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Abstract  

1. Patterns and changes in the distribution of coastal marine mammals can serve as 

indicators of environmental change which fill critical information gaps in coastal and 

marine environments. Coastal habitats are particularly vulnerable to the effects of near-

term sea-level rise.  

2. In California, Pacific harbour seals (Phoca vitulina richardii) are a natural indicator 

species of coastal change due to their reliance on terrestrial habitats, abundance, 

distribution, and site fidelity. Pacific harbour seals are marine top predators that are easily 

observed while hauled out at terrestrial sites which are essential for resting, pupping, and 

moulting.   
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3. While increasing inundation from recent sea-level rise and storm driven flooding has 

changed the California coastline, little is known about the effect of future sea-level rise 

and increased storm frequency and strength on harbour seal haulout site availability and 

quality in California.  

4. Harbour seal habitat was modelled at two sand bar-built estuaries under a series of likely 

sea-level rise and storm scenarios. The model outputs suggest that, over time, habitat at 

both estuaries decreased with increasing sea level, and storm enhanced water levels 

contributed significantly to habitat flooding. These changes reflect pressures on coastal 

habitats that have an impact on human and natural systems. 
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1. Introduction 

Increasing inundation from sea-level rise and storm enhanced water levels are projected to 

change coastal habitats (Grigg et al., 2009; Karl, Melillo & Peterson, 2009; Parris et al., 2012; 

Funayama et al., 2013). These phenomena are already being observed in coastal areas (Tebaldi, 

Strauss & Zervas, 2012; Wang et al., 2017). Increases in storm surge and sea level, attributes of 

global climate change, are having an impact on coastal communities and critical habitat for a 
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myriad of species (Cloern et al., 2016; Griggs et al., 2017), including Pacific harbour seals 

(Phoca vitulina richardii). Rising sea levels combined with increasing frequency and intensity of 

storm enhanced water levels result in more frequent and greater areas of coastal flooding and 

inundation (Gallien et al., 2013; Muis et al., 2015; Vitousek et al., 2017). These threats are 

variable, relative to water elevation, elevation range, the duration of high and low tide events, 

substrate resistance to erosion, and presence or absence of natural or man-made barriers (Parris 

et al., 2012; Gallien et al., 2013; Behrens et al., 2013; Griggs et al., 2017; Wang et al., 2017). 

Understanding these changes is urgent, as pressures stemming from climate change compound 

other anthropogenic pressures on coastal ecosystems (Mitchell et al., 2015; Yang et al., 2015).  

 Patterns and changes in the distribution of marine top predators, including Pacific 

harbour seals and other marine mammals, are indicators of environmental change as they 

respond to changing features of their environment over long temporal and broad spatial scales 

(Moore, 2008). The State of California Environmental Protection Agency (EPA) has called for 

the use of indicators in climate change research (Kadir, Mazur & Milanes, 2013); harbour seals 

can fulfill that role.  

 Harbour seals are a natural indicator species due to their abundance, wide distribution, 

site fidelity, and sensitivity to changes in their habitat (Suryan & Harvey, 1998; Funayama et al., 

2013). They are also relatively easily observed on land at terrestrial habitats which are essential 

for resting, pupping, and molting (Allen, 1991; Jansen et al., 2015). Harbour seals are abundant 

on the California coast and exhibit these characteristics, making them a good candidate as an 
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indicator species of the effects of coastal climate change (Lowry, 2008; Codde & Allen, 2013; 

Codde & Allen, 2017).  

 While their current patterns of habitat use are relatively observable, there are knowledge 

gaps concerning the effects of climate change on harbour seal haul-out habitat (Funayama et al., 

2013). Modelling current habitat use will enable future available habitat to be predicted 

(McClenachan, Ferretti & Baum, 2012; Pacifici et al., 2015). In their capacity as indicators, 

observing how harbour seals do or do not persist in using these habitats has the capacity to offer 

insights into coastal and near-shore climate change drivers, including sea-level rise and storm 

surge flooding (Funayama et al., 2013). Given the persistence of these haulouts over time, if 

changes are observed concurrently with dramatic environmental variables, they are likely to be 

the primary response driver.  

 Novel techniques are emerging to integrate species observations and environmental data 

(Guillera-Arroita et al., 2015; Pacifici et al., 2015; Pacifici et al., 2017; Boets et al., 2018). With 

sufficient temporal and spatial data resolution, these integrations permit fine-scale projections of 

species responses to climate change (Ehrlen & Morris, 201l; Morelli et al., 2015). Collection of 

observations necessary to monitor changes at all sensitive locations is not feasible, but concerted 

efforts of interested local stakeholders and community scientists can make substantial 

contributions to research efforts by increasing spatial and temporal observation coverage 

(Theobald et al., 2014; Chandler et al., 2017; McKinley et al., 2017).  
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 This work proposes to model sea-level rise and storm impacts on harbour seal haul-ut 

habitat and hypothesizes that climate change driven sea-level rise and storm enhanced water 

levels will decrease harbour seal haulout habitat availability and quality.  

 1.2 Study Species 

Pacific harbour seals are an eastern North Pacific basin subspecies found along the entire 

coastline of western North America. They faced significant population pressure from hunting in 

the early 19th century which reduced their numbers to a few hundred individuals in small groups 

on areas of the coast naturally sheltered from disturbance (Bonnot, 1928). Pacific harbour seals 

are currently protected by the Marine Mammal Protection Act but are not listed as threatened or 

endangered under the Endangered Species Act due to their successful population recovery and 

current abundance (MMPA 2007; Carretta et al., 2015). Aerial surveys conducted by the 

National Marine Fisheries Service in 2014 estimated the current population of the California 

stock at 27,348 individuals (Lowry, Carretta & Forney, 2008; NMFS 2015).  

Harbour seals haul out on sections of coastline that offer protection from wind and wave 

action and isolation from human disturbance (e.g. kayakers, hikers, etc.), and have limited access 

by predators and nearby access to local and abundant prey resources (Allen, 1991; Nordstrom, 

2002; Grigg et al., 2009; Jansen et al., 2015). Harbour seals are generally found hauled-out 

within 10 km of foraging areas that are patchily distributed in nearshore waters along the 

California coastline (Grigg et al., 2009). Harbour seals are flexible in their choice of prey, which 

include fish, crustaceans, and cephalopods, and will change prey based on availability and 
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abundance (Suryan & Harvey, 1998; Grigg et al., 2009). Generally, harbour seals exhibit site 

fidelity to haulout sites (Suryan & Harvey, 1998; London et al., 2012) during the pupping and 

moulting season (Lowry et al., 2008). Protection is particularly important for pups and moulting 

individuals (Montgomery, Van Hoef & Boveng, 2007; Grigg et al., 2009). Pups, being less adept 

swimmers, are less able to weather storm events impacting a haul-out, and are more vulnerable 

to strong waves which have the potential to separate pups from their mothers. Additionally, 

storms and strong waves can place additional thermoregulatory demands on moulting seals 

(Harding et al., 2005; London et al., 2012).  

  

2. Methods 

2.1. Study Sites 

Seals haul out on intertidal sand bars, beaches, tidal mud flats, rocky reefs, and estuaries (Lowry 

et al., 2008; Jansen, 2015).  Estuaries are threatened by sea-level rise and increased storm wave 

energy (George, Gelfenbaum & Stevens, 2012; Luisetti et al., 2014; Thorne et al., 2015). 

Estuaries are ecologically productive, offer protected habitat, and are heavily affected by local 

anthropogenic pressures (Merrifield et al., 2011; Janousek et al., 2016). In northern California, 

estuarine haulouts offer model locations to study the effects of sea-level rise and storm events on 

harbour seal habitats.  

 The Russian and Eel Rivers form sand bar-built estuaries at the river mouths. Bar-built 

estuaries are dynamic systems, due to natural and managed patterns of opening and closure of the 
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estuary mouth and lagoon water levels. These patterns are seasonal, weather-dependent, 

sediment load dependent, and frequently heavily managed (NMFS, 2008; Pecharich & Martini-

lamb, 2014; Quinones et al., 2015). Situated on the northern California coast, the Russian and 

Eel River estuaries are subjected to similar primary wind and wave phenomena (Behrens et al., 

2009; Rubel & Kottek, 2010). These estuaries consequently share predominant physical 

characteristics and environmental pressures (Merrifield et al., 2011) and provide consistent 

harbour seal haulout habitat (Figure 1). To capture a range of resting sites likely to be used by 

seals from each estuary, habitat was analysed within a 30 km buffer around each estuary mouth, 

based on the ranges found in radio-tagging studies (Suryan & Harvey, 1998; Sharples, 

Mackenzie & Hammond, 2009; Wilson et al., 2014).    

Russian River Estuary 

The Russian River estuary is located on the western coastline of Sonoma County (Figure 1). This 

is a typical bar-built estuary (Behrens et al., 2009), managed to balance salmonid habitat needs 

with flood protection for low-lying properties along the lower Russian River. Natural conditions 

are maintained unless flood risk to low-lying homes reaches unacceptable levels, in which case 

the county breaches the sandbar (NMFS, 2008; Pecharich & Martini-Lamb, 2014). 

Eel River Estuary  

The Eel River estuary is located on the western coastline of Humboldt County just north of Cape 

Mendocino (Figure 1). River management includes two dams constructed prior to a protected 

Wild and Scenic River designation, a federal environmental protection classification, but no 
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future dams will be constructed (National Wild and Scenic Rivers System, 2016). Like the 

Russian River, the Eel River is both ecologically and economically valued for providing 

salmonid habitat (Yoshiyama & Moyle, 2010; Quinones et al., 2015).  

2.2 Modelling Overview  

Modelling habitat under climate change scenarios has been done for a variety of species, 

including other phocids (Funayama et al., 2013; Pacifici, 2015; Boets et al., 2018). Climate 

change impacts on harbour seal haulouts were projected by developing a habitat suitability 

model (HSA) under current conditions and calculating change with different baseline scenarios 

of sea level and storm events. The HSA is a geographic information systems (GIS) model 

developed in ArcGIS 10.5 (ESRI, 2017) which identifies haulout habitat given present 

conditions. Sea-level rise (SLR) and storm effects at these estuaries were then modelled to 

analyse the additional impact of climate change. Using the HSA model to calculate habitat given 

a variety of sea-level rise scenarios and storm conditions provided a series of spatial habitat 

projections for analysing changes to available habitat.   

2.3 Harbour Seal Habitat Suitability Analysis  

The harbour seal habitat suitability analysis is a rules-based model. Based on expert knowledge 

and previous literature, we were able to create rules to spatially define potential haulout habitat 

(Briscoe et al., 2014). The primary features of this rules-based model were, for each raster cell of 

the digital elevation model (DEM), slope, Euclidean distance to the water, and protection from 

wind and wave action which was described by aspect of the landscape (Nordstrom,2002; 
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Funayama et al., 2013; Allen pers. com., 2016). Each cell of the DEM was tested for these 

features and assigned a numerical score. The composite numerical score resulted in a GIS layer 

where every cell was ranked relative to its potential habitat quality. The HSA only included areas 

of the DEM that met physical slope and distance restrictions as habitat. Within potential habitat 

area, areas better protected from wind and wave action, determined by the compass-degree 

aspect of the landscape relative to the prevailing wind direction, were ranked as higher quality 

habitat (Table 2).  

 Coastal Data Information Program (CDIP) buoys indicate that California coastal wave 

action mostly comes from the north west (Garcia-Reyes & Largier, 2010; CDIP 2017). At the 

buoys nearest to each study site, Fort Bragg (Buoy 235) and Humboldt Bay (168), wave 

direction was 295 degrees, relative to true north (SD ± 23). As the response to the wind and wave 

direction were classified by the same rules at both sites, the response of an individual 1 m cell of 

the raster gave the same result at both sites. However, the predominant response may be 

expected to vary between sites, given the general direction of the shoreline relative to the 

direction of the wind and wave action.  

2.4 Data Assembly 

The model is based on elevation data, water level data including tide and storm surge height, 

storm projections, and both ground and aerial seal observations. Elevation data were a 1 m 

horizontal resolution continuous topographic-bathymetric DEM (Dewberry & Davis, 2013). 

Water data were composite NOAA tidal data (VDatum 2017), and storm projections were 20-
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year storm projections from the United States Geological Survey (USGS) Coastal Storm 

Monitoring System (CoSMoS) projections (CoSMoS, 2017). The ground-based seal observations 

were daily harbour seal counts collected at the Russian River estuary by Mrs. Elinor Twohy 

(1990 – 2016). The Twohy dataset is three decades of fine-scale observations collected at the 

mouth of the Russian River. Mrs. Twohy, a community scientist and local activist, worked with 

scientists from the Bodega Marine Laboratory of University of California, Davis, and Dr. Sarah 

Allen, a pinniped expert from the National Park Service, to standardize data collection (pers. 

comm. Twohy 2016). Daily count data from 1990 to 2016 were used to validate the habitat 

suitability model. Aerial seal observations were from National Marine Fisheries Service (NMFS) 

aerial survey data at the Russian and Eel River estuaries from the years 2002, 2004, 2009, and 

2012 (Lowry & Carretta, 2003; Lowry et al., 2005; NMFS unpublished data). 

The NMFS monitors harbour seal populations along the California coast with aerial 

photographic counts made from surveys conducted during the moult period when the highest 

number of individuals are most likely be to be on land (Lowry & Carretta, 2003; Lowry, Carretta 

& Forney, 2005; NMFS unpublished data; Lowry, Carretta & Forney, 2008; Lowry unpub. data). 

There is latitudinal variation in phenology, with the pupping and moulting seasons beginning 

earlier further south (Tempte, Bigg & Wiig, 1991). In northern California, the pupping and 

breeding season spans March through May, continuing into the moulting period from July 

through early August (Caretta et al., 2014). These aerial surveys produced photographs from a 
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high-resolution camera mounted on board a small airplane in late May to July of 2002, 2004, 

2009, and 2012 (Lowry, Carretta & Forney, 2008).  

2.5 Habitat Suitability Model Validation  

The HSA model was validated by separately fitting the results to two datasets of seal 

observations: the ground counts at haulouts in the Twohy dataset and corresponding NMFS 

aerial photo survey counts. The model was fitted by sampling the seals found in habitat ranks 

resulting from the DEM. This was done by overlaying the localized habitat value, determined 

using a focal statistic analysis, with a kernel density analysis of the aerial seal counts. The focal 

statistic analysis produces a raster layer of the habitat values, which is a way to test for spatial 

clustering of habitat features (Kitron et al., 2006; De Jager & Fox, 2013). The kernel density 

layer produced a raster layer of the seals observed, where more individuals produced a larger 

target around the seal point observations (Seaman & Powell, 1996; De Solla, Bonduriansky & 

Brooks, 1999). Overlaying these two rasters and sampling where the seals are found showed 

density of habitat use. The HSA was fitted by incrementally adjusting the weighting of habitat 

variables until the fitting tests indicated that a majority of seal observations were captured in 

areas that ranked as the highest quality habitat.  

2.6 Sea-level rise Modelling  

NOAA’s Vertical Datum Transformation (VDatum) tool and flood modeling method produced 

water surfaces that accounted for dynamic tidal variability over the last tidal epoch (White et al., 

2016; VDatum 2017). These methods are similar to the NOAA Office for Coastal Management 
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Digital Coast Sea Level Affecting Marshes Model (SLAMM, 2017). The USACE Sea-Level 

Change Curve Calculator (Version 2017.55) was used to select local sea-level rise projections 

specific to each study site. Selecting the most probable projections for the years 2030 and 2050 

and both the low and extreme SLR projections for the year 2100 provided a range of likely 

possible outcomes. Adding the local sea-level rise projections for these scenarios to the VDatum 

tidal surface effectively raised the elevation of the local water surfaces in the GIS model. This 

inundated additional area of the flood model layers, which allowed for the extraction of likely 

shorelines reflecting the 2030, 2050, and both 2100 SLR scenarios. These SLR scenario 

shorelines were the new baseline for each subsequent run of the model, to project haulout habitat 

at 2030, 2050, 2100 low, and 2100 extreme SLR conditions for each estuary. Throughout, the 

term flooding is used to refer to storm events, and inundation is used to refer to SLR. 

2.7  Storm Enhanced Flooding  

To evaluate the impacts of storm enhanced water levels on habitat flooding, CoSMoS projections 

(currently only available for the Russian River site) were also used as a baseline condition for the 

HSA model. Consistency was checked between these new SLR flood models and the CoSMoS 

projections. Inundation results were compared for depth and area of inundation. After 

determining comparability, CoSMoS storm scenarios were used as a baseline condition for the 

HSA to calculate area of habitat inundated by storm enhanced flooding. 

 

3. Results 
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3.1 Harbour seal habitat suitability model results 

At the Russian River, total habitat area decreased 9.6% from the baseline by 2030, 8.2% by 2050 

(a 1.5% increase over the 2030 scenario), 24.5% from the baseline by the 2100 low scenario, and 

26.1% by the 2100 extreme scenario (Figure 3a). At the Eel River, total habitat area increased by 

1.3% by 2030, decreased by 4.2% by 2050, decreased 5.9% by the 2100 low scenario (an 

increase over the 2050 scenario), and decreased 23.3% by the 2100 extreme scenario (Figure 3b).  

3.2 Harbour seal habitat suitability validation 

At the Russian River, the final HSA model ranked the protected lagoon-facing side of the 

sandbar as a high-quality haulout  siteand ranked the ocean-facing side of the sandbar as poor 

quality habitat (Figure 2). This result matches the ground and aerial observations of seal habitat 

use. At the Russian River, 87% of seals congregated on the protected interior part of the estuary 

mouth sand bar, and 13% were sighted on both the lagoon and exposed ocean side. In less than 

1% of sightings, seals were hauled-out exclusively on the ocean side of the sandbar. The HSA 

model predicted that the protected lagoon region of the sandbar was high quality, and the ocean-

facing region of the sandbar was lower quality habitat (Figure 2). 

3.3 Sea-level rise & storm enhanced water level impact results  

At the Russian River, under both present conditions and a 0.25 m sea-level rise regime, the 

difference in area flooded as based on the CoSMoS model and the VDatum model was less than 

5% (Table 3). Under storm scenarios, regardless of SLR, approximately 65% of habitat became 

flooded. Under present sea-level conditions, total habitat inundated by storm surge was 65.9%. 
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Under 0.25m SLR conditions, 64.2% total haul-ut habitat was inundated. Values for each habitat 

quality rank ranged from 62 to 68% (Table 3). CoSMoS data were not available for the Eel 

River. Under the sea-level rise scenarios, as inundation changed the shoreline vectors, we noted 

changes in the complexity and shape of the shoreline in tandem with available habitat.   

4. Discussion  

 4.1 Habitat Suitability  

As expected, the SLR and storm analysis predicted higher quality habitat for features sheltered 

from exposure at both estuary sites. This pattern held up through each of the inundation 

scenarios. While near-term inundation in some cases increased habitat area, the overall response 

to inundation resulted in decreased habitat area, with larger decreases associated with increased 

sea-level rise for the Russian and Eel River estuaries (Figure 3). In other projection scenarios 

there were larger initial increases in habitat area under initial SLR, but in all tested sea-level rise 

scenarios, the habitat available declined after the 2050 intermediate projections (Figure 3). 

4.2 Sea-Level Rise  

Changing complexity in shoreline vectors could be the reason for temporary increases and 

eventual decreases in habitat area. However, caution is called for in this interpretation. The 

sandbars forming the mouth of both estuary sites migrate and shift with tidal and storm action 

(Behrens et al., 2013). This observation may be best explored with higher resolution methods, 

which have the capacity to capture curviness of features (Guo et al., 2017). Habitat losses with 

sea-level rise are seen for a variety of species and types of coastal ecosystems (Funayama et al., 
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2013; Pike, Roznik & Bell, 2015; Cloern et al., 2016). Some ecosystems have the flexibility to 

migrate if sea-level changes slowly enough and other environmental conditions are met (Thorne 

et al., 2018). For species without the flexibility to move or where ecosystem migration is 

restricted, there are significant losses (Cloern et al., 2016). Based on results at these two sites, 

other haulout sites in California will experience losses and gains, based on current landscape 

features, landscape response to sea-level rise, and these changes will be dependent on the rate at 

which sea-level rise occurs.  

4.3 Storms enhanced water levels  

At the Russian River, where storm models were available, approximately 65% of total habitat 

was inundated under 20-year storm conditions. Current climate change projections predict an 

increase in both intensity and severity of storm systems. The frequency and intensity of these 

events will drive sediment transport and erosion that may affect the shape of these habitats 

(George & Hill, 2008; Rich & Keller, 2013). For seals using these habitats, the frequency, 

intensity, as well as the seasonality of storm events will have an influence on the type and 

severity of impact. Currently in California, storms primarily occur during the winter months, 

when harbour seals spend less time hauled-out. Storms during the pupping and moulting seasons 

would have a much greater impact. If these events were to overlap more in the future, due to 

shifts in storm patterns or phenology, the threat to seals posed by storm events would greatly 

increase. Using a statistical exploration of the full Twohy dataset, upcoming work will explore 
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the possibility of shifts in timing of peak seal habitat use in response to various local variables, 

including the intensity of winter storms.  

4.4 Model Limitations  

The HSA model captured utilized habitat from simple physical parameters. Model results 

reflected the importance of protection from wind and wave action at a haulout. They also 

highlighted a fundamental limitation. This model was designed for known seal haulout sites, 

with the inference that other essential habitat criteria (e.g. distance to prey patches) have been 

met. If applied to an unknown area of shoreline, this HSA would predict whether seals could 

haul out, but not the ecological likelihood of this area being utilized as a haulout location. This 

applies to the future projections of this model even at known haulout areas. Given these 

restrictions, it is likely that habitat is overpredicted at the baseline and between SLR scenarios, 

relative to the geomorphology of each site fitting the model.  

Initial inundation of bar-built estuaries may match the SLR modelling results but quickly 

diverge with erosion. Soft substrates are far less resistant to erosion than harder substrates (Bak, 

Michalik & Tekielak, 2013; Rich & Keller, 2013). As sandbars shift, habitats shift locally. 

However, when haul-outs are inundated, or retreat is limited by natural structures (e.g. cliffs) or 

human infrastructure, habitat may be eliminated, a process referred to as coastal squeeze 

(Ruckelshaus et al., 2013; Godoy & de Lacerda, 2015; Santora et al., 2020). Patterns of habitat 

are likely to persist at these sandbar areas under near-term SLR. However, changes in sediment 
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supply and transport are not reflected in these inundation scenarios and are important to include 

in SLR modelling before planning management action.  

4.5 Community Science & Monitoring Research  

Community science is an important opportunity to expand coverage of changing environments. 

The Twohy dataset is an exemplary record making this case, offering longevity and consistency 

difficult to find in monitoring work supported by traditional research funding programmes, under 

which it is difficult to maintain long-term monitoring observation. Species observations are 

ephemeral and cannot be recovered by other means (Chandler et al., 2017). Even in the cases 

where there are monitoring funds available, the person-hours required to monitor changes at the 

locations covering the broad spatial scope of the coasts are prohibitive unless invested local 

stakeholders are engaged.  

4.6 Indicator Species 

There is much potential for future research concerning the effects of climate change on harbour 

seals. As ocean conditions change, it is likely that essential habitat features will shift or change in 

ecologically important ways. In their role as indicators, observing changes in the persistence of 

seal haulouts under SLR may reflect unobserved ecological changes.  

As coastal squeeze impacts coastal habitats, there are limits to the number of seals a 

given haulout will support (Neumann, 1999). It would be an interesting avenue for future 

research to examine the minimum habitat density that would support the seals currently present 

at these habitats. Potential causes of decreases in seals observed at these habitats in the future 

This article is protected by copyright. All rights reserved.



8 

could indicate an increase in competition for space or indicate changes in other environmental 

factors. It will be important to rule out density competition before assuming that decreasing seal 

habitat use is directly correlated with some other factor, such as prey availability or disturbance.  

4.7 Conservation Measures 

The applications of projecting habitat allow for management actions to preempt a problem, 

whether it be protecting a place that will be future high quality habitat or setting up barriers to 

avoid a wildlife – human development conflict. This model also provides a first-warning utility 

for attendant changes with climate change and sea-level rise; if seals abandon an area that 

otherwise meets the criteria for good habitat, an unseen change, such as in prey location or 

availability, may be indicated.  

Bar-built estuaries are not necessarily stable systems and are likely to change over time 

(Behrens et al., 2013). It is reasonable to expect that with significant sea-level rise and storm 

surge, in the future this area may no longer be optimal habitat. Although harbour seals exhibit 

site fidelity to stable areas, when habitat criteria change (e.g. haulout and pupping space, 

foraging proximity, etc.) they will seek other suitable habitat (Cordes & Thompson, 2015). 

While this may place stress on seals who return to a specific haulout, harbour seals are not 

currently a threatened species on the California coast. However, in their role as indicators, 

observing and taking note of changes in site usage may serve as a vital early indicator of other 

attendant environmental changes. The state of California has recommended monitoring indicator 

species as one of the methods of maintaining awareness of changes in the environment and 
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communicating these changes to the public (Kadir, Mazur & Milanes, 2013); the Russian River 

and Eel River haulouts are just such places. 

4.8 Future Research  

Further analysis of the Russian River estuary dataset is likely to further reveal variables 

influencing fine-scale harbour seal haulout selection. Normal patterns of seal habitat use in 

northern California are distinctly visible in the Russian River dataset. This reflection of regional 

patterns at the Russian River haulout is a useful benchmark for relatability to other similar 

estuarine environments. Additional understanding of local drivers of fine-scale habitat choice 

may offer improvements to this type of model. 

To expand locally specific SLR modelling efforts at these sites, it would be valuable to 

include erodibility of inland substrates, barriers to inundation, and the influence of upriver dam 

management. These features will reshape the shore as rises in sea level and storms batter the 

coast (Bulleri & Chapman, 2009). Management responses to inundation will certainly be 

essential to consider. The Russian River estuary is already heavily managed for property flood 

risks in low lying areas around the lagoon (NMFS, 2008; Pecharich & Martini- lamb, 2014). As 

sea level rises, management will be required to adapt to these conditions. The simplicity of this 

base model means it can be applied as a starting point to any region of habitat. Before translating 

these results to management applications, additional and higher resolution layers are necessary, 

particularly in cases where the shoreline has high erosion potential, or additional barriers to 

inundation are in place (Matthews, Lo & Byrne, 2015).  
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Table 1. Comparison of inundation layer between CoSMoS flood modeling and baseline SLR 

method.  

CoSMoS Area (km2) Baseline SLR 
Method Area (km2) Difference in Area 

Flooded (km2) 
No SLR, No Storm 388436 No SLR, No Storm 368883 19553 
Storm 391515 -- -- -- 

0.25 m SLR, No Storm 389092 
0.25 m SLR, No 
Storm 370129 18963 

0.25 m SLR, Storm 392014 -- -- -- 
% Area Flooded Difference: No SLR 5.03   
% Area Flooded Difference: SLR 4.87   
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Table 2. Values of slope aspect reclassification, based on orientation relative to wave action, 

used to rank potential habitat areas. Better protected areas were ranked as better habitat (e.g. 

most protected areas are classified as 1, least protected areas are classified as 5). 

Classification Degree 
1 0 - 90 
1 90 - 180 
2 180 -220  
3 220 - 270 
5 270 - 310 
4 310 - 360  

 

Figures  

Figure 1. The location of the Russian River and Eel River estuaries in northern California.  

Figure 2. Subset of present sea-level haul-out quality at (A) the Russian River and (B) Eel River. 

Underlying satellite imagery taken at a different season and tide height than the DEM used to 

generate habitat quality overlays.  

Figure 3. Change in haul-out area available at (A) the Russian River and (B) Eel River with 

likely sea-level scenarios.   
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