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cover will begin and be most pronounced. In these
perennially cold waters picoeukaryotes are vital to the
ecosystem; they dominate the photosynthetic biomass for
much of the year (Sherr et al. 2003; Lovejoy et al. 2007) and
show both abundant and diverse heterotrophic populations
(Lovejoy et al. 2006).

The hydrographic region chosen for this study was a
large area of perennially ice-free water in northern Baffin
Bay, the North Water, which has long been considered one
of the most productive marine ecosystems in the Arctic
(Stirling 1980). The hydrography of the North Water has
been well-described (Melling et al. 2001; Bacle et al. 2002).
It is characterized by opposing currents of cold Arctic
Ocean outflow water and warmer Atlantic water meeting
over complex bathymetry, with evidence of a dynamic
frontal zone showing strong interleaving and mixing
features in the center of the region. Biological studies in
the North Water have revealed that the surface (0-2 m)
distribution of pico- (0.2-2 um) and nanophytoplankton
(2-20 um) is influenced by distinct surface water masses
(Mostajir et al. 2001) and that thermohaline intrusions
along frontal zones affect the distribution of protists
>3 um (Lovejoy et al. 2002). However, the regional
distribution of picoeukaryotes throughout the upper water
column in the North Water, and the effect of hydrographic
features on the distribution and structure of picoeukaryote
assemblages, have not been studied. Our aim was to
investigate the biogeographic patterns in picoeukaryote
assemblages in this hydrographically complex region.

The specific objectives of the present study were: To
determine the diversity and distribution of picoeukaryote
assemblages in the diverse water masses that meet in the
North Water; to test whether assemblage distribution was
related to hydrographic patterns; and to determine what
environmental factors best explained assemblage structure.
We addressed these questions primarily by application of
denaturing gradient gel electrophoresis (DGGE), a valuable
molecular tool for describing the spatial and temporal
variation of microbial assemblages (Diez et al. 2004; Gast et
al. 2004). We then related the different assemblages to water
mass origin inferred from physical oceanographic measure-
ments obtained simultaneously with our biological sampling.

Material and methods

Study area and sample collection—The North Water, so
named by whalers in the 19th century, refers to a region that
extends between latitudes 76° and 78.5°N and is bounded
longitudinally by Ellesmere Island and Greenland (Fig. 1).
Water samples were taken at nine stations from the
Canadian icebreaker CCGS Amundsen between 16 and 22
August 2005. Samples were collected in 12-liter polyvinyl
chloride (PVC) bottles (Ocean Test Equipment) at six
depths determined by both physical and biological charac-
teristics: the surface (5 m), the subsurface chlorophyll
maximum layer (Chl max; 10-50 m), the nitricline (40—
80 m), below the euphotic zone (180-200 m), and two
depths of unique temperature excursions (usually inter-
leaved layers between 40 m and 150 m but also deeper
layers between 200 m and 400 m). Four field replicates
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Fig. 1. Bathymetric map of the North Water showing
locations of CTD casts, sample stations, and the typical surface
circulation (adapted from Melling et al. 2001). Lines 3 (west to
east), 6 (west to east), and 7 (north to south) indicate section
transects shown in Figs. 2 and 4.

were also collected at the chlorophyll maximum in the
Beaufort Sea at 71°03.75 N, 133°36.07 W (Sta. CA04, not
shown on map). For each sample, 6 liters of seawater were
sequentially filtered through a 52-um nylon mesh and a 3-
um polycarbonate filter to remove zooplankton, micro-,
and nanoplankton, then through a 0.2-um Sterivex unit
(Millipore) to collect the picoplankton (0.2 to <3 um) size
fraction. Buffer was added to the Sterivex units (1.8 mL of
40 mmol L-! EDTA; 50 mmol L-1 Tris pH = 8.3;
0.75 mol L—1! sucrose) and the samples were stored at
—80°C until nucleic acid extraction within 3 months.

Hydrography and chlorophyll a—The hydrography of the
region was determined from 52 conductivity, temperature,
depth (CTD) casts using a Sea Bird SBE-911. CTD salinity
(S) was calibrated with water samples analyzed using a
Guildline Auto-Sal salinometer. Values of potential tem-
perature () and potential density were computed using
algorithms from United Nations Educational, Scientific,
and Cultural Organization (UNESCO) (Fofonoff and
Millard, Jr. 1983). Fluorescence (Seapoint), transmissivity
(WetLabs C-Star Transmissometer), photosynthetically
available radiation (PAR; Biospherical Instruments), and
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relative nitrate concentrations (Satlantic MBARI ISUS)
were also recorded. Size fractionated chlorophyll a (Chl a)
samples were taken at each target depth by filtering 500 mL
of water onto Whatman GF/F filters before (total Chl a)
and after prefiltration (Chl a from picoplankton) through
3-um pore-size Nucleopore polycarbonate membranes and
stored at —80°C until analysis on shore. Pigments were
extracted from the filters in 95% ethanol at 70°C for 5 min
and concentrations were determined by spectrofluorometry
(Cary Eclipse) before and after acidification (Strickland
and Parsons 1972).

DNA extraction and DGGE—DNA was extracted and
stored at —80°C in Tris-ethylenediaminetetraacetic acid
(TE) buffer. Extracted environmental DNA was amplified
by polymerase chain reaction (PCR) with eukaryotic 18S
rRNA specific primers EukA (5'- AAC CTG GTT GAT
CCT GCC AGT -3’) and Euk516r-GC (5’ - ACC AGA
CTT GCC CTC C - 3" with the GC clamp 5’ - CGC CCG
GGG CGC GCC CCG GGC GGG GCG GGG GcA
CGG GGG G - 3'; Diez et al. 2001a). The PCR mixture
(25 uL) contained 1 uL ( 10 ng) of extracted DNA as
template, deoxynucleoside triphosphates (dNTPs) at
200 pmol L—1 each, 1.5 mmol L—! of bovine serum albu-
min (BSA; Fermentas), 0.3 umol L—1! of the two primers,
and 2.5 U of iTag DNA polymerase (BioRad). The
thermocycler program included an initial denaturing cycle
at 94°C for 120 s, 30 amplification cycles at 94°C for 30 s,
annealing at 56°C for 45 s, and extension at 72°C for 120 s,
with a final extension at 72°C for 6 min then cooled to 4°C.
The specificity of the PCR reaction was verified by agarose
gel electrophoresis. DGGEs were run on a 0.75-mm-thick
6% polyacrylamide gel with a linear denaturing gradient of
35-55% (100% denaturant is 7 mol L—! urea and 40%
deionized formamide) on a CBS DGGE (2401) system at
100 V for 16 h (Diez et al. 2001a). Twelve uL (500 ng
DNA) of PCR product were loaded into the gel lanes.
Standards (5 uL. 100 ng DNA PCR product) constructed
using DNA from a mixture of six arctic protist cultures
(CCMP 2298, 2436, 2296, 2097, 2098, and 2099 from
taxonomic groups Ochromonidales, Haptophyceae, Chry-
sophyceae, Pelagophyceae, Dictyophyceae, and Micromo-
nas [GenBank accession Nos. EU247834-38 and
DQ25753]) were run alongside samples. Gels were stained
with SYBRGold (Molecular Probes) nucleic acid stain and
images acquired with the Bio-Rad Gel Doc imaging system.
A composite image consisting of multiple gels was
constructed with Photoshop (Adobe v8.0) and analyzed
with Quantity One software (Bio-Rad v.4.6.0). Background
was subtracted from the densitometry scan of all lanes and
bands contributing =1% of the total band intensity for
each lane were scored as present by the software. The
banding profile of the composite DGGE image was
converted into an intensity matrix by the software, where
each band was scored with its intensity relative to the
strongest band in its lane (0-100%), which accounted for
minor variations in the amount of DNA loaded into each
lane. The intensity data set showed higher similarity
between replicates (0.97 6 0.01) when compared to a log-
transformed data set (0.91 6 0.04) or a presence—absence

data set (0.87 6 0.03), and was consequently used for all
further analysis unless otherwise stated.

Phylogenetic identification of DGGE bands—The DGGE
bands were extracted with a sterile blade, resuspended in
20 pL of 1X TE buffer (pH 8.0) at 4°C overnight, and a 5-uLL
aliquot of the solution was amplified by PCR as above using
EukA and Euk516r without the GC clamp. The PCR
product (15 uL) was purified at the Centre Genomique de
Québec and between 50 and 100 ng of PCR product (with
corresponding forward primer) was sequenced using an ABI
3730xl Analyzer. The nucleotide sequences (560 bp) were
manually edited using FinchTV software (Geospiza v.1.4)
and noisy or incomplete sequences were discarded. Ninety-
eight high-quality sequences were retained and aligned with
ClustalW (Chenna et al. 2003). Sequences were manually
edited and trimmed to a consistent length of 518 bp using
JalView (Clamp et al. 2004). Possible chimeric sequences
were screened using the Chimera Detection program at the
Ribosomal Data Project II (Michigan State University;
http://rdp.cme.msu.edu/); however, no chimeras were de-
tected. The closest match to each sequence was found using
National Center for Biotechnology Information (NCBI)
Basic Local Alignment Search Tool (BLAST) (Altschul et al.
1990) search against the GenBank public database. The
sequences reported in this paper have been deposited in
GenBank under accession Nos. EU182730-EU182827.

Diversity estimates—We estimated overall phylogenetic
diversity from the sequencing results by grouping sequences
into Operational Taxonomic Units (OTUs) and calculating
diversity indices at several similarity levels. A distance
matrix constructed with DNADIST (F84 model) from
PHYLIP v. 3.67 (http://evolution.genetics.washington.edu/
phylip.html) was used to define OTUs over similarity levels
ranging from 90% to >99.9% with the program DOTUR v.
1.53 (Schloss and Handelsman 2005), and the following
diversity indices were calculated: the Simpson index of
diversity (1-D; Simpson 1949); the Shannon diversity index
(H; Shannon 1948); and two nonparametric richness
estimates, Chaol (Chao 1984) and ACE (Abundance-based
Coverage Estimation; Chao and Lee 1992).

Measures of relative sample diversity were also calculat-
ed from the DGGE band intensity matrix and used for
relative comparison among the sample lanes. Diversity
indices calculated included richness (the No. of bands), and
the Simpson (1-D) and the Shannon (H) diversity indices.

Statistical analysis—Correlations among biological, en-
vironmental, and spatial variables were examined using
Mantel tests and partial Mantel tests (Legendre and
Legendre 1998) from four distance matrices, derived as
follows: 1) a biotic matrix—the Euclidean distance between
samples from the DGGE intensity dataset; 2) an environ-
mental matrix—the Euclidean distance between samples
from 6 environmental variables (see below); 3) a spatial
matrix (the 3-dimensional geodesic distance between
sample sites derived from latitude, longitude, and depth);
and 4) a model water mass matrix indicating the presence
or absence of different water masses at each sample site (see
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DGGE fingerprints—The DGGE fingerprints showed 42
unique band types overall and individual samples con-
tained between 8 and 22 bands (Table 3). Minimum
diversity was found at MBO02 (5 m) and LO3 (400 m) and
maximum diversity at MBI1 (85 m). Diversity at the
surface was lowest at MB02 and highest at MB07, while
in the Chl max diversity was lowest at BA02, and highest at

Table 1.
Confidence intervals (95% CI) are given where applicable.

MB09 and MB21. The average diversity per station was
lowest at MB02 and highest at MBI11.

Histograms of the relative intensity of band types in each
sample show the large variability in picoeukaryote assem-
blage composition among stations and over depth (Fig. 5;
for consensus identities of select band types listed below see
Web Appendix 1). Sta. MB02 and MB07 showed a large

No. of sequence-derived Operational Taxonomic Units (OTUs) and diversity indices for several sequence similarity levels.

Total No. of sequences=98

Diversity indices

No. of

unique Simpson Shannon Chao 1 ACE
Similarity level (%) OTUs (1-D) (H; 95% CI) (95% C1) (95% CI)
>99.9 48 0.95 3.43 (3.21-3.66) 90 (65-152) 125 (81-223)
99.5 26 0.89 2.61 (2.38-2.85) 37 (28-67) 38 (29-66)
99 24 0.89 2.55 (2.32-2.78) 32 (25-55) 33 (26-56)
98 23 0.88 2.53 (2.31-2.76) 30 (24-55) 30 (24-50)
97 22 0.88 2.52 (2.30-2.74) 26 (22-40) 26 (23-40)
95 18 0.84 2.24 (2.02-2.47) 19 (18-26) 20 (18-24)
90 16 0.83 2.15 (1.93-2.37) 17 (16-23) 17 (16-21)
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Fig. 5.

Changes in picoeukaryote community structure with sampling depth are shown by changes in the intensity of each DGGE

band-type relative to the total band intensity in each sample. Samples with maximum (max) and minimum (min) overall richness are
indicated. (A) MB02, (B) MB07, (C) MB09, (D) MBI11, (E) MB21, (F) BAO1, (G) BA02, (H) L03, and (I) CA04.

200; L03-200, 240, 270, and 400) corresponded to the
Atlantic water mass with high proportions of <3 pm Chl q,
low total Chl a, and high salinity, while surface samples in
the north (MB02-005, 040; MB07-005, 025, 045; MB09-
027; MBI11-005; MB21-005, 015) corresponded to Arctic
surface water and tended to have higher total Chl « values,
high PAR and low salinity (Fig. 7A). The CCA for
environmental variables and band types (Fig. 7B) was
interpreted similarly and certain band types were correlated
with particular physical conditions and water masses. Band
types having a consensus identity can be associated with the
following environmental conditions: band types 7 (MAST
7) and 16 (Cercozoa) appear to be associated with higher
total Chl ¢ and low salinity of Arctic surface water; band
type 19 (Ciliophora) is associated with high PAR and
warmer temperatures; band type 24 (picobiliphyte) with
cold temperatures and low chlorophyll levels of deeper
Arctic water; band type 28 (Micromonas) with moderate
chlorophyll, temperature, and salinity levels; band types 32,
34, 37, 39, and 42 (Dinophyceae) with cold temperatures,
low to moderate chlorophyll levels, and moderate salinities;
and band type 40 (alveolate group I) with high pico-sized
Chl @, warmer temperatures, high salinity, and Atlantic
deep water.

Discussion

Reports of the horizontal and vertical distribution of
picoeukaryote assemblages are rare compared to picocya-
nobacteria, which are the dominant phototrophs in
temperate and tropical waters (Follows et al. 2007). The

diversity of picoeukaryotes in the world’s oceans has only
recently been appreciated (Lopez-Garcia et al. 2001; Caron
2005) but information on the relative importance of the
local environment, which affects the distribution of
assemblages within water masses, is lacking. Our aim was
to map picoeukaryote assemblages in a hydrographically
diverse region and test if hydrographic conditions affect the
distribution of picoeukaryote assemblages.

Hydrography—In order to fully understand factors
influencing the distribution and diversity of picoeukaryotes
in the North Water it is first necessary to understand the
complex hydrography of the region. The North Water is
well-known for its large recurring polynya, an area of open
water surrounded by ice, which is strongly influenced by
the circulation in the region (Fig. 1). The polynya occurs
when an ice bridge forms across the northern end of Smith
Sound, preventing Arctic pack ice from flowing south into
northern Baffin Bay (Melling et al. 2001; Ingram et al.
2002). The ice-bridge had broken up prior to our sampling,
bringing scattered ice flows into northern Smith Sound.
Land fast and pack ice were present along the coast of
Ellesmere Island whereas the remainder of the North Water
was relatively ice-free.

The strong southward flow (10-15 cm s—!) of cold and
relatively fresh Arctic water into the North Water is likely
of Pacific origin, as deeper Atlantic water is restricted by
the 230-m sill in Nares Strait (Melling et al. 2001). Arctic
water is characterized by relatively high silicate content
supporting recurring diatom blooms (Tremblay et al. 2002).
This water continues south along the east coast of
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Fig. 6. Dendrogram showing similarity of picoeukaryote
assemblages in the North Water. The dendrogram was derived
from DGGE intensity band patterns by Agglomerative Hierarchi-
cal Clustering (AHC) using a Pearson Correlation Coefticient with
Unweighted Pair Group Method with Arithmetic mean (UPGMA)
algorithm. Dashed line indicates cluster branch cutoff similarity of
50%. WCW—wintertime convection water; WGC—West Green-
land Current; BBW—Baffin Bay water. Sample names indicate
station and depth (e.g., BA01-005: Sta. BAO1 at 5-m depth).

Ellesmere and Devon Island (Melling et al. 2001). Surface
freshening, observed at MB02 and MBO07 (Fig. 2), was
likely due to sea-ice melt and runoff from the surrounding
ice-sheets. Modified Arctic surface water flowing eastward
through the Canadian Archipelago enters the North Water
through both Lancaster and Jones Sounds, near Sta. L03
(Fig. 1). The combination of these water masses contrib-
utes to the Baffin Current, flowing southward along the
coast of Baffin Island.

On the east side of Baffin Bay, the West Greenland
Current (WGC) flows north along the coast of Greenland
into the North Water. The WGC is seen as downward
sloping isopycnals to the east in line 6 at BAO1 (Fig. 2). The
WGC brings warmer and more saline water originating in
the North Atlantic into the North Water at depth. The
majority of the Atlantic water is bathymetrically steered
west toward Devon Island in the vicinity of the 500-m
isobath, and was evident at BA04 and L03 (line 7; Fig. 2).
A trough-like feature in the bathymetry to the south of the
Carey Islands (Fig. 1) allows some excursions of warm
deep Atlantic water further north, possibly as far as MB02
in Smith Sound (Melling et al. 2001). Surface waters of the
WGC, seasonally modified by meltwater admixture and
solar heating, flow parallel to the Greenland coast until
veering west in the vicinity of the Carey Islands and
encountering the southward-flowing Arctic water (Bacle et
al. 2002; Ingram et al. 2002). This can be seen as the sloping
isopycnals at MB21 (line 7; Fig. 2), indicating westward-
circulating water. The lateral mixing of water masses in the
frontal zone is readily observed as density-compensating
thermohaline intrusions at MB11 and MB21. Given the
circulation pattern, it is likely that the source of these
temperature intrusions was the surface waters of BAO1 in
the WGC. There also appears to be an anti-cyclonic eddy
centered between MB09 and MB21 (line 7; Fig. 2), further
evidence of lateral current shear in the region. All water
would be eventually recirculated southward and exit the
North Water as part of the Baffin Current. Downward-
sloping isopycnals to the west in line 6 (Fig. 2) show the
general southward flow across most of the width of the
North Water.

Diversity—Sequence analysis indicated that the picoeu-
karyotic taxa of the North Water were most closely related
to those previously reported from the Arctic (Lovejoy et al.
2006). These were a mix of uniquely Arctic species and
more widely distributed organisms. Among Arctic species
with matches >99% sequence similarity were Fragilariopsis
cylindricus, a widely reported diatom in the Arctic Ocean
(Von Quillfeldt 2004) and the prasinophyte arctic ecotype
Micromonas (Lovejoy et al. 2007). More widely distributed
groups included: the novel marine stramenopiles (MAST),
the clades that we recovered are thought to be heterotro-
phic flagellates (Massana et al. 2004b); uncultivated
alveolates group I and II, likely parasites of dinoflagellates
and zooplankton with picoplankton life stages (Groisillier
et al. 2006; Lovejoy et al. 2006); and the novel picobili-
phytes (Not et al. 2007b).

Several sequences matched organisms larger than the
target <3 um, including metazoans and dinoflagellates.
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Table 4.
in bold (one-tailed, o = 0.05, 999 permutations).

Statistics for Mantel tests and partial Mantel tests with associated probabilities. Statistically significant results are indicated

Mantel test

Partial Mantel test Biotic Environmental Spatial Water mass model
Biotic — 0.33088 0.30932 0.2324
»=0.001 »=0.019 p=0.001
Environmental 0.33416 — 0.04333 —
p=0.001 p=0.281
Spatial 0.31288 —0.065763 — —
»=0.019 p=0.286

The appearance of these sequences in the small size fraction
could be due to cell breakage during filtering, sloppy
feeding by zooplankton, or larger flexible cells that can be
forced through the filter pores (Lovejoy et al. 2006). Since
eukaryotes may have life stages that are smaller than their
most frequent larger form, it is possible that we are
collecting these smaller cell stages, as reported with
alveolate groups I and II (Groisillier et al. 2006; Harada
et al. 2007). Band types matching to organisms >3 um
(dinoflagellates and ciliates) accounted for 25% of the total
band intensity from all samples and this may affect the
similarity analysis and clustering results. However, only 4%
of this band intensity is attributed to metazoans, the
remaining 21% is from bands matching uncultured
organisms for which cell size is not definitively known;
thus, we cannot justify eliminating these bands from the
analysis. The recurrent appearances of taxa >3 um in
picoeukaryote studies (Lovejoy et al. 2007, Not et al.
2007a) is problematic and warrants investigation into
improved filtering methods, or cultivation and documen-
tation of cell size during all life stages for these taxa.

The lowest assemblage diversity was found in Arctic
surface water and Atlantic deep water. A single band type
dominated each of these water masses, which is consistent
with ecological selection for a particular assemblage. Arctic
surface water was dominated by band type 7 (MAST 7
clade) and Atlantic deep water was dominated by band
type 27 (multiple identities, Dinophyceae or a picobili-
phyte). Diversity was highest at stations along the frontal
zone between these water masses. Frontal zone assemblages
(MB09, MB11 and MB21; Fig. 5) may have higher overall
diversity due to the physical mixing occurring laterally
between water masses, as indicated by the interleaving
layers present at these stations. Stations lacking evidence of
physical mixing, but having abrupt haloclines vertically
separating distinct water masses, such as near the surface at
MB02 and MBO07 or at depth at LO3, showed marked
changes in assemblage structure over depth that were
related to transitions between vertically layered water
masses.

The overall picoeukaryote diversity in the North Water
was comparable to other DGGE-based studies. We found 42
DGGE band types and 23 sequence-derived OTUs (at 98%
similarity), while Diez et al. (2001a, b) reported 10-12 band
types in North Atlantic samples, 23-29 band types in
Southern Ocean samples, and 20-45 band types in western
Mediterrancan water, and Gast et al. (2004) reported

between 10 and 30 bands from samples in the Southern
Ocean. Studies reporting sequence-based estimates of
diversity from clone libraries found 44 OTUs (at 98%
similarity) in the Pacific (Worden 2006), and 42-54 OTUs
( 98% similarity) in the northwest Mediterranean (Massana
et al. 2004a). The similarity of diversity in our study and
previous picoeukaryote studies indicates that the North
Water has similar overall diversity to other ocean regions.

Biogeography—The clustering of assemblages was best
understood in relation to water mass of origin. Cluster 1
was composed of the two surface samples from BAOI,
representing the warm surface WGC assemblages. The
samples in cluster 2 shared rare band types (see corre-
sponding samples in Fig. 5), but did not have any obvious
hydrographic relationship. Cluster 3 was composed of
Baffin Bay surface samples that were related by the
presence of the relatively intense band type 28 (Micro-
monas). Cluster 4 contained samples from the wintertime
convection water of BA0O4 and LO03, as well as replicates
collected at 51 m in the Chl ¢ maximum of Sta. CA04, in
the Beaufort Sea, 2,000 km upstream (through the Cana-
dian Archipelago). We speculate the similarity between
these distant assemblages could have resulted from the
movement of Arctic waters from the Beaufort Sea through
the Canadian Archipelago and into the North Water
through Lancaster and Jones Sounds, or could be the result
of similar environmental conditions. Cluster 5 was com-
prised of samples from the northern stations and represen-
tative of Arctic water assemblages. Cluster 6 was also
comprised of samples from the same northern stations as
cluster 5, but in addition cluster 6 contained samples from
southern Sta. BAOl and BAO2. It is likely that cluster 6
represented assemblages that originated in WGC waters
and were circulated throughout the North Water. Cluster 7
contained surface samples from northern stations near the
pack ice along Ellesmere Island (Fig. 1) that had low
salinity; indicating assemblages likely associated with
meltwater, and are easily identified by the intensity of
band type 7 (MAST 7). Atlantic deep-water assemblages
defined cluster 8, which had only 20% similarity to any
other cluster. This cluster was influenced by the presence of
band type 27 (multiple identity matches, perhaps a
Dinophyceae or a picobiliphyte), which was rarely found
in other clusters. Cluster 9, which had the least similarity
(6%) to any other cluster, contained samples from the
warm halocline between the WCW and deep Atlantic
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mixing patterns is necessary to elucidate the effective
distance between two locations and, thus, the ability for
organism to disperse between the two sites.

In addition to water mass origin, we found that
contemporary environmental factors also influenced as-
semblage structure. The CCA showed that assemblages
were differentiated by salinity and PAR gradients, likely
indicating an overall depth-related gradient as Arctic
waters are predominantly salinity-stratified and irradiance
diminishes exponentially with depth. Variations in vertical
distribution are well-documented for prokaryotic photo-
synthetic assemblages (Rocap et al. 2002; Follows et al.
2007), but rarely reported for picoeukaryotes, especially
nonphotosynthetic bacteriovores (Not et al. 2005; Lovejoy
et al. 2006). We found that generally, picoeukaryote
assemblages within and above the chlorophyll max were
distinct from assemblages below, supporting the findings of
previous studies where distinct protistan assemblages were
detected between the euphotic zone and the deep sea
(Countway et al. 2007; Not et al. 2007a). The availability
and quality of PAR most likely explains much of these
differences, as reported for ecotype distributions of
Osterococcus, Synechococcus, and Prochlorococcus in tem-
perate and tropical waters (Rocap et al. 2002; Rodriguez
et al. 2005).

CCA also revealed that phytoplankton community size
structure influenced clustering; picocukaryote assemblages
from southern stations were associated with <3 um
phytoplankton, whereas picoeukaryote assemblages from
northern stations were associated with >3 um phytoplank-
ton, likely a diatom bloom (C. Lovejoy unpubl. data). That
picoeukaryote assemblage composition may change de-
pending on the overall phytoplankton community size-
structure indicates a need to reevaluate the idea of a
constant community of small cells in the pelagial that are
periodically overgrown by diatoms and other large cells
(Smetacek et al. 1990). The CCA analysis proved to be very
useful in leading to a new understanding of each organism’s
ecological function, providing information that was previ-
ously lacking for the uncultured protists.

Our results suggest that water originating in the Arctic
Basin is physically isolated from water of the North
Atlantic long enough for each water mass to develop a
distinct assemblage. The physical environment of surface
waters changes seasonally due to ice dynamics and melt/
freeze cycles, mixing, and solar irradiance, influencing
primary productivity and creating physical selection
pressure on the existing assemblage, thereby altering
surface assemblages compared to those at depth. Where
Arctic origin waters and West Greenland Current origin
waters converge and mix, their associated distinct microbial
communities also mix. The new physical gradients created
along the frontal zone, and the averaging of physical
conditions in the resultant mixed water mass that makes up
the Baffin Current, create novel environmental conditions
that further alter assemblage structure as the current flows
south into the Atlantic. We would predict that similar
processes occur wherever distinct water masses are advect-
ed together, being an important influence structuring
microbial communities in these regions.

Following the terminology of Martiny et al. (2006) our
results indicate the presence of multiple microbial habitats,
which are determined by environmental variables, and
multiple microbial provinces, determined by the origin of
the host water mass. This study demonstrates that
biogeographic processes, similar to those governing macro-
organisms, strongly influence the assemblage structure of
picoeukaryotes, potentially influencing primary productiv-
ity and nutrient cycling.
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