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ABSTRACT: This study tested whether the extreme scarcity of larger nanophytoplankton and micro-
phytoplankton in the Gulf of Aqaba and in the open northern Red Sea is caused by nutrient limitation
or by selective removal by grazers. Samples of near surface phytoplankton were incubated on board
under a fully factorial combination of release from grazing pressure and release from nutrient stress.
Release from grazing pressure by different size classes was obtained by sieving through 100, 20, and
10 um size mesh screens. Release from nutrient stress was obtained by enrichment of Si alone and a full
enrichment by N, P, Si and trace elements. Growth rates of most phytoplankton taxa showed a strong,
positive response to the full nutrient enrichment and a weaker, but significant response to grazer exclu-
sion. Several diatom taxa showed a weak positive response to Si enrichment. Thus, bottom-up control
of medium-sized algae appears to be more important than top-down control.
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INTRODUCTION

Phytoplankton in the extremely oligotrophic north-
ern Red Sea, and in the Gulf of Agaba (Klinker et al.
1978, Reiss & Hottinger 1984), is characterized by a low
biomass (<0.8 mg chlorophyll I"!) dominated (>95%)
by phytoplankton <5 pm (Lindell & Post 1995, Yahel et
al. 1998). Only during the summer period does the
large, nitrogen-fixing cyanobacterium Trichodesmium
spp. also become prominent. Algae ranging from 5 to
several 100 nm are extremely scarce, though not
totally absent (usually detectable only by plankton
nets or by sedimentation of several 100 ml of water,
Kimor & Goldanski 1992). During the stratified period,
dissolved N and P are depleted below the detection
limit (methods according to Strickland & Parsons 1968),
while remaining Si concentrations are low but still
detectable (ca 0.5 pM). The resulting high Si:N ratios
make the scarcity of diatoms quite surprising (Sommer
1994a,b, 1996). It remains an open question as to
whether the size structure and the taxonomic composi-
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tion of the phytoplankton in the Gulf of Agaba and
the northern Red Sea can be explained by nutrient
stress alone ('bottom-up’' control)—or whether selec-
tive removal of medium-sized phytoplankton by her-
bivorous zooplankton (‘top-down' control) might have
some importance as well.

METHODS

The importance of nutrient stress versus grazing
pressure was studied by ship-board (Meteor cruise 44-2;
February 15 to March 19, 1999) ‘release experiments’
where algae were released from 1 or both control
factors in a fully factorial combination of manipula-
tions. The analysis of grazing in this study is focused on
protozoan and naupliar grazing on nano- and micro-
phytoplankton, while the grazing pressure by adult
metazoa was studied by parallel investigations during
the same cruise (Stibor & Hansen unpubl.). Protozoan
grazing on picoplankton (<2 pm) was studied accord-
ing to Landry's & Hassetts's {1982) dilution technique
by Berninger (unpubl.).
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Nutrient manipulations consisted of controls (no
addition), silicate enrichment (4 pM Si) to release dia-
toms with high Si- but low N- and P-requirements from
nutrient stress, and a full enrichment (4 ptM Si, 4.5 pM
N, 0.3 uM P) to release all phytoplankton from nutrient
stress. Grazer manipulations consisted of sieving the
sample through net-screens with the mesh sizes
100 um (removal of adult metazoa but not of protozoa
and the smallest nauplii), 20 pm (removal of larger pro-
tozoa) and 10 pM (removal of medium-sized protoza).
Protozoa <10 pm were not removed because they usu-
ally feed on pico- but not on nanoplankton and their
removal would have also removed all of the target
algae of this study.

The water samples for the experiments were taken
from 10 m depth at stations in the Gulf of Agaba
(Expt 1: Stn 118, February 21, 28.582° N, 34.651° E;
Expt 4: Stn 152, March 2, 28.334° N, 34.551° E) and 2
stations in the open Red Sea (Expt 2: Stn 132, February
24, 27.298° N, 34.368° E; Expt 3: Stn 145, February 27,
27.695° N, 34.670° E) in order to compare phytoplank-
ton from a deeply circulating water column (Gulf of
Agaba, >300 m mixing depth) to phytoplankton from
a stratified water column (Red Sea, mixing depth
<50 m). This contrast in the mixing regime is quite typ-
ical for the study season, while summer stratification
begins a few weeks later in the Gulf of Agaba (Wolf-
Vecht et al. 1992, Genin et al. 1995). The manipulated
water samples were incubated in 2 | bottles floating in
a deck incubator. Each treatment was duplicated in
separate bottles. The deck incubator was cooled by a
flowthrough of surface water (21 to 23°C) and shielded
against direct sunlight by a cover which absorbed ca
70 % of incident radiation.

Subsamples (250 ml) were taken from the incubation
bottles at Day 0, after Day 2, and after Day 5, preserved
by Lugol's iodine for indentification at the genus level],
and cell counts of the nano- and microplankton species
were performed. The scarcity of nano- and microphy-
toplankton (0.05 to 10 cells mi™! in the initial samples)
forced sedimentation of 200 ml prior to microscopic
counting in an inverted microscope. If cell numbers
were sufficient, 100 individuals were counted per
taxon, thus giving 95% confidence limits of ca +20%
(Lund et al. 1958). However, in many cases counting of
the entire counting chamber resulted in much lower
numbers. The response of individual taxa to the exper-
imental treatments was assessed by calculating net
growth rates from the cell density data on Days 0 and
2. Net growth rates reflect the difference between
rates of reproduction (controlled mainly by resources)
and loss rates (mainly controlled by grazing in my
experiments), The cell density could not be used as a
response variable because sieving through plankton
nets of different mesh size also changed the abun-

dance of some phytoplankton taxa (shown for Rhi-
zosolenia in Fig. 1). Protozoa were identified to larger
functional groups and counted in a similar way to the
phytoplankton. Nauplii were counted at the end of the
experiments by sieving 1 1 through a 20 pm screen.

The samples for Day 2 were expected to show the
response of species which are relatively abundant
and/or respond quickly to nutrient enrichment. The
samples for Day 5 were expected to show the response
of rare and/or slow-reacting species. However, the 2 to
5 d time interval was expected to be more strongly
influenced by second-order effects than the 0 to 2 d
time interval. Such second-order effects include the
growth of microzooplankton released from predators,
or larger competitors, and the growth of competing
phytoplankton species.

Net growth rates were calculated from cell densities
on Day 0 (Ny) and Day 2 (N,) according to the equation

r = (InN, - InNy)/2 (d™}

The significance of the growth rate response to the
experimental treatments was tested by a 3-factor
ANOVA (Statgraphics) with growth rates during the
first 2 d as dependent variables and nutrient treatment
(control, Si enrichment, full nutrient treatment), grazer
exclusion (100, 20, and 10 um mesh size) and site (Gulf
of Agaba, open Red Sea) as main factors (Table 1).
Pairwise interactions between the main factors were
also tested. For the factors nutrient treatment and
grazer exclusion, a multiple-range test based on least
significant differences (p < 0.05) was performed in
order to identify homogenous groups.
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Fig. 1. Abundance of Rhizosolenia at the start ol the experi-
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Table 1. ANOVA of the phytoplankton growth rates with the main factors nutri-
ents (N; control, = Si, full enrichment), grazer exclusion (G; >100, >20, and
>10 pm) and site (S; Gulf of Agaba, open Red Sea) and 2-factor interactions; F-
ratios and level of significance (****p < 0.0001; **"p < 0.001; **p < 0.01; "p <
0.05). SUD: small (<10 pm), unidentified dinoflagellates. (-) Factor is irrelevant
because the taxon has been present in only 1 size fraction or site

if the cell length of needle-shaped
diatoms (Nitzschia spp., Navicula spp.)
exceeded the mesh size.

Time course of response

No phytoplankton taxon could main-
tain the growth rate of the 0 to 2 d
interval during the 2 to 5 d interval.
Several even showed negative growth
rates during the second interval. De-
cline of growth rates could be due to:
(1) exhaustion of nutrients, even in the
fully enriched bottles, or (2) growth of
protozoa and subsequent increase in
grazing losses. Both are second-order
effects which do not reflect the con-

trols of phytoplankton growth at the

Species N G S NxG NxS GxS
Emiliana 1279 18.4°°* - 0.87 - -
Gonyaulax 15.5% - 2.64 - 0.19 -
SUD 23.0 """ 29.9%" 2.01 2.05 2.48 1.39
Gymnodinium 17.9%°** 506" 4.76° 0.35 038 093
Rhodomonas 317" 140" 0.001 0.35 0.87 095
Pyraminonas 157" 571" 8.87"" 0.19 0.005 0.041
Leptocylindrus 117.1°** 8.04°" - 0.019 - -
Chaetoceros 9.34"°" - 1.64 - 0.148 -
Thalassiosira 353" 3.87 1.84 1.81 0.73 0.61
Rhizosolenia 158.8*""" 24.2%"" 7.44°" 1.68 2.82 0.23
Nitzschia 102.2%** 10.1*** 209" 036 2.44 0.75
Pseudonitzschia 121.4°°°* 10.5°* 286" 139 483" 0.27
Navicula 488" 42.5%"" 0.98 0.31 1.40 0.72
RESULTS

Effects of sieving on starting conditions

Sieving through 100 pm screens effectively removed
adult metazoan zooplankton, but a small number of
nauplii remained. Small copepodides which could have
passed the 100 pm screen were too rare to be found in
the 2 1 bottles. The 20 pm screens removed all nauplii
and tintinnids. The ciliate Strombilidium spp. were
either reduced or removed by the 20 um screen. Cell
numbers of unidentified small athecate ciliates were
almost unaltered in the <20 pm size fraction but were
absent in the <10 pm fraction (Table 2). Heterotrophic
nanoflagellates (HNF) had abundances of 160 %
70 cells ml~! with no significant differences between
size fractions and experiments (2-factor ANOVA; p >
0.05). However, counts of Lugol's preserved cells with
the inverted microscope provide almost certainly
underestimates of HNF. Phytoplankton abundances
were also influenced by sieving. Gonyaulax spp. and
Chaetoceros spp. were absent in the <10 and <20 um
fractions. Chain-forming diatoms such
as Rhizosolenia spp. (Fig. 1), Lepto-
cylindrus spp. (ca 15% reduction by
20 pm sieveing, 45% reduction by

start of the incubation. Therefore,
growth rates are only calculated for
the first interval. The second interval is only used to
analyse the response of species which were below the
detection limit at the start of the experiments. Abun-
dances of nauplii, tintinnids and Strombilidium spp.
remained constant during the 0 to 2 d interval, while
‘undientified small ciliates’ roughly doubled in the
<20 um fractions, with no significant differences be-
tween the different nutrient treatments (p > 0.05).

Response of phytoplankton growth rates during
the first interval

Growth rates could be analysed for 13 phytoplank-
ton taxa, which together formed more than 95 % per-
cent of the nano- and microphytoplankton biomass as
estimated by cell volumes. Pairwise interactions
between the main factors were generally insignificant
(Table 1), except for Pseudonitzschia and the combina-
tion Nutrients x Site. However, a Bonferroni-correction
for 13 taxa would place also that interaction beyond
the conventional significance limit of p < 0.05. Nutri-

Table 2. Abundance of microzooplankton (ind. I"!) at the start of the experi-
ments. First set of values: size fraction <100 pm; second value (where applica-
ble): size fraction <20 pm. USC: unidentified small ciliates

10 pm sieving), and Pseudonitzschia

spp. (ca 20 % reduction by 20 pm siev- Group
ing, 60% reduction by 10 pm sieving) Nauplii
had significantly reduced abundances Tintinnidae

in the smaller size fractions (ANOVA;
p < 0.05), while unicellular algae with
a cell width smaller than the mesh size
remained unaffected by sieving, even

usc

Strombilidium

Expt 1 Expt 2 Expt 3 Expt 4
11 +4 103 18+ 5 12+4
20+ 7 35+ 13 25+ 8 42 £ 10
55« 17, 33+8 35+ 7 133
12+ 3
260 + 70, 315 + 35, 220 £ 20, 100 + 25,
310+ 130 400 + 80 170 + 30 125+ 30
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Fig. 2. Growth rates of Rhodomonas in response to the exper-
imental treatments. C: no nutrient addition, Si: silicate enrich-
ment, F: full nutrient enrichment (N, P, Si); (@) size fraction
<100 pm, {a) size fraction <20 pm, (o) size fraction <10 um

ents had highly significant effects on the growth rates
of all taxa while grazer exclusion had significant
effects on all but 1 taxon (the diatom Thalassiosira).
Significant differences between both sites were found
in less than half of the taxa.

The growth rates of non-siliceous algae (shown for
Rhodomonas in Fig. 2) and of 3 diatoms (Chaetoceros,
Leptocylindrus, Thalassiosira) responded only to the
full nutrient enrichment but not to the Si enrichment,
as indicated by controls and Si treatments forming 1
homogeneous group. The other diatoms (Rhizosolenia,
Nitzschia, Pseudonitzschia, Navicula) responded_to Si
enrichment but the increase of growth rates was much
smaller than the increase caused by a full nutrient en-
richment (Figs. 3, 4 & 5).

Most taxa responding to grazer exclusion exhibited
increasing growth rates with decreasing mesh sizes
used for zooplankton removal (Figs. 2 & 5), except
Pseudonitzschia (Fig. 3) for which no significant differ-
ence was found between the 10 and the 20 pm treat-
ments, and Leptocylindrus and Pyramimonas for which
no difference appeared between the 20 and the
100 pm treatments. Grazing effects could not be lested
for Gonyaulax and Chatoceros because both were too
large to pass the 20 pm screen.
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Fig. 3. Growth rates of Pseudonitzschia in response to the ex-
perimental treatments. C: no nutrient addition, Si: silicate en-
richments, F: full nutrient enrichment (N, P, Si); (®) size fraction
<100 pm, (a) size fraction <20 pm, {0) size fraction <10 pm

Additional phytoplankton taxa after 5 d

Phytoplankton genera, which had been undetect-
able in the initial samples, did not appear in any of the
unenriched bottles after 5 d. The colonial diatom Tha-
lassionema was found in 7 of the 8 Si-enriched
<100 pm treatments and in 6 of the 8 fully enriched
<100 pm treatments. Because of its size, it did not
appear in the smaller size fractions. The dinoflagellate
Ceratium was found in 5 of the 8 fully enriched
<100 pm treatments. The smaller dinoflagellate Proro-
centrum appeared in 6 of the 8 fully enriched <100 pm
treatments and in all fully enriched <20 pm treatments.
A similar pattern was found for the silicoflagellate Dic-
tyocha (5 fully enriched <100 nm treatments, 7 fully
enriched <20 pm treatments).

DISCUSSION

Dominance of picoplankton (usually defined as <2 pm)
or ultraplankton (defined as <5 or <8 pym, depending on
the author) is a frequently encountered phenomenon of
extremely oligotrophic lakes and seas (Stockner & Antia
1986, Li et al. 1993). The success of the smallest phyto-
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Fig. 4. Means and 95% confidence limits of phytoplankton

growth rates in controls (C; no nutrient addition, size fraction

<100 pmy}; the most efficient grazer exclusion treatment (G;

usually <10 pm, in the case of Gymmnodinium and Thalas-

siosira <20 pm); the fully enriched nutrient treatment (N); and

the combined treatment with full nutrient enrichment and the
most efficient grazer control {NG)

plankton size classes is frequently ascribed to their en-
hanced ability for retrieving mineral nutrients from a
very dilute environment because of their favourable sur-
face:volume ratio (Raven 1986). This study differs from
most of the comparable studies on nutrient or other con-
trols on phytoplankton growth by its focus. While it is
common to ask about the controls on dominant taxa,
here the question is focused on rare taxa: ‘'Why are
medium-sized phytoplankton so scarce in the extremely
oligotrophic Red Sea?'. It should be kept in mind that
such a study is, by necessity, restricted to the moderately
rare taxa, while it is impossible to draw conclusions on
the causes for the rarity or absence of species which were
below the detection limit. However, 17 genera from a
wide array of higher taxa (Cryptophyta, Dinophyta,
Prasinophyceae, Prymnesiophyceae, Bacillariophyceae)
seem to be a sound basis for conclusions.
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Fig. 5. Growth rates of Rhizosolenia in response to the exper-
imental treatments: C: no nutrient addition, Si: silicate enrich-
ment, F: full nutrient enrichment (N, P, Si}; (®) size fraction
<100 um, (4) size fraction <20 pum, (0) size fraction <10 ym

The control bottles (no enrichment, but 100 um filtra-
tion) in my experiments were not full controls because
even in them phytoplankton were released from 2 po-
tential limitations in situ: they were released from light
limitation caused by deep vertical mixing (Sverdrup
1953), especially in the Gulf of Agaba with 300 m mix-
ing depth, and from grazing by zooplankton >100 um.
However, growth rates in the controls were either neg-
ative or not significantly different from zero (Fig. 4).
Therefore, release from deep mixing and from grazing
by mesozooplankton would not have been sufficient
for permitting positive growth rates of medium-sized
phytoplankton, even if those factors had contributed to
their scarcity in situ. On the other hand, growth rates
attained by the combination of a full nutrient enrich-
ment and maximal grazer exclusion were not much
lower than the maximal growth rates for phytoplankton
of the nanoplankton and smaller microplankton size
range reported in the literature (Schlesinger et al. 1981,
Banse 1982), e.g. Rhizoselenia (15000 + 34 700 um?® cell
volume) had growth rates of 0.9to 1.3 d™! at 21 to 23°C,
while Banse's equation for diatoms predicts a maximal
growth rate of 1.32 d°! at 20°C. Therefore, it seems
that the combination of a N+P+Si nutrient spike and of
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sieving out zooplankton >10 um released the algae
under study to a large extent from any factor which
could have restricted growth, including adverse enclo-
sure artifacts, grazing by nanozoplankton <10 pm, un-
explained sources of mortality (e.g. viruses), N or P
competition by picophytoplankton and bacteria, or
limitation by trace nutrients.

The relative importance of resource versus grazer
control is one of the most frequently discussed ques-
tions in phytoplankton ecology. Obviously both are
important, because the net growth rate is always the
difference between the rates of reproduction and mor-
tality. Nevertheless, a comparison of the nutnent
effects and the grazer effects shows a clear hierarchy
of factors in this study (Fig. 4). Grazing release alone
was not sufficlent to permit significantly positive
growth rates of most taxa (exception: small, unidenti-
fied dinoflagellates). The full nutrient spike without
grazing release permitted positive growth rates of 10
taxa (Gonyaulax, Chaetoceros, and 8 taxa shown in
Fig. 4), it did not permit significantly positive growth
rates of the small, unidentified dinoflagellates, Rhodo-
monas and Navicula.

The response of 4 diatom genera to Si enrichment
was much weaker than the response to the full enrich-
ment and did not lead to positive growth rates. Never-
theless, it seems to indicate that those diatoms were Si-
limited in situ. However, the nutrient status of these
diatoms must have been so close to the transition
between Si limitation and N or P limitation that N or P
must have become limiting after even marginal growth
initiated by Si addition. Si limitation in this environ-
ment is rather surprising, given the relatively high Si:N
and Si:P ratios in the northern Red Sea (Si:N ca 1:1 dur-
ing circulation and clearly >1:1 during stratification;
Red Sea Program unpubl. data) Members of 3 of the
genera responding positively to Si had exhibited quite
high optimal Si:N ratios in competition experiments
performed in the Arabian Sea (Sommer 1998): Rhizo-
solenia optimal Si:N = 0.55:1; Pseudonitzschia 1:1;
Nitzschia 5:1). Nutrient growth rate (Monod) curves
for Si-limited diatoms frequently show a threshold con-
centration of Si (Paasche 1973). Such thresholds would
make optimal Si:N or Si:P ratios the higher, the lower
the nutrient concentrations are.

A dominance of nutrient control is no surprise in an
ultraoligotrophic environment, although some authors
have argued that phytoplankton in the oligotrophic
ocean reproduce at nearly nutrient-saturated rates
{Goldman et al. 1979). However, their inference was
based on a C:N:P stoichiometry close to the Redfield-
ratio (106:16:1) for the entire seston. Such a bulk
measurement may reflect the biomass composition of
dominant phytoplankton species, but not the biomass
composition of rare species which have been the focus

of this study. If Goldman'’s assertion would apply to the
Red Sea too, it might be argued that nutrient limitation
could be the primary cause for the scarcity of medium-
sized algae, while picoplankton obtain their domi-
nance because of not being nutrient-limited. However,
recent evidence of a high alkaline phosphatase activity
associated to autotrophic picoplankton suggests P lim-
itation in even the smallest phytoplankton species (Li
et al. 1998). In conclusion, scarcity of nutrients appears
to be the single most important factor restricting the
growth of medium-sized phytoplankton in the north-
ern Red Sea. Note, that this study was performed just
before the onset of summer stratification in the Gulf of
Agaba, and just after the onset of stratification in the
open Red Sea, which implies that even more nutrient
stress should be expected during the stratification
period (Lindell & Post 1995).
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