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ABSTRACT KEYWORDS

The environmental system of the northern Nordic Seas is very sensitive to oceanographic and Arctic warming; late
climatic changes at the contact of cold Arctic and warmer North Atlantic waters. These Holocene;

contrasts are reflected in the associations of marine microorganisms and archived in the micropalaeontology; sea
bottom sediments. A microfossil study (diatoms, coccoliths) of late Holocene sediments in surface/subsurface

core MSM5/5-712-1 from the eastern Fram Strait provides a better understanding of marine
ecosystems and palaeoenvironments during Arctic warming events of the last two millennia.
Indicative diatom species and groups of species revealed a high variability of sea-surface
conditions. Based on the diatom distribution, three warming periods could be detected,
corresponding to the time intervals of 0 to 440 CE (the later part of the Roman Warm
Period), 1200 t01420 CE (the final part of the Medieval Climate Anomaly) and 1730 CE to
present (including the Recent Warming). The various micropalaeontological proxies used in
this study and other publications describe the Roman Warm Period and, especially, the
Recent Warming as the most pronounced warm events in the area during the last
2000 years. A comparison of data from the different microfossil groups, indicators of sea-
surface and subsurface conditions, reveals variable, complicated and non-simultaneous
palaeoenvironmental signals within the warm periods. This can potentially be explained by

palaeoenvironments

ABBREVIATIONS

AW: Atlantic Water; BC:
before the Christian era; CE:
Christian era; DACP: Dark
Ages Cold Period; kyr:
thousands of years; LIA:
Little Ice Age; MCA:
Medieval Climate Anomaly;
RW: Recent Warming; RWP:
Roman Warm Period; SST:
sea-surface temperature

changes in the surface/subsurface water structure during the events (variations in the cold/
warm water advection, stratification, availability of nutrients, seasonal succession of biopro-
ductivity, etc.), which are reflected by changes in the microplankton communities.

Introduction For the purposes of data presentation and interpretation
in this paper, these intervals are referred to, although
some developments in our research area seem not in
line with the above climatic subdivision.

The warming intervals RWP, MCA, and especially
the RW correlate well with events of enhanced trans-
fer of warm subsurface AW from the Norwegian Sea
into the Arctic via the eastern Fram Strait (Spielhagen
et al. 2011; Werner et al. 2011; Werner et al. 2013;
Zamelczyk et al. 2013). Hydrological measurements
by moorings in Fram Strait revealed a stable trend of
increasing temperature of the AW propagating into
the Arctic during the period of 1997-2010, without
significant ~ changes in  transport  volumes
(Beszczynska-Moller et al. 2012). In this area, planktic
foraminifera are suitable recorders of subsurface
oceanic regimes (below 50 m water depth) that are
dominated by AW (Spielhagen et al. 2011). However,
the near-surface environments in the uppermost
50 m can be influenced by several factors, like surface
cooling, sea-ice formation and sea-ice coverage, as
well as freshwater injections from the continents.

Palaeoclimatic studies document a high variability of
Arctic environments on multidecadal to centennial time-
scales during the late Holocene, with prominent coolings
and warm anomalies (e.g, Kaufman et al. 2009;
Spielhagen et al. 2011). The late Holocene (last ca.
3000-4000 years) in the Northern Hemisphere is
described as a period of neoglaciation with a distinct
decrease of summer temperatures in the Arctic, Nordic
Seas, Fennoscandia, Greenland and Canadian Arctic if
compared to the Holocene climatic optimum (Miller
et al. 2010; Eldevik et al. 2014; Briner et al. 2016; Sejrup
etal. 2016). However, the overall cooling trend was super-
imposed by the RWP (250 BC to 400 CE), and the warm
MCA (950 to 1250 CE) as shown by Mann et al. (2009)
for continental northern Europe, and by Eldevik et al.
(2014) for the Nordic Seas. The RW started at the end of
the 19th century and the last 50 years were the warmest in
the northern high-latitude areas within the last two mil-
lennia (Kaufman et al. 2009; Miller et al. 2010), being
comparable to the mid-Holocene thermal maximum in
the Nordic Seas and Fennoscandia (Sejrup et al. 2016).
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For the present study, we compiled data from various
microfossils groups representing organisms that lived
close to the sea surface and whose remains reflect the
environmental conditions of their times. The data
presented here contribute to a better understanding
of late Holocene palacoceanographic changes near
the ocean surface of Fram Strait and how these were
related to the detected warm events.

Study area and research strategy

Our area of study is located in the eastern Fram Strait
close to Svalbard (Fig. 1). AW with a core temperature of
2-6°C occupies most of the upper ca. 500 m of the water
column in the West Spitsbergen Current (Fig. 2) along
the continental margin (Holland et al. 1996; Talley et al.
2011). Summer temperatures in the upper mixed layer of
the West Spitsbergen Current may reach 6-8°C
(Norwegian Polar Institute 2017) at the investigated
core site. Winter sea-ice concentrations from February
to April of 1976-2006 varied between “open water” and
“very open drift ice” or between 0-1/10th and 1-4/10th,
respectively (Norwegian Ice Service 2017). The period of
highest bioproductivity in the eastern Fram Strait lasts
from April to August, peaking in May-July (Cherkasheva
et al. 2014). Diatoms (microplankton algae with silica
frustules) usually dominate the phytoplankton commu-
nities and have their maximum percentages in the total
phytoplankton biomass of Fram Strait surface waters at
depths of 5-20 m within the summer mixed layer
(Kubiszyn et al. 2014). Because of the sensitivity of the

Figure 1. Location of the studied sediment core and oceano-
graphic setting. Water circulation at the sea surface is mod-
ified from Marnela et al. (2008) and Nielsen et al. (2016). AW
(pink arrows): WSC is West Spitsbergen Current (west and
east branches), RAW is Return Atlantic Water, YB is Yermak
Branch, SB is Svalbard Branch. Polar Water (blue arrows): SPC
is Spitsbergen Polar (Coastal) Current, EGC is East Greenland
Current. Average sea-ice limits in 1976-2006 (Norwegian Ice
Service 2017): solid white line is for March, dashed white line
is for September.
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Figure 2. Vertical profiles of average temperature and salinity
at site MSM5/5-712. Data are extracted from the World Ocean
atlas (Locarnini et al. 2013; Zweng et al. 2013).

species-rich diatom assemblages to environmental
changes, the diatom distribution is particularly suitable
for reconstructions of near-surface ecological and envir-
onmental conditions (see Ko¢ Karpuz & Schrader 1990;
Smol & Stoermer 2010). However, records on coccoliths
(calcareous plates formed by coccolithophores, i.e., sin-
gle-celled algae) and some data on radiolarians (proto-
zoans producing skeletons usually made of silica) have
also shown to give valuable palacoenvironmental infor-
mation (e.g., Hass et al. 2001). Our multi-proxy micro-
fossil approach aims at a multi-facet view on changes in
the eastern Fram Strait in the last two millennia.

Material and methods

Sediments for our study are from box core MSM5/5-712-
1 obtained from the western Svalbard continental margin
(78°54.94' N, 6°46.04' E, water depth 1490.5 m, core
length 46 cm) during the RV Maria S. Merian cruise
MSMS5/5 in 2007. We use the core chronology developed
by Spielhagen et al. (2011) and applied in other palacoen-
vironmental studies of this core (e.g., Werner et al. 2011;
Rueda et al. 2013; Werner et al. 2013; Cabedo-Sanz & Belt
2016). The age model is based on five accelerator mass
spectrometry radiocarbon datings of planktic foraminif-
eral shells of Neogloboquadrina pachyderma (sin.)



(Ehrenberg); it reveals only minor changes in accumula-
tion rates and time level of 133 BC for the core base at
46 cm depth. Before 1500 CE sedimentation rates varied
between 18 and 20 cm*kyr™; later they increased up to
28 cm*kyr .

Diatoms, coccoliths and radiolarians were studied
in 43 samples spaced at every 1 cm, corresponding to
a temporal resolution of 37 to 54 years. Laboratory
treatment and cleaning of dry samples was made
according to the standard procedure for silica micro-
fossils (Proshkina-Lavrenko et al. 1974; Zielinski et al.
1998) using hydrogen peroxide and sodium pyropho-
sphate without chloric acid. The residue was centri-
fuged in a heavy KJ/CdJ liquid (specific gravity of 2.6)
to separate biogenic silica remains. Diatom frustules
were randomly settled on the cover glasses in Petri
dishes. Micropalaeontological slides were prepared
with Naphrax mounting media and analysed under
a Carl Zeiss PrimoStar microscope at 1000 x magnifi-
cation. We tried to count at least 300 diatom speci-
mens per slide; in many cases the entire slide was
analysed. Diatom species identification followed
descriptions and photographs by Jousé (1977),
Makarova et al. (1988), Makarova (2002) and
Strelnikova & Tsoy (2008).

The introduction to this paper mentioned conven-
tional warm intervals of the last 2000 years that were
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introduced by earlier palaeoclimatic studies. For the pur-
poses of the current data presentation and interpretation,
these intervals are accepted but we tend to refer to our
data intervals and relate them to the conventional ones.

Figures were created using the free computer soft-
ware programmes PanPlot (Sieger & Grobe 2013) and
Ocean Data View (Schlitzer 2016).

Results

In the description of palaeoceanographic changes we
concentrated on (1) the total diatom content in the
sediments and the accumulation rates as tests*g ™" of
bulk sediment and tests*cm_z*ky_l, respectively, and
(2) abundances of diatom taxa having a clear specific
ecological affinity (Figs. 3-5). Total diatom abun-
dances varied from 0 to 34*10> tests*g 'of dry sedi-
ment much lower than those in modern sediments
from the eastern Fram Strait close to our core site for
which 51-290*10° tests*g™' (Stabell 1987) and
3400-44000*10’tests*g ' (Ko¢ Karpuz & Schrader
1990) were reported. One must note, however, that
total diatom abundances in modern sediments across
Fram Strait between latitudes of 78 to 80°N are dis-
tributed irregularly, ranging from 0 in the western
Fram Strait to values up to 44000*10°tests*g” 'under
the main influx of the AW in the south-eastern Fram
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Figure 3. Down-core distribution of indicative diatom and coccoliths species. Crosses mark rare occurrences within core units
with few or no diatoms. The environmental affinities of the diatoms, according to references in Table 1 and discussion in this

article, are indicated at the bottom of the diagram.
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Figure 4. Down-core distribution of other (besides indicative) diatom species. The environmental affinity of diatoms, according
to references in Table 1, is indicated at the bottom of the diagram.

Strait (Stabell 1987; Kog¢ Karpuz & Schrader 1990).
Some units of our core contained only few diatom
tests or were barren of diatoms: sediments from
intervals of 506-810 CE (younger part of the
DACP), 911-1112 CE (early part of the MCA) and
1483-1664 CE (most parts of the LIA). Highest total
amounts of diatoms were found in three intervals
from 46-404 CE (final part of the RWP), 1219-1380
CE (younger part of the MCA and just before the
LIA) and with a particularly strong abundance peak
after 1772 CE (final part of the LIA and the RW).
Overall, abundances of major indicative species/
groups of species, especially warm-water diatoms
(see description and discussion below) change in
line with total abundances.

Using data on the bulk sediment accumulation rates in
the core, we calculated diatom accumulation rates. These
varied from 0-125 to almost 560*10 tests*cm™ >*ky . As
bulk sediment accumulation rates did not change signifi-
cantly throughout the core (11.51-17.37 g*cm **ky™"),
diatom accumulation rates variations resemble those of
the total diatom content. Peaks of diatom accumulation
rates were found at the end of the RWP and during the
RW, with up to 219*10° and 560*10° tests*cm >*ky ',
respectively.

We found 48 diatom taxa including 10 brackish- and
freshwater species (Figs. 3, 4). A biogeographic/environ-
mental summary and references on 31 abundant or/and
stably occurred diatom taxa (except for brackish-water
and freshwater ones) is presented in Table 1. The list of
marine species is composed of diatoms that occur in a
wide range of cold- to moderately cold-water marine
environments in the Arctic-boreal, north- and south-

boreal areas, e.g., Actinocyclus curvatulus Janish, species
of Coscinodiscus genus, Rhizosolenia hebetata Bailey,
Thalassiosira trifulta Fryxell, Thalassionema nitzschioides
(Grunow) Mereschkowsky and Thalassiotrix spp. Their
relative amounts varied from 0 to 7-10%, sometimes to
13-18%, but abundance peaks had no clear relation to
specific core units. Chaetoceros spp. resting spores, which
could be an indicator of cold-water productivity,
appeared (<2%) in two samples from the RWP unit,
one sample of the MCA unit and some samples (up to
4%) from the late LIA and the beginning of the RW.
Significant percentages (3-18%) of diatom species
Thalassiosira aff kushirensis Takano were present in sedi-
ments of the late RWP and the late MCA. This species
has, according to different reports, an alternative habitat
in warmer, temperate Atlantic (Krawczyk et al. 2012) or
cold Arctic (Weckstrom et al. 2014) water so that we
hesitate to use it as a reliable palaeoenvironmental
proxy. Typical sea-ice species like Fragilariopsis cylindrus
(Grunow) Helmcke & Krieger and F. oceanica (Cleve)
Hasle were not found. This fact is puzzling because both
species were present in sediment surface samples from
Fram Strait off western Svalbard (Miettinen et al. 2015).
As diatoms were rare or even absent in some core inter-
vals, we cannot exclude dissolution of the fragile small
Fragilariopsis frustules during sedimentation. Another
speculative explanation could be the existence of episodes
of nearly sea-ice free palacoenvironments in the eastern
Fram Strait during warmer periods of the last 2000 years.

As mentioned above, diatom species with a purely
“classical” biogeographic definition (Arctic-boreal,
north- and south-boreal, etc.) had no distinct associa-
tion of their abundance peaks within certain units of



POLAR RESEARCH e 5

0 RWRTT DACP - MCA LIA RW

b)

(e) 33— 35 (f)
2 %
205 L 25
S - 60
5+ 40 ()
2 20
L %
0_ bs

80 40
m) 40- L 20 (n)
. %
o] AAS E
200+ - 40
(0) 15 1- A\/\ " )
= = 1
Ea _A\ | %
il ~90
603
£ - 60
NS
(@) 7= U]
20 30
%
600 40
400 e
(5)200_ few diatoms or barren of diatoms 8 ®
0- -0

I T T | SR A WL R N G A B L A G R
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, years CE

Figure 5. Palaesoenvironmental data for the eastern Fram Strait (from core MSM5/5-712-1) in comparison with other palaeocli-
matic archives. Conventional palaeoclimatic intervals within the last 2000 years (Mann et al. 2009; Eldevik et al. 2014). Vertical
pink bands are warm intervals based on the diatom distribution in core MSM5/5-712-1 (this study). Global/regional palaeocli-
matic records: (a) green line is the Northern Hemisphere temperature (Christiansen & Ljungqvist 2012); (b) red line is the Arctic
summer temperature (Kaufman et al. 2009); (c) dark blue line is the Northern Hemisphere anomaly of summer temperature
(Guillet et al. 2017); (d) purple line is the Northern Hemisphere annual Land-Ocean Temperature Index (GISTEMP Team 2017).
Palaeoenvironmental reconstructions on core JM-06-WP-04-MCB (Bonnet et al. 2010): (e) blue line is summer sea-surface salinity;
(f) black line is spring sea-ice concentration. Palaeoenvironmental information on core MSM5/5-712-1: (g) black line is relative
abundance of the subpolar planktic foraminifera (Spielhagen et al. 2011); (h) green filling is distribution of accumulation rates of
the planktic foraminifera (Spielhagen et al. 2011); (i) purple line is summer SST based on U;,-index (Rueda et al. 2013); (j) green
line is SIMMAX summer temperature at 50 m depth based on planktic foraminifera (Spielhagen et al. 2011); (k) black line is E.
huxleyi/C. pelagicus ratio (from k to t is from this study); (I) light green filling is E. huxleyi distribution; (m) blue fill and (n) black
line are Th. gravida/Th. antarctica vegetative cells accumulation rates and percentages, respectively; (o) dark blue fill and (p)
black line are cold-water productivity diatom accumulation rates and percentages, respectively; (q) red fill and (r) black line are
warm-water diatom accumulation rates and percentages, respectively; (s) green fill and (t) black line are total diatom
accumulation rates and content in dry bulk sediment, respectively.

the analysed core. In our palacoenvironmental inter-  Grunow (R. tesselata), Thalassiosira oestrupii
pretation, we focus on the distribution of two diatom (Ostenfeld) Hasle (Th. oestrupii) and Ethmodiscus
groups with fairly clear environmental affinities: the rex (Wallich) Hendey (E. rex); and the four cold-
four warm-water species Coscinodiscus radiatus  water productivity species (occurring also at the sea-
Ehrenberg (C. radiatus), Roperia tesselata (Roper)  ice margin) Bacterosira bathyomphala (Gran)
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Table 1. (Continued).

North Atlantic, Labrador and

North Pacific and

Nordic seas: Andersen, Kog¢ &
Moros (2004) and Andersen, Kog,

North Atlantic and
Nordic Seas: Ko¢ Karpuz

marginal SA seas: North Pacific and
& Schrader (1990) based

North Pacific and
marginal SA seas: Jousé Sancetta (1981) based marginal SA seas: Ren

(1962) and Makarova

Jennings et al. (2004) based on

on factor analysis and et al. (2014) based on
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Syvertsen & Hasle (B. bathyomphala), Odontella aur-
ita (Lyngbye) Agardh (O. aurita), Thalassiosira angu-
ste-lineata (Schmidt) Fryxell & Hasle (Th. anguste-
lineata)and Thalassiosira gravida Cleve/Thalassiosira
antarctica Comber (Th. gravida/Th. antarctica) rest-
ing spores. Coscinodiscus radiatus showed by far the
highest relative abundances (max. 85%) and made up
more than 25% of all diatoms in the RWP. Its other
relative abundance peaks occurred at the end of the
MCA (75%) and at the onset of the RW (80%). Peak
values were found, however, only in samples with
relatively low total abundances; in diatom-rich layers
the relative abundance of C. radiatus remained <30%.
Those layers held a larger variety of different species
and relatively high amounts of, e.g., Th. oestrupii, E.
rex and Th. anguste-lineata, as well as Th. gravida/Th.
antarctica vegetative cells and resting spores. In a few
cases, even “exotic” species were found. For example,
two samples from the uppermost and lowermost
parts of the core held sporadic tests of the diatom
species Neodenticula seminae (Simonsen & Kanaya)
Akiba & Yanagisawa (N. seminae) that is typical for
the modern and Quaternary North Pacific (Ren et al.
2014).

Coccoliths are present throughout the core (Fig. 3).
Only two species were found. Coccolithus pelagicus
Bown (C. pelagicus) and Emiliania huxleyi (Lohmann)
Hay & Mohler (E. huxleyi) are Arctic Water and AW
proxies, respectively (Samtleben et al. 1995). The E.
huxleyi/C. pelagicus ratio, which can be used as a mea-
sure of the Arctic/Atlantic water influence (Andruleit &
Baumann 1998), was on average ca. 0.01 in most parts
of the core, revealing the typical Arctic environments
found in the research area. Only during the RW did
this ratio increase to 0.25-0.48 (Fig. 5).

Discussion
Coccolith record

The coccolith distribution in core MSM5/5-712-1
exhibits a rather monotonous palaeoenvironmental
signal (Figs. 3, 5). Subtle peaks of percentages of the
AW indicator E. huxleyi may point to some warming
by the end of the RWP and MCA, and before the
onset of the LIA. The high relative abundance of E.
huxleyi up to 30% in the uppermost part of the core is
comparable with modern values in the Fram Strait
(Samtleben et al. 1995) and reflects the strong warm-
ing from the end of the LIA to present (Fig. 2).
Dylmer et al. (2013) described a similar pattern of
variability in the coccolith assemblages through time
from a core taken 160 km to the south (77.6°N) but
reported much higher abundances of E. huxleyi dur-
ing the MCA and RW (30-40%). Most likely this
difference can be related to the more northerly and

ice-proximal position of our core. However,
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comparing our diatom and coccolith data to results of
UX,,-based SST reconstructions for our core (Rueda
et al. 2013) is puzzling (Fig. 5). The variability in the
palaeotemperature record is not consistent with the
distribution of coccolith species. This is most obvious
for the RW interval: the U3, record indicates a
temperature decrease while the relative abundance
of E. huxleyi (one of two marine producers of the
alkenones raising the Uk37 value; see Volkman et al.
1980) increases (Fig. 2). From these two coccolith-
based records, only data on the increased content of
the AW indicator E. huxleyi reflect a pronounced
recent warming trend in the Northern Hemisphere
and Arctic.

We can only speculate about the reason for the
discrepancy between Uy, values and E. huxleyi per-
centages. Lateral advection may play a role here,
possibly in a grain size-selective way so that cocco-
liths and alkenones are from slightly different places
of origin. Ecological issues can also be discussed,
possibly related to light intensities at the sea surface,
nutrients and iron availability and distribution, water
chemistry (dissolved carbon dioxide, carbonate ion
concentration), grazing, etc. (Tyrrell & Merico
2004). Further modern ecological and palaeoenviron-
mental studies in seasonally ice-covered oceans seem
necessary to understand the somewhat enigmatic coc-
colith records from our core. As Bendle & Rosell-
Melé (2004) reported, there may also exist limitations
for accurate alkenone-based estimates of SST for dif-
ferent geographical areas within the Nordic Seas.

Changes in total diatom abundances

While total diatom abundances in our core are gen-
erally low compared to those in Holocene sediments
of the Norwegian Sea (Kog¢ Karpuz & Schrader 1990;
Kog Karpuz & Jansen 1992), sediments from warmer
intervals often hold an increased content of diatoms,
especially during the time interval of ca. 300-400 CE
(late RWP) and the 20th century (RW) (Figs. 3, 5).
High numbers of diatoms in bottom sediments are
typical for areas of elevated phytoplankton produc-
tion in the modern sub-Arctic seas (Kog Karpuz &
Jansen 1992). In the Nordic Seas, a general warming
at the onset of the Holocene is clearly indicated by a
high diatom accumulation in bottom sediments (Kog
Karpuz & Schrader 1990; Ko¢ Karpuz & Jansen 1992;
Berner et al. 2011). Generally, one should always
consider the simultaneous decrease of terrigenous
ice-rafted and particulate material during the early
Holocene warming, which may add some bias to the
palaecoenvironmental interpretation of total diatom
concentrations in high-latitude sediments. However,
this is not the case for our sediment core as bulk
sediment accumulation rates did not change signifi-
cantly (see Spielhagen et al. 2011).

There is another issue regarding the relation of the
diatom content to warmings/coolings. Studies of
Kubiszyn et al. (2014), Nothig et al. (2015) and
Soltwedel et al. (2016) document a termination of
dominance of diatoms in Fram Strait phytoplankton
communities in the warmest years of 1998-2012; the
leading phytoplankton groups became coccolitho-
phores dominated by E. huxleyi, then haptophyte
Phaeocystis pouchetii (Hariot) Lagerheim (Ph. pou-
chetii) and other pico- and nanophytoplankton spe-
cies. Kubiszyn et al. (2014) argued that the recent
Arctic warming can induce a stronger near-surface
stratification that improves the conditions for mobile
flagellated phototrophs, whereas less mobile diatoms
prefer to inhabit actively mixed waters. Another fac-
tor limiting diatoms in the strongly stratified waters
in warming Arctic environments is a weaker transfer
of nutrients from below the pycnocline, which results
in a stronger development of small-sized pico- and
nanophytoplankton (Moran et al. 2010). The avail-
ability of silicate can be critical for the diatom habitat
as diatom dominance occurs if the silicate concentra-
tion in the water is >2 uM/l (Egge & Aksnes 1992).
The largest import of silicate to the Arctic is from the
North Pacific via the Bering Strait (Torres-Valdés
et al. 2013). Falck et al. (2005) explained the sharp
decrease of the silicate concentration at depths of
0-150 m in the north-western Fram Strait in 2004
compared to the previous ca. 20 years as the result of
a strong reduction of the North Pacific Water con-
tribution to the East Greenland Current; they specu-
lated that a change in the direction of the Transpolar
Drift during the recent warming could displace or
even terminate a transport of North Pacific Water
along the Canadian-Greenland margin. Rey (2012)
also documented a decline in silicate concentrations
in the Norwegian and Barents seas since 1990 due to
a stronger influence of warmer, silicate-depleted AW.
Although silicate-rich Pacific Water inflow seems
confined to the western Fram Strait (Falck et al.
2005), findings of Pacific diatom Neodenticula semi-
nae in surface sediments from the entire Fram Strait
(Miettinen et al. 2013) suggest that imported silicate
finds a way to the east, at least during periods of
enhanced Pacific Water transport.

Schliiter et al. (2001) analysed the fluxes and burial
of biogenic silica (BSi) in the Nordic Seas. They
explained low BSi accumulations on the sea floor by
the high degree of Si undersaturation due to low
silicate concentrations in the water, also by a specific
diatom physiology, dissolution kinetics, etc. As
Schliiter et al. (2001) proposed, under very dynamic
sea-ice conditions the BSi concentrations could be
generally low in bottom sediments because the total
BSi record integrates signals of both enhanced and
reduced biogenic production from areas with a high
spatial and temporal variability of the sea-ice extent.



At the same time, a higher burial of BSi can occur
under stable sea-ice conditions, e.g., in polynyas.
Studies of the last years on the silicon sink in the
Arctic revealed high concentrations of dissolved Si in
porewater of the uppermost centimetres of sediments
from the Arctic shelf (e.g., Sun et al. 2017). Authors
refer to the active dissolution of biogenic silica and
diagenetic processes in sediments.

The above factors (single or in combination) may
explain the sharp decline of diatom abundances in
our core during the latest part of the RW and in other
time intervals, e.g., the MCA, where diatoms are
scarce or absent in the sediments. Sediment cores of
very high temporal resolution would be needed to
prove this hypothesis. Also, further diatom studies
on water samples, sediment traps and sediment
cores from (sub-)Arctic seas are needed to reveal
the effects of Arctic warming on diatoms.

Distribution of indicative diatom groups

The comparatively variable diatom record of core
MSM5/5-712-1 allows drawing more detailed infor-
mation on the surface environment than the coccolith
record (Figs. 3-5). Particularly important for this
study, the relatively abundant diatoms C. radiatus,
R. tesselata and Th. oestrupii are warm-water species
that today prefer a sub-tropical habitat with SSTs of
12.5 to 27°C (Ren et al. 2014). Ko¢ Karpuz &
Schrader (1990) and Andersen, Ko¢ & Moros (2004)
defined Th. oestrupii as the main species of the
Atlantic Factor in the modern North Atlantic and
Nordic Seas. In other micropalaeontological studies,
Th. oestrupii was found in high numbers in the
warmest part of the Holocene record (9 to 5 thousand
years ago) off northern Iceland (Knudsen et al. 2004)
and in the southern Norwegian Sea (Samtleben et al.
1995; Hoff et al. 2016). The species E. rex is well
known from the Pleistocene and modern sediment
records from high-productive areas (e.g., frontal
zones) of the warm-water tropical to sub-tropical
Atlantic, Indian and Pacific oceans (Villareal et al.
1999; De Deckker & Gingele 2002; Kemp et al. 2006).
Also, in the tropics E. rex can be more abundant
during periods with a poorly developed sea-surface
low-salinity layer when it can utilize silicates and
nitrates from a wider depth range (De Deckker &
Gingele 2002). Its cells are very buoyant and may
accumulate at the sea surface (Villareal et al. 1999),
and we cannot exclude a long-distance transport by
surface currents. This possibility makes E. rex a less
reliable indicator of warm waters than the species
mentioned before. However, it may serve as evidence
of the advection of warmer surface water from the
south. Accordingly, we grouped these four species as
warm-water indicative. Overall, this group is domi-
nant in sediments from intervals of strong AW
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advection as defined by high abundances of subpolar
planktic foraminifera (Spielhagen et al. 2011), but
peaks also occur in deposits from transitional cli-
mates, e.g., at the end of the MCA and in the earliest
phase of the RW (Fig. 2). For this youngest and likely
also strongest surface warming event, another indica-
tion of warmer conditions is an increased abundance
of vegetative cells of Th. gravida/ Th. antarctica. They
are rare to absent in most parts of the core, but
sharply increase in abundance in the uppermost
core unit. In the Nordic Seas, Th. gravida/Th. antarc-
tica vegetative cells dominate diatom assemblages in
modern sediments under mixed Norwegian—Atlantic
waters (Factor 6 in Ko¢ Karpuz & Schrader 1990)
with summer SSTs of 9-12°C, but are also a promi-
nent component of the Arctic water assemblages
(Factor 2 in Ko¢ Karpuz & Schrader 1990) at a rather
wide range of summer SSTs from 0.1 to 11.3°C.
Therefore, we cannot classify this species as a purely
temperate one indicating only AW advection.
According to the data of Andersen et al. (Andersen,
Kog, Jennings et al. 2004; Andersen, Ko¢ & Moros
2004), this species can have a cooler water habitat
(compared to mixed Norwegian—Atlantic waters) as it
belongs to the East and West Greenland Current
assemblages (Factor 7) in the area of Arctic/sub-
Arctic Waters. Kazarina & Yushina (1999) found its
highest abundances (up to 30%) in modern sediments
of the sub-Arctic Pacific at SST of 7°C. In sediment
samples of our core with highest abundances of Th.
gravida/ Th. antarctica vegetative cells we found radi-
olarian assemblages that are typical for the modern
northern Norwegian Sea, with dominating species
Actinomma leptodermum leptodermum (Joergensen),
Larcospyra minor (Joergensen), Lithocampe platyce-
phala (Ehrenberg), Phorticium clevei (Joergensen),
Pseudodyctiophimus ~ gracilipes ~ (Bailey)  and
Amphimelissa setosa (Cleve) (Kruglikova, unpubl.
data). These species represent modern radiolarian
microfauna in the areas of the Nordic Seas where
an interaction of the warmer Atlantic and cold
Arctic/Polar waters occur. They have highest scores
in factors (assemblages) distributed under the water
masses with SST ranging from 2-3 to 8-10°C
(Bjorklund et al. 1998), which is close to SST affinity
of Th. gravida/Th. antarctica vegetative cells and to
modern SST of the West Spitsbergen Current in the
study area (Norwegian Polar Institute 2017).

The diatom Th. gravida/Th. antarctica resting
spores generally indicate Arctic waters with SST
between the freezing point and 8°C (Ko¢ Karpuz &
Schrader 1990; Andersen, Ko¢ & Moros 2004). Factor
analysis of the diatom distribution in the Nordic Seas
reveals a relation of the diatom species Th. anguste-
lineata to cold-water environments in Arctic waters
and (together with the sea-ice species Nitzschia
[Fragilariopsis] spp.) in Polar waters of the East
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Greenland Current (Hass et al. 2001; Andersen, Kog
& Moros 2004). Diatom species B. bathyomphala and
O. aurita were found in ice-core samples of first-year
ice in the Chukchi Sea, the former also in the sub-ice
water (von Quillfeldt et al. 2003). Ko¢ Karpuz &
Schrader (1990) and Andersen, Ko¢ & Moros 2004)
described B. bathyomphala as an additional but not
the major component of diatom assemblages in the
marginal sea-ice areas of the Nordic Seas. Sancetta
(1981, 1982) classified Th. gravida/Th. antarctica rest-
ing spores, B. bathyomphala and O. aurita in the
group of the sub-Arctic cold-water productivity spe-
cies. We therefore regard them, together with Th.
anguste-lineata, as being indicative of cold-water pro-
ductivity and, probably, the proximity of the marginal
ice zone—an area of nutrient release and hydrological
conditions (Ekman upwelling at the sea-ice edge,
vertical mixing induced by winter cooling and brine
production, etc.) that are favourable for bioproduc-
tivity and high fluxes of biogenic silica (Ramseier
et al. 1999). The environments characterized by the
cold-water productivity group may feature melting
ice, open water close to sea ice and cold ice-free
waters in the area of seasonal sea-ice retreat. During
warm events, the cold-water diatoms Th. gravida/Th.
antarctica resting spores and Th. anguste-lineata were
not dominant, indicating seasonal (not nearly peren-
nial) Arctic Water environments at the sea surface.
This finding supports data on moderately heavy
spring sea-ice conditions (concentration of 35 to
45%) in the eastern Fram Strait during the last
2000 years (Cabedo-Sanz & Belt 2016).

Warming intervals based on diatoms versus other
microfossils

Using the distribution of total diatom abundances
and the palacoenvironmental evidence from the
groups as defined above, our diatom record reveals
three distinct episodes of elevated sea-surface tem-
peratures during the last 2000 years: 46 to 455 CE in
the later part of the RWP; 1166 to 1434 CE in the
final part of the MCA and the transition to the LIA;
and 1736 CE to present from the late LIA and in the
RW (Fig. 5). Data on diatoms have good visual cor-
relation with the reconstructed Northern Hemisphere
and Arctic temperature anomalies during the last two
millenia (Kaufman et al. 2009; Christiansen &
Ljungqvist 2012; Guillet et al. 2017) and observed
recent temperature trends (GISTEMP Team 2017).
Some caution has to be applied, however, since sev-
eral sections of our core are barren in diatoms and do
not allow a comparison of diatom-derived climate
reconstructions for the eastern Fram Strait to suprar-
egional records.

Estimating temperature variability from the distri-
bution of indicative warm-water diatom species, the

time interval of 46 to 455 CE (the final phase of the
RWP) appears the most pronounced, long warm sea
surface interval in our record: percentages of C.
radiatus are persistently high from 25-30 to
70-90%. Further, the sub-tropical indicators R. tesse-
lata, Th. oestrupii and E. rex also appear in some
samples from this time interval. The next warm inter-
val is found in the diatom record from 1166 to 1434
CE (the final part of the MCA and the transition to
the LIA), with high C. radiatus abundances (includ-
ing two peaks up to 30 and 50%), the appearance of
Th. oestrupii, and the stable increase of the E. rex
content up to 8-9%. We are not able to discuss the
palaeoenvironments during the main part of the con-
ventional MCA as diatoms are almost absent in the
sediments. As discussed above, local conditions at the
seafloor may have been unfavourable for diatom pre-
servation. The warming after 1736 CE is revealed by
the sharp rise of total diatom abundances, two peaks
of C. radiatus percentages, one level of R. tesselata
occurrence and a sharp increase of percentages of Th.
gravida/Th. antarctica vegetative cells. Our data on
diatoms support evidence for a rapid warming in
Europe 1715-1750 CE, after the end of the
Maunder Minimum (Tung & Zhou 2013) as the
first step of the RW.

When comparing these three warm intervals in
general, the late RWP (46 to 455 CE) appears as the
most prominent and stable one, as seen in the diatom
species distribution and total diatom content.
However, other warmings of the late Holocene were
also very prominent. Studies of the modern radiolar-
ian plankton on the northern Svalbard margin sug-
gested the occurrence of short-term penetration
events of tropical/sub-tropical waters deep into the
Nordic Seas and Arctic in the last decades (Bjorklund
et al. 2012). Physical oceanography data have clearly
revealed such events (Karcher et al. 2003; Polyakov
et al. 2010). Findings of “exotic” species in sedimen-
tary records from the Laptev Sea also reveal that the
occurrence of warm-water (even tropical) micro-
plankton was not unusual in the Arctic in the middle
to late Holocene (Bauch 1999; Matul et al. 2007).

Comparing the palacoenvironmental interpreta-
tions based on various micropalaeontological data
derived from the same sediment samples in our
core from the eastern Fram Strait exhibits different
palaeoceanographic signals from the various micro-
fossil groups (Figs. 5, 6). Generally, they can be
classified according to their habitat: (1) subsurface-
dwelling planktic foraminifera; and (2) surface-
dwelling  diatoms, coccoliths and  dinocysts.
Differences can be seen even among the surface
dwellers. In the following paragraph we will discuss
some of the problems and implications arising from
the comparison of multiproxy data sets obtained
from our core (Figs. 5, 6).
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Figure 6. Palaeoclimatic events in the eastern Fram Strait. (a) Northern Hemisphere air temperature (green line; Christiansen &
Ljungqvist 2012), (b) Arctic summer air temperature (red line; Kaufman et al. 2009), (c) AW temperature at 50 m based on
planktic foraminifera (Spielhagen et al. 2011), (d) sea-surface temperature based on dinocysts (Bonnet et al. 2010), (e) sea-
surface temperature based on U3, (Rueda et al. 2013), (f) sea-ice coverage based on IP,; (Cabedo-Sanz & Belt 2016), (g) sea-ice
coverage based on dinocysts (Bonnet et al. 2010). Stippled rectangles mark intervals of few or no diatoms in core MSM5/5-712-
1. Conventional palaeoclimatic intervals (pink and light blue vertical bands) within the last 2000 years are as shown in Fig. 3.

Records of ice-rafted detritus in our core showed a
distinct progressive trend of neoglacial cooling in the
eastern Fram Strait during the last 2000 years, except
for the RW (Werner et al. 2011). However, micropa-
laeontological proxies document a rather variable
palaeoceanographic situation in the area, in particular
when results from different microfossil groups are
compared. Even data from the same group may need
caution when they are used for reconstructions of
ocean parameters, as shown for planktic foraminifera
in our core (Spielhagen et al. 2011; Werner et al. 2011).
Abundances of subpolar foraminifera and stable oxy-
gen and carbon isotope data revealed events of slight
increases of subsurface AW advection during the RWP
and early DACP. Reconstructed summer subsurface
temperatures, however, remained stable and low dur-
ing the RWP and only increased episodically during
the MCA (by 1-1.5°C) and later strongly during the
RW (by 3°C). Maximum total abundances were found
in deposits from colder periods (DACP, LIA) and

rather reflect the proximity to the sea-ice margin
than strong AW advection. Based on studies of bio-
markers (IP,5, HBI III and brassicasterol) in our core,
Cabedo-Sanz & Belt (2016) proposed, in contrast to
the planktic foraminiferal data, only slightly changing
spring sea-ice concentrations during the RWP, DACP,
MCA and the beginning of the LIA, but also a rapid
sea-ice margin retreat during the RW (also suggested
by Koseoglu et al. 2018). The Uk37 record (Rueda et al.
2013) from our core detected three time intervals of
elevated SST (by 1-1.5°C), during the late RWP, the
MCA and the middle LIA at ca. 1650 CE. Following
the last peak, U"s;-based SSTs show a negative trend
(2°C change) towards modern, reaching a temperature
of only 3°C as reconstructed from the sediment sur-
face. Such reconstructed rather low temperature may
reveal methodological problems since average annual
SST near the core site were >4°C in the last two
decades (Beszczynska-Moller et al. 2012) and summer
temperatures were even higher.
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In general, planktic foraminifera (total accumulation
rates, relative abundances of the subpolar species, and
reconstructed SIMMAX water palaeotemperature)
together with coccoliths (E. huxleyi abundances) and
diatoms (micropalaeontological indices, and IP25 bio-
marker data on the spring sea-ice concentration) revealed
a pronounced warming in the last 150 years (Figs. 5, 6).
For the same time, dinocysts (Bonnet et al. 2010 [a study
of core JM-06-WP-04-MCB from the same location])
and the UX;, record (Rueda et al. 2013) showed a SST
decrease and indicate a longer duration of the sea-ice
cover. Cabedo-Sanz & Belt (2016) compared biomarker
and dinocysts records (Bonnet et al. 2010) on the sea-ice
extent in the eastern Fram Strait and found no clear
agreement between them; there were some common
trends in the interval 50-1400 CE but generally opposing
trends after ca. 1600 CE. Moreover, dinocysts reconstruc-
tions of Bonnet et al. (2010) suggested nearly ice-free
conditions between ca. 600-700 CE whereas biomarker
reconstructions of Cabedo-Sanz & Belt (2016) revealed
relatively high spring sea-ice concentrations of ca. 40%.
As Cabedo-Sanz & Belt (2016) proposed, such differences
might be associated with a seasonal occurrence of differ-
ent microfossil proxies under the influence of palaeohy-
drological changes.

The differences seen in data from different micro-
fossil groups may be caused by changes in the water
mass structure at the core site. Recent oceanographic
data from the (sub-)Arctic may offer some clues on the
mechanisms involved. As revealed by oceanographic
data from the last decades (Karcher et al. 2003;
Polyakov et al. 2010) the subsurface AW inflow to the
north increased in volume and temperature during
multi-year periods interrupted by times of colder and
less vigorous inflow. In the warmer periods the inflow
was compensated by a south-westward expansion of
the relatively thin and fresh surface layer with water
that partly originated from the Arctic Ocean, thereby
increasing the stratification at our core site. Here,
planktic foraminifera dwell in the subsurface AW
with relatively stable hydrological parameters. Surface
dwellers, however, can be assumed to reflect a wider
range in the seasonal succession of environments, from
colder winter to warmer summer conditions in the
uppermost mixed water layer. Dale et al. (1999) ana-
lysed a three-year (1990-92) time series of the phyto-
plankton composition at Ocean Weather Station Mike
in the Norwegian Sea at 66°N. They found a seasonal
pattern in the phytoplankton development from low
biomass values in winter to a spring/summer (May-
June/July) maximum phytoplankton bloom, followed
by a smaller, short second bloom in the early autumn.
For our palaeoenvironmental interpretation of the
microfossil data it is useful to note that the different
stages of maximum phytoplankton biomass develop-
ment at Ocean Weather Station Mike are marked by
blooming peaks of different groups of microorganisms.

Records from this weather station revealed prevailing
amounts of coccolithophores (mostly E. huxleyi) and
small nanoplankton species in the winter and pre-
bloom, followed by an after-bloom and autumn phy-
toplankton communities. The spring/summer bloom
was dominated by diatoms, and coccolithophores pro-
duction was also high. Dinoflagellates were sometimes
an abundant component during the summer but gen-
erally had a scattered distribution without a distinct
“dinoflagellate phase” of blooming. Dale et al. (1999)
suggested that the seasonal changes in hydrographic
conditions (salinity, temperature, silicate/nitrate con-
centration) and grazing could control such variations
of the local phytoplankton. We are aware that the
observations of Dale et al. (1999) were made for an
area that is rather far south of our core site. However,
they may still be applied to the discussion of environ-
ments in the eastern Fram Strait during pronounced
Holocene warmings. Phytoplankton studies of the last
years around Svalbard also exhibited time differentia-
tion in blooming of different phototrophic groups.
Piquet et al. (2014), in studies of phytoplankton
blooms in the Kongsfjorden—-Krossfjorden system of
western Svalbard (79°N) in 2007-08, documented the
typical spring bloom to consist of diatoms and hapto-
phyte Ph. pouchetii, and post-bloom communities
dominated by dinoflagellates, nano- and picophoto-
trophs. Importantly, the spring bloom changed to a
dominance of Ph. pouchetii communities when several
incursions of warmer AW into Kongsfjorden and
Krossfjorden occurred during the winter. Significant
interannual differences of the prevailing groups of
planktic protists were also found offshore in the Fram
Strait during the Hausgarten observations in
1998-2011 (Nothig et al. 2015) as a possible result of
the increased shallow water variability (changes of
temperature, sea-ice extent, stratification). Another
environmental study of the phytoplankton bloom
north of Svalbard in 2015 (Assmy et al. 2017) exhibited
a time-transgressive dominance of diatoms, Ph. pou-
chetii and other phytoplankton groups during the
spring to early summer time. When these recent obser-
vations of the biotic response to oceanographic varia-
bility on multiyear timescales are used as a template for
changes in the last two millennia, it becomes clear that
a simple explanation of complicated basic micropa-
laeontological data (as in our study) is probably not
straightforward. Integrated (that is, climatically aver-
aged) fossil signals as from somewhat bioturbated mar-
ine sediments very likely always combine (palaeo)
ecological information on different phases in the living
habitat of the different marine microorganisms.
Presumably this also accounts for the findings in our
study and underlines the need for more detailed eco-
logical phytoplankton studies and their careful consid-
eration when it comes to interpreting multi-fossil
palaeoenvironmental records.



Findings of diatom species Neodenticula seminae

Of particular interest is the finding of rare specimens of
the diatom species N. seminae at the levels of 173 CE and
1989 CE in core MSM5/5-712-1 (Figs. 4, 6). Today this
species is endemic and dominant in diatom assemblages
of the high-productive boreal pelagic North Pacific (Jousé
1962). Previously, N. seminae was found in early-to-mid-
dle Pleistocene sediments of the North Atlantic (Baldauf
1986). To our knowledge, in the 20th century it was never
described from late Quaternary Nordic Seas and Arctic
records. However, more recent studies of sediments and
plankton samples reported new findings of N. seminae.
Reid et al. (2007) presented data on high numbers of N.
seminae in the May 1999 plankton from the Labrador
Sea. Starr et al. (2002) found the species in the spring 2001
plankton on the Canadian shelf in the Gulf of St.
Lawrence. After 2001, N. seminae was here a regular
and dominant species in the diatom phytoplankton com-
munities. Phylogenetic analysis of specimens from this
material showed the sister clades of N. seminae strains
from the Gulf of St. Lawrence and North Pacific (Poulin
et al. 2010). The occurrence of N. seminae in modern
sediment samples (sediment surface samples), taken in
2006 to 2008 from the Fram Strait, the Greenland Sea, the
East Greenland margin, and the West Spitsbergen slope,
was documented by Miettinen et al. (2013). All these
authors considered the regional Arctic warming since
the late 1990s and associated pulses of North Pacific
Water occurrence in the North Atlantic domain via the
Canadian Arctic Archipelago and the Fram Strait as the
most likely reason for the N. seminae expansion. Such
events of interactions between the North Pacific and
North Atlantic are well known for Pleistocene warm
interglacial intervals, e.g., from radiolarian data (Matul
& Abelmann 2005; Bjerklund et al. 2015). Our findings of
N. seminae specimens in sediments from the late RWP in
the eastern Fram Strait reveal that in the Holocene such
events were not exclusively confined to the recent warm-
ing under the “Arctic Amplification”, but also occurred
earlier. More detailed investigations of high-resolution
records may help to investigate the significance of N.
seminae findings for defining periods of enhanced
Pacific—Atlantic water exchange across the Arctic.

Conclusions

Our collection and comparison of microfossil parameters
(total microfossil abundances, concentrations of indica-
tive species and species groups) in sediments from the last
2000 years in the eastern Fram Strait reveals pronounced
variability. Overall, the palaeoenvironmental information
from the diverse micropalaeontological data suggests the
late RWP and the RW as the warmest intervals of the last
two millennia. Nevertheless, comparing data from differ-
ent microfossil groups exhibits complicated palaeoceano-
graphic signals. Evidence for peak warmings as obtained
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from the different microfossils is not always in-phase.
Variations in the distribution of diatoms, coccoliths and
dinocysts as surface water indicators are more variable
than those in planktic foraminifera that are considered as
subsurface water indicators. The RW is notable for sig-
nificant peaks in most microfossil indicators of warming.
However, reconstructions on dinocysts and coccoliths
revealed a decline of sea-surface temperatures during
the RW. At the moment, we are not able to provide a
satisfactory explanation of discrepancies between
palaecoenvironmental signals from the different microfos-
sils. A possible major factor may have been general
changes of the surface/subsurface water structure during
the Arctic warming that could have induced changes in
the phototrophic communities due to variations in cold/
warm water transport, stratification, availability of nutri-
ents, seasonal succession of the bioproductivity, vital
effects, or other things.
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