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INTRODUCTION

Although of established importance in marine
ecosystems for the biomass that they represent and the
biogeochemical processes that they mediate, the major-
ity (>99%) of marine Bacteria and Archaea remain un-
cultivated (e.g. Giovannoni et al. 1990). Increasingly,
molecular methods, particularly those based on the 16S
ribosomal RNA gene, have been employed to circum-

vent this problem and to assess in situ abundances and
(in some cases) processes of specific microbial groups
(Amann et al. 1995). Using such techniques, members
of the Cytophaga-Flavobacterium (CF) cluster have re-
peatedly emerged as abundant components of many
marine ecosystems (Kirchman 2002), e.g. approxi-
mately 30% of total cells in temperate coastal waters
(Cottrell & Kirchman 2000). Well-known for their pro-
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ABSTRACT: We used fluorescent in situ hybridization and epifluorescence microscopy to assess the
distribution and diversity of pelagic microorganisms, specifically Bacteria, the Cytophaga-Flavobac-
terium (CF) cluster and Archaea, in the cold (–1.5 to 3.5°C) and oligotrophic waters of the Northwest
Passage, Canadian Arctic, during September 2000. Total cell abundance ranged from 1.23 to 6.56 × 105

cells ml–1, approximately half of which were hybridizable; Bacteria dominated the region (67 to 99.8%
of hybridizable cells). CF were well-represented in the surface-water bacterioplankton, accounting for
9 to 41% of the total cell count (21 to 76% of hybridizable cells), but not in deeper populations: in neph-
eloid (particle-rich) layers, they accounted for only 1.6 to 5.4% of total cells (3.2 to 9.5% of hybridizable
cells) despite the available substrata for attachment, a behavior common to this group. Over the entire
data set, often highly significant (p < 0.001) correlations with environmental variables, including oxy-
gen, particulate organic nitrogen (PON) and chlorophyll a (chl a) (positive) and depth, salinity and
macronutrients (negative) suggested the importance of CF as aerobic heterotrophic consumers in this
environment. In marked contrast, Archaea were present at very low levels (0.1 to 2.6% of total cells;
0.2 to 4.6% of hybridizable cells) in the surface waters, becoming more abundant in nepheloid layers,
where they accounted for 2.3 to 13% of total cells (3.9 to 33% of hybridizable cells). Archaea correlated
highly significantly (p < 0.001) with concentrations of particles and, in nepheloid layers, with PON.
Over the entire data set, Archaea and Bacteria correlated significantly but oppositely to the same en-
vironmental variables of depth, salinity, oxygen and macro-nutrients, suggesting separate niches in
this setting. In general, our results substantiate and extend the growing evidence for the numerical
importance of CF in cold marine surface waters and further document the distribution and oceano-
graphic context of the planktonic Archaea to include nepheloid layers.
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clivity for attachment, constituents of the Cytophaga-
Flavobacterium-Bacteroides phylum, including the CF
cluster, represented 18 to 55% of nonplastid-like ribo-
somal sequences cloned from bacteria associated with
marine snow in Californian coastal waters (DeLong et
al. 1993) and in the Adriatic Sea (Rath et al. 1998). They
were also members of the communities found attached
to suspended particles in the Columbia River estuary
(Crump et al. 1999) and to deposited sediments in the
eastern Arctic (Ravenschlag et al. 2001). CF association
with pelagic particles has not been addressed explicitly
in high latitude waters; however, they appear again as
abundant members of the bacterioplankton, e.g. up to
30% of total cells in North Sea surface waters (Glock-
ner et al. 1999, Eilers et al. 2000) and up to 72% of the
total bacterioplankton in Antarctic surface waters
(Glockner et al. 1999). The numerical importance of the
CF increased as a spring bloom peaked in the Chukchi
Sea (Yager et al. 2001), where the CF were also a dom-
inant group in the sea-ice cover (Junge et al. 2002). To-
gether, these high-latitude results imply that CF play
an important ecological role in polar marine environ-
ments, presumably as dominant heterotrophs (Kirch-
man 2002).

Using culture-independent molecular methods, the
Archaea have also been shown to be numerically im-
portant and active components of the marine bacterio-
plankton (Ouverney & Fuhrman 2000, Karner et al.
2001). They have now been documented across a wide
range of estuarine (Crump & Baross 2000) and marine

environments, from the Atlantic, Pacific and Antarctic
coasts (DeLong 1992, DeLong et al. 1994, Massana et
al. 1997, Murray et al. 1998, 1999a) to the open ocean
(DeLong et al. 1994, Karner et al. 2001) and deep sea
(Karner et al. 2001). Recent estimates suggest that the
Archaea constitute approximately 1/5 of the total ma-
rine bacterioplankton, becoming increasingly abun-
dant with depth (Karner et al. 2001). Yet, with the qual-
ified exception of the Crenarchaeal sponge symbiont
Cenarchaeum symbiosum (Preston et al. 1996), none of
these organisms has been cultured; understanding the
role of Archaea in the marine water column has so far
relied exclusively on molecular techniques.

In Antarctic coastal waters, the application of molec-
ular techniques has shown remarkable annual vari-
ability in the populations of Archaea, which vacillated
from nearly undetectable levels in austral summer and
autumn to a 1/4 of the hybridization signal in winter
and spring (Murray et al. 1998). Little information is
available on the spatial or temporal distribution of
Archaea at northern high latitudes, but here too
Archaea have been found to represent significant com-
ponents of the microbial population, e.g. off the
Alaskan coast (13.5% of the hybridization signal;
DeLong et al. 1994) and in Arctic sediments (up to 5%
of the total cells; Ravenschlag et al. 2001). Regardless
of the marine environment considered, few data sets
exist that combine fundamental oceanographic mea-
surements (e.g. water temperature, salinity, macro-
nutrient and chlorophyll a [chl a] concentrations, trans-
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Fig. 1. Field site and stations. Stn DU5 is in Dolphin and Union Strait, which connects the Amundsen and Coronation Gulfs; 
Stn LW3 is at the sea-ice edge; all other stations are in Amundsen Gulf or the southeastern Beaufort Sea
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missivity) with the enumeration of Archaea, a paucity
which further limits possibilities for inferring the role of
Archaea in the ocean.

Based on the evidence for the potential significance
of CF and Archaea among the high latitude marine
bacterioplankton, we took advantage of a cruise of
opportunity in September 2000 to assess their abun-
dance, distribution and oceanographic context in
waters of the Northwest Passage, Canadian Archipel-
ago, an area that has received little oceanographic or
microbiological attention. During the cruise, we
learned that nepheloid layers, distinct regions of accu-
mulated particulate material in the water column
(McCave 1986), were encountered frequently in the
Northwest Passage. Although numerous studies have
demonstrated that, relative to the surrounding water,
marine particles can be sites of increased microbial
activity and organic transformation (e.g. Palumbo et al.
1984, Cho & Azam 1988, Crump & Baross 1996), even
in the Arctic (Huston & Deming 2002), no information
was available on the quantitative representation of
specific microbial groups in nepheloid layers, particle-
rich by definition. Thus, besides surveying the abun-
dances of Bacteria, CF and Archaea in surface and
some deeper waters of the Passage, we examined their
concentrations in nepheloid layers.

MATERIALS AND METHODS

Field site and sampling. Sampling was conducted in
the Northwest Passage (Fig. 1) from the Canadian
Coast Guard icebreaker ‘Sir Wilfrid Laurier’ from 2 to
16 September 2000. Sixteen stations along 5 transects
spanned coastal to offshore environments in Dolphin
and Union Strait and Amundsen Gulf to the margins of
the Beaufort Sea and the ice edge. A rosette equipped
with 15 or 30 l Niskin bottles, a CTD (Seabird SBE-19)
and a transmissometer (Sea Tech, 25 cm pathlength,
660 nm wavelength) was lowered through the water
column to the seafloor. Most samples were taken
during descent at pre-assigned water depths chosen to
maximize water column coverage. Samples for micro-
biological analysis were usually taken at 20 m depth,
generally near the base of the pycnocline, to establish
a foundation for comparisons. At some stations, other
surface depths (7 to 42 m) were sampled instead of or
in addition to the 20 m sample. Nepheloid layers were
detected in real time from shipboard transmissometry
profiles (Fig. 2A). As the rosette returned to the sur-
face, the nepheloid layers were sampled as close to the
minimum transmissivity peak as possible. For compar-
ative purposes, we were also able to take 3 samples of
deep water that were not associated with nepheloid
layers (Fig. 2B).
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Fig. 2. Water column profiles showing temperature (bold
lines) and salinity (dashed lines) distinctions between surface
and deeper waters, in addition to (A) intermediate and ben-
thic nepheloid layers (Stn WB3) and (B) the absence of a
marked nepheloid layer (Stn CP3) via transmissometry
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Once recovered, water was subsampled for ship-
board or laboratory chemical analyses, including con-
centrations of macro-nutrients (nitrate, phosphate and
silicate), salinity and dissolved oxygen (at the Institute
of Ocean Sciences, Sydney, BC) and chl a (at the Uni-
versity of Tennessee), using standard techniques.
Additionally, 250 to 300 ml samples for measurement
of particulate organic carbon (POC) and nitrogen
(PON) were filtered gently onto muffled 25 mm GF/F
filters and frozen at –20°C until laboratory analysis at
the University of Washington. There they were dried at
60°C overnight, exposed to HCl vapors to remove inor-
ganic carbon and then measured with a CHN analyzer
(Model CEC440, Leeman Laboratories) with correction
for blanks. In a number of cases, POC concentrations
were below our detection limit of 33.0 µg l–1; only those
samples with detectable amounts were used in later
correlation analyses.

Microbial analyses by fluorescent in situ hybridiza-
tion (FISH). For assessment of microbial diversity,
duplicate 250 ml water samples were filtered gently
onto 0.22 µm, 47 mm polycarbonate filters at near
0 temperatures in an unheated deck laboratory. The
filters were fixed overnight in 0.5 ml 4% PBS-buffered
para-formaldehyde prior to storage in 70% ethanol at 2
to 4°C until analysis by FISH. For comparative pur-
poses, duplicate 10 ml water samples (‘whole water
samples’) were taken at most stations, fixed with 2%
(final concentration) formaldehyde and stored at 2 to
4°C until laboratory analysis. These samples were then
filtered onto 0.22 µm, 25 mm polycarbonate filters and
enumerated as described below using the DNA stain
4,6-diamidino-2-phenylindole (DAPI).

For FISH, Cy-3 conjugated probes, specific to Bacte-
ria (EUB338), Archaea (ARCH915) and the CF cluster
(CF319a; also known to hybridize with some members
of the Bacteroides; Manz et al. 1996) were synthesized
by Operon Technologies. Conditions optimizing hy-
bridization signal and probe specificity were deter-
mined using pure cultures of Bacteria, Archaea and CF,
and were consistent with those used in the literature
(e.g. Glockner et al. 1999; Table 1).

The FISH procedure employed with our field
samples was similar to the hybridization approaches

described by Glockner et al. (1996) and Maruyama &
Sunamura (2000), with a few adaptations described
below. Filters from each sample were cut aseptically
into 8 equal portions: 4 sections (1/2 the filter) were
used for FISH; the remaining 4 were stored for future
work (as needed). Each section was dehydrated in
sequential 2 min washes of 50, 80 and 96% ethanol
and mounted on cover slips. A 65 µl aliquot of
hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl [pH
8.0], 0.01% sodium dodecyl sulfate, 0.1 mg ml–1

polyadenylic acid, 0.2 mg ml–1 BSA, 20 or 35 to 40%
formamide, depending on the probe; Table 1) was
added, which was sufficient to cover the entire filter,
and then incubated for 30 min at 46°C. Following incu-
bation, 250 ng of Cy-3 conjugated probe were added to
the buffer and hybridized for 6 h at 46°C. No probe was
added to 1 filter slice per sample as an autofluores-
cence control. After hybridization, filter slices were
washed for 20 min in 48°C wash buffer (20 mM Tris-
HCl [pH 8.0], 5 mM EDTA, 0.01% SDS, 56 to 225 mM
NaCl, depending on the formamide concentration dur-
ing hybridization). Dried filters were mounted on
slides with Vectashield mounting medium (Vector Lab-
oratories) containing 1.5 µg ml–1 DAPI. Each hybridiza-
tion was accompanied by positive and negative con-
trols of pure cultures.

Filter slices were examined at 1563× magnification
with a Zeiss Universal microscope using appropriate
filter sets for DAPI and Cy-3 labeled cells (365/395 ex,
420 em and 545/565 ex, 610 em, respectively). As
described above, each sample was examined to enu-
merate Bacteria, Archaea, CF and autofluorescent
cells. Per filter slice, DAPI-stained cells (= total cell
count) were quantified in 20 fields; 50 fields were
examined to quantify probed or autofluorescent cells.
The numbers of autofluorescent cells, which were
always <<1% of the total counts, were subtracted from
all probe counts, making the latter conservative (since
any given autofluorescent cell can be either a Bac-
terium or an Archaeon, but not both). Filter portions
from the same sample yielded comparable total cell
numbers, indicating homogeneous distribution on the
filter. We pooled the DAPI counts from the 4 filter slices
to obtain the final, total cell abundance per sample.
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Probe Specificity Sequence (5'-3') E. coli Formamide Source
position (%)

ARCH915 Archaea GTGCTCCCCCGCCAATTCCT 915–935 20 Stahl & Amann (1991)
EUB338 Bacteria GCTGCCTCCCGTAGGAGT 338–355 20 Amann et al. (1990)
CF319a Cytophaga-Flavobacterium TGGTCCGTGTCTCAGTAC 319–336 35–40 Manz et al. (1996)

clustera

aCF319a also hybridizes with some members of the Bacteroides (Manz et al. 1996)

Table 1. Probe specificity, sequence, corresponding E. coli positions and % formamide used in hybridization
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Total hybridizable cells were determined as the sum of
Archaea and Bacteria. Twenty fields or a minimum of
200 DAPI-stained cells were enumerated in whole
water samples.

Enumeration of yellow particles. Over the course of
microscopic examination of filters, the presence of
amorphous, yellow particles was noted. These pre-
dominantly pico- and nano-sized particles (0.2 to
20 µm) appeared bright yellow in DAPI-stained fields
and were notably abundant in samples taken from
nepheloid layers detected by transmissometry. Since
these particles were clearly distinguished from cells on
the filters, we enumerated them by epifluorescence
microscopy, as others have reported previously
(Mostajir et al. 1995, Brachvogel et al. 2001).

Statistical methods. Pearson correlation coefficients
were determined for pairwise comparisons of microbi-
ological (the means of duplicate samples) and environ-
mental variables, with a significance level of p < 0.05
assessed by Student’s 2-tailed t-test. Values of p <
0.001 were considered highly significant. Significant
correlations were also examined graphically, to iden-
tify possible outliers or misleading correlations. Since a
large number of correlations were performed, the pro-
bability of committing a Type I error for the entire data
set may be underestimated by that probability for any
individual correlation; hence, the tests cannot be con-
sidered definitive (as has been discussed for similar
data sets; e.g. Murray et al. 1999b). Correlation analy-
sis was performed on the data grouped as follows: sur-
face-water samples, nepheloid-layer samples and sam-
ples pooled from all environments. The small number
of deep samples prevented correlation analyses from
being performed separately with this group. Due to the
uneven sample sizes and low power of corresponding
nonparametric tests, we did not consider multiple com-
parisons among surface, nepheloid and deep samples.
Instead, we restricted our comparison to nepheloid and

deep samples, using the nonparametric Mann-Whit-
ney U-test to examine the 2-tailed null hypothesis that
no difference existed between them.

RESULTS

Water column characteristics

The 16 stations sampled ranged from shallow coastal
environments with strong freshwater inputs (from rivers
and ice-melt) to deeper (up to 666 m) stations in the mid-
dle of Amundsen Gulf (Fig. 1). The water column ap-
peared to be stably stratified throughout the study area
(Fig. 2). Two types of nepheloid layers were detected by
transmissometry and sampled: most were associated
with the bottom (i.e. benthic nepheloid layers), but an in-
termediate nepheloid layer was also sampled (Fig. 2A).
As judged from the transmissometry profiles, the vertical
dimension of the nepheloid layers ranged from ~10 m to
over 100 m. Sampling depths of nepheloid layers and
deep waters (Fig. 2B) ranged from 92 to 600 m.

The surface waters sampled were distinguished from
the nepheloid and deep samples (Table 2) by depth but
also by their wider range of temperatures (from –1.5 to
3.5 vs –1.5 to 0.3°C) and salinities (from 26.1 to 32.4 vs
32.9 to 34.8 psu), generally low nitrate and phosphate
concentrations (medians of 0.02 and 0.8 µM, respec-
tively, with nitrate undetectable at 6 stations), higher
chl a concentrations (which were nevertheless low, me-
dian of 0.14 µg l–1), and few yellow particles (median of
50 particles ml–1). In the nepheloid and deep waters,
concentrations of nitrate and phosphate (medians of
16 and 1.2 µM, respectively) were higher than in
surface waters, while chl a concentrations were lower
(median of 0.02 µg l–1), as expected at depth in a strati-
fied system (Table 2). The nepheloid and deep water
samples, however, were indistinguishable from each
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Environmental variable Median (range)
Surface waters Nepheloid layers Deep waters

Depth (m) 20 (7–42) 422 (92–600) 310 (150–500)
Temperature (°C) –0.64 (–1.5–3.5) 0.23 (–1.5–0.3) 0.14 (–1.5–0.2)
Salinity (psu) 30.93 (26.10–32.35) 34.74 (32.92–34.84) 34.71 (33.06–34.76)
O2 (µM) 405 (343–419) 254 (228–291) 231 (224–281)
NO3 (µM) 0.02 (0.00–15.1) 15.9 (14.1–16.8) 16.4 (14.1–16.9)
PO4 (µM) 0.8 (0.6–1.2) 1.2 (1.0–1.9) 1.3 (1.3–1.8)
SiO4 (µM) 4.7 (2.4–21.0) 26.6 (15.1–32.4) 29.2 (27.3–32.4)
Particles (ml–1) 50 (0–1000) 3550 (1500–9000) 600 (200–600)
POC (µg l–1) 43.2 (b.d.–83.1) 40.6 (b.d.–73.0) <33.0 (b.d.–38.6)
PON (µg l–1) 12.0 (8.0–17.6) 8.8 (5.0–18.0) 7.0 (6.5–7.4)
Chl a (µg l–1) 0.14 (0.02–0.59) 0.02 (0.001–0.08) 0.02 (0.01–0.03)

Table 2. Summary of environmental variables for the 3 types of samples examined: surface (n = 18), nepheloid (n = 8) and deep 
(n = 3) waters. b.d.: below detection
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other statistically (Mann-Whitney U-test, p > 0.05) by
any environmental variable except particle concentra-
tion, which was significantly higher in nepheloid layers
(Table 2; Mann-Whitney U-test, p = 0.02). In the neph-
eloid samples, particle concentrations correlated sig-
nificantly (p < 0.05) with phosphate, silicate and chl a
(all positively), and with depth, temperature and salin-
ity (negatively). Particle concentration did not correlate
significantly with depth above bottom.

Enumeration of total cells

To assess the quantitative accuracy of cell counts
from fixed filters passed through FISH procedures, we

compared DAPI counts from FISH to those from the
whole water samples. The positive correlation be-
tween abundances determined by these 2 methods
was highly significant (r = 0.81, n = 26, p < 0.001), with
concentrations of filter-fixed cells higher by a factor of
approximately 1.4. Based on these results and for con-
sistency with the domain- and phylum-specific counts,
we used the DAPI counts from the FISH procedure as
the measure of total cell concentrations.

Concentrations of bacterioplankton enumerated
by DAPI staining and epifluorescence microscopy
ranged from 1.23 to 6.56 × 105 cells ml–1 in surface
waters (Table 3); nepheloid and deep samples gen-
erally had smaller populations (1.37 to 2.49 × 105

cells ml–1; Table 3). Although size was not quantified
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Stn Depth Total cells Bacteria CF Archaea
(m) (×105 ml–1) (% (×105 ml–1) (% of (% of (×104 ml–1) (% of (% of (×103 ml–1) (% of (% of

HYB) total) HYB) total) HYB) total) HYB)

Surface water
DU5 7 1.23 66 0.81 66 99 4.73 39 58 0.42 0.3 0.5
CP1 20 3.09 65 1.97 64 97 nd nd nd 5.27 1.7 2.6
CP3 20 2.85 22 0.60 21 95 4.38 15 70 2.85 1.0 4.5
CP5 20 2.27 52 1.16 50 95 9.23 41 76 5.36 2.4 4.4
DT3 20 2.71 45 1.15 43 95 nd nd nd 5.48 2.0 4.6
DT5 20 5.53 51 1.83 51 100 8.36 15 30 0.75 0.1 0.3
AGT4 20 4.57 50 2.28 50 100 16.3 36 71 0.89 0.2 0.4
AG5 10 6.56 60 3.94 60 100 12.5 19 32 0.61 0.1 0.2
AG5 20 4.94 59 3.27 59 99 nd nd nd 1.76 0.4 0.6
WB3 20 3.54 26 1.01 26 99 3.44 10 37 0.65 0.2 0.7
WB1 20 4.32 43 1.72 43 100 6.11 14 35 0.92 0.2 0.5
WB1 42 2.15 59 1.22 56 96 4.40 21 35 5.51 2.6 4.3
AGT1 20 5.42 75 3.23 75 100 10.5 19 26 1.85 0.3 0.5
AGT3 20 5.21 64 3.28 63 99 7.06 14 21 3.84 0.7 1.2
CK1 20 3.27 52 1.64 52 100 nd nd nd 0.34 0.1 0.2
CK5 20 4.24 58 2.39 57 99 10.9 26 45 3.44 0.8 1.4
AGT2 15 3.85 59 2.28 59 100 6.95 18 30 0.52 0.1 0.2
LW3 33 5.11 38 1.85 36 96 4.60 9.0 24 7.15 1.4 3.7
Medians 4.05 55 1.84 54 99 7.01 19 35 1.81 0.4 0.7

Nepheloid layer
DT5 480 2.49 42 1.00 39 93 0.98 3.9 9.2 7.40 3.0 6.9
AGT4 431 2.27 74 1.64 71 96 0.55 2.4 3.2 6.71 3.0 3.9
AG5 600 1.90 48 0.78 41 86 0.59 3.1 6.5 12.7 6.7 14
WB3 92 1.39 37 0.42 31 84 0.40 2.9 8.0 7.99 5.7 16
WB3 160 1.55 39 0.42 26 67 0.58 3.7 9.5 19.8 13 33
WB1 310 2.19 35 0.71 33 94 0.35 1.6 4.6 4.97 2.3 6.5
AGT3 446 2.32 47 0.89 38 81 0.62 2.7 5.7 20.6 8.9 19
CK5 413 1.68 57 0.91 53 93 0.90 5.4 9.3 6.82 4.1 7.0
Medians 2.05 45 0.84 39 90 0.59 3.0 7.3 7.70 4.9 11

Deep water
CP3 310 1.94 31 0.61 30 98 0.47 2.4 7.6 1.36 0.7 2.2
CP5 150 1.37 39 0.50 36 92 1.48 11 27 4.53 3.3 8.4
CP5 500 1.94 21 0.38 20 96 0.58 3.0 15 1.45 0.7 3.7
Medians 1.94 31 0.50 30 96 0.58 3.0 15 1.45 0.7 3.7

Table 3. Microbial populations (mean of duplicate samples at a given depth) in each of the 3 types of environments examined
(Table 2), with stations ordered from east to west in the sampling region (Fig. 1). % HYB: fraction of total cells that hybridized
with 1 of the 2 domain-level probes; % of HYB: fraction of the hybridizable cells represented by a given group (Bacteria, CF or 

Archaea); bold: coastal stations (within 40 km of shore); nd: not determined
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systematically, the cells were commonly small in all
samples, with the majority having longest dimensions
of 0.4 to 0.7 µm. For surface waters, the only envi-
ronmental variables with which total cell concentra-
tions correlated significantly were oxygen concentra-
tion (r = 0.52, p < 0.05) and chl a (r = –0.54, p < 0.05).
Of the other microbial variables, total cell concentra-
tions correlated positively with hybridizable cell
concentrations (r = 0.82, p < 0.001) and negatively
with the archaeal percentage of total cells (r
= –0.52, p < 0.05). Additionally, total cell
concentrations nearshore (<40 km) were
lower than those in the central waters of the
Passage (2-tailed t-test, p < 0.001; Table 3).
In nepheloid samples, total cell concentra-
tions correlated significantly only with tem-
perature (r = 0.76, p < 0.05) and salinity (r =
0.75, p < 0.05).

FISH

Approximately 1⁄2 the cells from all samples
were hybridizable (Table 3). In surface
waters, hybridizable cell concentrations cor-
related positively with PON (r = 0.51, p <
0.05) and CF concentrations (r = 0.61, p <
0.05), in addition to total cell abundance as
noted above. Hybridizable cell concentrations
in nepheloid layers showed no significant
correlations with any other variable but were
higher than those in deep waters (p = 0.02,
Mann-Whitney U-test). No obvious distinc-
tion in cell size or shape was observed
between hybridizable cells and those that did
not hybridize.

Abundance and distribution of Bacteria and CF

FISH demonstrated that Bacteria dominated the
hybridizable cells in all cases, accounting for 67 to
99.8% of the hybridizable cells at all sampling depths
(Table 3) and showing most of the same correlations. In
surface waters, CF ranged from 3.44 to 16.3 × 104 cells
ml–1 and comprised a large fraction of the hybridizable
cells (21 to 76%; Table 3). Surface-water CF abun-
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Fig. 3. Relationship between CF (m) or Archaea (s) and total hybridizable
cells (Bacteria plus Archaea) for all samples (each duplicate plotted
separately). As discussed in the text, CF and hybridizable cell concentra-
tions correlated positively (r = 0.76, p < 0.05); concentrations of Archaea
and hybridizable cells correlated negatively (r = –0.35, 0.05 < p < 0.10)

Microbial variables
Environmental variables Total cells Hybridizable cells Bacteria CF Archaea

Depth –0.52 –0.47 –0.48 –0.68*,b 0.49
Salinity –0.47 –0.51 –0.52 –0.67*,b 0.53
O2 0.70* 0.61* 0.63* 0.83*,b –0.51
NO3 –0.72* –0.64* –0.66* –0.81*,b 0.58a

PO4 –0.60* –0.58* –0.59* –0.63*,b 0.51a

SiO4 –0.68* –0.63* –0.64* –0.78*,b 0.51a

Particles –0.45 ns –0.41 –0.54b 0.73*,a

PON 0.60 0.57 0.57 0.63b ns
Chl a ns ns ns nsb –0.40
ar-values for Archaea as % of total and of hybridizable cells were highly significant (p < 0.001)
br-values for CF as % of total and of hybridizable cells were significant (p < 0.05)

Table 4. Pearson correlation coefficients (r) for significant (p < 0.05) correlations detected between microbial and environmental
variables in all samples, using Student’s 2-tailed t-test. Environmental variables tested but not yielding significant correlations in-
cluded temperature, POC and C:N ratio. Bold: negative correlations; *highly significant (p < 0.001); ns: not significant



Aquat Microb Ecol 31: 19–31, 2003

dance correlated positively with POC (r = 0.63, p <
0.05) and PON (r = 0.55, p < 0.05), in addition to the
concentration of hybridizable cells as noted earlier. In
nepheloid layers, CF concentrations ranged from 3.5 to
9.8 × 103 cells ml–1 or 3.2 to 9.5% of hybridizable cells
(Table 3); no significant correlation with any variable
was found. In deep samples, CF ranged from 4.7 to
14.8 × 103 cells ml–1 or 7.6 to 27% of hybridizable cells
(Table 3).

When samples from all environments were pooled,
CF concentrations showed highly significant (p <
0.001) negative correlations with depth, salinity and
macronutrient variables, and a highly significant posi-
tive correlation with oxygen (Table 4). CF also
increased significantly (p < 0.05) with PON and, when
considered as a fraction of the total and hybridizable
cells, with chl a concentration; they decreased,
however, with particle concentration (Table 4). CF
correlated with all other microbial variables examined:
positively and highly significantly (p < 0.001) with con-
centrations of total cells (r = 0.76), of hybridizable cells
(r = 0.76; Fig. 3) and of Bacteria (r = 0.82); negatively
with the concentration of Archaea (r = –0.50, p < 0.05).
Most of the same correlations were observed if derived
variables for CF (the fraction of total or hybridizable
cells) were considered instead (see footnote to
Table 4). When relationships were examined together
(Table 4), CF, Bacteria, hybridizable cell and total cell
concentrations all correlated significantly and similarly
with most of the same environmental variables (Table
4).

Abundance and distribution of Archaea

In surface waters, the concentrations of Archaea
were low, ranging from 0.34 to 7.15 × 103 cells ml–1

with a median of 1.81 × 103 cells ml–1 (Table 3). They
constituted less than 1% of the total or hybridizable
cells (ranges of 0.1 to 2.6 and 0.2 to 4.6%, respectively;
Table 3). The abundance of Archaea in surface-water
samples correlated positively with depth and macro-
nutrient concentrations (p < 0.05) and with salinity (p <
0.054).

In contrast to surface waters, concentrations of
Archaea in nepheloid layers were higher, ranging from
4.97 to 20.6 × 103 cells ml–1 (median of 7.70 × 103 cells
ml–1; Table 3). Up to 13% of the total cells hybridized
with ARCH915, equivalent to 33% of the hybridizable
cells (Table 3). The abundance of Archaea correlated
positively and highly significantly with PON (r = 0.97,
p < 0.001). The archaeal fraction of hybridizable cells
also increased significantly with the number of yellow
particles quantified by DAPI (r = 0.76, p < 0.05). The
median concentration of Archaea (1.45 × 103 cells ml–1)

in deep samples was significantly lower than in neph-
eloid layers (Mann-Whitney U-test, p = 0.02) and
represented a smaller percentage of the hybridizable
cells (3.7%; Table 3).

Pooling data on Archaea from all environments
revealed significant positive correlations between
abundance of Archaea and depth, salinity and macro-
nutrient variables (Table 4). The additional positive
correlation observed between abundance of Archaea
(as well as the archaeal fraction of total and hybridiz-
able cells) and particle concentration was highly sig-
nificant (p < 0.001; Table 4). Negative correlations
were detected between abundance of Archaea and
oxygen and chl a (Table 4), as well as total cells (r =
–0.43, p < 0.05). In general, use of derived archaeal
variables either did not alter the significance of a cor-
relation or else increased it (e.g. the archaeal fractions
of total and of hybridizable cells yielded highly signifi-
cant positive relationships with macronutrient concen-
trations; Table 4). A striking observation from the
pooled samples is that the concentration of Archaea,
compared to all other microbial variables, shows
significant but opposite correlations to the major envi-
ronmental variables considered in this study (Table 4).

DISCUSSION

Surface water

Little oceanographic information is available for
Amundsen Gulf and Dolphin and Union Strait, where
the majority of our sampling took place. Previous work
has focused mainly to the west, in the Beaufort Sea
(e.g. Iseki et al. 1987, Macdonald et al. 1998) and near
the Mackenzie River delta (e.g. Macdonald et al. 1989,
Omstedt et al. 1994), as well as to the east, in Resolute
Passage and beyond (e.g. Pomeroy et al. 1990, Huston
& Deming 2002). During our sampling period, salient
features of the region included low surface-water
salinities, reflecting the important freshwater inputs of
melting sea ice and rivers (Carmack & Macdonald
2002; Fig. 2, Table 2), and macro-nutrient and chl a
concentrations indicative of oligotrophy (Table 2). The
commonly small cell sizes we observed were also con-
sistent with an oligotrophic environment (Morita 1997).

Although the total cell abundances we measured
(median of 4.05 × 105 cells ml–1) are low compared to
most temperate coastal environments, they fall within
the range reported for the nearby Beaufort Sea (3.7 to
4.5 × 105 cells ml–1; Griffiths et al. 1978) and Mackenzie
River estuary (1 × 104 to 5 × 106 cells ml–1; Parsons et al.
1988, 1989), and for the more distant Chukchi Sea (2.0
to 9.4 × 105 cells ml–1; Yager et al. 2001) in mid-to-late
summer. Parsons et al. (1988) reported that bacterial
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production nearshore was much lower than in more
oceanic provinces of the Mackenzie River estuary.
Although possible explanations, including differences
in terrigenous input and ice dynamics between the 2
regimes, have not been tested rigorously, our finding
of significantly higher cell concentrations in off-shore
surface waters than in coastal waters (Table 3) sup-
ports the pattern they observed.

The sizeable fraction (approximately 1⁄2) of the micro-
bial community in the Northwest Passage that did not
hybridize with either of the 2 domain-level probes is
consistent with the oligotrophic nature of the environ-
ment during our sampling period. Similarly low or
lower fractions of hybridizable cells have been
reported in other mesotrophic or oligotrophic systems,
including those in cold environments (Alfreider et al.
1996, DeLong et al. 1999, Glockner et al. 1999). Com-
pounding the effect of oligotrophy in our study may be
an enhanced bacterial substrate requirement at low
temperatures (Li & Dickie 1984, Pomeroy & Deibel
1986, Pomeroy & Wiebe 2001). Since the threshold
signal of FISH depends on the cellular rRNA content
(e.g. Kemp et al. 1993), the hybridizable cells can be
interpreted as an indicator of the more active cells in
the community. Such an interpretation of FISH results
has been shown to correspond well with autoradiogra-
phy, another measure of cellular activity (Karner &
Fuhrman 1997). Thus, the low fraction of hybridizable
cells that we observed in the Northwest Passage at the
end of summer likely reflects a similarly low fraction of
active cells, due to the combination of oligotrophy and
cold temperature.

We cannot rule out the possibility, however, that the
2 domain-level probes missed important microbial
constituents. Recent work has indicated that the probe
EUB338 may fail to hybridize with many of the Plancto-
mycetales and Verrucomicrobia (Daims et al. 1999).
Studies of Antarctic and North Sea surface waters and
of Arctic sediments have documented that the Plancto-
mycetales are generally small components of the
microbial communities there (<4% of the total cells;
Glockner et al. 1999, Ravenschlag et al. 2001). Less is
known about the distribution of the Verrucomicrobia
in high latitude oceans, but they have been detected in
the Arctic (6% of clone sequences; Bano & Hollibaugh
2002). Since most of the cells that we observed were
very small (~0.5 µm), the majority of the unhybridized
cells were unlikely to have been Eukarya.

CF were abundant members of the surface bacterio-
plankton representing approximately 20% of the total
cells or 35% of the more active ones. At 3 stations in
the eastern Amundsen Gulf (AGT4, CP3 and CP5;
Fig. 1, Table 3), CF were ≥70% of the hybridizable
cells. These results demonstrate that CF are numeri-
cally important members of the surface bacterioplank-

ton community in this environment, in accordance with
literature-based expectations. The significant positive
correlations of CF with POC, PON and hybridizable
cells all suggest that CF abundance may reflect to a
large extent their success as heterotrophic competitors,
as others have discussed (Kirchman 2002).

In contrast to CF, Archaea were not abundant in sur-
face waters, typically representing less than 1% of the
total (0.1 to 2.6%) or hybridizable (0.2 to 4.6%) bacte-
rioplankton. These low percentages are similar to
those reported over 2 austral summers for coastal
Antarctic waters (0.2 to 1.3% of the hybridization sig-
nal in 1994 to 1995, Murray et al. 1999a; 2.3 ± 2.4% in
1996 to 1997, Murray et al. 1998). During winter and
spring, however, the Antarctic Archaea became sub-
stantial components (approximately 1⁄3) of the surface-
water hybridization signal (Murray et al. 1998). Sur-
face-water Archaea in the Northwest Passage became
significantly more abundant with conditions character-
istic of deep waters, such as higher macro-nutrients
and salinity (similar correlations were seen with
pooled data; Table 4) and tended to increase with de-
creasing temperature. These relationships may imply a
deep-seeding source for the surface-water Archaea in
this Arctic region, as also suggested for surface-
dwelling Crenarchaeota found in the Santa Barbara
Channel (Murray et al. 1999b).

Nepheloid layers

Nepheloid layers of varying extent are common
oceanic features of coastal environments, continental
shelves and slopes and the deep sea (McCave 1986,
Azetsu-Scott et al. 1995). Generally, they are associ-
ated with the bottom (benthic nepheloid layers), where
they form predominantly by sediment resuspension
caused by turbulence or internal waves. Other forma-
tion mechanisms are also possible, however, including
biological processes such as bloom sedimentation or
physical processes that reflect strong pycnoclines or
turbid water intrusions from rivers (Azetsu-Scott et al.
1995). Coastal erosion (Macdonald et al. 1998), scour-
ing by sea-ice keels (Reimnitz et al. 1987, Hequette et
al. 1995) and storm resuspension (Hill & Nadeau 1989)
have been documented as important particle sources
on the Canadian Arctic Shelf. Extensive shipboard
measurements to determine the source and mechanis-
tic origin of the nepheloid layers detected during our
cruise were not possible; however, particle concentra-
tions in the nepheloid samples we collected did not
correlate with depth above bottom, as might be
expected were they resuspended bottom sediments.
That 1 water column profile (Fig. 2A) exhibited both
benthic and intermediate nepheloid layers suggests
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that the layers cannot easily be explained by any
single source or mechanism.

Other studies have suggested that nepheloid layers
can be nutritionally enriched environments compared
to the surface or adjacent deep waters (Kamykowski &
Bird 1981, Checkley et al. 1992, Boetius et al. 2000).
Benthic nepheloid layers examined in the Gulf of
Maine (Townsend et al. 1992), Kiel Bight (Ritzrau &
Graf 1992), the deep Arabian Sea (Boetius et al. 2000)
and the Northeast Water, an Arctic polynya (Ritzrau &
Thomsen 1997, Ritzrau et al. 1997), all supported
greater bacterial abundance and/or biomass relative to
nearby deep waters. The following are consistent with
the possible nutritional advantages of the nepheloid
layers that we sampled, in which yellow particles
stained by DAPI were abundant: the report that such
particles are rich in labile organics (Mostajir et al.
1995), the positive correlation we observed between
nepheloid particle and chl a concentrations, and the
significantly higher concentrations of hybridizable
cells in the nepheloid layers than in deep waters
(Mann-Whitney U-test, p = 0.02). However, while the
nepheloid layers of the Northwest Passage had higher
macro-nutrient concentrations than surface waters
(Table 2), no clear nutritional advantage distinguished
nepheloid layers from deep waters in our study: macro-
nutrient, POC, PON and chl a concentrations were
statistically indistinguishable between those 2 sample
types. Among all the environmental variables we
measured, only particle concentrations differed sig-
nificantly between nepheloid layers and deep waters.
It is possible that particles mediate the availability of
substrate by scavenging and concentrating it on a
microbially relevant scale, or by supplying it through
decomposition, but our bulk measurements could not
have detected these processes.

In contrast to their high representation in surface
waters, CF were a small percentage of the total and
hybridizable cells in nepheloid layers (medians of 3.0
and 7.3%, respectively). These results are surprising,
given the frequent association of CF with particles in
other marine environments (DeLong et al. 1993, Rath
et al. 1998, Crump et al. 1999), although whether that
association changes with different types of particles is
not well known. In fact, CF abundance in the North-
west Passage correlated negatively with particle con-
centration (Table 4), leaving CF distribution in the
region better explained as a function of depth or of
other factors with a depth-dependence, including
macro-nutrient and oxygen concentrations (to which
CF correlated with high significance; Table 4). Overall,
CF appeared to be more competitive in surface envi-
ronments supporting larger cell populations and sup-
plies of available organic substrate (as reflected by the
positive correlation between CF as a percentage of

total cells and chl a concentration; Table 4). We cannot
exclude the possibility, however, that CF319a failed to
hybridize with some of the CF: a recent study indicated
that less than 50% of epilithic CF in a clone library
were detected by this probe (O'Sullivan et al. 2002).

Unlike the CF, Archaea were enriched in nepheloid
layers, where the archaeal fraction of hybridizable
cells correlated positively and significantly with parti-
cle concentration. Thus, the Archaea were specifi-
cally associated with the only physical-chemical fea-
ture that distinguished nepheloid layers from deep
waters in our study. Whether this reflects the particle
source or selection for Archaea in nepheloid layers
remains unclear. That archaeal concentration (and
percentage of both total and hybridizable cells) over
the entire data set correlated positively with high sig-
nificance to particle concentrations (Table 4) strongly
suggests a specific link of these Archaea to particles
and the pelagic environments where the particles
accumulate. Crump & Baross (2000) reported high
diversity of Archaea associated with particles in the
turbidity maximum of the Columbia River estuary,
but archaeal abundance was not measured and they
ultimately concluded that the Archaea were largely
allochthonous. Although a distant source may also
pertain in this study, allochthony does not preclude
the possible involvement of the Archaea associated
with nepheloid layers in pelagic processes of the
Northwest Passage. The highly significant correlation
(r = 0.97, p < 0.001) between abundance of Archaea
and PON concentration in nepheloid layers in this
study, the frequent importance of nepheloid layers or
estuarine turbidity maxima to nitrogen cycling in the
water column (e.g. Owens 1986, Balls et al. 1996,
Abril et al. 2000, Brion et al. 2000), and the significant
correlations of both the Group I and II Archaea with
nitrite in the Santa Barbara time series (Murray et al.
1999b) all suggest the involvement of some of the
planktonic Archaea in the marine nitrogen cycle, pos-
sibly as denitrifiers (Sinninghe Damste et al. 2002) or
nitrifiers.

A final, general observation on archaeal distribution
comes from analysis of the entire data set. The abun-
dance of Archaea increased significantly as the con-
centrations of chl a, total cells and Bacteria decreased.
It also decreased with hybridizable cell concentrations
(Fig. 3) and correlated significantly but oppositely with
the same environmental variables, including particle
concentration, as the Bacteria, CF and total cell con-
centrations (Table 4). Negative correlations with total
cell abundance and chl a have also been observed in
other data sets (e.g. Murray et al. 1998, 1999b) and
might be considered diagnostic of the planktonic
Archaea, especially the Group I Crenarchaeota
(Massana et al. 1997, 1998).
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CONCLUSIONS

In this study of the distribution and diversity of bac-
terioplankton in the western region of the Northwest
Passage, the abundances of Bacteria, CF and Archaea
were determined in surface waters, nepheloid layers
and deep waters during an oligotrophic period in late
summer. Results for surface waters reaffirmed the
numerical importance of CF in cold, high latitude
marine environments and correspondingly low num-
bers of surface-water Archaea. CF were considerably
less abundant in the nepheloid layers of the region, in
spite of the well-known proclivity of CF for particles.
Instead, nepheloid layers were enriched in Archaea.
This specific association of Archaea with particle-rich
waters and the significant positive correlation of
Archaea to particle concentration region-wide reveal a
previously unrecognized niche for marine Archaea
that may hold important clues to their biogeochemical
functions.
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