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Abstract

Sea-ice cover across the Arctic has declined rapidly over the past several decades owing to amplified climate warming. The Pacific walrus (Odobenus rosmarus divergens) relies on sea-ice floes in the St. Lawrence Island (SLI) and Wainwright regions of the Bering and Chukchi seas surrounding Alaska as a platform for rest, feeding and reproduction. Lower concentrations of thick ice floes are generally associated with earlier seasonal fragmentation and shorter annual persistence of sea-ice cover, potentially affecting the life history of the Pacific walrus. In this study, 24 Landsat satellite images were classified into thick ice, thin ice or open water to assess sea-ice fragmentation over the spring-summer breakup period. Geospatial fragmentation analyses traditionally used in terrestrial landscapes were newly implemented in this study to characterize the icescape environment. Fragmentation of sea ice was assessed based on the Percent of Landscape, Number of Patches, Mean Area, Shape Index, Euclidean Nearest Neighbor and Edge Density. Results show that lower sea-ice concentrations in both the SLI and Wainwright regions were associated with smaller sea-ice floes. In the Bering Sea, lower sea-ice concentrations were also associated with increases in the number of ice floes, floe isolation and edge density. By contrast, lower sea-ice concentrations in the Chukchi Sea were associated with ice floes that were more circular in shape. The continuation of sea-ice decline with shifting icescape characteristics may result in walruses having to swim longer distances in the northern Bering Sea and adapt to use less-preferred, rounder ice floes in the Chukchi Sea.
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Introduction

The impacts of climate change in the Arctic are drastic, with surface air temperatures warming at twice the global average rate (Overland et al. 2018). Warming air temperatures are causing SIC to decline precipitously: the 13 lowest sea-ice concentrations in the satellite record dating back to 1972 occurred in the last 13 years (Perovich et al. 2019), and some estimates project that the Arctic will be ice-free by the summer of 2040 (Hauser et al. 2018). Since 2007, the summer sea-ice edge in the Chukchi Sea has retreated more than 300 km farther north than the previous 30-year average (Battaile et al. 2017). The overall extent of September SIC across the pan-Arctic has retreated by 14% per decade (Hauser et al. 2018), and the Arctic-wide melt season has lengthened at a rate of five days per decade from 1979 to 2013 (Strove et al. 2014). Additionally, ice-albedo feedbacks will enhance sea-ice decline by hastening melting over the coming decades and leading to a much shorter ice season in the Arctic. Sea-ice types and their description based on available literature are defined in Table 1 (Burns et al. 1980; Ray & Hufford 1989; Ray et al. 2010).




Table 1Sea-ice attributes based on available literature. Categories and definitions are taken from Burns et al. (1980), Ray & Hufford (1989) and Ray et al. (2010).


	Sea-ice type
	Description





	Continuous pack/heavy ice cover
	Continuous ice with no visible leads.



	Pack ice with leads (cracks)
	The first stage of breaking of continuous ice cover; when pack ice is crossed by leads that are generally sub-parallel and may intersect.



	Broken pack
	Two or more intersecting sets of leads forming floes of various sizes. Ice is dispersed enough so that open water and thin ice are also available (Ray et al. 2010).



	Rounded pack
	Areas of at least 50% heavy ice cover; the floes are rounded rather than angular.



	Loose pack
	Areas of less than 50% heavy ice cover, consisting of scattered floes.





The decline of sea-ice impacts Arctic inhabitants, including the Pacific walrus (Odobenus rosmarus divergens). The Pacific walrus represents about 90% of all walruses worldwide, all of which reside in the Arctic (Fischbach et al. 2016) and were recently denied endangered or threatened status under the US Endangered Species Act (US Fish & Wildlife Service 2017). Sea ice is a vital aspect of the Pacific walrus habitat. It is used as a resting, birthing and nursing platform, providing access to offshore feeding areas and refuge from predators and other disturbances (Monson et al. 2013). Although walruses can dive more than 250 m deep, they do not usually feed at more than 80 m depth (Fay 1982; Jay & Fischbach 2008). As sea-ice extent decreases, the ice pack terminates over deeper water north of the shelf break, preventing walruses from conveniently accessing the shallower waters where they usually feed (Taylor et al. 2018). Overall declines in sea-ice extent and quantity have increasingly forced walruses (including adult females and young) to retreat to coastal haul-outs to rest. This behaviour creates abnormally crowded environments (Jay et al. 2011) that can be dangerous, particularly for young calves (Wartzok & Ray 1980; Monson et al. 2013). Walruses are also likely forced to swim away from sea-ice floes owing to increases in human use of the seascape (MacCracken 2012; McFarland & Aerts 2015). Ship traffic in the region has doubled between 2010 and 2017 (Miller 2015), with estimates that by mid-century, the length of the navigable open water season will also double (Melia et al. 2016), further encouraging the use of coastal haul-outs.

This study is novel because it uses the methodology traditionally used in landscape fragmentation analysis to assess an icescape. Fragmentation, or the process by which a landscape is broken into smaller homogeneous areas, or patches, is a critical measure of habitat quality since it impacts how species use and move within the landscape (Turner et al. 2003). More specifically, the process of fragmentation divides large, continuous habitats into smaller, more isolated fragment patches (Didham 2010). Studies of landscape fragmentation have been conducted since the early 1990s, primarily to analyse forest and other habitats (Franklin & Foreman 1987; Saunders et al. 1991; Baker & Cai 1992; Reed et al. 1996; Hargis et al. 1998). Habitat fragmentation analyses are rarely applied to marine-based icescapes. Icescapes are far more temporally complex than landscapes since sea ice changes and moves frequently, making it challenging to compare across different years, months, days or even hours. To our knowledge, only two other studies have implemented fragmentation analysis of sea ice. One assessed polar bear habitat using 25 km resolution satellite imagery (Sahanatien et al. 2012). We advance upon this previous research by using higher spatial resolution imagery, examining multiple fragmentation metrics and analysing how they correlate with SIC specifically. The other study focused on assessing walrus occupancy in the Bering Sea, using SAR imagery and aerial photography, with limitations in the extent of the study area and resolution: SAR imagery, with a 100 m resolution in this case, could only identify two classes of seascape: fragmented pack and ocean/ice (Sacco 2015). Our analysis fills gaps in the Sacco (2015) study by using satellite imagery to cover a larger geographic extent at a higher spatial resolution. The methods used in this study demonstrate how terrestrial habitat fragmentation analysis can be applied to future analyses of sea icescapes.

The objectives of this study were to (1) assess the general fragmentation characteristics of sea ice in walrus habitat, (2) compare sea-ice characteristics in the Chukchi versus Bering Sea regions of Alaska (two contrasting locations selected for their high distribution of walrus population during different times of the year), (3) examine how these spatial pattern metrics vary across high and low sea-ice concentrations and (4) use these results to infer how future fragmentation characteristics of sea-ice habitat may impact the life history of the Pacific walrus.

Data and methods

Study area

This study compares two Arctic regions: (a) south-east of SLI in the northern Bering Sea and (b) north and north-west of Wainwright, Alaska, in the Chukchi Sea. These locations were chosen because of their high distribution of walruses based on satellite tagging data acquired from Citta et al. (2018), other satellite tagging studies (Jay et al. 2012), Pacific walrus behaviour modelling studies (Udevitz et al. 2017) and data acquisition limitations (see a later section). The Pacific walrus population is located in the northern Bering Sea, south of SLI (Oakley et al. 2012), during the mating season in January, February and early March (Jay et al. 2011). In late spring (April–June), females begin calving and follow the sea ice as it recedes northward to the Chukchi Sea (Jay et al. 2011; Monson et al. 2013). At the same time, male walruses begin to haul out on coastal land to rest between feeding trips in the Bering Sea and the northern coast of Chukotka; they are increasingly joined by females and young in the summer months as SIC declines (Jay et al. 2011).

We defined the Bering Sea region south-east of SLI as the intersection of Landsat path 81/row 16 and path 82/row 16 scenes (approximately 19 859 km2; Fig. 1a). This area of the Bering Sea is known for being highly dynamic and varies in sea-ice patch concentration both seasonally and interannually (Ray et al. 2016). Just south of the island is the SLI Polynya, which often extends the entire length of the island (150 km) and can reach as far as 25 km offshore (Jay et al. 2010). The formation of the polynya is very important for walruses as it continuously creates new ice, while an area of open water—giving the walruses access the seafloor to feed—often remains (Burns et al. 1980; McNutt 2002). This area is known for having large distributions of walruses throughout the winter months (December–April; Drucker et al. 2003), with more recent studies pinpointing walruses to be more abundant west of the SLI Polynya, towards Russia (Ray et al. 2016; Citta et al. 2018). Over the past decade, there have been substantial decreases in the annual persistence of SIC in the Bering Sea. The ice extent in the northern Bering Sea during February–March 2018 and 2019 was the lowest on record, owing largely to the increased occurrence of warm, southerly winds, pushing ice floes to the north (Frey et al. 2019; Stabeno & Bell 2019; Stabeno et al. 2019). Southerly winds, coupled with an expected increase in wave intensity and storm frequency (Bateson et al. 2020), lead to an enhanced lateral melt rate and may likely continue to contribute to decreasing sea-ice annual persistence in this region into the future. The observation by Ray et al. (2016) that as SIC declines, sea-ice dynamics transition from a ‘plastic continuum’ (dictated by fracture mechanics) to a pattern of independently moving ice floes may, therefore, become far more common with climate change. These scenarios are referred to as a ‘mixing bowl’ of groupings of varying floe sizes and thickness and may make it more challenging to distinguish between different types of sea-ice pack classifications in the future.

Fig 1Study area map of locations in Alaska: (a) area south-east of SLI, intersection of Landsat path 81/row 16 scene and path 82/row 16 scene (approximately 19 858 km2); (b) the area north of Wainwright, AK, intersection of Landsat path 82/row 10 and path 81 path/row 10 scenes (about 22 577 km2). Bathymetry data accessed from the US Geological Survey (Schumacher 1976a, b).
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We defined the Chukchi Sea study region over Hanna Shoal (north and northwest of Wainwright, Alaska) as the intersection of Landsat path 82/row 10 and path 81 path/row 10 scenes (ca. 22 577 km2; Fig. 1b). Historically, there has been high walrus activity in this area during the summer and fall, although this has been decreasing as the lack of sea ice makes it less feasible for walruses to reach Hanna Shoal (Jay et al. 2012). In spring 2019, sea ice in Chukchi Sea melted 20–35 days earlier than the 1981–2010 average, which led to record low SIC until early August (Perovich et al. 2019). Continued reduction in the sea-ice season is expected in the coming decades. Some models suggest that by the end of the century, the Chukchi Sea will experience sea-ice break-up one month earlier in the spring and freeze-up two months later in the fall (Jay et al. 2012). New ice formation occurring later in the season followed by earlier melt would cause sea-ice fragmentation during July, with ice-free conditions during August, September and October rather than just September (Douglas 2010; Jay et al. 2011). Additionally, sea-ice fragmentation in the Chukchi Sea has retreated north of the continental shelf during eight out of the last 10 years (Udevitz et al. 2017). As these trends continue, compact sea ice will become less available for walruses owing to southerly winds pushing sea ice farther away from potential feeding areas (Perovich et al. 2019).

Mean daily sea-ice climatologies and time series of annual sea-ice persistence were investigated based on data from Comiso et al. (Comiso, Gersten et al. 2017; Comiso, Meier et al. 2017) to understand better the differences in sea-ice dynamics for the Bering and Chukchi seas study areas. Both data sets were extracted for each study area, and trend lines in SIC over 2008–2018 were calculated (not shown). The Wainwright study area is typically covered in ice from mid-November to mid-June, whilst the annual persistence has decreased from more than 300 days of ice cover in the 1980s to mid-1990s to just ca. 225 in the past decade, losing approximately 31 days of SIC per decade. Sea ice around the SLI study area is similar, with consistently high volumes from December to April. SLI has lost 8 days of SIC per decade, with just over 100 days of annual persistence in 2018, whereas from the 1980s to 2010, sea-ice persistence was relatively stable and lasted approximately 175 days per year.

Data collection and processing

This study used Landsat 5 Thematic Mapper and Landsat 8 Operational Land Imager data collected through EarthExplorer, a US Geological Survey data portal for obtaining satellite imagery. Owing to the Scan Line Corrector issue, Landsat 7 ETM+ Satellite Sensor data were deemed unusable (USGS 2017). Images were collected from February to May for the SLI region, as more extensive sea ice during the winter months begins to break up throughout spring. Images for the Wainwright region were collected from March to July as sea-ice break-up occurs two months later than in the SLI region. Twenty-four images were analysed: 14 for the SLI region and 10 for the Wainwright region (Table 2), spanning from February to July of 2008 to 2018. Data pre-processing was performed using both TerrSet and ArcMap 10.6. Study areas were defined by intersecting the extent of Landsat scenes (two adjacent scenes per study location; USGS 2018), and land areas were excluded from the analysis.




Table 2Summary table of all SLI and Wainwright Landsat images, in chronological order.


	Date
	Path/row
	Landsat 5/8





	SLI



	 1-May-09
	82/16
	5



	 29-Mar-11
	81/16
	5



	 14-Apr-11
	81/16
	5



	 5-Apr-13
	82/16
	8



	 19-Apr-13
	81/16
	8



	 8-Feb-14
	82/16
	8



	 21-Mar-14
	81/16
	8



	 11-Feb-15
	82/16
	8



	 15-Mar-15
	82/16
	8



	 16-Apr-15
	82/16
	8



	 17-Mar-16
	82/16
	8



	 26-Mar-16
	81/16
	8



	 30-Apr-17
	81/16
	8



	 3-Feb-18
	82/16
	8



	Wainwright



	 21-May-08
	83/10
	5



	 21-Mar-09
	83/10
	5



	 6-Apr-09
	83/10
	5



	 24-May-09
	83/10
	5



	 9-Jul-14
	83/10
	8



	 19-Jun-15
	82/10
	8



	 5-Jul-15
	82/10
	8



	 15-Jun-17
	83/10
	8



	 15-Apr-18
	83/10
	8



	 13-Jul-18
	82/10
	8





Classification of sea ice

This study used a combination of object-based and unsupervised classification methods to define sea-ice patch concentrations. A histogram peak unsupervised classification was used to distinguish between spectrally different classes of sea ice and water (Eastman 2016). For Landsat 8 scenes, all spectral bands 1 through 7 were used in the classification, whereas for Landsat 5, all bands were used, excluding the thermal band. The maximum number of clusters parameter was set to three, as this setting could consistently separate thick ice, thin ice and water across all scenes. Ocean water and thick ice are the most important for walruses, as the former is their medium for swimming and feeding, while the latter is ideal for hauling out and resting. Ice that is sufficiently thin for walruses to create breathing holes from beneath the ice would not support the weight of a walrus attempting to rest (Kastelein et al. 1991; Ray et al. 2010; Jay et al. 2011). However, thin ice was included in the classification for spectral class completeness, allowing better separation of thick ice and water. Segmentation classification, which groups neighbouring pixels into segments or patches, was employed to classify the icescape according to the similarity between their spectral characteristics. The final sea-ice classification was generated by assigning to each segment the category (thick ice, thin ice or water) that was most prevalent within it. Segmentation classification can improve the accuracy of the pixel-based classification and produce a smoother result that preserves boundaries between segments (Hisabayashi et al. 2017) and is well suited for this study that focuses on the fragmentation of individual sea-ice floes.

The accuracy of each final classified image was assessed by creating 50 stratified random data points for each image and evaluating each point through visual inspection using the corresponding true colour composite image. Classes visually interpreted from the true colour composite were considered the reference class. An error matrix was created for each image, identifying the frequency of evaluation points that corresponded (or not) with the reference class. A summary accuracy matrix across all 24 images was also calculated (Table 3).




Table 3Error matrix comparing segmentation classification across all images with manual classification. Rows represent segmentation classification, and columns represent the reference classification. Overall accuracy is 90.75%.


	
	Overall summary
	User’s accuracy (%)
	Commission error (%)



	Thick ice
	Thin ice
	Water
	Total





	Thick ice
	455
	38
	1
	494
	92.11
	7.89



	Thin ice
	15
	255
	10
	280
	91.07
	8.93



	Water
	0
	47
	379
	426
	88.97
	11.03



	Total
	470
	340
	390
	1200
	
	



	Producer’s accuracy (%)
	96.81
	75.00
	97.18
	
	
	



	Omission error (%)
	3.19
	25.00
	2.82
	
	
	



	Total correct reference points
	1089
	
	
	
	
	



	Total ‘true’ reference points
	1200
	
	
	
	
	



	Percent accuracy
	90.75
	
	
	
	
	





Icescape structure

The FRAGSTATS version 4.2 software was used to assess the general fragmentation characteristics of sea-ice patches and compare the icescape structure characteristics in the Chukchi versus Bering Sea regions of Alaska. Only thick ice can support walrus haul-outs; therefore, this class alone was input into the fragmentation analysis software. Six metrics were used to assess the icescape structure: (a) Percent of Landscape, (b) Number of Patches, (c) Mean Patch (i.e., ice floe) Area (hectares), (d) Shape Index, (e) ENN (m) and (f) Edge Density (metres of edge per hectare of ice). Percent of Landscape represents the percent of the image covered in thick ice, with decreases indicating loss of SIC. Number of Patches is the total number of individual thick-ice floes within each image, with higher numbers indicating a more fragmented landscape. Mean Patch Area is the total area of all ice floes (in m2), divided by the number of floes and divided by 10 000 (to convert to hectares), representing the average size of a thick-ice floe. Shape Index is the ice floe perimeter divided by the square root of ice floe areas, indicating the roundness of thick ice walrus habitat. This metric was chosen instead of the perimeter–area ratio because it is standardized to account for the size of the ice floe. A visual example of the Shape Index can be seen in Fig. 2. ENN is equal to the distance (m) of the nearest thick-ice floe based on the shortest edge-to-edge-distance, indicating isolation of sea-ice floes. Edge Density is the sum of the lengths of all thick ice edge segments, divided by the total landscape area, multiplied by 10 000 (hectares; McGarigal 2015) and divided by sea-ice concentration to normalize this metric. See Supplementary Table S1 for a more detailed explanation of why each metric was chosen for our analysis. Each fragmentation metric was plotted against SIC to allow comparisons across scenes of different sea-ice coverages, and account for limited data. Plotting fragmentation metrics versus time was not feasible in this study as the temporal resolution of the data did not allow for the use of the data to show change over a multi-year time series.

Fig 2Example sea-ice floes visualizing the shape index metric.
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Limitations

We do note that Landsat imagery was still somewhat limiting. Few images within a year were available for the classification of sea-ice habitat, owing to the 16-day temporal resolution of the satellite, prevalent cloud cover and variability of daylight length within the study area. Moreover, images acquired from the Landsat 7 ETM+ sensor were also deemed unusable owing to the Scan Line Corrector failure, which substantially decreased the temporal resolution of our data set. These limitations are similar to another sea-ice study that compared Landsat and MODIS satellites, finding similar temporal resolution limitations of the two (Rösel & Kaleschke 2011). Although the 30 m resolution of Landsat gives a general representation of the seascape, sea-ice floes can be smaller than 30 m, and it is not uncommon for walruses to utilize smaller floes (Fay et al. 1984). This spatial resolution limitation could result in the underestimation of floes, as floes smaller than 30 m may have been identified as water or thin-ice using our classification. Higher spatial resolution imagery would remove this uncertainty and give an improved synopsis of patch dynamics between extremely small ice floes, at the expense of temporal and geographic coverage. However, the advantage is that Landsat data have the longest record of mid-resolution imagery dating back to 1972, allowing our analysis to extend temporally farther than other satellites. We also would like to acknowledge that this analysis does not consider other important sea-ice characteristics, such as surface roughness owing to the two-dimensional nature of our satellite imagery; future studies could utilize LiDAR to incorporate these. Also, our analysis only focuses on sea-ice patch dynamics. Other sea-ice habitat features such as intersecting leads are omitted from this study, but we acknowledge their importance for future studies.

Results

The overall accuracy of the segmentation classification images was 90.75% (Table 3), with Wainwright having slightly higher accuracy than SLI (91.40 and 90.29%, respectively). Additionally, thick ice was classified with an omission error of 3.19%. The most common error was classifying thin ice as water (4% of evaluation points). This error is attributed to the high variability in the thickness of sea ice. Since fragmentation was assessed for thick ice, these errors do not affect the results of our study. The other common error was classifying thin ice as thick ice (3% of evaluation points), which may have slightly impacted the results of this study. To further examine the accuracy assessment, the model only misclassified one point of water as thick ice and did not classify any thick ice as water. This demonstrates that the classification did a robust job differentiating between water and thick ice (the two more important categories for this study). Two true colour composite and classification examples were chosen to illustrate high and low sea-ice concentrations (Figs. 3, 4).

Fig 3Comparison of cluster classification to true colour composite images: (a) true colour composite from the SLI study area, 30 April 2017; (b) segmentation classification of 30 April 2017 image (accuracy: 98%); (c) true colour composite from SLI study area, 29 March 2011; and (d) segmentation classification of 29 March 2011 image (accuracy: 92%).
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Fig 4Comparison of cluster classification to true colour composite images: (a) true colour composite from Wainwright study area, 24 March 2009; (b) segmentation classification of 24 March 2009 image (accuracy: 94%); (c) true colour composite from Wainwright study area, 15 June 2017; and (d) segmentation classification of 15 June 2017 image (accuracy: 96%).
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Classified images for sea-ice concentration ranged 1.7–80.25%, giving large variation in the outputs for all other metrics (Table 4). Six of the 10 correlations tested were statistically significant (Table 5). The Number of Patches in SLI presented the most significant negative correlation with SIC (R = −0.88, p < 0.01; Fig. 5a). As sea ice decreased from about 80% to about 15%, the number of ice floes increased by 650% (from ca. 2000 to ca. 15 000 ice floes), indicating a more fragmented icescape. The Mean Patch Area in SLI had a significant positive correlation with SIC (R = 0.86, p < 0.01; Fig. 5b), indicating a decrease in the size of sea-ice floes with declining sea-ice concentration. ENN had a significant negative correlation with SIC (R = −0.77, p < 0.01; Fig. 5d). Distances from floe to floe increased from ca. 140 m to ca. 200 m as sea-ice coverage decreased from about 80% to about 15%, an increase of 43%, indicating a rise in sea-ice floe isolation with the decline of sea ice. Edge density in SLI was significantly negatively correlated with SIC (R = −0.86, p < 0.01; Fig. 5e). As SIC decreased from about 80% to about 15%, Edge Density increased by 200%, from ca. 0.2 to ca. 0.6 hectares/SIC, indicating an increase in thick-ice fragmentation with declines in sea ice. Only two metrics were statistically significant for Wainwright: Mean Area and Shape Index. Mean Area was significantly positively correlated with SIC (R = 0.79, p < 0.01; Fig. 5g) as was Shape Index (R = 0.85, p < 0.01; Fig. 5h). The Shape Index decreased from ca. 1.8 to ca. 1.2, or 33%, as sea-ice coverage decreased from about 75% to about 5%, indicating more compact/circular ice floes.




Table 4FRAGSTATS output for each image in SLI and Wainwright, ordered chronologically.


	Date
	SIC (%)
	Number of patches
	Mean area (hectares)
	Shape index
	ENN (m)
	Edge density (m per hectare of ice)





	SLI



	 1-May-09
	45.32
	5927
	143.43
	1.54
	160.65
	0.3



	 29-Mar-11
	80.25
	1582
	955.02
	1.45
	118.25
	0.18



	 14-Apr-11
	62.41
	2163
	546.4
	1.51
	140.9
	0.18



	 5-Apr-13
	63.59
	3562
	342.65
	1.29
	142.97
	0.12



	 19-Apr-13
	57.69
	4645
	237.79
	1.23
	199.08
	0.18



	 8-Feb-14
	36.22
	14 208
	49.16
	1.33
	148.56
	0.39



	 21-Mar-14
	61.78
	5671
	211.34
	1.27
	137.77
	0.19



	 11-Feb-15
	41.58
	9462
	85.24
	1.34
	163.48
	0.29



	 15-Mar-15
	57.69
	7869
	142.21
	1.36
	121.08
	0.3



	 16-Apr-15
	30.44
	8273
	70.17
	1.45
	189.92
	0.39



	 17-Mar-16
	40.58
	7941
	99.12
	1.33
	166.29
	0.29



	 26-Mar-16
	64.1
	3291
	376.76
	1.29
	164.62
	0.17



	 30-Apr-17
	8.05
	19 346
	8.08
	1.21
	216.65
	1.09



	 3-Feb-18
	20.04
	9863
	39.42
	1.4
	196.47
	0.57



	Wainwright



	 21-May-08
	32.19
	2889
	110.32
	1.33
	190.65
	0.16



	 6-Apr-09
	53.24
	2185
	337.67
	1.71
	175.58
	0.19



	 24-May-09
	73.91
	2000
	209.26
	1.87
	121.99
	0.29



	 9-Jul-14
	32.23
	93 381
	14.77
	1.17
	75
	1.41



	 19-Jun-15
	25.53
	11 692
	32.28
	1.3
	113.54
	0.76



	 5-Jul-15
	1.74
	2325
	43.08
	1.17
	172.53
	0.72



	 15-Jun-17
	5.74
	3508
	683.7
	1.26
	314.08
	0.49



	 15-Apr-18
	44.81
	8011
	452.86
	1.32
	148.42
	0.33



	 13-Jul-18
	27.45
	9355
	6.81
	1.25
	133.75
	0.51








Table 5SLI and Wainwright sample size (n), correlation (R) and p value for each FRAGSTATS metric versus sea-ice cover. Relationships with p < 0.01 were deemed statistically significant (shown in boldface).


	
	SLI
	Wainwright



	n
	R
	p
	n
	R
	p





	No. of patches
	14
	−0.88
	<0.01
	10
	−0.08
	0.84



	Mean area
	14
	0.86
	<0.01
	10
	0.79
	<0.01



	ENN
	14
	−0.77
	<0.01
	10
	−0.37
	0.29



	Shape index
	14
	0.14
	0.64
	10
	0.85
	<0.01



	Edge density
	14
	−0.86
	<0.01
	10
	−0.46
	0.18





Fig 5Scatter plots for both study areas of the five FRAGSTATS metrics versus SIC. Boldface text (and solid trendlines) signifies statistical significance at p < 0.01. Plots are colour-coded to show general seasonality.
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Discussion

Our analyses indicate that the Chukchi and Bering seas of Alaska have likely experienced shifts in sea-ice fragmentation characteristics as overall SIC has declined. Both study areas have significant trends in their fragmentation metrics as related to SIC and are experiencing a process of fragmentation based on the decision tree algorithm presented by Bogaert et al. (2004). Walruses require sea-ice conditions that allow easy access to floes and enough open water to perform U-shaped dives while foraging (Jay et al. 2014). The existing literature concludes that walruses are most commonly found on the so-called broken pack (Ray et al. 2010). They utilize areas of fragmented ice and thin ice up to 20 cm thickness, where they are able to create breathing holes (Burns et al. 1980; Fay 1982; Ray et al. 2010; Jay et al. 2011). We assume that our thick ice category contains sea ice too solid for walruses to break through (>20 cm). Walruses tend to be found in SIC of 20–80% (Fay 1982) and avoid areas with SIC of 90% or more, which would limit their movement in water (Jay et al. 2012). Specific walrus sea-ice preferences and habits are debated in the literature. Ray et al. (2010) state that walruses prefer thick, moderate-sized floes separated by leads and polynyas as a habitat, whilst they are not commonly found in areas of rounded pack (defined as areas of at least 50% heavy ice cover in which floes are founded rather than angular), owing to the lack of open water (Burns et al. 1980; Ray & Hufford 1989; Ray et al. 2010). Additionally, Ray et al. (2006) in 1975 observed that walruses seem to stay close to specific areas of moving ice to feed and return to the same location after feeding (i.e., a ‘home’ sea-ice area). However, Jay et al. (2010) found that walrus activity was independent of the movement of ice floes, suggesting that they use any available ice conveniently close to their feeding areas. Although walruses’ specific preferences and interactions with sea ice may not be clear, the future of sea ice in both study areas will, undoubtedly, show substantial change.

In the Bering Sea, low sea-ice concentrations were associated with significantly more ice floes and edges, less mean floe area and floes that were farther apart. The average distance between floes increased by more than some 50 m as sea-ice coverage declined from 80% to less than 20% thick ice. A study conducted over the years 2005–08 found that walruses migrating across the Davis Strait averaged speeds from 6 to 10 km/hr and travelled an average of 46 km/day (Dietz et al. 2013). This implies that if the distance between floes was to increase an average of 50 m in the Bering, it would not be a particularly long distance to travel for walruses, but this is speculation as current studies do not discuss walrus swimming capabilities. Floe distance increases as SIC decreases in this area because the Bering Sea is conducive to floe movement. For example, sea ice in the Bering forms in the northern portion and can be blown southward by north–north-easterly winds (McNutt 2002). Not being ‘land-locked’ and having an open sea-ice edge, floes move freely with the wind and currents (Shapiro & Burns 1975). One could speculate that some of these changes may even be beneficial to the Pacific walrus. An increase in floe edges would allow more walruses to haul out along an ice edge, taking advantage of easy access to water without needing to push through densely populated areas. Additionally, the increase in distance from floe to floe and increase in the number of floes could also be helpful to mothers, who usually give birth in semi-isolation on very small floes (<30 m) before joining nursery herds (Fay 1982). Moreover, these increases could create smaller, more dispersed congregations of females during the mating season (January–March), allowing greater movement by males and opening opportunities for other males to mate with females (Fay 1982; Fay et al. 1984). This reduction in inter-male competition could be beneficial in creating a more diverse gene pool (Fay et al. 1984), or conversely, negatively impact sexual selection and fitness (Ray et al. 2016).

In contrast to the Bering Sea results, lower sea-ice concentrations in the Chukchi Sea were associated with a significant decrease in mean ice floe area and more circular floes. More circular floes may not affect walruses if there is open water to feed in. However, although the Chukchi Sea has areas of open water closer to the coast of Alaska, sea ice cannot move as freely as in the Bering Sea (Jay et al. 2010). Chukchi sea ice forms throughout the region and is locked in place for many months, limiting movement (Burns et al. 1980). Without room for movement, ice floes frequently collide and rub against one another, eroding sharp rectangular edges and shaping into overall rounder floes (Burns et al. 1980). This is defined as a rounded pack, in which walruses are not commonly found owing to the lack of open water (Ray et al. 2010). In the future, if rounded pack is more commonly found surrounding productive feeding grounds, the walruses will need to become comfortable foraging in this denser sea-ice pack.

Unsupervised image classification coupled with segmentation classification was a success for this study, having an overall accuracy of 90.75%. Furthermore, it was most accurate at distinguishing between thick ice and water, which was not surprising considering the sharp spectral contrast between the two classes. These results were encouraging because the validation of sea-ice classifications is more difficult for the ever-changing icescapes than landscapes, as it is more challenging to acquire ground-truth observations in the former.

It is arguable that the floe dynamics found in this study are simply a natural progression of seasonal sea-ice melt. As the melting season progresses, we cannot refute that it is natural for sea-ice floes to become more numerous, smaller, farther apart and rounder. One of the side effects of decreasing sea-ice extent is that multiyear ice melts and is replaced with first-year seasonal ice, which is thinner and more vulnerable to melt (Bateson et al. 2020). Oldest ice (more than four years old), which comprised 33% of Arctic Ocean ice pack in 1985, was only 1.2% of the pack in March 2019 (Perovich et al. 2019). The later sea-ice freeze-up and earlier melting periods, coupled with first-year ice, will lead to even earlier fragmentation, creating icescapes with low SIC, and ice-floe dynamics as described in the findings of this study (for the Bering: decreases in mean floe area and increases in floe distance, number of floes and edges; for the Chukchi: decreases in mean floe area and rounder floes). Therefore, this study also has predictive capabilities as lower SIC, in general, will be more common in the future. Future studies could use a less limited satellite (i.e., higher temporal/spatial resolution) to measure seasonal and annual sea-ice dynamics over time in both study areas.

Conclusions

Future projections estimate that sea ice across the Arctic will continue to decline over the coming decades, which already has substantial impacts on marine species that rely upon it. Less sea ice leads Pacific walruses to use coastal haul-outs more, which is expected to contribute to their decline (MacCracken et al. 2017). This study found that segmentation classification was an accurate way of classifying sea-ice floes, and the assessment of spatial pattern metrics across the two study areas had significant findings. With declining SIC, ice floes in the Chukchi Sea are expected to be smaller and more circular. For the Bering Sea, declining SIC is expected to create scenarios where ice floes are distributed farther apart and are smaller, with more edges. This will lead to longer swimming distances for the walrus and will enhance lateral melting rates in the Bering Sea, whereas in the Chukchi Sea, walruses may be forced to use more circular sea-ice floes if rounded pack is the only option. These changes in sea-ice characteristics may alter the feeding, mating, birthing and migration patterns of Pacific walruses, which could drastically change the ecological role of walruses and have proliferating impacts on benthic ecosystems overall (Ray et al. 2006). This research proves the potential of using landscape fragmentation techniques on icescape environments, filling knowledge gaps as to how sea-ice floe dynamics change as SIC declines. Moreover, this analysis provides the framework of methods necessary to allow future studies to predict how sea-ice fragmentation will directly impact the Pacific walrus and other sea ice-obligate species in the future.
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