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ABSTRACT: We found a d e e p maximum In the abundance of larger protozoans (>35 wm) in the Gulf of
Maine at depths from 55 to 100 m, which was well below the euphotic zone, pycnocline, and the depths
of peak biomass and production of both phytoplankton and b a c t e r ~ aOur
.
calculations of the energetics
of these protozoan populations suggest that they are unable to obtain sufficient nutrition from local
microbial production. We discuss the possibility that organic material, which settles out of the surface
layer, might collect at a deep hydrographic anomaly a n d sustaln the protozoans in the d e e p maximum.

INTRODUCTION

Microzooplankton, those organisms <200 pm, form
a n important component of the plankton in many
marine environments (Beers & Stewart 1967,
Takahaski & Hoskins 1978, Heinbokel & Beers 1979,
Capriulo & Carpenter 1983, Hemroth 1983, Revelente
& Gilmartin 1983). Protozoans usually dominate the
microzooplankton numerically and are in general
phagotrophic, feeding on a wide variety of particulates
(Parsons et al. 1967, Capriulo 1982). Typically, protozoan distributions are similar to those of the phytoplankton with greatest numbers at relatively shallow
depths and a marked decrease in abundance below the
depth of the euphotic zone (Beers & Stewart 1969,
Capriulo & Carpenter 1983). Recently, it has been
suggested that microzooplankton may play a n important role in a trophic link recycling carbon in the
planktonic food web (Williams 1981, Azam et al. 1983).
From 5 to 50 % of the carbon fixed by phytoplankton
may be released as dissolved organic matter (DOM)
and subsequently utilized by bacteria (Larsson & Hagstrom 1979, 1982, Bell 1980, 1983, Bell & Sakshaug
1980, Fuhrman et al. 1980, Rheinheimer 1981, Wolter
1982, Azam et al. 1983, Chrost & Faust 1983, Jensen
1983). These bacteria are consumed by microheterotrophic flagellates (Haas & Webb 1979, Fenchel 1982)
which in turn are consumed by microzooplankton
(Azam et al. 1983, Linley et al. 1983). Since the microflagellates and microzooplankton span the size range
of the phytoplankton, the DOM lost by the phytoplank--
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ton is returned to the planktonic food web via this
'microbial loop' (Azam et al. 1983). We report here the
existence of a deep maximum in the larger protozoans
(>35 pm) in the Gulf of Maine which occurs in association with a deep particulate layer but does not conform
to the above scenario. This protozoan maximum occurs
well below the euphotic zone, pycnocline, a n d the
peaks in biomass and production of both phytoplankton and bacteria. Our results suggest that in this situation the bacteria-microheterotroph link is of only minor
importance, and that the microzooplankton in the deep
layer are either migrating diurnally into shallower,
relatively food-rich waters, or they are consuming
directly recently-settled biogenic particles that have
become concentrated at a deep hydrographic anomaly.

MATERIALS AND METHODS

We have measured the vertical distributions of microzooplankton concurrently with those of other biological and physical parameters on two cruises (Sep
1982 and Aug 1983) at stations in the deeper waters of
the Gulf of Maine (Fig. 1 ) . O n the first cruise, w e
carried out a survey of the vertical distributions of
microzooplankton, chlorophyll, temperature, salinity
a n d current speed and direction at 4 widely-dispersed
stations in the Gulf of Maine. O n the second cruise w e
concentrated our efforts on a single station in Wilkinson Basin and measured the vertical distributions of
particulates, bacterial abundance and production, and
primary production in addition to the same measurements w e made on the first cruise.
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Samples were taken both by 5 1 Niskin bottles and
with a vertical pumping system operating along with a
Neil Brown accoustic doppler current meter with CTD
capabilities. The pumping system was used to colIect
the zooplankton. This included a Flygt Model B205
submersible pump, 125 m of flexible 5 cm diameter
hose and a n on-deck distribution system which supplied a constant flow (ca 140 1 min-') to 35 Km mesh
plankton nets suspended in an 800 1 tub (King 1984,
Townsend et al. 1984).
Microzooplankton samples were vertically integrated over several discrete depth strata while the
pump-hose intake nozzle and current meter/CTD were
raised from the deepest point to the surface at a rate of
1 m every 30 S. The samples were preserved in 5 %
buffered formalin, concentrated in Imhoff cones, a subsample diluted to about 10 times the settled volume,
and enumerated using a Palmer cell and 200X magnificalion. Counts were repeated when there were less
than 100 organisms per counting cell.
Primary production was measured on the second
cruise using the *4C-bicarbonate method jn sjtu
(Strickland & Parsons 1972). Water samples were taken

450

43'

*,

Fig. 1. Map of the Gulf of Maine showing depth contours and
station locations referred to in the text. stations sampled 8 to
15 Sep 1982; O station sampled 7 to 9 Aug 1983
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Fig. 2. Vertical distributions of total numbers of protozoans and total phytoplankton chlorophyll for all stations, sampled
with the pumping system, and vertical
profiles of temperature and salinity, current direction and speed, sampled with
the Neil Brown accoustic doppler current
meter and CTD for the Wilkinson Basin
station (Sta. 10), for 8 to 15 Sep 1982.
Current meter data are relative and have
not been corrected for the ship's drift.
Protozoan abundances are expressed as
thousands of individuals m-3, total
chlorophyll as mg m-3. Points plotted for
protozoans represent the midpoint of the
integrated depths for pump samples.
Chlorophyll profiles represent discrete
depths sampled with the pump. Four stations in the Gulf of Maine were sampled:
:
I Station 56 (42' 17' N, 67" 47' W), OStation 10 (42" 36' N, 69" 25' W), 0 Station
32 (42" 05' N, 67' 52' W), X Station 41
(42' 15' N, 66" 45' W). Stations 10,56 and
32 were sampled between 0800 and 1600
h local time, Station 41 during darkness
at 0400 h
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at 2, 8, 15, 20, 25, a n d 40 m and incubated for 4 h with
added 14C in 2 light and 1 dark 150 m1 bottles at each
depth. The contents of each bottle were then collected
on 0.2 pm Nuclepore filters which were placed in
Aquasol-2 and counted on a scintillation counter; the
dark values were subtracted from the light. Total
chlorophyll analyses were carried out in duplicate following Yentsch & Menzel (1963).
Bacterial abundance and production were determined for all depths (2 to 80 m) on the second cruise.
Bacterial abundance was measured for duplicate 10 m1
samples from each depth using DAPI stain and epifluorescence (Porter & Feig 1980); attached cells were
separated from free-living cells by using both 0.2 and 3
pm Nuclepore filters. Bacterial production was measured using 3H-thymidine incorporation (Fuhrman &
Azam 1982).The incubations were carried out for 60 to
70 min in dark, temperature-controlled water baths.
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The concentration of particles > 8 pm w a s determined on the second cruise using a Spectrex laser
particle counter. Following several gentle inversions of
the 5 1 Niskin bottles, 500 m1 of water was removed a n d
counted either 2 or 3 times. In situ profiles of relative
particulate concentrations were also measured with a
25 cm path length transmissometer.

RESULTS

On the first cruise we observed a maximum in the
abundance of > 3 5 pm protozoans between 55 and
85 m, which was deeper than the maxima for post naupliar and naupliar copepods, chlorophyll and the thermocline/pycnocline as was reported earlier (Townsend
et al. 1984) (Fig. 2). The most abundant protozoans
were the heliozoan Sticholonche sp. and various tintin-
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Fig. 3. Biological and physical measurements during the Aug 1983 crulse. All samples were collected near Station 10 (42' 53' N,
69" 42' W) from 7 to 9 Aug. Vertical distributions of protozoans for 3 pump profiles given as thousands of individuals m-3; total
chlorophyll as mg m-3; primary production based on in situ I4C-bicarbonate uptake, as mg C m-3 h-'; bacterial abundances, as
millions ml-'; bacterial production based on the incorporation of 3H-thymidine into DNA, as pg C m-3 h-'; numbers of particles
(>8 pm) counted with the Spectrex laser particle counter, as numbers ml-l; physical data as in Fig. 2. With the exception of the
transmissometer, for which the beam attenuation coefficient is given, all measurements are based on casts made with 5 1 Niskin
bottles, n Daytime cast No. 1; 7 night-time cast No. 1 ; 0 night-time cast No. 2; m daytime cast No. 2; daytime cast No. 3. All
daytime samples were collected between 0730 and 1200 h local time; night-time samples, between 2130 and 2400 h
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nids, principally the genus Tintinnopsis. They
appeared to be associated with a deep current shear
and the weak pycnocline at the base of the remnants of
an intermediate water mass of low temperature and
salinity (Fig. 2), which is formed during winter overturn in the Gulf of Maine and which rests on top of a
warm, high salinity bottom layer originating from
slope water (Hopkins & Garfield 1979).
The vertical distributions of protozoans on the second cruise were generally bimodal, with a deep peak
between 75 and 100 m, similar to that seen on the first
cruise, and a second, shallower peak between 20 and
40 m (Fig. 3). Loricate tintinnids were the dominant
group at both depths. The vertical distributions of
> 8 pm particles were also bimodal, with a peak in the
subsurface chlorophyll maximum (SCM) layer and a
second smaller increase at 75 to 80 m. This distribution
was also evident in the transmissometer profile. The
deep protozoan maximum andi as on the first cruise,
the deep particulate maximum were associated with a
deep current shear and the cooler, less saline intermediate water mass; but in contrast to the first cruise,
there was only a weak pycnocline at these depths (Fig.
3). Maximum phytoplankton production occurred in
the SCM and maximum bacterial production was in
the warmer, near-surface waters. Thus for both bacteria and phytoplankton, the depth of maximum production coincided with the depth of maximum
biomass. Phytoplankton and bacterial biomass and
production at the depths of the deep protozoan maxima
were extremely low despite the increased levels of
particulate material.

DISCUSSION
Deep particulate and microbial (bacterial) biomass
maxima have been reported from various coastal and
oceanic regions( Sorokin 1964, Holm-Hansen & Booth
1966, Pomeroy & Johannes 1968, Devol et al. 1976, Karl
& Holm-Hansen 1978, Garfield et al. 1983). The ultimate source of nutrition for the bacteria at these depths
is probably derived from organic particles which have
either settled out of the surface waters or have been
advected into the region. These particles tend to concentrate dissolved organic and inorganic nutrients and
serve as sites of increased microbial activity (Pomeroy
& Johannes 1968, Jannasch & Pritchard 1972, Marshal1
1979, Shanks & Trent 1979, Paerl & Merkel 1982,
Pedros-Alio & Brock 1983). In coastal waters the relative contributions of free-living bacteria and those
attached to particles vary. Hodson et al. (1981)reported
that in shelf waters of the southeastern US the relative
biomass of small ( c 0 . 5 pm) free-living and larger
attached (1to 2 pm) bacteria were approximately equal

while Pomeroy et al. (1983) reported that attached
bacteria were 2 orders of magnitude less abundant.
Cammen & Walker (1982) also found the relative contributions to vary in the Bay of Fundy. Our results from
August 1983 showed that about 90 % of the bacteria at
our Gulf of Maine station were free-living, even in the
deep particulate maximum, and that the total numbers
and productivity of bacteria in the deep protozoan and
particulate maximum were very low.
Our observations of the near-surface waters during
the August cruise appear to fit well within a conventional pelagic food web since we saw relatively high
rates of production of phytoplankton and bacteria
along with high abundances of > 3 5 pm protozoans.
The deep maximum in protozoans is problematic, however, since there was no concomitant increase in either
phytoplankton or bacterial production as might be
expected (Caron et al. 1982). Some simple calculations
emphasize the problem. Using a mean ingestion rate
for tintinnids (which accounted for most of the protozoans on our second cruise) of 0.026 pg C individual-'
d-I (Capriulo 1982) along with our measures of bacterial and phytoplankton production at the depths of the
SCM and the deep protozoan maximum, and our estimated densities of protozoans (Fig. 3), we calculate
that the carbon requirement of the shallow protozoan
layer (ca. 1.2 mg C m-3 d-l) is easily met by the sum of
phytoplankton (9.0 mg C m-3 d-l) and bacterial (0.3 to
0.5 mg C m-3 d-l) production rates. However, in the
deep protozoan layer the carbon requirement (1.1 mg
C m-3 d-l) is not met by local production of bacteria
(<0.1 to 0.2 mg C m-3 d-l). Although w e did not
measure phytoplankton production at this depth (75
m), production was only 0.6 mg C m-3 d-l at 40 m
where chlorophyll was about 20 times more abundant;
since the 1 % light depth was about 30 m (R. Spinrad,
pers. comm.) we assume that phytoplankton production at the depth of the deep protozoan maximum was
negligible. Even without the carbon lost during the
transfer through the hypothesized microbial loop from
bacteria to microheterotrophic flagellates to the larger
protozoans, there appears to be insufficient local carbon production to sustain the populations of protozoans observed in these deep maxima.
We used the conversion factor of 2.4 X 10L8to go
from moIes thymidine incorporated to bacterial cells
produced (Fuhrman & Azam 1982);this factor can vary
substantially in different water masses and over time
(firchman et al. 1982). In our case, use of this factor
may have led us to underestimate bacterial production
somewhat since we estimate bacterial production to be
only 2 to 19 % of the primary production (6 % integrated over the top 40 m); this is at the low end of the
range of values reported from other areas (Ducklow
1983). However, even if we were to have underesti-
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mated the actual production by a factor of 2, it would
still be insignificant in relation to the estimated carbon
requirement of the protozoans.
It is possible that the protozoans are relying on an
input of organic material from the surface waters for
their nutrition. The particle maximum is found in an
intermediate water mass which is formed by cooling of
surface waters during winter and remains cold
throughout the year (Hopkins & Garfield 1979). Following vernal stratification, biogenic particles produced at the surface which sink below the main pycnocline may accumulate at a hydrographic anomaly
such as the current velocity shear or the pcynocline at
the base of the cool intermediate water layer. Examination of Lugol's preserved samples with an inverted
microscope showed that most of the material in the
deep particulate maximum was unidentifiable
detritus. The relatively low water temperature (5 to
7 "C as compared to > 14 "C in the surface layer) may
retard microbial decomposition of this detrital material
enough such that the non-living fraction of the detrital
particles could represent a significant food source for
the protozoans. We also estimated that there were
about 3 X 104 intact phytoplankton cells 1-' in the
deep layer representing a biomass of 1.3 mg C m-3
(using the conversion in Strathmann 1967); autotrophic
microflagellates, which cannot be quantified by using
settling chambers and an inverted microscope (Davis &
Sieburth 1982),would add to this biomass of living, but
inactive, phytoplankton. This pool of intact cells would
need to turn over less than once a day to supply the
carbon requirements of the protozoans. Since there is
no, or very little, in situ autotrophic production at the
depth of the deep protozoan maximum, we need to
consider the amount of overlying production that must
settle into this layer each day. The integrated primary
production on 9 August was 172 mg C m-2 d-l. If we
consider the deep protozoan layer to have the same
thickness as the particulate maximum, 20 m, the average protozoan concentration in that layer is two-thirds
the maximum concentration, and the estimated carbon
requirement for the protozoans would be 15 mg C
m-2 d-'; this means that during summer stratified conditions the equivalent of 9 % of the overlying production would need to settle into this layer to sustain the
protozoans. There is also the intriguing possibility that
the protozoans could be migrating diurnally into the
food rich waters above them. Fig. 2 and 3 show that the
night-time protozoan distributions have a maximum at
about 30 to 40 m. Although our data are limited and
such a migration seems prodigious, tintinnids (Capriulo et al. 1982) and Sticholonche (Cachon et al. 1977)
can and do swim, and tintinnids, at least, are reported
to vertically migrate (Longhurst 1976); thus this
hypothesis should be tested.
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In summary, we found a deep maximum of > 35 pm
protozoans which appears to be a wide-spread
phenomenon in offshore waters of the Gulf of Maine.
These populations appear to be deriving their nutrition
from particulates which settle out of surface waters
rather than from local phytoplankton or microbial production.
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