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and BSW mix to form Bering Sea Water, 

while ACW retains its characteristics in 

the east along the Alaska coast (Danielson 

et al., 2017). The highest primary produc-

tion and chlorophyll standing stock occur 

in the offshore Anadyr Water and Bering 

Shelf Water (Danielson et  al., 2017); the 

lowest seasonal values of primary pro-

duction are found in the nearshore Alaska 

Coastal Water (Cooper et  al., 2012; Hill 

et al., 2018). Recent studies by Danielson 

et  al. (2017) and Giesbecht et  al. (2018) 

in the northern Bering and Chukchi Seas 

note that phytoplankton biomass and size 

structure distributions are linked with 

regional wind fields, seafloor topography, 

water mass distribution, and pelagic pro-

duction (e.g.,  zooplankton), emphasiz-

ing the importance of multidisciplinary 

studies to relate pelagic processes to 

benthic production.

Many prior studies indicate that warm-

ing seawater temperatures can change 

primary production rates and water col-

umn grazing by zooplankton, influenc-

ing the phenology (seasonal timing) of 

pelagic- benthic coupling processes, spe-

cifically the export of organic carbon to 

the benthos (Coyle et al., 2011; Grebmeier 

et al., 2015a; Renaud et al., 2015). Factors 

directly related to climate change (sea ice 

dynamics, ocean mixing, current speed, 

seawater warming, and ocean acidifica-

tion) are known to impact benthic com-

munity composition in the Atlantic 

Arctic’s Barents Sea (Hunt et al., 2013) as 

well as in Pacific Arctic waters (Grebmeier, 

2012; Hunt et  al., 2016). Renaud et  al. 

(2015) hypothesized that reaching tem-

perature thresholds for some Arctic and 

boreal benthic fauna could result in con-

traction of Arctic species and northward 

expansion of boreal fauna. However, the 

role of temperature varies depending 

upon whether it occurs in surface versus 

bottom water. Although temperature is 

known to be an important driver for fau-

nal metabolic rates, bottom water tem-

perature is less important for affecting 

benthic biomass compared to food sup-

ply in the northern Bering and Chukchi 

Seas (Grebmeier et  al., 2015a). Seawater 

warming (Wood et  al., 2015; Woodgate, 

2018) and shifts in sediment composi-

tion and organic carbon content in the 

Pacific Arctic (Grebmeier et  al., 2012, 

2015b; Lovvorn et al., 2018) are physical 

changes that may potentially impact ben-

thic macrofaunal community composi-

tion as well as biomass. Macrofaunal ben-

thic biomass increases moving northward 

from south of St. Lawrence Island through 

the Chirikov Basin and Bering Strait into 

the Southeast Chukchi Sea, reflecting 

an increase in annual primary produc-

tion and export of carbon to the benthos 

(Grebmeier et al., 2015a). 

In the Pacific Arctic, the persistence of 

seasonal sea ice has significantly declined 

since 2005 between St. Lawrence Island 

(SLI) and Bering Strait and northward 

into the Chukchi Sea, although not south 

of SLI until very recently (Frey et  al., 

2015, 2017; Grebmeier et  al., 2015a). 

Changes in Pacific water advection via 

current flow into the Arctic can influence 

water column processes that likely con-

tribute to observed shifts in marine spe-

cies composition, such as from bivalves 

to polychaete-dominated systems south 

of SLI (Grebmeier and Cooper, 2016), 

northward movement of organisms 

(e.g., subarctic bivalve species and opilio 

crabs in the Chukchi Sea; Sirenko and 

Gagaev, 2007; Bluhm et  al., 2011), vari-

able carbon cycling (e.g., decline in sed-

iment oxygen uptake indicative of car-

bon supply in some regions (Grebmeier, 

2012), and changing plankton popula-

tions (Nelson et al., 2014). 

Both in situ production and advection 

of upstream phytodetritus to these regions 

(Hill et al., 2018) contribute to persistent 

biological hotspots that connect benthic 

prey (e.g., clams, polychaetes, and amphi-

pods; Grebmeier et  al., 2015a; Kędra 

et al., 2015) through food webs to upper 

trophic benthivorous predators (e.g., gray 

whales, walruses, and spectacled eiders; 

Jay et  al., 2012, 2014; Grebmeier et  al., 

2015a; Lovvorn et al., 2015; Moore, 2016). 

Earlier spring sea ice retreat and later fall 

sea ice formation are changing the phe-

nology of primary production (Frey et al., 

2017), which directly impacts benthic 

community production (Grebmeier et al., 
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FIGURE 1. Time series sites occupied annually in July from 1998 to 2015 using the icebreaker 

CCGS Sir Wilfrid Laurier (SWL). The stations shown are in the following regions and time periods: 

St. Lawrence Island Polynya (SLIP; stations SLIP1–SLIP5, 2000–2015). Chirikov Basin (Chirikov; sta-

tions UTBS1–UTBS4, 1999–2015). Southeast Chukchi Sea (SECS; stations UTN1–UTN7, 1998–2015).



Oceanography |  Vol.31, No.2138

2006a; Hunt et  al., 2013). Major ecolog-

ical shifts can be expected with reduced 

sea ice conditions and seawater warming, 

including changes in:

• The timing of sea ice retreat (Frey 

et  al., 2014, 2015, 2017; Grebmeier 

et al., 2015a)

• Water column production (both 

increases and decreases; Nishino 

et al., 2016; Hill et al., 2018)

• Zooplankton growth and biomass 

(higher growth rates for smaller, less 

lipid-rich species with rising tem-

peratures, with a negative impact on 

larger, lipid-rich zooplankton species 

(Coyle et al., 2011; Eisner et al., 2013; 

Ershova et al., 2015)

• The export of carbon production to 

the benthos (Grebmeier et al., 2006b, 

2015a, 2015b) 

• Sea ice habitat, including its disap-

pearance, which will affect upper tro-

phic level species (e.g.,  reduced sea 

ice persistence is a negative impact 

for sea ice-obligate species; Jay et al., 

2014; Lovvorn et al., 2015)

• Range extensions for boreal species, 

which will shift northward (Doney 

et al., 2012; Renaud et al., 2015) 

Previous evaluations of portions of 

this time series indicate declining macro-

faunal biomass and changing compo-

sition at some sites (e.g.,  south of the 

SLI region, by Grebmeier et  al., 2006b; 

Grebmeier, 2012; Grebmeier and Cooper, 

2016; and in the Southeast Chukchi 

Sea region, by Grebmeier et  al., 2015a, 

2015b). By comparing sampling in the 

Chirikov Basin during the first decade of 

the 2000s with sampling undertaken in 

the mid-1980s, Coyle et al. (2007) identi-

fied the beginning of a decline of ampelis-

cid amphipods in the Chirikov Basin. 

That study concluded that the decrease 

in amphipod biomass was due either to 

declining food supply or to increasing 

gray whale predation. 

A core reason for the initiation of 

the Distributed Biological Observatory 

(DBO) in 2010 was to provide an observ-

ing framework for understanding chang-

ing Arctic ecosystems and to expand 

on existing knowledge (Moore and 

Grebmeier, 2018). The DBO has devel-

oped into an internationally coordinated 

network of time series transects for eval-

uating ecosystem status and trends across 

a latitudinal gradient in the Pacific Arctic 

region. Long-living benthic organisms 

are integrators of overlying water column 

processes and thus are a valuable compo-

nent of this observing network for moni-

toring shifting environmental conditions 

and top-down feeding pressures. The 

benthic hotspots identified over the last 

decades as persistent in the Pacific Arctic 

formed the basis of the DBO (Grebmeier 

et al., 2010, 2015a; Iken et al., 2010).

The objective of this study is to eval-

uate the current response of the benthic 

macrofaunal community in the Bering 

Strait region to declining sea ice per-

sistence, warming seawater, and other 

varying environmental conditions. To 

investigate biological responses to these 

key drivers, we undertook a robust trend 

analysis of benthic macrofaunal popula-

tions and key environmental drivers at 

three hotspot sites in the Pacific Arctic. 

Here, we discuss the implications of shift-

ing biological populations to upper tro-

phic level consumers as well as overall 

ecosystem structure. 

METHODS

The study regions—St. Lawrence 

Island Polynya (SLIP), Chirikov Basin 

(Chirikov), and Southeast Chukchi Sea 

(SECS) (Figure 1)—have the longest time 

series records of benthic macrofaunal 

biomass and environmental parameters 

in the Pacific Arctic (Grebmeier et  al., 

2015a). These three persistent hotspots 

have all exhibited recent changes in bio-

mass and species composition (e.g.,  for 

SLIP, Grebmeier and Cooper, 2016; 

for Chirikov, Grebmeier et  al. 1995 

and Coyle et  al. 2007; and for SECS, 

Grebmeier et  al. 2015b). We present 

the current DBO time series data using 

the station names initiated in 1998–

2000 (before the DBO began) but that 

extend into the DBO effort, specifically 

SLIP (five time series stations identified 

as SLIP1 to SLIP5), Chirikov (four time 

series stations identified as UTBS1, 2, 

4, 5), and SECS (seven time series sta-

tions identified as UTN1 to UTN7) 

(Figure 1). Retaining the standard names 

used since 1998 allows for comparison of 

regions and station names with data held 

in US national data archives. 

As part of our analysis, we determined 

annual sea ice persistence and seasonal 

variability using Scanning Multichannel 

Microwave Radiometer (SMMR), Spe-

cial Sensor Microwave/Imager (SSM/I), 

and Special Sensor Microwave Imager/

Sounder (SSMIS) passive microwave sat-

ellite observations from the beginning of 

satellite records in 1979. The data from 

1998 to 2018 were evaluated in the con-

text of the time series data from hydro-

graphic and benthic biological collections 

made during annual July cruises of Cana-

dian Coast Guard Ship (CCGS) Sir Wilfrid 

Laurier. In the following section we sum-

marize the methodologies used in the 

analyses of environmental conditions and 

benthic macrofaunal collections. 

Satellite Observations: Sea Ice 

Cover (Annual Persistence and 

Timing of Breakup/Freeze-up)

Annual sea ice persistence, timing of 

sea ice breakup, and timing of sea ice 

freeze-up were determined from sea ice 

concentrations (spanning the years 1979–

2018) derived from the SMMR, SSM/I, 

and SSMIS passive microwave instru-

ments, calculated using the Goddard 

Bootstrap (SB2) algorithm (Comiso et al., 

2017a, 2017b). These data are available at 

25 km spatial resolution from SSM/I and 

SSMIS daily and SMMR every other day 

(but the latter were temporally interpo-

lated to create a daily time series). As is 

standard in most studies, we used a 15% 

ice concentration threshold to define the 

presence vs. absence of sea ice cover. In 

particular, the timing of sea ice breakup 

(freeze-up) was determined by flagging 

the date on which a pixel registered two 

consecutive days below (above) a 15% 

sea ice concentration threshold; on this 

basis, we defined the breakup period 



Oceanography  |  June 2018 139

as March 15 to September 15 and the 

freeze-up period as September 15 to 

March 15. Requiring two consecutive 

days of the breakup/freeze-up condition 

ensured that the defined events were per-

sistent rather than spurious occurrences 

(see Frey et al., 2014 and 2015, for further 

details of methodology). In this paper 

we compare sea ice parameters over the 

length of our available benthic time series 

data (1998–2015), although we present 

the full sea ice satellite record for broad-

scale evaluation of this key driver.

Field Water Column, Sediment, 

and Macrofaunal Data 

WATER COLUMN

Water column temperature, salinity, and 

chlorophyll a (chl a) were collected at 

standard depths at all time series ben-

thic stations where macrofaunal organ-

isms were collected during our 1998–

2015 study. In addition to data collected 

using a Sea-Bird CTD system, water col-

umn chl a was determined at sea fol-

lowing the standard methods outlined 

in Cooper et  al. (2012). Further details 

on methods of collections and analyses 

are available in Grebmeier et al. (2015a). 

Metafiles and associated data sets are 

available through the NSF Arctic Data 

Center (https://arcticdata.io/).

SEDIMENTS

Surface sediment grain-size samples were 

collected at each time series station using 

a van Veen grab with a 0.1 m2 catch area. 

Surface sediment chl a was determined 

at sea following procedures outlined 

in Cooper et  al. (2012). A subsample of 

the surface sediments was also frozen 

and subsequently analyzed at our land-

based laboratory for total organic car-

bon (TOC) and nitrogen content (TON), 

δ13C values, and sediment grain size fol-

lowing standard procedures outlined in 

Grebmeier et al. (2006a, 2015a). 

BENTHIC MACROFAUNA BIOMASS

Four replicate van Veen grabs were col-

lected at each time series station for tax-

onomic identifications. Sediments were 

sieved through 1 mm mesh screens, 

with the biological samples subse-

quently preserved with 10% buffered 

seawater formalin for post-cruise tax-

onomic identification and wet weight 

biomass determinations. Benthic anal-

yses were primarily undertaken at the 

University of Tennessee, and after 2008, 

at the Chesapeake Biological Laboratory, 

excluding samples from 2007 and 2008. 

Samples collected during Sir Wilfred 

Laurier voyages 07 and 08 were sorted at 

the Institute of Oceanology of the Polish 

Academy of Sciences in Sopot, Poland. 

Mobile epifauna were excluded from the 

analyses because of the assumption that 

they are not quantitatively sampled with 

grabs (Grebmeier et al., 1989). Each col-

lected taxa with a formalin preserved 

wet weight was converted to carbon dry 

weight based on carbon conversion val-

ues determined by Stoker (1978) and 

Grebmeier et  al. (1989). Macrofaunal 

organisms were typically identified to 

family level, with dominant fauna by bio-

mass identified to species.

All time series benthic data were sam-

pled consistently each year, with a few 

exceptions; one Chirikov station was not 

sampled in 2001, and 2009 sampling was 

limited and did not occur in July. Some 

earlier (pre-1998) benthic data collected 

in a manner consistent with our time 

series is presented to set the stage for a 

focused evaluation of the more continu-

ous 1998–2015 data (Table 1). Specifically, 

we began our standard time series in 

1998 (SECS), 1999 (Chirikov), and 2000 

(SLIP) after we identified regions of high 

biomass from the pre-1998 record. 

TABLE 1. Station information for the annual July benthic time series stations occupied in three 

sampling regions in the northern Bering Sea—St. Lawrence Island Polynya (SLIP), Chirikov Basin 

(Chirikov), and Southeast Chukchi Sea (SECS)—from 1998 to 2015, coincident with the original 

historic station names and month/year of collections. The historic station numbers/names and 

the cruise identifications that initiated the later time series are provided. HX = Alpha Helix. AK = 
Akademik Korolev. OK = Okean. SWL = Sir Wilfrid Laurier. Note that only the ship, station number, 
and date of collection (June 1973) were available for S.W. Stoker’s thesis research at station UTN1. 

Time Series Station Names 
and Associated Regions for 
Annual SWL July cruises

Latitude
(°N)

Longitude
(°W)

Average
Depth 

(m)

Historic Cruise/
Number/Name

Month/Year 
Historical 

Station

SLIP = St. Lawrence Island Polynya

SLIP1 62.010 175.060 81 AK47-18/VNG1 August 1988

SLIP2 62.050 175.210 82 HX171-29/NWC5 June 1993

SLIP3 62.390 174.570 71 HX171-28/NWC4 June 1993

SLIP4 63.030 173.460 65 HX214-40/NWC2.5 Sept 1999

SLIP5 62.560 173.550 71 HX224-35/VNG3.5 Sept 1998

Chirikov = Chirikov Basin Region (North of SLI)

UTBS1 64.990 169.140 48 HX59-120 July 1984

UTBS2 64.680 169.100 45 HX73-075 August 1984

UTBS4 64.960 169.890 49 SWL99-005 July 1999

UTBS5 64.670 169.920 47 OK93-038 August 1993

SECS = Southeast Chukchi Sea

UTN1 66.708 168.400 35 HX 1973-172 June 1973

UTN2 67.000 168.667 47 SWL98-054 July 1998

UTN3 67.333 168.998 50 HX189-076/L2 Sept 1995

UTN4 67.502 168.915 50 HX74-010 August 1985

UTN5 67.667 168.955 50 HX171-076/CKS3 June 1993

UTN6 67.737 168.440 50 AK47-055 Aug 1988

UTN7 67.997 168.913 57 HX85-090 July 1986
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FIGURE 2. Sea ice variability (annual persistence and the timing of 
breakup/freeze-up) in the (a) SLIP, (b) Chirikov, and (c) SECS regions from 
1979 to 2017 (to 2018 for SLIP). The error bars depict spatial variability 
within the polygons, the benthic time series lengths for each region are 
grayed out, and the Mann-Kendall test for trend was performed over the 
same time period as the benthic macrofaunal collections. The only sta-
tistically significant sea ice trends (p <0.05) over the defined grayed out 
periods are for the SECS time series (panel c), where the dotted lines 
represent Sen’s median slope estimators. The open circles are the signif-
icant outliers identified using a double Grubb’s Test (p <0.0001). 

Statistics

Trend analyses were performed on sea ice persistence, bot-

tom water temperatures, and benthic biomass (gC/m2) for 

the years 1998–2015 using a Theil-Sen median slope estima-

tor (Sen, 1968). The Theil-Sen trend uses a robust non-para-

metric trend operator that is particularly well suited for 

assessing the rate of change in short and/or noisy time series 

(Hoaglin et  al., 2000). The statistical significance of the 

Theil-Sen trends (p <0.05) was then established using the 

non-parametric Mann–Kendall test for monotonic trend 

(Mann, 1945; Kendall, 1975). We also used a double Grubbs’ 

test (Grubbs, 1950, 1969; Grubbs and Beck, 1972) to deter-

mine whether the two greatest (or lowest) values are outli-

ers, where all outliers reported were significant at p <0.0001. 

Spearman’s rho rank correlation analysis was used to deter-

mine correlations among water column and sediment 

parameters in relation to benthic biomass. Software used 

included Microsoft Excel and JMP Pro 13.1. 

RESULTS

Sea Ice Persistence via Satellite Observations

Annual sea ice persistence varied without obvious trends in 

the SLIP region for the length of the satellite record until 

2012, when a decline began and then accelerated, includ-

ing two significant outliers in the trend of annual sea ice 

persistence in 2017 and 2018 (p <0.0001; Figure 2a). The 

macrofaunal biomass trend period in the SLIP region is 

shown as gray shading (2000–2015) in relation to the full 

satellite record (1978–2018). We have observed earlier sea 

ice breakup over the last five years in the SLIP region, with 

apparent acceleration (i.e.,  outliers) of sea ice breakup in 

2017 and 2018 (p <0.0001; Figure 2a). Freeze-up also has 

significant outliers (i.e., delays), with later dates in 2016 and 

2017 (p <0.0001; Figure 2a). However, in spite of these sig-

nificant outliers, the sea ice trends are not statistically sig-

nificant because we used a median (Theil-Sen) trend that is 

insensitive to wild/inconsistent outliers, such as those that 

occurred in 2017 and 2018. Thus, until the declining sea 

ice persistence, spring breakup, and fall freeze-up trends 

become robust and continue in future years, we can only 

point out these outliers as being indicative of a significant 

change from prior patterns.

A similar set of sea ice trends are evident for the Chirikov 

region over the longer satellite record from 1978 to 2012 

that shows sea ice persistence declining by ~ −9 days/decade 

(Frey et al., 2015; Grebmeier et al., 2015a), and particularly 

since 1998 (Figure 2b). Sea ice persistence has been trend-

ing even lower over the last five years, with significant out-

liers (i.e.,  acceleration) of reduced ice in 2007 and 2017 

(p <0.0001; Figure 2b). Sea ice breakup has occurred ear-

lier in the year since 2014, with a significant outlier for 2017 

(p <0.0001; Figure 2b). The freeze-up period in the Chirikov 
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region has occurred later in the season, with 

significant outliers for later freeze-up in 2007 

and again in 2016 (p <0.0001; Figure 2b). 

For the SECS region, sea ice persistence 

has declined by ~ −12 days/decade (1978–

2012; Frey et  al., 2015; Grebmeier et  al., 

2015a). Notably, the only Sen median slope 

estimators that were significant over the sub-

set of sea ice parameters for comparison with 

the benthic biomass trends outlined below 

occurred in SECS (Figure 2c, dotted lines), 

where trends were significant for declining 

annual sea ice persistence, later freeze-up, 

and earlier sea ice breakup (p <0.05). Over 

this shorter time series, annual sea ice per-

sistence has been declining since 2001, with 

an accelerated decline starting in 2013. 

Note there was a statistically significant 

outlier deepening the declining trend in 

2017 (p <0.0001, Figure 2c). The timing of 

freeze-up has become later in the fall, with 

the latest freeze-up occurring in 1997, vary-

ing without trend in the 2000s, and a later 

freeze-up trend beginning in 2013 until the 

end of the record in 2017 (Figure 2c). Spring 

breakup has been trending earlier since 2012. 

Benthic Time Series (1988–2015):  

Macrofauna and Sediment Parameters

ST. LAWRENCE ISLAND POLYNYA (SLIP) 

Time series macrofaunal data from the five 

stations (SLIP1–SLIP5) indicate that bio-

mass in the southern portion of the SLIP 

hotspot region (SLIP1–SLIP3) has been 

declining since about 2005 relative to the 

stations further north (SLIP4 and SLIP5; 

Figure 3a). Notably, the core of this high ben-

thic biomass hotspot was previously centered 

at 62°N, but it is now located further north 

around 63°N (Figure B2 in Box 1). The dom-

inant faunal taxa for each of the three south-

ern stations in the SLIP region have changed 

from mainly nuculanid and nuculid bivalves 

(Nuculana radiata and Ennucula tenuis, 

respectively) to mainly maldanid poly-

chaetes (Axiothella catenata and Maldane 

sarsi) (Table 2; Figures 4a and 5). By com-

parison, the northern two sites (SLIP4 and 

SLIP5) have remained dominated by nuculid 

(Ennucula tenuis) bivalves, although in some 

years the tellinid bivalve Macoma calcarea 

has been dominant (Table 2).

FIGURE 3. Time series data of individual station benthic biomass (gC/m2) as well as aver-
ages for the three regions over similar time periods: (a) SLIP, 2000–2015, (b) Chirikov, 1999–
2015, and (c) SECS, 1998–2015. Sen’s median slope estimators are shown only for those 
time series that show statistically significant trends (Mann-Kendall test for trend, p <0.05), 
with statistics provided in Table 3. Note the increasing biomass scale from the SLIP region 
(south) to the SECS region (north). No July field program occurred in 2009.
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Mann-Kendall trend analysis indicated 

a significant decline in benthic biomass 

in the southern three SLIP time series 

sites (SLIP1–SLIP3; Kendall’s tau range 

from −0.73 to −0.43, p ≤0.03 to <0.0001; 

Table 3, Figure 5). The Sen’s median 

slope statistic indicates a decline of −7.98 

to −9.33 gC/m2/decade in biomass over 

the 2000–2015 period (Table 3). There 

were no statistically significant changes 

in the northern two SLIP time series sites 

(Table 3, Figure 5). An overall declining 

trend in the SLIP mean benthic biomass 

(all stations) was also significant (p <0.01).

CHIRIKOV BASIN (CHIRIKOV)

Four sites in the Chirikov Basin show high 

variability in biomass, but differences are 

expressed in more of an east-west direc-

tion due to water mass differences that 

affect productivity. Prior to the 1999–

2015 time series, the dominant faunal 

taxa for each of these sites were ampelis-

cid amphipods (Ampelisca macroceph-

ala; Grebmeier et al., 1989). By the time 

this benthic biological time series began 

in 1999, only three of the four stations 

were dominated by amphipods (Table 2, 

Figure 4b). Time series macrofaunal bio-

mass data from the four time series sites 

indicate declining trends at UTBS1, 

UTBS2, and UTBS4 sites from about 

2002 to 2010, with UTBS4 in the north-

west continuing to decline while UTBS1 

and UTBS2 to the east show increasing 

biomass values after 2010 (Figure 3b). 

Biomass at the UTBS5 station in the 

southwest portion of the Chirikov region 

increased from 1999 to 2006, followed by 

a general decline (Figures 3b and 4b). By 

the end of the time series in 2015, amphi-

pods were only dominant at the two east-

ern stations (UTBS1 and UTBS2; Table 2, 

Figures 3b and 4b), and the northeast sta-

tion (UTBS1) had the highest amphipod 

biomass of the two stations (Figure 3b). 

The two other time series sites shifted 

from a dominance of ampeliscid amphi-

pods (A. macrocephala) to mainly nuculid 

bivalves (Ennucula tenuis) at UTBS4 and 

to ampharetid polychaetes (Ampharete 

acutifrons and A. lindstroemi) at UTBS5 

TABLE 2. Dominant macrofauna species by largest % of total station biomass (gC/m2). Colors 
indicate amphipods (orange), bivalves (lavender), polychaetes (blue), sand dollars (green), and 
others (gray) over the 1998–2015 period for the SLIP, Chirikov, and SECS stations. The historic 
name that initiated the time series effort is provided in the top row, along with the research cruise 
name: HX = Alpha Helix, AK = Akademik Korolev, OK = Okean, SWL = Sir Wilfrid Laurier ). The 
table's key (see next page) is the full taxonomic information for the dominant species in the table.

SLIP = St. Lawrence Island Polynya

Year SLIP1 SLIP2 SLIP3 SLIP4 SLIP5

Historic
AK47-VNG1/18, 
1988; N. radiata

HX171-NWC5/29, 
1993; N. radiata

HX171-NWC4/28, 
1993; N. radiata

HX214-
NWC2.5/40, 

1999; E. tenuis

HX224-
VNG3.5/35, 

1998; E. tenuis

1998 no data no data no data no data no data

1999 no data no data no data no data no data

2000 N. radiata N. radiata N. radiata E. tenuis E. tenuis

2001 E. tenuis N. radiata N. radiata E. tenuis M. calcarea

2002 E. tenuis N. radiata N. radiata E. tenuis E. tenuis

2003 E. tenuis N. radiata N. radiata E. tenuis E. tenuis

2004 E. tenuis N. radiata N. radiata E. tenuis E. tenuis

2005 E. tenuis N. radiata N. radiata E. tenuis E. tenuis

2006 E. tenuis N. radiata Sipuncula E. tenuis E. tenuis

2007 E. tenuis M. calcarea H. aurantium E. tenuis E. tenuis

2008 A. catenata A. catenata A. catenata E. tenuis E. tenuis

2009 no data no data no data no data no data

2010 N. nucleus A. catenata A. catenata M. calcarea E. tenuis

2011 N. ciliata S. laperousii A. catenata M. calcarea E. tenuis

2012 A. proboscidea M. sarsi A. catenata M. calcarea E. tenuis

2013 A. catenata M. sarsi M. calcarea E. tenuis E. tenuis

2014 A. catenata A. catenata M. niger E. tenuis E. tenuis

2015 A. catenata M. calcarea M. calcarea E. tenuis E. tenuis

Chirikov = Chirikov Basin Region (North of SLI)

Year UTBS1 UTBS2 UTBS4 UTBS5

Historic
HX59-120, 1984;  
A. macrocephala

HX73-075, 1984;  
A. macrocephala

SWL99-05, 1999;  
A. macrocephala

OK93-038, 1993;  
A. macrocephala

1998 no data no data no data no data

1999 Ampelisca sp. Ampelisca sp. Ampelisca sp. Nepthyidae

2000 M. calcarea Ampelisca sp. Ampelisca sp. M. calcarea

2001 Ampelisca sp. Ampelisca sp. Ampelisca sp. M. calcarea

2002 Ampelisca sp. Ampelisca sp. Ampelisca sp. Macoma sp.

2003 Ampelisca sp. Ampelisca sp. Ampelisca sp. Ampharetidae

2004 Ampelisca sp. Ampelisca sp. Ampelisca sp. Ampharetidae

2005 Ampelisca sp. Ampelisca sp. S. groenlandicus Ampharetidae

2006 Ampelisca sp. Ampelisca sp. S. groenlandicus Ampharetidae

2007 A. macrocephala A. macrocephala E. tenuis A. acutifrons

2008 A. macrocephala no data E. tenuis A. acutifrons

2009 no data no data no data no data

2010 Ampelisca sp. Ampelisca sp. S. groenlandicus A. acutifrons

2011 A. macrocephala A. macrocephala E. tenuis A. lindstroemi

2012 A. macrocephala A. macrocephala M. calcarea A. lindstroemi

2013 A. macrocephala A. acutifrons E. tenuis M. calcarea

2014 A. macrocephala A. macrocephala A. macrocephala M. calcarea

2015 A. macrocephala A. macrocephala M. calcarea A. lindstroemi

Table continues next page…
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(Table 2, Figure 4b). 

The Mann-Kendall trend analysis indi-

cates only a significant declining biomass 

trend at UTBS4 (−13.4 gC/m2/decade, 

with the Kendall’s tau value being −0.68, 

[p <0.0001; Table 3, Figure 5]). The Sen’s 

median slope statistic indicates a trend 

value of −13.38 gC/m2/decade over the 

2000–2015 period (Table 3). 

SOUTHEAST CHUKCHI SEA (SECS)

Benthic biomass data for the seven sta-

tions (UTN1–UTN7) in SECS indicate 

increases at many of the sites over the 

last five years (Figure 3c). All of the SECS 

time series sites were historically bivalve- 

dominated (Table 2, Figure 4c). However, 

UTN1 had switched to dominance by 

sand dollars (Echinarachnius parma) at 

the start of the continuous time series 

in 1998, and sand dollars remained the 

dominant fauna through 2015 (Table 2, 

Figure 4c). Stations UTN2-7 have been 

dominated by tellinid (Macoma calcarea) 

bivalves since 1998 (Table 2, Figure 4c). 

One new feature is the presence of more 

amphipods at the northern two sta-

tions (UTN6 and UTN7) in recent years 

(Table 2).

Only stations UTN1 and UTN5 and 

the overall mean for the seven stations 

have significant positive Kendall tau’s 

trends over the entire time series (Table 3, 

p <0.01; Figure 3c). UTN1 had a Kendall’s 

tau’s value of 0.57 (p <0.01) and a Sen’s 

median slope of 8.50 gC/m2/decade 

(Table 3, Figure 5). Further north, UTN5 

has the most dramatic increasing bio-

mass trend, with a Kendall’s tau value 

of 0.68 (p <0.0001) and a Sen’s median 

slope increase of 67.63 gC/m2/decade 

(Table 3, Figure 5). The overall UTN 

mean trend has a Kendall’s tau’s value of 

0.49 (p <0.01) and a Sen’s median slope 

increase of 12.54 gC/m2/decade (Table 3, 

Figure 5). Stations UTN2–4 and UTN6 

have increased steadily since 2010, and 

in 2015 stations UTN2 and UTN3 had 

higher biomass than UTN5 (Figure 3c), 

although the trend analysis indicates the 

largest statistically significant increase in 

biomass over time still occurred at UTN5.

Environmental Data Versus 

Benthic Biomass

There were no significant bottom water 

temperature trends over time for any of 

the study regions (SLIP, Chirikov, or SECS; 

Mann-Kendall test for trend). However, a 

Spearman’s rank correlation analysis of 

benthic biomass (gC/m2) and environ-

mental data collections for the time series 

indicates a positive relationship between 

benthic biomass and bottom water tem-

peratures (Table 4, p <0.0001). We also 

found significant correlations between 

benthic biomass and increasing latitude, 

sediment community oxygen consump-

tion (SCOC), bottom water salinity, inte-

grated and bottom water chl a, sediment 

≥5 phi (silt and clay) content, sediment 

chl a, and sediment % TOC (Table 4). 

Although benthic biomass in our cur-

rent study was not directly related to 

some other possible indicators of carbon 

export to the sediments, such as sediment 

δ13C or C/N ratios, those two param-

eters were significantly related to each 

other (p <0.05; Table 4). We also found 

TABLE 2. Continued.

SECS = Southeast Chukchi Sea

Year UTN1 UTN2 UTN3 UTN4 UTN5 UTN6 UTN7

Historic
HX-172, 1973; 
M. calcarea

SWL98-
054, 1998; 

M. calcarea

HX189-
076, 1995; 

M. calcarea

HX74-
010, 1985; 

M. calcarea

H171-
076, 1993; 

M. calcarea

AK47-
055, 1988; 

M. calcarea

HX85-
090, 1986; 
E. tenuis

1998 E. parma M. calcarea M. calcarea M. calcarea E. tenuis M. calcarea E. tenuis

1999 E. parma M. calcarea Yoldia sp. M. calcarea Nepthyidae M. calcarea E. tenuis

2000 E. parma M. calcarea M calcarea M. calcarea M. calcarea M. calcarea E. tenuis

2001 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea E. tenuis

2002 E. parma Macoma sp. Macoma sp. Macoma sp. Macoma sp. Macoma sp. Macoma sp.

2003 E. parma M. calcarea M. calcarea M. calcarea M. calcarea P. femorata E. tenuis

2004 E. parma S. groenlandicus M. calcarea M. calcarea M. calcarea P. femorata E. tenuis

2005 E. parma M. calcarea M. calcarea P. femorata M. calcarea M. calcarea P. femorata

2006 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea

2007 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea

2008 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea

2009 no data no data no data no data no data no data no data

2010 E. parma M. moesta M. calcarea M. calcarea M. calcarea M. calcarea P. femorata

2011 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea P. femorata

2012 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea

2013 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea P. femorata

2014 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea

2015 E. parma M. calcarea M. calcarea M. calcarea M. calcarea M. calcarea P. femorata

Subphylum Crustacea, Class 
Malacostraca, Family Ampeliscidae 
(Ampelisca macrocephala), Family 
Pontoporeiidae (Pontoporeia 
femorata)

Class Bivalvia, Family Nuculidae 
(Ennucula tenuis), Family Tellinidae 
(Macoma calcarea, Macoma 
moesta), Family Cardiidae (Serripes 
groenlandicus, Serripes laperousii), 
Family Mytilidae (Musculus niger), 
Family Yoldiidae (Yoldia sp.)

Class Enchinoidea, Family 
Echninarachniidae (Echinarachnius 
parma)

Class Polychaeta, Family 
Ampharetidae (Ampharete 
acutifrons, Ampharete lindstroemi), 
Family Maldanidae (Axiothella 
cetenata, Maldane sarsi), Family 
Nepthyidae (Nephtys ciliata), 
Family Terebellidae (Artacama 
proboscidea)

Other: Class Ascidiacea, Family 
Pyuridae (Halocynthia aurantium); 
Sipuncula

COLOR KEY: Dominant Macrofauna 
by Biomass (% gC/m2 of total station 
biomass); Class, Family, Species
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FIGURE 4. Time series histograms of macrofaunal biomass (gC/m2) for the dif-
ferent taxa at each station for the three regions: (a) SLIP, stations SLIP1–SLIP5. 
(b) Chirikov, stations UTBS1, UTBS2, UTBS 4, UTBS 5. (c) SECS, stations UTN1– 
UTN7. Colors designate the dominant faunal type: polychaetes (light blue), bivalves 
(lavender), and crustaceans (amphipods) (orange). Remaining taxa are color keyed. 
The red arrows indicate the general location of stations from South (S) to North (N) 
within each of the SLIP and SECS regions. The Chirikov region has four time series 
sites located Southwest (SW), Northwest (NW), Southeast (SE), and Northeast 
(NE) in the region. See Figure 1 for the spatial location of the time series regions 
and stations. 

significant relationships between surface 

sediment TOC content and the silt/clay 

content (≥5 phi) of sediments and sedi-

ment chl a (p ≤0.05), which are similar to 

past findings (Table 4). 

DISCUSSION

Sea Ice and Water Temperature 

Trends

Prior studies indicate no significant 

decline in sea ice persistence, spring 

breakup date, or fall freeze-up date for the 

SLIP region before 2012 (Frey et al., 2014, 

2015; Grebmeier et al., 2015a). However, 

in our current analysis, we observed the 

beginning of a declining trend starting 

after 2012 that had significant acceler-

ating outliers in 2017 and 2018 for both 

declining sea ice (Figure 2a) and ris-

ing bottom water temperatures (2018; 

Figure B1 in Box 1). The earlier sea ice 

breakup impacts the timing of the spring 

bloom, which has subsequent impacts 

on export production delivered to the 

underlying sediments. When combined 

with the observed later sea ice formation, 

these trends may have significant impli-

cations for the overall food supply to the 

benthos in the spring period. Over the 

1998–2015 period, SECS also has exhib-

ited significant trends towards declin-

ing annual sea ice persistence, earlier sea 

ice breakup, and later sea ice formation 

(Figure 2c). 

Results of this study suggest that indi-

cators of carbon export (e.g., SCOC, sed-

iment chl a) are correlated with higher 

benthic biomass, corroborating previous 

studies (Grebmeier et al., 2006a; Lovvorn 

et  al., 2018). Bottom water temperature 

was correlated to higher benthic bio-

mass overall, although the Mann-Kendall 

trend analysis didn’t indicate signifi-

cantly increasing temperature over time 

in our study for any of the three regions. 

However, as shown in the Box 1 highlight 

for the SLIP region, the bottom water 

temperature for July 2018 was higher by 

nearly 3°C (from −1.5°C in 2017 to +1.5°C 

in 2018). Notably, the July 2018 bottom 

water temperature has a standard devia-

tion that does not overlap any previous 
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values during the 18 years of our study, emphasizing 

the dramatic warming during this year. Inclusion of 

the 2016–2018 benthic data currently being analyzed 

and future time series collections will be critical for 

evaluating the impacts of declining sea ice conditions, 

increasing seawater temperatures, and their impact 

on spring primary production and export of organic 

material to the benthos in the SLIP region.

Benthic Biomass Trends

SLIP

The SLIP region is critical habitat for the world pop-

ulation of the diving spectacled eider (Somateria 

fischeri) that feeds upon the small bivalves in the area 

and is listed as threatened under the US Endangered 

Species Act (Grebmeier, 2012; Lovvorn et al., 2015). 

Our statistical trend analysis indicates a signifi-

cant reduction in benthic biomass of key nuculanid 

bivalves that are important prey items for these sea 

ducks at the three southern time series sites in the 

FIGURE 5. Trends (calculated as Sen’s median slope estimators) for benthic 
macrofaunal station biomass (gC/m2/decade) for the three time series regions: 
SLIP, Chirikov, and SECS. The asterisks (*) indicate those trends that are statisti-
cally significant (Mann-Kendall test for trend, p < 0.05) for each station within the 
three regions as well as their overall means (see Table 3 for summary statistics).

TABLE 3. Time series of station benthic biomass (gC/m2) for all CCGS Sir Wilfrid Laurier stations from 1998 to 2015. Parameters include region, sta-
tion name, year range of time series study, minimum (Min), maximum (Max), and standard deviation (Std. Dev.) of the station biomass value. The statis-
tical value for the Kendall’s Tau and Mann-Kendall p-value, and Sen’s Median Slope (gC/m2/decade) are also provided. Bolded values are related to 
time series station trends with significant p value <0.05. SLIP = St. Lawrence Island Polynya region. Chirikov = Chirikov Basin region. SECS = Southeast 
Chukchi Sea region.

Region Station Name Years Mean Min Max Std. Dev.
Kendall’s 

Tau
Mann-Kendall 

p-value

Sen’s Median 
Slope  

(gC/m2/decade)

SLIP

SLIP1 2000–2015 15.18 6.18 22.65 4.76 −0.73 <0.0001 −7.98

SLIP2 2000–2015 14.83 7.75 27.17 6.17 −0.43 0.03 −8.87

SLIP3 2000–2015 15.91 5.94 29.84 6.47 −0.62 <0.001 −9.33

SLIP4 2000–2015 20.48 11.51 35.44 6.42 −0.05 0.85 −0.40

SLIP5 2000–2015 18.40 11.38 26.07 4.32 0.01 1.00 0.41

SLIP Mean 2000–2015 16.96 11.27 21.52 3.37 −0.50 0.01 −4.85

Chirikov

UTBS1 1999–2015 22.59 12.54 31.30 5.66 −0.03 0.89 −1.18

UTBS2 1999–2015 15.63 7.19 24.00 5.25 −0.31 0.11 −5.18

UTBS4 1999–2015 11.98 1.42 35.77 9.89 −0.68 <0.0001 −13.38

UTBS5 1999–2015 31.53 3.73 62.61 14.71 0.17 0.40 6.92

UTBS Mean 1999–2015 20.55 10.90 28.24 5.02 −0.18 0.35 −3.38

SECS

UTN1 1998–2015 18.01 8.08 27.47 5.54 0.57 <0.001 8.50

UTN2 1998–2015 38.38 5.38 148.39 43.32 0.13 0.46 8.76

UTN3 1998–2015 53.30 22.54 194.35 43.61 −0.01 0.97 −0.73

UTN4 1998–2015 42.53 21.55 126.90 28.69 0.32 0.08 17.37

UTN5 1998–2015 70.80 14.49 147.96 44.45 0.68 <0.0001 67.63

UTN6 1998–2015 30.31 17.09 60.91 10.85 0.16 0.39 4.70

UTN7 1998–2015 27.49 15.30 58.63 11.26 −0.25 0.18 −4.66

UTN Mean 1998–2015 40.06 23.62 104.24 21.62 0.49 0.01 12.54
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SLIP region (Figures 3a and 5), along 

with a spatial expansion of higher bio-

mass northward (Figure B2 in Box 1). 

Grebmeier and Cooper (2016) found a 

significant positive relationship between 

benthic biomass and silt and clay con-

tent of the sediments that is indica-

tive of slower currents (Pisareva et  al., 

2015), corroborated in our current study 

(Table 4). The change in dominance from 

nuculanid bivalves to maldanid poly-

chaetes started in 2009 and continues 

through 2015 (Table 2; Grebmeier and 

Cooper, 2016). The bottom water tem-

peratures in the SLIP region were consis-

tently coldest until 2018, when an unprec-

edented higher bottom water temperature 

was observed in July (Figure B1 in Box 1). 

This is likely due to the lack of full devel-

opment of the polynya during the previ-

ous winter. These higher water tempera-

tures may also be affecting the dominant 

nuculanid and tellinid clams (Table 2, 

Figure 4a), which are the main prey for 

the winter foraging of spectacled eiders 

(see Box 1; Lovvorn et al., 2015). Bottom 

TABLE 4. Spearman’s rho rank correlation statistics for macrofaunal benthic biomass (gC/m2) with 
water column and sediment parameters collected during July 1998–2015 via CCGS Sir Wilfrid 

Laurier for the combined three study regions: SLIP, Chirikov, and SECS (see Figure 1 for locations). 
Significant correlation at p ≤0.05, with values of p <0.0001 identified by **. NS = no significance.

Spearman’s 
Rho 

Correlation 
Coefficient

Probability Count

Environmental Variable Related to Benthic Biomass: All Three Regions Combined

Latitude 0.4995 <0.0001** 258

Sediment community oxygen consumption 0.4713 <0.0001** 133

Bottom water temperature 0.3244 <0.0001** 257

Bottom water salinity 0.2714 <0.0001** 257

Bottom water chlorophyll a 0.2534 0.0003 201

Integrated chlorophyll a 0.2392 0.0003 223

%≥5 phi sediment (silt and clay) 0.2154 0.0005 258

Surface sediment chlorophyll a 0.1676 0.0070 258

Surface sediment total organic carbon content 0.1409 0.0259 250

%1–4 phi sediment grain size (sand) −0.2155 0.0005 258

Surface sediment C/N values – NS 250

Surface sediment δ13C content – NS 75

Other Sediment Variables 

Sediment total organic carbon, % ≥5 phi sediment (silt and clay) 0.8940 <0.0001** 252

Sediment total organic carbon, surface sediment chlorophyll a 0.2167 0.0005 252

Sediment δ13C, C/N ratios −0.2428 0.0428 70

water temperature was previously not 

considered to be the dominant driver for 

this change in the SLIP region. Instead, 

it was suggested that changing hydrog-

raphy influenced a decline in spring pri-

mary production (Lee et  al., 2012) and 

limited the export of the spring phyto-

plankton bloom to the benthos. The 

combined observations of reduced win-

ter sea ice (Figure 2a) that are used as 

habitat by the sea ducks and the declin-

ing spatial extent of the preferred bivalve 

prey (Figure 3a) are projected to have a 

negative impact on the diving sea duck 

(Lovvorn et al., 2015; Box 1). 

CHIRIKOV

The Chirikov Basin in the northern Bering 

Sea is an important summer feeding and 

transit area for gray whales as they move 

northward into the Chukchi Sea (Moore, 

2016). The region is a known benthic 

prey hotspot for amphipods (Coyle et al., 

2007), although recent observations indi-

cate they are declining spatially, and their 

highest biomass regions are located to 

the northeast within the hotspot region 

(Figures 3b and 4b). Our time series 

data indicate shifts in population dom-

inance from amphipods (prey for gray 

whales) to ampharetid polychaetes and 

bivalves (prey for fish and walruses) in 

the southwest (UTBS5) and northwest 

(UTBS4) portions of this region (Table 2, 

Figures 3b and 4b). These results indicate 

a spatial shift in the amphipod prey patch 

north and eastward. Probably a related 

change is that recently, gray whales appear 

to be expanding their range further north 

into the northern Chukchi Sea, near the 

Alaskan coast and the shelf east of Barrow 

Canyon, as well as increasing the length 

of their stay in the Arctic (Moore, 2016). 

Only one of the Chirikov time series 

sites showed a significant declining trend 

for biomass (UTBS4; Table 3, Figure 3b) 

simultaneous with a macrofaunal change 

in dominance from ampeliscid amphi-

pods in 1999–2004 to bivalves later in 

the time series (see Table 2, Figure 4b). 

However, station UTBS5, which was 

dominated by ampeliscid amphipods in 

the 1980s–1990s, switched to polychaete 

dominance and sometimes bivalves 

(Table 2, Figure 4b). These changes, like 

those in the SLIP region, are likely driven 

by changes in current flow affecting sedi-

ment grain size that is a key driver for fau-

nal composition. For the two remaining 

time series sites dominated by ampeliscid 

amphipods (UTBS1, UTBS2), the higher 

biomass at the northeastern site (UTBS1) 

compared to the UTBS2 site south of it 

indicates a contraction of the maximum 

biomass for ampeliscid amphipods for 

this prey patch (Table 2, Figure 4b). To 

better resolve these changes, we recently 

added three stations to the DBO time 

series effort in order to track this 

apparent northern shift of the domi-

nant gray whale biomass prey base of 

Ampelisca macrocephala. 

SECS

Our SECS time series studies show an 

expansion both north and south over 

the last ~10 years of high benthic bio-

mass (Figure 3c). This is likely due to an 
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earlier retreat of sea ice (Figure 2c) and 

more open water production (Hill et al., 

2018) that enhances the seasonal depo-

sition of phytodetritus to the benthos 

(Nishino et  al., 2016). The SECS region 

is largely bivalve dominated, primarily by 

M. calcarea (Table 2; Feder et  al., 2007; 

Grebmeier et al., 2015a, 2015b). The most 

significant increasing trend in biomass in 

our study occurred at station UTN5, sup-

porting a northward shift of benthic bio-

mass from the northern Bering Sea to the 

Chukchi Sea (Figures 3c and 5). 

A study by Goethel et  al. (2018) cor-

roborates these findings of increasing 

bivalve populations in SECS. This study 

found that the highest abundances of 

M. calcarea occurred in the more pro-

ductive regions and were associated with 

higher surface sediment chl a inventories, 

a proxy for recent export of fresh phyto-

plankton to the benthos (Cooper et  al., 

2012). In addition, a synthesis of pri-

mary production studies indicated that 

the Southeast Chukchi Sea is character-

ized by seasonally high water column 

chl a production from late spring through 

summer (Hill et al., 2018). High seasonal 

levels of primary production are sus-

tained by advection of nutrients through 

the Bering Strait, which drives produc-

tion by large diatom cells with high lipid 

content in response to earlier sea ice 

retreat (Giesbrecht et al., 2018). However, 

Neeley et  al. (2018) suggest that as the 

ice-free duration becomes longer in the 

Southeast Chukchi Sea, a consequence 

may be a lowering of phytoplankton bio-

mass through shifts in phytoplankton 

community composition. This would 

potentially impact food web dynamics 

and carbon export that could be negative 

drivers for benthic biomass. Regardless, 

if SECS persists and increases as a major 

bivalve biomass hotspot, it could provide 

a more important food patch for walrus, 

although the lack of sea ice as habitat may 

make it more difficult for these large ani-

mals to access such offshore, high bio-

mass sites (Jay et al., 2012, 2014).

Environmental Drivers for 

Benthic Change

Surface and bottom water tempera-

ture and salinity are driven by advective 

changes in the pressure head that influ-

ences northward flow through the Bering 

Strait, by wind events, and by move-

ment of fronts over the shallow Pacific 

Arctic shelves (Coachman et  al., 1975; 

Danielson et al., 2017; Woodgate, 2018). 

The benthic ecosystem is likely respond-

ing to drivers strongly related to sur-

face water conditions (e.g.,  surface chl a 

blooms and early season and open water 

export of organic carbon to the under-

lying sediments; see Grebmeier et  al., 

2015a, and references therein). The ben-

thic animals that dominate in the hotspot 

areas of the Pacific Arctic are adapted to 

bottom water temperatures that normally 

range from −1.8°C to ~4°C across the 

area, and food supply remains the major 

driver for benthic biomass in the Pacific 

Arctic (Grebmeier et  al., 1989, 2006a, 

2015a, 2015b). However, the coldest 

water temperatures (<−1.6°C) in the SLIP 

region have been present year-round, but 

have now been observed to retreat as of 

summer 2018. As a result, the 2018 pos-

itive bottom water temperatures (>0°C) 

(Figure B1 in Box 1) could potentially lead 

to a tipping point for northward migra-

tions of additional Pacific species, includ-

ing fish that could alter benthic food webs.

Satellite-derived sea ice and ocean 

color trend analyses reported by Frey 

et  al. (2017) evaluated time series pat-

terns of sea ice persistence and water col-

umn production using chl a as a proxy. 

Water column production was associated 

with the timing of sea ice breakup, spe-

cifically showing a positive chl a anom-

alies trend when breakup was relatively 

early and a negative chl a anomalies 

trend when breakup was delayed. The 

most notable positive anomaly in 2017 

occurred during May, with high concen-

trations of chl a, averaging ~12 mg m–3 

higher than the 2003–2016 mean. This 

bloom occurred across a relatively large 

area (~500 × 350 km) in the northwestern 

Bering Sea that includes the SLIP region 

(Frey et al., 2017). In addition, strong pos-

itive anomalies in chl a occurred during 

May in the SECS region where chl  a 

concentrations averaged ~16 mg m–3 

higher in 2017 than the 2003–2016 mean 

across a ~100 × 150 km area (Frey et al., 

2017). High integrated chl a concentra-

tions (>100 mg m–2) have been observed 

during ship-based studies in the Chirikov 

Basin and SECS (Grebmeier et al., 2015a, 

2015b; Danielson et al., 2017), supporting 

these satellite observations. These find-

ings suggest that more open water will 

result in enhanced primary production 

that may or may not increase export pro-

duction to the underlying benthic com-

munities, depending on the level of zoo-

plankton grazers in the water column.

In a general sense, the key drivers for 

Arctic benthic systems can vary spatially 

owing to differences in sea ice persistence 

 “Time series studies are essential for 

evaluating whether this region is transitioning 

or even reaching a “tipping point” that could 

shift the benthic-dominated system to a 

pelagic one, with large-scale ramifications for 

ecosystem structure in this highly productive 

Pacific Arctic ecosystem.

”
. 
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and timing of breakup, water column 

nutrient levels, seawater temperature, pri-

mary productivity, and pelagic grazing, 

all of which influence seasonal primary 

production and the associated export 

of carbon to the underlying sediments. 

Ongoing regional modeling efforts are 

evaluating these key drivers influencing 

biological ecosystem response (e.g., Feng 

et al., 2018; Goethel et al., 2018). A recent 

bivalve recruitment and population 

dynamics modeling study by Goethel 

et  al. (2018) indicates that surface sedi-

ment chl a inventories, total organic car-

bon, and the percent of sediments ≥5 phi 

grain size as well as bottom water tem-

perature are correlated with both the 

abundance and biomass of the dominant 

bivalve, M. calcarea, at both the SLIP and 

the SECS time series sites. 

SUMMARY

The persistence of biological hotspots 

in the northern Bering and southern 

Chukchi Seas depends on reliable food 

supplies of spring ice algae and late 

spring/summer open water phytoplank-

ton for the two areas to maintain their 

high benthic biomasses, which are in turn 

critical for migrating upper trophic level 

benthic consumers. The ongoing decline 

in seasonal sea ice cover and change in 

the timing of spring sea ice melt and asso-

ciated ice edge production influence the 

timing of export production to the under-

lying benthos. Changing current speeds 

also influence where settling particulate 

organic carbon lands on the sediment 

and impacts benthic community compo-

sition. The biomass declines observed in 

the southern time series sites of the SLIP 

region, and changes from bivalves to 

polychaetes, are of concern because they 

can have consequences for the threatened 

status of the spectacled eider popula-

tion. In the Chirikov Basin there has also 

been a contraction east and northward 

of the high biomass ampeliscid amphi-

pod community, potentially affecting 

gray whale populations. Finally, though 

the Southeast Chukchi Sea hotspot north 

of Bering Strait has persisted since the 

1980s, current investigations there indi-

cate expansions south and north over the 

last decade of high macrofaunal biomass 

dominated by bivalves that can be uti-

lized by walruses. 

This study incorporates a portion of 

the suite of observing activities under-

taken as part of the Distributed Biological 

Observatory. Such programs are of par-

ticular importance as biological sampling 

across a range of spatiotemporal scales 

is required to detect ecological shifts 

in response to environmental forcing. 

Repeat collection of various environmen-

tal and biological parameters in time and 

space, complemented by process stud-

ies, is facilitating the evaluation of sea-

sonality and interannual Arctic ecosys-

tem status and trends. In 2015, the DBO 

expanded into the Beaufort Sea, and in 

2016 efforts were initiated to develop 

an Atlantic DBO in the Eurasian Arctic. 

New efforts are also being discussed for 

Baffin Bay and the Laptev Seas. One of 

the next steps in the DBO effort for the 

Pacific Arctic is to include a benthic con-

ceptual model that can be used to test 

the importance of environmental driv-

ers to biological responses. Some poten-

tial approaches include the Arctic Marine 

Pulses (AMP) model (Moore et al., 2018) 

as well as ongoing efforts to model bio-

logical benthic hotspots and key drivers 

that maintain the benthic hotspots in the 

region (Feng et al., 2018). Lovvorn et al. 

(2018) also recommend the development 

of models linking hydrographic patterns 

to lateral advection of phytodetritus and 

the descent of this material to the benthos 

as recorded in sediment organic carbon, 

which may allow the use of physical cli-

mate models to project the future expan-

sion of benthic habitats for use by benthi-

vorous predators. 

Fieldwork during the 2018 season indi-

cates significant new accelerated declines 

in annual sea ice persistence, earlier sea 

ice breakup, and later sea ice freeze-up 

in the Pacific Arctic, along with warming 

bottom waters, particularly in the SLIP 

region in the northern Bering Sea (Box 1). 

These very recent developments pose the 

inevitable question as to whether the ben-

thic ecological system has reached a tip-

ping point that will result in a reorga-

nization and shift in the productivity of 

the rich northern Bering Sea. Clearly, 

the system requires further study, and 

the dramatic shift in 2018 supports the 

need for continued time series studies 

of both water column and benthic bio-

logical parameters along with a broad 

suite of environmental measurements. 

Continuation of the biological time series 

will help facilitate change forecasting and 

will also help to determine whether the 

long-hypothesized shift from the domi-

nance of benthic to pelagic systems in the 

Pacific Arctic is underway. 

REFERENCES
Bluhm, B.A., A.V. Gebruk, R. Gradinger, R.R. Hopcroft, 

F. Huettmann, K.N. Kosobokova, B.I. Sirenko, and 
J.M. Weslawski. 2011. Arctic marine biodiversity: An 
update of species richness and examples of bio-
diversity change. Oceanography 24(3):232–248, 
https://doi.org/10.5670/oceanog.2011.75.

Coachman, L.K., A. Aagaard, and R.B. Tripp. 
1975. Bering Strait: The Regional Physical 

Oceanography. University of Washington Press, 
Seattle, 172 pp. 

Comiso, J.C., R. Gersten, L. Stock, J. Turner, 
G. Perez, and K. Cho. 2017a. Positive trends 
in the Antarctic sea ice cover and associated 
changes in surface temperature. Journal of 

Climatology 30:2,251–2,267, https://doi.org/10.1175/
JCLI-D-0408.1.

Comiso, J.C., W.N. Meier, and R. Gersten. 2017b. 
Variability and trends in the Arctic Sea ice cover: 
Results from different techniques. Journal 

of Geophysical Research 122:6,883–6,900, 
https://doi.org/10.1002/2017JC012768.

Cooper, L.W., M. Janout, K.E. Frey, R. Pirtle-Levy, 
M. Guarinello, J.M. Grebmeier, and J.R. Lovvorn. 
2012. The relationship between sea ice break-up, 
water mass variation, chlorophyll biomass, and 
sedimentation in the northern Bering Sea. Deep 

Sea Research Part II 71–76:5–15, https://doi.org/ 
10.1016/j.dsr2.2012.02.002.

Coyle, K.O., B.A. Bluhm, B. Konar, A. Blanchard, and 
R.C. Highsmith. 2007. Amphipod prey of grey 
whales in the northern Bering Sea: Changes in 
biomass and distribution. Deep Sea Research 

Part II 54:2,906–2,918, https://doi.org/10.1016/ 
j.dsr2.2007.08.026.

Coyle, K.O., L.B. Eisner, F. Mueter, A.I. Pinchuk, 
M.A. Janout, K.D. Cieciel, E.V. Farley, and 
A.G. Andrews III. 2011. Climate change in the 
southeastern Bering Sea: Impacts on pollock 
stocks and implications for the oscillating control 
hypothesis. Fisheries Oceanography 20:139–156, 
https://doi.org/ 10.1111/ j.1365-2419.2011.00574.x.

Danielson, S.L, L. Eisner, C. Ladd, C. Mordy, L. Sousa, 
and T.J. Weingartner. 2017. A comparison between 
late summer 2012 and 2013 water masses, macro-
nutrients, and phytoplankton standing crops in 
the northern Bering and Chukchi Seas. Deep Sea 

Research Part II 135:7–26, https://doi.org/10.1016/ 
j.dsr2.2016.05.024.



Oceanography |  Vol.31, No.2150

Doney, S.C., M. Ruckelshaus, J. Emmett Duffy, 
J.P. Barry, F. Chan, C.A. English, H.M. Galindo, 
J.M. Grebmeier, A.B. Hollowed, N. Knowlton, 
and others. 2012. Climate change impacts 
on marine ecosystems. Annual Review of 

Marine Science 4:11–37, https://doi.org/10.1146/
annurev-marine-041911-111611.

Eisner, L., N. Hillgruber, E. Martinson, and J. Mselko. 
2013. Pelagic fish and zooplankton species assem-
blages in relation to water mass characteristics in 
the northern Bering and southern Chukchi Seas. 
Polar Biology 36:87–113, https://doi.org/10.1007/
s00300-012-1241-0.

Ershova, E.A., R.R. Hopcroft, K.N. Kosobokova. 
2015. Inter-annual variability of summer mesozo-
oplankton communities of the western Chukchi 
Sea: 2004–2012. Polar Biology 38:1,461–1,481, 
https://doi.org/10.1007/s00300-015-1709-9.

Feder, H.M., S.C. Jewett, and A. Blanchard. 2007. 
Southeastern Chukchi Sea (Alaska) macrobenthos. 
Polar Biology 30:261–275, https://doi.org/10.1007/
s00300-006-0180-z.

Feng, Z., R. Ji, C. Ashjian, J. Zhang, R. Campbell, and 
J. Grebmeier. 2018. Physical and biological cou-
pling processes in the St. Lawrence Island Polynya, 
northern Bering Sea: Observational and modeling 
synthesis. Abstract, 2018 Ocean Sciences Meeting, 
Portland Oregon.

Frey, K.E., J.A. Maslanik, J. Clement Kinney, and 
W. Maslowski. 2014. Recent variability in sea ice 
cover, age, and thickness in the Pacific Arctic 
Region. Pp. 31–64 in The Pacific Arctic Region: 

Ecosystem Status and Trends in a Rapidly 

Changing Environment. J.M. Grebmeier and 
W. Maslowski, eds, Springer, Dordrecht.

Frey, K.E, J.C. Comiso, L.W. Cooper, L.B. Eisner, 
R.R. Gradinger, J.M. Grebmeier, and J.-É. Tremblay. 
2017. Arctic Ocean primary productivity. In Arctic 

Report Card 2017. NOAA, http://www.arctic.noaa.
gov/Report-Card/Report-Card-2017/ArtMID/7798/
ArticleID/701/Arctic-Ocean-Primary-Productivity.

Frey, K.E., G.W.K. Moore, L.W. Cooper, and 
J.M. Grebmeier. 2015. Divergent patterns of recent 
sea ice cover across the Bering, Chukchi and 
Beaufort Seas of the Pacific Arctic Region. Progress 

in Oceanography 136:32–49, https://doi.org/ 
10.1016/ j.pocean.2015.05.009.

Giesbrecht, K.E., D.E. Varela, J. Wiktor, J.M. Grebmeier, 
B. Kelly, and J.E. Long. 2018. A decade of sum-
mertime measurements of phytoplankton bio-
mass, productivity and assemblage composition 
in the Pacific Arctic Region from 2006 to 2016. 
Deep Sea Research Part II, https://doi.org/10.1016/ 
j.dsr2.2018.06.010.

Goethel, C.L., J.M. Grebmeier, and L.W. Cooper. 2018. 
Changes in abundance, biomass, and dominant 
size classes of the bivalve Macoma calcarea in the 
northern Bering Sea and the southeastern Chukchi 
Sea from 1998–2014. Deep Sea Research II, 

https://doi.org/10.1016/j.dsr2.2018.10.007.
Grebmeier, J.M. 2012. Shifting patterns of life in the 

Pacific Arctic and sub-Arctic seas. Annual Review 

of Marine Science 4:63–78, https://doi.org/10.1146/
annurev-marine-120710-100926. 

Grebmeier, J.M., B.A. Bluhm, L.W. Cooper, 
S.L. Danielson, K.R. Arrigo, A.L. Blanchard, 
J.T. Clarke, R.H. Day, K.E. Frey, R.R. Gradinger, and 
others. 2015a. Ecosystem characteristics and pro-
cesses facilitating persistent macrobenthic biomass 
hotspots and associated benthivory in the Pacific 
Arctic. Progress in Oceanography 136:92–114, 
https://doi.org/10.1016/j.pocean.2015.05.006.

Grebmeier, J.M., B.A. Bluhm, L.W. Cooper, 
S.G. Denisenko, K. Iken, M. Kędra, and 
C. Serratos. 2015b. Time-series benthic commu-
nity composition and biomass and associated 

environmental characteristics in the Chukchi 
Sea during the RUSALCA 2004–2012 Program. 
Oceanography 28:116–133, https://doi.org/10.5670/
oceanog.2015.61.

Grebmeier, J.M., and L.W. Cooper. 1995. Influence 
of the St. Lawrence Island polynya on the 
Bering Sea benthos. Journal of Geophysical 

Research 100:4,439–4,460, https://doi.org/ 
10.1029/94JC02198.

Grebmeier, J.M, and L.W. Cooper. 2016. The Saint 
Lawrence Island Polynya: A 25-year evalua-
tion of an analogue for climate change in polar 
regions. Pp. 171–183 in Aquatic Microbial Ecology 

and Biogeochemistry: A Dual Perspective. 
P.M. Glibert and T.M. Kana, eds, Springer, 
https://doi.org/10.1007/978-3-319-30259-1_14. 

Grebmeier, J.M., L.W. Cooper, H.M. Feder, and 
B.I. Sirenko. 2006a. Ecosystem dynamics of the 
Pacific-influenced Northern Bering and Chukchi 
Seas in the Amerasian Arctic. Progress in 

Oceanography 71:331–361, https://doi.org/10.1016/ 
j.pocean.2006.10.001.

Grebmeier, J.M., H.M. Feder, and C.P. McRoy. 1989. 
Pelagic–benthic coupling on the shelf of the north-
ern Bering and Chukchi Seas: Part II. Benthic 
community structure. Marine Ecology Progress 

Series 51:253–268.
Grebmeier, J.M., S.E. Moore, J.E. Overland, K.E. Frey, 

and R. Gradinger. 2010. Biological response 
to recent Pacific Arctic sea ice retreats. Eos, 

Transactions of the American Geophysical 

Union 91(18):161–162, https://doi.org /10.1029/ 
2010EO180001.

Grebmeier, J.M., J.E. Overland, S.E. Moore, E.V. Farley, 
E.C. Carmack, L.W. Cooper, K.E. Frey, J.H. Helle, 
F.A. McLaughlin, and L. McNutt. 2006b. A major 
ecosystem shift in the northern Bering Sea. 
Science 311:1,461–1,464, https://doi.org/10.1126/
science.1121365. 

Grubbs, F.E. 1950. Sample criteria for testing out-
lying observations. Annals of Mathematics and 

Statistics 21:27–58.
Grubbs, F.E. 1969. Procedures for detecting outlying 

observations in samples. Technometrics 11(1):1–21, 
https://doi.org/10.1080/00401706.1969.10490657.

Grubbs, F.E., and G. Beck. 1972. Extension of 
sample sizes and percentage points for sig-
nificance tests of outlying observations. 
Technometrics 14:847–854, https://doi.org/ 
10.2307/1267134.

Hill, V., M. Ardyna, S.H. Lee, and D.E. Varela. 2018. 
Decadal trends in phytoplankton production in the 
Pacific Arctic Region from 1950 to 2012. Deep Sea 

Research Part II 152:82–94 https://doi.org/10.1016/ 
j.dsr2.2016.12.015.

Hoaglin, D.C., F. Mosteller, and J.W. Tukey. 2000. 
Understanding Robust and Exploratory Data 

Analysis. Wiley Classics Library, Wiley, New York.
Hunt, G.L., Jr., A.L. Blanchard, P. Boveng, 

P. Dalpadado, K.F. Drinkwater, L. Eisner, 
R.R. Hopcroft, K.M. Kovacs, B.L. Norcross, 
P. Renaud, and others. 2013. The Barents 
and Chukchi Seas: Comparison of two 
Arctic shelf ecosystems, Journal of Marine 

Systems 109–110:43–68, https://doi.org/10.1016/ 
j.jmarsys. 2012.08.003.

Hunt, G.L., Jr., K.F. Drinkwater, K. Arrigo, J. Berge, 
K.L. Daly, S. Danielson, M. Daase, H. Hop, E. Isla, 
N. Karnovsky, and others. 2016. Advection in 
polar and sub-polar environments: Impacts on 
high latitude marine ecosystems. Progress in 

Oceanography 149:40–81, https://doi.org/10.1016/ 
j.pocean.2016.10.004.

Iken, K., B.A. Bluhm, and K.H. Dunton. 2010. Benthic 
food-web structure under differing water mass 
properties in the southern Chukchi Sea. Deep Sea 

Research Part II 57:71–85, https://doi.org/10.1016/ 
j.dsr2.2009.08.007.

Jay, C.V., A.S. Fischbach, and A.A. Kochnev. 2012. 
Walrus areas of use in the Chukchi Sea during 
sparse sea ice cover. Marine Ecology Progress 

Series 468:1–13, https://doi.org/10.3354/
meps10057.

Jay, C.V., J.M. Grebmeier, A.S. Fischbach, 
T.L. McDonald, L.W. Cooper, and F. Hornsby. 2014. 
Pacific walrus (Odobenus rosmarus divergens) 
resource selection in the northern Bering Sea. 
PLoS ONE 9:1–11, https://doi.org/10.1371/journal.
pone.0093035.

Kędra, M., C. Moritz, E.S. Choy, C. David, R. Degen, 
S. Duerksen, I. Ellingsen, B. Górska, J.M. Grebmeier, 
D. Kirievskaya, and others. 2015. Status and trends 
in the structure of Arctic benthic food webs. Polar 

Research 34, 23775, https://doi.org/10.3402/polar.
v34.23775.

Kendall, M.G. 1975. Rank Correlation Methods, 4th ed. 
Charles Griffin, London.

Lee, S.H., H.-M. Joo, M.S. Yun, and T.E. Whitledge. 
2012. Recent phytoplankton productivity of the 
northern Bering Sea during early summer in 2007. 

Polar Biology 35:83–98, https://doi.org/10.1007/
s00300-011-1035-9.

Lovvorn, J.R., U. Jacob, C.A. North, J.M. Kolts, 
J.M. Grebmeier, L.W. Cooper, and X. Cui. 2015. 
Modeling spatial patterns of limits to produc-
tion of deposit-feeders and ectothermic preda-
tor in the northern Bering Sea. Estuarine Coastal 

Shelf Science 154:19–29, https://doi.org/10.1016/ 
j.ecss.2014.12.020.

Lovvorn, J.R., C.A. North, J.M. Grebmeier, L.W. Cooper, 
and J.M. Kolts. 2018. Sediment organic carbon inte-
grates changing environmental conditions to pre-
dict benthic assemblages in shallow Arctic seas. 
Aquatic Conservation of Marine and Freshwater 

Ecosystems 28:861–871, https://doi.org/10.1002/
aqc.2906.

Mann, H.B. 1945. Non-parametric test against trend. 
Econometrica 13:245–259.

Medearis, S.L. 2018. NOAA survey shows shock-
ing lack of thermal barrier between northern and 
southern Bering Sea. Nome Nugget News Section 
8/17/18, http://www.nomenugget.com/news/ 
noaa-survey-shows-shocking-lack-thermal-barrier- 
between-northern-and-southern-bering-sea.

Moore, S.E., 2016. Is it ‘boom times’ for baleen whales 
in the Pacific Arctic region? Biological Letters 12, 
2016021, https://doi.org/10.1098/rsbl.2016.0251.

Moore, S.E., and J.M. Grebmeier. 2018. The 
Distributed Biological Observatory: Linking 
physics to biology in the Pacific Arctic region. 
Arctic 71(1):1–7, https://doi.org/10.14430/arctic4606.

Moore, S.E., P.J. Stabeno, J.M. Grebmeier, and 
S.R. Okkonen. 2018. The Arctic Marine Pulses 
Model: Linking annual oceanographic processes to 
contiguous ecological domains in the Pacific Arctic. 
Deep Sea Research Part II 152:8–21, https://doi.org/ 
10.1016/j.dsr2.2016.10.011.

Mueter, F.J., and M.A. Litzow. 2008. Sea ice retreat 
alters the biogeography of the Bering Sea conti-
nental shelf. Ecological Applications 18(2):309–320, 
https://doi.org/10.1890/07-0564.1.

Neeley, A.R., L.A. Harris, and K.E. Frey. 2018. 
Unraveling phytoplankton community dynam-
ics in the northern Chukchi and western 
Beaufort seas amid climate change. Geophysical 

Research Letters 45:7,663–7,671, https://doi.org/ 
10.1029/2018GL077684.

Nelson, J., R. Gradinger, B. Bluhm, J.M. Grebmeier, 
B. Sirenko, K. Conlan, P. Ramlal, S. Lee, H. Joo, 
B. Li, and others. 2014. Lower trophics: Northern 
Bering, Chukchi, Beaufort (Canada and US) Seas, 
and the Canada Basin. Pp. 269–336 in The Pacific 

Arctic Region: Ecosystem Status and Trends in a 

Rapidly Changing Environment. J.M. Grebmeier 
and W. Maslowski, eds, Springer, Dordrecht.



Oceanography  |  June 2018 151

Nishino, S., T. Kikuchi, A. Fujiwara, T. Hirawake, 
and M. Aoyama. 2016. Water mass charac-
teristics and their temporal changes in a bio-
logical hotspot in the southern Chukchi Sea. 
Biogeosciences 13:2,563–2,578, https://doi.org/ 
10.5194/bg-13-2563-2016.

Pisareva, M.N., R.S. Pickart, K. Iken, E.A. Ershova, 
J.M. Grebmeier, L.W. Cooper, B.A. Bluhm, C. Nobre, 
R.R. Hopcroft, H. Hu, and others. 2015. The rela-
tionship between patterns of benthic fauna and 
zooplankton in the Chukchi Sea and physical forc-
ing. Oceanography 28:68–83, https://doi.org/ 
10.5670/oceanog.2015.58.

Renaud, P.E., M.K. Seir, B.A. Bluhm, B. Sirenko, and 
I. Ellingsen. 2015. The future of Arctic benthos: 
Expansion, invasion, and biodiversity. Progress in 

Oceanography 139:44–257, https://doi.org/10.1016/ 
j.pocean.2015.07.007.

Schlitzer, R. 2016. Ocean Data View, v. 4.7.3, 
https://odv.awi.de/fileadmin/user_upload/odv/ 
misc/odv4Guide.pdf.

Sen, P.K. 1968. Estimates of the regression coefficient 
based on Kendall’s Tau. Journal of the American 

Statistical Association 63(Issue324):1,379–1,389, 
https://doi.org/10.1080/01621459.1968.10480934. 

Sigler, M.F., M. Renner, S.L. Danielson, L.B. Eisner, 
R.R. Lauth, K.J. Kuletz, E.A. Logerwell, and 
G.L. Hunt Jr. 2011. Fluxes, fins, and feathers: 
Relationships among the Bering, Chukchi, and 
Beaufort Seas in a time of climate change. 
Oceanography 24:250–265, https://doi.org/ 
10.5670/oceanog.2011.77. 

Sirenko, B.I., and S.Y. Gagaev. 2007. Unusual abun-
dance of macrobenthos and biological inva-
sions in the Chukchi Sea. Russian Journal of 

Marine Biology 3:355–364, https://doi.org/10.1134/
S1063074007060016.

Stoker, S.W. 1978. Benthic Invertebrate Macrofauna 

of the Eastern Continental Shelf of the Bering/

Chukchi Seas. PhD Thesis, University of Alaska 
Fairbanks, Alaska.

Wood, K.R., N.A. Bond, S.L. Danielson, J.E. Overland, 
S.A. Salo, P.J. Stabeno, and J. Whitefield. 2015. 
A decade of environmental change in the Pacific 
Arctic region. Progress in Oceanography 136:12–31, 
https://doi.org/10.1016/j.pocean.2015.05.005.

Woodgate, R.A. 2018. Increases in the Pacific inflow 
to the Arctic from 1990 to 2015, and insights into 
seasonal trends and driving mechanisms from 
year-round Bering Strait mooring data. Progress 

in Oceanography 160:124–154, https://doi.org/ 
10.1016/j.pocean.2017.12.007. 

ACKNOWLEDGMENTS
We thank all our Pacific Arctic region and DBO col-
laborators as well as field and laboratory tech-
nicians over the years for the time series ben-
thic and environmental data collection efforts. 
Most recently, we thank Stephanie Soques, Linton 
Beaven, and Christina Goethel for laboratory taxo-
nomic work, Alynne Bayard for geographical map-
ping and data entry, and Chirk Chu for benthic data 
processing. We also thank Paul Renaud (Norway) 
and two additional anonymous reviewers who pro-
vided constructive comments that improved an ear-
lier version of the manuscript. Financial support was 
provided by grants from the NSF Arctic Observing 
Network program (1204082 and 1702456) and the 
NOAA Arctic Research Program (CINAR 22309.02) 
to PIs Grebmeier and Cooper. K. Frey was sup-
ported through the NSF Arctic Sciences Division 
(grants 1204044 and 1702137) as well as the NASA 
Cryospheric Sciences Program (grant NNX14AH61G). 
M. Kędra was supported by Polish National Science 
Centre grant no. DEC-2013/08/M/NZ8/00592.

AUTHORS
Jacqueline M. Grebmeier (jgrebmei@umces.edu) 
is Research Professor, Chesapeake Biological 
Laboratory, University of Maryland Center for 
Environmental Science, Solomons, MD, USA. 
Karen E. Frey is Associate Professor, Graduate 
School of Geography, Clark University, Worcester, 
MA, USA. Lee W. Cooper is Research Professor, 
Chesapeake Biological Laboratory, University 
of Maryland Center for Environmental Science, 
Solomons, MD, USA. Monika Kędra is Associate 
Professor, Institute of Oceanology, Polish Academy 
of Sciences, Sopot, Poland.

ARTICLE CITATION
Grebmeier, J.M., K.E. Frey, L.W. Cooper, and 
M. Kędra. 2018. Trends in benthic macrofaunal pop-
ulations, seasonal sea ice persistence, and bot-
tom water temperatures in the Bering Strait region. 
Oceanography 31(2):136–151, https://doi.org/10.5670/
oceanog.2018.224.


