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Hydrographic Changes in Nares Strait (Canadian Arctic Archipelago)
in Recent Decades Based on "0 Profiles of Bivalve Shells
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ABSTRACT. Nares Strait is one of three main passages of the Canadian Archipelago that channel relatively fresh seawater
from the Arctic Ocean through Baffin Bay to the Labrador Sea. Oxygen isotopic profiles along the growth axis of bivalve
shells, collected live over the 5—30 m depth range from the Greenland and Ellesmere Island sides of the strait, were used to
reconstruct changes in the hydrography of the region over the past century. The variability in oxygen isotope ratios is mainly
attributed to variations in salinity and suggests that the northern end of Nares Strait has been experiencing an increase in
freshwater runoff since the mid 1980s. The recent changes are most pronounced at the northern end of the strait and diminish
toward the south, a pattern consistent with proximity to the apparently freshening Arctic Ocean source in the north and mixing
with Baffin Bay waters as the water progresses southward. This increasing freshwater signal may reflect changes in circulation
and ice formation that favor an increased flow of relatively fresh waters from the Arctic Ocean into Nares Strait.
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RESUME. Le détroit de Nares est 1'un des trois principaux passages de ’archipel canadien qui canalise de I’eau de
mer relativement fraiche de I’océan Arctique jusqu’a la mer du Labrador en passant par la baie de Baffin. Les profils de
la composition isotopique de 'oxygene le long de 1’axe de développement des coquillages bivalves recueillis en vie a une
profondeur variant entre 5 a 30 m des cotés du détroit a la hauteur du Groenland et de I'ile d’Ellesmere ont servi a reconstruire
les changements ayant caractérisé ’hydrographie de la région au cours du dernier si¢cle. La variabilité en matic¢re de ratio
d’isotope de l'oxygene est principalement attribuable aux variations de salinité, ce qui laisse entendre que I'extrémité nord du
détroit de Nares connait une augmentation de I’écoulement d’eau douce depuis le milieu des années 1980. Les changements
récents sont plus prononcés a 'extrémité nord du détroit et diminuent en arrivant vers le sud, ce qui constitue une tendance
conforme a la proximité de la source de ’'océan Arctique en dessalure apparente dans le nord et qui se mélange avec les eaux
de la baie de Baffin au fur et a mesure que ’eau progresse vers le sud. Cette augmentation de la présence d’eau douce peut
étre le reflet de changements en mati¢re de circulation et de formation de la glace qui favorisent un écoulement accru d’eaux
relativement douces en provenance de ’océan Arctique et se jettent dans le détroit de Nares.

Mots clés : Arctique, détroit de Nares, bivalves, série chronologique, isotope de I’oxygene, salinité, eau douce

Traduit pour la revue Arctic par Nicole Giguere.

INTRODUCTION

The Arctic Ocean plays a pivotal role in the global hydro-
logic cycle by returning waters evaporated and transported
from the surface of the subtropical Atlantic Ocean to the
North Pacific and circumpolar watersheds. The products
of the freshwater input and mixing processes are exported
back to the North Atlantic in the form of ice and fresh-
ened seawater through the western side of Fram Strait and

the passages of the Canadian Arctic Archipelago (CAA)
(Aagaard and Carmack, 1989; Melling, 2000; Melling et al.,
2008). Model-based studies have shown that an increase in
the freshwater export from the Arctic to the North Atlantic
has the potential to hamper global ocean overturning circu-
lation and consequently to affect the Northern Hemisphere
climate (Renssen et al., 2001; Ottera et al., 2003; Saenko et
al., 2003; Stouffer et al., 2006).
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Over the past few decades, global and local environmen-
tal changes have influenced the distribution and storage
of Arctic freshwater, including sea ice (e.g., Serreze et al.,
2003; Walter et al., 2006; McPhee et al., 2009). A quantita-
tive assessment of the variability and forcing of freshwater
fluxes to and from the Arctic Ocean is essential in evalu-
ating this region’s sensitivity to natural and anthropogenic
climate perturbations.

Bivalves are distributed throughout the CAA. The use of
isotopic data from their shells is gaining significant atten-
tion as a valuable tool to generate a much-needed retrospec-
tive time series of hydrographic data (Khim et al., 2001,
2003; Miiller-Lupp et al., 2003, 2004; Dettman et al., 2004;
Simstich et al., 2005). These organisms accrete calcium
carbonate at the ventral margin of their shells throughout
the growing period, and this accretion is accentuated in the
spring and summer. This process leads to the formation of
annual growth increments throughout the bivalves’ lives,
which may extend from 10 to several hundred years (e.g.,
Rhoads and Lutz, 1980; Schone et al., 2005a). The oxy-
gen isotopic composition (*O/'°O) of marine carbonate is
controlled by the temperature and isotopic composition of
the ambient water from which it precipitated. The isotope
data are commonly expressed in the conventional delta (J)
notation,

8180 = 1000 * (180/1605amp1e - le/léOreference)/ 180/160references (1)

where the isotope ratios of the carbonate (6'%0,,,) are
reported relative to the international Vienna Pee Dee
Belemnite (V-PDB) standard. The oxygen isotopic com-
position of the ambient water (6'%0,,,,) is reported rela-
tive to V-SMOW (Vienna Standard Mean Ocean Water).
The 8'%0,,,, in turn is influenced primarily by the amount
of freshwater from runoff, direct precipitation, and sea-ice
formation, and to a lesser extent, by glacial melt (Alkire,
2010). Thus, by establishing oxygen isotopic profiles of the
carbonate shells along the axis of maximum growth, it is
possible to obtain hydrographic time-series information on
the bivalve’s habitat. Here we combine hydrographic data
with isotopic analyses of bivalves recovered live from Nares
Strait to document these relationships. The observed shell
records suggest a freshening as early as the mid 1980s, a
timing that is in agreement with limited tracer hydrographic
information and model-based considerations, as discussed
below.

STUDY AREA

The upper Arctic Ocean stores nearly 100000 km?* of
freshwater (including sea ice). The principal inputs of fresh-
water include 3200 km?/yr from large rivers in Russia and
Canada, about 2500 km®/yr freshwater equivalent flow of
Pacific seawater entering through Bering Strait, and 2000
km®/yr of direct precipitation minus evaporation (Aagaard
and Carmack, 1989; Bauch et al., 1995; Macdonald et al.,

2002; Woodgate and Aagaard, 2005; Serreze et al., 2006,
2008). As they are isotopically indistinguishable, we refer
to the combined run-off and direct precipitation to the Arc-
tic as meteoric.

The freshwater inventory of the Arctic Ocean provides
the potential for the system to export large pulses of fresh-
water to the North Atlantic. Changes in the Arctic fresh-
water budget and circulation appear to be associated with
changing atmospheric pressure patterns (Dickson et al.,
2000; Serreze et al., 2000; Bauch et al., 2009) and global
warming trends (Peterson et al., 2002). If these changes
result in enough freshwater spreading to the deep convec-
tion regions in the Labrador Sea, they may hinder convec-
tion or even prevent waters from attaining sufficient density
to sink and ventilate the upper deep ocean.

Nares Strait is one of three main passages of the CAA
that channel relatively fresh seawater from the Arctic Ocean
through Baffin Bay to the Labrador Sea (Fig. 1). The head
of Nares Strait is situated just downstream from the conflu-
ence of the Transpolar Drift and the Beaufort Gyre, where
Atlantic and Pacific water masses meet (Karcher and Ober-
huber, 2002; Steele et al., 2004). Seasonal and interannual
variability in Arctic Ocean circulation as expressed in the
upper 220 m (the approximate sill depth in Kane Basin) will
be manifest in Nares Strait before propagating into Baffin
Bay, across Davis Strait, and into the Labrador Sea (Steele
et al., 1996).

Salinity — 0"%0O Relationships

Chemical characterization of Arctic waters has been a
subject of several investigations aimed at establishing the
various water types of the central Arctic Ocean and pas-
sages of the CAA. This chemical analysis can be used to
derive insights into ocean circulation and the region’s hydro-
graphic response to climate change (e.g., Alkire et al., 2007;
Yamamoto-Kawai et al., 2005, 2008; Guay et al., 2009).
Among the various available geochemical tracers, salinity
— 0'%0 relationships have been used since the 1980s (e.g.,
Ostlund and Hut, 1984; Tan and Strain, 1980, 1996; Strain
and Tan, 1993; Macdonald et al., 1995) as a means of quanti-
fying the seasonal icemelt and meteoric water contributions
to the freshwater budget. Alkire (2010) recently constrained
the net contributions of these two components by applying
conservation equations to an extensive hydrographic data
set collected from our study area in 1997 and 2003.

MATERIALS AND METHODS
Sampling Sites

Bivalves were collected at five locations on the Green-
land and Ellesmere Island sides of Nares Strait during
Healy cruise 031 from 2 to 14 August 2003 (Fig. 1B). The
sampling sites, identified during a helicopter reconnais-
sance survey, were selected to optimize exposure to the
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FIG. 1. Study area modified from http://www.ibcao.org. A. Surface circulation patterns south of the Canadian Arctic Archipelago and Baffin Bay. The red arrows
indicate the direction of current flows, and the width indicates the relative magnitude of water that is transported with the currents (from Falkner et al., 2006).
Yellow dots indicate regions where previous bivalve studies have been conducted as referenced in Zima (2007). Box denotes the location of Nares Strait. B.
View of the Nares Strait general study area between northern Greenland and Canada. Solid white lines represent transects for water sampling at Smith Sound,
Kennedy Channel South, Kennedy Channel North, and Robeson Channel used by Alkire (2010) to constrain salinity-8"O relationships for this area. Numbers in

white represent stations of bivalve collection for this study, listed in Table 1.

main water flow in the strait and to ascertain the absence
of nearby freshwater streams. A relatively steeply sloping
bottom was sought to permit safe sampling by divers. Sam-
pling sites were surveyed with a submersible color camera
to identify the siphons and closed shells of living bivalves.
Soft sediment mixtures of sand, gravel, and clay compose
their benthic habitat.

Station 1 was located on the western side of Littleton
Island in a small, protected channel. The site was approx-
imately 6 m deep, with abundant kelp, brittle stars, and
prevalent bivalve siphons. At Station 2, bivalves were col-
lected on the east side of Bellot Island, over a relatively gen-
tly sloping bottom that was muddy and free of macroalgae.
Station 3 was located on the eastern side of Offley Island.
The area bordering Station 4 in Scoresby Bay consisted of
exposed coastline, with abundant grounded ice and regions
of scour in the shallows. Western Scoresby Bay was dom-
inated by large inflowing rivers, so sampling was sited at
the northeastern mouth of the bay. Station 5 was located
in Alexandra Fiord, just southwest of Cairn Island. Station
coordinates and specimens recovered are listed in Table 1.

A total of 198 bivalves of 8 different species were collected
over the depth range of 6 to 30 m. Total length, width, and
wet weight (shell + body) were measured onboard after col-
lection, and are reported elsewhere (Zima, 2007).

Water and Bivalve Analyses

Seawater samples for salinity and oxygen isotope meas-
urements were collected at each site through deployment of
a 1.7 L Niskin bottle at the depths of bivalve collection (Table
2). A full hydrographic data set for this region, obtained
as part of the Canadian Archipelago Throughflow Study
(CATS), is archived at the CLIVAR & Carbon Hydrographic
Data Office (CCHDO) and is available online at http:/www.
udel.edu/CATS/data/CTD2003/. Oxygen isotope data from
these sections have been reported in Alkire (2010).

Salinities were measured on board in a temperature-
controlled room using an Autosal by Guildline, Model
8400B (#65-715), with a precision of 0.002 PSU (Practical
Salinity Units). The oxygen isotopic composition of the water
(8"80,,.e;) Was analyzed at Oregon State University by the
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TABLE 1. Summary of sites on both sides of Nares Strait from which bivalves were collected during August 2003. Site locations are

shown in Figure 1.

Collection date Site name Latitude  Longitude Depth Species

in 2003 (number) N w range (m) (number of live specimens)'

August 2 Littleton Island (Station 1) 78°22.20' 72°51.0" 6 HA (1); SG (1)

August 7 Bellot Island (Station 2) 81° 42.81" 64° 55.0' 13-27 AB (28); HA (15); MT (4); NB (1); PA (13); SG (3)
August 10 Offley Island (Station 3) 81° 17.91' 61°43.93"  10-20 HA (1)

August 12 Scoresby Bay (Station 4) 79° 55.80" 71° 7.0’ 10-20 AB (11); HA (3); MT (6); NB (1); NP (1); SG (3)

August 14 Alexandra Fiord (Station 5) 78° 54.35' 7574716 6-22 AB (84); HA (2); MC (6); MT (5); NB (2); NP (2); SG (5)

" HA = Hiatella arctica, SG = Serripes groenlandicus, AB = Astarte borealis, MT = Mya truncata, NB = Nucula bellotti,

PA = Portlandia arctica, and NP = Nuculana pernula.

TABLE 2. Salinity and oxygen isotopic composition of the water
at the bivalve collection sites.

Bivalve collection site Depth (m)  Salinity = 8"%0,,, (%0V-SMOW)
Station 1, Littleton Island 1 31.757 -1.88
5 31.757 -1.87
10 31.804 -1.78
20 31.933 -1.73
Station 2, Bellot Island 1 31.254 -2.67
5 31.369 -2.68
10 31.378 -2.67
20 31.448 -2.61
30 31.573 -2.58
Station 3, Offley Island 1 30.019 -3.45
8 30.096 -3.37
17 30.484 -3.17
Station 4, Scoresby Bay 1 30.823 -2.76
5 31.464 -2.38
10 31.631 -2.27
20 31.894 -2.22
Station 5, Alexandra Fiord 1 31.256 2.23
5 31.260 -2.20
10 31.766 -2.02
18 32.122 -1.85

CO, equilibration method, using a Finnigan Mat 251 mass
spectrometer. Results are reported relative to V-SMOW, and
1-sigma precision is estimated to be £ 0.05%o.

Bivalve shells were ultrasonically rinsed in water-free
ethyl alcohol and coated with J-B® KWIK WeldTM quick-
drying metal epoxy to form a protective coating during cut-
ting, grinding, and polishing. Mirror-image sections (1-3
mm thick) for sclerochronological and isotope analysis
were cut from the shells perpendicular to the growth axis,
using a diamond band saw. Details of the procedures used
are given in Schone et al. (2004). Growth layers were deter-
mined by microscopic examination of shells stained with
Mutvei’s solution (500 mL 1% acetic acid, 500 mL 25% glu-
taraldehyde, and 5 g of alcian blue powder), following the
techniques of Schone et al. (2005b). Treated samples were
then viewed under a Leica DMLP reflected light binocular
microscope with 16X or 25X magnification and equipped
with a Nikon Coolpix 995 camera.

Immersion in Mutvei’s solution produces a crisp, three-
dimensional relief of etch-resistant ridges (growth lines)
and etched depressions (growth increments) (Fig. 2). The
growth lines are stained a deeper blue than the growth
increments because more polysaccharides and soluble
organics are deposited or accumulated in the hard parts

during periods of reduced CaCO; precipitation and skeletal
growth (e.g., Schone et al., 2004). The ontogenetic age for
each individual is assigned by counting these banded pairs
of annual growth increments.

The unstained shell segments directly opposing the
stained cross-section were sampled using a 1 mm diameter
cylindrical diamond drill bit (Brasseler USA) under a stereo-
microscope (10X to 20x magnification). Each drilling yielded
approximately 50 pg or less of carbonate powder, which was
collected from the outer shell layer along the growth axis in
roughly annual increments. The oxygen isotope values in the
carbonate (3'*0,,,) were measured at Oregon State Univer-
sity using a Finnigan/MAT 252 stable isotope mass spec-
trometer equipped with a dual-inlet and Kiel-III carbonate
preparation device, with a precision of £ 0.06%o. Isotope val-
ues are reported relative to the V-PDB scale.

RESULTS
Hydrographic Data

The hydrographic data for the bivalve collection sites are
given in Table 2. Data from bivalve sites are in accord with
the salinity — 8'%0,,,, relationship for the upper waters of the
Nares Strait region reported by Alkire (2010). The variation
of 680, as a function of salinity in Nares Strait, displayed
in Figure 3, shows a reasonable fit to a line defined by:

10, per = 0.69°Salinity — 24.2%o )

Within uncertainties, this line is consistent with the mix-
ing of Atlantic and Pacific source waters with those of high-
latitude meteoric inputs, and it includes a component of a
net ice formation signal from the Arctic interior (Miinchow
et al., 2006; Alkire, 2010). Taking into account error in both
the salinity and the 8'0,,,, measurements, this relation-
ship implies a freshwater 8'%0,,,,., end member of -24.2%o
(= 1.1 at the 95% confidence interval, Fig. 3). The Arctic
Ocean that supplies Nares Strait carries a meteoric water
end-member signal of -18.8 £ 2%o, which has been calcu-
lated from a flow-weighted average of river runoff (Cooper
et al.,, 2008). The lower value reported here (-24.2%o)
reflects an additional contribution by halocline water that
is brine-enriched during sea-ice formation in the Arctic.
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FIG. 2. Composite cross-section of Hiatella arctica stained with Mutvei’s
solution, where (A) represents the outer shell layer and (B) represents the
inner shell layer. Darker stained portions of the shells indicate winter growth,
while lighter-blue stained portions represent summer growth.

This brine-enriched water is retained as these waters flow
southward (Alkire, 2010). Although identifying the various
components that define the 80, — salinity relationships
is critical to accurately estimating freshwater contributions
(Alkire, 2010), for a first-order interpretation of our results
we will take the observed relationship at face value, assume
it is relatively constant in time, and assign an “apparent”
freshwater end member of -24.2 + 1.1%o. It is important to
recognize that either more meteoric input or less brine from
sea ice formation (or both) can lead to “freshening.”

Bivalve Data

The bivalve species composition varied from station to
station (Zima, 2007), but in general, specimens of Nucula
bellotti, Nuculana pernula, Mya truncata, Serripes groen-
landicus, and Macoma calcarea were most prevalent in
shallower waters (to approximately 20 m). These individ-
uals were also predominantly small and young (10 to 20
years old or less). Older bivalves were represented by the
species Astarte borealis and Hiatella arctica and were
found to be abundant at three of the five stations (Table 1).
A. borealis was found at all depths at these stations and
spanned the largest age range, from about 20 to 150 years (+
10 years). All the H. arctica for age analysis were collected
live at Bellot Island over nearly the entire depth range up to
approximately 30 m, and ranged in age from 5 to 50 years
(£ 2 years). The ages obtained in this study for M. truncata
(14 years), S. groenlandicus (8 years), and H. arctica (5 to
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FIG. 3. Relationship between salinity and 8'*O,,,, for the Nares Strait region
(line intercept = -24.2 + 1.1%o and slope = 0.69 + 0.03, at the 95% confidence
interval; n = 170; r> = 0.95). The equation describes the extrapolation of the
salinity-8"*0,,,, relationship for Nares Strait to the implied freshwater (S = 0)
end-member 8"0,,,, value (-24.2 + 1.1%o). The Pacific end member for salinity
33.11is -1.1 £ 0.1%0 (Macdonald et al., 2002) and the Atlantic end member for
salinity 34.9 is about 0.3%o (Bauch et al., 1995). The low freshwater end-
member value reflects a contribution of halocline waters imported from the
Arctic (Alkire, 2010).

22 years), shown in Table 3, agree well with the typical life
spans for these individuals reported by other investigators
(Sejr et al., 2002; Amaro et al., 2003; Kilada et al., 2007).
The estimated ages for 4. borealis (20 to 150 years) are sig-
nificantly higher than the maximum age of 8 years for spec-
imens with similar shell lengths reported by Selin (2007).
However, data from Miiller-Lupp and Bauch (2005) reflect
ages greater than 15 years for A. borealis specimens from
the Laptev Sea, and previous analyses of A. borealis shells
from the North Sea revealed ages of ca. 50 years (Degen,
2005). Errors associated with the counting of growth rings
in specimens of H. arctica (+ 2 years) are lower than those
associated with A. borealis (£ 10 years) because ontogenetic
effects (slower metabolism and generation of new shell
material with age) cause the growth rings of A. borealis to
crowd together. Thus, discerning annual growth increments
for A. borealis individuals becomes more of a challenge as
they age; nonetheless, even taking into account the errors
in our measurement (+ 10 years), the A. borealis specimens
studied here reach ages significantly greater than those pre-
viously reported for this species.

The age and measured oxygen isotopic composition in
the youngest sections of all specimens analyzed are listed
in Table 3. Also listed are ontogenetic age and isotopic data
for entire shells of 4. borealis and H. arctica collected from
stations 2, 4, and 5. The isotope distribution as a function
of age for whole shells of A. borealis specimens is shown
in Figure 4. The composite data set shows a relatively sta-
ble isotope signal except for the specimens collected in the
northernmost region of Nares Strait (Bellot Island, Station
2), where a striking trend towards lighter values is apparent
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TABLE 3. Measured 8"*0,,,, values in the youngest sections of bivalves of all studied species, as well as whole shells of H. arctica and
A. borealis from Bellot Island (Station 2), Scoresby Bay (Station 4), and Alexandra Fiord (Station 5). Continued on p. 7.

Species Annual Species Annual
(ontogenetic Depth increments O (ontogenetic Depth increments 3%0
Stn ID age in years) (m) sampled (yrs) (%0VPDB) Stn ID age in years) (m) sampled (yrs) (%0VPDB)
2 4 NB (6) 13.4-14.3 1 -1.74 2 33 AB (150) 18.6 1-5 -1.94
2 5 PA (30) 13.4-143 1 2.42 617 -0.98
2 17 HA (9) 13.4-14.3 1 0.10 18—-29 -0.91
2 0.00 30-41 0.26
3 0.19 42-51 1.06
4 1.21 52-56 1.06
5 -0.31 57-66 1.35
6 1.73 67-76 1.49
7 1.46 77-86 1.61
8-9 1.75 87-96 1.41
2 18 HA (9) 13.4-14.3 1 1.40 97-116 1.74
2 0.88 117-126 1.36
3 1.88 127-131 0.94
4 1.28 132-150 0.77
5 1.44 2 35 AB (60) 18.6 1 1.23
6 2.54 2 1.65
7 1.72 3 1.58
8 2.20 4-6 1.51
9 0.07 7-9 1.93
2 22 AB (125) 13.4-143 1-6 2.09 10-12 2.11
7-9 1.93 13-15 2.15
10-12 2.09 16-20 2.15
13-15 2.30 21-25 2.17
16—19 2.33 26-30 1.77
20-25 222 31-36 2.07
26-28 2.40 37-39 1.64
29-33 222 40-45 1.76
34-40 2.03 36-51 1.87
41-45 2.19 52-58 2.06
46-51 2.35 59-60 1.54
52-62 2.30 2 43 AB (45) 18.6 1 -0.02
63-65 2.30 2 46 HA (19) 21.6-23.2 1 0.32
66-70 2.05 2 0.78
71-90 1.13 3 -0.11
91-100 1.27 4 1.43
101-105 1.55 5 0.71
106110 2.05 6 1.36
111-115 1.64 7 0.83
116—-120 2.18 8 -0.86
121-125 1.44 9 0.10
2 24 AB (20) 13.4-14.3 1 -4.87 10 0.84
2 -1.85 11 0.52
3 -0.77 12 0.08
4-5 0.22 13 1.10
6-7 1.21 14 1.19
8 1.14 15 1.31
9 -0.48 16 1.07
10 2.12 17 1.11
11 -0.50 18 -0.18
12 0.95 19 -1.02
13 1.83 15 1.31
14 1.52 16 1.07
15 1.93 17 1.11
16—18 1.72
19-20 1.10
229 PA (55) 15.8 1 -1.05
2 31 AB (95) 15.8 1 1.76
in the most recent years of growth. The relatively stable DISCUSSION

signal observed in most samples indicates that there is no

apparent ontogenetic effect on the isotopic composition of  Calibration of the Expected ¢"°O Equilibrium

the shell, which is consistent with isotope records reported

in the literature for 4. borealis and S. groenlandicus from A few X-ray diffraction analyses of the carbonate mate-
various Arctic regions (e.g., Israelson et al., 1994; Khim et~ rial showed it to consist predominantly of aragonite, in
al., 2003; Miiller-Lupp et al., 2003). agreement with literature data documenting aragonite shell
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TABLE 3. Measured 8"*0,,,, values in the youngest sections of bivalves of all studied species, as well as whole shells of H. arctica and
A. borealis from Bellot Island (Station 2), Scoresby Bay (Station 4), and Alexandra Fiord (Station 5) — continued:

Species Annual Species Annual
(ontogenetic Depth increments 3%0 (ontogenetic Depth increments O
Stn ID age in years) (m) sampled (yrs) (%0VPDB) Stn ID age in years) (m) sampled (yrs) (%0VPDB)
2 47 HA (22) 21.6-23.2 1 -1.28 4 75 AB (80) 12.8 1-12 1.96
2 -0.35 13-17 1.89
3 -1.71 18-21 2.05
4 -0.30 22-25 2.36
5 -0.85 26-29 2.32
6 -0.26 30-35 213
7 -1.62 36-40 1.92
8 -0.68 41-51 2.40
9 -0.33 52-61 1.51
10 -0.73 62-70 1.57
11-12 -0.09 71-75 1.79
13 1.30 76—80 2.30
14 1.34 4 68 SG (8) 9.7 1 0.37
15 -0.17 4 71 MT (20) 12.8 1 1.98
16 0.04 4 77 NP (25) 16.7 1 1.53
17-18 1.71 4 78 AB (40) 16.7 1 1.62
19 1.69 4 81 NB (26) 16.7 1 1.63
20-22 1.84 4 87 AB (80) 20.1 1 -0.10
2 48 HA (5) 21.6-23.2 1 -0.23 2-6 1.10
2-3 0.99 7-11 1.46
4-5 1.04 12-16 1.53
2 52 AB (90) 21.5-23.0 1 0.97 17-26 1.75
2 54 AB (54) 21.5-23.0 1 1.08 27-36 1.47
2 65 AB (35) 273 1 -0.23 37-46 1.02
2 66 AB (60) 273 1 0.62 47-56 1.08
367 HA (20) 19.1 1 1.91 57-176 1.23
4 73 AB (80) 12.8 1 1.93 77-80 1.12
2 1.97 5 94 MT (14) 6.7 1 2.03
3 2.07 5 95 AB (32) 6.7 1 1.87
4 2.38 5 102 MC (23) 18.9-19.8 1 0.95
5 2.04 5 105 NB (60) 18.9-19.8 1 3.22
6-8 2.22 5 106 NP (13) 18.9-19.8 1 2.17
9-11 1.79 5 126 AB (80) 18.9-19.8 1-10 2.24
12-14 1.83 11-20 2.58
15-19 2.00 21-30 241
20-25 2.06 31-40 2.62
26-31 1.44 41-50 2.26
32-35 1.61 51-60 1.98
3641 2.13 61-70 1.84
42-45 1.55 71-74 2.16
46-50 1.91 75-80 2.41
51-56 213 5 136 AB (30) 18.9-19.8 1 2.14
57-61 2.13 5 142 AB (80) 18.9-19.8 1-10 1.78
62-66 2.18 11-20 2.28
67-71 1.87 21-44 2.12
72-80 1.73 45-55 2.90
4 74 AB (40) 12.8 1 1.59 56-65 1.83
2 2.30 6675 1.81
3 1.48 76—-80 1.61
4 1.88 5 146 AB (150) 18.9-19.8 1 2.12
5-6 1.72 5 157 MC (10) 22.1 1 2.14
7-8 1.74 5 182 AB (30) 22.1 1 1.80
9-10 2.01 5 187 AB (90) 22.1 1-12 1.89
11-15 2.09 13-32 2.19
16-20 2.35 33-52 2.15
21-30 2.05 53-67 213
31-40 1.81 68—-86 2.00
87-90 1.54
5 192 AB (50) 22.1 1 2.29
5 193 AB (80) 22.1 1 2.42

composition for all the species studied here (e.g., Wassenaar ~ thermodynamic equilibrium with the isotopic composition
et al., 1988; Khim, 2002; Khim et al., 2003; Miller-Lupp et of the ambient water (3'*0,,,,) at a given temperature (T),
al., 2003; Simstich et al., 2005). The expected isotopic com-  according to the following empirical equation (modified
position of the aragonite (8'*0,,,,) can be predicted from  from Bohm, 2000):
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FIG. 4. Oxygen isotope composition versus age for specimens of A. borealis
(AB) collected from (A) the northernmost region of Nares Strait at Station 2,
(B) midway through at Station 4, and (C) the southernmost region at Station
5. Sample ID numbers are those given in Table 3.

350, = 4.52— 0.23T + 850, 3

carb

Although this relationship was originally derived for
sponges, it has been successfully applied to hydrographic
reconstructions for Arctic regions using data obtained from
shells of A. borealis, S. groenlandicus, and Macoma cal-
carea from Holocene to modern times (Miiller-Lupp et al.,
2004; Simstich et al., 2005). On the basis of the strong cor-
relation between the 80, and salinity shown in Figure 3,
we rewrite the above equation as:

880 = (4.52 — 0.23T) + (0.69Salinity — 24.2), @)
which allows us to evaluate variation in the oxygen isotopic
record of the shell as a function of temperature and salinity.

Time series data collected continuously from 2003
to 2006 indicate that the maximum temperature range
observed in our study area is ~8° (-2°C to 6°C; Rabe et al.,
2010). We thus selected temperatures at 2°C intervals over
the whole range observed in this region and calculated the
expected shell isotopic values for each temperature value,
which are plotted as discrete lines on Figure 5. This figure
also shows the oxygen isotopic composition of a specimen

80, ., (%o V-SMOW)
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1 ‘
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-2.00 > e 15y
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FIG. 5. Expected isotopic composition of the aragonitic shells (solid lines)
precipitated in equilibrium with the oxygen isotopic composition of the
ambient water (which is here assumed to be a salinity proxy, using the transfer
function shown in equation 2), at discrete temperatures (which encompass
the maximum temperature ranges observed at the region from 2003 to 2006
by Rabe et al., 2010). Measured 'O shell composition of an A. borealis shell
(AB-33, black dots) at discrete ontogenetic ages, expressed as number of years
before collection date, shows significant deviations from the expected values,
which become larger in the more recent years. Other specimens of A. borealis
(AB-22 and AB-35) have isotopic records that are in apparent equilibrium
with the ambient salinity and temperature (shown by rectangle).

of A. borealis (AB-33, black dots) at different ontogenetic
ages (denoted as time slices in years). The spread in isotopic
values for this shell contrasts with the results from other
specimens (AB-22 and AB-35, shown by a rectangle), which
have an isotopic record that is in apparent equilibrium with
the ambient salinity (31.4) and temperature of calcification
(~1 £ 0.5°C). In this exercise, the records from AB-22 and
AB-35 (and those from samples shown in Fig. 4B and C,
but not included in Fig. 5) show that the isotopic composi-
tion of the shells can indeed be used in combination with
equation (4) to reconstruct the hydrographic conditions of
the bivalve’s habitat. In light of this, it becomes apparent
that the record of AB-33 reflects either unrealistically warm
water or a dilution of the ambient water with fresher, iso-
topically light waters. If we assume that the ambient waters
where this bivalve grew have not been warmer than 4°C,
then the isotopic data reflect a freshening effect of up to
15%. Similar combinations of potential temperature/salin-
ity conditions can be deduced from Figure 5, but in all cases
the isotopic record shows that AB-33 experienced progres-
sively fresher and perhaps warmer waters during the past
50 years.

To further evaluate the isotopic variations in our full
data set, we compared the isotopic composition of the car-
bonate accreted during the most recent years of growth
of 42 bivalves to expected values at equilibrium tempera-
tures ranging from -2°C to 6°C (Fig. 6). In the most recent
years, many of the shells collected from Bellot Island (Sta-
tion 2) and some specimens from Scoresby Bay (Station
4) show isotopic values that are significantly lighter than
those expected from the maximum temperature values. The
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FIG. 6. Measured 8'%0 shell composition in the youngest sections (< 3 years)
of bivalve shells collected from all stations in Nares Strait as a function
of temperature, using hydrographic data listed in Table 2 (for the depth of
bivalve collection) and isotopic values listed in Table 3 (for the most recent
year of growth). The expected isotopic composition of the aragonitic shells
precipitated in equilibrium at discrete temperatures is shown by the long
parallel lines. Red circles represent samples from Bellot Island, purple circles
designate Alexandra Fiord, green circles represent Offley Island, and blue
circles represent Scoresby Bay. Letters represent the bivalve species as
indicated in Table 1, and numbers correspond to the specimen identification
numbers listed in Table 3.

deviations from expected values are apparent in all species
analyzed and are independent of sample collection depth
and specimen age. The observed 80y, data reach values
as negative as -4.87%o, with several samples showing val-
ues more negative than -1.00%o.. If we assume that this sig-
nal derives entirely from dilution with meteoric waters, it
implies salinities ranging from 23 to 26, assuming an ambi-
ent temperature of 1°C to 2°C (Eq. 4). Of course, this exam-
ple represents an extreme set of assumptions. The reality
likely involves a combination of meteoric dilution and pos-
sibly reduced brine production or a temperature increase,
or both. Nonetheless, a freshening effect is required to
account at least partially for the observed isotopic variabil-
ity. Anomalously light 5'*0y,,, values are most pronounced
in specimens collected from Bellot Island (Station 2) at
the northern end of Nares Strait, and the magnitude of the
deviations from the expected range decreases from north to
south.

We also examined time slices of shells corresponding to
10 (£ 5), 20 (= 10), 30 (= 10), and 40 (£ 10) years in spec-
imens of A. borealis and H. arctica collected from Bellot
Island (Station 2), Offley Island (Station 3), and Alexandra
Fiord (Station 5), which represented stations at the inlet,
midpoint, and outlet of Nares Strait, respectively (Fig. 7).
Measured isotopic records in A. borealis and H. arctica
corresponding to the 10 and 20 year shell sections from
Bellot Island (Station 2) were significantly lighter than the
expected values, even if we assume a high temperature of
6°C. The shell sections accreted 30 to 40 years ago show
isotopic values that fall within the expected range given the
salinities and temperatures measured in Nares Strait.
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These data are compiled in Figure 8, which shows that
the largest deviations from expected oxygen isotopic val-
ues at the average and maximum temperatures recorded
in Nares Strait (1°C and 6°C) occur most frequently in the
youngest shell sections (< 3 year time slice), and decrease
progressively in frequency and magnitude to the 30 and 40
year time slices. These results reveal that the measured 630
values in the bivalve shells have been getting significantly
lighter in the recent past compared to 30, 40, and even 20
years ago.

Bivalves as Hydrographic Indicators

A one-time acoustic Doppler survey along with hydro-
graphic sections (Miinchow et al., 2006) and preliminary
results from a moored array of the CATS program (Rabe et
al., 2010) estimate that 800 + 400 km?*/yr of freshwater pass
through Nares Strait, an amount that constitutes about one-
fourth of the estimated flux from the Arctic. While we can-
not be certain that the shells do not record only very local,
within-strait sources, we view that to be unlikely on the
basis of hydrographic tracer studies that show a predomi-
nantly Arctic Ocean origin of upper waters throughout the
Strait (Alkire, 2010; K.K. Falkner et al., unpubl. data). Com-
bined tracer and current studies measure fluxes of upper
Arctic Ocean water through Nares Strait that exceed pos-
sible fluxes of local sources by orders of magnitude (Miin-
chow et al., 20006).

If our bivalve collection sites are not affected by local
sources of freshwater, then the oxygen isotopic compo-
sition of the shell should reflect the ambient 8'*0 .., and
temperature of waters flowing through the Nares Strait.
Currents through the CAA are multidirectional and com-
plex (Fig. 1A, Rabe et al., 2010; K.K. Falkner et al., unpubl.
data). They tap waters from both the Arctic Ocean and Baf-
fin Bay, and superimposed on these are meteoric inputs,
sea-ice melt and formation signals, glacial melt, and varia-
ble mixing processes. Hence, temperature and salinity vary
regionally and temporally, particularly in the upper 100 to
200 m of the water column, where bivalves are most abun-
dant (Alkire, 2010).

The imprint of variable $'*0,,,, on the 30, will be
dampened with decreasing latitude in the strait, since
upper Arctic waters are subject to considerable mixing as
they transit the passages of the CAA (Melling et al., 1984;
Alkire, 2010; K.K. Falkner et al., unpubl. data). Stations
near the northern and western sides of Nares Strait (e.g.,
Bellot Island) are expected to show more variability in shell
isotopic compositions with respect to 6"*0,,,, because it
is in these regions of the strait that the Arctic freshwater
sources tend to be most pronounced (Alkire, 2010; Rabe et
al., 2010; K.K. Falkner et al., unpubl. data). At the south-
ern end (e.g., Littleton Island and Alexandra Fiord), Arctic
freshwater signals are diluted with those in Baffin Bay. The
expected pattern is indeed reflected in the measured iso-
topic compositions for the most recent year of shell accre-
tion (Fig. 6).
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FIG. 7. Measured 8"0 in shell sections corresponding to (A) 10 (= 5), (B) 20 (= 10), (C) 30 (& 10), and (D) 40 (+ 10) years in specimens of A. borealis and
H. arctica collected from Bellot Island (red dots), Offley Island (green dots), and Alexandra Fiord (purple dots). Measured values were compared to the expected
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Note that the fractionation of the isotopes during sea-ice
formation is only about +2.1%0 (Moore et al., 1983). Glacial
runoff originating from Greenland would cause the fresh-
ening signal to increase southward. Thus we infer from
our results that the increasingly fresh signal in recent time
reflects rearranged circulation within the Arctic, which
causes Nares Strait to receive proportionately more of the
relatively fresh waters. The Beaufort Gyre appears to store
and release pulses of freshwater to the Atlantic on decadal
time scales (Proshutinsky et al., 2002; Dukhovskoy et al.,
2006a, b). The timing of the freshening in our records is
consistent with the so-called cyclonic Arctic Ocean Oscilla-
tion (AOO), a circulation pattern that corresponds to fresh-
water release from the Arctic (See Fig. 2 in Dukhovskoy et
al., 2006b).

It is interesting that our most pronounced freshening
occurred in the first cyclonic AOO year after a brief (4-year)
anticyclonic regime that had followed a prolonged cyclonic
regime. In that prolonged time-frame spanning most of the
1990s, the Arctic Oscillation index, which is an indication
of the atmospheric state in the Northern Hemisphere, was
highly positive and inversely correlated to the AOO. In the

preceding five decades, these indices had been positively
correlated, which suggests that the Arctic system entered
into a new state in the late 1980s. Our shell data suggest
that this transition corresponds to a trend toward the flux-
ing of freshest waters through Nares Strait in the two most
recent decades.

With oxygen isotopes alone, we cannot distinguish what
portion of this freshening signal in our shells is due to
decreased brine production and what portion to enhanced
dilution by meteoric waters. There may be other chemical
signatures in the shells that will allow these distinctions, but
such work was beyond the scope of this exploratory study.
There is evidence in historical hydrographic data that such
a freshening effect has been accumulating downstream in
the northwest area of Baffin Bay in recent decades (Zweng
and Miinchow, 2005).

CONCLUSIONS

Bivalve shells have proven to be useful recorders of the
ambient hydrographic conditions in which these animals
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grow. However, a robust interpretation of these proxies
relies on understanding the features of the modern system,
which has recently been characterized by Alkire (2010).
Here we have analyzed the potential of bivalve shells to
trace recent changes in the temperature and '*0O of

water
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shallow (< 30 m) waters of Nares Strait. Our data show that
at the stations where bivalves were collected, the 6*0,,.,
is largely dominated by variations in salinity that are con-
sistent with the general relationship observed in the greater
Nares Strait region. This high correlation allowed us to use
the 8'%0,,,., as a proxy for salinity.

Measured isotopic records for specimens of H. arctica
and A. borealis, taken from shell sections corresponding
to time slices at 10-year increments from the time of col-
lection, indicate that the range of deviations from predicted
isotopic values is most frequently largest in the latest 20
years, and decreases successively through the 30 and 40
year time slices. These results show a gradient in freshen-
ing trends from north to south consistent with proximity to
sources in the north and along-strait mixing. Lighter-than-
expected isotopic values are most prevalent at Station 2,
which suggests that specimens at the northern end of Nares
Strait began experiencing an increase in freshwater input as
far back as the early 1980s, while other stations at the mid-
point and southern end have experienced less pronounced
freshening. These results are consistent both with current
understanding of decadal trends affecting freshwater stor-
age and circulation within the Arctic Ocean (Proshutinsky
et al., 2002; Dukhovskoy et al., 2006a, b) and with historical
hydrographic data that have indicated notable freshening in
northwestern Baffin Bay over recent decades (Zweng and
Miinchow, 2005). Our study shows the considerable prom-
ise of bivalve records for helping to reconstruct time series
of hydrographic conditions in the CAA. Future studies will
benefit from enhanced temporal coverage and inclusion of
additional chemical tracers in the shells.
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