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Abstract

Understanding relationships between environmental char-

acteristics and variation in species occurrence and density

can provide information for managing human activities,

protected species, and species of commercial importance in

a dynamic system. To identify environmental drivers associ-

ated with variation in harbor seal (Phoca vitulina) densities

in the Salish Sea, Washington, we analyzed 20 years of

boat-based survey data and environmental covariates using

a hierarchical distance sampling model. We included spatial,

temporal, and spatiotemporal environmental covariates in

our model and produced fine-scale predictive maps dis-

playing in-water estimated densities from our model results.

We found that spatial covariates were the strongest predic-

tors for harbor seal densities in the Salish Sea. Harbor seals

were more abundant closer to major river mouths, near

shore, in shallower waters, and in areas with more haul-out

sites. Additionally, harbor seal density varied with shoreline

type. Changes in predicted harbor seal spatial use of the

Salish Sea varied but with little difference between breed-

ing/molting and nonbreeding/nonmolting seasons. Our

results revealed spatiotemporal variation in harbor seal fine-

scale density in the Salish Sea, which are particularly impor-

tant for conservation planning, as spatiotemporal variation

in harbor seal density can exert heterogenous top-down

effects on prey species populations, some of which are

threatened.
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1 | INTRODUCTION

Understanding spatiotemporal variation in marine mammal abundance and density is important because marine

mammals can be vulnerable to both environmental change and anthropogenic activities (Kovacs et al., 2012; Read

et al., 2006) and often play important ecosystem roles as consumers and sentinels (Moore, 2008; Morissette

et al., 2012). For example, marine spatial planning can benefit from information regarding variation in marine mammal

density (Jones et al., 2017). Unfortunately, assessing fine-scale patterns in marine mammal spatiotemporal abun-

dances and densities can prove challenging because these analyses tend to require high-quality long-term data (Best

et al., 2015; Magera et al., 2013).

Documenting geospatial occurrences of marine meso-predators at the water surface using long-term data can

serve as a baseline for environmental changes and assist in managing ecosystems. Pinniped species are long-lived

(Brusa et al., 2021; McLaren & Smith, 1985), exert top-down pressure on their ecosystems (Österblom et al., 2007;

Parrish, 2009), and have indirect effects in food web dynamics (Connell, 2002; Estes et al., 1998). Therefore, they

can reveal valuable ecosystem insights that might not be captured by studying other taxonomic groups.

One of the most well-studied pinniped species, the harbor seal (Phoca vitulina), is widely distributed across the

Northern Hemisphere and has a highly diverse diet (Eguchi & Harvey, 2005; Howard et al., 2013; Luxa & Acevedo-

Gutiérrez, 2013). As a generalist predator, harbor seal diet depends on seasonally available or abundant prey species,

such as Pacific herring (Clupea pallassii), salmon, Pacific sand lance (Ammodytes hexapterus), and squid (Lance

et al., 2012; Middlemas et al., 2006; Thomas et al., 2022; Tollit et al., 1998), and prey species abundance can corre-

late with spatiotemporal patterns of harbor seal occurrence (Grigg et al., 2009, 2012). For example, harbor seals can

form large groups (more than 50 individuals) in the water related to spawning events by their prey (Marston

et al., 2002). Although measuring prey species abundance is not always possible, environmental variables, such as

sea surface temperature, salinity, primary productivity, sediment type, and climate indices, are widely accessible and

are known to influence harbor seal prey species availability (Payne & Selzer, 1989; Sobocinski et al., 2020). Environ-

mental variables might serve as useful proxies for predicting harbor seal spatiotemporal occurrences, as they have

for other marine mammal species, such as bottlenose dolphins, Tursiops truncatus (Torres et al., 2008).

Harbor seals have been described as central place foragers, where animals return to a specific location (i.e., haul-out

sites for harbor seals) between foraging trips (Grigg et al., 2009, 2012; Luxa & Acevedo-Gutiérrez, 2013; Sharples

et al., 2012). Central-place foragers must contend with tradeoffs associated with distance from their central place and prey

availability (Olsson et al., 2008; Schoener, 1979). For example, Grigg et al. (2012) found that harbor seals in San Francisco

Bay, California, incurred the tradeoff of using inopportune foraging habitat (i.e., areas with heavy anthropogenic impacts)

because of the close proximity to their haul-out site. Harbor seals use haul-out sites to thermoregulate, avoid predators,

rest, molt, and nurse pups (Cunningham et al., 2008; Reder et al., 2003; Simpkins et al., 2003; Terhune et al., 2008). Hauling

out becomes more important during the life-history events of mating, molting, and nursing pups, which is when harbor

seals tend to forage closer to haul-out sites (Boness et al., 1994, 2006; Daniel et al., 2003; Grigg et al., 2009).

The Salish Sea, which encompasses the inshore and nearshore waters of the Strait of Georgia, Strait of Juan de Fuca,

and Puget Sound in northwestern Washington state and southwestern British Columbia, serves as a system of cultural,

economic, ecological, and research importance (Gaydos et al., 2009; Wilson, 2020). The Salish Sea provides habitat and/or

food to a diversity of species including 172 bird and 37 mammal species (Gaydos & Pearson, 2011) and is also home to

multiple fish species listed on the United States Endangered Species Act list of threatened and endangered species, includ-

ing some prey species of harbor seals, such as steelhead trout (Oncorhynchus mykiss), chinook salmon (Oncorhynchus
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tshawytscha), coho salmon (Oncorhynchus kisutch), chum salmon (Oncorhynchus keta), and rockfish (Sebastes ruberrimus)

(Lance et al., 2012; Moore & Berejikian, 2017; Wong & Rylko, 2014). Given the cultural and economic value of salmon fish-

eries in the Salish Sea (Wilson, 2020) and the ecological role of harbor seals as a meso-predator in the Salish Sea ecosys-

tem, we were particularly interested in investigating the spatial dynamics of harbor seals in the Salish Sea.

Here, we take advantage of a monitoring data set with extensive spatiotemporal scale (i.e., nearly 70,000 km of

boat-based survey effort from 2001 to 2020) to build predictive surface maps of harbor seal abundance in the

United States portion of the Salish Sea. Specifically, we employed hierarchical distance sampling methods to (1) esti-

mate the variation in fine-scale densities of harbor seals (i.e., number of harbor seals within a 4-km2 grid cell) by sea-

son and year and (2) identify environmental covariates associated with variation in fine-scale densities of harbor

seals. We expected the relative in-water (observed at the sea surface) abundance and distribution of harbor seals to

vary seasonally with changes in the life-history activities of pupping, breeding, and molting. In accordance with cen-

tral place foraging theory, we also predicted that variation in relative harbor seal abundance would relate to proxim-

ity to haul-out sites and environmental factors associated with variation in prey species availability.

2 | MATERIALS & METHODS

2.1 | Study site and harbor seal life history

The Salish Sea encompasses the Strait of Juan de Fuca, Strait of Georgia, and Puget Sound and spans Canadian and

United States waters. The major cities of Seattle and Vancouver are located along the shores of the Salish Sea,

and about 7,470 km of coastline border the Salish Sea (Gaydos et al., 2009). We defined our study area as the

U.S. portion of the Salish Sea (48�N, 123�W; Figure 1). This study area encompasses three harbor seal stocks: South-

ern Puget Sound, Washington Northern Inland Waters, and Hood Canal (Carretta et al., 2020). In the Salish Sea, har-

bor seal population sizes have increased from their historically depleted sizes (Newby, 1973) prior to the Marine

Mammal Protection Act of 1972 that protected harbor seals from being hunted (Jeffries et al., 2003). The harbor seal

population in the U.S. portion of the Salish Sea is now considered stable and at carrying capacity (growth limited by

resources) with an estimated abundance of >13,000 individuals (Ashley et al., 2020; Carretta et al., 2023; Jeffries

et al., 2003). During the breeding season (mid-June to late August), male harbor seals exhibit aquatic and terrestrial

lekking behavior; mating occurs aquatically; and females produce pups and nurse on land (Boness et al., 2006;

Coltman et al., 1998; Hayes et al., 2004; Howard et al., 2013). In many areas, including the Salish Sea, harbor seals

form colonies on various substrate types including mud flats, sandy, rocky, or cobble beaches, rocky outcroppings, or

human-built platforms, such as log rafts and floats (Boness et al., 2006; Boveng et al., 2003; Jeffries et al., 2003).

2.2 | Data collection

Data collection of harbor seal counts and perpendicular distances to the transect line occurred during multispecies

vessel-based line transect surveys. The summer surveys, conducted in mid-May to June and again at the end of July,

occurred each year from 2001 to 2018 (excluding 2017), and surveys for the remaining months only occurred from

2013 through March of 2020. The survey was designed specifically for monitoring marbled murrelets

(Brachyramphus maromoratus); however, all marine mammal and bird species, including harbor seals, were recorded

during the surveys. Vessels (ranging in size from 5.8 m to 8 m) maintained a speed of 8–12 knots, and survey effort

ended if glare obstructed the view of observers or if Beaufort sea state was 3 or greater for more than 25% of a tran-

sect. For each survey, two observers constantly scanned 90� arcs (from bow to either port or starboard) recording

only harbor seals in the water. For a complete description of field methods, including the rotation of observers, train-

ing, and distance testing, see Raphael et al. (2007).
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The study area was divided into 98 roughly 20-km-long rectangular areas along the Puget Sound and Strait of

Juan de Fuca coastline, defined as primary sampling units (PSUs). Of those 98 PSUs, 30 PSUs were randomly

selected (using the random number generator in ArcGIS) for surveys from 2001 through 2020, and an additional

19 PSUs were added for the years 2013–2020. Each PSU was sampled multiple times per year but not in every

month. Each PSU consists of one inshore (width of 0–1.5 km from shore) and one offshore (width of 1.5–5 km from

shore) subunit. The inshore subunit is divided into four equal-length segments (approximate lengths of 5 km each)

forming a transect line parallel to shore (approximately 100 m, 200 m, 300 m, or 400 m from shore); the distance

from shore for the inshore segment was randomly selected (using the random number generator in ArcGIS) without

replacement for each survey (see Raphael et al. 2007 for details). The offshore transects took a zigzag shape to maxi-

mize detection efficiency (zigzags covered the 1.5–5 km distances from shore) and were approximately 15 km in

length. Figure 1 shows all 98 PSUs and indicates the 49 PSUs that were sampled; a detailed figure of a PSU is pres-

ented by Raphael et al. (2015).

During the spring/summer (May through July), at least two sampling occasions of each of the 30 PSUs occurred

(with the order selected at random), and during the fall/winter, additional surveys of all 49 PSUs occurred. For all

seasons, consecutive surveys occurred with a minimum of 7 days elapsing before sampling the same PSU again.

2.3 | Covariate data acquisition

We included the following biological/physical covariates: season (breeding/molting or not), chlorophyll-a as a proxy

for primary productivity, water depth, spring transition date, fall transition date, the number of harbor seal haul-out

sites within 30 km of a PSU segment/zigzag, North Pacific Gyre Oscillation (NPGO)—a type of climate index to

F IGURE 1 Map of study area. The shapes outlined in orange show the primary sampling units, which are
composed of four nearshore segments (each approximately 5 km in length) and an offshore zigzag (approximately
20 km in length). A subset of 49 primary sampling units were selected for vessel-based distance sampling and are
indicated with an asterisk. The base map was created using the R package “ggmap” (Kahle et al., 2019).
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measure variation in ocean currents, categorical shore distance (within 1.5 km or between 1.5 and 5 km from shore),

sea surface temperature, salinity, shoreline type (based on substrate composition), nearest distance to river mouth,

and upwelling index (Table 1).

We used known haul-out sites for harbor seals (Jeffries et al., 2000, 2003; Figure S1) and created a buffer of

30 km around each haul-out site to capture the influence of hauling out (e.g., resting, social interactions) on in-water

harbor seal fine-scale densities. We selected 30 km because harbor seals typically forage within 30 km of their haul-

out site (Jones et al., 2017; Tollit et al., 1998) but can vary considerably with some individuals venturing no farther

than 5 km away from their haul-out site (Suryan & Harvey, 1998) and others travelling more than 100 km (Peterson

et al., 2012). We calculated the number of haul-out site buffers that overlapped the PSU segment/zigzag as a proxy

for the relative influence of haul-out sites (maximum proportion of haul-out site in a PSU segment/zigzag was 52%

and maximum number was 242 haul-out sites). Given the importance of a central place to a central-place foraging

species, we predicted that areas with a greater number of haul-out sites within 30 km would be associated with

greater fine-scale densities of harbor seals in the Salish Sea. As most of the haul-out sites were located in nearshore

segments, we also predicted that harbor seal fine-scale densities would be greater in the nearshore segments than in

offshore zigzags.

We compiled data for sea surface temperature, salinity, and chlorophyll-a using Google Earth Engine (Gorelick

et al., 2017). For temperature (NASA JPL/OBPG/RSMAS, 2020) and chlorophyll-a (NASA OB.DAAC, 2018), we used

data from the MODerate Resolution Imaging Spectrometer (MODIS) Aqua platform data sets. For salinity, we

used data from the Hybrid Coordinate Ocean Model (HYCOM) forecast system at the U.S. Naval Oceanographic

Office (Cummings & Smedstad, 2013). We used 30-day averages from the 30 days preceding a survey day using

daily estimates and used interpolation from the nearest coordinates and days for any missing data for a specific day

at a given PSU segment/zigzag. We extracted daily temperature, salinity, and chlorophyll-a values from 2001

through 2020 using a 26 � 26 point spatial grid (this grid size balanced data coverage and computing time) to con-

struct a variogram model and kriged values to the midpoint of each PSU segment/zigzag for each given day. We used

the R package gstat (Pebesma & Graeler, 2020) to perform the spatiotemporal interpolation, and the R packages

“spacetime” (Pebesma et al., 2021), “rgeos” (Bivand et al., 2020), “rgdal” (Bivand et al., 2021), and “sp” (Pebesma

et al., 2019) to prepare our data for kriging using R (R Core Team, 2020). We predicted that moderate temperatures,

lower salinities, and higher levels of primary productivity, indicated by chlorophyll-a, would be associated with

greater fine-scale densities of harbor seals in the Salish Sea because these conditions should be preferred by prey

species. Studies in the Salish Sea suggest slightly more foraging activity by harbor seals during the day (Thomas

et al., 2011; Wilson et al., 2014); therefore, we can reasonably assume that foraging activity contributed to fine-scale

geographic locations of harbor seals during surveys.

During the spring, the winds shift from southerly winter winds to northwesterly summer winds, which also helps

drive Pacific currents and results in coastal upwelling in the North Pacific (Mantua et al., 1997; Peterson &

Miller, 1975). In the 2–4 months following this upwelling event, the zooplankton community composition shifts to a

community dominated by prey items favorable to salmonid fishes (Keister et al., 2011; Liu et al., 2015; Peterson &

Keister, 2003; Peterson & Schwing, 2003). The biological spring transition is the approximate date when the zoo-

plankton community composition changes. There is some influence of coastal upwelling on the Strait of Juan de Fuca

and, with less influence in the Puget Sound (Deppe et al., 2018). We predicted that fine-scale densities of harbor

seals would be associated with the spring transition date, when prey would become more available to Salish Sea har-

bor seals. Similarly, harbor seal foraging activity can respond to prey pulses, which are often correlated with upwell-

ing, but harbor seals in the Salish Sea, with many prey items from which to choose, do not consistently respond to

prey pulses (Wilson et al., 2014). Therefore, including upwelling in the model was purely exploratory.

NPGO has a strong relationship with changes in zooplankton community composition (Di Lorenzo et al., 2008).

Typically, negative values for NPGO, indicating a cool phase, are associated with cold-water, lipid-rich copepod spe-

cies dominance and lower species richness in zooplankton communities (Hooff & Peterson, 2006). NPGO has

influenced survival rates and productivity of multiple species of salmon in the North Pacific (Hertz et al., 2016;
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TABLE 1 List of covariates included in the harbor seal fine-densities model. For each covariate, there is a short
description, if the covariate is spatially, temporally, or spatiotemporally varying, and the location where the data
were sourced.

Covariate Description Variability Source

Season –
breed/molt

The time of year of the survey –
during the breeding/molting season

(mid-June through mid-September)

or not

Temporal Huber et al. (2001)

Chlorophyll Chlorophyll-a concentration from

global daily measurements to a

resolution of 1 km

Temporal, Spatial NASA OB.DAAC; https://

developers.google.com/earth-

engine/datasets/catalog/NASA_

OCEANDATA_MODIS-Aqua_

L3SMI

Depth Estimated from satellite altimetry

and shipboard soundings at a 15-arc

sec spatial resolution

Spatial Tozer et al. (2019); https://topex.

ucsd.edu

Fall transition and

Spring transition

dates

Annual Julian day of spring or fall

transition based on the Pierce and

Barth method

Temporal Compiled by W. T. Peterson;

http://www.cbr.washington.edu/

status/trans

Haul-out site Number of haul-out sites that are

within 30 km of any part of the

segment/zigzag

Fixed Jeffries et al., (2003); current

study

NPGO North Pacific Gyre Oscillation,

monthly measurements

Temporal Di Lorenzo et al. (2008); http://

www.o3d.org/npgo

Offshore or

nearshore (shore

distance)

We define offshore as >1.5 km

and <5 km from shore and

nearshore as within 1.5 km of shore

Spatial Current study

Sea surface

temperature

Global daily measurements to a

resolution of 1 km

Temporal, Spatial NASA JPL/OBPG/RSMAS

https://developers.google.com/

earth-engine/datasets/catalog/

NASA_OCEANDATA_MODIS-

Aqua_L3SMI

Salinity Daily surface salinity provided by

the hybrid coordinate ocean model

Temporal, Spatial National Ocean Partnership

Program; https://developers.

google.com/earth-engine/

datasets/catalog/HYCOM_sea_

temp_salinity

Shoreline type

(based on substrate

composition)

Proportion of segment that is each

substrate type: sheltered rocky

shores, sheltered tidal flats, exposed

tidal flats, boulder rubble, gravel

beach, mixed sand/gravel beach,

coarse-grained sand beach, exposed

wave-cut platforms, exposed rocky

shore, and human-built sheltered

riprap

Spatial Petersen et al. (2002)

Distance to river

mouth

In-water distance from centroid of

segment to nearest river mouth

Spatial Nolan et al. (2003)

Upwelling index Daily measurements from 48�N,

125�W in metric tons/s/100 m

coastline

Temporal National Marine Fisheries Service,

Pacific Fisheries Environmental

Laboratory; http://www.cbr.

washington.edu/dart/query/

upwell_graph_text
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Kilduff et al., 2015; Malick et al., 2017), which might affect in-water geospatial occurrences of harbor seals foraging

for these species.

Shoreline type has also been used as an indicator for harbor seal distributions (Montgomery et al., 2007); thus,

we included it as a predictor variable. We used a subset of shoreline type from the compiled list from Petersen et al.

(2002) as modified by Raphael et al. (2015). Shoreline types were categorized based on the wave energy exposure,

slope, biological productivity, and substrate, which could include sediment size ranging from fine sand to boulder,

vegetation functional group (e.g., marsh grasses, riparian trees/shrubs), and human-made materials (e.g., seawalls). As

some segments included more than one shoreline type, we used the most prevalent shoreline type for the nearshore

or offshore segment. In Cook Inlet, Alaska, harbor seals selected areas near rocky substrate over other substrate

types (Montgomery et al., 2007). Therefore, we predicted that Salish Sea harbor seals might also preferentially select

rocky substrates.

We calculated the distance from the PSU segment/zigzag to the nearest major river mouth by assigning a

midpoint to each segment/zigzag and measuring the in-water distance between the midpoint and the closest

river mouth using the R (R Core Team, 2020) packages “sf” (Pebesma, Bivand, et al., 2021) and “raster”
(Hijmans et al., 2023). As moving from freshwater to saltwater is part of the life history of many salmonid spe-

cies upon which harbor seals prey, river mouths might be focal foraging locations for harbor seals (Wright

et al., 2007). Therefore, we hypothesized that the fine-scale density of harbor seals would increase with

decreasing distances to river mouths.

We also incorporated two covariates for the detection component of our distance-sampling model, Beaufort sea

state as a fixed effect and observer pair as a random effect. We expected that lower Beaufort sea states would facili-

tate detection of harbor seals because smaller waves would obstruct a sightline to a harbor seal less than larger

waves. The data set had limited variability in Beaufort sea state per protocol (see above), as about 93% of observa-

tions occurred during a Beaufort sea state of 1 or 2; only about 6% of observations occurred at a Beaufort sea state

of 0; and fewer than 1% occurred at a Beaufort sea state of 3 or 4. Observer pair consisted of the unique combina-

tion of the two observers collecting data simultaneously on a segment/zigzag.

2.4 | Analytical approach

We used a hierarchical distance sampling model in a Bayesian framework to investigate the spatiotemporal variation

in harbor seal in-water fine-scale densities. Distance sampling allows for estimating the state process (abundance)

from the detection process by accounting for variation in detection probability with distance from the transect line,

and covariates can be incorporated for both the state process and detection components (Buckland et al., 2001;

Williams et al., 2002). Hierarchical distance sampling models incorporate information across multiple transects

(Royle & Dorazio, 2006) to estimate spatial variation in density. We focused on estimating in-water fine-scale density

as the surveys are at sea, but it also is important to note that animals can be diving during the survey and, thus,

unavailable for detection. As such, there is a portion of the at-sea population that is not included in our density

estimates.

We grouped the observed distances into 27-m bins (to follow a half-normal curve) and truncated the largest 5%

distance estimates of all data collected (Buckland et al., 2001), which was 275 m from the transect. We modeled var-

iation in the scale parameter of the half-normal detection function for each repeat visit i to site (segment/zigzag) j, as

follows:

log σij
� �¼ α0þα1�Beaufort sea stateijþεobsij ,

where α0 is the intercept, α1 is the coefficient for the Beaufort sea state covariate, and εobsij is a random effect of

observer such that εobsij � Normal(0, γobs).
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Due to overdispersion in the observed counts, we used a negative binomial for abundance such that:

Nij �Negative Binomial λij, r
� �

,

where Nij is the fine-scale density of in-water harbor seals for each repeat visit i to site (segment/zigzag) j, and with a

mean and dispersion r. To account for variation in the expected mean abundance, we fit the full model such that:

log λij
� �¼ β0þβ1�chlorijþβ2�depthijþβ3�NPGOijþβ4�hauloutijþβ5� sstijþβ6� salinityij

þβ7�STijþβ8�FTijþβ9� substrateijþβ10�upwellijþβ11� riverijþβ12�breedmoltij
þβ13�offshoreijþεYearij þεSegmentij þ log areaj

� �
,

where β0 is the intercept, β1…13 represent coefficient values, chlor is chlorophyll-a concentration, haulout is the num-

ber of haul-out sites with a 30-km buffer that overlapped a PSU segment/zigzag, sst is sea surface temperature, ST

is the spring transition date, FT is the fall transition date, substrate is the substrate composition of the shoreline adja-

cent to the PSU segment/zigzag, upwell is the upwelling index value, river is the in-water distance to the nearest

river mouth from the midpoint of the PSU segment/zigzag, breedmolt indicates if the survey occurred during the

breeding/molting season (mid-June through mid-September) or nonbreeding/nonmolting season, offshore indicates

if the area sampled was a nearshore segment or offshore zigzag (shore distance covariate from Table 1), εYear is a ran-

dom effect of year such that εYear � Normal(0,γY), and εSegment is a random effect of PSU segment/zigzag such that

εSegment � Normal(0, γS). We included these random effects to account for repeated sampling within years and seg-

ments. Finally, log(areaj) is an offset for area because each segment/zigzag had a unique length with most segment

lengths at 5 km and most zigzag lengths between 15 and 20 km.

We used vague priors for all parameters, β � Normal(0, 10) for all abundance parameters (values indicate mean

and variance), α � Normal(o, 100) for all detection parameters, and γ � Gamma(1,1) for the variance terms of the

random effects of year, segment, and observers. We centered all continuous covariates to a mean of zero and scaled

all continuous covariates by two standard deviations to better allow comparison of estimated coefficients for continuous

covariates with those for categorical covariates (Gelman, 2008). Additionally, we found no evidence of dependence

between covariates (jrj < 0.6 for all pair-wise covariate comparisons). As correlations between covariates were low and any

of the covariates might affect the fine-scale density of harbor seals, we built one exploratory model rather than using a

competing model framework (Gelman & Shalizi, 2012). We fit the model using the JAGS language (Plummer, 2003) in R

(R Core Team, 2020). We ran a Markov chain Monte Carlo (MCMC) sampler (Casella & George, 1992; Gelfand &

Smith, 1990; Geman & Geman, 1993) with three chains for 50,000 iterations after 2,000 iterations of adaptation and

10,000 iterations of burn-in using the “runjags” package (Denwood & Plummer, 2016). Code and data can be accessed at

https://github.com/JamieBrusa/Salish-Sea-Harbor-Seals. We visually assessed model convergence for adequate mixing of

chains and calculated the Gelman-Rubin bR diagnostic (Gelman & Rubin, 1992) for all monitored parameters using the

“coda” (Plummer et al., 2006) and “ggmcmc” (Fernández-i-Marín, 2016) packages for R. All bR values were below 1.1

(Table S1). We used posterior predictive checks to assess model fit by evaluating the ability of the model to simulate

new data from the model that were similar to observed data. We used Bayesian p values to assess goodness of fit

for both the abundance and detection components of the model, where we considered values between .1 and .9 to

indicate good model fit. We found no evidence of lack of fit (Bayesian p value for abundance = .78, Bayesian p value

for detection = .75). For each covariate, we considered it an important predictor if the 95% Bayesian credible inter-

val (BCI) did not include 0, and we considered it a marginally important predictor if the 80% BCI did not include 0.

We used the results of our analysis to predict harbor seal fine-scale densities in the Salish Sea. We used the R

packages “fasterize” (Ross et al., 2020), “rgdal” (Bivand et al., 2021), and “sf” (Pebesma et al., 2021) to map harbor

seal fine-scale density predictions in areas that were not sampled but that were within 5 km from shore so as to not

extrapolate beyond the sampling frame; these predictions were based on modeled relationships between harbor seal

fine-scale density and environmental covariates. These predictions are at a resolution of 2 � 2 km pixels.
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3 | RESULTS

Total survey effort from 2001 to 2020 (excluding the 2017 and 2019 breeding/molting seasons and only including

the first 3 months of 2020) yielded 69,838 km of transect traveled by the survey boat and 19,390 harbor seal

sighting events across 1,044 survey days, accounting for 1,257 harbor seal sightings per year (mean raw count per

year including all survey years). During the breeding/molting season (June through August), a mean of 204 harbor

seals (range = 43–521) were sighted per month per year, and during the nonbreeding/nonmolting season, a mean of

151 harbor seals (range = 4–351) were sighted per month per year. Harbor seals were sighted on 471 of 487 survey

days during the breeding/molting season and on 549 of 557 survey days during the nonbreeding/nonmolting season.

Observers sighted harbor seals in all areas sampled except for two adjacent segments that were only sampled one

day throughout the entire 20-year study period. Group sizes of observed harbor seals ranged from 1 to 54 seals

(1 to 34 during the breeding/molting season and 1 to 54 during the nonbreeding/nonmolting season) with a mean of

1.17 seals per group (SD = 1.11). However, large groups of 10 or more seals were extremely uncommon and only

comprised 0.3% of all harbor seal sightings. The vast majority (93%) of harbor seal sightings were of single seals. The

proportion of single seals (i.e., group size = 1) sighted was 94% during the nonbreeding/nonmolting season com-

pared to 91% during the breeding/molting season.

Observer pair affected detection of harbor seals, but Beaufort sea state did not have a strong effect (Figure S2),

a likely result given that the vast majority of observations occurred during a Beaufort sea state of 1 or 2 per protocol.

A Beaufort sea state of 0 was optimal for detection, and Beaufort sea states of 1, 2, and 3+ all resulted in similar but

slightly lower estimates of the scale parameter, σ, resulting in overall lower probabilities of detection. Random

effects of observer pair suggested that some observer pairs had much higher detection rates of harbor seals than

others (Table S2).

We found that harbor seal fine-scale density was predicted by depth, number of nearby haul-out sites, categori-

cal distance from shore (i.e., within 1.5 km from shore or between 1.5 km and 5 km from shore), distance to river

mouth, and shoreline type (Figure 2). The shoreline type and categorical distance from shore had the strongest rela-

tionships with spatiotemporal variation in harbor seal fine-scale densities (Table S3). These results suggest that har-

bor seal fine-scale in-water density was likely highest at a depth between 17 m and 32 m, a distance to river mouth

between 9 km and 16 km, and when proximity to haul-out sites increased. Harbor seal fine-scale densities were also

greater away from sheltered tidal flats and boulder rubble but were greater near human-built sheltered riprap and

sheltered rocky shores and in nearshore (within 1.5 km of shore) waters. None of the temporal covariates were

found to be important predictors of harbor seal fine-scale densities, and, similarly, the spatiotemporal covariates

were not considered important or only marginally important (Table S3).

The in-water fine-scale density of harbor seals varied between breeding/molting and nonbreeding/nonmolting

seasons but had little variation across years (Figure S3). Ninety-five percent of the 4 km2 pixels on our predictive

map had an estimated fine-scale density of 1.49 harbor seals or fewer during the breeding/molting season and 2.00

or fewer during the nonbreeding/nonmolting season. The greatest fine-scale densities of harbor seals occurred

around the San Juan Islands and more inland sections of the Strait of Juan de Fuca during the breeding/molting sea-

son (Figure 3) where rocky and island associated haul-outs are abundant. During the nonbreeding/nonmolting

season, when fewer harbor seals were likely to be hauled out, harbor seal densities ranged from 0.03 seals per km2

to 2.72 seals per km2. During the breeding/molting season, seal densities ranged from 0.02 seals per km2 to 1.92

seals per km2.

4 | DISCUSSION

Harbor seals play a key role in the Salish Sea as meso-predators that potentially influence commercially important

salmonid stocks, some of which are threatened (Allegue et al., 2020; Chasco et al., 2017; Shields et al., 2018; but see
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Nelson et al., 2021), and harbor seals serve as an important prey item for Bigg's killer whales (Orcinus rectipinnus1)

and Steller sea lions (Eumetopias jubatus) (Ashley et al., 2020; Gaydos et al., 2005; Steiger et al., 1989). Using a long-

term data set of harbor seals observed at the sea surface in the Salish Sea, we found that spatially varying covariates

had a stronger relationship with harbor seal in-water fine-scale densities than temporally or spatiotemporally varying

covariates. We also found that harbor seal in-water fine-scale densities remained constant across years during our

study period from 2001 to 2020. Similarly, S.F.P. (unpublished data) found that abundance estimates of harbor seal

stocks based on aerial surveys of hauled out harbor seals were stable during the years that overlapped between their

and our study periods (2001–2019).

Harbor seal fine-scale density varied little across years, and none of the temporal covariates we included in our

model had a relationship with fine-scale densities of harbor seals. At a smaller temporal scale, our model suggests

that harbor seal fine-scale densities differed modestly between the breeding/molting season and nonbreeding/

nonmolting season. Despite the 95% BCI for the “breedmolt” covariate overlapping zero, 83% of the posterior values

were <0, suggesting that breeding/molting is a marginally important predictor of harbor seal fine-scale density in the

Salish Sea. Similarly, (Jones et al., 2017) found that harbor seal geospatial occurrences near Scotland also varied with

F IGURE 2 Effects of modeled covariates. Important covariates from our model (i.e., those that did not have a
95% credible interval that overlapped 0, depicted by the orange dashed line) included haul-out site, depth, nearshore
(defined here as within 1.5 km of shore) versus offshore, boulder rubble shore type, and sheltered tidal flats
shoreline type, suggesting a greater density of harbor seals in the water is most likely to occur near haul-out sites, in
shallower water (between depths of 7.3 m and 44.5 m), within 1.5 km of the coastline, near river mouths, near
sheltered rocky shores and sheltered riprap, and away from boulder rubble and sheltered tidal flats. Note, all
continuous covariates were centered and scaled, and depth was recorded with greater negative numbers indicating

deeper waters. Gray horizontal lines indicate 95% credible intervals. The values on the x-axis represent the centered
and scaled parameter estimates.

1In a recent paper by Morin et al. (2024), the authors concluded that eastern North Pacific Bigg's killer whales should be recognized as Orcinus rectipinnus

and resident killer whales should be recognized as Orcinus ater.
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life-history events. Variation in the timing of life-history events across the Salish Sea and behaviors of different

demographic groups of harbor seals might have led to our “breedmolt” covariate as only being marginally important.

As a capital breeder with limited foraging during the early lactation period (Boness et al., 1994), we would expect lac-

tating females to spend the majority of their time hauled out during the early part of the pupping season. As pupping

in the Salish Sea can start as early as June or as late as October (Huber et al., 2001; Temte, 1985), only a portion of

lactating females would be in the early lactation period and, thus, less likely to be in the water, at one time. Similarly,

because the timing of molting in harbor seals can vary by sex, age class, and geography (Daniel et al., 2003) and

because harbor seals tend to make shallower dives during the breeding/molting season (Frost et al., 2001), some

age/sex classes might have increased detectability temporally coinciding with decreased detectability of lactating

females. The inclusion of PSU segment/zigzag as a random effect in the model might capture spatial variance not

accounted for by our covariates, and we assumed to have captured at least some important differences in life-history

event timing across PSU segments/zigzags.

The water near the San Juan Islands includes many 2 � 2 km pixels predicted to have high fine-scale densities

of harbor seals. This area has many haul-out sites and is the only location in our study area that has sheltered rocky

shores, a covariate with one of the strongest positive relationships with harbor seal fine-scale densities. The

2 � 2 km pixels near the San Juan Islands that coincided with high fine-scale densities were also shallower, relatively

F IGURE 3 Map of harbor seal in-water fine-scale densities. Each pixel represents a 2 � 2 km area. These
predictive maps were created using the mean coefficients from our model and environmental data from a
representative day during the breeding/molting season (a) and during the nonbreeding/nonmolting season (c).
Associated uncertainty maps (b and d) represent the 95% credible interval width using our full model output. The
base map was created using the R package “ggmap” (Kahle et al., 2019).
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near major river mouths (e.g., Skagit River mouth), and tended to have lower salinity than other pixels by the San

Juan Islands and most of the rest of the study area. Ward et al. (2012) identified the San Juan Islands as an area of

strong predator activity by harbor seals, further supporting that the San Juan Islands are of ecological importance to

Salish Sea harbor seals. Interestingly, when estimating density at the stock level in the Salish Sea, Jefferson et al.,

(2021) found that the Northern Inland Washington Waters stock area, which includes the Strait of Juan de Fuca, part

of the Strait of Georgia, and the waters around the San Juan Islands, had the lowest density estimates of the three

areas corresponding to the three stocks in the inland waters of Washington. As we did not group densities by stock,

our results might reveal a nuance not captured by grouping density estimates by stock; our results of high densities

around the San Juan Islands and more inland areas of the Strait of Juan de Fuca but low densities in most of the rest

of the waters included in the Northern Inland Washington Waters stock area could also suggest an overall low den-

sity estimate for the Northern Inland Washington Waters stock area. Alternatively, as our data set spans more years

than the one used by Jefferson et al. (2021), which included 2013–2016, our results might reflect a difference in har-

bor seal fine-scale densities such that more harbor seals used these waters in the early 2000s or a shift in that more

harbor seals started occurring in these waters between 2016 and 2020.

Also coinciding with our model-predicted high fine-scale densities, a large number of harbor seals were detected

in Quilcene Bay and in the Admiralty Inlet Area. Multiple large haul-out sites are present in the Admiralty Inlet Area

(Jeffries et al., 2000, 2003), and the inlet is an area of strong mixing of waters from tidal action (Moore et al., 2008).

Additionally, this area was recognized as a hotspot for resident killer whales, Orcinus ater (see Footnote 1; Olson

et al., 2018), which feed on prey fish, primarily chinook salmon (Hanson et al., 2010), which harbor seals also con-

sume, potentially indicating that this area is rich in prey items for harbor seals too. The reason for the high fine-scale

density in Quilcene Bay is less obvious from the covariate relationships. However, harbor seals haul out on floating

oyster and salmon net pens, which are constantly accessible to harbor seals, in Quilcene Bay (London et al., 2012).

The high fine-scale densities in Quilcene Bay could also be a result of its proximity to a major river mouth, the

Quilcene River, which may serve as a source of abundant prey. Although not exclusive to these two areas, large

groups of harbor seals occurred in Quilcene Bay and the San Juan Islands. The large groups could have formed from

recreational boats or workers tending to the net pens disturbing the seals, resulting in large numbers of seals enter-

ing the water.

Areas with greater concentrations of prey items can often serve as hotspots for marine mammals (Benoit-Bird

et al., 2013; Brough et al., 2019; Scott et al., 2010; Torres et al., 2008). Thus, we expected that the spatiotemporal

covariates (e.g., chlorophyll-a, sea surface temperature, salinity) included in our analysis would be important predic-

tors of harbor seal fine-scale density, as these variables are often associated with prey abundance. One potential rea-

son that we did not observe the expected relationship is that these environmental variables are crude proxies and

may not represent prey species abundance in our study area. Actual measures of prey species abundance would be

much more reliable but were not available over the course of the study. We also interpret our results under the

assumption that the measurement error of partial availability (i.e., cryptic behavior of an animal, such as diving) across

all PSU segment/zigzags on all days is homogenous. However, the estimates of in-water fine-scale densities of har-

bor seals at the water surface might not correlate with fine-scale densities of submerged harbor seals if this assump-

tion is violated. Alternatively, we might not have observed the expected relationship between spatiotemporally

varying covariates and harbor seal density because it is possible that prey abundance may not have a strong driving

influence on in-water fine-scale density of harbor seals. Given their generalist feeding habits, harbor seals might

buffer themselves against changes in species-specific prey item availability (Hauser et al., 2008; Lance et al., 2012;

Luxa & Acevedo-Gutiérrez, 2013). Environmental covariates related to physiological needs of prey species are often

not as reliable for predicting spatiotemporal patterns of generalist predators because greater prey species diversity

for generalist predators could lead to a broader range of suitable habitat for predators (Casper et al., 2010; Schleimer

et al., 2019), and this could be the case in our study.

As central-place foraging theory would imply, the fine-scale densities of harbor seals tended to be lower in areas

where there were few or no haul-out sites within 30 km. Large groups (i.e., >10 individuals) of harbor seals were
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likely associated with hauling out behavior, which could include returning to or leaving the haul-out site between for-

aging trips. However, harbor seals in the water near haul-out sites might have entered the water resulting from dis-

turbances from boats (observers did not record any seals entering the water in response to the survey boat). Groups

in the water may also be associated with concentrated prey or associated with travel or socializing behavior that can

occur throughout the year (Elliser et al., 2022). Haul-out sites, depth, and prey availability are also related to the spa-

tial distributions of harbor seals in other locations and other pinniped species that exhibit central-place foraging

(Bedriñana-Romano et al., 2014; Botha et al., 2020; Grigg et al., 2012; Jones et al., 2017). Proximity to haul-out loca-

tions and specific shoreline types that provide good substrate for hauling out might also relate to harbor fine-scale

densities because they can provide an escape from predators. Bigg's killer whales have been spending more time in

the Salish Sea, particularly since 2017 (Houghton et al., 2015; Shields et al., 2018), and estimates suggested they

consumed about 1,000 Salish Sea harbor seals in 2017 (Shields et al., 2018), which is likely influencing harbor seal

behavior in areas with high predation. Bigg's killer whales might contribute to the highly variable in-water fine-scale

densities of harbor seals that our results indicate.

Identifying the relationships between the biotic and abiotic environmental characteristics and fine-scale densi-

ties of meso-predators can characterize areas of concern regarding resource extraction and/or species interactions

with other species including humans. More specifically, pinpointing areas of very high and very low marine mammal

abundances can provide essential information for optimized management of marine and estuarine ecosystems

(Harvey et al., 2017). Estimating and mapping habitat associations for highly mobile marine species with dynamic

habitat requirements can provide valuable information for marine spatial planning, especially regarding the conserva-

tion of marine mammals (Evans, 2018). As harbor seals tend to have dynamic habitat use over space and time, identi-

fying environmental characteristics associated with harbor seal occurrence can be more informative than mapping

specific high-use areas, as exemplified by Jones et al. (2017). Our results suggest that Salish Sea harbor seals tend to

congregate in shallower and nearshore areas in close proximity to river mouths and haul-out sites. The relationships

between environmental covariates and harbor seal in-water densities identified in this study can facilitate efforts to

continue protecting harbor seals and their prey species, especially those that have a threatened status.
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