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Abstract

During a spring—summer bloom in a large Arctic polynya, vertically distinct protist communities (phytoplankton
and protozoa) occurred within layers caused by interleaving and entrainment of different water masses. We devel-
oped aternary community distance index to quantify the variability in protist community structure in these hetero-
geneous surface layers. This index was highly correlated (r = 0.984, n = 6) with the extent of physical interleaving
(quantified as the root mean sgquare deviations in temperature between measured and smoothed profiles) indicating
a high degree of physical—hiotic coupling within water columns of the polynya. Water mass layering created fa-
vorable conditions for ciliate blooms. These blooms were associated with distinct temperature-salinity layers. These
layers might act as processing traps for particulate organic matter, with highest concentrations of viruses and bacteria
(specifically cells with open or leaky membranes, suggesting microbial grazing pressure) occurring in highly inter-
leaved water columns. In contrast, viral and bacterial concentrations were lowest at a noninterleaved station where
protist biomass was dominated by flagellates and small dinoflagellates that were evenly distributed down the water
column. Water mass interleaving is likely to contribute to microbial biodiversity, community structure and vertical

segmentation of biogeochemical processes in the upper ocean.

Water masses can be defined by their temperature (T) and
salinity (S) characteristics, which are determined by atmo-
sphere—ocean interactions and freshwater input from rivers
or ice melt. Once formed, the waters can be transported away
from their site of origin and can be tracked by their distinct
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TS signatures. In areas of complex hydrodynamics, waters
of similar density but different TS characteristics meet and
interleave to form intrusions and isolated lenses. Although
these intrusions and lenses might not be evident from sigma-
T density profiles, vertically and horizontally varied mixed
layers are not unusual (Lal and Lee 1988). In many oceans,
“cold fresh” and “warm salty” waters readily interleave
(May and Kelley 2001). Although much documented evi-
dence of this phenomenon is from deeper waters, inspection
of TS profiles shows that the phenomenon also occurs in the
upper 100 m and is therefore relevant to biological processes
in the upper ocean (Béacle et al. 2002).

Horizontal patchiness of protist communities (phytoplank-
ton and protozoa) is recognized as an important factor con-
tributing to uncertainties in estimates of global carbon fixa-
tion, and variations in vertical structure have been suggested
as being equally important (Sathyendranath et al. 1995). Var-
iations in the vertical distributions of chlorophyll a (Chl a)
with depth is well documented (Richardson et al. 1985;
Barth et al. 2001), and there is increasing evidence for dis-
tinct vertical and horizontal variability in the distribution of
major algal groups (Wright and van den Enden 2000). How-
ever, analysis of protist community structure is rare, in part
because species data can only be obtained from direct mi-
croscopic examination, which is labor intensive and requires
taxonomic expertise.

Fronts and intrusions can result in internal resuspension
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and retention of particles leading to phytoplankton patchi-
ness (Franks 1995). Fronts associated with interleaving wa-
ters could also generate habitats for heterotrophic protists
and bacteria that benefit from transparent exopolymeric par-
ticles formed under turbulent conditions and subsequently
trapped at density interfaces (Maclntyre et al. 1995; Schuster
and Herndl 1995). Although interleaved waters persist over
time scales relevant to microbial life cycles, their effects on
microbial communities have not been explored.

Bacteria and viruses in open waters are dependent on bi-
ologica carbon fixed in the euphotic zone. Bacterial abun-
dance is generally correlated with phytoplankton biomass
(Simon et a. 1992) and has been used as a tracer of water
masses (Talpsepp et al. 1999). Heterotrophic bacteria persist
in a variety of states from dead to very active (Zweifel and
Hagstrom 1995; Gasol et al. 1999; Barer and Harwood
1999), and the proportion of inactive, damaged, or dead cells
varies over time, area, depth, and according to photosyn-
thetic biomass and the presence of bacterial grazers (Gasol
et al. 1999). In the same way that bacterial abundance can
be useful for tracing water masses, the proportion of healthy
versus less healthy bacteria is likely to provide information
on the microbial history of a given parcel of water. For ex-
ample, more bacteriawould be expected in regions with high
concentrations of utilizable substrates. Furthermore, dam-
aged and dead bacteria would accumulate over time within
longer lived areas of resuspension and retention because
grazers often discriminate against dead bacteria (Gonzélez
et a. 1993; Boenigk and Arndt 2000). Viruses are closely
associated with suitable hosts, and because viruses have both
high production and loss rates (Wommack and Colwell
2000), the ephemeral concentration of viruses could aso be
a useful indicator of water parcel duration.

Protist species composition provides additional clues for
tracking the history or persistence of interleaved waters. Cil-
iates and dinoflagellates often follow diatom blooms (Lev-
insen et al. 1999) and ciliate patches have been observed in
association with intersecting water masses in the Irish Sea
(Montagnes et al. 1999). Ciliates are relatively independent
of irradiance. If ciliates are cut off from a supply of suitable
prey, they quickly die or perhaps form cysts (Montagnes
1996). This implies that ciliates are sensitive to short-term
conditions. Thus, the structure and species composition of
the protist community, along with the associated bacterial
and viral characteristics, could provide evidence as to wheth-
er communities within distinct TS layers are part of a bloom
that is actively growing and maintained by trapping and re-
tention of surface-produced particles, such as aggregates of
phytoplankton and marine snow (Maclntyre et al. 1995), or
are simply a community that results from sinking of senes-
cent phytoplankton cells. The existence of retentive TS lay-
ers would affect the depth of remineralization of particulate
organic matter (POM) and, thus, the biogeochemical dynam-
ics and fate of carbon in the upper ocean.

The North Water Polynya (NOW), a large region of per-
sistent ice-free conditions between Ellesmere Island (Cana-
da) and Greenland, provided an ideal environment to assess
the effects of water column interleaving on microbial com-
munity structure. Polar seas are typicaly regarded as sys
tems with well-mixed, unstable surface layers. However, ho-
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mogenous density profiles in the NOW region belie a high
degree of structure caused by water column interleaving
(Melling et a. 2001; Bacle et al. 2002). Our overall objective
in the present study was to examine water columns subjected
to different degrees of interleaving and to determine how the
physica structure affected microbial populations. We ex-
amined vertical community structure and compared phyto-
plankton and other protists within layered water columns to
those in a nonlayered water column. Other characteristics of
these communities—such as nutrient levels, the distribution
of total bacteria, bacteria with damaged or open membranes,
actively respiring bacteria, and viral concentrations—were
investigated to identify additional key variables that could
be used to characterize the history and persistence of the
interleaving waters.

Materials and methods

Physical measurements and field sampling—The NOW
(Fig. 1) is an 80,000-km? region of recurrent open water
within the ice pack between Ellesmere Island (Canada) and
Greenland (longitude 76—79°N and centered at about latitude
75°W). The region was intensively sampled on board the
Canadian icebreaker Pierre Radisson between April and July
1998 as part of the International North Water Polynya Study.
NOW occurs annually after an ice bridge forms across Smith
Sound at its northern boundary. Water from under the Arctic
Ice Pack flows into Northern Baffin Bay, where it meets
Atlantic deep water and other locally modified water masses.
Samples for this study were collected in June 1998. Casts
were obtained using a Falmouth Scientific Instruments In-
tegrated CTD or SeaBird-25 CTD. Sdlinity (S) samples for
calibration of CTD measurements were analyzed with a
Guildline Auto-Sal salinometer. Values of potential temper-
ature (0) and potential density were computed using the a-
gorithms given in UNESCO (1983).

Six sites were selected to represent the greatest possible
range of conditions within the logistical constraints of the
overal program (C18, C23, C40, C44, C56, and C72, Fig.
1). Sampling depths were selected while viewing the tem-
perature and salinity traces of the downward CTD casts, and
depths were selected to reflect as many conditions as pos-
sible down the water column. All stations were sampled be-
tween 0630 and 0800 h local time. Five of the sites were
sampled at six depths from near surface to 200 m, and one
site (C18) at four depths. One additional site (C47) was sam-
pled at 11 and 200 m to verify methods used for bacterial
enumeration. In situ optical measurements were made with
a Satlantic SeaWiFS profiling multichannel radiometer to es-
timate the diffuse attenuation coefficients of photosyntheti-
cally available radiation (PAR). Water samples were col-
lected using either a rosette sampler (Genera Oceanics)
equipped with 10-liter Niskin-type bottles and the Falmouth
Scientific Instruments Integrated CTD or 5-liter Niskin bot-
tles on a line when physical measurements were made using
the SeaBird-25 CTD. Autoclaved 2-liter Nalgene polycar-
bonate bottles were rinsed three times with sample water
before filling. All biological analyses were from subsamples
of these bottles, which were kept in darkness between 0 and
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Fig. 1. Map of the North Water Polynya; station numbers are preceded by a ““C” in the text. The polynya forms in winter when an

ice bridge blocks Smith Sound.

2°C during manipulations. Nutrient samples were taken from
Niskin bottles from the same cast. When the rosette was
used, water samples were from the same cast as the physical
profiles presented here. When a line was used, samples were
collected immediately after the CTD profile.

Chemical and biological measurements—Samples for Chl
a were filtered onto Whatman GF/F filters, which were
stored frozen. These were later extracted ashore in boiling
ethanol and measured fluorometrically using a Sequoia-Turn-
er model 450 spectrofluorometer (Nusch 1980; Jeffrey and
Welschmeyer 1997). Samples for analysis of fluorescent
chromophoric dissolved organic matter (FCDOM) were pre-
filtered on board the ship using 0.2-um Sartorius Minisart
syringe filters. The filtrate was stored in darkness at 2°C in
amber glass bottles until analysis by fluorescent emission
scanning over 400—600 nm using an excitation wavelength
of 348 nm. Raman units (Ru) were calculated from the 435-
nm peak divided by the area under the Raman peak (Deter-
mann et al. 1994). Soluble reactive phosphorus (SRP) and
nitrate + nitrite (N) were analyzed on board the ship with
an ALPKEM autoanalyzer and colorimetric protocols (Gras-
shoff 1976).

Virus-sized particles (VSP) were estimated using a mod-
ification of the Noble and Fuhrman (1998) technique. Sam-
ples (1 ml) preserved with amix of glutaraldehyde and form-
aldehyde (Tsuji and Yanagita 1981) were filtered onto a

0.02-pum, 25-mm Whatman Anodisc filter and stained using
amixture of SYBR | and SYBR Il green (Molecular Probes)
fluorescent DNA and RNA markers, respectively (final di-
lution 4 X 103 v/v each). The filters were then mounted
between a dlide and cover dlip using Aquapolymount (Po-
lysciences). The dlides were stored flat at 2°C for 24 h and
stored frozen until examination by microscopy up to 2 weeks
later. The VSP were counted at X1,000 under epifluores-
cence using a Zeiss Axiovert 10 microscope equipped with
a blue filter block (Zeiss block 4877 09).

For bacterial anaysis, subsamples of water were pre-
served in 2% final concentration EM-grade paraformalde-
hyde and stored 1-4 weeks before staining with 4',6-diam-
idino-2-phenylindole (DAPI, 0.0007 v/v) and filtering onto
membrane filters (Porter and Feig 1980). Bacteria were
counted with a Zeiss Axiovert 10 at X1,000 and an ultra-
violet (UV) filter block (Zeiss 4877 02). Bacteria-sized ac-
tively respiring cells (ARCs) were estimated using 5-cyano-
2,3 ditolyl tetrazolium chloride (CTC) as in Lovejoy et al.
(1996). On board the ship, bacterial abundance was also es-
timated on freshly collected subsamples (no preservative)
after staining with two fluorophores, SYBR green | (SYBR)
and SYTOX (Molecular Probes). These two stains both fluo-
resce green under blue excitation and were compatible with
the microscope filter blocks available on board the ship. The
bright fluorescence of these two stains also meant that cells
were unambiguously counted under difficult conditions.
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Fig. 2. Initial comparison of SYBR green | (total bacteria) and
SYTOX (open-membrane bacteria, OMB) using samples taken from
Sta. C47 (see Fig. 1). Samples were taken at 11 m (upper euphotic
zone above the halocline) and 200 m. The bars indicate the means
of three replicates for the two treatments at the two depths; error
bars indicate standard deviations.

SYBR | binds to double-bonded DNA and has cell wall per-
meability characteristics similar to the more commonly used
DAPI and Hoechst 33342 stains, which means that it easily
enters both live and dead cells (product information from
Molecular Probes). SYTOX is also DNA specific, but it is
actively excluded by many bacteria with functional mem-
branes and is used to test for cells with compromised (Ieaky)
membranes. It has been suggested that it is equivalent to the
more widely used propidium iodide (product information
from Molecular Probes; Roth et al. 1997). These samples for
bacteria were stained and mounted on slides within 5 h of
collection. All manipulations were done in a laboratory that
was aways cooler than 8°C. For both SYBR and SYTOX
markers, the technique for staining was similar to that used
for viruses, with the following modifications: 6 ml of sample
was filtered onto 0.2-um, 25-mm Whatman Anodisc filters.
The filter was floated on a 75-ul drop (4 X 102 dilution)
of either SYTOX or SYBR for 15 min, then rinsed by suc-
cessively placing the filter onto three 70-ul drops of 0.2-um
filtered seawater for 5 min each to eliminate unbound dye
from the filter surface. The filters were then mounted onto
slides using Aquapolymount media. The slides were stored
frozen for 24—48 h and counted on board the ship at < 1,000
using an Olympus BH2 fluorescence microscope fitted with
an Olympus blue filter block. Between 400 and 800 cells
were counted in all cases. At Sta C47, SYBR and SYTOX
stains were compared at two depths using three replicates
each. The three replicates were normally distributed (Kol-
mogorov—Smirnov normality test) with standard errors from
4 to 10% of the means (Fig. 2), which is considered ac-
ceptable for this type of data (Duarte et al. 1990). Because
total bacteria were more abundant or equal to SYTOX bac-
teria, we considered SYTOX bacteria as a subpopulation of
the total bacteria. SYTOX-stained cells were designated
OMB (open-membrane bacteria).

Eukaryotic microbes (phytoplankton, colorless flagellates,
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ciliates, and other protists, referred to collectively as protists
throughout the remainder of this paper) were counted using
a combination of fluorescence, Nomarski optics, and Uter-
mohl sedimentation (FNU). This method has been found to
give excellent agreement with total counts using a membrane
method but, in addition, provides detailed taxonomic infor-
mation (see referencesin Lovejoy et a. 2002). Samples were
immediately preserved in a buffered glutaraldehyde—form-
aldehyde mixture and kept at 2°C in the dark (Tsuji and
Yanagita 1981). For these samples, 45 ml was sedimented
for several weeks in 50-ml Corning centrifuge tubes, after
which the top 40 ml was carefully removed using a Pasteur
pipette. The final 5 ml was placed in a sedimentation cham-
ber with DAPI (0.0007 v/v) and Calcofluor white (0.001
v/v), and resettled for 24 h prior to counting. The DAPI was
used to visualize the DNA within the nucleus and Cal cofluor
to stain cellulose and chitin for quick identification of thecate
dinoflagellates and loricate taxa such as Dinobryon spp.
DAPI and Calcofluor fluoresce slightly different shades of
blue under UV excitation (Zeiss Filter block 4877 02). Chl
a in cells was confirmed under a blue Zeissfilter block (4877
09), and the presence of phycobilin in cryptophytes was ver-
ified using a green filter block (Zeiss 4877 15). The samples
were counted at X100, X400, and X1,000 with a Zeiss Ax-
iovert 10 or 100 inverted microscope. In deep (100 and 200
m) samples, atotal of 125 to 500 cells were counted (except
for C40, 200 m, where after 200 fields only 14 individua
cells were seen). In the upper water column, 400 to 2,500
cells were counted (except C23, 5 m, where 6,291 cells were
seen in 200 fields). Phytoplankton and other protists were
identified to the lowest taxonomic level possible using light
microscopy (details in Lovejoy et al. 2002). Cell volumes
were calculated as in Hillebrand et al. (1999) and carbon
contents estimated as in Menden-Deuer and Lessard (2000).
To minimize the accumulated error involved in estimating
differences between communities, we used biomass C values
in our subsequent index, as suggested by Duarte et a.
(1990).

To quantify differences in protist community structure
down the water column and to compare stetions, a ternary
community difference (TCD) index was developed. The pro-
portional contribution of the three functional and taxonom-
ically defined protist groups (diatoms, ciliates including tin-
tinnids, and flagellates along with dinoflagellates) to
community carbon biomass at each depth was plotted in ter-
nary space. The aim was to identify three mutually exclusive
categories that represented varying proportions of eukaryotic
biomass within the samples. A ternary plot was made for
each station containing N loci (X, y, ), where N is the num-
ber of depths sampled at that station. The loci for adjacent
depths were joined by straight lines and the cumulative dis-
tance between all loci was then determined. This value was
divided by the maximum distance possible between all
points, [N — 1] X 100, to give a dimensionless TCD index.

N

[(Xiv Yir Zi) - (Xi—lv Yie1 Zt—l)]
[N — 1] x 100

TCD = =2
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Fig. 3. Lines indicate TS characteristics of the six stations that were intensively sampled (see
text). The triangles on the TS lines indicate where samples were taken and circles are FCDOM
values in Raman units (left axis); no FCDOM data were available for Sta. C18.

An index of physical interleaving (IPI) was calculated by
first applying a smoothing filter consisting of a Kaiser—Bes-
sel window with a half-width of 10 m to the raw temperature
data from the surface halocline down to a depth of 200 m
and then cal culating the root mean square difference between
this smoothed temperature profile and the raw temperature
data.

Results

Physical properties of the water columns—Temperature—
salinity diagrams show that the extent of water mass inter-
leaving was variable but could be detected at al stations
sampled except C72 (Fig. 3). Stas. C23 and C56 showed
some surface freshening (salinities less than 32.5) associated
with ice melt. There were anomalies associated with inter-
leaving at other stations in the form of temperature spikes
above the base of the polar mixed layer (PML; McLaughlin
et a. 1996) located at salinities of ~33.6. Fluorescent chro-
mophoric dissolved organic matter (FCDOM) was another
indicator of different waters. The FCDOM concentrations
were higher in the northern part of the polynya (Sta. C23)
and lowest near the southern regions (Stas. C56 and C72).
The FCDOM coefficients of variation within the upper 100
m (n = 5) were 20% at Sta. C40, 16% at C44, 12% at C23,
7% at C56, and 8% at C72 (Fig. 3); no FCDOM data were
available for Sta. C18.

The depth—temperature profiles aso highlight that inter-
leaving was greatest at Sta. C23 and least at C72 (Fig. 4).
The depth limit of the euphotic zone, defined as 1% of sur-
face PAR, was near 20 m at Stas. C23, C44, C40, and C18;
~37 m for C56; and ~47 m for C72. Nutrients were de-
pleted in the upper euphotic zone for al stations except C72
(Fig. 5). Nitrate N was lower than SRP near the surface at
Stas. C23, C44, and C56. The nitracline varied from <19 m
(C40) to >50 m (C23). At Sta. C23, there were dlightly
higher nutrient concentrations at 16 m compared to 40 m

(Fig. 5).

Biological characteristics of the water column—At all sta-
tions, Chl a concentrations generally decreased down the
water column and showed no correlation with protist bio-
mass (r = 0.48, p > 0.05). Near-surface Chl a concentra-
tions were highest overall at Sta. C23, with values of 6.9
and 8.8 ug L~ for 5 and 16 m, respectively, and at Sta. C18
with 7.3 and 4.9 ug L-* at 10 and 40 m, respectively. Chl
a concentrations within the euphotic zone at the other sta-
tions varied from 1.4 to 3.6 ug L

Large differences among stations were evident in the pro-
tist biomass profiles (Fig. 4). Sta. C23 had peaks and troughs
in protist biomass, whereas at Sta. C72, the biomass was
greatest near the surface and decreased with depth. The ver-
tical distribution patterns were between these two extremes
at the remaining four stations. VSP concentrations (Fig. 6)
were higher in the samples from <100 m compared to the
samples from 100 and 200 m, except at Sta. C23 where the
value at 100 m was similar to shallower depths. The mini-
mum V SP concentration was at 200 m at C23 (2.07 X 10?
VSP L), but the lowest average water column concentra-
tion of VSP was at Sta. C72. There was no linear relation-
ship between protist biomass and VSP; however, the two
variables were significantly correlated (Spearman’s rank or-
der coefficient of correlation, p = 0.62, p = < 0.001). VSP
and bacteria numbers were also correlated (p = 0.64, p <
0.001).

There was a positive relationship between DAPI bacteria
and SYBR-stained bacteria (p = 0.75, p < 0.001). The es-
timates of SYBR bacteria were generally higher than those
of DAPI bacteria, and counts from the SYBR treatment are
therefore considered as total bacteria (all bacteria-sized par-
ticles that contained sufficient DNA to be stained) through-
out the rest of this paper. At Sta. C47, SYBR and SYTOX
stains were compared at two depths using three replicates
each (Fig. 2). There were significant depth and stain effects
(two-way ANOVA, p < 0.001, for both variables). SY TOX
stained cells were designated OMB.

The relative duration of bacterial activity was inferred
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Fig. 4. Protist biomass at the six intensively sampled stations. The stacked bars indicate protist
biomass C (umol C L) for the three groupings used for the TCD index (see text).

from the minimum numbers of total bacteria and OMB. The
lower concentration of bacteria-sized particles in most ma-
rine surface watersis ~2.5 X 10° ml—* (Shimeta 1993). Pop-
ulations were considered ‘““relics’ in samples where both
OMB and bacterial concentrations were below this limit. To-
tal bacterial and OMB concentrations greater than this min-
imum value indicated a water mass with current or recent
production. Assuming that at least a fraction of OMB re-
sulted from grazing or viral lysogeny, concentrations of bac-
teria greater than those of OMB were interpreted as situa-
tions in which bacterial production exceeded losses.
Bacterial abundance (Fig. 7) varied among stations and with
depth. Within the upper 100 m, bacterial concentrations were
greatest at Sta. C23, with average integrated values of 1.42
X 10° cells L%, and least at C72, with an average integrated
vaue <0.2 X 10° cells L% There was also greater vari-
ability with depth at Sta. C23 compared to C72. The other
four stations were between these two extremes. At al sta-
tions, minimum total bacterial abundances occurred at 200
m.

The concentrations of OMB (Fig. 7) aso varied consid-
erably with depth at all stations except C72. The greatest
OMB concentrations were from Sta. C23, with an average
integrated concentration in the upper 100 m of 0.69 X 10°
cells L=t At Sta. C72, OMB closely matched total bacteria
and averaged <0.2 X 10° L-* at 38, 57, and 100 m. OMB

concentrations at the remaining stations fell between these
two extremes. The average concentrations of bacteria and
OMB (0.19 X 10° L-%) at Sta. C72 were used to define the
threshold bacterial concentration in the studied system; that
is, the residual concentration corresponding to a low prob-
ability of encounters with grazers and viruses (Shimeta
1993).

Actively respiring cells (ARCs, i.e., bacteria that convert-
ed CTC to a fluorescent product) were determined at four
stations. Both the numbers and proportions of ARCs to total
bacteria were low at these stations. The highest proportions
recorded were 3.0-4.5% at Sta. C56, with 1.3-2.3% at C40,
0.3-0.4% at C44, and 0.7-1.4% at C72. The lowest values
at all stations were in deepest waters.

Biomass peaks and dominant taxonomic groups—The
depth of maximum protist biomass (B,.,) varied among sta-
tions. B, was located in the upper 10 m at Stas. C18, C40,
and C72 and was deeper at Stas. C23 (40 m), C56 (33 m),
and C44 (20 m). At Sta. C72, heterotrophic flagellates and
small (~10-20 um diameter) chlorophyll-containing gym-
nodinoid dinoflagellates were the biomass dominants. At the
other stations, peak biomass corresponded to either diatoms
or ciliates (Fig. 4). At Stas. C23, C40, and C56, ciliate bio-
mass peaked below depths of low biomass. At Stas. C23 and
C40, large (60—70 um) heterotrophic naked gymnodinoid
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Fig. 5. Nutrient profiles (wmol L) at the six intensively sampled stations. Upper dark bars
indicate N (nitrate + nitrite), and lower white bars indicate SRP (soluble reactive phosphorus). The
relative extent of interleaving can be seen by the temperature profiles.

dinoflagellates [Gymnodinium gracile Bergh, Gyrodinium
lachryma (Meunier) Kofoid et Swezy, Gyrodinium pepo
(Schiitt) Kofoid et Swezy, and similar species] were biomass
dominants at 75 m. The protist communities in most of the
other samples were dominated by diatoms; in particular
Thalassiosira spp., most commonly T. antarctica var. bo-
realis G. Fryxell, Douchett et Q. Hubbard and T. hyalina
(Grunow) Gran.

Synthesis—The lowest value for the protist community
index TCD was at Sta. C72 (Fig. 8A), and the highest was
at Sta. C23 (Fig. 8B). For the full set of stations, TCD was
a close linear function of the IPI (Fig. 8C). The greatest
interleaving was at Sta. C23, which showed 12 distinct lay-
ers and had the highest IPI. The lowest IPl was from the
southernmost station (C72). The remaining stations showed
various degrees of water mass interleaving and TCD. Over-
al, the two indexes were strongly correlated (r = 0.984; p
< 0.001; Fig. 8C).

There was also a significant linear correlation between the
IPl and integrated concentrations in the upper 100 m for
OMB (r = 0.81, p < 0.05,n=6)and VSP (r = 091, p
< 0.001, n = 6), but not for total bacteria (r = 0.79, p =
0.053, n = 5). Total bacteria were only estimated at three
depths for Sta. C18; that station was not included in the
analysis.

To analyze water column structure in greater detail, we

classified each sample from all six stations into five broad
““bloom state’’ categories based on relative protist and bac-
teria biomass, nutrient levels, and the dominant protist (Table
1). The prebloom (category 1) was characterized by low pro-
tist biomass and high nutrients. Samples from <100 m at
Sta. C72 made up this group. Taxonomically, flagellates, in-
cluding the enigmatic heterotrophic flagellate Ebriia sp., ac-
counted for the greatest proportion of the total biomass. In
the late to postbloom near surface (category 2), nutrients
were depleted. In this category, the protist biomass near the
surface and away from the halocline was dominated by cil-
iates, including the tintinnid genera Parafavella, Ptychocylis,
and Coxliella or the naked oligotrich Strobilidium sp.; just
above the halocline the protist biomass was dominated by
diatoms, especially Thalassiosira spp. and Coscinodiscus
spp. Below the euphotic zone (category 3), possibly sinking
communities were identified by predominantly phototrophic
protist biomass and high nutrients. Diatoms were mostly the
same species as those within the euphotic zone, but chains
and colonies of Thalassiosira spp., Chaetoceros spp., and
ribbon-forming Navicula spp. contained fewer cells, and the
overall protist biomass was low (<6.2 umol C L-1). Sta
C56 at 49 m depth was exceptional in having the coccolith-
ophorid Coccolithus sp. as the dominant protist. Heterotro-
phic protist communities near the bottom of or below the
euphotic zone (category 4) were dominated by blooms of
either ciliates or large dinoflagellates, with variable nutrient
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Fig. 6. Profiles of VSP (virus-sized particles) at the six intensively sampled stations. Bars in-

dicate VSP L.

concentrations. Deep communities below the PML (category
5) had high nutrients and low protist biomass. Within these
five categories, category 1 and some deep samples within
category 5 had bacterial and OMB concentrations at or be-
low ~0.19 X 10° cells L. Bacteria concentrations were
greater than this threshold for all other samples. VSP con-
centrations were higher in categories 2, 3, and 4 compared
to categories 1 and 5.

Discussion

Physical interleaving—Five of the six stations sampled
had TS profiles consistent with interleaving water masses
above the lower boundary of the PML. The bottom of the
PML is located at the minimum-temperature, 33.6 salinity
knee and was most evident for Stas. C40 and C72 (Fig. 3).
Waters enter the NOW polynya from either the Arctic Ocean
via Smith and Jones Sound (Fig. 1) or from the West Green-
land Current after originating in Southern Baffin Bay and
the Labrador Sea. These two sources are considered ‘* assem-
blies” consisting of the PML (70—100 m depth, and salinities
>33.6) and one or two deeper layers separated by deeper
haloclines. The northern assembly (NA, from the Arctic) and
the southern assembly (SA, from Southern Baffin Bay and
Labrador) combine to form the North Water assembly
(NWA). The NWA can be subgrouped by the relative con-
tributions of the SA and NA as thermohaline intrusions (de-
tails in Bacle et al. 2002). There were intrusions within the

PML above the permanent pycnocline at all stations except
the southernmost (C72, Fig. 3) that were uniquely SA water
(Béacle et al. 2002). The IPI confirmed that Sta. C72 was not
influenced by these intrusions. Stas. C40 and C56 on the
eastern side of the polynya were less affected compared to
Sta. C18 near Smith Sound or C44 near Jones Sound (Figs.
1, 8). Sta. C23 showed the greatest interleaving (highest IPl),
possibly because of Arctic inflows via both Smith and Jones
Sounds (Méelling et al. 2001).

In addition to TS characteristics, the larger coefficients of
variation in FCDOM at Stas. C23, C44, and C40 (Fig. 3)
suggest layers from different source waters. In April, NA
waters had FCDOM values of ~0.04 Ru compared to Baffin
Bay samples that all had values <0.02 Ru (Lovejoy unpubl.
data). The low coefficients of variation for FCDOM at Stas.
C72 and C56 suggest similar source waters in the upper 100
m at these two stations. The larger FCDOM coefficients of
variation at the other three stations indicate either different
source waters or photobleaching followed by entrainment
below the euphotic zone. Between April and June 1998,
Scully and Miller (2000) also found that CDOM, measured
spectrophotometrically, tended to be higher at northerly sta-
tions below the ice bridge near Smith Sound compared to
more southerly stations within the NOW Polynya. They also
noted that, although CDOM in the NOW region could have
been affected by photobleaching, it was considerably less
than in more temperate waters.
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six intensively sampled stations (cells L-1). The relative extent of interleaving can be seen by the

temperature profiles.

Bacterial and viral distributions—The reliability of
counts using two bright green SYBR and SYTOX dyes was
within the error range usually found with microscopic counts
using DAPI or Acridine Orange (Gasol et al. 1999). The two
newer stains did fade rapidly using our mounting media and
protocol, and the addition of an antifading compound or use
of aflow cytometer would probably yield alower coefficient
of variation. We estimated OMB using the membrane-im-
permeant fluorophore SYTOX green, which reportedly has

properties similar to propidium iodide (Roth et al. 1997).
These two dyes are considered markers for dead bacteria
because they are actively excluded by functional membranes
in common laboratory bacterial strains. In contrast, DAPI
and SYBR green | are membrane permeant and stain all
bacteria. The use of impermeant and permeant dyes is the
basis for commercially available viability kits (e.g., Molec-
ular Probes, Boulos et a. 1999). Although these viability
tests work with laboratory strains and under laboratory con-
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Fig. 8. Application of the ternary community difference index (TCD). All members of the protist
community were classified as either flagellates (including dinoflagellates), diatoms, or ciliates (see
text for details). The index is illustrated for Stas. (A) C72 and (B) C23. Panel C shows the rela-
tionship between TCD and the index of physical interleaving (IPI; see text). The line in panel C is

calculated using type |l regression.
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Table 1. Bloom state classification as described in the text. A low ratio (<8, from deep waters) of N: P (umol L-1) indicates drawdown
of N relative to P The accumulation of OMB (OMB accum.) indicates open membrane bacteria concentrations >0.20 X 10° L-* (Y) or
<0.15 X 10° L~ (N). Regions of active bacteria production (Bact. prod.) were assumed if the concentration of total bacteria was greater
than 0.20 X 10° L-* (+); concentrations less that this value are indicated by (—). Data were not available (na) for Sta. C18 in the upper

10 m. Samples are listed by station (depth, m, in parentheses).

OMB Bact. Dominant
Category* (N:P) accum. prod. protist taxa Samples
1 6.1-8.5 Y + Ebriia C72(7, 19,
38, 57)
2 0.4 Y + Parafavella C23(5)
19 Y + Thalassiosira C23(16)
11 N + Coscinodiscus C40(9)
0.3 N + Ptychocylis C56(6)
1.0 Y + Coxliella C56(16)
0.3-04 Y + Strobilidium C44(7-14)
0.2 Y + Thalassiosira C44(20)
13 Y na Srombidium C18(10)
3 9.4 Y + Thalassiosira C23(100)
6.4 N + Thalassiosira C40(19)
6.5 N + Thalassiosira C40(28)
4.8 Y + Coccolithus C56(49)
10.0 Y + Chaetoceros C56(100)
5.8-8.2 N + Coscinodiscus C44(40, 100)
55 Y + Thalassiosira C18(40)
7894 N + Navicula C18(75,100)
4 1.03 Y + Srombidium C23(40)
7.2 Y + Gymnodinium C23(75)
7.8 Y + Srobilidium C40(40)
9.3 N + Gyrodinium C40(75)
10 Y + Srombidium C56(33)
5 11.3 L + Srombidium C23(200)
9.6 L + Chrysochromulina C40(200)
11.3 N - Gymnodinium C56(200)
134 N - Gyrodinium C44(200)
8.1-95 L - Protoceratium C72(100, 200)

* Categories are 1, prebloom; 2, late bloom; 3, sinking communities below the euphotic zone; 4, subsurface bloom of heterotrophic protists; 5, below the

PML with salinities >33.6.

ditions, in natural mixed assemblages the dyes do not dis-
tinguish between truly dead cells with remnant nucleic acids
and viable cells with leaky or open membranes (Barer and
Harwood 1999). Cells stained with impermeant fluoro-
phores, such as SYTOX, could be in any number of different
states including phage-eviscerated bacteria, bacteria dam-
aged but not completely digested by grazers (Hahn and Hofle
1999), and live bacteria that have relatively large open mem-
branes and are not sensitive to particular membrane perme-
ahility tests (Gasol et al. 1999). Protist grazing damage and
viral impact are consistent with electron microscopy obser-
vations that a large percentage (up to 70% in inshore marine
waters) of natural marine bacteria lack capsular material and
have dlight to severely damaged membranes (Heissenberger
et a. 1996). However, OMB populations are probably not
entirely composed of damaged bacteria, since bacterialiving
under low-substrate conditions are able to adjust their mem-
brane permeability and can change membrane characteristics
by inducing large porins (channels in the outer membrane
that allow small molecules to pass freely into the periplasm;
see p. 391, White 2000). Therefore, some OMB could be
the result of adjustment to starvation stress in bacterial pop-
ulations.

Over most of the sampling area, bacterial and viral con-
centrations tended to be low compared to temperate regions
(Cochlan et al. 1993), with minimum concentrations at Sta.
C72. Overlying ice had cleared less than 24 h prior to sam-
pling this station (P Larouche, unpubl. satellite data) and all
other variables indicated that Sta. C72 was in a prebloom
state with high nutrients (Fig. 5) and low protist biomass.
Bacterial concentrations at Sta. C72 were near reported graz-
er threshold levels (<2.0 X 10° L-%;, Shimeta 1993), and
interestingly, virtually the entire population had open mem-
branes (OMB).

At the remaining five stations, nutrients were depleted in
the surface following the diatom bloom that had started 2 to
4 weeks earlier (Mei et al. 2002). Bacteria concentrations
were greater than at Sta. C72 but did not decrease smoothly
down the water column as sometimes noted in other studies
(Cochlan et a. 1993; Tarran et al. 2001).

Open-membrane bacteria were a subset of total bacteria
and the proportion varied considerably among stations and
depths. Concentrations were usually greater than the thresh-
old levels for grazers of ~0.2 X 10° L-* (Shimeta 1993)
except at 200 m for Stas. C23, C40, and C72, where they
were extremely low (<0.15 X 10° L-%). This might have
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been a consequence of bacteria being in a genuine resting
state, which would result in aresistant membrane (Barer and
Harwood 1999) that is better able to exclude SY TOX com-
pared to populations nearer the surface.

Choi et al. (1999) have referred to ARCs as ‘* super-active
bacteria.” With our limited sampling, we found no clear re-
|ationships between these bacteria that reduced CTC and oth-
er biological or water column characteristics, except that
their proportional contribution to total bacteria decreased
with depth as found elsewhere (Sherr et al. 1999). There
were no significant correlations between concentrations of
ARCs and either total bacteria or OMB. The proportion of
CTC-active bacteria is often strongly correlated to bacterial
production (Sherr et a. 1999); however, we did not measure
this directly and the low proportion of ARCs implies few
super-active bacteria were present at the time of sampling.

There were differences in the concentrations of total bac-
teria and OMB among stations and within the water column
at al stations except C72. Overlying photosynthetic produc-
tion can strongly influence deeper bacterial concentrations
(Cochlan et al. 1993). The low total bacterial concentrations
at Sta. C72 compared to the other stations, in combination
with high concentrations of nutrients and low protist bio-
mass, are consistent with a prebloom state. The low bacterial
and OMB concentrations at Sta. C72 represented a prebloom
baseline condition in the NOW region. The other five sta-
tions sampled had higher bacterial concentrations, which re-
sulted from bacterial growth fueled by an ongoing bloom
(Lovejoy et al. 2002; Mei et al. 2002). At least some of the
greater-than-baseline OMB concentrations were likely to
have been a consequence of bacterial damage that accumu-
lated over time. For the five stations showing water mass
interleaving, bacterial and OMB distribution down the water
column was not a smooth function of depth but showed a
discontinuous distribution that is consistent with water col-
umn interleaving.

Middelboe et a. (2002) found that bacterial and viral pro-
duction were closely coupled in the NOW polynya during
July 1998 and that bacterial production was highly depen-
dent on substrate supply. In our study conducted in June, we
noted that VVSP and bacterial concentrations were correlated,
as were VSP and protist biomass. V SP concentrations at Sta.
C72 were low compared to other stations and decreased with
depth, tracking protist biomass (Figs. 4, 6). However, neither
protist biomass nor depth fully explained the variability in
VSP distributions among the rest of the stations. For ex-
ample, VSP concentrations were higher near the surface and
decreased with depth in the highly stratified waters of Sta.
C44, but at this station, protist biomass was lower at 7 and
14 m compared to 20 m (Figs. 4, 6). This depth distribution
pattern suggests a lag between the earlier surface diatom
bloom (Mei et al. 2002) and maximum V SP concentrations.

Protist communities—Five distinct communities were
identified at the different depths and stations (Table 1). A
prebloom community consisting primarily of flagellates and
a smal number of diatom taxa was confined to Sta. C72
(Figs. 4, 8B). Bacterial and viral concentrations were low.
Over the rest of the region, a bloom had begun in early May
on the eastern side of the polynya and, later that month, over
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the western portion (Bélanger et al. in press). Late-bloom
surface communities (category 2) were evident at the five
stations. Ciliate-diatom communities near the surface are
typical of late-bloom seasonal polar waters (Levinsen et al.
1999). Within the upper water column, ciliates made up a
greater proportion of the biomass closer to the surface,
whereas diatoms dominated at the halocline (e.g., Stas. C44
and C40; Fig. 4, Table 1).

Between the surface halocline and the top of the PML,
two functionally and taxonomically different protist com-
munities were identified (categories 3 and 4, Table 1). Cat-
egory 3 was below the euphotic zone, primarily dominated
by single cells or short chains of Thalassiosira spp. and other
diatoms that had been responsible for much of the bloom
since May (Lovejoy et a. 2002). OMB and bacterial con-
centrations indicated that substantial bacterial production
had recently occurred at these depths. The greater number
of VSPs was also indicative of biological activity. This cou-
pling of large sinking cells, bacteria and viruses below the
euphotic zone is evidence that particles were sinking suffi-
ciently slowly to provide substrate for free-living bacteriain
the water column. Nearly one third of the total samples ex-
amined in this study were indicative of a sinking community
(category 3, Table 1).

Distinct heterotrophic protist communities were identified
between the surface halocline and the bottom of the PML
(category 4). Ciliate peaks were identified at Stas. C23, C40,
and C56. A second type of heterotrophic protist community
dominated by large gymnodinoid dinoflagellates was also
noted at Stas. C23 and C40. These few data suggest that
ciliates, which feed primarily on small flagellates (Montag-
nes 1996), were favored higher in the water column com-
pared to the dinoflagellates. The ability of heterotrophic di-
noflagellates to persist in the deeper waters as well (category
5) is consistent with the opportunistic nature and trophic
diversity of these protists (Lessard 1991).

Biological and physical interleaving—In the NOW, small
flagellates were nearly always present at low biomass levels
that varied little within the water column (Lovejoy et al.
2002). To obtain a simple index, we chose to group flagel-
lates with dinoflagellates. This grouping was somewhat ar-
bitrary because dinoflagellates are not closely related to oth-
er flagellates. Other groupings using more closely related
evolutionary and functional categories were possible. For ex-
ample, ciliates and dinoflagellates are both alveolates, and
an alveolate-flagellate-diatom trio might have been a more
natural grouping. However, within any one sample taken in
the NOW, either dinoflagellates or ciliates tended to domi-
nate, and the greater biomass of ciliates and dinoflagellates
made them good counterpoints to the more frequently dom-
inant diatoms. The resulting TCD index using ciliate, dia
tom, and combined flagellate and dinoflagellate biomass pro-
vided a convenient means to quantify the relative
contribution of functionally and taxonomically distinct com-
munities to the total protist biomass. Communities at Sta.
C72 were similar at all depths, resulting in alow TCD score
(Fig. 8A). At the opposite extreme, Sta. C23 had varied com-
munities that were interspersed, resulting in greater distances
and crossed lines on the graph (Fig. 8B) because of alter-
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nating dominance down the water column by flagellates, cil-
iates, and diatoms. The most complex water column in terms
of physical interleaving also was at Sta. C23. The close cor-
relation between values of TCD and 1Pl supports the notion
that physical interleaving has a direct effect on the biological
communities. In general, more complex physical structure
was associated with discrete layers dominated by different
protists, as well as higher concentrations of VSP, OMB, and,
at times, total bacteria.

In contrast to classic spring blooms, with a succession of
species starting with large diatoms and moving to small fla-
gellates (<10 um), the ciliate blooms in the NOW resulted
in large organisms (>20 um) persisting as dominants over
an extended period, despite nutrient exhaustion in surface
waters (Lovejoy et al. 2002). In this study, we found ciliate
biomass peaks both near the surface and below the euphotic
zone, implying favorable conditions for ciliates later in the
bloom. The net sinking rates of phytoplankton such as dia-
toms is affected by density differences according to Stokes
law and also by changesin vertical and horizontal diffusivity
at density interfaces (Lande and Wood 1987). For example,
sinking rates can change abruptly at the base of the surface
mixed layer, which would account for the large diatom peaks
at 20 m at Sta. C44 and 9 m at Sta. C40. Below the surface
halocline, the abrupt density differences where interleaving
waters meet would favor particle entrapment. The trapped
particles would provide sufficient substrate for a complex
microbial food web to develop, supporting the ciliates and
large heterotrophic naked gymnodinoids (our category 4
communities, Table 1). Interspersed with the depths of par-
ticle entrapment were low-biomass communities (category
3). These were dominated by sinking diatoms that are likely
to fuel bacterial production in the deep-water column.

Shallow sediment trap studies in the NOW region show
that the downward flux of particles decreases rapidly be-
tween 50 and 100 m (Huston and Deming 2002). Hargrave
et a. (2002) also noted that regions with greatest surface
photosynthetic productivity in the NOW had relatively low
particle fluxes as determined from moored sediment traps
below 300 m. These authors speculated that local production
might have been advected out of the region. However, part
of this difference could have been because particles were
trapped in the upper 100 m, fueling ciliate production in
regions of TS interleaving, which tended to coincide with
the regions of persistent, high, surface Chl a (Bé&langer et al.
in press). The subsurface concentrations of protists that we
found were associated with physically distinct layers; these
communities would be well placed to recycle biogenic car-
bon above the strong permanent pycnocline, prolonging the
residence time of nutrients and carbon in the upper reaches
of the water column.

Our study provides evidence of pronounced vertical patch-
iness in heterotrophic and phototrophic communities in a
region of the world ocean typically thought of as well-mixed
and vertically homogeneous. The close relationship we ob-
served between TCD and IPI implies that water mass inter-
leaving is an important mechanism of physical—biotic cou-
pling. This physical process appears to be common in other
regions such as tidal fronts and eddies (Montagnes et al.
1999; Tarran et al. 2001) and might be a widespread mech-
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anism of control on microbial biodiversity, community struc-
ture and vertical segmentation of biogeochemical processes
in the sea.
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