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Abstract. Dinoflagellate cyst (dinocyst) assemblages have
been widely used over the Arctic Ocean to reconstruct sea-
surface parameters on a quantitative basis. Such reconstruc-
tions provide insights into the role of anthropogenic vs nat-
ural forcings in the actual climatic trend. Here, we present
the palynological analysis of a dated 36 cm-long core col-
lected from the Mackenzie Trough in the Canadian Beau-
fort Sea. Dinocyst assemblages were used to quantitatively
reconstruct the evolution of sea-surface conditions (temper-
ature, salinity, sea ice) and freshwater palynomorphs fluxes
were used as local paleo-river discharge indicators over the
last ∼ 150 yr. Dinocyst assemblages are dominated by au-
totrophic taxa (68 to 96 %). Cyst ofPentapharsodinium dalei
is the dominant species throughout most of the core, ex-
cept at the top where the assemblages are dominated byOp-
erculodinium centrocarpum. Quantitative reconstructions of
sea-surface parameters display a series of relatively warm,
lower sea ice and saline episodes in surface waters, alter-
nately with relatively cool and low salinity episodes. Varia-
tions of dinocyst fluxes and reconstructed sea-surface condi-
tions may be closely linked to large scale atmospheric circu-
lation patterns such as the Pacific Decadal Oscillation (PDO)
and to a lesser degree, the Arctic Oscillation (AO). Positive
phases of the PDO correspond to increases of dinocyst fluxes,
warmer and saltier surface waters, which we associate with
upwelling events of warm and relatively saline water from
Pacific origin. Freshwater palynomorph fluxes increased in

three phases from AD 1857 until reaching maximum values
in AD 1991, suggesting that the Mackenzie River discharge
followed the same trend when its discharge peaked between
AD 1989 and AD 1992. The PDO mode seems to dominate
the climatic variations at multi-annual to decadal timescales
in the western Canadian Arctic and Beaufort Sea areas.

1 Introduction

Recent observations revealed that the Arctic has experienced
a warming at a rate nearly twice the global average during
the past decades (e.g. IPCC, 2001, 2007; McBean, 2005;
Hassol, 2004) and sea-ice extent recorded still declines, with
a new minimum reached in mid-September 2012 (National
Snow and Ice Data Center). Most of the climate variabil-
ity over the Arctic has been associated with changes in the
phase of large scale atmospheric patterns such as the Arctic
Oscillation (AO) or the Pacific Decadal Oscillation (PDO)
(Niebauer and Day, 1989; Macdonald et al., 2005; Overland
et al., 1999; Thompson and Wallace, 1998), which are both
important natural patterns in global climate variability. Un-
fortunately, the lack of long-term observations in the Arc-
tic makes it impossible to reach any definitive conclusion
concerning the environmental changes induced by climatic
oscillations in Arctic regions (e.g. Polyakov et al., 2002).
In this context, paleoceanographic studies at high temporal
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resolution (i.e. multi-annual to decadal scales) were recently
solicited in order to acquire a better knowledge about past
and actual climate affecting high latitudes. Previous paleo-
ceanographic studies have actually shown the relative im-
portance of the Arctic Oscillation in the Southern Beaufort
Sea during the Holocene (e.g. Bringué and Rochon, 2012;
Ledu et al., 2008, 2010a, 2010b). The Arctic Oscillation is
a multi-year mode of positive and negative values index re-
flecting anomalies in the strength of the circumpolar vortex,
which is well-correlated with the interannual and decadal
time scale variability in the Arctic (Thompson and Wal-
lace, 1998). However, the actual understanding of natural
variability versus the anthropogenic warming contribution,
mainly based on past observations with both proxy and in-
strumental records still needs to be better documented at ad-
equate temporal scales. In this paper, we present quantitative
multi-year resolution (3–5 yr) reconstructions of sea-surface
conditions based on dinocyst assemblages preserved in the
Beaufort Sea sediments. The sediment core was collected as
part of the Malina Program (http://www.obs-vlfr.fr/Malina)
in an attempt to provide a paleoenvironmental perspective on
the recent climatic evolution in the Beaufort Sea coastal re-
gion, which has experienced a drastic reduction of both area
and thickness of sea ice cover over the last few decades (Bar-
ber and Hanesiak, 2004).

Dinocyst assemblages were used as proxy to document the
quantitative evolution of sea-surface conditions. Dinoflagel-
lates are unicellular protists, some of which producing a cyst
as part of their life cycle to avoid adverse conditions (e.g.
winter), and returning to their planktonic form the follow-
ing season when environmental conditions improve. They are
preserved in most marine sediments because of the composi-
tion of their highly resistant organic membrane, and despite
extremely cold conditions (e.g. de Vernal et al., 2001; Har-
land and Pudsey, 1999; Rochon et al., 1999). Dinocysts are
particularly useful microfossils in high latitudes because they
are especially sensitive to sea-surface conditions in Arctic
and sub-Arctic areas (e.g. Kunz-Pirrung, 2001; Matthiessen
et al., 2005; Mudie and Rochon, 2001; Radi et al., 2001;
de Vernal et al., 2001, 2005). Furthermore, dinocysts are
preferentially preserved in environments like the Macken-
zie Trough where sediment accumulation rates are relatively
high, which prevents oxidation.

2 Study area

The Mackenzie Shelf is a 120 km wide and 530 km long area,
representing approximately 6.0× 104 km2. It is located be-
tween the Mackenzie Trough to the west and the Amundsen
Gulf to the East (Fig. 1). The water column is characterised
by Pacific water masses but Atlantic water is also present at
depth below 200 m. Sea ice is generally present between mid-
October and the end of May (Wang et al., 2005; O’Brien et
al., 2006). Among others, the Beaufort Shelf surface circula-
tion is strongly influenced by ice (pack-ice and landfast ice),

winds and freshwater inputs resulting from river discharge
and sea ice melt (Carmack et al., 2004).

The water column at the core location is composed of 3
layers: the upper polar mixed layer (salinity< 28), the rel-
atively cold lower Polar Mixed Layer (20–50 m, salinity of
28 to 30.7) (e.g. Matsuoka et al., 2012) and the-nutrient-
rich relatively warm and salty Bering Summer Water be-
low 50 m (with a salinity of∼ 31) (Carmack et al., 1989;
Carmack and Macdonald, 2002; Macdonald et al., 1987)
composed in part by the Alaskan Coastal water (Steele et
al., 2004). The upper polar mixed layer is a combination of
surrounding sea ice melt, Mackenzie River discharge, but
also other processed waters (from Pacific and/or Atlantic).
In this layer, primary production usually responds to nutrient
inputs. Turbidity due to the Mackenzie plume between May
and September and the absence of nutrients limit primary
production, but a chlorophylla maximum is found near 20–
60 m depth (Martin et al., 2010). Offshore, the Beaufort Gyre
flows clockwise while, closer to shore, the relatively warm
Alaskan Coastal Current (Fig. 1) (Aagaard, 1984; Coachman
et al., 1975) flows eastward throughout the year (Nikolopou-
los et al., 2009) transporting the Alaskan Coastal Waters,
which composed part of the halocline of the water column
in the study area (Aaagard, 1984; Melling, 1998).

The Mackenzie River is the fourth largest Arctic river in
terms of freshwater discharge but the first in terms of sedi-
ments discharge, which represents annually 127 Mt of sedi-
ments, and largely influenced by an ice cover, winds and cur-
rents (Carson et al., 1998; Macdonald et al., 1998). Closer
to shore, the Mackenzie River freshwater inputs form a large
plume (Fig. 1), dominant at the surface during summer time,
which distributes water properties of the river over the Beau-
fort Sea surface layer (Macdonald et al., 2002; Doxaran et
al., 2012). The Mackenzie River plume is typically 2–3 m
thick and it is characterised by a strong vertical and horizon-
tal structure. It is influenced by westward coastal winds to-
ward the Mackenzie Trough and eastward surface current to
the Canadian Archipelago (Carmack and Macdonald, 2002).

The Mackenzie River drainage basin covers a large part
of western Canada, around 1.8× 106 km2 (Abdul Aziz and
Burn, 2006; Hill et al., 2001), delimited by the east flank
of the Rocky and Mackenzie Mountains. Highest sediment
accumulation rates are found in the Mackenzie Trough and
the nearby continental slope (Hill et al., 1991; Macdonald et
al., 1998; Scott et al., 2008). The Mackenzie Shelf receives
249–333 km3 of freshwater annually (Dittmar and Kattner,
2003), usually during the May–September period (Macdon-
ald et al., 1998) but reduced in winter near the coast, under-
neath the land fast ice (Macdonald et al., 1995). The core is
located in the progradation of the modern delta zone (Hill
et al., 1996), largest distributary channels of the Mackenzie
River in the Mackenzie Trough where sedimentation rates
of few millimeters per year can be observed (e.g. Scott et
al., 2009; Bringúe and Rochon, 2012), which are largely
higher than sedimentation rates found in other Arctic regions
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(e.g. Ledu et al., 2008; Rochon and de Vernal, 1994). Coastal
erosion represents around 7 Mt yr−1 over the shelf (Macdon-
ald et al., 2002.) depending on the Mackenzie River flow in-
tensity and storms.

The main part of the Mackenzie Trough is composed of
silty sediments, while the nearby shelf is mostly charac-
terised by silt and sand (Barletta et al., 2008; Blasco et
al., 1990; Hill 1996, 2001; Jerosh et al., in press; Scott et
al., 2009). The morphology of the Mackenzie Trough, to-
gether with strong winds and ice dynamics, can cause up-
welling of the warmer and saltier Pacific halocline (Aa-
gaard, 1984). These conditions occur over the trough, shelf
area and along the slope, and many were observed over the
last 4 decades (Carmack et al., 1989; Carmack et al., 2004;
Iseki et al., 1987; Kulikov et al., 1998; Macdonald et
al., 1987; Williams et al., 2006). From a year-to-year com-
parison, periods with no upwelling conditions are charac-
terised by lower sea-surface primary production (Macdonald
et al., 2002). Both ice-motion and ice-free conditions allow
the development of upwelling events, which are observed in
both winter and summer seasons.

3 Material and methods

3.1 Sampling and preparations

The 36 cm-long core MA680BC (69◦36′15′′ N,
138◦13′34′′ W) studied here was collected during the
2009 Malina sampling campaign onboard the CCGS
Amundsenwith a box corer at 125 m water depth (Fig. 1).
The core was sub-sampled at 1 cm intervals and treated
using standardized palynological procedures (e.g. Rochon et
al., 1999) involving chemical treatments. To that end, 5 cm3

of sediments were collected by water displacement and a
tablet of marker grains (Lycopodium clavatum, University
of Lund, Sweden) of known concentration (12 100 spores
±1892 spores/tablet, Batch n◦ 414 831) was added to the
sediments, allowing calculation of palynomorph concen-
trations (Matthews, 1969). Sieving at 10 and 100 µm was
performed in order to eliminate fine and coarse particles
(< 10 µm and> 100 µm). This was followed by warm acid
treatments using hydrochloric acid (HCl-10 %, 4 treatments)
to dissolve the carbonated particles alternating with hy-
drofluoric acid to dissolve the silicate particles (HF-49 %, 3
treatments). A final sieving was realised (10 µm) to eliminate
fine particles and fluorosilicates formed during the chemical
treatments. Finally, a drop of the residue was mounted
between slide and coverslip in glycerin gel.

3.2 Dinocyst counts

Slides were observed in transmitted-light microscopy (Le-
ica, DM5500B) at 400x magnification. All palynomorphs
(pollen, spores, dinocysts, freshwater palynomorphs, organic
linings of foraminifera, acritarchs and pre-Quaternary paly-

nomorphs) were systematically counted in each sample. A
minimum of 300 dinocysts were counted to obtain a signif-
icant statistical representation of the dinocyst populations.
Relative abundances were calculated from the dinocyst sum,
and fluxes (specimens cm−2 yr−1) were calculated based
on concentrations (cysts cm−3) and the210Pb-based sedi-
ment accumulation rates (cm yr−1). The low oxidation level
was evidenced by the excellent preservation of the most
oxidation-sensitive taxa (Zonneveld et al., 1997), such as
those of the genusBrigantedinium.

3.3 Modern Analog Technique – estimation of past
sea-surface conditions and taxonomy considerations

The reconstruction of past sea-surface conditions was done
using the Modern Analogue Technique (MAT) (Guiot et
al., 1990; Prell, 1985; de Vernal et al., 2001, 2005) with
the statistical software R version 2.13.0. The MAT is rou-
tinely used and particularly well-suited for the reconstruc-
tion of past sea-surface conditions in high-latitude environ-
ments (Bonnet et al., 2010; Guiot and de Vernal, 2007, 2011;
Ledu et al., 2010). Here we also use the “bioindic” package
built on the R-platform (http://cran.r-project.org/) (Gally and
Guiot), especially designed to offer various types of statisti-
cal analyses such as multivariate analyses, times series anal-
yses, spatial analyses, tree-ring analyses, and transfer func-
tions. The MAT method is based on the similarity between
fossil dinocyst spectra and modern analogs from a large ref-
erence database DS-1419 (= 1419 data sites, GEOTOP). Data
of surface sediment dinocysts distribution in the Northern
Hemisphere are available on the GEOTOP website (http:
//www.geotop.ca/en/bases-de-donnees/dinokystes.html) and
validation tests were applied on the database DS-1419 (Bon-
net et al., 2012), confirming the suitability of the MAT
method in paleonvironmental reconstruction studies. Modern
sea-surface temperature (SST) and sea-surface salinity (SSS)
(at 10 m depth) are respectively from the World Ocean At-
las (NODC, 2001) and ArcticNet 2009 data. The modern sea
ice cover values (SIC) used are from 1953–1990 data of the
National Snow and Ice Data Center (number of months per
year with> 50 % of sea ice cover), and reconstructions per-
formed on dinocyst assemblages were also compared with
sea ice cover variations available from HADISST.

Data for the Mackenzie River discharge are from the Envi-
ronment Canada website, and viewed with HYDAT software
(ftp://arccf10.tor.ec.gc.ca/wsc/software/HYDAT/). Mean an-
nual discharge is compiled from 3 stations data for the period
1972–2005, 2 stations data for the period 1943–1972, and 1
station from 1938–1943. Data from the AO and the PDO are
annual averages from the National Oceanic and Atmospheric
Administration (NOAA).

Dinocyst nomenclature follows that of Rochon et
al. (1999), de Vernal et al. (2001), Head et al. (2001), Radi
et al. (2001), Fensome and Williams (2004) and Radi et
al. (2012). The following taxa are grouped together with
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Fig. 1. Location map of core MA680BC and oceanic circulation in the study area. The black arrow represents the clockwise Beaufort Gyre,
the red arrow indicates the Alaska Coastal Current and the grey area represents the Mackenzie River plume.

Islandinium minutumbecause they often co-occur in samples
and their individual ecologies are still unknown:Islandinium
brevispinosum(Fig. 2i), Echinidinium karaense(Fig. 2k),
Echinidinium zonneveldiae, Echinidinium granulatumand
Echinidiniumsp.Z. Spiniferites elongatus, S. frigidusand in-
tergraded morphotypes are also grouped together (Rochon et
al., 1999).

3.4 Palynomorph counts

Other palynomorphs include pollen and spores, freshwater
palynomorphs, which includePediastrum (Fig. 2a), Halo-
dinium (Fig. 2b) and spores ofZygnema(Fig. 2c), acritarchs
and pre-Quaternary palynomorphs. The concentrations of
these palynomorphs were expressed in terms of fluxes (spec-
imens cm−2 yr−1). Freshwater palynomorphs are identified
at the genus level and are used as indicators of freshwater
input from the Mackenzie River (Matthiessen et al., 2000).
Acritarchs and pre-Quaternary palynomorphs, which include
dinocysts, pollen grains and spores, are used as sediment re-
working indicators (de Vernal and Hillaire-Marcel, 1987).

3.5 Chronology and grain size analysis

The chronological framework of core MA680BC was deter-
mined based on210Pb excess and137Cs. Activities of210Pb,
226Ra and137Cs excess were measured in the UMR5805
EPOC-OASU laboratory using a low background, high-
efficiency, well-shapedγ detector (Schmidt et al., 2009).
Calibration of theγ detector was achieved using certified
reference materials (IAEA-RGU-1; IAEA-RGTh; SOIL-6).
Activities are expressed in mBq g−1 and errors are based on
1 SD counting statistics. Excess210Pb was calculated by sub-
tracting the activity supported by its parent isotope,226Ra,
from the total210Pb activity in the sediment. Errors in210Pbxs

were calculated by propagation of errors in the correspond-
ing pair (210Pb and226Ra). Use of the naturally-occurring
210Pb has been widely done to calculate short-term (years
to decades) sediment accumulation rates in continental and
oceanic environment since the last 40 yr (Appleby, 2001).
Dating is calculated using excess activity of210Pb (210Pbxs),
which is incorporated rapidly into the sediment from atmo-
spheric fallout and water column scavenging. Once incorpo-
rated into the sediment, unsupported210Pb decays with time,
in the sediment column according to its half-life and Eq. (1):

210Pbxs(z) =
210 Pbxs(0)e

−λt (1)

where 210Pbxs(0) and 210Pbxs(z) represent the excess210Pb
at the sediment-water interface, or at the base of the mixed
layer, and at the depthz, λ is the 210Pb decay constant
(0.0311 yr−1), and t is the age in years. Several models
have been developed to calculate an age or accumulation
rate: CIC (constant initial concentration), CRS (constant
rate of supply), CFCS (constant flux-constant sedimenta-
tion) (e.g. Sanchez-Cabeza and Ruiz-Fernández, 2012). The
CRS model was chosen for core MA680BC (Fig. 6). The
accuracy of this210Pb-based age model was checked using
an independent time-stratigraphic marker, the fallout137Cs
(T1/2 = 30 yr).

Grain size measurements on the box core were realised
with a Beckman-Coulter laser diffraction analyser (LS-
13320) at ISMER with a 1 cm interval and statistical grain
size distribution was computed with the Gradistat software
(Blott and Pye, 2001).
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Plate 1. A. Pediastrum sp. B. Halodinium sp. C. Zygnema sp. D. Operculodinium 1080	  
centrocarpum E. Cyst of Pentapharsodinium dalei F. Islandinium minutum G. 1081	  
Operculodinium centrocarpum short spines H. Spiniferites frigidus I. Islandinium 1082	  
brevispinosum J. Operculodinium centrocarpum var. Arctic K. Echinidinium karaense 1083	  
L. Islandinium minutum var. Cezare. 1084	  

Fig. 2. The scale bar represents 10 µm.A. Pediastrumsp. B. Halodiniumsp. C. Zygnemasp. D. Operculodinium centrocarpumE. Cyst
of Pentapharsodinium daleiF. Islandinium minutumG. Operculodinium centrocarpumshort spinesH. Spiniferites frigidusI. Islandinium
brevispinosumJ. Operculodinium centrocarpumvar. ArcticK. Echinidinium karaenseL. Islandinium cezare.

4 Results

4.1 Grain size and chronology

Overall, the mean grain size profile is defined as poorly
sorted mud to fine-silt sediment along the core. The Silt/Clay
ratio reach more than 2/1 for most samples corresponding
with Mackenzie Trough and prodelta slope sediment charac-

teristics (Hill et al., 2001; Jerosch et al., 2012; Pelletier, 1984;
Scott et al., 2009).

210Pb excess activities range from 3 to 82 m Bq g−1. There
is a general trend in decreasing210Pbxs as expected due to
the decay with depth of the unsupported210Pb. This decrease
presents some irregularities, as observed at about 16–18 cm
along with a slight change in dry bulk density, where ex-
cess is lower when compared to the surrounding layers. This
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Fig. 3. Dry bulk density(A), 210Pbxs(B), 137Cs profiles(C) and ages of sedimentary 1032 layers, based on CRS model,(D) with depth in
core MA680BC.

could be in relationship with a temporary changes in sedi-
mentation (intensity or nature of sediment) that justifies the
use of the CSR model for dating. The 36 cm-long core en-
compasses the last 150 yr.137Cs profile in core MA680BC
shows the two expected peaks in activity (Fig. 3), in agree-
ment with the well-known pulse inputs related to the nu-
clear weapon test fall-out in the early sixties (maximum
atmospheric fallout in 1963 in the Northern Hemisphere),
and to the Chernobyl accident in 1986 (UNSCEAR, 2000).
The calculated sediment accumulation rates range from
0.32 cm yr−1 in the upper part of the core to 0.22 cm yr−1 at
the base of the sequence, allowing for a multi-annual resolu-
tion of 3–4 yr throughout the record (Fig. 3). Sedimentation
rate in core MA680BC is in the expected range for a shelf
submitted to river discharges.

4.2 Palynomorph fluxes

Dinocyst concentrations varied between 700 and
2400 cysts cm−3 (average 1500 cysts cm−3) and are of
the same order of magnitude than those previously
found in surface sediments from the Beaufort Shelf area
(200–3100 cysts cm−3) (Richerol et al., 2008b). Because
dinoflagellate productivity in estuarine zones is not neces-
sarily reflected in assemblages and heterotrophic/autotrophic
ratio (Radi et al., 2007), in the present study we are pre-
senting dinocyst results as flux to better convey changes
in dinoflagellate primary productivity throughout the
time period covered by our core. Dinocyst fluxes (Fig. 4)
vary between 200 and 1400 cysts cm−2 yr−1 (average
500 cysts cm−2 yr−1). From ∼ AD 1865–1910, fluxes in-
crease gradually from 300 to 750 cysts cm−2 yr−1), with a
first maximum around AD 1910. Around AD 1920, a slight
minimum of 450 cysts cm−2 yr−1 is observed, followed by a
slight maximum around AD 1930 of 1000 cysts cm−2 yr−1.
Between∼ AD 1930–1970, dinocysts fluxes are decreas-

ing, with a minimum value reached around AD 1950
(200 cysts cm−2 yr−1 at 14 cm downcore) and increase
again from AD 1970–1980 to reach a maximum value
of 1400 cysts cm−2 yr−1 at 8 cm downcore. Dinocyst
fluxes then steadily decrease from∼ AD 1980 to their
modern value of 400 cysts cm−2 yr−1 at the top of the
core. Pollen and spore fluxes (Fig. 4) remain relatively
stable during∼ AD 1855–1950 with a mean value of
267 grains cm−2 yr−1, despite a peak centered∼ AD 1900.
From AD 1950, fluxes progressively increase to reach a max-
imum value of 660 grains cm−2 yr−1 during ∼ AD 1980–
2000, with a mean value of 580 grains cm−2 yr−1. Princi-
pally 5 genus composed the pollen assemblages:Picea,
Pinus, Betula, Alnus and Salix, and the assemblage
is represented by 30–80 % of trees, 5–36 % of shrubs
and only 0–10 % of herbs.Pinus dominated the assem-
blages and it is generally over-represented in ocean basins
due to its morphology, its density and its high rate of
pollen grains production, which allows transport over
long distances (e.g. Heusser, 1983; Mudie, 1982; Rochon
and de Vernal, 1994). Fluxes of pollen and spores and
pre-Quaternary palynomorphs (pollen grains, spores and
dinocysts) present similar distribution patterns. Fluxes are
minimum ∼ AD 1880 (210 and 190 specimens cm−2 yr−1,
respectively) and gradually increase until∼ AD 1980. They
are then characterised by an important increase between
∼ AD 1980–2000 and reach maximum values of 660
and 915 specimens cm−2 yr−1, respectively (Fig. 4b and
4c). Freshwater palynomorphs (Fig. 6d), pollen grains
(Fig. 6b) and spores, and pre-Quaternary palynomorphs
fluxes (Fig. 6c) are all characterised by an increase from
minimum values around∼ AD 1885 to maximum values
during∼ AD 1992–1997.

Freshwater palynomorphs are used as tracers for the
variations of the Mackenzie River discharge (Fig. 6f).
Their fluxes gradually increase from minimum values
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Fig. 4.Palynomorph fluxes in core MA680BC plotted against depth
and age AD. Dinocyst fluxes(A); Pollen and spores fluxes(B);
pre-Quaternary palynomorph fluxes(C); freshwater palynomorph
fluxes (D); Mackenzie River annual discharge from 1938 to 2006
(HYDAT) (E). The thick curves represent a running average over 3
data points.

of ∼ 30 specimens cm−2 yr−1 around AD 1880 to max-
imum values of 200 specimens cm−2 yr−1 in the period
∼ AD 1980–2000. The determination coefficient computed
between the Mackenzie River annual discharge and the fresh-
water palynomorphs fluxes is aboutR2

= 0.38, indicating
that a correlation exit between these two variables.

4.3 Dinocyst assemblages

A total of 24 dinocyst taxa were observed, but 7 taxa com-
prised more than 95 % of the assemblages (Fig. 5). The as-
semblages are dominated by the cyst of the autotrophic taxa
Pentapharsodinium dalei(Fig. 2; E) and the taxaOperculo-
dinium centrocarpumsensu lato (Fig. 2; D, G, J), which in-
cludes the arctic and short spines morphotypes. Both taxa are
common in Arctic and sub-Arctic regions (Mudie and Ro-
chon, 2001; Kunz-Pirrung et al., 2001) and were recorded in
estuarine environments (Dale, 1976; Persson et al., 2000).
Cyst of P. dalei, which represents 68 to 96 % of the as-
semblages, is generally associated with low salinity envi-
ronments and stratified waters in summer. The second most
abundant taxa,O. centrocarpumsensu lato, is ubiquitous in
middle to high latitudes and represents 9–66 % of the as-
semblages (average 31 %). The accompanying taxa include
Spiniferites elongatus/frigidus and a series of heterotrophic
taxa: Islandinium minutumsensu lato (2–18 %),Brigante-
dinium simplex(1–30 %), the cyst ofPolykrikos var. arc-
tic (≤ 3 %) and the cyst ofProtoperidinium americanum
(≤ 2 %).

The DOS program Zone Version 1.2 (http://www.staff.
ncl.ac.uk/staff/stephen.juggins/software/ZoneHome.htm) al-
lowed to differentiate three dinocyst assemblage zones,
which can also be distinguished on the basis of the relative
abundance of all taxa: Dinocyst assemblage zone 1 encom-
passes the period∼ AD 1855–1880 (Fig. 6), and is charac-
terised by the co-dominance of cyst ofP. Dalei (34–56 %)
and O. centrocarpumsensu lato (28–46 %), accompanied
by S. elongatus/frigidus(2–4 %) (Fig. 2, H),I. minutum
sensu lato (5-17%) andB. simplex(3-10%). Dinocyst assem-
blage zone 2 encompasses the period∼ AD 1880–1987 and
is dominated by the cyst ofP. dalei (24–73 %),O. centro-
carpumsensu lato (9–46 %), whileS. elongatus/S. frigidus
(0.3–3 %) show their minimum relative abundances in this
zone. Conversely, the assemblage is characterised by the
maximum abundance of heterotrophic taxa, such asI. min-
utumsensu lato (up to 24 %) andB. simplex(up to 20 %),
and by the appearance of cysts ofP. americanum(0.3–2 %)
and cysts ofPolykrikosvar. arctic (0.3–3 %); Dinocyst as-
semblage zone 3, from AD 1987–2009, is characterised by
a marked decrease of cyst ofP. dalei abundance (from 46
to 11 %) and dominance ofO. centrocarpumsensu lato (up
to 65 %). This assemblage is also marked by the maximum
abundance ofS. elongatus/frigidus (up to 5 %), the minimum
abundance of all heterotrophic taxa and the disappearance of
the cyst ofP. americanum.

4.4 Reconstruction of sea-surface conditions

Summer SST reconstructions (Fig. 6c) are characterised by
a decreasing trend between∼ AD 1855–1960 and recon-
structed SST between∼ AD 1885–1935 are warmer by up
to 3◦C with respect to the average modern temperature at
the coring site which is∼ 4.1◦ C. During ∼ AD 1935–
1975 reconstructed SSTs are∼ 1◦C below the modern value.
Within the next 10 yr, the temperature increases up to 5.4◦C
(∼ 1987) and gradually decreases towards the modern value
of 4.1◦C.

The reconstructed SIC trend mirrors that of reconstructed
SSTs (Fig. 6b). The root mean squared error (RMSE) cal-
culated on SIC values, which is the difference between
reconstructed and observed values, is 1.43 months yr−1,
and reflects the accuracy of the approach. For the period
∼ AD 1887–1945, reconstructed SIC values are on aver-
age 8.3 months yr−1 which is 1.1 months yr−1 lower than
the modern values. In contrast, the period AD 1945–1975
is marked by reconstructed SIC values closer to the mod-
ern conditions, with an average value of 8.8 months yr−1.
A decrease in SIC characterises the period AD 1975–1995,
with an average value of 7.6 months yr−1, which is 1.8
months yr−1 below the modern value. Sea ice cover dura-
tion then gradually increases toward the modern value. All
above reconstructed values are within or very close to the
confidence limits of the method.
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Reconstructions of SSS depict a series of oscillations be-
tween minimum and maximum values varying between−7
and +5 around the modern salinity of∼ 27 (Fig. 6d), which
is the averaged value measured from 17 stations in 2009,
all located within 30 km of the coring site. The intervals
from AD 1860–1905, 1935–1980 and 1990–2009 are charac-
terised by reconstructed SSSs lower than the modern value,
while SSS is similar to modern conditions between AD 1905
and 1935. The most salient feature of the reconstructions is
the sharp peak recorded by all reconstructed parameters dur-
ing ∼ AD 1980–1990.

5 Discussion

210Pb revealed high sedimentation rates (0.2–0.3 cm yr−1)

directly linked to high sediment discharge from the Macken-
zie River. Even if neighbouring studies using210Pb and
137Cs dating in the Mackenzie Shelf area gave away lower
sedimentation rates (Bringué and Rochon, 2012; Richerol
et al., 2008a), results on core MA680BC core dating re-
sults are similar to other cores located on the slope between
the Mackenzie Trough and the Amundsen Gulf (Scott et
al., 2009). The heterogeneity of sedimentation rates in the
Mackenzie Trough is caused by the dominant eastward trans-
port of sediment in the suspended sediment plume (Hill et
al., 1991).

Instrumental data for the Mackenzie River discharge were
collected since 1938, which allows for short time scale obser-
vations on the fluctuations of the freshwater discharge. In an
attempt to trace the temporal variability of freshwater inputs
to the Beaufort Sea area prior to 1938, Richerol et al. (2008a)
previously showed the similarities between concentrations
of the freshwater palynomorphHalodinium, a thecamoeban-
like palynomorph, and the Mackenzie River discharge in the
Beaufort Sea area. Here, we have used the fluxes of several
freshwater palynomorphs, includingHalodinium, as well as
remains of the freshwater algaePediastrum(Chlorophyceae)
andZygnema(Zygnematophyceae). Figure 4d illustrates the
fluxes of these palynomorphs next to the Mackenzie River
discharge (Fig. 4e) data from 1938 to 2005. Because of the
similarity between both profiles, we suggest that the fluxes of
these freshwater palynomorphs can be used as tracers of the
Mackenzie River discharge prior to instrumental data, which
is directly related to precipitations within its catchment area.
The Mackenzie discharge data are averaged values from 3
stations collected since 1938, with exception of the period
1938–1943 where data from only one station are available.
Therefore, these early data must be interpreted with caution
compared to the rest of the data set.

The freshwater palynomorph fluxes curve (Fig. 6f)
displays 3 major phases: from AD 1858–1902
where freshwater palynomorph fluxes are minimum
(∼ 50 specimens cm−2 yr−1); an intermediate phase from
AD 1900–1976 (∼ 100 specimens cm−2 yr−1); and the most

recent phase, from AD 1976–2004, where their fluxes reach
maximum values (∼ 130 specimens cm−2 yr−1). Previous
studies of tree ring records from central Canada (Case and
Macdonald, 1995; Sauchyn and Beaudoin, 1998; Sauchyn
and Skinner, 2001), Yellowknife and the Mackenzie delta
area (Pisaric et al., 2007, 2009; Porter et al., 2009) going as
far back as 1505 can be used to infer precipitations and as-
sess the variability of freshwater inputs from the Mackenzie
River. Reconstruction of August–July annual precipitations
in two regions of the western Canadian Prairies (western
Saskatchewan) indicate that the period 1850–1900 was
characterised by drought or low-precipitation episodes
lasting several years, the most severe occurring between
∼ 1860–1875 (Case and Macdonald, 1995), 1880–1900
(Sauchyn and Beaudoin, 1998, Sauchyn and Skinner, 2001),
and 1842–1877 in the Eastern Rocky Mountains (St George
et al., 2009). For the Yellowknife area, June precipitation
reconstructions indicate a negative anomaly (low precipita-
tions) during 1850–1890, which coincides with a particularly
low level stand of lake Athabasca (Stockton and Fritts, 1973)
and low river levels in northern Saskatchewan (Case and
Macdonald, 1995). For the Mackenzie delta region, the
tree-ring width index for the period 1850–1900 displays
relatively low values (Pisaric et al., 2007), and it also corre-
sponds with the 1855–1880 positive northern Hemisphere
summer temperature anomaly (Brohan et al., 2006). The
minimum values of freshwater palynomorph fluxes in our
record during AD 1855–1900 (∼ 30 specimens cm−2 yr−1),
coupled with the relatively high sea-surface tempera-
ture reconstructions during AD 1855–1890 (up to 3◦C
above the modern value) correlate very well with these
records and strongly suggest that the Mackenzie River
discharge was at a minimum level. The intermediate phase
of our freshwater palynomorph record (AD 1902–1976;
∼ 100 specimens cm−2 yr−1) corresponds to a relatively wet
period, during which the population census divisions in the
Prairies doubled (Government of Canada, 1938), and which
was also marked by more favorable climatic conditions for
crop production until the 1970s. Indeed, the 20th century
began with a wet period (1900–1920) (Sauchyn and Beau-
doin, 1998; Watson and Luckman, 2006), as indicated by
the Palmer Drought Severity Index (drought index), which
was often positive during that period (Sauchyn and Skin-
ner, 2001). The most recent phase during AD 1976–2004
(∼ 130 specimens cm−2 yr−1) is marked by maximum fluxes
of freshwater palynomorphs (Fig. 6f). The climate during
this interval is well documented with instrumental data
and displays the highest annual Mackenzie River discharge
values on record (between 700 and 11 900 m3 s−1), with
a maximum reached in 1990. The Mackenzie Trough
area is thus clearly affected by freshwater inputs from the
Mackenzie River (Rawlins et al., 2009), which are probably
controlled by regional and global oceanic and atmospheric
(precipitations) circulation patterns, such as the PDO.
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Fig. 5. Relative abundances of the main dinocyst taxa in core MA680BC and dinocyst assemblage zones plotted against depth and age AD.
The thick curves represent a running average over 3 data points.

The PDO is a major mode of North Pacific climate vari-
ability and is reflected in the evolution of North Pacific
monthly surface temperatures (Mantua et al., 1997; Man-
tua and Hare, 2002; Minobe, 1997). During positive phases,
it manifests itself by low sea-level pressure anomalies over
the North Pacific and high sea-level pressure anomalies over
western North America. At the same time, the surface air
temperatures tend to be anomalously cool in the central
North Pacific and anomalously warm along the west coast
of North America. The PDO also affects low pressure cen-
ters like the Aleutian Low system, which controls most of the
daily precipitations in the Mackenzie and Yukon River basin
(Cassano and Cassano, 2010) and the Bering Sea oceanic ad-
vection (Danielson et al., 2011). Moreover, the most recent
variations of the position and intensity of the Aleutian Low
centered above the Gulf of Alaska are linked with the PDO
pattern (Moore et al., 2003; Schneider and Cornuelle, 2005).
The Aleutian Low has been shown to deepen during positive
phases of the PDO (Bjerknes, 1966, 1969, 1972; Overland
et al., 1999). These regime shifts have many environmental
impacts, like sea ice cover anomaly in the Bering Sea dur-
ing PDO positive phases (Niebauer and Day, 1989; Niebauer,

1998). On the other hand, Aleutian Pacific-born storms (and
especially northward trending trajectories storms) have many
impacts in oceanic environments along the Beaufort Shelf.
They generally induce upwelling events and intrusions of
warmer waters through the Alaskan Coastal Current onto
the Beaufort Shelf area (Okkonen et al., 2009; Pickart et
al., 2009).

Along the period studied here, we can observe episodes
where relatively high values of dinocyst fluxes are syn-
chronous to relatively high SSS and SST values and rel-
atively low values of SIC (Fig. 4b, e). Moreover, the re-
constructions of sea-surface parameters for the time-period
covered by the core show SSTs and SSSs above modern
values during positive phases of the PDO: AD 1886–1912;
AD 1925–1946 and AD 1979–1996 (Fig. 6e). Such recon-
structed values are associated with upwelling conditions
(warmer and saltier surface waters) on the Mackenzie Shelf
during the time periods∼ AD 1900–1910,∼ AD 1925–1940
and∼ AD 1980–1990. Thereby, we hypothesise that the re-
constructed sea-surface parameters, coupled with dinocyst
fluxes data could reflect upwelling events of saltier and
warmer Pacific water recorded during positive phases of
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Fig. 6. Dinocyst fluxes and reconstructed sea-surface parameters in core MA680BC, and climate indexes plotted against depth and age AD.
Dinocysts fluxes(A); reconstructed sea ice cover(B); reconstructed temperature(C); reconstructed salinity(D); Pacific Decadal Oscillation
(PDO) normalised index(E); freshwater palynomorph fluxes(F); Arctic Oscillation (AO) normalised index(G). The modern values of sea-
surface parameters are represented by the vertical line. The grey areas represent the confidence interval (minimum and maximum possible
values) for each reconstructed parameter. The horizontal yellow areas represent warm intervals associated with positive and negative phases
respectively for the PDO index (Mantua and Hare, 2002). The thick curves represent a running average over 3 data points. Both PDO and
AO indexes are averaged over 5 data points.

the PDO in the Mackenzie Trough area (e.g. Macdonald et
al., 1987).

Indeed, upwelling conditions observed over the Macken-
zie Shelf and Trough areas have several impacts on the lo-
cal productivity, such as the production of ice algae, phyto-
plankton, zooplankton and benthos (Tremblay et al., 2011)
and affect the carbon cycle (Mucci et al., 2010). Along the
core, the dinocyst assemblages are mostly composed of au-
totrophic taxa. The high abundance of the cystP. dalei, gen-
erally associated with stratified waters and productivity (e.g.
Solignac, 2009; Marret et al., 2004) is also found in advec-
tion zones of warmer and salty water as the Sassenfjorden
(Grøsfjeld et al., 2009). Recent study in Rijpfjorden (Sval-
bard) by Howe et al. (2010) highlighted the presence of this
taxon with relatively low abundance of round brownPro-
toperidiniumcysts andS. elongatus/frigidus, providing ev-
idences of late autumn and summer cyst production. In the
same way, the relative abundance ofO. centrocarpumsensu

lato can be associated with advection of warm saline wa-
ters, accompanied by the relatively low abundances of the
taxaI. minutum. Here, dinocysts assemblages are marked by
high abundance of the cysts ofP. daleiandO. centrocarpum,
accompanied by relatively low abundances of round brown
Protoperidiniumcysts andS. elongatus/frigidus. In this case,
the relatively short studied time period does not allow long-
term observations, but variations of the abundance ofI. min-
utum could also be related to the abundance ofO. centro-
carpumalong the core. For the time being, the presence of
the cystsP. dalei here is not linked to eutrophication as it
is on the west coast of Sweden (Harland et al., 2006) or in
the Oslo fjord (Dale et al., 1999) and anthropogenic effects
are not evidenced in the studied area. Furthermore, relation-
ships between dinocyst abundance (percentage or fluxes) and
nutrient concentrations, or paleoproductivity, were observed
in other upwelling regions (Zonneveld and Brummer, 2000;
Wendler et al., 2009; Susek et al., 2005). The reconstructed
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paleoproductivity values provided by the MAT method were
not used because instrumental data in the Beaufort Sea
area are scarce, causing the reconstructions to be unreliable.
Therefore, we used dinocyst fluxes as indicators of paleo-
productivity. Dinocyst fluxes are relatively high during the
period∼ AD 1900–1910 but more important during the pe-
riods∼ AD 1925–1940 and∼ AD 1980–1990, synchronous
with higher than present SST and SSS estimates and lower
SIC duration, consistent with an increase of primary produc-
tivity caused by upwellings of Pacific water in the Mackenzie
Trough area. Conversely, we observe relatively low dinocyst
fluxes during most negative phases of the PDO (∼ AD 1910–
1925;∼ AD 1995–2005, and∼ AD 2000). A study by Ledu
et al. (unpublished) on core MA680BC based on lipid com-
pounds production by sea ice algae (IP25) indicated a close
relationship between the PDO index and sea ice productivity.
They attributed the enhancement of sea ice primary produc-
tivity to the increased frequency of upwelling events of warm
and salty Pacific waters along the Beaufort slope during posi-
tive phases of the PDO. However, the short∼ AD 1915–1925
period, which is characterised by a negative PDO index, is
not marked by higher reconstructed SIC, but by a slight de-
crease in reconstructed values of SSS and SST. With respect
to modern values, reconstructed SIC indicate lower values
during positive PDO phases∼ AD 1900–1910;∼ AD 1925–
1940 and∼ AD 1980–1990. However, lower duration of SIC
during periods not characterised by upwelling conditions is
not systematically observable, as observed during the nega-
tive PDO period∼ AD 1915–1925. During the older period
(∼ AD 1860–1900) the link between reconstructed parame-
ters with the large scale PDO is difficult to establish. Against
PDO reconstructions (∼ AD 1860–1900), this period is char-
acterised by a negative PDO phase but reconstructed param-
eters display lower SIC, higher SSS and SST conditions and
low sea-surface productivity, as indicated by the low dinocyst
fluxes. Therefore, results from transfer functions are not sys-
tematically associated with PDO variations along the stud-
ied period. Some of these inconsistencies may be due in part
to inaccuracies of the age model. The comparison of atmo-
spheric and paleoceanographic reconstructions is thus diffi-
cult to interpret and we cannot demonstrate with certainty
that the PDO fully controls upwelling conditions and sea-
surface parameters in the Mackenzie Shelf area. However,
some of the reconstructed sea-surface parameters are syn-
chronous with certain positive phases of the PDO, suggest-
ing the probable effect of wind on sea-surface parameters and
productivity at a decadal scale.

Moreover, most physical studies attributed interannual
variability of the Arctic Ocean with fluctuations of the
North Atlantic (NAO) and Arctic Oscillations (AO) (e.g.
Deser et al., 2000; Morison et al., 2012). The AO is gener-
ally difficult to distinguish from the NAO, which is a ma-
jor source of low-frequency variability. The AO switched
to a positive mode around AD 1970, but showed a maxi-
mum around AD 1991 (Dickson et al., 2000; Hurrell, 1995;

Hurrell and Van Loon, 1997). Our results indicate that
freshwater palynomorph fluxes increased> fivefold be-
tween AD 1972 and AD 1991, from 37 specimens cm−2 yr−1

to 202 specimens cm−2 yr−1. Also, the maximum positive
phase of the AO which began around AD 1970 coincides
with a shift from a cyst ofP. dalei-dominated dinocyst as-
semblage to one dominated byO. centrocarpumsensu lato,
which is also marked in our reconstructions by a decrease of
SIC duration and an increase of∼ 1.5◦C in SST (Fig. 6b–c).
In the same way, Radi et al. (2001) noticed a decrease in the
relative abundance of cyst ofP. dalei when SIC is reduced
in the Chukchi Sea and Bering Strait areas. They also noted
that this taxon is generally replaced byO. centrocarpumand
S. elongatus/frigiduswhen ice conditions become important
again, which is also depicted by our dinocyst assemblages
(Fig. 5).

The peak in reconstructed SST and SSS values during
the AD 1975–1995s period, concomitant with lower recon-
structed SIC values correspond with (1) a positive phase of
the PDO during AD 1979–1996; (2) a major shift in the
Arctic atmospheric and oceanic circulation associated with
a positive phase of the AO that began in the 1970s (Thomp-
son and Wallace, 1998, 2000; Walsh et al., 1996). This at-
mospheric configuration generated an anomalously low sea
level pressure in the Arctic. In the same time, satellite im-
agery and physico-chemical data (Macdonald et al., 1999;
Parkinson et al., 1999) suggest that a strong seasonality pre-
vailed in the marginal seas surrounding Canada Basin dur-
ing the 1990s with respect to sea ice cover, with large areas
of open water during the summer season and intensification
of Pacific water intrusions in the Arctic during positive AO
phases (McLaughin et al., 2002). However, the observed sea-
sonality and associated reduction of sea ice extent in sum-
mer coincides with the maximum values of the Mackenzie
River discharge and the maximum fluxes of freshwater pa-
lynomorphs (Fig. 4b, f). The slight similarity between the
freshwater palynomorphs record (Fig. 6f) and the AO in-
dex (Fig. 6g) during the most recent phase of the freshwater
palynomorph record (AD 1976–2004) would suggest a rela-
tionship between the AO and the Mackenzie freshwater dis-
charge, but not during the previous phase (AD 1902–1976).
Déry and Wood (2004) have highlighted such teleconnection
between the AO with the recent decline of Hudson Bay river
discharge, therefore linking the AO with the regulation of ter-
restrial hydrology budgets. However, Burn (2008) compared
the trends in the timing of runoff of three sub-watersheds of
the Mackenzie River Basin with a series of 6 climatic in-
dices. The results showed that the AO had no effect on the
timing of river runoff, suggesting that the AO has little to no
effect on the hydrologic cycle in the Mackenzie Basin. On
the other hand, his analysis clearly showed a link between
the timing of runoff within these watersheds and the PDO
index. Moreover, the oscillation that has the greatest impact
on the zones located around the AO Core Region is proba-
bly the PDO (Zhao et al., 2006). At a global scale, the PDO
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pattern seems to show a covariability with AO (Hetzinger et
al., 2011). Thus, the series of climatic oscillations affecting
the northern hemisphere are linked through a teleconnection
sequence between the oceans and the atmosphere called “sta-
dium wave” (Wyatt et al., 2011). This teleconnection plays a
crucial role in climatic changes, notably in exchanges of heat
fluxes within the Arctic through the Bering Strait (Woodgate
et al., 2005). According to our results, the PDO pattern is
closely linked with most of the sea-surface condition vari-
ability in the study area through upwelling events of Pacific
origin. However, the effect of the AO cannot be totally ex-
cluded, especially with respect to freshwater inputs.

6 Conclusions

The Mackenzie Trough is characterised by a high sedi-
mentation rate suitable for high resolution studies of paleo
sea-surface conditions. The excellent preservation of paly-
nomorphs allowed the reconstructions of sea-surface param-
eters. The results exposed here show that the evolution of
temperature, salinity, sea ice cover and dinoflagellate produc-
tivity of the Mackenzie Trough area may be linked with the
phases of the PDO at a decadal timescale. Positive phases
of the PDO seem to be associated with warm, high salin-
ity, low sea ice and high primary productivity conditions
in surface waters. Conversely, negative phases are associ-
ated with cool and low salinity conditions. Freshwater paly-
nomorphs were used to infer the evolution of local freshwater
inputs, which showed three distinct phases, a dry phase in the
late 19th century, and intermediate phase from AD 1900 to
∼ 1976 and probably one maximum Mackenzie River dis-
charge phase which peaked around AD 1990. The AO does
not seem to correlate with most of the parameters consid-
ered in the present study, which suggests that the Macken-
zie Trough primary productivity and Mackenzie River fresh-
water discharge may be controlled by other parameters. The
PDO may be the dominant climate oscillation mode leading
oceanic circulation pattern, sea-surface parameters and pro-
ductivity in the western Canadian Arctic, at least at decadal
timescales.
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Bringué, M. and Rochon, A.: Late Holocene paleoceanography
and climate variability over the Mackenzie Slope (Beaufort Sea,
Canadian Arctic), Mar. Geol., 291–294, 83–96, 2012.

Brohan, P., Kennedy, J., Harris, I., Tett, S. F. B., and Jones, P. D.:
Uncertainty estimates in regional and global observed tempera-
ture changes: A new data set from 1850, J. Geophys. Res., 111,
D12106,doi:10.1029/2005JD006548, 2006.

Burn, D. H.: Climatic influences on streamflow timing in the head-
waters of the Mackenzie River Basin, J. Hydrol., 352, 225–238,

Biogeosciences, 9, 5391–5406, 2012 www.biogeosciences.net/9/5391/2012/

http://dx.doi.org/10.1029/2003JC002027
http://dx.doi.org/10.1029/2005JD006548


L. Durantou et al.: Paleoceanography on the Beaufort Sea 5403

2008.
Carmack, E. C., Macdonald, R. W., and Papadakis, J. E.: Water mass

structure and boundaries in the Mackenzie Shelf estuary, J. Geo-
phys. Res., 94, 18043–18055, 1989.

Carmack, E. C. and Macdonald, R. W.: Oceanography of the Cana-
dian Shelf of the Beaufort Sea; a setting for marine life, Arctic,
55, 29–45, 2002.

Carmack, E. C., Macdonald, R. W., and Jasper, S.: Phytoplankton
productivity on the Canadian Shelf of the Beaufort Sea, Mar.
Ecol. Prog. Ser., 277, 37–50, 2004.

Carson, M. A., Jasper, J. N., and Conly, F. M.: Magnitude and
sources of sediment input to the Mackenzie Delta, Northwest
Territories, 1974–94, Arctic, 51, 116–124, 1998.

Case, R. A. and MacDonald, G. M.: A dendroclimatic reconstruc-
tion of annual precipitation on the western Canadian prairies
since A.D. 1505 from Pinus flexilus James, Quat. Res., 44, 267–
275, 1995.

Cassano, E. N. and Cassano, J. J.: Synoptic forcing of precipitation
in the Mackenzie and Yukon River basins, Int. J. Clim., 30, 658–
674, 2010.

Coachman, L. K., Aagaard, K., and Tripp, R. B.: Bering Strait:
the Regional Physical Oceanography, University of Washington
Press, Seattle, 1975.

Dale, B.: Cyst formation, sedimentation, and preservation: factors
affecting dinoflagellate assemblages in recent sediments from
Trondheimsfjord, Norway, Rev. Palaeobot. Palynol., 22, 39–60,
1976.

Dale, B., Thorsen, T. A., and Fjellsafi, A.: Dinoflagellate cysts as
indicators of cultural eutrophication in the Oslofjord, Norway,
Estuar. Coast. Shelf Sci., 48, 371–382, 1999.

Danielson, S., Eisner, L., Weingartner, T., and Aagaard, K.: Ther-
mal and haline variability over the central Bering Sea shelf: Sea-
sonal and interannual perspectives, Cont. Shelf Res., 31, 539–
554, 2011.

de Vernal, A. and Hillaire-Marcel, C.: Paléoenvironnements du
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