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INTRODUCTION

The oligotrophic regions of the ocean, which oc-
cupy large areas and account for ca 25% of global
phytoplankton primary production (Behrenfeld &
Falkowski 1997), are the subject of debate as to the
autotrophic-heterotrophic nature of their carbon bal-
ance (Williams 1998). This greatly depends on e.g.
the availability of nutrients, the efficiency of hetero-
trophic bacteria, the existence of allochthonous
inputs of carbon, and the role of heterotrophic pro-
tists in controlling phytoplankton populations, i.e. by
consuming organic carbon arising from primary pro-
duction. The latter factor is not often addressed ex-

perimentally in open-ocean carbon budgets (Fasham
et al. 1999).

The low phytoplankton standing stocks of oligo-
trophic ocean ecosystems (Cebrián & Duarte 1994), the
size structure of their dominant phytoplankton com-
munities (Hansen et al. 1994), and the growth rates of
ultraphytoplankton and protist grazers (Fogg 1995)
make conceivable the existence of tight coupling be-
tween producers and protist grazers in these regions.
Such efficient coupling would result in a great fraction
of their primary production being channeled to sustain
local heterotrophic metabolism, efficient nutrient re-
cycling, and a close balance between photosynthetic
production and community respiration (Duarte &
Cebrián 1996). Despite such evidence of the capabil-
ity of microzooplankton to influence the dynamics
of highly oligotrophic waters, present knowledge of
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microzooplankton grazing activity or biomass in these
areas is scarce.

The most oligotrophic areas of the Atlantic Ocean
do not differ from other oligotrophic zones in their 
low temporal variability in photosynthetic plankton,
which is largely dominated by picoplankton and
small nanoflagellates, accounting for 70 to 90% of
the total photosynthetic biomass (Marañón et al.
2000). In particular, the subtropical north-east Atlan-
tic has been described as being more heterotrophic
than the neighbouring tropical and North Atlantic
Drift regions, with biomass attributable to hetero-
trophs exceeding 50% from 26° to 45° N (Buck et
al. 1996). The comparatively shallower nitracline
and distinctly higher chl a levels (Pingree et al. 1999,
Marañón et al. 2000) of the adjacent biogeochemical
provinces north of the Subtropical Front and south of
the 20° N parallel (Longhurst 1998) indicate more
productive systems in which the portion of new pro-
duction should be higher.

To determine the herbivorous impact of broadly
defined microzooplankton, and the extent of its
coupling with phytoplankton production, we carried
out experiments using the dilution method (Landry &
Hassett 1982). This method determines simul-
taneously the rates of phytoplankton growth and
mortality due to the grazing activity of protists. In
addition, it allows estimation of phytoplankton pri-
mary production without the use of 14C, which
method has been reported to underestimate primary
production compared to the dilution method (Moigis
1999).

METHODS

The study was conducted on board the RV ‘Hes-
pérides’ during the CANIGO Project Cruises Azores1
and Azores2 (hereafter Az1 and Az2), in August 1998
and April 1999, respectively. The area studied was the
North Atlantic subtropical region south-east of the
Azores Islands (Fig. 1).

Grazing experiments. We used the dilution method
(Landry & Hassett 1982) to estimate instantaneous
rates of growth (µ) and grazing mortality (m) of phyto-
plankton. The method is based on the measurement of
algal net growth rate (r) along a gradient of dilution
levels, which should uncouple phytoplankton growth
and protist grazing, assuming exponential algal
growth:

r = t–1 ln (Pt P0
–1)

where Pt is the concentration of phytoplankton at t24

and P0 is the initial concentration. Linear regression
analysis of the dilution factor (DL) against r yields slope
and intercept values corresponding to instantaneous
microzooplankton grazing (m) and phytoplankton
growth rate (µ):

r = µ –(m DL)

Provided that the experiments are conducted with
nutrient enrichment, the intercept of the linear regres-
sion yields the instantaneous growth rate in the ab-
sence of grazers and with added nutrients (µn). The
mortality rate (m) was subsequently added to the net
growth rate in the unenriched natural seawater treat-
ment (r100%) to obtain an estimate of phytoplankton
growth rate without added nutrients (µ0 = r100% + m).
Phytoplankton biomass production (PP) and grazing
losses (G) can be calculated from the following equa-
tions (Landry et al. 2000): PP = µ0 × Pm, G = m × Pm, and

Pm =  P0 × (e (µ–m)t – 1)/ (µ0 – m)t

where Pm is the geometric mean concentration of
phytoplankton during the experiment.

The assessment of the grazing rates of pelagic pro-
tists does not have a definitive methodological solution
(Landry 1994). We chose to use the dilution method be-
cause it provides estimates of growth and grazing mor-
tality at the community level, without addition of chem-
icals or great cell damage. Secondly, the method was
also the most convenient because the manipulation is
reasonably simple, an advantage with a multidiscipli-
nary survey and limited work force. However, the
method relies on some assumptions and essential fac-
tors that should be considered, such as the possible dif-
ferential nutrient availability arising because nutrients
would be depleted more rapidly in dilution treatments
with higher plankton densities. This is the case in oligo-
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Fig. 1. Study area and locations of sampling stations on 
Cruises Az1 and Az2 of the RV ‘Hespérides’
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trophic systems such as that considered here, but it can
be overcome by adding nutrients to incubation bottles
while keeping controls without nutrient addition
(Landry 1994). Another essential assumption of the di-
lution method is that the clearance rate of microzoo-
plankton remains constant at all dilution levels. This
assumption would be compromised by any non-linear
functional response of grazers during the dilution se-
ries. In the highly oligotrophic environment studied
here, any non-linearity is presumed to derive from
feeding thresholds at higher dilution levels (Gallegos
1989). Related to this is the possible effect of dilution
series on the growth rates of grazers. Finally, on-deck
incubations at simulated in situ irradiance could induce
artefacts due to photoadaptation, i.e. pigment content
per cell changing as a consequence of incubating at an
irradiance level different from the ambient one.

Experimental set-up. Water for the experiments was
collected at the near-surface (5 to 7 m) and at the deep
chlorophyll maximum (DCM) levels. Surface experi-
ments were intended to represent the shallow upper
mixed layer, while the DCM was targeted because it is
a consistent, conspicuous feature of subtropical and
tropical waters (Fasham et al. 1985). Although the
DCM is not necessarily a biomass maximum (Cullen
1982, Marañón et al. 2000), processes at this depth are
expected to differ from those in the upper mixed layer
on the basis of different light and nutrient availability.

Experimental water was collected always during
dark hours (04:30 to 06:00 h local time) using 30 or 5 l
Niskin bottles. Between experiments, carboys, bottles,
capsule filters and tubing were stored in 10% HCl-
Milli-Q water, and rinsed sequentially with Milli-Q and
0.2 µm filtered seawater immediately before use. From
the DCM or surface, 25 l were gently transferred to a
polycarbonate carboy fully wrapped in black plastic,
using silicone tubing fitted with 200 µm mesh to elimi-
nate mesozooplankton. Simultaneously, another 25 l
from the same depth were filtered through a Gelman
Suporcap 100 capsule filter (0.2 µm) to obtain the dilu-
tion water. Water filtered through the capsules showed
undetectable chl a values and negligible numbers of
fluorescent particles when examined by flow cyto-
metry. New capsules were soaked a few hours in 10%
HCl and rinsed with Milli-Q water before first use. In
addition, the first 10 l of seawater filtered with the cap-
sules were discarded in every experiment. Capsules
were changed every 4 experiments. Unfiltered, pre-
screened seawater was mixed with filtered seawater in
2.3 l polycarbonate bottles to obtain replicate dilutions
of 100, 80, 60, 40 and 20%. An extra bottle for each
dilution level was prepared and used as the initial chl
a sample. To avoid nutrient limitation of phytoplankton
growth, a mixture of 1 µM ammonium (NH4Cl), 0.5 µM
phosphate (H3PO4), 5 nM iron (FeSO4) and 0.1 nM

manganese (MnSO4) was added to each bottle. Two
supplementary bottles of 100% natural seawater were
incubated as controls without added nutrients. Bottles
were kept in the dark during the whole process until
introduced into the incubator. Powder-free plastic
gloves were used throughout manipulation. Incuba-
tions were run in on-deck incubators, starting always
within 1.5 h of water collection and lasting 24 h. Sheets
of light filters were combined to simulate in-situ irradi-
ance (see Table 1). When necessary, the combination
of light filters (prepared during hours of darkness) was
corrected after light measurements in the morning,
thus correcting possible small shifts in the amount of
irradiance reaching the DCM. The temperature for the
DCM incubations was controlled by means of 2 ther-
mostats connected to a cooler and to a heater respec-
tively, which maintained the water within ±0.5°C of
the in situ temperature. Water inside the incubator was
homogenised with 2 submersible pumps. The temper-
ature in the surface incubations was controlled with
water running from the underway (7 m) pump.

Sampling procedure and analysis. Samples for fluo-
rometric chl a analysis were collected from each bottle
(500 to 1000 ml depending on the dilution level) and
filtered in dark filter funnels onto Whatmann 25 mm
GF/F filters. The filters were frozen and stored in the
dark. Chl a was measured in a fluorometer (Turner
Designs, Sunnyvale, CA) after 16 h extraction of pig-
ments in 90% cold acetone. To determine the abun-
dance and biomass of microzooplankton, 500 ml sam-
ples of the 100% dilution treatment were collected at t0

for each experiment and at t24 for several experiments.
Samples were fixed in pre-added acid Lugol solution
(5% final conc.), and stored at 5°C in the dark. Preced-
ing analysis, the whole samples were settled in 500 ml
test tubes for at least 6 d. The upper 450 ml were gen-
tly siphoned and discarded, and the rest of the samples
were allowed to settle for a minimum of 20 h in 25 mm
� Utermöhl chambers. The samples were then ana-
lysed under a phase-contrast Olympus IMT-2 inverted
microscope, at magnifications of 150×, 400× or 600×.
To account for the possibility of cell losses during the
sedimentation process, a correction factor (i.e. 1.3 for
small dinoflagellates and ca 1.0 for small ciliates and
larger protists) was obtained from the average number
of cells remaining in the discarded portions of 5 sam-
ples. To estimate microzooplankton biomass, linear
dimensions of dinoflagellates and ciliates were mea-
sured with an image-analysis system attached to the
inverted microscope and converted to volumes assum-
ing simple geometric shapes. Carbon content was esti-
mated from volume using 0.19 pg C µm–3 for Lugol-
preserved ciliates (Putt & Stoecker 1989) and 0.14 pg
C µm–3 for dinoflagellates (Lessard 1991). Although
many photosynthetic dinoflagellates are known to

31



Mar Ecol Prog Ser 221: 29–38, 2001

feature both phagotrophy and extracellular digestion
(Gaines & Elbrächter 1987), only phagotroph or mixo-
troph genera according to Lessard & Swift (1986) and
Gaines & Elbrächter (1987) were considered.

To gain knowledge about the trophic status of dino-
flagellates and to estimate the abundance of heterotro-
phic nanoflagellates (HNF) in the area, 100 ml samples
for epifluorescence microscopy were collected during
the Az1 cruise. They were fixed in glutaraldehyde
(0.5% final conc.), stained with DAPI (25 µg ml–1 final
conc.) for 5 to 7 min in the dark, and filtered onto a
black 0.8 µm polycarbonate filter at low vacuum
(<25 mm Hg). A 1.0 µm pore-size cellulose filter was
used as a backing filter to facilitate an even distribu-
tion of cells. Filters were mounted onto microscope
slides, covered with a drop of Cargille DF low-fluores-
cence immersion oil and the cover glass. They were
then stored for 24 h at 4°C to allow replacement of the
water by immersion oil, and frozen at –20°C. Samples
were analysed at 400× and 1000× magnification with a
Leitz microscope (100 W mercury lamp) under UV (334
to 365 nm) and blue (435 to 490 nm) light for detection
of nuclei and to check for chlorophyll autofluores-
cence. To enumerate HNF, a transect of the filter was
examined at 400× (435 µm × 24000 µm).

During Cruise Az2, we collected samples for flow-
cytometry (FCM) analysis from 7 dilution experiments.
Samples at t0 were collected from the 100% level,
while t24 samples were collected from 1 replicate of
each dilution treatment. Samples were fixed in glu-
taraldehyde (pre-filtered through 0.2 µm polycarbon-
ate filter, 1% final conc.) and stored in liquid nitrogen
until analysis on a FacScan flow cytometer (Becton
Dickinson, Franklin Lakes, NJ). Phytoplankton groups
were characterised and enumerated according to their
side-light scatter, orange (585 ± 21 nm) and red

(>650 nm) fluorescence signals. Samples were run at
88 µl min–1 for 1 min for picoplankton and 3 min for
nanoeukaryotes. Three major groups were identified:
Prochlorococcus, Synechococcus and nanoeukaryotes.
The relative contribution of each group in terms of car-
bon and chlorophyll was estimated assuming that cell
carbon and chlorophyll are proportional to mean cell
side scatter and red fluorescence, respectively (Li
1995).

Statistical analysis. Differences in mortality rates
between FCM groups were analysed by slope homo-
geneity in regression lines between net growth rate
and dilution factor. The null hypothesis (H0) tested,
was that the slope of Prochlorococcus, Synecho-
coccus and nanoeukaryotes was equal within each
experiment. For experiments with homogeneous
slopes a common mortality rate mc was calculated; a
Tukey test was used for heterogeneous slopes (Zar
1999). Statistica (Statsoft, Tulsa, OK) and SPSS (SPSS,
Chicago, IL) statistical packages were used for these
analyses.

RESULTS

During Cruise Az1, a shallow thermocline and high
surface temperature prevailed (Pérez et al. unpubl.
data), while the euphotic layer during Cruise Az2 was
less stratified and ambient temperature was lower
(González et al. 2001). Chl a concentration was always
below 0.1 mg m–3 in the surface water, while initial chl
a in experiments conducted with DCM water ranged
from 0.07 to 0.39 mg m–3 (P0: Table 1). Ambient nitrate
concentration in the experiments was below 0.3 µM
except for Stns Az1-15 and Az2-16, where it was 1.9
and 0.8 µM, respectively.
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Date Stn Depth T P0 %I0 PRO SYN Neuk D0 B0

(m) (°C) (mg chl a m–3) (103 cells ml–1) (103 cells ml–1) (103 cells ml–1) (103 cell l–1) (mg C m–3)

06 Aug 98 Az1-9 5 23.2 0.05 55 – – – 0.6 0.3
16 Aug 98 Az1-34 5 26.2 0.07 55 – – – 1.1 0.7
10 Apr 99 Az2-4 5 19.4 0.05 55 33 33 1.6 1.4 0.5
25 Apr 99 Az2-29 10 20.9 0.03 55 14 5.8 1.0 1.4 0.9
09 Aug 98 Az1-15 94 19.4 0.25 2 – – – 1.9 0.7
08 Apr 99 Az2-1 84 19.4 0.16 2 – – – 1.4 0.5
11 Apr 99 Az2-5 75 18.6 0.39 2 – – – 1.6 0.5
12 Apr 99 Az2-7 72 18.1 0.33 4.5 37 18 5.3 1.8 1.3
16 Apr 99 Az2-12 75 18.1 0.14 4.5 81 9.4 3.7 2.4 0.7
18 Apr 99 Az2-16 80 17.4 0.07 4.5 56 10 7.1 2.0 0.8
24 Apr 99 Az2-24 98 18.3 0.29 4.5 57 4.6 3.2 – –
26 Apr 99 Az2-31 70 19.1 0.39 4.5 115 11 6.8 0.8 0.2

Table 1. Initial experimental conditions. P0: initial chlorophyll concentration; %I0: percentage of incident surface irradiance
used in the incubation. PRO, SYN, Neuk: abundance of Prochlorococcus, Synechococcus and autotrophic nanoeukaryotes 
where flow-cytometry samples were available (Cruise Az2); D0: microzooplankton abundance; B0: microzooplankton biomass
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Phytoplankton abundance

During Cruise Az2, the abundance of phytoplankton
groups that could be determined by FCM ranged from
21 to 133 × 103 cells ml–1 in t0 samples. The photosyn-
thetic prokaryote Prochlorococcus dominated numeri-
cally in most experiments, except for the surface at
Stn Az2-4, where it was matched by Synechococcus
(Table 1). Mean percentage numerical composition
was 73% Prochlorococcus, 21% Synechococcus and
6% larger, bright fluorescing nanoeukaryotes. For
carbon biomass and chl a, the percentage composi-
tions were 68, 22, 10 and 64, 27, 9 for Prochlorococcus,
Synechococcus and nanoeukaryotes, respectively. How-
ever, processing epifluorescence samples to enumer-
ate HNF revealed evidence of the substantial presence
of larger cells beyond the detection limits of FCM, i.e.
phototrophic nanoflagellates of ca 10 to 15 µm.

Microzooplankton abundance and biomass

Microzooplankton abundance and biomass were
low, ranging from 0.6 to 2.4 × 103 cells l–1 and 0.2 to
1.3 mg C m–1, respectively (Table 1). The community
was dominated by cells smaller than 20 µm which rep-
resented 72% of the total abundance and 23% of the
total biomass. These nano-sized cells were composed
of gymnodinoid dinoflagellates and small aloricate cil-
iates, the former accounting for 54% of the total abun-
dance and 14% of the total biomass, and the latter
accounting for 19% of the abundance and 9% of the
biomass. Larger heterotrophic dinoflagellates repre-
sented by Gymnodinium, Gyrodinium, Cochlodinium
and Torodinium species, and aloricate ciliates >20 µm
composed of Strombidium, Strobilidium and Tontonia
species, accounted for 11 and 17% of the total abun-
dance respectively, and dominated the biomass,
accounting for 20 and 57% respectively. In addition to
the abundance and biomass of microzooplankton, the
abundance of HNF ranged from 20 to 87 cells ml–1,
with an average number of 41 cells ml–1, on a
roughly latitudinal transect (37.59 to 29.58° N, 20.35 to
23.00° W) during Cruise Az1. Examination of the
trophic condition of dinoflagellates during Cruise Az1
showed that 57% of the small gymnodinoids and 63%
of the small thecate cells lacked chloroplasts.

Shifts in cell pigments

The mean red and orange fluorescence signals per
cell used to control for possible artefacts due to photo-
adaptation showed that final signals were not signifi-
cantly different from initial signals (2-tailed paired-

sample t-tests). The average ratios between final and
initial red fluorescence signals were 1.11 ± 0.16, 0.94 ±
0.12 and 0.98 ± 0.09 (mean ± SD) for Synechococcus,
Prochlorococcus and nanoeukaryotes, respectively.
The average ratio in the mean orange fluorescence
signal was 1.12 ± 0.19 for Synechococcus.

Growth and mortality

The response of phytoplankton net growth rate to
the dilution treatments appeared fairly linear with both
the chl a and FCM approaches. An exception was
experiment Az1-34, in which phytoplankton growth
rate peaked at the highest dilution level (Fig. 2). Tests
of the linear-response assumption in the equatorial
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Fig. 2. Phytoplankton growth rate (D) in dilution experiments
based on chl a measurements. Dilution factor = the ratio
between chl a concentration recorded in the dilution series
and chl a concentration in natural seawater. (s) Total fluores-
cent particles in flow-cytometry analyses. Vertical scale for
Az1-34 differs from those for the other stations (i.e. = 0 to 

1.6 d–1). DCM, deep chlorophyll maximum
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Pacific (Landry et al. 1995) gave similar results, i.e. no
significant deviation from the standard dilution tech-
nique. Thus we consider that effects through a non-
linear feeding response of grazers can be dismissed
for our study. Examination of the available t24 samples
from 5 experiments showed no evidence of changes
in overall microzooplankton abundance beyond the
intrinsic variation of the counting method, of 10 to 20%
(Gifford 1988). However, we found that larger oligo-
trich ciliates tended to be absent from t24 samples.
Although the counts of these cells always remained
low in t0 samples, the reduction in their numbers was
evident in all t24 samples. Therefore, mortality was
affecting large Strombidium, Strobilidium and Tonto-
nia species, probably due to handling problems related
to their fragile nature and water pre-screening. We
found no consistent change in the abundance of large

gymnodinoid dinoflagellates, small ciliates or small
dinoflagellates (small always refers to cells under
20 µm). Also, we chose the 20% dilution level as the
most diluted treatment instead of the more common
10% or even 5% levels because of the especially oligo-
trophic nature of the system examined. Despite this,
the effect of dilution on grazers, particularly ciliates,
could somewhat affect grazing estimates, as recently
reported by Dolan et al. (2000).

A total of 8 successful experiments were conducted
with DCM water and 4 with surface water (Fig. 2). The
average growth rate without nutrient addition, µ0, was
statistically indistinguishable from that with nutrients,
µn (2-tailed paired-sample t-test, t11, 0.05 = 1.58, p = 0.14.
µ0:µn = 0.93 ± 0.22, mean ± SD); thus phytoplankton
growth did not appear to be nutrient-limited in the
experiments. Phytoplankton growth, µ, and mortality
rates, m, were higher at the surface than at the DCM
(Table 2) and showed a tight relationship (Fig. 3). PP
ranged from 0.02 to 0.10 mg chl a m–3 d–1 in experi-
ments with surface water and from 0.005 to 0.16 mg
chl a m–3 d–1 with DCM water. G varied between 0.01
and 0.06 mg chl a m–3 d–1 at the surface and between
0.005 and 0.16 mg chl a m–3 d–1 at the DCM. Grazing
impact on primary production ranged between 57 and
102% in surface water and between 63 and 173% in
DCM water (Table 2).

Average µ0 and m were quite different for the sur-
face and the DCM (Table 3), and so was the the aver-
age microzooplankton grazing impact: 65% of P0 and
78% of PP in the near-surface layer, and 23% of P0 and
109% of PP at the DCM. PP was similar for surface and
DCM water; thus, because P0 was lower at the surface,
turnover rates were higher in this layer. The net pri-
mary production of phytoplankton was very low, aver-

34

Stn µn µ0 µ0:µn m r PP G %P0 %PP
(±SE; d–1) (d–1) (± SE; d–1) (mg chl a m–3 d–1)

Az1-9 0.52 ± 0.08 0.57 1.10 0.57 ± 0.11 0.89** 0.030 0.031 57 102
Az1-34 1.30 ± 0.15 1.07 0.82 0.72 ± 0.23 0.73* 0.103 0.063 92 61
Az2-4 0.72 ± 0.13 0.71 0.98 0.65 ± 0.18 0.79** 0.036 0.033 67 92
Az2-29 0.88 ± 0.08 0.70 0.79 0.39 ± 0.12 0.76** 0.023 0.013 46 57
Az1-15 0.16 ± 0.03 0.20 1.25 0.17 ± 0.05 0.79* 0.061 0.044 17 73
Az2-1 0.57 ± 0.12 0.62 1.10 0.39 ± 0.18 0.60 0.115 0.073 44 63
Az2-5 0.34 ± 0.07 0.34 0.99 0.39 ± 0.10 0.78** 0.162 0.155 39 96
Az2-7 0.20 ± 0.04 0.15 0.72 0.18 ± 0.04 0.71* 0.049 0.058 17 117
Az2-12 0.23 ± 0.04 0.14 0.60 0.24 ± 0.07 0.76** 0.019 0.032 23 173
Az2-16 0.05 ± 0.02 0.07 1.30 0.06 ± 0.04 0.43 0.005 0.005 7 98
Az2-24 0.15 ± 0.02 0.12 0.83 0.16 ± 0.04 0.82** 0.036 0.048 16 132
Az2-31 0.21 ± 0.03 0.16 0.74 0.19 ± 0.05 0.75** 0.062 0.074 19 119

Table 2. Summary of parameters and grazing impact by microzooplankton from dilution experiments. µn: phytoplankton growth
rate. µ0: phytoplankton growth rate without added nutrients; m: mortality due to grazing; PP: phytoplankton biomass production;
G: phytoplankton grazing losses; %P0: standing stock grazed; %PP: biomass production grazed; SE: standard error of regression 

parameters. **r significant at p ≤ 0.01; *r significant at p ≤ 0.05

Fig. 3. Relationship between phytoplankton growth rate (µ)
and rate of mortality due to grazing (m) from dilution experi-

ments. Dashed line represents 1:1 relationship
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aging 0.01 mg chl a m–3 d–1 for surface
and ca zero for the DCM.

Flow-cytometry analysis

Of the 7 dilution experiments in
which FCM analyses were conducted,
6 rendered the response expected from
the dilution method (Fig. 4). All of
these were from the DCM except for
Az2-4, which was conducted with sur-
face water. Results with FCM analyses
were similar to those with bulk chl a
(Fig. 2) with the exception of Az2-24,
in which µ was very high and differ-
ent from the chl a-based µ0 (0.83 vs
0.12 d–1). In contrast, mortality rates
were more similar (0.22 vs 0.16 d–1). The ratio
between final and initial mean cell red fluores-
cence in this experiment was 0.95; therefore the
result is difficult to explain based on photoadapta-
tion. Possibly the FCM result for µ in this experi-
ment was an artefact derived from an incorrect t0

value of abundance; we therefore excluded Az2-24
from average calculations.

Average growth and mortality rates for the
different phytoplankton groups are shown in
Table 4. Mortality rates of the different
groups within each experiment were not statisti-
cally different except for experiment Az2-16
(ANCOVA, F2, 9 = 8.22, p < 0.01), for which mor-
tality was more intense for Synechococcus. For
the rest of the experiments, we used the common
slope mc to obtain average parameters. The FCM
approach to dilution experiments yielded an aver-
age phytoplankton growth rate, µ, and mortality
rate, m, of 0.34 and 0.27 d–1, respectively. This
indicates that 79% of the daily production of the
phytoplankton community was being removed by
protists.
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Parameter Surface DCM Overall

µn (d–1) 0.86 ± 0.17 0.24 ± 0.06 0.45 ± 0.11
µ0 (d–1) 0.76 ± 0.10 0.22 ± 0.07 0.42 ± 0.10
m (d–1) 0.58 ± 0.07 0.22 ± 0.05 0.34 ± 0.06
P0 (mg chl a m–3) 0.05 ± 0.01 0.26 ± 0.05 0.19 ± 0.04
PP (mg chl a m–3 d–1) 0.05 ± 0.02 0.06 ± 0.03 0.06 ± 0.01
G (mg chl a m–3 d–1) 0.03 ± 0.01 0.06 ± 0.02 0.05 ± 0.01
TR (d–1) 0.25 ± 0.14 0.02 ± 0.04 0.10 ± 0.06
%P0 65 ± 10 23 ± 6 37 ± 7
%PP 78 ± 11 109 ± 17 99 ± 10

Table 3. Average (±SE) grazing impact and dilution parameters for surface and
deep chlorophyll maximum (DCM). µn: phytoplankton growth rate with nutri-
ents added; µ0: phytoplankton growth rate without nutrients; m: mortality rate;
P0: initial chl a concentration; PP: phytoplankton biomass production; G: phy-
toplankton grazing losses; TR: turnover rate; %P0: standing stock grazed; 

%PP: biomass production grazed

Fig. 4. Plots of dilution experiments using flow-cytometry analy-
ses: (D) Synechococcus; (×) Prochlorococcus; (m) nanoeukaryotes

µ m TR PP G %P0 %PP
(d–1) (d–1) (d–1) (103 cells ml–1 d–1) (103 cells ml–1 d–1)

PRO 0.35 ± 0.10 0.26 ± 0.07 0.09 24.00 18.00 28 75
SYN 0.40 ± 0.11 0.33 ± 0.10 0.08 6.6 5.4 34 82
Neuk 0.32 ± 0.12 0.22 ± 0.08 0.11 1.6 1.1 22 68
Total 0.34 ± 0.07 0.27 ± 0.08 0.08 30.00 24.00 28 79

Table 4. Average (±SE) growth and grazing parameters resulting from flow-cytometry analysis. µ: growth rate; m: mortality rate;
PP: phytoplankton biomass production; G: phytoplankton grazing losses; TR: turnover rate; %P0: standing stock grazed;
%PP: biomass production grazed; SYN, PRO, Neuk, Total: Synechococcus, Prochlorococcus, nanoeukaryotes and total 

fluorescent cells, respectively
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DISCUSSION

Herein we have reported measurements of phyto-
plankton growth and mortality due to grazing in the
highly oligotrophic environment of the subtropical
north-east Atlantic. We found a high degree of cou-
pling between primary production and the consump-
tion of protists, with a large fraction of phytoplankton
production being channelled to herbivores.

In the Azores Current region, accumulation of phyto-
plankton biomass does not take place. Fernández &
Pingree (1996) offered a number of possible explana-
tions, such as nutrient limitation and losses due to
grazing. Since we measured an averaged chlorophyll
grazing impact of protists on phytoplankton of 78 and
109% of PP removed daily for surface and DCM
respectively, our data support the contention that the
grazing activity of protists has a dramatic controlling
effect on phytoplankton populations in oligotrophic,
picoplankton-dominated systems. This is reinforced by
the lack of evidence for nutrient limitation in our
results, at least at the time scale of the experiments.
Our results are highly compatible with an increase of
microzooplankton grazing impact towards oligotrophic
waters, as reported by Burkill et al. (1993) on a 60° N to
47° N transect in the NE Atlantic, which these authors
attributed mainly to the size structure of the phyto-
plankton. In addition, our values of microzooplankton
grazing impact are compatible with the grazing impact
exerted by copepods during the same cruises, which
averaged 27% of the primary production removed
daily (Huskin et al. 2001).

The estimates of grazing impact achieved by the chl
a and FCM methods were not fully consistent, since
the grazing impact on total FCM fluorescent cells was
lower. However, the FCM experiments were fewer
in number, and were based on 5-point regressions
with the calculated µ corresponding to the nutrient-
enriched µn in the bulk chl a analyses. Caveats apart
and after discarding photoadaptative effects, the dif-
ferences could be due to scarce autotrophic flagellates
with a high chl a content; these would appear in the
bulk chl a analyses but remain undetected by FCM
analysis. Because the FCM analyses in our study were
more limited in scope than the chl a analyses, we
ascribe more validity to the latter.

Phytoplankton growth rates were substantially
higher in the surface mixed layer than in the DCM. In
addition, the surface and DCM experiments showed
different results in the sense that growth and grazing
presented an imbalance in surface water, while aver-
age growth and grazing rates for the DCM were equal.
This result therefore depicts a more dynamic environ-
ment in the upper mixed layer, with a higher potential
growth of phytoplankton. In our understanding of the

system, the DCM represents a structure close to
steady-state, in which processes are slower than in the
upper mixed layer or at higher latitudes in the NE
Atlantic, which are characterised by marked seasonal
changes in phytoplankton biomass and composition.
This view of the DCM as a distinct, isolated system,
agrees with the genetic differentiation between upper
mixed layer and DCM populations of Prochlorococcus
(Scanlan et al. 1996, West & Scanlan 1999) and also
with the existence of a persistent boundary between
shallow and DCM phytoplankton species in oligo-
trophic, oceanic environments (Venrick 1988). The
stability of wind stress in the area, which is under the
direct influence of the subtropical high pressure belt
in winter and the well known Azores High in summer
(Tomczak & Godfrey 1994), makes it conceivable that
the differences between the upper mixed layer and the
DCM could be fairly constant throughout the year.
Although differences in growth parameters between
the near-surface layer and the DCM were present,
these did not obscure the tight relationship between µ
and m (Fig. 3). This relationship reflects the efficient
coupling between phytoplankton and heterotrophs
that would be expected from the turnover rate and
standing stock of the oligotrophic system (Gasol et
al. 1997).

Despite slight differences, the average growth and
mortality rates of the different phytoplankton groups
were essentially similar (Table 4). We obtained an aver-
age specific growth rate for Synechococcus (0.40 d–1) at
the lower end of the wide range (0.24 to 1.4 d–1) re-
ported for the dilution technique (Christaki et al. 1999,
and references therein). In the case of Prochlorococcus,
the average specific growth rate (0.35 d–1) was in the
upper range (0.09 to 0.48 d–1) reported by Goericke &
Welschmeyer (1993) for the Sargasso Sea. The magni-
tude of growth rates together with the dominance of
Prochlorococcus in the community agree with the dis-
tribution and environmental requirements for pico-
phytoplankton proposed by Veldhuis et al. (1993) for
the eastern North Atlantic, whereby prochlorophytes
tend to thrive in strongly stratified, nutrient-depleted
waters. When the mortality rates are examined within
each single experiment, only Sample Az2-16 showed
significant differences between the FCM phytoplank-
ton groups, with significantly higher grazing pressure
on Synechococcus. Christaki et al. (1999) found in a
laboratory experiment that 2 species of ciliates pre-
ferred to feed on Synechococcus rather than on Pro-
chlorococcus, and proposed that the different distribu-
tions of the 2 autotrophic picoplankters were partly due
to this fact. The results of our experiments did not clar-
ify the subject, since the diverse assemblage of grazers
would mask any group-specific preference in a near
steady-state system.
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Microzooplankton abundance and biomass in the
present experiments were lower than those of other
open-ocean regions (Verity et al. 1993, Sleigh et al.
1996), as would be expected from the low phyto-
plankton standing stock. However, our grazer bio-
mass data did not include the HNF, which were abun-
dant during Cruise Az1, averaging 41 ± 16 cells ml–1.
Therefore, HNF should be taken into account as
important contributors to the reported grazing impact
of protists. The dinoflagellate-oligotrich ciliate bal-
ance could be interpreted as an indication of equilib-
rium in the microzooplankton community, since both
compete for resources (Neuer & Cowles 1995) and
have different growth rates and feeding constraints
(Hansen 1991, Pierce & Turner 1992). This inter-
pretation is consistent with the rest of our results, and
with the small amount of variability in this system
(Marañón et al. 2000).

The results of this study and our previous observa-
tions in similar areas suggest that the key factor for
the success of dilution experiments in highly olig-
otrophic waters is strict control over manipulation and
incubation procedures, i.e. absolute cleanliness, strict
control of the incubation temperature, prevention of
any pulse of intense irradiance that could cause irre-
versible physiological damage, and controlling for the
influence of photoadaptation on the results. An
equally strict control would be desirable in primary
production or community respiration studies, espe-
cially when the subject is the delicate, largely stable
phytoplankton populations of the oligotrophic ocean,
which are adapted to narrow ranges of temperature
and irradiance. In this connection, the photoacclima-
tion response of Prochlorococcus, the dominant phyto-
plankter in the area, has been reported to notably
exceed standard incubation times in diverse trophic-
related methods, even when exposed to narrow irra-
diance shifts (Bricaud et al. 1999). Thus, maintaining
natural populations at the correct irradiance level
during the whole process of on-deck incubations is
central to accurately measuring the balance between
productivity and grazing.

The data presented here show intense trophic cou-
pling between primary producers and protist herbi-
vores, and heavy consumption of particulate primary
production. These results, in the context of a commu-
nity characterised by temporal stability and low bio-
mass, indicate little margin for a fate of the particulate
primary production other than cycling within the
phytoplankton-protist compartment. In addition, our
study confirms the importance of including correct
measures of the grazing activity of protists in the car-
bon budgets of the oligotrophic open ocean, and of rig-
orously controlling experimental procedures to avoid
artefacts arising from a damaged community.
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