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Sea otters (Enhydra lutris) used to exist along coastlines throughout much of the North
Pacific Ocean. During the Maritime Fur Trade, sea otters were extirpated from much of their
historic range, including Oregon. There is renewed interest in reintroducing sea otters to
Oregon. Managers seek improved understanding of the potential for coastal habitats to
support sea otter populations, factors likely to affect reintroduction success, and how sea
otters may change nearshore ecosystems if brought back. These uncertainties were addressed
by adapting and applying a recently developed model of habitat-specific carrying capacity for
southern sea otters to estimate spatial variation in potential sea otter abundance (at
equilibrium) in Oregon. These predictions were spatially related to human activities to
investigate potential human interactions. A systematic review and meta-analysis was
conducted to quantify direct and indirect effects of sea otters on nearshore ecosystems. A
total carrying capacity of 4538 (95% CI: 1742-8976) sea otters was predicted to exist in
Oregon based on available habitats. Oregon’s commercial red sea urchin fishery was
expected to have a relatively high interaction potential with sea otters, while the commercial
Dungeness crab fishery was not. Meta-analysis results confirmed common ecological effects
associated with sea otter presence, including 58% (95% CI: -71%, -40%), 58% (95% CI: 82%, -2%), and 23% (95% CI: -31%, -14%) reductions in prey biomass, density, and size,
respectively. These findings were supplemented with a 152% (95% CI: +60%, +297%)
increase in kelp density. These findings inform managers as they decide whether they will
proceed with a sea otter reintroduction to Oregon, and, importantly, demonstrate sea otters

could once again survive in Oregon, but managers should consider how human activities may
influence reintroduction success and how sea otters may change ecosystems if reintroduced.
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CHAPTER 1: GENERAL INTRODUCTION
Global sea otter (Enhydra lutris) populations have fluctuated over the past several centuries. At the
beginning of the 1700s, world-wide abundance was estimated between 150,000 (Kenyon 1969) to
300,000 (Johnson 1982) individuals. During this time, sea otters were distributed along the coasts of
northern Japan, Russia, and western North America from Alaska, USA to Baja California, Mexico.
Beginning in 1741, sea otters were unsustainably hunted by fur trappers seeking to trade their valuable
pelts in the Maritime Fur Trade, concentrated in the North Pacific Ocean. After several decades of intense
exploitation, the global sea otter population declined significantly, and the species went locally extinct
throughout most of their historic range. Only a handful of remnant populations survived along the
coastlines of the Commander Islands, Russia and Alaska and California, USA (Jameson et al. 1982).
Recognizing the need to recover sea otters, between 1965 and 1972 state and federal resource managers
translocated 708 individuals from remnant populations from Amchitka Island and Prince William Sound,
Alaska to historic habitats in British Columbia, Canada, and Southeast Alaska, Washington, and Oregon,
USA. Most of these translocations were successful as the founding populations took up residency at or
near their release sites (Jameson et al. 1982). In large part because of these translocations, sea otters have
now recovered or are in the process of recovering throughout a substantial proportion of their historical
range (Fig S1 in Appendices). Status and trends are variable, however, with some populations continuing
to grow and expand their range, such as in Southeast Alaska (USFWS 2014a), while populations in other
areas, such as Southwest Alaska, have experienced significant declines and are currently listed as
“threatened” under the U.S. Endangered Species Act (USFWS 2014b). Conservation and recovery of the
species continues to be a common goal for local, state, and federal resource managers.
Reintroduction interests
The 1960s-70s translocation efforts included a significant failure with the disappearance of the Oregon
founding population within 10 years following their release (Jameson 1982). Experts initially pointed to
mortality as a potential cause of the translocation failure, but with only 8.4% known mortality, this
hypothesis was out-ruled (Jameson 1975). Experts inevitably reasoned the population emigrated out of
Oregon’s coastal waters, but the cause of this mass exodus is unknown and could have been attributed to
a low founding population, lack of foraging habitat or prey availability, or site fidelity (Jameson et al.
1982). Managers released similar founding populations in Oregon (n = 93 otters) relative to Washington
(n = 59 otters) and British Columbia (n = 89 otters) (Jameson 1982). Therefore, initial founding
population may not explain why Oregon’s effort failed while others succeeded. In contrast, two sea otter
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translocation efforts within California in the 1960s and 1980s also resulted in sea otter emigration, as
many individuals returned to their home territories (Odemar & Wilson 1969, Rathbun et al. 2000),
supporting the site fidelity hypothesis. Additionally, approximately 2 years following the last Oregon
translocation release, the founding population exhibited effective foraging behavior by consuming
common prey species (i.e. sea urchins, mollusks, etc.) found in other parts of the sea otter’s current range
and distribution (Jameson 1975). This evidence suggests Oregon does have some foraging habitat for sea
otters, but whether there is enough habitat or prey to sustain population growth over the long-term
remains to be seen. Despite these theories, the cause of the Oregon translocation failure remains
unknown, and no resident sea otter population exists along the Oregon coast currently.
Multiple stakeholder groups (e.g. environment non-profits, tribes, the general public) are advocating for a
renewed effort at sea otter reintroduction to Oregon. Yet, species reintroductions are inherently uncertain,
with possible unanticipated outcomes, such as species extirpation, habitat alterations, or human
interactions (Dreitz 2006, Grey-Ross et al. 2008, Bennett et al. 2013). For example, following the
reintroduction of rock hyraxes – a burrowing rodent – to KwaZulu-Natal, South Africa, most of the
founding population was consumed by predators and the effort was deemed a failure (Wimberger et al.
2008). In Oregon, scientists and managers acknowledge these uncertainties, and are primarily concerned
about the risk of another sea otter reintroduction failure without first addressing and identifying the
cause(s) of the previous translocation failure.
If such uncertainties and risks are adequately addressed, species reintroduction can be a valuable
management tool to augment the recovery of at-risk species (Seddon et al. 2014). The outcomes of the
several other sea otter translocations demonstrate they can be successful and reinforces their conservation
value. In the case of a potential sea otter reintroduction to Oregon, such an effort could help sea otters
reclaim historic habitats and restore nearshore ecosystems to pre-fur trade conditions. With limited
scientific information, however, managers have not yet decided if and how they will proceed.
Reintroductions require interdisciplinary decision-making processes to avoid unanticipated outcomes.
From an ecological perspective, managers and scientists are generally interested in understanding the
potential for (1) local habitats to support reintroduced species within release sites, and (2) the
reintroduced species to alter ecosystems and/or habitats within or near release sites (Seddon et al. 2007,
IUCN/SSC 2013, Sarrazing & Barbault 1996 ). Sea otters are well-studied outside of Oregon, and the
extensive knowledge base on their ecology and behavior allows us to develop well-informed and targeted
research questions to address these ecological reintroduction uncertainties.
Sea otter natural history
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Sea otters prey on a variety of benthic macroinvertebrates, such as, but not limited to, sea urchins,
abalone, sea stars, marine snails, crabs, and bivalves, all of which require sea otters to dive to the seafloor
while foraging (Riedman & Estes 1990, Kenyon 1969). Sea otters exist within a range of coastal habitats
(e.g. hard and soft substrates, outer coasts, bays and estuaries) (Laidre et al. 2009, Lafferty & Tinker
2014, Hughes et al. 2013), but are restricted to shallow, nearshore environments by their limited diving
capacity (~100 m depth) (Bodkin et al. 2004, Thometz et al 2016). Relative to other marine mammal
species, sea otters have high prey requirements, and can consume 25-30% in their own body weight in
food daily (Costa & Kooyman 1982, Riedman & Estes 1990). Their high metabolisms, combined with the
restricted depth range of their prey populations, means that sea otters are capable of depleting local prey
densities (Estes & Palmisano 1974, Estes & Duggins 1995, Garshelis et al. 1986). Reductions in
herbivorous prey can initiate broader ecosystem changes via trophic cascades. The relationship between
sea otters, sea urchins, and kelp provides a textbook example of a trophic cascade, whereby reductions in
sea urchins via sea otter predation alleviates grazing pressure on kelp, allowing the kelp to grow more
abundantly (Estes et al. 1978). This trophic cascade can produce a rapid ecosystem phase shift from an
urchin barren to kelp forest (Estes et al. 1978, Estes et al. 1982, Estes & Duggins 1995).
Kelp forests provide food and habitat for a diverse faunal assemblage (Mann 1973, Steneck et al. 2002),
including common sea otter prey species such as red sea urchins (Mattison et al. 1976) and abalone
(Rogers-Bennet et al. 2011, Tegner & Levin 1982), as well as non-prey species such as small
invertebrates and fish (Kenner & Tinker 2016). Sea otters indirectly benefit cryptic abalone in British
Columbia by controlling predatory sunflower stars and kelp-grazing sea urchins, thus providing additional
food and shelter for abalone (Lee et al. 2016). These findings support the important mutualistic
relationship between sea otters and kelp, where sea otters help maintain kelp forests via herbivore control,
and the forests support and provide prey to sustain sea otter populations.
The Oregon context
The Oregon coast contains potential sea otter habitat (e.g. kelp forests, rocky sub-tidal, sandy
embayments and estuaries) and prey (e.g. sea urchins, abalone, bivalves) (ODFW 2006), suggesting this
region has the potential to support sea otters once again. Sea otter skeletal remains in shell middens
(Lyman 1988) indicate that sea otters were once native to Oregon, and nearshore habitats may still be in a
suitable state to sustain a resident population. However, the pre-fur trade ecosystems once occupied by
sea otters have changed greatly. In the more than 100 years since sea otters have been absent, human
activities and resource uses, such as fisheries, shipping, recreation, and protected areas, have developed
and expanded (LaFranchi & Daugherty 2011, Norman et al. 2007). Some of these activities can degrade
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important habitats, rendering them unavailable or inaccessible to species (Turner et al. 1999, Santos et al.
2011, Lenihan & Peterson 1998). Marine mammals are particularly susceptible to human disturbance, as
activities such as recreation or vessel traffic and noise can disrupt natural behavior (Lusseau et al. 2009,
Curland 1997). Whether current human practices along the Oregon coast have the potential to impact
nearshore habitats or disturb sea otters, in the event of a reintroduction, is unknown.
Sea otters could influence human activities and coastal practices, as well. In Alaska, fishermen are
concerned over reductions in commercially valuable shellfish species (e.g. geoduck clams, sea
cucumbers, Dungeness crab) due to sea otter predation (Kearns 2018, Welch 2019, Carswell et al. 2015).
Oregon has several commercial and recreational fisheries for common sea otter prey, such Dungeness
crab, red sea urchins, bay clams, and razor clams (ODFW 2019, The Research Group 2013).
Reintroducing sea otters could create competition with, and economic impacts to, Oregon fishermen. On
the other hand, sea otters might also benefit fishermen and local economies via the associated increases
and/or maintenance of kelp forests, and the species supported. Specifically, kelp forests in Oregon
provide habitat for fishery-dependent species (e.g. rockfish) or species of conservation concern or interest
(e.g. abalone) (ODFW 2019, ODFW 2017 (a), ODFW 2017 (b)). Aside from potential ecological and
economic benefits, restoring sea otters could further benefit people by restoring cultural and spiritual
connections with coastal tribes, which were lost when sea otters were extirpated, and providing a nonmonetary intrinsic benefit to people who simply wish to see sea otters recover and once again live along
the Oregon coast. Given these potential benefits, a potential reintroduction appears to be important to a
range of stakeholders with varying interests.
Study objectives
Investigating these sea otter-associated ecological processes, especially in the context of current human
activities, may help managers better assess the potential for sea otters to reestablish in Oregon, and
anticipate how sea otters may alter the ecosystem once reintroduced. This information will be vital to
informing their decision on whether to proceed with such an effort. To assist and inform managers in
making this decision and to help guide this decision-making process, the overall goal of this thesis is to
address both the bottom-up and top-down uncertainties of this effort by:
1. Assessing the presence and quality of potential sea otter habitat, as well as the potential for sea
otters to interact with people, along the Oregon coast (bottom-up); and
2. Characterizing, quantitatively, common ecological effects of sea otters within nearshore
ecosystems in other regions (top-down).
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Introduction
Throughout history, humans have exploited wildlife populations, and these activities may partially
explain Earth’s sixth mass extinction (Dirzo et al. 2014, Barnosky et al. 2011). Well-known examples of
exploitive practices include near collapses in global whale populations due to international whaling
(Baker & Clapham 2003, Clapham et al. 1999) and over-fished cod stocks along the U.S. northeast coast
(Myers et al. 1997). As biodiversity loss has accelerated, the importance of species diversity to ecosystem
function, resilience, and services has become apparent. Biodiversity loss thus represents a prominent
threat to environmental sustainability. Recovery of at-risk species, particularly species vital to ecosystem
function, can help maintain ecosystem integrity (Soule et al. 2003, Fonseca & Ganade 2001).
Environmental managers enlist a range of strategies to augment at-risk species recovery, such as
establishing protected areas, moving threatened populations into captivity, or conducting reintroductions
and translocations (Briggs 2008).
Sea otters (Enhydra lutris) were once distributed along most North Pacific Ocean coastlines from Japan to
Baja California, Mexico. Yet, sea otters were extirpated from most of their historic range during the peak
of the Maritime Fur Trade from the mid-1700s to mid-1800s (Kenyon 1969). Recovery occurred slowly
over the first half of the 20th century, but a significant boost to recovery occurred in the late 1960s when
resource managers translocated sea otters from Amchitka Island and Prince William Sound, Alaska to
Southeast Alaska, British Columbia, Washington, and Oregon. Most of these efforts were successful, and
populations in these areas are now abundant and thriving. However, the translocation effort to Oregon
failed, with the founding population disappearing 10 years following release (Jameson et al. 1982), and no
consensus exists for the cause of this failure. Experts have hypothesized lack of habitat or prey, human
disturbance, or sea otter emigration due to site fidelity as the cause of the failure (Jameson et al. 1982).
Presently, stakeholder groups are advocating for an Oregon sea otter reintroduction for several purposes:
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(1) recovering local sea otter populations, (2) restoring ecosystem structure and function, (3) provisioning
ecosystem services, including economic or intrinsic/recreational benefits, or (4) restoring lost cultural and
tribal connections.
Species reintroductions represent an important tool for managers charged with recovering at-risk species
(Seddon et al. 2007). There have been several notable successful translocations, including the previously
mentioned sea otter translocations across the North Pacific Ocean. Species reintroductions are also risky
because uncertainty surrounds whether the species will reestablish in their new habitat (Sarrazin &
Barbault 1996). Habitat suitability assessments can reduce this uncertainty by identifying unoccupied
habitats that are likely to sustain the introduced species and foster population growth over time (Cheyne
2006). Predator populations and population growth are often limited by prey availability. Therefore,
habitat models can be used to identify and predict foraging habitats that may contain adequate prey to
sustain the predator.
Sea otters have been absent from Oregon waters for more than 100 years, during which time nearshore
habitats may have shifted and humans now use the Oregon coast in several new ways (e.g. fisheries,
recreation, shipping, etc.) (LaFranchi & Daugherty 2011, Norman et al. 2007), which could disturb sea
otters or make habitats less hospitable. Scientists currently lack knowledge on the potential for sea otters
to reestablish in Oregon. Identifying foraging habitat using predictive models can help fill this knowledge
gap, and requires an understanding of habitat features that facilitate effective sea otter foraging and
knowledge of current nearshore habitats in Oregon. Luckily, sea otter habitat-use patterns and foraging
activities are well documented in other regions (Laidre & Jameson 2006, Ostfeld 1982, Hughes et al.
2013, Laidre et al. 2009, Tinker et al. 2008 & 2017, Lafferty & Tinker 2014), which can be leveraged.
Sea otters are typically found within shallow and intertidal rocky habitats, where they forage for benthic
macroinvertebrates (e.g. e.g. sea urchins, sea snails, bivalves, crabs, etc.) (Laidre & Jameson 2006, Estes
et al. 1982, Ostfeld 1982, Newsome et al. 2009), with canopy-forming and understory macroalgae (i.e.
kelp, seaweed) (Estes et al. 1982, Estes & Palmisano 1974). They also use soft-sediment habitats on the
outer coast and within estuaries (Hughes et al. 2013, Hale et al. 2019, Reidman & Estes 1990). The sea
otter’s seaward distribution is limited by their maximum diving capacity of around 100 m depth (Bodkin
et al. 2004, Thometz et al. 2016), although most dives occur within 40 m depth. Within their nearshore
distribution, sea otter densities have a non-linear relationship with depth, where densities peak around a
model depth of 15 m, and gradually decline as depth increases or decreases (Tinker et al. 2017).
Furthermore, seafloor slope dictates how dense or spread out populations are across space (Tinker et al.
2019 in prep). Relative to other top predators, sea otters have high metabolisms and require anywhere
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from 25-30% of their own body weight in food, daily (Costa & Kooyman 1982, Reidman & Estes 1990).
Their extreme dependency on food means identifying potential foraging habitat within their depth limits
is imperative to facilitate a successful reintroduction.
Marine mammals are sensitive to human disturbance (Tyack 2008, Williams et al. 2006) and exhibit
behavioral responses, including sea otters that spend more time traveling near recreationalists, primarily
kayakers (Curland 1997), potentially impacting foraging time. Fisheries add a further complication due to
concerns regarding competition and ecosystem impacts of sea otter foraging (Johnson 1982). Sea otters
exhibit strong top-down pressures by reducing prey densities and size via predation (Estes & Duggins
1995, Estes et al. 1978), and sea-otter driven reductions in fishery-dependent prey species have been
documented (Garshelis & Garshelis 1984). Importantly, a network of five no-take marine reserves was
established along the Oregon coast in 2013 that exclude humans and could alleviate or prevent potential
disturbance to sea otters and resource competition with fisheries, in the event of a sea otter reintroduction.
As environmental resource managers currently consider whether to proceed with a sea otter reintroduction
to Oregon, I embark on this study to inform the reintroduction process and manager’s decision. My study
objectives are to (1) assess habitat presence and quality along the Oregon coast, and (2) determine the
potential for sea otters to spatially overlap with select human activities that might cause resource
competition or disturbance to sea otters. This understanding will help managers assess the feasibility for a
successful sea otter reintroduction to Oregon, as well as potential next steps in the process.
Study Area
The study area is along the Oregon, USA, coastline from the Columbia River in the north to the OregonCalifornia state border in the south. Oregon’s coastline is comprised of alternating sandy beaches and
complex rocky habitats, with several bays and estuaries. The shallow, gradual-sloping continental shelf
extends 17-74 km from the shoreline and is comprised of hard and soft benthic substrates (Kulm &
Fowler 1974). The outer coast supports several potential sea otter prey items including benthic
macroinvertebrates (i.e. sea urchins, abalone, Dungeness crab, razor clams), while estuaries support a
variety of filter feeders (i.e. bay clams), as well as other crab species (ODFW 2006). Oregon’s kelp
canopies are primarily composed of bull kelp (Nereocystis luetkeana) and occur in rocky habitats
(Mackey 2006, Springer et al. 2007) along the southern coastline. Seagrass is the dominant vegetation in
estuaries (Sherman & DeBruyckere 2018). Both kelp forests and seagrass beds provide habitat for
important sea otter prey species.
Methods
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To investigate the presence and quality of sea otter habitat in Oregon, I adapted and applied a recentlydeveloped Bayesian state-space habitat model for sea otters in California (here after referred to as the CA
model; Tinker et al. 2019, in prep) to predict densities and abundance at carrying capacity (K). In brief,
the CA model estimates the functional relationship between equilibrium sea otter densities and a suite of
local habitat features and environmental variables (henceforth, habitat variables; Table 1) from 0-60 m
depth. The CA model was developed and fit to survey data consisting of annual counts of sea otters at
known geographic locations, collected using shore-based and aerial surveys (from 1983 – 2017, except
2011). Using a 100 m spatial grid, total otter counts across surveys were summed and habitat variables
recorded for each grid cell. Using Bayesian methods, a density-dependent process model was fit to the
observed survey data, and individual parameters were estimated for the effects of each habitat variable on
local equilibrium density. Here, I applied the parameters estimated from the CA model to spatial data
layers of Oregon habitat variables to calculate localized otter densities and abundance at carrying capacity
in the study area. Further details on the CA model design, development, and Bayesian methods can be
found in Tinker et al. 2019 (in prep).
Table 1. Parameters estimated from the Bayesian state-space habitat model for sea otters in
California and applied in the Oregon model, including a description of each parameter, and the
mean, standard deviation (SD), and 95% confidence interval (CI) of the fitted posterior
distribution. Table adapted from Tinker et al. 2019 (in prep).
Lower
Upper
CI
CI
Mean
SD
(95%)
(95%)
0.5613 0.3025
-0.0297
1.1749

Parameter

Description
Intercept; mean log-density in soft sediment
habitats

e

Alternative intercept; mean log-density in
estuaries

1.2238

0.7384

-0.2421

2.6498

D*

modal depth (at which mean densities are
highest)

5.7711

0.6978

4.4123

7.1518

1

effect of decreasing depth from D* on log-K

3.4262

1.2871

1.3157

5.9135

2

effect of increasing depth from D* on log-K

0.1266

0.0072

0.1124

0.1409

PR

effect of increasing proportion of rocky substrate
on log-K

1.7268

0.1346

1.4499

1.9786

PK

effect of increasing proportion of kelp cover on
log-K

2.6727

0.1497

2.3820

2.9681

s
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Parameter

Description
effect of deviations from mean slope on log-K,
linear response

DSR2

effect of deviations from mean slope on log-K,
quadratic response

OFSH

effect of increasing distance from shore beyond 1
km (i.e. "far offshore effect") on log-K

NPP

effect of increasing net primary production on
log-K

DSR

Lower
Upper
CI
CI
Mean
SD
(95%)
(95%)
0.1816 0.0917
0.0006
0.3592
0.2051

0.0637

0.0787

0.3283

-0.6058

0.1713

-0.9334

-0.2618

0.5537

0.1305

0.3002

0.8117

Habitat variable data layers
I obtained spatial layers for each habitat variable from publicly available sources (Table 2). All layers
were converted to a 100 m grid. I spatially combined two bathymetry layers (i.e. volumes) to cover the
study area. Kelp canopy data was a composite of multiple aerial kelp biomass surveys conducted in 1990,
1969-1999, and 2010. Benthic substrate was classified (i.e. hard, mixed, soft) following seafloor
descriptions in Greene et al. 1999. To quantify the proportion of hard substrate (i.e. ratio hard to soft
substrate), I reclassified mixed substrate to hard because I observed a high degree of overlap between kelp
canopies and mixed substrate, suggesting mixed substrate may functionally act as hard. I used normalized
net primary productivity (NPP) and filled in missing nearshore cells using k-d tree, a nearest neighbor
interpolation method (Bhatia 2010), to calculate an average NPP value based on the five nearest cell
values. I only included estuary reaches classified as water. Several land polygons disagreed on shoreline
position, so I merged a rocky and sandy shoreline layer to create a more precise shoreline and land layer.
All spatial analysis and interpolations were conducted in ArcGIS v10.6.1 (ESRI 2018).
Table 2. Spatial habitat layers, including resolution, interpolation method, and source information.
Cell units represents the calculated values assigned to each 100 m grid cell following interpolation.
Habitat
variable
Bathymetry1
Kelp canopy
Benthic
substrate3
NPP4
Estuaries

2

Spatial resolution

Conversion method

90 m cells

Bi-linear

Polygons

Maximum area

Polygons

Maximum area

2000 m cells

Bi-linear

5

Polygons

Maximum area

6

Line

NA

Shoreline
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1

U.S. Coastal Relief Model (NOAA). 2Marine Resource Program (ODFW). 3Active Tectonics
Laboratory (Oregon State University). 4Bell (University of California, Santa Barbara). 5Scranton
(Oregon State University). 6ODFW
Similar to Tinker et al. 2019 (in prep), I incorporated depth, distance-to-shore, and seafloor slope effects.
A strong, non-linear relationship between log distance-to-shore (Euclidean) and depth (Dg) has been
documented in California waters (REF). To detrend distance-to-shore (DSg) from depth and gain a better
understanding of how slope effects otter densities, I applied the following equation:

log( DS g + 1) ~ 1.669  Dg 0.289 + 3.123
The values in the least-squares equation were estimated using maximum likelihood methods and fit to
grid cells along the California coast (Tinker et al. 2019, in prep). The residuals (DSRg) are independent of
depth and provide a straightforward measure of slope, where positive values represent shallow slope areas
where distance to shore is greater than average relative to depth, and negative values represent areas with
steeper slopes. In Oregon, two reefs (Orford and Blanco Reef) have offshore island clusters that cause the
seafloor to decrease in depth as distance-to-shore increases, effectively changing seafloor slope sign (i.e.
positive to negative). To correct this, I calculated distance-to-shore from these islands to appropriately
assign slope effects within these reefs. Any islands outside reefs, were excluded.
Parts of Oregon’s continental slope extend far offshore, where shallow depths would theoretically be
accessible to sea otters, but sea otters do not regularly use these areas in California (REF). Accordingly,
the model also includes an additional variable to allow for an offshore effect (OFSH) that can mediate
predicted densities further offshore.

OFSH g =  max ( 0, DS g − 1000 ) 5000 

2

This equation has no effect within 1 km of shoreline, but impacts model outputs when 6 km or more
offshore.
To account for the non-linear relationship between otter densities and depth, I included the following
depth function:
2
2
f ( Dg | i , D* ) = −0.01  1  max ( 0, D* − Dg ) +  2  max ( 0, Dg − D* ) 



D* is the model depth. B1 and B2 are the rates of otter density decrease as depth decreases and increases,
respectively.
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Carrying capacity predictions
To predict otter densities (independents per km2, pups not included) at carrying capacity on the outer
coast of Oregon, I solved the following equation:
𝑙𝑜𝑔( 𝐾𝑔 ′) = 𝜅𝑠 + 𝛼𝑗 𝐻𝑗,𝑔 + 𝑓(𝐷𝑔 |𝛽𝑖 , 𝐷 ∗ ) + 𝜁𝑔|𝑝
Each grid cell (g) was assigned an expected otter density at carrying capacity (Kg) as a function of the
mean log otter density in soft sediment habitat (intercept KS), a suite of habitat variables (Hj,g) (kelp,
substrate, NPP, slope), a non-linear depth function (see below), and unknown error (𝜁𝑔|𝑝 ) representing
unexplained deviations from expected otter densities at grid cells within a sub-area (P). Each parameter is
represented as 𝛼𝑗 , and can be interpreted as log ratios, or the log proportional increase or decrease in otter
densities associated with a unit change in habitat. Equilbrium sea otter densities should reflect the quality
of habitat available to individual sea otters within their home ranges, not just at a single point in space. I
accounted for this by applying a 4 km smoothing (i.e. moving average) window to kelp, substrate, and
distance-to-shore residuals along continuous depth bands extending from the shore out to the 60 m
isobath (Tinker et al. 2019, in prep). The width of the smoothing window (4 km) was applied based on
observed sea otter core home range size (Ralls et al. 1995, Tarjan and Tinker 2016).
After solving the carrying capacity equation, I summed predicted otter densities for all grid cells to
calculate total abundance on the outer coast. Sea otter densities within estuaries differ from soft sediment
habitats on the outer coast (Silliman et al. 2018). Hence, I applied a uniform 3.73 otters/km2 density
parameter, which is the mean otter densities in Elkhorn Slough and Morro Bay, CA (Tinker et al. 2019, in
prep), to all estuaries, and subsequently summed densities to calculate total abundance in each estuary. I
combined abundance estimates for estuaries and outer coast to determine total predicted sea otter
abundance at carrying capacity for the entire Oregon coast. I then divided the study area into three regions
(North, Central, and South; Figure 1), of approximately similar sizes (Table 5) using the same regional
boundaries as Jameson (1974) and compared predictions between regions. Jameson (1974) conducted one
of the first habitat assessments for sea otters in Oregon, albeit qualitative, and I applied those same
regional boundaries for comparison. I applied the posterior distributions for each parameter (Table 1) to
calculate uncertainty for each region. For the outer coast, I reported densities out to the 40 m isobath to be
consistent with previous studies on sea otter density along the US West Coast (Laidre et al. 2001, Tinker
et al. 2019, in prep). I do not include the Columbia River in the predictions as it is unclear if this large
estuary will support high otter densities.
Areas of high expected sea otter densities
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I identified areas where sea otters and human activities may interact in Oregon by first identifying areas
of high-expected sea otter densities (high-density habitat polygons) based on predicted densities and cell
proximity. First, I corrected for a right skew in the predicted density data through log-transformation to
obtain a normal distribution, and then extracted cells two standard deviations above the mean. I then
grouped these high-density cells within 1 km of each other to identify continuous areas of high-density
habitat. For each resulting high-density habitat polygon, I summed predicted densities to calculate total
abundance. I excluded any low-abundance habitats using an informed and conservative abundance
threshold based on sea otter foraging patterns following the first Oregon translocation effort where
Simpson, Orford, and Blanco reefs were primary foraging habitat (Jameson 1974). These data suggest
that these reefs provided sufficient foraging habitat and abundant prey and may once again play an
important role in a future reintroduction. Based on these observations, I estimated the total abundance
within high-density habitats within and near these reefs and set the abundance threshold at these
estimates.
Human Activities
I assessed the potential for interaction between sea otters in Oregon and three types of human activities:
fisheries, non-recreational vessel traffic, and protected areas. I collected logbook landings data for the 10
most recent fishing seasons for a few commercial and recreational fisheries (Table 3). To maintain
fishermen confidentiality, data do not include landings from fishing grounds where three or less vessels
were present. However, landings data do represent the vast majority of fishery landings over this time
period. I selected fisheries based on (1) the target species’ occurrence in sea otter diet (Ostfeld 1982), and
(2) their value to local economies and/or conservation (ODFW 2019, ODFW 2017). I identified “highcatch crabbing grounds” as the top standard deviation of the log-transformed commercial Dungeness crab
landings data. I included recreational data on human-powered (i.e. kayaking, surfing, swimming, scuba,
snorkeling, and skimboarding) and wildlife viewing activities reported through an opt-in internet survey
where respondents identified the type and location of coastal activities they participate in (LaFranchi &
Daugherty 2011). Responses were spatially joined and displayed in polygon planning units used in
Oregon’s Territorial Sea Plan. I assessed potential non-recreational vessel activity by combining
commercial shipping lanes, crabber-tugboat towlanes (tow lanes), and ports that provide facilities for
large ships and commercial fishing boats (Ecotrust 2011). I included one additional port (Newport), which
was missing from this dataset, with known commercial fishing processing facilities. I also assessed
Oregon’s five no-take marine reserves (Redfish Rocks, Cape Perpetua, Cape Falcon, Cascade Head, and
Otter Rock) as protected areas.
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Table 3. Interaction potential between sea otters and human activities, including potential sources
of disturbance. Data layer descriptions and sources provided. Direct overlap and proximity metrics
represent how interaction potential between sea otters and human activities were measured for
each activity, while interaction level reports the calculated interaction potential for those associated
metrics. Any ratios reported under interaction level are the proportions of activity or habitat
spatial units (i.e. polygons, cells, lines) that interact with each other.
Activity

Data Layer

Fisheries

Dungeness
crab
(comm.)1

Red sea
urchin
(comm.)1
Abalone
(rec.)1

Disturbance

Spatial
resolution
units
2 nm
cells
(n = 40)

Harvest
area
polygons
(n = 13)
Harvest
zone lines
(n = 8)

Recreation2

1600 m
cells

Commercial
Shipping &
Crab-boat
Tow lanes3,4
Fishing
Ports5

Lane
polygons

Value

Annual
crab
removals
(2007 –
2017)
Annual
pounds
(2009 –
2018)
Total
pounds
(2008 –
2017)
Presence

Presence

Direct
overlap
metric
Activity
overlap

Interaction
Level

Proximity
metric

Interaction
Level

Yes (2/40)

% activity
within 2km

9% (area)

Activity
overlap

Yes (9/13)

% activity
within 2km

67% (area)

Activity
overlap

Yes (8/8)

NA

%
habitat
within
% habitat
within

58%

Habitat
within 2km

Yes (10/10)

1%

Habitat
within 2km

Yes (3/10)

NA

Port
Presence
NA
NA
Activity
Yes (5/12)
points
within 2km
(n = 12)
Protected
Marine
Reserve
Presence % habitat 2%
Activity
Yes (2/5)
Areas
Reserves6
polygons
within
within 2km
(n = 5)
1
Fishery logbook data (ODFW). 2Non-consumptive Ocean Recreation in Oregon (LaFranchi & Daugherty 2011).
3
Electronic Navigation Charts (NOAA). 4Washington Sea Grant. 5Ecotrust (2011). 6Marine Reserves Program
(ODFW).

Interaction Potential
I assessed interaction potential between high-density habitat and human activities by quantifying two
interaction metrics: direct overlap and proximity (Table 4). I measured the percent overlap between
human activities and high-density habitat as the proportion of sea otters within high-density habitats
occurring within vs outside human activity boundaries. Proximity was measured to assess if activities
could interact with dispersing sea otters while foraging (within 2 km of high-density habitat). I did not
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measure both metrics for all activities; only when appropriate. For example, it was not possible to
measure direct overlap with shoreline-based activities (i.e. ports). Additionally, I only measured percent
of fishing areas within dispersal distance to high-density habitats as fishing grounds could be indicative of
prey distribution and availability, for which sea otters would likely disperse to during a foraging bout. For
fisheries, I highlighted potential interactions with relatively high-landing fishing grounds.
Table 4. Description of metrics used to describe interaction potential between high-density sea otter
habitat and human activities.
Interaction Metric

Unit

Human Activity

Direct overlap

Activity within habitat (Yes/No)

All, except Ports

Percent habitat within activity

All, except Ports

Activity within 2 km of habitat
(Yes/No)

All

Percent activity (area) within 2 km
of habitat

Fisheries
(Dungeness crab, sea urchin)

Proximity

Results
Carrying capacity & high-density habitat
I predicted a total abundance of 4538 (1742 – 8976; 95% CI) sea otters at carrying capacity within outer
coast and estuarine habitats of Oregon. Outer coast localized (100m grid cell) densities ranged from 0 to
76.27 otters/km2 (mean = 1.16 otters/km2; Figure 1). I predicted higher total abundance and average otter
density in the south region on the outer coast. However, within estuaries, I predicted slightly higher
abundances in the central region (Table 5). I predicted higher abundances along the entire outer coast
(3781 otters) than in estuaries (757 otters). I identified 10 high-density habitat polygons (Figure 2),
mostly in the south region (80% of habitats; 742/926 otters). High-density habitat polygons had an
average abundance of 93 otters/polygon, ranging from 8 to 494 otters.
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Table 5. Predicted total abundance and average sea otter densities, with 95% CI, for each region.
Estuary densities are identical because I applied a uniform estuarine density parameter to all
estuaries.
Outer coast
Region
(area km2)
North
(1079 km2)

1233

Lower
(95%
CI)
473

Central
(1175 km2)

997

383

South
(1005 km2)

1551

Estuaries
Region
(area km2)

Total
abundance

Total
abundance

Upper
(95%
CI)
2439

Density
Lower
(otters/km2) (95% CI)

Upper
(95% CI)

1.83

0.70

3.61

1972

1.74

0.67

3.44

595

3068

2.45

0.94

4.84

Upper
(95%
CI)
462

Density
(otters/km2)

Lower
(95% CI)

North (63 km2)

233

Lower
(95%
CI)
90

Central (78 km2)

290

111

South (63 km2)

234

90

Upper
(95% CI)

3.73

1.43

7.37

574

3.73

1.43

7.37

462

3.73

1.43

7.37
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Figure 1. Predicted sea otter densities along the outer coast and in estuaries of Oregon, for the
north (A), central (B), and south (C) regions. Density values are visualized using natural breaks
(Jenks) with 12 data classes. High-density habitat polygons are shown within black outlines and
transposed over high-density values.
Human activities
I found all fisheries examined either overlapped, or were proximate to, high-density habitat, but the
interaction potential varied between fishery. A small proportion of primary Dungeness crabbing grounds,
where 22% of crab are caught along the coast within 540 km2, overlapped with and/or were proximate to
high-density habitat (Table 3). Most high-catch crabbing grounds occur within the central region (Figure
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2), but a smaller proportion of these grounds (2%; 6.18/252.42 km2) are within dispersal distance for sea
otters, than north (11%; 20.40/178.30 km2), or south (19%; 21/109.71 km2) regions.
Commercial fishermen harvest red sea urchins from 13 harvest areas (Figure 2), primarily in the south
region (north = 29.82 km2; central = 21.39 km2; south = 84.84 km2). Most harvest areas overlapped and/or
were proximate to high-density habitat (Table 3), but some harvest areas have a greater potential of
interacting with foraging sea otters than others. In fact, 100% of five harvest areas were within 2 km of
high-density sea otter habitats, including Orford, Rogue, and Blanco reefs, which had the highest total
landings (182,324 lbs/yr, 101,694 lbs/yr, and 40,613 lbs/yr, respectively), constituting 83% (3.2 x 106 /
3.9 x 106 lbs/yr) of all red urchin annual landings across the state. The other two harvest areas, Nellie’s
Cove and Mack Reef, only comprise approximately 3% (1.0 x 104 / 3.9 x 106 lbs/yr) of all landings,
combined.
Abalone have been harvested from 8 harvest zones in Oregon, primarily in the south region. All harvest
zones overlapped, and were proximate to, high-density habitat (Table 3). I found most abalone landings
(91%; 1336/1467 individuals) came from just two harvest zones, but only 1.4% (13/926 otters) of highdensity sea otter habitat occurred within these zones.
When I considered fisheries as a potential disturbance to sea otters, I find all high-density habitats
overlapped with either high-catch crabbing grounds or sea urchin harvest areas. In total, approximately
76% (699/926 otters) of high-density habitats overlapped with fisheries. I did not include abalone harvest
zones due to lack of spatial resolution.
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Figure 2. Spatial location of predicted high-density sea otter habitat (green polygons) along the
outer coast and the potential overlap with and proximity of these areas to high-catch crabbing
grounds (blue hatched grid cells), sea urchin harvest areas (red hatched polygons), fishing ports
(yellow dots), and marine reserves (turquoise polygons) across regions (A = North, B = Central, C =
South) in Oregon.
By area, most recreation (i.e. human-powered and wildlife viewing) takes place in the central region
(45%; 606.25/1355.52 km2), relative to the north (26%; 357.78/1355.52 km2) and south (29%;
391.49/1355.52 km2) regions. All high-density habitats overlapped (58% of high-density habitat area;
536/926 otters) with, and were proximate to, recreational activities, with most of this overlap in the south
(68%; 365/536 otters) and central (32%; 170/536 otters) regions. Commercial shipping lanes are primarily

23
offshore but extend to the shoreline at five ports, and tow lanes are scattered across all regions throughout
the study area (Fig S4 in Appendices). I found no overlap with tow lanes, but a small degree of overlap
with commercial shipping lanes (1% high-density habitat; 9/926 otters). Fishing ports are located across
the entire study area. When I considered potential disturbance from all non-recreational sources of
potential vessel activity (i.e. fishing ports, commercial shipping lanes, and tow lanes) to high-density
habitats, I found most high-density habitats (n = 7) were proximate to some form of vessel activity.
Importantly, all (2/2) high-density habitats in the central region, and most (5/6) in the south, could be
disturbed by some form of vessel activity.
By combining all potential disturbances (i.e. fisheries, recreation, shipping and tow lanes, ports), I find
the vast majority (97%; 896/926 otters) of high-density habitat overlaps with some form of disturbance.
Among regions, approximately 1% (13/896 otters), 19% (170/896 otters), and 80% (714/896 otters) of
this potential direct disturbance occurs in the north, central, and south regions, respectively. Within
regions, direct disturbance from the evaluated factors could affect approximately 85% (13/15 otters),
100% (170/170 otters), and 96% (714/742 otters) of high-density habitat in the north, central, and south
regions, respectively.
Oregon’s marine reserves are somewhat evenly distributed within the study area, including Cape Falcon
(32 km2; North region), Cascade Head (25 km2; Central region) Otter Rock (3 km2; Central region), Cape
Perpetua (36 km2; Central region), and Redfish Rocks (7 km2; South region). Two of these marine
reserves overlapped with, or were proximate to, predicted high-density sea otter habitat: Otter Rock and
Redfish Rocks marine reserves. Two percent (19/926 otters) of high-density habitats overlapped with
Otter Rock (<1 otter) and Redfish Rocks (19 otters). Interestingly, despite Redfish Rocks’ and Otter
Rock’s relatively small sizes, I found they contain the most high-density sea otter habitat out of all five
marine reserves.
Discussion
I present here the first carrying capacity estimate of sea otters in Oregon, based on available and identified
sea otter habitat. The estimates of potential abundance, based on habitat-density relationships described
for California, suggest that sea otters could form relatively abundant populations along the Oregon coast.
I have also identified a range of potential human-sea otter interactions that could result in resource
competition or disturbance to sea otters. While I show sea otters may interact with people across the entire
Oregon coast, I also show some areas of more limited interaction potential where these negative
interactions may be limited.
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These carrying capacity and high-density habitat findings provide a glimpse into potential future sea otter
distribution and abundance in Oregon, but they also corroborate observations of sea otter space-use and
distribution following the previous translocation effort. Specifically, these results suggest sea otters are
more likely to thrive along the southern coastline, as evidenced by identified higher quality and more
high-density habitat. In the 1970’s, sea otters were observed to routinely forage at Orford, Blanco, and
Simpson Reefs along the southern coastline (Jameson 1974). I have not only identified these reefs as
potentially important habitats, but estimate they may provide a total of 24 km2 of high-density sea otter
habitat within 52 km of each other. These findings suggest the southern coastline may be more suitable
for sea otters, based on habitat alone, with some potentially important habitats along the central coastline,
and little along the north. In fact, I identified one of the largest high-density habitats just south of
Newport, OR (21.12 km2; 133 otters). These findings cannot conclusively address whether the 1970’s
failed sea otter translocation was due to lack of habitat, but these model results suggest this was not the
case.
Experts have also proposed human interactions and disturbance as a potential cause of the 1970s failed
translocation effort. In this study, I show that sea otters could face substantial disturbance from fisheries,
recreation, and various sources of vessel activity (i.e. commercial shipping lanes, tow lanes, and large
ports), thereby potentially reducing habitat availability and reestablishment potential. These activities are
spatially variable, and I have shown that some activities, like commercial shipping lanes and tow lanes,
have a much lower potential of disturbing sea otters, based on the lack of spatial overlap with highdensity habitat. Other activities, such as recreation, may be greater contributors to potential sea otter
disturbance. I found most high-density habitats predicted to face potential disturbance were located within
the south region, but this can be explained by most high-density habitats identified within this region.
Within regions, disturbance could disproportionally impact sea otters in the central region, as all (100%)
high-density habitats overlap with disturbance from potential vessel activity, fisheries, and recreation.
Yet, sea otter habitat also has a high proportion of overlap with human activities in the north (85%) and
south (96%) regions. Importantly, these disturbance assessments are only based on spatial overlap with
habitats, not intensity. For example, commercial shipping lane data does not indicate how frequently ships
pass through lanes, nor does recreation data tell us how prevalent activities were within planning units.
Additionally, proximity to disturbance is an assessment of disturbance while foraging within 2 km of
high-density habitats. Therefore, assessment of direct overlap may be a stronger indicator of potential
disturbance.
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Resource competition between sea otters and fisheries is a common concern across the sea otter’s range.
This study directly addressed those concerns by assessing potential interactions between sea otters, based
on high-density habitat distribution, and the Dungeness crab and red sea urchin commercial fisheries in
Oregon. I found very little spatial overlap between high-density sea otter habitat and crabbing grounds
that produce the highest annual landings in the commercial Dungeness crab fishery, which is the most
lucrative fishery in Oregon (ODFW 2017). Based on these results, I suspect sea otters and commercial
crabbers may experience relatively limited resource competition and interaction. Dungeness crab is a softsediment species (Holsman et al. 2006), which likely explains the lack of spatial overlap between
important crabbing grounds and high-density sea otter habitats. Many of these crabbing grounds occur in
areas where sea otters are predicted to be less dense, and in offshore areas that are beyond the diving
capacity of sea otters (Bodkin et al. 2004). Sea otters may interact with the commercial crab fishery in
isolated areas, but I suspect they are unlikely to impact or compete with the entire fishery. One limitation
of these crabbing-otter interpretations is that they only represent potential interactions with potential adult
Dungeness crab population distribution, inferred from fishery landings data. Juvenile Dungeness crabs
concentrate in relatively shallow habitats – including intertidal zones and estuaries (Armstrong et al.
2003, Fernandez et al. 1993). If high-density habitats spatially overlap with or are proximate to shallow
habitats inhabited by juvenile crab populations, sea otter predation could limit adult crab recruitment and
eventually impact the commercial fishery. Yet, this study’s results do not address this hypothetical
scenario.
I found a high degree of overlap between the red sea urchin and red abalone fisheries with predicted highdensity sea otter habitat, which is not surprising given the similarities in habitat preferences by all species
for rocky reefs (Kato & Schroeter 1985, Tegner & Levin 1982). Given the proximity of these highlanding harvest areas to high-density habitat, these results suggest a high potential for interaction with and
impacts from sea otters to these fisheries. Importantly, sea otters are size-selective predators that target
large individuals within prey populations (Ostfeld 1982). Because urchin fisheries also target large
individuals, there is no evidence of thriving commercial sea urchin fisheries in the presence of sea otters
in other regions. If sea otters are reintroduced to Oregon, it is highly likely Oregon could experience
similar declines in large sea urchins, making it potentially impossible for a commercial fishery to coexist
with sea otters in the future. Managers may want to start considering alternative economic opportunities
for commercial urchin fishermen and divers, specifically, before they decide whether to proceed with this
effort. Similarly, abalone population reductions via sea otter predation could also threaten the viability of
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Oregon’s recreational fishery or may even be a conservation concern, given abalone’s current population
declines (ODFW 2017b).
Protected areas could prevent human-sea otter interactions that may lead to disturbance or resource
competition. Yet, I determined sea otters may be afforded little protection from current marine reserves in
Oregon due to little spatial overlap between high-density habitat and reserves. Protecting the types of
habitats important to sea otters was unlikely to have been a priority for managers while establishing
Oregon’s marine reserves, which could explain these findings. Several other protected areas exist along
the Oregon coast (i.e. marine gardens, limited-access protected areas, and national wildlife refuges), but I
did not assess these protected areas as they are not fully protected, and monitoring and enforcement are
limited. Even if these protected areas only prohibit some human activities some of the time, that exclusion
could help protect and preserve potentially important sea otter habitat and could be investigated in future
research.
These findings come with a few caveats and limitations. First, it is uncertain whether Oregon’s kelp
canopies will support similar equilibrium sea otter densities as in California. The CA model’s parameters
are based mostly on California’s giant kelp (Macrocystis pyrifera), which is more persistent (Foster &
Schiel 1985) than Oregon’s bull kelp, which experiences intra- and inter-annual variability (Springer et al.
2007)). Kelp provides an important food resource for otter prey (i.e. sea urchins, abalone). Reduced kelp
could limit prey population size and quality (i.e. mass), which could limit otter densities. Kelp variability
could also redistribute high-density habitats from where I have predicted. This limitation highlights the
important bottom-up processes that support sea otters and how environmental change may impact sea
otter survival. Yet, through their strong top-down pressures, sea otters can help maintain ecosystem
function and important habitats, such as kelp, by controlling herbivores, like sea urchins. Recently,
northern California (where sea otters do not yet occur) experienced a 90% reduction in canopy-forming
bull kelp due to climatic and biological stressors, with purple urchin grazing being a major contributor
(Rogers-Bennett et al. 2019). Oregon only experienced some kelp cover reductions in isolated locations,
no where near the full extent as in northern California. Yet, if these events continue to unfold in Oregon,
reintroducing sea otters might help prevent or limit such rapid environmental changes that have occurred
in northern California.
Second, the predicted estuary abundances are informed by the California model, where the only occupied
estuaries (at present) are Morro Bay and Elkhorn Slough. The former estuary supports a fairly low
abundance of otters, while the latter (Elkhorn Slough) supports a very high abundance, apparently
sustained by an abundant and productive prey base (Kvitek & Oliver 1988). The inconsistencies between
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the two California estuaries leads to a high degree of uncertainty in the model estimate for estuarine
habitats. Extrapolation of the model to Oregon estuaries essentially projects an average of the Morro Bay
and Elkhorn Slough equilibrium densities: while this may be reasonable as a first pass approach, further
research could help elucidate the potential of Oregon estuaries to support thriving sea otter populations.
It is also important to reemphasize that I only identified high-density habitat and potential human
interactions on the outer coast. These findings do not reflect the potential role estuaries may play in
supporting a future sea otter population and is a major source of uncertainty in this study. Sea otters
appear to be doing quite well in Elkhorn Slough, California due to prey availability (Kvitek et al. 1988,
Maldini et al. 2012, Hughes et al2013, Eby et al. 2017). Sea otters may do just as well in estuaries along
the Oregon coast, yet prey availability will likely be a major limiting factor in their success within
estuaries. Many Oregon estuaries do contain some populations of potential sea otter prey species,
particularly bay clams and Dungeness crabs. In fact, bay clam populations have been identified within
several estuaries (i.e. Alsea Bay, Coos Bay, Netarts Bay, Siletz Bay, Tillamook Bay, Yaquina Bay)
(ODFW) I predicted to potentially support estuarine sea otter populations within the carrying capacity
model. In California, a recent analysis found several California estuaries, currently unoccupied by sea
otters, provide sufficient prey populations to once again support estuarine sea otter populations (Hughes
et al. 2019). Similar prey surveys and historical analyses could be conducted for Oregon estuaries to
investigate and better understand whether Oregon’s estuaries could support healthy sea otter populations.
These interpretations do not, however, address whether sea otters will interact with humans, as I did not
investigate these potential interactions in this study. To better understand the potential for estuaries to
play a role in supporting a resident sea otter population, future research should investigate human use and
presence within and/or near potentially important estuaries.
Third, and potentially most important, some of these interpretations of potential human-sea otter
interactions in Oregon lack spatial and temporal resolution. Carrying capacity predictions were calculated
using a finer spatial resolution than was available for most of the human activities, specifically
commercial Dungeness crab cells, abalone harvest areas, and recreation planning units. These data
indicate where those activities are generally located, but lack spatial precision and are thus represent
general patterns. Additionally, these interpretations are temporally static. I only considered where highdensity habitat is located relative to current human activities, and did not considered seasonal patterns. As
previously discussed, habitat and biotic features can shift over time due to any number of forces (e.g.,
climate change, ocean acidification, etc.). Humans may redistribute their activities, such as fisheries and
reserves, in response to these ecological shifts, and these interpretations may not hold under such changes.
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Management Implications
Reintroductions are a well-recognized strategy to augment the recovery of at-risk species (Clark &
Westrum 1989). A sea otter reintroduction to Oregon could reestablish this once native species and help
them recover from previous human exploitation. Given the risk of another failed reintroduction effort and
lack of information to explain that failure, managers have not yet decided whether they will proceed with
a reintroduction. I have attempted to address some of the common uncertainties associated with species
reintroductions, including habitat suitability. My results also indirectly address some of the hypotheses for
the cause of failure of the previous translocation effort. My analysis results support the potential for sea
otters to live in Oregon, and provide the first quantitative estimates of potential equilibrium abundances,
areas of particularly high density, and potential interactions with human activities. Based on these
predictions, managers could use this information to set reasonable population recovery targets and
develop a recovery plan for a resident sea otter population, one based on both ecological and
socioeconomic considerations. Lastly, I have investigated the potential to reintroduce sea otters to Oregon
from a bottom-up perspective: moving forward, an important next step will be to consider how
reestablishing sea otters could change the environment via top-down processes. Reintroducing this top
predator could result in negative effects to certain commercial fisheries, but could also lead to positive
outcomes such as restored kelp habitats and ecological resilience that supports fisheries and tourism
operations. Therefore, as managers consider whether to proceed with a reintroduction, attention should be
given to both bottom-up and top-down processes, as they are intrinsically linked.
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CHAPTER 3 – A QUANTITATIVE REVIEW OF THE COMPLEXITY AND VARIABILITY OF
THE ECOLOGICAL EFFECTS OF SEA OTTERS (ENHDYRA LUTRIS)
Introduction
Productive and resilient ecosystems provide a range of ecosystem services and goods to society. Obvious
examples within marine ecosystems include fish populations that provide food resources to coastal
communities (Holmlund & Hammer 1999), oysters that improve water quality (Newell et al. 2002, Coen
et al. 2007), and coral reefs that protect shorelines by reducing wave energy (Ferrario et al. 2014). As
society has grown to become more dependent on ecosystems and their services, so has the knowledge on
what characteristics make them most productive, healthy, and resilient. For instance, there is general
agreement that ecosystem resilience and resistance is facilitated by increased species diversity (Downing
et al. 2010, Isbell et al. 2015). An integral component of preserving biodiversity includes reducing and
preventing stressors, such as overfishing, debris pollution, or habitat destruction, which can degrade
ecosystems (Gray 1997).
One strategy to preserve biodiversity is protecting and recovering top predators. Via top-down processes,
top predators have been linked to increased rates of species diversity and play important roles in
ecosystem structure and function (Sergio et al. 2005, Estes et al. 2011). While experts now recognize the
importance of protecting top predators, humans have a long history of intense hunting and exploitation of
top predators. For example, baleen whales were unsustainably hunted to produce oil during the
commercial whaling industry (Clapham et al. 1999), and tigers have been hunted to extremes for
medicinal and cultural artifacts and purposes (Dinerstein et al. 2007). Sea otters (Enhydra lutris) have
also experienced intense human exploitation (Jameson et al. 1982), and have a disproportionate influence
on ecosystem function, structure, and overall species richness.
In the North Pacific, sea otters were hunted to near extinction by fur trappers seeking to sell their valuable
pelts in the Maritime Fur Trade, which peaked from 1790 to 1840 (Jameson et al. 1982). During their
recovery, predominantly starting in the mid-1900s, the sea otter’s important ecological role became
opportunistically apparent. As sea otters reclaimed isolated portions of their historic range, researchers
observed mosaics of alternating ecosystem states, from low-diversity urchin barrens to high-diversity kelp
forests (Estes & Duggins 1995, Estes & Palmisano 1974). This ecosystem state patchwork was largely
driven by the presence or absence of sea otters. When present at sufficient densities (Estes et al. 2010),
sea otters predate and reduce sea urchin densities, alleviating urchin grazing pressure on kelp, which

34
allows kelp to grow more abundantly. In contrast, when sea otters are absent, sea urchins are uncontrolled
by predators and can graze down kelp stands (Estes & Duggins 1995, Estes & Palmisano 1974).
This three-level trophic cascade with sea otters, urchins, and kelp has become common in the scientific
literature and serves as a symbol of the strong keystone and ecological role of sea otters. However, the
impact of sea otters on ecosystems are sometimes more complex beyond the initial general presence vs
absence dichotomy involving sea urchins and kelp. Sea otters also reduce local densities of other prey
species, including mussels, crabs, and sea cucumbers (Garshelis et al. 1986, Larson et al. 2013, Singh et
al. 2013), and can have beneficial effects on other forms of aquatic vegetation, such as seagrass (Hughes
et al. 2016). These direct and indirect effects have been observed in a diversity of habitats, including outer
coasts, bays, estuaries, and hard and soft substrates (Estes & Duggins 1995, Hughes et al. 2016, Laidre et
al. 2006, Kvitek & Oliver 1992). For example, sea otters promote seagrass and ephemeral macroalgae
through a complex four-level trophic cascade within an estuary (Hughes et al. 2016).
Importantly, the direction and magnitude of these effects are not always predictable, and key covarying
and mediating factors drive unexpected ecosystem changes resulting from sea otter top-down pressures.
First, prey populations can increase in availability, as opposed to decline, such as in British Columbia
where cryptic northern abalone biomass increased following sea otter predation on predatory sunflower
stars and kelp-grazing sea urchins, thus providing additional food, shelter, and mesopredator refuge for
abalone (Lee et al. 2016). Second, effect magnitudes can be driven by local sea otter densities (Estes et al.
2010). At low sea otter densities, prey reductions and reciprocal vegetation increases can be minimal. In
contrast, at high sea otter densities and greater predation intensity, these effects become more pronounced
(Tinker et al. 2008). Furthermore, prey reductions and resource -limiting conditions, produced by sea otter
predation, can subsequently alter sea otter foraging behavior. As preferable prey densities decline (e.g. sea
urchins), sea otter populations diversify their diets by individuals switching to other more readily
available prey species (Ostfeld 1982, Tinker et al. 2012). There is a lack of knowledge on the ecosystem
effects associated with this prey switching behavior, but nonetheless, this switching could produce more
variable and further reaching impacts than once thought. Lastly, sea otter foraging efficiency appears to
limit effects. Sea otters are restricted to nearshore areas by their maximum diving capacity (~100 m
isobath; Bodkin et al. 2004), with most dives and foraging bouts occurring within shallow depths between
0 and 40 m (modal ~15m; Tinker et al. 2017, Thometz et al. 2016). This behavior creates uneven
predation intensity across depths and provides a depth refugia for benthic prey, resulting in higher
densities and biomass at greater depths (Estes et al. 1978).
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As sea otters recolonize unoccupied habitats within their historic range or potentially increase their
abundance to equilibrium levels, understanding how these nearshore ecosystems respond to the
restoration of a voracious top predator could be important to anticipate future ecosystem health,
resilience, and impacts or benefits to society. Many common sea otter prey species, such as red sea
urchins, abalone, and clams, are economically important to a range of commercial and recreational
fisheries across the sea otter’s range (Norman et al. 2007). Reductions in fishery-dependent species could
require adjustments to current fishery management practices to alleviate potential competition between
sea otters and fisheries. In contrast, and importantly, some fishery-dependent species (e.g. rockfish,
anchovies, herring) also depend on, or are associated with, kelp, which indirectly benefits from the
presence of sea otters (Feder et al. 1974). Therefore, fisheries could also indirectly benefit from sea otters
acting as important habitat engineers that maintain or increase kelp forests.
The variability in sea otter ecological effects challenges reliable predictions on how ecosystems may
respond to sea otter recovery and recolonization. Understanding these complexities could help managers
effectively manage nearshore and coastal resources in systems where people and sea otters coexist,
currently and in the future, and facilitate the continued provisioning of important ecosystem services from
biodiverse ecosystems. The objective of this study is to gain a detailed understanding of these complex
ecological effects of sea otters via top-down processes. To accomplish this objective, I conduct a
systematic review of most publicly available, peer-reviewed scientific studies that quantified changes in
the availability of nearshore species resulting from the top-down pressures of sea otters. I synthesize these
findings, quantify and acknowledge the variability between studies, and discuss the management
implications of these findings.
Methods
To evaluate and quantify the ecosystem effects of sea otters, I first defined effects as any direct or indirect
changes in the availability of nearshore species between study areas where sea otters are present versus
absent. By defining effects in this manner, studies must have a control-treatment structure, including sites
with or without sea otters, before or after sea otter recolonization, or sea otter (i.e. predator) exclusion
designs. Species included any potential prey (e.g. sea urchins, crabs, bivalves, sea snails, etc.), non-prey
(e.g. competing mesopredators, other top predators, fin fish, etc.), or primary producers or aquatic
vegetation (e.g. kelp, seaweed, seagrass, etc.) that occur in nearshore ecosystems. I defined availability as
any of the following metrics: biomass, abundance, density, size or length, distribution, percent cover,
surface area, or species diversity and richness. I accepted and included any study conducted across a
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range of habitats, including outer coasts, estuaries, bays, and hard and soft substrates, wherever sea otters
occur.
Study Collection & Inclusion Criteria
I queried and collected publicly available studies on Google Scholar, Web of Science, and Aquatic
Sciences and Fisheries Abstracts (ASFA). I conducted search queries using several (n = 90) strings and
combinations of primary, secondary, and tertiary terms related to sea otters, species they may interact
with, and species availability metrics (Table 6). Primary and secondary terms were searched,
interchangeably, within titles, keywords, and abstracts, when search engines allowed such capabilities.
Tertiary terms were searched throughout entire study texts. I used Publish or Perish, a software program
designed to retrieve academic citations and records (Harzing 2007), to obtain studies from Google
Scholar. Studies were exported directly from Web of Science and ASFA online platforms. I conducted
searches for peer-review studies, including journal publications, graduate student theses and dissertations,
and reports from government agencies with external peer-review processes, available by May, 2019.
Several search queries returned identical studies. I removed any duplicates so each study was represented
only once (n = 1). I reviewed each remaining study’s title for topic relevance, and excluded any study that
included terms for species not typically found within nearshore ecosystems with sea otters (e.g. camels,
alligators) or study areas outside the current geographic range of sea otters (e.g. Nova Scotia (Canada),
South Africa). I then reviewed each study’s abstract for more specific topic relevance. Any study that did
not discuss the ecological role or processes – either top-down or bottom-up – of sea otters, or sea otter
distribution, presence, or abundance in relation to other species’ availabilities, were excluded.
Table 6. Search terms used to query studies from online search engines related to sea otter effects
on ecosystems.
Primary
sea otter*
Secondary
abalone* OR alga* cascade* OR chiton* OR consum* OR crab* OR diet* OR ecosystem* OR
eelgrass* OR effect* OR food OR forag* OR impact* OR kelp OR macroalga* OR mussel* OR
predat* OR prey OR scallop* OR sea cucumber* OR sea star* OR seagrass* OR seaweed* OR
trophic OR urchin*
Tertiary
biomass OR abundance OR density OR cover OR diversity OR richness OR size OR length OR
distribution OR productivity
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I proceeded with full-text reviews of the remaining studies. First, I reviewed, in detail, each study’s
introduction and methods and applied the following inclusion criteria: (1) studies had to state or imply
that one of their objectives was to investigate, measure, or determine the ecological effects of sea otter
presence or top-down forcing pressures, (2) study experiments had to have a control-treatment structure
experimental design, (3) studies had to provide evidence, a priori, of sea otter presence and/or absence,
and I also accepted disturbed prey remains (i.e. cracked sea urchin tests, clam burrowing pits) as
sufficient evidence for sea otter presence, and (4) studies had to measure availability metrics, as
previously described (Table 6). To meet the control-treatment requirement, I accepted studies that
compared species availability (1) between sites with and without sea otters, (2) before and after sea otter
recolonization of a site, or (3) predator exclusion plots before and after sea otters were excluded from
study sites.
Data Extraction & Meta-analysis
For each study, I extracted the means, standard deviations, and sample sizes (termed statistics here after)
for reported availability metrics. I excluded studies that did not report these statistics, or I could not easily
calculate, or had no spatial replication (n = 1) of sites within treatments (control vs treatment). Data were
extracted from text and figures, and from plots using DataTheif III (Tummers 2006). I made every effort
to preserve and include all data, whenever possible. However, for some plots (i.e. scatter plots), I could
not easily identify precise point location, especially for highly overlapping points. Therefore, for point
data I estimated precise point locations, but make no claims on the accuracy of the data. Data extracted
from plot points represent my best estimate.
For each treatment group, I averaged reported means across replicate sites and calculated the standard
deviation between sites to estimate one availability metric per treatment group. I defined the sample size
as the total number of spatial replicate sites within treatments. Several studies, particularly before/after
experimental designs, quantified means overtime and, therefore, reported several means for one site. To
avoid overestimating sample size, I averaged means over all time-steps within sites, but kept the sample
size at the spatial site level. For example, studies which quantified the annual mean biomass of sea
urchins at two sites over four years, only received a sample size of 2 (n = 1 per spatial site), instead of 8
(n = 4 years x 2 spatial sites). This rule allowed us to consistently calculate sample size across all studies.
From these availability averages, I calculated a common effect size between treatment groups so I could
compare ecological effects between studies. I calculated effect size as log response ratios, representing the
proportional mean difference between control and treatment groups (Hedges et al. 1999). On the log

38
scale, an effect size of zero means there is no difference in the availability metrics between treatments
(i.e. sea otters have no effect). In contrast, a negative or positive effect size would mean sea otters
decrease or increase, respectively, species availability.
To obtain a summary effect across all studies, for each availability metric, I calculated the weighted
average by averaging all study’s effect sizes, in which each study was weighted by its total variance.
Under a random-effects model, a study’s total variance is equal to the study’s within-study variance plus
the between-study’s variance, T2. I first calculated each study’s within-study variance using the pooled
standard deviation between treatment groups. Then, I calculated the between-studies variance using the
method of moments (Borenstein et al. 2009), and estimated each study’s total variance by combining the
between-studies variance with each study’s within-study variance. Once I calculated the summary effects,
I estimated their variances as the reciprocal of the sum of each study’s weight. I plotted the estimated
summary effects and associated variances on the log scale, and converted these estimates back to
availability percent change for discussion.
Results
Through the search queries, I identified and collected 5311 studies from publicly available, online search
engines (Fig. 3). Given the use of identical search queries across all three search engines, these queries
returned many duplicate studies, which after removing, reduced total study count to 2749. I excluded
approximately half of studies with irrelevant titles (n = 1186 remaining), and then approximately 90% of
those studies with irrelevant abstracts. After reading each remaining (n = 139) study’s introductions, I
determined 89 studies had appropriate objectives that met the criteria. After reading each study’s methods
and results, I extracted data from only 28 studies that were deemed appropriate for analysis. Studies that
were excluded at this stage either did not meet the experimental design requirements (i.e. control-impact)
or did not provide data in an extractable manner (i.e. missing important statistics, including mean,
standard deviation, or sample size). Studies that were excluded either assessed species availability as a
function of sea otter densities, but did not include appropriate control sites, were qualitative reviews and
did not quantify species availability for statistical purposes, or measured availability metrics beyond our
scope (e.g. bacteria abundance, kelp-derived detritus concentration, stable isotope signatures, etc.). The
final 28 studies included journal publications, government reports, and graduate student theses and
dissertations, with all studies being peer-reviewed.
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Figure 3. Flow diagram of the methodology and study inclusion process used in this review.
Diagram was adapted from a PRISMA (Preferred Reporting Items for Systematic Reviews)
template (Moher et al. 2009).

Out of the 28 studies included in the analyses (Table 7), I extracted data for and calculated a total of 106
individual effect sizes. Most effect sizes quantified the availability of sea otter prey species (n = 77
metrics), with far fewer effects sizes for non-prey species (n = 9), aquatic vegetation (n = 13), and algae
(n = 7). Studies were conducted across most of the current sea otter range, from the Aleutian Islands,
Alaska, to California. Most studies were conducted within hard benthic substrate environments (n = 18),
with the remaining studies occurring over soft (n = 8), mixed (n = 1), or unclassified substrates (n=2). For
synthesis purpose, I do not report all effect sizes, only the most common. Any species-specific effect size
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occurring less than 3 times in the analysis is not included in these results. However, all effect sizes can be
found in the Appendices (Table S10).
Table 7. Studies, and extracted metric data, included in the final meta-analysis.

Study (Author & Year)
Bodkin 2001
Bodkin 2003
Breen et al. 1982
Burt et al. 2018
Estes & Duggins 1995
Fanshawe et al. 2003
Garshelis et al. 1986
Hoyt 2015
Hughes et al. 2013
Konar et al. 2000
Kvitek et al. 1989
Kvitek et al. 1992(a)
Kvitek et al. 1992 (b)
Kvitek et al. 1998
Larson et al. 2013
Lee et al. 2016
Markel et al. 2011
Reidy et al. 2013
Reisewitz et al. 2006
Salomon et al. 2007
Scheding 2004
Silberg 2015
Singh et al. 2013
Stevenson et al. 2016
Watson 1993
Weitzman 2013
Wendell 1986
Wendell 1994

Direct effects
Prey
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Non-prey

X

X

Indirect effects
Aquatic Vegetation

X
X
X

X
X
X

X
X
X
X

X

X
X

X

X
X
X
X

Direct Effects
Across all prey species, I found biomass, density, and size were generally lower in the presence of sea
otters. Prey biomass generally declined by 58% (95% CI: -71%, -40%) (Fig. 4), density by 58% (95% CI:
-82, -2%) (Fig. 5), and average size by 23% (95% CI: -31%, -14%). Importantly, most studies calculated
and interpreted species biomass as a function of both prey size and density. Therefore, these metrics are

41
associated, but nevertheless, still provide valuable information on sea otter effects. I found these declining
trends are generally consistent for all prey species examined in this analysis.
Of the most common prey species, I found crabs experienced the greatest reductions in average density
due to sea otter presence, with an 84% reduction (95% CI: -96%, -24%). Sea urchins (i.e. red, purple, and
green) also experienced substantial reductions in density, with a 66% reduction (95% CI: -86%, -20%).
Abalone and bivalves experienced 55% (95% CI: -75%, -19%) and 48% (95% CI: -68%, -15%) density
reductions, respectively. When I assessed size, a sample size (n < 3 effect sizes) limited my ability to
make powerful conclusions for crab or abalone, but I did find a 32% reduction (95% CI: -51%, -5%) in
the average size of sea urchins and a 15% size reduction in bivalves (95% CI: -26%, -4%). When I
assessed biomass, these trends continued with 72% (95% CI: -94%, +24%), 48% (95% CI: -77%, +20%),
and 55% (95% CI: -70%, -32%) declines for sea urchins, bivalves, and sea stars. Yet, these results were
relatively variable.
I recognized red sea urchins comprised a moderate proportion of sea urchin effect sizes, including 7 out of
11 density metrics and 3 out of 7 size metrics, and report these results here. I found sea otter presence
affects red sea urchin density and size similarly as other prey species with a 49% (95% CI: -65%, -27%)
decline in average size and 80% decline (95% CI: -92%, -52%) in density.

Figure 4. Log responses ratios and 95% CI of the change in biomass of common prey species.
Sample sizes (number of effect sizes): all prey (17), sea urchin (3), bivalve (6), and sea star (3).
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Positive log response ratios represent an increase in species biomass, while negative values
represent a decrease.

Figure 5. Log responses ratios and 95% CI of the change in density of common prey species.
Sample sizes (number of effect sizes): all prey (39), sea urchin (11), red sea urchin (7), abalone (4),
crab (3), and bivalve (9). Positive log response ratios represent an increase in species density, while
negative values represent a decrease.
Indirect Effects
After estimating the direct effects, I moved on to an assessment of the indirect effects of sea otter
predation. I found that sea otter presence is generally associated with a 152% increase (95% CI: +60%,
+297%) in kelp density and a 34% (95% CI: -54%, +287%) increase in algae (i.e. red algae, encrusting
algae) percent cover (Fig. 6). Interestingly, I also found a 34% increase (95% CI: -33%, +168%) in
mollusk density (i.e. chiton, limpets).
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Figure 6. Log responses ratios and 95% CI of the change in density of kelp and mollusk, and
percent cover of algae. Sample sizes (number of effect sizes): kelp (5), algae (6), and mollusk (4).
Positive log response ratios represent an increase in species density or percent cover, while negative
values represent a decrease.
Discussion
As sea otters recolonize historic habitats, managers seek to better understand how ecosystems and species
may respond to the recovery of this top predator. Sea otters are regarded as ecosystem engineers and
keystone species because of their strong top-down pressures, initiated by their predation, on lower trophic
levels (Estes & Duggins 1995, Estes et al. 2011). Several papers have qualitatively described these direct
and indirect effects, but no previous study has quantitatively synthesized these effects across most studies
published in the literature. With this study, I fill this knowledge gap through a systematic review of most
peer-review scientific studies that have measured changes in species availability associated with the
presence and/or recolonization of sea otters.
This review confirms some of the most popular and common ecological effects of sea otters, including
reductions in prey and reciprocal increases in aquatic vegetation, predominantly kelp. These ecosystem
effects are relevant to management as changes in species availability can impact (1) overall species
diversity, and thereby, ecosystem resilience and resistance, (2) ecosystem services to society, and (3)
economic opportunities for local communities. These findings will be particularly important to fishery
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managers as concerns over resource competition between sea otters and fishermen are common
throughout the sea otter’s range (Johnson 1982). Most fisheries target relatively large individuals within
prey populations. Yet, sea otters exhibit size-selective foraging behavior, in which they also target large
individuals (Ostfeld 1982). These foraging behaviors can reduce the average size of individuals within
prey populations, and thereby limit the abundance of large size classes available to fisheries. If such large
individuals are no longer present, this occurrence could reduce economic opportunities for fishermen.
Therefore, while this review is applicable to all coastal resource managers, they may be most relevant and
important for understanding how local fishing communities may be impacted as sea otters recolonize
historic habitats.
The value of this study is that I have specifically quantified potential direct and indirect effects of sea
otters, including their variability across studies. Yet, most studies assessed in this review investigated
effects on prey species. Importantly, I found some relatively large reductions in some fishery-dependent
species, such as crabs, red sea urchins, and abalone. These results may accurately represent the true effect
of sea otters on their prey. However, this review has relatively small sample sizes for some prey (i.e. crab
(3), sea star (3), abalone (4)), and I caution against making any conclusions for these species due to
potential lack in statistical power. Nonetheless, these findings do highlight that sea otters may not have as
large effects on some fishery-dependent species as other species, and potential impacts to some fisheries
may be relatively limited.
I identified relatively fewer studies (n = 14) looking at the ecosystem changes in aquatic vegetation and
non-prey species associated with sea otter presence. This lower sample size does not mean there are few
studies investigating indirect effects, compared to direct effects. Instead, these numbers simply mean
there were few studies that specifically met the inclusion criteria for meta-analytical purposes, but other
studies investigating these indirect effects do, in fact, exist in the literature. Several qualitative synthesis
studies, that were excluded from this analysis, summarized and reviewed key findings from previous
studies that were already included in this analysis. These studies still provide key information on indirect
effects, such as increases in species diversity (including finfish) following the restoration of kelp via sea
otter predation on large sea urchins (Bowen 1997, Steneck et al. 2002), redistribution in epibenthic kelp
cover to shallower depths following urchin declines (Estes & Steinberg 1988), and even providing bald
eagles additional nest materials due to higher occurrences of detritus kelp following kelp restoration
(Rechsteiner et al. 2018). Additionally, many of the non-prey and aquatic vegetation summary effects had
low sample size (< 3 effects sizes), and therefore, were not included in our results due to potential lack in
statistical power. For example, the presence of sea otters has previously been associated with increases in
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finish diversity and abundance (Reisewitz et al. 2006), the promotion of eelgrass growth and bed
expansion (Hughes et al. 2013), and even unexpected increases in prey species diversity, specifically
clams (Bodkin et al. 2001, Bodkin et al. 2003) (Table S10). Overall, I am confident in my assessments for
prey species, but this review may underrepresent the indirect effects and broader ecosystem changes and
potential benefits of sea otters.
This exercise highlighted two important points worth discussing. First, is the need for consistency across
studies. One of the powers of systematic reviews and meta-analyses is being able to compare findings
across studies to achieve general agreement or discover unknown factors or ecological processes (Hedges
et al. 1999). To achieve such goals, studies must be comparable by experimental design, data quality and
availability, metrics, and species or taxa (Borenstein et al. 2009, Englund et al. 1999). I found several
studies (n = 89) that shared a common objective of investigating the ecological processes associated with
sea otters. However, many of these studies were not comparable due to lack of statistical reporting (i.e.
means, standard deviations, sample size), lack of spatial replication, or discrepancies in reporting statistics
at appropriate spatial scales (i.e. quadrats or broad geographic regions). Of the 89 studies I reviewed for
experimental design and data quality inclusion, I reviewed studies dating as far back as 1973. In those 46
years, experimental design and scientific reporting standards have presumably changed and become more
rigorous, which might explain why so many studies did not meet these meta-analytical requirements. To
maintain the most relevant studies, I collected and analyzed data sampled at the site level, as opposed to
quadrat/plot or transect, but even this requirement excluded many studies from the analysis. I excluded
approximately 69% (61 out of 89) of studies that I could not include for meta-analytical purposes. This
exclusion percentage is slightly higher than two previous meta-analyses (48% and 41%) (Liquette et al.
2013, Gittman et al. 2016). Therefore, while this review may underrepresent the number of studies and
potential ecological effects of sea otters, it accurately represents and synthesizes information from eligible
studies with comparable methods and data.
Second, I found some metrics were extremely variable. This variance could be explained by underlying
factors driving or mediating effect magnitudes. For example, increased sea otter densities have been
associated with lower prey densities (Tinker et al. 2008). The estimated mean changes in species
availability are reasonable. However, I estimated extremely large 95% confidence intervals for the
reduction in sea urchin and bivalve biomass (i.e. increase in biomass). These large confidence intervals
were potentially caused by averaging availability metrics across treatment sites. I averaged availability
metrics across treatment sites to only include one species-specific metric per study in the analysis. This
approach helped ensure studies were not weighted disproportionate to one another. However, in doing so,
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I combined availability metrics across variable sea otter densities and depths, which can influence prey
availability (Tinker et al. 2008). I purposefully ignored these potential factors to better understand and
quantify this variance and uncertainty in sea otter effects, but the high level of variability was unexpected.
Now that I have addressed and better understand these extreme variations, I can now start to develop
further tests, such as subgroup analyses or meta-regressions, to more accurately quantify the influence of
these factors on sea otter effects and these investigations will be a focus of future analyses. Regardless of
this uncertainty, I found some agreement on the ecological effects of sea otters. In doing so, I have
quantified and confirmed some of the most common prey- and kelp-related effects associated with the
presence of this top predator. Furthermore, by quantifying the uncertainty in these estimates, I have
identified opportunities for future research to further investigate these complex processes. Lastly, the
recovery and recolonization of sea otters to historic habitats is of great interest to resource managers, and
understanding how these ecosystems may respond to the recovery of sea otters can help managers better
anticipate potential benefits and services to society.
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CHAPTER 4 – GENERAL CONCLUSION
Multiple stakeholder groups are currently advocating for a sea otter reintroduction to Oregon. Over the
past few years, interest has quickly grown from a small group of people to several organizations, state and
federal agencies, academic institutions, and communities interested in a potential sea otter reintroduction
to the Oregon coast and the impacts of such an effort. Given many of the uncertainties I highlighted in
this thesis, managers have not yet decided whether they will proceed with a sea otter reintroduction.
Currently, managers are still gathering information so they can make a well-informed decision based on
the best available science, but stakeholder and public interest is well ahead of the current science. To
advance the science and align it with developing interests and information needs, in this thesis, I
addressed some of the most pressing ecological questions and considerations of a potential sea otter
reintroduction.
The vast knowledge on sea otter ecology acquired through decades-worth of research allowed me to
develop targeted and evidence-based questions and hypotheses on this issue. Understanding the potential
for sea otters to reestablish in Oregon, based on available habitat and/or anthropogenic stressors was a top
priority for management. In my first chapter, I directly addressed this gap in knowledge by identifying
potential sea otter habitat, and predicting and estimating how many sea otters could exist on the Oregon
coast based on available habitat. This estimate (n = 4538) represents the first ever carrying capacity
quantification for sea otters in Oregon and is significant for two reasons.
First, this finding demonstrates that sea otters could, in fact, live on the Oregon coast, once again. Experts
have hypothesized that the failed Oregon sea otter translocation effort in the early 1970s may have been
caused by lack of habitat. Since then, this theory and question around habitat quality and suitability in
Oregon has dominated conversations on the feasibility of a potential sea otter reintroduction. Experts may
never know if the previous failed effort was caused, even if in part, by poor habitat conditions. Yet, these
results suggest sea otters could survive here based on current habitats. Second, if a sea otter reintroduction
is pursued in the future, this new carrying capacity estimate could be used by managers to set population
recovery targets and develop a reasonable recovery plan for a resident sea otter population.
Sea otters have been absent from Oregon for more than 100 years, and in that time, human populations
have increased and are now using the marine environment in more diverse ways than ever before
(LaFranchi & Daugherty 2011, Norman et al. 2007). In my first chapter, I identified a range of human
activities that could result in resource competition or sea otter disturbance, if sea otters return to Oregon
waters. Concerns for competition between sea otters and fisheries appear to be ubiquitous wherever sea
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otters occur. Sea otters have been known to reduce local prey densities in Alaska, such as geoducks and
Washington clams (Bodkin et al 2001, Kvitek et al. 1992), which fisherman depend upon. In Oregon,
much emphasis has been placed on potential impacts to the commercial Dungeness crab fishery, the most
lucrative fishery in Oregon (ODFW 2017), and the commercial red sea urchin fishery. However, my
results indicate very limited interaction between sea otters and the commercial Dungeness crab fishery,
suggesting sea otters may not compete or negatively impact this fishery. In contrast, I do anticipate
relatively high interaction potential between sea otters and the red sea urchin fishery. Given potential
competition, managers may want to consider how this fishery may be impacted if sea otters reduce local
urchin populations, in the event of a reintroduction.
I also demonstrated sea otters could face some potential to be disturbed by people. Several marine
mammals are easily disturbed by human activity and exhibit noticeable behavioral responses when
disrupted (Tyack 2008, Williams et al. 2006, Lusseau et al. 2009). Sea otters have also shown behavioral
responses to humans, particularly recreational activities (Curland 1997), and so I felt it was necessary to
investigate the potential for disturbance to be a limiting factor in their reestablishment to Oregon. I would
like to reemphasize that my results simply demonstrate where potential disturbance to sea otters could
exist. I cannot and do not make any conclusions on whether sea otters will or will not reestablish in those
locations, nor on the intensity of potential disturbance. However, my results could be used by
management to identify areas where people and sea otter are likely to spatially overlap, and hence further
investigate these issues and make management adjustments as needed.
In my second chapter, I set out to better understand and quantify the potential ecological effects of sea
otters to address this topic from a top-down perspective. I synthesized critical information on how the
ecosystem may change following the potential recolonization of sea otters. I demonstrated and confirmed
common direct and indirect effects of sea otters documented in the scientific literature, in which prey
species generally experience a reduction in mean density, biomass, and size following sea otter predation.
In contrast, aquatic vegetation, such as kelp and seagrass, generally experience a reciprocal, beneficial
increase in density or percent cover when sea otters are present.
Understanding these ecosystem changes, caused by or associated with sea otters, could provide insight
into how local communities along the Oregon coast may be impacted by the reintroduction of sea otters.
Kelp forests provide habitat for a suite of nearshore species (Graham 2004), some of which are
economically important to fisheries and coastal communities (Feder et al. 1974). If sea otters are
reintroduced to Oregon, they could help maintain and restore damaged bull kelp beds, especially those
that are currently over-grazed by sea urchins, which provide habitat to species important to Oregon’s
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nearshore fisheries. Scientists and fishery managers are currently observing purple sea urchin barrens
becoming more prevalent along the southern Oregon coast (ODFW 2019). If purple urchins continue to
increase and barrens expand spatially, they may pose a serious threat to Oregon’s bull kelp forests. It is
unclear whether these trends will continue, but if they do, managers could consider a sea otter
reintroduction as a strategy to reduce or prevent future potential kelp loss via urchin herbivory.
In my thesis, I have conducted two complimentary analyses that address this issue from a bottom-up
perspective via habitat assessment, and top-down perspective via ecological effects investigation. I felt
gaining a clear understanding of this issue from both perspectives was essential given how closely-linked
these processes are in the context of sea otter ecology. Whereby, habitats, especially kelp, are dependent
on sea otters to keep herbivorous prey in check via top-down predation pressures, and sea otters are
dependent on habitats to support and provide abundant prey via bottom-up processes. Together, these
strong processes create a mutualistic relationship in which sea otters and habitat help to sustain each
other. In my opinion, this mutualistic relationship clearly demonstrates why investigating these bottom-up
and top-down processes simultaneously was so vital to this effort. We cannot fully anticipate what a
future with sea otters might look like on the Oregon coast until we understand how the habitats and sea
otters will influence and interact with each other, and I hope my thesis has helped to fill this knowledge
gap.
My overall goal for graduate school was to provide managers with reliable, credible science they can use
in their decision on whether to proceed with a sea otter reintroduction in Oregon. It is important to
recognize that while I have demonstrated both the potential for sea otters to live in Oregon and how the
ecosystem may change if they are reintroduced, that much more research could be conducted on this
topic. Furthermore, while addressing key ecological uncertainties and questions can help determine if a
reintroduction might be successful, managers may consider gathering information from other scientific
areas to make a well-informed and balanced decision, such as social, economic and cultural disciplines.
More information and targeted research will not only inform manager’s decision, but if managers do
decide to proceed with a sea otter reintroduction in the future, could help managers anticipate how sea
otters and people may coexist along the Oregon coast.

54
References:
Bodkin, J. L., Kloecker, K. A., Esslinger, G. G., Monson, D. H., & DeGroot, J. D. (2001). Sea otter
studies in Glacier Bay National Park and Preserve: Aerial surveys, foraging observations, and intertidal
clam sampling [Report].
Curland, J. (1997). Effects of disturbance on sea otters (Enhydra lutris) near Monterey, California.
Master’s Theses.
Feder, H. M., Turner, C. H., C. Limbaugh. (1974). Observations of fishes associated with kelp beds in
southern California. Fish Bulletin 160. State of California. The Resources Agency of California.
Department of Fish and Game.
Graham, M. (2004). Effects of local deforestation on the diversity and structure of southern California
giant kelp forest food webs. Ecosystems. 7(4): 341-357.
Kvitek, R. G., Oliver, J. S., DeGange, A. R., & Anderson, B. S. (1992). Changes in Alaskan Soft-Bottom
Prey Communities Along a Gradient in Sea Otter Predation. Ecology, 73(2), 413–428.
LaFranchi, C., and C. Daugherty. (2011). Non-consumptive ocean recreation in Oregon: human uses,
economic impacts & spatial data. Surfrider Foundation.
Lusseau, D., Bain, D. E., Williams, R., & Smith, J. C. (2009). Vessel traffic disrupts the foraging
behavior of southern resident killer whales Orcinus orca. Endangered Species Research, 6(3), 211–221.
Norman, K., J. Sepez, H. Lazrus, N. Milne, C. Package, S. Russell, K. Grant, R.P. Lewis, J. Primo, E.
Springer, M. Styles, B. Tilt, and I. Vaccaro. (2007). Community profiles for West Coast and North
Pacific fisheries–Washington, Oregon, California, and other U.S. states. U.S. Dept. Commer., NOAA
Tech. Memo. NMFS-NWFSC-85, 602 p.
ODFW. (2017). Oregon Commercial Fishing Industry Year 2016 Economic Activity Summary. Version
1.5, April 2017. Marine Resources Program. Oregon Department of Fish and Wildlife. Accessed:
https://www.dfw.state.or.us/agency/docs/TRG%20OR%20Comm%20Fishing%20Econ%20contribution
%20thr%202016%20narrative%20ver.%201.5.pdf
ODFW. (2019). A Prickly Problem with Sea Urchins—Oregon Marine Reserves. Marine Resources
Program. Oregon Department of Fish and Wildlife. Accessed:
https://oregonmarinereserves.com/2019/10/24/urchins/
Tyack, P. L. (2008). Implications for Marine Mammals of Large-Scale Changes in the Marine Acoustic
Environment. Journal of Mammalogy, 89(3), 549–558.
Williams, R., Lusseau, D., & Hammond, P. S. (2006). Estimating relative energetic costs of human
disturbance to killer whales (Orcinus orca). Biological Conservation, 133(3), 301–311.

55
BIBLIOGRAPHY
Armstrong, D. A., Rooper, C., and Gunderson, D. (2003). Estuarine production of juvenile Dungeness
crab (Cancer magister) and contribution to the Oregon-Washington coastal fishery. Estuaries. 26(4B):
1174-1188.
B. Tummers, DataThief III. (2006). Accessed: https://datathief.org/
Barnosky, A. D., Matzke, N., Tomiya, S., Wogan, G. O. U., Swartz, B., Quental, T. B., … Ferrer, E. A.
(2011). Has the Earth’s sixth mass extinction already arrived? Nature, 471(7336), 51–57.
Bennett, V. A., Doerr, V. A. J., Doerr, E. D., Manning, A. D., Lindenmayer, D. B., & Yoon, H.-J. (2013).
Causes of reintroduction failure of the brown treecreeper: Implications for ecosystem restoration. Austral
Ecology, 38(6), 700–712.
Bhatia, N., and V. (2010). Survey of nearest neighbor techniques. International Journal of Computer
Science and Information Security. 8(2): 302 – 305.
Bodkin, J. L., Kloecker, K. A., Esslinger, G. G., Monson, D. H., & DeGroot, J. D. (2001). Sea otter
studies in Glacier Bay National Park and Preserve: Aerial surveys, foraging observations, and intertidal
clam sampling [Report].
Bodkin, J. L., Esslinger, G. G., & Monson, D. H. (2004). Foraging Depths of Sea Otters and Implications
to Coastal Marine Communities. Marine Mammal Science, 20(2), 305–321.
Briggs, S. V. (2009). Priorities and paradigms: Directions in threatened species recovery. Conservation
Letters, 2(3), 101–108.
Borenstein, M., Hedges, L. V., Higgins, J. P. T., H. R. Rothstein. (2009). Introduction to Meta-Analysis.
John Wiley & Sons, Ltd.
Bowen, W. D. (1997). Role of marine mammals in aquatic ecosystems. Marine Ecology Progress Series.
158: 267-274.
Carswell, L. P., Speckman, S. G., & Gill, V. A. (2015). Chapter 12—Shellfish Fishery Conflicts and
Perceptions of Sea Otters in California and Alaska. In S. E. Larson, J. L. Bodkin, & G. R. VanBlaricom
(Eds.), Sea Otter Conservation (pp. 333–368).
Clapham, P. J., Young, S. B., & Brownell Jr, R. L. (1999). Baleen whales: Conservation issues and the
status of the most endangered populations. Mammal Review, 29(1), 37–62.
Clark, T.W. & Westrum, R. Environmental Management (1989) 13: 663.
Coen, L. D., Brumbaugh, R. D., Bushek, D., Grizzle, R., Luckenbach, M. W., Posey, M. H., … Tolley, S.
G. (2007). Ecosystem services related to oyster restoration. Marine Ecology Progress Series, 341, 303–
307.
Costa, D. P., & Kooyman, G. L. (1982). Oxygen consumption, thermoregulation, and the effect of fur
oiling and washing on the sea otter, Enhydra lutris. Canadian Journal of Zoology. 60(11): 2761-2767.

56
Curland, J. (1997). Effects of disturbance on sea otters (Enhydra lutris) near Monterey, California.
Master’s Theses.
Dean, T. A., Bodkin, J. L., Jewett, S. C., Monson, D. H., & Jung, D. (2000). Changes in sea urchins and
kelp following a reduction in sea otter density as a result of the Exxon Valdez oil spill. Marine Ecology
Progress Series, 199, 281–291.
Dinerstein, E., Loucks, C., Wikramanayake, E., Ginsberg, J., Sanderson, E., Seidensticker, J., … Songer,
M. (2007). The Fate of Wild Tigers. BioScience, 57(6), 508–514.
Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B., & Collen, B. (2014). Defaunation in the
Anthropocene. Science, 345(6195), 401.
Downing, A. L., & Leibold, M. A. (2010). Species richness facilitates ecosystem resilience in aquatic
food webs. Freshwater Biology, 55(10), 2123–2137.
Dreitz, V. J. (2006). Issues in Species Recovery: An Example Based on the Wyoming ToadForum.
BioScience, 56(9), 765–771.
Eby, R., Scoles, R., Hughes, B. B., and Wasson, K. (2017). Serendipity in a salt marsh: detecting frequent
sea otter haul outs in a marsh ecosystem. Ecology. 98(11):2975–2977
Englund, G., Sarnelle, O. and Cooper, S.D. (1999). The important of data-selection criteria: meta-analyses
of stream predation experiments. Ecology, 80: 1132-1141
Estes, J. A., and Steinberg, P. D. (1988). Predation, herbivory, and kelp evolution. Paleobiology. 14(1):
19-36.
Estes, J. A., & Duggins, D. O. (1995). Sea Otters and Kelp Forests in Alaska: Generality and Variation in
a Community Ecological Paradigm. Ecological Monographs, 65(1), 75–100.
Estes, J. A., Jameson, R. J., & Rhode, E. B. (1982). Activity and Prey Election in the Sea Otter: Influence
of Population Status on Community Structure. The American Naturalist, 120(2), 242–258.
Estes, J. A., & Palmisano, J. F. (1974). Sea Otters: Their Role in Structuring Nearshore Communities.
Science, 185(4156), 1058–1060.
Estes, J. A., Tinker, M. T., and Bodkin, J. L. (2010). Using ecological function to develop recovery
criteria for depleted species: sea otters and kelp forests in the Aleutian Archipelago. Conservation
Biology. 24(3): 852-860.
Estes, J. A., Terborgh, J., Brashares, J. S., Power, M. E., Berger, J., Bond, W. J., … Wardle, D. A. (2011).
Trophic Downgrading of Planet Earth. Science, 333(6040), 301.
Estes, J. E., Smith, N. S., & Palmisano, J. F. (1978). Sea Otter Predation and Community Organization in
the Western Aleutian Islands, Alaska. Ecology, 59(4), 822–833.

57
Feder, H. M., Turner, C. H., C. Limbaugh. (1974). Observations of fishes associated with kelp beds in
southern California. Fish Bulletin 160. State of California. The Resources Agency of California.
Department of Fish and Game.
Fernandez, M., Iribarne, O., and Armstrong, D. (1993). Habitat selection by young-of-the-year Dungeness
crab Cancer magister and predation risk in intertidal habitats. Marine Ecology Progress Series. 92: 171177.
Ferrario, F., Beck, M. W., Storlazzi, C. D., Micheli, F., Shepard, C. C., & Airoldi, L. (2014). The
effectiveness of coral reefs for coastal hazard risk reduction and adaptation. Nature Communications,
5(1), 1–9.
Fonseca, C. R., & Ganade, G. (2001). Species functional redundancy, random extinctions and the stability
of ecosystems. Journal of Ecology, 89(1), 118–125.
Foster, M. S., Schiel, D. R., & National Coastal Ecosystems Team (U.S.). (1985). The ecology of giant
kelp forests in California: A community profile. Retrieved from
Garshelis, D. L., & Garshelis, J. A. (1984). Movements and Management of Sea Otters in Alaska. The
Journal of Wildlife Management, 48(3), 665–678.
Garshelis, D. L., Garshelis, J. A., & Kimker, A. T. (1986). Sea Otter Time Budgets and Prey
Relationships in Alaska. The Journal of Wildlife Management, 50(4), 637–647.
Gittman, R. K., Scyphers, S. B., Smith, C. S., Neylan, I. P., and Grabowski, J. H. (2016). Ecological
consequences of shoreline hardening: a meta-analysis. BioScience. 66(9): 763-773.
Graham, M. (2004). Effects of local deforestation on the diversity and structure of southern California
giant kelp forest food webs. Ecosystems. 7(4): 341-357.
Gray, J. S. (1997). Marine biodiversity: Patterns, threats and conservation needs. Biodiversity &
Conservation, 6(1), 153–175.
Grey-Ross, R., Downs, C. T., & Kirkman, K. (2009). Reintroduction Failure of Captive-Bred Oribi
(Ourebia ourebi). African Journal of Wildlife Research, 39(1), 34–38.
Hale, J. R., Laidre, K. L., Tinker, M. T., Jameson, R. J., Jeffries, S. J., Larson, S. E., & Bodkin, J. L.
(2019). Influence of occupation history and habitat on Washington sea otter diet. Marine Mammal
Science, 35(4), 1369–1395.
Harzing, A.W. (2007) Publish or Perish. Accessed: https://harzing.com/resources/publish-or-perish
Hedges LV, Gurevitch J, Curtis PS. (1999). The meta-analysis of response ratios in experimental ecology.
Ecology, (80),1150–1156.
Holmlund, C. M., & Hammer, M. (1999). Ecosystem services generated by fish populations. Ecological
Economics, 29(2), 253–268.
Hughes, B. B., Eby, R., Dyke, E. V., Tinker, M. T., Marks, C. I., Johnson, K. S., & Wasson, K. (2013).
Recovery of a top predator mediates negative eutrophic effects on seagrass. Proceedings of the National
Academy of Sciences, 110(38), 15313–15318.

58

Hughes, B. B., Hammerstrom, K. K., Grant, N. E., Hoshijima, U., Eby, R., & Wasson, K. (2016). Trophic
cascades on the edge: Fostering seagrass resilience via a novel pathway. Oecologia, 182(1), 231–241.
Hughes, B. B., Wasson, K., Tinker, M. T., Williams, S. L., Carswell, L. P., Boyer, K. E., Beck, M. W.,
Eby, R., Scoles, R., Staedler, M., Espinosa, S., Hessing-Lewis, M., Foster, E. U., Beheshti, K. M.,
Grimes, T. M., Becker, B. H., Needles, L., Tomoleoni, J. A., Rudebusch, J., Hines, E., and Silliman, B. R.
(2019). Species recovery and recolonization of past habitats: lessons for science and conservation from
sea otters in estuaries. PeerJ. 7:e8100.
IUCN/SSC. (2013). Guidelines for Reintroductions and Other Conservation Translocations. Version 1.0.
Gland, Switzerland: IUCN Species Survival Commission, viiii + 57 pp.
Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., … Eisenhauer, N. (2015).
Biodiversity increases the resistance of ecosystem productivity to climate extremes. Nature, 526(7574),
574–577.
Jameson, Ronald James. (1975). An evaluation of attempts to reestablish the sea otter in Oregon. Oregon
State University. (Oregon State University).
Jameson, R. J., Kenyon, K. W., Johnson, A. M., & Wight, H. M. (1982). History and Status of
Translocated Sea Otter Populations in North America. Wildlife Society Bulletin (1973-2006), 10(2), 100–
107.
Johnson, A. M. (1982). The sea otter, Enhydra lutris. Pages 521-525 in Mammals of the sea. FAO Fish.
Ser. 5. Vol. IV.
Katu, S., and S. C. Schroeter. (1985). Biology of the red sea urchin, Stronglocentrotus franciscanus, and
its fishery in California. Marine Fisheries Review. 47(3).
Kearns, M. (2018, May 31). Growing sea otter population threatening livelihoods of Alaska fishermen.
SeafoodSource. Accessed: https://www.seafoodsource.com/news/supply-trade/growing-sea-otterpopulation-threatens-alaska-fishermen
Kenyon, K. W. (1969). The sea otter in the eastern pacific ocean. North American Fauna, 1–352.
Kenner, M. C., & Tinker, M. T. (2018). Stability and change in kelp forest habitats at San Nicolas Island.
Western North American Naturalist. 78(4): 633-643.
Kirstin K. Holsman, P. Sean McDonald, & David A. Armstrong. (2006). Intertidal migration and habitat
use by subadult Dungeness crab Cancer magister in a NE Pacific estuary. Marine Ecology Progress
Series, 308, 183–195.
Kvitek, R. G., & Oliver, J. S. (n.d.). Influence of sea otters on soft-bottom prey communities in southeast
Alaska. 11.
Kvitek R.G., Oliver J.S. (1988). Sea Otter Foraging Habits and Effects on Prey Populations and
Communities in Soft-Bottom Environments. In: VanBlaricom G.R., Estes J.A. (eds) The Community
Ecology of Sea Otters. Ecological Studies (Analysis and Synthesis), vol 65. Springer, Berlin, Heidelberg

59
Kvitek, R. G., Oliver, J. S., DeGange, A. R., & Anderson, B. S. (1992). Changes in Alaskan Soft-Bottom
Prey Communities Along a Gradient in Sea Otter Predation. Ecology, 73(2), 413–428.
Lafferty, K. D., & Tinker, M. T. (2014). Sea otters are recolonizing southern California in fits and starts.
Ecosphere, 5(5), art50.
LaFranchi, C., and C. Daugherty. (2011). Non-consumptive ocean recreation in Oregon: human uses,
economic impacts & spatial data. Surfrider Foundation.
Laidre, K. L., & Jameson, R. J. (2006). Foraging Patterns and Prey Selection in an Increasing and
Expanding Sea Otter Population. Journal of Mammalogy, 87(4), 799–807.
Laidre, K. L., Jameson, R. J., & Demaster, D. P. (2001). AN ESTIMATION OF CARRYING
CAPACITY FOR SEA OTTERS ALONG THE CALIFORNIA COAST. Marine Mammal Science,
17(2), 294–309.
Laidre, K. L., Jameson, R. J., Gurarie, E., Jeffries, S. J., & Allen, H. (2009). Spatial Habitat Use Patterns
of Sea Otters in Coastal Washington. Journal of Mammalogy, 90(4), 906–917.
Larson, S. D., Hoyt, Z. N., Eckert, G. L., & Gill, V. A. (2013). Impacts of sea otter (Enhydra lutris)
predation on commercially important sea cucumbers (Parastichopus californicus) in southeast Alaska.
Canadian Journal of Fisheries and Aquatic Sciences, 70(10), 1498–1507.
Lee, L. C., Watson, J. C., Trebilco, R., & Salomon, A. K. (2016). Indirect effects and prey behavior
mediate interactions between an endangered prey and recovering predator. Ecosphere, 7(12), e01604.
Lenihan, H. S., & Peterson, C. H. (1998). How Habitat Degradation Through Fishery Disturbance
Enhances Impacts of Hypoxia on Oyster Reefs. Ecological Applications, 8(1), 128–140.
Liquette, C., Piroddi, C., Drakou, E. G., Gurney, L., Katsanevakis, S., Charef, A., and Egoh, B. (2013).
Current status and future prospects for the assessment of marine coastal ecosystem services: a systematic
review. PLoS One. 8(7).
Lusseau, D., Bain, D. E., Williams, R., & Smith, J. C. (2009). Vessel traffic disrupts the foraging
behavior of southern resident killer whales Orcinus orca. Endangered Species Research, 6(3), 211–221.
Lyman, R. L. (1988). Zoogeography of Oregon Coast Marine Mammals: The Last 3,000 Years. Marine
Mammal Science, 4(3), 247–264.
Mackey, M. (2006). Protecting Oregon's Bull Kelp. In. Pacific Marine Conservation Council, pp 1- 15
Maldini, D., Scoles, R., Eby, R., Cotter, M., & Rankin, R. W. (2012). Patterns of sea otter haul-out
behavior in a California tidal estuary in relation to environmental variables. Northwestern Naturalist.
93(1):67–78
Mann, K. H. (1973). Seaweeds: Their Productivity and Strategy for Growth: The role of large marine
algae in coastal productivity is far more important than has been suspected. Science, 182(4116), 975–981.

60
Mattison, J. E., Trent, J. D., Shanks, A. L., Akin, T. B., & Pearse, J. S. (1976). Movement and feeding
activity of red sea urchins (Strongylocentrotus franciscanus) adjacent to a kelp forest. Marine Biology,
39(1), 25–30.
Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009) Preferred Reporting Items for
Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097.
https://doi.org/10.1371/journal.pmed.1000097
Myers, R. A., Hutchings, J. A., & Barrowman, N. J. (1997). WHY DO FISH STOCKS COLLAPSE?
THE EXAMPLE OF COD IN ATLANTIC CANADA. Ecological Applications, 7(1), 91–106.
Norman, K., J. Sepez, H. Lazrus, N. Milne, C. Package, S. Russell, K. Grant, R.P. Lewis, J. Primo, E.
Springer, M. Styles, B. Tilt, and I. Vaccaro. (2007). Community profiles for West Coast and North
Pacific fisheries–Washington, Oregon, California, and other U.S. states. U.S. Dept. Commer., NOAA
Tech. Memo. NMFS-NWFSC-85, 602 p.
Newell, R. I. E., Cornwell, J. C., & Owens, M. S. (2002). Influence of simulated bivalve biodeposition
and microphytobenthos on sediment nitrogen dynamics: A laboratory study. Limnology and
Oceanography, 47(5), 1367–1379.
Odemar, M. W. and K. C. Wilson. (1969). Results of sea otter capture tagging and transporting operations
by the California Department of Fish and Game. Proceedings of the Sixth Annual Conference on
Biological Sonar and Diving Mammals. Stanford Research Institute. Menlo Park. California pp. 73-79.
ODFW. (2006). The Oregon Nearshore Strategy. Marine Resources Program. Oregon Department of Fish
& Wildlife. Accessed from: https://www.dfw.state.or.us/MRP/nearshore/docs/strategy/Strategy.pdf
ODFW. (2017a). Oregon Commercial Fishing Industry Year 2016 Economic Activity Summary. Version
1.5, April 2017. Marine Resources Program. Oregon Department of Fish and Wildlife. Accessed:
https://www.dfw.state.or.us/agency/docs/TRG%20OR%20Comm%20Fishing%20Econ%20contribution
%20thr%202016%20narrative%20ver.%201.5.pdf
ODFW. (2017b). Oregon postpones 2018 sport abalone season until further evaluation. (n.d.). Accessed:
https://www.dfw.state.or.us/news/2017/12_dec/122817.asp
ODFW. (2019). Oregon’s Commercial Marine Fisheries. Marine Resources Program. Oregon Department
of Fish and Wildlife. Accessed: https://www.dfw.state.or.us/mrp/docs/Backgrounder_Comm_Fishing.pdf
ODFW. (2019). A Prickly Problem with Sea Urchins—Oregon Marine Reserves. Marine Resources
Program. Oregon Department of Fish and Wildlife. Accessed:
https://oregonmarinereserves.com/2019/10/24/urchins/
Ostfeld, R. S. (1982). Foraging Strategies and Prey Switching in the California Sea Otter. Oecologia,
53(2), 170–178. Retrieved from JSTOR.
Ralls, K., Hatfield, B. B., & Siniff, D. B. (1995). Foraging patterns of California sea otters as indicated by
telemetry. Canadian Journal of Zoology, 73(3), 523–531.
Rathbun, G. B., Hatfield, B. B., & Murphey, T. G. (2000). Status of Translocated Sea Otters at San
Nicolas Island, California. The Southwestern Naturalist, 45(3), 322–328.

61

Rechsteiner, E. U., Wickham, S. B., and Watson, J. C. (2018). Predator effects link ecological
communities: kelp created by sea otters provides an unexpected subsidy to bald eagles. Ecosphere. 9(5).
Reisewitz, S. E., Estes, J. A., & Simenstad, C. A. (2006). Indirect food web interactions: Sea otters and
kelp forest fishes in the Aleutian archipelago. Oecologia, 146(4), 623–631.
Riedman, M. L., & Estes, J. A. (1990). The sea otter (Enhydra lutris): Behavior, ecology, and natural
history (p. 126).
Rogers‐Bennett, L., Allen, B. L., & Rothaus, D. P. (2011). Status and habitat associations of the
threatened northern abalone: Importance of kelp and coralline algae. Aquatic Conservation: Marine and
Freshwater Ecosystems, 21(6), 573–581.
Santos, R. G., Martins, A. S., Farias, J. da N., Horta, P. A., Pinheiro, H. T., Torezani, E., … Work, T. M.
(2011). Coastal habitat degradation and green sea turtle diets in Southeastern Brazil. Marine Pollution
Bulletin, 62(6), 1297–1302.
Sarrazin, F., & Barbault, R. (1996). Reintroduction: Challenges and lessons for basic ecology. Trends in
Ecology & Evolution, 11(11), 474–478.
Scott Baker, C., & Clapham, P. J. (2004). Modelling the past and future of whales and whaling. Trends in
Ecology & Evolution, 19(7), 365–371.
Seddon, P. J., Armstrong, D. P., & Maloney, R. F. (2007). Developing the Science of Reintroduction
Biology. Conservation Biology, 21(2), 303–312.
Seddon, P. J., Griffiths, C. J., Soorae, P. S., & Armstrong, D. P. (2014). Reversing defaunation: Restoring
species in a changing world. Science, 345(6195), 406–412.
Sergio, F., Newton, I., & Marchesi, L. (2005). Top predators and biodiversity. Nature, 436(7048), 192–
192.
Sherman, K., and L.A. DeBruyckere. (2018). Eelgrass habitats on the U.S. West Coast. State of the
Knowledge of Eelgrass Ecosystem Services and Eelgrass Extent. A publication prepared by the Pacifc
Marine and Estuarine Fish Habitat Partnership for The Nature Conservancy. 67pp
Silliman, B. R., Hughes, B. B., Gaskins, L. C., He, Q., Tinker, M. T., Read, A., … Stepp, R. (2018). Are
the ghosts of nature’s past haunting ecology today? Current Biology, 28(9), R532–R537.
Singh, G. G., Markel, R. W., Martone, R. G., Salomon, A. K., Harley, C. D. G., & Chan, K. M. A. (2013).
Sea Otters Homogenize Mussel Beds and Reduce Habitat Provisioning in a Rocky Intertidal Ecosystem.
PLOS ONE, 8(5), e65435.
Soulé, M. E., Estes, J. A., Berger, J., & Del Rio, C. M. (2003). Ecological Effectiveness: Conservation
Goals for Interactive Species. Conservation Biology, 17(5), 1238–1250.
Springer, Y., Hays, C. Carr, M., M. Mackey. (2007). Ecology and management of the bull kelp,
Nereocystis luetkeana: a synthesis with recommendations for future research. Lenfest Ocean Program.
Accessed: https://www.lenfestocean.org/~/media/legacy/lenfest/pdfs/springer_underlying_report_0.pdf

62
Steneck, R. S., Graham, M. H., Bourque, B. J., Corbett, D., Erlandson, J. M., Estes, J. A., & Tegner, M. J.
(2002). Kelp forest ecosystems: Biodiversity, stability, resilience and future. Environmental
Conservation, 29(4), 436–459.
Tarjan, L. M., & M. T. Tinker. (2016). Permissible home range estimation (PHRE) in restricted habitats:
a new algorithm and an evaluation for sea otters. PLoS ONE. 11(3).
Tegner, M. J., & L. A. Levin. (1982). Do sea urchins and abalones compete in California kelp forest
communities? International Echinoderms Conference. Tampa Bay. J.M. Lawrence, ed.
Thometz, N. M., Staedler, M. M., Tomoleoni, J. A., Bodkin, J. L., Bentall, G. B., & M. T. Tinker. (2016).
Trade-offs between energy maximization and parental care in a central place forager, the sea otter.
Behavioral Ecology. 27(5): 1552-1566.
Tinker, M. T., G. Bentall, & J. A. Estes. (2008). Food limitation leads to behavioral diversification and
dietary specialization in sea otters. Proceedings of the National Academy of Sciences of the United States
of America. 105(2): 560-565.
Tinker, M. T., Guimarães, P. R., Novak, M., Marquitti, F. M. D., Bodkin, J. L., Staedler, M., … Estes, J.
A. (2012). Structure and mechanism of diet specialisation: Testing models of individual variation in
resource use with sea otters. Ecology Letters. 15(5): 475–483.
Tinker, M. T., Tomoleoni, J., LaRoche, N., Bowen, L., Miles, A. K., Murray, M., … Randell, Z. (2017).
Southern sea otter range expansion and habitat use in the Santa Barbara Channel, California (Report
No. 2017–1001; p. 86).
The Research Group, LLC. 2013. Oregon Marine Recreational Fisheries Economic Contributions in 2011
and 2012. Prepared for Oregon Department of Fish and Wildlife and Oregon Coastal Zone Management
Association. July 2013.
Turner, S. J., Thrush, S. F., Hewitt, J. E., Cummings, V. J., & Funnell, G. (1999). Fishing impacts and the
degradation or loss of habitat structure. Fisheries Management and Ecology, 6(5), 401–420.
Tyack, P. L. (2008). Implications for Marine Mammals of Large-Scale Changes in the Marine Acoustic
Environment. Journal of Mammalogy, 89(3), 549–558.
USFWS. (2014a). Northern Sea Otter (Enhydra lutris kenyoni): Southeast Alaska Stock. Accessed:
https://www.fws.gov/alaska/fisheries/mmm/stock/Revised_April_2014_Southeast_Alaska_Sea_Otter_SA
R.pdf
USFWS. (2014b). Northern Sea Otter (Enhydra lutris kenyoni): Southwest Alaska Stock. Accessed:
https://www.fws.gov/r7/fisheries/mmm/stock/Revised_April_2014_Southwest_Alaska_Sea_Otter_SAR.p
df
Welch, L. (2019, October 31). Sea otters eating through Alaska fisheries. National Fishermen. Accessed:
https://www.nationalfisherman.com/alaska/sea-otters-eating-through-alaska-fisheries/
Williams, R., Lusseau, D., & Hammond, P. S. (2006). Estimating relative energetic costs of human
disturbance to killer whales (Orcinus orca). Biological Conservation, 133(3), 301–311.

63
Wimberger, K., Downs, C. T., & Perrin, M. R. (2009). Two Unsuccessful Reintroduction Attempts of
Rock Hyraxes (Procavia capensis) into a Reserve in the KwaZulu-Natal Province, South Africa. African
Journal of Wildlife Research, 39(2), 192–201.

64

APPENDICES

65

Figure S1: Historical and current sea otter range across the North Pacific Ocean (Cecelia
Azhderian).
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Additional layers assessed relative to high density sea otter habitat, but not included in main chapter.
These layers include: (S2) alternative habitats (estuaries, rocky shorelines, and groups of islands > 3.0 x
103 km2) sea otters may use for foraging or shelter during coastal storms or winter months, (S3) large
coastal communities (> 1,000 people; 2000 U.S. Census, 2010 U.S. Census) that may act as sources of
additional disturbance to sea otters, (S4) sources and locations of large vessel traffic depicting potential
interaction with sea otter habitat, and additional commercial and recreational fisheries that target common
sea otter prey species (abalone (S5), razor clams (S6), mussels (S7), recreational bay crabs and clams
harvests (S8), and commercial harvest of bay crabs and clams(S9)) and therefore may interact with sea
otters.
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Alternative Habitats (estuaries, rocky shorelines, island groups)

Figure S2. Alternative habitats relative to high-density habitats. Estuaries are labeled in black.
Estuaries accessible to seasonal dispersing sea otters (i.e. within 50 km of high-density habitats) are
noted with a blue plus. Estuaries not accessible are noted with a red “x”.
Noteworthy Methods
We only included estuaries originally identified within the carrying capacity model and predictions. There
are several smaller estuaries along the Oregon coast, but many of these estuaries either do not contain
eelgrass, which supports potential sea otter prey, or are not as tidally influenced. Therefore, these
estuaries were excluded. In Washington, sea otters have previously exhibited seasonal dispersal behavior,
traversing > 45 km within 14 days, to seek out protected areas during intense winter climates (Laidre et
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al. 2009). We account for this seasonal dispersal behavior by identifying estuaries within 50 km of linear
coastline from high-density habitats.

Noteworthy Results:
All high-density habitats are within 50 km of at least one estuary. Therefore, sea otters at these highdensity locations could have access to potential estuarine habitat either for shelter or alternative foraging
areas. Necanicum, Nehalem, Tillamook, Netarts, Sand Lake, and Siuslaw are not relatively less accessible
as estuarine habitat. All high-density habitats have island groups and rocky shorelines within the daily
dispersal potential of sea otters (within 2 km), except for one high-density habitat located along the North
coast near the Columbia River.
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Disturbance (large coastal communities > 1,000 people)

Figure S3. Large coastal communities in relation to high-density sea otter habitats.
Noteworthy Methods: We only included large communities within 5 km of either the shoreline or an
identified estuary. Community points were relocated to either the shoreline or estuary boundary using the
“Near” tool in ArcGIS, and proximity to high-density habitat was assessed to these repositioned points.
Noteworthy Results: We identified a total of 28 large communities proximate (i.e. within 5 km) of either
the shoreline or identified estuary. Seven communities (Depoe Bay, Newport, Lincoln Beach, Brookings,
Gold Beach, Harbor, and Port Orford) are proximate (i.e. within 2 km) to high-density sea otter habitats,
and therefore, could act as potential sources of disturbance. These communities are located within the
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Central and Southern regions. Importantly, the largest predicted high-density habitat (Orford & Blanco
Reef) is not proximate to any large communities, but the second largest high-density habitat (Newport) is.
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Potential sources of vessel activity (ports, commercial shipping, tow lanes)

Figure S4. Spatial location of predicted high-density sea otter habitat (green polygons) along the
Oregon outer coast and the potential overlap with, and proximity of these areas to, commercial
shipping lanes (beige polygons), tow lanes (red lines), and fishing ports (yellow dots) across regions
(A = North, B = Central, C = South).
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Fisheries
Note: All fisheries data were either provided by ODFW fishery managers and were compiled from
logbook data, or landings data were compiled from publicly-available sources on ODFW’s website.
Abalone (Recreational Fishery)

Figure S5. Potential interactions between sea otters and the recreational abalone fishery. Abalone
are harvested within broad harvest zones, separated by the dashed lines on the map. The Columbia
River to just north of Bandon is one harvest zone, yet only 15 abalone were harvested within this
extremely large zone. The total number of individual abalones harvested over the previous 10
fishing seasons (2008 – 2017; fishery suspended in 2018) is noted within each zone.
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Noteworthy Results: Abalone were harvested from 8 harvest zones in Oregon, primarily in the south
region. All harvest zones overlapped, and were proximate to, high-density habitat. Most abalone landings
(91%; 1336/1467 individuals) came from just two harvest zones, but only 1.4% (13/926 otters) of highdensity sea otter habitat occurred within these zones.
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Razor Clams (fishery independent survey)

Figure S6. Potential interactions between sea otters and local razor clam densities estimated from
fishery independent transect surveys from 2004 – 2018 (ODFW).
Noteworthy Results: Clatsop beaches (denoted by the rainbow transects on map) comprise an estimated
90% of all razor clam harvests in Oregon. We only considered proximity of high-density habitats to this
one localized harvest area and found these known razor clam populations are accessible to both foraging
(i.e. within 2 km) and seasonally dispersing (i.e. within 50 km) sea otters along the North coast, only.
Therefore, sea otters may interact with razor clam harvesters, but only near the one high-density habitat in
the North region.
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Mussels (Beds and Commercial Fishery)

Figure S7. Potential interactions between sea otters and known shoreline mussel beds, overlaid with
ports with reported commercial mussel harvest.
Noteworthy Results: Over the past 10 fishing seasons (2009 – 2018), mussel harvests were reported at 7
ports, predominately located along the northern and central coastlines. Average annual landings per port
ranged from 0.1 lbs/yr to 402.1 lbs/yr. All ports except for two (Newport & Charleston), landed less than
10 lbs/yr. Newport had the highest average annual landings with 402.1 lbs/yr, while Charleston had 45.3
lbs/yr. We also found all high-density sea otter habitats along the central and southern coasts had
proximate mussel beds (i.e. within 2 km). If we assume a port’s reported mussel landings were harvested
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from mussel beds relatively proximate to those ports, we find fewer mussels beds are proximate to highdensity habitats along the central (44% of mussels beds; 39 / 89 km of beds) than southern (71% of
mussel beds; 106 / 149 km of beds).
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Bay Crab & Clams (Recreational Fisheries)

Figure S8. High-density sea otter habitats in relation to ports with reported recreational harvest of
bay crabs and bay clams. Both bay crabs and bay clams were reported at each port, except for
Waldport, where only bay crabs are reported.
Noteworthy Results: We found only one of these ports (Newport) is proximate (i.e. within 2 km) to highdensity habitats. Newport comprises 18% (98,639 / 535,246 lbs/yr) and 17% (57,793 / 342,808 lbs/yr) of
the mean annual recreational landings for bay crabs and bay clams, respectively.
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Bay Crab & Clams (Commercial Fisheries)

Figure S9. High-density sea otter habitats in relation to ports with reported commercial harvest of
bay crabs and bay clams. Both bay crabs and bay clams were reported at each port.
Noteworthy Results: Across the entire study area, annual commercial bay clam landings ranged from 5.2
to 72,088.38 lbs/yr per port, while commercial bay crab landings ranged from 0 to 10,264.6 lbs/yr per
port. We found commercial bay clam landings are much higher along the north coast (296,183.5 lbs/yr)
than central (17,395.72 lbs/yr) and south (25,023.5 lbs/yr). We find somewhat similar trends with
commercial bay crab landings, with higher annual landings along the central coast (16,655.2 lbs/yr), than
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north (2,208.5 lbs/yr) and south (10,979 lbs/yr). We found a fourth of ports (n = 5) are proximate to highdensity habitats (i.e. within 2 km), including Brookings, Gold Beach, Port Orford, Newport, and Depoe
Bay. Of ports with the highest commercial bay clam landings (Cannon Beach, Garibaldi,
Gearhart/Seaside, and Nehalem, at 72,088.38 lbs/yr each), we found none of these ports are proximate to
high-density sea otter habitats. For commercial bay crab landings, we also found none of the highestlandings ports (i.e. Winchester Bay, Florence, Yachats, Waldport, and Charleston) were proximate to
high-density habitats. However, Charleston is within 5 km of high-density sea otter habitats and could
still be relatively accessible to foraging sea otters. The next highest landings port is Newport, which is
proximate to high-density habitats. Yet, we found much lower annual landings here (n = 2,792.36 lbs/yr).
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Table S10. All 106 effect sizes extracted and calculated across all 28 studies included in the metaanalysis. A negative effect size (i.e. log response ratio) means sea otter presence is associated with a
decrease in species availability, while positive means sea otters are associated with an increase.
Study

Species
Group

Common Name

Metric

Bodkin 2001
Bodkin 2001
Bodkin 2001
Bodkin 2001
Bodkin 2003
Bodkin 2003
Bodkin 2003
Bodkin 2003
Breen et al. 1982
Breen et al. 1982

Prey
Prey
Prey
Prey
Prey
Prey
Prey
Prey
Macro
Macro

Bivalve
Bivalve
Bivalve
Bivalve
Bivalve
Bivalve
Bivalve
Bivalve
Kelp
Kelp

Breen et al. 1982
Breen et al. 1982
Breen et al. 1982
Breen et al. 1982
Burt et al. 2018
Burt et al. 2018
Burt et al. 2018
Estes & Duggins
1995
Estes & Duggins
1995
Estes & Duggins
1995
Estes & Duggins
1995
Estes & Duggins
1995
Estes & Duggins
1995
Estes & Duggins
1995
Fanshawe et al. 2003
Fanshawe et al. 2003

Prey
Prey
Prey
Prey
Macro
Prey
Prey
Algae

Abalone
Abalone
Red urchin
Red urchin
Kelp
Red urchin
Sea star
Algae

Diversity
Density
Biomass
Size
Diversity
Density
Biomass
Size
Max Depth
Average
Depth
Density
Size
Density
Size
Density
Density
Biomass
Percent cover

Macro

Kelp

Prey

Garshelis et al. 1986
Hoyt 2015

Effect size
(log
response
ratio)
0.16
-0.56
-1.17
-0.28
0.24
-1.74
-2.84
-0.26
1.00
1.14

Standard
Error

0.13
0.41
1.00
0.03
0.10
1.33
5.32
0.11
0.26
0.31

0.05
-0.11
-1.08
-0.19
1.18
-1.24
-0.85
1.33

0.76
0.22
0.38
0.33
0.44
0.37
0.27
1.42

Density

2.65

3.56

Purple urchin

Size

0.20

0.60

Prey

Urchin

Density

-0.18

0.54

Prey

Urchin
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