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Abstract

The ampeliscid amphipod community in the Chirikov Basin of the northern Bering Sea was a focus of study during the
1980s because they were a major food for the Eastern North Pacific (ENP) population of gray whales Eschrichtius robustus.
Information from the 1980s benthic investigations, published accounts of ENP gray whale population trends and the
occurrence in 1999-2000 of an unusual number of gray whale mortalities prompted concern that the whale population may
have exceeded the carrying capacity of its food base. Therefore, during two cruises per year between June and September,
2002 and 2003, we resampled the 20 stations occupied during the 1980s, to determine if there had been any significant
changes in ampeliscid abundance and biomass. During 2002-2003, average ampeliscid dry weight biomass was about
284+ 10gm~2 (95% confidence interval), a decline of nearly 50% from maximum values in the 1980s. Amphipod length
measurements indicated that the declines were due mainly to the absence of the larger animals (20-30 mm length). Two
hypotheses were considered regarding the amphipod declines: gray whale predation and climate. Ampeliscid production
(105kcalm~2yr~") and gray whale energy requirements (1.6 x 10% kcalindividual ' yr~!) indicated that as little as 3-6% of
the current estimate of the ENP gray whale population could remove 10-20% of the annual ampeliscid production from
the study site in 2002-2003, a finding consistent with the hypothesis that top-down control by foraging whales was the
primary cause of the observed declines. A 10-yr time series of temperature near the bottom in the Bering Strait and
northward transport did not reveal a consistent trend between 1990 and 2001, suggesting that climate influences were
not the major cause of the observed declines. Arctic ampeliscids have slow growth rates and long generation times;
therefore the ampeliscid community may require decades to recover to densities observed in the 1980s. Predicted warming
trends in the northern Bering Sea could impact ampeliscid recovery by lowering primary production or altering the
community composition of the benthos.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The northern Bering Sea amphipod community in
the Chirikov Basin is composed primarily of tube-
dwelling amphipods of the family Ampeliscidae
(Stoker, 1981; Grebmeier et al., 1989; Highsmith
and Coyle, 1991, 1992). Measurements in the 1980s
indicated that the Chirikov Basin ampeliscids
comprised one of the most productive amphipod
communities on record (Highsmith and Coyle,
1990), with maximum values on the order of
170-230 kcalm 2yr~! and a mean dry weight
biomass of 30-40 gm 2. The Chirikov Basin am-
phipod bed was a focus of research in the 1980s,
because the region was a major foraging ground of
the Eastern North Pacific (ENP) population of the
gray whale Eschrichtius robustus (Kim and Oliver,
1989; Moore, 2000; Moore et al., 2003), and dietary
analysis indicated that ampeliscids were the primary
prey item (Bogoslovskaya et al., 1981; Nerini, 1984).
Historically, about 87% of the ENP gray whale
population spent some time foraging in this area
while in transit, and about 17% spent approxi-
mately 6 months of the year (May—October) in the
Chirikov Basin to obtain most of their annual
energetic requirements (Berzin, 1984; Thomas and
Martin, 1986).

Although the gray whale population had been
growing at a rate of 3.29% yr~' since 1980 (Perry-
man et al., 1998; Rugh et al., 1999), a more than
threefold increase in gray whale mortality occurred
in the late 1990s and a decline in calf production of
about 80% was observed (Le Boeuf et al., 2000;
Moore et al., 2001). Abundance estimates have
fallen from 29,758 whales in 1997/1998 to 18,178
(£ 10% coefficient of variation) in 2001/2002 (Rugh
et al., 2005), a decline of about 30%. The reasons
for the gray whale population declines are un-
certain; however, food limitation is one potential
cause. Recent evidence indicates that gray whales
may be approaching the carrying capacity of their
habitat (Moore et al., 2001; Rugh et al., 2005) and
the gray whale population may have been high
enough to impose top-down control on the amphi-
pod community in the Chirikov Basin as early as the
1980s (Highsmith and Coyle, 1992). In addition,
climate-related changes in the Bering Sea ecosystem
(Napp and Hunt, 2001; Hunt and Stabeno, 2002;
Schumacher et al., 2003) suggest that gray whale
food resources may be impacted by global climate
change. To determine if gray whale food sources
had declined in the Chirikov Basin, in 2002-2003 we
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resampled stations from the earlier amphipod study
in the 1980s, to permit comparisons of amphipod
abundance, biomass, and productive capacity in the
two periods. Here we present the most recent
estimates of ampeliscid abundance and biomass in
the Chirikov Basin, and compare the results with
those of earlier studies.

1.1. Site description

The Chirikov Basin covers about 40,000 km? in
the northern Bering Sea between St. Lawrence
Island and the Bering Strait (Fig. 1). The bottom
is flat and sandy (Grebmeier et al., 1989) with an
average bottom depth of about 40 m. Low >'°Pb-ex
concentrations (9.3-16.7mBqg~") suggest a very
low sedimentation rate (Grebmeier, 1993). The
region is characterized by three major water masses,
the Alaska Coastal Water (ACW), the Anadyr
Water (AW), and the Bering Self Water (BSW). The
Chirikov Basin, where the amphipod bed occurs
(Fig. 1), is occupied by AW and BSW water masses
(Coachman et al., 1975). The AW originates at the
Bering Sea shelf break and is the source of nutrients
driving the high primary production over the
amphipod bed (Walsh et al.,, 1989). Because
ampeliscids are sedentary tube dwellers that feed
primarily on phyto-detritus (Highsmith and Coyle,
1991), they require a high flux of phytoplankton to
the bottom to maintain their dense populations and
high productivity.

2. Methods
2.1. Amphipod sampling

Baseline data to assess changes in amphipod
populations were collected between late May and
early November 1986-1988 (Table 1), as reported in
earlier publications (Highsmith and Coyle, 1990,
1991, 1992). During 2002 and 2003, two cruises were
made to the study site between late June and the end
of September of each year. Twenty stations were
sampled in the Chirikov Basin between 63°N and
65°N and 168°W and 170°W (Fig. 1(B), black dots).
Sampling locations and methodology were identical
to those in the earlier study. Five replicate benthic
samples were taken at each station with a 0.1 m? van
Veen grab. The samples were sieved through a
I-mm screen and all animals retained on the screen
were preserved in 10% buffered formalin for later
sorting and analysis.
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Fig. 1. (A) Location of the ampeliscid study site in the Chirikov Basin of the northern Bering Sea (red star is the location of Mooring A2
in Bering Strait). (B) Station locations for 1986-1988 and 2002-2003 (black dots and numbers) and for 1973-1974 (red dots).

Table 1
Cruise dates for sample periods 1 (1986-1988) and 2 (2002-2003)

Period 1 Period 2

1986 1987 1988 2002 2003

May 28-Jun 4 Jun 14-18 Jun 5-11 Jul 1-10 Jun 20-27
Jul 27-31 Jul 16-19* Jul 18-24* Sep 6-14 Sep 15-24
Sep 10-13 Aug 21-25* Aug 26-28* - -

Sep 27-Oct 9 Oct 31-Nov 4 Oct 14-17 - -

Asterisk indicates cruise where CTD data only were available.

Additional samples were collected at selected sites
for dry-weight determinations. Amphipods from
dry-weight samples were sorted to species. The head
length was measured using a digitizing board and
converted to total body length (to the nearest mm
from the tip of the head to the tip of the telson)
using a head length-body length regression. The
specimens were then dried at 60 °C for 24 h, frozen,
and returned to the lab for analysis. The frozen
samples were thawed, redried at 60°C for an
additional 24 h, and dry weight was measured with
a Cahn Electrobalance. A subsample of material
from the formalin preserved samples was measured
and weighed to determine length-wet weight re-
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lationships. The relationship between amphipod
length and ash free dry weight (AFDW) was
computed from data taken in the 1980s (Highsmith
and Coyle, 1991, 1992). A MatLab curve fitting
algorithm was used to relate wet weight, dry weight,
and AFDW to animal length. The resulting regres-
sion coefficients were used to convert the length and
abundance data to biomass. Caloric content was
estimated using caloric-:AFDW ratios determined in
an earlier study (Highsmith and Coyle, 1992).
Amphipods in the formalin-preserved samples were
sorted to species and enumerated. The head length
was measured and converted to body length as
outlined above.
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The Byblis species in the northern Bering Sea are
very similar and cannot be reliably distinguished
when under about 8 mm length (Coyle and High-
smith, 1989). Therefore, all Byblis for these analyses
were pooled as Byblis spp. The species present
included B. gaimardii, B. breviramus, B. pearcyi,
B. frigidis, and B. robustus. Ampelisca macrocephala
and Ampelisca erythrorhabdota cannot be distin-
guished when under 8 mm length. 4. macrocephala,
A. erythrorhabdota, and Ampelisca eschrichti were
pooled as Ampelisca spp. for the analyses in this
paper. Ampelisca birulai were reported separately
based on their different body shape.

2.2. Physical oceanographic data

Conductivity—temperature—depth (CTD) profiles
were taken at each station using a Seabird model
911 Plus CTD. The depth of the pycnocline was
computed for each station and cruise by locating the
depth where d ot/dZ was maximum (ot = sigma ¢;
Z = depthm). The mean water-column temperature
and salinity above and below the pycnocline were
computed. In addition, the stratification parameter,
the energy required to redistribute the water-column
mass by complete vertical mixing (Jm™), was
computed (Fielder et al., 1998; Simpson et al.,
1977). For analysis of chlorophyll-a and phaeopig-
ments, water samples collected with Niskin bottles
from a CTD rosette were filtered on GF/F filters
and frozen. Pigments were extracted with 7ml of
90% (v:v) acetone for 24 h in the dark at —18°C
(Karl et al., 1990). Chlorophyll-a concentration was
then determined with a Turner TD-700 fluorometer
(Arar and Collins, 1992).

Supplemental temperature data was obtained
from a long-term mooring in the Bering Strait
(Fig. 1(A), see Woodgate et al., 2005). The
temperature sensors were positioned 5-10m off
the bottom at a depth of about 45m. Temperature
records included data at 30- to 60-s intervals. The
record started in September 1990 and ended in June
2002, with a gap between September 1996 and July
1997. The temperature records were converted to
daily averages and the calendar date was attached to
each average before writing the data to a database.
The temperature data for each complete year were
converted to Kelvin from centigrade units and
integrated from March 1 to the end of February
of the following year to look for any consistent
trends in the temperature regime in the bottom
water.
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2.3. Statistical treatment

Since sampling and methodology were identical
between the 1980s and 2002-2003 collections,
direct comparisons can be made between periods.
Station locations were selected randomly before
the initial study as outlined in Highsmith and
Coyle (1992). Samples from Period 1 included
material from eight cruises (Table 1). The mean
abundance, biomass, and caloric content of the
major taxa were computed for each station by
period. A one way analysis of variance was used
to look for differences in mean values between
periods. Consistent trends between periods also
were documented using a nonparametric sign test.
The mean biomass by length and period was
computed for the major taxa to document signifi-
cant changes in the size distribution of animals
between periods.

Supplemental data on ampeliscid wet weight
biomass from 1973 to 1974 were also available
(Stoker, 1981). Stations were selected to include
only those within the study site (Fig. 1(B), red dots).
Because ampeliscid distribution in the study area is
highly spatially correlated, and the station distribu-
tion in the early 1970s was different from that in the
later studies, formal statistical tests are not appro-
priate. We therefore limit comparison with the
earlier data set to observations of the trend in mean
values.

3. Results
3.1. Length weight relationships

The curve fitting routine generated exponential
relationships between amphipod length and wet
weight, dry weight, and AFDW. The R” values were
all above 0.9 (Table 2), indicating that the length
measurements can serve as a reliable quantitative
predictor of biomass.

3.2. Ampeliscid abundance and biomass

Ampelisca spp. dominated ampeliscid abundance
and biomass during both periods (Table 3). Mean
biomass of Ampelisca spp. was significantly lower
during Period 2, as revealed by both analysis of
variance and a sign test comparing changes in
biomass by station; these results indicate that a
significant decline in Ampelisca spp. biomass oc-
curred during the intervening years between Periods
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1 and 2. A similar trend was observed for the dry
weight and AFDW biomass of Byblis spp. and
A. birulai (Table 3), although differences in mean
dry-weight biomass of Byblis spp. were not sig-
nificantly different between Periods 1 and 2
(P<0.05). In contrast to biomass, the abundance
of Ampelisca spp. and Byblis spp. showed no signi-
ficant change between the two periods (Table 3).
The declines in biomass occurred primarily in the
southern half of the study region (Fig. 2). Compar-

Table 2
Regression coefficients for ampeliscid weight data from the
Chirikov Basin

Taxa a b R

Length (mm) versus dry weight (mg)

Ampelisca macrocephala 1.62 0.16 0.94

Byblis spp. 1.28 0.17 0.96

Ampelisca birulai 0.38 0.30 0.93
Length (mm) versus ash free dry weight (mg)

Ampelisca macrocephala ~ 1.21 0.16 0.95

Byblis spp. 0.64 0.20 0.96

Ampelisca birulai 0.23 0.32 0.95
Length (mm) versus wet weight (mg)

Ampelisca macrocephala ~ 7.14 0.13 0.93

Byblis spp. 4.75 0.17 0.96

Ampelisca birulai 1.01 0.31 0.91

The coefficients correspond to the exponential function
weight = aexp(b x length).

Table 3

ison of mean AFDW biomass by length category
and period indicated that losses in biomass were due
primarily to lower contributions by the larger
animals (Figs. 3 and 4). Comparison of wet weight
biomass from the early 1970s, the 1980s and
2002-2003 indicated a decline in Ampelisca biomass
between the three periods (Table 4). Declines in
biomass of Byblis spp. and A. birulai between the
early 1970s and 1980s were not observed. Ampelisca
spp. made up at least 80% of the ampeliscid
biomass during all periods, Byblis made up
11-14% of the biomass, but A. birulai showed
substantial declines from about 6-9% during the
1970s and 1980s to about 2% of the total biomass
during 2002-2003 (Table 4). The cause of the
decline in relative biomass of A. birulai is not
known.

3.3. Oceanographic data

Mean temperatures above and below the pycno-
cline were higher by about 1.5-3°C during the
2002-2003 sampling period relative to the 1980s
(Table 5). Although mean salinity below the
pycnocline was higher in 2002-2003, the differences
were marginal. Water-column stability was on
average higher in 2002-2003 relative to the 1980s.
Mean integrated chlorophyll was by about 1.5 times
higher during the 2002-2003 cruises. A more
complete temperature record for the interval be-
tween Periods 1 and 2 was obtained from Mooring

Mean abundance, biomass and caloric content of major ampeliscid species in the Chirikov Basin during the 1980s (Period 1) and in

2002-2003 (Period 2)

Data type Period 1 Period 2 P value Sign test
Ampelisca spp.
Abundance (No. m™?) 2144 1154 0.127 0.2630
Dry weight (gm™?) 41 22 0.018 0.0008
AF dry weight (gm™2) 33 18 0.017 0.0008
Caloric content (kcalm™?) 173.6 101.1 0.017 0.0008
Byblis spp.
Abundance (No. m™?) 737 532 0.420 0.052
Dry weight (gm™2) 6.6 34 0.074 0.015
AF dry weight (gm™2) 5.4 2.5 0.035 0.004
Caloric content (kcalm™?) 27.3 14.1 0.074 0.015
Ampelisca birulai
Abundance (No. m~?) 648 101 0.0004 0.0007
Dry weight (gm™?) 2.48 0.44 0.0005 0.0007
AF dry weight (gm™2) 1.80 0.32 0.0006 0.0007
Caloric content (kcalm™2) 9.9 1.8 0.0005 0.0007

P value is for an ANOVA comparing mean values between periods. Sign test lists the P value for sign tests between periods.
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Fig. 2. Distribution of mean ash-free dry weight (gm™2) of Ampelisca spp. in the Chirikov Basin of the northern Bering Sea. (A) Period 1
(1986-1988). (B) Period 2 (2002-2003); black dots indicate station locations.
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Fig. 3. Length distribution of Ampelisca spp. specimens making
up the mean ash-free dry weight for all stations in the Chirikov
Basin of the northern Bering Sea in 1986-1988 (Period 1) and
2002-2003 (Period 2). Error bars are 95% confidence intervals.

A2 (Fig. 1) in Bering Strait (Fig. 5). The integrated
annual temperature—time series was computed for
each complete year. Temperatures occasionally
exceeded 7°C in late summer but most values
throughout the year were below 0 °C. The integrated
temperature values ranged between 9.88 and
9.93 x 10*K d (Fig. 5).
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Byblis spp.; Ash Free Dry Weight; All Stations
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Fig. 4. Length distribution of Byblis specimens making up the
mean ash-free dry weight for all stations in the Chirikov Basin of
the northern Bering Sea in 1986-1988 (Period 1) and 2002-2003
(Period 2). Error bars are 95% confidence intervals.

4. Discussion

Our results indicate a decline in ampeliscid
biomass beginning as early as the early 1970s. In
addition, amphipod biomass declines on the order
of 40-60% occurred at three stations in the
Chirikov Basin throughout the 1990s (Moore
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Table 4

Wet weight biomass (gm™2) of major ampeliscid taxa in the Chirikov Basin during the last 30 years: Period 1 = 1973-1974; Period

2 = 1986-1988; Period 3 = 2002-2003

Species Period 1 Period 2 Period 3

Wet weight Percent Wet weight Percent Wet weight Percent
Ampelisca spp. 146.7 83 103.2 80 62.4 87
Byblis spp. 20.4 12 18.6 14 7.9 11
Ampelisca birulai 8.9 5 7.5 6 1.3 2
Table 5 our study site and are therefore unable to assess

Mean physical oceanographic measurements in the Chirikov
Basin by period

Data type Period 1 Period 2 P value
UpperMeanTemp 2.64 4.74 0
LowerMeanTemp 1.25 2.70 0
UpperMeanSal 31.948 32.030 0.218
LowerMeanSal 32.202 32.341 0.001
Stability 15.66 19.72 0.056
Chlorophyll 122.2 269.6 0

UpperMeanTemp = mean temperature above the pycnocline
(°C); LowerMeanTemp = mean temperature below the pycno-
cline ( °C); UpperMeanSal = mean salinity above the pycnocline;
LowerMeanSal = mean salinity below the pycnocline; Stabili-
ty = mean stability parameter. Chlorophyll = integrated chlor-
ophyll a (mgm™2). Period 1 = 1986-1988; Period 2 = 2002-2003.

10 - 9.93
Temperature Series 1 @ Year vs Degree-days
8 ] Temperature Series 2
5 * r9.92 <‘<r:_)
< 6 <
g r9.91 o
T 4 a
g 19.90 @
g 2 o
G g
01 r9.89 0O
-2 T T T T 7 T 9.88
90 92 94 96 98 00 02
Year

Fig. 5. Temperature time series and annual integrated tempera-
ture (green dots) from mooring A2 in Bering Strait (Fig. 1).

et al, 2003). Assuming a wet-weight carbon
conversion of 6.8% for ampeliscids (Grebmeier,
1987), the biomass reported for the late 1990s
(Moore et al., 2003) would convert to about 88 g wet
weight m 2, slightly higher than our Period 3
estimate of 72gm™2 for total ampeliscids in our
study site (Table 4). We do not have detailed
measurements of the biomass of other taxa within
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changes in the total infaunal biomass over this
period. However, we examined the appendix tables
in Grebmeier (1987) to determine the proportion of
ampeliscids within her ampeliscid cluster group in
her stations within our study area. Ampeliscids
comprised about 55% of the total biomass in the
cluster group; other taxa included primarily bi-
valves. Ampeliscids at stations from the early 1970s
(Stoker, 1981) within our study site comprised
about 26% of the total wet weight biomass. The
remaining taxa included primarily echinoderms
(25%), bivalves (30%), gastropods (4%), poly-
chaetes (7%), other amphipods (2%), and decapods
(2%). Samples from this and earlier studies were
unable to assess the deep-dwelling infaunal bivalves
(Grebmeier, 1987; Stoker, 1981). As we do not have
biomass estimates of non-ampeliscid fauna from
our study site, it is not known if the marked declines
in ampeliscid biomass observed between the 1970s
and 2003 were accompanied by similar declines in
the other taxa. While the reason for the decline in
ampeliscid biomass is uncertain, two possible causes
are indicated: top-down control by the gray whale
populations and climate-related changes in the
Chirikov Basin. The following discussion outlines
the evidence for both possibilities.

4.1. Top-down control

In earlier studies, amphipod production and
biomass in the Chirikov Basin were compared to
estimates of energy demand by gray whales foraging
in the area (Highsmith and Coyle, 1992). Based on
the whale population in the 1980s (Breiwick et al.,
1988), the residence time of foraging whales
(Thomas and Martin, 1986), and the energy
requirements of the whales (Rice and Wolman,
1971; Sumich, 1983; Thomas and Martin, 1986), it
was estimated that whales were removing about
8-18% of the annual ampeliscid production. At the
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rate that whale populations were increasing in the
1980s, 3.29% +0.44% standard error (Buckland
et al., 1993), Highsmith and Coyle (1992) predicted
that gray whale populations would reach about
31,000 animals by 2000. Actual populations peaked
in 1997/1998 at about 28,000 animals (Rugh et al.,
2005).

While the gray whale population was increasing
in the 1990s, ampeliscid biomass was apparently in
sharp decline. Between 1986 and 1988 ampeliscid
biomass and production had declined by about
20%, from a high of 51g dry weightm yr~' in
1986 to 35.4 g dry weight m~2yr~"' in 1988, for an 8-
month production cycle (Highsmith and Coyle,
1992). Given the same production biomass ratio of
about 0.9 for an 8-month production cycle, produc-
tion by 2002-2003 had declined to about 25gm™2,
about a 50% decline from the highest value in 1986.
However, the above production rate for 2002—2003
is probably an overestimate because amphipod
growth rates in these cold environments are
approximately linear but biomass accumulation
rates are exponential (Highsmith and Coyle, 1991).
Most secondary production by populations with the
above age-class structure resides in the older larger
animals. In A. macrocephala for example, roughly
75% of the production occurred in animals larger
than 12 mm during the 1980s (Highsmith and Coyle,
1991), because most of the biomass occurred in the
larger animals (Fig. 3). Declines in the proportion of
the larger animals in the ampeliscid population
from the 1980s to 2002-2003 indicate that actual
production was probably under 25gm ™2 in the late
1990s and the first several years of the twenty-first
century.

Although we know of no surveys of whale
populations in the Chirikov Basin between the
1980s and 2002, a rough estimate of the number of
whales supportable by ampeliscid populations in the
region in 2002-2003 can be made from estimates of
production and whale energy demands. Since the
area of our study site (about 91km x 98 km) is
about 8.9 x 10°m?, and the estimated annual
production for 2002-2003 was 105 kcal m 2 (assum-
ing an 8 month production season, a measured
production to biomass ratio of 0.9, and a measured
dry weight—caloric conversion of 40004247 cal g~
Highsmith and Coyle, 1992), the total annual
production was roughly 9.4 x 10'! kcal for the study
area. The average annual energy demand per gray
whale is about 1.6 x 10® kcal (Highsmith and Coyle,
1992). The above estimates indicate that, in
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2002-2003, between 5500 and 6000 whales could
remove all of the estimated ampeliscid production
from the study area in a single season and about
500-1000 whales could remove 10-20% of the
annual ampeliscid production. Given the current
gray whale population estimate of about 18,000
animals (Rugh et al., 2005), just 3-6% of the total
gray whale population feeding in the area for one
entire production season would be sufficient to
remove 10-20% of the annual ampeliscid produc-
tion from the study site.

Due to their low temperature habitats, high-
latitude amphipods have longer generation times
relative to more temperate species (Sainte-Marie,
1991; Poltermann, 2000; Bluhm et al.,, 2001).
Generation times of up to 6 years are indicated by
length frequency information on the largest species,
A. macrocephala (Coyle and Highsmith, 1994). The
highest fecundity measure for A. macrocephala
during the 1980s was 58 eggs (Coyle and Highsmith,
1994). Actual fecundity was undoubtedly lower
because the brood pouch of many females was
infested with egg-consuming nicothoid copepods.
Thus, due to their low reproductive potential, Arctic
ampeliscids are not capable of rapid recovery from
major population declines. Slow recovery and/or
colonization also would be true for other high
latitude invertebrates, which are generally charac-
terized by slow growth, high longevity (Brey, 1991;
Bluhm et al., 1998; Bluhm and Brey, 2001), and
relatively slow colonization (Gutt, 2001).

Finally, ampeliscid juveniles are unlikely to
disperse widely from their natal location. Submer-
sible observations by Coyle and Highsmith indicate
that individuals outside their burrows are highly
susceptible to predation by lysianassid amphipods,
which swarm over ampeliscids driven from their
burrows by sediment disturbance. The evidence
suggests that juvenile survival is highly dependent
on their ability to quickly settle into an unoccupied
location and excavate a new burrow after leaving
the brood pouch. Thus, ampeliscid life history tends
to produce dense patches of high biomass rather
than widely dispersed populations of low biomass.
Ampeliscids are therefore likely to be vulnerable to
the filter-feeding gray whales, even if the mean
ampeliscid biomass for the Chirikov Basin is low,
because remaining populations are likely to be
concentrated in dense patches. Note that the highest
number of gray whale sightings in July—August 2002
occurred on the northwest edge of the sample grid
(Moore et al., 2003), where amphipod biomass in
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our study site was highest. Gray whales feed where
prey densities are high and their presence can
indicate areas of unusually high secondary produc-
tion (Moore et al., 2003).

In summary, estimates of gray whale populations
and energy demand, declining ampeliscid biomass
and production, and the clumped distribution of
ampeliscid populations are all consistent with top-
down control of ampeliscid populations by gray
whale predation. Ampeliscids are also consumed by
a variety of benthic invertebrates and fishes. In
addition to lysianassid amphipods, we have ob-
served crabs feeding on ampeliscids, and myoxoce-
phalid fish from our trawl samples contained
ampeliscids in their gut. Because ampeliscid popula-
tions sustain intense predation from a variety of
sources, their abundance and biomass are also
probably influenced by predators other than gray
whales. Nevertheless, gray whales are probably the
more efficient ampeliscid predator because they are
homeotherms, and therefore not subject to the
physiological constraints of their poikilotherm
competitors in these very cold arctic environments.
In addition, gray whales are highly motile and can
move on after exhausting a local food stock. They
therefore can quickly exploit different invertebrate
populations in different locations to maximize their
energy intake. Indeed, the 2002 census indicates a
decline of 3—17 fold in the number of whales feeding
in the Chirikov Basin between the 1980s and 2002
(Moore et al., 2003). Because of their ability to
focus on preferred prey populations over large
areas, changes in the whale population may result in
substantial impacts on the abundance and biomass
of the preferred prey.

4.2. Climate influences

Much of the high production in the ampeliscid
community during the 1980s was maintained by a
high flux of organic carbon to the seabed. Sediment
trap measurements in the 1980s indicated that total
POC flux in the Chirkov Basin varied from 253 to
654mg Cm~>d ™! (Fukuchi et al., 1993). A low C/N
ratio of organic material in the sediment traps
(4.9-7.4) indicated that fresh organic matter was
falling to the benthic community. The mean carbon
flux (501mgCm~>d~") was similar to the esti-
mated organic carbon utilization at the seafloor
(464mgCm>d™"; Grebmeier and McRoy, 1989),
suggesting a tight coupling between the carbon flux
to the sea floor and amphipod production. Such
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tight pelagic benthic coupling is typical of several
regions in the northern Bering and southern
Chukchi seas (Grebmeier, 1993; Grebmeier and
Cooper, 1995; Grebmeier and Dunton, 2000).

The carbon flux to the Chirikov Basin ampeliscid
community was driven by high primary production,
which was estimated at 250-300gCm™> for the
summer months (Walsh et al., 1989) or about
2gCm>d~". Given an amphipod production of
about 3040 g dry wtm yr~' in the 1980s (High-
smith and Coyle, 1990), or about 70mgCm—>d ™",
assuming a 6 month production season and a
growth efficiency of about 15%, the amphipods
were apparently consuming nearly all of the
available carbon flux over the densest regions of
the ampeliscid bed. The above evidence indicates
that any change in the ecosystem resulting in
consistent declines in primary production would
quickly result in declines in ampeliscid production.
In addition, because the amphipods are sedentary
tube dwellers, the larger animals will require a
greater carbon flux to maintain their larger tissue
mass (Coyle and Highsmith, 1994). Loss of the
larger animals is therefore consistent with declines
in organic flux to the sea floor which would result
from lower overall primary production. Reduced
transport through the Bering Strait might result in
lower transport of nutrients northward onto the
Bering shelf and lower annual production over the
amphipod bed (Grebmeier and Dunton, 2000). In
addition, based on declines in 6'°C values between
1947 and 1997, Schell (2000) postulated that
declines in primary production of 30-40% may
have occurred between 1966 and 1997, although
Schell’s interpretation of the stable isotope data has
been challenged (McRoy et al., 2002, 2004). Thus,
the observed declines in amphipod biomass and
production are consistent with declines in primary
production related to a climate scenario.

Nevertheless, an equally compelling argument
can be made that global warming will produce
elevated primary production in the Chirikov Basin,
thus enhancing amphipod production. Nutrients are
carried into the basin by the Anadyr Current, which
is driven by sea-level differences between the Arctic
Ocean and Bering Sea (Coachman et al., 1975).
Mixing of Anadyr and Bering Shelf water over the
amphipod bed results in a consistent nutrient supply
and high primary production throughout summer
(Springer and McRoy, 1993). An earlier retreat of
sea ice in spring associated with climate warming
may result in an earlier phytoplankton bloom and
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prolonged production seasons due to the removal of
the ice barrier to light penetration into the water
column during spring. A longer production season
might result in a greater integrated flux of carbon to
the amphipod community, thus greater amphipod
production. As long-term current meter data in the
Bering Strait show no consistent trend toward
greater or lesser northward transport (Woodgate
et al., 2005), there is no evidence of reduced nutrient
transport northward into the Chirikov Basin and
hence lower primary production between 1991 and
2002.

The oceanographic data reported in this study
indicate higher mean chlorophyll during the
2002-2003 sampling period relative to the 1980s,
which contradicts the hypothesis that lower primary
production is impacting ampeliscid production. The
higher chlorophyll may have been due to higher
water-column stability promoting overall higher
production during the 2002-2003 sampling period.
The above observations, however, are insufficient to
document changes in annual carbon flux to the
benthos. Production during summer is undoubtedly
episodic, so our measurements are highly influenced
by the time of sampling during any particular
season. Documentation of actual changes in annual
production over the ampeliscid bed would require
seasonally integrated measurements over the whole
production season for each period under compar-
ison, and such measurements are not available.
While our oceanographic data do not rule out a
climate—primary production scenario to explain the
lower amphipod production and biomass observed
during Period 2 relative to Period 1, they are
insufficient to reject or verify the hypothesis.

The thermal regime experienced by the amphi-
pods is probably better characterized by the
continuous temperature record in Bering Strait than
by measurements taken only during our cruises. The
water masses over our study area in the central
Chirikov Basin consist of a mixture of Bering Shelf
and AW (Coachman et al., 1975; Coachman, 1993;
Springer and McRoy, 1993). The Bering Shelf water
mass moves northward through the Bering Strait,
primarily on the east side of the strait (Coachman
et al., 1975). The mean flow is northward at 0.8 Sv,
driven by a 0.5m difference in sea-level height
between the Bering Sea and Arctic Ocean (Coach-
man, 1993). Given the location of the mooring and
the prevailing currents, temperatures measured at
the mooring are the best data available for assessing
long-term temperatures in the benthic amphipod
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habitat upstream in the Chirikov Basin. While
spikes of over 7°C were occasionally observed, a
consistent warming trend was not obvious and
temperatures were subzero for most of the year. The
annual integrated temperatures (Fig. 5) characterize
the thermal regime in the bottom water for any
given year. All integrated values were between 9.88
and 9.93 x 10* degree-days. This range of integrated
temperature falls between 9.87 x 10*degree-days
(the wvalue if temperatures were constant at
—1.8°C for 1 year) and 9.94 x 10*degree-days
(the value if temperatures were constant at 0°C
for 1 year). This temperature record provides
the strongest evidence that the thermal habitat in
the amphipod bed was not changing in any
consistent manner between the late 1980s and
2002-2003.

Nevertheless, gradual increases in atmospheric
temperature, decreases in the area influenced by
permafrost on the land masses near the Bering Sea
coast, the retreat of Alaskan glaciers, and declines in
the thickness and extent of Bering Sea and Arctic
Ocean sea-ice cover (Chapman and Walsh, 1993;
Osterkamp, 1994; Wadhams, 1995, 2000) all in-
dicate a consistent warming trend in the Alaskan
arctic. For example, average April air temperatures
over Alaska, the southern Beaufort Sea, and the
Canadian archipelago for 1989-1998 were 3°C
warmer than those for 1980-1988 (Stabeno and
Overland, 2001). Although conditions were colder
in winter of 1998-1999, warmer conditions with
earlier ice retreat were again observed in 2001-2002
(Clement et al., 2004). Data on spring ice conditions
indicate that early ice retreat may not lead to higher
production or an earlier onset of production
(Clement et al., 2004). However, warming condi-
tions may cause physiological impacts on the
amphipod species comprising the ampeliscid com-
munity, or impact the ampeliscids by allowing the
intrusion of competitors and predators that were
previously excluded from the region by the low
temperatures. Warming conditions on the south-
eastern Bering Sea shelf, for example, were corre-
lated with increases in fin-fish consumers of infaunal
invertebrates (Livingston et al., 1999).

4.3. Conclusions
The declines we observed in amphipod biomass
and production in the northern Bering Sea were

coincident with increasing gray whale populations
and were probably the result of top-down control

Ex. M-0563



2916 K. O. Coyle et al. | Deep-Sea Research II 54 (2007) 2906-2918

by gray whales on the amphipod populations.
Long-term mooring data in the Bering Strait
revealed no consistent trend in temperature or
northward flow suggestive of climate-related
changes in the nutrient supply or water mass
properties. While climate change may affect primary
production, leading to higher or lower carbon fluxes
to the sea bed and thus changing production in the
benthic amphipod community, there is no compel-
ling evidence that such changes actually occurred
between the late 1980s and 2002-2003 in the
Chirikov Basin amphipod community. In addition,
the available data indicate very low sedimentation
rates on the northern Bering Sea shelf (on the order
of 0.01-0.03mmyr—'; Grebmeier, 1993). In the
absence of any dramatic geophysical events such
as strong earthquakes or turbidity flows, there is no
reason to suspect that a change in sediment grain
size affected the amphipod beds between the
late 1980s and 2002-2003. Modeling studies indi-
cate that recovery of the ampeliscid populations
may require decades because of their slow growth
rates and long generation times (Coyle and High-
smith, 1994). Although the data available to date do
not indicate a strong climate impact on the
ampeliscid community, long-term warming trends
could slow or stall the recovery of ampeliscid
populations by altering the benthic community
structure and/or particulate carbon flux to the
ampeliscid community.
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