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Abstract

Sea otter Enhydra lutris predation has resulted in conflict with humans for shared marine 

resources, as sea otters reduce the abundance and size of nearshore crabs. Several species of crab 

in Southeast Alaska are prey for sea otters including Cancer magister, a highly valued 

commercial and subsistence species, as well as Cancer gracilis, Cancer productus, and 

Telmessus cheiragonus, species that are abundant in the nearshore and of ecological and 

subsistence importance. Understanding the influence of sea otters and habitat structure on 

valuable crab species is of particular importance in Southeast Alaska as the abundance and range 

of sea otters expands across important crab nursery habitat. We 1) conducted breakpoint analyses 

to identify sea otter density thresholds that affect the abundance and biomass of nearshore crab 

species, 2) used a two-factor type III Analysis of Variance (ANOVA) to test the impact of sea 

otter presence and year on crab size, and 3) used general linearized models (GLM) to test the 

impacts of sea otter density and habitat structure on crab species abundance and size distribution. 

We found evidence of sea otters decreasing crab species' abundance, biomass, and size. C. 

magister, C. gracilis, and C. productus experienced a significant decline in size in the presence 

of sea otters, while T. cheiragonus size did not differ as a function of sea otter presence. We 

found a significant decrease in biomass in C. magister and in biomass and abundance in C. 

productus, associated with increasing sea otter density. Different responses across crab species 

are likely attributed to size distributions and sea otter foraging behavior. Habitat characteristics, 

such as eelgrass biomass and shoot density, had a small influence on crab abundance and size 

that depended on the species of crab. These results suggest that populations of large crabs do not 

persist in the presence of sea otters, small crabs may co-occur with sea otters, and eelgrass 

biomass and density marginally influence crab abundance and size.
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General Introduction

Sea otters in Southeast Alaska

Since reintroduction to seven coastal locations in the late 1960s, sea otters Enhydra lutris 

have recolonized nearshore ecosystems throughout Southeast Alaska, from Cape Yakataga in the 

north to Dixon Entrance in the south. Fewer than 500 animals were translocated from Amchitka 

Island and Prince William Sound in Alaska (Burris & McKnight, 1973). Population growth was 

initially slow but increased exponentially. By 2003, the Southeast Alaska sea otter stock included 

over 8,000 sea otters and then grew to over 25,000 in 2011 (Esslinger & Bodkin, 2009, Tinker et 

al. 2019, United States Fish and Wildlife, 2014). The population growth rates in the northern and 

southern regions of Southeast Alaska were 12% and 14%, respectively at the time of the 2011 

assessment (Tinker et al. 2019, United States Fish and Wildlife, 2014).

Sea otters are protected under the United States Marine Mammal Protection Act 

(MMPA), and major mortality events from harmful algal blooms, disease outbreaks and 

predation are unlikely to cause significant population declines (United States Fish and Wildlife 

Service, 2014). On the other hand, harvest mortality from 1988 through 2015 by Alaska Native 

hunting reduced populations locally, but has not had a region-wide effect on population growth 

in Southeast Alaska (Raymond et al. 2019). The magnitude of local harvest effects in a subregion 

was influenced most by proximity to coastal communities and time since occupation by sea 

otters (Raymond et al. 2019). Sea otter population models suggest that the Southeast Alaska 

stock of sea otters at the last survey in 2010-2011 was about one-third of its carrying capacity, 

74,650 sea otters (CI = 36,778-136,506), indicating potential for continued population growth 

(Tinker et al. 2019).
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Southeast Alaska sea otter diet diversity increases with the duration of sea otter presence 

as food resources become more limited (Hoyt, 2015). This pattern is consistent with optimal 

foraging theory which postulates that over time, animals will diversify their diet to include 

species of lower caloric value with lower rates of encounter and higher handling times of higher 

value prey (Pyke, 1984). Sea otters in California that are food-limited learn prey-specific 

foraging skills, and can specialize on less preferred and harder to capture prey types to more 

efficiently forage (Tinker et al. 2008). In Southeast Alaska, red sea urchins (Strongylocentrotus 

franciscanus) and Dungeness crab Cancer magister are more common in sea otter diets when sea 

otters first colonize an area (Hoyt, 2015). Large sea urchins and crabs provide a calorie-dense, 

yet short-term food resource. Bivalves dominate the diet composition of sea otters where sea 

otters have existed for greater than 20 years as seen in soft-bottom and rocky communities in 

Southeast Alaska (Kvitek & Oliver, 1992, LaRoche et al. 2021), and Prince William Sound 

(Calkins, 1978, Garshelis, 1983), and for greater than five years in soft-bottom communities 

surrounding the Kodiak Archipelago (Kvitek et al. 1992).

Sea otters are a well-documented apex predator in rocky marine habitats with great 

potential to reduce prey abundance and consequently alter community structure (Estes & 

Palmisano, 1974, Kvitek et al. 1992, Singh et al. 2013). Hughes et al. (2013) discovered a four- 

level trophic cascade in California seagrass habitat where sea otters mitigated the bottom-up 

influences of nutrient loading and promoted the growth and expansion of seagrass by preying 

upon intermediate predators that in turn prey upon epifauna that keep epiphytes at bay (Hughes 

et al. 2013). Raymond et al. (2021a, 2021b) tested the generality of the sea otter-seagrass trophic 

cascade and found a negative relationship between sea otters and crabs and a positive 

relationship between sea otters and seagrass. However, other relationships indicative of a trophic 
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cascade were not supported, like the relationship between crabs and epifauna (Raymond et al. 

2021a, 2021b). In British Columbia, the strong role of sea otters in seagrass habitat was not 

supported, presumably because of a more recent introduction of sea otters, complex coastline, 

and reduced environmental stress in contrast to California seagrass habitat (Hessing-Lewis et al. 

2018).

Seagrass habitat

Seagrass is an abundant vegetated marine habitat in Southeast Alaska. Approximately 

one-third of the 30,000 km shoreline in Southeast Alaska is seagrass, which is nearly as much 

shoreline, of any form, as the west coast of the contiguous United States (Harper & Morris, 

2014). Seagrass supports and protects complex marine communities by increasing within-habitat 

community diversity, biomass, primary production, and secondary production; with the result 

that seagrass provides habitat for one of the most productive ecosystems on earth (Duffy, 2006, 

Hughes et al. 2013, Lefcheck et al. 2019). For these services in tandem with others, seagrass 

meadows are valued to be worth US $30,000 per hectare per year (Costanza et al. 1997).

Seagrass can ameliorate predation effects, and offer protection, favorable growing 

conditions, and foraging opportunities, and therefore, plays an important role as nursery grounds 

for fishes and invertebrates (Beck et al. 2001, Bertelli & Unsworth, 2014, Heck et al. 2003, Heck 

& Orth, 1980, Lefcheck et al. 2019). For example, juvenile C. magister use eelgrass (Zostera 

marina) habitat as refuge from predators. The effects of sea otters on C. magister size was more 

pronounced in unvegetated habitat versus seagrass habitat (Grimes et al. 2020). A meta-analysis 

on the effects of latitude, temperature, and habitat complexity on predation pressure in Z. marina 
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habitat across the Northern Hemisphere found that predation pressure was ameliorated with 

increasing seagrass shoot density (Reynolds et al. 2018).

Seagrass habitat is declining at a rate of 110 km2 per year since 1980 (Orth et al. 2006, 

Waycott et al. 2009). Specifically, Z. marina is decreasing at a trajectory of -1.4% per annum 

based on a review of 126 studies (Short et al. 2011). The causes of decline vary globally and 

include disease, invasive species, anthropogenic eutrophication and commercial fishing practices 

(Orth et al. 2006). In Southeast Alaska, we know little about Z. marina status, trends, 

distribution, and abundance, which is a significant data gap given the decline in seagrasses 

worldwide. We can theorize that anthropogenic eutrophication is limited and if it occurs is 

localized in our study system due to the low human population and remote nature of most of the 

region. Wasting disease caused by Labyrinthula zosterae is prevalent in Southeast Alaska (Aoki 

et al. in review, Cates, personal observation, Graham et al. 2021), and thus this pathogen could 

negatively impact essential fish and invertebrate species and their habitat as it has done in other 

regions (Bockelmann et al. 2013, Groner et al. 2016, Jakobsson-Thor et al. 2018, Orth et al. 

2006).

Nearshore crab assemblages in Southeast Alaska

In our study region around Prince of Wales Island in Southeast Alaska, the primary crab 

species found in eelgrass meadows are C. magister, graceful rock crab Cancer gracilis, red rock 

crab Cancer productus, and helmet crab Telmessus cheiragonus (Cates, personal observation). 

Because C. magister and C. productus are commercially important species, a substantial volume 

of research has been conducted on the life history, movement, and foraging behavior of these 

species, with most of this research occurring outside of Alaska (Armstrong et al. 2003,
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Fernandez et al. 1993, Lewis et al. 2021, Miller & Shanks, 2004, Rasmuson, 2013, Shanks & 

Roegner, 2007, Stevens & Armstrong, 1984, Tasto, 1983, Worton et al. 2011) and some 

movement and recruitment studies occurring in Alaska (Herter & Eckert, 2008, Smith & Eckert, 

2011, Stone & O'Clair, 2001, 2002). In contrast, fewer studies have focused on C. gracilis, and 

T. cheiragonus. Data from other regions may be applicable to Alaska. However, colder water 

temperatures and a complex coastline indented with bays and fjord-type estuaries can create 

latitudinal variation in life history timing, movement, and foraging behavior (Shirley et al. 1987, 

Stone & O'Clair, 2001, Wild, 1983)

C. magister is a highly valued fishery species that supports important recreational and 

commercial fisheries from southern California to southwestern Alaska (Rasmuson, 2013). In 

Alaska, C. magister is harvested for subsistence, personal use, and commercial purposes, with 

commercial harvest managed by Alaska Department of Fish and Game (Stratman et al. 2014). 

Since the 1960s an average of 1.22 million kg of C. magister have been harvested per year in 

Southeast Alaska. During the 2020-2021 season, 3.04 million kg of C. magister were harvested 

in Southeast Alaska; the second largest harvest and fifth most lucrative season on record (Figure 

S1.1). In Southeast Alaska, there are no surveys to assess the current population of C. magister, 

and it is managed with 3-S (size, sex, and season) management, with the stipulation to close the 

fishery early if the predicted harvest does not meet one of two thresholds (Stratman et al. 2017). 

The legal-size limit is 16.51 cm (6.5 in), only males are harvested, and commercial fishery 

management consists of a summer season, followed by a late summer closure, and a fall season 

to reflect molting and mating periods (Rasmuson, 2013, Stone & O'Clair, 2001, Stratman et al. 

2017). Biologically, 16.51 cm (6.5 in) is the best legal-size threshold because males are 
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functionally mature, and have mated at least once by this time, and can now enter the fishery 

(Worton et al. 2011).

Fishermen and managers are concerned about the impacts of a growing sea otter 

population and changing ocean conditions on Dungeness crab stocks and fisheries (Stratman et 

al. 2014). Since their reintroduction in Southeast Alaska, sea otters have been implicated in the 

reduction in commercial harvest of C. magister and fishery closures in Yakutat, Prince William 

Sound, the Copper River Delta, and Kachemak Bay (Garshelis & Garshelis, 1984, Hoyt, 2015, 

Shirley et al. 1996). In Prince William Sound over 80% of the C. magister standing stock was 

reduced due to sea otter recolonization (Garshelis et al. 1986, Garshelis & Garshelis, 1984). 

Declines in harvest in Districts 3, 4, and 14 (W. Prince of Wales Island and Glacier Bay) are 

attributed to sea otter predation and sea otters continue to expand into commercially important 

Districts 5, 6, 8, 9, and 10, surrounding waters of Kuiu Island, Mitkof Island, Kupreanof Island 

and N. Prince of Wales Island (Stratman et al. 2017). Subsistence harvesters report declining 

crab harvests in areas where sea otters are now present (Ibarra, 2021, Stratman et al. 2017). 

Furthermore, Hoyt (2015) conducted breakpoint analyses to compare sea otter recolonization of 

an area with fishery district closures. Using C. magister catch records from 1969 to 2010, Hoyt 

(2015) found breakpoints that were congruent with sea otter colonization timing, indicating that 

sea otters may be associated with reduced abundance of C. magister in the study area. The 

human-sea otter conflict over subsistence, commercial, and personal use resources draw attention 

towards quantifying the sea otter-crab relationship so that management measures can be taken if 

necessary, especially considering regional stock declines that have failed to recover despite 

fishery closures (Stratman et al. 2017). Future research is warranted to examine the paradox of 

recent lucrative commercial C. magister seasons in Southeast Alaska amid a growing sea otter 
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population (Stratman et al. 2017, Tinker et al. 2019) (Fig S1.1). Research examining inter-district 

variability, areas of competitive pressure between sea otters and commercial fishing, C. magister 

recruitment patterns and limitations, and refugia behavior could help quantify temporal and 

spatial variation in sea otter predation pressure effects on valuable fishery resources.

Justification and need

Studies on the role of seagrass complexity and predation on invertebrate populations 

provide a strong framework for hypothesis testing in Alaska. Furthermore, seagrass in Southeast 

Alaska is extensive and provides juvenile nursery habitat for many species. However, seagrass 

habitats are vulnerable and declining in area across the globe for reasons including: disease, 

pollution, and eutrophication (Duarte, 2002, Hall et al. 1999, Harley et al. 2006, Short & Wyllie- 

Echeverria, 1996). As such, it has become increasingly important to understand how seagrass 

habitats in Southeast Alaska may contribute to subsistence and commercial fisheries. This study 

identifies the direct effects of sea otters on crab abundance, biomass, and size distribution. 

Additionally, this study considers increasing habitat complexity as a potential ameliorating effect 

on sea otter predation. As the range and population of sea otters continue to grow so does the 

stress on commercial and subsistence fisheries.

Thesis goals

The overall goal of this study was to analyze the relationship between sea otters and four 

crab species (C. magister, C. gracilis, C. productus, and T. cheriagonus) in Southeast Alaska 

nearshore vegetated communities. To achieve this goal, I analyzed crab assemblage data, sea 

otter density data, and seagrass morphometric data collected at sites around the west coast of 

Prince of Wales Island from 2017 to 2020. My first objective was to quantify the predation 
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impacts sea otters have on crab abundance, biomass, and size distribution. To account for other 

confounding effects, I also created models to consider how crab response variables varied with 

eelgrass biomass, and eelgrass shoot density in addition to sea otter density. These objectives 

were addressed to gain a better understanding of habitat structure and predation effects of an 

apex predator on crab communities to support ecosystem-based management strategies that will 

aid the coexistence of sea otters and crab fisheries in Southeast Alaska.
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Chapter 1 -The Effect of Sea Otter Enhydra lutris Predation and Habitat Structure 

on Nearshore Crab Assemblages in Southeast Alaska1

1 Cates R.J., Raymond W.W., Domke L.K., and Eckert G.L. The effect of sea otter (Enhydra lutris) predation and 
habitat structure on nearshore crab assemblages in Southeast Alaska. Manuscript in preparation for Marine Ecology 
Progress Series.

Abstract

As sea otter Enhydra lutris populations increase in Southeast Alaska and expand across 

important crab habitat, sea otter predation on crabs, particularly in nearshore crab nursery 

grounds, can drive crab population abundance and size structure. We examined the abundance, 

biomass and size distribution of nearshore crab species in eelgrass habitat to consider how sea 

otter predation and habitat structure in Southeast Alaska influence nearshore crab assemblages. 

Sea otters decreased crab species abundance, biomass, and size. Cancer magister, C. gracilis, 

and C. productus experienced a significant decline in size in the presence of sea otters while 

Telmessus cheiragonus size did not differ in the presence of sea otters. Breakpoint analyses 

highlighted a significant decrease in C. magister and C. productus biomass and in C. productus 

abundance at low sea otter densities. Differences in this relationship across crab species are 

likely attributed to crab size distribution and sea otter foraging behavior. Eelgrass biomass and 

shoot density explained little of the observed variation in crab abundance or size. These results 

suggest that populations of large crabs do not persist in the presence of sea otters, and small 

crabs may benefit from a size refuge in the presence of sea otters.
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1.1 Introduction

Characterizing the impact of sea otter (Enhydra lutris) predation is of particular 

importance for commercially and ecologically important crab populations, as sea otters can have 

direct, significant adverse impacts on crab populations and fishery resources (Garshelis et al. 

1986, Ibarra, 2021, Shirley et al. 1996). Sea otters are highly efficient foragers with high 

metabolic demands (Dayton, 1975, Duggins, 1980, Estes & Palmisano, 1974, Kvitek et al. 1989, 

Kvitek & Oliver, 1992, Simenstad et al. 1978). They do not have a blubber layer for insulation or 

energy storage, so they must rely on their fur and high metabolic rate to stay warm, consuming 

up to 25% of their body weight daily (Costa & Kooyman, 1982, Oftedal et al. 2007). Sea otters 

forage in shallow water and are limited by their maximum diving depth. Most foraging takes 

place in shallow waters less than 20 m deep, with females foraging in shallow water (5-20 m) 

85% of the time and males 36% of the time (Bodkin et al. 2004, Riedman & Estes, 1988). Thus, 

sea otter predation can have a great influence on large macroinvertebrate species in shallow 

water habitats.

The sea otter population in Southeast Alaska is expanding into its native range, after 

extermination and reintroduction. Sea otters were locally exterminated from Southeast Alaska 

during the maritime fur trade of the 19th and 20th centuries (Kenyon, 1969, Lensink, 1962). The 

Alaska Department of Fish and Game reintroduced 412 sea otters at seven sites in Southeast 

Alaska in the 1960s (Burris & McKnight, 1973, Jameson, 1989). The most recent Southeast 

Alaska sea otter stock assessment, based on aerial abundance surveys conducted by United States 

Fish and Wildlife Service (USFWS) in 2010-2011, estimates a population size of over 25,000 

individuals (United States Fish and Wildlife Service, 2014). The Southeast Alaska stock 

represents one-fifth of the global sea otter population and almost nine times the population of the 
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southern sea otter Enhydra lutris nereis (Hatfield et al. 2018, Tinker et al. 2019, United States 

Fish and Wildlife Service, 2014).

A prevalent and relatively understudied impact of sea otters is on juvenile crabs, since 

foraging areas of sea otters and nursery grounds of prey frequently coincide. Sea otter predation 

in nearshore vegetated communities, where juvenile crabs are commonly found, resulted in 

declines in crab abundance and mean size (Grimes et al. 2020, Hughes et al. 2013). The juvenile 

stage is a vulnerable period in the life history of crab species, with juvenile metrics (i.e., growth, 

survival and density) influenced by processes such as competition, predation, and habitat 

characteristics (Armstrong et al. 2003, Fernandez et al. 1993, Lewis et al. 2021). One species of 

crab for which we have good ecological data, Cancer magister, use nearshore habitat as nursery 

grounds where they experience faster growth rates before they move towards deeper water after a 

year (Gunderson et al. 1990, Stevens & Armstrong, 1984, Tasto, 1983). Because the C. magister 

fishery removes a large portion of adult males each commercial fishing season, it relies heavily 

on the annual recruitment of juveniles (Stratman et al. 2017). Understanding features of seagrass 

habitat that may confer resiliency to predation and support commercially valuable juveniles, like 

C. magister, to mature before out-migrating is valuable to a commercial fishery that has a landed 

commercial worth of up to $16.3 US million annually (Denning, 2020).

Crab species, such as red rock crabs C. productus, slender rock crabs C. gracilis, and 

helmet crabs Telmessus cheiragonus, share similar life histories as C. magister, play a similar 

role in ecosystem functions, and may be similarly affected by sea otter presence (Grosse & 

Pauley, 1989). Limited research exists on these common crab species found in Southeast Alaska 

nearshore communities, their interactions with one another, and effects of predators such as sea 
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otters on abundance, biomass, and size distribution. Little is known about the role of habitat in 

providing foraging areas or protection from sea otter predation in Southeast Alaska.

Seagrass provides extensive shallow water habitat in Southeast Alaska. Aerial surveys 

estimated that 10,000 km, approximately one-third, of the marine shoreline in Southeast Alaska 

contains seagrass (Harper & Morris, 2014). Thus, seagrass in Southeast Alaska encompasses as 

much shoreline, of any form, as the west coast of the contiguous United States. Seagrass habitat 

provides a wealth of ecosystem services, including stabilizing sediment, nutrient cycling, wave 

attenuation, and carbon flux and storage (Barbier et al. 2011, Duarte, 2002, Duffy, 2006, Greiner 

et al. 2013, Koch et al. 2009, Nordlund et al. 2016). For crabs in particular, seagrass habitat is 

important for regional population production and fisheries as it provides favorable growing 

conditions for juvenile crabs such as warmer temperatures, more foraging opportunities, and 

complex protective refugia, in comparison to unvegetated habitat (Fernandez et al. 1993, 

Gunderson et al. 1990, Lewis et al. 2021, Stevens & Armstrong, 1984).

The goal of this study was to analyze the relationship among sea otters, habitat structure, 

and four of the most common crab species (C. magister, C. gracilis, C. productus, and T. 

cheriagonus) in Southeast Alaska nearshore eelgrass (Zostera marina) habitat. To achieve this 

goal, we collected crab assemblage, sea otter density, and eelgrass habitat data at 26 sites, 

spanning 93 km, around the west coast of Prince of Wales Island from 2017 to 2020. Our 

objectives were to quantify the effects of sea otters and eelgrass on crab abundance, biomass, and 

size distribution to gain a better understanding of the interacting effects of an apex predator and 

habitat on crab communities.

12



1.2 Methods

1.2.1 Study area

We sampled crab assemblages, eelgrass biometrics, and sea otter density along the west 

coast of Prince of Wales Island and nearby islands in Alaska, with sites ranging 93 km from the 

most southern site in Dunbar Inlet up to the most northern site in Naukati Bay (Fig 1.1, Table 

S1.1). Sites were sampled from April to August during 2017-2020. Sites were selected following 

methods described in Raymond et al. (2021), briefly summarized here. We used the ShoreZone 

database and site visits to identify coastline segments with 100 m of eelgrass habitat with no 

overlapping kelp canopy (Harper & Morris, 2014, National Oceanic and Atmospheric 

Administration, 2021). Crab abundance and size composition and sea otter density were 

quantified at 21 sites in 2017 and 2020, 22 sites in 2019, and 6 sites in 2018. Eelgrass biometrics 

were sampled at 21 sites in 2017, 6 sites in 2018, 19 sites in 2019, and 6 sites in 2020 (Fig 1.1, 

Table S1.1).

1.2.2 Crab assemblage data

Crab assemblages were sampled May-August from 2017 through 2020. Crabs were 

sampled by setting 3-4 replicate strings of baited crab pots for 24 hrs at approximately 3-m depth 

Mean Lower Low Water (MLLW) in eelgrass habitat. Each string consisted of two pots, one of 

each style, to target a range of crab sizes: (1) a foldable wire mesh box pot (61 x 61 x 33 cm) 

with 10 x 10-cm gridding and two 20 x 10-cm openings, and (2) a collapsible ‘fukui' style pot 

(60 x 45 x 20 cm) with 1 x 1-cm fabric mesh and two 10 cm openings. Pots were connected with 

3-m lead line and marked at the surface with a single buoy. All pots were baited with ~0.5 l of 

chopped, frozen Pacific herring Clupea pallasii. Upon retrieval of pots, crabs were identified to 

species, their carapace width measured to the nearest millimeter at the widest part, and their sex 
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identified. Species identification discrepancies between C. magister and C. gracilis led us to drop 

2017 and 2018 data from analyses for these species. Each site was visited once per year. To 

standardize data and compare across years, crab abundance and biomass were converted to catch 

per unit effort (CPUE) and biomass per unit effort (BPUE) per species, with catch calculated as 

the sum of crab species per site per year and biomass the sum of biomass per species per site per 

year. Effort was the number of pots per site per year. Because the larger wire mesh pot captured 

few crabs, CPUE and BPUE were based on the fukui pot samples only, with three pots per site in 

2017 and 2020, and four pots per site in 2019 and 2020. Crab carapace width was used as a 

metric of crab size. Carapace widths were converted to mass using species-specific conversion 

factors (a and b, Table S1.2) using Eq. 1.1:
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1.2.3 Sea otter density data

We quantified the number of sea otters near our study sites in a 3.7 km radius area, an 

area selected to represent the home range of sea otter territory. Two replicate boat-based sea otter 

abundance surveys were conducted at least two weeks apart each year for each site by counting 

all adult and independent juvenile sea otters in the area over water along a radius of 3.7 km from 

the site where crab pots were set. The exact survey area differed for each site given the 

complexity of the coastline. The presence and number of pups were not recorded. Sea otter 

counts were converted to density (sea otters/km2) based on the total area surveyed. Density was 

averaged between the two surveys per site per year.



1.2.4 Eelgrass biometric data

We characterized eelgrass shoot density and aboveground biomass at sites where crab pot 

and sea otter surveys were conducted. In 2017, 2018, and 2020 eight 0.5-m × 0.5-m quadrats 

were evenly spaced every 12 m along a 100-m transect placed approximately -0.5 m relative to 

MLLW (Raymond et al. 2021). Eelgrass shoots were counted in each quadrat. Five eelgrass 

shoots from each quadrat were randomly selected and placed in a 400-μm mesh bag, which was 

transported back to the laboratory. The total length of all eelgrass leaves per shoot were 

measured and eelgrass leaves were dried for approximately 24 hr at 60°C and weighed to the 

nearest 0.0001 g. Aboveground dry eelgrass leaf mass was then converted to mass per square 

meter using the shoot density counts per quadrat. Eelgrass biomass was then averaged across the 

eight quadrats per site. At each site in 2019, five 0.5-m x 0.5-m quadrats were randomly placed 

roughly 5-m linear distance below the upper edge of the eelgrass bed at all sites. From each 

quadrat, eelgrass shoot density and the eelgrass blade length of 15 randomly selected shoots was 

measured. For 2019, aboveground dry eelgrass leaf mass data were not collected. Eelgrass 

biomass (g/m2) was calculated using a linear regression relationship from the 2017 data with max 

shoot length as the explanatory variable and eelgrass biomass as the response variable.

1.2.5 Statistical analyses

All statistical analyses were performed in R v. 4.0.4 (R Core Team 2021). All analyses 

were conducted per crab species. Due to the nature of the data, CPUE and BPUE responses 

included many zeros. The presence of zeros resulted in minor normality violations, so we 

proceeded to conduct breakpoint analyses and fit general linearized models (GLM) to the data.

We modeled CPUE and BPUE of crab species as a function of sea otter density using 

both a linear regression model and a piecewise linear regression model (breakpoint analysis) 
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where “X” is sea otter density in year “i” and at site “j,” and “Y” is crab CPUE or BPUE in year 

“i” and at site “j.” Parameters were estimated using the extension package SiZer: Significant 

Zero Crossings (Sonderegger, 2020) in R. Standard error estimates and 95% confidence intervals 

for the breakpoint analyses were obtained using a bootstrap procedure. The bootstrap samples are 

taken by resampling the raw data points and refit using the piecewise linear regression model to 

calculate the breakpoint for each of the 1,000 estimates (Sonderegger, 2020).

Crab size distribution data were tested for normality and equal variance assumptions 

using the Shapiro-Wilk and Levene's test respectively. A two-factor type III ANOVA with sea 

otter presence or absence and year as explanatory factors was performed to analyze individual 

and interactive effects on crab size. Statistically significant results were followed by a Tukey's 

post hoc test. Significance levels were assessed at α = 0.05. A one-factor type III ANOVA with 

sea otter presence or absence as explanatory factors and crab size data from 2017 as the response 

was used for T. cheiragonus as no crabs were caught in 2018, 2019, and 2020 at sites with sea 

otters.
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with an unknown breakpoint to determine how sea otters influenced crab CPUE and BPUE. We 

used an analysis of variance (ANOVA) to identify whether the linear or breakpoint model 

represented the CPUE and BPUE data better. The parameters of the piecewise linear regression 

model include the intercept (β0), the slope of the first segment (β1), the slope of the second 

segment (β2), a parameter representing the difference in the initial slope and the slope of the 

second segment ((X - C)+), and the error term (ε):



Crab abundance and size data were further analyzed using GLMs to assess the effect of 

habitat structure and sea otter density on response variables. For crab abundance, a negative 

binomial distribution with a log-link and log effort offset (to control for crab trapping differences 

across years) was used as a function of sea otter density, eelgrass biomass, and shoot density (Eq. 

1.3). Models were checked for overdispersion which precluded the use of a Poisson distribution. 

After reducing effort to the fukui pot samples only, zeros were less abundant in the data and 

precluded the use of a zero-inflated negative binomial model. The model structure for crab 

abundance is:
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where "μ" is the expected count, “X” is the predictor variable in year “z” and at site 

“j,” and "ε" is the offset variable in year “z” and at site “j.” To model crab size, a log-linked 

Gaussian distribution was used as a function of sea otter density, eelgrass biomass and shoot 

density:

Models were ranked using Akaike's information criterion with a correction for small 

sample sizes (AICc). We assessed variables that showed up in candidate models with a change in 

AICc (ΔAICc) less than 2 to test for effects on crab response variables. We assessed the relative 

importance of predictor variables by summing AIC weights (AICω) of candidate models.

To account for pot shyness effects and any species interactions, we performed a 

correlation analysis between the CPUE of all four crab species using data from 2019 to 2020.



1.3 Results

1.3.1 Effect of sea otters on crab abundance (CPUE) and biomass (BPUE)

Based on variance explained, linear models provided a better fit compared with 

breakpoint models for C. magister and C. gracilis CPUE, while breakpoint models provided a 

better fit than linear models for C. productus and T. cheiragonus CPUE (Table 1.1, Fig. 1.2). The 

slope of the linear models for C. magister and C. gracilis were negative (Fig 1.2) and sea otter 

density was not a significant predictor of crab CPUE for either species (Table 1.1). C. productus 

had a negative slope for the first and second segments of the breakpoint model, while T. 

cheiragonus had a positive slope for the first segment (Table 1.1, Fig. 1.2). Further, the estimated 

breakpoint for T. cheiragonus, occurred at a larger sea otter density (10.12 ind. km-2) while 

occurring at a smaller sea otter density (1.62 ind. km-2) for C. productus, a crab with a larger size 

distribution (Table 1.1, Fig. 1.2).

A linear model provided a better fit than a breakpoint model for C. gracilis BPUE, while 

breakpoint models provided a better fit than linear models for C. magister, C. productus and T. 

cheiragonus BPUE (Table 1.2, Fig. 1.2). The slope of the linear model for C. gracilis was 

negative (Fig 1.2). Sea otter density was not a significant predictor variable in the linear model 

(Table 1.2). C. magister and C. productus had a negative slope for the first and second segments 

of the breakpoint model while T. cheiragonus had a positive slope for the first segment and a 

negative slope for the second segment of the breakpoint model. Further, the estimated breakpoint 

for T. cheiragonus, occurred at a larger sea otter density (8.62 ind. km-2) while occurring at a 

smaller sea otter density (0.28 ind. km-2, 1.55 ind. km-2, respectively) for C. magister and C. 

productus, crabs with a larger size distribution (Table 1.2, Fig. 1.2).
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1.3.2 Effect of sea otters and year on crab size distribution

Crab carapace width was significantly larger at sites without sea otters than at sites with 

sea otters for C. magister, C. gracilis, and C. productus (F(1,1,1) = 23.39, 91.53, 4.19, p < 0.05, 

respectively; Table 1.3, Fig. 1.3). Sea otter presence did not have a significant relationship with 

T. cheiragonus crab carapace width (F(1) = 0.386, p > 0.05; Table 1.3, Fig. 1.3). Crab carapace 

width was significantly different over years for C. productus (F(3) = 7.38, p < 0.05; Table 1.3, 

Fig. 1.4, Fig 1.5). C. productus size was significantly smaller in 2017, 2019 and 2020 compared 

to 2018. There was also a significant interaction effect of sea otter presence and year for C. 

productus (F(3) = 2.89, p < 0.05; Table 1.3, Fig. 1.3, Fig 1.4). A Tukey post hoc test showed that 

carapace width was significantly larger at sites without sea otters in 2020 (Table 1.3, Fig 1.4).

1.3.3 Relationship among crabs, sea otters, and habitat structure

The best fit GLM for C. magister abundance contained sea otter density and revealed that 

sea otter density had a negative effect on C. magister abundance (β = -0.63, p = 0.07) and was 

the most important predictor variable (AICω = 0.83; Table 1.4, Table 1.6, Table S1.4, Fig 1.6). 

The best fit GLM for C. magister size contained sea otter density, eelgrass biomass, and their 

interaction, all of which were significant (Table 1.5, Table S1.5). Sea otter density had a negative 

effect on crab size, eelgrass biomass had a positive effect, and their interaction had a negative 

effect (β = -6.73, 0.01, -0.22, p = 0.01, 0.01, 0.01, respectively; Table 1.5, Fig 1.7). Sea otter 

density and eelgrass biomass were the most important predictor variables according to their 

AICω values (AICω = 1, 1, respectively; Table 1.6).

The best fit GLM for C. gracilis abundance contained shoot density. The best-fit model 

revealed that shoot density significantly and negatively affected C. gracilis abundance (β = - 

0.01, p = 0.04; Table 1.4, Table S1.4. Fig 1.6) and was the most important predictor variable
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(AICω = 0.74; Table 1.6). In contrast, the best fit GLM for C. gracilis size contained sea otter 

density, eelgrass biomass, and their interaction (Table 1.5, Table S1.5). Sea otter density had a 

negative effect on crab size, eelgrass biomass had a negative effect, and their interaction had a 

positive effect (β = -0.06, -0.01, 0.01, p = 0.01, 0.23, 0.01, respectively; Table 1.5, Fig 1.7). Sea 

otter density and eelgrass biomass were the most important predictor variables according to their 

AICω values (AICω = 1, 0.99, respectively; Table 1.6).

Models within 2 AICc values of each other for C. productus abundance contained sea 

otter density, shoot density, eelgrass biomass, and the interaction between sea otter density and 

seagrass biomass and between sea otter density and shoot density (Table S1.4). Sea otter density 

and the interaction between sea otter density and shoot density were the only significant 

predictor variables (Table 1.4). Sea otter density and eelgrass biomass had a negative effect on 

crab abundance, while shoot density, the interaction between sea otter density and eelgrass 

biomass, and the interaction between sea otter density and shoot density had a positive effect on 

crab abundance (β = -2.89, -0.01, 0.01, 0.01, 0.01 p = 0.01, 0.38, 0.45, 0.08, 0.01 respectively; 

Table 1.4, Fig 1.6). Sea otter density was the most important predictor variable according to the 

AICω value (AICω = 1; Table 1.6). The best fit GLM for C. productus size contained sea otter 

density, eelgrass biomass, shoot density and the interaction between sea otter density and 

seagrass biomass (Table 1.5, Table S1.5). All predictor variables had a negative effect on crab 

size but sea otter density was the only significant variable (β = -0.05, p = 0.03; Table 1.5, Fig 

1.7). Sea otter density was the most important predictor variable according to the AICω value 

(AICω = 0.85; Table 1.6)

The best fit GLM for T. cheiragonus abundance contained sea otter density, eelgrass 

biomass, shoot density, and the interaction between sea otter density and shoot density (Table 
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1.4, Table S1.4). Sea otter density and the interaction had a positive effect on T. cheiragonus 

abundance while eelgrass biomass and shoot density had a negative effect (Table 1.4, Fig 1.6).

Shoot density and the interaction were significant (β = 0.05, 0.01, -0.01, -0.01, p = 0.51, 0.01, 

0.68, 0.05; Table 1.4), and sea otter density was the most important predictor variable (AICω = 1;

Table 1.6). The best fit GLM for T. cheiragonus size contained sea otter density, shoot density, 

and their interaction density (Table 1.5, Table S1.5). Sea otter density had a positive effect on 

crab size, shoot density had a positive effect, and their interaction had a negative effect (β = 0.04, 

0.01, -0.01, p = 0.02, 0.39, 0.01, respectively; Table 1.5; Fig 1.7). Sea otter density and shoot 

density were the most important predictor variables according to their AICω values (AICω = 0.87, 

0.80, respectively; Table 1.6).

1.3.4 Pot shyness effects

Studies exhibit high levels of natural variability in crab CPUE possibly due to behavioral 

changes related to competition for food or avoidance of cannibalism (Iribarne et al. 1994). 

Correlation analysis highlighted weak relationships between all species indicating that pot 

shyness effects are not an alternative process affecting crab catch (r2 < 0.25; Table. 1.7).

1.4 Discussion

1.4.1 Nearshore crab assemblages and sea otters

In Southeast Alaska, we found evidence of sea otters decreasing crab abundance, 

biomass, and size. However, this relationship varied depending on the crab species. C. magister, 

C. gracilis, and C. productus experienced a significant decline in size in the presence of sea 

otters while there was no significant difference in T. cheiragonus size across sea otter presence 

levels. We similarly found a significant decrease in biomass for C. magister and C. productus 
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and in C. productus abundance associated with increasing sea otter density. Differences across 

crab species are likely attributed to crab size distribution and sea otter foraging behavior. This 

finding corresponds with other studies as sea otters have been shown to deplete large macro

invertebrates (e.g., Cancridae crabs) and reduce the overall size distribution of these resources 

throughout their range owing to their high metabolism (Grimes et al. 2020, Hoyt, 2015, Kvitek et 

al. 1992, Kvitek & Oliver 1992, Larson et al. 2013). In Southeast Alaska, Hoyt (2015) found that 

sea otters had a bivalve dominated diet in areas that were inhabited for 10-30 years with clams 

making up 22% of their overall diet and non-commercial small crabs making up 8% of their 

overall diet. Taken together, these results suggest that small crabs may benefit from a size refuge, 

while populations of large crabs do not persist in the presence of sea otters.

Sea otter effects on T. cheiragonus were quite different from the other species, with a 

positive slope between sea otter density and T. cheiragonus abundance and biomass, indicating 

that sea otters may have an indirect positive effect on T. cheiragonus abundance and biomass as 

sea otters preferentially prey on larger species that in turn may prey upon T. cheiragonus. The 

breakpoint analyses suggest this positive relationship may break down at very high sea otter 

densities. Additional variables such as life history behaviors across crab species (e.g., seasonal 

movement, habitat associations, and recruitment patterns) may also help explain differences in 

this relationship.

Low occurrence of C. magister in our samples resulted in a lack of relationship between 

C. magister CPUE and sea otter density for the linear regression or breakpoint analysis. 

Additionally, while we found a significant negative relationship between C. magister BPUE and 

sea otters for the breakpoint analyses, the confidence intervals were very large likely due to the 

small sample size of C. magister caught over the sample period (n=18). The C. magister BPUE 
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breakpoint model was likely significant because biomass incorporates a size metric and can look 

at the relationship past an abundance perspective, further supporting our size analysis. Given the 

lack of evidence for a clear ecological threshold, our results suggest multiple explanations. First, 

lack of a baseline of C. magister abundance at our sample sites before initial sea otter impact 

may have contributed to underwhelming results as sea otters were likely present for many years. 

Additionally, C. magister are a popular fishery species, and are actively fished recreationally and 

for subsistence purposes in our study area.

Breakpoints can be used as ecological thresholds indicative of rapid change at some 

threshold level of loss. While there are limitations to these analyses, they offer insight into 

species-specific responses to a disturbance. Identifying ecological thresholds may also offer 

useful information that can aid in the co-management of species (Rondinini & Chiozza, 2010, 

Samhouri et al. 2010, Sutherland et al. 2004). In this instance, breakpoints are values where crab 

abundance and biomass rapidly changed across a sea otter density gradient. For C. magister and 

C. productus, this change was into a less abundant state. However, ecological change and 

degradation can occur before the threshold is reached, and a single threshold value may not be 

applicable across all spatial and temporal levels. For instance, the location of ecological 

thresholds may depend on the location of the study site, time scale examined, and other variables 

that factor into that such as sea otter diet diversity. Second, as we saw in this study, different crab 

species respond at different ecological threshold values. Therefore, management decisions 

regarding the conservation of these crab species in response to sea otter predation should ideally 

be based on the responses of multiple species, with consideration of potential interactions among 

species if possible.
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1.4.2 Sea otters, habitat structure, and nearshore crab assemblages

Eelgrass density and biomass and interaction effects were rarely significant and if so, 

percent changes were marginal (-0.28 < % change < 0.61) except for one exception; the effect of 

eelgrass biomass and its interaction with sea otter density on C. magister size was significant and 

had a percent change greater than 1 (1.01%). Sea otter density significance had the highest 

relative importance for both analyses across all species except for C. gracilis abundance. While 

the abundance and size of crab species may be positively influenced by vegetated habitat 

compared to unvegetated habitat, increased habitat structure may not always enhance survival 

and offset high predation rates and protect juvenile crabs from a highly efficient predator such as 

the sea otter. This may explain the prominence of sea otter density as an important variable and 

the reduction in crab species abundance and size, as even low densities of sea otters are likely 

sufficient to reduce large, more preferred prey. Grimes (2020) found a more pronounced 

negative relationship between C. magister size and sea otter density in unvegetated habitat 

compared to vegetated habitat (Grimes et al. 2020). While we have no results to compare crab 

abundance and size in unvegetated versus vegetated habitat, our results indicate that structure, 

once present, may have marginal effects on crab species. Distinguishing which structural 

complexity factors, if any, are of higher significance for greater prey survival and abundance in 

eelgrass habitat will require consistent sampling across broad spatial and temporal scales.

Additionally, seagrass habitat may have different effects on distinct juvenile metrics (i.e., 

density, growth, and survival) and that these effects may vary across geographic regions and 

predator densities, and in comparison to other habitats (Heck et al. 2003, McDevitt-Irwin et al. 

2016). A meta-analysis found that in temperate regions, seagrass provided better nursery habitat 

than other habitats, particularly for supporting high juvenile density and growth through the 
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provision of food. However, while survival was higher in seagrass compared to unstructured 

habitats, it was significantly lower compared to other structured habitats like kelp forests 

(McDevitt-Irwin et al. 2016). This emphasizes that different habitats may be more valuable for 

distinct juvenile metrics, and management of species may require strategies that prioritize one 

metric over another.

Further, our habitat analyses may have been influenced by two other factors. First, 

eelgrass habitat in the study area was narrowly fringing (10-20 m) along the shoreline. There 

were no vast eelgrass meadows that are characteristic of other regions (Cates, personal 

observation). Patch size and edge effects of seagrass can impact density, growth, and survival of 

crab species associated with seagrass beds in highly variable ways depending on region and 

habitat characteristics (i.e., shoot density) (Bostrom et al. 2006). To date, how these factors 

influence seagrass communities in Southeast Alaska are not well understood. Second, our 

correlation results suggest a positive indirect relationship between sea otters and seagrass 

biomass similar to correlation results from Raymond et al. 2021. While our objectives were not 

pointed at identifying a mechanism for the positive correlation between sea otters and seagrass 

biomass, Raymond et al. (2021) found a three-way correlation among sea otter index, sediment 

grain size and seagrass biomass in which sediment grain size was negatively correlated with sea 

otter index and seagrass biomass, and sea otter index and seagrass biomass were positively 

correlated (Raymond et al. 2021). Another possible explanation for this is a space-competition 

relationship between intertidal seagrass and benthic infauna, like clams (Gagnon et al. 2020, 

Saavedra unpublished ms). By removing clams, sea otters may indirectly enhance seagrass 

biomass.
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1.4.3 Implications for management

As sea otter abundance and range continue to expand, understanding the effects of their 

predation pressure will be critical to understand sea otter-fishery interactions. This study, in 

tandem with others, provides evidence of empirical thresholds that represent abrupt changes in 

prey species abundance and biomass at specific sea otter densities. However, such empirical 

thresholds are only useful if the scope of the threshold is clearly understood as ecological 

thresholds can change with geographic location, sample period, and habitat among other 

variables. This is of particular importance considering substantial small-scale variation that may 

exist across our sample area and throughout Southeast Alaska.

Current threats to the C. magister fishery include the potential for reduced population 

productivity for C. magister in Southeast Alaska, because females at this latitude extrude eggs on 

a biennial basis and large female C. magister crabs exhibit assortative mating behavior (Butler, 

1960, Shirley & Sturdevant, 2010, Swiney et al. 2003). Additional concern is layered upon the 

Southeast Alaska C. magister fishery as there is limited data available on the seasonal timing of 

harvest and soft-shell crab mortality, variable interpretations of port sampling data, high effort 

levels relative to available fishing ground, and a lack of region-wide life history information 

(Stratman et al. 2017). Despite these concerns, the C. magister fishery has been especially 

lucrative recently, including the 2020-2021 season when 3.04 million kg of C. magister were 

harvested in Southeast Alaska; the second largest harvest and fifth most lucrative season on 

record (Denning, 2021)(Fig S1.1).

This paradox, along with variation in subregional sea otter predation pressure and habitat 

type, suggest that a spatially explicit approach to managing C. magister may be beneficial. 

Factors that influence C. magister abundance and size likely occur at small subregional scales, 
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rather than large regional scales. Therefore, effective management strategies are likely to benefit 

from incorporating fine scale, subregional C. magister population and risk assessments. For 

example, evaluation of fisheries effects will be more accurate and precise if monitored and 

managed at the subregional scale in tandem with sea otter predation pressure. Failure to 

recognize variation in subregional population structure could lead to ineffective strategies for 

mitigating sea otter-fishery interactions. Currently, no active stock assessment program for the 

commercially important C. magister exists as the species is managed by size, sex, and season 

(Stratman et al. 2017). A stock assessment program could help assess current C. magister 

populations, describe variability in life history timing in tandem with sea otter colonization, and 

advise sustainable harvest levels of commercial shellfish.

Future research investigating the role of sea otters in shaping commercially important 

shellfish communities is encouraged. We suggest that future research be focused on three main 

objectives to support the commercial and ecological viability of crab species amid a growing sea 

otter presence. First, it is likely that adult populations of C. magister have a depth refuge outside 

the typical range of sea otter foraging dives. Future studies should focus on identifying this 

refuge across a spatial and sea otter persistence gradient. Second, sea otter consumption of 

juvenile C. magister in nearshore environments could impact fishery yield by reducing the 

abundance of legal sized crabs recruiting into the fishery. As sea otters continue to expand, 

information on the direct impact of sea otter predation on juvenile prey populations will need to 

be considered by resource managers to continue to support the recovery of the species without 

conflict from fishery stakeholders. Third, crab larval recruitment patterns, and the physical 

processes that interact with them are an extremely understudied area in Southeast Alaska. To 

date, very limited information exists on crab larval recruitment patterns for C. magister, C.
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gracilis, C. productus, and T. cheiragonus (Herter & Eckert, 2008, Park et al. 2007, Smith &

Eckert, 2011). Recruitment patterns are beneficial as they can help explain variation in 

recruitment dynamics in Southeast Alaska that could predict future population structure and 

commercial profit (Shanks & Roegner, 2007).

Data availability. All data are available on the Knowledge Network for Biocomplexity (KNB), 

https://knb.ecoinformatics.org/view/urn%3Auuid%3Ada527f1f-b82e-41c1-84c2-9981f5cbaa8d
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1.6 Figures

Figure 1.1 - Study area in Southeast Alaska near Prince of Wales Island. Orange circles indicate 
sample sites, green triangles indicate sea otter reintroduction sites, and sea otter colonization 
through time is color coded by year (blue).
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Figure 1.2 - Crab catch per unit effort (CPUE) and biomass per unit effort (BPUE) linear and 
piecewise linear regression models across a sea otter density gradient (ind. km-2) with catch 
calculated as the sum per site per year and biomass the sum of biomass per site per year. Effort 
was the number of pots per site per year. Figures are as follows: A) Cancer magister CPUE 
linear model, B) C. gracilis CPUE linear model, C) C. productus CPUE piecewise linear 
regression model, D) Telmessus cheiragonus CPUE piecewise linear regression model, E) C. 
magister BPUE piecewise linear regression model, F) C. gracilis BPUE linear model, G) C. 
productus BPUE piecewise linear regression model, and H) T. cheiragonus BPUE piecewise 
linear regression model. For breakpoint models the dashed blue line (with standard error shaded
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Figure 1.2 continued

in grey) is the estimated breakpoint indicating an ecological threshold at which the response of 
crab abundance to sea otter density changes abruptly. Raw data are overlaid as points. Data for 
C. magister and C. gracilis are from 2019 to 2020. Data for C. productus and T. cheiragonus are 
from 2017 to 2020.
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Figure 1.3 - Distributions of crab size (carapace width, mm) with (orange) and without (grey) 
sea otters for A) Cancer magister, B) C. gracilis, C) C. productus, and D) Telmessus 
cheiragonus. Dashed lines are mean values for each group. Data for C. magister and C. gracilis 
are from 2019 to 2020. Data for C. productus are from 2017 to 2020. Data for T. cheiragonus are 
from 2017.
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Figure 1.4 - Distributions of crab size (carapace width, mm) across years for A) Cancer 
magister, B) C. gracilis, C) C. productus, and D) Telmessus cheiragonus where blue is 2017, 
green is 2018, grey is 2019, and orange is 2020. Dashed lines are mean values for each group.
Data for C. magister and C. gracilis are from 2019 to 2020. Data for C. productus are from 2017 
to 2020. Data for T. cheiragonus are from 2017.
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Figure 1.5 - Box plots showing the interaction between sea otter presence and year on A) Cancer 
magister, B) C. gracilis, C) C. productus, and D) Telmessus cheiragonus carapace width (mm). 
Data for C. magister and C. gracilis are from 2019 to 2020. Data for C. productus are from 2017 
to 2020. Data for T. cheiragonus are from 2017.

40



Figure 1.6 - Best fit models from negative binomial GLM regression results testing the effect of 
sea otter density, shoot density, and eelgrass biomass on crab abundance of A) Cancer magister, 
B) C. gracilis, C-E) C. productus, and F-H) Telmessus cheiragonus. Data for C. magister and C. 
gracilis are from 2019 to 2020. Data for C. productus and T. cheiragonus are from 2017 to 2020.
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Figure 1.7 - Best fit models from log linked Gaussian GLM regression results testing the effect 
of sea otter density, shoot density, and eelgrass biomass on crab carapace width (mm) of A-B) 
Cancer magister, C-D) C. gracilis, E-G) C. productus, and H-I) Telmessus cheiragonus. Data 
for C. magister and C. gracilis are from 2019 to 2020. Data for C. productus and T. cheiragonus 
are from 2017 to 2020. Shaded area are upper and lower limits to the 95% CI of the predicted 
mean values of crab carapace width (mm).
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Figure 1.8 - Pearson correlation coefficients among variables for A) Cancer magister, B) C. 
gracilis, C) C. productus, and D) Telmessus cheiragonus. Data for C. magister and C. gracilis 
are from 2019 to 2020. Data for C. productus and T. cheiragonus are from 2017 to 2020.
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1.7 Tables

Table 1.1 - Results from linear and piecewise (breakpoint, BP) linear regression analyses 
conducted on the catch per unit effort (CPUE) of Cancer magister, C. gracilis, C. productus, and 
Telmessus cheiragonus as a function of sea otter density. Included are model results for the linear 
model, piecewise linear regression model, and an Analysis of Variance (ANOVA) test to 
determine the best fit model.

Species Slope 
of 
linear 
modela

Breakpoint 
estimate 
(SE)

95% CI for 
breakpoint 
estimate

Change in 
slope at 
breakpoint

Slope of 
breakpoint 
model 
segments

Best fit 
modela

C. magister 
(2019-2020)

(-) 4.20 (0.25) (0.04, 19.48) 1.21 (-)(-) Linear

C. gracilis 
(2019-2020)

(-) 10.70 (0.21) (0.05, 25.91) 0.80 (-)(+) Linear

C. productus 
(2017-2020)

(-)** 1.62 (0.25) (0.07, 2.90) 1.12 (-)(-) BP***

T. cheiragonus
(2017-2020)

(+)*** 10.12 (3.34) (3.31, 21.60) -0.13 (+)(-) BP*

a Significance levels of slope and ANOVA model comparison as follows: *** p < 0.001, ** p <
0.01, * p < 0.05.
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Table 1.2 - Results from linear and piecewise (breakpoint, BP) linear regression analyses 
conducted on the biomass per unit effort (BPUE) of Cancer magister, C. gracilis, C. productus, 
and Telmessus cheiragonus as a function of sea otter density. Included are model results for the 
linear model, piecewise linear regression model, and an ANOVA test to determine the best fit 
model.

Species Slope 
of 
linear 
modela

Breakpoint 
estimate 
(SE)

95% CI for 
breakpoint 
estimate

Change in 
slope at 
breakpoint

Slope of 
breakpoint 
model 
segments

Best fit 
modela

C. magister (-) 0.27 (0.15) (0.03, 19.48) 243.23 (-)(-) BP**
(2019-2020)

C. gracilis (-) 15.64 (0.24) (0.05, 25.80) 33.219 (-)(+) Linear
(2019-2020)

C. productus (-)** 1.48 (0.50) (0.06, 2.81) 340.54 (-)(-) BP***
(2017-2020)

a Significance levels of slope and ANOVA model comparison as follows: *** p < 0.001, ** p <
0.01, * p < 0.05.

T. cheiragonus (+)* 9.38 (2.74) (5.89, 17.24) -7.90 (+)(-) BP**
(2017-2020)
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Table 1.3 - Two-way type III Analysis of Variance (ANOVA) results showing the influence of 
sea otter presence, year, and their interaction on Cancer magister, C. gracilis, C. productus, and 
Telmessus cheiragonus size (carapace width).

Species Predictor variable Type III
Sum of
Squares

df Test statistic
(F)

p-value

C. magister ~sea otter presence 10376 1 23.399 0.001
(2019-2020) ~year 0 1 0 1.000

~sea otter presence:year 305 1 0.688 0.421
residuals 6208 14

C. gracilis ~sea otter presence 10267 1 91.539 0.001
(2019-2020) ~year 76 1 0.681 0.410

~sea otter presence:year 0 1 0 0.995
residuals 26917 240

C. productus ~sea otter presence 2209 1 4.195 0.042
(2017-2020) ~year 11671 3 7.387 0.001a

~sea otter presence:year 4575 3 2.896 0.036b
residuals 123761 235

T. cheiragonus ~sea otter presence 37.8 1 0.386 0.538
(2017) residuals 3429.5 35

a Post hoc Tukey pairwise comparisons determined significant differences between the following 
groups: 2017- 2018, 2018- 2019, and 2018- 2020.

b Post hoc Tukey pairwise comparisons determined a significant difference among C. productus 
size between sea otter absence and presence in 2020.
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Table 1.4 - Best fit models from negative binomial generalized linear model (GLM) regression 
results testing the effect of sea otter density, shoot density, and eelgrass biomass on crab 
abundance for Cancer magister, C. gracilis, C. productus, and Telmessus cheiragonus. 
Coefficient estimates (β) for each variable are expected log counts, which are not easily 
interpretable, so also provided are the exponentiated estimates (Exp.β) and percent change for a 
one-unit increase in the corresponding predictor variable.

Species Predictor variable(s) β SE Exp. 
β

% 
change

z p-
value

C. magister (Intercept) -8.96 7.60 0.01 -99.99 -1.18 0.24
(2019-2020) ~otter density

Null deviance: 18.52 on 23 df
Residual deviance: 11.70 on 
21 df

-0.63 1.13 0.53 -46.69 -1.77 0.07

C. gracilis (Intercept) -6.40 3.77 0.01 -99.83 -1.70 0.09
(2019-2020) ~shoot density

Null deviance: 34.91 on 23 df
Residual deviance: 26.51 on 
21 df

-0.01 0.01 0.99 -0.28 -2.09 0.04

C. productus (Intercept) 0.04 2.04 1.04 4.23 0.02 0.98
(2017-2020) ~otter density -2.89 0.86 0.06 -94.48 -3.35 0.01

~shoot density 0.01 0.01 1.01 0.05 0.76 0.45
~eelgrass biomass -0.01 0.01 0.99 -0.05 -0.88 0.38
~otter density *eelgrass 0.01 0.01 1.01 0.11 1.77 0.08
biomass
~otter density *shoot density

Null deviance: 131.98 on 50 
df
Residual deviance: 38.99 on
44 df

0.01 0.01 1.01 0.61 2.34 0.01

T. (Intercept) 1.62 2.37 5.05 9.46 0.69 0.49
cheiragonus ~otter density 0.05 0.08 1.05 5.13 0.66 0.51
(2017-2020) ~eelgrass biomass -0.01 0.01 0.99 -0.03 -0.42 0.68

~shoot density -0.01 0.01 0.99 -0.99 -1.95 0.05
~otter density*shoot density

Null deviance: 83.31 on 50 df 
Residual deviance: 46.05 on 
45 df

0.01 0.01 1.01 0.05 3.39 0.01
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Table 1.5 - Best fit model from Gaussian generalized linear model (GLM) regression results 
testing the effect of sea otter density, shoot density, and eelgrass biomass on crab size for Cancer 
magister, C. gracilis, C. productus, and Telmessus cheiragonus. Coefficient estimates (β) for 
each variable are expected log counts, which are not easily interpretable, so also provided are the 
exponentiated estimates (Exp.β) and percent change for a one-unit increase in the corresponding 
predictor variable.

Species Predictor variable(s) β SE Exp. β %
change

t p-
value

C. magister (Intercept) 4.55 0.01 94.25 63.24 45.84 0.01
(2019- otter density -6.73 0.85 0.01 -99.88 -7.90 0.01
2020) eelgrass biomass 0.01 0.01 1.01 1.01 5.15 0.01

otter density*eelgrass 
biomass

-0.22 0.03 0.80 -20.02 -8.26 0.01

Null deviance: 16984.3 on
12 df
Residual deviance: 1251.2 
on 9 df

C. gracilis (Intercept) 4.36 0.02 78.41 41.38 219.41 0.01
(2019- otter density -0.06 0.01 0.95 -5.51 -7.36 0.01
2020) eelgrass biomass -0.01 0.01 1.00 -0.05 -1.20 0.23

otter density*eelgrass 
biomass

0.01 0.01 1.01 0.03 4.46 0.01

Null deviance: 27170 on 
178 df
Residual deviance: 17622 
on 175 df

C. (Intercept) 4.85 0.03 127.74 12.42 175.67 0.01
productus otter density -0.05 0.07 0.95 -5.55 -0.79 0.03
(2017- eelgrass biomass -0.01 0.01 1.00 -0.01 -0.04 0.97
2020) shoot density -0.01 0.01 1.00 -0.01 -0.41 0.68

otter density*eelgrass 
biomass

-0.01 0.01 1.00 -0.06 -1.25 0.21

Null deviance: 129671 on 
217 df
Residual deviance: 112346 
on 213 df
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Table 1.5 continued

Species Predictor variable(s) β SE Exp. 
β

% 
change

t p-
value

T. (Intercept) 3.92 0.09 50.30 29.97 42.36 0.01
cheiragonus otter density 0.04 0.02 1.04 3.78 2.41 0.02
(2017- shoot density 0.01 0.01 1.01 0.01 0.86 0.39
2020) otter density*shoot density -0.01 0.01 1.00 -0.01 -3.03 0.01

Null deviance: 9567 on 67 df 
Residual deviance: 8207 on 
64 df
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Table 1.6 - Predictor variables ranked by relative importance (Akaike's information criterion 
weights, AICω) determined from each set of crab abundance and size candidate models for 
Cancer magister, C. gracilis, C. productus, and Telmessus cheiragonus.

Species Response
Variable

Predictor variable Relative 
Importance 
(AICω)

Rank

C. magister Abundance Sea otter density 0.83 1
2019-2020 Eelgrass biomass 0.24 3

Eelgrass shoot density 0.32 2
Size Sea otter density 1 1

Eelgrass biomass 1 1
Eelgrass shoot density 0 2

C. gracilis Abundance Sea otter density 0.28 3
2019-2020 Eelgrass biomass 0.29 2

Eelgrass shoot density 0.74 1
Size Sea otter density 1 1

Eelgrass biomass 0.99 2
Eelgrass shoot density 0.01 3

C. productus Abundance Sea otter density 1 1
2017-2020 Eelgrass biomass 0.63 2

Eelgrass shoot density 0.34 3
Size Sea otter density 0.85 1

Eelgrass biomass 0.40 2
Eelgrass shoot density 0.13 3

T.cheiragonus Abundance Sea otter density 1 1
2017-2020 Eelgrass biomass 0.35 2

Eelgrass shoot density 0.33 3
Size Sea otter density 0.87 1

Eelgrass biomass 0.10 3
Eelgrass shoot density 0.80 2
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Table 1.7 - Pearson correlation coefficients (r2) among crab species highlighting weak 
relationships between the catch per unit effort (CPUE) of Cancer magister, C. gracilis, C. 
productus, and Telmessus cheiragonus on one another within the same pot. Data for all species 
are from 2019 to 2020.

Species C. magister C. gracilis C. productus T. cheiragonus

C. magister 1

C. gracilis 0.01 1

C. productus -0.06 -0.07 1

T. cheiragonus 0.03 0.24 -0.1 1
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1.8 Supporting Information

1.8.1 Supplemental figures

Figure S1.1 - Cancer magister commercial harvest: A) catch (lbs) and B) value (US$, not 
adjusted for inflation). Data from Alaska Department of Fish and Game (ADF&G 2021). Data 
from the 2021-2022 commercial season are not complete.
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1.8.2 Supplemental tables

Table S1.1 - Name, GPS coordinates of sites, and years of where and when crab, sea otter 
density, and eelgrass biometrics data were sampled.

Site Site code Latitude Longitude Year(s) sampled
Baker Island BAKE 55.3575 -133.587 2019

Blanquizal Point BLAQ 55.62082 -133.387 2017, 2019, 2020

Chusini Cove CHUS 55.81849 -133.179 2017, 2019, 2020

Dunbar Inlet DUNB 55.0848 -132.826 2017, 2019, 2020

Farallon Bay FARA 55.19112 -133.105 2017, 2019, 2020

Garcia Bay GARC 55.55267 -133.431 2017, 2019, 2020

Goats Mouth Inlet GOAT 55.19278 -132.9 2017, 2019, 2020

Guktu Bay GUKT 55.73982 -133.312 2017, 2018, 2019, 2020

Heceta Island HECA 55.77083 -133.536 2019, 2020

Hetta Cove HETA 55.15563 -132.59 2017

Kaguk Cove KAGK 55.73493 -133.295 2017, 2018, 2019, 2020

Klawock Airport KLWA 55.57777 -133.094 2019, 2020

Natzuhini Bay NATZ 55.25051 -132.883 2017, 2018, 2019, 2020

Naukati Bay NAUK 55.86241 -133.191 2017, 2019, 2020

North Fish Egg Island NFEI 55.50083 -133.167 2017, 2019, 2020

Nossuk Bay NOSK 55.7073 -133.342 2017, 2018, 2019, 2020

North Pass NPAS 55.22936 -132.924 2017, 2019, 2020

Port Refugio REFU 55.28214 -133.334 2017, 2019, 2020

Salt Lake Bay SALA 55.67239 -133.377 2017, 2019, 2020

South Fish Egg Island SFEI 55.48442 -133.175 2017, 2019, 2020

Shinaku Inlet SHIN 55.59929 -133.16 2017, 2019, 2020

Soda Bay SODA 55.26366 -132.995 2017, 2019, 2020

Sukkwan SUKK 55.1891 -132.843 2018

South Wadleigh Island SWAD 55.52904 -133.147 2017, 2019, 2020

Trocadero Bay TROC 55.34491 -133.001 2017
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Table S1.2 - Length - weight relationships for biomass calculations of crabs in this study, using 
Eq. 1.1.

Common name Scientific name Family a b Notes
Dungeness crab Cancer 

magister
Cancridae 0.00531 2.1949 Oftedal et al. 2007

Graceful rock crab Cancer 
gracilis

Cancridae 0.00531 2.1949 Oftedal et al. 2007,
Dungeness crab 
used

Red rock crab Cancer 
productus

Cancridae 0.00142 2.4625 Oftedal et al. 2007

Helmet crab Telmessus 
cheiragonus

Cheiragonidae 0.00882 2.1525 kelp crab (Pugettia 
producta) values 
used
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Table S1.4 - Candidate models and rankings testing the effect of sea otter density, eelgrass (eg) 
biomass, and eelgrass shoot density on crab abundance of Cancer magister, C. gracilis, C. 
productus, and Telmessus cheiragonus. Included are the number of estimated parameters (K), 
AIC score corrected for small sample sizes (AICc), the difference in AICc score between the best 
model and model being compared (∆AICc), and the Akaike weights (AICω).

Response 
variable

Predictor variable K AICc ∆AICc AICω

C. magister ~otter density 4 52.50 0.00 0.49
(2019-2020) ~otter density + eg density 5 54.73 2.23 0.16

~otter density + eg biomass 5 55.36 2.86 0.12
~eg density 4 56.10 3.59 0.08
~eg biomass 4 56.30 3.80 0.07
~otter density*eg density 6 58.24 5.74 0.03
~otter density + eg density + eg biomass 6 58.31 5.81 0.03
~eg density + eg biomass 5 59.26 6.75 0.02
~otter density *eg biomass 6 65.85 8.92 0.00

C. gracilis ~eg density 4 167.63 0.00 0.47
(2019-2020) ~eg biomass 4 170.05 2.42 0.14

~otter density + eg density 5 170.51 2.87 0.11
~eg density + eg biomass 5 170.86 3.22 0.09
~otter density 4 171.13 3.49 0.08
~otter density*eg density 6 172.81 5.18 0.04
~otter density + eg biomass 5 173.25 5.61 0.03
~otter density + eg density + eg biomass 6 173.74 6.10 0.02
~eg density*eg biomass 6 176.48 8.85 0.01

C. productus ~otter density*eg biomass 6 210.85 0.00 0.50
(2017-2020) ~otter density*eg density 6 212.61 1.76 0.21

~otter density + eg biomass 5 214.19 3.35 0.09
~otter density + eg density 5 214.24 3.39 0.09
~otter density 4 214.76 3.91 0.07
~otter density + eg density + eg biomass 6 216.07 5.23 0.04
~eg biomass 4 252.88 42.03 0.00
~eg density + eg biomass 5 253.19 42.35 0.00
~eg density 4 253.42 42.57 0.00

T. cheiragonus ~otter density 4 148.94 0.00 0.39
(2017-2020) ~otter density + eg biomass 5 150.14 1.20 0.21

~otter density*eg density 6 150.78 1.84 0.15
~otter density + eg density 5 151.40 2.46 0.11
~otter density + eg density + eg biomass 6 152.41 3.48 0.07
~otter density*eg biomass 6 152.45 3.51 0.07
~eg density 4 163.81 14.88 0.00
~eg biomass 4 163.94 15.00 0.00
~eg density + eg biomass 5 166.03 17.25 0.00

55



Table S1.5 - Candidate models and rankings testing the effect of sea otter density, eelgrass (eg) 
biomass, and eelgrass shoot density on crab carapace width of Cancer magister, C. gracilis, C. 
productus, and Telmessus cheiragonus. Included are the number of estimated parameters (K), 
AIC score corrected for small sample sizes (AICc), the difference in AICc score between the best 
model and model being compared (∆AICc), and the Akaike weights (AICω).

Response 
variable

Predictor variable K AICc ∆AICc AICω

C. magister ~otter density*eg biomass 5 114.83 0.00 1.00
(2019-2020) ~otter density *eg density 5 133.91 19.08 0.00

~otter density 3 134.12 19.29 0.00
~eg density + eg biomass 4 134.22 19.39 0.00
~otter density + eg density + eg biomass 5 134.31 19.48 0.00
~otter density + eg density 4 135.28 20.45 0.00
~eg biomass 3 136.61 21.78 0.00
~eg density 3 137.41 22.57 0.00
~otter density + eg biomass 4 137.79 22.96 0.00

C. gracilis ~otter density*eg biomass 5 1339.85 0.00 0.99
(2019-2020) ~otter density + eg density 4 1350.59 10.74 0.01

~otter density 3 1351.33 11.48 0.00
~otter density + eg density + eg biomass 5 1351.79 11.94 0.00
~otter density*eg density 5 1352.60 12.74 0.00
~otter density + eg biomass 4 1353.35 13.50 0.00
~eg biomass 3 1402.58 62.73 0.00
~eg density + eg biomass 4 1404.20 64.35 0.00
~eg density 3 1412.39 72.54 0.00

C. productus ~otter density 3 1988.68 0.00 0.38
(2017-2020) ~otter density + eg biomass 4 1990.03 1.35 0.19

~ otter density*eg biomass 5 1990.49 1.81 0.15
~otter density + eg density 4 1990.52 1.84 0.07
~otter density + eg density + eg biomass 5 1992.12 3.45 0.06
~otter density*eg density 5 1992.47 3.79 0.00
~eg biomass 3 2010.35 21.67 0.00
~eg density + eg biomass 4 2011.60 22.92 0.00
~eg density 3 2011.87 23.19 0.00

T. cheiragonus ~otter density*eg density 5 529.88 0.00 0.73
(2017-2020) ~otter density 3 534.61 4.72 0.07

~eg density 3 534.87 4.99 0.06
~eg biomass 3 535.57 5.68 0.04
~otter density + eg density 4 535.99 6.11 0.03
~otter density + eg biomass 4 536.86 6.98 0.02
~eg density + eg biomass 4 537.03 7.15 0.02
~otter density + eg density + eg biomass 5 538.32 8.44 0.01
~otter density*eg biomass 5 538.37 8.49 0.01
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General Conclusion

The fur trade in the late 18th and 19th centuries devastated the sea otter population that 

historically ranged around the North Pacific Rim from Japan to Baja California. Throughout the 

20th century, legal protections and reintroduction efforts have enabled sea otters to successfully 

recover and reoccupy historical habitats throughout Southeast Alaska (Johnson, 1982, Kenyon, 

1969, Lensink, 1962). The most recent estimate of sea otters in the Southeast Alaska stock is 

25,584 otters (Tinker et al. 2019). Current average annual growth rates are between 12 and 14%, 

and could allow for full, pre-fur trade recovery of this species in nearshore ecosystems (Tinker et 

al. 2019, United States Fish and Wildlife Service, 2014). Increasing abundance of the Southeast 

Alaska sea otter stock is highly likely, as uncolonized habitat and abundant food resources are 

available, sea otters are protected under the United States Marine Mammal Protection Act, and 

mass mortality events are improbable (United States Fish and Wildlife Service, 2014). Therefore, 

sea otters will likely continue to expand upon their current range, increase in population, and 

continue to prey upon nearshore large macroinvertebrates of commercial and subsistence value 

(Tinker et al. 2019, United States Fish and Wildlife Service, 2014).

Monitoring sea otters, their prey, and the habitats they occupy is challenging and 

unique in Southeast Alaska for several reasons. First, the range of sea otters overlaps with a vast 

ecosystem that is research-limited by a remote and logistically challenging coastline, a lack of 

infrastructure, and inclement seasonal weather. Second, sea otters in Southeast Alaska are 

actively hunted by Alaska Natives creating a system where sea otter populations and their effects 

on nearshore systems are highly variable across a spatial and temporal basis (Tinker et al. 2019). 

Third, Southeast Alaska nearshore ecosystems occur throughout shallow embayments of the 

coastal fjord system across glacial gradients and are subject to variable conditions, unlike those 
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found in lower latitudes. This makes it difficult to translate findings across the entirety of the 

region. This information is crucial to 1) inform conservation efforts of a protected apex predator, 

2) mitigate potential conflicts with fishery stakeholders, 3) quantify sea otter predation and 

habitat complexity effects on species of subsistence and commercial value, and 4) acknowledge 

indirect interaction effects of sea otter predation between species of commercial and non

commercial importance. Both conservation and management will benefit from a multi-faceted 

approach to confront these challenges and monitor not only sea otters, but also the nearshore 

ecosystems they occupy.

With this study we have begun to address these challenges by researching the effects of 

sea otter density on crab prey abundance across a habitat complexity gradient. Overall, we have 

discovered varied roles that different densities of sea otters play in the life history of Southeast 

Alaska nearshore crab species. While we did find a negative relationship between C. productus 

response variables and sea otter density, we found weak evidence of others, notably the 

relationship between C. magister abundance and sea otters. This disconnect highlights a potential 

need to reframe current management and include smaller scale sea otter population dynamics 

inclusive of Alaska Native harvest rates to address commercial and subsistence fishing concerns 

based on sea otter persistence, and their effects on species-specific resources.

Furthermore, our analysis demonstrates the utility of incorporating habitat analyses. 

While there remains considerable uncertainty regarding the exact effects of habitat complexity, 

current data suggest that the presence of seagrass meadows is important commercial and 

subsistence species (Beck et al. 2001, Lefcheck et al. 2019, Lewis et al. 2021). While the loss of 

seagrass meadows in Southeast Alaska has not been documented compared to lower latitudes, 

they are still susceptible to seagrass wasting disease, coastal development, and changing oceanic 
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conditions (Orth et al. 2006). As such, continued research on seagrass communities and their role 

in improving the growth, density, and survival of commercially important species should be 

prioritized. The elements of habitat complexity and configuration vary latitudinally and are 

important to consider when assessing the value of or restoring seagrass habit. Different 

restoration strategies will be effective in different areas with the end goal to increase the 

abundance of species that utilize seagrass as a nursery area. While complicated, we suggest that 

future studies and seagrass restoration efforts should be tailored to specific regions, species, and 

objectives.

While there is more research that can highlight the exact nature of the ecological 

relationship between sea otters and their prey, our work in addition to the existing literature on 

sea otters in Southeast Alaska, contributes to identifying the role of sea otters in Southeast 

Alaska seagrass habitats. This thesis contributes a detailed assessment of crab species 

vulnerability to sea otter predation in Southeast Alaska seagrass habitat.
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