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Grazer control of the fine-scale distribution of phytoplankton
in warm-core Gulf Stream rings

by M. R. Roman,! C. S. Yentsch,2 A. L. Gauzens! and D. A. Phinney2

ABSTRACT
We measured in situ rates of primary production, zooplankton grazing and the fine-scale

distribution of zooplankton abundance, along with continuous observations of salinity, tempera-
ture and fluorescence in vertical profiles of two warm-core Gulf Stream rings and a station in the
northern Sargasso Sea. A subsurface chlorophyll maximum was located within the pycnocline at
all nineteen of the pump stations. In the majority of pump profiles, subsurface chlorophyll
maxima coincided with maxima in particulate organic carbon and ATP. However, neither
zooplankton biomass or numerical abundance were related to chlorophyll concentrations.
Maxima in zooplankton biomass and grazing generally occurred at depths of highest primary
production. Zooplankton grazing and biomass were more closely coupled to phytoplankton
production per unit chlorophyll (P-chl) rather than production per unit volume (absolute
production). Our results suggest that after the seasonal thermocline is established, phytoplank-
ton removal by zooplankton is greatest in the upper water column where P-chl is higher. This
phytoplankton removal by zooplankton limits the amount of absolute primary production in the
upper water column and results in a subsurface maximum of absolute production at depths
where grazing pressure is reduced. In contrast, the subsurface chlorophyll maximum, likely
formed from both production at depth and sinking, does not appear to be a site of enhanced
zooplankton grazing activity.

1. Introduction

The vertical distribution of phytoplankton and zooplankton in the sea is usually
heterogeneous, being concentrated in discrete layers. Phytoplankton may accumulate
at density interfaces both from reduced sinking rates (Steele and Yentsch, 1960;
Smayda, 1970) as well as from enhanced growth rates (e.g., Anderson, 1972; Holligan,
et al., 1984b). In oceanic waters maxima in phytoplankton production and biomass
may coincide (e.g., Cox et al., 1982; Hitchcock et al., 1985). However, it is more
typical that, after the seasonal thermocline is established, phytoplankton production is
maximal near the surface and phytoplankton biomass (as measured by chlorophyll-a)
is highest at the base of the mixed layer or within the pycnocline (e.g., Venrick et al.,
1973; Ortner et al., 1980; Herman and Platt, 1983).
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This observed spatial separation of phytoplankton production and standing crop
may be an artifact of using chlorophyll as an index of phytoplankton biomass. Both
inter- and intra-species photoadaptation can occur whereby phytoplankton grown
under low light often contain more chlorophyll per cell than phytoplankton grown
under high light conditions (e.g., Bannister and Laws, 1980; Falkowski, 1980). Thus, it
has been found in waters off Southern California that phytoplankton biomass maxima
derived from cell counts can be shallower than maxima of chlorophyll (Beers et al.,
1975). This phenomenon is not universal however, as subsurface chlorophyll maxima
have co-occurred with maxima in phytoplankton cell counts (e.g. Chester, 1978;
Holligan et al., 1984a) and biomass measurements such as ATP (Ortner et al.• 1980;
Cullen and Eppley, 1981; Nelson et al.. 1985) and particulate organic carbon
(Holligan et al., 1984b; Cullen and Eppley, 1981; Nelson et al., 1985).

The role of zooplankton grazing in determining the vertical distribution of phyto-
plankton biomass has been inferred from the spatial coherence of zooplankton biomass
with chlorophyll and primary production measurements. Often these comparisons have
been made from discrete water samples which have been separated in time from
zooplankton tows taken over relatively long intervals. With the improved spatial/
temporal resolution accessible by high volume pumping systems (e.g. Beers et al.,
1967; Holligan and Harbour, 1977; Herman et al .• 1984) and electronic zooplankton
counters, (e.g. Boyd, 1973; Herman and Dauphinee, 1980) it has been generally
observed that zooplankton biomass maxima occur at depths of maximum primary
production rather than chlorophyll concentration (e.g. Herman et al., 1981; Fiedler,
1983; Herman, 1984). Often in these studies primary production has been inferred
from light distributions and P/1 curves (Herman and Platt, 1983; Herman, 1984) and
zooplankton grazing has been extrapolated from laboratory grazing measurements.
This latter approach may not be appropriate as zooplankton (primarily copepods)
exhibit both functional and developmental feeding responses which are affected by the
species composition and biochemical constitution of their phytoplankton prey (e.g.,
Conover, 1981).

In this paper we examine the role of zooplankton grazing in controlling the vertical
distribution of phytoplankton biomass. We present data on the fine-scale distribution
of zooplankton biomass and the numerical abundance of copepod developmental
groups (nauplii, copepodites, adults) collected with continuous measurements of
salinity, temperature and fluorescence. We compare these fluorescence and zooplank-
ton profiles to in situ measurements of both primary production and zooplankton
grazing rates to examine how primary production and zooplankton grazing are related
in two warm-core Gulf stream rings and at a station in the northern Sargasso Sea.

2. Methods
Seawater from the surface 110 m was continuously sampled with a large volume

pumping system which delivered water to shipboard zooplankton nets and sensors for



1986] Roman et al.: Phytoplankton-zooplankton interactions 797

conductivity, temperature and fluorescence (Phinney et al.. 1984). The intake of a
7.5 em-diameter flexible hose was secured to a rosette with CTD and lowered to the
desired depth. The Flygt Model B205 submersible pump was deployed just below the
surface. Shipboard, the pumped seawater (200 liters min-I) was split so that 160 liters
min-I flowed into 64 J.Lm-meshzooplankton nets and the remaining water flowed into a
bubble trap which contained an Inter Ocean Model 195R conductivity transducer
and Fenwal GC3218 thermistor. The output from these sensors was logged every
10 seconds on a microcomputer. A pump inside the bubble trap pumped seawater
(10 liters min-t

) to Turner Design Fluorometers (for chlorophyll; excitation filter =

CS5-60, emission filter = CS2-64, reference filter = CS3-66, for fucoxanthin;
excitation filter = CS4-64, emission filter = CS2-64, reference filter = CS3-66).

The CTD was lowered to 110m and after the entire system had been allowed to
flush (several minutes), sampling began by raising the rosette 1 m every 30 seconds.
Depth corrections from the CTD were applied to the sensor readings to compensate for
the residence time through the pumping system. Discrete seawater samples for
chlorophyll analysis were collected from the fluorometer outflow for calibration of the
instrument.

Zooplankton were collected from integrated depth intervals (100-70 m, 70-40 m,
40-20 m, 20-10 m, 10-5 m, 5-0 m June samples; 110-70 m, 70-50 m, 50-30 m, 30-10 m,
10-0 m August samples) by switching the outflow hose to 64 J.Lm-meshzooplankton
nets which were submerged in garbage cans to avoid extrusion of the zooplankton
through the mesh. Water filtered per depth interval ranged from 0.4 to 3.5 m3

•

Zooplankton were preserved in 5% formalin buffered with sodium borate. Biomass
estimates of zooplankton were determined by weighing an aliqout of the preserved
sample and assuming that 32% of the dry weight was carbon (Roman et al .• 1985).

Zooplankton avoidance of the pumping system was assessed by comparing pump
collected samples to zooplankton samples collected with a 0.25 m2 MOCNESS (Wiebe
et al.. 1985b). We compared the integrated zooplankton biomass (mgC m-2

) in the
surface 100 m for 6 daytime samples collected by both methods in the same water mass
(as indicated by the temperature structure). Using a paired-sample t-test, we found no
significant (P> 0.05) differences in zooplankton biomass (>64 J.Lm) caught with the
two systems. Similarly, no significant differences (P> 0.05, t-test, N = 8) between
samples collected by the two methods were found for any of the major zooplankton
groups (copepod nauplii, calanoid copepods, cyclopoid copepods) or for total zooplank-
ton abundance. Larger zooplankton such as chaetognaths, decapod crustaceans,
amphipods and large calanoid copepods (e.g. Rhincalanus spp. and Eucalanus spp.)
were more abundant in the net-collected samples. However, we cannot attribute this
difference to avoidance because the small volumes of water sampled by the pump (0.4
to 3.5 m3

) were not sufficient to assess the abundance of these larger and usually less
abundant (1-5.100 m-3) zooplankton.

Primary production and zooplankton grazing were estimated from the uptake of 14C
in short-term in situ incubations (Roman and Rublee, 1981). Plexiglas 5-liter grazing



798 Journal of Marine Research [44,4

chambers (General Oceanics) with 64 #lm-mesh covering the bottom opening were
lowered to the desired sampling depths (100, 60, 36, 22, 8 and 3% surface light levels)
and allowed to equilibrate for one minute after which a messenger triggered the close
of the bottle and release of radioactive tracers (NaW4C03, 50 #lei 1-1) into the
chambers. If zooplankton densities were low «5 liter-I) the chambers were lowered
past the desired sampling depth so that zooplankton could be gently concentrated by
raising the chambers several meters prior to closing and release of the isotopes. Niskin
bottles, similar in design to the in situ grazing chambers used, have been shown to
collect a representative sample of the micro- and mesozooplankton community as
compared to net-collected samples (Houde and Lovdal, 1985). Large, fast moving
macrozooplankton >2 mm were not usually collected in the chambers. The grazing
chambers were incubated on the hydrowire for 1 h after which they were retrieved and
the zooplankton collected on nested 333 #lm and 64 #lm sieves. The zooplankton were
rinsed onto preweighed filters, dried, detritus and phytoplankton removed with a sable
brush, the filters weighed and the weight-specific dpm's of the isotope measured. The
labelled particulate matter in the chambers «64 #lm) was measured on 0.2 #lm and
3.0 #lm Nuclepore Membrafil filters. Time-O controls indicated that adsorption of 14C
to filters, particulate matter and zooplankton was less than 10% of experimental
values.

Pump profiles were conducted on a transect across warm core Gulf Stream Ring
82-B in June, in rings 82-B, 82-E and the Sargasso Sea in August (Fig. 1). General
hydrographic characteristics of warm-core rings are given by Joyce and Wiebe
(1983).

3. Results
a. Subsurface chlorophyll maximum. There was a subsurface chlorophyll maximum
present at all nineteen of the pump stations (Table 1). The ratio of chlorophyll in the
subsurface maximum to surface chlorophyll values ranged from 2.3 to 10.4. Although
the depth of the chlorophyll maximum layer was variable, it .wasusually located within
the pycnocline at 26.16 sigma-t (sd = 0.32, Table 1). Based on measurements of
downwelling irradiance (Phinney et al., 1984) the percent of surface light reaching the
subsurface chlorophyll maximum was 1.7% in WCR 82-B in June, 3.2% in 82B in
August, 0.4% in the Sargasso Sea in August and 2.2% in WCR 82-E in August.

Since we are interested in chlorophyll as an indicator of food for zooplankton, it is
important that we establish whether the chlorophyll maximum represents a plant
biomass maximum. In fifteen of the nineteen pump stations water was collected during
profiling from discrete depths using the CTD I rosette (General Oceanics, Go-Flo
bottles) to which the pump hose was attached. As alternate estimates of phytoplankton
biomass, we use measures of particulate ATP (Karl and Holm-Hansen, 1976) and
particulate organic carbon (Perkin-Elmer Elemental analyzer). Neither of these
measurements are specific for phytoplankton. ATP (0.8 #lm-153 #lm) measurements
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Figure 1. Sampling area showing positions of warm-core Gulf Stream ring 82-B in June and
82-B, 82-E and Sargasso Sea station in August.

include bacteria, phytoplankton and microzooplankton, whereas particulate carbon
(0.7 /.Lm) (153 /.Lm) estimates include bacteria, phytoplankton, microzooplankton and
detritus. However, following the rationale of Cullen and Eppley (1981), each of the
biomass estimates should increase as a monotonic function of actual phytoplankton
abundance with noise contributed by the other aforementioned seston components.
Because the data are not normally distributed, we have ranked the variables in the
profiles and used Spearman's correlation procedure (Zar, 1974). Both ATP
(rs = 0.539; rO.05 = 0.234; N = 73) and particulate carbon (rs ~ 0.449; rO.05 = 0.224;
N = 79) were significantly (p < 0.05) correlated with pump derived chlorophyll
estimates. In the majority of the pump profiles, the discrete depth estimates of
maximum chlorophyll concentration coincided with the maximum concentrations of
ATP (80%) and particulate organic carbon (60%) (Fig. 2).

b. Vertical distribution of zooplankton abundance and chlorophyll. Zooplankton
collections represent integrated measurements over discrete depth intervals whereas
chlorophyll measurements are continuous over the pump profiles. In comparing the
distributions of chlorophyll and zooplankton we have used a trapezoidal integration to
estimate the average chlorophyll concentration over the depth interval sampled for
zooplankton (Table 2) and ranked the concentrations of chlorophyll and zooplankton
for the Spearman correlation analysis. Neither estimates of zooplankton biomass
(rs = 0.052; rO.05 = 0.197; N = 102) or abundance (rs = 0.136; ro.05 = 0.197; N = 102)
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Figure 2. The relationship between chlorophyll and particulate organic carbon (A) and

particulate ATP (B) expressed as the frequency of occurrence of number 1 ranked chlorophyll
value with rank of POC or ATP in vertical profiles taken across WCR's 82-B and 82-E
(N ~ 15).

were significantly related to measurements of chlorophyll in the nineteen pump
profiles. In most of the profiles, the depth interval of highest chlorophyll concentration
contained the lowest zooplankton abundance and biomass (Fig. 3!.

Typical vertical distributions of chlorophyll and zooplankton biomass and abun-
dance in relation to hydrographic structure of the water column are presented for
WCR 82-B (Fig. 4a) and WCR 82-E (Fig. 4b). In general, while the chlorophyll
maximum occurred within the thermocline, maximum concentrations of zooplankton
were present in the upper mixed layer. A similar pattern was found for the distribution
of cope pod nauplii, copepodite and adult stages (Table 2).

c. Primary production and zooplankton grazing. In WCR 82-B in June and August,
the Sargasso Sea and WCR 82-E we conducted in situ primary production and
zooplankton grazing measurements in conjunction with the pump profiles (Fig. 5).
Zooplankton grazing rate, expressed as liters filtered m-3 h-1

, was calculated as the
product of the weight-specific grazing rate determined with the in situ chambers and
the fine-scale biomass distribution determined from the pump samples. Comparing the
distribution of the biomass and rates of phytoplankton production and zooplankton
grazing, we found that maxima in both zooplankton biomass and grazing activity
occurred at depths shallower than the chlorophyll maximum. Generally the depths of
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Table 2. Depth intervals (100-70 m, 70-40 m, 40-20 m, 20-10 m, 10-5 m, 5-0 m June;
110-70 m, 70-50 m, 50-30 m, 30-10 m, 10-0 m August) of maximum concentrations of
chlorophyll, zooplankton biomass, nauplii abundance, copepodite and adult abundance and
total >64 ~m zooplankton abundance.

Zoopl. Naup. Cop. + Total
Station Date ChI. Bio. # Ad. # Zoopl. #

82-B Transect 13 6/23 40-20 40-20 40-20 40-20 40-20
14 6/23 40-20 10-5 10-5 10-5 10-5
15 6/23 40-20 10-5 10-5 40-20 10-5
16 6/24 40-20 5-0 10-5 5-0 5-0
17 6/24 40-20 5-0 40-20 5-0 5-0
18 6/24 40-20 10-5 10-5 10-5 10-5
20 6/25 40-20 20-10 20-10 5-0 20-10
22 6/25 20-10 20-10 10-5 10-5 10-5

82-B 8/9 50-30 10-0 50-30 30-10 50-30
82-B 8/12 70-50 10-0 10-0 10-0 10-0
Sargasso Sea 8/13 110-70 10-0 10-0 50-30 10-0
82-E 8/16 70-50 10-0 10-0 110-70 10-0
82-E Transect 1 8/18 70-50 10-0 50-30 50-30 50-30

2 8/18 50-30 10-0 30-10 10-0 30-10
3 8/18 70-50 30-10 50-30 30-10 50-30
4 8/19 110-70 10-0 50-30 70-50 70-50
5 8/19 50-30 30-10 30-10 30-10 30-10
6 8/19 50-30 10-0 30-10 10-0 10-0
7 8/20 70-50 30-10 50-30 50-30 50-30

maximum grazing activity occurred within or above the primary productivity maxi-
mum (Fig. 5). The r.ank correlations between either zooplankton biomass (rs = 0.068;
ro.05 = 0.350; N = 34) or grazing activity (r, = 0.020; '0.05 = 0.350; N = 34), and
primary production were not significant. The depth intervals at maximum primary
production and maximum zooplankton biomass or grazing usually did not coincide
(Fig. 6a,b). In contrast, using primary production per u~it chlorophyll (P-chl) we
found that maxima in zooplankton biomass and grazing activity usually occurred at
the depth of maximum P-chl (Fig. 6c,d). Using a larger data set (n = 19) based on in
situ grazing estimates, P-chl determined from discrete bottle casts (Hitchcock et al.•
1985; Hitchcock, unpublished) and zooplankton biomass determined from 25 m
interval MOCNESS tows (Roman et al.. 1985; Roman, unpublished) from several
warm-core Gulf Stream rings, the Slope water and Sargasso Sea, we see that in general
the highest zooplankton grazing activity occurs at depths with the highest P-chl (Fig.
7a). Highest P-chl occurred in the upper water column where light is >36% surface
intensity (Hitchcock et al.. 1985). There is also good evidence that weight-specific
grazing rates (liters filtered· mg zooplankton C-1 h -1) are related to P-chl. Using the
same 19 in situ grazing and primary production profiles, we found that the depth



Figure 3. The relationship between chlorophyll and >64 ~m zooplankton density (A) and
zooplankton biomass (B) expressed as the frequency of occurrence of number I ranked
chlorophyll value with rank of zooplankton density or biomass in vertical profiles from WCR's
82-B, 82-E and the Sargasso Sea (N = 19).
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Figure 4. Zooplankton (>64 ~m) biomass (mgC m-3; histograms) and chlorophyll (mg m-3;

dashed lines) distribution with temperature contours in WCR 82-B in June (A) and 82-E in
August (B). Stations are plotted (upper abscissa) as well as distance from ring center (lower
abscissa).
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0 Zoop I. Biomass (ms C m-J) 25 'Zoop I. Biomass (ms C m-J) 200
I I I I
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Figure 5. Zooplankton (mgC m-3) biomass (upper abscissa), zooplankton (L m-3h-') grazing
(upper abscissa), chlorophyll (mg m-3) distribution (lower abcissa) and primary (mgC
m-3h-') production (lower abscissa) in WCR 82-B in June (A), 82-B in August (B), Sargasso
Sea in August (C) and 82-E in August (D). Solid line = chlorophyll, open squares = primary
production, closed squares - zooplankton grazing, bars - zooplankton biomass.

interval of maximum P-chl usually also contained maximum weight-specific zooplank-
ton grazing rates (Fig. 7b). The Spearman rank correlations for both volume-specific
zooplankton grazing (r. = 0.299; rO.05 = 0.202; N ~ 97) and weight-specific zooplank-
ton grazing (r. = 0.207; '0.05 = 0.202; N = 97) and production per unit chlorophyll
were significant (p < 0.05).
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Figure 6. The relationship between primary production (mgC m-3h-1) and zooplankton
biomass (A), primary production and zooplankton grazing (B), P-chl (mgC mg chl-1h-1) and
zooplankton biomass (C) and P-chl and zooplankton grazing (D) ex.pressedas the frequency
of occurrence of number I ranked primary production (A,B) or P-chl (C,D) with rank of
zooplankton grazing and biomass in vertical profiles from WCR's 82-B, 82-E and the
Sargasso Sea (N = 7).

4. Discussion
In the majority (17 of 19) of our fine-scale vertical profiles there was no evidence

that the distribution of chlorophyll and zooplankton were related. Several investigators
(e.g., Anderson et al., 1972; Mullin and Brooks, 1972; Haury, 1976; Fairbanks and
Wiebe, 1980; Ortner et al., 1980) found that in stratified waters the vertical
distributions of zooplankton and chlorophyll coincided. In contrast, other studies (e.g.)
Longhurst, 1976; Fiedler, 1983; Herman and Platt, 1983; Herman, 1984) have shown
that zooplankton aggregations are highest at depths shallower than the subsurface
chlorophyll maximum layer, usually occurring at depths where primary production is
maximum. It is difficult to discern whether these two different types of observations
are real or an artifact of sampling strategies, phytoplankton fluorescence/biomass
variations, or vertical migration patterns of zooplankton. Additionally as Cullen
(1982) has pointed out, there are a variety of mechanisms that can generate subsurface
chlorophyll maxima. The differences in both physiological adaptations and species
assemblages of phytoplankton that result may vary in their ability to attract and
support zooplankton.

Pump sampling has the advantage of catching both zooplankton and water for
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Figure 7. The relationship between P-chl and volume-specific zooplankton grazing (A), and
weight-specific zooplankton grazing (8) expressed as the frequency of occurrence of number I
ranked P-chl with rank of zooplankton grazing in vertical profiles from WCR's 82-8, 82-E,
82-H, the Slope Water and Sargasso Sea (N = 19).

fluorescence, temperature and salinity measurements simultaneously. However, ship-
roll and turbulence within the hose both reduce vertical resolution. We applied depth
corrections from the CTD attached to the intake of the hose to the shipboard sensor
readings to compensate for the residence time through the hose. The hose was raised
2 m min-I to reduce smoothing of the vertical profiles due to smearing in the pump
system (Anderson and Okubo, 1982). In order to convert fluorescence readings to
chlorophyll, we collected discrete samples from the fluorometer outflow every few
meters for extracted chlorophyll analysis. The depths· of maximum chlorophyll
concentrations generally coincided with depths of maximum concentrations of particu-
late organic carbon and ATP (Fig. 2). Thus we assume that the subsurface chlorophyll
maximum layer in the vertical profiles presented represents a phytoplankton biomass
maximum.

Pumping systems may not be as effective as towed nets in catching large, fast
moving zooplankton. We did not find statistically significant differences between
either zooplankton biomass or abundance estimated with the pumping system and a
0.25 m2 mouth area, 64 JLm-meshMOCNESS. However, in June when there was an
abundance of euphausids, decapod crustaceans and large copepods (Davis and Wiebe,
1985), a larger, 1.0 m2 mouth area, 333 JLm-meshMOCNESS gave higher zooplank-
ton biomass estimates than the smaller (only >333 JLm fractions compared) net system
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(see Roman et al.. 1985; Wiebe et al.. 1985a). Although we may be missing some of the
larger zooplankton with the pumping system, many of these larger animals are
carnivores (Davis and Wiebe, 1985) and thus are not relevant to our discussion of the
utilization of phytoplankton standing stocks.

All of our pump profiles were conducted during the day. However, there were
comparative 25 m interval, day jnight 0.25 m2 MOCNESS (Roman et al .. 1985) and
1.0 m2 MOCNESS tows (Wiebe et al.. 1985a) taken in WCR 82-B in June and 82-B
and 82-E August. In June there were no significant changes in the vertical distribution
of zooplankton in the upper water column of WCR 82-B. However in 82-B in August
there were more >333 JLm zooplankton at night, with the highest biomass in the surface
25 m (chlorophyll maximum was at 42 m). Unpublished results (Roman and Gauzens)
from WCR 82-E in Augus~ indicate that there were no significant diel differences in
the vertical distribution of either 64-333 JLm or >333 JLm zooplankton biomass
fractions. In summary, in the areas studied there were no detectable vertical shifts in
64-333 JLm zooplankton biomass (30-40% of total >64 JLm zooplankton) and if there
were nighttime increases in >333 JLm zooplankton, they were greatest in the surface
25 m, well above the subsurface chlorophyll maximum layer (Table I).

Zooplankton number generally tracked zooplankton biomass (Table 2) with higher
densities usually occurring above the subsurface chlorophyll maximum. Nauplii
densities exceeded those of copepodites and adults with the highest aggregations found
in the surface samples (Table 2). Similar patterns of nauplii distributions have been
found off the coast of Washington (Chester, 1978) and in the North Sea (Marshall and
Orr, 1955). In contrast, in the Gulf of Maine copepod nauplii often reached maximum
densities at the subsurface chlorophyll maximum (Townsend et al.• 1984). In coastal
waters, the subsurface chlorophyll maximum is usually shallower than in oceanic water
columns, and can coincide with the productivity maximum (Holligan et al .. 1984a).

Unique to this study are the in situ measurements of primary production and
zooplankton grazing in conjunction with continuous profiles of fluorescence, tempera-
ture and salinity and fine-scale measurements of zooplankton abundance. Most
zooplankton feeding estimates in pelagic systems have either been inferred from field
biomass measurements and laboratory feeding estimates or have been derived from
shipboard feeding experiments. However, because of removal from the natural
environment, these shipboard and laboratory experiments often do not reflect ambient
conditions of food quality and quantity, light, temperature or pressure. In addition,
over long incubations (>4 h), "bottle effects" and improper controls which do not
correct for nutrient regeneration by zooplankton may result in an underestimation of
grazing rate (Roman and Rublee, 1980). Zooplankton grazing estimated by the
short-term in situ uptake of labelled food measures zooplankton grazing at ambient
food, light, temperature and pressure and avoids the handling of zooplankton that is
associated with most other zooplankton grazing methods (Roman and Rublee, 1981).
Because primary production and zooplankton grazing are measured in the same bottle,
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we can compare their rates in relation to ambient concentrations of phytoplankton and
zooplankton. At the seven stations where we estimated zooplankton grazing and
primary production, zooplankton biomass and grazing were more closely coupled to
primary production per unit chlorophyll (P-chl) than to primary production per unit
volume (absolute production). In general, vertical profiles show that the highest
grazing pressure (liters filtered m-3 h-1

) occurred at depths shallower than the depth
of maximum absolute phytoplankton production. These depths of both maximum
zooplankton biomass and grazing activity were in the part of the water column where
P-chl was higher. Using a larger data set consisting of in situ incubations from various
warm-core Gulf Stream rings, the Sargasso Sea and Slope Water in April, June,
August and October, we found a significant correspondence between the depths of
maximum zooplankton grazing and P-chl (Fig. 7).

Weight-specific zooplankton grazing is also generally maximum in the upper water
column where P-chl is higher (Fig. 7). In contrast, there is little evidence from any of
the 19 vertical profiles that zooplankton have enhanced weight-specific feeding rates in
the subsurface chlorophyll maximum. In the majority of the vertical fluorescence
profiles, the subsurface chlorophyll maximum layer contained the highest fucoxan-
thin/chlorophyll ratios. These pigment ratios imply that relative to the upper mixed
layer, the subsurface chlorophyll maximum is rich in diatoms and dinoflagellates
(Yentsch and Yentsch, 1979). The floristic composition is corroborated for warm-core
ring 82-B in June by measurements of phycoerythrin and chlorophyll accessory
pigments (Yentsch and Phinney, 1985) as well direct microscope counts (G.A. Fryxell,
personal communication). We have little insight why the observed zooplankton grazing
pressure was reduced in the subsurface chlorophyll maximum. Zooplankton have been
shown to exhibit enhanced ingestion rates on phytoplankton with higher nitrogen
content and growth rate (Mullin, 1963; Cowles et al., 1986) and lower grazing rates on
detritus (Roman, 1984), dead phytoplankton (PaffenhOfer and Van Sant, 1985) and
senescent phytoplankton (Ryther, 1954). We can only speculate that the greater
weight-specific grazing rate (mi. mgC-1h-1

), water column grazing rate (L m-3 h-1)

and aggregation of zooplankton biomass in the upper water column as compared to the
subsurface chlorophyll maximum was the result of higher food "quality" of phyto-
plankton where P-chl was maximum.

After formation of the seasonal thermocline the vertical distribution of phytoplank-
ton biomass is a consequence of depth differences in the balance between phytoplank-
ton growth, sinking and zooplankton grazing. This phenomenon was first suggested for
phytoplankton populations on Georges Bank (Riley, 1946). Longhurst (1976) reached
a similar conclusion after reviewing plankton profiles from the eastern tropical Pacific
Ocean, and Herman and Platt (1983) used both field data and a numerical model to
describe the same phenomena for plankton production off the Scotian shelf. Based on
photosynthesis-irradiance curves, chlorophyll and light profiles, Herman and Platt
(1983) modelled the depth profile of both P-chl and absolute phytoplankton production
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Figure 8. Idealized vertical profiles of P-chl (mgC mg chl-1h-1 = dashes), absolute primary
production (mgC m-3h-1 = dashes-dot) and chlorophyll (mg m-3 = dashes-dots). Area of
maximum zooplankton grazing is shaded. Graph is adapted from Herman and Platt (1983).

(Fig. 8). Our direct measurements of chlorophyll and photosynthesis (Fig. 5) fit this
same general pattern. A low standing crop of phytoplankton limits absolute production
in the surface waters where P-chl is highest whereas light limits phytoplankton
production below the subsurface absolute production maximum.

Our data suggest that zooplankton grazing removes phytoplankton biomass in the
upper water column and shifts absolute production to depth (Fig. 8). Comparing our
zooplankton grazing estimates in the upper water column (where P-chl is highest) to
phytoplankton growth rates (Hitchcock et al.. 1985) we estimate that 50 to 100% of
the daily phytoplankton growth is removed by zooplankton. Considering that our
grazing estimates do not take into account zooplankton grazers <64 JIm, it is likely that
in the upper water column phytoplankton production and grazing are in balance.

An important consequence of zooplankton aggregation in the upper water column is
that it becomes the site for intense ammonium regeneration. Hence production per unit
chlorophyll will be highest at this site. For example, using an allometric equation to
estimate ammonium regeneration (Ikeda, 1974), we find that in the surface waters of
WCR 82-E in August (Fig. 5) at the depth where zooplankton grazing and P-chl are
maximum, there was 56 JIg N excreted m -3h -I. In contrast, in the remaining portion of
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the water column the >64 J,tm zooplankton above the thermocline excreted 9 J,tgN
m-3h-l• Using measurements of the enzyme glutamate dehydrogenase (GDH) to
estimate ammonium regeneration, Bidigare et al.( 1982) found that >80% of the total
zooplankton GDH activity as well as GDH activity jzooplankton biomass was greatest
above the chlorophyll maximum. If ammonium excretion increases with zooplankton
grazing rate (e.g., Corner et al., 1965; Takahashi and Ikeda, 1975) one would expect to
find greater biomass-specific excretion in the upper water column where P-chl and
zooplankton grazing are maximum. In stratified water columns this enhanced excre-
tion may supply much of the N required to support primary production (Harrison,
1980).

In summary, after the seasonal thermocline is established phytoplankton removal by
zooplankton is greatest in that part of the water column where primary production per
unit chlorophyll is maximum. Grazing by zooplankton limits the amount of absolute
primary production (per unit volume) in the upper water column and results in a
subsurface maximum of absolute production at depths where grazing pressure is
reduced. The subsurface chlorophyll maximum does not appear to be a site of
enhanced accumulation of zooplankton biomass or grazing activity. The causes and
consequences of this apparent reduced grazing pressure at the subsurface chlorophyll
maximum merit further investigation.
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