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Abstract We set out to examine a postulated latitudinal
trend in species richness within the Arctic Ocean. We
compiled species records of tintinnid ciliates in the Arctic
from the literature and added our own unpublished Chuk-
chi Sea data to produce a database (available as an Online
Resource data file) consisting of 1427 records of 89 species
from 414 locations above 65°N sampled from 1885 to
2015. While there was no trend of species richness
throughout the Arctic, there was a significant positive
relationship between species richness and the number of
sites sampled in a 2° band, suggesting a sampling effect.
Plotting cumulative numbers of species and cumulative
number of sites sampled by year, we found a linear rela-
tionship in log cumulative numbers of species and log sites
sampled, and a lack of a plateau in the species accumula-
tion trend. Species records are highly dominated by four
species, accounting for 45% of the records: Acanthos-
tomella norvegica, Parafavella denticulata, Ptychocylis
obtusa and Salpingella acuminata, all of which, except S.
acuminata, have long been suspected to be morphologi-
cally variable, with different morphotypes given undue

Electronic supplementary material The online version of this
article (doi:10.1007/s00300 016 2049 0) contains supplementary
material, which is available to authorized users.

4 John R. Dolan
dolan @obs vlifr.fr

' Sorbonne Universités, UPMC Univ Paris 06, CNRS UMR
7093, Laboratoire d’Océanographie de Villefranche sur Mer,
Station Zoologique, 06230 Villefranche sur Mer, France

P.O. Box 132, North Attleboro, MA 022761 0132, USA

Department of Polar Ocean Environment, Korea Polar
Research Institute, Yeonsu gu, Incheon, South Korea

(5

Published online: 07 November 2016

species status. Pooling all reported species of Acanthos-
tomella, Parafavella and Ptychocylis yielded little quali-
tative differences but considerable quantitative differences.
We found large discrepancies in geographic coverage. We
conclude that many zones projected to experience large
changes in sea ice coverage are under-sampled. Based on
the historical trend, the list of Arctic tintinnid ciliate spe-
cies will likely continue to grow with new sampling,
regardless of changes in the Arctic Seas.

Keywords Biodiversity - Biogeography - Plankton -
Zooplankton - Protist - Latitudinal diversity gradient

Introduction

Microzooplankton are a key component of planktonic food
webs as they are responsible for the consumption of most
of the primary production in the plankton, including in the
Arctic Seas (Nelson et al. 2014). The relative importance of
microzooplankton as grazers in the Arctic Seas is predicted
to increase due to the foreseen shifts towards smaller
phytoplankters (Li et al. 2009) and changes in the timing of
phytoplankton blooms (Michel et al. 2012). Tintinnid cil-
iates are a usually minority component in the microzoo-
plankton (McManus and Santoferrara 2013). However, in
the Arctic tintinnid ciliates can occasionally be a significant
component of the grazer community (Sherr et al. 2009) and
can seasonally dominate the biomass of the ciliate micro-
zooplankton (Seuthe et al. 2011). Tintinnids are also a
component of the sea ice fauna (e.g. Melnikov et al. 2002).
Among the microzooplankton, they are unique in pos-
sessing a cylindrical or cup-shaped species-specific lorica
(shell) permitting species identification with relative ease
compared to most other taxa of the microzooplankton.
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Furthermore, an easily measured dimension of the lorica,
the size of oral opening, is correlated with size of preferred
prey and maximum growth rate (Montagnes 2013). Species
with similar lorica oral diameters share then key ecological
characteristics and can be considered as ecological
redundants.

For tintinnids, global distribution patterns are, compared
to most microzooplankton taxa, relatively well known. On
a large scale, they display the most common global bio-
geographic pattern found among marine species, the
bimodal diversity gradient, wherein species richness
increases from high to low latitudes with a slight dip near
the equator (Chaudary et al. 2016). Recently, we examined
the latitudinal pattern in morphological diversity as well as
species diversity in tintinnids along a Northern Hemisphere
transect from the Sea of Japan/East Sea to the High Arctic
sampled in late summer of 2012, the year of record low sea
ice (Dolan et al. 2016). Both species richness and mor-
phological diversity (as numbers of distinct oral diameters)
declined dramatically to low levels in the High Arctic. We
found just a few species in the High Arctic of very different
morphologies suggesting a marked lack of ecological
redundancy in the tintinnid assemblage. However, our
sampling, as with all oceanographic campaigns and indeed
any sampling, yielded only snapshots of certain locales and
with generally large detection limits; hence, the generality
of our finding for tintinnids in the Arctic Ocean overall
required confirmation. Diversity gradients within the Arctic
have been found previously for terrestrial plants (e.g.
Jedrzejek et al. 2012) terrestrial vertebrates (Glig et al.
2012) and aquatic insects (Scott et al. 2011).

To our knowledge, there have been no studies of lati-
tudinal gradients in diversity with regard to planktonic
organisms of the Arctic. Following Longhurst (1998), the
Arctic Ocean along with its marginal seas comprises the
Boreal Polar Province. The latitudinal gradients (roughly)
characterising the province between 65°N and the High
Arctic, potentially influencing species richness, include
water temperature, temporal and areal extent of sea ice,
water column depth as well as areal extent of the Arctic
Sea (Longhurst 1998).

It has been noted that Arctic data is unusually scattered,
often in obscure journals, and generally not compiled
(Wassmann 2011). Previous reviews of tintinnid species
distributions (i.e. Pierce and Turner 1993; Dolan and Pierce
2013), with regard to the Arctic, relied on the few easily
available Arctic records and concerned only the genus
level. Furthermore, the analyses pre-dated several recent
relatively large studies (i.e. Monti and Minocci 2013;
Dolan et al. 2014; Feng et al. 2014; Matsuno et al. 2014; Li
et al. 2016). To our knowledge, there is no inventory or
checklist of tintinnid ciliates in the Arctic. It would be fair
to say that tintinnid ciliates have been largely neglected. In
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recent large synthesis reports concerning Arctic biodiver-
sity (e.g. Meltofte 2013; Jorgensen et al. 2016) and reviews
of microbes in the Arctic (Dickson et al. 2016) tintinnid
ciliates are not mentioned.

To address questions of the magnitude of tintinnid
species and morphological diversity in the Arctic and the
possible existence of geographic patterns, it was necessary
to construct de novo a database of species records for the
Arctic. We combed the published literature for records of
the presence of species in locations above 65°N. To pub-
lished records, we added our own previously unpublished
data from analysis of samples obtained in 2010, 2013, 2014
and 2015 from a large suite of stations in the Chukchi Sea.
The questions we sought to address were as follows: (1)
What is the known taxonomic diversity of tintinnids in the
Arctic Seas, (2) What is the morphological diversity, in
terms of distinct sizes of oral openings, of the tintinnids
found in the Arctic Seas, and (3) Is there a latitudinal
diversity gradient within the Arctic Sea? While the data-
base was assembled to answer these questions, it may also
serve as baseline data, often lacking and needed to detect
possible distributional shifts (Jorgensen et al. 2016), as well
as providing a checklist of known Arctic morpho-species
against which emerging molecular data (e.g. Lovejoy 2014;
Pedros-Alio et al. 2015; Stecher et al. 2016) may eventu-
ally be cross-referenced.

Methods

Google Scholar (https://scholar.google.com/) was used to
identify documents containing the name of a known Arctic
tintinnid genus (i.e. Acanthostomella, Leprotintinnus,
Parafavella, Ptychocylis). Searches were run also for
documents containing the term “arctic” as well the word
“tintinnid” or “tintinnids” or “tintinnida”. Articles citing
documents containing a species record and the reference
list of the articles themselves were screened by title. For
some publications that reported pooled data, e.g. species
found in sets of stations, the authors were contacted with a
request for their data on species by sampling location (see
Acknowledgements for the authors who generously sup-
plied data). Reports from the historic literature were
obtained by searching the biodiversity Heritage Library
(http://www.biodiversitylibrary.org/) for documents con-
taining mentions of known Arctic species. It should be
noted that sampling among the studies varied widely from
coarse plankton nets to whole water examination. For many
records, tintinnid species were noted as “by-catch” as the
investigations were focused primarily on phytoplankton or
metazoan zooplankton. Consequently no attempt was made
to analyse data in terms of species per investigator publi-
cation. A species record was logged only when a binomial
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species name was given and a location was given, or could
be determined, with a sample date (at least the year). Data
were entered into a spreadsheet containing eight columns
by which records may be sorted: species, latitude, longi-
tude, locality, reference, sample date, note (station or
sample number), and system or sea (i.e. Baffin Bay, Bar-
ents Sea, Beaufort Sea, Canadian Archipelago, Chukchi
Sea, Greenland Sea, Kara Sea, Laptev Sea, Norwegian Sea,
White Sea). We have likely missed some of the Russian
language literature not repeatedly cited. However, we have
no reason to believe that such additional data would
materially effect our conclusions.

We included previously unpublished data from cruises
in the Chukchi Sea area in 2010, 2013, 2014, and 2015.
Sampling and sampling analysis followed methods
described in detail in Dolan et al. (2013, 2016). Briefly, for
most stations a 20-pm mesh plankton net was towed from
approximately 100 m to the surface. Net material was fixed
with either Acid Lugol’s solution or Bouin’s fixative, and
in the lab sample aliquots were examined with an inverted
microscope. Our previously unpublished species records
were entered under “reference” as ARA 01 Cruise for
2010, ARA 03 Cruise for 2013, ARA 05 Cruise for 2014,
and ARA 06 Cruise for 2015 (see the Online Resource data
file containing all species records).

To examine morphological characteristics of the Arctic
species pool, each species was assigned lorica dimensions.
We used the average of the range of lorica dimensions for the
species given in the text descriptions by Kofoid and Camp-
bell (1929) as many investigators relied on the monograph
for species identification. For species depicted in Kofoid and
Campbell (1929) but unaccompanied by a text description,
we assigned dimensions of forms with text descriptions
depicted in the plates as having very similar dimensions. For
species described after 1929, the dimensions given in the
original descriptions were assigned. We realise that dimen-
sions and scales of depictions in Kofoid and Campbell (1929)
contain errors compared to the preferred authority of the
original description or re-descriptions (e.g. Dolan 2016b;
Santoferrara et al. 2016). However, the dimensions given in
the text, or implied in the illustrations of Kofoid and
Campbell, are likely to correspond to those of the organism
observed by individual investigators compared to a more
authoritative description. The final species list was cross-
checked against GenBank to identify taxa for which
sequence data have been deposited as of July 25th 2016.

We also distinguished some possibly doubtful species
identities. Some of the tintinnid species commonly found in
sub-Arctic and Arctic waters have long been suspected to
form variable loricas with the morphological variants given
undue status as distinct species. These suspected poly-
morphs are species of Acanthostomella (our own obser-
vations), Parafavella (Schulz and Wulff 1927; Burkovsky

1973; Cardinal et al. 1977; Davis 1978) and Ptychocylis
(Davis 1981).

Results

Qualitative and quantitative characteristics
of the species records

We extracted data from 39 publications published between
1900 and 2015 containing records of species from locations
from 65° to 82°N. Including our own new data for the
Chukchi Sea, the database contains 1427 records of 89
species from 414 locations sampled from 1885 (Gran 1900)
to 2015 (this report). The vast majority of records are from
single time point sampling of unique localities from
oceanographic cruises in summer months. Few reports
gave time-series data and only two had data from winter
sampling, which interestingly yielded species similar to
those found in summer sampling at the same site (Gaarder
1938; Tibbs 1967).

Table 1 summarises the contents of the database giving
the list of species, the number of records by “Sea”, for each
species, as well as the first year the species was reported from
the Arctic. Taxa for which one or more nucleotide sequences
have been deposited in GenBank are shown in bold. Of the 19
tintinnid genera, 13 are represented in GenBank and of the 89
tintinnid species GenBank contains sequence data for 23
species. The complete database of species records is supplied
as a Online Resource data file. Figure 1 shows the locations
of all sampling points revealing large discrepancies in the
geographic coverage of the data. Notably, there are no data
for the Eastern Siberian Sea and there is very little data
available for the Laptev Sea as well as the Canadian
Archipelago.

The four most often reported species, in order of the
number of records, were Pytchocylis obtusa, Parafavella
denticulata, Acanthostomella norvegica and Salpingella
acuminata, species of quite distinct morphologies (Fig. 2).
The four species accounted for 45% of the species records
(Fig. 3). These species were also the most widely dis-
tributed in terms of the number of seas from which they
were reported (Table 1) and their apparent latitudinal range
(Fig. 3). Remarkably, no species has been reported from all
of the Arctic Seas. The number of potentially questionable
records, the “oncers” that is species recorded but once,
represent 20 out of the 89 species. The suspected “poly-
morphs”, possibly morphological variants of the most
common species of Acanthostomella, Parafavella and
Pytchocylis, represent 21 of the 89 species. Thus, even
after subtracting potentially dubious records, the Arctic
tintinnid fauna is substantial, consisting of 48 species in 16
genera. The morphological diversity, in terms of numbers
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Table 1 List of species recorded from Arctic Seas

Species GS BB CA BeS CS LS KS BaS WS NS References First year
Acanthostomella conicoides 5 27, 35 2010
Acanthostomella gracilis 3 20, 34 1988
Acanthostomella norvegica 35 2 63 12 16 25 1,2,3,4,5, 11, 12, 1899

13, 15, 16, 17, 18,

19, 23, 24, 26, 27,

28, 29, 35, 36, 37,

38, 39
Bursaopsis vitrea 1 10 2012
Canthariella pyramidata 2 35 2010
Codonellopsis frigida 10 14, 22, 35 2010
Codonellopsis lagunela 2 28, 30 1945
Codonellopsis morchella 1 35 2010
Codonellopsis ovata 1 1970
Codonellopsis pusilla 1 1970
Codonellopsis schabi 1 35 2010
Eutintinnus apertus 1 9 2011
Eutintinnus tenuis 2 13 1994
Favella azorica 10 35 2010
Helicostomella fusiformis 1 12 1930
Helicostomella subulata 2 2 6 12, 22, 3, 24, 30, 14 1898
Leprotintinnus bottnicus 1 1 1 3, 33 1927
Leprotintinnus pellucidus 2 4 6 24 12 14 8 1,2,3,4,9, 11, 12, 1907

14, 17, 19, 22, 30,

32, 36, 39
Metacylis vitreoides 1 3 3 1, 3,22,32 1907
Ormosella trachelium 1 35 2010
Parafavella acuta 7 1,3 1925
Parafavella cylindrica 17 1 1, 8,36 1921
Parafavella denticulata 76 9 1 1 1 9 10 2 20 1, 2, 3, 24, 8, 30, 29, 1895

12, 13, 15, 23, 16,

17, 18, 19, 27,

25.32, 33, 34, 36,

37, 38
Parafavella dilatata 1 8 1975
Parafavella edentata 3 2 5, 11, 12, 30 1898
Parafavella elegans 1 1 9 2 2 1 7, 14, 15, 26, 34 1975
Parafavella faceta 3 14 2014
Parafavella gigantea 24 2 8 1 18 5 13 22,6, 8, 11, 29, 26, 1907

15, 16, 17, 18, 31,

21
Parafavella hemifusus 3 1 1925
Parafavella jorgensi 15 14, 35 2010
Parafavella media 3 5 1898
Parafavella obtusa 1 3 1970
Parafavella obtusangula 1 1 8, 26 1975
Parafavella parumdentata 9 2 9 1 8, 10, 22, 39 1975
Parafavella promissa 1 14 2014
Parafavella robusta 14 9 1 1,9, 18 1906
Parafavella rotundata 6 1 1, 30 1925
Parafavella subrotundata 1 10 1, 6,22 1921
Parafavella tenuis 2 1 1925
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Table 1 continued

Species GS BB CA BeS CS LS KS BaS WS NS References First year
Parafavella ventricosa 2 14 2014
Ptychocylis acuta 1 1 3 1 7, 29, 26, 15 1975
Ptychocylis arctica 1 1 4 3,4,7, 12, 30 1926
Ptychocylis cylindrica 3 12, 30 1930
Ptychocylis drygalski 9 10 16, 21 1935
Ptychocylis minor 1 7 1975
Ptychocylis obtusa 71 5 9 1 116 20 9 13 13 22,9, 10, 1, 2, 3, 4, 1898

5,7, 11, 12, 30, 29,

13, 14, 15, 16, 17,

18, 25.32, 35, 36,

39
Ptychocylis urnula 31 1 7 8 4,12, 16, 30, 36, 38 1921
Salpingacantha perca 1 35 2010
Salpingacantha simplex 14 22 2010
Salpingella acuminata 18 23 66 2 2 1 11 2,3,4,9,10, 12,16, 1921

21, 22, 28, 30, 36,

37, 38
Salpingella curta 2 17 2008
Salpingella faurei 65 9, 10, 22 2010
Salpingella secata 3 3 29 1925
Salpingacantha ungiculata 1 29 1993
Schmidingerella serrata 5 12, 30, 38 1930
Schmidingerella taraikaensis 1 3 1970
Steenstrupiella robusta 1 3 1970
Stenosemella nivalis 8 1 1 14, 17, 35, 36 1921
Stenosemella olive 1 1 2 3,29, 12 1930
Stenosemella steinii 2 15 1988
Stenosemella ventricosa 4 9 1 1, 22, 23, 35, 36 1921
Tintinnidium mucicola 17 35 2010
Tintinnopsis acuminate 17 14, 22 2010
Tintinnopsis amphora 1 40 2002
Tintinnopsis angusta 5 40 2002
Tintinnopsis baltica 14, 22 2014
Tintinnopsis beroidea 2 1 9 5 1 9 1,2,3,4,9, 12, 15, 1899

30, 36, 37, 38
Tintinnopsis campanula 1 5 3, 12, 30, 38 1898
Tintinnopsis elongata 7 40 2002
Tintinnopsis fimbriata 1 1 1 1 3,22, 33 1927
Tintinnopsis japonica 2 3, 14 2014
Tintinnopsis karajacensis 1 5 10 4,22, 32, 36 1907
Tintinnopsis kofoidi 1 14 2014
Tintinnopsis lata 9 3 1,22 1925
Tintinnopsis major 1 12 1930
Tintinnopsis mayeri 4 14 2014
Tintinnopsis meuneri 3 1 1925
Tintinnopsis nana 1 1 3,22 1970
Tintinnopsis nitida 4 1, 36 1921
Tintinnopsis parvula 1 1 1 3 3,4, 11, 12, 30 1930
Tintinnopsis plagiostoma 2 40 2002
Tintinnopsis rapa 16 3,9, 14, 22 2011
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Table 1 continued

Species GS BB CA BeS CS LS KS BaS WS NS References First year
Tintinnopsis subacuta 2 9 2012
Tintinnopsis tubulosa 4 1 3,36 1921
Tintinnopsis turbo 2 1 2 22,2 1988
Tintinnopsis undella 1 3,33 1927
Tintinnopsis urnula 2 2 9, 12 1930
Tintinnopsis vasculum 14 40 2002
Species GS BB CA BeS CS LS KS BaS WS NS References First year

Number of records for the Greenland Sea (GS), Baffin Bay (BB), Canadian Archipelago (CA), Beaufort Sea (Be S) Chukchi Sea (CS), Laptev
Sea (LS), Kara Sea (KS), Barents Sea (BS), White Sea (WS) and Norwegian Sea (NS). References given in Table 2. Taxa in bold denote

sequence data present in GenBank as of July 25 2016

pre-1920 @
1920-1944 *
1945-1969 a
1970-1994 =
1995-2015

Fig. 1 Map of the locations sampled from 1885 to 2015 from which
one or more tintinnid species was reported. Note that there does not
appear to any historical bias with regard to a dominance of nearshore
compared to open water sampling

of species in different size classes of lorica oral diameter, is
large as well, considering the entire species pool recorded,
or the species pool remaining after removing “oncers” and
“polymorphs” (Fig. 4). Most size classes contained several
species. Notably, the size classes containing, or neigh-
bouring, the four most commonly recorded species were
the size classes containing the largest numbers of species
(Fig. 4).
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Latitudinal and historical patterns

We pooled species records in bands of 2° latitude and
plotted species richness against latitude. The resulting
graph (Fig. 5) showed large differences in species richness
among bands of latitude with perhaps a linear decline from
74° to 82°, but no overall gradient of species diversity with
latitude. The heterogeneity in species richness among
bands led us to examine the relationship between the
number of sites sampled within a 2° band of latitude and
the number of species recorded as occurring in the band.
We found a significant positive relationship between spe-
cies richness of a 2° latitudinal band and the number of
sites sampled in the band (Fig. 5). The lack of a latitudinal
gradient and the apparent positive relationship of species
richness with sampling effort held when excluding “poly-
morphs”, the species recorded which are suspected of
being morphological variants of another species recorded
from the same latitudinal band. Examination of data con-
cerning the Chukchi Sea, arguably the most sampled and
with a large latitudinal gradient, revealed the same patterns
(data not shown). The Arctic Seas vary considerably in
basic characteristics of latitudinal range, area, average
depth, importance of freshwater input, etc. (see the online
resource figure Arctic Ocean bathymetric map). However,
plotting the apparent species richness of the Arctic Seas as
a function of sampling effort revealed the same positive
relationship (Fig. 6). The apparent strong effect of sam-
pling effort on apparent species richness led us to examine
the large-scale (over the past 120 years) historical trends.

We found strikingly similar patterns plotting accumu-
lated sites sampled with time from 1895 to 2015 and
accumulated apparent species richness from 1985 to 2015
(Fig. 6). A simple linear correlation characterised the his-
torical data cumulative sampling effort (log cumulutive
sites) and (log) cumulative number of species recorded
(inset graph in Fig. 6). The relationship resembles a typical
species-area curve of a census of contiguous habitats
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Fig. 2 Micrographs of the four
most commonly reported
tintinnids from Arctic waters:
a Salpingella acuminata,

b Acanthstomella norvegica,

¢ Ptychocylis obtusa, and

d Parafavella denticulata. All
Lugol’s fixed specimens except
for d, a Bouin’s fixed cell
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Fig. 3 Plot of occurrence rank (left panel) and apparent latitudinal
range versus the number of records for the species (right panel).
Remarkably, four species account for a large fraction of the species
records and these most frequently recorded forms are also those with

(Preston 1962). It is important to note that temporal
increases in the Arctic species inventory do not represent
increases in the number of species new to science but rather
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the largest apparent latitudinal range (species with but a single record
were excluded). Note that while a species recorded but once will by
definition have no latitudinal range, species with multiple records may
or may be recorded across a range of latitudes

new to the Arctic. There was no indication of a plateau in
the relationship suggesting that further increasing sampling
effort in the Arctic, that is simply by continuing to sample,
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Fig. 4 Morphological characteristics of tintinnid species found in the
arctic, frequency distribution of lorica oral diameters, or mouth sizes.
Species were binned in size classes of 4 um. Data shown for all
reported species (all Arctic Species) and the reduced pool of species
remaining after removing species recorded only once and suspected

morphological variants of a main species (Arctic Species w/o Oncers
& Polymorphs). The size classes containing the most frequently
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Fig. 5 Species richness as a function of latitude, pooling data in
bands of 2° latitude (left panel) and species richness as a function of
the number of sites sampled within the 2° band of latitude (right
panel). For both plots total numbers of species as recorded in
publications are shown as well numbers of species without suspected
polymorphs, morphological variants of the other species also recorded

will likely yield increases in the number of tintinnid species
known from Arctic waters (Fig. 7).
Discussion

Qualitative and quantitative characteristics
of the species records

To put the magnitude of tintinnid species diversity in the

Arctic, 89 species, in perspective, one can compare the
number with total known diversity of living forms. The
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in the band of latitude. Note the lack of consistent latitudinal gradient
in species richness throughout the Arctic and the correlation of
species richness within a band of latitude with the number of sites
sampled within the band. For total species (# spp) r 0.70; for
species excluding records of suspected morphological variants (w/o
polymorphs) r  0.63

standard taxonomic monograph of Kofoid and Campbell
(1929) lists and illustrates about 750 species. In a more
recent compendium, the list extends to over 900 species
(Zhang et al. 2012). Although many catalogued “species”
are likely to be synonyms (e.g. Dolan 2016b), the forms
reported from the Arctic Seas appear to represent a con-
siderable fraction of described tintinnid species not
restricted to warm waters, which number about 500, based
on genus characterisation (Pierce and Turner 1993; Dolan
and Pierce 2013). A majority of the Arctic genera are
represented in GenBank with at least one nucleotide
sequence deposited (Table 1). Of those genera without any
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Fig. 6 Species richness of the
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GenBank record, most have been recorded only a few
times. However, of two the most abundant and long-known
taxa, Acanthostomella and Parafavella, are completely
absent from GenBank.

Arctic species diversity appears to be lower than that
reported for the Southern Ocean, reviewed recently in
Dolan et al. (2013). The records from the Southern Ocean
are roughly comparable in quantity (2000 records from 402
locations) but contain 192 species. However, it is important
to recall that the Southern Ocean is a much larger system as
its northern border is usually taken as 40°S. Even using a
northern border of 60°S, the surface area of the Southern
Ocean is 21,000 km*> compared to the Arctic Ocean’s
15,000 km? (Eakins and Sharman 2010). Among the 89
species recorded from Artic Seas, 20 have only been found
once from one locality and possibly represent stray species

rather than resident forms. In comparison, among the
Southern Ocean species, over a third appear to be strays,
that is with only one recorded presence (Dolan and Pierce
2013). While many species have been found in the Arctic,
the records mirror early reports of tintinnid assemblages
being overwhelming dominated by just a few species (Gran
1900) as nearly half the records concern only four species
(Fig. 3). In the size class of each these frequently recorded
species are several other species of similar mouth size or
lorica oral diameter (Fig. 4).

If we consider species of similar mouth size to be eco-
logically similar, then the pattern of several species in each
size class suggests that there is considerable ecological
redundancy overall in the pool of Arctic tintinnid species
based on the inventory pooling all historical records. This
is in contrast to findings of little ecological redundancy
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from our recent study which was based on samples from a
transect of stations across the western Arctic to 82°N
(Dolan et al. 2016). The discrepancy likely reflects the fact
the overall species pool described here sums a large
number of samplings conducted over a long period of time.
However, both the single transect data and the overall
pooled data suggest that the High Arctic is apparently
species-poor. The High Arctic, characterised by a smaller
areal extent and extensive sea ice coverage relative to
lower latitude Arctic Seas, may indeed be species-poor.
However, it is also poorly sampled and actually may har-
bour more species than known at present.

Interestingly, among the four species which dominate
species records of the Arctic, two are also found in the
Antarctic. Acanthostomella norvegica appears to be a bi-
polar species found in high-latitude waters of both hemi-
spheres but absent from tropical, subtropical and temperate
systems (Dolan and Pierce 2013). However, it is rarely
abundant in Antarctic waters. The other Arctic dominant
found also in Antarctic assemblages is Salpingella acumi-
nata. It is an apparently cosmopolitan species found as a
dominant form in assemblages from tropical waters (Dolan
et al. 2007) to the Chuckchi Sea (Dolan et al. 2014).
However, like A. norvegica it is not known to be dominant
form in Antarctic waters.

Latitudinal and historical patterns

Our study began with a desire to confirm or refute the
existence of a latitudinal diversity gradient in the Arctic
Ocean. Geographic distribution of species records showed
no gradient throughout the Arctic Ocean, only a decline
from 74° to 82°. While the highest latitudes do harbour a
lower number of species, the highest latitudes are also the
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least sampled. We found a positive relationship between
apparent species richness of a latitudinal zone and the
number of sites sampled within the zone. This led us to
examine the historical trends of species records and sam-
pling effort. Additions to the species inventories closely
corresponded with cumulative sampling effort in the crude
form of the number of sites sampled. Based on our find-
ings, we predict that the species inventory will continue to
grow simply as a result of increased cumulative sampling
effort. There appears also to be a lack of baseline data on
the distribution and composition of phytoplankton taxa
(Daniéls et al. 2013). This considerably complicates diag-
nosis of the effects of changes in the Arctic for both
microzooplankton and phytoplankton because baseline data
is necessary to detect shifts (Jorgensen et al. 2016). In
contrast, a similar situation does not appear to be the case
for metazoan taxa of the zooplankton. Zooplankton diver-
sity has been described as well characterised except for
taxa restricted to the bathypelagic layer where increased
sampling is expected to reveal species new to science
(Kosobokova et al. 2010). Changes in circulation in the
Arctic are predicted to yield major changes in the com-
position of metazoan zooplankton (Wassmann et al. 2015)
that in contrast to phytoplankton and microzooplankton
may be detectable. In reality, the lack of long time-series
data such as that available for Mediterrean zooplankton
(e.g. Berline et al. 2012) prevents rigorous examination of
temporal changes in the species composition at any one
particular site, much less the Arctic Sea overall (Table 2).

The historical species accumulation curve for tintinnid
species recorded from the Arctic is difficult to assess as
comparative data for other taxa are unavailable, as far we
know. There are data for another locality. A recent study
examined increases with time in the species inventory of
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Table 2 Sources of Arctic records of tintinnids, References numbers
as noted in Table 1

Reference # Citation (for full reference see

“References”)

1 Bernstein (1931)

2 Boltovskoy et al. (1991)

3 Burkovsky (1976)

4 Bursa (1963)

5 Cleve (1899)

7 Davis (1981)

8 Davis (1978)

9 Dolan et al. (2014)

10 Dolan et al. (2016)

11 Feng et al. (2014)

12 Gaarder (1938)

13 Levinsen et al. (1999)

14 Li et al. (2016)

15 Lovejoy et al. (2002)

16 Meschkat (1939)

17 Monti and Minocci (2013)

18 Ostenfeld and Paulsen (1911)

19 Paranjape (1987)

20 Smayda (1958)

21 Tibbs (1967)

22 Present study: Chukchi Sea data
2010, 2013, 2014, 2015

23 Lutter et al. (1998)

24 Chernova and Primako (2011)

25 Yokoi et al. (2016)

26 Kubiszyn et al. (2014)

27 Piontek et al. (2014)

28 Braarud et al. (1985)

29 Jensen and Hansen (2000)

30 Heimdal (1974)

31 Ratkova et al. (1998)

32 Ostenfeld (1910)

33 Burkovsky et al. (1974).

34 McLaughlin et al. (2009)

35 Matsuno et al. (2014)

36 Rossolimo (1927)

37 Boltovskoy et al. (1995)

38 Gran (1900)

39 Yang et al. (2004)

40 Lee et al. (2003)

tintinnid ciliates in the Bay of Villefranche in the NW
Mediterranean Sea (Dolan 2016a) and data do exist for the
discovery of species new to science as species described
with time. Figure 8 shows data retrieved from the WoRMS
database for all marine biota catalogued showing accu-
mulated number of species with time from 1880 to 2015

along with the species accumulation curve for Arctic
tintinnids from this study and the Bay of Villefranche from
Dolan (2016a). Increases in inventory of described marine
species worldwide with time can be attributed to sampling
effort directed towards novel or previously under-sampled
environments (rather than re-examining archived samples)
and thus increases in cumulative sampling effort. There is a
striking similarity in the slopes reflecting close corre-
spondence in the relative rates of increases over time in the
number of described species in marine biota overall and the
number of tintinnid species known from sampling in the
Arctic as well as a bay in the Mediterranean Sea. We
suggest that this indicates that sampling effort in the Arctic
has remained roughly proportional to sampling for new
marine species world-wise since the beginning of the
twentieth century. Unfortunately, testing such a hypothesis
would be quite challenging and well beyond the scope of
the present study.

Conclusion

We found large discrepancies in geographic coverage of
tintinnid species records with data. Many areas likely to
experience large changes in sea ice coverage are under-
sampled. While we found no clear trend of species richness
with latitude through out the Arctic, there was a significant
positive relationship between species richness reported and
the number of sites sampled in a 2° band, suggesting a
sampling effect. Examination of temporal trends in sam-
pling effort and changes in the species inventory revealed a
near-linear relationship in cumulative numbers of species
recorded and sites sampled with time, and a lack of a
plateau in the species accumulation trend. Species records
are highly dominated by four species, accounting for 45%
of the records: Acanthostomella norvegica, Parafavella
denticulata, Ptychocylis obtusa and Salpingella acuminata,
all of which, except S. acuminata, have long been sus-
pected to be morphologically variable, with different
morphotypes given undue species status. Pooling all
reported species of Acanthostomella, Parafavella and
Ptychocylis yielded little qualitative differences but con-
siderable quantitative differences. The list of Arctic
tintinnid ciliate species will likely continue to grow with
new sampling, regardless of changes in the Arctic Seas. A
perhaps more useful harbinger of change in the micro-
zooplankton community of the Arctic would be shifts in the
occurrences and ranges of the four historically dominant
species or replacement of one the dominants by another
species.
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