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Harbor Seals as Sentinels of Ice Dynamics in Tidewater Glacier Fjords
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Tidewater glaciers calve icebergs into the marine environment which serve as pupping, molting, and resting habitat for some of the largest seasonal aggregations of harbor seals (Phoca vitulina richardii) in the world. Although they are naturally dynamic, advancing and retreating in response to local climatic and fjord conditions, most tidewater glaciers around the world are thinning and retreating. Climate change models predict continued loss of land-based ice with unknown impacts to organisms such as harbor seals that rely on glacier ice as habitat for critical life history events. To understand the impacts of changing ice availability on harbor seals, we quantified seasonal and annual changes in ice habitat in Johns Hopkins Inlet, a tidewater glacier fjord in Glacier Bay National Park in southeastern Alaska. We conducted systematic aerial photographic surveys (n = 55) of seals and ice during the pupping (June; n = 30) and molting (August; n = 25) periods from 2007 to 2014. Object-based image analysis was used to quantify the availability and spatial distribution of floating ice in the fjord. Multivariate spatial models were developed for jointly modeling stage-structured seal location data and ice habitat. Across all years, there was consistently more ice in the fjord during the pupping season in June than during the molting season in August, which was likely driven by seasonal variation in physical processes that influence the calving dynamics of tidewater glaciers. Non-pup harbor seals and ice were correlated during the pupping season, but this correlation was reduced during the molting season suggesting that harbor seals may respond to changes in habitat differently depending upon trade-offs associated with life history events, such as pupping and molting, and energetic costs and constraints associated with the events.
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INTRODUCTION

The distribution of abiotic and biotic resources required for animal survival and reproduction is seasonally dynamic and can change in space and time (Fretwell, 1972). As such, organisms living in highly seasonal environments may adapt by timing life history events, such as reproduction and migration, to coincide with favorable environmental conditions (Stearns, 1989). Furthermore, there can be complex interactions between life history events, the physiological state of the animals, and the abiotic and biotic environment which can result in trade-offs during the annual cycle (Stephens et al., 2014). Thus, elucidating how environmental factors, such as habitat and prey availability, interact with intrinsic factors, such as physiological state, and influence the annual cycle of individuals (McNamara and Houston, 2008; Varpe, 2017) is essential for understanding and predicting how populations may respond to changes in rapidly changing subpolar and polar ecosystems (Moon et al., 2019; Pörtner et al., 2019).

Tidewater glaciers are mountain glaciers that flow to the ocean and calve icebergs into the marine environment (Figure 1). These marine-terminating glaciers are prominent physical features in high-latitude environments that play an important role in linking landscape and marine ecosystem processes in Greenland, Iceland, Svalbard, the Canadian and Russian Arctic, Alaska, Chile, and Antarctica (O’Neel et al., 2015; Straneo et al., 2019; Bianchi et al., 2020). Tidewater glaciers undergo substantial seasonal variation which can influence freshwater flux, vertical mixing, nutrient input (Bartholomew et al., 2010; Howat et al., 2010; Moon et al., 2014; Arimitsu et al., 2016; Amundson and Carroll, 2017; Fried et al., 2018), biological productivity, marine food webs, and create important habitats for invertebrates, fish, seabirds, and marine mammals during critical phases of the annual cycle (Etherington et al., 2007; Lydersen et al., 2014; Juul-Pedersen et al., 2015; Meire et al., 2017). For example, subglacial discharge plumes transport nutrients and entrain zooplankton near the glacier terminus which creates productive foraging areas for black-legged kittiwakes (Rissa tridactyla), northern fulmars (Fulmarus glacialis), and other seabirds (Stempniewicz et al., 2017; Urbanski et al., 2017). Belugas (Delphinapterus leucas) and narwhals (Monodon monoceros) use habitats near glacial fronts and tidewater glaciers for foraging (Lydersen et al., 2014; Lucey et al., 2015; Laidre et al., 2016). Similarly, ice that is discharged or calved from the terminus of tidewater glaciers produces icebergs that serve as resting, pupping, and molting habitat for several species of pinnipeds including ringed seals (Pusa hispida), bearded seals (Erignathus barbatus), and harbor seals (Phoca vitulina) (Calambokidis et al., 1987; Lydersen et al., 2014; Hamilton et al., 2016, 2019).
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FIGURE 1. Johns Hopkins (right) and Gilman (left) tidewater glaciers in Johns Hopkins Inlet in Glacier Bay National Park, southeastern Alaska. Inset photograph includes an adult female harbor seal and pup resting on an iceberg. Photo: Jamie N. Womble/NPS.


Harbor seals (Phoca vitulina) are the most widely distributed pinniped in the northern hemisphere and some of the largest seasonal aggregations of harbor seals in the world are associated with floating ice habitat in tidewater glacier fjords in Alaska (Jansen et al., 2015). Tidewater glacier fjords in Alaska range from LeConte Glacier in southeastern Alaska to Kenai Fjords in south-central Alaska, spanning approximately 1,300 km from 56° to 61° latitude. Harbor seals exhibit a high degree of seasonal fidelity to tidewater glacier fjords during energetically demanding life-history phases of the annual cycle (Womble and Gende, 2013). Use of ice habitat by harbor seals likely confers benefits related to providing a stable platform for nursing pups during the brief lactation period and reducing the risk of predation (Calambokidis et al., 1987; Blundell et al., 2011). Harbor seals are also an important cultural and subsistence resource for Alaska Natives (Crowell, 2016) and a highly sought-after viewing experience for visitors to tidewater glacier fjords in Alaska (Jansen et al., 2010; Young et al., 2014).

Although tidewater glaciers are naturally dynamic, advancing and retreating in response to physical drivers and local climatic and fjord conditions (Post et al., 2011), most glaciers around the world are thinning and as a result, many tidewater glaciers are retreating (Arendt et al., 2002; Larsen et al., 2007; Wouters et al., 2019; Zemp et al., 2019). Although models predict continued mass loss for glaciers globally, including tidewater glaciers (Hock et al., 2019; Slater et al., 2019), there is a limited understanding of how organisms, such as harbor seals, that utilize ice habitat in tidewater glacier fjords may respond. However, studies elsewhere in polar regions have demonstrated that changes in sea ice may influence pup survival, disease risk, foraging behavior, distribution, and habitat use of ice-associated pinnipeds (e.g., Kelly, 2001; Ferguson et al., 2005; Johnston et al., 2005; Laidre et al., 2008; Bajzak et al., 2011; Kovacs et al., 2011, 2020; Hamilton et al., 2015).

One of the largest seasonal aggregations of harbor seals in southeastern Alaska occurs in Glacier Bay (Calambokidis et al., 1987), an expansive tidewater glacier fjord that has retreated over 100 km, and lost more than 3,000 km3 of ice since 1770 (Cooper, 1937; Field, 1947; Larsen et al., 2005). In addition, the number of actively calving tidewaters glaciers in Glacier Bay has decreased from 12 in 1982 (Molnia, 2007) to five in recent years. Over the last several decades, the distribution of harbor seals in Glacier Bay has also changed significantly due in large part to the rapid retreat and grounding of the Muir Glacier in the early 1990’s (Hall et al., 1995), where historically over 1,300 seals used icebergs as habitat in the 1970’s and 1980’s (Streveler, 1979; Calambokidis et al., 1987). Since the grounding of the Muir Glacier, the only remaining ice habitat in Muir Inlet is at the McBride Glacier which has retreated over 3 km from 1948 to 2012 (McNabb and Hock, 2014) and provides habitat for up to 200 seals (Womble et al., 2010).

Currently, over 75% of harbor seals in Glacier Bay occur in Johns Hopkins Inlet, a tidewater glacier fjord that is fed by the Johns Hopkins and Gilman Glaciers in the West Arm of Glacier Bay. After undergoing a retreat that began at the end of the nineteenth century, the Johns Hopkins Glacier has advanced nearly 2 km since the mid-twentieth century (McNabb and Hock, 2014). Though the terminus of the Johns Hopkins Glacier has remained relatively stable since 2012, over the last few decades (1992–2017) the abundance of seals in Johns Hopkins Inlet has declined precipitously (Mathews and Pendleton, 2006; Womble et al., 2010, 2020). Collectively, these relatively large-scale changes in tidewater glaciers and the distribution of seals in Glacier Bay suggest that ice is a key environmental variable that may influence the ecology and habitat use of seals. Ultimately, harbor seals may serve as sentinels (e.g., Moore, 2008; Hazen et al., 2019) of ice dynamics in these rapidly changing tidewater glacier fjord ecosystems.

To date, few studies have quantitatively addressed the relationships between harbor seals and ice habitat (e.g., Jansen et al., 2015), due in large part to the expansiveness and remote nature of tidewater glacier fjords as well as the dynamic nature of the ice habitat (Boveng et al., 2003; Bengtson et al., 2007). However, recent advances in survey and analytical methods allow for the systematic quantification of seals and ice using aerial photographic surveys which provide a permanent record (Ver Hoef and Jansen, 2015; McNabb et al., 2016). If tidewater glaciers continue to thin and retreat, the amount of ice habitat available for harbor seals may decrease and seals may spend more time in the water, use terrestrial sites, or move to other areas (Calambokidis et al., 1987; Womble et al., 2010; Hoover-Miller and Armato, 2018). Given the reliance of seals on ice habitat for critical life history events, such as pupping and molting, each of these outcomes could have population-level consequences.

Our primary objective was to quantify how changes in ice habitat influences harbor seal distribution and abundance during two energetically demanding life history phases of the annual cycle: the pupping period in June and the molting period in August. Specifically, we (1) conducted aerial photographic surveys to quantify the spatial distribution and abundance of harbor seals and ice from 2007 to 2014; (2) quantified the availability and characteristics of ice from aerial photographs using object-based image analysis; and (3) developed multivariate conditional autoregressive models to jointly model stage-structured animal location data and ice habitat to describe the spatio-temporal distribution of ice and seals in Johns Hopkins Inlet. Given that ice is a dynamically evolving resource that we were interested in understanding jointly with seal distribution, we used statistical methods that permit joint modeling of animals and habitat to better understand harbor seal and glacier ice dynamics.



MATERIALS AND METHODS


Study Area

Johns Hopkins Inlet (58° 50.89′ N, 137° 06.12′ W) (Figure 2) is an expansive (12 km long × 3 km wide) tidewater glacier fjord in the upper West Arm of Glacier Bay National Park, a Biosphere Reserve and World Heritage site encompassing over 242,811 hectares of marine waters in southeastern Alaska. Harbor seals aggregate seasonally in Johns Hopkins Inlet to rest, pup, and molt on icebergs that calve from two tidewater glaciers (Mathews and Pendleton, 2006; Womble et al., 2020); the Johns Hopkins (250 km2) and the Gilman (25 km2) which extend from the Fairweather Mountain Range.
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FIGURE 2. Study area in Johns Hopkins Inlet in Glacier Bay National Park, southeastern Alaska. The natural color image was created from Landsat 8 from August 6, 2013.




Aerial Photographic Surveys of Seals and Ice (2007–2014)

We conducted aerial photographic surveys (n = 55) of harbor seals and ice in Johns Hopkins Inlet (Figure 2) during the pupping period in June (date range: 12–30 June; n = 30 surveys) and during the molting period in August (date range: 2–25 August; n = 25 surveys; Table 1) from 2007 to 2014. Surveys were conducted between 1200 and 1800 Alaska Daylight time, as higher counts of seals typically occur 1–4 h after solar noon (Mathews and Pendleton, 2006).


TABLE 1. Dates of aerial photographic surveys (n = 55) of harbor seals and ice in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska during the pupping period in June and during the molting period in August from 2007 through 2014.

[image: Table 1]
Aerial photographic surveys were conducted from a de Havilland Canada DHC-2 Beaver single-engine high-winged aircraft (Ward Air Inc., Juneau, Alaska) following methods developed by Jansen et al. (2006) and Ver Hoef and Jansen (2015). Aerial surveys were flown at approximately 1,000 feet (305 m) at 90–95 kts along 12 established transects. Transects were spaced 200 m apart and spanned the length of the fjord from the terminus of the glacier to the opposite end of the fjord (Figure 2). The transects encompassed an area of approximately 10.8 km2 of the 22.5 km2 surface area of the water in Johns Hopkins Inlet. An aerial survey of Johns Hopkins Inlet was completed in approximately 1 h (Womble et al., 2020).

During the aerial surveys, non-overlapping digital photographic images (Figure 3) were taken directly under the plane using a vertically aimed digital single-lens reflex (DSLR) camera (Nikon D2X, 12.4 megapixel; Shinagawa, Tokyo, Japan) with a 60 mm focal length lens (Nikon AF Micro-NIKKOR, 2.8D). The camera was attached to a tripod head and mounted to a plywood platform that was secured in the belly porthole of the aircraft. The camera captured an image every 2 s, using a digital timer (Nikon MC36) operated by an observer. The firing rate and the spacing of the transects allowed for a gap between images of approximately 15 m end-to-end and 70 m side-to-side to ensure that images were separated from one another and so seals were only sampled once. Each digital photo (3,216 × 2,136 pixel JPEGS) (Figure 3) covered approximately 80 × 120 m at the surface of the water with ∼3.7 cm pixel resolution. An onboard global positioning system (Garmin 76 CSX) was used to record the track line and position of the plane along the transects at 2 s intervals (Womble et al., 2020). Aerial surveys were conducted under NOAA Fisheries Marine Mammal Protection Act (MMPA) permit numbers 358-1787-00, 358-1787-01, 358-1787-02, and 16094-02.
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FIGURE 3. Example digital image of harbor seals and ice collected during aerial photographic surveys in Johns Hopkins Inlet in Glacier Bay National Park, southeastern Alaska. Harbor seals, including non-pups and pups, are identified in red circles. Photo: Jamie N. Womble/NPS.




Post-processing of Aerial Digital Imagery for Seals

The latitude, longitude, and altitude from the track line were written to the EXIF headers of each digital image using RoboGEO V6.3 (Pretek, Incorporated, Christian, TN, United States). Images from each survey were embedded as a raster layer in an ArcGIS project using ArcGIS (ESRI, version 9.3 and 10.1) and R (R Core Team, 2018). Each photo was examined by a trained observer using digital photographic software (ACDSEE Pro 4) and each seal was marked as a point feature in an ArcGIS shapefile. After all images were reviewed and all seals were marked, the point locations for seals were summed within each image and assigned to the centroid of each photo and exported as shape files for statistical analysis (Womble et al., 2020).



Post-processing of Aerial Digital Imagery for Ice

We used object-based image analysis (Blaschke, 2010; Blaschke et al., 2014) to quantify the amount and characteristics of ice habitat from the high-resolution digital imagery collected during aerial photographic surveys. Specifically, we used Trimble eCognition Developer (version 8.9.0) (Trimble Geospatial Imaging) to classify and extract multiple variables from each image including: (1) iceberg (%) defined as the percent of each photo that is icebergs greater than 1.6 m2; (2) brash ice (%) defined as the percent of each scene that is ice smaller than 1.6 m2; (3) water (%) of each scene that is water; (4) iceberg size (m2) defined as average size of icebergs in each scene; and (5) distance to the terminus of the glacier (km) defined as the distance from the glacier calving face to the center point of each scene or image (McNabb et al., 2016). Minimum iceberg size was based on the premise that an iceberg of approximately 1.6 m2 would be large enough to support a non-pup seal whereas icebergs smaller than 1.6 m2 would be too small to support a seal and were thus classified as brash ice. The minimum iceberg size was based upon the average curvilinear length of non-pup harbor seals (1.36 ± 0.15; range 1.00–1.76 m; n = 81 non-pup seals) that were live-captured, measured, and released in Johns Hopkins Inlet from 2004 to 2008 (Blundell et al., 2011; Womble and Gende, 2013).



Statistical Methods

Complete documentation of the statistical analysis procedures, including R Statistical Software (R Core Team, 2018) code, is provided in Supplementary Appendix 1. Preliminary analyses and model checking results suggested spatial autocorrelation in the residuals, violating the conditionally independent error assumption in standard linear regression models. Therefore, we used a multivariate conditional autoregressive (MCAR) model to introduce multiple, dependent spatial random effects associated with areal units (Leroux et al., 1999; Gelfand and Vounatsou, 2003; Banerjee et al., 2014). The MCAR model allowed us to summarize and display graphically the spatial distribution of our response variables, while controlling for interrelations among response variables more accurately than extrapolating response variables independently. To conduct our analyses, we discretized Johns Hopkins Inlet into 62×7 equally sized grid cells (i = 1,…,434 total grid cells), each 200×300 m in resolution. We used an MCAR model because we were interested in l = 1,2,3 response variables that included counts of adults, counts of pups, and ice proportion, and correlations among them. We centered and scaled each response variable in each k = 1,…, Kij photograph, taken in grid cell i, during time j = 1,…, J using z-standardization with respect to all photographs used in our study. We assumed
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where yijk ≡ (adultsijk, pupsijk, iceijk)′ are the centered and scaled counts of adults, pups, and ice proportion from the kth photograph in the ith grid cell during the jth time. The vector μij represents the expected values of the transformed response variables in each grid cell i during time j, and the covariance matrix V describes variance and covariance of response variables within a grid cell. We assumed
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where [image: image] represents a vector of covariates for grid cell i and βij are the associated coefficients to be estimated. We used the same design matrix X for each l response variable, but parameter estimates βij were allowed to vary among responses. We used covariates associated with distance to the terminus of the glacier. The distance covariate we used consisted of the linear distance from each cell to the terminus of the Johns Hopkins Glacier. The covariance matrix Σ ≡ (diag(W1)−ρW)−1 ⊗ Λ characterizes the multivariate and spatial covariance, where (diag(W1)–ρW)–1 is the conditional autoregressive (CAR) prior for the spatial correlation, with adjacency matrix W, diagonal matrix diag(W1) consisting of the number of neighbors on the diagonal, and spatial correlation parameter ρ. The matrix Λ describes the covariance of the multivariate response. We used inverse Wishart priors for V and Λ, with hyperparameters equal to 4 and I3×3, a 3 × 3 identity matrix. We used multivariate normal priors for β, with mean 0 and covariance matrix σ2βIpxp, where σ2β = 102.

We fit our model to the data using the MVS.VARleroux function in the CARBayes R package (Lee, 2017). We drew 1,050,000 iterations from the MCMC algorithm, discarding the first 50,000 of the original MCMC samples as burn-in samples, and thinned the remaining samples by retaining every tenth sample. We used the posterior median of μ, which is optimal with respect to an absolute error loss function (Williams and Hooten, 2016), to summarize and plot expected counts of non-pups, pups, and expected ice proportion in space and time.

We assessed trace plots for each full conditional distribution to assess convergence to the approximated marginal posterior distribution. All parameters appeared to converge; this observation was supported by Gelmin-Rubin diagnostics < 1.05 for all parameters. We assessed the goodness of fit of our model by simulating data from the posterior predictive distribution and comparing our simulated data to the observed data. We compared predicted data to observed data for each response variable by comparing the deviance discrepancy function for observed and predicted data and calculating Bayesian p-values (Conn et al., 2018). Bayesian p-values ranged from 0.11 to 0.67, suggesting no lack of model fit. Many covariates not accounted for in our process model likely contribute to ice and harbor seal spatial dynamics. However, because our model was able to reliably reproduce our observed data, and the associated uncertainty in our observed data, we considered our process model a parsimonious approximation of reality.

Abundance estimates for harbor seals during the pupping (non-pups and pups) and molting (non-pups) periods were generated using counts of seals from aerial photographs and predictions from unsampled areas using a model-based estimator following methods developed by Ver Hoef and Jansen (2015).




RESULTS

Across all years from 2007 to 2014, there was substantial seasonal and interannual variation in the amount of ice and the spatial distribution of ice in Johns Hopkins Inlet. On average there was 7.8 times more ice in the fjord during June than during August. However, there was variability across years, which ranged from 1.3 times more ice in June than August in 2014 to 18.4 times more ice in June than August in 2012. Two years, 2011 and 2012, stood out as particularly icy years (Figure 4). Across all years and during both June and August, there was consistently more ice concentrated near the terminus of the glacier than farther from the glacier (the slope parameter for ice β > 0) and the distribution of ice was also more consistent near the terminus of the glacier (Figure 5). The spatial distribution of ice in the same month was consistent among years, particularly during August (Figure 5). However, the distribution of ice in June was much more variable than in August (Figure 6).
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FIGURE 4. Time series plot (averaged over space) of the relative abundance of harbor seal non-pups, harbor seal pups, and the proportion of ice, including icebergs and brash ice, from 2007 to 2014 in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska. Units on the y-axis are the expected value of the response variables, which are scaled, summed over space and centered to have a mean zero.
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FIGURE 5. Median of posterior distribution for μ (expected value of z-standardized ice proportion). Ice proportion in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska during the pupping period in June (top panel) and during the molting period in August (lower panel) from 2007 to 2014. Grid cell size is 200 m × 300 m.
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FIGURE 6. Standard deviation of ice proportion data collected in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska during June (left panel) and August (right panel) from 2007 to 2014. Grid cell size is 200 m × 300 m.


There was substantial seasonal variation in seal distribution and abundance between the pupping and molting periods (Figure 5). During June, seals were typically dispersed more extensively throughout the fjord and generally tracked ice distribution (Figure 7). However, there was substantial variation among years, with seal distribution extending from the near the terminus of the glacier to Jaw Point during June in most years, except for 2008 through 2010. In contrast, during the molting period in August, the distribution of seals was typically clustered much closer to the terminus of the Johns Hopkins Glacier. However, in 2011 and 2012 when there was a more extensive distribution of ice, the distribution of seals extended farther down the inlet away from the terminus (Figures 7, 8). The estimated abundance of seals (non-pups and pups) was greater during the pupping season than during the molting season in 2007, 2009, 2010, and 2011 (Figure 9) and corresponded to increased availability of ice and more extensive spatial distribution of ice in the fjord during June. However, in other years, estimated abundance of seals (non-pups and pups) was more similar between the pupping and molting seasons (Figure 9).
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FIGURE 7. Median of posterior distribution of expected value of z-standardized harbor seal non-pup counts in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska during the pupping period in June (top panel) and during the molting period in August (lower panel) from 2007 to 2014. Grid cell size is 200 m × 300 m.
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FIGURE 8. Median of posterior distribution of expected value of z-standardized pup harbor seal counts in Johns Hopkins Inlet during the pupping period in June from 2007 to 2014. Grid cell size is 200 m × 300 m.
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FIGURE 9. Estimated abundance and standard error of harbor seals non-pups (red circles) and pups (blue circles) in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska based on counts of seals from aerial photographic surveys during the pupping period in June and during the molting period in August from 2007 to 2014.


During June when pups were still dependent upon adult females for nutrition, the response variables for non-pups and pups (i.e., the standardized counts of pups and non-pups at each site) were highly correlated (λ1,2 = 0.85; range: 0.75–0.94) (Figure 10). Overall, there was a positive correlation between non-pups and ice during both the pupping (λ1,3 = 0.27; range: 0.23–0.31) and molting (λ1,3 = 0.22; range: 0.17–0.27) periods (Figure 11). However, there was variability in the correlation across seasons and years. As expected, given the strong correlation between non-pups and pups, the correlation between pups and ice was λ2,3 = 0.30 during June (Figure 10). There was no correlation between non-pups and iceberg size, during the pupping or the molting season. Across all years, the proportion of pups during June averaged 0.31 and ranged from 0.24 to 0.36. Summaries for each marginal posterior distribution approximated using the MCMC algorithm are provided in Supplementary Appendix 1.
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FIGURE 10. Average density and correlation among harbor seal non-pups, harbor seal pups, and ice during the pupping period in June (top), molting in August (bottom) in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska. The colors and estimates depict the posterior mean of the average values for years 2007–2014. The posterior distributions of average values were derived using the equivariance property of Markov chain Monte Carlo. Correlation values can range from –1 to 1. Grid cell size is 200 m × 300 m.
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FIGURE 11. Correlation between the standardized counts of non-pups at each site and the standardized ice proportion at each site (Λ1,3) during the pupping period (solid line) in June and during the molting period [dashed line, (Λ1,2)] in August (2007–2014) in Johns Hopkins Inlet in Glacier Bay National Park in southeastern Alaska. Correlation values can range from –1 to 1.




DISCUSSION

Understanding how ice habitat changes is important for understanding patterns in the distribution and abundance of harbor seals, particularly given the expected future changes to tidewater glaciers and associated fjord ecosystems. Across all years there was substantial seasonal and interannual variation in ice dynamics and seal distribution and abundance. There was consistently more ice and the spatial distribution of ice was more extensive during the pupping period in June than during the molting period in August. During the pupping period, when there was more ice and the distribution of ice was more extensive, non-pup harbor seals and glacier ice were more strongly correlated; however, this correlation was reduced during the molting season.

Animals living in dynamic environments may respond to changes in habitat differently depending upon trade-offs associated with life history events and the energetic costs and constraints associated with these events (Stearns, 1989; Stephens et al., 2014). In most vertebrates, reproduction and molting do not overleap due to the energetic costs associated with these life history events (Beltran et al., 2018). The reproductive period of mammals is energetically costly, with lactation being the costliest aspect of mammalian reproduction (Gittleman and Thompson, 1988). In Alaska, harbor seal pups are born from mid-May through June (Jemison and Kelly, 2001; Mathews and Pendleton, 2006) and are dependent upon adult females for energy, via lactation, for 3–5 weeks until they are weaned. Although some adult female harbor seals may forage during the lactation period (Boness et al., 1994), for the most part, harbor seals are capital breeders (e.g., Jönsson, 1997) and rely on stored energy to nourish their young during the brief lactation period. Given that energetic demands are high during the reproductive period, having access to ice habitat in tidewater glacier fjords may confer several benefits including providing a stable substrate for nursing pups and resting, an isolated floating platform for naïve pups that reduces the risk of predation from terrestrial and aquatic predators, and a substrate that reduces the risk of disease and parasite transmission (Fay, 1974; Calambokidis et al., 1987; Blundell et al., 2011). In addition, the stable ice substrate likely provides thermoenergetic benefits for young pups that have a limited blubber layer (Jansen et al., 2015). In contrast, terrestrial haulout sites that are used by seals are subject to tidal fluctuations multiple times per day, may expose seals to increased risk of predation, and in some cases, can become space limited, particularly during high tides when the haulout substrate may become submerged.

In most years the correlation between seals and ice was reduced during the molting period compared to the pupping period. Although molting is energetically demanding (Thometz et al., 2021), costs associated with reproduction, particularly lactation, are greater (Gittleman and Thompson, 1988). Adult female harbor seals typically molt after the reproductive period and after their pups have been weaned, hence they are no longer constrained by the presence of nutritionally dependent young. The timing of molt is such that pups molt first, in utero (Boulva, 1975), followed by juvenile harbor seals that are not reproductively active, with adult female and adult males molting last (Daniel et al., 2003). Similarly, studies of Weddell seals (Leptonychotes weddellii), an ice-obligate phocid that is associated with the fast ice in Antarctica, have demonstrated that parturient females may delay molting activities to recover from the energetically demanding aspects of reproduction. In addition, the molting phenology of Weddell seals also covaried with the timing of sea ice break-out (Beltran et al., 2019). Collectively, this suggests that some phocids may exhibit plasticity in timing of life-history events in dynamic and highly seasonal habitats which may result in shifts in phenology across the annual cycle.

Several other lines of evidence also support the premise that harbor seals in tidewater glacier fjords modify their behavior and habitat use throughout the annual cycle, due in part to trade-offs associated with life history events and environmental factors, such as prey availability and habitat. Satellite telemetry studies have demonstrated that during the more energetically demanding pupping period, seals exhibit high fidelity to ice habitat in Johns Hopkins Inlet, with up to 78% of seals returning to the ice habitat from the previous year (Womble and Gende, 2013). In addition, seals tend to have reduced travel distances to foraging areas and spend more time out of the water during the reproductive and molting periods. While there may be benefits associated with using ice habitat during energetically demanding periods of the annual cycle, there may also be trade-offs. When using ice habitat, harbor seals may expend greater effort to forage by diving deeper and/or traveling farther to forage in more shallow areas where prey may be more easily accessible (Womble et al., 2014). In contrast, from September to April, after reproduction and molting have been completed and seals are not as constrained, fidelity to ice habitat is reduced, seals travel much more extensively outside of tidewater glacier fjords, and the proportion of time that seals spend out of water is reduced (Womble and Gende, 2013). Similarly, isotopic signatures from seals in tidewater glacier fjords suggest that during the reproductive period, the foraging niche of harbor seals is narrower and more focused on pelagic prey species (Blundell et al., 2011; Smith et al., 2019). In contrast, during the non-reproductive period, when harbor seals travel more widely and have lower fidelity to ice habitat, there is a shift to a more diverse diet with an increased emphasis on benthic fish species (Smith et al., 2019).

There was consistently more ice in the fjord during the pupping season in June than during the molting season in August, which was likely influenced by seasonal variation in physical processes that influence the calving dynamics of tidewater glaciers (Fried et al., 2018). In Disenchantment Bay, a tidewater glacier fjord in the eastern Gulf of Alaska near Yakutat, Jansen et al. (2015) also documented maximum ice coverage in June during the peak of the harbor seal pupping period and decreased ice coverage in August. In Alaska, rates of frontal ablation of tidewater glaciers tend to be higher in spring and early summer (March–May) and coincide with peak surface velocities of glaciers and increased ice supply to the terminus of the glacier (McNabb et al., 2015). When frontal ablation is greatest during the spring and early summer, iceberg production tends to be increased, thereby resulting in more ice habitat in the fjord for seals. In contrast, during the molting period in August, there is typically less frontal ablation resulting in less ice habitat for seals and more spatially clustered aggregations of seals near the terminus of the glacier, where most of the ice is concentrated. Frontal ablation of tidewater glaciers, which includes mass loss via calving and submarine melt, can be driven by multiple interacting processes including submarine melting via elevated ocean temperatures, iceberg calving, convection through the mixing of warmer sea water with meltwater from the terminus, and interactions with subsurface geometry and depth of the fjord (Motyka et al., 2003; Bartholomaus et al., 2013; Sutherland et al., 2019; Jackson et al., 2020). Factors such as tides, currents, katabatic winds, air and ocean temperatures, and the presence and depth of sills in the fjord may also influence the distribution and persistence of ice within the fjord (Bartholomaus et al., 2015; Spall et al., 2017; Amundson et al., 2020).

There was an increased amount of ice in the fjord during 2011 and 2012 with a corresponding increase in seal distribution throughout the fjord during June and August of both years. It is unknown what factors may have contributed to the increased amount of ice during these years; however, inspection of the frontal position of the Johns Hopkins glacier in 2011 from satellite imagery suggests that there was approximately 40 m of length lost along the terminus between late April and early June, which likely resulted in increased ice calving and iceberg production. Furthermore, when coupled with cooler air temperatures, ice could have persisted for longer in the fjord and resulted in the increased availability of ice for harbor seals during 2011 and 2012. Hence, a more mechanistic understanding of ice availability in the fjord will require understanding not only frontal ablation and ice flux, but also the influence of environmental factors such as water and air temperatures on iceberg melting and persistence in the fjord.

While our results focus on one tidewater glacier fjord, previous studies in Glacier Bay (Calambokidis et al., 1987; Mathews and Kelly, 1996; Young et al., 2014) and in other fjords in Alaska also suggest that ice is a key environmental variable that influences seal distribution and abundance (Bishop, 2011; Jansen et al., 2015; Mathews et al., 2016; Hoover-Miller and Armato, 2018). Our results have implications for the timing of surveys of seals in tidewater glacier fjords, most of which occur during the molting period from late July through early September in Alaska, when ice habitat tends to be reduced. Although there may be substantial variability in tidewater glaciers and factors that influence glacier calving dynamics and ice habitat in fjords, further investigation is warranted in other regions where glaciers are in different states of advance and retreat to better understand the variability of ice habitat in fjords. Additionally, incorporating data related to variation in ice habitat into population models will be essential for understanding the influence of ice on seal distribution and abundance and for predicting future scenarios for seals that use tidewater glacier fjords.

Substantial seasonal and annual variability occurs in ice habitat and is driven by physical processes that influence calving dynamics of tidewater glaciers which can ultimately influence seal distribution, abundance, and behavior. However, our study demonstrates that harbor seals may respond to seasonal changes in ice habitat differently depending upon trade-offs associated with life history events, such as pupping and molting, and energetic costs and constraints associated with the events. Thus, emphasizing the importance of considering the interaction between abiotic and biotic resources and life history events across the annual cycle in highly seasonal environments that are undergoing rapid environmental change (Varpe, 2017). Tidewater glaciers are naturally dynamic, and change can occur on daily, seasonal, annual, and multi-decadal time scales (Post et al., 2011). Furthermore, climate change models predict continued loss of land-based ice and changes to tidewater glaciers (Hock et al., 2019; Slater et al., 2019). Given the reliance of harbor seals on ice habitat for critical life-history events, harbor seals may serve as sentinels (e.g., Moore, 2008; Hazen et al., 2019) of ice in tidewater glacier fjords and provide insight into seasonal and annual changes associated with physical processes occurring along the ice-ocean boundary. Ultimately, elucidating biophysical linkages along the ice-ocean boundary can be facilitated through interdisciplinary collaborations using a systems-based approach (e.g., Catania et al., 2019; Straneo et al., 2019) to better understand how changes to tidewater glaciers will influence organisms that use these highly dynamic tidewater glacier fjord ecosystems.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The research was conducted under NOAA Fisheries Marine Mammal Protection Act permit numbers 358-1787-00, 358-1787-01, 358-1787-02, and 16094-02.



AUTHOR CONTRIBUTIONS

JW, AP, and RG contributed to the conception and design of the study. PW, JW, RM, BS, CA, and RG performed the analyses. JW wrote the first draft of the manuscript. PW, RM, AP, and RG wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

Funding and logistical support was provided by the Glacier Bay National Park and Preserve, Glacier Bay National Park Marine Management Fund, University of Alaska Fairbanks Geophysical Institute, and Ocean Alaska Science and Learning Center. Research was conducted under NOAA Fisheries Marine Mammal Protection Act permit numbers 358-1787-00, 358-1787-01, 358-1787-02, and 16094-02.



ACKNOWLEDGMENTS

Numerous individuals provided essential analytical, field, logistical, and administrative support including John Jansen, Jay Ver Hoef, Christian Haselwimmer, Linnea Pearson, Louise Taylor, Melissa Senac, Evelina Augustton, Shawn Dahle, Justin Smith, Avery Gast, Dennis Lozier, Chuck Schroth, Jacques Norvell, Lisa Etherington, Scott Gende, Lewis Sharman, Margaret Hazen, and staff at the Glacier Bay National Park and Preserve Visitor Information Station. We appreciate conversations with Jason Amundson, Andrew Bliss, Christian Kienholz, and Michael Loso regarding tidewater glaciers.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.634541/full#supplementary-material



REFERENCES

Amundson, J. M., and Carroll, D. (2017). Effect of topography on subglacial discharge and submarine melting during tidewater glacier retreat. J. Geophys. Res. Earth Surf. 123, 66–79. doi: 10.1002/2017JF004376

Amundson, J. M., Kienholz, C., Hager, A. O., Jackson, R. H., Motyka, R. J., Nash, J. D., et al. (2020). Formation, flow and break-up of ephemeral ice mélange at LeConte Glacier and Bay, Alaska. J. Glaciol. 66, 577–590. doi: 10.1017/jog.2020.29

Arendt, A. A., Echelmeyer, K. A., Harrison, W. D., Lingle, C. S., and Valentine, V. B. (2002). Rapid wastage of Alaska glaciers and their contribution to rising sea level. Science 297, 382–386. doi: 10.1126/science.1072497

Arimitsu, M. L., Piatt, J. F., and Mueter, F. J. (2016). Influence of glacier runoff on ecosystem structure in Gulf of Alaska fjords. Mar. Ecol. Prog. Ser. 560, 19–40. doi: 10.3354/meps11888

Bajzak, C. E., Hammill, M. O., Stenson, G. B., and Prinsenberg, S. (2011). Drifting away: implications of changes in ice conditions for pack-ice breeding phocid, the harp seal (Pagophilus groenlandicus). Can. J. Zool. 89, 1050–1062. doi: 10.1139/z11-081

Banerjee, S., Carlin, B. P., and Gelfand, A. E. (2014). Hierarchical Modeling and Analysis for Spatial Data. New York, NY: CRC Press. doi: 10.1201/b17115

Bartholomaus, T. C., Larsen, C. F., and O’Neel, S. (2013). Does calving matter? Evidence for significant submarine melt. Earth Planet. Sci. Lett. 380, 21–30. doi: 10.1016/j.epsl.2013.08.014

Bartholomaus, T. C., Larsen, C. F., West, M. E., O’Neel, S., Pettit, E. C., and Truffer, M. (2015). Tidal and seasonal variations in calving flux observed with passive seismology. J. Geophys. Res. Earth Surf. 120, 2318–2337. doi: 10.1002/2015JF003641

Bartholomew, I., Nienow, P., Mair, D., Hubbard, A., King, M. A., and Sole, A. (2010). Seasonal evolution of subglacial drainage and acceleration in a Greenland outlet glacier. Nat. Geosci. Lett. 3, 408–411. doi: 10.1038/ngeo863

Beltran, R. S., Burns, J. M., and Breed, G. A. (2018). Convergence of biannual moulting strategies across birds and mammals. Proc. R. Soc. B 285:20180318. doi: 10.1098/rspb.2018.0318

Beltran, R. S., Kirkham, A. L., Breed, G. A., Testa, J. W., and Burns, J. M. (2019). Reproductive success delay moult phenology in a polar mammal. Sci. Rep. 9, 1–12. doi: 10.1038/s41598-019-41635-x

Bengtson, J. L., Phillips, A. V., Mathews, E. A., and Simpkins, M. A. (2007). Comparison of survey methods for estimating abundance of harbor seals (Phoca vitulina) in glacial fjords. Fish. Bull. 105, 348–356.

Bianchi, T. S., Arndt, S., Austin, W. E. N., Benn, D. I., Bertrand, S., Cui, X., et al. (2020). Fjords as aquatic critical zones. Earth Sci. Rev. 203:103145. doi: 10.1016/j.earscirev.2020.103145

Bishop, A. (2011). Selection of Haul-Out Substrate by Harbor Seals (Phoca vitulina) Associated with Tidewater Glaciers in Kenai Fjords National Park, Alaska. M.S. thesis. Durham, NC: Duke University.

Blaschke, T. (2010). Object based image analysis for remote sensing. ISPRS J. Photogram. Remote Sens. 65, 2–16. doi: 10.1016/j.isprsjprs.2009.06.004

Blaschke, T., Hay, G. J., Kelly, M., Lang, S., Hofmann, P., Addink, E., et al. (2014). Geographic object-based image analysis–towards a new paradigm. ISPRS J. Photogram. Remote Sens. 87, 180–191. doi: 10.1016/j.isprsjprs.2013.09.014

Blundell, G. M., Womble, J. N., Pendleton, G. W., Karpovich, S. W., Gende, S. M., and Herreman, J. K. (2011). Use of glacial ice and terrestrial habitats by harbor seals in Glacier Bay, Alaska: costs and benefits. Mar. Ecol. Prog. Ser. 429, 277–290. doi: 10.3354/meps09073

Boness, D. J., Bowen, W. D., and Oftedal, O. T. (1994). Evidence of a maternal foraging cycle resembling that of otariid seals in a small phocid, the harbor seal. Behav. Ecol. Sociobiol. 34, 95–104. doi: 10.1007/BF00164180

Boulva, J. (1975). Temporal variations in birth period and characteristics of newborn harbor seals. Rapp. P.-V. Reun. Denmark 169, 405–408.

Boveng, P. L., Bengtson, J. L., Withrow, D. E., Cesarone, J. C., Simpkins, M. A., Frost, K. J., et al. (2003). The abundance of harbor seals in the Gulf of Alaska. Mar. Mamm. Sci. 19, 111–127. doi: 10.1111/j.1748-7692.2003.tb01096.x

Calambokidis, J., Taylor, B. L., Carter, S. D., Steiger, G. H., Dawson, P. K., and Antrim, L. D. (1987). Distribution and haul-out behavior of harbor seals in Glacier Bay, Alaska. Can. J. Zool. 65, 1391–1396. doi: 10.1139/z87-219

Catania, G. A., Stearns, L. A., Moon, T. A., Enderlin, E. A., and Jackson, R. H. (2019). Future evolution of Greenland’s marine terminating outlet glaciers. J. Geophys. Res. Earth Surf. 125:e2018JF00487. doi: 10.1029/2018JF004873

Conn, P. B., Johnson, D. S., Williams, P. J., Melin, S. R., and Hooten, M. B. (2018). A guide to Bayesian model checking for ecologists. Ecol. Monogr. 88, 526–542. doi: 10.1002/ecm.1314

Cooper, W. S. (1937). The problem of Glacier Bay, Alaska: a study of glacier variations. Geographic. Rev. 27, 37–62. doi: 10.2307/209660

Crowell, A. L. (2016). Ice, seals, and guns: late 19th century Alaska native commercial sealing in Southeast Alaska. Arctic Anthropol. 53, 11–32. doi: 10.3368/aa.53.2.11

Daniel, R. G., Jemison, L. A., Pendleton, G. W., and Crowley, S. M. (2003). Molting phenology of harbor seals on Tugidak Island, Alaska. Mar. Mamm. Sci. 19, 128–140. doi: 10.1111/j.1748-7692.2003.tb01097.x

Etherington, L. L., Hooge, P. N., Hooge, E. R., and Hill, D. F. (2007). Oceanography of Glacier Bay, Alaska: implications for biological patterns in a glacial fjord estuary. Estuar. Coasts 30, 927–944. doi: 10.1007/BF02841386

Fay, F. H. (1974). “The role of ice in the ecology of marine mammals of the Bering Sea,” in Proceedings of the Oceanography of the Bering Sea with Emphasis on Renewable Resources. International Symposium for Bering Sea Study, eds D. W. Hood and E. J. Kelly (Hakodate: University of Alaska).

Ferguson, S. H., Stirling, I., and McLoughlin, P. (2005). Climate change and ringed seal (Phoca hispida) recruitment in western Hudson Bay. Mar. Mamm. Sci. 21, 121–135. doi: 10.1111/j.1748-7692.2005.tb01212.x

Field, W. O. (1947). Glacier recession in Muir Inlet, Glacier Bay, Alaska. Geograph. Rev. 37, 369–399. doi: 10.2307/211127

Fretwell, S. D. (1972). Populations in a seasonal environment. Monogr. Popul. Biol. 5, 1–217.

Fried, M. J., Catania, G. A., Stearns, L. A., Sutherland, D. A., Bartholomaus, T. C., Shroyer, E., et al. (2018). Reconciling drivers of seasonal terminus advance and retreat at 13 central West Greenland tidewater glaciers. J. Geophys. Res. Earth Surf. 123, 1590–1607. doi: 10.1029/2018JF004628

Gelfand, A. E., and Vounatsou, P. (2003). Proper multivariate conditional autoregressive models for spatial data analysis. Biostatistics 4, 11–15. doi: 10.1093/biostatistics/4.1.11

Gittleman, J. L., and Thompson, S. D. (1988). Energy allocation in mammalian reproduction. Am. Zool. 28, 863–875. doi: 10.1093/icb/28.3.863

Hall, D. K., Benson, C. S., and Field, W. O. (1995). Changes of glaciers in Glacier Bay, Alaska using ground and satellite measurements. Phys. Geograph. 16, 27–41. doi: 10.1080/02723646.1995.10642541

Hamilton, C. D., Kovacs, K. M., and Lyderson, C. (2019). Sympatric seals use different habitats in an Arctic glacial fjord. Mar. Ecol. Prog. Ser. 615, 205–220. doi: 10.3354/meps12917

Hamilton, C. D., Lydersen, C., Ims, R. A., and Kovacs, K. M. (2015). Predictions replaced by facts: a keystone species’ behavioral responses to declining arctic sea-ice. Biol. Lett. 11:20150803. doi: 10.1098/rsbl.2015.0803

Hamilton, C. D., Lydersen, C., Ims, R. A., and Kovacs, K. M. (2016). Coastal habitat use by ringed seals Pusa hispida following a regional sea-ice collapse: importance of glacial refugia in a changing Arctic. Mar. Ecol. Prog. Ser. 545, 261–277. doi: 10.3354/meps11598

Hazen, E. L., Abrahms, B., Brodie, S., Carroll, G., Jacox, M. G., Savoca, M. S., et al. (2019). Marine top predators as climate and ecosystem sentinels. Front. Ecol. Environ. 17, 565–574. doi: 10.1002/fee.2125

Hock, R., Bliss, A., Marzeion, B., Giesen, R. H., Hirabayashi, Y., Huss, M., et al. (2019). GlacierMIP–A model intercomparison of global-scale glacier mass-balance models and projections. J. Glaciol. 65, 453–467. doi: 10.1017/jog.2019.22

Hoover-Miller, A., and Armato, P. (2018). Harbor seal use of glacier ice and terrestrial haul-outs in the Kenai Fjords, Alaska. Mar. Mamm. Sci. 34, 616–644. doi: 10.1111/mms.12470

Howat, I., Box, J., Ahn, Y., Herrington, A., and McFadden, E. (2010). Seasonal variability in the dynamics of marine-terminating outlet glaciers in Greenland. J. Glaciol. 56, 601–613. doi: 10.3189/002214310793146232

Jackson, R. H., Nash, J. D., Keinholz, C., Sutherland, D. A., Amundson, J. A., Motyka, R. J., et al. (2020). Meltwater intrusions reveal mechanisms for rapid submarine melt at a tidewater glacier. Geophys. Res. Lett. 47:e2019GL085335. doi: 10.1029/2019GL085335

Jansen, J. K., Bengtson, J. L., Boveng, P. L., Dahle, S. P., and Ver Hoef, J. M. (2006). Disturbance of Harbor Seals by Cruise Ships in Disenchantment Bay, Alaska: An Investigation at Three Spatial and Temporal Scales. Technical report, AFSC Processed Report 2006-02. Washington, DC: Alaska Fisheries Science Center, National Marine Fisheries Service, Department of Commerce.

Jansen, J. K., Boveng, P. L., Dahle, S. P., and Bengtson, J. L. (2010). Reaction of harbor seals to cruise ships. J. Wildlife Manag. 74, 1186–1194. doi: 10.1111/j.1937-2817.2010.tb01239.x

Jansen, J. K., Boveng, P. L., Ver Hoef, J. M., Dahle, S. P., and Bengtson, J. L. (2015). Natural and human effects on harbor seal abundance and spatial distribution in an Alaskan glacial fjord. Mar. Mamm. Sci. 31, 66–89. doi: 10.1111/mms.12140

Jemison, L. A., and Kelly, B. P. (2001). Pupping phenology and demography of harbor seals (Phoca vitulina richardsi) on Tugidak Island, Alaska. Mar. Mamm. Sci. 17, 585–600. doi: 10.1111/j.1748-7692.2001.tb01006.x

Johnston, D. W., Friedlaender, A. S., Torres, L. G., and Lavigne, D. M. (2005). Variation in sea ice cover on the east coast of Canada from 1969-2002: climate variability and implications for harp and hooded seals. Clim. Res. 29, 209–222. doi: 10.3354/cr029209

Jönsson, K. I. (1997). Capital and income breeding as alternative tactics of resource use in reproduction. Oikos 78, 57–66. doi: 10.2307/3545800

Juul-Pedersen, T., Arendt, K. E., Mortensen, B. M. E., Sogaard, D. H., and Rysgaard, S. (2015). Seasonal and interannual phytoplankton in a sub-Arctic tidewater outlet glacier fjord, SW Greenland. Mar. Ecol. Prog. Ser. 524, 27–38. doi: 10.3354/meps11174

Kelly, B. P. (2001). “Climate change and ice breeding pinnipeds,” in “Fingerprints” of Climate Change, eds G.-R. Walther, C. A. Burga, and P. Edwards (Boston, MA: Springer), 43–55. doi: 10.1007/978-1-4419-8692-4_3

Kovacs, K. M., Krafft, B. A., and Lydersen, C. (2020). Bearded seal (Erignathus barbatus) birth mass and pup growth in periods with contrasting ice conditions in Svalbard, Norway. Mar. Mamm. Sci. 36, 276–284. doi: 10.1111/mms.12647

Kovacs, K. M., Lyderson, C., Overland, J. E., and Moore, S. E. (2011). Impacts of changing sea-ice conditions on Arctic marine mammals. Mar. Biodivers. 41, 181–194. doi: 10.1007/s12526-010-0061-0

Laidre, K. L., Moon, T., Hauser, D. D., McGovern, R., Heide-Jørgensen, M. P., Dietz, R., et al. (2016). Use of glacial fronts by narwhals (Monodon monoceros) in West Greenland. Biol. Lett. 12:20160457. doi: 10.1098/rsbl.2016.0457

Laidre, K. L., Stirling, I., Lowry, L. F., Wiig, Ø, Heide-Jørgensen, M. P., and Ferguson, S. H. (2008). Quantifying the sensitivity of Arctic marine mammals to climate-induced habitat change. Ecol. Appl. 18, S97–S125. doi: 10.1890/06-0546.1

Larsen, C. F., Motyka, R. J., Arendt, A. A., Echelmeyer, K. A., and Geissler, P. E. (2007). Glacier changes in southeast Alaska and northwest British Columbia and contribution to sea level rise. J. Geophys. Res. Earth Surf. 112:JF000586. doi: 10.1029/2006JF000586

Larsen, C. F., Motyka, R. J., Freymueller, J. F., Echelmeyer, K. A., and Ivins, E. R. (2005). Rapid visco-elastic uplift in southeast Alaska caused by post-Little Ice Age glacier retreat. Earth Planet. Sci. Lett. 237, 548–560. doi: 10.1016/j.epsl.2005.06.032

Lee, D. (2017). CARBayes version 4.6: an R Package for Spatial Areal Unit Modelling with Conditional Autoregressive Priors. Glasgow: University of Glasgow.

Leroux, B., Lei, X., and Breslow, N. (1999). “Estimation of disease rates in small areas: a new mixed model for spatial dependence,” in Statistical Models in Epidemiology, the Environment and Clinical Trials, eds M. Halloran and D. Berry (New York, NY: Springer-Verlag), 135–178.

Lucey, W. G., Henniker, E., Abraham, E., O’Corry-Crowe, G., Stafford, K. M., and Castellote, M. (2015). Traditional knowledge and historical and opportunistic sightings of Beluga whales, Delphinapterus leucas, in Yakutat Bay, Alaska, 1938-2013. Mar. Fish. Rev. 77, 41–46. doi: 10.7755/MFR.77.1.4

Lydersen, C., Assmy, P., Falk-Petersen, S., Kohler, J., Kovacs, K. M., Reigstad, M., et al. (2014). The importance of tidewater glaciers for marine mammals and seabirds in Svalbard, Norway. J. Mar. Syst. 129, 452–471. doi: 10.1016/j.jmarsys.2013.09.006

Mathews, E. A., Jemison, L. A., Pendleton, G. W., Blejwas, K. M., Hood, K. E., and Raum-Suryan, K. L. (2016). Haul-out patterns and effects of vessel disturbance on harbor seals (Phoca vitulina) on glacial ice in Tracy Arm, Alaska. Fish. Bull. 114, 186–202. doi: 10.7755/FB.114.2.6

Mathews, E. A., and Kelly, B. P. (1996). Extreme temporal variation in harbor seal (Phoca vitulina richardsi) numbers in Glacier Bay, a glacial fjord in southeast Alaska. Mar. Mamm. Sci. 12, 483–489. doi: 10.1111/j.1748-7692.1996.tb00603.x

Mathews, E. A., and Pendleton, G. W. (2006). Declines in harbor seal (Phoca vitulina) numbers in Glacier Bay National Park, Alaska, 1992-2002. Mar. Mamm. Sci. 22, 170–191. doi: 10.1111/j.1748-7692.2006.00011.x

McNabb, R. W., and Hock, R. (2014). Alaska tidewater glacier terminus positions, 1948-2012. J. Geophys. Res. Earth Surf. 119, 153–167. doi: 10.1002/2013JF002915

McNabb, R. W., Hock, R., and Huss, M. (2015). Variations in Alaska tidewater glacier frontal ablation, 1985-2013. J. Geophys. Res. Earth Surf. 120, 120–136. doi: 10.1002/2014JF003276

McNabb, R. W., Womble, J. N., Prakash, A., Gens, R., and Haselwimmer, C. E. (2016). Quantification and analysis of icebergs in a tidewater glacier fjord using an object-based approach. PLoS One 11:e0164444. doi: 10.1371/journal.pone.0164444

McNamara, J. M., and Houston, A. I. (2008). Optimal annual routines: behavior in the context of physiology and ecology. Philos. Trans. R. Soc. B Biol. Sci. 363, 301–319. doi: 10.1098/rstb.2007.2141

Meire, L., Mortensen, J., Meire, P., Juul-Pedersen, T., Sejr, M. K., Rysgaard, S., et al. (2017). Marine-terminating glaciers sustain high productivity in Greenland fjords. Glob. Chang. Biol. 23, 5344–5357. doi: 10.1111/gcb.13801

Molnia, B. F. (2007). Late nineteenth to early twenty-first century behavior of Alaskan glaciers as indicators of changing regional climate. Glob. Planet. Chan. 56, 23–56. doi: 10.1016/j.gloplacha.2006.07.011

Moon, T., Joughin, I., Smith, B., van den Broeke, M. R., Jan van de Berg, W., Noel, B., et al. (2014). Distinct patterns of seasonal Greenland glacier velocity. Geophys. Res. Lett. 41, 8209–7216. doi: 10.1002/2014GL061836

Moon, T., Overeem, I., Druckenmiller, M., Holland, M., Huntington, H., Kling, G., et al. (2019). The expanding footprint of rapid Arctic change. Earth Future 7, 212–218. doi: 10.1029/2018EF001088

Moore, S. E. (2008). Marine mammals as ecosystem sentinels. J. Mammal. 89, 534–540. doi: 10.1644/07-MAMM-S-312R1.1

Motyka, R. J., Hunter, L., Echelmeyer, K. A., and Connor, C. (2003). Submarine melting at the terminus of a temperate tidewater glacier, Le Conte Glacier, Alaska, USA. Ann. Glaciol. 36, 57–65. doi: 10.3189/172756403781816374

O’Neel, S., Hood, E., Bidlack, A. L., Fleming, S. W., Arimitsu, M. L., Arendt, A., et al. (2015). Icefield-to-ocean linkages across the northern Pacific coastal temperate rainforest ecosystem. Bioscience 65, 499–512. doi: 10.1093/biosci/biv027

Pörtner, H. O., Roberts, D., Masson-Delmotte, V., Zhai, P., Tignor, M., Poloczanska, E., et al. (2019). IPCC Special Report on the Ocean and Cryosphere in a Changing Climate. Geneva: IPCC Intergovernmental Panel on Climate Change.

Post, A., O’Neel, S., and Motyka, R. J. (2011). A complex relationship between calving glaciers and climate. EOS Trans. Am. Geophys. Union 93, 305–306. doi: 10.1029/2011EO370001

R Core Team (2018). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Slater, D. A., Straneo, F., Felikson, D., Little, C. M., Goelzer, H., Fettweis, X., et al. (2019). Estimating Greenland tidewater glacier retreat driven by submarine melting. Cryosphere 13, 2489–2509. doi: 10.5194/tc-13-2489-2019

Smith, J., Karpovich, S., Horstmann, L., McIntyre, J., and O’Brien, D. (2019). Seasonal differences in foraging and isotopic niche width related to body size in Gulf of Alaska harbor seals. Can. J. Zool. 97, 1156–1163. doi: 10.1139/cjz-2019-0108

Spall, M. A., Jackson, R. H., and Straneo, F. (2017). Katabatic wind-driven exchange in fjords. J. Geophys. Res. Oceans 122, 8246–8262. doi: 10.1002/2017JC013026

Stearns, S. C. (1989). Trade-offs in life-history evolution. Funct. Ecol. 3, 259–268. doi: 10.2307/2389364

Stempniewicz, L., Goc, M., Kidawa, D., Urbański, J., Hadwiczak, M., and Zwolicki, A. (2017). Marine birds and mammals foraging in the rapidly deglaciating Arctic fjord-numbers, distribution and habitat preferences. Clim. Chang. 140, 533–548. doi: 10.1007/s10584-016-1853-4

Stephens, P. A., Houston, A. I., Harding, K. C., Boyd, I. L., and McNamara, J. M. (2014). Capital and income breeding: the role of food supply. Ecology 95, 882–896. doi: 10.1890/13-1434.1

Straneo, F., Sutherland, D. A., Stearns, L. A., Catania, G., Heimbach, P., Moon, T., et al. (2019). The case for a sustained Greenland ice sheet - ocean observing system. Front. Mar. Sci. 6:138. doi: 10.3389/fmars.2019.00138

Streveler, G. (1979). Distribution, Population Ecology and Impact Susceptibility of Harbor Seals in Glacier Bay, Alaska. Technical report. Gustavus, AK: Glacier Bay National Park & Preserve.

Sutherland, D. A., Jackson, R. H., Kienholz, C., Amundson, J. M., Dryer, W. P., Duncan, D., et al. (2019). Direct observations of submarine melt and subsurface geometry at a tidewater glacier. Science 365, 369–374. doi: 10.1126/science.aax3528

Thometz, N. M., Hermann-Sorensen, H., Russell, B., Rosen, D. A., and Reichmuth, C. (2021). Molting strategies of Arctic seals drive annual patterns in metabolism. Conserv. Physiol. 9:pcoaa112. doi: 10.1093/conphys/coaa112

Urbanski, J. A., Stempniewicz, L., Wêsławski, J. M., Dragańska-Deja, K., Wochna, A., Goc, M., et al. (2017). Subglacial discharges create fluctuating foraging hotspots for sea birds in tidewater glacier bays. Sci. Rep. 7:43999. doi: 10.1038/srep43999

Varpe, Ø (2017). Life history adaptations to seasonality. Integrat. Comparat. Biol. 57, 943–960. doi: 10.1093/icb/icx123

Ver Hoef, J. M., and Jansen, J. K. (2015). Estimating abundance from counts in large data sets of irregularly-spaced plots using spatial basis functions. J. Agric. Biol. Environ. Statist. 20, 1–27. doi: 10.1007/s13253-014-0192-z

Williams, P. J., and Hooten, M. B. (2016). Combining statistical inference and decisions in ecology. Ecol. Appl. 26, 1930–1942. doi: 10.1890/15-1593.1

Womble, J. N., Blundell, G. M., Gende, S. M., Horning, M., Sigler, M. F., and Csepp, D. J. (2014). Linking marine predator diving behavior to local prey fields in contrasting habitats in a subarctic glacial fjord. Mar. Biol. 161, 1361–1374. doi: 10.1007/s00227-014-2424-8

Womble, J. N., and Gende, S. M. (2013). Post-breeding season migrations of a top predator, the harbor seal, from a marine protected area in Alaska. PLoS One 8:e55386. doi: 10.1371/journal.pone.0055386

Womble, J. N., Pendleton, G. W., Mathews, E. A., Blundell, G. M., Bool, N. M., and Gende, S. M. (2010). Harbor seal decline continues in the rapidly changing landscape of Glacier Bay National Park, Alaska, 1992-2008. Mar. Mamm. Sci. 26, 686–697. doi: 10.1111/j.1748-7692.2009.00360.x

Womble, J. N., Ver Hoef, J. M., Gende, S. M., and Mathews, E. A. (2020). Calibrating and adjusting counts of harbor seals in a glacial fjord to estimate abundance and trends from 1992-2017. Ecosphere 11:e03111. doi: 10.1002/ecs2.3111

Wouters, B., Gardner, A. S., and Moholdt, G. (2019). Global glacier mass loss during the GRACE satellite mission 2002-2016. Front. Earth Sci. 7:96. doi: 10.3389/feart.2019.00096

Young, C., Gende, S. M., and Harvey, J. T. (2014). Effects of vessels on harbor seals in Glacier Bay National Park. Tour. Mar. Environ. 10, 5–20. doi: 10.3727/154427314X14056884441626

Zemp, M., Huss, M., Thibert, E., Eckert, N., McNabb, R., Huber, J., et al. (2019). Global glacier mass changes and their contributions to sea-level rise from 1961 to 2016. Nature 568, 382–386. doi: 10.1038/s41586-019-1071-0


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Womble, Williams, McNabb, Prakash, Gens, Sedinger and Acevedo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Harbor Seals as Sentinels of Ice Dynamics in Tidewater Glacier Fjords



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area



		Aerial Photographic Surveys of Seals and Ice (2007–2014)



		Post-processing of Aerial Digital Imagery for Seals



		Post-processing of Aerial Digital Imagery for Ice



		Statistical Methods







		RESULTS



		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Marine Science








OPS/images/fmars-08-634541-g010.jpg
. A,
P

X 2,
Y.

%

Non-pups

Point

Correlation = 0.85

Pups

Correlation = 0.30

Correlation = 0.27

Correlation =0.22

Ice

—June

B August

Standard
deviation from
the mean







OPS/images/logo.jpg
’ frontiers
in Marine Science





OPS/images/fmars-08-634541-g011.jpg
Correlation Between Non-pups and Ice

0.40

0.20 0.25 0.30 0.35

0.10 0.15
Correlation





OPS/images/fmars-08-634541-g009.jpg
Abundance Estimate

2007 2008 2009 2010

3000-
+ Non-pups

+ Pups

|
i

»
-
-

1000 - +

2011 2012 2013 2014

w
o
o
o
'

t
2000- i t +

="

»

- - o
—
-

+
g t
1000 - ‘
¢ *
. *
*
*
L
1 | § 1 1 ' 1 1 1
Pupping Molting Pupping Molting Pupping Molting Pupping Molting

Season





OPS/images/fmars-08-634541-g008.jpg
2012 2013
12

2007
10
8

Pom 6

p— June
4
2
0
§é’
& Standardized
S Pup
3
\6“ Harbor Seal counts
(units = standard

deviation from the mean)





OPS/images/fmars-08-634541-t001.jpg
June

18, 19, 20, 21
25,29
20, 21,23, 30
14,15, 16, 17
12, 18,21, 22
12, 13,20, 23
14,19, 20, 21
19, 26, 27, 28
n=230

August

13,16, 17; 22
11,15,17
10, 12
13, 14,16
8,25
10, 14,15, 16
13,14, 15, 20
2,3,23
n=25

Total surveys

~N 0 0 OO N O o

o
Il
(o]
o





OPS/images/cross.jpg
3,

i





OPS/images/fmars-08-634541-i000.jpg
X





OPS/images/fmars-08-634541-g003.jpg





OPS/images/fmars-08-634541-e000.jpg
Yijk ~ Normal (g, V)

@





OPS/images/fmars-08-634541-g002.jpg





OPS/images/fmars-08-634541-e001.jpg
j ~ Normal (xj, B %)





OPS/images/fmars-08-634541-g001.jpg





OPS/images/fmars-08-634541-g007.jpg
2008 2009 2010 2011 2012 2013 2014

4
Pom
— June 3
2
é"
Qp
8§" ,§> 2007 2008 2009 2010 2011 2012 2013 2014
N
o August o
Standardized
Non-pup
S S e —] Harbor Seal
0 e
counts
(units =
standard

deviation from
the mean)





OPS/images/fmars-08-634541-g006.jpg
June deviation August deviation Standard
in ice proportion In ice proportion Deviation
among years among years scale





OPS/images/fmars-08-634541-g005.jpg
2007 2008 2009 2010 2011 2012 2013 2014

VL

g June

& -

50

3“" éé’ 2007 2008 2009 2010 2011 2012 2013 2014

S —
T 1 1T 1

/ // /// 1 2 3 4km

— August

Standardized
Ice
Proportion
(units =
standard
deviation from
the mean)





OPS/images/fmars-08-634541-g004.jpg
Relative harbor seal and ice dynamics

Relative harbor seal and ice dynamics

-100 0 100 200 300

-200

-100 0 100 200 300

-200

June - Pupping

Nonpups
Pups
Ice

I I
2007 2008

| T I I I T
2009 2010 2011 2012 2013 2014

August - Molting

Nonpups
Ice

T I
2007 2008

T T T T T T
2009 2010 2011 2012 2013 2014

Year






