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ABSTRACT - Plankton samples obtained by the Norwegian Polar Institute (August, 2010) in an area
north of Svalbard contained an unusual abundance of tropical and subtropical radiolarian taxa (98 in 145
total observed taxa), not typically found at these high latitudes. A detailed analysis of the composition and
abundance of these Radiolaria suggests that a pulse of warm Atlantic water entered the Norwegian Sea and
finally entered into the Arctic Ocean, where evidence of both juvenile and adult forms suggests they may
have established viable populations. Among radiolarians in general, this may be a good example of ecotypic
plasticity. Radiolaria, with their high species number and characteristic morphology, can serve as a useful
monitoring tool for pulses of warm water into the Arctic Ocean. Further analyses should be followed up in
future years to monitor the fate of these unique plankton assemblages and to determine variation in north-
ward distribution and possible penetration into the polar basin. The fate of this tropical fauna (persistence,
disappearance, or genetic intermingling with existing taxa) is presently unknown. The current event may not
be unique, nor a consequence of global warming, because analyses of sediment samples suggest that several
natural pulses of warm water of this kind occurred in the prior century and, indeed, there may be more in

years to come. J. Micropalaeontol. 31(2): 139-158, July 2012.
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INTRODUCTION

The Arctic Ocean is an area of increasing interest due to the sci-
entific and political discussions about a warming ocean, whether
this is on a global, regional or local scale. Polycystina, a part of
the group formerly called Radiolaria, are single-celled protozoans.
Radiolarian taxonomy is presently in a state of considerable refor-
mation. Molecular genetic analyses have shown that the classical
Haeckelian higher-rank taxonomy is not acceptable, and will no
doubt undergo even further improvements as additional molecular
phylogenetic data become available. Currently the radiolarian
groups that we examine in this study will be assigned to the
orders Collodaria, Spumellaria and Nassellaria, collectively called
Polycystina (Suzuki & Aita, 2011).

Radiolarians are microscopic in size and possess unusual,
beautiful siliceous tests, between 50 um and 200 pm in size.
Radiolarians are widely distributed in the whole World Ocean,
with the exception of the White, Baltic, Caspian and Black seas.
Recently, we have studied the radiolarian fauna in the bottom sed-
iments and some plankton samples from the Arctic Ocean
(Kruglikova, 1988; 1989; Bjerklund & Kruglikova, 2003;
Kruglikova et al., 2009, amongst others). Special attention was
given to the distribution of species, composition of assemblages,
endemism and speciation. These studies provide the ideal back-
ground to draw ecological inferences from radiolarian species dis-
tributions. It has now become evident that the various oceanic
areas are characterized by their own specific species associations.
This is not only the case for species distributions, so-called ‘low
rank taxa’, but equally for the distribution of ‘high rank taxa’,
including families and genera (Bjerklund & Kruglikova, 2003;
Kruglikova, 2009; 2011). For example, it would not be likely, nor
would we expect, to find a high diversity of some members of the
Collodaria, Spumellaria (e.g. Spongodiscoidea and Artiscinae) and

arctic and tropical radiolarians, biogeography, ocean currents, plankton ecology, water

Nassellaria (e.g. Spyrida) in the Arctic Ocean, as these taxa occur
more abundantly elsewhere.

Riedel (1958), Petrushevskaya (1967) and Kruglikova (1969)
stated, and Bjerklund & Kruglikova (2003) confirmed, that many
groups of polycystines (Panartidae, Zigartidae, Euchithoniidae,
Pterocorydinae, Carpocaniidae, Artiscinac and Phacodiscidae)
have never been found in sediment deposits at high latitudes. We
can, therefore, reliably predict which faunal associations or spe-
cies composition are likely to occur in a given geographical area
or environment. The Arctic province (Fram Strait, Barents Sea,
Kara Sea, Laptev Sea, Chukchi Sea and the central Arctic Basin)
is characterized by about 60 radiolarian species. We showed pre-
viously that the shallow Arctic marginal sea sediments (Iceland,
Barents and Chukchi seas) have a strong dominance of
Cannobotryidae (79%, 77% and 74%, respectively), while the
deep Arctic Ocean basins (Nansen, Amundsen and Makarov
basins) have a dominance of Actinommidae (90%, 70% and 75%,
respectively). In terms of biogeography, it is also important to
mention that the arctic polycystine radiolarian species have a very
strong affinity with those listed for the Norwegian Sea. By infer-
ence, we suggest that the Norwegian Sea supplies the Arctic
Ocean with radiolarian faunal elements that can live, thrive and
reproduce there (e.g. Kruglikova et al., 2009).

Recently, we analysed seven samples of living radiolarians
from the water column collected north of Spitsbergen during
August 2010 (Fig. 1). We unexpectedly found tropical or subtrop-
ical species that do not normally inhabit these arctic environ-
ments. We define ‘tropical’ as species occurring in lower latitude
locales other than the boreal and arctic region, in other words spe-
cies that through advection have reached other faunal provinces.
They were present in all samples, but especially in two (Stations
RS and 6b, Fig. 1, Table 1). Out of the 145 taxa observed in the
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Fig. 1. Map of the plankton sample stations and geographical coordinates. Designed by Dr Arild Sundfjord. See also Table 1.

Table 1. Plankton sampling stations, geographical coordinates and related sampling parameters for collections at Svalbard during August 2010.

Bottom depth  Sampling date PMO slide Sampling depth
Station Lat °N Long °E (m) (UTC) numbers Gear (net; pm) (m) from CTD nr
RS 80.54 22.09 128 19/08/2010 223.393 63 120-0 st012
R6b 81.08 22.46 236 20/08/2010 223.394 63 145-0 st014
R7b 81.18 21.58 368 21/08/2010 223.395 63 315-0 st016
R8b 81.23 2221 508 21/08/2010 223.396 63 470-0 st019
R10b 81.43 23.1 2798 24/08/2010 223.397 63 300-0 st028
Icel9 81.35 30.59 1390 27/08/2010 223.398 63 300-0 st038
Ice22 81.31 30.08 776 29/08/2010 223.399 63 300-0 st047

At St Icel9, CTD st038 was used instead of st036. PMO slide numbers are type collection repository numbers (Natural History Museum, University of

Oslo); see also references in Plates 1-7.

samples, 50 have been identified to species that are normally
found only at more southerly latitudes, while some are restricted
only to the tropical or subtropical regions In addition we have
also identified 48 taxa to the level of genus. These are taxa that
we have never seen in these high latitudes, but were seen only in
North Atlantic warm-water domains. The recent occurrence of
these warm-water faunal elements in high latitude environments
should, therefore, be of great importance with respect to the ongo-
ing discussion of a changing climate. Does our finding provide
additional scientific evidence for a warming of the Arctic Ocean,
or not?

Different oceanic water masses in the North Atlantic have long
been known as being characterized by their specific microflora
and microfauna (Cleve, 1901; 1903). Cleve (1903, p. 7) stated
that ‘The seasonal distribution of Atlantic Plankton-organisms,
will fully prove that each current-system carries its own plankton-
flora and fauna’. Above the Newfoundland Banks he reported that
tropical and arctic species frequently co-occur in the same haul.
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There are two ways of studying the global distribution of poly-
cystine radiolarians, either by determining their occurrence in the
top layer of ocean bottom sediments or in plankton net samples
from the water column. Those collected in the net samples are
living organisms and thus tell us very precisely about the faunal
association and composition at the site during the time of sam-
pling. The radiolarians collected from the sea bottom (top 1 cm)
are tests of species that once lived in the water column above the
site, but represent an accumulation of dead remains spanning sev-
eral years/decades, thus making it difficult to pinpoint their exact
origin and time of occurrence. In addition, these assemblages can
be strongly influenced by dissolution, i.e. differential loss of tests
of some species due to the silica dissolving in the seawater
(Johnson, 1974). Our new plankton material is, therefore, an
important contribution to the understanding of both the biocoeno-
sis (living assemblages) and the thanatocoenosis (assemblages
based on skeletal remains) of Radiolaria at this Arctic locale.
Moreover, the tropical drift fauna will also provide information
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Fig. 2. Temperature anomalies (°C) of the intermediate Atlantic Water in the Arctic Ocean, 1895-2002 (Polyakov et al., 2005). Reprinted with
permission, UNEP/GRID-Arendal (http://maps.grida.no/go/graphic/temperature-anomalies-of-the-intermediate-atlantic-water-in-arctic-ocean). Designed by

Laura Margueritte.

Table 2. Species data tabulated in relation to stations.

Stations St. RS St. 6b St. 7b St. 8b St. 10b St. Icel9 St. Ice22
Taxa data

Total species 98 29 32 11 11 28 42
Spumellaria taxa 48 16 18 10 5 17 27
Nassellaria taxa 50 13 14 1 6 11 15
Cold-water taxa 13 9 22 10 8 22 31
Warm-water taxa 85 20 10 1 3 6 13
% Cold-water taxa 13.3 31.0 68.8 90.9 72.7 78.6 69.0
% Warm-water taxa 86.7 69.0 31.2 9.1 27.3 21.4 31.0

about changes in the water masses in which they are living. An
elucidation of these topics will be the main goal of this paper.

MATERIAL AND METHODS

The Norwegian Polar Institute (NPI) Centre for Ice, Climate and
Ecosystems (ICE) ran a plankton net sampling programme during
an expedition with R/V Lance to the area north of Svalbard
(1629 August 2010). Seven stations were sampled with a 63 pm
Juday net (Fig. 1, Table 1). Living radiolarians generally possess
a large amount of protoplasm outside of the siliceous test and
are strongly adhesive. Consequently, a plankton net with a 63
um-mesh pore size efficiently collects radiolarians with small tests,
such as plagiancathids (see PI 4, figs 1-13). In other words, small,
dead radiolarians without protoplasm would likely pass through the
plankton net; and we can potentially regard small radiolarians less
than 63 pum in size as living organisms. The plankton samples
were taken from close to the bottom up to the surface at the shal-
low stations, while at the deeper stations, only the upper 300 m
were sampled. Information on the water quality (e.g. temperature,
salinity and oxygen) was collected at the same time at each site.
Sample material was sieved over a 45 um screen, then treated with
10% H,0, and HCI. Radiolarian slides were then prepared from
this residue following standard techniques and using Canada
Balsam as mounting medium. See Swanberg & Bjerklund (1986)
for further details on sample and slide preparation. The radiolari-
ans were examined using a Zeiss Axiophot microscope, objectives

10x and 20%, oculars 10x and an optovar with magnifications of
1.25%, 1.6x and 2.0x. Photomicrographs were made with a
Mitsubishi video camera. The slides from each station were given
a PMO number (PMO 223.393) and subnumbers (.../1), according
to how many slides were made from each sample, as entered in
the plate legends. All slides with PMO numbers are stored in the
palaeontological type collection at the Natural History Museum,
University of Oslo (formerly PMO — Paleontological Museum
Oslo). Slides identified as ‘St. RS slide V’ are in Dr Svetlana
Kruglikova’s private collection.

RESULTS

The tropical polycystine fauna

Our results on the tropical fauna are summarized in Tables 2 and 3,
and Plates 1-7. So far we have observed in total 145 different poly-
cystine forms, 63 spumellarians and 82 nassellarians. Among spheri-
cal polycystines, the order Collodaria are especially abundant in the
tropics—subtropics and in tropical upwelling areas (Kruglikova,
2011), including typical examples such as Siphonosphaera cyatina
(PL. 1, fig. 2), Collosphaera macropora (Pl. 1, fig. 3), C. huxleyi
(PL 1, fig. 4) and Acrosphaera flammabunda (Pl. 1, fig. 5). These
species have never been observed previously this far north.

In the Arctic Ocean, our prior observations among the family
Spongodiscidae included only Spongotrochus glacialis (Pl. 3,
fig. 4). In our new material, we recorded 12 additional forms of
tropical origin, and three are illustrated herein: Spongaster tetras
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Table 3. Representative list of warm-water radiolarians.

Collodaria

Acrosphaera flammabunda (Haeckel) Popofsky, 1917
*Collosphaera huxleyi Haeckel, 1887

*Collosphaera macropora Popofsky, 1917
*Collosphaera tuberosa Haeckel, 1887

Otosphaera auriculata Haeckel, 1887
Siphonosphaera cyatina Haeckel, 1887
*Sphaerozoum punctatum (Meyen) Miiller, 1858a
*Collosphaera sp. Haeckel, 1887

Spumellaria

Amphirhopalum ypsilon Haeckel, 1887

*Dictyocoryne truncatum (Ehrenberg) Haeckel, 1887
*Didymocyrtis tetrathalamus (Haeckel) Nigrini & Moore, 1979
Dipylissa bensoni? Dumitrica, 1988

*Euchitonia elegans Ehrenberg, 1860

Euchitonia furcata? Ehrenberg, 1872

Larcospira quadrangula Haeckel, 1887

Plegmosphaera sp.

Pylolena armata Haeckel, 1887

Sethodiscus micrococcus

*Spongaster tetras tetras Ehrenberg, 1860

Spongaster tetras Ehrenberg, 1860 irregularis Nigrini, 1967

Spongobrachium sp. aff. S. ellipticum Haeckel, 1881 sensu Renz, 1976;

Pl 3, fig. 5

Spongodiscus resurgens? Ehrenberg, 1854
Stylodictya micromma (Harting) Kruglikova, 1977
Tetrapyle octacantha = T. octopyle? Miiller, 1858b
Tetrapyle quadriloba Haeckel, 1887

Nassellaria

Amphispyris reticulate Ehrenberg, 1872
Arachnocorallium calvata Petrushevskya, 1971
Arachnocorys pentacantha Popofsky, 1913

Botryocyrtis scutum Harting, 1863

Botryopyle dictyocephalus Haeckel, 1887

Carpocanium obliqua (Haeckel, 1887) Petrushevskaya, 1971
Eucyrtidium acuminatum Ehrenberg, 1844

Eucyrtidium anomalum Haeckel, 1887

Lithocircus annularis Miiller, 1858b

Lophophaena buetschlii Haeckel, 1887

Lophophaena hispida Ehrenberg, 1872

Neosemantis distephanus (Haeckel) Popofsky, 1913
Nephrodictyum renilla? Haeckel, 1887

Plagiacantha sp.

Pseudocubus obeliscus Haeckel, 1887

*Pterocanium praetextum praetextum Ehrenberg, 1872
Pterocorys macroceras (Popofsky) Petrushevskaya, 1971
Pterocorys zancleus (Miiller) Petrushevskaya, 1971
*Spyrida spp.

Tetraplecta pinigera Haeckel, 1887

Theocorys veneris? Haeckel, 1887

Theocorythium trachelium (Ehrenberg) dianae Nigrini, 1967
Zygocircus rhombus Goll, 1979

Triceraspyris damaecornis = Clathrocircus stapedius Haeckel, 1887

Tricolocampe cylindrica Haeckel, 1887
Trisulcus boldyrae Petrushevskaya, 1971
Zygocircus capulosus Popofsky, 1913
Zygocircus piscicaudatus Popofsky, 1913
Zygocircus productus Haeckel, 1887

*Species with documented algal and/or cyanobacterial symbionts; it is

very likely many other nassellarians also have algal symbionts.
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tetras (Pl. 3, fig. 3), Dictyocoryne sp. (PL. 3, fig. 2) and D. trun-
catum (P1. 3, fig. 1). Adult specimens of the latter are found with
a well-developed patagium between its three arms. The family
Porodiscidae is not represented with a high diversity in either
the Norwegian Sea or in the Arctic, but single specimens of
Stylodictya validispina were observed in the Norwegian Sea and
Fram Strait. In our new material, we discovered five new forms,
of which only Euchitonia elegans (Pl. 2, fig. 6) has been illus-
trated. An unquestionable example of Amphirhopalum ypsilon
was observed, along with a Stylodictya micromma?, in addition
to two juvenile Stylodictya spp.

Members of the family Pyloniidae also have a surprisingly
high diversity: six different forms were recognized, mostly from
Station RS. However, we were not able to identify these forms to
species level, but one Tetrapyle quadriloba (Pl. 2, figs 4, 5) is
present. None the less, it is clear that they do not belong to the
native arctic fauna. We have seen these forms many times in trop-
ical samples as well as documented examples in prior publications
(e.g. Popofsky, 1912; Tan & Su, 1982; Tan & Chen, 1990; Suzuki
et al., 2009). Therefore, we interpret these forms as introduced
tropical fauna.

Finally, the Artiscinae are not known outside the tropical-sub-
tropical region, so the abundant occurrence of different growth
stages of Didymocyrtis tetrathalamus (Pl. 3, figs 5-7) was a great
surprise. Most of the skeletons are represented as juvenile forms
(P1. 3, fig. 7); and only a few well-developed skeletons, with defi-
nite polar caps, were observed (Pl. 3, fig. 5).

It is among the nassellarians that we observed the highest
number of tropical species. Most predominant is the high number
of Spyrida, a group that we observed for the first time in the
Arctic Basin. We identified 15 different spyrid morphs, seven of
them to the species level, five illustrated herein (Zygocircus pisci-
caudatus — Pl. 7, fig. 5; Nephrodictyum renilla — Pl. 7, fig. 6; Z.
productus — Pl. 7, fig. 7; Z. capulosus — Pl. 7, fig. 8; Lithocircus
annularis — Pl. 7, fig. 9; and Z. rhombus — Pl. 7, fig. 10). The
high diversity of this group in the Arctic Ocean is a puzzle, but
probably is evidence for its ecological plasticity.

In the family Pterocoryidae we observed four species
Pterocorys macroceras (Pl. 7, fig. 1), P. zancleus (Pl. 7, fig. 3),
Theocorythium trachelium dianae (Pl. 7, fig. 2) and Pterocanium
praetextum praetextum (Pl. 7, fig. 4). The family Carpocaniidae
also is largely a warm-water group (Petrushevskaya, 1971, p. 239)
and has its highest species diversity in the tropical region. Our
observation of Carpocanium obliqua (Pl. 6, fig. 8) is the northern-
most recording ever. Among the Cannobotryidae, four species
were recorded. Of special interest was Botryocyrtis scutum (PL. 6,
fig. 11), a very typical equatorial tropical form (Kruglikova, 1969;
1981; Boltovskoy et al., 2010, fig. 21). However, the most typical
and abundant Cannobotryiidae is the local Amphimelissa setosa
(PL 6, fig. 12).

The highest number of species is found in the family
Plagiacanthidae, with 39 taxa, of which the subfamily
Lophophaeninae has 33 identified species. This includes
Lophophaena buetschlii (Pl. 4, fig. 6) and L. hispida (Pl. 4, fig.
12), both regarded as circumtropical representatives. The subfam-
ily Plagiacanthinae has five identified species, where Tetraplecta
pinigera is also a tropical form (Boltovskoy et al., 2010, fig. 97).
Phormacantha hystrix (Pl. 5, fig. 4), which is represented here
with a twin-formed test, is of particular interest. These twin forms
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Fig. 3. Maps of temperature (100 m depth) during 2009 and August 2010 (16 August-20 September) sampled by the Norwegian Polar Institute Centre
for Ice, Climate and Ecosystems. Courtesy of Dr Randi Ingvaldsen, Institute of Marine Research, Bergen.

are not common in our area and we have observed only one test
of this type. Of interest, though, are the frequent findings of twin-
shaped Actinomma tests in the Japan Sea (Itaki & Bjerklund,
2007). These authors suggested that the frequent occurrence of the
conjoined Actinomma forms in the Japan Sea might be related to
its habitat in well-oxygenated, cold, deep water with higher nutri-
ent supplies from the surface. However, it is not known what fac-
tors may have contributed to the twin-formed P. hystrix.

DISCUSSION

Arctic Ocean polycystine radiolarians

With this background, it should be clear that in the Arctic Ocean
as well the different water masses can be described not only by
their hydrographic properties, but also by their faunal and floral
inhabitants (Cleve, 1901; 1903; Gaard et al., 2008; Hatin, et al.,
2009). Due to the harsh ice conditions, the Arctic Ocean is not
easily accessible to sample and, therefore, very few net samples
are available. The reports that we are aware of (Bernstein, 1934;
Hiilsemann, 1963; Tibbs, 1967; Itaki et al., 2003) only list well-
established cold-water species. The earliest radiolarian reports
from high northern Atlantic areas are from the waters off south-
western Spitsbergen (Cleve, 1900, from the Swedish Expedition
in 1898). Also this material, now under revision by KRB to iden-
tify Cleve’s type specimens, showed that the radiolarian fauna
between Svalbard and Greenland is of a local and cold-water
nature. No exotic species have been observed in this material.
Similarly, Jergensen (1905) investigated the radiolarian fauna on
the west coast of Norway and, in his slides, spanning the time
1898-1900, also under revision (KRB), no exotic radiolarian spe-
cies were observed, indicating a reduced northward flow of warm
Atlantic water towards the end of the nineteenth/beginning of the
twentieth century. This is in accordance with Polyakov et al.

(2004), who indicated cold conditions in the Arctic Ocean during
the late 1890s (Fig. 2).

The seven new plankton samples from north of Svalbard, col-
lected in August 2010, have now been analysed with respect to
polycystine radiolarians. We have so far registered 145 species
from these samples, close enough to the Fram Strait to be com-
pared with our previous paper (Bjorklund & Kruglikova, 2003)
where we had a total of 43 species. These were extracted from
the sediments just north of the Fram Strait. There is a significant
difference in species number between these two sets of samples.
This discrepancy is the result of at least two factors: first a totally
unexpected introduced exotic radiolarian fauna and, second, that
our sediment data also may be hampered by dissolution and,
therefore, could be a partial representation of the plankton fauna
at the location. To the best of our knowledge 98 out of the 145
taxa identified are of a warm-water origin, or of a tropical-sub-
tropical nature. This means that these 98 taxa have their origin in
far more southerly waters. The remaining 48 taxa are all common
components of the polycystine radiolarian fauna in the Greenland—
Iceland—Norwegian Seas complex (Schroder-Ritzrau, 1995;
Bjerklund ef al., 1998; Dolven et al., 2002; Cortese et al., 2003).

How can we explain the occurrence of this high number of trop-
ical-subtropical radiolarian species this far north? All of our sam-
ples typically contain both arctic and tropical polycystine fauna
elements. The highest number of both tropical-subtropical species
and specimens occurred in our sample from Station RS, where they
dominate the fauna. Here, we identified 13/85 (arctic/tropical) taxa.
However, from Station R6b the ratio of species dropped to 9/20. In
the more northerly stations, the arctic species dominate and the
tropical species number declined. For example, the ratio was 22/10
in Station R7b, 10/1 in Station R8b, and 8/3 in Station R10b. The
number of species in the easternmost stations are similar to Station
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Explanation of Plate 1. figs 1-5. Collodaria: 1, Sphaerozoum punctatum (Meyen), PMO 223.393/3; 2, Siphonosphaera cyatina Haeckel, PMO
223.393/3; 3, Collosphaera macropora Popofsky, PMO 223.393/1; 4, Collosphaera huxleyi Miiller, St. 6b slide VIII; 5, Acrosphaera flammabunda
(Haeckel), PMO 223.393/3. figs 6—10. Spumellaria: 6, Actinomma boreale (Cleve), PMO 223.397/1; 7, Actinomma leptodermum (Jorgensen), PMO
223.395/1; 8, Arachnosphaera dichotoma Jergensen, PMO 223.397/1; 9, Lithelius minor Jorgensen, PMO 223.395/1; 10, Rhizoplegma boreale (Cleve),
PMO 223.398/1.

-2 -
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Explanation of Plate 2. figs 1-7. Spumellaria: 1, Tetrapylonium clevei Jorgensen, PMO 223.395/1; 2, 3 Tetrapylomum clevez Jﬂrgensen both on PMO
223.395/1; 4, Tetrapyle quadriloba Haeckel, PMO 223.393/2; 5, Tetrapyle quadriloba Haeckel, PMO 223.393/1; 6, Euchitonia elegans? (Ehrenberg),
top PMO 223.398/1, bottom PMO 223.393/2; 7, Stylodictya? sp., PMO 223.393/2.
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Explanation of Plate 3. figs 1-9. Spumellaria: 1, Dictyocoryne truncatum (Ehrenberg), PMO 223.397/1; 2, Dictyocoryne sp., both on PMO 223.393/3;
3, Spongaster tetras tetras Ehrenberg, PMO 223.394/1; 4, Spongotrochus glacialis Popofsky, top PMO 223.393/2, bottom PMO 223.399/3; 5,
Didymocyrtis tetrathalamus (Haeckel), PMO 223.393/3; 6, Didymocyrtis tetrathalamus (Haeckel), PMO 223.393/1; 7, Didymocyrtis tetrathalamus
(Haeckel), top left PMO 223.393/1, bottom left PMO 223.393/2; 8, Sethodiscus micrococcus Haeckel juv., PMO 223.393/2; 9, Spongobrachium sp. aff.

S. ellipticum Haeckel, sensu Renz, 1976, Pl. 3, fig. 5, PMO 223.393/2.
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Explanation of Plate 4. figs 1-13. Nassellaria: 1, Protoscenium simplex (Cleve), St. 8b slide VIII; 2, Plectacantha oikiskos Jergensen, PMO 223.399/3;
3, Pseudodictyophimus clevei (Jorgensen), PMO 223.398/1; 4, Pseudodictyophimus gracilipes (Bailey) bicornis (Ehrenberg), St. 8b slide VII; 5,
Lithomelissa hystrix Jorgensen, both on PMO 223.393/2; 6, Lophophaena buetschlii (Haeckel), PMO 223.393/3; 7, Peridium sp.; PMO 223.397/1; 8, 9,
Arachnocorallium calvata Petrushevskaya, both on PMO 223.393/1; 10, Lophophaena sp., St. Ice 19 slide 7; 11, Lithomelissa setosa Jorgensen, PMO
223.399/3; 12, Lophophaena hispida (Ehrenberg), PMO 223.395/1; 13, Trisulcus sp., St. 6b slide 7.
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Explanation of Plate 5. figs 1-10. Nassellaria: 1, Ceratocyrtis galeus (Cleve), PMO 223.3936/1; 2, Arachnocorys? sp. (arctic form), PMO
223.398/3; 3, Ceratocyrtis histricosus (Jergensen), PMO 223.399/1; 4, Phormacantha hystrix Jergensen, PMO 223.397/1; 5, Phormacantha sp.
(arctic form), PMO 223.396/1; 6, Pseudocubus obeliscus Haeckel, PMO 223.393/2; 7, Neosemantis distephanus Popofsky, PMO 223.393/5; 8,
Arachnocorys? sp. (arctic form), PMO 223.398/2; 9, Plagiacantha aracnoides (Claparéde), St. 6b slide 7; 10, Pseudocubus obeliscus Haeckel,
PMO 223.394/1.

148



Tropical Radiolaria in the Arctic Ocean

gs 1-12. Nassellaria: 1, Artobotrys boreale Cleve, St. RS slide 7; 2, Artostrobus joergenseni Petrushevskaya, left St. 8b slide 7, right
PMO 223.395/1; 3, Artostrobus tabulatus (Ehrenberg), PMO 223.396/1; 4, Eucyrtidium acuminatum (Ehrenberg), St. R5 slide V; 5, Eucyrtidium anomalum
(Haeckel), PMO 223.393/1; 6, Corocalyptra craspedota (Jergensen), PMO 223.396/slide not recorded; 7, Eucyrtidium anomalum (Haeckel), PMO 223.393/2;
8, Carpocanium obliqua (Haeckel), PMO 223.393/3; 9, Lipmanella? sp. juv., top PMO 223.393/2, bottom PMO 223.393/1; 10, Siphocampe lineata (Ehrenberg)
clevei Petrushevskaya, St. Ice 19 slide VII; 11, Botryocyrtis scutum (Harting), PMO 223.393/2; 12, Amphimelissa setosa (Cleve), St. Ice 19 slide VII.
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Explanation of Plate 7. figs 1-11. Nassellaria: 1, Pterocorys macroceras (Popofsky), St. R5 slide not recorded; 2, Theocorythium trachelium
(Ehrenberg) dianae Nigrini, PMO 223.393/1; 3, Pterocorys zancleus (Miiller), St. RS slide V; 4, Pterocanium praetextum praetextum (Ehrenberg),
PMO 223.393/1; 5, Zygocircus piscicaudatus Popofsky, PMO 223.394/2; 6, Nephrodictyum renilla Haeckel, St. RS slide V; 7, Zygocircus productus
Hertwig, PMO 223.393/1; 8, Zygocircus capulosus Popofsky, PMO 223.393/3; 9, Lithocircus annularis Miiller, PMO 223.393/2; 10, Zygocircus
rhombus (Haeckel) sensu Goll (1979, Pl. 16, figs 1-11), PMO 223.399/2; 11, Siphocampe lineata Ehrenebrg clevei Petrushevskaya, PMO 223.397/1.
figs 12, 13. Phaeodaria: 12, Challengeron neptuni Borgert, PMO 223.395/1; 13, Protocystis tridens Haeckel, PMO 223.399/2. fig. 14. A spumellarian:
Tetrapylonium clevei Jorgensen, PMO 223.399/4.
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R7b, but with 22/6 at Station Icel9 and 31/13 at Station Ice22
(Table 2). There is clearly a decrease in the ratio of tropical species
as we go both north and east, but a more uniform distribution
seems to occur eastwards along the continental shelf/upper slope
compared to the more northern stations. Only Station R5 is located
in open water free of sea ice; all other stations are within the drift-
ing ice. The tropical species outnumber the arctic species at only
the two westernmost and southernmost stations (Station R5 and
Station 6b), while at the easternmost and northernmost stations the
arctic species outnumber the tropical species, both the number of
species and the number of specimens. From St. RS we counted 341
specimens; of these 341 specimens 278 (85.5%) belong to the
warm-water assemblage, while only 63 (18.5%) belong to the local
cold-water fauna. The value in the Table is calculated as the per-
centage of taxa, not specimens - hence the difference.

Advected polycystine radiolarian fauna

Of the 50 warm-water taxa identified to species (number of taxo-
nomically unidentified taxa in parentheses), 7 (1) are Collodaria,
16 (1) are Spumellaria, and 27 (2) are Nassellaria. Among the
warm-water taxa we will discuss the occurrence of two species,
namely the two spumellarian species Didymocyrtis tetrathalamus
(PL. 3, figs 5-7) and Dictyocoryne truncatum (Pl. 3, fig. 1). Both
species bear algal symbionts (Anderson et al., 1990; Matsuoka,
1992; Matsuoka & Anderson, 1992). Moreover, laboratory studies
indicate that Didymocyrtis tetrathalamus, though commonly found
in low latitudes, can survive at temperatures as low as 10°C, indi-
cating that this species may have potential for adapting to colder-
water regimes at higher latitudes (e.g. Anderson et al., 1990).
Both species are also co-associated in abundance based on a fac-
tor analysis at a low-latitude sampling site (Anderson et al.,
1990). These two species in our plankton samples from the Arctic
Ocean are dominated by juvenile ontogenetic skeletal forms repre-
senting juvenile stages, further suggesting that these two species
may be reproducing at our sampling site. The presence of a rather
high number of juvenile individuals, belonging to these two spe-
cies, indicates that these two species most likely temporarily have
best adapted to the harsh conditions at these high latitudes.
Although it is not possible to determine how many of the cleaned
skeletons isolated from the plankton samples represent living
forms, we suspect that most of the recovered radiolarian taxa rep-
resent living individuals. We conclude this based on the presence
of both juvenile and adult stages of the Radiolaria. Moreover, the
very long distances that any dead skeletal remains would have to
be carried from the tropics to the high latitude locales would most
certainly have led to considerable loss due to sinking of the tests
and their dissolution in the silicate-undersaturated waters.

Based on our many years of work, we are of the opinion that a
reasonable total number of tropical/subtropical species is in the
range of 450 to 500. Given this estimate, it is evident from the lim-
ited number of species in our samples that most of the tropical—
subtropical fauna do not survive during advection from the
tropical-subtropical region to the arctic. The longevity of radiolar-
ian individuals is approximated to be about one month (Anderson,
1983) based on observations of survival in laboratory culture or
estimations from rates of collection in sediment traps, but can be
quite variable, e.g. 1642 days (Takahashi, 1983). Matsuoka &
Anderson (1992) discussed the temperature and salinity tolerance
of Dictyocoryne truncatum. Its longevity varied quite considerably

from 1-2 days to 5-37 days in cultures of 28°C and 35.0 psu.
Temperatures below 21°C and above 32°C suppressed test growth.
In the culture experiments D. truncatum had a much greater toler-
ance for survival than for growth. At temperatures as low as 15°C
the longevity was comparable to that at 28°C. In the tropics this
species may also have a survival advantage during intrusions of
colder deeper-water masses (Matsuoka & Anderson, 1992). In our
material, D. truncatum is the only Spongodiscidae that is frequently
found, probably a result of its ability to adapt to colder water.

Based on a longevity of about 30 days (Anderson, 1983;
Takahashi, 1983) and that the advection time from the Florida
Strait to the Fram Strait is about 5-7 years (Dr Helge Drange,
personal communication, May 2011), it takes the warm-water
assemblage between 60 and 84 generations to reach the Fram
Strait area, and a few more generations to reach our sampling
area northeast of Svalbard. It is, therefore, possible that many of
the tropical-subtropical polycystines have a much higher tolerance
to changes in both temperature and salinity in field conditions
than previously thought.

Arctic Ocean water masses

A hydrographic profile of the Arctic Ocean indicates a three-
layered water column. A fourth layer of inflow water from the
Pacific is present only in the Amerasian Basin (Aagaard et al.,
1991; Rudels et al., 1994). At the surface there is a layer of float-
ing ice resting on top of the variable and heterogeneous Arctic
surface water (0200 m), a layer of water with a temperature that
can vary up to 3.5-4°C and salinity between 28 and 34 psu. This
water is strongly influenced by the large Eurasian and American
rivers draining into the Arctic Ocean. The second layer is the
warm and salty North Atlantic water (200-900 m), originating
from the tropical areas as the Gulf Stream, crossing the North
Atlantic as the North Atlantic Current, and flowing into the Arctic
Ocean through the Fram Strait as the Norwegian Current with a
temperature of 1-3°C and a salinity of 34.5-35 psu. This is also
supported by our temperature and salinity data. Finally, the third
layer, in the deep parts of the Arctic Ocean is the cold (below
0°C) and salty (34.5-35 psu) water. No trace of the Pacific water,
entering through the Bering Strait, is found off northern
Spitsbergen (Hiilsemann, 1963; Tibbs, 1967; Aagaard et al., 1991;
Rudels et al., 1994).

The Norwegian Institute of Marine Research (personal com-
munication to KRB) reported on an unusual oceanographic situa-
tion during March 2009 in the water masses west of Svalbard
(Fig. 3). They documented an exceptionally high temperature,
7.5°C, in the core of the Atlantic water, which was 4°C above
average. One year later, in March 2010, the temperature was
reported to be 4.5°C and, during August 2010, when our plankton
material was collected, the temperature in the core of the Atlantic
water at St. Ice22 was down to the normal 3.5°C, while it is sig-
nificantly colder at the shallower stations. An anomaly was
observed in the chlorophyll-a measurements in the upper water
layer at weather ship station M (66°N, 2°E, in the Norwegian
Sea). In the time series for the period 1991-2008, an average
chlorophyll-a of 2 mg m= was obtained at about week 20 (cen-
tred around 17 May), while in 2009 the chlorophyll-¢ measured
4 mg m>3, nearly twice the average value. Furthermore, this
abnormal peak occurred during the beginning of May, about two
weeks earlier than for the average of the time series (Fig. 3 from
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Havforskningsrapporten 21). In the Sviney (63°N, 2°E) hydro-
graphic profile, during the first week of May 2009, between 300
and 350 km off the coast, there is a cell at 20 m depth with chlo-
rophyll-a values exceeding 5 mg m=. In the same profile, during
the beginning of May, salinities of 35.2 psu and temperatures
between 7°C and 8°C were recorded in the upper 200 m. In June
the temperature at about 50 m had increased to 9°C, but the salin-
ity maintained at the same value, 35.2 psu. It is obvious that dur-
ing May 2009 something very unusual took place. As the
warm-water pulse was detected both in the Fram Strait and in the
Sviney profile at the same time, this indicates that the pulse of
warm water must have existed for as long as it took the water to
propagate from the Sviney profile to the Fram Strait, in other
words, a strong pulse of increased transport of warm water of
Atlantic origin took place.

This warm water, accompanied by 50 identified tropical-sub-
tropical polycystine radiolarian species (+4 unidentified warm-
water taxa), is clear support for the tropical-subtropical origin of
this water. Surprisingly, no one who studied the polycystine radi-
olarians in the Norwegian Sea has seen any, except one species
(Euchitonia elegans), of the reported warm fauna elements in the
Recent surface sediments in the Norwegian Sea. Moreover, none
of these faunal elements was found in the sediment traps posi-
tioned in the northern part of the Norwegian Sea and Greenland
Sea (Schroder-Ritzrau et al., 2001). These samples were collected
from four sediment traps, one GS2 (Greenland Sea), two OG traps
(OG3 and OG 4/5, Jan Mayen Current) and one NB (Norwegian
Sea). Based on the number of species recovered from the three
moorings, the number is ¢. 30 (in GS), c¢. 40 (in OG) and c. 50
(in NB) (Schroder-Ritzrau et al., 2001, fig. 2), showing that NB is
in rather warm water (their fig. 1), with the Norwegian Current
spinning off on each side of the NB mooring, but the mooring is
not in the warm-water core. In Bjerklund er al. (1998) it was
reported that only sporadic individuals of four warm-water species
were observed in the surface sediments of the southern part of the
Norwegian Sea (Euchitonia elegans, Spongocore puella,
Theocorythium trachelium and Lamprocyclas maritalis), but only
one of these (Euchitonia elegans) was observed in our material
north of Spitsbergen, as stated above; however, they also recov-
ered different forms of Collodaria, but these were not identified to
species. It is, therefore, evident that the Norwegian Current is not
a steady carrier of warm-water elements originating from more
southern latitudes. As outlined earlier, warm Atlantic water has
entered the North Atlantic and Nordic seas in at least two major
pulses, in the period 1920 to the middle of the 1950s, and from
about 1990 to present.

Good support for these events was found in the fishery
reports. The cod fisheries west of Greenland experienced a sig-
nificant increase due to the warming of the water masses that
took place in the early 1920s, with a maximum catch of cod in
1927 (Jensen, 1939). Furthermore, it is documented that conifers
in Finnmark must have three successive years of warmer climate
to produce seeds. This happened in 1918 when the pines flow-
ered, they set good cones in 1919, and finally made good seed in
1920 (Krogness, 1920). A similar exotic radiolarian component
was reported by Knipovitsch — who, several times in May 1921,
observed the colonial collodarian Collozoum in the waters north
of Kola Fjord in Russia (from Jensen, 1939, p. 46). Never before
had this type of radiolarian been reported that far east of

152

K. R. Bjorklund et al.

Finnmark (northeastern Norway). In our new plankton samples,
we have identified eight species of colonial radiolarians, a group
that has its highest diversity in the tropical regions. In addition,
one of us (SBK) observed several specimens of Euchitonia ele-
gans in the Kara Sea (1985, unpublished data, at that time this
finding was interpreted as contamination). Finally, Petrushevskaya
(personal communication to KRB, 1972) reported she had seen
one specimen of Didymocyrtis tetrathalamus west of Spitsbergen
in a sediment surface sample. These are the only observations of
tropical-subtropical radiolarians observed at high northeast
Atlantic latitudes of which we are aware.

Water masses and fauna provinces

Such an exotic tropical-subtropical fauna as present in the plank-
ton samples that we report here has never been encountered over
the last three decades of studies on Arctic radiolarians
(Kruglikova, 1982; 1989; Bjerklund et al., 1998; Bjerklund &
Kruglikova, 2003; Cortese et al., 2003; Kruglikova et al., 2009).
The main results of our previous studies indicated that the species
composition of Radiolaria in the Arctic Ocean was largely identi-
cal to that of other cold-water regions of the World Ocean. The
quantitative species — and higher-rank taxa — ratios were, how-
ever, specific to, and typical of, the Arctic Ocean; differing sub-
stantially from all other cold-water regions.

Furthermore, the Arctic Ocean radiolarian association is quite
different from the neighbouring Norwegian Sea and the Bering
Sea in the Pacific region. Additionally, the Arctic Ocean has its
own set of endemic species of a rather recent age, indicating that
there is an active and ongoing speciation, as exemplified in the
family Actinommidae (Kruglikova et al., 2009). The Arctic region
is characterized by a rather low number of species in the radiolar-
ian assemblages obtained from bottom sediments. Only 31 species
were retrieved from the three deep Central Arctic basins, but
about 60 were obtained when the cold and shallow marginal seas
were included. Typically, only a couple of species are dominant
in this realm. At lower (tropical) latitudes the species number
increases to between 450 and 500, or probably more, and there
are no predominant species.

In the following, we will discuss how the tropical polycystine
faunal elements are intruding into the colder northern Arctic
waters. As stated earlier, Cleve (1901) pointed out that different
water masses are characterized by their water properties, such as
temperature and salinity, but equally well by their floral and fau-
nal assemblages. Based partially on this axiom, we conclude that
tropical-subtropical fauna elements, inhabiting warm Atlantic
water, could reach the Arctic Ocean proper, only if they are car-
ried in the path of the Gulf Stream and the North Atlantic Current.
It has been shown that there is a decadal predictability of North
Atlantic sea surface temperature and climate, as reported by
Sutton & Allen (1997), who documented a temperature anomaly
that took nine years to propagate from the Strait of Florida to the
Faeroe Islands. Similarly, Alvarez-Garcia et al. (2008) also
reported, based on updated data and models, that the core of the
warm Atlantic water would need about nine years to reach the
Faeroe Islands from the Strait of Florida. However, the rate of
transfer of the temperature anomaly from south to north is slower
than the rate of advection (Kettle & Haines, 2006; Bonhommeau
et al., 2010). This implies that water mass tracers, such as in our
case the polycystine radiolarian plankton, will need considerably
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less time. Kettle & Haines (2006) reported that, based on substan-
tial migratory research, the fastest transatlantic migration of
Anguilla anguilla larvae in their models was two years — not
one year or less, as proposed by Lecomte-Finiger (1992).
Bonhommeau et al. (2010) came to roughly the same conclusion —
that the Atlantic eel needed more than two years to cross the
Atlantic Ocean. Dr Helge Drange (personal communication, May
2011) suggested it was generally agreed that a rough estimate for
plankton to drift from the Sargasso Sea to the Faeroe Islands
would take a little longer, about three years, and somewhat longer
from the Strait of Florida, about three to four years. Based on
salt, temperature and radioactive tracers, the travel time of the
water from the Faeroe Islands to the Fram Strait is on the order of
two to three years. Consequently, we can suggest a total advec-
tion time for the tropical polycystine radiolarians to be in the
range of five to seven years (Florida—Faeroe Island, 3—4 years;
Faeroe Island—Fram Strait, 2-3 years; total 5-7 years). Finally,
many studies in the North Atlantic aimed to decode the stability
or periodicities in the atmospheric and oceanographic circulation
patterns, and have concluded that there are predictable changes in
sea surface temperature and climate (Sutton & Allen, 1997;
Furevik, 2001; Hakkinen & Rhines, 2004; Polyakov et al., 2004;
2005; Lohmann et al., 2008; 2009; Hatan et al., 2009; Eldvik
et al., 2009).

A summary of some important biogeographical and hydro-
graphic observations is reviewed here in order to provide a frame-
work for our explanation of how warm-water Radiolaria have
recently appeared in the Arctic region. Large biogeographical
shifts in the northeastern Atlantic Ocean have recently been dem-
onstrated by Hatun ez al. (2009). The subpolar gyre is located in
the Irminger Sea, Reykjanes Ridge and Iceland Basin region, and
is characterized by its large body of cold and low salinity subarc-
tic water. The gyre had an intensive circulation during the early
1990s (Hékkinen & Rhines, 2004) and experienced a severe
decline thereafter (Lohmann ez al., 2009). A consequence of the
reduced strength and extent of the subarctic gyre was a rapid
warming and salinification of the northeastern part of the North
Atlantic Ocean. This had a great impact on the distribution of
cold water south of Iceland, which now received a replacement of
warmer and saltier water from more southern latitudes. Similar
events also took place around 1920 to the middle 1950s and as
well in the 1990s until present (Fig. 3). During these periods with
low intensity in the subpolar gyre, characterized by warm water,
many boreal fishes invaded Icelandic and Greenlandic waters
(Hatn et al., 2009). This last happened in 1995/1996 and a grad-
ual warming and salinification has taken place in the North
Atlantic and Norwegian Sea. The subpolar front is the periphery
of the subpolar gyre and is an effective barrier for several cope-
pod taxa (Gaard et al., 2008). The North Atlantic subpolar gyre
has a highly variable volume of cold and low salinity water.
Consequently we infer that the relatively well-defined water
boundaries are effective boundaries for the distribution of the pri-
mary producers as well as for the secondary consumers at all lev-
els (protozoans, crustaceans, fish, and mammals), as has been
suggested by Hatun et al. (2009). The northeastern Atlantic eco-
system is, therefore, strongly influenced by the structure of the
North Atlantic subpolar gyre, which controls the pronounced
changes in fauna, not only in the northeastern North Atlantic, but
even extends from the English Channel in the south to the Barents

Sea—Fram Strait in the north, as well as off Greenland in the
northwest. Such changes have occurred several times, with a sig-
nificant rise in temperature and corresponding changes in the
pelagic and planktonic communities. Thornalley et al. (2009) indi-
cated that the marine climate had probably been regulated by the
subarctic gyre in the northeastern North Atlantic throughout the
last ¢. 11 700 years, the entire Holocene.

From 1995/1996 there is a fairly well-documented intense
warming and increasing salinity in the northern seas (Holliday
et al., 2008; Hatun et al., 2009), and it is well accepted that warm
Atlantic water definitely reaches the Arctic Ocean in pulses that
have a great interannual and multidecadal variability (Polyakov
et al., 2005). A time series of calanoid copepods and temperature
in the Iceland Basin—Rockall Plateau area from 1960 to 2000,
shows a close relation between the two. Copepod and temperature
values decreased from 1960 to 1975, increased until early 1980s,
but once again decreased until about 1995, and from then on
increased until 2005, the end of the time series (Hatan et al., 2009).

Holliday et a/. (2008, L03614) stated

the time lag estimates would allow us to make some short
term empirical predictions about conditions at the entrance to
the Arctic Ocean. The Faroe—Shetland Channel salinity began
to increase in 1996, reached a peak in 2004, and showed a
slight decrease since then (2005-2006). Temperatures peaked
in 2003 but remained high in 2005 and 2006. We can there-
fore predict that Fram Strait temperature may start to decline
in 2007 or 2008, while salinity will peak a year later, but both
will remain high at least until 2010.

Temperature results, moreover, show that there has been a signifi-
cant drop in temperatures west and northwest of Svalbard from
2009 to 2010 (Fig. 3). Their final statement is that both ‘tempera-
ture and salinity have decreased slightly at the more southern
locations since 2003 or 2004, but the interannual variability over-
laying the multi-decadal scale pattern means it will be several
years before we can conclude whether a new maximum has
passed’ (Holliday et al., 2008, L03614).

Earlier warm-water pulses in the Arctic Ocean
We have no direct radiolarian data that can answer the question
whether earlier warm-water pulses occurred in the Arctic Ocean,
because opal microfossil remains are poorly preserved in the
Arctic Ocean sediment cores due to dissolution. This is evident in
our new plankton material where Amphimelissa setosa is an abun-
dant species at all stations, but is only represented in the Nansen
Basin surface sediments with a few individuals. The same is the
case with an undescribed Arachnocorys sp. (Pl. 5, fig. 8), proba-
bly endemic to the Arctic Ocean and one of the commonest spe-
cies in the plankton, but so far not observed in the sediment.
Therefore, to further support that the occurrence of these warm
tropical radiolarians is a result of warm-water pulses in the Arctic,
we cite data on planktonic foraminifers, among other evidence.
Evidence of thermophilic planktonic foraminifera has been
reported in the late Holocene Laptev Sea (Core 7, 74°53" N;
129°59" E) (Matul et al., 2007) with approximately 96% of the
assemblage consisting of thermophilic species at two short time
intervals at about 6100 and about 6200 years Bp. Bauch (1999)
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also reported on tropical-subtropical planktonic thermophilic fora-
minifer associations, and identified three intervals in core IK9373-
10 (75°20" 8" N; 135°12'3" E), dated to about 874-925, 1640 and
1790 years Bp. The occurrence of such warm-water assemblages
can only be explained as a result of reworking of older sediments,
or as episodes with strong inflow of warm Atlantic water.
Hitherto, no one has reported on locations with sediments contain-
ing a tropical-subtropical fauna. Therefore, we infer the tropical—
subtropical planktonic thermophilic foraminifer associations, as
for the tropical-subtropical radiolarian fauna, to be related to
large changes in the pulses of warm Atlantic water. We note,
however, that Volkmann (2000) reported that the Recent plank-
tonic foraminifera assemblage from the Laptev Sea consists of:
Neogloboquadrina pachyderma (sinistral) >70%, Turborotalia
quinqueloba and Neogloboquadrina pachyderma (dextral), an
assemblage that is very different from the associations assumed to
represent episodes with a high inflow of warm Atlantic water.
However, Volkmann (2000) also reported that in the collected
water samples there were also about 0.5-2% of empty tests of
thermophilic planktonic foraminifera. Their origin is unknown,
but it is also likely here that these empty warm-water foraminifer
tests belonged to the incoming warm Atlantic water and represent
dead individuals. As mentioned above, radiolarian skeletons pre-
sent a very different scenario, the silicate is more readily dis-
solved; for example only a small percentage of dead skeletons
arrive intact when settling into ocean sediments (e.g. Lizitsin,
1972). Thus, we conclude that the presence of juvenile and adult
stages in our samples of Radiolaria most likely represent individu-
als that were alive in the water column, especially given the den-
sity of the silicate tests that would have very likely settled out of
the water column soon after death, if it occurred. Their presence,
undoubtedly, is evidence of an incursion of warm water from the
Atlantic and is not a result of global warming.

Implications for ecology and population

Our plankton sample data clearly show that, at least within recent
time, a major influx of lower latitude Radiolaria has occurred
among the otherwise low diversity assemblages typically found in
the Arctic Ocean. This intrusion, probably due to the break-up of
the subpolar gyre that normally serves as a barrier, undoubtedly
changed the hydrographic and ecological dynamics of the Arctic
Ocean environment. Increased biological diversity is likely to
have some positive ecological effects, including possibly greater
stability of the communities against short-term variations in envi-
ronmental variables, such as salinity, temperature and available
nutrients in the surface water. Those species that are most adapted
to colder water are more likely to be resistant to rapid decreases
in temperature, while warmer-water species that have become
adapted to more moderate temperature regimes may be resistant
to increasing temperatures associated with major climatic shifts
such as global warming. However, increased diversity due to
intrusion of alien species may also lead to intraspecific competi-
tion, especially if their presence increases biological densities, and
more so if there is no niche differentiation between the indigenous
species and the intrusive ones. For example, if the intrusive spe-
cies utilize different prey than the indigenous species, leading to
trophic differentiation, there may be less competitive pressures
between the two groups. On the other hand, if there is considera-
ble overlap in prey preferences, some competitive exclusion may
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take place. We have only meagre evidence of the prey preferences
of various microplankton species, especially the Radiolaria.
However, some evidence indicates that smaller species, abundant
in the picoplankton of the Arctic Ocean (Lovejoy et al., 2006),
may be largely predators on bacteria and algal microplankton spe-
cies, while larger species can consume both phytoplankton and
small zooplankton prey (e.g. Anderson, 1983; Anderson et al.,
1990). If this is the case, some of the smaller typically Arctic spe-
cies, may prey on the microplankton, while some larger lower
latitude species may consume larger plankton prey. Some lower
latitude species also harbour abundant algal and/or cyanobacterial
symbionts that provide at least partial nutrition (e.g. Anderson,
1983; Anderson et al., 1989), and it is not fully determined how
this contribution may affect community trophodynamics during
intermingling of formerly geographically isolated communities of
picoplankton and Radiolaria. The algal symbionts in some species
have been shown to contribute organic compounds to the host that
may help to sustain its nutrition (Anderson, 1983). However, it is
not known how these symbionts would adapt to conditions of
darkness, such as those that occur for substantial time during win-
ter at high latitudes, nor how much loss of photosynthetic-derived
nourishment during winter would affect the radiolarian host.

A major issue concerns possible differences in categories of
prey in the Arctic Ocean compared to lower latitudes. If the intru-
sive lower latitude species are fairly cosmopolitan in their preda-
tory preferences, they may be able to adjust to the new trophic
regimes with minor effects on growth and reproduction. However,
it remains to be determined how effectively these expatriated
lower latitude species adjust to, and exploit, higher latitude envi-
ronments. Further plankton sampling evidence, and longer-term
analyses of core top samples, may provide some evidence of the
relative success, if at all, of these intrusive species as well as the
response of the indigenous radiolarian taxa. As Holliday et al.
(2008) pointed out, it could be predicted that both salinity and
temperature would remain high at least until 2010, but that it
would take several additional years before it could be concluded
whether a new temperature/salinity maximum has passed. If the
recent warm pulse reported on herein is soon expected to be over,
then the inflow of exotic radiolarians will be reduced, and it is a
question of how this introduced fauna will behave. Will it persist
or will it gradually vanish?

The intrusion of geographically alien species also changes the
gene pool in the local populations and potentially could alter pop-
ulation composition and dynamics if there is interbreeding among
species. Our knowledge of population dynamics, and especially
the details of sexual reproduction in Radiolaria, is very limited.
Current evidence clearly documents asexual reproduction in some
species (especially colonial ones). Moreover, the formation of
flagellated swarmers at maturity, as observed in laboratory cul-
tures, suggests that these are gametes. However, presently, there
is no evidence of syngamy and second-generation growth. The
application of molecular genetic analyses (e.g. de Vargas et al.,
1999; Darling et al., 2000; both on planktonic foraminifera), how-
ever, may provide indirect evidence of mingling of gene pools,
especially if sufficient properly preserved plankton material can
be obtained and analysed in longer, time-series studies following
intrusion of non-endemic species of Radiolaria. However, until we
know more clearly to what extent hybridization and production
of viable offspring can occur in Radiolaria, we will need to rely
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particularly on indirect indicators, such as molecular genetics.
Application of molecular genetic screening (e.g. Lovejoy et al.,
2006) can provide a much more sensitive means of identifying the
richness and diversity of radiolarian species, especially document-
ing the occurrence of cryptic species that otherwise may go unno-
ticed due to their very low frequency of occurrence. Such
low-density species, while not necessarily a major ecological fac-
tor at a given point in time, may be potentially adaptive to chang-
ing environments and become more dominant if more favourable
environmental conditions occur. Also, cryptic species may be a
source of potential genetic diversity, providing a richer gene pool
to seed diversification through interbreeding and species diver-
gence as environmental selection pressures change. More recently,
Lovejoy & Potvin (2011) reported that c¢. 40% of the retrieved
molecular genetic clones from samples in the Beaufort Sea and
Arctic Ocean were Radiolaria, further suggesting that Radiolaria
may be more abundant proportionately than previously thought,
and further strengthening the case for the merits of additional
geographically widespread molecular genetic sampling in high
latitude oceans.

In addition to the ecological and genetic aspects of major
intrusions of non-indigenous species, there is the possible effect
of selection pressures in the new environment leading to increased
rates of speciation, as has been documented in experimental and
natural field-based studies for a variety of organisms (e.g. Orr &
Smith, 1998). Moreover, invasion of new territories may also
result in certain ecological factors that essentially isolate the
invading species, perhaps due to different domains they inhabit
within the new environment, or due to restricted periods of time
when sexual reproduction occurs in the new habitat. Thus, inva-
sion of new species within a habitat can lead to either more rapid
speciation in some cases, or de facto increased reproductive isola-
tion, thus reducing the potential for mixing of gene pools that oth-
erwise might lead to more rapid genetic differentiation among
species (e.g. Orr & Smith, 1998).

The recent intermingling of low latitude radiolarian species
with the indigenous cold-water species in the Arctic Ocean pro-
vides a ‘natural laboratory’ to further explore the ecological and
evolutionary implications of this infrequent event. Clearly, the
Arctic Ocean is a dynamic and changing ecosystem that deserves
much more intensive research study, especially among biominer-
alizing microplankton that are among some of the most produc-
tive sources of proxy evidence for ancient and modern processes
of climate and environmental change.

SUMMARY

Beginning with work early in the twentieth century (e.g. Cleve,
1901; 1903), it was assumed that certain marker plankton species
could be used to trace changes in water masses in different spe-
cific geographical locales, a topic we have explored particularly in
this research. As documented more fully in this report, radiolarians
with their high species number and characteristic forms can serve
as a good monitoring tool for pulses of warm Atlantic water enter-
ing the Norwegian Sea and finally into the Arctic Ocean proper.
Surprisingly, a suite of obviously tropical-subtropical species was
able to invade and apparently establish reproductive populations in
the rather hostile and harsh, cold-water environment of the Arctic
Ocean — quite different from their normal environments. Among

radiolarians in general, this may be a good example of ecotypic
plasticity. Water temperature is clearly a major environmental vari-
able, and the radiolarians as a group should be followed up during
subsequent years to monitor, among other factors, the variation in
northward distribution, possible penetration into the polar basin,
and with proper sampling and preservation of specimens, applica-
tion of modern molecular genetic techniques to more fully explore
possible changes in abundances and evidence of genetic variability.

Based on earlier observations and our new data we conclude
that in the prior century there were several pulses of warm water
into the Arctic Ocean caused by natural climatic changes, such as
intensity changes in the North Atlantic subpolar gyre. Thus, it is
unlikely that this intrusion is specifically related to recent global
warming events and climate change. Similar warm-water pulses,
therefore, will very likely come and go in the centuries to come.
Among other variables affecting high latitude hydrographic fea-
tures, the North Atlantic Oscillation (NAO) may account for dec-
adal/subdecadal surface current and temperature variability, and
may contribute partially to the forcing functions driving warm-
water incursions. We propose polycystine radiolarians in the
plankton can be a valuable marker to identify changes in the
northward flow of the warm North Atlantic water.

CONCLUSIONS

1. Tropical polycystine radiolarians (in all orders of polycys-
tines) were found at seven stations in plankton samples in
the Arctic Ocean proper, more precisely on the southern
flank of the Nansen Basin.

2. A significant warm-water pulse was detected in 2009 by
temperature (7.5°C), salinity (35.2 psu) and chlorophyll-a
(5 mg m?) measurements.

3. Stations R5 and 6b both document a dominance of tropical
polycystine species 13/85 (arctic/tropical) and 9/20, respec-
tively; spyrids and collodarians were present with many
morphological forms.

4. Didymocyrtis tetrathalamus and Dictyocoryne truncatum,
both observed along with a majority of juvenile forms,
indicate that these two species most likely have adapted
best to the new environments.

5. Based on multiple lines of evidence, including the time
for reproduction, it has likely taken these two species
5-7 years to move from the Florida Strait to the Fram
Strait, possibly 60-84 generations between the two
straits, sufficient time to permit adaptation to the new
northern conditions.

6. The present warm-water pulse is predicted to stop at the
end of 2010; if so, will the introduced warm-water fauna
collapse, or will it share genes with the local polycystine
radiolarians and possibly persist?
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