
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 204: 53–63, 2000 Published October 5

INTRODUCTION

Oligotrophic tropical and subtropical oceans are
typically inhabited by a pico- and nanoplankton com-
munity dominated by heterotrophic bacteria, pro-
chlorophytes, cyanobacteria and, to a lesser extent,
autotrophic and heterotrophic nanoflagellates (Claus-
tre & Marty 1995, Landry et al. 1996, Partensky et al.
1996). A fluorescence maximum, usually referred to
as the ‘deep chlorophyll maximum’ (DCM) marks the
transition zone between the nutrient-depleted eu-
photic layer and the nutrient-rich water below the
thermocline (Gieskes & Kraay 1986, Olson et al. 1990,
Li et al. 1992, Neveux 1992, Campbell & Vaulot 1993,
Landry et al. 1996). In these warm ocean areas,
Prochlorococcus spp. is always the most abundant pho-

tosynthetic population (Partensky et al. 1999 and refer-
ences therein), and the DCM in the (sub)tropical North
Atlantic is generally accepted to be caused by the
enhanced chlorophyll content of the prochlorophyte
cells near the bottom of the euphotic zone (McManus &
Dawson 1994, Claustre & Marty 1995). At the DCM
depth, irradiance levels decrease to values close to
0.1% of the surface irradiation. Specific adaptation in
the composition of the pigments and the pigment con-
tent per cell in the prochlorophytes in these layers
(Veldhuis & Kraay 1990, Goericke & Repeta 1992,
1993, Neveux 1992, Shimada et al. 1993, McManus &
Dawson 1994, Jochem 1995) allows them to inhabit this
particular environment, where irradiance is close to or
below the compensation level for eukaryotic algae
(Kirk 1983) but where inorganic nutrients from the
nutrient-rich waters below the thermocline penetrate
upwards by mixing and diffusion. 
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Thus, in the open (sub)tropical North Atlantic, the
nutrient and irradiation conditions in which prochloro-
phytes occur range from nutrient depletion and
extremely high irradiance levels near the surface to
severe light limitation and potentially high nutrient
availability at the nitracline (Olson et al. 1990, Vaulot &
Partensky 1992, Partensky et al. 1999). Diel patterns in
growth and grazing under such contrasting conditions
may differ greatly. Since these (sub)tropical water
masses are permanently stratified, there is probably a
succession with depth of different (sub)species of
prochlorophytes or at least different strains (Campbell
& Vaulot 1993, Bisset et al. 1999, Partensky et al. 1999).
In the present paper we specifically focused on the
growth and grazing rates and their diel patterns in
prochlorophytes in different layers of the (sub)tropical
North Atlantic. We presumed that these would change
along the depth gradient, especially in the lower part
of the euphotic zone where the growth limitation
changes with depth from nutrients to light. We tested
this hypothesis by determining the dynamics in
prochlorophyte growth and grazing loss as estimated
by serial dilution experiments (Landry & Hassett 1982)
with water samples from above and below and from
within the DCM at 5 stations across the (sub)tropical
North Atlantic. 

MATERIALS AND METHODS 

In the summer of 1996, 5 stations between 10° and
35° N in the tropical and subtropical Atlantic (Fig. 1)
were visited with HRMS ‘Tydeman’ for an extensive
study of the physics in the upper 250 m of the water
column and the planktonic food web in the DCM. The
5 d program at each station included frequent sam-
pling with a CTD-rosette system with 24 (10 l) NOEX
(Technicap-CAP D’AIL, France) bottles from 250 m up-

wards at different times of the day. Fig. 2 gives the ver-
tical profiles at 12:00 h local time of light intensity and
fluorescence as provided by the CTD system and the
measured NO3-concentrations, while data on tempera-
ture, salinity, other nutrients and chlorophyll a are pre-
sented in Table 1 (all methods according to the Joint
Global Ocean Flux Study (JGOFS) standards: see
Kuipers et al. 2000). Incubations to estimate grazing
were prepared according to the dilution method of
Landry & Hassett (1982) at each of the 5 stations. Per
station, three 24 h incubations were prepared on con-
secutive days with water samples from each of 3 inves-
tigated strata in the DCM. The samples were taken at
the depth of maximum fluorescence at about 100 m
(henceforth referred to as ‘central DCM’), and at half
the peak fluorescence above (‘upper DCM’) and below
(‘lower DCM’) the maximum. Because the depth and
the shape of the fluorescence peak oscillated with the
internal waves, the sampling depths were determined
shortly before the actual sampling using the fluores-
cence profile measured by the CTD-rosette system
during the downcast. The grazing incubations lasted
24 h and started with slowly filling a darkened 20 l
carboy with the content of 2 NOEX bottles closed at
the same depth around 08:00 h local time. In a tem-
perature-controlled container, 10 l of the sample was
filtered through a Gelman Micro Culture Capsule
(0.2 µm) to produce particle-free water for the dilution
series, which was checked (by flow cytometry) for par-
ticles before use. Of 18 (300 ml) polycarbonate bottles
prepared for each dilution series, 4 were filled to 100,
3 to 70, 4 to 40, 3 to 20 and 4 to 10% with 200 µm-
screened natural water (through a Nitex mesh to re-
move mesozooplankton), and filled up with the 0.2 µm-
filtered water from the same depth. All bottles were
mounted on a slowly rotating (0.5 rpm) plankton wheel
at in situ temperature and an appropriate light level
(partly covered Sylvania daylight TL-tube, estimated
level in the bottles approximately 10 µE m–2 s–1, 12:12 h
L:D cycle) for 24 h. At the start of the incubation, 4 ml
samples were taken from all bottles and replaced by
4 ml particle-free water to prevent air bubbles. The
samples were immediately placed on ice and the
prochlorophytes and other autotrophic cells enumer-
ated in a flow cytometer (Coulter XL-MCL). The time
of this first sampling from the bottles was taken as the
t0 of the incubation. In the flow cytometer plots of
autofluorescence versus side-scatter of all particles,
the prochlorophytes from our 3 relatively deep investi-
gation layers could be clearly separated from the noise
and the larger autotrophs due to through their rela-
tively high autofluorescence. A check on the consis-
tency of the flow cytometer enumeration over a wide
range of concentrations of prochlorophytes was done
by comparing the flow cytometer counts in the differ-
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Fig. 1. Sampling stations (1 to 5) of the 1996 cruise with HRMS 
‘Tydeman’ in North Atlantic
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ent dilutions at t0 with the predicted numbers based on
the dilution. 

In order to obtain information on the size of the
micro-heterotrophs grazing on the prochlorophytes
(they could be predominantly heterotrophic nanofla-
gellates [HNANs] but possibly also small ciliated Pro-
tozoa), separate bottles were prepared in which the
natural water was filtered by gravity through 10, 5 and
3 µm pore-size polycarbonate filters. For each of these
pore sizes, 4 (300 ml) incubation bottles (2 × 100 and 2
× 40% prescreened natural water) were prepared and
held under the same conditions as the incubations to
assess prochlorophyte grazing by the whole microzoo-
plankton community. 

Additional to the experiments performed on the plank-
ton wheel and under artificial light conditions, in situ
grazing experiments were performed. Polycarbonate
bottles (80 ml vol), attached to the buoy used for in situ
incubation, were fixed to the line at 2 depths (upper and
central DCM). At Stns 2 and 3 in situ incubations were
done only in the central DCM; at Stn 4 only in the upper
DCM. For these incubations, natural water was taken
from NOEX bottles from the respective depth from the
04:00 h CTD-rosette cast and kept in the dark in a tem-
perature-controlled container until the dilution series
were prepared shortly before 06:00 h. Two series of 3
different dilutions (100, 50 and 10%) were prepared in
duplicate with the natural water gravity-filtered through
3 and 5 µm polycarbonate filters to size-fractionate the
grazer community. The in situ incubations were lowered
at 06:00 h local time (shortly before sunrise), and the
buoy was recovered at 18:00 h (after sunset). After re-
covery of the bottles, samples were taken for flow cyto-
metric enumeration. Finally, the bottles were filled with
4 ml 0.2 µm-filtered seawater from the respective depths
and placed on the plankton wheel in darkness to simu-
late the night conditions for another 12 h. Following this
incubation, samples were withdrawn from the bottles at
6:00 h the next morning (t = 24 h). The dilution series
provided hourly growth rates (µ h–1) and grazing rates
(g h–1) according to the equation Nt =  N0 e(µ – g)t; for com-
parison with literature data daily rates (µ d–1 and g d–1)
were used (see Kuipers & Witte 1999).

RESULTS

24 h deck incubations

The results of the 14 serial dilution experiments with
prescreening over 200 µm mesh and incubating for
24 h on the plankton wheel are given in Table 2,
together with the initial prochlorophyte abundance.
Their calculated gross growth rate (µ) and loss rate due
to grazing (g) for the 3 DCM layers are shown in Fig. 3. 
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In the upper DCM, the gross growth rate (µ) of
prochlorophytes varied from 0.18 to 0.25 d–1 at 4 of
the 5 stations, whereas the grazing rate (g) ranged
from 0.15 to 0.41 d–1 at all 5 stations. At Stn 3, the
prochlorophytes in the upper DCM incubation series
were grazed at a rate of 0.32 d–1 but did not grow (µ =
0.03 d–1). 

In the central DCM, the 24 h incubations resulted
in low prochlorophyte gross growth rates at Stns 1, 4
and 5 (µ of 0.10, 0.16 and 0.06 d–1, respectively) and
negative growth rates at Stns 2 and 3 (µ of –0.11 and
–0.01 d–1, respectively). There was no detectable
grazing in the central DCM at Stns 1, 2 and 3 (i.e. g <
0.015 d–1), and only weak grazing at Stns 4 and 5. 

In the lower DCM, representing the aphotic zone
below the fluorescence peak, prochlorophytes de-
creased slightly irrespective of dilution in the incuba-
tions over 24 h, resulting in negative growth rates (µ)
of –0.08 and –0.03 d–1 at Stns 1 and 2, respectively. At
Stns 3 and 4, growth was <0.01 d–1. In the aphotic zone
of Stns 3 and 4, a low grazing loss of prochlorophytes,
with g of 0.08 and 0.13 d–1, respectively was calcu-
lated. 

In the 24 h dilution incubations that were prepared
after prescreening the natural water through pore
sizes of 10, 5 and 3 µm, apparent growth rates ap-
peared to differ little from the corresponding dilutions
prescreened through 200 µm: Fig. 4 shows that growth
rates measured after prefiltration through the smallest
pore size of 3 µm differed on average by <5% from
those in the corresponding 200 µm treatments. 

In situ incubations

The results of the in situ incubations in the upper and
the central DCM are given in Table 2; the calculated
gross growth rates (µ) and loss rates due to grazing (g)
measured over the whole 24 h and over the 12 daylight
and 12 dark hours separately are shown in Fig. 5 (for
reasons of comparison all data are expressed as µ h–1

and g h–1). Incubations of dilution series with 3 and
5 µm prefiltered natural water resulted in similar
growth and grazing rates. The 24 h gross growth rates
for the prochlorophytes in the in situ incubations in the
upper DCM varied between 0.15 and 0.36 d–1, and
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Depth (m) Temperature (°C) Salinity (‰) PO4 (µM) NO3 (µM) NH4 (µM) Chl a (µg l–1)

Stn 1
20 27.7 36.0 0.03 0.00 0.16 0.14
50 27.6 36.1 0.02 0.00 0.16 0.24
100 22.9 36.5 0.25 3.43 0.14 0.10
200 13.9 35.7 1.39 21.700 0.21 0.01

Stn 2
20 26.5 36.6 0.04 0.00 0.14 –
50 26.4 36.6 0.03 0.00 0.14 0.15
100 22.3 36.9 0.10 0.10 0.16 0.26
200 15.6 36.1 1.10 18.000 0.13 0.00

Stn 3
20 25.4 37.6 0.02 0.00 0.25 –
50 25.2 37.6 0.02 0.00 0.24 0.07
100 21.9 37.3 0.02 0.00 0.25 0.18
200 18.6 36.7 0.07 2.06 0.21 0.06

Stn 4
20 26.2 37.0 0.04 0.00 0.21 –
50 19.1 36.6 0.00 0.00 0.12 0.10
100 18.2 36.6 0.10 2.14 0.20 0.21
200 17.2 36.4 0.26 4.93 0.16 0.02

Stn 5
20 24.7 36.8 0.03 0.00 0.18 –
50 20.5 36.6 0.02 0.00 0.18 0.11
100 17.5 36.4 0.13 1.48 0.12 0.21
200 15.8 36.2 0.40 6.08 0.14 0.02

Averages:
20 to 50 m (mixed zone) 0.025 0.000 0.178 0.135
100 m (fluorescence max.) 0.120 1.430 0.174 0.192
200 m (aphotic zone) 0.644 10.554 0.170 0.022

Table 1. Local time, temperature and salinity at 12:00 h at the 5 stations (CTD system, upcast data) and measured nutrient- and
chlorophyll a concentrations (irradiance and fluorescence at 12:00 h given in Fig. 2; all measurements according to JGOFS 

standards; for details of methods see Kuipers et al. 2000)
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Stn Time Size Inital Intercept Slope (n) Corr. coeff. Growth Grazing
(µm) abundance = µ (d–1) = g (d–1) R2 rate rate

(no. × 104 ml–1) µ (h–1) g (h–1)

Deck incubations:
Upper DCM
1 24 h <200 0.3 0.248 –0.315– (18) 0.35 0.010 0.013
2 24 h <200 16.3 0.176 –0.147– (18) 0.15 0.007 0.006
3 24 h <200 13.6 0.033 –0.322– (18) 0.58 0.001 0.013
4 24 h <200 7.1 0.193 –0.410– (18) 0.39 0.008 0.017
5 24 h <200 11.4 0.226 –0.206– (18) 0.37 0.009 0.009

Central DCM
1 24 h <200 11.2 0.102 0.012 (18) 0.01 0.004 –0.001–
2 24 h <200 9.8 –0.110– 0.015 (18) 0.02 –0.005– –0.001–
3 24 h <200 5.8 –0.010– –0.041– (18) 0.07 0.000 0.002
4 24 h <200 1.3 0.157 –0.118– (18) 0.32 0.007 0.005
5 24 h <200 10.9 0.055 –0.132– (18) 0.57 0.002 0.005

Lower DCM
1 24 h <200 5.7 –0.075– 0.006 (18) 0.00 –0.003– 0.000
2 24 h <200 3.0 –0.033– –0.040– (18) 0.14 –0.001– 0.002
3 24 h <200 2.4 0.002 –0.079– (18) 0.38 0.000 0.003
4 24 h <200 1.0 0.007 –0.133– (18) 0.51 0.000 0.006

In situ incubations:
Upper DCM 24 h <3 9.3 0.327 –0.059– (12) 0.26 0.014 0.002
19 Aug 1996 24 h <5 9.8 0.298 –0.086– (6) 0.57 0.012 0.004
4 Day <3 9.3 0.795 –0.363– (12) 0.54 0.033 0.015

Day <5 9.8 0.742 –0.297– (6) 0.47 0.031 0.012
Night <3 9.3 –0.090– 0.212 (12) 0.42 –0.004– –0.009–
Night <5 9.8 –0.097– 0.103 (6) 0.26 –0.004– –0.004–

21 Aug 1996 24 h <3 4.8 0.346 –0.117– (6) 0.57 0.014 0.005
4 24 h <5 5.0 0.356 –0.205– (12) 0.66 0.015 0.009

Day <3 4.8 1.057 –0.404– (6) 0.44 0.044 0.017
Day <5 5.0 1.143 –0.505– (12) 0.76 0.048 0.021
Night <3 4.8 –0.366– 0.170 (6) 0.26 –0.015– –0.007–
Night <5 5.0 –0.431– 0.095 (12) 0.09 –0.018– –0.004–

27 Aug 1996 24 h <3 11.8 0.155 –0.1280 (6) 0.93 0.006 0.005
5 24 h <5 11.8 0.146 –0.1350 (12) 0.45 0.006 0.006

Day <3 11.8 0.427 –0.380– (6) 0.93 0.018 0.016
Day <5 11.8 0.364 –0.282– (12) 0.56 0.015 0.012
Night <3 11.8 –0.088– 0.091 (6) 0.36 –0.004– –0.004–
Night <5 11.8 –0.065– –0.025– (12) 0.01 –0.003– 0.001

Central DCM 24 h <3 5.5 –0.018– –0.007– (6) 0.02 –0.001– 0.000
08 Aug 1996 24 h <5 5.7 –0.031– –0.043– (6) 0.26 –0.001– 0.002
2 Day <3 5.5 –0.057– 0.047 (6) 0.23 –0.002– –0.002–

Day <5 5.7 0.071 –0.169– (6) 0.68 0.003 0.007
Night <3 5.5 0.034 –0.079– (6) 0.54 0.001 0.003
Night <5 5.7 –0.165– 0.126 (6) 0.27 –0.007– –0.005–

12 Aug 1996 24 h <3 44.4 0.014 –0.116– (6) 0.94 0.001 0.005
3 24 h <5 45.2 0.019 –0.129– (6) 0.40 0.001 0.005

Day <3 44.4 –0.270– –0.134– (6) 0.95 –0.011– 0.006
Day <5 45.2 –0.339– –0.059– (6) 0.49 –0.014– 0.002
Night <3 44.4 0.250 –0.011– (6) 0.85 0.010 0.000
Night <5 45.2 0.334 –0.244– (6) 0.34 0.014 0.010

25 Aug 1996 24 h <3 5.0 0.006 0.062 (6) 0.31 0.000 –0.003–
5 24 h <5 4.8 0.038 0.045 (10) 0.10 0.002 –0.002–

Day <3 5.0 0.001 –0.083– (6) 0.04 0.000 0.003
Day <5 4.8 –0.124– 0.118 (6) 0.07 –0.005– –0.005–
Night <3 5.0 0.206 –0.019– (10) 0.00 0.009 0.001
Night <5 4.8 0.201 –0.028– (10) 0.00 0.008 0.001

Table 2. Statistics for all Landry & Hassett (1982) plots of deck and in situ incubations. Before fitting linear regressions, all mea-
sured µapp (= ki) values in dilution bottles were standardized to 24 h estimates (µapp d–1), resulting in intercepts representing µ d–1

and slopes representing g d–1. The last 2 columns show all estimated growth and grazing rates per hour. Corr. coeff.= correlation
coefficients: for deck incubations, n = 18 throughout, trend 95% significant when R2 > 0.219; for in situ incubations, trend 95% 

significant when R2 > 0.66 for n = 6, and > 0.33 for n = 12
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reached higher values than those measured in the
200 µm-filtered shipboard incubations (Table 2). Dif-
ferentiating growth and grazing between day and
night (Fig. 5) reveals a diel pattern in prochlorophyte
growth and grazing in the upper DCM. Irrespective of
prefiltration and station, cell numbers increased dur-
ing the light period (between 06:00 and 18:00 h local
time), but not in the dark (18:00 to 06:00 h), indicating
that prochlorophyte cell division in the upper DCM
occurred during the day. The daylight growth rates in
the in situ incubations ranged from 0.015 to 0.047 h–1.
During the 12 h dark incubation, however, no net
growth was recorded (Fig. 5). Consequently, calculat-
ing 24 h growth rates based only on the 12 h light
resulted in gross growth rates (µ d–1) twice as high as

those calculated over a 24 h period. Grazing on
prochlorophytes in the upper DCM was restricted to
the daylight hours (Fig. 5, Table 2), and grazing rates
(g) based on the light observations only ranged be-
tween 0.012 and 0.021 h–1. Based on these daylight
observations, daily grazing rates would be 0.28 to
0.50 d–1; taking the 12 h dark period without grazing
into account, the 24 h grazing rate estimates for
prochlorophytes would range from 0.14 to 0.25 d–1.

Fig. 5 also gives the results of the in situ incubations
in the central DCM. Statistics and calculated growth
and grazing rates are given in Table 2. Again, the 3
and 5 µm prescreening led to only small differences.
Gross growth rate (µ) calculated over 24 h ranged from
–0.001 to 0.002 h–1 and, 24 h grazing rate (g) from
–0.003 to 0.005 h–1. Contrary to the pattern observed in
the upper DCM (growth and grazing restricted to the
daylight period 06:00 to 18:00 h), in the central DCM
growth of prochlorophytes was not detectable during
daytime, whereas gross growth rates (µ) during the
night ranged from –0.007 to 0.014 h–1. Despite this con-
siderable nocturnal growth at 2 out of 3 stations
(Fig. 5), no grazing losses were detectable during the
night in the central DCM corresponding to the situa-
tion in the upper DCM (Fig. 5), except for 1 out of 6 in
situ dilution incubations which yielded a nocturnal
grazing rate of 0.01 h–1. Grazing on prochlorophytes
in the (sub)tropical North Atlantic seems therefore to
take place mainly during the day, irrespective of depth
in the photic zone or timing and extent of prochloro-
phyte cell division. 
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Fig. 3. Prochlorophytes. 24 h growth rates (open bars) and loss
rates due to grazing (shaded bars) estimated by 200 µm pre-
screened, shipboard, serial dilution incubations for 3 different
layers in deep chlorophyll maximum layer (DCM) and 5 sta-

tions (see Table 2)

Fig. 4. Prochlorophytes. Comparison between 24 h growth
rates (ki d–1) measured after prefiltration through 200 µm
Nitex mesh and through 3 µm polycarbonate filters in all
available pairs of dilution bottles (40 and 100%) of deck incu-

bations, with linear regression
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DISCUSSION

The prochlorophyte growth and grazing rates re-
ported in this paper refer to the lower euphotic zone,
where the highest 24 h gross growth rates were
recorded in the upper layer of the 3 investigated water
layers, i.e. above the actual fluorescence maximum
layer. These 24 h growth rates (µ) were 0.25 d–1

(= 0.0103 h–1) in deck incubations and 0.36 d–1

(= 0.015 h–1) in the in situ incubation. They agree well
with estimates based on 14C incorporation in pro-

chlorophytes from the Sargasso Sea (Goericke &
Welschmeyer 1993), where µ ranges from 0.3 d–1 in the
surface to 0.1 d–1 in the bottom layers of the euphotic
zone. Prochlorophyte growth rates in dilution experi-
ments in the equatorial Pacific under normal upwelling
conditions with high diatom growth rates of 1.7 d–1

were 0.5 d–1 (Latasa et al. 1997). Dilution experiments
by Landry et al. (1995) yielded average overall growth
rates based on chlorophyll a of 0.8 d–1 for the near-sur-
face, 0.34 d–1 for the mid- and 0.22 d–1 for the lower-
euphotic zones in the equatorial Pacific. In the surface
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Fig. 5. Prochlorophytes. Growth rates, µ (h–1) and grazing rates, g (h–1) measured over 24 h and separately over 12 h daylight and
12 h night periods in the in situ incubation series in 2 of the 3 DCM layers (lower DCM not incubated). For statistics see Table 2
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layer of the equatorial Pacific (a high- nutrient–low-
chlorophyll area), almost 1 doubling d–1 in prochloro-
phytes was reported by Binder at al. (1996) on the basis
of flow cytometer studies of the genom doubling cycle.
However, in the lower euphotic zone, prochlorophytes
do not attain 1 cell division d–1 (Vaulot & Partensky
1992). These authors observed that most prochloro-
phyte cells are in the G(1) phase (not actively cycling)
when nitrate levels are below 0.4 µM and light below
0.1% of the surface level. 

According to Vaulot et al. (1995), DNA replication in
prochlorophytes occurs in the afternoon and cell divi-
sion at night (see also Partensky et al. 1999). In our in
situ incubations, prochlorophyte numbers increased
during the day in the upper DCM layer and during the
night in the central DCM, indicating a major difference
between the overlying DCM layer and the central
DCM. In the model study by Bisset et al. (1999),
prochlorophytes are categorized on the basis of litera-
ture data into a small, extremely light-inhibited, and a
slightly larger, moderately light-inhibited Prochloro-
coccus species, which become dominant in different
depth strata. It might be possible that the data of
Vaulot et al. refer to 1 of these types, whereas we acci-
dentally distinguished 2 Prochlorococcus species by
their different cell-cycles. 

Our average growth rates of 0.27 d–1 for the upper
DCM and 0.005 d–1 for the central DCM (24 h in situ
incubations) imply that the prochlorophytes of the
lower euphotic zone need more than 3 light cycles to
complete DNA replication. Part of the prochlorophyte
community could be completely inactive at these
depths (Vaulot & Partensky 1992), the synchronized
numerical increase being effected by a small share of
the community or a better adapted strain of prochloro-
phytes which double more frequently. Obviously, the
differences in frequency and timing of the division
between the upper DCM layer and the central DCM
reflect different optimum cell-cycle strategies in the
actively growing part of the prochlorophyte commu-
nity in these 2 habitats. Assuming that photosynthesis
and nutrient incorporation temporarily cease during
cell division, the best survival strategy for the light-lim-
ited cells of the central DCM would be to divide in the
dark. On the other hand, at shallower depths where
nutrients instead of light are limiting prochlorophyte
growth, and nutrient depletion will be more severe
during the light period, division in daylight could be
the optimal strategy in respect to nutrient uptake.

Passing grazers of prochlorophytes in the lower
euphotic zone through 3 µm polycarbonate filters has
no noticeable effect on community grazing pressure
(Fig. 4). Caron et al. (1999) found unaltered grazing
rates by consumers of picoplankton in the Sargasso
Sea even after filtering through 2 µm pore-size filters.

This suggests that small nanoflagellates are the pre-
dominant grazers of prochlorophytes. In those cases
where these HNANs measured from 1 µm to slightly
over 3 µm, our prescreened incubations may have
contained more than 2 trophic levels. This could (in
addition to variance in the data) explain the negative
grazing rates observed in some of the dilution series
as arising from deceased predation on the smallest
HNANs in the most dilute bottles resulting in heavier
grazing on the prochlorophytes. The fact that negative
grazing occurred more in the 5 µm than in the 3 µm
prescreened incubations seems to support this view
(Fig. 5).

In a previous study, we found for the same site that
heterotrophic bacteria divide mainly between 24:00
and 06:00 h, based on cell-size distribution and fre-
quency of dividing cells (Kuipers et al. 2000). Fig. 6
shows the bacterial counts of Stns 2 to 5 from Kuipers
et al. (2000) for the different sampled layers as a func-
tion of time of day. A plausible explanation for the
equal trends in bacterial abundance in the 3 investi-
gated layers in the euphotic zone at all 4 stations in
Fig. 6 is that after synchronous nightly bacterial divi-
sion fairly heavy grazing by HNANs during the morn-
ing hours reduced the bacterial community to its origi-
nal abundance of 8 × 105 ml–1. After 12:00 h grazing
ceased, possibly because the threshold level for prof-
itable grazing had been reached (Fenchel 1984). The
results of the different prescreening treatments sug-
gest that the HNANs, with their diel grazing cycle,
may consume encountered prochlorophytes together
with the heterotrophic bacteria. Abundance of pro-
chlorophytes is lower than that of heterotrophic bac-
teria, and they would, at the threshold level of 8 ×
105 ml–1 constitute no profitable prey in themselves.
Fig. 7 shows a positive correlation between grazing
rates during the 12 daylight hours on prochlorophytes
(present dilution experiments) and on heterotrophic
bacteria from the same depth layers (population rates
decreased during the period 06:00 to 18:00 h based on
bacterial abundance data from Kuipers et al. (2000)
(Fig. 6). Although the bacteria were sampled on differ-
ent days than the prochlorophytes and the loss rates
due to grazing were estimated in different ways, graz-
ing pressures on both groups co-vary. Insofar as they
did not arise from differences in methods, the lower
grazing rates for prochlorophytes than for bacteria
could indicate a higher preference of HNANs for het-
ero-trophic bacteria, although it seems unlikely that
prochlorophytes of the same size as bacteria would be
rejected by grazing HNANs. There are, however, also
purely mechanical explanations for the observed dif-
ference in grazing rate. The dependence of encounter
rate on motility of the prey as described by Fenchel
(1984) could theoretically lead to a 2- to 3-fold higher
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encounter rate for bacteria, since these are motile and
prochlorophytes are not. Another explanation, offered
by Monger et al. (1999), is that feeding selection of
HNANs is based on a positive relationship between
clearance rate and the surface hydrophobicity of the
prey. According to Monger et al., the hydrophobicity of
Prochlorococcus spp. around the depth of the thermo-
cline in the oligotrophic subtropical Pacific station
Aloha is lower than that of heterotrophic bacteria. If
this is also true for the subtropical Atlantic, it could
explain the higher clearance rate of bacteria than
prochlorophytes in the presently studied DCM layers
quite well.

Additional evidence that the period of most intensive
grazing on prochlorophytes is regulated by the preda-
tor–prey relationship between HNANs and heterotro-
phic bacteria is the observation (Table 2) that grazing
on prochlorophytes does not show any relationship to
the abundance of the prochlorophytes, nor to their
growth rate and time of division. The results of Dolan &
Simek (1999) on Synechococcus spp. in the NW
Mediterranean showed a similar pattern, with HNAN
grazing restricted to the morning hours and peak vac-
uole contents at 10:00 to 12:00 h, despite the fact that
frequency of dividing cells in Synechococcus spp. was
maximum in the evening and numbers increased at
night. These authors explain the absence of grazing at
the time the prey is present in maximum densities as
‘hiding’ of Synechococcus spp. by division into a size
range at which the cells are too small for efficient
grazing to occur. Our explanation of the dependence of
HNAN grazing activity on the abundance of hetero-
trophic bacteria, with grazing on other prey items
(prochlorophytes) as a by-product, would explain the

results of Dolan & Simek equally well. Fig. 8 presents
the different cell cycles of all these picoplankton
groups, showing the similarity of the period of most
intensive grazing for all groups.

One conclusion of our hypothesis that prochloro-
phytes are a ‘by-catch’ of HNANs is the lack of density
dependent-grazing by HNANs on prochlorophytes.
Obviously, their abundance is limited by more mecha-
nisms than bacteria-regulated grazing. Cell lysis dur-
ing unfavorable intervals and virus control are possible
loss factors which, together with HNAN grazing, bal-
ance prochlorophyte growth. In a theoretical study,
Bratbak & Thingstad (1985) suggested another plausi-
ble explanation, that lower affinity in prochlorophytes
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Fig. 6. Diel trends in abundance of heterotrophic bacteria (BA) at Stns 2 to 5, enumerated by epifluorescence microscopy after 
DAPI-staining (original data and details of methods in Kuipers et al. 2000, no data available for Stn 1)

Fig. 7. Comparison between grazing rates measured for pro-
chlorophytes over 12 h daylight periods (this study) and graz-
ing rates calculated for heterotrophic bacteria over same part
of day in same DCM layers, with linear regression (data 

from Kuipers et al. 2000, see also Fig. 6)
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than in heterotrophic bacteria for the growth-limiting
nutrients for which they compete would generally lead
to the observed moderate presence of prochlorophytes
in the total picoplankton. 

Another argument in favor of density-independent
HNAN-grazing on prochlorophytes is the latter’s
occurrence in highly varying numbers under very sim-
ilar conditions (Table 2). As argued by Vaulot &
Partensky (1992), prochlorophytes may grow slowly in
nitrogen-depleted waters, but still have the potential to
respond quickly to nitrogen pulses. As observed in
other areas, exceptional eddies leading to upwelling of
nutrients into the euphotic zone may cause rapid new
production in prochlorophytes in the (sub)tropical
North Atlantic DCM. This would probably happen
rather unpredictably in time and space, without much
numerical or functional response in the bacteria-feed-
ing HNANs. Olaizola et al. (1993) observed only weak
grazing in the subtropical Pacific after a more than
2-fold increase of the DCM chlorophyll concentration,
and concluded that coupling between phytoplankton
and grazers was weak. 

Summarizing the results of the present grazing
study:

(1) Growth rates of the prochlorophytes in the lower
euphotic zone are ~0.3 d–1 and decrease with increas-
ing depth to negative values below the depth of peak
fluorescence. In contrast to most literature data, the
timing of prochlorophyte cell division changed with
depth from doubling in daylight slightly above the
DCM to doubling in the night in the actual DCM.
(2) Prochlorophytes in the (sub)tropical North Atlantic

are grazed at rates of 0.0 to 0.4 g d–1 by heterotrophic
nanoflagellates. We suggest that the periodicity and
intensity of this grazing are regulated by the diel cycle
in availability, above a threshold level of 0.8 × 106 cells
ml–1, of the much more abundant primary food source
of HNANs–heterotrophic bacteria.
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