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INTRODUCTION

Since first described by Alldredge et al. (1993), the
ubiquity and important role of transparent exopolymer

particles (TEP) in aquatic environments have been
extensively documented (Passow 2002a). TEP are
microscopic, transparent organic particles that consist
mainly of acid polysaccharides and which can be
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ABSTRACT: Variations in transparent exopolymer particles (TEP), bacterial biomass production (BP)
and primary productivity (PP) were followed over 52 h at a deep water station in the Gulf of Aqaba
(Eilat, Israel) during the spring, in April 2008. About 20 h after the start of the study, there was a short
(~15 h) but intense storm event that probably caused a nutrient pulse and, subsequently, a brief out-
growth of diatoms in the euphotic layer. Concentrations of TEP and BP ranged from 23 to 228 µg gum
xanthan equivalents l–1 and from 0.2 to 0.6 µg C l–1 h–1, respectively. Concentrations of TEP and BP
were measured in unfiltered and in GF/C (1.2 µm)-prefiltered samples. Most of the TEP (59 ± 21% of
total TEP, mean ± SD) were in the smaller (GF/C-filtered) size fraction (0.4–1.2 µm); however, after
the crash of the diatom bloom, the majority of TEP were in the >1.2 µm size fraction. In the GF/C-
filtered fraction, BP averaged 59 ± 12% and 93 ± 5% of total BP in the upper water column and from
300 m, respectively. Significant correlations were observed between TEP and BP, suggesting that
active heterotrophic bacteria may have been associated with these particles. During the 3 d of our
study, PP and BP in the euphotic zone averaged 480 and 225 mg C m–2 d–1, respectively, suggesting
that about half or more of the primary produced carbon was metabolized by heterotrophic bacteria in
the upper water column. Coincident with strong mixing caused by the storm, TEP concentrations
decreased in the surface water and increased at depth. We suggest that TEP acted to link carbon flux
between the primary producers and heterotrophic bacteria, and that the downward movement of
TEP from the upper water layers may be an important process in transferring organic carbon to
deeper waters of the Gulf of Aquaba. Sinking TEP could provide not only organic carbon substrates
for associated bacteria but also form ‘hot spots’ of elevated microbial metabolism and nutrient cycling
throughout the water column.
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detected by staining with Alcian Blue. TEP range in
size from 0.4 to ~200 µm and appear in many forms:
amorphous blobs, clouds, sheets, filaments or clumps.
TEP are negatively charged, often enriched in fucose
and rhamnose (Zhou et al. 1998, Passow 2002b, Mari et
al. 2004), and may adsorb other organic molecules and
trace metals. TEP can serve as ‘hot spots’ of intense
microbial and chemical activity within the water mass
(Azam & Long 2001) because of their high nutrient
content and sticky characteristics (Passow & Alldredge
1994, Mari & Kiørboe 1996). Because of the gel-like
structure and large surface area of TEP, it has been
estimated that, in some marine waters, between 50 to
90% of the total bacterial community is associated with
these particles (Passow & Alldredge 1994, Schuster &
Herndl 1995, Mari & Kiørboe 1996, Worm & Sonder-
gaard 1998).

TEP can be formed via either abiotic or biotic pro-
cesses. In some aquatic environments, TEP form abi-
otically from colloidal, dissolved organic matter
(DOM) by coagulation and gelation (Chin et al. 1998,
Mari 1999, Passow 2000) or by adsorption to bubbles
(Mopper et al. 1992). The formation of TEP is stimu-
lated by turbulence (Kepkay 2000). Considerable
amounts of TEP are also produced by sheer forces act-
ing to remove parts of the gelatinous envelopes sur-
rounding diatoms and other algae (Passow et al. 1994,
Berman & Viner-Mozzini 2001) and from bacterial
mucus (Stoderegger & Herndl 1999). Direct prolifera-
tion of mucus and, subsequently, TEP has been
observed in senescent or nutrient-stressed algae and
cyanobacteria (Grossart et al. 1997, Berman-Frank et
al. 2007). Probably the most abundant marine phyto-
plankton source of TEP are diatoms, given their size
and high production of extrapolymeric substances
(EPS) (Thornton 2002). Laboratory and field experi-
ments have confirmed that TEP secretions contribute
to the stickiness of diatom cell surfaces (Smetacek
1985, Grossart & Ploug 2001, Passow et al. 2003) and
play an important role in their aggregation following
blooms (Alldredge et al. 1993, Passow & Alldredge
1994, Engel 2000). Logan & Alldredge (1989) ob-
served that newly formed diatom aggregates could
sink with velocities reaching up to 200 m d–1. Field
observations have further shown a close correlation
between phytoplankton primary production at the
surface and TEP flux to deeper water (Mari & Burd
1998), and this has been invoked as a major transfer
pathway for particulate organic carbon (POC) from
the photic zone to deep water in marine systems
(Engel et al. 2004, Arrigo 2007).

This is the first study of TEP in the oligotrophic Gulf
of Aqaba (Eilat). The northern Gulf of Aqaba is charac-
terized physically not only by intense summer stratifi-
cation but also by extremely deep winter mixing down

to >850 m depth (Genin et al. 1995). Concentrations of
available N and P in the euphotic zone are generally
low throughout the year, despite winter mixing from
January to March (Genin et al. 1995, Al-Qutob et al.
2002, Labiosa & Arrigo 2003). Chlorophyll a (chl a)
concentrations in the euphotic water column average
~0.2 µg chl a l–1 with a deep chlorophyll maximum
(DCM) forming during spring and summer months
(Stambler 2006). Primary productivity is low through-
out the year with a winter maximum of 3.4 mg C m–3

d–1 in near-surface waters (Iluz 1997).
Our data were collected in late winter/early spring,

when diatoms such as Chaetoceros sp. and dinoflagel-
lates often dominate the near-surface layers while
picophytoplankton, mainly Synechococcus, populate
the deeper water (Lindell & Post 1995, Iluz 1997,
Stambler 2006).

We document the dynamics of the spatial and tempo-
ral distribution of 2 size-fractions of TEP (0.4–1.2 µm
and >1.2 µm), and the corresponding changes of bacte-
rial biomass carbon production (BP) and primary pro-
ductivity (PP), over a 52 h period. Our results suggest
that TEP play a critical role in the transport of organic
carbon from the surface to deeper waters and in link-
ing carbon flux between photosynthetic phytoplankton
and heterotrophic bacteria in the Gulf of Aqaba. Note:
throughout this paper, we use the term ‘bacteria’ to
denote both Bacteria and Archaea.

MATERIALS AND METHODS

Sampling strategies. A series of CTD casts (0 to
300 m) were made during early April 2008 in the north-
ern Gulf of Aqaba at Station A1 (29.28° N, 34.55° E;
bottom depth 650 m). Water samples for TEP and BP
were collected at 3 depths (5 m, DCM [between 30 and
40 m] and 300 m) using 8 l Niskin bottles mounted on a
Rosette equipped with a CTD. The sampling times for
the casts were 18:40 h on 1 April; 03:00 h, 10:30 h and
17:30 h on 2 April; and 15:45 h on 3 April. One-litre
portions of these samples were size-fractionated by
filtration through GF/C (~1.2 µm) filters.

Phytoplankton was sampled from 2 depths (5 m and
DCM) between 12:00 h on 1 April and 20:00 h on 3
April. Our study began at 12:00 h on 1 April; therefore,
we refer to this time point as time zero (0 h) through-
out.

Phytoplankton abundance. Phytoplankton popula-
tion composition and abundance were determined in
samples fixed with 100 µl of 26% glutaraldehyde using
an inverted microscope and following the Utermöhl
(1958) method. The carbon biomass of the microphyto-
plankton population was calculated according to Edler
(1979) and Menden-Deuer & Lessard (2000).
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Picophytoplankton (<2 µm) abundance was mea-
sured by flow cytometry using cell side-scatter as a
proxy of cell volume; forward scatter as a proxy of cell
size; and orange and red fluorescence of phycoerythrin
and of chl a (585 and 630 nm, respectively). Samples
(1.8 ml) were fixed immediately at room temperature
for 20 min with 23 µl of 25% glutaraldehyde (Sigma G-
5882), frozen in liquid nitrogen and kept at –80°C until
analysis. For analysis, samples were quickly thawed at
37°C and counted in a FACScalibur (Becton & Dickin-
son) flow cytometer. A minimum of 10 000 cells was
counted; 0.93 µm beads (PolysciencesTM) served as
standards. Picophytoplankton carbon biomass was cal-
culated as 175 fg C cell–1 for Synechococcus (the
majority of cyanobacterial cells), as 53 fg C cell–1 for
Prochlorococcus, and as 2100 fg C cell–1.

Primary productivity (PP). The underwater light
field was measured from the surface to 100 m water
depth with a Biospherical PRR-800 spectroradiometer.
PP was estimated from the upwelling radiance of
chlorophyll natural fluorescence as:

Fc = Ff (kcf φrmax)/(kcf + E0) (1)

where Fc is the rate of photosynthetic carbon fixation,
(Ff) is the fluorescence at 683 nm derived from the
upwelling radiance of chlorophyll natural fluorescence
per volume, (E0) is the incident photosynthetically
available irradiance per m2, φrmax is the ratio of the
quantum yields of photosynthesis to fluorescence, and
(kcf) is the irradiance at which this ratio is 1/2 of the
maximum (for details of this approach see Bidigare et
al. 1987, 1989, Keifer et al. 1989 and Chamberlin et al.
1990). A close correlation (r2 = 0.823, p < 0.0001, n = 24)
was found between PP estimated using this method
and using 14C productivity measurements made at the
same time in these waters (Iluz et al. 2009, this Special
Issue).

Bacterial production (BP). BP was determined using
the leucine incorporation method (Kirchman et al.
1985, Simon & Azam 1989) as modified by Smith &
Azam (1993). All samples were run in triplicate with
zero time controls. Leucine incorporation was con-
verted to BP using a factor of 3.1 kg C mol–1 with an
isotope dilution factor of 2.0 (Simon & Azam 1989). BP
(and TEP, see below) was measured in samples from
both unfiltered and GF/C-filtered water.

Determination of TEP. The concentrations of TEP (as
µg gum xanthan [GX] equivalents l–1) in bulk water sam-
ples filtered onto 0.4 µm polycarbonate filters and in
samples subsequently filtered through 1.2 μm GF/C fil-
ters were measured using the technique of Passow & All-
dredge (1995). The 2 resulting fractions are termed ‘total
TEP’ (>0.4 µm) and ‘small TEP’ [S-TEP] (0.4–1.2 µm).
‘Large TEP’ [L-TEP] (>1.2 µm) was determined by sub-
tracting the concentration of S-TEP from total TEP.

RESULTS

Phytoplankton and nutrients

At the beginning of our study (1 April, 12:00 h), the
Gulf was calm with extremely low winds (<5 kn) (Fig. 1).
In near-surface waters (0 to 40 m), concentrations of dis-
solved inorganic nitrogen (DIN; nitrite and nitrate)
ranged between 0.01 to 0.02 µM N. In terms of phyto-
plankton biomass carbon, picophytoplankton (<2 µm)
were predominant (50 µg C l–1) over the microphyto-
plankton (0.5 µg C l–1). Diatoms, mainly Chaetoceros cf.
compressus and Chaetoceros curvisetus, were the main
component (76 to 97%) of the microphytoplankton.
About 20 h after the start of our study, a northerly storm
with winds reaching a maximum of 20 to 25 kn began
and lasted for ~20 h. DIN in near-surface waters in-
creased abruptly, reaching concentrations of 0.08 to
0.1 µM N, presumably as a result of storm-induced mix-
ing and transport. A steady increase in diatom biomass
was recorded, reaching a peak of 20.1 µg C l–1 at 41 h. In
contrast to the diatoms, picophytoplankton dropped to
22 µg C l–1 towards the end of the storm. DIN levels sub-
sequently decreased to 0.01 to 0.03 µM N, and, concomi-
tantly, a second shift between the phytoplankton com-
munities was observed with diatom biomass
decreasing to 5.4 µg C l–1 while picophytoplankton again
became dominant with values reaching 40 µg C l–1.
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Fig. 1. Temporal changes in biological, physical and chemical
characteristics at a deep water station, northwestern Gulf of
Aqaba. Phytoplankton (diatoms and picophytoplankton)
were counted in samples from 5 m water depth. Values for
transparent exopolymer particles (TEP) are integrated from
the surface to 300 m water depth. Dissolved inorganic
nitrogen (DIN; nitrite and nitrate) was measured daily near
the surface (0 to 30 m). Wind data were recorded at the
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Primary productivity

Fig. 2 shows the changes in PP in the upper water
layer (surface to DCM) over the course of our study as
estimated from upwelling chlorophyll natural fluores-
cence obtained with a spectroradiometer and cali-
brated against 14C (Kiefer et al. 1989, Chamberlin et al.
1990, Chamberlin & Marra 1992). The overall pattern
of PP reflects the shifts observed in phytoplankton pop-
ulation composition, DIN concentrations (Fig. 1) and
chl a (Fig. 2) during this time. For the 3 d of this study,
daily areal PP from surface to the DCM was 437 mg C
m–2 d–1 (1 April), 502 mg C m–2 d–1 (2 April) and 498 mg
C m–2 d–1 (3 April).

TEP

Concentrations of TEP at all depths measured
ranged from 23 to 228 µg GX equivalents l–1. Areal
concentrations of TEP, estimated by integration
between 0 m to the DCM, varied about 3 fold during
the course of the study. Initially, at 7 and 15 h, areal
TEP concentrations were 6657 and 6740 mg GX equiv-
alents m–2, respectively. After this time, they dropped
to 3634 mg GX equivalents m–2 at 22 h and to 3207 mg
GX equivalents m–2 at 29 h, coincident with the rise
and peak of the diatom bloom. Subsequently, by the
final sampling time (52 h), areal TEP concentrations
had increased again to 4149 mg GX equivalents m–2.
The variations in areal TEP concentrations in the upper
water column (0 m to DCM) over time are shown in
Fig. 2.

During the study, there were marked changes in the
distribution of TEP concentrations in the water column
down to 300 m (Fig. 3A). For the first 15 h, we observed
relatively high levels of TEP in the near-surface and
DCM samples (222 to 228 µg GX equivalents l–1), and
lower TEP concentrations at 300 m (163 to 137 µg GX
equivalents l–1). Then, with the onset and progression
of the northerly storm (from 20 to 40 h), TEP concentra-
tions, especially those at 5 m and the DCM, fell sharply
(130 and 106 µg GX equivalents l–1, respectively). By
52 h, the depth distribution pattern of TEP was
reversed, with concentrations at the near-surface and
DCM being lower than those in the 300 m sample (110,
166 and 209 µg GX equivalents l–1, respectively).

For all samples, S-TEP ranged from 21 to 85% of
total TEP, with a mean of 59 ± 21%. S-TEP was 56 ±
22% and 66 ± 18% of total TEP in the upper water
layer and at 300 m, respectively. Prior to the diatom
bloom, when picophytoplankton dominated in the
water column, S-TEP contributed 46 to 85% of total
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Fig. 2. Northwestern Gulf of Aqaba: temporal changes in pri-
mary production (PP), bacterial production (BP) and transpar-
ent exopolymer particles (TEP) in the euphotic water column
(surface to deep chlorophyll maximum). Chlorophyll a (chl a)

values were measured at the DCM

Fig. 3. Northwestern Gulf of Aqaba: temporal changes in size-
fractionated TEP measured at 3 depths (at 5 m, the deep
chlorophyll maximum, and 300 m). (A) Total TEP. (B) Small
TEP (S-TEP), 0.4–1.2 µm size fraction. The numbers in (B)
show the percentages of S-TEP relative to total TEP at each of
the sampled depths (top to bottom). n.d.: not determined



Bar-Zeev et al.: TEP links phytoplankton and bacterial production

TEP, with the lowest percentage observed at the DCM
(Fig. 3B). During the diatom bloom (15 to 29 h), S-TEP
steadily declined relative to L-TEP, from ~80% to
22–32% in the upper water layers. By 52 h, following
the crash of the diatom bloom, S-TEP (58%) had
increased relative to L-TEP at the surface but not at the
DCM (28%). At 300 m, S-TEP was 71% of total TEP
initially but dropped to 46% by 52 h.

Bacterial productivity

BP in unfiltered water samples in the upper water
column (5 m and DCM) varied only 3-fold (from 0.2 to
0.6 µg C l–1 h–1) during the course of our observations.
The pattern of BP showed initially higher values that
dropped after 15 h and eventually increased again
after 20 h (Fig. 2). From the surface to the DCM, BP

averaged 0.31 ± 0.17 µg C l–1 h–1 or ~220 mg C m–2 d–1.
The levels of BP were about an order of magnitude
lower at 300 m with 0.032 ± 0.016 µg C l–1 h–1 and rang-
ing from 0.002 to 0.046 µg C l–1 h–1.

In the upper water column (5 m and DCM), BP in the
<1.2 µm fraction averaged 59 ± 12% of total BP. In
comparison, almost all BP (93 ± 5%) was in the <1.2 µm
fraction at 300 m.

We observed a significant positive correlation (r2 =
0.508, p = 0.001, n = 23) between BP and TEP concen-
trations measured in all (unfiltered and GF/C-filtered)
samples (Fig. 4A). Additionally, BP in GF/C-filtered
samples was significantly correlated with S-TEP from
all depths (r2 = 0.49, p = 0.025, n = 10, Fig. 4B) and from
upper waters (r2 = 0.53, p = 0.04, n = 8, data not shown).
No significant correlations resulted from regressing
total TEP or BP in the >1.2 µm fraction against L-TEP.
Significant positive correlations were also determined
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Fig. 4. Northwestern Gulf of Aqaba: linear regression of bacterial production (BP, µg C l–1 h–1) against transparent exopolymer
particles (TEP, µg GX equivalents l–1). (A) GF/C-filtered and unfiltered samples, BP = 0.0019 (TEP) –0.0186 (r2 = 0.508, p =  0.001,
n = 23). (B) GF/C-filtered fraction, BP = 0.0013 (S-TEP) + 0.0534 (r2= 0.486, p =  0.025, n = 10). (C) Unfiltered samples from 5 m
water depth: BP = 0.0019 (TEP) + 0.0828 (r2 = 0.62, p =  0.02, n = 8). (D) Data from unfiltered samples at the DCM: BP = 0.0011

(TEP) + 0.0689 (r2 = 0.52, p =  0.04, n = 8)
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between BP and TEP (unfiltered and filtered samples)
at 5 m (r2 = 0.62, p = 0.02, n = 8) (Fig. 4C) and at the
DCM (r2 = 0.52, p = 0.04, n = 8) (Fig. 4D), but no signif-
icant correlation was found for samples from 300 m
water depth.

DISCUSSION

TEP dynamics

The Gulf of Aqaba is considered to be oligotrophic
with annual fluctuations in phytoplankton biomass and
primary productivity (Lindell & Post 1995). In late win-
ter/early spring, extremely deep mixing occurs, bring-
ing nutrients to the surface (Genin et al. 1995). The
phytoplankton community undergoes pronounced
seasonal changes, with picophytoplankton (Synecho-
coccus and Prochlorococcus) dominating (95%) during
the spring–summer stratification and short-lived
blooms of microphytoplankton (diatoms and dinofla-
gellates) during winter mixing (Reiss & Hottinger 1984,
Lindell & Post 1995).

In the course of our short-term survey, we observed
marked fluctuations both in phytoplankton abundance
and population composition (Fig. 1). These changes
were almost certainly caused by a brief but intense
storm event that brought about strong mixing of the up-
per water column with upwelling at the north and east
and downwelling at the western side of the Gulf (Genin
et al. 1995). Between 15 to 40 h, we recorded a sharp
rise in diatoms, concomitant with a drop in picophyto-
plankton. Chl a levels and PP also peaked at this time
(Fig. 2). A further 20 h later, diatom abundance had de-
creased while picophytoplankton increased again.
Such transient blooms are common in the Gulf during
the winter–spring transition (Al-Najjar et al. 2007). The
observed changes in the phytoplankton community
may have occurred in response to similar fluctuations in
DIN concentrations (Fig. 1), and the abrupt crash of the
diatom bloom may have reflected changes in their
physiological state from nutrient adequacy to stress.

Experimental studies in microcosms (Allgaier et al.
2008) and field data (Berman-Frank et al. 2007) sup-
port the idea that phytoplankton physiological state is
coupled to secretion of TEP. In diatom cultures, nutri-
ent limitation (especially N) and/or senescence have
been been related to increased TEP release (Hong et
al. 1997, Corzo et al. 2000, Engel et al. 2002). In various
ocean environments, high TEP concentrations have
been observed towards the final phase of diatom
blooms (Passow & Alldredge 1994, Mari & Burd 1998).

The changes in the relative abundance of S-TEP to
L-TEP observed during our study (Fig. 3) may also
have been related to the fluctuations in phytoplankton

populations. Initially (until 23 h), corresponding to the
period of picoplankton domination, S-TEP at the near-
surface comprised the majority of total TEP. Towards
the peak of the diatoms (at 29 h), L-TEP became pre-
dominant in the upper water layers (~70 and 80% at
5 m and at the DCM, respectively), but only for a short
time (Fig. 3B). Subsequently, at the next sampling time
(52 h), L-TEP, which may have been rapidly sinking,
had decreased to ~40% at 5 m although still compris-
ing ~70% of total TEP at the DCM (Fig. 3B).

In view of the above, we suggest that the observed
temporal succession of TEP concentrations and size-
distribution in the euphotic water column (Figs. 1 to 3)
was related to the changes in diatom abundance. Dur-
ing the exponential growth phase, when DIN concen-
trations and PP were high, leading to the peak of
diatoms, the algal cells would not be expected to
release much TEP and, indeed, concentrations of these
particles declined. Following the diatom bloom, when
PP was still relatively high but DIN decreased sharply,
there may have been uncoupling between PP and cell
growth, leading to TEP release (Berman-Frank et al.
2007) and giving rise to the increased level of areal
TEP in the water column that was observed at 52 h
(Fig. 2). TEP generated in the upper water layer would
tend to sink rapidly as a result of downwelling currents
generated by the strong northerly storm event.
Northerly winds in late winter/spring have been
shown to cause strong downwelling, reaching depths
of around 300 m in the western Gulf of Aqaba (Labiosa
& Arrigo 2003). Such a process could explain our data
showing increased concentrations of TEP at 300 m and
also, to some extent, at the DCM after 52 h (Fig. 3).

Based on our observations, we suggest that flux of
TEP from upper water layers could be an important
process in organic carbon transfer to deep waters of
the Gulf. This follows from previous indications that
polysaccharide aggregates such as TEP may act to
transport POC from the upper water column to deeper
layers (Engel et al. 2004, Arrigo 2007). Sinking TEP
could provide not only organic carbon substrates for
associated bacteria, but could also form ‘hot spots’ of
elevated microbial metabolism and nutrient cycling
throughout the water column (Azam 1998, Thornton
2002).

Bacterial productivity and TEP

As yet, there have been only a few measurements of
BP in the Gulf of Aqaba. Grossart & Simon (2002)
reported BP ranging from 0.001 to 0.057 µg C l–1 h–1

with an average areal BP of ~65 mg C m–2 d–1 for sam-
ples down to 150 m water depth taken in the Gulf in
1999. These values are considerably lower than our
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measurements for the upper water layers and may rep-
resent the more oligotrophic situation that is typical for
the Gulf waters throughout most of the year. Our sam-
ples were taken when phytoplankton biomass was rel-
atively high with chl a concentrations ranging from
0.35 to 1.26 µg l–1 (Fig. 2), compared to 0.2 to 0.4 µg l–1

during other seasons. Note that our measurements of
BP in the upper water layers were about 10-fold higher
than at 300 m.

The results from size fractionation of BP also indicate
a qualitative difference between heterotrophic bacter-
ial activity in the euphotic zone and in the deeper
water. At 300 m, ~90% of total BP was measured in the
GF/C-filtered fraction; presumably due to either ‘free-
living’ bacteria or bacteria associated with <1.2 µm
particles, perhaps S-TEP. In the upper water layers, a
much greater proportion (~40%) of the total BP
derived from the >1.2 µm fraction.

The significant correlations observed between BP
and TEP measured in both unfractionated and GF/C-
filtered samples (Fig. 4) indicate that much of the het-
erotrophic bacterial activity may have been associated
with these particles. Our finding of a close correlation
between BP and TEP concentrations in the upper
water layers does not necessarily imply that the bacte-
ria were firmly attached to the TEP. However, it does
suggest that BP was located within, on, or associated
with these particles, as depicted by Azam (1998). To
the best of our knowledge, no such direct relationship
has been previously reported from field studies,
although Allgaier et al. (2008) also noted a positive
relationship between TEP and BP in a macrocosm
study. The presence of bacteria on and within TEP has
been frequently reported (e.g. Passow & Alldredge
1994, Mari & Kiorboe 1996, Carrias et al. 2002), and
these particles have been shown to serve as ‘hot spots’
of microbial activity (Passow 2002b). Several studies
have shown that the specific metabolic activity of bac-
terial cells associated with particles is generally
greater than that of ‘free-living’ bacteria (Simon et al.
1990, Thornton 2002).

A comparison of the estimates for the average areal
values from the surface to the DCM of PP (~480 mg C
m–2 d–1) and of BP (~225 mg C m–2 d–1) from 1 to 3 April
during our study (Fig. 2) suggests that about half or
more of the carbon from PP may have been metabo-
lized by heterotrophic bacteria in the upper water col-
umn during this period of unusually high PP for this
locality. This BP:PP ratio lies at the upper end of the 0.2
to 0.4 range reported by Cole et al. (1988) in their
extensive cross-system review of bacterial production.
Subsequently, however, higher BP:PP ratios (0.5 to 0.8)
have been reported from the euphotic zones of other
marine systems (Herndl et al. 2008, Vázquez-
Domínguez et al. 2008). Clearly, in order to have a

more comprehensive understanding of the carbon
cycling in the Gulf of Aqaba, we need comparative
data on the levels of BP and PP during other seasons
when more typical, extremely oligotrophic conditions
occur.

Summary

Taken together, our short-term observations of the
temporal pattern of phytoplankton population compo-
sition and abundance, TEP and BP in the Northern
Gulf of Aqaba suggest the following possible scenario.
After an initially calm period, an intense but brief
northerly storm event caused a nutrient pulse that
stimulated PP and a short-lived bloom of diatoms in the
euphotic water column. The storm generated strong
downwelling in the western Gulf that led to a shift in
the depth distribution of TEP so that, by our final sam-
pling time at 52 h, TEP concentrations were greatest at
300 m. Thus, near-surface TEP, some of which may
have derived from the transient bloom of diatoms
(Thornton 2002) as well as from other phytoplanktonic
primary producers, could have served to transport or-
ganic carbon to deeper waters (Arrigo 2007). BP in the
upper water layers was shown to be closely correlated
with TEP, suggesting that these particles may serve to
link carbon flux from primary producers to heterotro-
phic bacteria either directly, by supplying available or-
ganic substrates, or indirectly, by providing foci of en-
hanced microbial activity and nutrient cycling.
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