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1.  INTRODUCTION 

The Arctic is experiencing one of the fastest rates 
of climatic change globally, with an Arctic-wide rate 
of warming nearly double the global mean (Screen & 

Simmonds 2010, Cohen et al. 2014, Dai et al. 2019). 
Associated decreases in sea ice cover and thickness 
(Dai et al. 2019) represent one of the most prominent 
physical and ecological consequences of this ongoing 
warming, with the potential to alter the availability of 
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key resources for a variety of polar predators, includ-
ing human subsistence hunters (Kovacs & Lydersen 
2008, Moore & Huntington 2008, Jay et al. 2012, Bro-
maghin et al. 2015, Laidre et al. 2015, Christie et 
al.  2018, Moore & Reeves 2018, Huntington et al. 
2020). For eastern North Pacific (ENP) gray whales 
Eschrichtius robustus which seasonally forage in the 
Pacific Arctic, sea ice cover plays a number of impor-
tant roles in the ecological processes supporting the 
rich macrofaunal assemblages exploited by this pop-
ulation (Sigler et al. 2011). Gray whale foraging dis-
tributions, where they have been extensively docu-
mented in the Pacific Arctic (Moore et al. 2003, 2022, 
Bluhm et al. 2007, Brower et al. 2017, Clarke et al. 
2020), appear to focus primarily around a relatively 
small number of discrete and persistent hotspots 
associated with elevated benthic macrofaunal pro-
duction, and potentially also with elevated biomasses 
of epibenthic and pelagic swarming prey (Schonberg 
et al. 2014, Grebmeier et al. 2015, 2018). These well-
documented hotspots (see Fig. 1) include (1) the Chi -
ri kov Basin in the northern Bering Sea (Moore et al. 
2003, 2022), (2) the southeastern Chukchi Sea south 
of Pt. Hope and extending westward into Russian 
waters north of the Chukotka Peninsula (Bluhm et al. 
2007, Moore et al. 2022), and (3) the northeastern 
Chukchi Sea shelf surrounding Barrow Canyon and 
extending northwestward to Hanna Shoal (Schon -
berg et al. 2014, Brower et al. 2017). 

The combination of inter-annually variable sea ice 
cover with relatively geographically fixed and per-
sistent foraging hotspot locations is also hypothe-
sized to play a more direct role in the high inter-
annual and multi-year variability observed in ENP 
gray whale reproductive success. Over the period 
1994−2016, Perryman et al. (2021) demonstrated a 
relatively strong negative relationship (R2 = 0.64) 
between ENP gray whale calf production estimates 
and the amount of ocean surface area covered by sea 
ice during the previous spring and early summer 
(e.g. May, June, and July) in the Pacific Arctic sector, 
which includes the Bering and Chukchi seas. Perry-
man et al. (2021) hypothesized on the basis of this 
correlation that in years with extensive early season 
sea ice coverage, gestating female ENP gray whales 
may be delayed in accessing important benthic for-
aging hotspot habitats. This delay may be biologically 
important, occurring at an energetically de manding 
phase of gray whale reproductive phenology when 
gestating females are returning from long-distance 
migration in a relatively energetically depleted state 
and are simultaneously experiencing accelerated fetal 
growth. The mechanism underpinning this hypothe-

sized interaction, referred to herein as ‘sea ice exclu-
sion’, could potentially relate to gray whales mini-
mizing their risk of collision injuries while maneuver-
ing in dense sea ice and/or minimizing the risk of 
being cut off from openings in the ice to breathe 
(Anonymous 1989, Kochnev 1998). This delay may in 
turn affect the rate at which pregnancies are carried 
to term and potentially also the survival of calves 
along the migration route and in the wintering 
lagoons, leading to the observed fluctuations in calf 
production estimates and body condition metrics 
during the following winter and spring. This correla-
tion also closely aligns with a strong relationship 
(R2 = 0.77) observed between western North Pacific 
(WNP) gray whale calf survival and the number of 
days of open water in 2 key foraging areas off north-
east Sakhalin Island in the Sea of Okhotsk (Gailey et 
al. 2020). Gailey et al. (2020) defined ‘open water’ as 
sea ice concentrations below 40%. As an explanation 
for this positive relationship, Gailey et al. (2020) pro-
posed an analogous mechanism whereby the dura-
tion of open water access to key WNP foraging habi-
tats affected female body condition. Female body 
condition in turn affected the capacity for maternal 
investment, leading to downstream consequences for 
pre- and post-weaning calf survival. 

The fact that analogous relationships have been 
documented in 2 distinct population segments (Gai-
ley et al. 2020, Perryman et al. 2021) potentially lends 
credibility to the importance of changing sea ice 
conditions in gray whale population dynamics. This 
hypothesized relationship also potentially positions 
gray whales as possible climate change ‘winners’ 
among other prominent Arctic species with popula-
tion dynamics influenced by changing Arctic sea ice 
conditions (e.g. polar bear Ursus maritimus, Bro-
maghin et al. 2015; Pacific walrus Odobenus ros-
marus, Jay et al. 2012; spectacled eider Somateria fis-
cheri, Christie et al. 2018). However, the evidence 
from both recent studies supporting the ‘sea ice 
exclusion’ mechanism is fundamentally correlative in 
nature. Moreover, within the ENP gray whale popu-
lation, there have been 2 recent deviations that com-
plicate this historic negative correlation between sea 
ice cover and calf production and potentially bring 
into question the long-term stationarity of this rela-
tionship during a period of rapidly changing Arctic 
conditions and ecological dynamics (e.g. Duffy-
Anderson et al. 2019, Ardyna & Arrigo 2020). The 
first of these deviations occurred in 2013 and 2014, 
when calf production remained elevated above the 
time series mean despite relatively extensive Pacific 
Arctic sea ice cover during May, June, and July of the 
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preceding summers (2012 and 2013). This deviation 
was treated in part as an outlier event by Perryman 
et al. (2021) because calf production returned to his-
torical expectations during the remainder of the time 
series considered in that study (i.e. in 2015 and 2016). 
However, during the most recent period, 2017−2019, 
which was not analyzed in Perryman et al. (2021), 
reproductive output dropped substantially below the 
historical average (Stewart & Weller 2021) despite 
record low sea ice cover. These reduced levels of 
reproductive success have also coincided with an 
ongoing unusual mortality event (UME) along the 
Pacific coast of North America from Alaska to Baja 
California from January 2019 through 2022, during 
which rates of ENP gray whale stranding mortalities 
were elevated 4−5 times above the long-term aver-
age (Raverty et al. 2020, Christiansen et al. 2021). 

Together, these divergent data points suggest a 
need to better describe the relationship of gray whale 
distribution, habitat use, and phenology to sea ice 
conditions in the Pacific Arctic. Our overall goal, 
therefore, was to examine whether additional lines of 
evidence based on complementary aerial survey and 
moored hydrophone data sets showed patterns con-
sistent with the ‘sea ice exclusion’ mechanisms 
hypothesized by Perryman et al. (2002, 2011, 2021) 
and Gailey et al. (2020). Our first objective was to 
evaluate whether intra- and inter-annual variation 
in  gray whale distribution patterns across different 
seasons and years with divergent sea ice conditions 
qualitatively support the hypothesized mechanism of 
sea ice constraining access to foraging habitats. Sec-
ond, we quantitatively examined the relationship of 
gray whale encounter rates with different spatial 
configurations and concentrations of sea ice. Finally, 
we evaluated whether the timing (or phenology) of 
gray whale arrival and occupation of different habi-
tats across different years varied relative to the tim-
ing of sea ice retreat. 

2.  MATERIALS AND METHODS 

2.1.  Aerial surveys 

To characterize overall gray whale distribution pat-
terns and model the association between sea ice and 
gray whale habitat use, we extracted gray whale 
sightings data from the Aerial Surveys of Arctic 
Marine Mammals (ASAMM) database (https://www.
fisheries.noaa.gov/resource/data/1979-2019-aerial-
surveys-arctic-marine-mammals-historical-database; 
ac cessed 19 June 2020). The ASAMM database com-

prises marine mammal aerial surveys in the Northern 
Bering, Chukchi, and Beaufort seas conducted be -
tween 1979 and 2019. The aerial line-transect distance 
sampling methods used to record marine mammal 
sightings and effort are comprehensively de scribed 
in Clarke et al. (2020). 

Over 90% of this aerial transect survey effort 
occurred between mid-July and October, when sea 
ice had already retreated from gray whale foraging 
hotspot habitats within the ASAMM sampling domain 
in the vast majority of years and before the seasonal 
return of sea ice cover in late fall/early winter. How-
ever, within a subset of survey years there was suffi-
cient aerial survey coverage within gray whale for-
aging habitats in late May (1980−1982), late June 
(2008−2011), and early July (2013) to qualitatively 
compare gray whale distribution patterns under diver-
gent sea ice conditions. 

In addition to marine mammal sightings, observers 
also recorded visual estimates of environmental con-
ditions associated with transects of varying lengths, 
including percent sea ice cover in 5% increments. 
These in situ measurements of sea ice cover were 
estimated by each observer scanning their 180° field 
of view, from directly beneath the aircraft out to 
the limit of visibility. Since 2018, estimates of sea ice 
cover from observers on left and right sides of the 
plane have been recorded separately; however, prior 
to 2018, only a single estimate representing the 
average percent sea ice cover for both sides was 
recorded. For consistency with the earlier data, the 
separate left and right estimates since 2018 were 
averaged into a single, combined percent ice cover 
estimate. 

Visibility used in calculating a survey effort offset 
term in the gray whale habitat use models was esti-
mated based on the maximum distance that ob -
servers could reliably detect marine mammals within 
their field of view. Visibility was categorized into 
ordinal classes of unlimited, 5−10, 3−5, 2−3, 1−2, <1, 
and 0 km. 

For the purposes of modeling, portions of the flight 
path during which observers were actively searching 
for marine mammals (i.e. effort types ‘transect’, 
‘search’, and ‘cetacean aggregation protocol’ [CAP]) 
were subdivided into 5 km segments. The positions 
of smaller (<5 km) segments remaining after subdi-
viding transects were randomized along the length of 
the original transect. Within each 5 km segment, 
ordinal visibility classes were converted to approxi-
mate continuous values based on the midpoint dis-
tance of each visibility bracket. Visibility distance 
estimates and sea ice estimates were then averaged 
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over all observations within each segment to obtain 
an overall segment mean visibility and segment mean 
sea ice concentration. 

2.2.  Passive acoustic monitoring 

The phenology and distribution of marine mammal 
vocalizations within the Pacific Arctic was moni-
tored via a network of autonomous passive acoustic 
re cording units deployed on moorings in the Bering 
and Chukchi seas as part of the Arctic Long-Term 
Integrated Mooring Array (ALTIMA) program and 
provided nearly continuous coverage over the period 
2013−2019. Data from 2 hydro phone recorders situ-
ated near gray whale foraging hotspots in the Chi -
rikov Basin (NM1 mooring site; 64.849° N, 168.393° W) 
and in the southeast Chuk chi Sea (PH1 mooring site; 
67.907° N, 167.200° W) were used in our study (see 
Fig. 1). Technical specifications of re corder configu-
ration and deployment details are summarized in 
Wright et al. (2019) and Crance et al. (2019). Sound 
files and corresponding spectrogram image files gen-
erated by the recorders were manually analyzed in 
10 min in crements by trained acousticians for the 
presence of positively identified gray whale vocal-
izations (Burnham et al. 2018). The percentage of 
10  min increments containing positive detections 
was further summarized on a daily basis to normalize 
day-to-day variation in recording unit duty cycling. 
There was also a reasonable amount of vocal and 
frequency overlap between gray whales and hump-
back whales Mega ptera novaeangliae, and both spe-
cies were commonly detected during vessel and aer-
ial surveys in the vicinity of both mooring sites 
(Clarke et al. 2013). Ambiguous vocalizations that 
could not be identified to species were excluded from 
the re sults presented here. 

For analyses examining the timing of gray whale 
arrival and departure relative to sea ice retreat and 
advance, we calculated the numeric day of each year 
corresponding to the onset and cessation of gray 
whale acoustic detections. Following the approach 
of  Szesciorka et al. (2020), periods of gray whale 
acoustic presence in the vicinities of the NM1 and 
PH1 moorings were identified such that 99% of the 
10 min spectrogram periods containing positive 
detections fell between the acoustic onset and cessa-
tion dates. This approach intentionally excluded a 
small number of isolated, short-duration early- and 
late-season vocal bouts that likely represented single 
individuals or small groups, allowing onset and ces-
sation dates to provide a clearer representation of the 

arrival/departure timing of the bulk of the migratory 
ENP gray whale population. 

2.3.  Sea ice remote sensing 

Remotely sensed sea ice concentration layers, 
based on satellite microwave radiometer measure-
ments, were used to examine the responses of gray 
whale habitat use patterns to sea ice conditions over 
larger spatial scales compared to the localized esti-
mates recorded by the aerial visual observers. High-
resolution daily sea ice concentration estimates with 
a nominal resolution of 3.125 km at 70° N in polar 
stereographic projection (EPSG: 3411) were obtained 
over the period 2008−2019 (https://seaice.uni-bremen.
de/data/; accessed 7 June 2020). These layers are 
based on brightness temperature differences in the 
89 GHz channels of the Advanced Microwave 
Scanning Radiometer EOS (AMSR-E; 2002−2011) 
and Advanced Microwave Scanning Radiometer 2 
(AMSR-2; 2012−present) instruments, and were pro-
cessed using the Arctic Radiation and Turbulence 
Interaction Study Sea Ice algorithm (v.5.4; Spreen et 
al. 2008). To examine sea ice conditions and spatial 
configurations associated with some of the earliest 
ASAMM surveys in the early 1980s, we also retrieved 
Sea Ice Index (SII) concentration layers from the 
NOAA National Snow and Ice Data Center (NSIDC; 
ftp://sidads.colorado.edu/DATASETS/NOAA/G02135/
north/daily/geotiff/; accessed 26 May 2021) that 
were available on either a daily or an alternating day 
schedule and provided information at a nominal res-
olution of 25 km at 70° N. Sea ice concentration con-
tours, such as the 40% concentration level high-
lighted in the analysis of Gailey et al. (2020), were 
estimated using the ‘contour’ function in the ‘raster’ 
package (v.3.3-13; Hijmans 2020) within R (v.4.0.2; 
R  Core Team 2020). Minimum distances of each 
sighting from the 40% sea ice concentration contour 
lines were calculated using the ‘dist2line’ function 
from the ‘geosphere’ package (v.1.5-10; Hijmans 
2019). Mean sea ice concentration levels over the 
temporal periods specified (see Fig. 2) were calcu-
lated on the basis of daily or alternating day AMSR 
and SII sea ice concentration layers using the ‘calc’ 
function in the ‘raster’ package (Hijmans 2020). 

For analyses comparing the timing of sea ice 
retreat and advance with the onset and cessation of 
gray whale acoustic activity in the vicinity of the 
NM1 and PH1 mooring sites, we estimated the 
numeric day-of-year break-up dates, denoting the 
last day of spring or summer with 40% sea ice cover, 
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and freeze-up dates, representing the first day of 
autumn or winter with 40% sea ice cover. Both 
metrics were based on time series of sea ice concen-
tration values sampled from daily SII layers at the 
NM1 (64.849° N, 168.393° W) and PH1 (67.907° N, 
167.200° W) mooring sites using the ‘extract’ function 
in the ‘raster’ package (v.3.3-13; Hijmans 2020). 

2.4.  Statistical analysis: aerial surveys 

Spatio-temporal modeling was implemented in the 
generalized additive model (GAM) framework using 
the package ‘mgcv’ (v.1.8-31; Wood 2011). This frame-
work allowed for flexible, non-linear relationships be-
tween gray whale aerial counts and in situ or remotely 
sensed sea ice smooth functions while accounting for 
sampling effort, gray whale habitat use patterns, and 
the potential for spatio-temporally autocorrelated 
residuals. The primary objective in fitting these mod-
els was ecological inference about the functional 
form, uncertainty, and strength of the relationship be-
tween the gray whale aerial en counter rate and sea ice 
concentration. To arrive at unbiased estimates of the sea 
ice concentration smooth terms, we used the spatio-
temporal modeling approach outlined by Wikle et al. 
(2019), employing a tensor product spline term com-
posed of easting, northing, and time (i.e. integer 
number of days since 1 January 2008) to account for 
temporally variable patterns of gray whale habitat 
use. In an initial Poisson specification of these GAMs, 
counts of the total number of gray whale individuals 
observed within each transect segment (≤5 km) were 
related to covariates via a natural logarithm link func-
tion. The models accounted for variation in sampling 
effort via an offset term based on transect segment 
length and visibility distance out to a maximum hori-
zontal range of 5 km. This truncation of sampling area 
at 5 km corresponded to the horizontal range over 
which the vast majority of gray whale sightings were 
recorded. This simple encounter rate model was anal-
ogous to the approach employed by Brower et al. 
(2017) and could be justified in place of a more com-
plex distance sampling detection function because 
the objective of our study was to estimate the effects 
of environmental conditions on gray whale counts 
rather than an attempt to estimate absolute abundance. 

The study area for this analysis was the northeast 
Chukchi Sea from 169.1 to 154° W, and 69 to 72.1° N 
(see Fig. 1). This was the only portion of the ASAMM 
sampling domain where gray whale observations 
commonly intersected with retreating sea ice during 
the ASAMM seasonal sampling window (typically 

late June/early July to October). To minimize the po -
tential confounding influence of intra-seasonal shifts 
in gray whale habitat, such as those noted by Brower 
et al. (2017), survey effort used in the models was 
also restricted to the months of June and July, after 
which sea ice was generally no longer present in the 
habitats predominately used by gray whales. 

Standardized scaled residuals were estimated from 
the initial Poisson configuration of spatial−temporal 
GAMs using the ‘simulateResiduals’ function from 
the ‘dHARMA’ package (v.0.3.3.0; Hartig 2020). This 
allowed for more readily interpretable validation of 
models in the generalized linear/GAM class using 
residual plots analogous to those from linear models. 
Standardized ‘dHARMA’-simulated residuals from 
the Poisson model suggested heteroskedasticity, and 
the ‘DispersionTest’ function indicated that there 
was significant overdispersion even after accounting 
for spatial−temporal trends and sea ice effects. We 
therefore fitted negative binomial spatio-temporal 
GAMs that allowed for the variance of counts to 
exceed the mean. However, even after accounting 
for the over dispersion of counts, we noted that there 
remained significant spatial autocorrelation in the 
deviance re siduals based on Moran’s I  statistic calcu-
lated in the ‘ape’ package (v.5.0; Paradis & Schliep 
2019). Qualitative mapping of the deviance residuals 
showed that spatial autocorrelation was elevated in 
areas of high predicted encounter rates, where there 
were a small number of sizeable negative residuals 
corresponding to a few abnormally high counts sur-
rounded by a large number of small positive residual 
values corresponding to a large number of zero 
counts. To better capture a portion of the count vari-
ance not accounted for by the spatio-temporal tensor 
product spline, and ultimately to allow for unbiased 
inference regarding the effects of sea ice, a residual 
autocovariate (RAC) term was included in the final 
models (Crase et al. 2012). This RAC term was calcu-
lated by rasterizing the residuals from the negative 
binomial specification of the spatio-temporal GAMs 
and applying a mean focal operation to the first-order 
neighborhood surrounding each cell (i.e. the focal 
cell plus the 8 surrounding cells). The RAC values at 
the segment midpoints were then included in the 
final models as an additional smooth term alongside 
the sea ice and spatio-temporal predictors. 

2.5.  Statistical analysis: passive acoustic monitoring 

For analyses comparing the timing of gray whale 
arrival and departure in the Chirikov Basin and SE 
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Chukchi Sea with annual variation in the timing of 
sea ice retreat and advance, we fitted linear mixed 
effects models with fixed effects relating acoustic 
onset and cessation numeric day-of-year to break-
up and freeze-up day-of-year, respectively. We 
also fitted a linear mixed effects model at a 1 yr 
time lag to assess whether gray whale acoustic 
onset at NM1 and PH1 reflected sea ice break-
up timing during the current foraging season or 
potentially a prediction of sea ice break-up timing 
based on cues encountered during the prior forag-
ing season (Szesciorka et al. 2020). Mixed effects 
models were fitted in R using the ‘lme’ function 
from the ‘nlme’ package (Pinheiro et al. 2020). Site 
was included as a random effect in these models 
to allow for intercept variation associated with the 
NM1 and PH1 mooring sites. Marginal and condi-
tional coefficients of determination, representing 
the variance explained by the fixed effects and 

overall mixed effects models, respectively, were 
estimated following the method of Nakagawa et 
al. (2017). 

3.  RESULTS 

The ASAMM database consists of over 641 461 lin-
ear km of aerial survey effort during which observers 
actively recorded marine mammal observations (i.e. 
effort types ‘transect’, ‘search’, and ‘CAP’). Over the 
period 1979−2019, there were a total of 4992 gray 
whale sightings, comprising an estimated total of 
9410 individuals (Fig. 1). The ALTIMA data archive 
contains a total of 4845 d of passive acoustic record-
ings collected on the NM1 and PH1 moorings be -
tween 2012 and 2019, which were analyzed for the 
presence of various marine mammal vocalizations, 
including gray whales. 
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Fig. 1. Cumulative spatial distribution of all gray whale sightings recorded in the Aerial Surveys of Arctic Marine Mammals 
(ASAMM) sampling domain of the Bering, Chukchi, and western Beaufort seas between 1979 and 2019. Red box: spatial 
domain of spatio-temporal generalized additive model (GAM) analyses covering the northeastern Chukchi Sea from 169.1 to 
154° W and 69 to 72.1° N. Locations of the Point Hope (PH1) and Nome (NM1) passive acoustic moorings are shown in black
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3.1.  Spatial distribution patterns relative to sea ice 

Fig. 2 illustrates the overall distribution patterns of 
gray whale sightings under divergent sea ice condi-
tions in the northern Bering and northeast Chukchi 
seas. Fig. 2d shows that despite extensive transect 
effort, gray whale observations were absent along 

the southern edge of Barrow Canyon during late 
June 2008, when dense sea ice cover persisted 
between Wainwright and Pt. Barrow. This absence 
contrasts with numerous gray whale observations 
within these same habitats during comparable peri-
ods of late June in 2009 and 2011 (Fig. 2e,f), when 
open water stretched northward to Pt. Barrow. 
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Fig. 2. Distribution of gray whale sightings during Aerial Surveys of Arctic Marine Mammals (ASAMM) surveys in the northern 
Bering and northeastern Chukchi seas during (a−c) late May, (d−f) late June, and (g,h) early July of different years. Background 
colors show contrasting mean sea ice spatial configurations and concentration values during the survey periods, indicated at 
the top of each map. Maps are displayed in the polar stereographic projection (EPSG: 3411) native to the National Snow and 
Ice Data Center (NSIDC) Sea Ice Index and Advanced Microwave Scanning Radiometer (AMSR) sea ice concentration layers
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Although not shown in Fig. 2, the southern edge of 
Barrow Canyon between Wainwright and Pt. Barrow 
was also extensively utilized later in the summer of 
2008 after sea ice had retreated. Analogous patterns 
of within-year variability were also apparent in the 
contrasting distribution patterns of gray whale sight-
ings between early and mid- to late July 2013. Dur-
ing early July 2013, when consolidated sea ice per-
sisted in the northeastern Chukchi Sea, there were 
no observations of gray whales along the southern 
edge of Barrow Canyon between Pt. Franklin and Pt. 
Barrow (Fig. 2g). Over the course of a few days fol-
lowing the retreat of sea ice and the opening of a 
corridor northward to Pt. Barrow in mid-July 2013 
(Fig. 2h), gray whales were observed in this habitat. 
Finally, a similar pattern emerged in late May (14−
31 May) of 1980 and 1982, when gray whale observa-
tions were nearly absent in the eastern and central 
Chirikov Basin during periods when moderate con-

centrations of sea ice (30−80%) persisted in this area 
(Fig. 2a,c). This distribution pattern contrasts markedly 
with numerous gray whale observations recorded 
in  the same area from 14−31 May 1981, when sea 
ice  had largely retreated from this portion of the 
Chirikov Basin (Fig. 2b). 

Among the numerous gray whale sightings be -
tween 1979 and 2019, visual observers recorded a 
small number of observations associated with in situ 
sea ice concentration values ranging from 40−95% 
(Fig. 3a,b). These sightings at high in situ sea ice con-
centration values were uncommon as a proportion of 
total observations (1.7%; Fig. 3a,b). Mapping these 
sightings in the context of broader sea ice spatial 
configuration patterns obtained from daily re motely 
sensed sea ice concentration layers (AMSR-
E/AMSR-2) further revealed that these sightings 
almost exclusively occurred along the periphery of 
larger masses of sea ice or near stretches of open 
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2008−2019. Panels (b) and (d) show in greater detail the >0% or >0 km portions of the distributions shown in (a) and (c). Neg-
ative values in (c) indicate distance from the 40% sea ice concentration contour in the direction of open water (i.e. gray whales  

found in ≤40% sea ice concentration)
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water penetrating into dense sea ice. In all of the 
ASAMM aerial survey effort covered by the AMSR-
E/AMSR-2 sea ice data (2002−present), no gray 
whales were sighted more than 7 km deeper into sea 
ice than the remotely sensed 40% sea ice concentra-
tion contour (Fig. 3c,d). 

3.2.  Sea ice effects on encounter rates 

Spatial−temporal GAMs allowed the quantitative 
estimation of the sea ice concentration effects on 
gray whale encounter rates. On the basis of Akaike 
weights (wAIC), GAMs containing in situ and re -
motely sensed sea ice smooth functions were heavily 
favored over a null model containing only the spatio-
temporal tensor product spline and the residual spa-
tial autocorrelation term (Table 1). Although smooth 
functions of both in situ and remotely sensed sea 
ice  concentration (%) both represented significant 
terms (Table 1), models containing in situ sea ice 
information were also favored on the basis of wAIC 
over models containing remotely sensed sea ice 
information. 

The effects of in situ and remotely sensed sea ice 
concentration terms were similar in their overall neg-
ative slopes (Fig. 4a,b). Both relationships were also 
non-linear, with a relatively mild negative slope up to 
values of 40−45% in the case of in situ sea ice cover 
and 50−55% in the case of remotely sensed AMSR 
sea ice concentration (Fig. 4a,b). Above these points 

of curvature, the slope of both relationships became 
more negative at higher sea ice concentration values. 
Moreover, since the effects of the smooth functions 
shown in Fig. 4a,b relate to the natural logarithm of 
expected counts, the negative effects of high sea ice 
concentration values were even more pronounced 
when exponentiated to back-transform to the scale 
of  the response variable (e.g. gray whale counts). 
Finally, comparing the functional form of the spatio-
temporal tensor product spline term at different 
times within the period 2008−2019 also revealed a 
shift in gray whale spatial distribution patterns within 
the northeastern Chukchi Sea starting in approxi-
mately 2016 (Fig. 4c,d). 

3.3.  Sea ice and seasonal migratory timing 

Examining the overall distribution of gray whale 
acoustic detections from 2013−2019 (Fig. 5) revealed 
that >99% of 10 min spectrogram segments contain-
ing positive gray whale vocal detections occurred 
during ice-free periods at both the NM1 and PH1 
mooring locations. 

Similar to the rare sightings of gray whales at high 
in situ sea ice concentration values in the aerial sur-
vey data set, there were also a small number of days 
at NM1 (n = 6) and PH1 (n = 4) with positive gray 
whale detections prior to the break-up dates when 
sea ice concentrations terminally dropped below 
40% (Fig. 5b,d). More than 70% of these rare pre-
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Formula                       Smooth terms                              Effective        Reference     χ2           p       Deviance      ΔAIC     wAIC 
                                                                                                df                     df                                      explained                         
 
GW_count ~ te(Easting, Northing, Time) + s(RAC)                                                                                0.68          218.4         0 

                         te(Easting, Northing, Time)                     159.9                 199        961.7    <0.001                                           
                                          s(RAC)                                          3                       4          304.5    <0.001                                           

GW_count ~ te(Easting, Northing, Time) + s(AMSR Sea Ice) + s(RAC)                                               0.68           58.4         0 

                         te(Easting, Northing, Time)                     138.5                 173        921.3    <0.001                                           
                                          s(RAC)                                        3.4                   4          319.7    <0.001                                           
                                  s(AMSR Sea Ice)                                3.9                   5           69.5    <0.001                                           

GW_count ~ te(Easting, Northing, Time) + s(in situ Sea Ice) + s(RAC)                                                0.68              0            1 

                         te(Easting, Northing, Time)                     136.1                 170        951.1    <0.001                                           
                                          s(RAC)                                        2.7                   3           91.5    <0.001                                           
                                   s(in situ Sea Ice)                                 2.9                   4          311.4    <0.001

Table 1. Comparison of spatio-temporal generalized additive models (GAMs) with and without smooth functions representing 
the effects of in situ or remotely sensed sea ice concentration (%). Gray whale count data used in fitting these models were 
collected in June and July between 2008 and 2019. A residual autocorrelation (RAC) smooth term was included in each model 
to capture spatial dependence not accounted for by the spatio-temporal tensor product spline and to allow for unbiased infer-
ence regarding the effects of sea ice. Model comparisons were carried out on the basis of Akaike weights (wAIC) calculated from 
Akaike’s information criterion (AIC) scores. Effective and reference df: degrees of freedom used in fitting smooth functions;  

AMSR: Advanced Microwave Scanning Radiometer
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break-up detections occurred during the late April to 
mid-May transitional periods, when sea ice inter-
spersed with open water was present in the vicinities 
of the NM1 and PH1 mooring sites (i.e. similar to the 
conditions associated with aerial survey detections of 
gray whales at high sea ice concentration values). 
However, there were also a small number of days in 
January (n = 2) and March (n = 1) when individual 
gray whale detections were recorded on the more 
southerly NM1 hydrophone during periods of exten-
sive sea ice cover (Fig. 5d). 

For the analysis of gray whale arrival timing rela-
tive to sea ice retreat, a linear mixed effects model 
based on 7 yr of acoustic onset dates at NM1 and 6 yr 
at PH1 indicated a highly significant positive fixed 
effect of ice break-up date (slope = 0.77, intercept = 

44, t10= 7.1, p < 0.001). The marginal coefficient of 
determination (R2

m) indicated that the fixed effect 
component of this model ex plained upwards of 81% 
of the variance in onset dates. The random site effect 
estimate was essentially 0, indicating no intercept 
offset between the NM1 and PH1 mooring sites. 
Across the spectrum of sea ice break-up dates 
observed between 2013 and 2019, this model esti-
mated a mean lag of 10−15 d between sea ice retreat 
below 40% concentration and the onset of vocal 
activity at both NM1 and PH1 mooring sites as indi-
cated by the separation between the regression line 
and the line y = x (Fig. 5c). Using a similar linear 
mixed effects model, we did not find a significant 
fixed effect of freeze-up date on the late-summer−
autumn cessation of gray whale acoustic detections (t11 
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Fig. 4. Functional relationships of (a) in situ and (b) remotely sensed sea ice concentration smooth functions with the natural 
logarithm of gray whale counts from spatio-temporal generalized additive models fitted with a residual spatial autocorrelation 
term. Dashed lines: ±1 SE relative to the main estimate. Panels (c) and (d) show instances of the spatio-temporal smooth func-
tion and corresponding observations from June−July (c) 2011 and (d) 2019. These maps are illustrative of a broader distribu-
tion shift away from the southern flank of Barrow Canyon with increased activity further from shore northwest of Wainwright  

that occurred around 2015. AMSR: Advanced Microwave Scanning Radiometer
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= −0.2, p = 0.830), but we did find a significant fixed 
effect (slope = 0.61, intercept = 62, t11 = 4.9, p = 0.001) 
of sea ice break-up dates from the previous year on 
acoustic onset dates at NM1 and PH1. However, the 
variance explained by the 1 yr lagged sea ice break-
up term (R2

m = 0.66) was smaller than the variance 
explained by the within-year model (R2

m = 0.81). 

4.  DISCUSSION 

Qualitative examples and quantitative analyses of 
gray whale distribution patterns presented in this 
study together strongly suggest that sea ice plays an 
important role in gray whale habitat use during their 
late spring and early summer arrival on the Pacific 
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Fig. 5. Percentage of daily spectrograms with positive gray whale vocalizations. (a) Location of mooring sites NM1 and PH1; 
(b,d) distribution of gray whale vocal detections relative to the National Snow and Ice Data Center Sea Ice Index (SII) concen-
tration estimates over the entire time series at PH1 and NM1. (c) Relationship between the onset date of gray whale detections 
and sea ice break-up in numeric day-of-year. Acoustic onset and sea ice break-up dates referenced in (c) are also shown in (b)  

and (d) as yellow and red dashed lines, respectively
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Arctic foraging grounds. Aerial and passive acoustic 
observations, indicating very limited gray whale 
observations and vocal detections during periods of 
dense sea ice cover, were likewise consistent with 
the ‘sea ice exclusion’ hypothesis proposed by Perry-
man et al. (2002, 2011, 2021) and Gailey et al. (2020). 
The strong relationship between break-up dates and 
the onset of gray whale acoustic detections similarly 
pointed to an important role of sea ice in gray whale 
migratory phenology. However, not all aspects of this 
relationship aligned with our expectations under the 
‘sea ice exclusion’ hypothesis, and the relatively con-
sistent lag between break-up and onset led us to con-
sider potential alternate mechanisms by which sea 
ice may influence gray whale habitat use and migra-
tory timing. 

4.1.  Spatial distribution patterns relative to sea ice 

Within the limited early season aerial sampling 
that overlapped the tail end of sea ice retreat, gray 
whale distributions showed patterns of between- and 
within-year variability that qualitatively supported 
an important role of sea ice in gray whale habitat use. 
In particular, the notable absence of gray whale 
sightings along the southern edge of Barrow Canyon 
in late June 2008 and early July 2013 suggested 
that large contiguous patches of sea ice potentially 
played a limiting role in early season access to this 
foraging hotspot habitat. Similar patterns of inter-
annual variability in the northern Bering Sea during 
the 1980s provided further qualitative support for an 
exclusionary role of sea ice, including at the time of 
year when gray whales first arrive on the Pacific for-
aging grounds. 

4.2.  Sea ice effects on encounter rates 

Although there were limited examples like 2008 
and 2013, when large contiguous masses of dense sea 
ice coincided with early season aerial survey effort, a 
larger data set consisting of all June and July surveys 
in the northeastern Chukchi Sea from 2008−2019 al-
lowed spatio-temporal GAMs to more systematically 
address gray whale responses to different sea ice con-
centration levels and spatial con figuration patterns. 
These models quantitatively af firmed the qualitative 
inference from the distribution maps and were like-
wise consistent with the hypothesized ‘sea ice exclu-
sion’ mechanism. The statistical significance of the re-
motely sensed and in situ sea ice terms in these 

spatio-temporal GAMs, and the fact that the models 
including sea ice terms were heavily favored on the 
basis of wAIC over the null model, together suggested 
that sea ice concentration represented an important 
contributor to early season gray whale habitat use 
patterns. We only had sufficient quantitative distribu-
tion data that temporally overlapped seasonal sea ice 
cover to model the effect of sea ice concentrations on 
gray whale habitat in the northeastern Chukchi Sea. 
However, we posit that the observed negative rela-
tionship and the increasingly negative slope at higher 
sea ice concentration values were likely indicative of 
more general gray whale re sponses to dense sea ice 
conditions across their Pacific Arctic range. Thus, the 
variability observed in the reproductive time series 
likely represents the aggregate effect of ‘sea ice 
 exclusion’ effects not just in the northeastern Chukchi 
Sea, but also across more southerly hotspot habitats 
earlier in the foraging season. 

The increase in negative slope of the in situ and 
remotely sensed sea ice concentration smooth func-
tions around 45−50 and 50−55%, respectively, also 
corresponds closely with the 40% sea ice concentra-
tion level at which Gailey et al. (2020) found the 
highest sensitivity in WNP gray whale calf survival. 
Perryman et al. (2021) considered the correlation of 
ENP gray whale calf production with the amount of 
Pacific Arctic surface area covered by ≥15% sea ice 
concentration in each month leading up to calving. 
The relatively shallow negative slope of the in situ 
and remotely sensed sea ice smooth relationships at 
15% concentration along with numerous anecdotal 
observations of gray whales foraging at sea ice con-
centrations well in excess of 15% sea ice concentra-
tion (Fig. 3b) together suggest that the concentration 
threshold used in Perryman et al. (2021) was perhaps 
below the levels at which sea ice may exhibit a deter-
rent effect on gray whale habitat use. However, the 
amount of Pacific Arctic surface area covered by 
≥15% sea ice concentration was closely correlated 
with the area covered by ≥45−55% sea ice concen-
tration; therefore, it is likely that the correlation 
observed by Perryman et al. (2021) was potentially 
aliasing behavioral responses to higher sea ice con-
centration levels. 

Despite the generally low gray whale encounter 
rates at high sea ice concentrations indicated by the 
spatio-temporal GAMs and the early season distribu-
tion maps, the extensive ASAMM database did 
include a selection of rare gray whale sightings at 
high in situ concentration values ranging from 
40−95%. These potentially countervailing examples 
suggest that gray whales can tolerate dense sea ice 
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conditions, at least on a local scale. This finding is 
consistent with acoustic recordings of gray whale 
vocalizations off Pt. Barrow throughout the winter of 
2003−2004 (Stafford et al. 2007) as well as scattered 
gray whale vocalizations detected on the NM1 moor-
ing in Chirikov Basin during January and March 
2013 and 2016. However, examining the individual 
ASAMM aerial sightings at high sea ice concentra-
tion values within a broader context of sea ice spatial 
configuration patterns revealed by satellite remote 
sensing indicated that these rare observations gener-
ally oc curred along the periphery of larger masses of 
sea ice or along large open water leads penetrating 
into dense ice masses. Indeed, the observation that 
no gray whales were sighted >7 km inside the 40% 
sea ice concentration contour suggests that gray 
whales are capable of penetrating dense sea ice over 
relatively short distances; however, they may have 
faced challenges in progressing through larger 
patches of  dense sea ice, such as those observed 
along the 100 km stretch between Pt. Franklin and 
Pt. Barrow in late June 2008 and early July 2013. 

One additional caveat to consider in assessing the 
effect of sea ice on gray whale visual en counter 
rates is a potential confounding influence of sea ice 
on gray whale detectability during aerial surveys. Sea 
ice increases the visual complexity of the seascape 
that visual observers are scanning, and has been 
demonstrated to have a small negative effect 
on the detectability of bowhead whales (scale coef-
ficientcaticepct1 = −0.51 ± 0.135 SE; Table 3 in Ferguson 
et al. 2021). There were insufficient observations of 
gray whales in the presence of sea ice to simultane-
ously estimate the effect of sea ice on gray whale de-
tectability in a distance sampling detection function 
while also estimating the effect of sea ice on the un-
derlying gray whale habitat use patterns. However, 
there is reason to believe that the effect of sea ice on 
gray whale detectability may be even smaller than its 
already limited effect on bowhead whale detectability. 
This relates to the fact that one of the most common 
visual cues associated with gray whale aerial detec-
tions is the presence of mud plumes associated with 
benthic foraging. This cue is more persistent than the 
bodies or blows typically detected during bowhead 
whale sightings, and this visual cue is likely the 
reason that gray whale detectability shows a lower 
sensitivity to elevated Beaufort sea states (Clarke et 
al. 2020) which, like sea ice, also increase visual com-
plexity. Moreover, it is unlikely that this small poten-
tial negative de tectability effect could be responsible 
for the large negative effect of sea ice observed in 
our current spatio-temporal GAM analysis. 

4.3.  Sea ice and seasonal timing 

Passive acoustic records of gray whale vocaliza-
tions were examined in this study to elucidate inter-
annual differences in the timing of gray whale arrival 
and occupation of different foraging habitats in the 
Pacific Arctic relative to the seasonal retreat of sea 
ice. Because the passive acoustic hydrophones were 
recording nearly continuously during the periods of 
sea ice retreat from 2013 through 2019, they pro-
vided a more complete record of gray whale migra-
tory phenology relative to the more sporadic and 
patchy early season aerial survey coverage in gray 
whale foraging habitats. This acoustic data set also 
provided information on gray whale phenology 
within the southernmost major Pacific Arctic forag-
ing hotspot that gray whales encounter during their 
northbound migration (i.e. the Chirikov Basin; see 
Fig. 1). Coverage of this area may be particularly 
important, as it provides one of the first opportunities 
for gray whales to begin replenishing their energy 
stores following long-distance migration, apart from 
short-duration stopovers documented in various 
segments of the ENP migratory population at lo -
cations along the Pacific Coast of North America 
(Moore et al. 2007, Calambokidis 2018, Urbán Ra -
mírez et al. 2021). 

One of our major takeaways was the alignment of 
the passive acoustic records with the evidence from 
the aerial surveys in suggesting that gray whales 
showed limited penetration of habitats covered by 
dense sea ice cover. This information provided an 
additional line of evidence in support of the ‘sea ice 
exclusion’ hypothesis. Although it is possible that 
gray whales could have been present in the vicinity 
of the hydrophones without producing vocalizations, 
this is not supported by our best knowledge of their 
acoustic behavior. Gray whales have been observed 
to often be silent during feeding behavior (Ljungblad 
& Moore 1983, Vate Brattström et al. 2019), whereas 
during migration or periods of social interaction they 
typically show more consistent vocalization rates 
(Guazzo et al. 2017, Burnham et al. 2018). However, 
the gray whales detected will be migrating and likely 
vocalizing before stopping to feed, and therefore 
we  find it most probable that the near-absence of 
acoustic activity prior to sea ice break-up represents 
the lack of gray whale presence in the vicinities of 
NM1 and PH1 or presence at minimal numbers. 

The significant positive fixed effect of sea ice 
break-up dates on the onset dates of gray whale 
acoustic detections at NM1 and PH1 provides addi-
tional support for the importance of sea ice variability 

153



Mar Ecol Prog Ser 709: 141–158, 2023

in gray whale early season habitat use patterns. 
However, the relatively consistent 10−15 d lag ob -
served between break-up dates and the onset date of 
gray whale acoustic detections diverged from some 
of our expectations under the ‘sea ice exclusion’ 
hypothesis, and raised some intriguing questions 
regarding the exact mechanism(s) underpinning the 
observed relationship. 

Under the ‘sea ice exclusion’ hypothesis, sea ice is 
postulated to play a physical blocking role (Perryman 
et al. 2002, 2021). A reasonable prediction from this 
hypothesis is that if ice is the limiting factor in access 
to foraging habitats, then gray whales would likely 
be eager to take advantage of early foraging op -
portunities and might be expected to cue near the 
edge of retreating sea ice to access habitats as they 
be come available. The spatial distribution of gray 
whale aerial sightings in the northeast Chukchi Sea 
during late June 2008 and early July 2013 aligns well 
with this prediction (Fig. 2). This hypothesis also 
potentially aligns with the close correspondence in 
time between sea ice retreat and the onset of acoustic 
activity at both NM1 and PH1 during 2013, which 
was the year with the latest break-up date during the 
acoustically monitored period (Fig. 5). However, dur-
ing the remainder of acoustic time series from 2014−
2019, sea ice had retreated not just below 40% but all 
the way to 0% concentration for a minimum of 3−5 d 
(and in some cases, 5−10 d) before gray whale acoustic 
activity ramped up (Fig. 5). 

One possible explanation for this lag is that sea ice 
does indeed play a physical blocking role, but that 
the passive acoustic data set (with the possible ex -
ception of 2013) covers a historically unrepresenta-
tive set of years during which sea ice break-up dates 
ranged from average (e.g. 2014, 2015, 2019) to 
exceptionally early (e.g. 2016, 2017, 2018). There-
fore, it is possible that we might not expect to see 
strong exclusionary effects in any year during the 
acoustically monitored period except 2013. It should 
also be noted that the acoustic time series covers a 
period (2013−2019) during which gray whale repro-
ductive variability diverged strongly from the histor-
ically stable pattern of dependence on sea ice area 
(Perryman et al. 2021, Stewart & Weller 2021), and 
therefore there may have been other factors during 
this period that superseded the effects of sea ice vari-
ability. Another possible hypothesis is that the timing 
of gray whale arrival at the NM1 and PH1 mooring 
sites may potentially reflect a ‘long-term collective 
migratory memory’ of historical average sea ice con-
ditions rather than a direct response to current condi-
tions in any given year (e.g. Abrahms et al. 2019). 

This explanation could potentially account for the 
observed lag between break-up and acoustic onset 
dates from 2014−2019 but does not provide a strong 
rationale for the ongoing correlation between break-
up and onset dates observed over 2013−2019 (Fig. 5c). 
An additional possible hypothesis to explain this 10−
15 d lag is that migratory timing may have reflected 
an inter-annually lagged response to cues gray 
whales encountered during the prior foraging season 
(e.g. Szesciorka et al. 2020). If gray whales were syn-
chronizing the timing of their arrival on the foraging 
grounds with the timing of sea ice retreat during the 
prior foraging season, this behavior could potentially 
lead to mismatches and the observed 10−15 d lag 
during a set of years when sea ice retreated progres-
sively earlier in each year except 2019. However, we 
found that break-up dates at a 1 yr lag explained a 
lower proportion of the variance in acoustic onset 
dates (R2

m = 0.66) compared with break-up dates 
within the same year (R2

m = 0.81); thus, the evidence 
from this study weighed in favor of a direct response 
to sea ice break-up dates within the same year. 

4.4.  Prey quality timing hypothesis 

As a possible alternative to the ‘sea ice exclusion’ 
hypothesis that could potentially account for the 
observed 10−15 d lag, we put forward an alternate 
hypothesis: ‘prey quality timing’. This hypothesis still 
emphasizes an important role of sea ice variability in 
gray whale early season habitat use and, ultimately, 
calf production variability via the same energetic and 
reproductive biology mechanisms outlined in the 
introduction; however, this hypothesis posits a differ-
ent mechanism of interaction with sea ice. Under this 
hypothesis, the arrival of migratory gray whales in 
different foraging hotspot habitats may spatially and 
temporally track a seasonal pulse of ice algae benthic 
deposition and/or the intense spring bloom that typi-
cally follows the retreat of sea ice in the Pacific Arctic 
(Lovvorn et al. 2005, Jin et al. 2007, Sigler et al. 
2011). Benthic and pelagic macrofauna in the Pacific 
Arctic often face lean winter months during which 
only limited and highly refractory particulate organic 
carbon (POC) is available (Lovvorn et al. 2005), and 
thus benthic, epibenthic, and pelagic prey may not 
be as energetically rich food sources for gray whales 
prior to the retreat of sea ice. Under this scenario, the 
observed 10−15 d lag between sea ice break-up and 
acoustic onset dates may reflect gray whales inten-
tionally following the retreat of sea ice at a lag to 
allow time for macrofaunal prey to uptake and incor-
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porate the post-melt flux of labile POC into their lipid 
stores. This hypothesis is also consistent with the 
observed gray whale distribution shifts and the neg-
ative relationship between gray whale counts and 
sea ice cover in the aerial survey data set. Finally, the 
‘sea ice exclusion’ and ‘prey quality timing’ hypothe-
ses are not necessarily mutually exclusive, with sea 
ice potentially playing a dual role affecting both sea-
sonal variation in prey quality and gray whale access 
to foraging habitats. 

4.5.  Unanswered questions 

These results do leave unanswered questions re -
garding recent deviations from the historically strong 
relationship between ENP gray whale calf produc-
tion and Pacific Arctic sea ice area (Perryman et al. 
2021, Stewart & Weller 2021). The evidence from this 
study suggests that the strong relationship reported 
in Perryman et al. (2021) did not reflect a spurious 
correlation of reproductive output with sea ice vari-
ability over the earlier part of this time series (i.e. 
1994−2012). Moreover, the spatial and temporal pat-
terns of habitat use and migratory phenology pre-
sented in this study point to a role of sea ice itself, 
rather than the aliasing of some other latent covariate 
such as the Pacific Decadal Oscillation or variation in 
advective transport of nutrients and plankton-rich 
waters through the Bering Straits. 

One potential explanation for the recent positive 
and negative deviations in the reproductive time 
series is that these excursions from the historical re -
lationship represent separate events with distinct 
underlying drivers that may have superseded the 
effects of sea ice variability in recent years. Some ex -
amples of events that could potentially have played a 
role in recent reproductive volatility include bottom-
up ecosystem changes, such as the marked increase 
in mean macrofaunal biomass observed within the 
southeastern Chukchi Sea starting in approximately 
2012 (Grebmeier et al. 2018). This increase in macro-
faunal biomass roughly coincides with the anom-
alously high calf production in 2013 and 2014 (Perry-
man et al. 2021) as well as an approximately 26% 
increase in primary production within the Chukchi Sea 
over the period 2012−2018 (Ardyna & Arrigo 2020). 

During the more recent negative excursion of calf 
production estimates from the historical relationship 
with sea ice, the northern Bering Sea has experi-
enced unprecedentedly early sea ice retreat, particu-
larly during the winters of 2017−2018 and 2018−
2019, that has resulted in ecological consequences at 

multiple trophic levels (Duffy-Anderson et al. 2019, 
Nishizawa et al. 2020, Siddon et al. 2020). This period 
of rapid climatic and ecological change has also coin-
cided with a shift in gray whale distribution patterns 
within the northeastern Chukchi Sea starting in 
approximately 2016 (Moore et al. 2022). The spatial-
temporal tensor product spline component of the 
GAM models fitted in this study (Fig. 4c,d), which 
were based on the same aerial survey data used by 
Moore et al. (2022), also highlights this habitat shift, 
with a precipitous decline after 2016 in the expected 
counts of gray whales in the shallow shelf habitat along 
the southern edge of Barrow Canyon. Meanwhile, 
gray whale use of an offshore habitat northwest of 
Wainwright/Pt. Franklin, consisting of 3 submerged 
valleys flowing into the upper reaches of Barrow 
Canyon, increased markedly after 2016 (Fig. 4c). 
Moore et al. (2022) suggested that this habitat shift 
may have accompanied a dietary shift towards greater 
reliance on pelagic and/or epi-benthic zooplankton 
aggregations, particularly of krill Thysanoessa spp. 
However, a continued high prevalence of mud plumes 
associated with gray whale aerial detections in this 
more offshore habitat suggested at least a partial 
continued reliance on benthic macrofaunal prey. 

If the ‘prey quality timing’ hypothesis is supported 
through further research, this may add additional 
insights into the recent deviations of reproductive 
output from sea ice conditions. In particular, under-
ice blooms such as those documented by Arrigo et al. 
(2012) may have partially mitigated for the relatively 
late retreat of sea ice in 2012 and 2013, potentially 
resulting in the anomalously high calf production of 
2013 and 2014. Meanwhile, lower phytoplankton 
bloom biomass may have occurred during the excep-
tionally early retreat of sea ice from the northern 
Bering Sea in March and April 2017−2018 and 
2018−2019, as was found previously (Saitoh et al. 
2002). This early sea ice retreat may also potentially 
have resulted in a mismatch between the timing of 
benthic biomass deposition (Coyle & Cooney 1988) 
and the timing of gray whale migratory arrival on the 
foraging grounds. 

4.6.  Conclusions and further research 

Using complementary data sets from aerial sur-
veys and moored hydrophones, which offered in -
sights over large spatial areas and long temporal 
windows, respectively, this study was able to demon-
strate that sea ice does appear to play an important 
role in shaping gray whale early season habitat use. 
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Together, these observations suggest that the ‘sea ice 
exclusion’ and/or ‘prey quality timing’ hypotheses 
represent biologically plausible mechanisms to ex -
plain a significant proportion of the observed ENP 
gray whale reproductive variability (Perryman et al. 
2021, Stewart & Weller 2021). The simplicity and 
directness of the hypothesized ‘sea ice exclusion’ 
mechanism could potentially account for the histori-
cally strong relationships reported by Perryman et al. 
(2021) and Gailey et al. (2020), whereas the more 
indirect ‘prey quality timing’ mechanism, which is 
mediated through more complex physical, oceano-
graphic, and ecological feedbacks, could potentially 
provide a better explanation for the totality of evi-
dence from passive acoustics and aerial surveys pre-
sented in this study. 

Further research is warranted to explore how re -
cent changes in distribution since 2015 along with 
trends in primary productivity and macrofaunal bio-
mass have potentially interacted with sea ice con-
straints on habitat access to influence recent repro-
ductive anomalies (Perryman et al. 2021, Stewart & 
Weller 2021) and the ongoing gray whale UME from 
2019 through 2022 (Raverty et al. 2020, Christiansen 
et al. 2021). In particular, future research should con-
sider the possibility of non-linear or countervailing 
effects of sea ice in line with the findings of Christie 
et al. (2018) indicating that spectacled eider survival 
declined at both extremes of sea ice conditions. At 
one extreme, extensive sea ice may limit gray whale 
access to foraging habitats, but at the other extreme 
of low sea ice coverage, or in the future — potentially 
no sea ice coverage — there could be a range of 
potential downstream effects that could interfere 
with the ecological processes supporting the rich 
macrofaunal assemblages currently exploited by 
gray whales. This in cludes potential disruptions of 
bentho-pelagic coupling through reduced or altered 
timing of ice algae deposition and post-melt blooms 
(Coyle & Cooney 1988, Duffy-Anderson et al. 2019) 
as well as potential invasions of subarctic benthic 
and epibenthic predators previously excluded by 
cold bottom water temperatures (Sigler et al. 2011). 
In addition to bottom-up trends propelled by larger 
environmental drivers, it may also be important to 
consider the possibility of top-down effects of gray 
whale foraging on long-lived benthic prey communi-
ties (Moore et al. 2001, 2003, Coyle et al. 2007, 
Brower et al. 2017). Finally, telemetry studies track-
ing individual movements and dive behavior may 
provide greater detail on the effects of varying sea 
ice conditions relative to the phenology of migration 
and gray whale distribution patterns. 
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