
Article

Prey-Related Asphyxiation in Harbor Porpoises
(Phocoena phocoena) along the U.S. West Coast:
Importance of American Shad (Alosa sapidissima) on
Adult Female Harbor Porpoise Mortality

Cindy R. Elliser 1,*, John Calambokidis 2, Dalin N. D’Alessandro 3, Deborah A. Duffield 3,
Jessica L. Huggins 2, James Rice 4, Isidore Szczepaniak 5,6 and Marc Webber 5,6

1 Pacific Mammal Research, Anacortes, WA 98221, USA
2 Cascadia Research Collective, Olympia, WA 98501, USA; Calambokidis@cascadiaresearch.org (J.C.);

JHuggins@cascadiaresearch.org (J.L.H.)
3 Department of Biology, Portland State University, Portland, OR 97207, USA; dalin@pdx.edu (D.N.D.);

duffieldd@pdx.edu (D.A.D.)
4 Marine Mammal Institute, Oregon State University, Newport, OR 97365, USA; Jim.Rice@oregonstate.edu
5 The Marine Mammal Center, Sausalito, CA 94965, USA; szczepaniaki@tmmc.org (I.S.);

webberm@tmmc.org (M.W.)
6 Department of Ornithology and Mammalogy, California Academy of Sciences, San Francisco, CA 94118, USA
* Correspondence: cindy.elliser@pacmam.org

Received: 2 May 2020; Accepted: 23 June 2020; Published: 29 June 2020
����������
�������

Abstract: Harbor porpoise (Phocoena phocoena) diets are predominantly comprised of small fish
species (<30 cm) and squid. However, predation on larger species (up to 63 cm) occurs, raising the
question of increased risk of asphyxiation associated with this behavior. Literature was reviewed
and stranding data from 1983 to 2020 from the U.S. West Coast (including California, Oregon and
Washington) were searched for cases of prey-related asphyxiation of harbor porpoises and analyzed
in relation to age, sex, reproductive status and prey species. Twenty-nine cases were documented.
Twenty-seven cases involved large prey; non-native American shad caused the asphyxiation in 87%
of the cases where the prey species was identified. The majority (92%) of harbor porpoises were
females, and at least 83.3% were pregnant or recently post-partum. Reproductively active females
may be more likely to attempt potentially risky behavior in order to compensate for their increased
energetic needs. Increasing numbers of non-native American shad may pose a unique danger in this
region for harbor porpoises not adapted to deal with the challenges of that prey. This may be a cause
for concern, as there is likely an interaction between location, age and reproductive status on the diet
composition and foraging strategies of harbor porpoises.

Keywords: harbor porpoise; Phocoena phocoena; American shad; salmon; asphyxiation; large prey;
foraging ecology; strandings

1. Introduction

Harbor porpoises (Phocoena phocoena) are found in nearshore waters along the U.S. West Coast from
north of Point Barrow, Alaska (AK), and south to Point Conception, California (CA) [1–3], with very few
sightings in offshore waters (beyond the 200 m isobath) [3]. It is important to note that along the U.S.
West Coast, the continental shelf is narrow (approximately 32 km) compared to locations in the Atlantic
(more than 120 km) [4]. Thus, harbor porpoises on the U.S. West Coast are a nearshore species, unlike
some harbor porpoises that are seen in offshore waters in the Atlantic (e.g., off Greenland [5]). Along
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the U.S. West Coast, harbor porpoises are known to mainly prey on small fish species, such as Pacific
herring (Clupea pallasi), walleye pollock (Theragra chalcogramma), Pacific hake (Merluccius productus)
northern anchovy (Engraulis mordax) and Pacific sandlance (Ammodytes hexapterus), that average less
than 30 cm in length [6–12], a similar finding to other populations worldwide [13–23].

Harbor porpoises have also been known to ingest large (in mass and/or length, e.g., up to
63 cm) prey items [16,17,21,22,24]. Along the U.S. West Coast, harbor porpoises were observed
catching large prey items (consumption was not observed) of native salmonid species, including coho
(Oncorhynchus kisutch) and pink (Oncorhynchus gorbuscha) salmon, and non-native American shad
(Alosa sapidissima) [25]. A recent study documented tags from juvenile Chinook salmon (Oncorhynchus
tshawytscha) in the forestomach of a harbor porpoise in southwestern Washington [26]. Previous to these
cases, there were rare instances of salmon in the stomachs of harbor porpoises in this region: a salmon
sp. in the stomach of a stranded harbor porpoise near the Columbia River [27] and another of a coho
salmon in the stomach of a by-caught harbor porpoise in the salmon set-net fishery in Washington
State [8]. Salmon have not been considered as part of the normal harbor porpoise diet in this region,
but [25] supports the idea presented by [26] that salmon may be a more important component of
harbor porpoise diet in the Pacific Northwest than previously thought. Occasionally, attempted
ingestion of seemingly atypical prey items and/or prey size that resulted in asphyxiation of the
harbor porpoise have been documented along the U.S. West Coast: 55.9 cm grey smooth-hound shark
(Mustelus californicus [28]), 44.5 cm Pacific herring [29], American shad (37.5 cm, [30] and 34.2 cm [31])
and a species of sculpin [32]. The historical asphyxiation records of female harbor porpoises [30,31]
and more recent observations of live female harbor porpoises [25] indicate that American shad may be
targeted by some individuals, and there may be a female sex bias to this potentially risky behavior.

Large prey (like salmon and American shad) can increase the risk of asphyxiation in odontocete
species due to adaptations to their airway and digestive tracts that removes the risk of water accidentally
entering the respiratory system during ingestion of prey [33]. While important, these adaptations also
make them more susceptible to esophageal obstruction that can lead to asphyxiation as the larynx,
or goosebeak, creates a restriction, limiting the size of items that can be swallowed without risk of
them becoming lodged around the larynx (which may become dislocated) [33]. Though not a common
occurrence, cause of death by asphyxiation on prey items has been documented in a limited number
of cetacean species (harbor porpoises [19,28,30–32,34–37], bottlenose dolphins (Tursiops sp.) [38–42],
long-finned pilot whales (Globicephala melas) [43], Guiana dolphins (Sotalia guianensis) [44], and beluga
whales (Delphinapterus leucas) [45]).

Much of what is known about harbor porpoises in the Pacific Northwest comes from stranded
animals [46], as harbor porpoise behavior is still poorly understood and often hard to investigate due
to their elusive nature. Stranding records are a good resource for investigating causes of death and
their frequency within a population and can provide insights into harbor porpoise foraging behavior.
American shad in the Pacific Ocean are mainly found on the continental shelf, with the highest catches
(based on data from research cruises, and commercial and recreational landings) between Oregon (OR)
and British Columbia (BC), Canada, and in San Francisco Bay [47]. To investigate the occurrence of
prey-related asphyxiation in harbor porpoises along the U.S. West Coast and the influence of American
shad, we reviewed the available stranding records from researchers and stranding organizations in CA,
OR and WA, along with historical published accounts; however, note that this was not an exhaustive
search of all historical records. To enhance our knowledge of harbor porpoise foraging behavior we
describe these cases, the fish species involved, and the relation to age, sex and reproductive status of
the harbor porpoises. We hypothesized that the majority of harbor porpoise asphyxiation cases would
involve non-native American shad, and that asphyxiation would occur more with reproductively
active females than other age/sex classes.
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2. Materials and Methods

Necropsies and records of the stranded harbor porpoises were conducted/recorded by individual
researchers and stranding network organizations along the U.S. West Coast (Figure 1): Cascadia
Research Collective (CRC), Portland State University (PSU), Oregon State University (OSU), Washington
Department of Fish and Wildlife (WDFW) the California Academy of Sciences (CAS), The Marine
Mammal Center (TMMC), California State Parks (CSP), and the Museum of Vertebrate Zoology
(MVZ). Although there may be some variation in specifics, the organizations generally adhered to
similar stranding and necropsy protocols. Data including the date, location, condition, age class,
sex, reproductive status, and evidence of human interaction were collected from all stranding events.
Necropsies were conducted on fresh animals using established methods [48]. A full suite of samples
from available organs, lymph nodes, lesions and injuries were collected for histology, and additional
tissues were frozen for ancillary diagnostics (genetics, contaminants, life history, biotoxins, fungal,
viral, bacterial screening). Visual identification of stomach contents was documented for some cases.
Internal exams with minimal sampling were conducted on animals that were decomposed and/or
heavily scavenged. Evidence for human interaction (vessel interaction, gunshot wounds, fishery
interaction wounds related to fishing gear or fishing gear attached to the animal, and other) was noted,
whether or not it was the cause of death.
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3. Results

We documented 24 cases between 1983 and 2020 (numerical case numbers 1–24) from stranding
records, in addition to 5 cases previously published (alphabetic case numbers A–E), totaling 29 cases
of fatal prey-related asphyxiation in harbor porpoises along the U.S. West Coast since 1937 (Figure 1,
Table 1). For the 28 cases where the month and day of stranding are known (all but case B), asphyxiated
harbor porpoises were found in every month except November, and 13 (46.4%) of these occurred in
spring (March–May). The next most common season was summer (June–August) with eight (28.6%)
cases. The number of cases in other seasons were more evenly distributed: three (10.7%) in winter
(December–February), and four (14.3%) in fall (September–November). Five cases (10, 15–18) also
had evidence of fishery interaction and eight (4, 6, 8, 11, 15, 16, 19, 24) had pathological findings. The
contribution of these additional findings to the asphyxiation events are not known. Visual identification
of stomach contents for five cases were documented. Case 2 had a pilchard (Sardinops sagax) and squid
beaks (Loligo sp.), case 13 had squid beaks and fresh anchovy, case 18 had an intact American shad,
case 21 had fresh and partially digested anchovy and case 24 had partially digested anchovy.

Two types of asphyxiation were found: large fish lodged in the throat, where the goosebeak is
often dislocated (cases A–D, 1–20, 22–24), and smaller fish moving up to obstruct the nasal passage
(cases E, 21). Twenty-seven cases (93.1%) resulted from attempted ingestion of large prey items and
subsequent asphyxiation (cases A–D, 1–20, 22–24); 25 were confirmed as cause of death and 2 where it
was the likely cause of death, but the carcass was not collected (cases 5, 9, Table 1). Many of these
incidences occurred in the last four years (n = 9, 33%). In all cases the large fish was lodged in the
harbor porpoise’s throat, sometimes with the tail still visibly sticking out of the mouth (Figures 2, 3,
5 and 6). The fish was known to be oriented head first in all but two cases (92.6%, in cases D and
9 the orientation was not documented). In 18 (66.7%) cases the larynx or goosebeak was dislocated
(Figure 2), sometimes with the fish extending past the proximal end of the lungs. Dry drowning was
suspected in the four cases (13, 21, 22, 24) for which the condition of the lungs was noted. Observations
included very aerated lung tissue, white stable froth in main airways and trachea and no fluid, with the
exception of one case (22) that had a small amount of fluid at the base of one lung.

American shad was the species causing the asphyxiation in 87% (n = 20, cases B–C, 1–4, 6, 8, 10–15,
17–19, 22–24) of the large prey ingestion cases where the prey species was identified. The American
shad ranged in length from 33 to 49 cm (n = 18 cases where the whole fish was measured) and weighed
from 363 to 1269 g (n = 10 cases where the whole fish was weighed). The other identified large fish
species was a steelhead (Oncorhynchus mykiss; 70 cm, 3200 g, case 16), grey smooth-hound shark
(55.9 cm, case A), Pacific herring (44.5 cm, case D) and four unknown species (cases 5, 7, 9, 20). For
the cases involving large prey items and known sex of the harbor porpoise (n = 25), 23 were female
(92%, cases A–D, 1–4, 6, 8, 11–20, 22–24) and 2 were male (8%, cases 7, 10). Size of the female harbor
porpoises ranged from 101.6 to 181 cm, and males (both subadult) were 121.7 and 130 cm in size
(Table 1). Reproductive status was determined for 18 females that attempted to ingest the large prey
items: 11.1% (n = 2) were not pregnant (cases C, 14) and 66.7% (n = 12) were confirmed to be pregnant
(cases D, 4, 6, 8, 11–13, 15–16, 18–19, 24). Four other cases were likely recently pregnant: one with
endometrial hemosiderosis suggestive of recent prior pregnancy (case 3), one with a distended uterus
(case 17), one possibly post-partum (case 22) and one with a recent corpus luteum (case 23) (Table 1).
Combining the 12 pregnancies with three likely post-partum females raises the percentage of cases of
reproductively active females to 83.3% (n = 15), or 88.9% (n = 16) if the female with a recent corpus
luteum is included.
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Table 1. Cases of prey-related asphyxiation of harbor porpoises including life history characteristics, fish species (size and weight when available) and details of the
necropsy findings along the U.S. West Coast. * Cases A–E are previously published accounts [28–32]. For large prey items, the fish was stuck head first in all but two
cases (D and 9), where the orientation was not documented.

Case Date
(Year/Month/Day) State Contributor HP Sex HP Age Length

(cm)
Carcass

Condition
♀Reproductive

Status Fish Species Fish Length
(cm)

Fish
Weight (g) Details

A 1937/3/9 CA 28 * F SubA 101.6 Fresh Unknown Grey smooth-hound
shark 55.9 NA Tail of the shark was sticking out of mouth, head was partly

in stomach. Froth in lung indicated suffocation.

B 1948 WA 30 * F A Unknown Unknown Unknown American shad 37.5 NA American shad stuck head first in throat.

C 1952/6/8 WA 31 * F A 147 Fresh Not visibly
pregnant American shad 34.2 680 American shad stuck head first in throat.

D 1979/12/19 WA 29 * F A 137 Fresh Pregnant Pacific herring 44.5 NA Fish firmly stuck in throat, pregnant with 20.3 cm well
developed fetus.

E 2008/6/30 CA 32 * M SubA 132 Fresh NA Sculpin sp. ~13 NA Sculpin lodged in nasal passages, completely obstructing it.

1 1983/5/9 WA WDFW F A 150 Moderate Unknown American shad NA NA American shad stuck in throat with tail sticking out of the
mouth.

2 1992/9/5 CA CAS/MVZ F A 153 Moderate Unknown American shad NA NA American shad stuck in throat with tail sticking out of the
mouth; A pilchard and several squid beaks in stomach.

3 2005/6/19 CA TMMC F A 165 Fair
Recently pregnant,

endometrial
hemosiderosis

American shad 41 NA American shad wedged in esophagus, tail was sticking out
of the mouth, goosebeak was dislocated.

4 2006/1/12 WA CRC F A 161 Fresh Pregnant American shad NA NA American shad stuck in throat head first, goosebeak
dislocated.

5 2007/5/5 WA CRC U A 150 (est.) Fresh Unknown Unknown large fish NA NA Large fish was lodged in mouth, only the tail was visible.
Reported by reliable source, carcass not collected.

6 2008/5/21 OR PSU F A 162.5 Moderate Pregnant American shad 47 943 American shad stuck head first in throat, goosebeak
dislocated.

7 2009/3/6 CA CAS M SubA 130 Moderate NA Unknown large fish 35 NA Fish lodged in esophagus with tail extending into the oral
cavity, goosebeak dislocated and esophagus was distended.

8 2009/3/14 OR PSU F A 151.4 Moderate Pregnant American shad 43 852 American shad stuck head first in throat, goosebeak
dislocated.

9 2010/6/1 CA CSP U SubA 122 Fresh Unknown Unknown large fish NA NA Fish stuck in throat, carcass not collected.

10 2011/9/13 WA PSU M SubA 121.7 Moderate NA American shad 33 398 American shad stuck head first in throat, goosebeak
dislocated, fishery interaction.

11 2013/4/29 OR OSU F A 163 Fresh Pregnant American shad 38 NA American shad stuck in throat head first obstructing the
trachea and bruising the goosebeak.

12 2014/2/1 WA PSU F A 162.5 Moderate Pregnant American shad 42.5 755 American shad stuck head first in throat, goosebeak
dislocated.

13 2014/3/20 WA CRC F A 162 Fresh Pregnant American shad 35.5 NA

American shad stuck head first in throat, goosebeak
dislocated. Head of fish was down level with the lungs,
some regurgitated food in the esophagus. Squid beaks and
fresh anchovy in stomach. Figure 2.

14 2014/5/9 WA CRC F A 181 Moderate/
Advanced Not pregnant American shad 40 * NA

American shad stuck head first in throat, goosebeak
dislocated. Minimal exam due to carcass condition. *
scavenged, estimated length. Figure 3.
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Table 1. Cont.

Case Date
(Year/Month/Day) State Contributor HP Sex HP Age Length

(cm)
Carcass

Condition
♀Reproductive

Status Fish Species Fish Length
(cm)

Fish
Weight (g) Details

15 2016/5/23 OR PSU F A 168 Moderate Pregnant American shad 46.7 870 American shad stuck head first in throat, goosebeak
dislocated. Fishery interaction.

16 2016/7/3 OR PSU F A 163 Fresh Pregnant Steelhead 70 3200

Steelhead stuck head first in throat, goosebeak dislocated.
Fishery interaction. A full-term fetus was pressing on the
caudal end of the forestomach, preventing full expansion of
the stomach by 2.5 to 5 cm and thereby preventing the fish
from being completely swallowed.

17 2016/7/16 OR PSU F A 169.2 Advanced Recently pregnant,
distended uterus American shad 49 837

American shad stuck head first in throat, goosebeak
dislocated. Fishery interaction. Recently pregnant with
distended uterus.

18 2017/4/28 WA PSU F A 174.5 Moderate Pregnant American shad 30.9 870
3/4 of American shad stuck head first in throat, goosebeak
dislocated. Fishery interaction; 649 g intact American shad
also in forestomach.

19 2018/5/31 WA PSU F A 166 Fresh Pregnant American shad 41.1 1269 American shad stuck head first in throat, goosebeak
dislocated.

20 2018/8/15 CA CAS F A 152.5 Advanced Unknown Unknown large fish ~30 NA Fish stuck head first in throat, tail sticking out of the mouth,
goosebeak dislocated.

21 2018/10/3 WA CRC F A 184 Fresh Unable to
determine Northern anchovy 7.6 NA

Fish lodged in blowhole. It was suspected that the harbor
porpoise was feeding on the anchovy when attacked. The
goosebeak was dislocated and there was bruising and
edema around the blowhole at the top of the head and
bruising in the back of the throat (Figure 4). There were
pre-mortem bite marks from a broadnose seven gill shark.
Reproductive status of the harbor porpoises was unknown
because the shark had bitten out that area of the abdomen.
Fresh and partially digested anchovy in stomach.

22 2019/6/28 WA CRC F A 174.5 Fresh Possibly
post-partum American shad 49 NA

American shad stuck head first in throat, goosebeak
dislocated and the fish was down the esophagus past the
heart (Figure 5). Shad was a gravid female.

23 2019/9/19 OR PSU F A 167.5 Moderate
Not pregnant,
recent corpus

luteum
American shad 46.5 686

American shad stuck head first in throat, goosebeak
dislocated. Not pregnant or lactating, but had recent corpus
luteum.

24 2020/4/25 WA CRC F A 165 Fresh Pregnant American shad 49 NA
American shad (gravid female) stuck head first in throat,
goosebeak dislocated (Figure 6). Stomach full of partially
digested anchovy. Third-trimester fetus.
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The last two asphyxiation cases resulted from a small fish species blocking the nasal passage. One
case was the presumptive regurgitation, or pushed by force up the esophagus, of a northern anchovy
(Engraulis mordax; 7.6 cm, weight unknown, Figure 4), resulting from a shark attack from a probable
broadnose seven gill shark (Notorynchus cepedianus). Determination of the shark species involved was
based on the size and shape of bites, characteristics of the tooth marks on the skin, blubber and internal
organs and the geographic location of the incident (case 21). The second was a species of sculpin
(~13 cm, weight unknown) that became lodged in the nasal passage (case E).
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Shores, WA, with 49 cm American shad gravid female stuck in in the throat, dislocating the goosebeak.

4. Discussion

This study represents the largest set of records (29 total) published to date of prey-related
asphyxiation in harbor porpoises. Of the large fish that were identified, 87% were American shad,
showing a marked bias in the prey species responsible. These data support the idea that the events
observed by [25] of harbor porpoises catching American shad and salmonid species along the U.S. West
Coast were indeed foraging behavior, and that these species should be considered as potential prey
species of harbor porpoise in this region. Further, our results suggest an age/sex bias to this behavior
as 92% of harbor porpoises were female (all adult, except one), and that at least 83.3% of these females
were in some stage of reproductive activity (pregnant or recently pregnant/post-partum). This bias
towards females (and particularly pregnant females) is not reflected in overall stranding records for
this region. In CA and the outer coast of WA, a total of 405 harbor porpoises were examined between
2005 and April 2020: 49.1% male, 45.2% female and 5.7% unknown sex and in WA, 45.7% of the adult
females were pregnant (unpublished data). Although the cases of asphyxiation reported here represent
a small portion of the total number of examined harbor porpoises, due to variability in carcass and
environmental conditions, cetaceans that float or refloat and are cast ashore are likely a small subset of
the actual mortality [49,50] and additional instances may have occurred and have gone undetected.
Thus, our results may underrepresent this source of mortality.

Harbor porpoises are the only cetaceans in the region with documented American shad
asphyxiation, which may be the result of multiple factors. Since the introduction of American
shad to the Pacific in the Sacramento River in 1871 (and now are found from Baja California, Mexico
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to Siberia) [51], these fish have overlapped in range with harbor porpoises as both are mainly found
on the continental shelf, and consequently are more likely to interact with harbor porpoises than
with cetaceans found in deeper water. The harbor porpoise preference for nearshore habitat also
means that dead specimens of this species wash ashore more frequently, and in better post-mortem
examination condition than offshore odontocetes [50]. Finally, as the world’s second smallest cetacean,
harbor porpoises may be ill-equipped to ingest American shad which averages 50–61.7 cm and up to
5500 g [52] simply due to predator–prey body size ratios and/or the morphology of American shad
compared to other large prey items.

Remarkably, in nearly 40 years of diet studies, there is no evidence of American shad as prey for
harbor porpoises along the U.S. West Coast based on otolith remains [6–9,11], stable isotope ratios [10]
or PCR-based molecular techniques [12]. The rate at which otoliths erode varies by prey species [11]
and American shad otoliths are relatively small, so this species may be more easily missed, or not
recognized, in this type of diet study. Alternatively, the otoliths may not be present due to beheading
the fish prior to consumption. Beheading and not ingesting the head of the fish has been suggested for
harbor porpoises [13], and documented for rough-toothed dolphins (Steno bredanensis) [53], Amazon
river dolphins (Inia geoffrensis) [54] and bottlenose dolphins [55]. However, this behavior has not been
documented with American shad and the small spade-shaped teeth of harbor porpoises would make
it difficult to perform the ripping or tearing action necessary to behead a large fish. In every case
in the current study where the orientation of the fish was noted, the fish was head first down the
harbor porpoise’s throat. With the head hitting the gastric juices first, the head and the small otoliths
may degrade quickly and thus not be present, or identifiable, when examined (a more likely scenario
than beheading as suggested by [13]). Nevertheless, diet studies that do not rely on otolith remains
have not found American shad in the diet of harbor porpoises in CA [10,12]. Alternatively, the lack
of evidence of this prey species may be due to this being a more recent phenomenon, opportunistic
captures, and/or that there are only certain groups or subpopulations (like reproductively active adult
females in this study) that utilize this strategy (e.g., [55]).

In our study, 85.2% of the cases of asphyxiation on large prey items involved adult harbor
porpoises. Variation in diet between adult and juvenile harbor porpoises has been reported [21,24].
A positive correlation between the length of harbor porpoises and some of their prey [21], along with
the fact that adults are presumably more experienced foragers, make it more likely that adults would
target larger prey than juveniles. However, if size was the only determinant (even with harbor porpoise
females being marginally larger than males [56]), we would not see the striking bias towards females
(92%) that we documented. Other studies have shown a similar bias in sex and maturity influencing
variation in harbor porpoise diet. In Icelandic waters, adult females had more diverse diets than males
or subadult females, and two females (one pregnant) had ingested the largest prey items [21]. Other
cases of asphyxiation are bias towards females (in the North Sea for common sole, Solea solea and cod,
Gadus morhua (reproductive state not documented) [36]; in the Western Baltic, a lactating female likely
asphyxiated (full necropsy was not completed) on a 59 cm European eel [37]). Together, these data
suggest that adult female harbor porpoises may be more likely to target larger prey species and that
this may be even further biased by reproductive state.

Over 83% of females of known reproductive state were either pregnant or recently
pregnant/post-partum. With yearly or biyearly birth cycles [57,58], harbor porpoises spend much
of their adult lives both pregnant and lactating [59,60] and thus are likely to be in some stage of
reproductive activity at any given time of year. Bioenergetic models (incorporating basal metabolism,
thermoregulation and reproduction) comparing all adult reproductive states reveal that male harbor
porpoises have the lowest total energetic costs while females that were simultaneously lactating and
pregnant had the highest [61]. The energetic cost of lactation exceeds the costs of pregnancy [61]
and lactation and post-partum pregnancies require increased food intake [61,62]. In bioenergetic
models, pregnant and lactating females had the highest biomass intake per day needed (4.1 ± 1.6 kg,
feeding on energy rich species like northern anchovy and rockfish) to travel 68.45 ± 26.45 km/day [61].



Oceans 2020, 1 104

To obtain those 4.1 kg, a pregnant and lactating harbor porpoise would need to expend energy to
capture and consume approximately 456 northern anchovies (average 9 g each), or one American
shad (up to 5.5 kg). In contrast, a male (needing 1.7 ± 0.6 kg per day) would only have to capture and
consume approximately 189 northern anchovies, while an American shad could be as much as 3-fold
the amount of mass needed daily. Note that these estimates are based on mass alone, and do not take
into consideration the differences in energy density of the prey species, which may vary. Regardless, it
is clear that reproductively active females need to take in a greater mass of high quality fish than do
other age/sex classes.

Reproductively active female harbor porpoises may have altered foraging behaviors compared to
other sex/age classes in order to meet these increased energetic needs. They may increase foraging time,
consume more prey items, ingest different prey species not seen in other harbor porpoises, and/or select
prey of much larger than average length and mass [14,62–64]. Females with calves have been shown to
utilize habitats with reduced water movement [25,63] and have shown learned strategies to reduce
unproductive foraging time [62,63]. These behaviors may impact what prey (and quantity) they take,
along with how productive, in terms of energy balance, the foraging will be. This may be particularly
important for pregnant females because those in poor body condition may reduce their energetic
investment in the fetus, presumably to increase their own survivability [65]. Thus, pregnant females
(which constituted 66.7% of females of known reproductive status catching large fish in the current
study) may be more likely to attempt a potentially risky behavior (such as ingesting American shad) in
order to gain the nutritional payoff that will help them maintain their health, and the health of the
unborn calf. Many predators of different age, sex and reproductive classes will vary in their willingness
to attack dangerous prey [66]. Our results are thus not surprising, as the constraints inherent in the
lives of reproductively active female harbor porpoises make it more likely, if not necessary, for them to
attempt capturing larger prey than other age/sex classes.

However, the relative risk is unclear, as there is evidence that harbor porpoises can successfully
ingest larger prey items [8,16,17,21,22,24,25]. This has also been observed in asphyxiation events, as
species that caused the death of the harbor porpoises have been found partially digested in the stomach
(Table 1 cases 16 and 18; [36]), indicating that the species (and size) can sometimes be consumed without
issue. These examples indicate that harbor porpoises are likely able to successfully take these larger
prey, but may not be reflected in stranding data that tend to be biased toward compromised individuals,
or in behavioral studies of harbor porpoises due to the difficulties in observing consumption of fish [25].
This could be another reason why our results may underrepresent the prevalence of this behavior.

Attempted ingestion of American shad appears to be an increasing phenomenon, as there were
just four cases documented prior to 2005 and a subsequent increase after that, with 33% occurring
between 2016 and 2020. This correlates with the continued increase in American shad, which have
become the single largest spawning run of any local anadromous fish (over 4 million spawning adults
passing Bonneville Dam in the Columbia River from 2003 to 2006), often dwarfing those of the salmon
runs [51]. Increases in the population density of a particular species, or a steep decline in other,
regular prey populations, may influence the prey choice of harbor porpoises. These factors have been
suggested as reasons for asphyxiations in harbor porpoises [36] and long-finned pilot whales [43].
Alternatively, it could be related to increased inter- or intraspecific competition, as has been suggested
for bottlenose dolphins engaging in riskier foraging behavior [55,67]. However, this could be an
artifact of increased harbor porpoise presence, as it is difficult to tease apart true increases in a certain
event from increased interest and observations. For example, an unusual mortality event along the
Pacific Northwest in the period 2006–2007 was determined not to be an actual unusual mortality event,
but rather a result of an increasing harbor porpoise population, expansion of harbor porpoise range
and a more well-established stranding network [46]. The increasing frequency of the asphyxiation
events documented in this study may indicate either shifts in native prey availability and/or in prey
choice by a particular class of individuals (in this case reproductively active females), but more research
is needed to understand the driving force for these behaviors.
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5. Conclusions

Our review of stranding records and necropsy findings on the U.S. West Coast revealed that
American shad was responsible for the majority of harbor porpoise asphyxiations. This prey is an
introduced species in this region and may pose a unique danger for harbor porpoises not adapted to
deal with the challenges of this prey. The majority of cases involved pregnant or recently post-partum
adult female harbor porpoises and this may reflect an attempt to consume large prey during periods of
greater energetic need. The incidence of these events has increased, with 33% occurring between 2016
and 2020, and likely reflects increasing abundance of this introduced species. It is striking that American
shad has not been documented as harbor porpoise prey (and to our knowledge no asphyxiation events
have been published) in the Atlantic, where the fish is native. Updated large-sample diet studies are
needed for both coasts to help determine the prevalence of American shad (or other large prey items,
like salmon) in the harbor porpoise diet. We recommend that future research should focus on both
harbor porpoise and American shad morphology, energetics and behavior, along with comparisons of
native and non-native prey abundance/distribution patterns and marine mammal stranding records
from the U.S. West and East Coasts. This is critical to gain a better understanding of harbor porpoise
foraging ecology and will help to elucidate the reasons for this behavior and the relative risk it carries
for harbor porpoise populations.
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