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ABSTRACT 
 

Interannual variability of ocean temperatures and sea ice extent has been observed on the 

eastern Bering Sea (EBS) shelf, where annual conditions have resulted in regional “Cold” or 

“Warm” years. Consecutive years of Cold or Warm year characterization has resulted in regime 

states within the past two decades. A characteristic feature of the EBS is a subsurface layer 

linked to seasonal sea ice (SSI) and defined by bottom temperatures less than 2°C, termed the 

Cold Pool. Cold Pool variability is tied to the dynamics of fish distribution in the Arctic and 

subarctic ecotones. Water column, multifrequency acoustic backscatter data were collected 

remotely using upward looking echosounders along the EBS shelf from 2008-2018. Acoustic 

data were coupled with additional bottom temperature, regional SSI, and local SSI data from the 

Cold regime between 2006-2013 and the Warm regime from 2014-2018 to assess the 

relationship between zooplankton communities and Cold Pool variation. Water column averaged 

area backscatter was two orders of magnitude greater during the Cold regime than during the 

Warm regime coupled with early ice edge receding. Multifrequency acoustic analysis indicated a 

shift in the Warm regime zooplankton communities from larger to smaller bodied species on the 

EBS shelf resulting in a change in the average acoustic abundance. Cold Pool proxy regional SSI 

was a better predictor variable for zooplankton abundance than bottom temperature in the Cold 

regime, while Warm regime bottom temperature and regional SSI were equal in predictive power 

and resulted in improved predictive model performance. Although the predictive models did not 

capture the dynamics of the regime shift in 2013, the Cold regime exhibited increased 

stochasticity in bottom temperature, SSI, and acoustic backscatter prior to the shift. Regime shift 

early warning signals from further mining of acoustic and environmental data warrant 
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exploration for comprehensive management practices in the Bering Sea and neighboring Arctic 

ecosystems. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 
 

 
 

 
CHAPTER 1: INTRODUCTION 

 
The Bering Sea is responsive to climate change based on decadal variability driven by 

meteorological and atmospheric coupling with the Arctic of 3-7 year cyclical durations. Arctic 

coupling results in Bering Sea seasonal sea ice (SSI) coverage and water column temperature 

variation (Hunt, 2001; Stabeno et al., 2012). Prior to 2000, annually altering Warm and Cold 

years dominated the Southeast Bering Sea (SEBS), with the presence of sea ice in March and 

April determining the Warm or Cold year characterization (Stabeno et al., 2017).  Since then, the 

SEBS has experienced groups of consecutive years with similar conditions categorized as 

climatic regimes. These multi-year cyclical periodicities are referred to as Warm and Cold 

regimes (Brown et al., 2012). Extensive sea ice and cold ocean temperatures during 2006-2013 

was categorized as a Cold regime, or a group of Cold years, while 2001-2005 and 2014-2019 

which had less extensive sea ice and warmer ocean temperatures were categorized as Warm 

regimes (Stabeno and Bell, 2019) (Figure 1).  Since regimes now last for more than a year, 

interannual variability within a regime occurs and is defined by sea ice extent, temperature, and 

distribution of species (Stabeno et al., 2012, Stauffer et al., 2015).  

The Bering Sea is undergoing rapid changes. A characteristic feature of the eastern 

Bering Sea, linked to changes in SSI, is a subsurface layer defined by waters less than 2°C that is 

referred to as the “Cold Pool.” Because variability in Cold Pool temperature and extent is tied to 

comprehensively understanding the effects and implications of climate variability on community 

structure and dynamics of fishes in the Arctic and subarctic ecotones, it has been a feature of 

considerable interest since the 1930s. As a distinct water mass, the Cold Pool influences the 

distribution of endemic species that exhibit narrow thermal tolerances within the Bering Sea. 

Following the 2018 most extreme Warm year winter with the lowest winter-maximum areal sea 
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ice coverage ever observed, there was no Cold Pool in the SEBS (Stabeno and Bell, 2019). The 

lack of a Cold Pool has had repercussions on the ecosystem that have yet to be fully understood. 

The absence of a Cold Pool in 2018 was followed by another year in which the ice in November 

and December 2019 was 1/3 of the historical average, and sea surface temperatures were warmer 

than normal in the Bering, Chukchi, and Beaufort Seas (Thoman and Walsh, 2019).  Therefore, 

Cold Pool importance on ecosystems and marine resources are highlighted in this study.

 

Figure 1. Bering Sea bottom temperature (site M5 59 54.285N, 171 42.285W) (blue curve) and 
regional seasonal sea ice (https://nsidc.org/) anomalies (red curve) 2006-2020 with the vertical 
light-blue line depicting demarcation of Cold to Warm years October 1, 2013.  
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1.1 Eastern Bering Sea Physical Oceanography 
 

The Eastern Bering Sea is divided into three shelf domains: Coastal, Middle, and Outer 

Shelves. Characteristic water masses and hydrographic variability in each domain results in 

cross-shelf oceanographic variability. The mid-shelf region (Middle domain) lies along the 70m 

isobath and has the greatest variability in water column oceanographic structure (Eisner, 2014).  

Along-slope lack of variability within the Middle domain is generally perpetuated by weak 

surface currents (on average <2.0 cm/s) and relatively weaker deeper currents (Stabeno et al., 

2012). During the fall, the Middle Shelf domain undergoes full water column mixing. During 

Warm years, fall surface and at-depth currents are westward, while during Cold years the near- 

bottom current flow is northward. Notably, near-bottom currents are substantially weaker than 

the near-surface currents and have more baroclinicity in Cold years than Warm years (Stabeno et 

al., 2012). The mechanisms that control current flow are not well known, but are likely mediated 

by flow-topography interactions, slope current instabilities, and tides (Danielson et al., 2011). 

Atmospheric (wind) forcing accounts for minimal current fluctuation and increased wind 

variability has occurred more frequently since 2016.  While wind fluctuation does not 

significantly affect currents, sea ice advancement over the shelf is dependent on atmospheric 

forcing (Stabeno and Bell, 2019).  

Southward advection of polynyas, or coastal ice formations, result from northerly winds 

blowing over the EBS shelf that cause water-column cooling (Stabeno and Bell, 2019). The 

formation of sea ice in winter on the shallow Bering Sea shelf locks up freshwater input from 

land sources and leaves behind very saline water beneath the ice. The salty water remains liquid 

when temperatures range from below-freezing to an average minimum of -1.7˚C.  The stability 

and persistence of this cold water is what remains the following summer season.  Due to strong 
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spring stratification, the colder bottom layer of the Middle Shelf is isolated from the surface 

water (Stabeno et al. 2002).  This stratified bottom layer is the Cold Pool, and it has historically 

persisted through the summer season (Maeda, 1977) varying in extent and duration (Stabeno et 

al., 2012) (Figure 2).  

 
Figure 2. Annual evolution of water column temperature on the Bering Sea shelf 70m isobath 
(site M2 56 51.989N, 164 3.002W) by Warm and Cold years modified after Stabeno et al. 
(2012). 
 

1.1.1 Cold Pools 
 

A persistent Cold Pool is not unique to the Bering Sea.  Isolated dense, colder bodies of 

water have been observed in various regions of the world. These characteristic oceanographic 

features are important indicators of salinity and temperature, and they drive nutrient water 

column distribution. Cold Pools have been observed in the Mid-Atlantic Bight (MAB), the 

Adriatic Sea, along the European shelf, and in the Yellow Sea (Houghton et al., 1982, 

Henderschott and Rizzoli, 1976, Horsburgh et al., 2000, Hu et al., 1991, respectively). The 

degree of our understanding is varied among different Cold Pools, for example a distinction 

between the MAB and the Bering Sea Cold Pool is the difference in comprehensive 

understanding for each system. The MAB Cold Pool is well documented and oceanographic 

models have been created for annual spatial and temporal dynamics (Chen et al., 2018). The 
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Bering Sea Cold Pool is less well documented, and historic bottom temperature data series in the 

EBS used to estimate Cold Pool volume are primarily from ground fish trawl surveys conducted 

by the Alaska Fisheries Science Center (AFSC). The areal extent of the Bering Sea Cold Pool is 

calculated based on the area (km2) over which bottom temperatures are <2°C, and the Bering Sea 

Cold Pool Index is a standardized estimate of the fraction of surveyed area covered by this <2°C 

bottom water.  

In comparison to the Bering Sea Cold Pool, the MAB Cold Pool has a warmer 

temperature threshold (<10˚C) and higher salinity. It also varies spatially and temporally due to 

surface water heating and strong southern advection. The hydrography of the bottom of the MAB 

is narrow, with low salinity intrusions occurring from the continental shelf and slope (Chen, 

2018). Rapid de-stratification and seasonal disappearance of the MAB Cold Pool due to tropical 

and extratropical storms have resulted in increased regional fish movement (Secor et al., 2018).  

Compared to the MAB Cold Pool dynamics, fresh water from melted sea ice in the 

Bering Sea acts as an insulator, preventing heat advection to the bottom layer. This results in the 

Bering Sea Cold Pool formation on the hydrographically flat sea shelf, approximately 70m deep.  

In the SEBS, Cold Pool formation is primarily driven by decreased water temperature due to sea 

ice, and the dissipation is driven by decreased salinity and increased temperature from de-

stratification caused by fall winds and storms. In the Northeast Bering Sea (NEBS), Cold Pool 

formation relies on both temperature and salinity, therefore implying that the SEBS is more 

sensitive to the timing of the fall cooling when formation is beginning (Ladd and Stabeno, 2012). 

Because the Bering Sea Cold Pool exhibits minimal migration due to the weak currents, it is 

overall more geographically stationary and sustaining than the MAB Cold Pool, but less 

understood (Stabeno et al., 2012). 
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1.1.2 Bering Sea Cold Pool Variability  
 
                     Although the presence of the Bering Sea Cold Pool is relatively stationary and 

sustaining, annual variability in the Cold Pool is linked to previous winter sea ice. With current 

climatic shifts and warming of the Arctic, the Cold Pool’s extent, average temperature, and 

location are highly variable (Wyllie and Wooster, 2002) (Figure 3).  The Cold Pool has been 

observed to be more extensive after more expansive southern latitudinal ice extent from the 

previous winter (Wyllie and Wooster, 1998). The winter ice extent varies across long time scales 

and is related to the position and intensity of the Aleutian Low-Pressure System.  Historically, 

the southernmost sea ice extent occurs in February or March (Wyllie and Wooster, 1998), but 

has been observed as late as May (Stabeno, Farley et al., 2012). The timing of the seasonal ice 

extent is indicative of summertime shelf conditions. Atmospheric forcing and ocean temperatures 

are primarily responsible for the advance in southern sea ice extent. Northerly winds cool the 

water column and drive the ice edge southward across the shelf, whereas warm ocean water 

opposes the advancement of the ice. The persistence of northerly winds eventually forces sea ice 

southward (Stabeno and Bell, 2019). Thickness of the sea ice influences SSI extent temporally, 

affecting the timing of peak extent and melt duration.  

The Cold Pool can have two components. Interannual sea ice distribution has resulted in 

the Cold Pool often consisting of a southeastern Cold Pool component centered at approximately 

57°N and a northern Cold Pool component extending northward from 58°N. The northern Cold 

Pool component is based on extensive ice cover and is separated from the southeastern Cold Pool 

by an intermediate zone that consists of warmer water with weaker stratification. While some 

evidence exists that indicates the northern Cold Pool is isolated from the southern Cold Pool, 

little is known about this variability and the mechanisms of isolation (Stabeno et al., 2002). 
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Under projected climate warming conditions, the northern and southeastern Cold Pool 

components are forecasted to differ in physical characteristics, with bottom temperatures of the 

northern shelf predicted to remain cold (Stabeno et al., 2012). Stabeno et al. (2012) projected that 

the northern shelf temperature will remain consistent and be colder than what is presently 

observed on the southern shelf, with the north-south transition at approximately 60°N.  

Stabeno et al. (2012) assessed the importance of the Cold Pool and sea ice for 

determining habitat suitability for species within the region under these same projected climatic 

conditions.  Because a temperature delineation between the north and south shelf is expected to 

continue, a simple northward shift of the southern shelf ecosystem will not likely occur in the 

future. Because of the dichotomy of physical and biological conditions that currently exist 

between the north and south, significant changes to the Bering Sea shelf ecosystem as a whole 

are predicted. While warming of the southern region occurs, the northern region is predicted to 

remain cold but modified by the ecosystem changes in the southern shelf.  

Current Bering Sea conditions have established cross-shelf variability that separates 

oceanic and shelf zooplankton communities by the 32.4 isohaline boundary (Coyle et al., 2008). 

During Cold years, the separating front is confined to the shelf break by the Cold Pool. During 

Warm years, when the Cold Pool is absent or less developed, the separating front penetrates 

much further inshore (Coyle et al., 2008). Eisner et al. (2014), described the spatial variations in 

large and small zooplankton community composition along-shelf between the north and 

southeastern Bering Sea in the Outer domain (shelf) during Warm and Cold regimes and 

compared them to the Inner and Middle domains. There was significant variability in key taxa 

abundance and total biomass between assemblages in the north and south. Eisner et al. (2014) 

hypothesized that large zooplankton taxa have a direct or indirect relationship (dependent on 
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taxa) to bottom temperature and a direct relationship to sea ice extent, whereas small 

zooplankton taxa have a direct relationship to surface and bottom temperatures.   

 
Figure 3. Bering Sea shelf and shelf domains with Cold Pool bottom temperature extent 

1981-1995 modified after Wyllie and Wooster (1998).  
 
 

1.1.3 Eastern Bering Sea Shelf Delineated Regions 

                    The EBS is divided into Marine Region designations based on 

oceanographic/hydrographic and fisheries characteristics (Ortiz et al., 2012, Harvey and Sigler, 

2013). Designated regions have been further grouped by Eisner et al. (2014) in each shelf 

domain—South Inner (<50m bathymetry), South Middle (50-100m), South Outer (100-200m), 

North Inner (<~40m), and North Middle (<~40-100m) (Figure 4) and by Baker and Hollowed 

(2014) as ecoregions – Inner Shelf, Middle/inner (south), Southern, Northern, Middle/outer 

(north), and Shelf break (Figure 5), for identifying key biological features and ecological 
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processes that define areas and govern their dynamics. Baker and Hollowed (2014) found that 

depth was the strongest explanatory physical predictor of species abundance among the 

environmental gradients they identified.   

 

 
Figure 4. Bering Sea shelf major oceanographic domains in red boxes, with colored dots 
representing zooplankton sample stations for (A) large zooplankton and (B) small zooplankton 
by domain in Warm years (2003-2005) and Cold years (2006-2009) modified after Eisner et al. 
(2014).  
 

(A) (B) 
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Figure 5. Delineation of ecoregions based on clustering survey stations to represent distinct 
biological communities. Ecoregions are displayed for the entire time series (top) as well for 
Warm years (2001-2005, bottom left) and Cold years (2006-2010, bottom right) (Baker and 
Hollowed, 2014).  
 
 
1.2 Eastern Bering Sea Biological Communities 

 
1.2.1 Zooplankton Communities 

 
           Within each ecoregion, EBS zooplankton communities are comprised of two 

distinct communities of herbivorous zooplankton, separated by an oceanographic front during 

spring conditions, that both rely heavily on the sea ice algae. Isolation of the Middle shelf and 

Outer shelf is demarcated by a front defined by persistent salinity and lack of cross-shelf 

advection. Offshore, large oceanographic zooplankton, Neocalanus plumchrus, dominate the 

Outer shelf domain and slope, while the Middle domain is dominated by an inshore zooplankton 

community of the euphausiid Thysanoessa raschii in April and May.  Large copepods, Calanus 

marshallae, peak in late May and early June, and populations of adult small copepods, Oithona 
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similis and Pseudocalanus spp, are prevalent in June (Vidal and Smith, 1985).  Following the 

spring bloom of phytoplankton dominated by Chrysophyceae, Outer shelf zooplankton 

communities develop in early spring and attain maximum biomass and growth rates by late 

spring, then begin downward migration. The Middle domain zooplankton community exhibits a 

delayed response to the spring phytoplankton bloom dominated by diatoms, which occurs earlier 

and attains higher levels of phytoplankton concentration than the Outer shelf bloom. Percent ice 

cover influences whether and when ice-associated blooms occur. If sea ice is present, the mid-

spring bloom timing is related to the nearby ice edge; if sea ice is absent or retreats before mid-

March, a later spring bloom occurs in May or early June.  In Cold years on the Middle domain 

during the early spring (April –May), biomass remains relatively unchanged (90% T. raschii : 

10% C. marshallae) and increases substantially after the spring bloom by late May and early 

June when it becomes more evenly split (50% T. raschii : 50% C. marshallae). Warm years have 

earlier spring blooms and the biomass is dominated by small-bodied taxa of the Pseudocalanus 

spp. (Kimmel et al., 2017).  

 
1.2.2 Zooplankton and Environmental Variability 

 
               Because T.raschii and Calanus spp. are estimated to be approximately 90% of 

Middle domain zooplankton biomass, studies have been focused on these groups (Smith and 

Vidal 1986, Coyle et al., 2008). T. raschii are associated with colder, less saline waters in the 

Bering Sea (Fukuchi, 1977). Overwintering partially on stored lipid, the T. raschii euphausiid 

populations are thought to rely on omnivorous feeding throughout the year.  Smith (1991) 

observed during Warm years with abundant food that growth rates increase, resulting in larger 

sized individuals and less overall euphausiid biomass. Favorable euphausiid recruitment is 

extended based on possible mechanisms of reduced metabolism coupled with better feeding 
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conditions associated with spring-time ice cover and sustained phytoplankton food production in 

colder years.  

Calanus spp. also have more productive recruitment in cold, icy years with an earlier spring 

bloom and reduced predation pressure during ice retreat while in critical copepodite states 

(specifically when metamorphosizing from nauplii to copepodites) (Ressler et al., 2014).  Eisner 

et al. (2014) observed that most small zooplankton taxa decrease in abundance with decreasing 

temperatures in the Middle domain from Warm to Cold years. Total zooplankton biomass was 

highest in the coldest years (2008-2009) of the sample period (2003-2009) in the southern Bering 

Sea due to increases in large zooplankton biomass.   

Whether copepod metabolism, reproduction, and awakening from winter diapause aligns 

with the spring bloom depends on average bottom temperatures and sea ice. Calanus spp. may 

benefit from strong recruitment during years when ice reaches maximum extent after March 15 

with early retreat. Bair and Napp (2003) hypothesized that recruitment of Calanus spp. was 

dependent on early spring phytoplankton blooms and cold winters for winter survival and 

reduced metabolic rates. Copepod nauplii are most abundant over the Middle shelf in late May 

and early June, following the seasonal increase of sea surface temperatures. The Bair and Napp 

(2003) hypothesis was expanded by Sigler et al. (2014) by presenting three scenarios for the 

development of Calanus spp. during Warm and Cold years.  

The first scenario, “Cold years with early ice retreat”, results in increased egg production 

rates of early spawners and metamorphosis benefits from early ice retreat followed by spring 

bloom production.  Copepod lipid production is primarily dependent on summer phytoplankton 

and microzooplankton, thus early spring bloom production results in winter lipid storage levels 

reached earlier in the season to facilitate early overwintering. Early overwintering copepods miss 
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the advantages of the fall bloom. However, overwintering respiration rates are lower in colder 

temperatures which leads to increased winter survival.  

The second scenario, “Cold years with late ice retreat”, results in all spawners, including 

early and late spawners, benefiting from the under-ice algae and open water spring bloom.  Cold 

year metamorphosis likely develops post spring bloom, depending on summer primary and 

microzooplankton lipid production. Differing from the first scenario, later overwintering occurs 

with individuals taking advantage of the fall bloom for additional lipids and low respiration rates 

due to cold bottom temperatures. This second scenario results in the strongest copepod winter 

survival.  

The third scenario, “Warm, ice-depleted years”, results in reduced egg production from 

the absence or short duration of ice and ice algae presence. When the open water spring bloom is 

late, it is mismatched with the metamorphosis of late spawners.  Diapause is then delayed until 

after the fall bloom, and warm temperatures cause increased respiration rates. Since lipid storage 

is dependent on combined primary and microzooplankton populations, reserves are exhausted 

during these Warm year winters when the duration of diapause is delayed. Low reproductive 

input by early spawners and increased predation metabolism also occur in this third (Warm) 

scenario. In these three ways, Cold and Warm years impact copepod recruitment.  

With lower trophic level recruitment varying based on annual environmental conditions, 

acoustical surveys have been conducted for assessing the status and trends of euphausiid and 

copepod stock in the Bering Sea during both Cold and Warm years. Information gained from the 

acoustical surveys of zooplankton have been linked to walleye pollock (Gadus chalcogrammus) 

abundance. Results have shown that euphausiid biomass increased between 2004 and 2009 

(during Cold years), while pollock stock declined after a series of Cold years with poor pollock 
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recruitment (Ressler et al., 2012). Ressler et al. (2014) investigated predation by pollock as a 

significant top-down control on euphausiid biomass from 2004-2012 by comparing predictive 

models.  Using acoustical methods and net pairing, Ressler et al. (2014), tested the hypothesis 

that top-down mechanisms of zooplankton abundance were driven by pollock biomass, and 

bottom-up mechanisms were driven by bottom and surface temperatures. Results indicated that 

pollock biomass had a nominal effect on the predictive models while bottom temperature and 

location (lat/long) explained ~40% of euphausiid biomass on the shelf.  In contrast, Hunt et al. 

(2016) observed that euphausiids in the Bering Sea exhibited both a top-down predation effect 

and had a strong negative relationship with bottom-up mechanisms from water temperature 

during 2004-2012. The differences between the studies may relate to variation in spatial and 

temporal scales used to assess the predator or euphausiid biomass in the analyses. 

 
1.2.3 Ecological Implications 

                The dynamics and mechanisms of the EBS shelf ecosystem are complex, and 

the interrelatedness of physical and biological processes is not fully understood. The Bering Sea 

Middle shelf is considered a highly productive “green belt” of resources for higher trophic levels 

(Okkonen et al., 2004). The mid-shelf or Middle domain is inhabited by commercially and 

ecologically important species such as subarctic walleye pollock and Arctic cod (Boreogadus 

saida). Both species have significant ecosystem roles as prey for larger species, so they directly 

tie their predators to zooplankton community composition via energy transfer. This makes the 

phenology of zooplankton community composition during Warm and Cold years pertinent to the 

fishing industry.  

Walleye pollock spawning is low in spatial and temporal variability regardless of 

environmental conditions that leads to high site fidelity in the spring during February- May 












