larger prey species, such as sea lions, in our study 
area in recent years; from observations both in 
southeast Alaska and in our study area faster and 
larger prey species are targeted by larger groups 
of mammal-eating killer whales (Baird and Dill 
1995, Dahlheim and White 2010). Mammal-eating 
killer whales are cooperative hunters with the cost 
of prey capture varying with group size. Higher 
encounter rates with increasingly abundant sea 
lions and porpoises in the Salish Sea facilitate 
the larger groups recently observed (Baird 2002). 
Increased prey abundance in the Salish Sea could 
relax the need to forage in the optimum group 
size as efficiency becomes less important when 
there are more foraging opportunities available. 
Increased prey abundance also likely leads to 
increased consumption, growth, and reproduction 
by mammal-eating killer whales. Increased repro-
duction in this population is consistent with the 
observation of several commonly occurring mat-
rilines having many young, undispersed offspring 
in recent years (Towers et al. 2012; e.g., T100, 
T101, and T124 matrilines; Table 3). Therefore, 
increased reproductive output due to increased 

prey abundance could also lead to the larger group 
sizes recently observed in the Salish Sea.

Matrilineal differences in annual occurrence 
contributed to the pattern of increasing use of 
the Salish Sea over time. Many of the commonly 
observed matrilines from 1987–1993 increased 
their use of the area in 2004–2010, and several 
matrilines previously not encountered in the Salish 
Sea were also observed frequently between 2004 
and 2010. Our results suggest that the changes in 
annual occurrence are explained by different mat-
rilines utilizing the area in recent years compared 
to those that were common in 1987–1993. The 
matrilines that occurred commonly in 2004–2010 
but were not encountered in 1987–1993 may 
have increased their use of the Salish Sea where 
prey abundance has increased, in addition to 
utilizing prey resources elsewhere. Several of 
these matrilines were encountered in southeast 
Alaska frequently within the 1987–1993 period 
(Dahlheim and White 2010). In the inland waters 
of southeast Alaska, harbor porpoise populations 
have declined significantly from 1991 to 2011 
(Marilyn Dahlheim, NOAA National Marine 
Mammal Laboratory, personal communication) 
and one of several stocks of harbor seals has also 
declined from 1992 to 2008 (Womble et al. 2010). 
The recent changes in mammal-eating killer whale 
occurrence in the Salish Sea may indicate that 
these whales are utilizing a broader range of their 
distribution to take advantage of areas exhibiting 
increased prey abundance.

Matrilineal differences can explain the changes 
in seasonal occurrence between the two time peri-
ods. Non-nearshore foragers, which did not focus 
foraging effort on harbor seal pupping and haul-out 
sites in 1987–1993, increased in overall occurrence 
to a greater extent than did nearshore foragers. The 
divergent pattern between the two foraging types 
contributed to the greater seasonal occurrence 
of killer whales in times of the year that do not 
coincide with harbor seal pupping–weaning time. 
The PERMANOVA results indicated that seasonal 
differences in occurrence could be attributed to the 
occurrence of different matrilines. It is possible 
that the more recently common matrilines in the 
Salish Sea in 2004–2010 exhibit the same seasonal 
patterns as non-nearshore foragers, contributing to 
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the changes in seasonal occurrence between 1987 
and 2010. However, the classification of nearshore 
and non-nearshore foragers may be specific to the 
Salish Sea region and may differ from broad-scale 
patterns of occurrence and behavior. 

These new findings update our previous under-
standing of mammal-eating killer whale spatial 
use, occurrence and group size in the Salish Sea. 
Mammal-eating killer whales are more com-
mon at different times of the year and have also 
increased in their occurrence and group size. 
Current information on top predator geospa-
tial ecology will better inform ecosystem-based 
models in the Salish Sea, and provide insights for 
marine populations in other systems. Increasing 
knowledge of predator-prey relationships in the 
Salish Sea allows for a greater understanding of 
the role of mammal-eating killer whales in this 
ecosystem. Findings from this study provide an 
example of how predators might be altering their 
spatial use and seasonal occurrence in order to 
take advantage of increasing prey abundance 
and occurrence. Other studies have shown that 
an increase in prey abundance alters the diet and 
abundance of marine predators (Womble and 
Sigler 2006), but none have examined changes 
in aspects of behavior such as occurrence and 
group size. It is likely that mammal-eating killer 
whales are also having non-consumptive effects 
on their prey populations due to the changes in 
whale behavior and increased use of the Salish 

Sea in recent years. For example, prey popula-
tions could increase predator vigilance in months 
where mammal-eating killer whales are increas-
ing seasonal use, which would increase the total 
effect of the predator in this system. Intraspecific 
variation in occurrence and spatial use by different 
matrilines is also a unique aspect of this study and 
will be important to consider in future studies in 
order to determine how individuals or matrilines 
may differ in other behavioral traits or patterns.

Acknowledgments

Funding for analyses of the 2004–2010 data was 
provided by the Northwest Fisheries Science Cen-
ter (NWFSC) through the Undergraduate Research 
Program at the University of Washington. The map 
of the Salish Sea was produced and provided by D. 
Holzer, NWFSC. The authors would like to thank 
Orca Network, The Whale Museum, members of 
the public, whale-watch operators, and researchers, 
who contributed sightings of killer whales in the 
Salish Sea. RWB would like to thank P. Stacey 
and T. Guenther for assistance with data collec-
tion in 1987–1993. M. Dahlheim provided early 
feedback on the 2004–2010 analyses. J. Bakker 
and K. MacIntyre provided guidance on analyti-
cal methods for examining matrilineal patterns 
of occurrence. D. Noren, A. Wirsing and four 
anonymous reviewers provided comments that 
greatly improved this manuscript.

Literature Cited

Ainley, D. G., G. Ballard, and K. M. Dugger. 2006. Com-
petition among penguins and cetaceans reveals tro-
phic cascades in the western Ross Sea, Antarctica. 
Ecology 87:2080-2093.

Allen, B. M., and R. P. Angliss. 2011. Alaska marine 
mammal stock assessments, 2010. U.S. Department 
of Commerce, NOAA Technical Memorandum. 
NMFS AFSC-223. 

Anderson, M. J. 2001. A new method for non-parametric 
multivariate analysis of variance. Austral Ecology 
26:32-46.

Baird, R.W., P. A. Abrams, and L. M. Dill. 1992. Possible 
indirect interactions between transient and resident 
killer whales: implications for the evolution of 
foraging specializations in the genus Orcinus. 
Oecologia 89:125-132.

Baird, R. W., and L. M. Dill. 1995. Occurrence and behavior 
of transient killer whales: seasonal and pod-specific 

variability, foraging behavior and prey handling. 
Canadian Journal of Zoology 73:1300-1311.

Baird, R. W., and L. M. Dill. 1996. Ecological and social 
determinants of group size in transient killer whales. 
Behavioral Ecology 7:408-416.

Baird, R. W., and H. Whitehead. 2000. Social organization 
of mammal-eating killer whales: group stability and 
dispersal patterns. Canadian Journal of Zoology 
78:2096-2105.

Baird, R. W. 2002. Killer Whales of the World: Natural 
History and Conservation. Voyageur Press, Still-
water, MN.

Baum, J. K., R. A. Myers, D. G. Kehler, B. Worm, S. J. 
Harley, and P. A. Doherty. 2003. Collapse and 
conservation of shark populations in the Northwest 
Atlantic. Science 299:389-392.

Bigg, M. A. 1969. Clines in the pupping season of the 
harbour seal, Phoca vitulina. Journal of Fisheries 
Research Board of Canada 26:449-455.

Houghton et al.



167Mammal-eating Killer Whale Occurrence and Behavior

Bigg, M. A., G. M. Ellis, J. K. B. Ford, and K. C. Balcomb. 
1987. Killer Whales—A Study of Their Identifi-
cation, Genealogy and Natural History in British 
Columbia and Washington State. Phantom Press, 
Nanaimo, BC.

Bigg, M. A., P. F. Olesiuk, G. M. Ellis, J. K. B. Ford, 
and K. C. Balcomb. 1990. Social organization 
and genealogy of resident killer whales (Orcinus 
orca) in the coastal waters of British Columbia 
and Washington State. Report of the International 
Whaling Commission Special Issue 12:386-406.

Bray, J. R., and J. T. Curtis. 1957. An ordination of upland 
forest communities in southern Wisconsin. Ecologi-
cal Monographs 27:325-349.

Carretta, J. V., K. A. Forney, E. Oleson, K. Martien, M. M. 
Muto, M. S. Lowry, J. Barlow, J. Baker, B. Hanson, 
D. Lynch, L. Carswell, R. L. Brownell Jr., J. Rob-
bins, D. K. Mattila, K. Ralls, and M. C. Hill. 2011. 
U.S. Pacific Marine Mammal Stock Assessments: 
2010. U.S. Department of Commerce, NOAA 
Technical Memorandum NMFS-SWFSC-476. 

Dahlheim, M. E., P. A. White, and J. M. Waite. 2009. Ceta-
ceans of Southeast Alaska: distribution and seasonal 
occurrence. Journal of Biogeography 36:410-426.

Dahlheim, M. E., and P. A. White. 2010. Ecological 
aspects of transient killer whales Orcinus orca as 
predators in southeastern Alaska. Wildlife Biology 
16:308-322.

Demaster, D. P., A. W. Trites, P. Clapham, S. Mizroch, 
P. Wade, R. J. Small, and J. Ver Hoef. 2006. The 
sequential megafaunal collapse hypothesis: Test-
ing with existing data. Progress in Oceanography 
68:329-342.

Estes, J. A., and J. F. Palmisano. 1974. Sea otters: their 
role in structuring nearshore communities. Science 
185:1058-1060.

Estes, J. A., M. T. Tinker, T. M. Williams, and D. F. Doak. 
1998. Killer whale predation on sea otters link-
ing oceanic and nearshore ecosystems. Science 
282:473-476.

Estes, J. A., J. Terborgh, J. S. Brashares, M. E. Power, J. 
Berger, W. J. Bond, S. R. Carpenter, T. E. Essing-
ton, R. D. Holt, J. B. C. Jackson, R. J. Marquis, L. 
Oksanen, R. T. Paine, E. K. Pikitch, W. J. Ripple, 
S. A. Sandin, M. Scheffer, T. W. Schoener, J. B. 
Shurin, A. R. E. Sinclair, M. E. Soulé, R. Virtanen, 
and D. A. Wardle. 2011. Trophic downgrading of 
planet Earth. Science 333:301-306.

Faith, D. P., P. R. Minchin, and L. Belbin. 1987. Composi-
tional dissimilarity as a robust measure of ecological 
distance. Vegetation 69:57-68.

Fisheries and Oceans Canada. 2010. Population Assessment 
Pacific harbour seal (Phoca vitulina richardsi). DFO 
Canadian Science Advisory Secretatiat Science 
Advisory Report 2009/011.

Ford, J. K. B., and G. M. Ellis. 1999. Transients: Mammal-
hunting Killer Whales. UBC Press, Vancouver, BC.

Ford, J. K. B., G. M. Ellis, L. Barrett-Lennard, A. B. 
Morton, R. S. Palm, and K. C. Balcomb. 1998. 
Dietary specialization in two sympatric populations 
of killer whales (Orcinus orca) in coastal British 
Columbia and adjacent waters. Canadian Journal 
of Zoology 76:1456-1471.

Ford, J. K. B., G. M. Ellis, D. R. Matkin, K. C. Balcomb, 
D. Briggs, and A. B. Morton. 2006. Killer whale at-
tacks on minke whales: prey capture and antipreda-
tor tactics. Marine Mammal Science 21:603-618.

Ford, J. K. B., G. M. Ellis, and J. W. Durban. 2007. An 
assessment of the potential for recovery of west 
coast transient killer whales using coastal waters 
of British Columbia. Fisheries and Oceans Canada: 
Research Document 2007/088.

Giles, D. A., and K. L. Koski. 2012. Managing vessel-based 
killer whale watching: a critical assessment of the 
evolution from voluntary guidelines to regulations 
in the Salish Sea. Journal of International Wildlife 
Law & Policy 15:125-151.

Harvey, C. J., K. K. Bartz, J. R. Davies, T. B. Francis, T. P. 
Good, A. D. Guerry, M. B. Hanson, K. K. Holsman, 
J. Miller, M. Plummer, J. C. Reum, L. D. Rhodes, 
C. A. Rice, J. F. Samhouri, G. D. Williams, N. J. 
Yoder, P. S. Levin, and M. H. Ruckelhaus. 2010. 
A mass-balance model for evaluating food web 
structure and community-scale indicators in the 
central basin of Puget Sound. U.S. Department 
of Commerce, NOAA Technical Memorandum 
NMFS-NWFSC-106. 

Hauser, D. D. W., G. R. VanBlaricom, E. E. Holmes, and 
R. W. Osborne. 2006. Evaluating the use of whale-
watch data in determining killer whale (Orcinus 
orca) distribution patterns. Journal of Cetacean 
Research and Management 8:273-281.

Hauser, D. D. W., M. G. Logsdon, E. E. Holmes, G. R. 
VanBlaricom, and R. W. Osborne. 2007. Summer 
distribution patterns of southern resident killer 
whales Orcinus orca: core areas and spatial segre-
gation of social groups. Marine Ecology Progress 
Series 351:301-310.

Heithaus, M. R., A. Frid, A. J. Wirsing, L. M. Dill, J. W. 
Fouqurean, D. Burkholder, J. Thomson, and L. 
Bejder. 2007. State-dependent risk-taking by green 
sea turtles mediates top-down effects of tiger shark 
intimidation in a marine ecosystem. Journal of 
Animal Ecology 76:837-844.

Janzen, D. H. 1974. Deflowering of Central-America. 
Natural History 83:48-53.

Jeffries, S. J., H. R. Huber, J. Calambokidis, and J. Laake. 
2003. Trends and status of harbor seals in Washing-
ton state: 1978–1999. Journal of Wildlife Manage-
ment 67:207-218.

Lima, S. L. 1998. Nonlethal effects in the ecology of 
predator-prey interactions. Bioscience 48:25-34.

London, J. M., J. M. Ver Hoef, S. J. Jeffries, M. M. Lance, 
and P. L. Boveng. 2012. Haul-out behavior of harbor 



168

seals (Phoca vitulina) in Hood Canal, Washington. 
PLoS One 7(6): e38180.

Lowry, M. S., and O. Maravilla-Chavez. 2005. Recent 
abundance of California sea lions in western Baja 
California, Mexico and the United States. In D. K. 
Garcelon and C. A. Schwemm (editors), National 
Park Service Technical Publication CHIS-05-01. 
Institute for Wildlife Studies, Arcata, CA. Pp. 
485-497.

May, R. M., J. R. Beddington, C. W. Clark, S. J. Holt, and 
R. M. Laws. 1979. Management of multispecies 
fisheries. Science 205:267-277.

McLaren, B. E., and R. O. Peterson. 1994. Wolves, Moose, 
and Tree Rings on Isle Royale. Science 266:1555-
1558.

Murdoch, T. J. T., A. F. Glasspool, M. Outerbridge, J. 
Ward, S. Manuel, J. Gray, A. Nash, K. A. Coates, J. 
Pitt, J. W. Fourqurean, P. A. Barnes, M. Vierros, K. 
Holzer, and S. R. Smith. 2007. Large-scale decline 
in offshore seagrass meadows in Bermuda. Marine 
Ecology Progress Series 339:123-130.

Oksanen, J., R. Kindt, P. Legendre, B. O’Hara, G. L. 
Simpson, P. Solymos, M. H. M. Stevens, and H. 
Wagner. 2008. Vegan: Community Ecology Pack-
age. R Package Version 1, 15.11. Available from 
http://vegan.r-forge.r-project.org.

Orca Network.  2011.  Orca Network sightings archives.  
Orca Network, Whale Sighting Network Project, 
Freeland, WA. Available online at http://www.
orcanetwork.org/Archives/index.php?categories_
file=Sightings%20Archives%20Home (accessed 
1 February 2011).

Pitcher, K. W., P. F. Olesiuk, R. F. Brown, M. S. Lowry, 
S. J. Jeffries, J. L. Sease, W. L. Perryman, C. E. 
Stinchcomb, and L. F. Lowry. 2007. Abundance 
and distribution of the eastern North Pacific Steller 
sea lion (Eumetopias jubatus) population. Fisheries 
Bulletin 107:102-115.

Puget Sound Action Team. 2007. 2007 Puget Sound Up-
date: Ninth Report of the Puget Sound Assessment 
and Monitoring Program. Puget Sound Action 
Team. Olympia, WA.

R Core Team. 2013. R: A language and environment for 
statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. http://www.R-project.
org/.

Sheriff, M. J., C. J. Krebs, and R. Boonstra. 2009. The 
sensitive hare: sublethal effects of predator stress 
on reproduction in snowshoe hares. Journal of 
Animal Ecology 78:1249-1258.

Soloman, M. E. 1949. The natural control of animal 
populations. Journal of Animal Ecology 19:1-35.

Springer, A. M., J. A. Estes, G. B. van Vliet, T. M. Wil-
liams, D. F. Doak, E. M. Danner, K. A. Forney, and 
B. Pfister. 2003. Sequential megafaunal collapse 
in the North Pacific Ocean: An ongoing legacy of 
industrial whaling? Proceedings of the National 
Academy of Science 100:12223-12228.

Temte, J. L., M. A. Bigg, and Ø. Wiig. 1991. Clines re-
visited: The timing of pupping in the harbour seal 
(Phoca vitulina). Journal of Zoology 224:617-632.

Towers, J. R., G. M. Ellis, and J. K. B. Ford. 2012. Photo-
identification catalogue of Bigg’s (transient) killer 
whales from coastal waters of British Columbia, 
northern Washington, and southeastern Alaska. 
Canadian Data Report of Fisheries and Aquatic 
Sciences 1241: v + 127 pp.

Wade, P. R., V. N. Burkanov, M. E. Dahlheim, N. A. Friday, 
L. W. Fritz, T. R. Loughlin, S. A. Mizroch, M. M. 
Muto, D. W. Rice, L. G. Barrett-Lennard, N. A. 
Black, A. M. Burdin, J. Calambokidis, S. Cerchio, 
J. K. B. Ford, J. K. Jacobsen, C. O. Matkin, D. R. 
Matkin, A. V. Mehta, R. J. Small, J. M. Straley, 
S. M. McCluskey, G. R. VanBlaricom, and P. J. 
Clapham. 2007. Killer whales and marine mammal 
trends in the North Pacific—a re-examination of 
evidence for sequential megafauna collapse and 
the prey-switching hypothesis. Marine Mammal 
Science 23:766-802.

Whipple, S. J., J. S. Link, L. P. Garrison, and M. J. Fogarty. 
2000. Models of predation and fishing mortality in 
aquatic ecosystems. Fish and Fisheries 1:22-40.

Wirsing, A. J., M. R. Heithaus, and L. M. Dill. 2007. Fear 
factor: do dugongs (Dugong dugon) trade food 
for safety from tiger sharks (Galeocerdo cuvier)? 
Oecologia 153:1031-1040.

Wirsing, A. J., M. R. Heithaus, A. Frid, and L. M. Dill. 
2008. Seascapes of fear: evaluating sublethal preda-
tor effects experienced and generated by marine 
mammals. Marine Mammal Science 24:1-15.

Wirsing, A. J., and W. J. Ripple. 2010. A comparison of 
shark and wolf research reveals similar behavioral 
responses by prey. Frontiers in Ecology and the 
Environment 9:335-341.

Womble, J. N., and M. F. Sigler. 2006. Seasonal avail-
ability of abundant, energy-rich prey influences 
the abundance and diet of a marine predator, the 
Steller sea lion Eumetopias jubatus. Marine Ecol-
ogy Progress Series 325:281-293.

Womble, J. N., G. W. Pendleton, E. A. Mathews, G. M. 
Blundell, N. M. Bool, and S. M. Gende. 2010. 
Harbor seal (Phoca vitulina richardii) decline 
continues in the rapidly changing landscape of 
Glacier Bay National Park, Alaska 1992–2008. 
Marine Mammal Science 26:686-697.

Received 13 July 2013

Accepted for publication 25 January 2015

Houghton et al.



169Mammal-eating Killer Whale Occurrence and Behavior

Appendix 1

List of matriline codes and matriline membership used in this study

T2  T2 (female), T1, T2A, T2B, T2C

T7  T7 (female), T7A, T7B 

T10  T10 (female), T10A, T10B, T10C

T11  T11 (female), T11A

T12  T12 (female), T12A, T12B, T12C

T13  T13 (female), T14

T19  T19 (female), T19B, T19C

T21  T21 (female), T20, T22

T30  T30 (female), T30A, T30B, T30C

T32  T32 (female), T31

T36  T36 (female), T36A, T36B, T36C

T41  T41 (female), T41A, T44

T46  T46 (female), T46A, T46B, T46C, T46D, T46E

T49  T49 (female), T49A, T49B

T65  T65 (female), T63, T65A, T65B

T71  T71 (female), T71A, T71B, T71C

T75  T75 (female), T77, T78, T75A, T75B, T75C 

T88  T88 (female), T87, T90

T99  T99 (female), T99A, T99B

T100  T100 (female), T100A, T100B, T100C, T100D

T101  T101 (female), T101A, T101B, T102

T104  T104 (female), T103

T109  T109 (female), T109A, T109B, T109C, T109D

T123  T123 (female), T123A

T124  T124 (female), T124C, T124D, T124E

T124A  T124A (female), T124A1, T124A2, T124A3

T137  T137 (female), T137A, T137B

T185  T185 (female), T186, T187, T185A




