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ABSTRACT: Zooplankton from the Bering, Chukchi, and Beaufort seas and a transect across the Arctic
Ocean were collected from 369 stations on 18 cruises in the years 1985-1990 and 1993-1995. Carbon
and nitrogen isotope ratio analyses were performed on the major taxonomic groups present—calanoid
copepods, euphausiids and chaetognaths. The sampled waters around Alaska were divided into 11
subregions based on water mass characteristics and the zooplankton statistically tested for significant
differences in the isotope ratios. Within all regions, copepods were significantly more depleted in '3C
than euphausiids (average 8"C difference for copepods = -1.1%. than euphausiids), but showed no
significant differences from euphausiids in 8!°N except in the eastern Alaskan Beaufort Sea where
copepods were relatively enriched in '*N. The greatest variability in isotope ratios was among geo-
graphic regions. All taxa tested were *C-depleted in the eastern Beaufort Sea, the Arctic Ocean and in
deep waters of the southwestern Bering Sea relative to the continental shelf waters of the Bering and
Chukchi seas. The maximum enrichments were found in the southwestern Chukchi Sea and central
Bering Sea shelf waters. The advection of water northward through the Bering Strait was evident as a
plume of enriched zooplankton extending to the shelf break in the Arctic Ocean. In contrast, the §5N
within taxa generally increased moving northward from the deep Bering Sea to the Chukchi Sea and
eastward into the Beaufort Sea. The 8'°N values for chaetognaths were 2.5 to 3% more enriched than
copepods or euphausiids in all locations, consistent with their carnivorous diet. Comparisons of zoo-
plankton isotope ratios among years and cruises within the same region revealed no significant differ-
ences. Low 8N and §'°C values in zooplankton of the pelagic Bering Sea are presumed to result
from the isotopic discrimination arising in the presence of high nutrient abundances and slow phyto-
plankton growth rates whereas depleted values in coastal waters of the Canadian Beaufort Sea pre-
sumably derive from Mackenzie River inputs of terrestrially derived carbon and nitrogenous nutrients
with low N and *C abundances. The geographic heterogeneity in isotope ratios over short distances
indicates a need for caution in the interpretation of isotope ratios in marine mammals and birds with
regard to trophic status and habitat usage.

KEY WORDS: Stable isotopes - Bering Sea - Chukchi Sea - Beaufort Sea - §'°C - §'°N - Euphausiids -
Copepods - Chaetognaths

Published February 12

INTRODUCTION

The Bering and Chukchi seas are highly productive
areas of the world oceans, supporting vast commercial
fisheries and large populations of marine birds and
mammals. The food chains supporting these important
resource species are based on correspondingly rich
primary productivity and the consequent high zoo-
plankton production (Springer et al. 1989, 1996, Walsh
et al. 1989). In contrast, the Beaufort Sea north of
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Alaska is relatively less productive but provides impor-
tant summer habitat for several migratory species of
birds and marine mammals (Frost & Lowry 1984). Over
the past 2 decades, declines in the populations of top
consumer species such as Steller sea lions, fur seals,
harbor seals and sea birds have led to studies attempt-
ing to ascribe causes arising from ‘bottom-up’ or 'top-
down' controls (Merrick et al. 1987, Pitcher 1990, Trites
1992, Springer 1993). Isotope ratios in consumer
tissues and potential prey are being used as tools in
assigning trophic status and pathways of energy flow
from seasonal habitats.
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Past studies have used carbon and nitrogen isotope
ratios as tracers to investigate the nutrient dynamics
and pathways of energy flow within these ecosystems
(McConnaughey & McRoy 1979, Dunton et al. 1989,
Saupe et al. 1989, Schell et al. 1989). Dunton (1985} first
described a 8'°C gradient in zooplankton collected
along an east-west transect across the coastal Beaufort
Sea and Saupe et al. (1989) extended the sampled area
to include the northern Bering and Chukchi seas and
described the variations in carbon isotope ratios be-
tween general taxa of zooplankton. These latter studies
found a range of 3 to 5% in 8'3C values for zooplankton
over the geographic area that was reflected in organ-
isms at higher trophic levels from the different regions.
Zooplankton from the Bering and Chukchi seas were
enriched in 3C relative to zooplankton in the western
Beaufort Sea which, in turn, were enriched relative to
zooplankton in the eastern Alaskan and Canadian
Beaufort Sea. In all regions studied, euphausiids had
higher 8'3C values than copepods by a minimum of 1 %..
Relative abundances of major taxa varied across the
Beaufort Sea with copepods as the dominant taxon in
the east and euphausiids in the west.

The carbon isotope ratios of the particulate organic
matter in the world oceans varies significantly (e.g.
Freeman & Hayes 1992, Goericke & Fry 1994). Particu-
late organic matter in the southern hemisphere shows
a steeper carbon isotope gradient with latitude than
those from similar latitudes in the northern hemi-
sphere, with the most pronounced changes typically
occurring across the subtropical convergence. Rau et
al. (1989) suggested that changes in the concentration
of carbon dioxide [CO,(aq)] were most responsible for
the geographical gradient, but Goericke et al. (1994)
later showed that the relationship is complex and often
partially independent of [CO,],q. Fry & Wainwright
{1991) found that '*C-enriched large-celled diatoms
predominated in the Georges Bank continental shelf
environment that were enriched with nutrients and
provided optimal growing conditions. The slower
growing and smaller phytoplankton species predomi-
nated under nutrient limited conditions, and were
comparatively *C-depleted. Francois et al. (1993) and
Altabet & Francois (1994) showed that the sharp transi-
tion in carbon isotope ratios at the Subtropical Conver-
gence between the Southern Ocean and the Indian
Ocean is also characterized by a sharp transition in
nitrogen isotope ratios, implying that phytoplankton
growth rates, as well as nutrient supply and [CO,],q,
are important in establishing the isotopic regimes in
the marine environment. Recently Laws et al. (1995)
demonstrated a joint dependence of 8°C on phyto-
plankton growth rates and dissolved carbon dioxide
concentrations with good agreement between theoret-
ical and measured results for both laboratory cultures

and in the subtropical ocean. The role of growth rates
in establishing isotope ratios has been further
strengthened by Bidigare et al. (1997) who showed
very close correlations in haptophyte 8*C with phos-
phate concentrations at several sites in the world's
oceans. Rau et al. (1996) have refined a phytoplankton
growth model to take into account the various factors
governing intracellular {CO,] which in turn affects car-
bon isotope fractionation.

Based upon the literature and hydrographic data, we
hypothesized that the proximity of deep nutrient-rich
pelagic waters adjacent to a productive shallow conti-
nental shelf with strong on-shelf advection should pro-
vide a marked contrast in primary productivity and, by
inference, carbon and nitrogen isotope fractionation
during uptake. We chose to test this hypothesis by
comparing all zooplankton isotope ratio data collected
over the region within general taxonomic groups,
focusing on calanoid copepods and euphausiids as
herbivores and chaetognaths as a planktonic carni-
vore. We also wished to test the hypothesis that zoo-
plankton growing in regions of high primary produc-
tivity (primarily on-shelf) would be more enriched in
BC and !N than zooplankton from regions with
known high nutrient-low chlorophyll concentrations
(pelagic Bering Sea) and that the northward advection
of Bering Shelf waters through the Bering Strait would
be reflected in zooplankton isotope ratios typical of
source waters. These data are being used to explain
the large variations observed in isotope ratios in tem-
porally deposited marine mammal tissues (claws, vib-
rissae, baleen) that feed over large areas in the region
(Schell unpubl.).

Nitrogen isotope ratios in the marine primary pro-
ducers reflect the §!°N of the initial source of inorganic
nitrogen, the isotopic fractionation during biotic up-
take, and the fraction of the total nutrient supply con-
sumed (Altabet & Francois 1994). The 8'°N of upwelled
nitrate, the most abundant nutrient in the North Pacific
ecosystem, is approximately 5 to 7 %. (Miyake & Wada
1967) and phytoplankton collected in midsummer on
the continental shelf of the Bering and Chukchi seas
averaged 6.1%- (Schell unpubl. data). Offshore surface
waters of the Bering Sea contain elevated nitrate con-
centrations throughout the summer (Shiomoto & Ogura
1994). Phytoplankton growing in excess nutrients tend
to have more depleted 8"°N because fractionation in
maximized (Michener & Schell 1994). In contrast to
313C, the 8N value of a consumer organism typically
increases approximately 3 to 4.5%. with each trophic
level (Fry & Sherr 1984, Minagawa & Wada 1984,
Hobson & Welch 1992). The 8°N of a consumer is
thus affected by both the 8N of the initial phyto-
plankton sources and its trophic status (Minagawa &
Wada 1984).
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Carbon isotope ratios can be used as tracers of bio-
logical energy flow to upper trophic level consumers if
the carbon sources are limited to 2 and have contrast-
ing values. Transfer of §1°C between trophic levels is
nearly conservative so the §'3C of an organism closely
reflects the 8'*C of its food (DeNiro & Epstein 1978, Fry
& Sherr 1984). The whole body 8!°C of the consumer
is typically enriched by <1.0%, relative to diet (DeNiro
& Epstein 1978). If isotopic ratios differ among regions,
isotope ratio analysis can be used to estimate food
intake from the different regions by a migratory organ-
ism (Fry & Sherr 1984, Schell et al. 1989).

The study region comprising the Bering Sea, the
Chukchi and Bering Seas continental shelves and the
Beaufort is shown in Fig. 1 with the bathymetric con-
tours and major circulation patterns (Coachman et al.
1975, Springer et al. 1989). The Anadyr Current (AC),
Bering Slope Current (BSC) and the Alaskan Coastal
Current (ACC) are the principal water masses flowing
northward through the Bering Strait. Alaskan Coastal
Current water originates in the southeastern Bering
Sea and characteristically has lower salinity due to
fresh water input from rivers. The Bering Slope and
Anadyr waters originate south of St. Lawrence I[sland

and are characterized by lower temperatures and
high nutrient content. The Anadyr Current is an
extension of the Bering Slope Current and acquires
the high nutrient content during deep winter mixing
events (Coachman et al. 1975, Kinder et al. 1975).
Water on the Bering shelf is mixed with Anadyr Cur-
rent water at the frontal systems over the shelf break
(Coachman 1986). Nutrients are conserved below the
euphotic zone until they reach the shallower northern
Bering Sea and southern Chukchi Sea where they
support intense phytoplankton growth in the summer
months. In contrast, the southwestern Bering Sea and
adjacent waters of the North Pacific Ocean are char-
acterized by high surface nutrient values over much
of the year (Conkwright et al. 1994). In addition, tur-
bulent flow through the Aleutian Island passes results
in high surface nutrient concentrations throughout the
summer season. Carbon dioxide (pCO,) data are lim-
ited for the Bering Sea but late summer data show
widespread undersaturation (Park et al. 1974) with
the most negative values in the Gulf of Anadyr on the
northwestern shelf. The eastern half of the continental
shelf showed higher pCO, values with maxima in the
Aleutian Island passes.
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Fig. 1. Study region with station locations, continental shelf break and major circulation patterns indicated. Major currents are
AS: the Alaska Stream; BSC: the Bering Slope Current; ACC: the Alaska Coastal Current; AC: the Anadyr Current; and BU: the
Beaufort Undercurrent
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The active transport of water on-shelf and the re-
sulting stabilization of the water column improve the
growth environment for phytoplankton with resulting
changes in the carbon and nitrogen isotope ratios as
uptake depletes nitrogenous nutrients and carbon
dioxide. During summer, warmer water masses com-
prised of the Alaskan Coastal Current and the higher
salinity Bering Sea shelf and Anadyr waters pass
through the Bering Strait and move northward and
spread, with part moving past Point Barrow and enter-
ing the Beaufort Sea as an undercurrent (Mountain
1974, Aagaard 1984, Fissel et al. 1987). In transit, the
Alaskan Coastal Current mixes with the surface water
and can be traced to 147°-148° W, while the Bering Sea
water, which has a deeper temperature maximum, can
be traced to 143° W (Aagaard 1984). The Beaufort Sea
also receives fresh water input from several rivers
along the northern Alaskan and Canadian coast with
approximately 80 % of the total fresh water input being
discharged by the Mackenzie River (Fissel et al. 1987).
The Beaufort Sea is ice covered for 9 to 10 mo yr!, with
landfast ice forming in the fall and extending up to
50 km seaward by the end of winter. Along the shelf
margin, currents move westward within the Beaufort
Gyre and the deeper Bering Sea water flows eastward
on the outer continental shelf (Norton & Weller 1984).
Ice cover may persist into July and significant open
water is present only between July and September.
Annual primary productivity of the Alaskan Beaufort
Sea has been estimated to range between 16 and 36 g
C m 2 yr! (Schell et al. 1984}, including both ice algae
and phytoplankton. Primary productivity in the Bering
Sea has been estimated to range between 85 and 400 g
Cm? yr’l (Iverson et al. 1979, Goering & Iverson 1981,
Springer et al. 1996) with the highest values aligned
along the shelf break and northward in the Anadyr
Current. The Bering Sea shelf is approximately 45%
covered by sea ice between November and May with
high interannual variability.

Zooplankton stocks in oceanic waters of the Bering
Basin are highest in May-June and lowest in Novem-
ber while shelf zooplankton stocks are lowest in spring
and highest in late summer (Cooney 1981). A majority
of the oceanic population overwinters at depth and
the large calanoid copepods Calanus cristatus and C.
plumchrus reproduce without feeding in late winter
(Cooney 1981). The young rise to the surface prior to
the spring bloom. The smaller species of shelf cope-
pods Pseudocalanus sp. and Acartia longiremis pro-
duce several generations of young while C. marshallae
young are produced in the summer. The shelf zoo-
plankton population is greatest in late summer and fall
and includes oceanic euphausiids and large calanoid
copepods which are carried onto the shelf and north-
ward in what has been described as a displaced

oceanic community (Cooney & Coyle 1982, Springer et
al. 1989). The sampling of zooplankton in the latter
part of the summer and early fall was therefore antici-
pated to reflect the average isotope ratios resulting
from the previous seasonal primary production.

METHODS

Zooplankton collection. Zooplankton samples were
collected on 18 cruises undertaken by research vessels
and the U.S. Coast Guard (USCGQG) icebreaker 'Polar
Star' operating in the Bering, Chukchi and Beaufort
seas between 1985 and 1994. Sampling occurred
during the entire open water season but predominantly
in the late summer/early fall. Additional samples from
the Arctic Ocean were collected on the joint US-Cana-
dian icebreaker transect of the USCG 'Polar Sea’ and
Canadian Coast Guard Ship (CCGS) ‘Louis S. St. Lau-
rent’ in summer 1994 and from the CCGS 'John A.
Macdonald' in August 1995. Samples from the southern
Bering Sea and in the vicinity of the Aleutian Islands
were collected in June 1995. Station locations are de-
picted in Fig. 1 including those reported by Saupe et al.
(1989) to complete the geographic coverage.

Samples of zooplankton were collected with vertical
or oblique net tows at each station. Bongo nets or 1 m
ring nets of 505 pym mesh were deployed to approxi-
mately 50 m depth or to within 5 to 10 m of bottom
depth in shallower areas and ascended through the
water column at a rate of 5 m min~% If possible, zoo-
plankton from each station were sorted at sea and sub-
samples taken of calanoid copepods, euphausiids and
chaetognaths. Otherwise, samples were frozen and
sorted in the laboratory. Other taxa, although common
at some stations, were not collected with enough con-
sistency to allow comparisons among most locations.
Crab zoea, ctenophores, jellyfish, hyperiid amphipods,
ampeliscid amphipods and fish larvae were abundant
in some tows. Copepods, however, typically comprised
over 50 % of the total number of organisms from each
net tow and, depending upon location, included 1 or
more of the following calanoid copepods as well as
other unidentified species: Calanus marshallae, C. gla-
cialis, C. hyperboreus, Pseudocalanus minutus, Eucal-
anus bungii bungii, Neocalanus plumchrus, N. crista-
tus. Metridia lucens was often present but was not
included in statistical comparisons since this species is
omnivorous or carnivorous. As a carnivore, M. lucens
would be expected to have higher 8'°N values than
herbivores. For statistical purposes, copepods were
combined together for each station and an average
3C value determined (with the exception of M.
lucens). Once sorted, individual samples were either
dried or frozen until processed in the laboratory.
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Euphausiids species present included primarily
Thysanoessa raschii and T. inermis. Euphausiids were
not present in samples collected in the deep Arctic
Ocean and were not present in all samples collected
in the eastern Beaufort Sea. Initially, copepods and
euphausiids were sorted to large and small sizes, but
no significant differences in isotope ratios were de-
tected among sizes within a station. Subsequently no
distinctions were made on size and zooplankton from
each station were grouped only by taxa.

The chaetognaths collected were not identified to
species at most locations. Samples from the Bering Sea
and Chukchi Sea contained almost exclusively Sagitta
elegans.

Zooplankton sample preparation. Sorted zoo-
plankton samples were acidified with a few drops of
10% hydrochloric acid to remove any carbonates and
dried to a constant weight at 80 to 90°C. No lipids
were extracted as the data were also being used to
assess food consumption by marine mammals from
different habitats. Although lipid content can vary
greatly by season and extracted lipids typically have
lower 8'°C values than whole animals, the collection

of samples during late summer-early fall would mini-
mize seasonal effects. Isotope ratios run on a suite of
lipid-free versus unextracted copepods samples from
across the coastal Beaufort Sea confirmed that the
primary isotope changes were not due to lipid con-
tent although the samples containing lipids had
lower 8°C values than extracted samples (Dunton
1985).

Prior to 1993, samples were prepared manually for
mass spectrometry by closed tube combustion followed
by cryogenic separation of the liberated nitrogen gas
and carbon dioxide as described in Saupe et al. (1989).
The gas samples were stored in glass tubes until
individual analysis on a VG Isogas SIRA Series 2 mass
spectrometer. From 1994 onwards, all dried zooplank-
ton samples were run directly on a Europa continuous
flow mass spectrometry system which determines both
3'*C and 8'°N on the same sample.

Statistical treatment of isotope ratio data. The Arctic
Ocean transect data (Fig. 2) comprised a single line of
stations across the Arctic and the pelagic stations were
grouped for statistical comparison. The stations were
segregated into on-shelf, slope and pelagic groups.
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Fig. 2. Station locations and average isotope ratios [8!°N (positive values) and 8'*C (negative values)] for zooplankton collected on

the U.S.-Canadian transpolar transect by the USCG 'Polar Sea’ and the CCGS ‘Louis S. St. Laurent’, summer 1994. Samples were

grouped into on-shelf, continental slope and pelagic regions as indicated by boxes. The single sample of chaetognaths collected
east of Greenland is shown separately
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The data from the 1 station east of Greenland are
reported separately. Averages of 8°N and 8°C were
then determined for chaetognaths and copepods.
Euphausiids were present only in the Chukchi Sea
sample and these data were included in the northern
Chukchi set.

The marine waters surrounding Alaska and the
Arctic Ocean were divided into 11 regions (see Fig. 3)
at the approximate boundaries of the principal water
mass types (Fig. 1) for statistical comparisons. Single
Classification Analysis of Variance was used to detect
differences in the carbon and nitrogen isotopic abun-
dances of each zooplankton group among the 11
geographic locations (Sokal & Rohlf 1981). Multiple
(unplanned) comparisons among the means were
then performed using the GT-2 method for unequal
sample sizes (Hochberg 1974). Significance was tested
at the p = 0.05 level.

RESULTS AND DISCUSSION

ferent among samples from the above regions with
the exception of the Eastern Alaskan Beaufort Sea.
Here, euphausiids were depleted in '°N relative to the
copepod samples. Euphausiids tended toward lower
815N values eastward across the coastal Beaufort Sea
whereas copepod 8"N values remained >9%.

Figs. 5-7 present the contoured 8"°C and 8'°N data
for euphausiids, copepods and chaetognaths in the
sampled areas using all available data. Whereas the
regional values are useful in large scale assessment of
energy and nutrient flow to fauna such as whales that
migrate over long distances, the contoured data reveal
the smaller scale variability possibly arising from
cross-shelf advection and localized inputs of terrestrial
carbon and nitrogen. Such data are helpful in assess-
ing habitat usage by more localized marine mammal or
seabird populations. Since some areas in the eastern
Bering Sea and in the pelagic regions of the Bering Sea
were not sampled or have few data points, the contour

Table 1. Average zooplankton isotope ratios, standard errors and num-

ber of samples for the subregions shown in Fig. 3. Significant differences

are shown in Fig. 4. Blanks indicate taxa were not present in the sample

Euphausiid versus copepod enrichment

The data in Table 1 allow comparison of
average euphausiid and copepod 8"C and
8N values for 10 Chukchi/Bering/Beaufort
sea regions (Fig. 3) for which both taxonomic
groups were common to most sampling sta-
tions. For all areas, copepods were depleted
in *C relative to euphausiids. The average
copepod 83C value was -22.74 for all sam-
ples and the average euphausiid §'3C value
was —21.29 or a difference of 1.45%o. Analysis
of variance and covariance with repeated
measures also showed significant difference
between copepods and euphausiids for 106
stations where 8'3C values were available for
both taxa. The increase in §*C in euphausiids
relative to copepods varied between 1.2 and
2.0% over the series of cruises.

Since lipids were not extracted from any of
the zooplankton samples, the relative deple-
tion in 3C in copepods may be due to the
much higher percentage of lipid carbon by
weight. As noted earlier, lipid 3"C values
were depleted relative to protein and chitin
by up to several parts per thousand. Compar-
isons between regions shown in Fig. 4 are
significantly different by at most the p = 0.05
level if there are no overlaps between the
bars.

In contrast to the carbon isotope ratios,
nitrogen isotope ratios in euphausiids com-
pared to copepods were not significantly dif-

Region 8C SE N 8N  SE N
Chaetognaths

Canadian Beaufort -23.8 0.25 17 119 059 15
East Alaskan Beaufort -23.4 0.53 5 13.5 0.60 5
West Alaskan Beaufort -20.2 0.09 6 142 0.29 5
Arctic Ocean -23.5 0.17 11 11.1 045 11
North Chukchi -20.3 0.09 43 13.3 0.19 40
East Chukchi -20.5 0.13 36 12.3 030 27
West Chukchi -19.9 0.15 28 122 034 26
East Bering -21.0 0.15 33 129 030 35
Central Bering -20.7 0.09 64 12.7 021 64
West Bering -209 0.15 27 116 034 27
South Bering -21.7 022 28 8.5 025 27
Copepods

Canadian Beaufort -256 0.24 25 10.0 0.19 14
East Alaskan Beaufort -257 0.20 57 108 0.19 45
West Alaskan Beaufort -23.4 0.42 7 11.6  0.44 6
Arctic Ocean -253 074 36 90 109 36
North Chukchi -23.0 0.14 55 11.3 012 54
East Chukchi -21.8 0.12 63 105 022 54
West Chukchi -219 017 62 10.3 025 54
East Bering -222 018 72 98 022 64
Central Bering -22.1 013 143 96 0.17 132
West Bering -219 018 65 87 0.19 64
South Bering -23.2 0.18 88 58 0.21 87
Euphausiids

Canadian Beaufort -23.7 0.18 5 - - -
East Alaskan Beaufort -23.7 032 21 9.2 0.57 18
West Alaskan Beaufort -22.1  0.29 19 112 0.27 21
Arctic Ocean - - - - - -
North Chukchi -21.5 012 42 11.0 0.18 36
East Chukchi -20.2 0.16 38 9.7 028 33
West Chukchi -207 020 31 99 028 32
East Bering -209 0.19 35 10.0 0.22 33
Central Bering -209 0.20 47 9.3 0.21 47
West Bering -20.4 024 31 9.1 023 32
South Bering -220 030 35 72 029 34
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Fig. 3. Regions tested for statistical differences of isotope ratios among the general taxonomic groups listed in Table 1 and shown

in Fig. 4. Regions are CAB: the Canadian Beaufort Sea; EAB: the eastern Alaskan Beaufort Sea; WAB: the western Alaskan Beau-

fort Sea; NC: the northern Chukchi Sea; WC: the western Chukchi Sea; EC: the eastern Chukchi Sea; WB: the western Bering

Sea; CB: the central Bering Sea; EB: the eastern Bering Sea; and SB: the southern Bering Sea. AO: Arctic Ocean data are shown
separately in Fig. 2

plots should be treated as approximations. The 8°C
values for both euphausiids and copepods increase,
progressing onto the continental shelves of the Bering
Sea, and remain so northward into the Chukchi Sea.
Further north, the lower values typify the shelf of the
Beaufort Sea and depleted values in the Arctic Ocean.
The other region of very low values is in the south-
western Bering Sea. Near the mouths of the Yukon-
Kuskokwim and Mackenzie rivers, regions of low §'*C
values are also evident. Transitional zones such as
along the coast of the Alaskan Beaufort Sea and over
the continental slope of the Bering Sea showed the
widest ranges of values whereas the on-shelf regions
of the Bering and Chukchi seas were tightly grouped
near —22%.. The south Aleutian shelf copepod samples,
although having more variability among samples, also
averaged near ~22 %o and were indistinguishable from
continental shelf Bering Sea samples.

The copepod samples from the eastern Beaufort Sea,
the deep Arctic Ocean and pelagic regions of the
Bering Sea showed very depleted 8'*C values. Near
the mouth of the Mackenzie River, values as low as
-27.5% were encountered with an average value of

-26.1%0 and only in the pelagic waters of the Bering
Sea were equally depleted samples obtained.

Carbon and nitrogen isotope ratios in herbivorous
and carnivorous zooplankton exhibit pronounced geo-
graphic gradients in the waters surrounding Alaska.
The results of the statistical analyses concur in general
with the findings of Saupe et al. (1989) and Dunton et
al. (1989) of trends in zooplankton enrichment from the
Beaufort Sea to the Chukchi and Bering seas. How-
ever, the patterns of enrichment and depletion evident
in Figs. 5 to 7 are quite complex. Pelagic waters of the
western Bering Basin and the Arctic Ocean have cope-
pods with pronounced depletions in both *N and 3C.
Onshelf advection and diffusion of nutrient-laden
water northward in the Bering Sea are accompanied
by rapid depletion of surface nutrients and an increase
in the heavier isotope abundances, but §'°C increases
are attained faster than 8'°N. The 8'3C values for both
copepods and euphausiids reach maxima near the
200 m contour in the Bering Sea but the maximum §'°N
values for both taxa are not reached until near the
Bering Strait. As the waters are advected through the
Bering Strait and into the Chukchi Sea, the isotopic
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Fig. 4. Average values and 95 % confidence limits on carbon

and nitrogen isotope ratios in euphausiids, chaetognaths and

calanoid copepods for the subregions shown in Fig. 3. Values

are significantly different by p = 0.05 or less if no overlap
occurs

signatures of euphausiids and chaetognaths are
retained and these taxa are relatively enriched north to
near the edge of the continental shelf and eastward to
Point Barrow. High abundances of euphausiids are
characteristic of the advected zooplankton in Bering/
Chukchi waters and we suspect that the specimens
collected in the northern Chukchi Sea were trans-
ported into the region. Euphausiids were not present in
samples collected further north into the Arctic Ocean
and rare in samples from the eastern Beaufort Sea.
Copepods contrast with the euphausiids in that the
3*C values reach maxima in the Bering Strait region
and then decline in the northern Chukchi Sea and
across the Beaufort Sea. We speculate that copepods
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are actively feeding in this region and reflect the de-
creased primary productivity and consequent increased
fractionation against *C by ambient phytoplankton.
The very low values of 8°C in copepods near the
mouth of the Mackenzie River may reflect the fresh-
water inputs of river-transported organic matter of
terrestrial origin (8'°C = —27 to -29%). The offshore
waters of the Arctic Ocean were characterized by cope-
pods and chaetognaths with uniformly *C-depleted
values near —25%. across the basin.

The 8N values for all taxa are relatively high
(>10%0) (Fig. 2) on the shelf and slope with decreasing
values toward the pole. These high 8°N values are
acquired in the northern Bering Sea where surface
nitrate concentrations approach zero and imply that
nitrogenous nutrients are limiting from there north-
ward but that efficient regeneration via grazing and
excretion followed by rapid uptake retains the nitro-
gen in the water column. The slight loss of the heavier
isotope through sinking of particulate matter in the
central Arctic Ocean is assumed to cause the slow
decrease in 8'°N in both copepods and chaetognaths
approaching the Pole. Zooplankton in the vicinity of
the Yukon and Kuskokwim river deltas in the eastern
Bering Sea are also '*C-depleted, again reflecting the
effects of terrestrial inputs of nutrients and carbon with
low 8!°N and 8'°C values.

The 3C- and N-depleted values of zooplankton
collected in the vicinity of the western Aleutian Islands
are indicative of slow phytoplankton growth rates
and/or excess nutrient conditions. Although we ob-
tained only limited nutrient concentration data during
one of these zooplankton surveys (RV 'Alpha Helix',
1995), the data confirmed the presence of high surface
nutrient concentrations—nitrate plus nitrite concen-
trations ranged from 14 to 30 uM and phosphate con-
centrations ranged from 1.2 to 2.2 pM. These values
are consistent with the trends mapped by Conkwright
et al. (1994) showing high surface nitrate concentra-
tions in the western Aleutians. Additional nutrient data
from Japanese sampling (Shiomoto & Ogura 1994) in
the central Aleutian Basin and at the shelf break in
July 1991 revealed nitrate concentrations ranging from
approximately 3 to 17 uM in surface waters in mid-
June to mid-July. As noted above, little data are avail-
able on pCO, in the Bering Sea (summarized in Park et
al. 1974) but our assumption here is that the interan-
nual variations of pCO, arising from physical processes
at a given location are less important than the effects
of phytoplankton production on §'*C. These depletions
are passed on to the carnivores as represented by
chaetognaths and on to top consumers such as seabirds
(K. Hobson pers. comm.). The depleted values are
similar to the patterns observed in waters of the South-
ern Ocean where high dissolved carbon dioxide con-
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centrations and high surface nutrients (Rau et al.
1991a, b, 1992, Goericke & Fry 1994} produce very low
83C and 8'°N values in food web components.

The observed patterns in zooplankton isotope ratios
can be explained in the context of phytoplankton
growth rates in the existing environmental conditions.
Factors such as deep wind-mixing and extensive cloud
cover in the southwestern Aleutians can be expected
to suppress phytoplankton growth rates and thus pro-
duce high isotope fractionation factors in phytoplank-
ton. Rapid phytoplankton growth, primarily large-
celled diatoms in shallow on-shelf waters, reduces
fractionation (Fry & Wainwright 1991) and produces
the zones of *C enrichment in the northern Bering Sea
and southern Chukchi Sea. Better definition of isotopic
fractionation in primary producers acquired through
laboratory cultures and proxy data from herbivores
collected in the marine environment may help define
regions of high or low seasonal primary productivity
and to quantify temporal changes in regional primary
production.

In summary, the carbon and nitrogen isotope ratios
within taxa of zooplankton in Alaskan marine waters
vary widely, apparently due to the effects of physical
and chemical variables on primary producers. The
data illustrate that the ranges in isotope ratios are in-
deed as large as found in Antarctic waters and often
over much smaller distances. Assessing trophic levels
or habitat usage by top consumers must be done cau-
tiously and with accurate knowledge of the isotope
ratio variations in potential feeding habitats arising
solely from primary producers.
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