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Science is one of the few areas in which Arabs and
Israelis can cooperate on common goals in a non-
political context. After the signing of the 1993 Oslo
peace agreement, there was widespread optimism that
the dialogue and trust created by scientists would sup-
port the political peace process. The importance of sci-
ence for peace was recognized by the German govern-
ment, which supported the iniative of leading Israeli,
German, Egyptian and Palestinian scientists to deve-
lop a major project of regional cooperation in marine
science in the Red Sea area.

This initiative led to the creation of the ‘Red Sea
Programme’ in 1995, coordinated by the Center for
Tropical Marine Ecology in Bremen. With strong finan-
cial support from the German Ministry for Research
and Technology and under the auspices of the Nobel
Laureate Erwin Neher in Goéttingen, the programme
became one of the major multinational research net-
works in the area, with about 70 participants, including
Jordanians, who joined the activities in 1997. Through-
out its existence and beyond its termination, scheduled
for 2001, the programme had important spin-offs to
other scientific endeavours, such as the 1999 interna-
tional Red Sea cruise of the RV 'Meteor' and the US-
sponsored ‘Red Sea Peace Park' between Israel and
Jordan.

The Red Sea Programme was built on existing per-
sonal contacts between individual Middle East and
German scientists and on traditional links between the
German marine science community and the research
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institutions in Red Sea countries. The aim of the pro-
gramme was to carry out cutting edge research on
defined themes using a number of multinational teams.
Research centered around: (1) ocean processes of the
Gulf of Agaba and northern Red Sea, (2) coral reef
ecology, (3) calcification and palaeoclimate, (4) micro-
bial processes at marine interfaces and (5) neurophysi-
ology and toxins of reef organisms.

Most of the research activities took place at the Inter-
university Institute in Eilat (Israel) and the Agaba
Marine Science Station (Jordan), at opposite sides of
the northern Gulf of Agaba, with short-term cruises
and land-based expeditions of individual teams to
Egyptian waters. Sophisticated equipment was pro-
vided to the Interuniversity Institute in Eilat and its
vessel was operated partly out of Red Sea Programme
funds.

The RV 'Meteor’ cruise leg 44/2, which was also
coordinated by the authors with Gotthilf Hempel as
chief scientist, provided the unique opportunity to
carry out synoptic interdisciplinary research on a
wider regional scale. Research focussed on pelagic
processes during the winter/spring transition period,
particularly on the dynamics of vertical mixing and
microbial production in a weakly stratified oligotrophic
water column.

The cruise was a real challenge to the coordinators
and all participants: when leaving port in the Mediter-
ranean no working permit for the Red Sea had reached
us, except for the northernmost tip of the Gulf of
Agaba. While passing the Suez Canal, we still had no
assurance as to who of the Middle East partners would
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be able to embark in Suez. But finally, programme
scientists from all nationalities joined the cruise.

The Gulf of Agaba is like a bathtub, ca. 165 km long
and 15 km wide—not very large for a big research
vessel to operate in for 15 d. The freedom of movement
was mostly limited to a narrow central strip along the
dividing line between Egyptian and Saudi territories.
This resulted in a series of repeated transects. Fortu-
nately, the cruise hit the rapid transition from winter
to spring hydrographic conditions. This was well re-
flected in the narrow-meshed spatial and temporal
series of samples and data sets.

In addition to closing gaps in our understanding of
the ecology of the Red Sea, a major goal of the Red Sea
Programme and the RV "Meteor’ cruise was to build the
research capacity and infrastructure to enable coopera-
tion on a more equal footing in the region. This in-
volved on-the-job training of students in state-of-the-
art research techniques, as well as a broad spectrum of
introductory and specialized courses in Eilat and Agaba
with excursions to various coral sites along the Sinai
and Jordan coasts. In those courses Arab, Israeli and
German students and lecturers worked together. Sev-
eral young Egyptian and Jordanian scientists obtained
their PhD in Germany, while Palestinian PhD students
were enrolled at Israeli universities. German MSc and
PhD students and PostDocs did their field work in
Egypt, Israel and Jordan. Regular scientific conferences
served as fora for interdisciplinary discussions, particu-
larly for young scientists. Special attention was given to
joint publications reflecting the multinational coopera-
tion under the Red Sea Programme. Human resource
development was accompanied by the provision of
modern equipment to the partner laboratories, allowing
young researchers and postgraduates to carry on col-
laborative research in their home institutions after the
end of the programme. More than 80 PhDs and MScs
emerging from the programme or related to it, now
constitute the core of a young generation of talented
young scientists enriching the science capacity of the

region, and of the Arab institutions in particular. The
Red Sea Programme contributed to the establishment
of a new department of marine science at the Palestin-
ian Al Quds University and to the strengthening of the
various branches of the Egyptian National Institute of
Oceanography and Fisheries.

The following 7 contributions to Marine Ecology
Progress Series were selected from a large collection of
papers based on the Red Sea Programme and the RV
‘Meteor' cruise (the full list is available at www.zmt.
uni-bremen.de). They reflect the multinational charac-
ter and wide scope of these activities, leading from
nitrite and phytoplankton dynamics (Al-Qutob et al.,
Post et al.) to grazing (Sommer et al.) and to the
dynamics of bacterioplankton (Grossart & Simon). The
reef research is represented by 2 papers on the effects
of the reef framework on nutrient cycling (Rasheed et
al.) and of shore-based industry on fish populations
(Khalaf & Kochzius). Palaeoenvironmental and biolog-
ical effects on corals are tackled by the closing article
(Al-Rousan et al.).

The multinational and multidisciplinary authorship
reflects the spirit of the Red Sea Programme and the
RV 'Meteor’ cruise. We hope that the papers demon-
strate that heavy constraints do not rule out good sci-
ence, provided the scientific partners are willing to
bridge gaps and overcome barriers, and provided they
find support from some wise administrators.
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and assistance, and the Egyptian, Israeli and Jordanian
Authorities for permission to carry out the work. Financial
support was granted by the German Ministry of Education
and Research (BMBF, grant nos. 03F0151A, 03F0245A) and
the German Research Council (DFG, grant no. HE 89/58-1).
We are particularly grateful to the Editor O. Kinne for approv-
ing the publication of this Theme Section in Marine Ecology
Progress Series.
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ABSTRACT: This study focuses on the seasonal changes in the Gulf of Aquaba, Red Sea, in nitrite
concentration and their relationship with phytoplankton activity, which is mainly controlled by an
alternation of water-column stratification with vertical mixing. Within the euphotic zone, during ther-
mal summer stratification, nutrient depletion was severe, and no nitrite could be detected in the
upper 70 m. However, during stratification, nitrite was always associated with the nutriclines and
formed a deep maximum at the bottom of the euphotic zone. In contrast, nitrite accumulated in the
mixed water column during winter, closely paralleling the development of phytoplankton biomass. In
the Gulf of Agaba, maximum nitrite accumulation occurred when winter mixing reached its greatest
depth, which in turn was coincident with the height of the phytoplankton spring bloom. Thus, our
field data suggest that accumulation of nitrite is associated with nutrient-stimulated phytoplankton
growth. This hypothesis was supported by nutrient-enrichment bioassays performed concomitantly:
only when phytoplankton growth was stimulated by nutrient additions, did nitrite accumulate in the
water. In the bioassays, the time-course of nitrite accumulation closely paralleled the development of
phytoplankton biomass during the incubation period. We therefore suggest that the accumulation of
nitrite in the mixed water column during winter is due to excretion by algal cells. Our field and exper-
imental data show that between 10 and 15 % of the total amount of nitrogen entering the mixed-water
column is released as nitrite by phytoplankton. Further, our field and experimental data support the
hypothesis that nitrite excretion by phytoplankton has a significant role in the formation of the deep
nitrite maximum (DNM) during stratification in summer. In the bioassays, phytoplankton cells
excreted nitrite even when ammonia was the nitrogen source. This indicates a so far unrecognised
physiological pathway involved in nitrite excretion by phytoplankton cells.
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INTRODUCTION

Nitrite plays an intermediate role in several biologi-
cal processes within the oceanic nitrogen cycle, being
the net result of different generation and consumption
processes (Rakestraw 1936, Vaccaro & Ryther 1960).
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Surface or subsurface nitrite maxima occur over wide
areas of the tropical and temperate oceans. In a strati-
fied water column, the nitrite maximum is found near
the bottom of the euphotic zone or, at higher latitudes,
often throughout the upper mixed layer (Dore & Karl
1996a,b). In upwelling regions, or as a result of the
introduction of nitrate into the euphotic zone by ver-
tical winter mixing, the nitrite concentrations can
increase remarkably (Rakestraw 1936, Olson 1981a,b,
Dore & Karl 1996a).
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In the well-oxygenated water column of the Gulf of
Agaba, the dissimilatory reduction of nitrate to nitrite
by denitrifying bacteria is likely to be negligible. Thus,
we consider the following processes as potentially re-
sponsible for the generation and consumption of ambi-
ent nitrite in the Gulf of Agaba: (1) Excretion of nitrite
during nitrate reduction, i.e. incomplete assimilatory
reduction of nitrate by phytoplankton and bacteria
(Vaccaro & Ruyther 1960, Wada & Hattori, 1971, Miyaz-
zaki et al. 1973, Miyazzaki et al. 1975, Kiefer et al. 1976,
Herbland & Voituriez 1979, Olson 1981a, Dore & Karl,
1996b, Collos 1998). (2) Ammonium oxidation to nitrite
by autotrophic nitrifying bacteria (Brandhorst 1959,
Miyazzaki et al. 1975, Olson 1981a,b, Ward 1986, Dore
& Karl 1996b, Enoksson et al. 1996). (3) Nitrite assimila-
tion by phytoplankton and bacteria (Ward et al. 1989).
(4) Nitrite oxidation to nitrate by autotrophic nitrifying
bacteria (Ward et al. 1989, Dore & Karl 1996b).

Light is known to have a stimulating effect on phyto-
plankton nitrite excretion during nitrate assimilation
(Wada & Hattori 1971), and an inhibitory effect on both
ammonium oxidation and nitrite oxidation by nitrifying
bacteria (Horrigan et al. 1981, Olson, 1981a,b, Guer-
rero & Jones 1996).
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Fig. 1. Gulf of Agaba and the northern Red Sea, showing
Stns A to K in the Gulf
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The majority of the studies on nitrite dynamics focus
on the deep nitrite maximum in a stratified water col-
umn (e.g. Wada & Hattori 1971, Kiefer et al. 1976,
Zafiriou et al. 1992, Dore & Karl 1996a,b). The forma-
tion of the Deep Nitrite Maximum (DNM) is related to
the vertical separation of generation and consumption
processes in the water column driven by differential
sensitivity to light (Wada & Hattori 1971, Olson 1981a,b,
Dore & Karl 1996b). Only a few studies have reported
on nitrite accumulation within a mixed water column
(e.g. Lipschultz et al. 1996, Collos 1998), although
nitrite excretion by phytoplankton is well documented
for both cultures and natural populations (Wada &
Hattori 1971, Collos 1998).

The present study was conducted in the oligotrophic
Gulf of Agaba at the northern end of the Red Sea. The
Gulf, which is located on the fault of the major rift-
valley system, is 165 km long and an average of 15 km
wide. The maximum depth is 1830 m, the average
depth is around 800 m. The Gulf of Agaba receives
nutrient-depleted surface waters from the Indian
Ocean through the Gulf of Aden across 2 shallow sills:
the Bab al Mandab (ca. 140 m deep), and, 2000 km to
the north, the Straits of Tiran (ca. 250 m deep). The
Gulf is surrounded by a sparsely inhabited desert and
therefore has characteristics that are typical for warm
oceanic open waters. It is thus an ideal site for studying
nutrient cycling in an oligotrophic ocean. Within the
euphotic zone nutrients are depleted almost through-
out the year. The vertical distribution of nutrients and
phytoplankton in the Gulf of Agaba is mainly con-
trolled by an annual cycle of stratification in summer
and deep mixing in winter. The latter is far deeper in
the Gulf of Agaba than in the Red Sea proper.

The aim of the present study was to identify the
mechanisms by which nitrite is accumulated in the
Gulf of Agaba, both in stratified and mixed waters.

MATERIALS AND METHODS

This study is based on data collected during the Red
Sea Programme (January 1997 to January 2000) at the
routine station (Stn A) in the Gulf of Agaba, and
includes data collected during the cruise of the Ger-
man RV ‘Meteor’ to the Gulf and the northern Red Sea
in spring 1999 (Fig. 1).

Water samples were collected by a Rosette sampler
with twelve 10 1 Niskin bottles. Individual water sam-
ples were drawn into 14 ml polyethylene test tubes
using clean Tygon tubing. For each bottle, the tubing
was thoroughly flushed, and each test tube was rinsed
3 times with sample water before filling. Analyses
were carried out within 4 h; meanwhile, the samples
were kept at 4°C in the dark. Nitrite was measured
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Fig. 2. Examples of typical profiles of nitrite and nitrate during
summer stratification in the Gulf of Aqaba at Stn A, 17 July
1998

using a flow injection analyser. After dissociation with
sulphanylamide and naphtylethylenediamine, the sam-
ples were measured at 550 nm with filtered seawater
as a carrier against a zero blank.

Bioassays were performed by adding nutrients to
water samples from the sea surface and from the depth
of the deep chlorophyll maximum (DCM; ca. 70 to
90 m). Nutrient additions included nitrate and ammo-
nia alone, as well as either nitrate or ammonia together
with phosphate. Final concentrations were 6 pM N and
0.4 pM P, respectively. In addition, nutrient-rich deep
(600 m) water was added to water samples taken from
surface and the DCM. During a long-term experiment
conducted in September 1999, water samples from the
surface and the DCM layer were incubated in situ
close to shore at 20 m depth in natural daylight for 8 d.
Short-term experiments (24 h) were performed at sim-
ulated 20 m light level in basins on board the ship.
Temperature was controlled by running surface water.
Dark bottles were used as a reference. During the
incubation, nitrite concentrations and in vivo chloro-
phyll fluorescence (as a measure of phytoplankton bio-
mass) were monitored in the experimental flasks.

RESULTS AND DISCUSSION

Field data. During summer in the stratified water
column, ammonia was present and nitrite formed a
deep maximum just below the nitracline. During mix-
ing, ammonia concentrations were unexpectedly low,
whereas nitrite was homogeneously distributed through-
out the mixed layer.

The low ammonium concentration in the mixed layer
suggests either rapid transformation of the excreted
ammonium into nitrite that accumulates in the mixed

layer or rapid uptake of ammonia by phytoplankton.
Our field and experimental data clearly support the
second assumption.

Nitrite profiles during summer stratification were
characterised by nitrite depletion within the upper
euphotic zone and a nitrite maximum (up to 0.15 to
0.2 pM) in the waters below (Fig. 2). The DNM was
located between 90 and 110 m depth, which corre-
sponds roughly to the 1% light depth of PAR. The
DNM overlapped with the upper part of the nitracline,
but was located below the deep chlorophyll maximum.
The shape of the nitrite peak altered little over time,
and was somewhat asymmetric, tailing off towards
deeper water.

The DNM was established shortly after the onset of
stratification in April-May. The maximum nitrite con-
centration decreased during summer, reaching a min-
imum towards the end of July. By the end of Septem-
ber, the nitrite concentration had begun to rise again,
until the peak was eroded by mixing in November.

Diurnal variations in nitrite and nitrate concentration
were recorded on 8 July 1997. Nitrite and nitrate
concentrations exhibited marked fluctuations in the
uppermost 120 m, which can be attributed to both
water movements and biological processes. Regardless
of the impact of vertical water motions, the nitrite max-
imum increased towards evening (Fig. 3). In contrast,
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Fig. 3. Vertical nitrite and nitrate profiles observed over 12 h

in the Gulf of Agaba at Stn A, 8 July 1997, during stratifica-

tion. (A) Cast finished at 07:30 h local time; (B) cast finished at
12:00 h; (C) cast finished at 18:00 h
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nitrate was taken up by phytoplankton cells during
that period, and part of it was excreted as nitrite due
to nutrient-stimulated growth. Any fluctuation in the
nitracline resulting from water motion would only
increase nitrate concentration in that region. The in-
crease in nitrate recorded during the second half of the
daylight period (12:00 to 18:00 h) is probably related to
water motion.

In contrast, during the deep winter mixing, nitrite
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Fig. 4. Examples of typical profiles of nitrite and nitrate during
winter mixing in the Gulf of Aqaba at Stn A, 2 February 1998

nitrate concentration decreased in the first half of the
daylight period (07:30 to 12:00 h), especially at the bot-
tom of the euphotic zone (Fig. 3). This suggests that

Surface phytoplankton

was homogeneously distributed throughout the mixed
layer (Fig. 4). As the mixing deepened, high concen-
trations of nitrate were entrained into the euphotic
zone from deeper water. As a result, phytoplankton
growth was stimulated (C. Hase et al. pers. obs.). Con-
comitantly, the nitrite concentration increased in the
mixed layer. This suggests that the accumulation of
nitrite in the mixed layer is related to phytoplankton
growth, either by release of a small proportion of nitrite
generated as an intermediate product of assimilatory
nitrate reduction, or by bacterial activity.

DCM Phytoplankton
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Fig. 5. Time course of nitrite accumulation during 8 d incubation of the nutrient-enrichment bioassays at Stn A. In light-incubated

samples (O) only the addition of either nitrate or ammonia together with phosphate, or deep water, had stimulatory effects on

nitrite accumulation, whereas neither nitrate nor ammonium alone elicited any response. Dark-incubated samples (M) did not
show any response. Experiment began on 7 September 1999. DMC: deep chlorophyll maximum
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Bioassay experiments

In the bioassays, nitrite accumulation

was observed only when the samples 1
were enriched with both N and P in 0.8
samples incubated in the light (Fig. 5) 0.6
(M. Al-Qutob et al. pers. obs.). In con- 0.4
trast, little or no increase was observed 0.2
in the nitrite concentration after addi- 0

tions of nitrate, ammonium or phosphate

Surface Phytoplankton

NOs + PO,3- Enrichment

DCM Phytoplankton

NOs + PO,3- Enrichment
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1 Py
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alone. Nitrite concentration changes §
exhibited patterns similar to the devel- © NH,+ + PO,3- Enrichment NH,* + PO,3- Enrichment
opment of the phytoplankton biomass z 1 1 Svad
(Fig. 6). S o8 0.8
Because nitrite release was only € 06 0.6
observed after additions of both N and P, "5 0.4 0.4
we conclude that phytoplankton growth c 0.2 0.2
plays the key role in nitrite accumula- f—3 0 & . . 0 . . .
tion within the mixed water column. Our § 0 2 4 6 8 10 0 2 4 6 8 10
experiments clearly indicate that nitrite .
is accumulated as a result of phyto- Deep water enrichment Deep water enrichment
plankon growth, which needs light and 1 A » 1 2 »
both a nitrogen and a phosphate source. 0.8 0.8
Our bioassays strongly suggest that 0.6 - 0.6 -
the accumulation of nitrite during mix- 0.4 - 0.4 -
ing was coupled to the development of 0.2 - 0.2 1
phytoplankton biomass. At the present 0 i i i i 04 i i i i
stage, the underlying mechanism can- 0 2 4 6 8 10 0o 2 4 6 8 10
not be finally resolved. Indirect coupling Time (d)

could include either excretion of DOM
by phytoplankton or grazing and/or
decomposition of organic matter, all of
which support bacterial growth. How-
ever, the bioassays give strong evidence
of direct coupling: (1) No consumption
of the added ammonium could be ob-
served within the first few days of the long-term exper-
iment; (2) phytoplankton growth and nitrite accumula-
tion occurred simultaneously; (3) nitrite concentrations
decreased in parallel with phytoplankton biomass
towards the end of the incubation.

In the bioassays the final concentrations of the added
nutrient salts were 6 ptM N and 0.4 pyMP. In addition,
nutrient-rich deep (600 m) water was added to surface
and DCM-water, leading to a final concentration of
~1 pMN. After total consumption of the nitrate and
phosphate, the former samples contained up to 0.6 pM
of nitrite in the incubation bottle, and the latter up to
0.2 pM, implying that 80 to 90 % of the nitrate taken up
by the phytoplankton was incorporated into biomass,
and 10 to 20 % was excreted as nitrite. In a year with a
typical maximum winter mixing depth of 400 m, a total
of about 800 mmol nitrate is entrained into the mixed
layer. This corresponds to an average nitrate concen-
tration within the 400 m mixed layer of about 2 pM.

Fig. 6. Time course of nitrite concentrations (e) and in vivo fluorescence () dur-
ing 8 d incubation of the nutrient enrichment bioassays. Only results from
assays with dual additions of N plus P are shown, since single additions did

not elicit any response

The maximum concentration of nitrite in the mixed col-
umn reached 0.2 to 0.3 pM towards the end of the mix-
ing season. This confirms that between 10 and 15 % of
the total amount of nitrate introduced into the mixing
column was released as nitrite by the phytoplankton
cells in situ, the same proportion as in the bioassays.
We would emphasise that this amount of nitrite
accumulated is the net result of nitrate entrained or
enriched on the one side and nitrite accumulated and
consumed by bacteria (or even certain phytoplankton
species) on the other. After the mixing has stopped,
nitrite is completely assimilated from the water col-
umn, since new nitrate is no longer entrained.
Nitrification was recently reported to play an impor-
tant role in nitrogen recycling within the euphotic zone
of oligotrophic oceans (Ward et al. 1989, Dore & Karl
1996b). In particular, high ammonia oxidation rates
were measured below the DNM peak, whereas above
the DNM peak, nitrite release by phytoplankton was a
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significant source of nitrite (Wada & Hattori 1971, Dore
& Karl 1996b). However, in our bioassays, nitrite accu-
mulation due to nitrification was low, as evident
from the dark samples enriched solely with ammonia
(Fig. 5). Likewise, nitrite accumulation was quicker in
samples with nitrate + phosphate than with ammonia +
phosphate additions, indicating that nitrite production
from ammonia via nitrification plays only a minor
role during mixing. This, and the diurnal dynamics of
nitrite and nitrate concentrations (Fig. 3), give strong
evidence that during stratification in summer nitrite
excretion by phytoplankton does contribute a signifi-
cant share to the formation of the DNM in the Gulf of
Aqaba.

Nitrite release by phytoplankton during nitrate assi-
milation has been reported by several authors (Vac-
caro & Ryther 1960, Wada & Hattori 1971, Collos
1998). However, to our knowledge, this is the first
time that nitrite release by phytoplankton is reported
for phytoplankton growth stimulated by addition of
ammonia. Unlike nitrate, ammonia does not have to
be reduced to be incorporated into biomass. There-
fore, we conclude that the nitrite released in the
bioassays, especially in those with ammonia plus
phosphate additions, was not directly related to nutri-
ent assimilation of the algal cells. Thus, a different
and so far unrecognised physiological pathway must
be responsible.

CONCLUSIONS

The nutrient-enrichment bioassays were performed
at the end of the stratification period. At this time,
nitrite in situ was only present in the deep nitrite
maximum below the deep chlorophyll maximum. The
results of the bioassays are summarized as follows:
(1) Nitrite accumulated in remarkable concentrations
only in light samples, not in dark samples; (2) only the
addition of both nitrogen and phosphate had stimula-
tory effects on nitrite accumulation, whereas neither
nitrate nor ammonium alone elicited any responses;
(3) nitrite accumulation closely paralleled the develop-
ment of phytoplankton biomass with no time lag, and
especially did not occur in those bioassays that showed
no change in phytoplankton biomass; (4) surface and
DCM samples responded similarly; (56) accumulation
was faster in samples with nitrate + phosphate than
with ammonia + phosphate additions, indicating that
nitrite production from ammonia via nitrification plays
only a minor role during mixing.

These results, together with the field data, clearly
support the hypothesis that nitrite accumulation dur-
ing mixing is driven by nutrient-replete phytoplankton
growth.

Both field and experimental data have shown that
about 10 to 20% of the N introduced into the mixed
layer by deep winter mixing is released as nitrite. This
process is dependent on phytoplankton photosynthe-
sis, as no nitrite accumulated in the bioassays per-
formed in the dark.

Field and experimental data support the hypothesis
that nitrite excretion by phytoplankton has a signifi-
cant role in the formation of the DNM during stratifica-
tion in summer.

Finally, our results indicate that there is a so far
unrecognised physiological pathway involved in nitrite
excretion by phytoplankton cells.
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ABSTRACT: Phytoplankton (>100 pm) abundance was studied in the open waters of the Gulf of
Agaba during the summer stratification period of 1996. A succession took place among the major
phytoplankton groups, with diatom numbers decreasing throughout the summer. The diazotrophic
cyanobacteria Trichodesmium spp. became more prominent as the stratification period progressed;
5 Trichodesmium species were identified: T. thiebautii, T. erythraeum with tuft-shaped colonies and
Trichodesmium sp. with puff-shaped colonies were common at ~10? colonies m~3 throughout the
stratification period, whereas T. tenue and T. hildebrandtii were more rare. A bloom of T. thiebautii
and T. erythraeum with >10° tuft colonies m~3 was observed in coastal waters of the Gulf during fall
1997. Tuft-shaped colonies were dominant near the surface, while puff-shaped colonies of Tricho-
desmium sp. were mainly found in the bottom half of the photic zone. These depth distributions were
maintained for more than 2 mo, suggesting that the 2 colony types occupied distinct niches. Puff-
shaped colonies were found to have higher chlorophyll a contents than tufts, but their photosynthetic
activities were not significantly different. Fatty acid analysis of dominant plankton species yielded
new trophic relationships for Trichodesmium spp. The Trichodesmium spp.-specific fatty acid C22:2w6
was found in Macrosetella gracilis (the sole copepod to graze on Trichodesmium spp.) and in chaetog-
naths, suggesting that these carnivorous zooplankton fed on M. gracilis. Furthermore, this fatty acid
was observed in the filter-feeding Salpa maxima, which was abundantly present in the Gulf of Aqaba
during June 1997.
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INTRODUCTION

The Gulf of Agaba is an extension of the northern
Red Sea, located between the Sinai (Et Tih) Desert and
the Western Arabian (An Nefud) Desert. It is a deep
basin (1800 m) approximately 165 km in length and an
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average of 15 km wide. It is separated from the north-
ern Red Sea by a shallow sill (240 m) at the Straits of
Tiran. High evaporation rates drive a thermohaline cir-
culation with a continuous advection of nutrient-poor
surface waters from the Red Sea into the Gulf, counter-
balanced by an efflux of more dense deep waters
(Klinker et al. 1976, Murray et al. 1984, Wolf-Vecht et
al. 1992). Surface waters are characterized by a shal-
low but stable thermocline in summer. Lower air tem-
peratures in fall cause a rapid erosion of the thermo-
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cline, leading to deep convective mixing during the
winter months. Convective mixing may reach down to
depths of 600 m or more in the northern part of the
Gulf (Klinker et al. 1976, Wolf-Vecht et al. 1992, Genin
et al. 1995, Lindell & Post 1995).

Phytoplankton chlorophyll a in the Gulf of Agaba is
low in summer, with surface concentrations fluctuating
between 0.02 and 0.04 ng I'! (Klinker et al. 1978, Genin
et al. 1995, Yahel et al. 1998), considered characteristic
for oligotrophic conditions. Chlorophyll a reaches its
maximum concentration (1.2 pg 1! on average) at the
end of the winter mixing period (Genin et al. 1995).
Phytoplankton is made up mostly of ultraphytoplank-
ton, species with a cell diameter of less than 8 pm,
which contribute >90 % to chlorophyll a standing stock
(Lindell & Post 1995, Yahel et al. 1998). The deep mix-
ing in winter drives a seasonal succession among the
ultraphytoplankton (Lindell & Post 1995). Eukaryotic
algae dominate during the mixing event, whereas the
cyanobacteria Synechococcus spp. and Prochlorococ-
cus spp. are dominant during spring and late summer
respectively (Lindell & Post 1995). Likewise, one would
expect the composition of larger phytoplankton to be
affected by water body structure and nutrient avail-
ability. Studies of larger phytoplankton in the Gulf of
Agaba have been limited in scope with a focus on
symbiotic associations of nitrogen-fixing cyanobacteria
with diatoms and dinoflagellates (Kimor et al. 1992,
Gordon et al. 1994). Temporal and spatial distribution
of microplankton in the Gulf of Aqaba was studied in
1974-1975 and the presence of nitrogen-fixing, bloom-
forming Trichodesmium spp. colonies in early and late
summer was documented (Kimor & Golandsky 1977,
Gordon et al. 1994). Trichodesmium spp. has been the
subject of intense study over the last 2 decades, since it
is considered a major contributor to primary produc-
tion and a significant source of new nitrogen in the
ocean surface layers (Capone et al. 1997, Carpenter &
Romans 1991). Summer populations and especially
blooms of Trichodesmium spp. may contribute signifi-
cantly to the carbon and nitrogen budget of the Gulf
of Agaba during summer stratification. The purpose
of this study was to establish temporal and spatial
distribution patterns of Trichodesmium spp. among
the >100 pm phytoplankton size fraction. We further
report on chlorophyll contents, photosynthetic activi-
ties, nitrogen fixation and trophic relationships of
Trichodesmium spp. populations in the Gulf of Agaba.

MATERIALS AND METHODS

During the 1996 summer stratification period we
collected samples on board the RV ‘University I' at
monthly intervals at Sampling Station A (29°28'N,

34°55'E) at the northern tip of the Gulf of Agaba. Dur-
ing a research cruise from 2 to 10 June on board the
same vessel, we visited additional sampling sites with
a more central location in the Gulf of Agaba: Stns B
(29°06'N, 34°46'E) and M (28°47'N, 34°43'E), along
with Stn R (27°25'N, 34°25'E) in the northern Red Sea
(see map in Li et al. 1998). Samples were collected with
100 pm mesh plankton nets. The nets were fitted with
a Tsurumi-Seiki flow meter (model #5197) in order to
obtain estimates of the total volume of water passed
through the net. Vertical hauls were made at a rate of
0.8 m s!, and a mechanical closing mechanism
allowed sampling of desired depth ranges: 0-5, 5-10,
10-30, 30-50, 50-75 and 75-100 m. Horizontal tows
were made at a speed of approximately 0.5 m s™! for
7 min duration. Samples were resuspended in 300 to
500 ml filtered seawater. Diel change in the vertical
distribution of Trichodesmium spp. was studied on
samples taken at 00:00, 07:00, 13:00 and 19:00 h local
summer time; 50 ml samples were taken for immediate
analysis of Trichodesmium spp. populations, and
colonies were enumerated using a Nikon SMZ-2B
dissecting microscope. Colony size was estimated in
replicates of 20 colonies suspended in 50 ml GF/F-fil-
tered seawater. Colonies were gently vortexed for 10
to 30 min, until all colonies had disassembled into indi-
vidual trichomes without disrupting them. Trichomes
were counted in a 1 ml Sedgwick-Rafter cell using a
Nikon Labophot 2 microscope equipped with an epi-
fluorescence attachment and a B2 filter set (excitation
range 450 to 490 nm, a 510 nm dichroic mirror and a
520 nm barrier filter). A 250 to 450 ml sample from
each tow was preserved in 2.5% glutaraldehyde and
stored in darkness at room temperature. Diatom and
dinoflagellate species in these samples were identified
and enumerated using both a bright-field inverted
microscope (Nikon TMS-F) and a phase-contrast micro-
scope (Nikon Labophot 2).

Analyses. Chlorophyll a was determined on samples
of 10 to 20 colonies of Trichodesmium spp. collected on
Whatman GF/F filters and extracted in 90 % acetone
for 12 to 24 h in the dark at 4°C. Chlorophyll a concen-
trations were determined on a Turner Design model
10-000A fluorometer following the procedure of Ven-
rick et al. (1987). On the June 1996 cruises, samples
were also taken to measure the carbon and nitrogen
content of Trichodesmium colonies and that of the par-
ticulate fraction in the water column. For the individual
colony contents, between 50 and 70 colonies were col-
lected on precombusted Whatmann GF/F filters which
were rinsed in 0.2 pm-filtered seawater. Water-column
particulate organic carbon/nitrogen (POC/PON) sam-
ples were collected by filtering onto precombusted
GE/F filters between 0.5 and 1.5 1 samples collected by
Niskin bottles or from surface bucket hauls. All POC/
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PON filters were acid-fumed (concentrated HCI) over-
night to remove carbonate, dried at 40°C, and then
stored in a desiccator prior to analysis. POC and PON
concentrations were determined with a Europa Scien-
tific CHN analyser, using acetanilide as a standard.
Photosynthetic carbon fixation was measured on 10 to
20 Trichodesmium spp. colonies collected in glass vials
with 20 ml GF/F-filtered seawater while basically fol-
lowing established procedures (Carpenter et al. 1993,
Roenneberg & Carpenter 1993, Villareal 1995). Sam-
ples were spiked with 10 pCi of NaHCO; (Amer-
sham) and immediately transferred to a 24°C incubator
for 4 h. Light was provided by ‘warm-white’ fluores-
cent tubes at 300 pmol quanta m~2 s™!. Light was mea-
sured with a Li-COR LI 185 light meter with a LI-
195SA quantum sensor. Temperature was maintained
at approximately 24°C with running seawater. Dark
control bottles were run alongside the samples in each
incubation. Samples were filtered on 25 mm GF/F fil-
ters, then washed with 10 ml filtered seawater. The-
filters were fumed overnight with HCI in desiccators.
The filters were supplied with 5 ml scintillation cock-
tail (Insta-Gelll Plus, Packard) and C incorporation
was determined during 10 min readings per vial using
a Tri-Carb 1600 TR (Packard) scintillation counter. The
nitrogen fixation potential of Trichodesmium spp. was
measured by the acetylene reduction method (Capone
et al. 1990). Twenty colonies were placed in darkened
22 ml tubes containing 18 ml of GF/F-filtered seawater.
Tubes were crimp-sealed with a teflon/silicon septum
(National Scientific), 2 ml of acetylene-saturated sea-
water was injected through the septum, and the tubes
were transferred to the light. Incubation conditions
were identical to those of photosynthesis measure-
ments, and the incident light allowed both photosyn-
thesis and nitrogen fixation to occur at their maximal
rates. Controls were tubes with GF/F-filtered seawater
spiked with acetylene, and dark-incubated samples.
Incubations were terminated by injecting either 10-° M
DCMU (Sigma) or transfer to darkness. Headspace
samples (100 pl) were drawn with a 250 pl gas-tight
syringe (Precision Sampling Corporation Pressure-
Lock) and analysed on a gas chromatograph (Hewlett
5890, Packard Series II) with a 30 m semi-capillary col-
umn of 0.53 mm internal diameter. The contribution of
Trichodesmium spp. to the marine food web of the Gulf
of Aqgaba was studied from comparative lipid analyses
of both phytoplankton and zooplankton species. Zoo-
plankton samples were taken by vertical tows of a
100 pm mesh plankton net from 150 m depth to the sur-
face. Salps were sampled from surface waters with a
bucket. Samples for lipid analysis were taken by pick-
ing individual animals from the net sample, placing
them on precombusted 45 mm Whatman GF/F-filters,
and quickly freezing them in liquid nitrogen. The sam-

ple size for calanoid copepods and for the harpacticoid
Macrosetella gracilis amounted to 15 adult individuals,
chaetognaths and doliolids to 8 individuals each, and
salps to 5 individuals. The zooplankton samples were
lyophylized prior to analysis. Samples for the lipid
analysis of cyanobacteria were obtained from expo-
nentially growing pure cultures of Synechococcus sp.
Strain C129 and Trichodesmium sp. Strain RS9602
(Gulf of Agaba isolates) along with the Sargasso Sea
isolates Synechococcus sp. Strain WH7803 and Tricho-
desmium sp. Strain IMS101. Fatty acids were extracted
and processed according to standard methods (Christie
1982, Kattner & Fricke 1986, Miiller-Navarra 1995,
Miller-Navarra & Lampert 1996). Known concentra-
tions of synthetic fatty acids of odd chain length (11:0,
13:0, 15:0, 17:0, 19:0, 21:0) were added to the samples
to serve as internal standards. Samples were analysed
by thin-layer chromatography flame-ionisation detec-
tion on a Iatroscan MARK II gas chromatograph with a
30 m DB-FFAP column. Fatty acid composition was ex-
pressed as the percent contribution of each individual
fatty acid to the total natural (even chain length) fatty
acid mass of each sample.

RESULTS
Population dynamics

The phytoplankton (>100 pm) community in the Gulf
of Agaba during summer 1996 was made up by repre-
sentatives of diatoms, dinoflagellates and cyanobacte-
ria. Both pennate and centric diatoms were observed,
the latter group being the most abundant. The diatoms
consisted mostly of Chaetoceros and Leptocylindrus
species found throughout the photic layer down to
100 m depth. Proboscia alata dominated the phyto-
plankton community in the upper 10 m, with densities
of 30000 cells m~® recorded at Stn R. Less abundant
species included those of the genera Rhizosolenia and
Hemiaulus. Dinoflagellates belonged mostly to the
orders Gonyaulacales (genera Ceratium and Protoperi-
dinium) and Dinophysiales (genera Dinophysis and
Ornithocercus). The genus Ceratium was best repre-
sented with at least 7 species, of which C. fusus and
C. trichoceros were the most abundant. Cyanobacteria
were represented by various species of the genus Tri-
chodesmium.

Identification of Trichodesmium species is less straight-
forward than that of diatoms and dinoflagellates be-
cause of the lack of distinct and unique morphological
characteristics. We distinguished 3 colony types (Table
1): (1) spherically shaped colonies, (2) bow-tie-shaped
colonies of trichomes that were densely arranged
(puffs), and (3) colonies with trichomes arranged in
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Table 1. Trichodesmium spp. Morphological characteristics of colonies and trichomes from the Gulf of Aqaba. For the spherical

colonies, dimensions are for the central section (core of densely packed trichomes) and the diameter of the colony as a whole; for

bow-tie colonies, dimensions are for the central section (center point where trichomes are in tight association) and the exterior
section (polar ends of the colony where the trichomes are separated). nd: not determined; 1: length; w: width

Colonies Trichomes
Colony shape Color Dimensions (pm) No. per Dimensions Cells per Cell shape
colony (nm) trichome (nm)
Spherical (puffs), Dark-brown to  Central section 150-300 30-150 800-2000 (1) 110-270 7.5-15(1)
Trichodesmium sp. reddish-brown Colony diam. 1000-2500 5-7 (w) 5-7 (w)
Bow-tie (T. tenue) Yellow-brown  Central section 20-40 nd 1000-2000 (1) 80-310 8-12 (1)
Exterior section 200-250 5-6.5 (w) 5-6.5 (w)
Colony length >1000-2500
Parallel-straight Dark-brown to  Colony diam. 50-150 35-190 300-800 (1) 40-130 6-7.5 (1)
(T. erythraeum) reddish Colony length 1000-2000 6.5-8 (w) 6.5-8 (w)
Parallel-twisted Yellow-brown  Colony diam. 50-300 35-190 1000-2200 (1) 55-180 12-17.5 (1)
(T. thiebautii) Colony length 1800-2500 6-7 (W) 6-7 (W)

parallel bundles or rafts (tufts). The former 2 colony
types were each made up of unitypical trichomes and
cells. The bow-tie-shaped colonies were identified as T.
tenue and the puff-shaped colonies as Trichodesmium
sp. sensu Janson et al. (1995). Among the tuft-shaped
colonies we observed 2 different trichome types with
cells that differed in shape and dimensions (Table 1).
These types were identified as T. thiebautii and T. ery-
thraeum. T. erythraeum colonies were made up of 35 to

190 trichome bundles arranged parallelly; the colonies
were smaller in cross-section, than those of T. thiebau-
tii, and contained shorter trichomes with cells that were
approximately as long as wide (Table 1). T. thiebautii
colonies were larger in diameter, with winding tri-
chomes up to 2 mm in length and cells that were signif-
icantly longer than wide. On one occasion we found a
different trichome type of distinctly larger diameter.
This type was tentatively identified as T. hildebrandtii.
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Fig. 1. Depth distributions of diatoms, dinoflagellates and the filamentous cyanobacterium Trichodesmium spp. in the open
waters of the Gulf of Aqaba during the summer stratification period of 1996
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Fig. 2. Changes in total integrated number of diatoms,

dinoflagellates cells and filaments of the cyanobacteria

Trichodesmium spp. in the open waters of the Gulf of Aqaba
during summer 1996

Throughout the upper 100 m of the water column,
dinoflagellates and diatoms were found at all depths,
with their highest numbers near the surface (Fig. 1).
Trichodesmium spp. trichome numbers were most
abundant in the upper 10 m in May and June. During
July and August they were found mostly in the 50 to
100 m layer. Depth profiles further indicate a decreas-
ing contribution of diatoms to the phytoplankton
community as the summer progressed
(Fig. 1). Total integrated numbers show
that a succession among the major
phytoplankton groups took place dur-

(spherical puffs, bow-tie and parallel tufts) only the lat-
ter 2 were quantitatively important. T. tenue, with its
bow-tie-shaped colonies, was the first to appear in late
March, when deep mixing ceased, and was found in
low numbers only. This species was rapidly replaced
by larger populations of tuft- and puff-shaped colonies
of Trichodesmium spp. Tuft colonies in the Gulf of
Aqgaba contained 45 + 7 trichomes and were signifi-
cantly smaller those from Stn R in the northern Red
Sea, which were made up of 186 + 6 trichomes. Puff
colonies were not observed in samples from Stn R in
the northern Red Sea.

Tuft and puff colonies at Stns B and M in the north-
ern part of the Gulf maintained depth distributions,
with little overlap between the 2 types (Fig. 3). The
vast majority (>95 %) of the tuft colonies were localized
in the upper 50 m at both locations (Fig. 3) mostly in the
upper 10 m; in contrast, 62 to 81 % of the puff colonies
(41 £+ 5 trichomes) were confined to the lower half of
the photic zone between 50 and 100 m (Fig. 3). These
depth distributions were maintained over the diel
cycle, suggesting that both populations were neutrally
buoyant.

The depth distribution of the tuft and puff popula-
tions described above was maintained throughout the
summer at Stn A (Fig. 4). The tuft population appeared
in early April. It reached maximum densities/concen-
trations at the end of May, after which it rapidly
declined. The deep puff populations of Trichodesmium
sp. appeared towards the end of May, later than
the tuft colony, but its population maintained itself
throughout June and July until its decline at the end
of the stratification period (Fig. 4). Since the more

ing summer stratification (Fig. 2).
Diatoms, the most abundant group in
the early stage of stratification, de-
creased in abundance by an order of
magnitude. Specifically, Proboscia alata
declined in May-June, whereas Rhizo-
solenia and Hemiaulus sp. appeared
during this period. Dinoflagellates main-
tained their population size throughout
the stratification period. Trichodesmium
spp. populations clearly developed
during this period of nutrient-deplete

Depth (m)

conditions and their trichome numbers
increased by an order of magnitude to
>100000 filaments m™2 (Fig. 2). The
development of Trichodesmium spp.
was expressed as an increase in colony
number. Of the 3 colony types

Percentage of colonies

Station M Station B
O :
—@— puff 20
tuft

40 -
60
80

T T T 100 T T T
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Fig. 3. Trichodesmium spp. Depth distributions puff- and tuft-shaped colonies at
2 sampling sites in the northern Gulf of Agaba (June 1996). Typical colony
densities were 15 to 24 colonies m™3 for each vertical haul
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Fig. 4. Trichodesmium spp. Succession of shallow (0 to 10 m)
and deep (50 to 100 m) populations at Sampling Stn A in the
northern Gulf of Aqaba (summer 1996). Shallow populations
consisted mainly of tuft-shaped colonies and free filaments
of T. thiebautii/erythraeum and the deep population of puff-
shaped colonies and free filaments of Trichodesmium sp. (see
also Fig. 3). Lines connect mean values of duplicate samples
for each depth range

buoyant tuft colonies accumulate in the surface layer,
they were subject to wind action. This caused Tricho-
desmium spp. to accumulate in adjacent coastal
waters, and their total population in the Gulf of Agaba
would be underestimated if sampling were to take
place in the open waters only. Coastal waters near the
Marine Biology Station in Eilat were monitored for Tri-
chodesmium spp. populations during the 1996 and
1997 summers (Fig. 5). Modest maxima in late spring
and early fall were recorded for 1996, with colony
numbers not exceeding 10> m™3. A spring maximum
was not observed in 1997. However, a Trichodesmium
spp. bloom with occasional densities of >10° tuft col-
onies m™3 occurred in early fall of 1997 (Fig. 5). Bloom
conditions lasted about 2 wk, after which colony num-
bers declined, becoming insignificant towards winter.

Table 2. Trichodesmium spp. Average (+SD) chlorophyll content (ng colony™!),
photosynthetic carbon fixation (nmolC colony' h™!) and ethylene reduction
(nmol colony ! h™!) for puff- and tuft-shaped colonies from the Gulf of Aqaba
during the 1996 and 1997 stratification periods. Number of observations in

parentheses; nd: not determined

Physiological properties

Surface populations of the tuft and puff colony types
differed in chlorophyll content as well as rates of car-
bon and nitrogen fixation at ambient light (Table 2).
Puff colonies had higher chlorophyll contents and
higher carbon fixation rates than tuft colonies in both
1996 and 1997. Tuft colonies attained rates of acety-
lene reduction ranging between 2 and 5% of carbon-
fixation rates (Table 2). Cultures of Trichodesmium sp.
Strain RS9602, which was isolated from the Gulf of
Agaba, had rates of carbon fixation and acetylene
reduction of 0.56 nmolC ng~' chlorophyll a h™' and
0.017 nmol ethylene ng~!chlorophyll a h™! respectively.
These rates were similar to those of ethylene reduction
and carbon fixation of the tuft colonies among natural
populations of Trichodesmium spp. in the Gulf. The
resulting C/N ratios of Trichodesmium spp. colonies
did not reflect their carbon and nitrogen fixation
potential. The tuft and puff colony types from surface
waters had a C/N ratio of 4.1 to 4.3 (Table 2). Such
ratios were observed in plankton samples from near
the nitracline, whereas C/N ratios of surface plankton
samples at the same sites ranged between 7.7 and 8.9
(Fig. 6). Plankton samples taken at 5 to 20 m depth
(wind-mixed layer) along a longitudinal transect in the
Gulf had C/N ratios of 8.0 = 1.2 (n = 13), whereas C/N
ratios of 10.4 +£ 2.2 (n = 4) were determined for the open
waters of the northern Red Sea.

Trophic relationships

During spring 1997, Trichodesmium spp. were not
observed, and the Gulf of Agaba carried atypically
large populations of the jellyfish Aurelia (>1 m?), and
the tunicates Salpa maxima (>100 m?) and Doliolum
denticulatum. This raised the question whether these
observations were related. So far, Macrosetella has
been regarded as the sole grazer of Trichodesmium
spp.; and we therefore studied the fatty acid signatures
of the cyanobacteria Trichodesmium
spp. and Synechococcus and potential
grazers to elucidate whether chaetog-
naths, copepods and tunicates directly
or indirectly fed on Trichodesmium
spp. during spring 1997. The fatty acid
analyses revealed interesting differ-

Parameter 1996 ences between the different plankton

Puff Tuft Puff Tuft organisms (Table 3). Both Synecho-

Chloronmvil s 32220 haal6 4335 coccus spp. strains had an extremely
+ + + + .

Pho(tt:?ngle:is 03+ 0.3( ()18) 0.4;0.(2 (2)2) 0.8 16.02( ) 0.5;0.(1 (2)4) low content of long-chain (>18 C-at.)

Acetylene reduction nd nd 0.004 (1)  0.010.01 (5) polyunsaturated fatty acids, which

C/N ratio 43+03(5 4.1+0.4(9) nd nd were represented only by 20:5w3. This

is in agreement with the published
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Trichodesmium population dynamics

DISCUSSION

Colonies m™®
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Fig. 5. Trichodesmium spp. Seasonal variation in colony numbers of tuft colonies in
coastal surface waters (0 to 5 m) near the Marine Biology Station, Eilat, during the
summer stratification periods of 1996 and 1997

fatty acid profiles of cyanobacteria (Sargent et al. 1987,
Brett & Miiller-Navarra 1997). Unlike other cyanobac-
teria, both strains of Trichodesmium spp. had a modest
content of 20:5w3 and of C22:2w6. The latter fatty acid
is either not found or found in very low concentrations
(<1% of total fatty acids) in other groups of phyto-
plankton (Ackman et al. 1968, Harwood & Jones 1989,
Reitan et al. 1994, Brett & Miller-Navarra 1997). Large
calanoid copepods and the tunicate D. denticulatum
(solitary gonozoids) contained considerable amounts of
C:2003, but no C:22w6. The harpacticoid copepod
Macrosetella gracilis and the salp Salpa maxima
(chain-forming blastozoids) contained both C20:5w3
and C22:2w6. Results were more ambiguous for
chaetognaths: about one-third of the samples con-
tained C22:2w6 while the other two-thirds did not.

Table 3. Contents of polyunsaturated fatty acids as percentage of total fatty acids in
cultured marine cyanobacteria and invertebrate species abundant in surface waters of
the Gulf of Agaba during the May 1997 cruise

Phytoplankton communities of the
Gulf of Agaba in the summer of 1996
were made up of an assemblage of
diatoms, dinoflagellates and the
cyanobacteria Trichodesmium spp.
as is usual for open seas of (sub)trop-
ical regions. Dynamic changes in
diatom and Trichodesmium spp.
abundance have been noted pre-
viously for the Gulf of Agaba (Kimor
& Golandsky 1977). The phytoplank-

0 60 120180240 300 360
Day of the year (1997)
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ton underwent a succession whereby

diatom numbers declined over sum-
mer, and the prokaryotic Trichodes-
mium spp. became more dominant.
This succession is similar to the sea-
sonal succession among ultraphyto-

0 O—v—
(@ ) v
© v
_ 501 o v o
E ey O
55& 100 ov
a} ®0
150 - vO® @ Station A
O station B
V¥ Station M
200 ——— v @O——O———7—

2 4 6 8 10 12
C/N ratio (mol/mol)

Fig. 6. Depth profiles of C/N ratios of plankton (<100 pm)
populations at Sampling Stations A, B and M in the northern
part of the Gulf of Agaba, Red Sea

plankton (<8 pm) in these
waters (Lindell & Post 1995).
Both ultraphytoplankton and

Species C20:5w3

netphytoplankton successions

C22:206 n in the Gulf of Aqaba are

mean (min-max)

mean (min-max)

probably related to the char-

Trichodesmium sp. Strain RS9602
Trichodesmium sp. Strain WH9601
Synechococcus sp. Strain C129
Synechococcus sp. Strain WH7803
Salpa maxima

Macrosetella gracilis

Doliolum fasciculatum

Calanoid copepods

Chaetognaths

2Seven samples contained no C22:206

1.70
3.20
0.22
0.47
5.05 (2.43-11.90)
11.41 (5.60-18.50)
2.89 (1.95-3.75)
10.17 (2.50-24.40)
7.44 (2.57-22.80)

2.00 1 acteristic, semi-annual varia-

1-50 i tion in water body structure

0 1 (Genin et al. 1995, Lindell

6.77 (0.65-23.3) 10 & Post 1995). Such succes-
3.33(2.40-5.15) 5 sions are typical of temper-
8 1;1 ate waters (Smayda 1980), in

0.48 (0°-2.24) 10 contrast to the relative sta-

bility and slight inter-annual
variability reported for other
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warm, oligotrophic waters of the Sargasso Sea
(Smayda 1980) and the Pacific Ocean (Venrick 1990).
Phytoplankton composition in the central gyre of the
Pacific shows a slow multi-annual trend of change,
with Trichodesmium spp. populations becoming more
prominent over recent years (Karl 1999). Tricho-
desmium spp. were the dominant nitrogen-fixing spe-
cies in the Gulf of Agaba, although diatoms such as
Rhizosolenia sp. and Hemiaulus sp. as well as the het-
erotrophic dinoflagellate Ornithocercus quadratus
contributed significantly to the phytoplankton in sum-
mer. These species often harbor cyanobacterial sym-
bionts capable of nitrogen fixation (Kimor et al. 1992,
Gordon et al. 1994), and their abundance is thus con-
sistent with a progressing depletion of N-compounds
(Gordon et al. 1994).

Here we report for the first time on the species com-
position and population dynamics of Trichodesmium
spp. in the Gulf of Aqaba, Red Sea. Using the morpho-
logical characters of Janson et al. (1995) we identified
Trichodesmium sp, T. tenue, T. erythraeum, T. thie-
bautii and T. hildebrandtii . The colony densities were
low compared to reports from the Caribbean and Sar-
gasso Sea (Hulburt 1968, Steven & Glombitza 1972,
Carpenter & Price 1977, Villareal 1995), but consistent
with reports of 10% trichomes m™3, that are apparently
typical for the Red Sea (Carpenter 1983). Distinctly dif-
ferent depth distributions for 2 Trichodesmium spp.
colony types were observed. Puff-colony populations
remained in deep parts of the photic zone, while tuft-
colony populations were located in the wind-mixed
layer (upper 10 to 30 m). While information on buoy-
ancy regulation of colonies is extensive (Walsby 1978,
Villareal & Carpenter 1990, Kromkamp & Walsby 1992,
Romans et al. 1994), little is known about the capacity
of natural populations of Trichodesmium spp. to regu-
late their position along the vertical. Our data suggest
that vertical migration of the 2 Trichodesmium spp.
colony types, if it occurred at all, was confined to bidi-
rectional migration of low numbers of individual col-
onies. Trichodesmium spp. depth distributions at later
dates in 1996 were consistent with the observations
described above, suggesting that the 2 different Tri-
chodesmium spp. types occupy different niches within
the photic layer.

It is not known at present whether the deep popula-
tions of Trichodesmium sp. employ nitrogen fixation or
if they meet their nitrogen demand through assimila-
tion of dissolved N-compounds. A C/N ratio of 4.3 for
both tuft and puff colony types in surface samples indi-
cates that these were N-sufficient relative to the sur-
rounding plankton community (C/N ratio of ~8). Deep
populations of puff colonies do not necessarily depend
on N-fixation, but may utilise combined N-sources.
Plankton C/N ratios in the bottom half of the photic

zone approached those of Trichodesmium spp., col-
onies, suggesting a higher N-supply at these depths.
Trichodesmium spp. are capable of utilising ammo-
nium and urea (Ohki et al. 1991) and could further
explore the nitracline, as nitrate assimilation has pre-
viously been identified (Ohki et al. 1991, Wang et al.
2000).

According to the primary production data available
for the Gulf of Agaba (lluz pers. comm.), Trichodes-
mium spp. contributed 13 to 35% of the surface pro-
duction by other phytoplankton in early summer
months. Primary production by Trichodesmium spp.
exceeded surface primary production >7-fold during
the short bloom period of September 1997. Since
Trichodesmium spp. are largely limited to the surface
layers, they do not contribute significantly to total
annual primary production in the Gulf. However, it
may impact significantly on C and N fluxes in coastal
waters overlying coral reefs. Moreover, the C/N ratios
of surface waters in the Gulf of Agaba tend to be lower
than those in the northern Red Sea, where the N-fixing
Trichodesmium spp. were less abundant. High alka-
line phosphatase activities among surface plankton
and Trichodesmium spp. colonies from the Gulf of
Agaba measured during the same sampling period
were indicative of low inorganic phosphate availability
and, possibly, P-limitation (Li et al. 1998, Stihl et al.
2001). Trichodesmium spp. may thus play a pivotal role
in the plankton ecology of the Gulf by alleviating N-
depletion and driving the system to more P-deplete
conditions.

Trophic relationships can be deduced from profiles
of polyunsaturated fatty acids, since these are essen-
tial for metazoans, which have a very limited capacity
for de novo synthesis (Sargent et al. 1987, Brett &
Miiller-Navarra 1997). Therefore, the fatty acid-com-
position of animals reflects the fatty acid composition
of their food (Scott & Baynes 1978, StJohn & Lund
1996). In general, phytoplankton have a more con-
stant composition of polyunsaturated fatty acids than
organisms from higher trophic levels (Reitan et al.
1994, Brett & Miiller-Navarra 1997). Until now,
C20:5w3 fatty acid has been reported as a marker of
diatoms, C22:6w3 as a marker of pigmented flagel-
lates (Prymnesiophyceae, Chrysophyceae, Xantho-
phyceae, Cryptophyceae), while cyanobacteria and
Chlorophyta were found to have negligible poly-
unsaturated fatty acid contents (Ackman et al. 1968,
Sargent et al. 1987, Harwood & Jones 1989, Reitan et
al. 1994, Pond & Harris 1996, Brett & Miiller-Navarra
1997). Our results indicate that C22:2w6 serves as a
specific biomarker for Trichodesmium spp., since it is
lacking in Synechococcus. We identified the C22:206
marker in the known Trichodesmium spp.-feeder
Macrosetella gracilis (Bottger-Schnack & Schnack



Post et al.: Trichodesmium spp. in the Gulf of Aqaba 249

1989, O'Neil 1998) and in the salp Salpa maxima.
However, it was not found in calanoid copepods
which supposedly do not feed on Trichodesmium spp.
Similarly, no C22:2w6 was found in the tunicate
Doliolum denticulatum. From this we conclude that S.
maxima did feed on Trichodesmium spp. populations
in the Gulf of Agaba. It seems improbable that
C22:2w6 entered the food web via degradation of
Trichodesmium spp., bacterial uptake and subse-
quent bacteriovory by protozoans. In such -case,
C22:206 would have been either oxidised during
degradation or would have shown up in the calanoid
copepods as well. Its appearance in a portion of the
chaetognath population is probably due to predation
of some chaetognath individuals on Macrosetellla
gracilis. S. maxima is too large to be fed upon by
chaetognaths.

In spite of the virtual absence of Trichodesmium
spp. from the Gulf of Aqgaba during spring 1997, Salpa
maxima must have ingested sufficient colonies to
account for the C22:2w6 signature among salps. Har-
bison & Gilmer (1976) provided a logarithmic regres-
sion of filtration rates on body size of S. maxima
blastozoids that predict rates of 10.5 1 d™! for a mean
25 mm (body length) salp. During the 1997 cruise,
several chains of 20 to 40 individuals were observed
within 1 m® of the surface water. The individual filtra-
tion rate and a conservative estimate of 100 salps m™3
yields an estimated population filtration rate of 1
colony d~!. This filtration rate cannot be met by the
maximal growth rate of Trichodesmium spp. and
therefore explains adequately why the anticipated
Trichodesmium spp. spring maximum was lacking in
1997. Similarly, the high growth rates of pelagic
tunicates such as Doliolum denticulatum (which has
C22:2w6 signatures) enable their populations to con-
trol algal blooms (Heron 1972). So far, feeding studies
of salps and doliolids have concentrated on bacteria,
small and medium-sized algae. The lower size limit of
edible particles of ca. 0.5 pm has been well estab-
lished through the morphology of the mucus filter (Sil-
ver & Bruland 1981), while little attention has been
given to the upper size limit. However, there is no
objective reason why salps and tunicates should not
feed on a colonial cyanobacterium such as Tricho-
desmium spp. and thus form a new link in the trophic
relationships of the marine food web.
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ABSTRACT: Zooplankton grazing on bacterio- and phytoplankton was studied in the Gulf of Aqaba
and the Northern Red Sea during Meteor Cruise Me 44-2 in February-March 1999. Protozoan graz-
ing on bacterioplankton and autotrophic ultraplankton was studied by the Landry dilution method.
Microzooplankton grazing on phytoplankton >6 pm was studied by incubation experiments in the
presence and absence of microzooplankton. Mesozooplankton grazing was studied by measuring per
capita clearance rates of individual zooplankton with radioactively labelled food organisms and esti-
mating in situ rates from abundance values. Protozoan grazing rates on heterotrophic bacteria and on
algae <6 um were high (bacteria: 0.7 to 1.1 d°!, ultraphytoplankton: 0.7 to 1.3 d™!), while grazing rates
on Synechococcus spp. were surprisingly low and undetectable in some experiments. Mesozoo-
plankton grazing was weak, cumulative grazing rates being ca. 2 orders of magnitude smaller than
the grazing rates by protozoans. Among mesozooplankton, appendicularians specialised on smaller
food items and calanoid copepods on larger ones.
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INTRODUCTION

Phytoplankton in the oligotrophic northern Red Sea
and in the Gulf of Aqgaba (Klinker et al. 1978, Reiss &
Hottinger 1984) are characterised by a low biomass
(<0.8 pg chlorophyll 1'') dominated (>95 %) by phyto-
plankton <8 pm (Lindell & Post 1995, Li et al. 1998,
Yahel et al. 1998). Except for the early summer and fall
summer bloom of the cyanobacterium Trichodesmium
spp., algae measuring 8 to several 100 pm are scarce
and contribute <10% of chlorophyll a (Yahel et al.
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1998). Although not totally absent, they are usually
countable in samples from plankton nets or by sedi-
mentation of several 100 ml of water (Kimor & Goland-
sky 1977). Similar to phytoplankton, both protozoan
and metazoan plankton are characterised by low bio-
mass and low abundance. Nevertheless, all major
functional and taxonomic groups of marine zooplank-
ton are represented. However, neither total grazing
pressure on phytoplankton nor the relative importance
of different functional categories of zooplankton as
grazers of different phytoplankton size-classes have
been studied so far. The different size classes of phyto-
plankton and of zooplankton require different methods
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of grazing measurements. In this article, we present
the synthesis of several simultaneously run, but inde-
pendent, grazing studies performed during Meteor
cruise Me 44-2 in the Gulf of Aqaba and the northern
open Red Sea (15 February to 9 March 1999) together
with data on zooplankton abundance and copepod
lipid and gut contents as long-term (lipids) and short-
term (gut contents) indicators of previous diet. This
choice of season allowed comparison of plankton from
a deeply mixed water column (Gulf of Agaba, mixing
depth >300 m) with plankton from a stratified water
column (Red Sea, mixing depth <50 m at most sta-
tions). This contrast in the mixing regime is typical for
this period, whereas a few weeks later summer stratifi-
cation also begins in the Gulf of Aqaba (Wolf-Vecht et
al. 1992, Genin et al. 1995).

MATERIALS AND METHODS

Phytoplankton size spectrum. Water samples were
obtained from 10 1 Go-Flo bottles on an CTD-rosette
and passed through 100 pm mesh. Duplicate 1.5 ml
samples were preserved in 1.8 ml cryotubes (Nunc)
with 75 1l of 2.0 % paraformaldehyde solution, quickly
frozen, and stored in liquid nitrogen until flow cytome-
try was performed. Picoplankton were analysed on a
FACScan flow cytometer (Becton Dickinson) modified
to permit quantification of all groups including the

Table 1. List of stations and positions of grazing experiments

and mesozooplankton counts mentioned in this study. F: flow

cytometry samples for picoplankton; M: microzooplankton

grazing on nano- and microzooplankton according to Sommer

(2000); P: grazing on picoplankton according to Landry et al.
(19995); Z: mesozooplankton net hauls

Stn; Expt Site Date North East
(dd.mm.yy)

118; F, M  Gulf of Agaba 21.02.99  28.582" 34.651'
122; F Gulf of Agaba 22.02.99  29.492" 34.950'
123; P Gulf of Agaba 22.02.99  29.284" 34.817'
124; F Gulf of Agaba 22.02.99  29.083" 34.766'
126; F Gulf of Agaba 23.02.99  28.585" 34.650'
127; F Gulf of Agaba 23.02.99  28.334" 34.550'
130; F Red Sea 24.02.99 27.418' 34.668'
132; F, M, P Red Sea 24.02.99 27.298" 34.368'
134; F Gulf of Agaba 25.02.99  28.334" 34.550'
136; F Gulf of Agaba 25.02.99  28.834" 34.733'
138; F Gulf of Agaba 26.02.99  29.284" 34.817'
139; F Gulf of Agaba 26.02.99  29.492" 34.950'
145; F, M Red Sea 27.02.99  27.654" 34.668'
147, F, P Red Sea 28.02.99  27.183" 34.666'
148; F Red Sea 28.02.99 27.397" 34.368'
152; M, Z  Gulf of Agaba 02.03.99  28.334" 34.551'
156; Z Red Sea 04.03.99 27.416"' 34.083'
157; P Gulf of Agaba 05.03.99  29.491" 34.951

dimly fluorescent surface populations of Prochloro-
coccus spp. (Li et al. 1993, Dusenberry & Frankel
1994); 10 pl of a 0.474 pm Fluoresbrite microsphere
(Polysciences, Inc.) suspension were added as internal
standard. Flow cytometry histograms were analysed
with Cytowin software (Vaulot 1989).

Zooplankton abundance. As standard devices for the
quantitative collection of zooplankton, 2 multiple open-
ing-closing nets were used: a smaller one (mouth open-
ing 0.25 m?) consisting of 5 nets of 55 ym mesh and a
larger one (mouth opening 0.5 m?) comprising 9 nets
of 150 um. Stratified vertical hauls covered the entire
water column between the surface and the sea bottom.
The filtered volume of the larger net was measured by
a flowmeter, while the filtered volume of the smaller
net was calculated on the basis of the vertical distance
covered by the net's mouth area assuming 100 % effi-
ciency. All samples were fixed in a 4 % formaldehyde
seawater solution. For the present study, abundance data
from 2 stations and the uppermost depth strata (0 to 50
and 50 to 100 m) were used. Samples from the 150 pm
net were used for the counts of adults and late copepo-
dids of calanoids and other large zooplankton, while
samples from the 55 pm net were used for juveniles,
small-bodied copepod taxa, and appendicularians.

Nano- and microzooplankton grazing on pico-
plankton. Microzooplankton grazing dominated by
protozoa on autotrophic and heterotrophic picoplank-
ton was studied by Landry et al.’s (1995) modification
of the dilution method of Landry & Hasset (1982). This
method is based on a dilution series of natural plank-
ton suspension with filtered seawater. Net growth
rates are calculated from cell counts at the beginning
and at the end of the incubation period (in our case
ca. 36 h). In more dilute samples, the encounter rates
of predators with their prey is reduced, resulting in a
higher net growth rate of the prey in comparison to less
dilute treatments.

Water samples were collected at 5 different locations
(Stns 123, 132, 147, 152, 157: Table 1). Particle-free
water was prepared by filtration through a 0.2 pm car-
tridge filter. This water was mixed with unfiltered
water to obtain dilution grades of 35, 50, 60, 80, 90, and
100 % unfiltered water. Experiments were conducted
in 2.5 1 transparent polycarbonate bottles, incubated
for 36 h in on-deck incubators cooled by a flow-
through of surface water and exposed to ca. 30 % of
incident light. All experiments were run in duplicate
bottles. Nutrients (12 ptM N, 6 uM Si, 0.7 pM P) and
vitamins were added to avoid nutrient limitation in the
bottles. In 3 of the experiments, unenriched bottles
were also incubated to estimate the extent of nutrient
limitation. Samples were taken at the beginning and
end of incubation for later microscopic counts. Samples
for the enumeration of picoplankton and nanoplankton
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were preserved in 1.25 % glutaraldehyde and stored at
4°C; 15 ml of the fixed sample were filtered onto
0.2 pm Nuclepore filters and stained with the fluo-
rochrome DAPI (1.0 ng 1'!). Heterotrophic pico- and
nanoplankton and autotrophic ultraplankton (<8 pm)
were counted using a blue filter set, whereby auto-
trophs were differentiated from heterotrophs on the
basis of their red or orange autofluorescence. Samples
of phytoplankton >8 pnm were fixed in Lugol's iodine
and counted under an inverted microscope.

Growth rates were calculated individually for each
bottle. A linear regression of growth rate on the frac-
tion of undiluted water yielded an estimate of the gross
growth rate (y; equivalent to the y-axis intercept) and
of the grazing rate (y; equivalent to the negative slope
of the regression). Addition of nutrients in a parallel
dilution series prevents nutrient limitation at lower
dilutions. It yields an estimate of the maximal growth
rate (Umax) and, by comparison with the gross growth
rate (U) of the unenriched bottle, an assessment of the
extent of nutrient limitation.

Microzooplankton grazing on nano- and micro-
phytoplankton. Grazing rates on phytoplankton taxa
>6 pm were obtained from shipboard experiments
designed for the comparison of the relative importance
of nutrient versus grazing control on medium-sized
phytoplankton (Sommer 2000). Nutrient manipulations
ranged from controls (no addition), over silicate enrich-
ment (4 pM Si), to a full enrichment (4 pM Si, 4.5 pM N,
0.3 pM P) that ensured all phytoplankton were free
of nutrient stress. Grazer manipulations consisted of
sieving the sample through net-screens with mesh
sizes of 100 pm (removal of adult metazoa, but not of
protozoa and the smallest nauplii), 20 pm (removal of
larger protozoa) and 10 pM (removal of medium-sized
protozoa). Protozoa <10 pm were not removed because
they usually feed on pico- but not on nanoplankton
and their removal would also have removed all the
target algae of this study.

The water samples for the experiments were taken
from 10 m depth at 2 stations in the Gulf of Agaba
(Expt 1: Stn 118; Expt 4: Stn 152) and 2 stations in the
open Red Sea (Expt 2: Stn 132; Expt 3: Stn 145). The
manipulated water samples were incubated in 2 1 poly-
carbonate bottles floating in a deck incubator. Each
treatment was duplicated in separate bottles. The deck
incubator was cooled by a flow-through of surface
water (21 to 23°C) and shielded against direct sunlight
by a Plexiglas cover which absorbed ca. 70% of in-
cident radiation.

Subsamples (250 ml) from the incubation bottles
were taken at the start of the experiments and after 2
and 5 d, and were preserved with Lugol's iodine for
identification at the genus level and cell counts of
the nano- and microplankton species. The scarcity of

nano- and microphytoplankton (0.05 to 10 cells ml™! in
the initial samples) required the sedimentation of
200 ml samples 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 count-
ing chamber resulted in <100 cells. The response of
individual taxa to the experimental treatments was
assessed by calculating net growth rates from the cell
density data on Days 0 and 2: r = In(N,/Ng)/2. Grazing
rates (y; d') were calculated as the difference between
net growth rates of the fully enriched treatments with-
out microzooplankton removal and the fully enriched
treatments sieved through 10 pm mesh (or 20 pm mesh
in the case of phytoplankton taxa which did not pass
the 10 pm screen). Data from the non-enriched bottles
were not used, because nutrient excretion by zoo-
plankton might have enhanced cell division rates rela-
tive to grazer-free treatments. It is assumed that micro-
zooplankton grazing rates in the bottles do not respond
to nutrient enrichment within 2 d and conform to the
in situ rates (Sommer 2000). For the purpose of synthe-
sis, the dependence of grazing rates on phytoplankton
particle size was analysed by regression analysis.
Particle size was defined as the greatest axial linear
dimension (GALD). In the case of colonial or filamen-
tous algae, colony or filament length were used instead
of cell length.

Size-specific grazing rates of mesozooplankton.
Grazing was measured by using radioactively labelled
algae and bacteria of different sizes as tracers and
freshly collected zooplankton individuals as grazers.
The phytoplankton tracers were obtained from stock
cultures. Sizes of the tracer algae (see Table 5) are
characterised by the greatest axial linear dimension
and the equivalent spherical diameter (ESD). All
phytoplankton cultures were grown in 0.2 pm mem-
brane-filtered Red Sea water with nutrients and trace
metals added (von Stosch & Drebes 1964). Suspended
heterotrophic bacteria were isolated by filtering sea-
water through 0.8 pm membrane filters. All cultures
were kept at 22°C and an irradiance of about 100 pE
cm? s71; 24 h prior to a grazing experiment, phyto-
plankton cultures were labelled with “C bicarbonate
(250 pCi); bacteria were inoculated with radioactive
glucose (25 pCi).

Zooplankton were collected by vertical plankton
hauls (mesh size 100 pm). To keep gelatinous plankton
intact, we replaced the original net beaker at the end
of the net by a plastic bag. Zooplankton were sepa-
rated into functional groups immediately after collec-
tion. For each taxonomic group used in a grazing
experiment, 10 to 30 animals of the same size class
were transferred to 11 jars filled with <100 pm filtered
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seawater to allow acclimation to experimental condi-
tions. After approximately 4 h the animals were
checked for viability and mobility to ensure that only
intact individuals were introduced into our experi-
mental set-up. Aliquots of equally-sized individuals
were dried and analysed for carbon in a Fisons 1500
CN analyser.

Triplicate grazing trials were run with each size class
of food organisms. Experiments were repeated 2 or
3 times. Radioactively labelled food organisms were
added to 30 ml glass jars filled with Red Sea water fil-
tered through a 100 pm mesh. Each glass jar contained
between 1 and 3 experimental animals. Independent
of the number of animals in the jar, a jar was always
treated as 1 replicate. After a grazing period of 15 min,
zooplankton were anaesthetised with carbonated water
and collected on a 100 pm screen. Animals were thor-
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Fig. 1. Depth profiles of the 3 major picophytoplankton

groups, Prochlorococcus spp. (0), Synechococcus spp. (O0) and

eukaryotes (v) at Stns 118 (Gulf of Agaba) and Stn 132
(northern Red Sea)

oughly rinsed with GF/F-filtered seawater to remove
adhering labelled cells. The animals were then pipet-
ted into a scintillation vial. Tissue solubiliser was
added (0.5 ml of Soluene 350), and digestion was
accelerated by exposing the vial to 60°C for several
hours. Additionally, Carbosorb was added to the vials
to prevent loss of radioactive carbon. Passive adsorp-
tion of radioactive tracer on zooplankton was assessed
using formalin-killed zooplankton which were intro-
duced into the grazing experiments as controls. In
order to determine the amount of particulate radioac-
tivity in the grazing jars, 1 ml from each jar was filtered
onto GF/F filters (algae) or 0.2 pm membrane filters
(bacteria). Filters were exposed to vapours of concen-
trated HCIl to remove non-incorporated radioactive
bicarbonate.

Radioactivity was measured by a liquid scintillation
analyser (TRI CARB 2100 TR); Ultima Gold was
used as a scintillation cocktail. Values of radioactivity
(expressed in dpm) were corrected by subtracting
passive adsorption of radioactive tracer by formalin-
killed zooplankton. Individual clearance rates (ml
ind.”! d™!) for each tracer size class were computed
using the equation provided by Haney (1971):

F= (dpm ind.”!/dpm ml! grazing suspension) x (1440/1)

where F = clearance rate (ml ind.”! d*!); grazing sus-
pension = volume in which grazing occurred and to
which specific tracer was added; and ¢ = grazing time
in minutes.

Lipid content and composition of copepods. Cope-
pods, especially Rhincalanus nasutus CV and females,
were collected at various stations in the Gulf of Agaba
and the northern Red Sea. The specimens were sam-
pled by vertical multinet hauls from depths between
600 m to the surface. They were immediately trans-
ferred to a container with filtered seawater and sorted
according to species and stages. The individuals were
pooled for each sample (usually 40 to 50 specimens)
and directly deep-frozen at —80°C or stored frozen in
dichloromethane/methanol (2:1 by vol.) until analysis.

Lipids were extracted with dichloromethane/metha-
nol (2:1 by vol.) after Folch et al. (1957) and Hagen
(2000), and lipid classes were determined according to
Fraser et al. (1985) by thin-layer chromatography/
flame-ionisation detection (TLC-FID) with a latroscan
MARK II. After transesterification of the lipids with
3 % concentrated sulphuric acid in methanol, fatty acid
methyl esters and free alcohols were simultaneously
analysed in a gas chromatograph equipped with a
DB-FFAP column. The gas chromatographic oven was
temperature-programmed. The fatty acids and alco-
hols were identified with known standards. For analyt-
ical details refer to Kattner & Fricke (1986), Kattner et
al. (1994), and Hagen (2000).
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Table 2. Abundance (cells ml"}; mean and minimum to maximum range) and biomass (biovolume based on mean cell size

and mean abundances; pm® ml™!) of small-sized phytoplankton groups in the Gulf of Aqaba and the Red Sea. Samples for

fluorescence microscopy were the initial samples of the dilution experiments taken from Stns 123, 152, and 157 for the

Gulf of Agaba and from Stns 132 and 147 for the Red Sea. Sampling depth was 10 m, except for Stn 123 (50 m). Samples for

flow-cytometry were taken from 10 m depth at Stns 118, 122, 124, 126, 127, 134, 136, 138, 139 (Gulf of Agaba) and Stns 130,
132, 145, 147, 148 (Red Sea)

Phytoplankton group Cell size Vol. ——— Gulf of Agaba Red Sea
(nm) (nm?) Abundance Biomass Abundance Biomass
Estimated by flow cytometry
Prochlorocococcus spp. 0.6-0.8 0.18 18100 3240 204 000 36720
5100-48 000 150 000-260 000
Synechococcus spp. 0.9-1.2 0.70 16 500 11550 29100 20370
8200-30800 15400-35000
Pico-eukaryotes 1.0-2.0 1.77 4200 7434 2660 4708
1970-5860 1640-3420
Estimated by fluorescence microscopy
Synechococcus spp. 0.9-2.0 1.6 17800 28480 17500 28000
4500-43 500 7 500-27 500
Phytoplankton <8 pm 0.6-4.0 6 3990 23940 1530 9180
(without Synechococcus spp.) 580-7 180 860-2200
Larger phytoplankton >8 400° 2.42 968 2.47 988
1.26-3.80 2.13-2.81
“Based on thin, spindle-shaped Rhizosolenia spp., Nitzschia spp. and Pseudonitzschia spp., the dominant phytoplankton
taxa >8 pm

RESULTS
Phytoplankton and bacterioplankton size-spectrum

Water-column conditions had a distinct effect on the
abundance and composition of phytoplankton commu-
nities. Fig. 1 shows typical depth profiles for picoplank-
ton abundance in the deeply mixed Gulf of Agaba
(Stn 118) and in the stratified northern Red Sea (Stn 132).
Cells were distributed in a uniform way over 300 m at
Stn 118, and Synechococcus spp. and Prochlorococcus
spp. were present in equal abundance. However, at
Stn 132 picoplankton depth distributions showed a dis-
tinct stratification, with highest cell numbers in the upper
60 m (Fig. 1). While picoeukaryote abundance at this site
was about half that at Stn 118, Synechococcus spp. and
Prochlorococcus spp. were more abundant by factors
of 2 and 10 times, respectively.

A comparison of flow-cytometry analysis of samples
at all sites taken at 10 m depth revealed considerable
differences in the abundance of phototrophic pico-
plankton, with the smallest group (Prochlorococcus
spp.) being 10 times more abundant in the stratified
Red Sea, and picoplankton eukaryotes being 2 times
more abundant in the deeply mixed waters of the Gulf
of Aqgaba (Table 2). Thus, the composition of photo-
trophic picophytoplankton in the Red Sea was similar
to the composition in the Gulf of Agaba during the
period of summer stratification (Lindell & Post 1995).

The ranges for the flow cytometer counts and for
the microscopic counts indicate a pronounced spatial
variability in both systems. Epifluorescence counts and
inverted microscope counts were performed at fewer
stations and, although they are probably less precise,
they do permit an estimate of larger phytoplankton
also. Phytoplankton >8 pm contributed ca. 0.01% to
total cell number and ca. 2% to total biomass, as esti-
mated from cell volumes.

The abundances of heterotrophic bacteria were not
affected by the physical structure of the water masses.
Numbers of heterotrophic bacteria were in the range
to be expected for oligotrophic environments (5 to 5.5 x
10° ml'! in the Red Sea and 3 to 5.3 x 10° ml! in the
Gulf of Agaba).

Zooplankton abundance

Copepods (including nauplii) were the most numer-
ous group among the mesozooplankton in the Gulf of
Agaba and the northern Red Sea. Appendicularians
ranked next in abundance in the upper strata, followed
by chaetognaths, ostracods and gastropods, as usually
found in the Red Sea (Bottger-Schnack 1995). Among
the copepods, calanoids were most abundant, con-
tributing about 40 to 50% of the total numbers
(Fig. 2). Cyclopoids and poecilostomatoids ranked next,
whereas harpacticoids were found in small numbers
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Fig. 2. Abundance of major mesozooplankton groups by size classes at Stn 152 (Gulf of Agaba) and Stn 156 (northern Red Sea)
Copepodids and nauplii were not sorted taxonomically. Appendic.: appendicularians; Poecilost.: poecilostomatoids

only. Most calanoid species belonged to the family
Clausocalanidae (e.g. Ctenocalanus vanus, Clauso-
calanus spp.) and were of small size (about 1 to 2 mm).
Larger calanoids such as Rhincalanus nasutus and
Pleuromamma indica accounted for only a small por-
tion of the calanoid abundance in the upper 100 m of
the water column.

Table 3. Minimum to maximum ranges of greatest axial linear

dimension of individual cells or chains/colonies (*) (GALD;

pm) and microzooplankton grazing rates (y; d”!) on phyto
plankton genera

Genus GALD y

Small dinoflagellates 6.5-11 0.95-1.25
Pyramimonas 8-10 0.98-1.27
Rhodomonas 9.5-12.5 0.85-1.25
Emiliana 10-14 0.51-0.82
Navicula 12-18 0.78-1.10
Nitzschia 24-36 0.50-0.84
Thalassiosira 22-39 0.46-0.86
Gymnodinium 40-56 0.16-0.34
Rhizosolenia 50-102 0.30-0.64
Leptocylindrus 300-450* 0.05-0.45
Pseudonitzschia 330-470* 0.08-0.32

Nano- and microzooplankton grazing on
picoplankton

Cell division rates (u) of heterotrophic bacteria were
moderately high (0.61 to 0.72 d°! in the Red Sea and
0.86 to 1.30 d"! in the Gulf of Aqaba) and were roughly
balanced by grazing (y = 0.73 to 0.89 d™! in the Red
Sea and 0.75 to 1.06 d! in the Gulf of Agaba). There
was no effect of nutrient addition on bacterial growth
or grazing. The growth rates of bacteria in the dilution
experiments were higher than those (<0.15 d!) ob-
tained by in situ incorporation of *C-labelled leucine
(Grossart & Simon 2002). This difference between the
dilution method and tracer techniques has also been
observed elsewhere, and has not yet been explained
satisfactorily.

Neither Synechococcus spp. nor ultraphytoplankton
showed a response to nutrient addition in either sys-
tem. For Synechococcus spp., moderate growth and
grazing rates could only be determined for 1 station in
the Red Sea (Stn 147, u = 0.64 d°'; y= 0.19 d1), while
data scatter permitted no calculation for the other sta-
tions. Ultraphytoplankton responded to grazing pres-
sure in both stations of the Red Sea (y= 0.72 to 1.3 d™}),
but not in the Gulf of Aqaba.
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Microzooplankton grazing on nano-
and microphytoplankton

Table 4. Regression of grazing rates by microzooplankton on greatest axial
linear dimension (GALD) of phytoplankton (g = a.GALDP). n: number of cases

The grazer-removal experiments Region; date

provided microzooplankton grazing
rates on phytoplankton species ranging
from ca. 6.5 to 225 pm particle length
(GALD) and from 77 to 15000 pm? cell

volume. Grazing rates declined with Pooled data

Southern Gulf; 21 Feb 118 1.99
Red Sea; 24 Feb
Red Sea; 27 Feb
Southern Gulf; 2 Mar 152 2.11

Stn a b r? n p
-0.30 0.50 8 0.0325
132 2.06 -0.30 0.78 8 0.0039
145 3.88 -0.48 0.96 8 0.0001
-0.40 0.76 8 0.0050
2.73 -0.41 0.69 32 <0.00001

increasing algal size, but were high
throughout the entire range of phyto-
plankton sizes (Table 3; for further data see Sommer
2000). The best fit was obtained with linear regressions
of the grazing rate (y; d™!) on log GALD (Table 4).
Other size parameters (cell volume, ESD) provided
poorer fits, but the trends were always similar. Grazing
rates decreased with increasing size of algae. Differ-
ences between the experiments and the sites (Red Sea,
Gulf of Agaba) were analysed by ANOVA with log
GALD as covariate. Both ANOVAs showed marginally
insignificant effects of site (F-ratio = 3.136; p = 0.0868)
and experiment (F-ratio = 2.448; p = 0.0845), but highly
significant effects of log GALD (p < 0.0001). The small
differences between the different experiments are
plausible because of a very restricted range of micro-
zooplankton abundances in the grazed treatments:
nauplii 10 to 18 ind. 1"}; tintinnids 20 to 42 ind. 1}
Strombilidium spp. 13 to 55 ind. I"!; small unidentified
ciliates 100 to 260 ind. I"! (mean values for the grazer
treatment; for further details see Sommer 2000).

Mesozooplankton grazing

Grazing by mesozooplankton fell into 2 categories of
size preferences. Microphageous zooplankton have
had the highest per capita clearance rates on bacteria
(Appendicularia, Ostracoda) or on 3 pm algae (Dolio-
lum spp.). Macrophageous zooplankton included all
copepods studied and showed the highest per capita
clearance rates for the largest (Rhincalanus nasutus) or
second-largest (Calanus sp. and small calanoids) algal
size category (Table 5). Animal sizes in the experi-
ments were ca. 3.5 to 4 mm for R. nasutus, 3.5 mm for

the appendicularians, 2.5 mm for Doliolum spp.,
2.3 mm for Calanus sp., 1.5 mm for the ostracods, and
1.1 mm for the small calanoid copepods. Copepod
lengths were measured from the front end of the head
to the telson without taking the appendages into
account; appendicularian lengths are trunk lengths
without tail. The average carbon content of the differ-
ent zooplankton groups was: small calanoids 4.36 =+
1.02 (SD) ngC ind.”}; Calanus sp. 35.32 + 3.78 ngC
ind.”!; Appendicularia 11.3 + 2.3 pgC ind.™'; Rhincala-
nus 73.3 + 10.8 pgC ind.”}; Doliolum 3.38 + 0.94 ngC
ind."!; Ostracods 25.87 + 3.8 ngC ind. .

Calculation of total community clearance rates
(1 m3 d!) from species-specific individual rates and
species abundances could only be performed imper-
fectly, because of some mismatch between the animal
taxa used in the grazing experiments and the most
abundant groups (Fig. 2). Moreover, the majority of
in situ zooplankton individuals were much smaller
than the experimental individuals. Thus, assumptions
about taxonomic/functional analogy and a size cor-
rection were needed. It was assumed that both the
category ‘calanoids’ and the category ‘copepodids’ in
Fig. 2 were best represented by the category ‘small
calanoids’ in the grazing experiments. Phytoplankton
grazing by adult cyclopoids and poecilostomatoids
was considered negligible, because many of them
are considered carnivorous, at least when small phy-
toplankton cells are dominant (Satour et al. 2000).
Naupliar grazing was neglected as well in this cal-
culation, because it was already included in micro-
zooplankton grazing (see foregoing subsection). This
means that appendicularians and small calanoids

Table 5. Clearance rate (ml ind.”! d!) of mesozooplankton on different-sized (GALD/ESD in pm) categories of food

Zooplankton Bacteria Chlorella spp. Small pennate diatoms Thalassiosira spp. Nitzschia spp.
(1/0.8 pm) (3/2.7 pm) (15/8.259 pm) (40/22 pm) (100/18 pm)
Appendicularia 126 113 107 15 3.8
Doliolium spp. 71 86 36 29 17
Ostracoda 19 7.6 7.6 3.8 0.95
Rhincalanus nasutus 0 5.5 10 21 91
Calanus sp. 0 1.2 7.8 39 29
Small calanoids 0 2 9 22 16.5
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Fig. 3. Clearance rates of appendicularians and calanoid
copepods on food particles of different size; cumulative plot of

zooplankton size classes (open: <0.2 mm; vertically hatched:
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were considered the only significant mesozooplank-
ton grazers.

Size correction was performed assuming that clear-
ance rates scale with the square of linear body mea-
surements because of the 2-dimensional nature of
feeding structures, e.g. appendicularian filters. For the
size class <0.2 mm, the calculated per capita clearance
rate of 0.2 mm animals was used. For the size class
0.2 to 0.4 mm, the mean of the mean clearance rates of
0.2 and 0.4 mm animals was used. For the size class 0.4
to 1.2 mm, the mean of the clearance rates for 0.4 and
1.2 mm animals was used. For the >1.2 mm size class of
small calanoids, the clearance rate of 1.2 mm animals
was used, while for appendicularians >1.2 mm, the
value for 2.65 mm animals was used (mean length of
appendicularians >1.2 mm in the 100 pm net samples).

Based on the mean abundances of the stations and
depth intervals in Fig. 2, appendicularian clearance
rates of ca. 10 1m~3 d~! were found for the smallest food
particles and copepod clearance rates of ca. 30 1 m—3
d! for large food particles (Fig. 3). This corresponds to
instantaneous grazing rates (y) of 0.01 and 0.03 d!,
respectively.

Copepod lipid composition

The analyses of late copepodid stages (CV) and fe-
male Rhincalanus nasutus showed that the lipid con-
tents of females and CV stages during the investigation
period ranged around 30 % of dry mass. For females (18
samples), the lipid content averaged 30.8 + 4.9 %; for
the CV stages (5 samples) the mean was 30.3 = 9.6 %.
Lipids were dominated by wax esters, which made up
87.3 % of total lipids (10 samples). Other lipid classes
comprised triacyglycerols (mean 3.2 %), phospholipids
(mean 9.1 %) and cholesterol (0.3 %). The principal fatty
acids in the total lipid extract (8 samples) were 18:1(n-9)
with 30.7 %, 16:1(n-7) with 23.7 %, 16:2 with 8.5 % and
20:5(n-3) with 5.5% for females. These percentages
were very similar to those of the CV stages (2 samples).
The fatty alcohols consisted mainly of 2 shorter-chain
components, 16:0 with 78.5% and 14:0 with 21 % in the
females, and 16:0 with 81.1% and 14:0 with 18.3% in
the CV stages, respectively.

DISCUSSION

The summarised grazing data of zooplankton func-
tional groups on phytoplankton functional groups are
rough estimates only. Among other sources of error,
experimentally obtained grazing-rate data from a few
species of mesozooplankton only were extrapolated
to functional groups, ignoring the small size classes.
Moreover, stations from which the material for the dif-
ferent shipboard experiments was obtained and sta-
tions for the abundance samples did not always match
because of logistic constraints. Nevertheless, the trends
are sufficiently obvious to permit some clear semi-
quantitative conclusions about overall grazing pres-
sure and the relative importance of different zoo-
plankton functional groups of zooplankton (Fig. 4).

A further methodological problem lies in the incuba-
tion time of the Landry et al. (1995)-type dilution ex-
periments (36 h) that was needed to achieve a statisti-
cally significant response of the larger components of
the microbial food web. A shorter incubation time (e.g.
6 h) would have reduced the bottle artifacts (e.g. wall
growth), influencing bacterial growth rates, but incu-
bation times <6 h would have missed any diel effects.
Bacterial growth rates measured by the dilution tech-
nique were higher and clearly better in balance with
grazing rates than the extremely low estimates ob-
tained from leucine-uptake measurements (Grossart &
Simon 2002). Calculating growth rates from the uptake
of 1 substrate only involves some risky assumptions,
which might not always apply.

The calculated grazing rates on bacteria and
medium-sized phytoplankton were rather high, but
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low or even undetectable for the picoplanktonic cyano-
bacteria Synechococcus spp. For heterotrophic bacte-
ria and medium-sized algae, the system appears highly
dynamic in spite of low nutrient levels and low phyto-
plankton biomass. In fact, calculated bacterial growth
rates were in the middle of the range estimated for the
same season in the slightly more eutrophic central Red
Sea using metabolic inhibitors (0.34 to 2.3 d": Weisse
1989). In order to balance grazing losses, a high pro-
duction:biomass ratio of phytoplankton is required.
This agrees with the high assimilation numbers mea-
sured during our cruise (C. Hase & M. Tilzer pers.
comm.). High growth rates balanced by high loss rates
at a low standing stock is the core of Goldman's (1984)
‘spinning wheel’ concept for the oligotrophic ocean.
He even hypothesised maximal growth rates despite
low nutrient concentrations (Goldman et al. 1979). Our
dilution experiments have shown that phytoplankton
dominated by pico- and small nanoalgae are indeed
not limited by nutrients, while some nutrient limitation
was found for stations with a higher contribution of
large algae. This agrees too with the experiments by
Sommer (2000), who found moderate but significant
nutrient limitation for phytoplankton species >6 pm;
nevertheless, even algae of this size are grazed at high
rates. However, the period of deep mixing is the period
with the weakest nutrient stress in the Gulf of Aqaba;
stronger nutrient stress would be expected in the
stratified period (Lindell & Post 1995).

The low growth and grazing rates of Synechococcus
spp. do not fit into Goldman's (1984) concept and can
only tentatively be explained from the available data.
Low grazing rates are easiest explained by assuming
that Synechococcus spp. are either avoided actively or
is too large (0.9 to 1.2 pm) for ingestion by heterotro-
phic nanoflagellates and too small for ciliates. Indeed,
heterotrophic flagellates were unusually small in the
study area, and a preference for smaller food items
(heterotrophic bacteria) might therefore be expected.
A control of picoplanktonic cyanobacteria by hetero-
trophic nanopflagellates does not seem to be a univer-
sal rule in the oligotrophic ocean, but seems to vary
between sites and seasons. Low grazing rates of flagel-
lates on Synechococcus spp. were found by Dolan &
Simek (1999) in the western Mediterranean Sea, while
high rates were reported by (e.g.) Burkill et al. (1993)
for the oligotrophic part of the Indian Ocean and by
Sakka et al. (2000) for French Polynesia. But how can
the low growth rates despite nutrient sufficiency be
explained? Viral lysis is possible, but no proof is avail-
able, and it would probably have operated in the
experimental bottles as well as in situ. Experimental
artefacts such as artificial light inhibition are also pos-
sible, because algae were arrested at 30 % surface irra-
diance instead of being circulated in the mixed water

column. However, any explanation by artefacts would
require an additional limiting factor in situ, since un-
restricted growth and resultant blooms of autotrophic
picoplankton were never observed.

Grazing by mesozooplankton is a negligible loss fac-
tor for any of their prey, be it bacteria, algae or proto-
zoa. Mesozooplankton grazing rates are ca. 2 orders of
magnitude lower than grazing rates by microzooplank-
ton, and much smaller than the scatter of protozoan
grazing rates or phytoplankton growth rates estimated.
Admittedly, thus far, these estimates rest on many
assumptions and abundance data for only 2 stations
(data for more stations will become available in
the future: R. Bottger-Schnack, S. B. Schnack-Schiel).
However, no alternative way of calculating clearance
rates and no conceivable level of mesozooplankton
spatial variability would lead to estimates indicating
that biomass loss due to mesozooplankton grazing is of
equal importance to that due to protozoan grazing. It
remains an open question to what extent a correction
would be necessary it poecilostomatoid and cyclopoid
copepods feed significantly on phytoplankton, con-
trary to our assumption.

Our results add to the well-established evidence that
planktonic food webs of oligotrophic seas are domi-
nated by the ‘microbial loop’ (picoplankton + bacteria
+ heterotrophic flagellates - ciliates — copepods) instead
of the classic food chain (phytoplankton - copepods —
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Fig. 4. Double logarithmic plot of the grazing rates of major
functional groups of zooplankton on food particle size
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fishes). The microbial loop has been proposed as a
second major pathway of energy and carbon flow in
the pelagic food web (Pomeroy 1974, Sieburth &
Davis 1982, Azam et al. 1983). Because of the pre-
dominance of picophytoplankton in the oligotrophic
ocean (Raven 1986, Stockner & Antia 1986) and the
inability of copepods to feed on picoplankton, it is
assumed that the microbial loop dominates over the
classic food chain in oligotrophic systems (Sanders et
al. 1992, Caron et al. 1995, 1999, Reckermann &
Veldhuis 1997).

In addition, we have found that pelagic tunicates
are more important grazers of pico- and smaller
nanoplankton than are copepods within the size
range of dominant phytoplankton in the Red Sea.
Because of their high efficiency in capturing
extremely small food particles, their high clearance
rates, and their high intrinsic growth rates (Heron
1972, Deibel 1982a,b, Crocker et al. 1991, Boch-
dansky & Deibel 1997, Bone et al. 1997), it might be
expected that tunicates could play an important role
at least locally under suitable conditions. Therefore,
we suggest that picoplankton feeding by tunicates
should be considered a third major pathway in the
pelagic food web.

The inability of copepods to feed on picoplankton
and small (<5 pm) nanoplankton forces them to rely on
protozoans as a major food source or on episodic
blooms of larger algae. There was evidence of diatom-
feeding by the strong signal of the fatty acid 16:1(n-7)
(e.g. Graeve et al. 1994). This contrasts with a seasonal
study of copepod gut contents at a station off Aqgaba
(Al-Najjar 2000), which did not find the diatom marker
fucoxanthin, except in 1 sample of cyclopoid copepods
on 7 March 1999 (7.26 ng ind.”!). However, the 4 wk
sampling regime of Al-Najjar's study was insufficient
to detect episodic feeding events; lipid analysis would
seem to provide more reliable information. Lipid
composition is the result of dietary inputs over several
weeks to months, depending on the life cycle of the
species concerned.

In conclusion, phytoplankton grazing in the northern
Red Sea and in the Gulf of Agaba during the spring
period is clearly dominated by microzooplankton as a
result of the small size of the phytoplankton available.
Appendicularians also feed on these algae, but are of
less importance than microzooplankton. Copepods are
the dominant mesozooplankton by number and bio-
mass, but they occupy the third rather than the second
trophic level.

Acknowledgements. Financial support by the DFG (Deutsche
Forschungsgemeinschaft) and help by the crew of RV
‘Meteor' are gratefully acknowledged. We express our thanks
to Professor G. Hempel for the cruise leadership.

LITERATURE CITED

Al-Najjar T (2000) The seasonal dynamics and grazing control
of phyto- and mesozooplankton in the northern Gulf of
Aqaba. PhD thesis, Universitdat Bremen, Germany

Azam F, Fenchel T, Field JG, Meier-Reil LA, Thingstad F
(1983) The ecological role of water column microbes in the
sea. Mar Ecol Prog Ser 10:257-263

Bochdansky AB, Deibel D (1997) Functional feeding re-
sponse and behavioral ecology of Oikopleura vanhoeffeni
(Appendicularia, Tunicata). J Exp Mar Biol Ecol 233:
181-211

Bone Q, Braconnot JC, Carre C, Ryan KP (1997) On the filter-
feeding of Doliolum (Tunicata: Thaliacea). J Exp Mar Biol
Ecol 179:179-193

Bottger-Schnack R (1995) Summer distribution of micro- and
small mesozooplankton in the Red Sea and Gulf of Aden,
with special reference to non-calanoid copepods. Mar Ecol
Prog Ser 118:81-102

Burkill PH, Leakey RJG, Owens NJP, Mantoura RFC (1993)
Synechococcus and its importance to the microbial food-
web in the northwestern Indian Ocean. Deep-Sea Res
Part I1 40:773-782

Caron DA, Cam HG, Kremer P, Lessard EJ and 6 others (1995)
The contribution of microorganisms to particulate carbon
and nitrogen in surface waters of the Sargasso Sea near
Bermuda. Deep-Sea Res 42:943-972

Caron DA, Peele ER, Lim EL, Dennett MR (1999) Picoplank-
ton and nanoplankton and their trophic coupling in sur-
face waters of the Sargasso Sea south of Bermuda. Limnol
Oceanogr 44:259-272

Crocker KM, Alldredge AL, Steinberg DK (1991) Feeding
rates of the doliolid, Dolioletta gegenbauri, on diatoms
and bacteria. J Plankton Res 13:77-82

Deibel D (1982a) Laboratory determined mortality, fecundity
and growth rates of Thalia democratica Forskal and Dolio-
letta gegenbauri Uljanin (Tunicata, Thaliacea). J Plankton
Res 4:143-153

Deibel D (1982b) Laboratory-measured grazing and ingestion
rates of the salp, Thalia democratica Forksal and Dolio-
letta gegenbauri Uljanin (Tunicata, Thaliacea). J Plankton
Res 4:189-201

Dolan JR, Simek K (1999) Diel periodicity in Synechococcus
populations and grazing by heterotrophic nanoflagellates:
analysis of food vacuole contents. Limnol Oceanogr 44:
1565-1570

Dusenberry JA, Frankel SL (1994) Increasing the sensitivity of
FACScan flow cytometer to study oceanic picoplankton.
Limnol Oceanogr 39:206-209

Folch J, Lees M, Sloane-Stanley GH (1957) A simple method
for the isolation and purification of total lipids from animal
tissue. J Biol Chem 226:497-509

Fraser AJ, Tocher DR, Sargent JR (1985) Thin-layer chro-
matography—flame ionization detection and the quantifi-
cation of marine neutral lipids and phospholipids. J Exp
Mar Biol Ecol 88:91-100

Genin A, Lazar B, Brenner S (1995) Vertical mixing and coral
death in the Red Sea following the eruption of Mount
Pinatubo. Nature 377:507-510

Goldman JC (1984) Oceanic nutrient cycles. In: Fasham MJ
(ed) Flows of energy and materials in marine ecosystems:
theory and practice. Plenum Press, London, p 137-170

Goldman JC, McCarthy JJ, Peavey DG (1979) Growth rate
influence on the chemical composition of phytoplankton
in oceanic waters. Nature 279:210-215

Graeve M, Kattner G, Hagen W (1994) Diet-induced changes
in the fatty acid composition of Arctic herbivorous cope-



Sommer et al.: Spring grazing in the Red Sea 261

pods: experimental evidence of trophic markers. J Exp
Mar Biol Ecol 182:97-110

Grossart HP, Simon M (2002) Bakterioplankton dynamics in
the Gulf of Agaba and in the northern Red Sea in early
spring. Mar Ecol Prog Ser 239:263-276

Hagen W (2000) Lipids. In: Harris R, Wiebe P, Lenz J, Skjol-
dal HR, Huntley M (eds) ICES zooplankton methodology
manual, Academic Press, San Diego, p 113-119

Haney JF (1971) An in situ method for the measurement of
zooplankton grazing rates. Limnol Oceanogr 16:970-977

Heron AC (1972) Population ecology of a colonizing species:
the pelagic tunicate Thalia democratica. Oecologia 10:
269-293

Kattner G, Fricke HSG (1986) Simple gas-liquid chromato-
graphic method for the simultaneous determination of
fatty acids and alcohols in wax esters of marine organisms.
J Chromatogr 361:263-268

Kattner G, Graeve M, Hagen W (1994) Ontognetic and sea-
sonal changes in liquid and fatty acid/alcohol composi-
tions of the dominant Antarctic copepods Calanoides
propinquus, Calanus acutus and Rhincalanus gigas. Mar
Biol 118:637-644

Kimor B, Golandsky B (1977) Microplankton of the Gulf of
Elat: aspects of seasonal and bathymetric distribution. Mar
Biol 42:55-67

Klinker J, Reiss Z, Kropach C, Levanon J, Harpaz H, Shapiro
Y (1978) Nutrients and biomass distribution in the Gulf of
Agaba (Elat), Red Sea. Mar Biol 45:53-64

Landry MR, Hassett RP (1982) Estimating the grazing impact
of marine micro-zooplankton. Mar Biol 67:283-288

Landry MR, Kirshtein J, Constantinou J (1995) A refined
dilution technique for measuring the community grazing
impact of microzooplankton, with experimental tests in
the central equatorial Pacific. Mar Ecol Prog Ser 120:
53-63

Li H, Veldhuis MJW, Post AF (1998) Alkaline phosphatase
activities among planktonic communities in the northern
Red Sea. Mar Ecol Prog Ser 173:107-115

Li WKW, Zohary T, Jacobi YZ, Wood AM (1993) Ultraphy-
toplankton in the eastern Mediterranean Sea: towards
deriving phytoplankton from biomass flow cytometric
measurements of abundance, fluorescence and light
scatter. Mar Ecol Prog Ser 102:79-87

Lindell D, Post AF (1995) Ultraphytoplankton succession is
triggered by deep winter mixing in the Gulf of Agaba
(Eilat), Red Sea. Limnol Oceanogr 40:1130-1141

Lund JWG, Kipling C, LeCren ED (1958) The inverted micro-
scope method of estimating algal numbers and the statisti-
cal basis of estimations by counting. Hydrobiologia 11:
143-170

Mackey MD, Mackey DJ, Higgins HW, Wright SW (1996)
CHEMTAX—a program for estimating class abun-
dance from chemical markers: application to HPLC
measurements of phytoplankton. Mar Ecol Prog Ser 144:
265-283

Editorial responsibility: Gotthilf Hempel,
Bremen, Germany

Pomeroy LR (1974) The ocean foodweb, a changing para-
digm. BioScience 24:499-504

Raven JA (1986) Physiological consequences of extremely
small size for autotrophic organisms in the sea. Can Bull
Fish Aquat Sci 214:1-70

Reckermann M, Veldhuis MJW (1997) Trophic interactions
between picophytoplankton and micro- and nanozoo-
plankton in the western Arabian Sea during the NE mon-
soon 1993. Aquat Microb Ecol 12:263-273

Reiss Z, Hottinger L (1984) The Gulf of Aqaba: ecological
micropaleontology. Springer-Verlag, Berlin

Sakka A, Legendre L, Gosselin M, Delesalle B (2000) Struc-
ture of the oligotrophic planktonic food web under low
grazing of heterotrophic bacteria: Takapoto Atoll, French
Polynesia. Mar Ecol Prog Ser 197:1-17

Sanders RW, Caron DA, Berninger UG (1992) Relationship be-
tween bacteria and heterotrophic nanoplankton in marine
and fresh waters: an inter-ecosystem comparison. Mar
Ecol Prog Ser 86:1-14

Sautour B, Artigas LF, Delmas D, Herbland A, Laborde P
(2000) Grazing impact of micro- and mesozooplankton
during a spring situation in coastal waters off the Gironde
estuary. J Plankton Res 22:531-552

Sieburth JM, Davis PG (1982) The role of heterotrophic
nanoplankton in the grazing and nurturing of planktonic
bacteria in the Sargasso and Caribbean Sea. Annu Inst
Océanogr 58:285-296

Sommer U (1996) Plankton ecology: the past two decades of
progress. Naturwissenschaften 83:293-301

Sommer U (2000) Scarcity of medium-sized phytoplankton in
the Red Sea explained by strong bottom-up and weak
top-down control. Mar Ecol Prog Ser 197:19-25

Stockner JG, Antia NJ (1986) Algal picoplankton from marine
and freshwater ecosystems: a multidisciplinary perspec-
tive. Can J Fish Aquat Sci 43:2472-2503

Vaulot D (1989) CYTOPC: processing software for flow cyto-
metric data. Signal Noise 2:8

Weisse T (1989) The microbial loop in the Red Sea: dynamics
of pelagic bacteria and heterotrophic nanoflagellates. Mar
Ecol Prog Ser 55:241-250

von Stosch HA, Drebes G (1964) Entwicklungsgeschichtliche
Untersuchungen an zentrischen Diatomeen. IV. Helgol
Wiss Meeresunters 11:209-257

Wolf-Vecht A, Paldor N, Brenner S (1992) Hydrographic indi-
cations of advection/convection effects in the Gulf of Eilat.
Deep-Sea Res 39:1393-1401

Wright SW, Thomas DP, Marchant HJ, Higgins HW, Mackey
MD, Mackey DJ (1996) Analysis of phytoplankton of the
Australian sector of the Southern Ocean: comparison of
microscopy and size fraction data with interpretations of
pigment HPLC data using 'CHEMTAX' matrix factorisa-
tion program. Mar Ecol Prog Ser 144:285-298

Yahel G, Post AF, Fabricius K, Marie KD, Vaulot D, Genin A
(1998) Phytoplankton distribution and grazing near coral
reefs. Limnol Oceanogr 43:551-563

Submitted: May 3, 2001; Accepted: January 31, 2002
Proofs received from author(s): July 9, 2002



Vol. 239: 263-276, 2002

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published August 23

Bacterioplankton dynamics in the Guli oi Agqaba

and the northern Red Sea in early spring

Hans-Peter Grossart*, Meinhard Simon

Institute for Chemistry and Biology of the Marine Environment, University of Oldenburg, 26111 Oldenburg, Germany

ABSTRACT: The northern Red Sea, with its northernmost extension the Gulf of Agaba, is an oligo-
trophic marine ecosystem, for which the growth and substrate dynamics of the heterotrophic bacteri-
oplankton have not yet been studied. In 1999, we carried out a comprehensive investigation of bac-
terioplankton growth dynamics in early spring (February/March), a time of year when the Gulf
waters are deeply mixed, while permanent stratification prevails in the northern Red Sea. Most of the
parameters measured yielded low values (bacterial numbers: 0.5 to 12.8 x 10° m1™}; production: 0.9 to
56.8 ngC I"'t h™!; growth rates: <0.01 to 0.15 d!; turnover rates of dissolved free amino acids, DFAA:
0.008 to 1.35d %, glucose: 0.001 to 0.14 d~!: and concentrations of dissolved free neutral monosaccha-
rides: <2 to 86 nM). Glucose was the only monosaccharide detected in 93 % of the samples. Concen-
trations of DFAA ranged from 13.2 to 176 nM, and those of dissolved combined amino acids and
neutral monosaccharides from 0.42 to 3.69 pM and 0.05 to 3.31 pM, respectively. Uptake of glucose
(as percent of bacterial production) in 93 % of the samples was <50 %, whereas that of DFAA was
much higher, often exceeding 100 % (the latter result may have been due to methodological biases).
Most of the parameters measured were more variable and covered a wider range in the northern Red
Sea than in the Gulf, where vertical patterns were more homogenous. Only concentrations of dis-
solved free neutral monosaccharides were systematically lower in the northern Red Sea. Bacterial
production in this area was significantly correlated with turnover and uptake rates of DFAA, and with
glucose turnover rates below 100 m. Aminopeptidase and B-glucosidase activities were fairly similar
in both study areas, with means ranging from 19.4 to 29.9 nmol 1"* h™!. Whereas aminopeptidase
hydrolysis rates were in the same range as values found in other oceanic regions, B-glucosidase
hydrolysis rates were much higher, possibly due to the persistence of active B-glucosidase in the dis-
solved phase, as has been reported for alkaline phosphatase in this area. Analysis of the data indi-
cates that in the northern Red Sea bacterioplankton growth dynamics were mainly controlled by bio-
logical processes, whereas in the Gulf hydrographic processes were more important.

KEY WORDS: Bacteria - Bacterial production - Amino acids - Turnover rates -
Aminopeptidase - Glucosidase - Gulf of Agaba - Red Sea
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INTRODUCTION

The microbial loop (Azam et al. 1983), including het-
erotrophic and autotrophic picoplankton and mixo-
and heterotrophic nanoflagellates, has been shown to
be most important in oligotrophic pelagic ecosystems
such as the central oceanic gyres in tropical and sub-
tropical regions, which are stratified and thus perma-
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nently nutrient-depleted. Most of the flow of energy
and nutrient recycling (i.e. regenerated production) in
these systems is mediated by trophic compartments of
the microbial loop, whereas the participation of larger-
sized compartments and thus export production is of
relatively low significance (Eppley & Peterson 1979, Li
et al. 1992, Buck et al. 1996). However, several studies
have indicated that grazing of picoplankton by pelagic
tunicates may be another sink, and may shortcut
the flux of organic matter from the microbial loop to
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higher trophic levels in oligotrophic marine ecosystems
(Deibel 1982, Crocker et al. 1991, Acuna et al. 1996,
Sommer et al. 2002). As one of the core components of
the microbial loop, heterotrophic bacteria have been
studied quite extensively in various stratified oceanic
regions (Ducklow 1993, 1999, Kirchman et al. 1995,
Rich et al. 1996, Goosen et al. 1997, Pedros-Alio et al.
1999). Detailed simultaneous studies on bacterioplank-
ton growth dynamics (including substrate availability,
polymer hydrolysis and turnover and growth response)
in these regions, however, are still rare (Christian &
Karl 1995, Rich et al. 1996, Keil & Kirchman 1999).
The Red Sea, with its northernmost extension, the
Gulf of Agaba (165 km long x 15 km wide), is one of
such highly oligotrophic regions in which autotrophic
picoplankton and phytoplankton of <8 pm dominate
the total phytoplankton biomass. Chlorophyll a (chl a)
does not exceed 0.8 ng I'! (Lindell & Post 1995)
because of strong bottom-up control of phytoplankton
growth (Sommer 2000). Whereas the Red Sea is per-
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Fig. 1. Map of the study area. Numbers are sampling sites and
station nos. as in Table 1

manently stratified, the Gulf of Agaba, with a maxi-
mum depth of 1800 m, is characterized by deep winter
mixing bringing high amounts of inorganic nutrients
into the otherwise nutrient-depleted euphotic zone
(Wolf-Vecht et al. 1992). Water exchange with the
northern Red Sea occurs via the shallow (242 m) Strait
of Tiran, with a near-surface inflow into the Gulf and
an underlying outflow. Growth dynamics and the com-
position of the autotrophic picoplankton and bacteria
grazed by heterotrophic nanoflagellates have been
studied in this region (Weisse 1989, Lindell & Post
1995). Virtually nothing is known, however, about the
substrate and growth dynamics of the heterotrophic
bacterioplankton. In order to better evaluate and
understand the significance of the microbial loop for
pelagic trophodynamics in the Red Sea and the Gulf of
Adgaba, it is essential to examine bacterioplankton
trophodynamics in this area.

During Cruise M44/2 of RV 'Meteor’ we studied sub-
strate and growth dynamics of the heterotrophic bacte-
rioplankton in the northern Red Sea and the Gulf of
Adgaba in late February and early March 1999. This
gave us the opportunity to compare the typical strati-
fied situation of the northern Red Sea with the deeply
mixed Gulf of Aqgaba. Further, the simultaneous
assessment of phytoplankton growth dynamics and
grazing by proto-and metazooplankton enabled us
to comprehensively evaluate the significance of the
microbial loop during early spring in this region.

MATERIALS AND METHODS

The study was carried out during Cruise M44/2 of
RV 'Meteor’ between 21 February and 9 March 1999.
For details of the hydrography and biology of the Gulf
of Aqaba see Reiss & Hottinger (1984), Wolf-Vecht et
al. (1992), and Lindell & Post (1995). During the cruise
12 sites were visited, but we sampled only 3 sites of a
transect across the Gulf of Aqaba and 5 sites in the
northern Red Sea (Fig. 1, Table 1). Several sites were
visited at least twice. Water from various depths
between the surface and 500 m was collected with 121
Go-Flo bottles mounted on a CTD rosette from which
subsamples were withdrawn into 1 1 polyethylene (PE)
flasks for further measurements.

Bacterial numbers. Samples for enumerating bacte-
ria were fixed with 2% formalin. Enumeration was
done by epifluorescence microscopy according to
Porter & Feig (1980). Within 2 h of sampling, 2 to 5 ml
were stained with DAPI (4,6-diamidinophenylindole)
for 3 to 5 min, filtered through 0.2 pm black Nuclepore
filters, and stored frozen at —20°C until enumeration in
the laboratory 6 mo later. Bacterial numbers were
determined at 1000 x magnification with an epifluores-
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cence microscope (Axioscope 2, Zeiss) and an image-
analysis system (analysSIS, Soft Imaging System). At
least 20 view fields were counted to minimize standard
deviations (<10%). We determined 20 size classes
between <0.2 and 2.0 pm, but 285 % of all measured
bacteria were between 0.2 and 0.4 pm in size.

Bacterial production. Rates of bacterial biomass
production were determined by the incorporation of
14C-leucine (Kirchman et al. 1985, Simon & Azam
1989). Subsamples of 10 ml were withdrawn into
clean polystyrene test tubes. Triplicates and a for-
malin-killed control were labelled with *C-leucine
(10.8 GBq mmol ™!, Hartmann Analytic) at a final con-
centration of 10 nM. Incubation was in the dark at
in situ temperature, and was stopped after 2.5 to 5 h
by adding formalin (2% final concentration). After
fixation, samples were filtered onto 0.45 pm nitro-
cellulose filters (Sartorius), rinsed with ice-cold par-
ticle-free seawater, and extracted with ice-cold 5%
trichloroacetic acid (TCA) for 5 min. After rinsing
the extracted filters twice with ice-cold 5% TCA, the
filters were dissolved with ethylacetate and radio-
assayed by liquid scintillation counting. Biomass pro-
duction was calculated from leucine incorporation
rates using a conversion factor of 3.0 kgC (mol
leucine)™! (Simon & Azam 1989). The coefficient of
variation (CV, standard deviation/mean) of the tripli-
cate measurements usually was <0.10.

Turnover rates of dissolved free amino acids (DFAA)
and dissolved free monosaccharides (DFCHO). Turn-
over rates of a mixture of 16 *H-amino acids (Amers-
ham, mean specific activity 1.97 GBq mat. C), and of
®H-glucose (specific activity 429 GBq mmol™!, Amers-
ham) were measured basically in the same way as
described for measurements of leucine incorporation
(see foregoing subsection). Final concentrations of
DFAA and added glucose were 0.5 nM, respectively.
After stopping the incubation, samples were not
extracted by ice-cold TCA, but were filtered directly
onto 0.45 pm nitrocellulose filters, rinsed with particle-
free seawater and radioassayed. The CV of the tripli-
cate measurements usually was <0.10.

Hydrolytic enzyme activities: Aminopeptidase, a-,
B-glucosidase, and chitinase activities of bacteria
were measured using fluorogenic substrate analogs
(Hoppe 1993). Incubations were performed with L-
leucine-methyl coumarinylamide (Fluka) for determi-
nation of aminopeptidase activity, 4-methyl-umbellif-
eryl-o- and B-p-glucoside (Sigma) for a- and
B-glucosidase activity, and 4-methyl-umbelliferyl-B-p-
glucosaminide (Sigma) for chitinase activity. Hydroly-
sis was measured in 20 ml samples at 1 pM final con-
centration of the respective substrate analog. This
concentration assured maximum hydrolysis rates at in
situ temperature in the dark, as determined by satura-

tion kinetics. All incubations were run for 2 h in tripli-
cate and a control was killed with paraformaldehyde
(4 % final conc.). Fluorescence of all assays was mea-
sured in a filter fluorometer (TD 700, Turner Design)
at 300 to 400 nm excitation and 410 to 610 nm emis-
sion. Hydrolytic enzyme activities were calculated
after calibration with methyl-coumarinylamide and
methyl-umbelliferyl, respectively.

Concentrations of dissolved amino acids and mono-
saccharides: Concentrations of DFAA were analyzed
by high-performance liquid chromatography (HPLC)
after ortho-phthaldialdehyde derivatization according
to Lindroth & Mopper (1979) as modified by Simon
& Rosenstock (1992). After prefiltration through a
0.2 pm tuffrin filter (Gelman Acrodisc) with low pro-
tein-binding capacitiy, samples were stored frozen at
—20°C until analysis with a Thermo Separation Prod-
uct HPLC system after 16 to 17 mo. Dissolved com-
bined amino acids (DCAA) were analyzed as DFAA
after hydrolysis with 6 N HCI at 100°C for 20 h. Con-
centrations of DFCHO were analyzed by HPLC and
pulsed amperometric detection with a DIONEX
instrument and a Carbopac PA 10 column according
to Mopper et al. (1992) using 20 mM NaOH as eluent.
After prefiltration, samples were stored frozen until
analysis after 16 to 17 mo. Prior to analysis, samples
were desalted by ion-exchange columns (Mopper et
al. 1992, Borch & Kirchman 1997). Unavoidable losses

Table 1. Sites, station numbers, dates, and locations of Cruise

44/2 of RV 'Meteor' in the Gulf of Agqaba and northern Red

Sea between 21 February and 9 March 1999. Station nos.
correspond to those in Fig. 1

Region, Stn No. Date Location
Site N E
Gulf of Agaba
I 122 22 Feb 29°29.52' 34°57.00'
139 26 Feb 29°29.52' 34°57.00
151 01 Mar 29°29.46' 34°57.18'
157 05 Mar 29°29.46' 34°57.06'
v 125 23 Feb 28°49.98' 34°44.04'
VI 117 21 Feb 28°20.22' 34°33.06'
152 02 Mar 28°20.04' 34°33.06'
Northern Red Sea
VII 128 23 Feb 27°53.04' 34°40.02'
144 27 Feb 27°52.80' 34°39.96'
VIII 145 27 Feb 27°39.24' 34°40.08"
IX 146 27 Feb 27°24.96' 34°39.96'
154 03 Mar 27°25.08' 34°40.38'
X 131 24 Feb 27°11.04' 34°39.96'
147 28 Feb 27°10.98' 34°39.96'
XII 133 24 Feb 27°25.02' 34°04.92'
149 28 Feb 27°25.02' 34°05.04'
156 04 Mar 27°24.96' 34°04.98'
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Fig. 2. Bacterial production (A-C) and bacterial numbers (D-F) in northern and southern Gulf of Aqaba and northern Red Sea.
Sites, stations and sampling dates as in Table 1

of individual monosaccharides during desalting were
corrected for by external standards. Dissolved com-
bined neutral monosaccharides were analyzed as
DFCHO after hydrolysis with 0.09 N HCI at 100°C for
20 h (Borch & Kirchman 1997). After hydrolysis, sam-
ples were desalted in the same way as those for the
DFCHO analysis.

RESULTS

During our study period we encountered the typical
hydrographic situation of winter and early spring, with
temperatures of 20 to 23°C near the surface and in
deep water layers. A strong northeasterly wind (8 to
14 m s7!) prevailed until 27 February. The Gulf exhib-
ited a mixing regime, with an increasing mixing depth
towards its northern end near Aqaba, where it reached
300 m in the first few days of our investigation. During
an intense convection event on 26 February, the mix-
ing depth increased to 550 m in the northern Gulf.
Thereafter it stabilized around 400 m (Plahn et al.
2000). The northern Red Sea was stratified throughout
the investigation period, with an increasing stability

towards the southern stations. As long as the north-
easterly wind prevailed, the mixed layer in the north-
ern Red Sea remained well-mixed in the upper 50 to
100 m and allowed an input of nutrients from deeper
layers by turbulent diffusion, as indicated by the ver-
tical distribution of inorganic nutrients such as phos-
phate (M. Badran unpubl. data). When the wind
ceased after 28 February, the upper 100 m became
well-stratified with a mixed layer of <50 m, such that
the nutrient input from deeper layers ceased. The dif-
ferent stratification regimes were also reflected in the
different vertical and horizontal distributions of chl a.
In the northern Gulf the vertical distribution of chl a
was homogenous and low (£0.25 pgchl a I'!), whereas
towards the southern part of the Gulf and the northern
Red Sea, elevated concentrations of up to 0.43 pgchl a
I"! occurred in the mixed layer (N. Stambler unpubl.
data).

Bacterioplankton growth dynamics

Bacterioplankton biomass production exhibited pro-
nounced differences in the Gulf of Agaba and the
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northern Red Sea and thus was consis-
tent with the distribution of chl a. At the

Bacterial biomass production

Red Sea Str. of Tiran Gulf of Aqaba
northernmost site in the Gulf (Site I), 181 133 158 128 17 125 122 151
bacterial production remained below 149154 182 129 167
43.4ngC I't h™! in the mixed layer and 12001
did not show pronounced vertical vari- ‘T_c
ations (Fig. 2A). During the intense o 1000 7
mixing event on 26 February (Stn 139), (E; 80,0 -
the lowest values occurred. During >
the first 10 d, bacterial production de- E 0.0
creased in the upper 200 m, but exhib- g
ited highest values at our last visit to © 400
this station on 5 March (Stn 157). In the o
southern Gulf at Site VI, rates of bacte- I 20.0
rial production continuously decreased o I I
with increasing depth in the upper 00 - X 2'8 v 20 | ' %

100 m (Fig. 2B). The values at this site
were rather similar to bacterial pro-
duction rates and vertical patterns in
the upper 100 m at Site VII (26.4 to
39.6 ngC 1! h™!, Stn 128), the northern-
most location in the Red Sea (Fig. 1).
At Site VI, the upper 200 m already
showed signatures of the northern Red Sea, as indi-
cated by salinity values, and thus suggested an influ-
ence of the inflowing Red Sea, surface water on bacte-
rial production at this site. In the northern Red Sea,
bacterial production rates in the first week of the inves-
tigation were much higher than in the northern Gulf.
At Site XII (Stn 133) the highest rates of bacterial
production were recorded, reaching 56.8 ngC I"! h!
(Fig. 2C). In contrast to the Gulf, rates of bacterial pro-
duction decreased substantially in the northern Red
Sea in the second week, except at Site XII, where bac-
terial production rates strongly decreased only on 4
March (Stn 156). Despite the spatio-temporal differ-

Table 2. Mean (+SD) bacterial production (BP), concentrations of dissolved free
(DFAA) and combined (DCAA) amino acids and dissolved free neutral (DFCHO)
and dissolved combined fee neutral (DCCHO) monosaccharides, turnover rates
of DFAA and glucose, uptake of DFAA and DFCHO as percentage of BP,
aminopeptidase and p-glucosidase hydrolysis rates in Gulf of Aqaba and

northern Red Sea

Latitude north

Fig. 3. Bacterial biomass production (BP) integrated over the upper 150 in the
Gulf of Agaba and northern Red Sea. Sites and dates (bottom abscissa) and

station nos. (top abscissa) as in Table 1

ences, mean values of bacterial production in both
study areas were similar (Table 2).

In order to assess bacterial production (m™2 d!) we
integrated bacterial production rates over the upper
150 m and converted hourly rates to daily rates by mul-
tiplication with a factor of 24. Rates ranged from 20.8 to
128 mgC m™2 d~!. Highest values (exceeding 90 mgC
m~2d!) occurred in the northern Red Sea until 28 Feb-
ruary and in the Gulf at Site I on March 5 (Fig. 3). On
our first visit to the northern Red Sea on 23 and 24
February, rates were substantially higher than in the
Gulf. When we revisited the northern Red Sea there-
after, rates were much reduced, except at Site XII
(Stn 149). While rates at Site VI in the
southern Gulf were fairly similar on 21
February and 2 March, rates at Site I
in the Gulf increased 3-fold between 1
and 5 March.

Bacterial numbers ranged between
0.9 and 12.8 x 10° ml? and did not

p ; Gulf of Agab Northern Red S exhibit pronounced differences be-
arameter ull o aba orthern ke ea

4 tween the Gulf and the northern Red
Bacterial production (ng C I'* h™%) 17.3 +10.6 21.3+17.6 Sea. Horizontal variability in the Gulf
DFAA (nM) 47.9+24.0 69.3 + 38.1 was higher than in the northern Red
DCAA (uM) 1.44 + 0.85 1.37+0.78 Sea, where numbers, however, con-
DFCHO (nM) 18.0.+22.4 3360 sistently decreased with increasin
DCCHO (uM) 0.57 % 0.60 0.66 + 0.48 Y , g
DFAA turnover rate (d!) 0.38 = 0.32 0.45 = 0.36 depth (Fig. 2D-F). Bacterial numbers
Glucose turnover rate (d™') 0.045 £ 0.029 0.049 + 0.032 did not show any significant correla-
DFAA uptake (% BP) 242.9 £ 216.5 361.7 +282.4 tion with bacterial production.
DFCHO uptake (% BF) i 19.5+32.5 31357 Bacterial growth rates were calcu-
Aminopeptidase (nmol 1"* h™) 23.2+21.9 29.9 £ 28.2 lated f bacterial ducti
B-glucosidase (nmol I'* hY) 19.4 + 24.9 22.7 + 16.6 ated from bacterial production rates

and cell numbers, assuming expo-
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nential growth. Rates ranged between <0.01 and
0.15 d!, and thus were rather low. Their vertical and
spatial distribution followed that of bacterial produc-
tion at all stations except Stn 157. While in the northern
Gulf values increased towards the end of our study
period, they decreased in the northern Red Sea.

Turnover of amino acids and monosaccharides

Turnover rates of DFAA ranged between <0.05 and
1.35 d! (Fig. 4A-C), with a mean of 0.38 and 0.45 d!
in the Gulf and the northern Red Sea, respectively
(Table 2). At Site I in the northern Gulf, temporal pat-
terns followed that of bacterial production, with high
values at the beginning and the end of our investiga-
tion period. In the northern Red Sea, at Site XII lowest
DFAA turnover rates were measured on our last visit
(Stn 156). Comparing all data, there was a trend of
reduced DFAA turnover rates in the northern Red Sea
below 100 m (0 to 100 m: mean of 0.53 + 0.36; >100 m:
mean of 0.13 + 0.12). In the Gulf this trend was less
pronounced (0 to 100 m: mean of 0.41 + 0.33; >100 m:
mean of 0.30 + 0.29). Bacterial production rates were
significantly correlated with DFAA turnover rates in

the northern Red Sea (r? = 0.55, p < 0.05) but not in the
Gulf. Correlations were closer below 100 m (r? = 0.71)
than above (r? = 0.46).

Turnover rates of glucose ranged between <0.005
and 0.14 d! (Fig. 4D-F), with a mean of 0.045 and
0.049 d~! in the Gulf and the northern Red Sea, respec-
tively (Table 2), and thus were 1 order of magnitude
lower than those of DFAA. Vertical and spatial pat-
terns in general followed that of DFAA (Fig. 4D-C)
turnover rates (Fig. 4D-F), as demonstrated by the
highly significant correlation between both parameters
(r? = 0.66, p < 0.05). Bacterial production rates were
significantly correlated to glucose turnover rates in the
northern Red Sea below 100 m (r2 =0.55, p < 0.05), but
not above 100 m and not in the Gulf.

Concentrations of DFAA ranged between 13 and
176 nM (Fig. 5A-C), with means in the Gulf and the
northern Red Sea of 47.9 and 69.3 nM, respectively
(Table 2). In the Gulf, the vertical distribution was
more homogenous than in the northern Red Sea. High-
est concentrations in the northern Gulf occurred dur-
ing the convection event on 26 February (Stn 139).
Thereafter, concentrations decreased again, showing
an inverse trend to the temporal patterns of bacterial
production (Fig. 2A). Particularly high values of 70 to

Northern Gulf (I) Southern Gulf (VI) Red Sea (XII)
Amino acid turnover rate (d'l)
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Fig. 4. Amino acid turnover rate (A-C) and glucose turnover rate (D-F) in the northern and southern Gulf of Agaba and

northern Red Sea. Sites, stations and sampling dates as in Table 1
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Fig. 5. Dissolved free amino acids (A-C) and dissolved free neutral monosaccharides (D-F) in the northern and southern Gulf of
Aqgaba and northern Red Sea. Sites, stations and sampling dates as in Table 1

130 nM were recorded in the upper 200 m at Site VIL
There was no consistent covariation of DFAA concen-
trations with any other bacterioplankton-related para-
meter measured. Glycine+threonine and alanine, fol-
lowed by aspartate, phenylalanine and valine were the
dominant single amino acids in all profiles except Stn
147 and 149, where these amino acids constituted
nearly similar amounts.

Concentrations of DFCHO were lower than those of
DFAA except in 4 cases. They ranged from below the
detection limit (2 nM) to 86 nM and remained <60 nM
in 95% of the cases (Fig. 5D-F). In most profiles, the
vertical distribution of DFCHO concentrations re-
mained fairly constant, but in some cases, such as at
Site I (Stns 139, 151, 157), Site VI (Stn 152) and at
Site IX (Stn 154), elevated concentrations occurred at
100 m depth and below. Concentrations of DFCHO in
the Red Sea were usually lower than in the Gulf, and
were less variable (Table 2). Glucose was the only
monosaccharide in 54 of the 58 samples analyzed. In 4
samples galactose and fructose were also detected, but
their concentrations did not exceed that of glucose.

Concentrations of DCAA ranged from 0.4 to 3.69 pM
(amino acid equivalents: Fig. 6A-C), with means of

1.44 and 1.37 pM in the Gulf and the northern Red Sea,
respectively (Table 2). Vertical distributions of DCAA
exhibited some variation, with a tendency of increas-
ing concentrations with increasing depth in the Gulf.
In the northern Red Sea, only in 2 cases were elevated
concentrations recorded at 100 m or below. Alanine,
serine, glycince+threonine, valine, aspartate, and glu-
tamate were the dominant amino acids in the DCAA
pool (Table 3), but their concentrations exhibited some
inconsistent variations among the various stations and
depths. In both study areas DCAA dominated total dis-
solved amino acids by >94 %. Concentrations of dis-
solved combined neutral monosacchorides (DCCHO)
ranged from 0.05 to 3.3 pM (monosaccharide equiva-
lents: Fig. 6D-F), with means of 0.57 and 0.66 pM
in the Gulf and the northern Red Sea, respectively
(Table 2). Vertical patterns of DCCHO concentrations
in general remained fairly homogenous, even though
in some cases peaks occurred at individual depths.
Only in 1 profile, at Site I'in the Gulf (Stn 151) and ata
few single depths in the northern Red Sea, were con-
centrations of DCCHO higher than those of DCAA.
Glucose was the dominant monosaccharide in all
profiles except Stns 117 and 125, and comprised 30 to
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Fig. 6. Dissolved combined amino acids (A-C) and dissolved combined neutral monosaccharides (D-F) in the northern and south-
ern Gulf of Aqaba and northern Red Sea. Sites, stations and sampling dates as in Table 1

75 mol% (mean of 47 and 51 mol%) in the Gulf and the
northern Red Sea, respectively (Table 4). Further
monosaccharides in the DCCHO pool were galactose,
mannose, rhamnose, arabinose, and fucose, which
were present in much lower concentrations than glu-
cose. In the profiles of Stns 117 and 125, all the listed
monosaccharides were present in fairly equal concen-
trations, and at some depths, mannose even domi-
nated. DCCHO always dominated the total pool of dis-
solved neutral monosaccharides by >96 %.

Uptake rates of DFAA were calculated from the
turnover rates and the concentrations, and expressed in
C units, assuming 50 g C per mol amino acid. They were
significantly correlated to bacterial production rates in
the northern Red Sea (r2 =0.69, p <0.05), but not in the
Gulf. Here we only report uptake rates as percentage of
bacterial production. Uptake rates ranged from 20 to
>100 % of bacterial production, with means of 243 and
362 % in the Gulf and the northern Red Sea, respectively
(Table 2). Uptake rates of DFCHO were calculated from
turnover rates of glucose and concentrations of DFCHO
and on the basis of 72 gC per mol monosaccharide.
Uptake rates ranged from <5 to >100% of bacterial
production, with means of 19.5 and 3.1 % in the Gulf and
the northern Red Sea, respectively (Table 2).

Aminopeptidase hydrolysis rates ranged from <2 to
210 nmol 1! h! (Fig. 7A-C), with means of 23.2 and
29.9 nmol I'! h™! in the Gulf and the northern Red Sea,
respectively (Table 2). Highest rates were measured
in the northern Red Sea at Site VII (Stn 144) and at
Site XII (Stn 149) at 50 m. At all stations, aminopepti-
dase hydrolysis rates exhibited some vertical variabili-
ties, but no general systematic trend or covariation
with other parameters occurred. At Site I in the Gulf,
rates increased during the first 10 d of our investigation
period at 50 m and below, and remained high until the
end of our study. In the northern Red Sea, highest rates
always occurred in the upper 50 m. Aminopeptidase
hydrolysis rates per bacterium ranged from <0.05 to
49.2 amol cell'! h™!. In the northern Red Sea, cell-
specific aminopeptidase hydrolysis rates were on aver-
age 2.3-fold higher than in the Gulf.

B-glucosidase hydrolysis rates ranged from <2 to
105.2 nmol It h™! (Fig. 7D-F), with means of 19.4 and
22.7 nmol I"' h™! in the Gulf and the northern Red Sea,
respectively (Table 2). Highest rates occurred in the
Gulf, but values exceeding 40 nmol I'""h ! occurred also
in the northern Red Sea. In the Gulf at Site I enhanced
rates occurred at Stn 139 and 151, simultaneously with
reduced rates of bacterial production. As for amino-
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Table 3. Composition (mol. %) of dissolved combined amino acids (DCAA) in the
Gulf of Agaba (Stns 122, 139, 151, 157, 125, 117, 152) and northern Red Sea

peptidase, the vertical and spatial pat-
terns did not covary systematically with

those of any other measured parameter.

(Stns 128, 154, 131, 147, 149, 156) between 10 and 200 m depth

B-Glucosidase hydrolysis rates per bac-
terium ranged from <0.1 to 43.8 amol DCAA 10 Slgepth (ml)OO 200 Mean
cell'! h™!. In the northern Red Sea, cell-
specific B-glucosidase hydrolysis rates Gulf of Aquaba
were on average 2.6-fold higher than in Aspartate 8.52 9.86 9.90 7.84 9.03
the Gulf. a-glucosidase hydrolysis rates Glutamate 8.76 8.48 7.42 7.19 7.96
-1 -1 Serine 22.38 16.62 19.23 19.08 19.33
<
rariged from <1 to 35 nmol I'"h™’, and Histidine 1.55 2.29 241 2.81 2.27
807 of the values were below 20 nmol Glycine/threonine ~ 12.88  12.82 1262  9.99 12.08
I h™" (data not shown). Spatio-temporal Arginine 2.00 2.81 2.22 2.38 2.35
patterns did not covary systematically Alanine 15.48 16.04 15.54 17.74 16.20
with those of B-glucosidase. Hydrolysis TYrOS,me. 5.61 4.08 4.14 5.06 4.72
rates of B-glucosidase, however, were Methionine 2.61 3.83 2.97 3.11 3.13
: g : eI, wer Valine 1173 1312 1472 13.12 13.17
higher than that of a-glucosidase in Phenylalanine 3.74 3.08 2.96 453 3.58
89 % of the measured values. The ratio Isoleucine 1.53 2.05 1.60 2.53 1.93
of aminopetidase/B-glucosidase varied Leucine 2.88 4.13 3.69 3.74 3.61
greatly (from <0.1 to 23.5), but 92% of Northern Red Sea
the values were <10. Mean values in the Aspartate 8.50 8.63 9.22 8.55 8.72
Gulf and the northern Red Sea were G11¥tamate 777 7.89 8.30 8.27 8.06
. Serine 19.72 16.20 15.99 13.87 16.45
4.6+£6.2and 2.1 + 2.6, respectively. Histidine 158 205 206 247 2.04
Glycine/threonine  13.66 13.64 14.01 12.65 13.49
Arginine 2.59 3.08 2.62 2.36 2.67
DISCUSSION Alanine 17.27 15.88 16.19 18.56 16.98
Tyrosine 6.09 6.57 5.55 6.21 6.10
. . _ Methionine 2.85 2.76 3.13 2.47 2.80
This is the first comprehensive report Valine 11.87 14.05 13.07 13.30 13.07
on bacterioplankton growth and sub- Phenylalanine 3.56 4.12 4.17 5.05 4.22
strate dynamics in the oligotrophic Gulf Isoleucine 1.50 1.69 2.01 1.96 1.79
of Agaba and the Red Sea. The data Leucine 2.86 3.15 349 370 3.30

were collected during early spring,
when the Gulf exhibits a deep and

increasing mixing regime towards its northern end
compared to the stratified northern Red Sea. Many of

Table 4. Composition (mol. %) of dissolved combined neutral monosaccharides
(DCCHO) in the Gulf of Agaba (Stns 122, 139, 151, 157, 125, 117, 152) and north-
ern Red Sea (Stns 128, 154, 131, 147, 149, 156) between 10 and 200 m depth

our measured parameters (most clearly the rates of
bacterial production) reflected the vertical mixing and

stratification regimes in the 2 areas,
which also showed some temporal
variations. In the stratified northern
Red Sea, the range of most parameters
related to bacterioplankton growth and

substrate dynamics was higher than in
DCCHO 10 Slgepth (ml)OO 200 Mean the deeply mixed Gulf, covering the
lowest as well as (often) the highest
Gulf of Aquaba values. Further, data from the Gulf
Fucose 5.46 6.26 6.56 5.94 6.06 were not correlated amongst each
Rhamnose 7.48 4.78 7.48 7.07 6.70 other, whereas in the northern Red Sea
Arabinose 5.70 4.74 6.58 6.31 5.84 highly significant correlations existed.
Galactose 18.90 20.29 21.36 19.82 20.09
Glucose 4318  51.34 4477 50.82 47.53 This suggests that in the Gulf hydro-
Mannose 19.11 12.57 13.78 10.04 13.88 graphic properties, i.e. vertical mixing,
Northern Red Sea were more important in controlling
Fucose 5.36 4.32 5.04 3.36 4.52 bacterioplankton growth dynamics,
Rhamnose 5.85 6.43 0 6.17 4.61 whereas in the northern Red Sea bio-
Ao odi st s b8 b ogica and, n particula, microba
Glucose 52.08  55.23 4612 51.35 51.20 processes were more important.
Mannose 10.87 8.97 18.82 16.69 13.84 Bacterioplankton growth and sub-
strate dynamics in the oligotrophic
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Fig. 7. Aminopeptidase activity (A-C) and -glucosidase activity (D-F) in the northern and southern Gulf of Aqaba and northern
Red Sea. Sites, stations and sampling dates as in Table 1

Gulf of Agaba and the northern Red Sea are typical of
other oceanic regions of similar trophic state. Our inte-
grated bacterial production rates ranged from 21 and
127 mg C m 2 d"!, and were in the range of values mea-
sured in the Sargasso Sea (11 to 36 mgC m~2 d!: Carl-
son et al. 1996; 117 mgC m™2 d~!: Rivkin & Anderson
1997), the Caribbean Sea (124 mgC m2 d™!: Rivkin
& Anderson 1997), the western Indian Ocean (36 to
231 mgC m 2 d ! Goosen et al. 1997), and the equato-
rial Pacific (72 to 180 mgC m™2 d!: Kirchman et al.
1995). In summer, chl a increases 2 to 3 times in the
stratified northern Gulf compared to early spring, when
we conducted our study (Lindell & Post 1995). Hence,
bacterial production rates presumably are also higher
in summer, but still in the ranges occurring in other
oligotrophic regions. Bacterioplankton growth rates in
our study were low (<0.15 d°!) and also well in the
range of values reported for other oligotrophic oceanic
regions such as the Sargasso Sea, Caribbean Sea, Gulf
of Mexico, equatorial and subtropical north Pacific,
and the NW Mediterranean Sea (Rivkin & Anderson
1997, Ducklow 1999, Pedros-Ali6 et al. 1999).

The ratio of bacterial production to primary produc-
tion in oligotrophic oceanic regions does not differ

from that in other regions, but may vary substantially
depending on the season and the given regional situa-
tion (Ducklow 1999). During our cruise, for which pri-
mary production data are also available (C. Hase et al.
unpubl. data) this ratio also varied greatly (from 0.04 to
1.58) and did not reflect systematic differences be-
tween the 2 areas. Highest ratios (1.58 and 0.34) were
recorded at Sites X (Stn 131) and I (Stn 139), i.e. at sta-
tions with the lowest primary production and with high
bacterial production rates. The lowest ratios (<0.08)
were recorded at Sites I (Stn 157), IX (Stn 154) and XII
(Stn 156) towards the end of the study period, when
primary production was 4- to 10-fold higher. Whereas
at Site I in the Gulf bacterial production increased par-
allel to but much less steeply than primary production,
bacterial production rates in the northern Red Sea
decreased, thus emphasizing further the different
hydrographic and trophic conditions in the 2 study
areas.

The significance of the microbial loop in the tropho-
dynamics in the Gulf of Aqaba and the northern Red
Sea has been demonstrated by the dominance of
autotrophic picoplankton and eukaryotic algae <8 pm
in the phytoplankton (Lindell & Post 1995). Our data,
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together with data on primary production (C. Hase et
al. unpubl. data) provide further evidence of the
importance of the microbial loop in this oligotrophic
ecosystem. Simultaneous studies on the grazing im-
pact of various zooplankton groups showed that
heterotrophic nanoflagellates (HNF) were the major
consumers of the heterotrophic bacterioplankton, even
though appendicularians were shown to consume up
to 10 % of the bacterioplankton production (Sommer et
al. 2002). The bacterioplankton grazing rates by HNF
measured by Sommer et al. by the dilution technique
were balanced by bacterial growth rates, which were
higher than ours by a factor of 6 to 9. The dilution tech-
nique requires long (i.e. 24 to 36 h) incubation times,
and thus may lead to enhanced bacterial growth due to
containment effects. Hence, ambient HNF grazing
rates may be lower and closer to the bacterial growth
rates we measured. The bacterial grazing rates by
appendicularians reported by Sommer et al. (2002)
were measured in short-term (15 min) incubations
using radiolabeled bacteria, and thus presumably
resulted in more realistic values than HNF grazing
rates. Hence, the significance of appendicularians as
bacterioplankton grazers may even be greater than
assumed by Sommer et al. (2002). Under conditions of
low concentrations of nanoplankton but relatively
enhanced concentrations of picoplankton such as in
oligotrophic oceanic regions, appendicularians can be
very important consumers of picoplankton (Crocker et
al. 1991, Acuna et al. 1996).

During the last 10 to 15 yr, many studies in various
pelagic environments have shown that dissolved
amino acids and neutral monosaccharides are the most
important substrates for bacterioplankton growth (e.g.
Kirchman 1990, Keil & Kirchman 1993, 1999, Miinster
1993, Kirchman et al. 1994, Rich et al. 1996, 1997,
Weiss & Simon 1999, Rosenstock & Simon 2001). Most
evidence stems from measurements of turnover and
uptake rates of DFAA, dissolved proteins and DFCHO,
together with bacterioplankton production. Our study
provides further information from an oligotrophic envi-
ronment not yet studied in this respect. In contrast to
most other studies, we collected simultaneous data on
concentrations of DFAA, DCAA, DFCHO and DCCHO,
turnover rates of DFAA and glucose, and aminopepti-
dase and glucosidase activities. This comprehensive
data set enables us to estimate the relative significance
of dissolved amino acids and monosaccharides for bac-
terioplankton growth simultaneously; this has rarely
been done before.

The concentrations of DFAA we measured varied
greatly but did not show any consistent covariation
with other parameters measured. Compared to values
available from other oligo- and mesotrophic oceanic
regions they appear to be rather high. Carlucci et al.

(1984) and Williams (1986) in the Southern California
Bight found concentrations of 3 to 80 nM, which are
nearly in the same range as concentrations reported
from the subarctic Pacific (5 to 89 nM: Simon 1991). In
the Sargasso Sea concentrations of <20 nM were
reported by Suttle et al. (1991) and Keil & Kirchman
(1999). The only region for which consistently higher
values (48 to 233 nM) were reported is the Arctic
Ocean (Rich et al. 1997). Because our concentrations
appear rather high and the ratio DFAA uptake rates
over bacterial production often exceeded 100%
(Table 2), we cannot exclude the possibility that our
samples became contaminated, possibly during pre-
filtration. Concentrations of DCAA also varied greatly
without any clear-cut relationships to other parameters
measured. Only a few comparable data from other
oceanic regions such as the Southern California Bight
and the Sargasso Sea are available, and these are
below 0.75 pM (Williams 1986, Keil & Kirchman 1999).
Nearly all concentrations of DFCHO we found were
lower than those of DFAA, and were largely domi-
nated by glucose. In the Gulf, concentrations were
substantially higher than in the northern Red Sea,
where they were often close to the detection limit.
The desalting procedure, in addition to ions, removes
monosaccharides, e.g. glucose by 37 % (Borch & Kirch-
man 1997). Therefore, samples with low DFCHO con-
centrations are affected most strongly by the desalting
procedure, which may result in an underestimate of
DFCHO concentrations. We do not know if our ana-
lyses, in particular those in the northern Red Sea,
were affected by this methodological bias. Hence, our
DFCHO concentrations are conservative. Comparable
data on DFCHO concentrations measured by HPLC
from oceanic environments are only available for the
equatorial Pacific and the Arctic Ocean. In both these
regions, higher concentrations were reported, with
means ranging from 28 to 137 nM in the equatorial
Pacific (Rich et al. 1996) and from 42 to 90 nM in the
Arctic Ocean (Rich et al. 1997). As in our study, glucose
dominated the DFCHO pool in these areas, in the Arc-
tic Ocean to a higher extent (75% of total DFCHO)
than in the equatorial Pacific (24 to 36 %). Because
identical methods for the desalting and HPLC analysis
were used in all studies, we assume that the data from
the various oceanic regions exhibit true differences.
Except for 2 depth profiles between 2 and 4000 m
from the equatorial Pacific with a total of 9 isolated
values (Skoog & Benner 1997) our DCCHO concentra-
tions are the only ones available from an oceanic envi-
ronment that have been analyzed by HPLC after HCI
hydrolysis. Our data are well in the range of those from
the equatorial Pacific in the upper 400 m. The distribu-
tion (mol%) of galactose and mannose in both data
sets are also in the same range, but we found higher
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concentrations of glucose and lower concentrations of
rhamnose and fucose than Skoog & Benner in the
equatorial Pacific. DCCHO concentrations analyzed by
the MBTH (3-methyl-2-benzothiazolinone hydrazone
hydrochloride) method after HCl hydrolysis in the
equatorial Pacific, the Gulf of Mexico and the North
Atlantic (Pakulski & Benner 1994) were higher than
our values. Hydrolysis with sulphuric acid yields even
higher DCCHO concentrations than with HCI, mobiliz-
ing more recalcitrant carbohydrates to the detection as
monosaccharides (Pakulski & Benner 1994). This addi-
tional fraction of DCCHO, however, presumably is less
involved in the biological cycling and not hydrolyzed
enzymatically as rapidly as the HCI-hydrolyzable frac-
tion (see below). In most cases, DCCHO concentrations
were lower than DCAA concentrations. This is in con-
trast to the few other reports on simultaneous mea-
surements of concentrations of DCCHO and DCAA
from pelagic environments (Williams 1986, Simon et al.
2000), and may be a further indication that our DCAA
analyses yielded too high concentrations because of
contaminated samples.

Turnover rates of DFAA were closely correlated to
those of glucose, but consistently higher. This notion,
together with the concentrations and the estimated
uptake rates of DFAA and DFCHO, indicates that
DFAA were more important than DFCHO as bacterial
substrates, irrespective of the possible contamination
of the DFAA samples. In support of this, DFAA
turnover rates were much better correlated to bacterial
production rates, in particular in the northern Red Sea,
than DFCHO turnover rates. Our DFAA turnover rates
were much lower than values reported for the Sar-
gasso Sea, which ranged from 3 to 8 d! (Keil & Kirch-
man 1999), but in the same range as values reported
from the Arctic Ocean (0.237 to 0.454 d~!: Rich et al.
1997). In contrast, our DFCHO turnover rates were
about 1 order of magnitude lower than values deter-
mined in the equatorial Pacific and the Arctic Ocean
by Rich et al. (1996, 1997). We do not know whether
these differences are due to principal differences in the
relative cycling of amino acids and carbohydrates in
these ecosystems or whether they reflect seasonal vari-
ations. Weiss & Simon (1999) found in the mixed layer
of a mesotrophic lake, that from spring to early sum-
mer, DFAA turnover rates were much faster than those
of DFCHO, whereas in late summer and fall no differ-
ence occurred. Hence, we assume that the differences
between turnover rates of DFAA and DFCHO in our
study area compared to the other oceanic environ-
ments reflect seasonal rather than principal regional
differences.

Our DFAA uptake rates (which measured net uptake
and not the respired fraction) were surprisingly high,
often exceeding 100% of bacterial production, pre-

sumably due to contaminated DFAA samples (see
above). Also Rich et al. (1997), for the Arctic Ocean,
reported DFAA uptake rates often greatly exceeding
bacterial production. In studies of other oceanic envi-
ronments, the ratio of DFAA uptake over bacterial pro-
duction ranges between <20 and ~60% (e.g. Simon
1991, Kirchman et al. 1994, Keil & Kirchman 1999), and
presumably is more realistic than the high values we
estimated. Nevertheless, these studies, together with
ours, emphasize the significance of DFAA as bacterial
substrates in oceanic environments. Our uptake rates
of DFCHO constituted a lower but still significant frac-
tion of bacterial production. They may have been too
low because of a possible underestimate of DFCHO
concentrations (see above). The only 2 other studies
which determined the significance of DFCHO for bac-
terial production in oceanic environments found that
glucose alone accounted for a higher fraction of bac-
terial production than ours, ranging from 12 to 122 % of
bacterial production (Rich et al. 1996, 1997). Only in
the Arctic Ocean did Rich et al. (1997) also simultane-
ously determine the uptake of glucose and DFAA, and
found that DFAA were 2 to 9 times more important as
a bacterial substrates than glucose, emphasizing fur-
ther the relatively higher significance of DFAA com-
pared to DFCHO.

Uptake of DFAA and DFCHO accounts for a signifi-
cant fraction of the carbon demand for bacterial pro-
duction, but other substrates may be utilized as well.
Keil & Kirchman (1993, 1999) and Rosenstock & Simon
(2001) showed that dissolved proteins are another
important substrate for bacterioplankton growth, and
can explain percentages of bacterial production
exceeding that achieved on DFAA or DFCHO. Poly-
meric substrates such as proteins and polysaccharides
need to be hydrolyzed prior to bacterial uptake as
oligo- or monomers, hence hydrolysis rates of amino-
peptidase and glucosidases reflect the potential of
bacteria to exploit these polymers as substrates. Our
results show that potential hydrolysis rates of amino-
peptidase and B-glucosidase, measured at saturating
substrate concentrations, were fairly similar, without
pronounced differences between the 2 study areas.
Whereas the aminopeptidase hydrolysis rates we mea-
sured are in the same range as in the few other studies
of oceanic environments (Rosso & Azam 1987, Christ-
ian & Karl 1995, Hoppe & Ullrich 1999) our (-glucosi-
dase hydrolysis rates were higher than values for the
Indian Ocean (Hoppe & Ullrich 1999), or for the sub-
tropical Pacific and the Gerlache Strait in the Southern
Ocean (Christian & Karl 1995). They were in the same
range as values reported for the equatorial Pacific
(Christian & Karl 1995). This suggests that in our study
area and the equatorial Pacific, bacteria have a higher
potential to exploit DCCHO, which may result in
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reduced concentrations of its available fraction. This
suggestion is consistent with the relatively low con-
centrations of HCl-hydrolyzable DCCHO found in our
study area and the equatorial Pacific (Pakulski &
Benner 1994). Pakulski & Benner found much higher
concentrations of HCl-hydrolyzable DCCHO in the
Gerlache Strait, where -glucosidase activities are low.
Similar conclusions of inverse relationships between
high hydrolytic activities of B-glucosidase as well as
aminopeptidase and their substrates were drawn from
data on limnetic systems (Simon et al. 2000).

It is intriguing that we found such high activities of
B-glucosidase even though turnover rates of glucose,
the major hydrolysis product, were rather low. Pro-
vided that this finding was not due to methodological
biases, (for which we do not have any indication), it
suggests that the low DFCHO turnover and uptake
was not a response to the high B-glucosidase activity
measured. A possible explanation for this puzzling dis-
crepancy is that B-glucosidase activities were not asso-
ciated with bacterial cells, but persisted in a dissolved
and active state despite low DCCHO concentrations. Li
et al. (1998) found alkaline phosphatase activities per-
sisted for several months in the Gulf of Agaba in the
dissolved state and constituted 42 to 74 % of the total
activity. If this were also true for the high B-glucosidase
activities measured in the present study, they would
not be directly linked to the ambient rather low bac-
terial requirements for carbohydrates.

In summary, our results give further evidence of the
highly oligotrophic status of the Gulf of Aqaba and
northern Red Sea. Bacterioplankton growth and sub-
strate dynamics in the stratified northern Red Sea were
more variable and appeared to be more driven by bio-
logical processes, whereas at the well-mixed northern-
most station in the Gulf hydrographic properties
appeared to be more important. Our comprehensive
findings are comparable to those of the few other stud-
ies of oceanic regions with similar trophic regimes.
They emphasize the importance of amino acids as sub-
strates for bacterioplankton growth, whereas carbo-
hydrates appear to be less important. On the other
hand, the high B-glucosidase activities we found sug-
gest that, at times, carbohydrates may be more impor-
tant for bacterioplankton growth. In order to better
understand the relative significance of amino acids
and carbohydrates in the trophodynamics of bacterio-
plankton growth in such nutrient-depleted oceanic
systems, more comprehensive data sets are needed.
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ABSTRACT: Inorganic nutrients and chlorophyll a concentrations were measured bi-weekly in a
transect across a coral reef in the Gulf of Aqaba over a period of 1 yr. The nutrient and chlorophyll
concentrations were compared to those in adjacent offshore waters (400 m depth). In reef and off-
shore waters, nutrient (ammonium, nitrite, nitrate, phosphate and silicate) and chlorophyll a data
showed seasonal changes, with high concentrations in winter and low concentrations in summer.
However, throughout the summer, nutrient concentrations in the coral reef waters significantly
exceeded those in the offshore waters, while this difference was less pronounced in winter. This dif-
ference was caused by nutrient release from regenerative spaces in the reef framework and coral
sand. In the reef framework water (i.e. cavity water), nutrient concentrations were 1.2- to 2.3-fold
higher than those in the surrounding waters, corresponding to fluxes of 14.5 mmol m~2 d~! for ammo-
nium, 7.7 mmol m~2 d~? for nitrate, 0.9 mmol m~2 d~! for nitrite, and 1.3 mmol m~2 d"! for phosphate. In
the less permeable reef sediments, nutrient concentrations exceeded those of the free-stream waters
by factors of 15 to 80. Here, the calculated diffusive fluxes were 0.06 mmol m~2 d! for ammonium,
0.03 mmol m~2 d! for nitrate, 0.01 mmol m™2 d~! for nitrite, 0.01 mmol m~2 d~! for phosphate, and
0.07 mmol m™2 d! for silicate. Our results highlight the importance of the reef framework and coral
sand for the trapping and mineralization of particulate organic matter and the regeneration of
nutrients in oligotrophic coral reef waters.
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INTRODUCTION

Although most coral reefs grow in oligotrophic
waters (Furnas 1992), they belong to the most produc-
tive coastal marine ecosystems (Sorokin 1993). The
exchange of substances between reef, open water,
land and atmosphere is small relative to their concen-
trations and turnover within the coral reefs. The high
biomass and productivity of coral reefs is explained by
the tight internal recycling of matter (Wiebe et al. 1975,
Andrews & Miiller 1983, Risk & Miiller 1983). Gross
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primary production in coral reef waters has been
shown to be 1 to 2 orders of magnitude higher than in
the surrounding oligotrophic water (d'Elia & Wiebe
1990, Adey 1998). Reef-related physical and biological
processes mediate intensive exchange of dissolved and
particulate matter between the coral reef and the
water in the reef environment. Coral sands and reef
framework may play important roles in this exchange
process.

In most reef ecosystems, corals occupy roughly half
the surface area, and sands cover the other half. Due to
the porous structure of the coral sand, its permeability
is relatively high and the porosity of the reef sediment
can reach 50%. Pore water analyses in these cal-
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careous sediments revealed elevated nutrient concen-
trations relative to the overlying bottom water (Holm
1978, Smith et al. 1981, Arenas & de la Lanza 1983,
Entsch et al. 1983, Nixon & Pilson 1983, Williams 1984,
Williams et al. 1985, Furnas et al. 1993, Szmant &
Forrester 1996).

Beneath the living surface of the coral reefs, coral
skeletal remains and other calcareous biogenic mat-
erials form a highly permeable framework, where the
volume of coral reef cavities may reach up to half the
bulk volume (Ginsburg 1983). These framework
cavities are inhabited by a wide variety of organisms
(Kobluk & van Soest 1989). Organic matter trapped
within the framework or imported by the reef fauna is
consumed by the organisms that colonize the cavities
and that return ammonia and phosphate to the frame-
work water (Ferrer & Szmant 1988). Nutrient con-
centrations in reef cavities, therefore, exceed those of
waters surrounding the reef (Risk & Miiller 1983,
Ayukai 1993, Richter et al. 2001).

Because of their large specific surface areas, coral
sands and reef framework may have an important
biocatalytic function and may act as nutrient buffers in
reef ecosystems exposed to seasonal nutrient changes.
Seasonal variability of the nutrient supply in coral reef
environments has received little attention due to the
perception that seasonal fluctuations are less pro-
nounced in tropical climates. Nonetheless, high-
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Fig. 1. (A) Study area in the NE Gulf of Agaba,
Red Sea, showing the reference station ~3 km
offshore () and the coral reef transect in front
of the Agaba Marine Science Station, Jordan
(modified after Wells 1988). (B) Coral reef tran-
sect with the sampling locations for the nutrient
distribution in coral reef waters (®), nutrient
fluxes between coral reef waters and sediment
(m) and fluxes between freestream waters (R)
) and framework cavities (C) (modified after
i Schuhmacher & Mergner 1985)

latitude reefs, such as those of the Gulf of Agaba,
undergo strong seasonal variations in primary pro-
ductivity (Kinsey 1977) that are unexpected on the
basis of temperature and light fluctuations alone.

Our understanding of the relationship between reef
productivity and nutrient availability is limited, despite
the importance of nutrients for the growth and health
of corals (Ward 1990, Torrance 1991, Hallock et al.
1993, Atkinson et al. 1995). In this study, we investi-
gated the seasonal changes of chlorophyll a and nutri-
ents in the water column and in a fringing reef ecosys-
tem of the Gulf of Agaba, and we measured coral
framework and sediment pore-water nutrient concen-
trations in order to assess the importance of framework
and sediment in the nutrient balance of the coral reef.

MATERIALS AND METHODS

The study was conducted in a well-developed coral
reef located in the northern Gulf of Agaba in a marine
reserve close to the Marine Science Station in Aqgaba.
Water samples were collected concurrently from the
reef site and an offshore site 3 km from the Marine Sci-
ence Station (Fig. 1A). Along the reef transect, surface
and bottom water (ca. 50 cm above the sediment) were
sampled biweekly at stations 5, 10, 20, and 30 m from
the bottom (Fig. 1B). At the stations at 20 and 30 m
water depth, additional samples were
taken at 10 m depth intervals. The off-
shore reference station was sampled at
water depths of 0.5 and 25 m. The bot-
tom-water samples were collected by
divers, while all other samples were
collected with Niskin bottles. All sam-
ples were kept on ice until analysis. In
the laboratory, 11 of each sample was
filtered through a pre-rinsed 0.45 pm
cellulose-membrane filter and ana-
lyzed for ammonium, nitrite, nitrate,
phosphate and silicate concentrations
according to Strickland & Parsons

| E=) Reefs
- e (1972). The material on the membrane
filter was used for the determination of
(B) Reef Upper Middle Lower chlorophyll a based on the method
flat fore reef fore reef fore reef

published by Arar & Collins (1992),
using a Turner Designs, TD-700 fluo-
rometer.

In June and December 1998, water
samples from coral reef cavities and
free-flowing reef waters were simulta-
neously taken at hourly intervals over
a period of 24 h (Fig. 1B). Water was
collected using a multichannel peri-

staltic pump mounted on a boat, using
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Table 1. Annual average (SD) nutrient (uM) and chlorophyll a (ug 1"!) concen-
trations in offshore and coral reef waters during summer (n= 70) and winter

where F is the flux (mmol m™2 d™'), o is
sediment porosity, D is the coefficient

(n=28) of diffusion (m? d!), and dC / dz is the

concentration gradient at the sediment-

Variable Reef water Offshore water water interface (mmol m™*). Diffusion
Summer Winter Summer Winter coefficients for ammonium, nitrate,

Inorganic nitrogen ~ 0.35 (0.09)  0.65 (0.08) 0.13 (0.03)  0.58 (0.05) nitrite and phosphate were taken from
Phosphate 0.06 (0.01)  0.09 (0.01) 0.02 (0.01)  0.07 (0.01) Li & Gregory (1974) for a water tem-
Silicate 1.05(0.14)  1.78(0.10) 0.70 (0.01)  1.43(0.03) perature of 25°C and corrected for a
Chlorophyll a 0.19 (0.02)  0.23 (0.03) 0.14 (0.02)  0.23 (0.02) tortuosity using a porosity of 0.47 and
the tortuosity-porosity relationship

reported by Beekman (1990). The

10 m long, 5 mm diameter silicone tubing inserted into
8 randomly selected cavities within a 4 m diameter
coral pinnacle located at a depth of 3 to 6 m. Tubes
were fixed axially into ~6 cm wide, ~30 cm deep cavi-
ties using elastic plastic rods. Tubes were inserted
two-thirds of the way into the cavities, i.e. at ~20 cm
distance from the entrance. Free-flowing water was
collected with 2 tubes fixed on moorings 3 m upstream
from the pinnacle; 100 ml samples were drawn at 50 ml
min~! and taken to the laboratory for subsequent analy-
sis of nutrients. Between samplings, the flow was re-
versed, using double-distilled water at rates of 2 ml
min~! to avoid fouling of the tubing. With an average
volume of the sampled cavities of ~3 1 and a water resi-
dence time of less than 5 min, we found no dilution ef-
fect of the freshwater on salinity in the cavities. Nutri-
ent fluxes between coral reef cavities and free-flowing
waters were calculated according to the formula

F=ANxV,/T

where ANis the concentration difference between the
cavity and free-flowing reference (mmol m~3), V, is the
volume of cavities per unit area of reef (m® m2), and T
is the residence time of water in the cavities. For the
upper 0.2 m of framework investigated, V., was 0.07 m
(Richter et al. 2001). A conservative estimate for T is
300 s (Richter & Wunsch 1999).

From June 1999 until March 2000, interstitial water of
the coral reef sediments were sampled at a 5 m-deep
reef site (Fig. 1B) using a method similar to that de-
scribed by Hesselein (1976). The sediments in this site
consist mainly of carbonate sands, with a medium grain
size of 500 pm, an average porosity of 47 %, a perme-
abilty of 143 x 1072 m?2, an organic content of 0.5 %, and
a calcium carbonate content of 80 %; 50 ml of the filtered
pore water was diluted to 250 ml with distilled deionized
water for nutrient analyses. The pore-water nutrient con-
centrations were compared to those of the bottom water
overlying the sediment. Minimum fluxes of NH,*, NO,",
NO;~, PO, ? and Si(OH), from the sediment were calcu-
lated according to Fick's first law of diffusion:

F=9xDxdC/dz

value for silicate was taken from Lerman (1979) and
Callender & Hammond (1982) and corrected for tortu-
osity. The calculated diffusion coefficients were 8.85,
6.66, 6.70, 2.97 and 5.89 x 10°° m 2 d! for ammonium,
nitrate, nitrite, phosphate and silicate respectively.

To assess whether nutrients were significantly differ-
ent in coral reef waters from those in the offshore
waters, ANOVA (5% significance level) was per-
formed based on a calculation of the differences in the
average of concentrations between coral reef waters
and offshore waters in summer and winter.

RESULTS

In order to compare nutrient concentrations of reef
and offshore waters, surface and 25 m samples of the
offshore waters were averaged and plotted with the
average of the coral reef waters from various depths
against time (Fig. 2). Nutrient and chlorophyll a con-
centrations in reef and offshore waters showed sea-
sonal changes, with high concentrations in winter and
low concentrations in summer. The concentrations
began to increase in October. Nutrient and chloro-
phyll a concentrations in the reef waters exceeded
those in the offshore waters (Fig. 2, Table 1), particu-
larly in summer, when inorganic nitrogen and phos-
phate concentrations exceeded offshore values by up
to 3 times. The pattern was less consistent during win-

Table 2. Mean differences in nutrient (M) and chlorophyll a

(ng I'Y) concentrations between reef and offshore waters in

summer and winter. p-values were obtained from ANOVA at
significance level of 5%. *Significant difference

Variable Summer Winter
Mean P Mean P
difference difference
Inorganic nitrogen 0.22 <0.0001* 0.07 0.4761
Phosphate 0.04 <0.0001* 0.02 0.0057*
Silicate 0.35 0.0015* 0.35 0.0178*
Chlorophyll a 0.05 0.0316* 0.00 0.7394
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ter, when gradient reversals occurred, both for inor-
ganic nitrogen (e.g. nitrate, February through April:
Fig. 2) and chlorophyll a (January through March:
Fig. 2). As a result, moderate cross-shore differences
were found only for phosphate and silicate in winter, as
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Fig. 2. Nutrient and chlorophyll a concentrations in coral reef
(Reef) and offshore reference (Ref) waters during the period
May 1997 to May 1998

3 - Av cav
(Summer) OAv ref
2 -
0 - . §*‘ — R .
Ammonium Nitrate Nitrite Phosphate Total N
3 -
(Winter)
2 -
| -_§%‘ <§-ﬁ
0 A T T = T @1 T 1
Ammonium Nitrate Nitrite Phosphate Total N
Parameter

Fig. 3. Average nutrient concentrations in the framework of
the coral reef (Av cav) and surrounding waters (Av ref)

opposed to strong and highly significant differences for
all parameters in summer (Table 2).

Within the reef framework, nutrient concentrations
were higher than in the freestream waters (Fig. 3) in
approximately 90 % of the cases. Much higher nutrient
concentrations were found in sediment pore waters
compared to concentrations in the water above the
sediment (factors of 21 to 80 in summer and 15 to 74 in
winter: Fig. 4).

DISCUSSION

This study shows, for the first time, clear seasonal
changes in nutrient and chlorophyll a in reef and off-
shore waters, as well as differences in these para-
meters between the two. Enhancement of nutrient con-
centrations in reef water was found particularly during
summer. Higher nutrient concentrations were found in
the sediment pore water and in the reef framework
than in the surrounding water. This steep concentra-
tion gradient would result in fluxes of these nutrients to
the surrounding water.

Seasonal pattern of nutrients in coral reef waters
According to Furnas et al. (1990), Hatcher & Hatcher

(1981), and Ayukai (1993), it is difficult to detect sea-
sonal variations in reef-water nutrient concentrations
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by sampling at 1 mo or longer intervals because of the
strong short-term variations in the reef waters. Our
results demonstrate temporal and spatial changes in
the nutrient concentrations in the coastal environment
of the northern Gulf of Agaba, whereas no significant
difference in current speed and direction between
summer and winter were found (M. Rasheed et al.
unpubl. data). We have shown that the coral reef
ecosystem in the Gulf of Agaba is subjected to seasonal
changes, with elevated concentrations of all measured
nutrients in fall and winter. The main 2 reasons which
could cause these seasonal changes are (1) deep-water
column-mixing during winter increasing the nutrient
concentrations in the coastal waters and boosting
phytoplankton growth (Venrick et al. 1973, Souverme-
zoglou et al. 1989, Lindell & Post 1995), and (2) water-
column stratification and increased light intensities
during summer, which result in a depletion of the in-
organic nutrients by enhanced primary production
(Olson 1981, Souvermezoglou et al. 1989).

Comparison between nutrient and chlorophyll a
values in reef and offshore waters

In our study we found spatial differences in nutrient
concentrations between reef water and offshore water
adjacent to the reef. During the summer months, when
the offshore water was nutrient-depleted, concentra-
tions of nutrients and chlorophyll a in the reef water
were higher than in the offshore water. During winter,
strong vertical mixing reduced the differences in nutri-
ent and chlorophyll a concentrations between reef and
offshore waters. Vertical mixing moved deep water,
rich in nutrients, up into the water column (Venrick et
al. 1973, Klinker et al. 1978, Levanon-Spanier et al.
1979, Olson 1981, Al-Najjar 2000), while horizontal
mixing caused nutrient equilibration between reef and
offshore waters. Nitrogen enrichment of coral reef
waters has been reported by several authors (Meyer &
Shultz 1985, Blanchot et al. 1989, Tribble et al. 1990,
Bell 1991), and the reef in the Gulf of Agaba showed
similar trends (Badran & Foster 1998). Enhanced pri-
mary productivity during winter months in the Gulf of
Agaba was recorded by Levanon-Spanier et al. (1979).

Possible reasons for higher nutrient concentrations
in reef waters

Increased nutrient concentrations in reef waters can
originate from anthropogenic sources such as nutrient-
rich groundwater input (d'Elia et al. 1981, Lewis 1985),
sewage discharge (Johannes 1975) and terrestrial run-
off (Marsh 1977). However, these sources are negligi-

ble in our study area because the reef is an environ-
mentally protected zone and there is no groundwater
input (no salinity change was recorded in the study
area) and very little rainfall throughout the year. The
higher silicate concentrations could be attributable
partly to an influx of atmospheric silicate-rich desert
dust (Alfugaha unpubl. data). We suggest that the
higher nutrient concentrations in the reef are caused
by the efficient trapping and decomposition of sus-
pended particles by the reef framework, coral sands
and reef biota, as well as nitrogen fixation by organ-
isms living in the reef environment.

Framework

Our study has shown that the concentrations of nutri-
ents in the framework water were higher than those in
the free-flowing water (Fig. 3), which would cause
nutrient fluxes from the framework to the surround-
ing water. The average fluxes in summer and winter
from the framework reached approximately 14.5 mmol
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Fig. 4. Average nutrient concentrations during summer and
winter (June 1999 to March 2000) in pore water (Av PW) and
sediment water interface (Av SW) of the coral reef
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Fig. 5. Calculated nutrient fluxes from the sediment to the
water column during the period June 1999 to March 2000

m2 d' for ammonium, 7.7 mmol m 2 d' for nitrate,
0.9 mmol m2 d! for nitrite, and 1.3 mmol m™2 d? for
phosphate. These fluxes may have added more nutri-
ents to the reef water, particularly during summer,
when the concentrations were low (Fig. 2). Three
mechanisms may be responsible for the higher nutrient
concentrations in the framework: (1) decomposition of
organic matter enclosed in the framework carbonates
that had been overgrown by corals (e.g. coral tissue,
boring organisms, coralline algae), (2) suspended par-
ticulate matter, including small phytoplankton and
bacteria that had been efficiently trapped by the abun-
dant suspension feeders living within the reef frame-
work (Gast et al. 1998, Richter & Wunsch 1999, Richter
et al. 2001), and (3) remineralization of faeces from
migrating invertebrates and fishes, which forage on
and above the reef and use cavities as a temporary
shelter (Bray et al. 1981, Meyer et al. 1983). Similar
findings were reported by Ferrer & Szmant (1988) and
Tribble et al. (1988), who measured increased nutrient
concentrations in the cavities of the reef of Belize
Barrier Reef and Kaneohe Bay respectively, and a net
flux of nutrients from the reef framework to the sur-
rounding water. These findings indicate that the reef
framework is an important site for organic matter
mineralization in the reef (Andrews & Miiller 1983,
Szmant-Froelich 1983, Sansone 1985, Buddemeier &
Oberdorfer 1986, Tribble et al. 1986, 1988) and suggest
that the framework may act as a temporal nutrient
source in the reef environment.

Coral sands

We measured increased nutrient concentrations in
the pore water of the sediment relative to the overlying

water during summer and winter (Fig. 4). This steep
concentration gradient would result in a net flux of
nutrients from the pore water to the overlying water
(Fig. 5). Fluxes of ammonia, nitrite, nitrate and phos-
phate increased during the winter months (December
to March: Fig. 5). The average fluxes over the whole
year were 0.06 mmol m~2 d"! for ammonium, 0.03 mmol
m2 d' for nitrate, 0.01 mmol m=2 d' for nitrite,
0.01 mmol m~2 d! for phosphate, and 0.07 mmol m~2
d! for silicate. However, the calculated fluxes only
represent the diffusive fluxes from the sediment, as the
calculation we used (Fick's law of diffusion) does not
include fluxes caused by bioturbation and advective
pore-water exchange (Clavero et al. 2000). Laboratory
core incubation resulted in silicate fluxes which
exceeded the calculated silicate flux by a factor of 20
(Rasheed et al. unpubl. data), suggesting that both bio-
turbation and advective pore-water exchange proba-
bly added to the flux.

This indicates that the coarse-grained carbonate
reef sediments may act as a biocatalytic converter,
similar to the porous framework. We suggest that
organic matter filtered from the water column when
bottom currents interact with the permeable sediment
(Huettel et al. 1996, Huettel & Rusch 2000) is decom-
posed in the sedimentary microbial food chain. The
products of the mineralization, the nutrients, are then
released into the pore water and overlying water col-
umn. Increased nutrient concentrations in the pore
water of reef sediments were also reported by Capone
et al. (1992) for the Great Barrier Reef, Szmant & For-
rester (1996) for the Florida Coral Reef, and Ciceri et
al. (1999) for the northern lagoon of Venice. Nutrient
release from reef pore waters to the water column
was reported by several authors (e.g. Fuentes &
Espino 1990, Bertuzzi et al. 1996, Charpy-Roubaud et
al. 1996, Ciceri et al. 1999). The flux of ammonium in
our study (0.06 mmol m2 d!) was lower than the
fluxes reported by Charpy-Rouband et al. (1996)
(0.16 mmol m™2 d') and Bertuzzi et al. (1996)
(0.3 mmol m2 d!). However, phosphate flux in our
study was higher compared to the previous 2 studies
(0.010, 0.004, and 0.001 respectively). The differences
in the flux values resulted from different nutrient con-
centrations in the water column and in the pore water,
which might be attributable to the differences in the
organic matter loading and different chemical and
physical properties of the study areas (Shum &
Sundby 1996, Hulthe et al. 1998). Charpy-Roubaud et
al. (1996) found that aerobic bacteria that live in coral
sediment could mineralize organic compounds to min-
eral end-products. In most tropical shallow marine
environments like the Gulf of Aqgaba, the highest
metabolic activity is associated with the benthos
(Zieman 1982, d'Elia & Wiebe 1990).
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Reef biota

Corals, mollusks, polychaetes, echinoderms and a
variety of other reef-dwelling organisms can efficiently
filter and digest organic particles from water in the reef
and thereby also increase the concentration of nutri-
ents in the reef water relative to the offshore water
(Hatcher & Hatcher 1981, Andrews & Miiller 1983,
Tribble et al. 1988, Larned 1999).

Nitrogen fixation

Nitrogen fixation in the different habitats within the
reef has been reported in several studies (e.g. Wiebe et
al. 1975, Goldner 1980, Wilkinson et al. 1984). Accord-
ing to Crossland & Barnes (1976), corals themselves
do not have the ability to fix nitrogen, but endolithic
organisms in the coral skeleton do. Shashar et al.
(1994) reported a fixation rate of 0.6 to 1.0 mmol N, m2
d™! in the Gulf of Aqaba and reported that 70 % of the
fixation occurred in the sand-covered lagoon.

CONCLUSIONS

Our study has shown seasonal changes in the nutri-
ent concentrations in the reef and a nutrient gradient
between reef water and offshore water during sum-
mer. In winter, high nutrient concentrations in the
coastal zone in the Gulf of Aqaba caused by enhanced
water-column mixing remove this gradient. In summer,
particle trapping and biocatalytic conversion of dis-
solved and particulate material in framework and reef
sands increase the nutrient concentrations in the reef
water relative to the offshore water. This nutrient
availability during summer permits a higher primary
productivity in the reef environment during this period
in comparison to the offshore water, as indicated by the
chlorophyll a data. We conclude that the decomposi-
tion activity and buffer capacity of the coral sands and
reef framework play an important role in the support of
primary productivity in the coral reef ecosystem during
phases of nutrient depletion in the water column. Dur-
ing the fall and winter months, sands and framework
accumulate nutrients (due to sorption and binding pro-
cesses) and particulate organic matter. This organic
matter is decomposed in the pore space of the sand and
reef framework, and the resulting nutrients may be
gradually released during the summer months.
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ABSTRACT: The semi-enclosed Gulf of Agaba is under high pressure by urban and industrial pollu-
tion, shipping and port activities as well as tourism. Off the Jordanian Red Sea coast, the trophic com-
munity structure of shore fishes was determined on coral reefs in front of an industrial area (dis-
turbed), in a marine reserve and site without industry or port activities (undisturbed), as well as in a
seagrass-dominated bay. Planktivores were the most abundant feeding guild on coral reefs as well as
in the seagrass-dominated bay. The relative abundance of feeding guilds other than planktivores
seems to be strongly influenced by the benthic habitat. Multivariate analysis clearly separated dis-
turbed from undisturbed sites, whereas univariate measures, such as species richness, diversity and
evenness did not reveal any negative impact of disturbance. The disturbance of the coral reefs led to
changes in the fish community through the reduction of total fish abundance by 50 %, increased total
abundance of herbivorous and detritivorous fishes, decreased total abundance of invertebrate- and
fish-feeders, and increased relative abundance of planktivorous fishes.
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Red Sea

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

The semi-enclosed Gulf of Agaba is under high pres-
sure by urban and industrial pollution (Mergner 1981,
Walker & Ormond 1982, Abu-Hilal 1987, Abu-Hilal &
Badran 1990, Abelson et al. 1999), shipping and port
activities (Fishelson 1973, Loya 1975, Abu-Hilal 1985,
Badran & Foster 1998) as well as tourism (Riegl &
Velimirov 1991, Hawkins & Roberts 1994). The Jordan-
ian coastline has a length of about 27 km with a dis-
continuous series of fringing reefs of 13 km length,
interrupted by bays which are mostly covered with
seagrass meadows (UNEP/IUCN 1988). During the last
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Leobener Strasse, 28359 Bremen, Germany.
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25 yr, 30 to 40% of the Jordanian coastline has been
altered from a pristine natural environment to a heav-
ily used port and industrial area (Abu-Hilal 1997). In
2001, Agaba was declared a Special Economic Zone,
and therefore rapid increase in port and industrial
activities is to be expected.

Industry and port activities are expected to disturb
the coastal ecosystem, which will lead to changes in
the fish community. On the one hand, degradation of
coral reefs leads to coral death, loss of the complex
habitat structure and decrease of associated inverte-
brates, on the other hand, algal growth is enhanced
due to open substrate caused by coral decease and, in
some cases, eutrophication. Fishes that depend on
corals or associated invertebrates as a source of food
are likely to be reduced, whereas planktivores, herbi-
vores and detritivores can increase in relative abun-
dance so long as the dead corals still provide shelter.
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Fig. 1. Gulf of Agaba, showing study sites along Jordanian
coast. 1: cement jetty (29°28.990'N, 34°59.010'E); 2: Marine
Science Station (29°27.250'N, 34°58.359'E; distance from Site
1. = 3.4 km); 3: tourist camp (N 29°26.351'N, 34°58.272'E; dis-
tance from Site 2 = 1.6 km); 4: Al-Mamlah Bay (29°24.345'N,
34°58.549'E; distance from Site 3 = 3.7 km); 5, 6: Jordan Fer-
tiliser Industries and Jordan Fertiliser Industries jetty
(29°22.134'N, 34°57.667'E; distance from Site 4 = 4.1 km)

Investigations of the impact of coral mining (Shepherd
et al. 1992) and coral bleaching (Lindahl et al. 2001) on
fish communities have shown that univariate mea-
sures, such as species richness and diversity, are not
appropriate to reveal changes in the fish community.
Therefore, we investigated the trophic community
structure of fishes on disturbed as well as undisturbed
coral reefs, and in a seagrass-dominated bay along the
Jordanian coast. The disturbed reefs are located in
front of an industrial area and port, whereas the undis-
turbed reefs are situated in a marine reserve and at
sites with no industry or port activity.

MATERIALS AND METHODS

Study sites. Our investigation of the general trophic
community structure of shore fishes in the Gulf of
Aqgabais based on 5 coral reefs and the seagrass-dom-
inated Al-Mamlah Bay at the Jordanian coast (Fig. 1).
The degree of human-induced disturbance differs
greatly along the coastline. The sites regarded as
undisturbed are completely closed for human activi-
ties (marine reserve) or utilised for small-scale fishing
as well as recreational activities. At the disturbed
sites, the fringing reef in front of the Jordan Fertiliser
Industries (JFI) is under pressure due to port activity,
solid waste disposal, spillage during loading and
unloading of ships (e.g. sulphur, ammonia), as well as
disposal of waste oil from trucks (Gladstone et al.
1999) (see Table 1). In the past, parts of the reef flat
were filled in for a parking place and the JFI jetty
(Mahasneh & Meinesz 1984). A study on coral dis-
eases revealed a 10-fold higher number of infected
coral colonies at the JFI than in the marine reserve
(Al-Moghrabi 2001). Values of phosphate concentra-
tions (Badran & Foster 1998), heavy metals (Abu Hilal
& Badran 1990), and algal cover (M.A.K. pers. obs.)
are higher at the disturbed JFI than in the marine
reserve at the Marine Science Station (MSS). Phos-
phate concentrations at JFI reach the threshold value
of 0.1 to 0.2 pM, a level proposed as indicating pol-
luted (Bell 1992). The distance between the disturbed
and undisturbed sites is around 8 km.

Visual census. The fish communities in shallow-
water habitats along the Jordanian coast were sur-
veyed by the visual census technique using SCUBA,
as described by English et al. (1994). Transects of 50 m
length and 5 m width (250 m?) were marked along
lines at 6 sites parallel to the shore (Fig. 1, Table 2). At
each site, visual censuses were conducted along
3 transects on the shallow reef slope (6 m) and deep
reef slope (12 m), respectively. The distance between
the transects at each site was 10 to 20 m. After laying
the transect line, an observer would wait 5 to 10 min

to allow fishes to resume their normal behaviour. Sub-
sequently the diver swam 50 to 60 min along the tran-
sect and recorded all fishes encountered 2.5 m on each
site of the line and 5 m above the transect. Differences
in the skill and technique of the observers are a source
of imprecision and/or bias (Thompson & Mapstone
1997). Therefore, the first author (M.A.K.) identified
and recorded all fishes of about 30 mm total length or
larger on a plastic slate. The visual census technique is
widely applied and accepted for ecological fish studies
on coral reefs (English et al. 1994). However, all our
conclusions are restricted to diurnally active and non-
cryptic species (Brock 1982). At 5 sites (cement jetty,
Marine Science Station, tourist camp, Jordan Fertiliser
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Table 1. Human-induced disturbance on coral reefs along Jordanian Red Sea coast, Gulf of Aqaba

Site State Human impact Activities

Cement jetty Undisturbed Medium Some fishing (hook and line)

Marine Science Station Undisturbed Very low  Marine reserve; occasionally illegal fishing

Tourist camp Undisturbed Low Swimming and snorkeling

Jordan Fertiliser Disturbed Very high  High port activity; solid waste; phosphate and trace metal pollution,
Industries sedimentation

Jordan Fertiliser Disturbed Very high  Very high port activity; solid waste; phosphate and trace metal
Industries jetty pollution; accidental discharge of sulphur and ammonia, sedimentation

Industries and Jordan Fertiliser Industries jetty) 3 cen-
suses were conducted at each depth in November 1999
and March 2000. In 1997 and 1998, 39 censuses were
conducted at Al-Mamlah Bay at 6 m depth and 43 cen-
sus at 12 m depth (Table 2). A total of 212349 fishes
were counted, representing 198 species belonging to
121 genera and 43 families. Affiliation of species with
trophic groups is based on Khalaf & Disi (1997) and on
field observations (Table 3).

Statistical analysis. Community indices such as fish
abundance, species richness (number of species),
Shannon-Wiener diversity (H'; In basis), and Pielou's
evenness (J') were compared among sites and depths
using 1-way ANOVA. Homogeneity of variances was
tested with the F-test and, if necessary, data were
log(1+x)-transformed to obtain homogeneity of vari-
ances. If transformation of the data did not lead to
homogeneity of variances, no statistical test was con-
ducted. The F-test was performed with a spreadsheet
analysis programme, and 1-way ANOVA was carried
out with STATISTICA 5.1 (StatSoft 1997).

Multivariate analysis of the data such as cluster analy-
sis, MDS (multi-dimensional scaling), ANOSIM (analysis
of similarities) significance test, as well as SIMPER (sim-
ilarity percentages) were performed with PRIMER 5 soft-
ware (Primer-E 2000). Hierarchical clustering and MDS
was based on Bray—Curtis similarities. In contrast to spe-
cies with very low abundance, highly abundant species
can disturb an analysis. Therefore, when necessary, data
were standardised (see Fig. 4A,B).

MDS is a 3-dimensional ordination of
samples brought down to a 2-dimen-

the tested groups, with values between -1 and 1. If all
replicates within sites are more similar to each other
than any replicate from different sites, the value of R is
1, values close to zero indicate that the similarity
between sites is very high. A 1-way layout of ANOSIM
was performed with the original data, no transforma-
tion or standardisation was conducted.

SIMPER is an analytical tool used to reveal the aver-
age Bray-Curtis dissimilarity between groups of sam-
ples. The aim of the analysis in our study was to calcu-
late the contribution of each feeding guild to the
differences between sites (Clarke & Warwick 1994).

RESULTS
Fish community parameters (Fig. 2)

Species richness showed no difference between dis-
turbed and undisturbed coral reefs. Diversity (H') and
evenness (J') were higher at the disturbed sites,
whereas fish abundance on disturbed reefs was 51.4 %
lower than on undisturbed reefs.

Relative species richness and relative abundance of
trophic groups (Table 4)

In terms of number of species belonging to different
feeding guilds, predators on invertebrates (25.3%)

Table 2. Sampling sites along Jordanian Red Sea coast, Gulf of Aqaba

sional plot. The quality of the MDS plot

is indicated by its stress value: values Site n 6 m n 12m

<0.2 give a potentially useful 2-dimen-

sional picture, stress <0.1 corresponds Cement jetty 3 Nov 1999 3 Nov 1999

to a good ordination, and stress <0.05 is Marine Science Station 3 Nov 1999 3 Nov 1999

llent ' tati Tourist camp 3 Nov 1999 3 Nov 1999

an excellent representation. Al-Mamlah Bay 39 Apr 1997 43 Apr 1997
The ANOSIM significance test com- Aug 1999 Aug 1999

pares similarities of species composi- JoEdgn Iigrtiliser 3 Apr 2000 3 Apr 2000

. . nausiries

tions between samples and can give Jordan Fertiliser 3 Apr 2000 3 Mar 2000

evidence of differences. Global R indi- Industries jetty

cates the degree of similarity between




Mar Ecol Prog Ser 239: 287-299, 2002

290

g1 snipueoeIp sojrrdobAq
dI snepneslqre usweing A1 oaed sAyoLsx g1 10jRI8dUI SNYIURPIRWIOY 21 Loy ejoreA
O SNOSny S9)SIeqopnasd J41 BSOY.LIID PIY]OSSPIRY ], 1d snje}jIAopnNed SNYURIIUIY) sruutdrurenbs ser Jup nos
O snyernpun sndejsieg JAI moddenr ‘1 Id Tuurd] Iyjuepnasqd
aepusifeg g4I aIPUN] PUIOSSPIPY] H srurdsgnu sbAdonua d4l SNPoUIIXes so]sTuer)
NSt I T Q o snjoqyuex sAyjygorusjodyy JAI snyemsey snfoydourdyg
g1 SNJRIOWIPW SNITYDRPPIR] Al pidn.roiur 'S : :
{ aepryjuedewod JAI pjRIUTUT *))
aepIafos A1 ejRpIA0qR SIN[oY}e)S o
’ . (@) snipawiisjur ‘[ EEI sopnsrwey sijoydoreyda)
SNJRJSLID SLIPWRS snoAfad ‘g
ST d sonatydIp SNYIOIUSE] d snjeruer) SeIyIuy,
sepLIRUIES snjdA1o snboberayq
: d PruSRIRXSY D SI[RIOSJLI} D) JepruelIads
kil m:m.:mﬂmm“- Emﬂmm E SIPIIEAS SNUIIOTOOPNSS] o) snjerosejoned ”U id PSOONIIDA Emoqg\mm
PIyjog d PIUOP}01D0 SNUITOYIRIR D snjouue[our .U g41 . plRQIRq 'S
B srurjje snuuAying i snwweIBIp SNUIIOYIAX0O O snjerasey .U A1 ds mwm&o:mmmcoum
9epHIqUIOodS Kl snjoprdeo1detl SAYIYIINIOPAON 2 5 SMOPLISNE "D orpruoe Hou.m
H snje[nALl g gl snynrediq uopobuireydoroeiy O ebLIne uopojeryy dI pjeIper d
H snpLnj °s o) snjeaurLIpenb snorqeIeT oepruopolaeynH EEII So[IuI SI0I8}d
H snajuabie snuebig g1 SNIPIPIWIP SOPIOIqeT 4TI sisuajodIuRA stayduwad SNSOJUSWPIL SNOTWIU]
aepruebig g4I snjernuue snsouttAbo[ory sepudydurag dl sniojdAtorIq sniyo0IpUsq
(@) wnInyjuex 'z Al snje1osej snuwAbTurof] AT suoIsoqI ‘g w%E:wMSon
e} WINI9JI[OA PUIOSRIqO7 11 stre[ndeds sa190yDI[RH J4I pusuoOIPW d id STEIIPOIG snyduey L Qomwh
H SIUIODTUN OSEN Al Sn)eUIbIPUI S9.I00YII[PL] AT [TRYSSIOf ‘q dl .Em:wum .U
a SnJeLI)S SN)orYO0U8)) I .:@@HN.HNEDNMN sna[niaed MEMOQQEQQ g1 WEEO.NmDNU\wO WZQQQQEN@Q dl Msubw H ..\Nwz 2
H [eyos y I pjebores D Jdl  SnIROUNOAR[ SAYIIIDIONMN e A
H SNoSNFOIBIU SINYIURIY Al preurrel5 prewreb |5 OBPIHININ snyem UE:M.HUE 00 >
SepLINYULIY dI P[norWIpnes "5 ¢) 100u snpordrq E e omuam:.“:aw
A1 streprond pauusUSEA dl embAe stod oeprieds [TUOSIOUII0) PLIBIIISI
’ ; d ST[RIJUDATIQNI SNIQRIIYLITD) EEll - HEMIST
Al esororIb eI[IjoT A1 sinoopureIb SIXeJoUOIN oepILIR[N)ST]
dI snjeI029p sniqobnsy o SIuLISUr oIt D Al “ds snurrgeT d w:w.mnw% ”m,
SNuLII? UOPOIqo, O SIIeqoLt "D : /
L)1 pPoIqoH o sejmow OBPIULIY}OT Id wnje[nopwWIpned Uonualobies
A1 sisuarslue sidajoyieun) o m:.,.ﬁ I I wnyord eurtueIberg d pIrewruIes uoydIitioaN
d1I snurdsibuoy sniqobrsn.g . QepInuaeH d ue[pinur sysLdLApy
d supjeu sdourueArg O ds snurrey) ’ N
5. dI euelp g Al puaA0 s9.1195 9epLuLI0I0H
I snjenoewIqre sniqobAjqury o d snsounopj SNIOWOULIDY)Y
dI rwebuns 'y Ll SLIP[[IX® g QepIaLIaY) wmt—:.ﬁwﬁ<
g1 1Z)1UT8]S SLIJoB[RA[qUIY dI Sopronjue snueip o.m dI weueyb sisdojods d snjeborrea ‘S
aepIIqon dI msim] 'y oseprdjdiweN L -ds snpoud
. dI sepubes[aur 'y PIROUIJLIPA * d o~
id IPULSUMO] SNWDI}0IOR[J aI sngeaury 'y 1d m:o.:mm:m .U id SIIorIb PPLINES
1d purosourade] SnwaI)oIbe[J a1 snjepoundosnises sesdureuy Id P oEme 9epPIUOpPOUAS
A1 SN)eaUIfo.IbTU SNYJURIRIDIN] Id I [ 01S9B) 1d vosIib 'S
) S1A81qQ SPI[[eXq SPPHAET oeplruoisae) 1d ‘ds paropIS
e 1a1ArIb ‘g a srqerue. [rhnwrus.) AT snsomads topoupyIRU) IAT I8UWIOATPNT XPIOYJOUUIAY)
e siejuoIy g oepIIbn d purosoopw sniejdeda ] oepruseIny
i TuoI® SNIUasdg snjeaulin) ‘J JAT snjenboany seprobuere)) EE vroyjued opadio]
Jeprieng JeprLijuadewod Jepibuere) seprurpadiol
dnoio omydoir, soadg dnoio oydoay, soradg dnoin oydouig, soradg dnoio omydoay, soadg

aroatpfueld [ ‘010ASId (1d 'SI0OATUWO () ‘IOPOSJ-USI] PUR -9]RIQSIIDAUT I ‘TOPO9]J-91RIqSIISAUI ;] '(D/L] :9rPLIedS ‘orB[ROIDRW U0 SPIS]) 9I10AIq
-19( [ ‘9I0ATILI}OP (] '9IOAT[[RIOD D) ‘SUOTJRAIDSCO P[OIJ UO PUR (£661) ISI( & Jereyy uo paseq sdnoib orgdor) yjim }SL0D ©9g Pay URIURPIOL WOIJ SOUSIJ JO UOHRI[IIY '€ d[qeL




Khalaf & Kochzius: Pollution effects on offshore trophic community 291

Trophic Group

Trophic Group Species

Species

Table 3. Continued

Trophic Group

Species

Trophic Group

Species

oo

Cantherhines pardalis
Pervagor randalli
Ostraciidae

H
H
H

Calotomus viridescens
Chlorurus gibbus
C. sordidus

C. novemstriatus P
O Abudefduf vaigiensis (e}
P1

Monacanthidae
Aluterus scriptus

Pseudomonacanthus pusillus

Ostraccion cubicus

O. cyanurus

P1 Hipposcarus harid

Amblyglyphidodon flavilatus

A. leucogaster

Pseudochromis flavivertex

Pseudochromidae
P. fridmani

000 OO0O000O0O0

Canthigaster coronata

C. margaritata

Torquigener flavimaculosus
Diodontidae

Arothron diadematus
C. pygmaea

A. hispidus

Tetrosomus gibbosus
A. stellatus

Tetraodontidae

jasanianiieniieniien

F
IFF

Uranoscopus sulphureus

Parapercis hexophtalma
Blenniidae

Leptoscarus vaigiensis
Scarus ferrugineus

S. fuscopurpureus

S. ghobban

S. niger
Pinguipedidae
Uranoscopidae

S. psittacus

Pl

Chromis dimidiata
Neoglyphidodon melas

C. pelloura

Amphiprion bicinctus
C. pembae

C. ternatensis

C. viridis

C. weberi
Dascyllus aruanus
D. marginatus

D. trimaculatus

O
O
O
O
Pl
P

P

P1

Priacanthus hamrur
Apogonidae

Apogon sp.

Priacanthidae
A. aureus

P. olivaceus
P. springeri
A. cyanosoma
A. exostigma
A. fraenatus

IF

Cyclichthys spilostylus

O

Aspidontus taeniatus taeniatus

Cirripectes castaneus
Amanses scopas

1
Pl
Pl
Pl
P1
o
(e]
Pl
C
Pl
(6]

Neopomacentrus miryae
Pomacentrus sulfureus

P. trichourus

P1
Pl
Pl

Cheilodipterus lachneri

A. nigrofasciatus
C. macrodon

were the most common feeding guild, followed by
planktivores (20.8 %) and omnivores (19.2 %).

In terms of relative abundance, 58.1% of all fish
specimens were planktivorous on coral reefs, and as
much as 79.9 % in the seagrass-dominated Al Mamlah
Bay. Other important trophic groups on coral reefs
were invertebrate- and fish-feeders (23.1%), omni-
vores fishes (11.6 %) and herbivores (3.4 %). These 3
groups showed a low relative abundance (5 to 6.5 %) at
Al Mamlah Bay.

Totale abundance of trophic groups
(Fig. 3 & Table 5)

The total abundance of the various trophic groups at
the different sites revealed patterns connected with the
benthic habitat or disturbance at the respective sites.
Those patterns were all statistically highly significant.

Corallivores were less abundant at the seagrass-
dominated site than on coral reefs. Planktivores were
more abundant at 12 m than at 6 m depth on both the
coral reefs and at the seagrass-dominated site. The
abundance of planktivores at 12 m depth was higher
on undisturbed coral reefs than on disturbed reefs, and
was higher in the seagrass meadow than on coral reefs.

In the seagrass-dominated Al-Mamlah Bay and on
the disturbed coral reefs, herbivores were more abun-
dant at 6 m than at 12 m depth. Comparison of herbi-
vores in 6 m depth between disturbed and undisturbed
coral reefs revealed a higher abundance for disturbed
reefs.

The number of detritivores was higher on coral reefs
than in the seagrass meadow. Disturbed coral reefs
tended to have a larger population of detritivores than
undisturbed reefs, especially on the shallow reef slope.

Invertebrate- and fish-feeders were more abundant
on coral reefs, and their numbers were higher on
undisturbed than on disturbed coral reefs, especially
on the shallow reef slope.

Invertebrate-feeders had a larger population in the
seagrass meadow.

In the seagrass-dominated Al-Mamlah Bay, pisci-
vores were higher in abundance at 12 m than at 6 m. In
addition, the population of piscivores at 12 m was
larger than on coral reefs.

Omnivores tended to be more abundant on the deep
reef slope than on the shallow reef slope, but there was
no significant difference between sites.

Multivariate analysis

The cluster analysis and the MDS plot based on
abundance of feeding guilds on coral reefs on the shal-
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Fig. 2. Fish community parameters (species richness, diversity, eveness, abundance) of undisturbed and disturbed coral reefs at
the Jordanian Red Sea coast, Gulf of Aqaba. Bold-face = significant values (1-way ANOVA)

low (6 m) and deep (12 m) reef slope revealed 2 clus-
ters: (1) disturbed, and (2) undisturbed coral reefs
(Fig. 4). Analysis of the shallow reef slope showed 2
mismatches (Samples 6a: Fig. 4), but these did not
affect the general pattern. A dendrogram and MDS
plot of the deep reef slope communities included 2 mis-
matches at disturbed reefs (Samples 1b and 2b) with-
out affecting the division into the 2 groups. An
ANOSIM test confirmed the pattern of both multivari-
ate analyses (Fig. 4). The dendrogram and MDS plot
for species abundance were more or less identical to
the multivariate analysis of feeding guilds, and are
therefore not presented here.

SIMPER analysis revealed that invertebrate- and
fish-feeders (48.4 %) and planktivores (41.3%) were
the main feeding guilds responsible for differences in
community structure between disturbed and undis-
turbed shallow reef slopes. Invertebrate feeders
(4.2%), herbivores (3.1 %) and omnivores (1.7 %) con-

Table 4. Trophic composition of fish fauna in shallow water habitats along

Jordanian Red Sea coast, Gulf of Agaba

tributed a minor percentage to the dissimilarity
between the 2 groups (Table 6). On deep reef slopes,
planktivores (64.2 %) and invertebrate- and fish-feed-
ers (23.5%) contributed most of the dissimilarity
between undisturbed and disturbed sites, whereas
omnivores (7.4 %), herbivores (2.1 %) and invertebrate-
feeders (1.2 %) played a minor role (Table 6).

Trophic structure of fish fauna on disturbed and
undisturbed coral reefs (Fig. 5)

Fish communities on the shallow slope of disturbed
coral reefs showed a higher relative abundance of
planktivores and herbivores than undisturbed reefs,
whereas the relative abundance of omnivores and fish
and invertebrate feeders was reduced at the disturbed
sites. On the deep reef slope the picture is not so clear.
The relative abundance of planktivores and inverte-
brate- and fish-feeders was reduced at
the disturbed coral reef, whereas omni-
vores and herbivores showed a higher
relative abundance.

DISCUSSION

Feeding guilds = Species richness Relative abundance (%)
n % Coral reef Seagrass-dominated bay
Corallivores 7 3.5 0.8 0.1
Herbivores 17 8.6 3.4 6.5
Planktivores 41 20.8 58.1 79.9
Detritivores 2 1.0 0.5 0.1
Invertebrate- 28 14.1 23.1 5.5
and fish-feeders
Invertebrate 50 25.3 2.3 2.5
feeder
Omnivores 38 19.2 11.6 5.0
Piscivores 8 4.0 0.1 0.2
Unknown 7 3.5 0.0 0.2

Fish counts took place at the
disturbed site in March and April
2000, and at the undisturbed sites in
November 1999. The possibility of the
differences detected being due to
seasonal changes within the fish com-
munity was considered. Our study on
the community structure of shore
fishes of the Jordanian coast (Khalaf
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Fig. 4. Fish communities on disturbed and undis-
turbed coral reefs along Jordanian Red Sea coast,
Gulf of Agaba (based on abundance of feeding
guilds—no pelagic or semi-pelagic species).
(A, B) Dendrogram (A) and MDS plot (B) of
shallow reef slope (6 m, Bray-Curtis similarity,
standardisation, group average; stress = 0.05;
ANOSIM: global R = 0.0553, p <0.001); (C, D)
dendrogram (C) and MDS plot (D) of deep reef
slope (12 m, Bray-Curtis similarity, group aver-
age; stress = 0.04; ANOSIM: global R = 0.493,
p = 0.004). Sites numbered as in Fig. 1 (a = 6 m
depth, b = 12 m depth). D: disturbed coral reefs;
uD: undisturbed coral reefs; +: mismatch

& Kochzius 2002) revealed a strong spatial
influence of habitat composition, but no
temporal pattern. Studies on the colonisa-
tion of artificial reefs in Eilat (Rilov & Ben-
ayahu 1998, Golani & Diamant 1999) indi-
cate that most recruitment takes place
between January and May, with lower
overall fish abundance in November. In
contrast to these findings, total abundance
was higher at the undisturbed sites in
November than at the disturbed sites in
March and April in our study. If temporal
changes had been important, an opposite
picture would have been expected. There-
fore we can assume that temporal effects
were not the reason for the observed differ-
ences.

Table 5. One-way ANOVA of abundance of feeding guilds at sites along Jordanian Red Sea coast, Gulf of Agaba. Bold-face: sig-
nificant p-values; *log(x+1)-transformed data; iv: inhomogenous variances; S: seagrass-dominated habitat; CR: coral reef; ud:
undisturbed coral reef; d: disturbed coral reef; abbreviations of feeding guilds as in Table 3

ud >d

Depth (habitat) Feeding guilds
C Pl H D IFF IF Pi (@]
S vs CR <0.001* iv iv <0.001 0.002 0.020* iv iv
S<CR S<CR S<CR S>CR
12 m (S) vs 12 m (CR) <0.001* <0.001 0.124* <0.001* 0.102 <0.001* <0.001* 0.199
S<CR S>CR S<CR S>CR S>CR
6 mvs 12 m (CR) 0.106 0.009* 0.053* 0.885* 0.409 0.879 0.904 0.035
6m<12m 6m<12m
6mvs 12 m (S) iv <0.001 <0.001* 0.616 iv iv <0.001* iv
6m<12m 6m>12m 6m<12m
ud vsd 0.091 0.094 0.175 0.035* <0.001* 0.245 0.164* 0.106
ud<d ud >d
6mvs 12 m (d) 0.406 0.847 0.001 0.001* 0.879 0.632 0.022 0.691
6m>12m 6m>12m 6m>12m
6 m (ud) vs 6 m (d) 0.090 iv <0.001 <0.001 <0.001 0.744 0.857 0.763
ud <d ud <d ud >d
12 m (ud) vs 12 m (d) iv 0.014 0.230 0.878 iv 0.242 0.058 0.072
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Trophic structure of the community

Planktivore fishes dominate the fish community on
coral reefs in the Gulf of Agaba. This finding corre-
sponds with studies in Sri Lanka, the Great Barrier
Reef, New Caledonia and the Gulf of Mexico (Williams
& Hatcher 1983, Ohman et al. 1997, Pattengill et al.
1997, Rossier & Kulbicki 2000; Table 7). Zooplankton
as a source of food, at least for diurnally active fishes,
is fairly independent of the benthic habitat composi-
tion. Similar pattern of transport of the zooplankton
result in a consistent dominance of planktivorous
fishes on different coral reefs.

A comparison of our results with those of other stud-
ies revealed differences in the ranking and relative
abundance of the other feeding guilds (Table 7). In Sri
Lanka, New Caledonia, the Great Barrier Reef and the
Gulf of Mexico, herbivores contribute a much higher
proportion (2 to 7 times higher) to the fish community
than they do in the Gulf of Agaba. The relative abun-
dance of herbivorous fishes was even lower at the sea-
grass-dominated site in the Gulf of Agaba (Tables 4
& 7) than on the coral reef sites in other parts of the
world.

Table 6. Contribution of feeding guilds to community shift
between disturbed and undisturbed coral reefs on the Jor-
danian Red Sea coast, Gulf of Agaba (no transformation of

data)
Feeding guild Contribution to dissimilarity (%) at:
6 m depth 12 m depth
Invertebrate- 48.41 23.45
and fish-feeders
Planktivores 41.27 64.19
Invertebrate-feeders 4.22 1.13
Herbivores 3.14 2.07
Omnivores 1.72 7.37
Detritivores 0.59 0.21
Unknown 0.40 0.61
Corallivores 0.19 0.68
Piscivores 0.08 0.12

The relative abundance of piscivores is more than
10-fold higher on the coral reefs in Sri Lanka, New
Caledonia, the Great Barrier Reef and the Gulf of Mex-
ico than on the Jordanian coast. These differences
could be due to various factors such as prey avail-
ability, shelter and fishing, but could also be due to

Table 7. Relative abundance (%) of feeding guilds of fishes on coral reefs

Feeding guild Aqaba® Sri Lanka® Great Barrier Reef® New Caledonia® Gulf of Mexico®
Corallivores 0.8 1.3

Herbivores 3.4 12.0 6.6 14.3 11.7-23.0
Planktivores 58.1 81.0 85.0 65.0 65.0
Omnivores 11.6 1.5

Piscivores 0.1 2.5 3.6 1.0 1.3-2.8
3This study; Pcalculated from Ohman et al. (1997); “Williams & Hatcher (1983); “Rossier & Kulbicki (2000); *Pattengill et al. (1997)
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Table 8. Trophic composition (%) of fish assemblages on coral reefs. *: sessile invertebrate browsers. No. of scleractinian coral
species is also shown

Feeding guild Aqgaba® Eilat" Sanganeb Sri Great Barrier Tulear’ Moorea’ Moorea? Reunion® New Gulf of
atoll® Lanka?  Reef® Caledonia¥ Mexico®

Corallivores 3.5 3.5 7.4 8.1 4.6 6.2* 8.9* 11.0 7.0 8.0
Herbivores 8.6 10.6 7.4 20.7 14.9 10.1 15.4 3.0 2.5 4.0 15.0
Planktivores 20.8 18.3 24.6 13.3 19.8 10.3 9.6 10.0 8.0 13.0 13.1
Detritivores 1.0 0.7 0.0 3.0 2.5 3.0 3.0
Invertebrate- and 14.1  10.6 10.7 8.9

fish-feeders }52.6 }53.8 }45,0 }4()‘5 }46,0 }38.5 }18.3
Invertebrate-feeder 25.3  22.5 22.1 20.7
Piscivores 4.0 5.6 5.7 14.1 8.1 4.0 5.7 7.0 12.5 10.0 28.8
Omnivores 19.2 19.7 18.0 11.1 15.6 15.4 26.0 21.0 23.5
Unknown 3.5 8.5 4.1 24.8
Scleractinian coral 138 1461 118 212k 72! 120™ 108"

species (n)
aThis study; "Rilov & Benayahu (2000); “Krupp et al. (1993); ‘Ohman et al. (1997); *Williams & Hatcher (1983); {Harmelin-
Vivien (1989); 9Letourneur et al. (1997); "Pattengill et al. (1997); Antonius et al. (1990); 'Rajasuriya et al. (1998); “Done (1982),
IAdjeroud (1997); ™Bouchon (1981); "UNEP/IUCN (1988)

methodological differences. Ohman et al. (1997)
restricted their fish counts to 135 species, and Williams
& Hatcher (1983) used explosive charges for sampling.

Besides relative abundance, the trophic species
composition also reflects the trophic structure of the
community (Table 8). Invertebrate feeders are the
dominant feeding guild on coral reefs in terms of
species richness (Jones et al. 1991), followed by
planktivores and omnivores. Detrives comprise only a
minor proportion of the ichthyofauna on coral reefs.
The number of herbivores varies considerably within
the fish communities of different geographical
regions, and seems to be much lower around the
oceanic islands of Moorea and Réunion and in New
Caledonia.

The proportion of species belonging to particular
feeding guilds is very similar between the 3 sites in
the Red Sea (Agaba, Eilat, Sanganeb atoll: Table 8),
but differs somewhat from sites in the Indian and
Pacific Oceans and the Gulf of Mexico (Table 8). The
contribution of planktivorous species to fish assem-
blages in the Red Sea seems to be high in comparison
to other coral reefs in the world, whereas piscivores
play only a minor role. At the northern tip of the Gulf
of Agaba, the percentage of corallivorous species is
only about half that in the central Red Sea and reefs
in other parts of the Indo-Pacific. This might be due to
lower scleractinian species richness in the Gulf com-
pared to the central Red Sea (Antonius et al. 1990).
However, no general correlation between the number
of scleractinian corals and percentage of corallivorous
species of a fish assamblage could be detected in the
present study (Table 8).

Comparing the trophic structure of the ichthyofauna
at the Jordanian coast with that of other coral reefs, we
can conclude that: (1) the high relative abundance of
planktivores is a general feature of the community
structure of fishes on coral reefs; (2) most species on
coral reefs are invertebrate feeders; (3) the relative
abundance of feeding guilds other than planktivores
seems to be strongly influenced by the benthic habitat;
(4) the trophic species structure of fish communities on
Red Sea coral reefs seems to be different from that on
reefs in other parts of the Indo-Pacific Ocean.

Comparison between coral reefs and
seagrass-dominated site

The reduced abundance of corallivores in the sea-
grass-dominated site at Al-Mamlah Bay is not surprising,
since these fishes are strongly associated with live stony
corals (Bouchon-Navaro et al. 1985, Jennings et al. 1996,
Ohman & Rajasuriya 1998, Khalaf & Kochzius 2002).
Despite the low coral cover and reduced shelter in Al-
Mamlah Bay, the abundance of planktivorous fishes at
12 m depth is much higher than at all other study sites. In
addition, the rich crustacean fauna of the seagrass mead-
ows can support more invertebrate-feeders than coral
reefs. Nocturnal feeding migrations of invertebrate-
feeders from coral reefs into seagrasses are documented
for the Atlantic as well as the Indo-Pacific (Weinstein &
Heck 1979, Bell & Pollard 1989, Kochzius 1999). The
higher prey availability at the seagrass-dominated Al-
Mamlah correlates with a higher abundance of pisci-
vores in the bay than at the coral reef sites.
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Human impact

Univariate measures such as species richness, diver-
sity and evenness were not able to demonstrate a neg-
ative impact of the industrial complex on the coral reef
ichthyofauna. This situation is not uncommon, and has
been reported in studies on the effect of coral mining
(Shepherd et al. 1992) and coral bleaching (Lindahl et
al. 2001). Investigations into the impact of dredging
revealed a significant reduction in species richness
on some reefs in French Polynesia, whereas other
sites showed no difference from undredged areas
(Harmelin-Vivien 1992). However, experimental coral
disturbance led to a significant decline in fish species
richness on the Great Barrier Reef (Lewis 1997). The
higher diversity and evenness at the disturbed sites in
the present study could be explained by the intermedi-
ate disturbance hypothesis (Connell 1978), i.e. an ini-
tial increase in diversity with increasing disturbance
followed by a decrease at high levels of disturbance.

The abundance of fishes on disturbed reefs was half
that on undisturbed reefs. In other geographical areas,
significant declines in fish abundance have been
caused by coral mining (Shepherd et al. 1992: the Mal-
dives), turbidity and sedimentation due to dredging
(Amesbury 1981: eastern Caroline islands), eutrophi-
cation (Chabanet et al. 1995: Indian Ocean) and exper-
imental coral disturbance (Lewis 1997: Great Barrier
Reef). However, disturbance by dredging in Moorea
and Tahiti led to a decrease in fish abundance at some
sites, whereas other reefs showed no significant dif-
ference (Harmelin-Vivien 1992). Mass mortality of
bleached corals in Tanzania even triggered an in-
crease in fish abundance, due to algal growth which
supported a higher standing stock of herbivores (Lin-
dahl et al. 2001).

Analysis of the trophic structure is very important
when examining changes in the fish community due to
human-induced disturbance. In our study, a higher
abundance of detritivores was found on disturbed coral
reefs, whereas the number of invertebrate- and fish-
feeders was higher on undisturbed reefs. The reduc-
tion in invertebrate- and fish-feeders at disturbed sites
can be explained by the loss of habitat structure due to
degradation. The associated prey fauna of this feeding
guild is reduced, and the disturbed reef cannot support
a high number of invertebrate- and fish-feeders.

Herbivores were more abundant on the shallow
slope of disturbed than undisturbed reefs, indicating a
higher biomass of macroalgae on the slope. An
increase in abundance of herbivorous fishes was
reported after an increase in soft algae on Caribbean
coral reefs, due to mass mortality of competing sea
urchins (Robertson 1991). An increase in the abun-
dance of some certain herbivorous fish species on

degraded coral reefs has been described for bleached
reefs by Lindahl et al. (2001) and after experimental
coral disturbance by Lewis (1998). In contrast, no
change in the abundance and biomass of some herbi-
vores was detected on reefs impacted by the crown-of-
thorns starfish Acanthaster planci with subsequent
algal overgrowth (Hart et al. 1996).

There was a shift in the trophic composition of the
ichthyofauna forwards planktivores on the shallow
slope of disturbed reefs in our study. This could be due
to the independence of planktivores from the benthic
substrate in terms of food availability. Onshore trans-
port of zooplankton depends on the oceanographic
conditions and not on the condition of the reef. As long
as enough shelter is available, these species can sur-
vive on a degraded coral reef (Lindahl et al. 2001). On
the deep slope of the disturbed reefs in the present
study, omnivores increased in relative abundance.
This guild of fishes consisted of non-specialised feed-
ers more able to cope with changes in the benthic
habitat than invertebrate- and fish-feeders.

Apart from trophic considerations, recruitment to
the degraded reef could also be reduced, through
decreased settlement due to habitat loss or through
higher mortality due to loss of shelter space (Shulman
1985, Schmitt & Holbrook 1999).

In summary, the following changes in the fish com-
munity were recorded on the coral reef fronting the
industrial complex: (1) 50% reduction in fish abun-
dance; (2) increased total abundance of herbivorous
and detritivorous fishes; (3) decreased total abundance
of invertebrate- and fish-feeders; (4) resultant changes
in the trophic composition, such as increased relative
abundance of planktivores.

These changes are probably the synergetic effects of
coastal constructions, sedimentation, nutrient input,
algal growth, coral destruction and heavy metal load.
In the course of future urbanisation and industrialisa-
tion of the Jordanian Red Sea coast, increased coastal
pollution is expected. Because of the short (27 km long)
coastline, future industrial development should be
restricted to already industrialised areas, in order to
preserve the remaining coral reefs and seagrass mead-
ows. Marine reserves such as the Red Sea Marine
Peace Park and regional co-operation between coun-
tries bordering the Gulf of Agaba are important for the
protection of coastal ecosystems.
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ABSTRACT: Monthly 580 records of 2 coral colonies (Porites cf. lutea and P. cf. nodifera) from dif-
ferent localities (Agaba and Eilat) from the northern Gulf of Aqaba, Red Sea, were calibrated with
recorded sea surface temperatures (SST) between 1988 and 2000. The results show high correlation
coefficients between SST and &'%0. Seasonal variations of coral %0 in both locations could explain
91 % of the recorded SST. Different 8'0/SST relations from both colonies and from the same colonies
were obtained, indicating that §'®0 from coral skeletons were subject to an extension rate effect. Sig-
nificant 5'®0 depletions are associated with high extension rates and higher values with low exten-
sion rates. The relation between coral skeletal 80 and extension rate is not linear and can be
described by a simple exponential model. An inverse relationship extends over extension rates from
1 to 5 mm yr!, while for more rapidly growing corals and portions of colonies the relation is constant
and the extension rate does not appear to have a significant effect. We recommend that 50O values
be obtained from fast-growing corals or from portions in which the isotopic disequilibrium is fairly
constant (extension rate >5 mm yr!). The results show that interspecific differences in corals may
produce a significant 80 profile offset between 2 colonies that is independent of environmental and
extension-rate effects. We conclude that the rate of skeletal extension and the species of coral
involved have an important influence on coral '®0 and must be considered when using 8O records
for paleoclimatic reconstructions.

KEY WORDS: Stable oxygen isotopes - Coral extension rate - Coral calcification rate - Porites spp. -
Gulf of Agaba - Red Sea
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INTRODUCTION

Massive-growing corals can be used as environmen-
tal recorder because their annual growth bands allow
the reconstruction of accurate chronologies (Knutson
et al. 1972). Massive hermatypic coral skeletons are
excellent monitors of tropical water environments.
Corals of this type live in the surface-ocean mixed
layer, grow continuously at rates of several mm to cm
per yr, and during growth incorporate isotopic species
into their skeleton.

*E-mail: alrousan@uni-bremen.de

© Inter-Research 2002 - www.int-res.com

The stable oxygen isotopic composition (8'20) of her-
matypic corals has been utilised in numerous recon-
structions of past sea surface temperatures (SST) and
salinities (e.g. Charles et al. 1997, Gagan et al. 2000).
Coral 380 reflects a combination of local SST and the
380 value of ambient seawater (Epstein et al. 1953,
Wefer & Berger 1991). However, changes in coral
growth rates may change the absolute isotopic values.
Variations in the extension and calcification rates have
an impact on the fractionation of stable isotopes and
have long been a subject of discussion (Land et al.
1975, Goreau 1977, Weil et al. 1981, Patzold 1986,
McConnaughey 1989, de Villiers et al. 1995, Allison et
al. 1996, Leder et al. 1996, Cohen & Hart 1997). Signif-
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icant skeletal 8'0 depletion in faster-growing areas of
coral skeleton compared to slower-growing areas were
reported for the first time by Land et al. (1975). Allison
et al. (1996) observed in Porites lutea from Phuket,
south Thailand, that the growth rate/5'0O relationship
is linear at all extension rates, while McConnaughey
(1989) found this relation in Pavona clavus from Gala-
pagos only in parts of corals extending at a rate of less
than 5 mm yr~!. For more rapidly growing parts of the
coral, extension rate does not appear to have a signifi-
cant effect on 8'%0.

Few studies have examined skeletal 8'%0 variations
within and among species. From studies on corals from
Kaneohe Bay, Hawaii, Grottoli (1999) found that &80
values are constant over variable depths for a given
species, and that this parameter exhibits interspecific
variability. Species-specific offsets in 8'*0 have also
been reported by Weil et al. (1981) and Wellington et
al. (1996).

In this study we examined skeletal 80 composition
of 2 Porites colonies collected from the northern end of
the Gulf of Agaba: from Aqgaba at a depth of 19 m
(Porites cf. lutea) and from Eilat at 15 m (P. cf. nodifera).
To evaluate the effect of extension rate that is indepen-
dent of in situ temperature, variations in the 8'®0 of
seawater and specific-species effects, samples for 820
analysis were taken from each specimen along syn-
chronous growth profiles with different extension
rates. Previously published and unpublished coral '*0
data from the area are also included in this study for
comparison. However, the results from this study can
be used to evaluate and correct coral 380 values from
modern and fossil corals for extension rate effects.

MATERIALS AND METHODS

The study area is located at the northern end of the
Gulf of Aqaba (Fig. 1), which is the northward exten-
sion of the desert-enclosed Red Sea. The maximum
depth of the Gulf is 1830 m; its 180 km long and 5 to
26 km wide. Oligotrophic conditions prevail in the
Gulf waters, and evaporation (350 cm yr'!) greatly
exceeds precipitation (3 cm yr'!) (Reiss & Hottinger
1984).

A column of a Porites cf. nodifera colony was col-
lected in front of the Interuniversity Institute in Eilat
(29°31'N, 34°56'E) at a depth of 15 m in April 1996
(EL-15), while another column of a P. cf. lutea colony
(Ag-19) was collected in front of the Marine Science
Station in Aqaba (29°27'N and 34°90'E) at a depth of
19 m in April 1999. Both coral columns were sectioned
along their longitudinal axes to obtain slabs of about
4 mm thickness. X-radiographs were prepared to
reveal annual density bands for determining sampling

profiles (Fig. 2). Aragonite sub-samples were collected
by low-speed drilling using a dentist drill with a
0.6 mm diameter bit. Distance between samples was
about 1 mm and the drilling depth was 3 mm. A num-
ber of 7 to 12 samples (average 9) yr~! from both corals
were obtained along the maximum growth axis (main
profile). In addition, we continuously sampled stable
isotopic profiles drilled along lateral corallites from the
sides of both colonies that showed low growth rate
(Fig. 2).

The isotopic composition of the samples was mea-
sured with a Finnigan MAT 251 mass spectrometer at
Bremen University. All values are reported in per mil
relative to VPDB. The average measurement precision
for 380 was +0.07 %o.

The chronologies of both corals were constructed by
designating the maximum &'®0O value within each year
as mid-March (the coldest month in the year according
to recent SST records from Eilat and Agaba). Linear
interpolation of 12 equidistant values for the main pro-
files (6 for the side profiles) yr ! between these maxima
was applied, using AnalySeries 1.1 software package
(Paillard et al. 1996). This procedure provided a
monthly and bimonthly sampling resolution.

Absolute bulk density was measured by gamma-
densitometry on a Multi Sensor Core Logger (Geotek)
with a Cs!¥ source and 1 mm collimator at the Ocean
Drilling Core Repository in Bremen. The method is
based upon the attenuation of a gamma photon beam,
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Fig. 1. Location map of the Gulf of Aqaba showing collection
sites (¥) of Porites spp. coral colonies from Aqaba and Eilat,
northern Gulf of Agaba
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Fig. 2. Porites spp. X-radiograph-positive prints of the 2 coral
slabs (Left: Ag-19; right: El-15) showing the skeletal density
bands and the sampling profiles used for stable isotope
analysis (Profiles A, B, and C) as indicated by the arrowheads

depending on the thickness and density of the skeleton
material (Chalker & Barnes 1990). Annual mean bulk
densities were calculated from the seasonal cycles of
density variations which were measured along adja-
cent profiles near the drilled profiles.

The monthly temperature record from Agaba was ob-
tained between 1997 and 2000 (R. Manasreh pers.
comm.). The measurements were based on biweekly
measurements in the upper 1 m of the water column us-
ing an OS200 CTD instrument (precision 0.001°C). The
measurements were performed in front of the Marine
Science Station, 300 m away from the coral site.

Monthly measurements of SST from Eilat between
1988 and 2000 were used for comparison (A. Genin
pers. comm.). The measurements were based on daily
observations in the upper 20 cm of the water column
(200 m distant from the site where the coral was col-
lected) with a pre-calibrated mercury thermometer
(precision 0.1°C) fixed in a bucket.

RESULTS
Seawater temperature records

No major significant differences were observed
between the SST recorded in Aqgaba and Eilat. At both
locations, SST show the same regular seasonal cycle
and have the same seasonal amplitude (5.5°C). They
average 23.6°C, with maximum temperatures of
26.4°C (on average) in August—September, and mini-
mum temperatures of 20.9°C (on average) in Febru-
ary—-March (Fig. 3).

Salinity and 8'®0 of seawater

Seawater 80 (8'%0,,) is related to changes in
salinity as a response to changes in evaporation, pre-
cipitation and mixing of waters from different
sources. This relation between 8'%0,, and salinity dif-
fers from ocean to ocean. In the Red Sea a change of
1%o salinity causes a change of 0.29% in &'%0O,,
according to Craig (1966) and Andrié & Merlivat
(1989). At the northern end of the Gulf of Agaba the
salinity of the surface waters is close to 40.5%., and
varies by less than 0.5%. throughout the year (Wolf-
Vecht et al. 1992).

Manasreh (1998) reported that average minimum
salinities of 40.34%. occur during winter (February)
and maximum salinities of 40.56%. during summer
(June). These minor variations in the surface seawa-
ter salinity throughout the year are considered to
have little effect on the seasonal variation of the sea-
water 80 (Klein et al. 1992) (0.225%. salinity =
0.065% &'®0: Craig 1966). Therefore, the seasonal
8'80 variation in the coral skeleton of the northern
Gulf of Agaba should be mainly controlled by SST
(Heiss et al. 1999).

Calibration of 8'0 in coral skeletons

The x-radiograph-positive prints of the coral slabs
reveal a clear and regular skeletal density-banding
pattern. The alternating bands of high and low densi-
ties are annual, as confirmed by the strong seasonal
cycle in 8'%0.

The comparison between local SST records and the
coral 8'®0 time series is a necessary first step in the
calibration of coral 8O records. The oxygen isotope
profiles of both corals showed well-organized cyclic
variations along the axis of maximum extension
rate (fast-growing tops) (Profiles Aq-19A and EI-15A:
Fig. 4). 80 in the Aqaba coral ranged between
—2.45 and -3.55%. (average —3.10%0) and in the Eilat
coral between -2.10 and -3.28%. (average —2.79 %o).
Each 3'80 profile showed strong seasonal variations
with similar amplitudes. These were on average
0.80%0 in Agaba and 0.83%. in Eilat. Both profiles
correspond remarkably well to the monthly SST
measurements in Aqaba and Eilat (Fig. 5). The corre-
lation coefficients are rather high and range between
—0.84 in the Eilat coral (in the time interval 1988 to
1995) and -0.81 in the Agaba coral (in the time inter-
val 1995 to 1999). Unfortunately no instrumental
temperature data were available from Aqgaba during
the period 1988 to 1995.

Monthly records of &'%0 in both locations from the
main growth profile (Aq-19A and AEI-15A) were cali-
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Fig. 3. Monthly recorded sea surface temperatures (SST) in
Agaba between 1997 and 2000 (R. Manasreh unpubl. data)
and in Eilat between 1988 and 2000 (A. Genin unpubl. data)

brated with recorded SST, and the following equations
are the results of the calculations:

SST (°C) = -5.93 (8'80gral) + 4.63
r=-0.81 (99.5% level) Aqaba coral
SST (°C) = =5.75 (8'®Ocora)) + 7.30
1 =-0.84 (99.5% level) Eilat coral

The 8'80/SST relationship from these equations varies
between 0.168 %./°C from Aqgaba and 0.174 %. /°C from
Eilat coral. The correlations from the annual averages
of the &'%0 record and the annual average SST of the
2 corals were low (-0.25 to —0.31) despite the fact that
the annual 880 record follows that of the annual SST
record.
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Fig. 4. Porites spp. Stable oxygen isotope profiles from sam-

ples drilled vertically along the axis of maximum extension

rate of P. cf. Iutea from Aqgaba and P. cf. nodifera from Eilat
between 1987 and 1999

Extension rate and skeletal §'®0

Comparison of the &0 records from Aqgaba and
Eilat (from the main profiles, Aq-19A and El1-15A) for
the period 1990 to 1995 shows that the Aqaba coral is
several degrees more depleted in &'®O than the Eilat
coral. The offset between the 2 colonies ranged
between 0.27 and 0.36%. with an average of 0.29 %o,
and appears to be constant over the length of all years
covered (Fig. 4).

Annual extension rates were determined from the
seasonal cycle of 380 as the distance from the maximum
580 value (which represents the minimum recorded
temperature) in a given year to the maxi-
mum value in the following year. The

Eilat coral showed lower mean annual
extension rates, ranging between 7 to
13 mm yr! (11.2 mm yr! on average),
compared to 12 to 21 mm yr ! (15.2 mm
yr ! on average) in the Aqaba coral.

We examined the relationship be-
tween annual extension rates and mean
—  annual 3%0 in Aqgaba and Eilat corals.
The 30 values obtained along the
slower extension rate profile (EI-15A)
were more enriched in 80 than the
faster extension rate profile (Agq-19A).

- Coral 8'®0 from synchronous growth
profiles

To evaluate the extension rate effect

T that is independent of the in situ tem-
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Fig. 5. Porites spp. Comparison of monthly variations in coral §'®O (from pro-
files drilled vertically along axis of maximum extension rate) with monthly
recorded sea surface temperatures (SST) at Agaba and Eilat

perature and variations in 880 of the
seawater, '®0 samples were taken
from each specimen along synchronous
growth profiles with different extension
rates.
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temperatures (SST) along 2 different coral extension rate
profiles (Aq-19A, 15.2 mm yr !; Aq-19C, 1.9 mm yr})

The bimonthly 80 profile from the Agaba coral
(Ag-19C) with extension rates between 1 and 2.5 mm
yr'! (average 1.9 mm yr ') showed a seasonal ampli-
tude of 0.73%.. Values ranged between -1.85 and
—2.98%0 (average —2.29%.), similar to that obtained
from the slowest growth profile of the Eilat coral (El-
15C), 0.81 %o higher than the average value of the main
profile from the same colony (Aq-19A) (Fig. 6a).

The bimonthly 8'80 profiles from the slower-growing
sides of the Eilat coral (E1-15B and El-15C) show strong
seasonal variations of 0.82 and 0.89%. seasonal ampli-
tude, similar to that obtained from the main profile
from the same colony (E1-15A).

The 380 values from Profile El-15B ranged between
—2.04 and -3.30%o., with an average of —2.68 %o, which
is 0.11 %o higher than that obtained from the main pro-
file (Fig. 7a). The extension rate in this profile ranged
between 2 and 5 mm yr! (average 3.9 mm yr}). Also,
880 values from the El-15C profile ranged between
-1.75 and -2.87%0 (average —2.23%o), 0.15%. higher
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Fig. 7. Porites cf. nodifera. (a) Seasonal variation in 8'*0 (VPDB)
composition of Eilat coral along 3 different profiles; (b) linear
relation between '®0 and recorded sea surface temperatures
(SST) along 3 different coral extension-rate profiles (El-15A,
11.2 mm yr }; E1-15B, 3.9 mm yr }; E1-15C, 2.3 mm yr ')

than that from El-15B (Fig. 7a). The extension rate in
this profile ranged between 1.5 and 3 mm yr~! (average
2.3 mm yrl).

Calibration of &0 from these profiles with recorded
SST at bimonthly intervals, produced different &30/
SST equations (Figs. 6b & 7b) that varied between
0.21%o0 °C™', 0.25%0 °C~! and 0.24 %, °C~!, with correla-
tion coefficients of 0.69, 0.64 and 0.63 from Aq-19C,
El-15B, E1-15C, respectively.

Relation between growth variables

Calcification rate was calculated as a product of lin-
ear extension and skeletal density (Chalker et al. 1985,
Lough & Barnes 2000). Calcification values along all
profiles ranged between 2.2 and 0.157 g cm™2 yr !, with
an average of 0.92 g cm™ yr!, and decreased from the
top to the sides of the colonies due to decreases in the
extension rates.
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Fig. 8. Porites spp. Scatter diagram of average annual growth data for Aqaba and Eilat corals (combined data). (a) Density vs
extension; (b) calcification vs extension; (c) calcification vs density; (d) density vs skeletal stable oxygen isotopes. Regression lines
and correlation coefficients are shown

The relations between density, extension and calcifi-
cation rate in this study (Fig. 8) are similar to the
growth relations reported for other studies (Wellington
& Glynn 1983, Dodge & Brass 1984, Scoffin et al. 1992,
Lough & Barnes 2000). Average annual extension was
inversely correlated with average annual density (r =
0.88) and significantly correlated with average annual
calcification (r = 0.98). Average skeletal density was
inversely correlated with average annual calcification
(r = 0.84) and skeletal oxygen isotope (r = 0.80). Thus,
we conclude that variations in average annual calcifi-
cation were mostly caused by variations in extension
rate, as found by Barnes & Lough (1993) and Lough &
Barnes (2000).

DISCUSSION
Calibration of coral §'%O

Our 8'®0/SST slopes from the main profiles of the
Agaba and Eilat corals (0.168 and 0.174 %./°C) are less
than the widely accepted values of 0.22%. for calcite
(Epstein et al. 1953) and 0.23%./°C for aragonite
(Grossman & Ku 1986), and are similar to values deter-
mined by Gagan et al. (1994) for Porites sp. at a weekly
resolution from the Great Barrier Reef (0.18 %./°C) and

by Quinn et al. (1998) for a New Caledonia Porites sp.
on a monthly scale (0.172 %0/°C).

Felis et al. (1998) and Moustafa (2000) determined a
value of 0.165 %0/°C as the most reasonable for calibra-
tion for Porites sp. from Ras Umm Sid, Red Sea (using
the IGOSS temperature data set). Heiss et al. (1999)
also found a value of 0.166 and 0.187%./°C from
monthly resolution in horizontal and vertical profiles of
a P. lutea colony from Aqgaba.

On an annual timescale, the correlation coefficient
decreased to -0.25 and -0.31. For New Caledonia
corals, Quinn et al. (1998) reported that the correla-
tion coefficient decreased from -0.87 on a seasonal
timescale to -0.53 on an annual timescale. They
explained this decrease as being due to salinity
changes, whereby seasonal variations in salinity are
small compared to those for temperature, while inter-
annual changes in salinity are proportionally larger
than their seasonal changes.

This may also be the situation in the northern Gulf of
Agaba. A regular measurement of seawater salinity
over 4 yr (1997 to 2000) showed no systematic annual
pattern (R. Manasreh, pers. comm. [2000]) and the
average annual values differed from year to year. The
interannual variations during this period were as much
as 0.4 %o, compared to 0.225 %o on a seasonal scale. The
potential impact of 0.4 %0 interannual salinity variation
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on 8%0 of Red Sea water and hence on coral 8?0 is
0.12%o (after Craig 1966). This effect could explain part
of the difference in the seasonal and mean annual
slopes of 8'80/SST.

The measured SST in Agaba and Eilat reveal an
average annual cycle of about 5.5°C. Using the gradi-
ent of 0.165%./°C for coral 3'8O-temperature depen-
dence from the northern Red Sea (Felis et al. 1998,
Moustafa 2000), the average seasonal coral 580 varia-
tion of 0.83%. would reflect a temperature change of
about 5.0°C, which is about 91% of the average
seasonal SST amplitude. The expected variation of
0.065%0 %0 in seawater (related to a 0.225%. change
in salinity) constitutes 7.8 % of the average seasonal
coral 8'%0 variation. This indicates that a large major-
ity of the variations in coral oxygen isotope data can be
explained by variations in the SST, and only a small
fraction can be attributed to 80O variations of surface
water.

It is obvious from our results that different 8'30/SST
relations exist in different colonies and in different
parts of the same colony. These variations are most
probably biologically mediated, as outlined in the fol-
lowing subsection.

Eifect of extension rate on skeletal 320 composition

Both main 8'®0 profiles for the 2 colonies (Aq-19A
and E1-15A) show similar amplitudes (0.83 and 0.80 %o,
respectively), which implies that both corals respond
similarly to environmental signals. The offset between
the &'"®0 profiles (~0.29%. on average, with lower 520
values in the Agaba coral) does not reflect changes in
temperature and/or salinity between the 2 sites (simi-
lar physical environment) and is probably a biologi-
cally mediated signal.

Although the profiles from the coral sides (Ag-19C
and El-15B, C) were sampled at lower resolution, they
displayed roughly the same seasonal amplitude as the

main profiles with a monthly sampling resolution.
Analysis of 80 along the main and synchronous
growth profiles revealed different trends in the 330
values (Figs. 5, 6b, 7b). These results indicate that the
880 values are subject to extension and calcification
rate effects, i.e. the faster-growing profile (Aq-19A) is
0.29 %o more depleted in 3'80 than the slower-growing
profile (EI-15A). A trend of higher 380 content with
slower extension rate was also observed in the syn-
chronous growth profiles of both colonies (Aq-19C,
El-15B, E1-15C).

The relation between coral 820 and skeletal growth
rate determined in this study is not linear and can be
explained by a simple exponential model (Fig. 9):

Coral 880 = —3.067 + exp [1.069 + (-0.744) x ER]
Adgaba coral r = 0.96
-2.795 + exp [1.016 + (-0.757) x ER]
Eilat coral r = 0.97

Coral 8'%0

where ER is the coral extension rate (mm yr!), and
8'80 is %o VPDB.

Coral 5'%0 data from Agaba and Eilat and from the
same genus (Porites) with different extension rates—
Coral S4 (6.8 mm yr '), Coral MB30 (3.3 mm yr}),
Coral IS50 (2.0 mm yr!) and Coral S6 (14.8 mm yr )
(Klein et al. 1993, J. Patzold & R. Klein unpubl. data),
AQ-193 (20 mm yr!), Coral Aq-292 (5.3 mm yr~!) and
Coral Aq-424 (3.5 mm yr!) (Al-Rousan unpubl. data) —
are also plotted in Fig. 9. The data fit the curve and
support the reliability of the exponential model.

The inverse relationship between 3'®0 and exten-
sion rate revealed by this model applies to growth rates
of 1to 5 mm yr ! (Profiles Aq-19C, Aq-292, Aq-424, El-
15B, E1-15C, MB30, and IS50). For more rapidly grow-
ing corals and portions of corals (as in Profiles Aq-19A,
Aq-193, EI-15A, S4 and S6: Fig. 9), the relation is con-
stant, and the extension rate does not appear to have a
significant effect on coral 5'20.

These results are similar to those of McConnaughey
(1989), who found an inverse relationship for Galapa-

Fig. 9. Porites spp. Exponential relationship be-
tween skeletal 8'°0 and skeletal extension rate of
colonies sampled along vertical (main axis) and
horizontal (coral sides) profiles of corals collected
from the northern Gulf of Aqaba, Red Sea. Data
for Corals IS51, MB30 and S4 are from Klein et al.
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gos Pavona clavus corals that grew at rates of <5 mm
yr !, and extension rate did not appear to have any sig-
nificant effect on 8'®0 composition at growth rates of
>5 mm yr!. Quinn et al. (1998) also found a negative
correlation in New Caledonia corals, and Allison et al.
(1996) in corals from Phuket, South Thailand—but at
all extension rates. Higher 3'®0 and Sr/Ca values in
slower growing transects were reported by de Villiers
et al. (19995) for Pavona clavus from Galapagos. In con-
trast, Leder et al. (1996) found that the &'%0 content of
rapidly growing portions (8 mm yr ') of a colony was
0.1 to 0.2%0 higher than that of the slowest growing
portions (1.1 mm yr~!), and explained this as a result of
reduced sampling resolution in slower growing por-
tions of the coral and not a result of variable kinetic
effects.

We conclude that growth rate has an important
effect on the isotopic composition of coral skeletons.
Our results support the conclusion drawn by Mc-
Connaughey (1989) that the depletion of 380 is char-
acteristic for kinetic fractionation associated with rapid
calcification, and that isotope disequilibria tend to be
fairly consistent in rapidly growing parts of photosyn-
thetic corals. For this reason, we suggest that 880
should be measured in fast-growing portions where
the extent of isotopic disequilibria is largest, since iso-
topic disequilibria are too variable in slow-growing
parts.

Calcification rate and species-specific effects

As shown in Fig. 9, a 880 offset between Aqaba and
Eilat colonies does exist. We calculated the calcifica-
tion rate along the drilled profiles. Due to the high
correlation between extension and calcification rate
(Fig. 8c) the relation between calcification and &0

failed to explain the offset between the main &'®O pro-
files for the 2 colonies. A similar exponential equation
was produced (Fig. 10). We found that high extension
profiles revealing low skeletal densities (Aq-19A) were
depleted in 50 compared to low extension profiles
showing high densities (E1-15A) which may have had
the similar calcification rate.

The offset between 3'%0 profiles cannot always be
explained as a function of extension and/or calcifica-
tion rate. For this reason, both corals were taxonomi-
cally identified. Aq-19, Aq-193, Ag-292 and Ag-424
(which are depleted in %0 by ~0.29 % compared to El-
15) are Porites cf. lutea, while El-15 is P. cf. nodifera.
Wellington et al. (1996) found that certain species are
enriched or depleted in 3'80 relative to other species of
the same genus living under the same environmental
conditions, whereas Grottoli (1999) found for Hawaii
corals that 8'%0 varies among species. Species-specific
offsets in 8'®0 have been also reported by Weil et al.
(1981). The &'80 offset between coral species may
reflect some genetic differences which alter the extent
of isotopic disequilibria (Allison et al. 1996).

The results of this study show that the linear exten-
sion rate and species variation should be considered
when interpreting coral 30 data for paleoclimatic
studies. Further studies are also needed to study the
variation of 8'80 of other Porites species.

CONCLUSIONS

The high correlation between coral 30 and
recorded SST (-0.84) in both Agaba and Eilat in the
northern Red Sea suggests that the great majority of
the seasonal variations in coral oxygen isotopes can be
explained by the SST variations, and only a small frac-
tion can be attributed to 8'%0 variations in the surface
water. These results support the concept of
using northern Red Sea corals as recorders of
variability in SST. Interannual salinity varia-

tions in the Gulf of Aqaba (as recorded in recent
studies) seem to be responsible for decreasing
the correlation between coral 80 and SST on
r the annual timescale.

L Different 8'®0/SST relations from 2 different
colonies and also from the same colonies were
obtained, indicating that 3'80 of coral skeletons
is subject to an extension rate effect. Significant
880 depletion occurs at high extension rates,

and higher values at low extension rates. The
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Fig. 10. Porites spp. Exponential relationship between skeletal &0
and skeletal calcification rate for 2 species collected from the northern

Gulf of Agaba, Red Sea

25  relation between 880 and extension rate is not
linear, and can be explained by a simple expo-
nential model in which the inverse function
extends over extension rates of 1 to 5 mm yr .
For more rapidly growing corals and portions
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of coral colonies, the relation is constant, and the ex-
tension rate did not appear to have any significant
effect on coral 8'80. The offset in 8'%0 profiles cannot
always be explained as a function of extension and/or
calcification rate, and may result from interspecific
differences between corals.

We suggest that 8'%0 values from Porites spp. corals
should be measured from fast-growing corals or por-
tions of the colonies (growth rate of >5 mm yr'), in
which the isotopic disequilibrium is fairly constant.
Skeletal extension rate and coral species should be
considered when interpreting and comparing coral
paleoclimatic data from various coral species with dif-
ferent extension rates.
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