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Abstract Microscopic analysis of the phytoplankton and

other protist communities in High Arctic lakes has shown

that they often contain taxa in the Chrysophyceae. Such

studies have been increasingly supported by pigment

analysis using high-performance liquid chromatography

(HPLC) to identify the major algal groups. However, the

use of 18S rRNA gene surveys in other systems indicates

that many protists, especially small heterotrophs, are

underreported or missed by microscopy and HPLC. Here,

we investigated the late summer protist community struc-

ture of three contrasting lakes in High Arctic polar desert

catchments (Char Lake at 74�420 N, Lake A at 83�000 N

and Ward Hunt Lake at 83�050 N) with a combination of

microscopy, pigment analysis and small subunit 18S ribo-

somal RNA gene surveys. All three methods showed that

chrysophytes were well represented, accounting for

50–70% of total protist community biomass and 25–50% of

total 18S rRNA gene sequences. HPLC analysis supported

these observations by showing the ubiquitous presence of

chrysophyte pigments. The clone libraries revealed a

greater contribution of heterotrophs to the protist commu-

nities than suggested by microscopy. The flagellate Telo-

nema and ciliates were common in all three lakes, and one

fungal sequence was recovered from Char Lake. The

approaches yielded complementary information about the

protist community structure in the three lakes and under-

scored the importance of chrysophytes, suggesting that

they are well adapted to cope with the low nutrient supply

and strong seasonality that characterize the High Arctic

environment.
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Arctic lakes � Gene survey � Mixotrophs

Introduction

The protist taxonomic composition of lakes is highly vari-

able and influenced by local conditions of irradiance and

nutrient supply. The majority of high-latitude lakes are

oligotrophic or even ultra-oligotrophic because slow

weathering in cold polar soils results in low catchment

inputs of nutrients (Vincent et al. 2008). Irradiance condi-

tions of these lakes differ from temperate lakes, with con-

tinuous darkness throughout the winter months and low

irradiance over much of the rest of the year due to ice cover.

These particular features of Arctic lakes and their relative

isolation provide an opportunity to investigate communities

adapted to such low nutrient and energy conditions.

The phytoplankton community composition of Canadian

High Arctic waters has been previously examined by

microscopy (Kalff et al. 1975; Vallières et al. 2008), and

pigment analysis using high-performance liquid chroma-

tography (HPLC) has also been applied to infer the major

phytoplankton groups present in several High Arctic lakes

(Bonilla et al. 2005; Mueller et al. 2005). Both approaches

have indicated the common occurrence of chrysophytes in

high-latitude lakes in general (Panzenböck et al. 2000;
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Laybourn-Parry and Marshall 2003; Bonilla et al. 2005;

Forsström et al. 2005). Short 18S rRNA gene sequences of

chrysophytes from denaturing gradient gel electrophoresis

(DGGE) bands have also been reported from oligotrophic

Antarctic maritime lakes (Unrein et al. 2005). However,

these techniques are thought to underestimate community

diversity compared to the more recent environmental gene

surveys (Moreira and López-Garcia 2002). Such molecular

techniques can be used to identify smaller organisms than is

possible using light microscopy, and with more precision

than by pigment signatures alone (Vaulot et al. 2008).

Hence, gene surveys possibly allow for a more complete

assessment of the microbial community, including hetero-

trophs, living in these lakes. Sequence information may also

enable phylogenetic comparisons of plankton from different

studies and over global scales (Jungblut et al. 2010).

Although microscopy and pigment analyses have indi-

cated the potential importance of chrysophytes in polar

environments, there has been little recent taxonomic work

on the organisms inhabiting Arctic lakes, and genetic

investigations have been lacking. The aim of the present

study was to identify and compare the contribution of

different phytoplankton to the protist community structure

of three limnologically contrasting High Arctic lakes using

18S rRNA gene surveys, classic microscopic observations

and pigment analyses. Given the previous records based on

microscopy from Arctic (Welch 1973; Panzenböck et al.

2000; Bonilla et al. 2005), Subarctic (Forsström et al. 2005)

and Antarctic (Butler et al. 2000; Unrein et al. 2005) lakes,

a second objective was to examine the detailed phylogeny

of the chrysophytes in the different lakes. Heterotrophic

protists have been little examined in such waters although

heterotrophic nanoflagellates have been identified as an

important food web component (Vincent et al. 2008).

Hence, a third objective was to examine the biodiversity of

heterotrophic protists in the lakes using both microscopy

and gene surveys.

Materials and methods

Study sites

The three lake sites were located in Nunavut, in the

Canadian Arctic Archipelago. Char Lake (CH) is on

Cornwallis Island, near Resolute Bay, at latitude 74�420 N

and longitude 94�500 W (Fig. 1). The limnology of the lake

was extensively described during the Char Lake Project, as

part of the International Biological Program (IBP), in the

early 1970s (Rigler 1974). It has a drainage basin of

4.35 km2, a surface area of 0.53 km2, a maximum depth

(zmax) of 28 m and was considered ultra-oligotrophic

(Schindler et al. 1974). The lake is normally ice-free for

less than 2 months (Rigler 1974) during which time the

water column is entirely mixed, and the water temperature

rarely exceeds 4�C.

Fig. 1 Map of sampling sites in

the eastern Canadian High

Arctic
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Lake A (LA) lies 1,000 km north of Cornwallis Island,

on the northern coast of Ellesmere Island at latitude 83�000

N, and longitude 75�300 W (Fig. 1). It has a drainage basin

of about 36 km2 (Jeffries et al. 1984), a surface area of

5 km2 and a maximum depth of 120 m (Van Hove et al.

2006). Lake A is a permanently stratified, meromictic lake

and was classed as oligotrophic to ultra-oligotrophic by

Van Hove et al. (2006). The upper 10 m is freshwater

while the metalimnion is characterised by a conductivity of

4.5 mS cm-1 at 12 m and the monimolimnion reaches a

maximum of 30.2 mS cm-1 in the deeper waters. Wind

mixing is further inhibited by the perennial ice cover.

During an exceptional period of warming in August 2008,

this ice cover melted entirely (Vincent et al. 2009), but the

salinity stratification was maintained (Veillette et al. 2011).

Ward Hunt Lake (WH) is located on Ward Hunt Island

(Fig. 1), and at latitude 83�050 N and longitude 74�100 W is

the northernmost lake of North America (Villeneuve et al.

2001). The lake’s maximum depth is 8 m, and with a total

area of 0.37 km2, it was the smallest lake of this study.

Ward Hunt Lake is ultra-oligotrophic and usually com-

pletely covered by thick perennial ice throughout the

summer. However, in August 2008 for the first time on

record, more than 25% of this ice had melted and detached

from the eastern side, and the western side was entirely

devoid of ice cover (Vincent et al. 2009).

Sampling and analyses

All three lakes were sampled in August 2008. Physico-

chemical profiles of the water columns were taken using a

conductivity–temperature–depth (CTD) profiler (XR-420

CTD-RBR profiler; RBR Ltd, Ottawa, Canada). Approxi-

mately 12 l of water for chemical and biological analyses

were collected from the surface (1–2.5 m) using a closing

Kemmerer bottle (Wildlife Supply Company, Yulee, FL,

USA) emptied directly into lake-rinsed polypropylene

containers, with no prefiltration; our experience is that

prefiltration presents a contamination risk in these ultra-

oligotrophic waters. The samples were kept cool and in the

dark and transported back to a field laboratory, within 4 h.

The water was subsampled for nutrients, microscopy,

HPLC pigment determination and DNA analysis.

Nutrients

Aliquots of 120 ml of sampled water were stored in glass

bottles with polypropylene caps. These were later ana-

lysed at the Canadian Center for Inland Waters (Bur-

lington, Ontario) after being transported in the dark at ca.

4�C. Concentrations of nitrate and nitrite (NOx), total

nitrogen (TN), ammonia (NH3) and soluble reactive

phosphorus (SRP) were determined using standard

colorimetric techniques (Gibson et al. 2002). Total

phosphorus was determined from a separate 125-ml ali-

quot by the continuous flow analyser stannous chloride

method. The detection limit was 5 lg N l-1 for NOx and

1 lg l-1 for SRP.

HPLC pigments

Samples for HPLC analyses were filtered (0.5–1 l) in our

field laboratory under dim ambient light on GF/F 25-mm

filters (Fisher Scientific), which were then folded and

wrapped in aluminium foil and immediately placed in a

Dry Shipper (nominal temperature -180�C). This was then

shipped back for analysis at Université Laval, and the

samples stored at -80�C until analysis. Pigments were

extracted from frozen filters by sonication (3 times at

17 W, for 20 s) in 2.5 ml of 95% methanol, followed by

centrifugation, and filtration with PTFE syringe filters

(pore size, 0.2 lm) into HPLC vials. Shortly following

extraction, 100 ll of the extracts were injected into a

ProStar HPLC (Varian, Palo Alto, CA, USA) equipped

with a Symmetry C8 column (3.5 lm pore size,

4.6 9 150 mm, Waters Corporation, Milford, MA, USA)

with the solvent and detection protocols as in Bonilla et al.

(2005).

Microscopy

Samples for microscopy were collected for analysis by the

Fluorescence-Nomarski-Utermöhl (FNU; Lovejoy et al.

1993) technique. Briefly, 90 ml of lake water was fixed

with 10 ml of a mix of buffered paraformaldehyde and

glutaraldehyde (final concentrations of 0.1 and 1%,

respectively; Tsuji and Yanagita 1981) and stored in the

dark at 4�C. Samples were examined within 8 months at

Université Laval, where 16–60 ml was left for 24 h in a

sedimentation chamber (Hasle 1978). The sedimented

samples were then stained with 40,6-diamidino-2-pheny-

lindole (DAPI, Invitrogen Inc.; 5 lg/mL final concentra-

tion) and examined using a Zeiss Axiovert 100 inverted

microscope at 4009 for larger cells and 1,0009 magnifi-

cation for smaller cells, under visible light and ultraviolet

excitation, to visualise DAPI-stained nuclei. Blue excita-

tion was used to confirm the presence or absence of red

fluorescing chloroplasts. Taxonomic identification of phy-

toplankton was based on Findlay and Kling (1979), Canter-

Lund and Lund (1995) and Wehr and Sheath (2003) on

specimens viewed at 1,0009. Heterotrophic protists were

poorly identified using the above references, but they

were separated by shape and size, and diversity estimates

were based on the separate categories.

Taxon-specific biovolumes were estimated from the

two visible dimensions measured directly with an ocular
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micrometer or from images captured using a Qimaging

Fast 2000R system (Qimaging, Surrey BC, Canada) and

processed using Image-Pro (v. 5.1.1, Acton MA). Geom-

etry was inferred from the literature, for example, to dif-

ferentiate between oblate spheres and ovoids. The

biovolumes of complex cell shapes were estimated using

the equations proposed by Hillebrand et al. (1999). Cell

biovolumes were then transformed to carbon biomass

(pg C l-1) based on the equations in Menden-Deuer and

Lessard (2000).

DNA collection and clone libraries

To examine the nanoplankton community, approximately

3–4 l of water was filtered onto 47-mm-diameter 3.0-lm

pore size polycarbonate filters (Millipore) with no initial

prefiltration. The filters were then submerged in buffer

(50 mM Tris, 40 mM EDTA, 0.75 M sucrose), in 2-ml

cryovials before being stored at -80�C until further

manipulation.

Community DNA was extracted using a salt (NaCl)

extraction protocol modified from Aljanabi and Martinez

(1997). Briefly, filters and buffer were transferred from

cryovials to 15-ml tubes, with lysozyme (1 mg/ml) for

45 min at 37�C (Diez et al. 2001). Proteinase K (0.2 mg/

ml) and SDS 1% were then added and cells were incubated

for 1 h at 55�C (Diez et al. 2001). Concentrated NaCl

(6 M) was then added to the tubes (final concentration of

2.3 M), which were vortexed for 1 min and centrifuged for

10 min at 7,000g. The supernatant was transferred into a

new 15-ml tube, and 5 ml of cold 70% ethanol was added

into each sample, mixed and left overnight at -20�C. For

each sample, 1.8 ml of the total volume was transferred

into a 2-ml microcentrifuge tube and centrifuged at

14,000 rpm for 10 min at 4�C and the supernatant dis-

carded. This was repeated for the entire volume of the

sample. The DNA was then washed with 200 ll of 70%

ethanol and pellets dried and finally resuspended in 100 ll

of 19 TE buffer (10 mM Tris–HCl, 1 mM EDTA).

Genomic DNA was stored at -20�C until subsequent

polymerase chain reaction (PCR) and cloning.

Clone libraries were constructed targeting the small

subunit 18S ribosomal RNA gene. Community genomic

DNA was amplified with the eukaryote specific primers

NSF4/18 (50-CTGGTTGATYCTGCCAGT-30) and NSR

1787/18 (50-CYGCAGGTTCACCTACRG-30) (Hendriks

et al. 1991) using the iCyclerTM Thermal Cycler (Bio-Rad

Laboratories, Inc., CA, USA). One PCR consisted of 19

Feldan PCR Buffer (Feldan Bio Laboratories, Inc., Québec,

Canada), 200 lM of dNTPs, 0.3 lM of each primer, 1 ll

of bovine serum albumin, 1.25 units of Feldan Taq poly-

merase and 1–4 ng of genomic DNA. The PCR product

was purified using a QIAquick PCR Purification Kit

(QIAGEN Sciences, Maryland, USA), and a polyadenosine

tail was added on each end (24 ll of PCR product, 5 ll of

109 Feldan PCR buffer, 1 ll of 10 mM dATP and 0.2 ll

Feldan Taq polymerase, for 10 min at 72�C). The ligation

of the product into the StrataClone vector, pSC-A-amp/

kan, and transformation of Escherichia coli competent cells

with the recombinant vectors were done according to the

StrataClone PCR Cloning Kit instruction manual (Strat-

agen, La Jolla, CA, USA). Cells were plated on Luria–

Bertani (LB) and selected for recombinant transformants,

which were then picked and grown as per Diez et al.

(2001). The cloned PCR inserts were verified and screened

as in Potvin and Lovejoy (2009), then sequenced at the

Centre Hospitalier de l’Université Laval (CHUL, QC,

Canada) using the forward (NSF4/18) and reverse

(NSR1787/18) primers, which had been used to make the

clone libraries, with an ABI 3730xl system (Applied Bio-

systems, Foster City, CA, USA).

The same protocols as above were used to obtain the

18S rRNA gene sequence from Kephyrion strain CCMP

3057, as a reference ‘‘cultured’’ sequence for the present

study. This strain was isolated by J Boenigk in 2006 from a

freshwater lake in Austria. We obtained the strain from the

Provasoli-Guillard National Center for Culture of Marine

Phytoplankton (CCMP). It was cultured in DY-V for

5 weeks, then cells were centrifuged and DNA extracted,

cloned and sequenced using the same 18S rRNA primers as

above.

Forward and reverse sequence segments were compiled,

edited and trimmed using ChromasPro (Technelysium Pty

Australia, version 1.5). The approximately 1,700-nt

sequences were then aligned with ClustalW multiple align-

ment tool and visually checked using the BioEdit Sequence

Alignment Editor (Hall 1999). Operational taxonomic units

(OTUs) were generated using MOTHUR (Schloss et al.

2009). Sequences were deposited in GenBank under acces-

sion numbers JF730750–JF730878. Reference alignments

were constructed using additional sequences selected from

the closest match to our sequences based on a BLAST search

(Altschul et al. 1990) of GenBank. If the closest match was

an uncultured clone, the closest isolated strain was also

included. Phylogenetic trees were created using ClustalX

(Thompson et al. 1997) and NJPlot (Perrière and Gouy

1996). OTUs with matches close to organisms reported from

both marine and freshwater origins were further investigated

with and aligned with additional sequences using the Mul-

tiple Sequence Comparison by Log-Expectation (MUSCLE;

European Molecular Biology Laboratory).

Diversity analyses and comparison of samples

UniFrac analyses were conducted with MOTHUR to

compare the phylogenetic diversity among the protist
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communities (Lozupone and Knight 2005). The Bray–

Curtis index was applied to abundance data from both

microscopic cell counts and OTUs from the clone libraries,

using the PAST software package (Hammer et al. 2001).

The same data matrix was used to estimate the Shannon

diversity index (Pielou 1966) and Simpson’s dominance

index (Simpson 1949). For the microscopy data, indices

were based on the proportion of individuals for each spe-

cies to the total number of cells counted. For the 18S rRNA

gene sequence data, indices were based on the proportion

of sequences for each distinct OTU to the total number of

sequences analysed.

Results

Physical and chemical properties

The physico-chemical results indicated different surface

water properties among the three lakes (Table 1). Char

Lake was warmest, whereas Ward Hunt Lake was still

under its perennial ice cover and had the coldest waters.

Conductivity was highest in Lake A, while Char Lake and

Ward Hunt Lake both had similar values around

0.15 mS cm-1. Nutrient values were low in all three lakes,

with total nitrogen (TN) concentrations \0.1 mg l-1 and

total phosphorus (TP) \0.004 mg l-1. Char Lake had

lower concentrations of TN compared to the other two

lakes. Conversely, phosphorus concentrations were lowest

in Lake A compared to Char Lake and Ward Hunt Lake.

The Char Lake N: P ratio of 15:1 was close to the Redfield

ratio, whereas Lake A (32:1) and Ward Hunt Lake (24:1)

N: P ratios were much higher, implying a more severe

phosphorus limitation in these latter two lakes.

General protist biomass and diversity

Chlorophyll (chl) a concentrations were extremely low

(\1 lg l-1) as were biomass levels estimated from cell

counts (Table 2). This, in combination with the low

nutrient concentrations, would classify the lakes as ultra-

oligotrophic. The accessory pigment data (Table 2) indi-

cated extremely low concentrations of chlorophyll b, a

pigment characteristic of green algae. Chlorophylls c2 and

c3 concentrations were also low. Chl c1, characteristic of

chrysophytes, diatoms and prymnesiophytes, had the

highest concentration among the accessory chlorophylls.

The dominant carotenoid was fucoxanthin, a pigment

found in chrysophytes, diatoms and dinoflagellates. Char

Lake also contained violaxanthin (11%) and diadinoxan-

thin (8%) as well as smaller concentrations of alloxanthin,

zeaxanthin, lutein and b-carotene. Aside from the fuco-

xanthin, Ward Hunt Lake only contained violaxanthin,

diadinoxanthin and zeaxanthin. The pigment diversity was

lowest in Lake A, with zeaxanthin, a signature pigment of

cyanobacteria (but also green algae), being the most

prominent carotenoid. We looked for the dinoflagellate

marker peridinin in the chromatograms but did not detect it

in any of the lakes.

Microscopy and gene surveys revealed different aspects

of the protist diversity (Fig. 2a, b). The microscopic anal-

yses indicated that chrysophytes represented 50–70% of the

total planktonic biomass, with dinoflagellates representing

\1–3% in the three lakes (Fig. 2a). The Char Lake com-

munity included other identifiable photosynthetic groups

including species of Bacillariophyceae, Dictyochophyceae,

Table 1 Physico-chemical characteristics of the surface waters of the three lakes at the time of sampling for protist analysis, August 2008

Site Temperature (�C) Conductivity

(mS cm-1)

TN

(lg l-1)

NOx

(lg N l-1)

NH3

(lg N l-1)

TP

(lg l-1)

SRP

(lg l-1)

Char Lake 6.6 0.15 56 6 12 3.8 1.3

Lake A 3.4 0.43 80 13 5 2.5 1.1

Ward Hunt Lake 0.9 0.15 87 16 \5 3.8 0.9

TN total nitrogen, NOx nitrate and nitrite, NH3 ammonia, TP total phosphorus, SRP soluble reactive phosphorus

Table 2 Total cell count (105 cells l-1), biomass concentrations

(lg C l-1), as determined by microscopy, and chlorophyll and

carotenoid concentrations (lg l-1), as determined by high-perfor-

mance liquid chromatography

Variable Char Lake Lake A Ward Hunt Lake

Total cell count 8.00 3.15 7.67

Biomass 2.2 0.5 1.2

Chl a 0.6823 0.2830 0.5424

Chl b 0.0099 0.0035 0.0127

Chl c1 0.0476 0.0104 0.0357

Chl c2 0.0145 0.0006 0.0275

Chl c3 0.0030 0.0020 0.0020

b-Carotene 0.0201 0.0207 ND

Lutein 0.0166 ND ND

Zeaxanthin 0.0307 0.1993 0.0156

Alloxanthin 0.0276 ND ND

Diadinoxanthin 0.0600 ND 0.1279

Violaxanthin 0.0963 ND 0.0589

Fucoxanthin 0.4860 0.1925 0.3356

ND not detectable
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Chlorophyceae and Cryptophyceae. These classes were

also detected in Ward Hunt Lake, albeit in much smaller

proportions. In contrast, Lake A was less diverse with

microscopic data indicating, aside from the different

chrysophytes (Fig. 3a), there were Cryptophyceae (5%)

and Chlorophyceae (2%). Dictyochophyceae (Pseudoped-

inella sp.) were observed in Char Lake (3%) and Ward

Hunt Lake (2%) but not Lake A. Unidentified chloroplast-

containing flagellates accounted for ca. 20% of the Char

Lake and Ward Hunt Lake protist biomass, but only 5% of

Lake A biomass. Heterotrophic protists including ciliates

(\1%) accounted for the remaining small proportion of

biomass in the three lakes, with unidentified colourless

eukaryotic single cells relatively more important in Lake A

and Ward Hunt Lake compared to Char Lake. The diversity

indices (Table 3) were consistent with these observations,

indicating that Char Lake and Ward Hunt Lake had the

most diverse communities. Shannon’s index for Lake A

was much lower, while the dominance index was two times

higher than for Char Lake (Table 3).

Chrysophyte sequences were also predominant and

diverse in the molecular surveys (Fig. 3b), representing

25–50% of the sequences. The diversity indices differed

from those estimated with the microscopy (Table 3). The

sequences of protists other than chrysophytes indicate that

different organisms contributed to this diversity (Fig. 2b;

Table 4). Dictyochophyceae were detected in clone

libraries from Lake A and Ward Hunt Lake (Fig. 2b;

Table 4). Cercozoa sequences were recovered from Lake

A, rare in Char Lake and not found in Ward Hunt Lake. In

contrast, Bacillariophyceae sequences were recovered from

Char Lake and Ward Hunt Lake, but not from Lake A.

Dinoflagellates accounted for 13–25% of the clones at the

three sites, and ciliates represented over 20% of sequences

from Char Lake and Lake A but were much less common

in Ward Hunt Lake (Fig. 2b).

Most dinoflagellate operational taxonomic units (OTUs,

defined at 98% similarity) had closest matches to either

phototrophic (Gymnodinium aureolum; GeneBank acces-

sion AY999082) or heterotrophic (Pfiesteria-like dinofla-

gellate; AM050344) organisms, both usually reported from

marine environments (Table 4). One Char Lake clone

grouped with Woloszynskia pascheri, the only freshwater

dinoflagellate that was related to any of our polar lake clones

Fig. 2 Protist community composition of surface waters of Char

Lake (CH), Lake A (LA) and Ward Hunt Lake (WH) in August 2008,

identified by a microscopic counts and b 18S rDNA sequencing

Fig. 3 Chrysophyte communities of surface waters of Char Lake

(CH), Lake A (LA) and Ward Hunt Lake (WH) in August 2008,

identified by a microscopic counts and b 18S rDNA sequencing Ch

OTUs are from Char Lake WHL OTUs are from Ward Hunt Lake
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(ESM 1). Sequences closely matching the bipolar ice-asso-

ciated Polarella glacialis were recovered from Lake A

and Ward Hunt Lake (ESM 1). Most ciliates from Char

Lake grouped within the Oligotrichia (ESM 2), with closest

matches to uncultured strombidia, whereas Lake A sequen-

ces were clearly dominated by Halteria grandinella

(Stichotrichia), which was also present in Ward Hunt Lake

(Table 4).

The recently proposed phagotrophic eukaryote phylum

Telonemia (Shalchian-Tabrizi et al. 2006) was represented

by close sequence matches (95–96% similarity) to one of

its two named species, Telonema antarcticum Thompsen.

These sequences were detected in all three lakes, with a

considerable proportion in Ward Hunt Lake. Fungi, how-

ever, were only detected in Char Lake.

Shannon diversity indices for the molecular analyses

indicated that Char Lake was most diverse, while Lake A

and Ward Hunt Lake had comparable Shannon indices

(Table 3). The dominance index was also greater for the

latter two lakes compared to Char Lake (Table 3). The

Bray–Curtis cluster analysis based on microscopic data

indicated that protist community compositions of the lakes

were all [60% different from each other, with Char Lake

and Ward Hunt Lake the most similar (40%) compared to

Lake A; that is, this analysis implied that Char Lake and

Ward Hunt Lake had more species in common than either

had with Lake A. The molecular data suggested differently,

with the cluster analysis grouping Lake A and Ward Hunt

Lake although only at 20% similarity. UniFrac analysis

indicated that each lake contained a distinct assemblage of

species (P \ 0.05).

Chrysophyte diversity

Results from both microscopy and molecular techniques

indicated that chrysophytes largely dominated the protist

community in all three lakes (Fig. 2a, b). The microscopic

observations revealed that each lake was characterised by

different genera (Fig. 3a). Ward Hunt Lake was dominated

by the morphospecies Erkenia subaequiciliata Skuja, a

small 3- to 5-lm spherical cell with one long and one short

flagellum and two distinct chloroplasts, and Dinobryon

sociale Ehrenberg, a colonial lorica-forming species with

typical heterokont flagella. D. sociale also seemed to have

formed cysts, which made up to 3.5% of the chrysophyte

population in Ward Hunt Lake. The most prevalent Lake A

chrysophytes were identified as either Pseudokephyrion

Pascher, a small cell in a bottle shaped lorica that has two

visible flagella, or Kephyrion Pascher, which looks similar

to Pseudokephyrion except with a single visible flagellum.

We were not able to consistently see this difference. The

classical taxonomy of these two genera is based on lorica

shape (Bourrelly 1968), and there were at least four distinct

lorica forms in the Arctic samples. Chrysophyte cysts were

common in Lake A, representing ca. 20% of the chryso-

phytes cells. Char Lake was dominated by a Dinobryon sp.,

most closely resembling D. sociale. Both Kephyrion/

Pseudokephyrion spp. and E. subaequiciliata were also

recorded in Char Lake. Chrysophyte cysts that could not be

matched to a particular species constituted 5% of the Char

Lake chrysophytes while Dinobryon sociale cysts, recog-

nized by their association with D. sociale loricas, repre-

sented another 5% of chrysophyte cells.

The gene survey identified different chrysophyte taxa,

relative to the microscopic analysis (Fig. 3b). Most

sequences fell into two clusters, designated Cluster I and

Cluster II (Fig. 4), which were not assignable to known

taxonomic groups. Both clades were strongly supported by

bootstrap values of 100% in the neighbour-joining (NJ) tree

and 70–99% in the maximum-likelihood (ML) tree.

Sequences from all three lakes were found in Cluster I,

which had no matches closer than 92% similarity to any

cultured organism. The highest BLAST match was to

Cyclonexis annularis, but Cluster I did not group near the

C. annularis sequence and even fell outside of the main

chrysophyte phylogeny (Fig. 4). The second unidentified

group, Cluster II, was predominantly found in Ward Hunt

Lake and Char Lake. These sequences were 99% similar

among themselves and were matched with 96% similarity

to Ochromonas tuberculata (AF123293). In the NJ and ML

trees, the cluster fell within a larger clade that included

O. tuberculata and several other Char Lake clones (Fig. 4).

Four sequences from different lakes fell into different,

previously identified environmental clades (Fig. 4). Three

of these environmental clades contained sequences from

oligotrophic Lake George, in Adirondack State Park

(Richards et al. 2005). Other sequences from Ward Hunt

Lake and Char Lake clustered with Dinobryon sequences

from several different species (Fig. 4). The NCBI BLAST

search indicated 96% similarity with the Dinobryon

Table 3 Richness, diversity and dominance indices obtained from

the microscopy and molecular approaches

Char Lake Lake A Ward Hunt

Lake

Microscopy

Number of taxa 58 14 37

Shannon diversity index 2.61 1.61 2.37

Simpson dominance index 0.15 0.34 0.12

Molecular

Number of OTUs 33 16 19

Number of clones 78 53 88

Shannon diversity index 3.15 2.35 2.17

Simpson dominance index 0.06 0.60 0.21

Polar Biol (2012) 35:733–748 739
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cylindricum sequence (EF165140), yet in the NJ and ML

trees, all three sequences appeared more closely related to

D. bavaricum and D. divergens (FN662758 and FN662756)

than to D. cylindricum. Two of the Lake A sequences and

one Char Lake sequence clustered with Kephyrion

CCMP 3057 as part of a sub-cluster with several sequences

of undescribed Ochromonas—Spumella-like flagellates

(Fig. 4).

Discussion

Protist dominance and diversity

Irrespective of approach, chrysophytes dominated the three

lakes examined. Chrysophytes are found across diverse

aquatic habitats (Sandgren et al. 2009) but species com-

position varies, as do community associations of chryso-

phytes with other protists. Chrysophyte stomatocysts (Smol

1988), and silica-scaled chrysophytes (Wilken et al. 1995),

accumulate in the sediments and are used to reconstruct

past climate trends, illustrating the importance of these

organisms in Arctic regions. Chrysophytes have been pre-

viously recorded in many High Arctic and subarctic lakes

such as in the Franz-Joseph Archipelago (Panzenböck et al.

2000), oligotrophic Greenland lakes (Christoffersen et al.

2008) and pingos (Kristiansen et al. 1995), and Canadian

subarctic lakes where chrysophytes and cryptophytes

dominate the two annual phytoplankton peaks (Sheath

1986). Holmgren (1984) suggested that the phytoplankton

communities in oligotrophic arctic and subarctic lakes

could be classified as four distinct assemblages: (1)

Chrysophyceae, (2) Chrysophyceae-Diatoms, (3) Chryso-

phyceae-Cryptophyceae, (4) Chrysophyceae-Dinophyceae.

The oligotrophic High Arctic lakes of the present study all

fall into the Type 1 assemblage category.

All methods utilized showed that chrysophytes were

ubiquitous and abundant, suggesting their importance for

biological productivity and trophic links in Arctic lakes.

The HPLC results showing high levels of fucoxanthin

supported the predominance of chrysophytes. This carot-

enoid is the signature pigment of chrysophytes, but Bac-

illariophyceae and Dictyochophyceae can also contribute

to a fucoxanthin peak, and microscopy and clone libraries

detected both classes. However, none of the signature

pigments of diatoms (diatoxanthin, diadinoxanthin),

Dictyochophyceae (190-butanoyloxyfucoxanthin), or dino-

flagellates (peridinin, peridinol, dinoxanthin) were detec-

ted, indicating that as recorded using microscopy, these

groups were much less abundant, and that most of the

fucoxanthin was from the chrysophytes.

The molecular and microscopic techniques both indi-

cated that there were different chrysophyte genera in each

of the three lakes. The two shallower lakes, Char Lake and

Ward Hunt Lake, were dominated by Dinobryon spp.

according to microscopic observations. Dinobryon and

Uroglena are common in summer waters of Finnish Lake

Saanajärvi (Forsström et al. 2005), which is limnologically

similar to Char Lake. The gene surveys diverged from the

microscopy to some extent, although they also detected

Dinobryon spp. as being prominent in both Ward Hunt

Lake and Char Lake. Microscopy indicated that Lake A

was dominated by Pseudokephyrion-Kephyrion spp. with

no Dinobryon recorded, despite its geographical proximity

to Ward Hunt Lake. Similarly, Laybourn-Parry and

Marshall (2003) reported the genus Dinobryon in some

Spitzbergen lakes while in others Kephyrion was dominant.

Erkenia subaequiciliata was an important morphologi-

cal species in all three lakes. The genus Erkenia was

described by Skuja (1948), but has apparently not been

deposited in any culture collection as yet. Furthermore, no

record exists for Erkenia 18S rDNA, although it is often

reported in plankton communities of freshwater lakes

worldwide (Gerhart and Likens 1975; Pollingher 1981;

Jacquet et al. 2005; Kozak 2005). In general, existing 18S

rRNA gene records are far from exhaustive and lack many

key morphospecies (Richards et al. 2005). Based on dis-

tribution patterns emerging from both the morphological

and sequence data, we can speculate on the identity of our

Cluster II (Fig. 4), which grouped with Ochromonas

tuberculata. The distribution of Cluster II between the

three lakes was similar to that of E. subaequiciliata

(Figs. 2b, 3b), which has two visible flagella. O. tubercu-

lata itself has a short second flagellum, but in phylogenetic

studies it consistently groups with the Chrysosphaerales,

which have one single visible flagellum (Andersen et al.

1999). This suggests that despite a similar distribution, it is

unlikely that Cluster II corresponds to Erkenia. However,

the morphologically based taxonomy of many single-cell

chrysophytes hides much genetic diversity, and many

current genera are polyphyletic (Andersen et al. 1999;

Boenigk et al. 2005; Pfandl et al. 2009). O. tuberculata, for

example, is phylogenetically dissimilar to any other species

of the polyphyletic genus Ochromonas (Andersen et al.

1999).

The sequences in Cluster I did not group with any

sequences currently in GenBank, whether cultured or

uncultured. This Cluster I was more diverse than Cluster II

and the Lake A and Char Lake sequences grouped apart. We

speculated that Cluster I could represent a loricate organism

related to Kephyrion, as this genus was frequently observed

in our microscopic counts, especially in Lake A. We

sequenced the 18S rRNA gene from the only well-identified

culture listed in CCMP as Kephyrion (isolated by J. Boenigk

from a high-altitude Austrian lake). However, this culture

(CCMP3057) grouped far from Cluster I, within a clade of

742 Polar Biol (2012) 35:733–748

123



Spumella-like chrysophytes. Cluster I branched at the base of

the chrysophytes in our phylogenies, implying that it may be

ancestral or a sister clade to the Chrysophyceae. It possibly

represents a novel taxon, which has previously been over-

looked and is potentially restricted to Arctic freshwaters. The

unresolved morphological identity of this cluster suggests it

may be among the small nondescript flagellates and repre-

sented by the ‘‘unidentified flagellates’’ category recovered

by microscopy in this study.

The number of environmental sequences in publically

available databases continues to grow, and although there

is scant morphological information to be inferred from the

small ribosomal subunit gene, biogeographical studies are

possible by comparing sequences from different regions. In

addition, some ecological information can be gleaned by

comparing environmental conditions where specific

sequences and clades are found. The grouping of some

of our sequences with other environmental sequences
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Fig. 4 Chrysophyte 18S rDNA neighbour-joining phylogenetic tree.

The outgroup (not shown) used to root this tree was the dinoflagellate

Paulsenella vonstoschii. Bootstrap values ([50%) from the neigh-

bour-joining tree are in bold, and those from the maximum-likelihood

tree are in italics. Sequences from Char Lake (CH), Lake A (LA) and

Ward Hunt Lake (WH) are in bold, with the number of clones for

each sequence indicated in parentheses, CH8A2mG9 represents OTU

Ch-OTU34, and CH8ASmE12 represents OTU Ch-OTU 25 referred

to in Fig. 3
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(Environ 1–4) hints at the distribution and ecology of these

organisms. Three of these environmental clades were first

recovered from the temperate oligotrophic Lake George, in

Adirondack State Park (Richards et al. 2005), suggesting

that they are common in low nutrient freshwater environ-

ments. The fourth clade, Environ-3, included marine

sequences from the South-Eastern Pacific, but these were

only 96% similar to our sequence, which could therefore

represent a novel Arctic group. However, the number of

18S rRNA gene studies of freshwater lakes is far fewer

than those from marine systems, and many of these taxa

could well be globally dispersed.

Chrysophyte dominance in Arctic lakes may be due to a

number of adaptations to low nutrient availability or to the

pronounced seasonal changes in light availability. For

example, chrysophytes form cysts, protecting cells during

unfavourable conditions (Nicholls 2009), which in Arctic

lakes could include nutrient exhaustion and winter dark-

ness. We found that cysts represented 7–20% of total

chrysophytes in the three lakes, with the greatest proportion

in Lake A. Yubuki et al. (2008) suggested that formation of

spores in planktonic chrysophytes is directly influenced by

cell density and that cells encyst once a critical density is

reached. Nicholls (2009) also noted that the small size of

many chrysophytes compared to diatoms and dinoflagel-

lates affords a relatively high surface to volume ratio,

which could favour the uptake of nutrients at low con-

centrations. The most common chrysophyte found in Ward

Hunt Lake, the morphospecies Erkenia subaequiciliata,

was 2–5 lm in diameter, and as few picocyanobacteria

were present in that lake, it may have been the dominant

small phytoplankton cell type. Lake A has high pelagic

concentrations of picocyanobacteria (Van Hove et al.

2008), and picocyanobacteria were frequently observed in

Char Lake (Sophie Charvet personal observations). HPLC

pigment profiles also indicated the presence of cyanobac-

teria in these two lakes. These 1- 2-lm-diameter prokary-

otic cells would outcompete the chrysophytes for nutrients

on the basis of size since chrysophytes in the two lakes

were generally larger than 10 lm in diameter; however,

these abundant picocyanobacteria could provide an N- and

P-containing food source for mixotrophic chrysophytes.

Another factor that could favour chrysophytes in oligo-

trophic waters is their capacity to swim. Several genera

(Dinobryon, Synura, Uroglena and Mallomonas) can

actively maintain their position at strategic depths. Motility

confers a relative advantage over sessile algae in seeking

favourable irradiance conditions (Pick and Lean 1984) or

avoiding zooplankton predators (Nicholls 2009). Further-

more, cells able to migrate to deeper depths where nutrients

are more abundant have an advantage within a stratified

water column. Another potential adaptation to low nutrients

and periodic light limitation is phagotrophic mixotrophy,

whereby nutrients and energy can be obtained from bacterial

prey, circumventing direct energy dependency on solar

radiation and the reliance on dissolved inorganic nutrients

(Raven 2009). A number of studies have documented that

phototrophic chrysophytes prey on bacterial or algal cells

(Bird and Kalff 1986; Rothhaupt 1996; Katechakis and

Stibor 2006). Hence, when nutrients are scarce at the end of

the growing season, as in Lake A (Veillette et al. 2011),

chrysophyte mixotrophy would be favoured.

While many OTUs recovered from the present study

were closest to sequences from freshwater and ice, others

grouped closest to sequences previously reported only from

marine systems. The transition from marine to freshwater is

thought to be rare (Logares et al. 2007), and the putative

marine groups recovered from the freshwater lakes may

well have been transient. Among the alveolates, all were

from nominal marine groups, with the exception of one

freshwater dinoflagellate Woloszynskia pascheri. Another

dinoflagellate Polarella glacialis was the sole known cold

ecotype represented and was recovered from Ward Hunt

Lake and Lake A. P. glacialis was originally isolated from

the sea ice in the Ross Sea, Antarctica and subsequently

from Northern Baffin Bay, in the Arctic Ocean (Montresor

et al. 1999, 2003). Using PCR and cloning techniques, it

has also been detected in saline Antarctic lakes (Rengefors

et al. 2008) and, notably, in Arctic snow on Ward Hunt

Island (Harding et al. 2011). This ice-associated dinofla-

gellate readily encysts and local atmospheric transport

from the sea or sea ice to the lakes is likely. Other dino-

flagellate sequences, with matches to Gymnodinium

aureolum (AY99082), and the Pfiesteria group, as well as

ciliate sequences belonging to the marine Strombidium, are

nearly always picked up in Arctic marine 18S rRNA gene

surveys (Lovejoy et al. 2006; Lovejoy and Potvin 2011),

and their presence in our clone libraries could indicate

local transport as well.

Overall, Char Lake was more taxonomically diverse

than the other two lakes. This was the southernmost lake

we examined, with a longer growing season that lasts from

April to the end of August (Schindler et al. 1974). The N:P

ratio of inorganic nutrients in Char Lake corresponded to

the Redfield ratio, while the ratios of the other lakes indi-

cated strong phosphorus limitation. These observations

imply that protist diversity might increase with increasing

nutrient levels in our three oligotrophic arctic systems;

however, much wider sampling is required to test this

relationship. Furthermore, this difference in diversity could

be due to the geographic distance between Cornwallis

Island and the northern coast of Ellesmere Island. Char

Lake is not influenced by the same winds as Lake A and

Ward Hunt Lake, nor is it subjected to the same allochth-

onous inputs. For example, Char Lake lies closer to

anthropogenic activity, near the hamlet of Resolute Bay.
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Comparison of methods

There have been few studies where both detailed micros-

copy and small subunit rRNA gene surveys have been

carried out on the same sample. Jungblut et al. (2010)

targeted polar cyanobacteria living in microbial mats using

a multiphasic approach. Even within this narrow taxon

sampling and the addition of many new sequences from

morphologically well-identified polar cultures, there were

mismatches between environmental sequences and the

morphotypes within the mats. That study did, however,

imply a global distribution of cyanobacterial genotypes

throughout the cold biosphere. The low similarity of the

environmental sequences to cultured representatives of

most of the protists in our Arctic lakes reflects the poor

representation of different groups that have been sequenced

and may also indicate that as for cyanobacteria, some

protists may be characteristic of polar or cold regions and

these represent genuine new records.

Pigment analysis, microscopy and the 18S rRNA gene

survey identified chrysophytes as common, but there were

differences in taxonomic detail. Microscopy also high-

lighted the abundance of cysts, which would not be sepa-

rated from vegetative cells by their 18S rRNA gene

sequences. Other less common taxa such as dictyochophytes

were noted by both methods but again the resolution of the

species present was poor, with Pseudopedinella noted from

Char Lake under light microscopy, while Pedinella was the

closest match to dictyochophyte sequences from Lake A and

Ward Hunt Lake. Whether this species difference is real or

due to inadequate reference sequences available cannot be

resolved without additional culturing and sequencing stud-

ies. Microscopy and HPLC pigment analyses are intrinsi-

cally more quantitative than 18S rRNA gene surveys

because copy number of 18S rRNA genes among different

groups varies widely (Zhu et al. 2005). As has been found in

other gene surveys, we recovered higher proportions of

dinoflagellates and ciliates compared to microscopic

observations. Dinoflagellates and ciliates have many more

copies of this gene than most small algae, so even if rare,

they are more likely to be detected using PCR-based cloning

and sequencing (Potvin and Lovejoy 2009). Because of this,

the 18S rRNA gene detected species likely to be rare, such as

Polarella, and the ciliates Halteria and Strobilidium that

were not recorded in our microscopy survey.

A major insight provided by the 18S rRNA gene

libraries, in contrast to microscopy, was in the diversity of

heterotrophic protists. Most heterotrophic protists are col-

ourless, and many have little in the way of distinguishing

morphological features (Caron 1983) and are vulnerable to

loss from fixation and preservation processes (Hara et al.

1986). Furthermore, taxonomic studies have previously

concentrated on phototrophs, and the number of classic

phycologists exceeds the number of protozoologists. This

has resulted in a limited number of reference texts on

heterotrophic protists, which has impeded their identifica-

tion (Vørs et al. 1995; Packroff and Woelfl 2000). Clone

libraries also detected more heterotrophic protists than

microscopy from Lake Stechlin (Luo et al. 2011).

The comparison of sequences from different geographic

regions and habitats is less ambiguous than comparing

microscopically identified morphospecies that depend on

expert identification (Jungblut et al. 2010). For example,

Telonema has been previously reported from marine, ice and

freshwater environments (Bråte et al. 2010). This genus was

present in Char Lake and relatively common in both Lake A

and Ward Hunt Lake. Three of the four Telonema OTUs

recovered from our sites had best matches to Telonema

antarcticum (98%), which was first recorded in microscope

studies from Antarctica but was also isolated and described

from coastal waters of Norway (Klaveness et al. 2005).

When aligned in MUSCLE with the sequences used in Bråte

et al. (2010), our Telonema OTUs all grouped within the sole

freshwater clade (Bråte et al. 2010). Telonemia cells were

probably among the unidentified heterotrophic nanoflagel-

lates in the microscopy data. The sole fungal sequence,

detected from Char Lake, was 94% similar to Rhizophlyctis

rosea, a fungus that is mostly reported from soil environ-

ments (Willoughby 2001). There exists scant information

about fungi in Arctic aquatic environments (Voronin 1997;

Hodson et al. 2008), and as in the case of heterotrophic

protists, few researchers study these and they have been

largely ignored in microscopic surveys of plankton.

Overall, the combined approach provided deeper insight

into the lake communities than any single analysis. HPLC

provides some taxonomic information at the phylum level

for photosynthetic taxa and information that can be used to

infer adaptation to different irradiance regimes. Micros-

copy was biased against heterotrophs, whereas the 18S

rRNA gene survey was limited by the lack of reference

sequences to known organisms. This may be a temporary

shortcoming since as sequences are added to reference

databases, more species names will be matched to envi-

ronmental sequences. The 18S rRNA gene survey approach

may be biased against autotrophic communities (Vaulot

et al. 2008), accurate assessments in the future will there-

fore require both microscopy and genetic analysis.

Implications for food webs and climate change

Polar lakes are diverse and harbour a continuum of food

webs, from systems that support both zooplankton and

fish communities to those where ciliates and rotifers com-

prise the highest trophic level (Vincent et al. 2008). Cya-

nobacteria often dominate polar freshwater productivity in

these extreme ecosystems, either as benthic microbial mats
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in streams, lakes and ponds (Jungblut et al. 2010) or as

picocyanobacteria in the phytoplankton communities

(Lizotte 2008; Van Hove et al. 2008). The high zeaxanthin

concentrations from Lake A were consistent with previous

reports of large picocyanobacterial populations in this lake

(Veillette et al. 2011). These picocyanobacteria likely rep-

resent the primary food source of phagotrophic protists,

belonging to both heterotrophic and mixotrophic groups.

The dominance of chrysophytes, accompanied by the sig-

nificant presence of heterotrophs, in these aquatic ecosys-

tems suggests their importance for the local food webs.

Chrysophytes, such as Dinobryon spp. and Ochromonas

tuberculata, feed on bacterial cells (Bird and Kalff 1986;

Rothhaupt 1996). In these lakes, we also recovered phago-

trophic species such as Telonema antarcticum, and ciliates

that feed on flagellates and small algae. The different

phagotrophs may differ in their trophic position within the

food web of High Arctic lakes. From the data presented here,

we can deduce a simple food web that would be based on the

primary production of picocyanobacteria, consumed by the

mixotrophic chrysophytes, which in turn likely may become

prey to the larger Telonema and ciliates.

Arctic aquatic food webs are likely to be altered by cli-

mate change. The increases in temperature and precipitation

result in thawing of permafrost, followed by increasing

terrestrial vegetation in the surrounding catchments. These

changes will likely result in major shifts in allochthonous

carbon and nutrient inputs (Vincent et al. 2008) that may

stimulate the production of bacterial prey for microbial

grazers. Longer ice-free periods and thermal stratification of

the lakes may result in earlier nutrient depletion in the upper

waters, creating favourable conditions for mixotrophic

chrysophytes. Alternatively, these conditions may cause a

shift towards co-dominance with dinoflagellates, as sug-

gested by Holmgren (1984). How such shifts in lake trophic

status influence higher food webs, nutrient cycling and

carbon fluxes will be important questions for future studies.
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Nanoplankton assemblages in maritime Antarctic lakes: charac-

terisation and molecular fingerprinting comparison. Aquat Mic-

rob Ecol 40:269–282. doi:10.3354/ame040269

Vallières C, Retamal L, Ramlal P, Osburn C, Vincent WF (2008)

Bacterial production and microbial food web structure in a large

arctic river and the coastal Arctic Ocean. J Marine Syst

74:756–773. doi:10.1016/j.jmarsys.2007.12.002

Van Hove P, Belzile C, Gibson JAE, Vincent WF (2006) Coupled

landscape-lake evolution in High Arctic Canada. Can J Earth Sci

43:533–546. doi:10.1139/E06-003

Van Hove P, Vincent WF, Galand PE, Wilmotte A (2008) Abundance

and diversity of picocyanobacteria in High Arctic lakes and fjords.

Algol Stud 126:209–227. doi:10.1127/1864-1318/2008/0126-0209

Vaulot D, Eikrem W, Viprey M, Moreau H (2008) The diversity of

small eukaryotic phytoplankton (B3 lm) in marine ecosystems.

FEMS Microbiol Rev 32:795–820. doi:10.1111/j.1574-6976.

2008.00121.x

Veillette J, Martineau MJ, Antoniades D, Sarrazin D, Vincent WF

(2011) Effects of loss of perennial lake ice on mixing and

phytoplankton dynamics: Insights from High Arctic Canada.

Ann Glaciol 51:56–70
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