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HONORABLE MICHELLE L. PETERSON

UNITED STATES DISTRICT COURT
WESTERN DISTRICT OF WASHINGTON
AT SEATTLE

WILD FISH CONSERVANCY
NORTHWEST, a Washington non-profit Case No. 2:20-cv-00417-MLP
corporation,
DECLARATION OF DR. DEBORAH
Plaintiff, GILES, Ph.D.

V.
BARRY THOM, in his official capacity as
Regional Administrator of the National Marine
Fisheries Service, et al.,

Defendants.

I, Deborah Giles, state and declare as follows;

1. | have been retained by Plaintiff Wild Fish Conservancy, by and through counsel,
to provide my expert evaluation and opinion regarding the Southern Resident Killer Whale
population. This declaration provides my opinions and conclusions, including scientific
information regarding Southern Resident Killer Whales and their physiological health. | have
actual knowledge of the matters stated herein and could and would so testify if called as a witness.

2. | received my PhD from the University of California Davis in 2014. My master’s
thesis and PhD dissertation both focused on Southern Resident Killer Whales. | was formerly the

research director at the Center for Whale Research. | am currently a resident scientist and lecturer
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at the University of Washington’s Friday Harbor Labs, where | teach Marine Mammals of the
Salish Sea and Marine Biology, and | am the science and research director for the nonprofit Wild
Orca.

3. My professional background, experience, and publications are detailed in my
curriculum vitae, a true and accurate copy which is attached as Exhibit A to this declaration.

4. Since 2009, | have been the vessel captain for Dr. Samuel Wasser’s project — at
University of Washington’s Center for Conservation Biology — utilizing a scat detection dog to
locate floating killer whale scat to monitor the physiological health of Southern Resident killer
whales. Southern Resident killer whale feces can be genotyped to determine which whale the fecal
sample came from and they can be examined for stress, nutrition and pregnancy hormones,
toxicants, microbiome, parasites, bacteria and microplastics found in Southern Resident Killer
Whales. Analysis of fecal samples confirms that Chinook salmon are the dominant fish species
eaten by the Southern Resident killer whales.

5. Since 2010, | have worked with National Oceanic and Atmospheric
Administration’s National Marine Fisheries Service (NMFS) on a project deploying acoustic
suction-cup recording tags on Killer whales to measure received noise levels by whales. | am the
killer whale scientific adviser for the Orca Salmon Alliance, a program advisor for Killer Whale
Tales, a co-coordinator for the San Juan Island Naturalist Program, and | am on the Steering
Committee for the Salish Sea Ecosystem Advocates (SalishSEA). In 2018 and 2019, | served on
the prey and vessel working groups for Washington’s Governor Jay Inslee’s Southern Resident
Killer Whale Recovery Task Force and was an invited panelist for Governor Inslee’s Lower Snake
River Dams Stakeholder Engagement workgroup. On behalf of Wild Orca | translate science and

engage with the public and policy makers with the aim of preventing the extinction of the critically
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endangered Southern Resident Killer whales.

6. NMFS listed the Southern Resident Killer Whales as endangered under the
Endangered Species Act (ESA) in 2005 when the population numbered 88 whales. Despite almost
fifteen years of federal protection, the population has continued to decline from a high census
count in 1995 of 98 whales to a near historic low of only 72 whales today. NMFS has recognized
the Southern Resident Killer Whales as one of eight marine species most at risk of extinction, and
considers them a recovery priority number one, which is defined as “a species whose extinction is
almost certain in the immediate future because of a rapid population decline or habitat destruction.”
By NMFS’ own assessment, the population must increase by an average 2.3 percent per year for
28 years in order to be removed from the Endangered Species list, which is NMFS’ goal.

7. As the independent governmental agency Marine Mammal Commission explained,
a primary cause of this well documented population decline has been a steep decline in the number
of pregnancies and a lack of live births in those whales that do become pregnant. From 1984 to
2011, there were between two to six births in the population in most years, an average of 3.85 per
year. From 2012 to 2014 there were just four births in total, an average of 1.33 per year. In 2015
seven calves were documented, which was the second largest single-year number of births.
Unfortunately, no calves were born in 2017, and the one calf born in late September of 2018 died
shortly after its birth. Two calves were born in 2019 and were still alive as of January 2020,
meaning the average number of annual births from 2017 to 2019 was 1.00. Cumulatively, from
2012 to through 2019 there were 14 births, an average of 2.00 per year, seven of which have
survived to date.

8. Like the other fish-eating killer whale populations in the North Pacific, the Southern

Residents are dietary specialists on fish, and particularly Chinook salmon. This diet must support
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daily life activities (e.g., foraging, traveling, socializing, resting), in addition to gestation, lactation,
and growth. To maintain this high energy balance, Southern Resident Killer Whales preferentially
consume older Chinook salmon (>3 years). Chinooks’ large size, relatively high fat and energy
content, and year-round occurrence from multiple sources within the Southern Resident Killer
Whales’ range contributes to this preference—and the preference persists despite a steep decline
in the abundance of Chinook salmon. According to the Environmental Protection Agency, “steep
declines in Chinook salmon is associated with three main factors: habitat change, harvest rates and
hatchery influence,” and not insignificantly, damming of rivers below historical spawning sites.
0. In 2017, | co-authored an article titled “Population growth is limited by nutritional
impacts on pregnancy success in endangered Southern Resident killer whales” in which we
discussed the results of our research. As we explained, Southern Resident population growth is
constrained by low offspring production for the number of reproductive females in the population.
Lack of prey, increased toxins and vessel disturbance have been listed as potential causes of the
whale’s decline but partitioning these pressures has been difficult. We validated and applied
temporal measures of progesterone and testosterone metabolites to assess occurrence, stage and
health of pregnancy from genotyped killer whale feces collected using detection dogs. Thyroid
and glucocorticoid hormone metabolites were measured from these same samples to assess
physiological stress. These methods enabled us to assess pregnancy occurrence and failure as well
as how pregnancy success was temporally impacted by nutritional and other stressors, between
2008 and 2014. Southern Residents have an 18 month gestation period and their nutritional health
depends on the relative timing of multiple, seasonal fish runs (e.g., spring Columbia River Chinook
and summer Fraser River Chinook), as well as food availability in between those periods, each of

which vary markedly between years. The increasingly common occurrence of births outside the
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typical winter calving period may also be an indication of the increased unpredictability of
diminishing fish runs along with the corresponding high rate of late reproductive loss in Southern
Residents, including more costly late spontaneous abortions. Our study concluded that up to 69%
of all detectable pregnancies were unsuccessful; of these, up to 33% failed relatively late in
gestation or immediately post-partum, when the cost is especially high. Low availability of
Chinook salmon appears to be an important stressor among these fish-eating whales as well as a
significant cause of late pregnancy failure, including unobserved perinatal loss. We concluded the
primary solution to drive population growth is promoting Chinook salmon recovery. A true and
correct copy of this article is attached as Exhibit B to my declaration.

10.  The decline in available prey has also led to substantial behavioral changes. The
Southern Residents are spending less and less time in the formerly prey-rich Salish Sea area, their
designated summer core critical habitat, and are being forced to forage further afield, with limited
success. The following graphic shows the correlation between the decline in available Chinook
salmon and the days the Southern Residents spent in the Salish Sea during traditional summer

hunting periods.
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SRKW Presence in the Salish Sea from May 1 - July 15
Compared to Fraser River Chinook Numbers
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Southern Resident Killer Whale presence data from Pacific Whale Watch Association and Orca Network
reports, Combined spring/summer Chinook salmon terminal run size for the indicator stocks on the Fraser
River from the 2019 Pacific Salmon Commission Joint Chinook Technical Committee Report.

Data compiled and graph generated by the Orca Behavior Institute.

11. Our research has determined that each Southern Resident needs around 20 full-
bodied Chinook salmon per day to survive. In other words, just to maintain the existing population,
over 525,000 fully mature Chinook salmon are needed annually for the Southern Residents to
survive. To date, fisheries management decisions have not been made with the recovery of the
Southern Resident Killer whales in mind, fish runs are historically low, and all evidence—including
increased death rates, low fecundity, and the physical appearance of the Southern Resident Killer
Whales (see photo below)—indicate that there is a substantial lack of sufficient Chinook

abundance available as prey to the Southern Resident Killer Whales.
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Sep 2015 Sep 2018

7

SR3 / NOAA, NMFS Research Permit # 19091

Aerial photographs of Southern Resident “J17” over a 3 and a half year period depicting substantial
weight loss and onset of “peanut head,” indicating extreme nutritional distress. Images obtained
by Holly Fearnbach (SR3) and John Durban (NOAA Fisheries’ Southwest Fisheries Science
Center) using a remotely piloted drone under NMFS Research Permit #19091 (available at
https://crosscut.com/2019/05/orca-j17-starving-death-isnt-inevitable).

12.  Currently, up to 97% of Chinook caught in Alaska are actually salmon that originate
in BC Canada, Washington, Oregon and Idaho rivers. Under the quotas set by the Pacific Salmon
Treaty and approved by NMFS, the amount of Chinook salmon available as prey to the Southern
Residents will be further reduced. Given that the Southern Residents are already substantially
nutritionally deprived, this additional reduction will further decrease the possibility that this
population can successfully reproduce in sufficient numbers to maintain, let alone grow, the
population. It is essentially impossible to meet NMFS’ recovery goal of an average growth rate of
2.3% in the Southern Resident Killer Whale population without increasing the abundance of
Chinook available to the Southern Residents as prey.

13. I am aware that some mitigation measures, such as increased hatchery production,
habitat restoration, and developing fish passage structures at dams, may over time help to increase

Chinook population available to the Southern Residents. However, these mitigation measures,
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even if implemented immediately, will have no measurable effect for at least three years, and likely
much longer. In the interim, the Southern Resident killer whale population may decline to a point
where recovery is impossible due to the loss of breeding age males and females and low or no calf
recruitment into the population. Moreover, the vagueness of the proposed mitigation measures
makes it impossible to assess what, if any, positive impact they would have on the abundance of
Chinook available to the Southern Resident killer whales.

14. There is no question the Southern Resident killer whales, under existing conditions,
are not getting enough food to eat throughout their entire range. Without an increase in the
abundance of Chinook, not only will NFMS’ population growth goal not be met, but the population
may go extinct entirely.

I declare under penalty of perjury under the laws of the United States of America that the
foregoing is true and accurate.

Executed this 16th day of April, 2020.

kil s

Deborah A. Giles, Ph.D.
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EXHIBIT A
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Deborah A. Giles, Ph.D
P.O. Box 3364 Friday Harbor WA 98250
(360) 378-0353 (916) 531-1516 (cell)
Email: giles7@gmail.com

STATEMENT OF PERSONAL INTEREST

As a killer whale biologist based on San Juan Island since 2005, | apply my scientific expertise, educational
training, and diverse community outreach to elevate awareness of the threats facing the Salish Sea
Ecosystem. | do this by furthering partnerships with county, state and federal agencies, as well as non-
governmental organizations and universities to ensure they have the most up-to-date information to support
the recovery of our endangered salmon, whales and the Salish Sea Ecosystem.

EDUCATION
University of California, Davis
e 2014 Ph.D. Geography, Biogeography, Conservation Biology
e 2007 M.A. Geography, Conservation Biology
e 2004 B.A. Philosophy, minor in Nature and Culture

COMMUNITY ENGAGEMENT & OUTREACH ACTIVITIES / TRANSLATIONAL SCIENCE

e Washington State Governor Inslee appointee to the Prey and Vessel Working Groups
supporting the Southern Resident Killer Whale Recovery Task Force. Worked with other
invited members of the legislature, Government of Canada and representatives from tribal, federal,
local and other state governments, the private and non-profit sectors using to best available science
to identify, research and analyze potential actions and formulate recommendations for Task Force
consideration.

» Invited participant on Governor Inslee’s Lower Snake River Dams Stakeholder Engagement
Process. Participated in three panel discussion workshops around Washington state, engaged with
the public and other invited panel members to better understand different stakeholder opinions
related to the removal of the lower Snake river dams.

e Co-organizer and sponsor of ongoing Southern Resident Killer whale CALF (Community
Action — Look Forward) workshop series. The fifth and most recent in person workshop was held
in November 2018 and featured topics and discussion on how to apply lessons learned from the
Yellowstone ecosystem to the Salish Sea Ecosystem, the complex issues involving the Pacific
Salmon Treaty, federal law and state management of fisheries and how individuals can be involved
in recovery efforts for the Southern Resident fish-eating whales and the Chinook salmon they rely
on.

e Coordinator for Center for Whale Research’s “Research — Action — Recovery” Symposium
and Fundraiser Auction, attended by 200+ local and off-island killer whale advocates. Discussion
topics included an update on SRKW demographics, current and future studies, threats preventing
the orcas from recovering, and the importance of policy and advocacy to help the endangered
whales.

e Science Advisor for the Orca Salmon Alliance (OSA) comprised of international, national,
regional, and local non-profit organizations, researchers, and community action groups working to
educate the public about the threats facing the Southern Resident orcas the salmon species they rely
on and to act to eliminate those threats.

e Coordinator for OSA sponsored event “Intertwined Fates: The Orca-Salmon Connection” at
the Seattle Aquarium October 2015. Keynote speaker Carl Safina.

0 On new research confirming the important connection between SRKWSs Chinook.
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0 That the prospects for SRKW survival dims without significant restoration of Chinook runs
across SRKW range including the Columbia, Klamath, and Sacramento Rivers in the U.S.
and the Fraser River in Canada.

e Established San Juan Island Naturalist Program T a land-based naturalist led whale watching
and natural history program conducted at the Land Bankds Westside Preserve. A joint program with
San Juan Island Land Bank, Salish Sea Ecosystem Advocates, Orca Network, and Whale Scout.

e Science Advisor - Killer Whale Tales; Science Education T assist in conducting hands-on
education modules at Lime Kiln State Park with all 4™ grade classes from the Bellingham School
District (May-June 2015-2017).

PROFESSIONAL EXPERIENCE
Research Vessel Captain & Local Project Lead: Center for Conservation Biology, University of
Washington, 2009-Present
Research: Physiological monitoring of Southern Resident Killer Whales (Orcinus orca)
e Captain research vessel for scat detection dog to locate and collect killer whale fecal samples used
to assess stress and nutrition hormone levels and toxicant loads.
e Train and handle conservation scent detection canines used to locate floating whale feces
e Conduct killer whale behavioral research.
« Responsible for crew safety training and vessel maintenance.

Wild Orca — Science and Research Director, May 2018 T present.
< Develop and facilitate research projects focused on Southern Resident killer whales. Organize and
participate in education and outreach opportunities to engage the public in salmon and killer whale
conservation efforts. Conduct interviews with media.

Orca Network — Scientific Advisor, Nov. 2015 T present.
« Provide scientific interpretation and consultation and present the latest findings at research
workshops and symposiums. Engage with the public at community events.

San Juan Island Naturalist Program (SJINP) — Senior Coordinator, May 2015 T present
e Facilitate annual memorandum of understanding between partners, San Juan County Land Bank,
Orca Network, Whale Scout, with program support from additional non-profit organizations.
e Train seasonal coordinator, certified naturalists, and multiple volunteers on the natural history of
the Salish Sea and basic biology of marine mammals. Train all on data collection protocols.
e Ensure data collected by SJINP is accurately entered into database
e Oversee annual summary statistics repot to San Juan County Land Bank

Center for Whale Research (CWR) — Research Director & Projects Manager, Nov. 2015 T Oct. 2017
e Collaborated with state and federal partners, NGOs and whale and salmon advocacy organizations
to protect and recover the whales.
Procured and administered grants related to the health of the Southern Resident killer whales.
Developed grant proposals to undertake additional research on acoustics and behavior of cetaceans
in the Salish Sea, along the Pacific Coast to Monterey, California, in Alaska, and Hawaii.
Managed staff, accounting, vessel maintenance scheduling, and drove research vessels as needed.
Presented data and gave lectures at local, state, federal and NGO sponsored workshops
Served as primary media contact interpreting latest scientific research and as the fivoiceo for
whales, conducted numerous interviews for print, digital and video, authored press releases.
Facilitated annual photo ID and demography on endangered Southern Resident killer whales.

Graduate Researcher: Masterds thesis and PhD dissertation research, 2006-2013
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« Wrote research grant proposal and successfully completed contract obligations including
administration of $89,730.00 budget.

e Procured U.S. scientific research permits under the Endangered Species Act/Marine Mammal
Protection Act and Canadian research permits under the Marine Mammal/Species at Risk Act.

e Assessed vessel compliance with guidelines and laws governing boating around marine mammals.

e Collected location and attribute data on killer whale behavior, and vessel location, density and
distance from whales to assess change in killer whale behavior in the presence of vessels.

Research Scientist: (NOAA/NMFS) National Oceanic and Atmospheric, 2010-2014 and 2018-2020
Administration/National Marine Fisheries Service Research
e Utilized specialized equipment to capture remote whale and vessel location data and attribute data
to be used in conjunction with Cascadia Research Collective and the Northwest Fisheries Science
Center to assess underwater acoustics recorded by a suction-cup tag attached to the focal killer
whales. Future peer reviewed publications stemming from the project will also examine killer
whale diving behavior, movement patterns and foraging ecology.

Research Assistant: Cascadia Research Collective, 2005-2010
Research: Focal Behavioral Observations of Fish-Eating Killer Whales: Improving Our Understanding of
Foraging Behavior and Prey Selection.

e Assisted with spotting, identifying, and tracking whales.

» Retrieved field samples from nets, incl. fish scales and prey tissue, processed samples for analysis.

Research Assistant: The Whale Museumds Soundwatch Boater Education Program, 2005-2008
e Captained vessel conducting patrols to educate boaters on best practices around marine wildlife.
e Collected data on vessels quantities and activities around whales, including commercial and private
vessel compliance with recognized guidelines and laws on best boating practices.

Research Assistant: The Whale Museumds Marine Mammal Stranding Network, 2005-2014
* Responded to alert calls and assisted with assessing condition of potentially stranded marine
mammals.
e Collected remains for necropsy at University of Washington Friday Harbor Labs.

Research Assistant: The Northeast Minke Whale Project, 2005-2007
e Participated in on-the-water surveys for minke whales in the Northeast Pacific.

Research Scientist: (NOAA/NMFS) National Oceanic and Atmospheric Administration/National, 2007
Marine Fisheries Service Research Cruise T Southern Resident Killer Whale Winter Range Tracking.
e Deployed, retrieved and monitored acoustic recording equipment designed to document marine
mammal vocalizations.
e Operated hydraulic arm to deploy and recover CTD (conductivity, temperature, depth) equipment.
» Processed water samples for salinity, nutrients, and toxins. Conducted and processed samples from
plankton tows.
» Utilized high-powered military binoculars to locate marine mammals, recorded sightings in
customized computer database.

Research Assistant: University of Washington, 2005-2006
Research: Effects of Vessels on Behavior of Southern Resident Killer Whales.
e Operated computer in team effort with theodolite operator, assisted with spotting, identifying, and
tracking individual killer whales from land-based field sites.
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Biological Science Technician, GS-404-05: NOAA/National Marine Fisheries Service/NWFSC, 2006
Research: Behavior of Southern Resident Killer Whales in the Presence of Vessels in San Juan Islands
e Collected vessel density and attribute data using a handheld Palm Pilot computer.
e Located and identified individual killer whales, monitored whale movements, and identified group
social behaviors.

Research Assistant: Cascadia Research Collective, 2005
Research: Trends in Contaminants in Puget Sound harbor seals
* Recorded field data, photographed deceased harbor seal pups, bagged and labeled biopsy specimens
including blubber and liver tissue for later lab analysis of toxicity levels.

SPECIAL TRAINING

e Experience with GIS, database management and mapping

e 16 yearsb experience operating vessels around all marine mammals in the Salish Sea. At ease on
large and small research vessels regardless of weather conditions. Motorboat Operator Certified.

e Certified in Standard first aid, Adult CPR/AED, Infant and Child CPR.

e Thoroughly trained in Global Positioning Systems (GPS) hardware and software technology, and in
the use of commonly utilized field equipment including total stations, laser rangefinders,
binoculars, digital compasses, and various data collectors including: Pocket PCs, Palm Pilots.

e Extensive experience in marine mammal research such as identifying, collecting and recording data
on individual Southern Resident killer whales, minke, humpback and gray whales, harbor seals,
harbor and Dallds porpoises.

= Proficient in acoustic tag insertion in salmon smolt.

= Skilled in recording vessel quantities and activities around marine mammals & marine protected
areas.

GRANTS AND AWARDS
» NOAA/NMFS Research Contract to record whale and vessel location in conjunction ~ 2010-2014
with Cascadia Research Collective examining diving behavior, foraging ecology and
movements of killer whales.

e Geosystems Award, California Geographical Society Annual Meetingds Top Award. 2012

e Society of Marine Mammalogy, Student Travel Award, for Biennial Conference 2011
on the Biology of Marine Mammals, Tampa, FL.

e NOAA/NMFS Research Contract to study vessel compliance with boating regulations 2009

e NOAA/NMFS Research Contract to study effects of vessels on killer whale behavior  2007-2009

» Office of Graduate Studies, Travel Award, presentation at AAG annual conference 2007

» Recipient of a Henry A. Jastro/Peter J. Shields Research Fellowship Award-3 years ~ 2006-2008
e UC Davis Geography Grad. Group Research Grant: Student Support Award-6 years ~ 2005-2011

TEACHING EXPERIENCE
e University of Washington, Friday Harbor Labs. Instructor

Marine Mammals of the Salish Sea, lecture and lab 2017
e UW-FHL Instructor
Marine Biology, lecture and lab 2017- 2019

e University of California, Davis (UCD). Instructor

Habitat Conservation and Restoration, lecture and field lab

Wildlife, Fisheries, Conservation Biology Department (WFCB) 2014, 2015
e UCD Teaching Assistant (TA) T Habitat Conservation & Restoration, WFCB 2006 -2013
e TAT Wildlife Ecology and Conservation, WFCB 2011-2013
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TA T Natural History of California's Wild Vertebrates, WFCB 2011-2013
TA T Coastal Ecosystems, WFCB 2010
TA T War & Terrorism, Science and Society 2009
Graduate Student Researcher, Coastal Ecosystems Analysis T Pt. Reyes CA. 2005, 2008
TA T Technology in Society, American Studies 2008
TA T Plant Geography, WFCB 2006
TA T Physical Geography, Environmental Science and Policy 2006
TA T Nature and Culture in America, American Studies 2005
TA T Human Evolutionary Biology, Anthropology 2004
ACADEMIC & COMMUNITY SERVICE
Elected to the Steering Committee for the Salish Sea Ecosystem Advocates 2009-present
Scientific Advisor for Killer Whale Tales, 2008-present
Elementary school environmental education program
Admissions Committee, Geography Graduate Group 2006-07 applicant pool 2006
Executive Committee, Geography Graduate Group, Student Representative 2004-2007
U.C. Davis Graduate Students Association, Graduate Group Representative 2004-2007

PUBLICATIONS

Holt, Marla M., M.B. Hanson, C.K. Emmons, D.K. Hass, D.A. Giles, J.T. Hogan, 2019. Sounds
associated with foraging and prey capture in individual fish-eating killer whales, Orcinus orca.
Journal of the Acoustical Society of America 146, 3475

Holt, Marla M., J.B. Tennessen, M.B. Hanson, C.K. Emmons, D.A. Giles, J.T. Hogan, B.M.
Wright, S. Thornton, 2019. How acoustics informs understanding of foraging behavior and
effects of vessels and noise on killer whales. Journal of the Acoustical Society of America 146,
2897

Tennessen, J.B., M. Holt, E.J. Ward, B. Hanson, C. Emmons, D.A. Giles, Jeffrey Hogan, 2019.
Hidden Markov models reveal temporal patterns and sex differences in killer whale behavior.
Scientific Reports 9, 14951

Tennessen, J.B., M. Holt, B. Hanson, C. Emmons, D.A. Giles, Jeffrey Hogan, 2019. Kinematic
signatures of prey capture from archival tags reveal sex differences in killer whale foraging activity.
Journal of Experimental Biology. Journal of Experimental Biology (2019) 222

Ellis, S., D.W. Franks, S. Nattrass, T.E. Currie, M.A. Cant, D.A. Giles, K. C. Balcomb, D. P. Croft,
2018. Analysis of ovarian activity reveal repeated evolution of post-reproductive lifespans in
toothed whales. Scientific Reports 8, No. 12833
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Abstract

The Southern Resident killer whale population (Orcinus orca) was listed as endangered in
2005 and shows little sign of recovery. These fish eating whales feed primarily on endan-
gered Chinook salmon. Population growth is constrained by low offspring production for the
number of reproductive females in the population. Lack of prey, increased toxins and vessel
disturbance have been listed as potential causes of the whale’s decline, but partitioning
these pressures has been difficult. We validated and applied temporal measures of proges-
terone and testosterone metabolites to assess occurrence, stage and health of pregnancy
from genotyped killer whale feces collected using detection dogs. Thyroid and glucocorticoid
hormone metabolites were measured from these same samples to assess physiological
stress. These methods enabled us to assess pregnancy occurrence and failure as well as
how pregnancy success was temporally impacted by nutritional and other stressors,
between 2008 and 2014. Up to 69% of all detectable pregnancies were unsuccessful; of
these, up to 33% failed relatively late in gestation orimmediately post-partum, when the cost
is especially high. Low availability of Chinook salmon appears to be an important stressor
among these fish-eating whales as well as a significant cause of late pregnancy failure,
including unobserved perinatal loss. However, release of lipophilic toxicants during fat
metabolism in the nutritionally deprived animals may also provide a contributor to these
cumulative effects. Results point to the importance of promoting Chinook salmon recovery
to enhance population growth of Southern Resident killer whales. The physiological mea-
sures used in this study can also be used to monitor the success of actions aimed at promot-
ing adaptive management of this important apex predator to the Pacific Northwest.
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1. Introduction

The Southern Resident killer whales (SRKW; Orcinus orca) represent the southern population
of the fish-eating ecotype inhabiting the northeast Pacific Ocean [1]. From late May through
October, the three SRKW pods, termed J, K and L, frequent the inshore waters of Washington
State and British Columbia, commonly known as the Salish Sea. Following a near 20% decline
in their population during the late ‘90’s, the population was listed as endangered under the
Canadian Species at Risk Act in 2001 [2] and the U.S. Endangered Species Act in 2005 [1].
Only 78 individuals (J pod = 24 individuals; K pod = 19 individuals; L pod = 35 individuals)
remain in the current population as of December, 2016 [3]. Reduced availability of their pre-
ferred prey, threatened and endangered Chinook salmon, appears to be at the core of the
SRKW decline [4-7], although exposure to toxicants [8], and pressure from vessel disturbance
may also contribute to these cumulative effects [9].

Reduced fecundity appears to be a particularly important contributor to the SRKWs failure
to recover [4]. The rate of successful pregnancy in the wild population is unknown since, to
date, pregnancy is only confirmed by observation of a newborn calf. SRKW typically give birth
every 5.3 years [10]. However, holding age structure and survivorship constant, fecundity rates
of SRKW (0.21) are significantly lower than those of Northern Resident (0.26;) [11] or South-
east Alaskan Resident killer whales (0.27) [12], neither of which are listed as at risk. Assuming
a median peak fecundity rate of 0.21, the 31 potentially reproductive females in the SRKW
population should have had 48 births between 2008—2015. Yet, only 28 births were recorded
during that period. The 7 adult females in K pod have not had a birth since 2011, and just two
births since 2007. The 24 females in the remaining two pods (J and L) have averaged < 1 birth
per pod since 2011, with no births in 2013, but had 7 births in 2015. One of the two offspring
born in 2014 died [3]. This study addresses causes of the low reproductive rate in SRKWSs in
an effort to recommend management decisions that can enhance population growth and long-
term sustainability of this endangered population.

We examine determinants of pregnancy success and failure in the SRKWs from 2008
through 2014 based on hormone measures of pregnancy occurrence and health as well as phys-
iological stress from genotyped feces. SRKW fecal samples are located with high efficiency by
specially trained detection dogs, with detection rates over five times that by trained human
observers [5,13,14]. Progesterone and testosterone collectively provide reliable indices of
pregnancy occurrence, timing and health in killer whales. Concentrations of both P4 and T
increase several-fold during gestation, although the increase is more gradual for T. Both hor-
mones sharply decline to pre-conception levels around parturition [15,16]. We develop and
validate a noninvasive endocrine measure of pregnancy occurrence and loss in the killer
whales using metabolites of progesterone (P4) and testosterone (T) excreted in their feces.

Fecal glucocorticoid (GC) and thyroid (T3) hormone metabolite measures are used to moni-
tor nutritional and disturbance stress within and between years. These two endocrine systems
work closely together to regulate energy availability and utilization to meet nutritional, growth
and thermoregulatory demands [17]. GCs rapidly rise in response to poor nutrition, cold temper-
ature and disturbance stressors, mobilizing glucose to provide energy to deal with the immediate
emergency [18,19]. GC concentrations over time are particularly informative for distinguishing
nutritional from boat stress since abundances of both Chinook and whale-watching boats have
very similar temporal patterns. Chinook and boat abundance are both relatively low in spring,
peak in mid- to late August and then decline. Yet, the GC signal from nutritional stress should be
lowest when fish abundance is at its peak while highest when boat density is at its peak [5].

Thyroid hormone (triiodothyronine, T3), on the other hand, produces a more conservative
response to nutritional and thermal stress, functioning by adjusting metabolism. It is also
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important to promote fetal brain growth during gestation [20]. While T4 is the most abundant
thyroid hormone, it is directly converted to T3, which has many times the biological activity of
T4[20,21]. T3 levels are relatively slow to change when food shortages are first encountered,
allowing the body to use all available fuel to search for food. If poor food conditions persist, T3
abruptly declines, lowering metabolism to prevent the body from exhausting its remaining fuel
stores [21-24]. T3 may also be blunted under good food conditions when a low metabolism is
needed to increase growth (e.g., to accumulate blubber stores in fall, in preparation for the rel-
atively lean winter; [20]). In dolphins, T3 is lower in failed versus successful pregnancies at all
stages of gestation [25]. T3 is relatively unresponsive to disturbance stress.

This study uses temporal patterns in P4 and T to predict pregnancy outcomes among the
SRKWs and T3, GC and the T3/GC ratio to index the importance of nutritional and other
stressors in their reproductive decline.

1.1 SRKW natural history

Mean reproductive maturity (age at first conception) in female SRKWs occurs at 9.8 years of
age in captivity 12.1 years in the wild [10,26]. Maximum fecundity (probability of becoming
pregnant in a single estrous cycle) of SRKW occurs between ages 20-22, increasing quickly
during the first four years after sexual maturity, slowly declining from age 22 to 39, and then
precipitously declining thereafter [4,10]. Gestation is approximately 18 months, making the
prior year’s salmon availability particularly important to fecundity [11,27].

During our late May through October study period, the SRKWSs primarily feed on Chinook
salmon, increasingly dominated by Fraser River Chinook (FRC) returning to spawn in nearby
rivers [28,29]. SRKWs generally spend the remainder of the year outside the Salish Sea, moving
up and down the Pacific Coast, from CA to Southeast AK [6]. K and L pods tend to spend
more time further south than does J pod in winter, while J pod frequents the Salish Sea more
than does K and L pods in summer and winter. Nutritional demands on SRKW are presumed
to be greatest in winter when their salmonid prey are more widely dispersed, smaller in size
and other non-salmonid prey appear to be a larger fraction of the diet [6,29,30]. Thermoregu-
latory demands may also influence nutritional demands during winter. SRKW then transition
to spring, eventually subsisting on a diminishing number of spring/summer run adult Chi-
nook salmon approaching river mouths inside and outside the Salish Sea until the Fraser River
Chinook (FRC) runs peak in mid- to late-August.

Temporal patterns in fecal GC and T3 concentrations [5], combined with radio-tagging
data [28], suggest that early spring interior race Columbia River Chinook (CRC) runs are also
important to SRKW nutrition. The CRC run increases from mid-March to the end of May
based on estimates at the Bonneville dam [31] and have some of the highest fat content of any
adult salmon to support their extremely long freshwater spawning migration [32,33]. Foraging
on the fat rich Columbia River Chinook in early spring was hypothesized to replenish the killer
whales after the long winter and sustain them until the temporally and quantitatively variable
mid to late August peak in Fraser River Chinook (FRC) occurs (S1 Fig). T3 concentrations in
fecal samples collected between 2007 and 2009 were consistently at their highest when the
SRKW first arrived in the Salish Sea in late spring [5]. Presumably, this occurred because the
whales arrived after feeding on the fat rich Columbia River Chinook. SRKW were detected
twice as frequently at the Columbia River in early spring than expected by chance [28]. This
argument is further supported by increases in serum thyroid stimulating hormone, T4 and T3
in fasting humans and rats in response to leptin injections [20]. With FRC runs still quite low,
T3 levels then fell precipitously. GC concentrations when the SRKWs first arrive in the Salish
Sea in late spring were also relatively high, further reflecting the comparatively low FRC
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abundance at that time, and consistent with the precipitous decline in T3 shortly following
SRKW arrival [5].

2. Methods
2.1 Ethics statement

Fecal samples were collected in United States waters under National Marine Fisheries Service
permits 532-1822-00, 532—1822, 10045 and 17344. Samples were collected in Canadian waters
under Marine Mammal License numbers 2008-16, 2009—08, 2010-09 and 201208, as well as
Species at Risk Act permits numbered 91, 102, 109 and 155. Sample collection methods were
approved by the University of Washington’s Institutional Animal Care and Use Committee
(IACUC) under protocol 2850-08.

2.2 Scat (fecal) sampling using detection dogs

Scat sampling occurred in the Salish Sea between late May and October, from 2008—2014,
coinciding with the time the SRKWs frequent the study area. Whenever possible, we aimed to
evenly sample each pod by starting at the front of the pod’s direction of travel, continuing to
sample until the pod passes and then returning again to the front of the pod.

Scat samples are located by detection dogs trained to locate SRKW scat floating on the
water’s surface [5,13,14]. The use of detection dogs greatly increases sample size due to their
remarkable ability to smell SRKW scats at distances up to one nautical mile away, even in fast
moving currents. The detection dog rides on the bow of the boat, driven perpendicular to the
wind, beginning at least 200 yards downwind from an area where the whales have just traveled.
As the boat approaches the edge of the scent cone emanating from the sample, the dog’s behav-
ior suddenly changes from resting to actively perched far over the bow of the boat, anticipating
its reward for sample detection. As the boat passes through the center of the scent cone, where
the odor is strongest, the dog leans heavily over the windward side of the boat, following the
strongest scent, informing the handler to direct the boat driver to turn into the wind. Subtle
cues by the dog, relative to wind direction, allow the driver to stay on the scent line until the
sample is reached. The dog typically becomes restless, often whining at that point because the
scent surrounds the boat and thus no longer has a clear direction. If at any time the boat travels
out of the scent cone, the dog changes position and looks back to where the scent was stron-
gest. The handler then directs the driver to circle back into the scent cone until the dog’s
change in behavior once again alerts the handler it has redetected the scent.

As soon as the sample is visually located, a 1-liter polypropylene beaker fastened to a 3—6 foot
pole is used to scoop the sample by skimming the surface just under the sample. The first sample
out of the water is presented to the dog, which is followed immediately by the toy reward and a
few minutes of play. Meanwhile, the crew continues to scoop all remaining sample pieces from
the water’s surface. The majority of water is carefully poured off the sample, and the sample pieces
are collected into a 50 mL polypropylene tube, centrifuged, and the remaining seawater is de-
canted. The sample is placed on dry ice until stored frozen at -20°C that evening and remains at
that temperature until processed in the lab. Fecal samples range in size from 0.5 to 300 mls, but a
typical sample collection volume is 2 mls. Fortunately, the consistency of SRKW scat makes the
hormones fairly evenly distributed even in small samples (Ayres and Wasser, unpublished data).

2.3 Fecal DNA and hormone measures

Once thawed for hormone extraction, the homogenized sample is swabbed for DNA using a
synthetic tip. The swab is then kept frozen at -20°C until being genotyped for species, sex, pod,
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and individual identification by NOAA NW Fisheries Science Center [34]. 76% of all individu-
als are currently genotyped to the individual, and 88% of all adult females. Fecal hormone
metabolites of glucocorticoid (GC), thyroid (triiodothyronine, T3), testosterone (T) and pro-
gesterone (P4) are extracted using methods described in [21] and measured using assays in
Wasser et al. [35] (P4), [36] (GC), [21] (T3)] and Vellosa et al. [37] (T). Briefly, each sample is
thawed once and centrifuged (2,200 rpm for 20 minutes), allowing any excess salt-water to be
decanted. Samples are lyophilized (48 hours in a Labconco FreeZone Freeze Dry System),
thoroughly mixed and up to 0.1g weighed, transferred to a 50 ml polypropylene screw-top
tube and extracted once in 15ml of 70% ethanol using a Multi-Tube Pulse Vortexer (Terre
Haute, IN). Extracts are then stored at -20° C until assayed for hormone concentrations. Hor-
mone concentrations are expressed per gram dry weight to control for inter-sample variation
due to diet and variable moisture [38]. Wasser et al. [38] showed that expressing fecal hor-
mones per gm dry weight controls for diet related changes in fecal bulk. Because fecal hor-
mones are hydrophobic, removing all water from the sample removes the majority of variation
in fecal bulk, significantly improving the blood-fecal hormone correspondence (see also [5] for
killer whales). Samples smaller than 0.02 g dried weight were excluded from analysis to avoid
inflation effects of low sample mass on hormone concentrations [39].

Radioimmunoassay was performed to measure fecal hormone metabolites using *%°I corti-
costerone RIA kits (#07-120103; MP Biomedicals, Costa Mesa, CA) and MP Biomedicals’
Total T3 coated tube RIA kits (#06-B254216) for GC metabolites and T3, respectively. The T3
assay was previously validated for killer whales [21]. The GC assay [36] was validated for killer
whales in Ayres et al [5]. Fecal pools as well as commercial controls from each assay kit were
used to assess inter-assay coefficients of variation. Commercial T3 controls were prepared as
previously described [21]. P4 and T were measured using an in house 3H progesterone RIA
assay using antibody CL425 [35,40], and an in-house 3" testosterone RIA assay using antibody
#250 [37,40]. All other hormone assays were validated in the present study.

All five hormone assays exhibited parallelism; slopes of serially diluted SRKW fecal extracts
were not significantly different from the slopes of the standard curves (GC: F, 7 =0.41,p =
0.54; T3: F19=2.89, p=0.12; P4: F1 10 = 0.80, p = 0.3925; T: F; g = 3.65, p = 0.09). Fifty percent
binding of the radioactively labeled hormone occurred at target dilutions of 1:60 for GC, 1:30
for T3,1:60 for P4 and 1:10 for T metabolites. All five hormones also exhibited good accuracy
at their target dilutions (GC: slope = 1.2, r? = 0.98; T3: 1.09, 1.00; P4: 1.07, 0.98: T: 0.68, 0.99),
indicating that substances in SRKW fecal extract do not interfere with hormone binding.
Inter-assay coefficients of variation were 7.8% for T3, 7.6% for GC; 17% for P4, and 19% for T.
Intra-assay coefficients of variation (calculated as the percent of the mean divided by the stan-
dard deviation) were 1.9% for T3, 3% for GC, 3.1% for P4; and 3.2% for T. Antibody cross-
reactivities are published in Wasser et al ([35], P4; [36], GC; [21], T3) and Velloso et al ([37],
T).

2.4 Pregnancy assignment

All whales are photo-identified each day they are observed in the study area, making it unlikely
that a newborn would be missed if present when the population is being observed [3]. This
enabled us to establish temporal pregnancy profiles using fecal P4 and T concentrations for all
pregnant females that subsequently gave birth, approximating gestational age at the time of
sample collection based on the estimated birth date of the female’s calf. All birth dates in our
study (Table 1) were estimated by two independent observers from the Center for Whale
Research, respectively with 40 and 30 years experience, using close range photographs taken of
each calf at the time of first observation. Features used to assess calf age included: shape of
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Table 1. Sex, date of first observation, estimated age, birthdate and survival status for each calf whose mother was sampled during her pregnancy

or lactation of that calf.

Year

2007
2008
2008
2009
2009
2009

2009
2009

2010
2010
2010
2010
2010
2010
2011

2011
2011
2012
2012
2013
2014

2015

2015

2015
2015
2015
2015

Calf
ID

Ja2
K42
L111
L112
Jaa
J45

L113
J46

Ja7
K43
L115
L116
L117
L114
K44

L118
J48
J49

L119
unk
J50

L123

J53

L122
J52
L121
J51

Calf
Sex

F

<2 T L

nmiclmZC|m = Ccl 22 L T

<

A

Date Calf was first
photographed

5/2/2007
6/3/2008
8/12/2008
2/6/2009
2/6/2009
3/3/2009

10/10/2009
11/11/2009

1/3/2010
2/21/2010
8/6/2010
10/13/2010
12/6/2010
2/21/2010
7/6/2011

2/10/2011
2/17/2011
8/6/2012
5/29/2012
1/7/2013
12/23/2014

11/7/2015
10/24/2015

9/7/2015
3/30/2015
2/25/2015
2/12/2015

Calf Data

Assigned Calf

Birthday
5/2/2007
4/3/08
7/30/2008
1/24/2009
1/1/2009
2/15/2009

10/1/2009
10/28/2009

12/9/2009
1/31/2010
7/31/2010
10/3/2010
11/30/2010
2/16/2010
7/3/2011

1/20/2011
1/29/2011
8/6/2012
5/15/2012
1/7/2013
12/15/2014

10/15/2015
10/14/2015

8/24/2015

3/16/2015

2/18/2015
2/5/2015

Maternal age at time of sampling is also included.

? = best guess.

https://doi.org/10.1371/journal.pone.0179824.t001

Estimated age of
Calf

1-3mo
2 wk
2 wk

1mo+
2 wk

1-2 wk
2 wk

<1 mo (12/5 no calf)
3wk
1wk
1-2 wk
1wk
<1wk

3 days (No calf 3
days prior)

3 wk?
3wk
1 day, saw 1% day
2 wk
1 day

2wk? (12/12 no
calf)

<1 Mo (10/11 no
calf)

1-2 wk (10/03 no
calf)

2wk
2 wk (no calf 02/18)
~ 1wk
1 wk

Calf age at

death
Alive
Alive
<1 month
3years
Alive
Alive

Alive
Alive

Alive
Alive
Alive
Alive
Alive

4 months
Alive

Alive
<1 month
Alive
Alive
<1 month
Alive

Alive

Alive

Alive
Alive
Alive
Alive

Mother of

Calf
J16
K14
L47
L86
J17
J14

L94
J28

J35
K12
L47
L82
L54
L77
K27

L55
J16
J37
L77
J28
J16

L103

Ji7

L91
J36
L94
J41

Mother of Calf data
Birth year of

Mother
1972
1977
1974
1991
1977

1974 (died
2016)

1995

1993 (died
2016)

1998
1972
1974
1990
1977
1987
1994

1977
1972~
2001
1987
1993
1972~

2003
1977

1995
1999
1995
2005

Age

of

Mother

35
31
34
18
32
35

14
16

12
38
36
20
33
23
17

34
39
11
25
20
42

12

38

20
16
20
10

cranial crest (lumpy at birth), flopped over dorsal fin (apparent in first 1-2 days), fetal folds,
fattening after first month, jaundice coloration, skin molting at 3-5 months, date of previous
observed photo of pregnant females without a calf. The Center for Whale Research (unpub-
lished data) developed these criteria by compiling a time-stamped folder of known-age calf

photos that illustrate these age-dependent morphological differences.

A fecal P4 concentration threshold was then established to indicate pregnancy by compar-
ing P4 concentrations across all known sex and reproductive classes, and demonstrating that
all gestating SRKW females, subsequently confirmed to have been pregnant by a live birth, sur-
passed this threshold and sustained it until the end of their 18 month gestation period (see also
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[15]). No samples from genotyped males, or from lactating, non-cycling, immature or post-
reproductive females approached this P4 threshold. Comparisons of T concentrations were
similarly used to separate pregnancies into early and late stages of gestation. T rises during
pregnancy, albeit more slowly than P4. By mid-gestation, T concentrations in pregnant
females are comparable to, if not higher than those observed only in adult males (but without a
comparable rise in P4) [16] (see also results). Thus, high P4, low T samples were classified as
from females in early gestation and high P4, high T samples were classified as from females in
mid- to late-gestation. All samples from genotyped adult females at or above these P4 and T
concentrations were classified as pregnant. Pregnancies were classified as successful if the
female was subsequently observed with a live birth before 18 months from the time of sample
collection. Otherwise, the pregnancies were classified as unsuccessful, representing a spontane-
ous abortion or an unobserved perinatal mortality.

2.5 Statistical analyses

All statistical analyses were performed using the software, IMP (SAS Institute, 2010). Log-
transformed values were used for all hormone analyses. A general linear model (GLM) was
used to distinguish reproductive and non-reproductive groups of each sex based on P4, T, T3,
GC and T3/GC concentrations. Differences between groups were then tested using a chi-
square contrast test.

The abundance and timing of Fraser River Chinook (FRC) was determined from 2008—
2014 by Albion Test Fishery CPUE data (Catch Per Unit Effort, [41]), collected on a daily basis
by an independent observer during spring, summer, and fall months. All correlations between
hormone concentrations and fish abundance used Albion Test Fishery CPUE data lagged by
12 days from the time a sample was collected; the 12 day lag was derived from estimates of Chi-
nook swim time from the study area to the test fishery, which was also in agreement with the
lag time that resulted in the best fit model between prey abundance and nutritional hormones
[5,8]. The CPUE data were log;o transformed to achieve normality. Early spring Columbia
River Chinook abundance was also estimated from daily counts at the Bonneville dam [31] by
calculating the area under the curve from Julian Day 100 to 140.

Vessel counts were taken every half hour (within 5 minutes of the half hour). Any vessels
outside the 5 minute grace period were not counted. All boats within 0.5 mile of the killer
whales were recorded by type (commercial whale watch, recreational, cargo, ferry, commercial
fishing, enforcement, research, monitoring, and kayak or paddleboard) and activity (e.g., tran-
siting, whale watching, fishing (lines in the water), acoustic, enforcing). A second (B) count
was taken when a second nearby whale group was present (1-2 miles away) but outside of our
initial count area, providing that the vessels and their activity could be clearly identified.

The correspondence between fish abundance and Julian date (i.e., the consecutive day of
the year, ranging from 1 to 365) and vessel abundance and Julian date, across years, was estab-
lished with a GLM, which allowed us to then use Julian date as proxies for fish and boat abun-
dance in subsequent analyses. A GLM was used to separately predict T3 and GC by Julian date
for all sampled individuals. The relation between early spring Columbia River salmon abun-
dance and subsequent T3 and GC concentrations during that same year was also tested in
those regressions. Finally, GLM was used to separately predict T3, GC and the T3/GC ratio,
using Julian date as a polynomial and pregnancy type as independent variables. GC was
included as a covariate whenever predicting T3, and vice versa, since both hormones respond
to other in the regulation of energy balance. For T3, this was done by fitting T3 by GC, saving
the residuals, and then using the residuals of that analysis in the final regression. For GC, the
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residuals for GC fit by T3 were used. In all cases, forward stepwise model selection was used to
identify the best model in our GLM analyses, based on Akaike’s Information Criterion (AIC).
Raw Data are provided in S1 Appendix.

3. Results

In total, there were 348 samples from known (genotyped) individuals, in the final analytic
dataset representing 79 unique whales (Supplemental Information-raw data), including 11
successful and 24 unsuccessful pregnancies (Table 2). Each year included a representative sam-
pling by pod, sex and reproductive class.

3.1 Changes in fish abundance, vessel density, T3 and GC
concentrations over time

Based on delta AIC, the Albion Test Fishery Abundance of FRC, measured in CPUE, was best
predicted by a 4th order polynomial using Julian date (i.e., consecutive day of the year, P<
0.0001) across years (Fig 1A), with a peak in CPUE at day 228 (Aug 16). CPUE significantly
declined across years, when examined as a continuous variable (P < 0.0001). The lowest FRC
CPUE occurred in 2013, followed by 2012 (for both, p < 0.0001 compared to all prior years,
and p <0.004 compared to 2014) and then 2014 (p < 0.04 compared to 2008-2011) (see also
S1 Fig). Vessel density was similarly predicted by a 4th order polynomial using Julian date

(p < 0.0001) with a peak at day 222 (Fig 1B). Vessel density significantly increased across
years, when examined as a continuous variable (P < 0.0001).

We next separately predicted T3 and GC concentrations based on Julian date (Fig 1C and
1D, respectively), given the close association of Julian date with both fish and vessel abun-
dance. Spring Columbia River Chinook (CRC) abundance was also included as a covariate in
these analyses since the relatively slow responding T3 was hypothesized to still be influenced
by spring CRC abundance at the time of SRKW early summer arrival in the Salish Sea. T3 con-
centration was best predicted by a 5" order polynomial of Julian date (p < 0.0001) and was
also positively correlated with CRC (p < 0.0001). For all years of study, T3 was at its peak

Table 2. Pod composition and samples per unique successful and unsuccessful pregnancy from
genotyped females per year.

SRKW Pod Reproductive Age Class Unsuccessful Confirmed
Pregnancy™: pregnancies**:
unique whales/ unique whales/
total samples total samples
Year J K L Juvenile | RM RF | PRF LowT | HighT | LowT | HighT
2008 | 13 5 7 7 6 7 5 0/0 0/0 1/1 11
2009 | 24 | 10 | 14 9 18 13 8 1/2 2/2 0/0 1/2
2010 | 14 6 12 3 6 13 10 1/1 0/0 1/2 11
2011 25 17 23 15 16 24 10 0/0 3/4 2/2 1/1
2012 | 32 | 11 | 8 6 13 | 24 8 5719 1%12 0/0 0/0
2013 | 17 | 7 | 21 6 12 | 23 4 4%j4 11 0/0 0/0
2014 36 18 6 19 10 27 4 5/6 1/1 1/4 2/2

RM = reproductive male, RF = reproductive female, PRF = Post-reproductive female.
*Not all samples between years are unique pregnancies

" Includes 2 samples from one pregnancy, one with Low T and one with High T

* Includes only samples from females with P4 concentrations 2000 ng/g

# Observed birth, reclassified at unsuccessful due to early perinatal mortality

https://doi.org/10.1371/journal.pone.0179824.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0179824  June 29, 2017 8/22


https://doi.org/10.1371/journal.pone.0179824.t002
https://doi.org/10.1371/journal.pone.0179824

Case 2:20-cv-00417-MLP Document 14-2 Filed 04/16/20 Page 25 of 38

o @
@ : PLOS | ONE Nutrition limits killer whale population growth

A. B.
20 -
2008 —
%J 2009 — P
a3 2010 — oy
O 2011 — 3
o 2012 — ;’
P 2013 —
- 2014
5 - AY
T T T T T T T T T T T T I T T T T I T T T T I T T T T I
120 180 240 300 120 180 240 300
Julian Da
C. y D.
6.5 —
6 —
™ ]
|_
s} .
5 —
45 - : : 05 -
I T T T T I T T T T I T T T T I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I T T T T I T T T T I T T T T I
120 180 240 300 1e+5 1.5e+5 2e+5 2.5e+5 120 180 240 300
Julian Day Columbia Chinook Julian Day

Fig 1. A) Fraser River Chinook (FRC) Salmon Run abundance (CPUE: catch per unit effort), B) mean vessel count (all boats observed with 0.5 m
of the whales) plotted by Julian date across years, C) Change in SRKW fecal thyroid hormone (triidothyronine, T3 ng/g dry feces) by Julian date
(left panel) and early spring Columbia River Chinook abundance (right panel), and D) Change in SRKW fecal glucocorticoid (GC ng/g dry feces)
hormone concentration by Julian date. Dashed blue lines represent the standard error surrounding each curve. Vertical red line in left panel, Fig C
indicates the mean peak in FRC abundance and the mean peak in boat abundance in Fig B and D.

https://doi.org/10.1371/journal.pone.0179824.g001

when the SRKWs arrived in early summer, presumably after feeding on the early spring CRC.
T3 sharply declined shortly thereafter, presumably because FRC abundance was still low, pla-
teauing around the time that FRC CPUE begins to rise. T3 concentrations then slightly
declined again in September, just after the FRC peak.

GC concentration was best predicted by the quadratic of Julian date (p = 0.004), showing
the U-shaped pattern indicative of nutritional stress, with the trough at day 220, near the FRC
peak. GC was not correlated with CRC, supporting the hypothesis that the GC response
reflects more immediate conditions compared to T3.

3.2 Pregnancy occurrence and loss indices

Twelve females sampled during pregnancy were subsequently confirmed to give birth (37% of
detected pregnancies) by photo-identification between 2008 and 2015. However, one of those
females (J28) was subsequently reclassified as a High T unsuccessful pregnancy because her
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calf died immediately post-partum.) In all samples, P4 was well above the 2000 ng/g pregnancy
threshold by 2.5 months gestation, and remained so for the next 15.5 months until parturition.
One sample collected on a confirmed pregnant female during her first month of gestation

had P4 levels below the 2000 ng/g threshold (Fig 2A). By contrast, no male, or immature,
non-cycling, lactating or post-reproductive female whale ever approached that P4 threshold
(Table 3). The majority of samples from confirmed pregnant females were well above 18,000
ng by 10 months gestation. All samples from confirmed pregnant females exhibited a precipi-
tous decline below 2000 ng/g P4 immediately following parturition (Fig 2A).

T concentrations of all samples from confirmed pregnant females clearly remained below
50 ng/g until mid-gestation (Fig 2B). Thus, pregnancy samples (i.e., samples above the 2000
ng/g P4 threshold) were divided into low (50 ng/g) and high (> 50 ng/g) T groups, respec-
tively, corresponding to early, and mid-to-late stages of gestation (Fig 2A and 2B). The only
other age-sex class that showed significantly elevated T concentrations, above the 50 ng/g
threshold, was adult males, but their P4 concentrations never approached 2000 ng/g (see
Table 3). T was above the 20 ng/g by 2.5 months gestation in all confirmed pregnant females,
with the majority above 100 ng/g by 10 months gestation (Fig 2B). Low T confirmed pregnant
females had a mean fecal P4 of 6206 ng/g + 2565) and a mean T concentration of 21 ng/g +
5.8, whereas High T confirmed pregnant females had a mean fecal P4 > 25587 ng/g + 5116)
and a mean T concentration of 215 ng/g + 43 (Table 3). With the exception of one early lacta-
tion sample, testosterone concentrations declined well below the 50 ng/g threshold after partu-
rition (Fig 2B). Multiple scat samples were obtained from the same pregnancy event in 4 of the
11 pregnancies and three lactation events; all multiple samples exhibited these same P4 and T
patterns over time.

None of the post-reproductive females were ever recorded to be pregnant nor did they
show any sign of ovarian activity (Table 3). These results support the assertion that the “post-
reproductive” adult females (=40 years of age) in this population have undergone reproductive
senescence [42].

Samples from genotyped reproductive age adult females with P4 concentrations above the
2000 ng/g pregnancy threshold that were not followed by a live calf within the 18-month gesta-
tion period were assumed to be from females that experienced a spontaneous abortion (in
utero mortality), or early perinatal death prior to calf’s first observation, collectively termed
an unsuccessful pregnancy (UPg). Among the females classified as reproductive adults, we
characterized 24 unique unsuccessful pregnancy (UPg) events from 12 different females with
genotyped samples collected between 2008—2014—up to 69% of all confirmed pregnancies
(Table 2). All samples from the 22 apparent UPg’s had significantly elevated progesterone con-
centrations well above 2000 ng/g. Yet, no observations of those females over the next 18
months included a new calf. As with confirmed pregnancies, the presumed UPg samples were
separated into two distinct groups: one with T concentrations above 50 ng/g feces (mean
T =198.6+40; P4 = 37,425+12,820), hereafter termed “high T UPg” samples (7 unique females,
7 presumed late spontaneous abortions and one early perinatal loss), and the other with T con-
centrations below 50 ng/g feces (mean T = 11.3£3.2; P4 = 6618+2014), termed “low T UPg”
samples (4 females, 16 presumed early spontaneous abortions; Table 2; Fig 3A). Multiple sam-
ples from 6 of the 24 unsuccessful pregnancy samples (4 low T, 2 high T, plus 1 low T that tran-
sitioned to high T) were all within the pregnancy range (i.e., P4 < 2000 ng/g). Thirty three
percent of the UPg samples (8 out of 24) identified here were high T UPg (up to 23% of all
recorded pregnancies). The high T UPg samples were likely from the second half of gestation,
based on their high P4 and T concentrations relative to temporal profiles for those hormones
in whales with a confirmed pregnancy (see Fig 2).
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Fig 2. A) Progesterone (P4) and B) testosterone (T) concentrations across gestation and lactation, for
all successful pregnancies (Pg), subsequently confirmed by observed births. Each unique pregnancy
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is indicated by its own symbol, along with the associated female’s ID. The vertical dashed black line in Fig A
and B indicate estimated day of parturition. The 2000 ng pregnancy threshold is indicated by the horizontal
dashed red line in Fig A, as is the 50 ng/g T cut-off for High and Low T samples in Fig B. The left vertical line in
red indicates the Julian day where both P4 and T show sharp elevations.

https://doi.org/10.1371/journal.pone.0179824.g002

T3 and GC concentrations also varied across all sex, age and reproductive classes (Table 3).
T3 was highest in juvenile and pubescent individuals compared to adults, with the exception
of Low and High T successful pregnant and low T UPg females. All of those individuals also
had a relatively high T3/GC ratio (> 0.3), indicative of relatively good nutrition (Table 3).

By contrast, T3 in the High T UPg samples was comparable to that of non-pregnant adults
(Table 3), and notably lower than the concentrations from successful pregnant and low T UPg
females (Fig 3B). These High T UPg samples also had the highest GC concentrations of any
reproductive class, was significantly higher than the GC concentrations in High T successful
pregnancies. The T3/GC ratio in High T UPg females was lower than that of another other
reproductive class (Table 3), indicative of nutritional stress (Table 3), and nearly 7 times lower
than that among High T successful pregnancies. Indeed, the T3/GC ratio in High T successful
pregnancies was higher than that for any other reproductive class, with the exception of lactat-
ing females (Table 3, Fig 3B).

3.3 Changes in T3 and GC concentrations relative to fish abundance
over time across pregnancy groups

T3 and GC concentrations, along with the T3/GC ratios were separately compared among
High T successful pregnant and UPg samples, across Julian date. (Low T samples were not
included in these comparisons because their T3 and GC concentrations were not significantly
different from those of confirmed pregnant females.) All three dependent variables were best
predicted by a 3™ order polynomial of Julian date (p < 0.01). Similar to the overall population
trend, T3 concentrations were highest in early summer, followed by a precipitous decline.

Table 3. Mean hormone concentration (ng/g dry feces) and (standard error) by sex and reproductive class for each hormone measured during the
study.

Reproductive Hormones

Sex and Reproductive Class Thyroid (T3) Glucocorticoid (GC) Progesterone Testosterone T3/GC Ratio
JuvF 248.40 (40.06) 610.73 (200.17) 794.40 (268.84)b,k,u,C,J 3.38 (1.14)a,j,v,F 0.69 (.24)a,f
Juv M 229.98 (26.98)a,f 501.03 (158.82) 800.96 (73.99)a,},t,B,K,0 30.11 (7.84)a-i 0.44 (.05)b,f
Pub F 264.19 (47.49)d,i 955.08 (286.02) 305.90 (95.0)g,9,y,F,H,J-N 3.80(1.90)h,p,y,D,H 0.70 (.31)d
Pub M 230.99 (29.34)e 1244.21 (310.87) 258.11 (42.15)h,r,z,G,I,0-R 19.32 (6.08)q,A-E 0.71(.35)
Ad M 167.07 (10.63)a-e 1073.14 (114.92) 579.57 (38.14)l,s,H-I 126.67 (17.73)l,r,u,w,z,E-H | 0.32 (.044)e,f

Ad F no-calf 169.97 (14.13) 1004.21 (135.15) 651.83 (68.28)d,m,w,A,D,M,Q 5.12(1.60)c,I,x,B 0.35(.057)
LoT Conf 250.78 (35.63)c,h 1127.81 (233.66) 6205.89 (2564.93)g,0,B-G 21.28 (5.78)n,x-z 0.37(.14)
LoT Upg 252.56 (27.06)b,g,i 1288.23 (228.05) 6618.20 (2014.13)e,n,t-z,A 11.32 (3.2)e,m,s-u 0.82 (0.46)
HiT Conf 218.05 (45.6) 1057.31 (477.75)a 25587.17 (5116.49)a-i 215.34 (42.87)f,t,v,w 1.11 (42)c.e
HiT Upg 177.1(26.98) 1787.20 (467.83)a 37425.73 (12819.62)j-s 197.95 (39.7)d,j-r 0.16 (.035)a-d
Lactating 165.02 (24.70)f-i 1094.36 (270.03) 650.12 (84.68)c,l,v,C,L,P 22.71 (13.33)b,k,s,A,G 2.05 (1.59)

Post-Reprod F 199.01 (19.82)] 1039.2 (133.11) 662.30 (66.62)f,p,x,y,E,N,R 7.88(1.89)c,0,C 0.36 (.068)

Significant differences between means in any two cells within the same column are indicated by the same italicized letter in both cells.
F =female, M = male, Juv = juvenile; Pub = pubescent, Ad = adult, T = testosterone, Conf = confirmed pregnant female by subsequent observation of a live
calf; UPg = unsuccessful pregnancy.

https://doi.org/10.1371/journal.pone.0179824.t003
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Fig 3. A) Mean P4 and T concentrations and B) mean tri-iodothyronine (T3) and glucocorticoid (GC)
concentrations, along with the T3/GC ratio, for Low and High T successful (SPg) and unsuccessful
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pregnancies (UPg). Corresponding values for all sex and reproductive classes of SRKWs, including
significant differences between classes, are presented in Table 3. Note: T3 Concentrations are multiplied by 4
in Fig B to scale its concentrations to those of GC in order to present a double Y graph for 3 related metrics,
each with different value ranges. Bars with the same letter are significantly different from each other.

https://doi.org/10.1371/journal.pone.0179824.g003

However, the initial T3 decline was longer in duration than that observed for the overall popu-
lation, lasting until day 190. T3 concentrations in the pregnant females then increased until
day 250 (Fig 4A), which was near the time when the FRC run reached it back (Fig 1A). While
the pattern was the same in High T successful and unsuccessful pregnancies, T3 in High T
UPg samples remained significantly lower than that in High T successful pregnant females

(p = 0.004), consistent with relatively higher nutritional stress in the High T UPg females (Fig
4A). Change in GC concentrations among pregnancy females were the exact opposite of T3,
showing a steep rise until day 190 followed by a decline until day 250, and significantly higher
in High T UPg compared to High T successfully pregnant females (p < 0.002) throughout this
period (Fig 4B). Change in the T3/GC ratio followed the same pattern as T3, also remaining
significantly higher in HighT successful pregnancies (p<< 0.003) (Fig 4C).

4. Discussion

Reproductive failure in response to conditions that jeopardize offspring survival has been
described as an adaptive response if conditions are likely to improve in the foreseeable future.
This environmentally-mediated loss most commonly occurs early in reproduction (conception
and early pregnancy) when the cost of suppression (e.g., lost time and energy; impacts on
maternal health) is relatively low [43,44]. However, failure at later stages of reproduction is
expected when cues indicating poor fetal or neonatal conditions present themselves late in the
reproductive event. The longer the span between conception and birth the more likely later
suppression is to occur. Premature birth is a relatively low risk way to suppress reproduction
because the reproductive failure occurs post-partum with reduced chance of infection. How-
ever, its occurrence should still depend on when harsh conditions present themselves. If fetal
demise occurs or environmental conditions become especially harsh (e.g., risk of sepsis from
starvation induced ketoacidosis during pregnancy; [45]), spontaneous abortion is expected.
Thus, spontaneous abortion, premature birth, still birth, and perinatal and neonatal mortality
are all part of a continuum of reproductive suppression that present with harsh conditions, on
balance with risk of reproductive loss at that stage of reproduction [44,46].

SRKWs have an 18 month gestation period and their nutritional health depends on the rela-
tive timing of multiple, seasonal fish runs (e.g., spring CRC and summer FRC), as well as food
availability in between those periods, each of which vary markedly between years (S1 Fig). The
increasingly common occurrence of SRKW births outside the typical winter calving period
may well be an indication of the increased unpredictability of diminishing fish runs along with
the corresponding high rate of late reproductive loss in SRKWSs, including more costly late
spontaneous abortions. The SRKWs had a 69% pregnancy failure rate during our study and an
unprecedented half of those occurred at later stages of reproduction when the energetic cost of
failure and physiological risk to the mother was relatively high. Temporal patterns in T3 and
GC hormone profiles suggest that the SRKWs are experiencing periodic nutritional stress,
partly caused by variation in the relative timing and strength of seasonal FRC and CRC runs
(Fig 1). This nutritional stress is significantly associated with unsuccessful pregnancies in
SRKWs (Figs 3 and 4), impairing the potential for population recovery through low recruit-
ment as well as risk to the health and survival of the limited number of reproductive-age
females.
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Fig 4. A) T3 and B) GC concentrations, along with (C) the T3/GC ratio, by Julian day for High T successful
pregnancies (SPg) versus High T unsuccessful pregnancies (UPg).

https://doi.org/10.1371/journal.pone.0179824.g004
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High T (mid-to-late gestation) females with successful pregnancies in our study had signifi-
cantly higher T3 and lower GC concentrations, as well as a substantially higher T3/GC ratio
over time, compared to High T unsuccessful pregnancies (Figs 3 and 4). This indicates that
successfully pregnant females arrived in the Salish Sea in significantly better nutritional condi-
tion, and remained so compared to UPg females that experienced pregnancy loss some time
after mid-pregnancy. West et al [25] similarly found significantly higher total T3 concentra-
tions among adult females in successful compared to unsuccessful pregnancies at all stages of
gestation among captive dolphins.

Only 4 detected pregnancies between 20112013 resulted in live births when Fraser River
Chinook and early spring Columbia River Chinook runs were both exceedingly low. Just one
of those births occurred in 2013, when both FRC and CRC abundances were at their lowest,
and that animal died almost immediately post-partum. By contrast, there were up to 9 early
gestation (Low T) and 5 mid to late gestation (High T) unsuccessful pregnancies detected dur-
ing that same 3 year period, with almost half of these early-term and one of the mid to late
term unsuccessful pregnancies occurring in 2013. That trend reversed in 2014, with relatively
high CRC returns and early onset of FRC returns in 2014 and 2015 (S1 Fig, Appendix) that
was followed by 8 new births between December of 2014 and October 2015; however, up to 6
unsuccessful pregnancies still occurred that year, five of which occurred early in gestation
(Low T Upg).

High T UPg samples were either from late spontaneous abortions (also known as intrauter-
ine fetal demise), or undocumented perinatal or neonatal deaths where the infant disappeared
prior to first observation. The lack of observed perinatal or neonatal deaths when most suc-
cessful births during our study were observed within 2 weeks of parturition (Table 1), led us to
estimate that a substantial portion of the High T UPg samples represented late spontaneous
abortions. Although the negative effect of these later reproductive losses on SRKW population
growth is roughly the same, infection from a failed or incomplete abortion likely poses a
greater risk of removing a reproductive female from the breeding population. At least one
SRKW stranding was confirmed to be a pregnant female with infection from a retained fetus
listed as the cause of maternal death (J32, December 2014).

Reproductive loss among women during the well-documented 1945 Dutch Famine may
exemplify the kinds of impacts expected in response to severe nutritional stress among
SRKWs, since: both humans and SRKWs have relatively long interbirth intervals (gestation
length and extended lactation amenorrhea), starvation was acute and the Dutch Famine out-
comes were not biased by interventions from modern health care [44,47,48]. The Nazis closed
off the borders of Holland between October 1944 and May 1945, causing massive starvation
over a 5-8 month period, with good food conditions before and after. There was a one-third
decline in the expected number of births among confirmed pregnant woman during the
under-nutrition period. Conceptions during the hunger period were very low. However,
women who conceived during the hunger period had higher rates of abortion, premature and
stillbirths, neonatal mortality and malformation. Nutrition had its greatest impact on birth
weight and length for mothers experiencing hunger during their second half of gestation,
when the fetus is growing most rapidly [47].

Many of the unsuccessful pregnancies in our study were based on single genotyped samples,
and it is possible that pregnancy failure rates could be somewhat overestimated. For example,
we cannot rule out that some portion of the singleton Low T samples were actually from post-
ovulatory luteal phase females that did not produce a detectable conception. Some low T sam-
ples could also be from pseudo-pregnancies, although those are rare, have only been reported
in captivity [49], and could be an artifact of captive husbandry where males and females are
housed separately. It is unlikely that any post-ovulatory luteal phase samples were misclassified
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as High T UPg samples because both P4 and T concentrations in the High T samples were all
well above those expected for luteal phase samples (Table 3, Fig 2). Moreover, Robeck et al
[15,16] clearly distinguished luteal phase samples from pregnant samples by 4 weeks of gesta-
tion. This is consistent with our findings from Fig 2, indicating pregnancy detection among
females by 100 days of gestation. Given the above, we consider only a small portion of the 8
singleton, low T UPg samples with P4 above the 2000 ng/g pregnancy threshold to be possibly
misclassified as early abortions. However, the consistency of these patterns on multiple endo-
crine and temporal measures, across years, strengthens the assertion that pregnancy failure is a
major constraint on killer whale population growth, triggered by insufficient prey.

The rise in fecal P4 concentrations that we observed among successful pregnancies was
somewhat delayed compared to that observed in serum from captive killer whales [15]. This
could suggest that our estimated birth dates, and hence our projected conception dates, actu-
ally occurred earlier than expected, increasing the likelihood that some perinatal mortalities
were misclassified as late spontaneous abortions. However, the delayed P4 peak in feces of
pregnant SRKWs compared to Robeck et al [15] most likely resulted from differences in the P4
metabolites measured in feces versus serum. The predominant P4 metabolite measured by our
antibody is 5n-DHP [35]. Using an EIA version of the P4 antibody we used in our study,
Robeck et al [15] found that 5n -DHP did not become the predominant progesterone metabo-
lite in captive Killer whale serum until 161-360 days of gestation, and remained secondarily so
from 361 days gestation to term. Fecal progesterone metabolites spiked around mid-pregnancy
in our study, consistent with the time when 5n -DHP predominated in serum [15]. It is also
noteworthy that our testosterone antibody [37,40] followed a similar temporal pattern in
SRKW to that described for captive whales by [16]. That also supports the reliability of our
projected conception dates and occurrences of spontaneous abortion.

Exposure to persistent organic pollutants (POPs)—lipophilic compounds with established
adverse health effects—in response to food stress add yet another cumulative risk of fetal
demise and/or perinatal and neonatal mortality. Lundin et al. [8,50] showed that POPs, namely
PCBs, DDTs, and PBDEs, increase in circulation in SRKWs when Fraser River Chinook abun-
dance is lowest, presumably due to increased fat metabolism in response to nutritional stress.
Mobilization of contaminants into circulation also occurs during the energetic demands of lac-
tation, with an estimated 70-90% lactation transfer of maternal toxicant burden in primipa-
rous females [51]. High POP burden has specifically been associated with disruption of
reproduction success and reduced calf survival in marine mammals [52-55]. Most notably,
Lundin et al. [8] found increased Persistent PCBs, the group of PCBs considered more persis-
tent and more toxic [56], in the female whales classified with UPg’s (73%; 95% CI, 61-85) com-
pared to all other female reproductive groups (range 43-56%). Further evidence in support of
the occurrence of UPg in this population is the unexpected inverse in bioaccumulation of
POPs with age in “nulliparous” mature females (3 of 4 nulliparous whales had an unsuccessful
pregnancy defined by fecal hormone measures). This occurrence is likely explained by toxicant
offloading from an undocumented pregnancy or neonate loss.

Both poor nutrition and increased POP loads have each been demonstrated to suppress T3,
which negatively impacts fetal brain growth [22,57,58]; immunosuppression may also occur,
increasing risk of infection [53,59—61]. Salmon are the Southern Resident Killer whales pre-
dominant prey and main source of toxic exposures [62,63]. This relation of reduced food sup-
ply and increased exposure to lipophilic POPs could be similarly impacting coastal Native
American communities that depend on this same seasonal salmon resource and also appear to
be experiencing high rates of reproductive loss [64,65].

Results of the SRKW study strongly suggest that recovering Fraser River (FRC) and Colum-
bia River Chinook (CRC) runs should be among the highest priorities for managers aiming to
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recover this endangered population of killer whales. SRKW are suffering significant reproduc-
tive loss due to lack of Chinook prey and associated effects (e.g., release of lipophilic toxins
into circulation). The FRC run is a major prey source for the SRKW population during sum-
mer and early fall, and appears to be key to providing the needed reserves to carry the whales
through the subsequent winter [6]. The early spring CRC runs likely serve to replenish ener-
getic reserves expended during the previous winter as well as help sustain the whales until the
occurrence of the subsequent late summer peak in the FRC runs. The relative importance of
the early spring Columbia River Chinook run likely became all the more critical to the SRKWs
as historic FRC runs that peaked earlier in summer became depleted from overfishing and
habitat destruction [6]. Other species, including people, also appear to be impacted by these
conditions.

Without steps taken to remedy the situation, we risk losing the endangered SRKW, an
extraordinarily important and iconic species to the Pacific Northwest. Since strengthening rel-
evant Chinook runs should significantly decrease physiological stress and increase pregnancy
success rates in SRKW during the same year that fish runs increase, the physiological indices
used in this study could also provide rapid assessment tools for guiding adaptive management
of SRKW populations. Historical and modern dependence on fish as an essential food source
for coastal communities with limited resources, in conjunction with growing food shortages
and increased risk of toxicant exposure, has international implications.

Supporting information

S1 Fig. Timing and abundance of Columbia River (orange) and Fraser River (blue) Chi-
nook runs based on DART (2015) and Albion Test fisheries (Catch Per Unit Effort, Albion
2015), respectively (see also Lundin 2015).

(TIFF)

S1 Appendix. Raw data.
(XLSX)

Acknowledgments

The research was made possible thanks to collaborations at NOAA NWFSC. Special thanks to
E Ward, M Ford, B Hanson and L Park, K Koski, T Wilson, K Balcomb-Bartok, D Ellifrit, C
Emmons, R Baird, F Felleman, Conservation Canines, Center for Whale Research, and The
Whale Museum’s Soundwatch Boater Education Program.

Author Contributions
Conceptualization: SKW JIL.

Data curation: SKW JIL ES RB KB KP JH.
Formal analysis: SKW JIL.

Funding acquisition: SKW JIL.
Investigation: SKW ES DG RB.
Methodology: SKW JIL KA ES DG RB.
Project administration: SKW JIL ES RB.
Resources: SKW RBJIL.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179824  June 29, 2017 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179824.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179824.s002
https://doi.org/10.1371/journal.pone.0179824

Case 2:20-cv-00417-MLP Document 14-2 Filed 04/16/20 Page 35 of 38

@° PLOS | ONE

Nutrition limits killer whale population growth

Supervision: SKW JIL ES.
Validation: SKW JIL RB.

Visualization: SKW ES JIL RB.

Writing — original draft: SKW JIL.
Writing — review & editing: SKW ES DG KB JIL.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Wiles GJ. Periodic status review for the killer whale in Washington. Washington Department of Fish
and Wildlife, Olympia, Washington.26+iii pp, 2016

Baird RW. Status of killer whales, Orcinus orca, in Canada. Can Field Nat. 2001; 115: 676—701.

Center for Whale Research. https://www.whaleresearch.com, 2016. [Last accessed April 15, 2017].
http://www.cbr.washington.edu/dart/, 2015. [Last accessed April 15, 2017].

Ward E J, Holmes EE, Balcomb KC. Quantifying the effects of prey abundance on killer whale reproduc-
tion. J. Appl. Ecol. 2009; 46: 632—640.

Ayres KL, Booth RK, Hempelmann JA, Koski KL, Emmons CK, Baird RW, et al. Distinguishing the
Impacts of Inadequate Prey and Vessel Traffic on an Endangered Killer Whale (Orcinus orca) Popula-
tion. PLoS One 2012; 7: e36842. https://doi.org/10.1371/journal.pone.0036842 PMID: 22701560

Hilborn, R, Cox, S, Gulland, F, Hankin, D, Hobbs, T, Schindler, DE, et al, The Effects of Salmon Fisher-
ies on Southern Resident Killer Whales: Final Report of the Independent Science Panel. Prepared with
the assistance of D.R. Marmorek and A.W. Hall, ESSA Technologies Ltd., Vancouver, B.C. for National
Marine Fisheries Service (Seattle WA) and Fisheries and Oceans Canada (Vancouver BC). 51 pp,
2012.

SeaDoc. http://www.seadocsociety.org/publication/review-of-recent-research-on-southern-resident-
killer-whales-to-detect-evidence-of-poor-body-condition-in-the-population/, 2017.

Lundin JI, Ylitalo GM, Booth RK, Anulacion B, Hempelmann JA, Parsons KM. et al. Modulation in per-
sistent organic pollutant concentration and profile by pret availability and reproductive status in South-
ern Resident Killer Whale scat samples. Environmental Science & Technology 2016; 50: 6506—6516.

National Oceanic and Atmospheric Administration (NOAA). Priority Actions: 2016—2020 Southern Resi-
dent Killer Whale DPS Orcinus orca, http://www.fisheries.noaa.gov/pr/species/Species%20in%20the%
20Spotlight/southern_resident_killer_whale_spotlight_species_5-year_action_plan_final_jan_26_
2016.pdf [Last accessed April 15, 2017].

Olesiuk PF, Bigg MA, Ellis GM. Life history and population dynamics of resident killer whales (Orcinus
orca) in the coastal waters of British Columbia and Washington State. Rep. Int. Whal. Commn. 1990;
12:209-243.

Ward, EJ, Ford, MJ, Kope, RG, Ford, JK, Velez-Espino, A, Parken, CK, et al. Estimating the impacts of
Chinook salmon abundance and prey removal by ocean fishing on Southern Resident killer whale popu-
lation dynamics. U.S. Dept. of Commerce, NOAA Tech. Memo., NMFS-NWFSC-123, 71 p., 2013.

Ward EJ, Dahlheim ME, Waite JM, Emmons CK, Marshall KN, Chasco BE, et al. Long-distance migra-
tion of prey synchronizes demographic rates of top predators across broad spatial scales. Ecosphere 7
(2):e01276. https://doi.org/10.1002/ecs2.1276

Wasser SK, Davenport B, Ramage ER, Hunt KE, Parker MM Clarke C, et al. Scat detection dogs in wild-
life research and management: Applications to grizzly and black bears in the Yellowhead Ecosystem,
Alberta, Canada. Canadian J. Zool. 2004; 82: 475-492.

Rolland RM, Hamilton PK, Kraus SD, Davenport B, Bower RM, Wasser SK. Faecal sampling using
detection dogs to study reproduction and health in north Atlantic right whales (Eubalaena glacialis). J.
Cetacean Res. and Mgmt. 2006; 8: 121-125.

Robeck TR, Steinman KJ, O’Brien JK. Characterization and longitudinal monitoring of serum progesta-
gens and estrogens during normal pregnancy in the filler whale (Orcinus orca). General and Compara-
tive Endocrinology 2016; https://doi.org/https://doi.org/10.1016/j.ygcen.2017.01.023

Robeck TR, Steinman KJ, O’'Brien JK. Characterization and longitudinal monitoring of serum androgens
and glucocorticoids during normal pregnancy in the killer whale (Orcinus orca). General and Compara-
tive Endocrinology 2017; 236: 83-97.

Wunderink YS, Martinez-Rodriguez G, Yufera M, Klaren PHM. Food deprivation induces chronic stress
and affects thyroid hormone metabolism in Senegalese sole (Solea senegalensis) post-larvae. Compar-
ative biochemistry and physiology. Part A, Molecular and Integrative Physiology 2012; 162:317-22.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179824  June 29, 2017 19/22


https://www.whaleresearch.com
http://www.cbr.washington.edu/dart/
https://doi.org/10.1371/journal.pone.0036842
http://www.ncbi.nlm.nih.gov/pubmed/22701560
http://www.seadocsociety.org/publication/review-of-recent-research-on-southern-resident-killer-whales-to-detect-evidence-of-poor-body-condition-in-the-population/
http://www.seadocsociety.org/publication/review-of-recent-research-on-southern-resident-killer-whales-to-detect-evidence-of-poor-body-condition-in-the-population/
www.fisheries.noaa.gov/pr/species/Species%20in%20the%20Spotlight/southern_resident_killer_whale_spotlight_species_5-year_action_plan_final_jan_26_2016.pdf
www.fisheries.noaa.gov/pr/species/Species%20in%20the%20Spotlight/southern_resident_killer_whale_spotlight_species_5-year_action_plan_final_jan_26_2016.pdf
www.fisheries.noaa.gov/pr/species/Species%20in%20the%20Spotlight/southern_resident_killer_whale_spotlight_species_5-year_action_plan_final_jan_26_2016.pdf
https://doi.org/10.1002/ecs2.1276
https://doi.org/10.1016/j.ygcen.2017.01.023
https://doi.org/10.1371/journal.pone.0179824

Case 2:20-cv-00417-MLP Document 14-2 Filed 04/16/20 Page 36 of 38

@° PLOS | ONE

Nutrition limits killer whale population growth

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence stress responses? integrating
permissive, suppressive, stimulatory, and preparative actions. Endocrinol. Rev. 2000; 21: 55-89.

Stetz J, Hunt K, Kendall KC, Wasser SK. Effects of exposure, diet, and thermoregulation on fecal gluco-
corticoid measures in wild bears. PLoS One 2013; 8: €55967. https://doi.org/10.1371/journal.pone.
0055967 PMID: 23457488

Bianco AC, Kim BW. Deiodinases: implications of the local control of thyroid hormone action. J. Clin.
Invest. 2006; 116: 2571-2579. https://doi.org/10.1172/JC129812 PMID: 17016550

Wasser SK, Cristobal-Azkarate JA, Booth RK, Hayward L, Hunt K, Ayres K, et al. Non-invasive Mea-
surement of Thyroid Hormone in Feces of a Diverse Array of Avian and Mammalian Species. Gen.
Comp. Endocrinol. 2010; 168: 1-7. https://doi.org/10.1016/j.ygcen.2010.04.004 PMID: 20412809

Douyon L, Schteingart DE, 2002. Effect of obesity and starvation on thyroid hormone, growth hormone,
and cortisol secretion. Endocrinol. Metab. Clin. 2002; 31, 173-89.

Lee D, Martinez B, Crocker D, Oritz R. Thyroid hormone changes associated with prolonged food depri-
vation in adult male northern elephant seals. The FASEB Journal 2014; 28: Supplement 1101.6.

du Dot TJ, Rosen DAS, Trites AW. Energy reallocation during and after nutritional stress in Steller sea
lions: low quality diet reduces capacity for physiological adjustments. Physiol. Biochem. Zool. 2009; 82:
516-530. https://doi.org/10.1086/603637 PMID: 19637969

West KL, Ramer J, Brown JL, Sweeny J, Hanahoe EM, Reidarson T, et al. 2014. Thyroid hormone con-
centrations in relation to age, sex, pregnancy, and perinatal loss in bottlenose dolphins (Tursiops trun-
catus). Gen. Comp. Endocrinol. 2014; 197: 73-81. https://doi.org/10.1016/j.ygcen.2013.11.021 PMID:
24321177

Robeck TR, Willis K, Scarpuzzi MR, O'Brien JK. Comparisons of life-history parameters between free-
ranging and captive killer whale (Orcinus orca) populations for application toward species management.
J. Mammalogy 2015; 95: 1055-1070.

Ford JKB, Ellis GM, Olesiuk PF. Linking prey and population dynamics: did food limitation cause recent
declines of ‘resident’ killer whales (Orcinus orca) in British Columbia? Canadian Science Advisory Sec-
retariat Research Document 2005/42.

Hanson MB, Emmons CK, Ward EJ, Nystuen JA, Lammers MO. Assessing the coastal occurrence of
endangered killer whales using autonomous passive acoustic recorders. J. Acoust. Soc. Amer. 2013;
134:3486—3495. https://doi.org/dx.doi.org/10.1121/1.4821206

Ford MJ, Hempelmann J, Hanson MB, Ayres KL, Baird RW, Emmons CK, et al. Estimation of a Killer
Whale (Orcinus orca) Population’s Diet Using Sequencing Analysis of DNA from Feces. PLoS ONE
2016; 11:e0144956. https://doi.org/10.1371/journal.pone.0144956 PMID: 26735849

Hanson MB, Baird RB, Ford KB, Hempelmann-Halos J. Van Doornik DM, Candy JR, et al. Species and
stock identification of prey consumed by endangered southern resident killer whales in their summer
range. Endang. Species Res. 2010; 11:69-92.

DART Columbia River Data Access in Real Time (DART). Columbia Basin Research, University of
Washington.

Brett JR. Energetics. In: Groot C., Margolis L., and Clarke W.C., editors. Physiological Ecology of
Pacific Salmon. Vancouver: UBC Press, 3-63, 1995.

Mesa MG, Magie CD. Evaluation of energy expenditure in adult spring Chinook salmon migrating
upstream in the Columbia River basin: an assessment based on sequential proximate analysis. River
Res. Appl. 2006; 22: 1085-1095.

Ford MJ, Hanson MB, Hempelmann JA, Ayres KL, Emmons CK, Schorr GS, et al. Inferred paternity
and male reproductive success in a killer whale (Orcinus orca) population. J. Heredity 2011; 102: 537—
553.

Wasser SK, Monfort SL, Southers J, Wildt DE. Excretion rates and metabolites of oestradiol and pro-
gesterone in baboon (Papio cynocephalus) faeces. J Reprod Fertil. 1994; 101: 213—-220. PMID:
8064684

Wasser SK, Hunt KE, Brown JL, Cooper K, Crockett CM, Bechert U, et al. A generalized fecal glucocor-
ticoid assay for use in a diverse array of nondomestic mammalian and avian species. Gen. Comp.
Endocrinol. 2000; 120: 260-75. https://doi.org/10.1006/gcen.2000.7557 PMID: 11121291

Velloso AL, Wasser SK, Monfort SL, Dietz JM., 1998. Longitudinal fecal steroid excretion in the maned
wolves (Chrysocyon brachyurus). General and Comparative Endocrinology 1998; 112: 96-107. https://
doi.org/10.1006/gcen.1998.7147 PMID: 9748408

Wasser SK, Thomas R, Nair PP, Guidry C, Southers J, Lucas J, et al., 1993. Effects of dietary fiber on
faecal steroid measurements. J Reprod Fertil. 1993; 97: 569-574. PMID: 8388960

Hayward LS, Booth RK, Wasser SK. Eliminating the articificial effect of sample mass on avian fecal hor-
mone metabolite concentration. Gen. Comp. Endocrinol. 2010; 169: 177-122.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179824  June 29, 2017 20/22


https://doi.org/10.1371/journal.pone.0055967
https://doi.org/10.1371/journal.pone.0055967
http://www.ncbi.nlm.nih.gov/pubmed/23457488
https://doi.org/10.1172/JCI29812
http://www.ncbi.nlm.nih.gov/pubmed/17016550
https://doi.org/10.1016/j.ygcen.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20412809
https://doi.org/10.1086/603637
http://www.ncbi.nlm.nih.gov/pubmed/19637969
https://doi.org/10.1016/j.ygcen.2013.11.021
http://www.ncbi.nlm.nih.gov/pubmed/24321177
https://doi.org/10.1121/1.4821206
https://doi.org/10.1371/journal.pone.0144956
http://www.ncbi.nlm.nih.gov/pubmed/26735849
http://www.ncbi.nlm.nih.gov/pubmed/8064684
https://doi.org/10.1006/gcen.2000.7557
http://www.ncbi.nlm.nih.gov/pubmed/11121291
https://doi.org/10.1006/gcen.1998.7147
https://doi.org/10.1006/gcen.1998.7147
http://www.ncbi.nlm.nih.gov/pubmed/9748408
http://www.ncbi.nlm.nih.gov/pubmed/8388960
https://doi.org/10.1371/journal.pone.0179824

Case 2:20-cv-00417-MLP Document 14-2 Filed 04/16/20 Page 37 of 38

@° PLOS | ONE

Nutrition limits killer whale population growth

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Rolland RM, Hunt KE, Kraus SD, Wasser SK. Assessing reproductive status of right whales (Eubalaena
glacialis) using fecal hormone metabolites. General and Comparative Endocrinology 2005; 142: 308—
317. https://doi.org/10.1016/j.ygcen.2005.02.002 PMID: 15935157

Albion Chinook Test Fishery. Fisheries and Oceans Canada, Government of Canada. Albion, BC;
2014.

Brent LIN, Franks DW, Foster EA, Balcomb KC, Cant MA, Croft DP, et al. 2015. Ecological Knowledge,
Leadership, and the Evolution of Menopause in Killer Whales. Current Biology 2015; 25: 746—750.
https://doi.org/10.1016/j.cub.2015.01.037 PMID: 25754636

Williams GC. Natural selection, the costs of reproduction, and a refinement of Lack’s principle. Am. Nat.
1996; 100: 687—-690.

Wasser SK, Barash DP. Reproductive suppression among female mammals: Implications for biomedi-
cine and sexual selection theory. Quarterly Review of Biology 1983; 56: 513-538.

Sinha, N, Venkatram, S, Diaz-Fuentes, G, 2014. Starvation ketoacidosis: A cause of severe anion gap
metabolic acidosis in pregnancy. Case Reports in Critical Care 2014; https://doi.org/https://doi.org/10.
1155/2014/906283

Wasser SK, Place N. Reproductive filtering and the social environment. In: Ellison P. (ed.) Reproductive
ecology and human evolution, Aldine DE Gruyter, Hawthorne, NY, pp. 137-158, 2001.

Smith C. The effect of wartime starvation in Holland upon pregnancy and its product. Am. J. Obst.
Gynec. 1947; 53: 599-608.

Bongaarts J. Does malnutrition affect fecundity? A summary of evidence. Science, 1980; 208: 564—
569. PMID: 7367878

Robeck TR, Atkinson SKC, Brook FM. Reproduction. In: Dierauf LA, Gulland FMD (eds) Marine mam-
mal medicine. CRC Press LLC, Boca Raton, pp 193-236, 2001.

Lundin JI, Dills R, Ylitalo GM, Hanson MB, Emmons CK, Schorr GS, et al. Persistent organic pollutant
determination in killer whale scat samples: optimization and validiation of the method, and application to
real samples. Arch. Environ. Contam. Toxicol. 2015; https://doi.org/10.1007/s00244-015-0218-8 PMID:
26298464

Mongillo TM, Holmes EE, Noren DP, VanBlaricom GR, Punt AE, O’Neill SM, et al. Predicted polybromi-
nated diphenyl ether (PBDE) and polychlorinated biphenyl (PCB) accumulation in southern resident
killer whales. Marine Ecology Progress Series 2012; 453: 263—-77.

Schwacke LH, Voit EO, Hansen LJ, Wells RS, Mitchum GB, Hohn AA, et al. Probabilistic risk assess-
ment of reproductive effects of polychlorinated biphenyls on bottlenose dolphins (Tursiops truncatus)
from the southeast United States coast. Environmental Toxicology and Chemistry 2002; 21: 2752—-64.
PMID: 12463575

Hall AJ, McConnell BJ, Rowles TK, Aguilar A, Borrell A, Schwacke L, et al. 2006. Individual-based
model framework to assess population consequences of polychlorinated biphenyl exposure in bottle-
nose dolphins, Environ Health Perspect. 2006; 114: Suppl 1: 60—4.

Reddy ML, Reif JS, Bachand A, Ridgway SH. Opportunities for using Navy marine mammals to explore
associations between organochlorine contaminants and unfavorable effects on reproduction. Sci Total
Environ 2001; 274:171-82. PMID: 11453294

Murphy S, Gonzalez AF, Guerra A. Assessing the effect of persistent organic pollutants on reproductive
activity in common dolphins and harbour porpoises. J Northw. Atl. Fish. Sci. 2010; 42: 153-173.

Boon JP, Oostingh |, van der Meer J, Hillebrand MT. 'A model for the bioaccumulation of chlorobiphenyl
congeners in marine mammals’, Eur J Pharmacol. 1994; 270: 237-51. PMID: 8039553

Brouwer A, Morse DC, Lans MC, Schuur AG, Murk AJ, Klasson-Wehler E, et al. 'Interactions of persis-
tent environmental organohalogens with the thyroid hormone system: mechanisms and possible conse-
quences for animal and human health.’, Toxicol Ind Health 1998; 14: 59-84. https://doi.org/10.1177/
074823379801400107 PMID: 9460170

Costa LG, Giordano G, Tagliaferri S, Caglieri A, Mutti A, 2008. 'Polybrominated diphenyl ether (PBDE)
flame retardants: environmental contamination, human body burden and potential adverse health
effects’, Acta Biomed. 2008; 79: 172—-83. PMID: 19260376

de Swart RL, Ross PS, Vos JG, Osterhaus AD. Impaired immunity in harbour seals (Phoca vitulina)
exposed to bioaccumulated environmental contaminants: review of a long-term feeding study. Environ
Health Perspect. 1996; 104 Suppl 4: 823-8.

Jepson PD, Bennett PM, Deaville R, Alichin CR, Baker JR, Law RJ., 2005. Relationships between poly-
chlorinated biphenyls and health status in harbor porpoises (Phocoena phocoena) stranded in the
United Kingdom. Environ Toxicol Chem, 2005; 24: 238-48. PMID: 15683190

PLOS ONE | https://doi.org/10.1371/journal.pone.0179824  June 29, 2017 21/22


https://doi.org/10.1016/j.ygcen.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15935157
https://doi.org/10.1016/j.cub.2015.01.037
http://www.ncbi.nlm.nih.gov/pubmed/25754636
https://doi.org/10.1155/2014/906283
https://doi.org/10.1155/2014/906283
http://www.ncbi.nlm.nih.gov/pubmed/7367878
https://doi.org/10.1007/s00244-015-0218-8
http://www.ncbi.nlm.nih.gov/pubmed/26298464
http://www.ncbi.nlm.nih.gov/pubmed/12463575
http://www.ncbi.nlm.nih.gov/pubmed/11453294
http://www.ncbi.nlm.nih.gov/pubmed/8039553
https://doi.org/10.1177/074823379801400107
https://doi.org/10.1177/074823379801400107
http://www.ncbi.nlm.nih.gov/pubmed/9460170
http://www.ncbi.nlm.nih.gov/pubmed/19260376
http://www.ncbi.nlm.nih.gov/pubmed/15683190
https://doi.org/10.1371/journal.pone.0179824

Case 2:20-cv-00417-MLP Document 14-2 Filed 04/16/20 Page 38 of 38

@° PLOS | ONE

Nutrition limits killer whale population growth

61.

62.

63.

64.

65.

Lahvis G.P, Wells RS, Kuehl DW, Stewart JL, Rhinehart HL, Via CS. Decreased lymphocyte responses
in free-ranging bottlenose dolphins (Tursiops truncatus) are associated with increased concentrations
of PCBs and DDT in peripheral blood. Environ Health Perspect 1995; 103: Suppl 4: 67-72.

Cullon DL, Yunker MB, Alleyne C, Dangerfield NJ, O'Neill S, Whiticar, et al. 'Persistent organic pollut-
ants in chinook salmon (Oncorhynchus tshawytscha): implications for resident killer whales of British
Columbia and adjacent waters’, Environ Toxicol Chem. 2009; 28: 148—61. https://doi.org/10.1897/08-
125.1 PMID: 18702563

Alava JJ, Ross PS, Lachmuth C, Ford JK, Hickie BE, Gobas FA. 'Habitat-based PCB environmental
quality criteria for the protection of endangered killer whales (Orcinus orca)’, Environ Sci Technol. 2012;
46: 12655-12663. https://doi.org/10.1021/es303062q PMID: 23098163

Shukovsky P. Tribe sounds alarm over fetal deaths: 13 pregnancies in two years; 1 baby survives. Seat-
tle Post-Intelligencer, Feb 22, 1999, p. Al.

Canadian Press. First Nations exposed to pollutants in ‘chemical valley’. http://www.cbc.ca/news/
canada/windsor/first-nations-exposed-to-pollutants-in-chemical-valley-1.2438724, 2013.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179824  June 29, 2017 22/22


https://doi.org/10.1897/08-125.1
https://doi.org/10.1897/08-125.1
http://www.ncbi.nlm.nih.gov/pubmed/18702563
https://doi.org/10.1021/es303062q
http://www.ncbi.nlm.nih.gov/pubmed/23098163
http://www.cbc.ca/news/canada/windsor/first-nations-exposed-to-pollutants-in-chemical-valley-1.2438724
http://www.cbc.ca/news/canada/windsor/first-nations-exposed-to-pollutants-in-chemical-valley-1.2438724
https://doi.org/10.1371/journal.pone.0179824

	Remote Desktop Redirected Printer Doc
	Remote Desktop Redirected Printer Doc_1

