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Pigment-based phytoplankton community composition and primary production were
investigated for the first time in the Red Sea in February-April 2015 to demonstrate
how the strong south to north environmental gradients determine phytoplankton
community structure in Red Sea offshore regions (along the central axis). Taxonomic
pigments were used as size group markers of pico, nano-, and microphytoplankton.
Phytoplankton primary production rates associated with the three phytoplankton
groups (pico-, nano-, and microphytoplankton) were estimated using a bio-optical
model. Pico- (Synechococcus and Prochlorococcus sp.) and Nanophytoplankton
(Prymnesiophytes and Pelagophytes) were the dominant size groups and contributed to
49 and 38%, respectively, of the phytoplankton biomass. Microphytoplankton (diatoms)
contributed to 13% of the phytoplankton biomass within the productive layer (1.5 Zg).
Sub-basin and mesoscale structures (cyclonic eddy and mixing) were exceptions to this
general trend. In the southern Red Sea, diatoms and picophytoplankton contributed to 27
and 31% of the phytoplankton biomass, respectively. This result induced higher primary
production rates (430 4+ 50mgC m~2 d~") in this region (opposed to CRS and NRS).
The cyclonic eddy contained the highest microphytoplankton proportion (45% of TChla)
and the lowest picophytoplankton contribution (17% of TChla) while adjacent areas were
dominated by pico- and nano-phytoplankton. We estimated that the cyclonic eddy is an
area of enhanced primary production, which is up to twice those of the central part
of the basin. During the mixing of the water column in the extreme north of the basin,
we observed the highest TChla integrated (40mg m~2) and total primary production
rate (640 mgC m~2 d~') associated with the highest nanophytoplankton contribution
(57% of TChla). Microphytoplankton were a major contributor to total primary production
(54%) in the cyclonic eddy. The contribution of picophytoplankton (Synechococcus
and Prochlorococcus sp.) reached maximum values (49%) in the central Red Sea.
Nanophytoplankton seem to provide a ubiquitous substantial contribution (30-56%). Our
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FIGURE 7 | Cross sections for pigment concentrations normalized to Total chlorophyll-a across the south-north transect. (A) Zeaxanthin/TChl-a; (B)
Divinyl Chlorophyll-a/TChl-a; (C) Divinyl Chlorophyll-b/TChla; (D) Pasinoxanthin/TChla; (E) Peridinin/TChla; (F) 19’Hexanoyloxyfucoxanthin/ TChl-a; (G)
19'Butanoyloxyfucoxanthin/TChl-a; (H) Fucoxanthin/TChl-a. Black dots represent sampling points. Eddy stations marked along the top of the upper graph.

The DVChla trend is characterized by a progressive increase
in concentrations from the surface to the depth of the
DCM (Figure 4B). Zea was detected in the surface layer
along the entire transect and generally decreased depth below
the mixed layer (Figure4C). High concentrations of Fuco
were observed within the cyclonic eddy in the NRS (0.160
+ 0.028mg m~?) and in lower concentrations (>0.051 mg
m~3) within the DCM in the SRS (Figure 4E). Elsewhere,
Fuco concentrations were very low (0.0178 + 0.004mg
m™3).

Low amounts of minor accessory  pigments
(0.0005-0.059 mgm_3) have also been identified and are of
interest as biomarkers for particular phytoplankton groups.
Briefly, Pras, Viola, Allo, Peri, and Neo, were detected at DCM
throughout the study area: highest concentrations were found
in the SRS and in the eddy (Figure 5). In the 0-35 m layer, Pras,
Allo, and Neo were hardly detected in the SRS and were below
detection in this surface layer in the other regions of the basin
(Figures 5A-C). Only Viola and Peri persisted throughout the
basin from surface to 100 m depth (Figures 5D,E). The highest
concentrations of Viola and Peri occurred the most southern
stations within the DCM in the low salinity Gulf of Aden inflow
(Figures 5D,E). The vertical distribution of most of the pigments
were affected by the cyclonic eddy.

Phaeopigments (Phaeophorbide a 4+ Phaeophytin a) revealed
a spatial distribution similar to the distribution of Fuco
(Figures 4E, 5F, respectively). Phaeopigment concentrations
were very low within the CRS and more abundant in the SRS
(~30-40 m depth) and in the eddy in the NRS (20-120 m depth).

Phytoplankton Group Distribution

Based on phytoplankton pigment signatures, picophytoplankton
accounted for 30-75% of phytoplankton biomass throughout the
upper 200m water column along the central axis of the Red
Sea (Figure 6A). They contributed 60-70% of the biomass in
the upper 40 m between 19 and 26.5°N. In the SRS and within
the cyclonic eddy in the NRS, picophytoplankton dominated
only in the upper 30 m where their contribution was 30-40% of
total biomass (Figure 6A). Below 40 m, the picophytoplankton
contribution was relatively homogeneously, except for the very
southern region. In surface waters, the highest biomasses of
picophytoplankton were associated with the dominance of Zea
and DChla (Figures 7A,B). These two pigments, indicators of
cyanobacteria and prochlorophytes, represented phytoplankton
biomass of up to 45% in the SRS and up to 80% in the CRS
and NRS (Figures 7A,B). This result is similar to observations
from other tropical and temperate oceanic areas (Campbell
et al., 1994; Claustre and Marty, 1995; Mackey et al., 1996;
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Barlow et al., 1997; Partensky et al., 1999; Ras et al., 2008; Shibl
et al.,, 2014, 2016; Pearman et al., 2016). Prochlorococcus and
Synechococcus are known to be the most abundant organisms in
highly stratified and nutrient depleted oceans between 45°N and
45°S (Olson et al., 1990; Partensky et al., 1999; Johnson et al.,
2006). While these organisms co-occur in the Red Sea, differences
in their respective spatio-vertical distribution have been observed
(Figure 7). Elevated Zea/TChla ratios reveal the dominance
of Synechococcus in the surface layer (0-50m depth) along
the entire transect (Figure 7A). Except in the SRS and within
the eddy area (26.5°-27.5°N), the Prochlorococcus population
with DVChla displayed maximum contributions in the upper
50 meters (less than Synechococcus) and decreased with depth
(Figure 7B) whereas prochlorophytes with DVChIb were mainly
observed below the surface layer (50-200 m) from 18° to 26.5°
N (Figure 7C). This pigment differentiation likely indicates a
difference in the light adaptation of this population. Several
studies suggested that the effect of photoacclimation could
explain this observation and also revealed that Prochlorococcus
populations adapted to grow at higher irradiances contained
much less DVChIb than Prochlorococcus populations adapted
to low light irradiance (Partensky et al, 1997; Roy et al,
2011). However, it is known that phytoplankton pigments
do not always respond uniformly to changes in irradiance.
Variations in either community structure or photoacclimation
processes, may explain the observed vertical structure of the
Prochlorococcus population. Prochlorococcus with high DVChlb
(DVChlb/DVChla around 2.8 from 100 to 200 m depth), are
apparent below 50 m and those with high DVChla are primarily
observed between the surface and 50 m depth.

The vertical distribution of Prochlorococcus in the Red Sea is
similar to distributions observed in the North Atlantic, South
Pacific Ocean, Mediterranean Sea and Red Sea (Goericke and
Repeta, 1992; Partensky et al., 1997, 1999; Johnson et al., 2006;
Ras et al., 2008; Zwirglmaier et al., 2008; Pearman et al., 2016).
Several different ecotypes of Prochlorococcus, exhibiting distinct
ecophysiologies and vertical distributions, coexist in the water
column (Moore et al., 1998; Moore and Chisholm, 1999; Rocap
et al., 2002; Johnson et al., 2006; Coleman and Chisholm, 2007;
Zwirglmaier et al., 2007, 2008). Shibl et al. (2016) showed that
the upper layer of the euphotic zone is occupied by high-
light-adapted ecotypes, whereas between 80 and 150 m depth,
they observed that high-light and low-light-adapted ecotypes co-
occurred in the Red Sea. The distribution of high-light and low-
light adapted ecotypes has been reported in several oceans, and
could represent a bio-indicator of community shifts to changes
in environmental conditions (Partensky et al., 1999; West and
Scanlan, 1999; Johnson et al., 2006; Penno et al., 2006; Zinser
et al., 2006, 2007; Rusch et al., 2010; Shibl et al., 2014).

The intrusion of waters from the Gulf of Aden did not appear
to affect the distribution of surface Synechococcus in the southern
Red Sea. By contrast, a clear spatial shift in the Prochlorococcus
community occurred between the southern and central regions
of the Red Sea (at ~19° N). Phytoplankton populations are
known to be influenced by variations in chemical and physical
parameters (Blanchot et al., 1992; Vaulot and Partensky, 1992;
Campbell and Vaulot, 1993; Veldhuis and Kraay, 1993; Moore

et al., 1995; Graziano et al., 1996). Prochlorococcus community
structure appeared to be affected by the intrusion of cooler,
fresher, nutrient-rich water from the Gulf of Aden (Churchill
et al, 2014). Veldhuis and Kraay (1993) and Veldhuis et al.
(1997) showed that fractional contribution of Prochlorococcus
diminished greatly in the Arabian Sea during the southwest
monsoon from May to September when strong upwelling occurs.
It might be possible that the conditions encountered in the SRS
(temperature, salinity, and nutrients concentrations) affect the
occurrence of Prochlorococcus in these waters and thus, induce
a seasonal cycle in Prochlorococcus population in this region.
The remaining few percent of picophytoplankton biomass in the
upper layer were mainly associated to prasinophytes (2-5% of the
phytoplankton biomass) in the SRS and in the cyclonic eddy area
(Figure 7D). Based on phytoplankton pigment ratios, Veldhuis
and Kraay (1993) observed that the picoeukaryotes population
of the southern Red Sea was attributed to the presence of
prasinophytes and prymnesiophytes. Pearman et al. (2016), using
molecular approaches, observed that the picophytoplankton
fraction was also dominated by prasinophytes in the upper layer
(0-30 m depth) of the southern region of the Red Sea, which is
consistent with the observations in this study.
Nanophytoplankton were relatively abundant in the Red
Sea (30-60% of the phytoplankton biomass) below 25m along
the entire transect (Figure 6B). Within the cyclonic eddy, the
relative contribution of nanophytoplankton tended to decrease
below 70 m depth due to the uplifting of low biomass, deeper
water. At the southern part of the SRS (16.5 to 17.75° N),
nananophytoplankton was higher within the DCM (£50%) and
in low abundance (4-30%) below the DCM. 19'HF and 19'BF
revealed that the nanophytoplankton biomass was dominated by
prymnesiophytes and pelagophytes, which represent 30-40% and
20-30% of the phytoplankton biomass along the whole transect,
respectively (Figures 7F,G). Investigations in other oligotrophic
areas revealed that prymnesiophytes and pelagophytes were
prominent below the DCM (Veldhuis and Kraay, 1990; Ondrusek
etal., 1991; Letelier et al., 1993; Claustre and Marty, 1995; Barlow
et al., 1999; Monger et al, 1999; Ras et al., 2008). Elevated
19'HF/TChla and 19'BF/TChla ratios revealed the dominance of
prymnesiophytes and pelagophytes at depths of 150-180m in
the CRS and the southern portion of the NRS (Figures 7E,G).
This type of distribution has been observed in other oligotrophic
areas of the global ocean (Claustre and Marty, 1995; Monger
et al., 1999), but the explanation for the distribution remains
unclear. The presence of a deep coccolithophorid population
was advanced to explain the increase of nano-phytoplankton
population with depth in the Pacific Ocean (Beaufort et al,
2007). In the Pacific Ocean, Twardowski et al. (2007) observed
that increase of 19"HF/TChla was associated with an increased
backscattering ratio indicating that the proportion in particles
had increased. Their observed increase of backscattering ratio
is consistent with the increase in 19'HF/TChla, which could be
explained by the presence of coccolithophorids and associated
free coccoliths at depth (Honjo and Okada, 1974). Several
studies observed that some species of prymnesiophytes and
pelagophytes can be found in the lower euphotic layer, at
the top of the nutricline in various temperate, subtropical,

Frontiers in Marine Science | www.frontiersin.org

11

May 2017 | Volume 4 | Article 132


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Kheireddine et al.

Phytoplankton Community Structure in the Red Sea

and tropical open ocean regions (Molfino and Mclntyre, 1990;
Claustre et al., 1994; Barlow et al., 1997; Jordan and Chamberlain,
1997; Marty et al., 2002; Malinverno et al., 2003). The overall
ubiquity of nanophytoplankton, in particular prymnesiophytes
and pelagophytes, reflects their adaptation to the spectrum
of environmental conditions (temperature, salinity, light, and
nutrients availability) encountered in the different regions of the
Red Sea.

As Barlow et al. (1999) observed in the Arabian Sea and Liu
et al. (2009) for the global ocean, prymnesiophytes appear to
be adapted to various environmental conditions that range from
nutrient sufficient surface water to nutrient-depleted oligotrophic
waters, from to fresher to more saline, and from cool to warm
Red Sea waters. The 19'BF/19'HF ratio was used to study the
distribution of prymnesiophytes and pelagophytes along the
water column (not shown). The ratio increased with depth
with values ranging between 0.75 and 1.75 from 90 to 200 m
depth, consistent with the values found in the North Atlantic
(Claustre and Marty, 1995). Claustre and Marty (1995) suggested
that increase in the 19'BF/19'HF ratio at depth coincides
with increasing nitrate levels in the oligotrophic environment
and indicates that pelagophytes may be more efficient than
prymnesiophytes in capturing light at the low levels associated
with the nitracline in oligotrophic environments.

The microphytoplankton pool, characterized by Fuco, was
observed in the SRS (20-40% of the phytoplankton biomass),
and within the core of the cyclonic eddy in the NRS (30-
60% of the phytoplankton biomass), but was very low (<15%
of the phytoplankton biomass) in the region between these
two features (Figures 6C, 7H). Dinoflagellates, indicated by the
Peri/TChla ratio, were primarily observed in surface waters
(Figure 7E) but were a small fraction of the total biomass (3-
5%). This observation is consistent with observations from other
oligotrophic regions (Bidigare and Ondrusek, 1996; Pearman
et al., 2016). However, some dinoflagellates species lack peridinin
pigments and thus caution is needed for the interpretation.
Diatom distributions (20-40%) in the SRS agree with the findings
of Pearman et al. (2016). They suggested that diatom abundance
in this region is explained by the increase in nutrient availability
from the Gulf of Aden inflow. Low diatom abundance in the
NRS was observed by Sommer (2000) and Pearman et al.
(2016). They attributed the quasi-absence of diatoms to nutrient
limitation rather than grazing control of their population. In
this study, diatoms were abundant within the cyclonic eddy
near 27°N (Figure 7H). Microphytoplankton contribution to
biomass increased by a factor of 3 to 8 through the water column
(up to 60% of the phytoplankton biomass) compared with the
water column outside of the eddy (5-20% of the phytoplankton
biomass). Cyclonic mesoscale eddies have been proposed as a
mechanism by which new nutrients are episodically injected
into the euphotic zone, enhancing new production and shifting
the phytoplankton community structure and size distribution.
This new production can in turn contribute to an increased
particle sinking flux (McGillicuddy and Robinson, 1997; Bibby
et al., 2008; Brown et al., 2008; Rii et al., 2008; Coria-Monter
et al., 2014). The observed increase in diatoms supports the view
that local cyclonic mesoscale eddy dynamics result in doming
of isopycnals, potentially lifting nutrient-rich water into the

productive layer (defined as 1.5 times Ze,), and leading to a
rapid diatom response. Phytoplankton community structure is
known to affect biological carbon export to the deep ocean.
Carbon flux to the deeper layer can be comprised of aggregated
small organisms and other detrital material, biomass of larger
organisms, and fecal pellets (Michaels and Silver, 1988; Boyd and
Newton, 1999). Diatoms are believed to be very important to the
rate of carbon export (Goldman, 1988, 1993). Within the cyclonic
eddy, elevated Fuco/TChla were observed at depth (150-200 m;
Figure 7H) and could be attributed to a flux of phytoplankton
cells sinking in the deeper layer. Sweeney et al. (2003) reported
that the presence of diatoms in deep waters could be attributed
to sinking or to attachment to sinking aggregates, rather than a
physiological adaptation to deep layers. The presence of pigment
degradation related to grazing correlated well with the presence
of diatoms in the SRS and within the eddy (Figures 5F, 7H),
suggesting the presence of zooplankton fecal pellets (Bidigare
et al.,, 1986). Proulx and Mazumder (1998) and Worm et al.
(2002) suggested that grazing is expected to increase when
nutrient supply is replete and decrease under nutrient-poor
conditions.

Specific Phytoplankton Biomasses and

Their Relation to Primary Production

For a quantitative comparison of phytoplankton biomass
distribution in the Red Sea, concentrations of TChla, [TChla]-
pico, [TChla]-nano, and [TChla]-micro were integrated
over the productive layer (1.5 Z¢,) (Figure 8A). The average
integrated TChla biomass for each subregion was 26.25 =+
2.75, 27.36 £ 5.46, and 29.74 £+ 6.93mg m > for the SRS,
CRS, and NRS, respectively. Picophytoplankton communities
were most abundant in the CRS (15.55 £ 3.59 mg m~2). The
lowest integrated [TChla]-pico (5.69 4 2.55mg m~2) occurred
within the eddy. The distribution of the integrated [TChla]-
nano supports the substantial contribution prymnesiophytes
(nanophytoplankton group) in the Red Sea and suggests that
prymnesiophytes are likely a ubiquitous group. The highest
integrated [TChla]-nano was observed at the northern edge of
the transect with a value of 22.72mg m~2. Along the basin,
integrated [TChla]-micro values were low in the CRS and NRS
except within the cyclonic eddy (3.5 & 1.8 mg m™2) and tended
to increase in the SRS where concentrations ranging between 5.6
and 6.91 mg m~2 were observed. The highest integrated [TChla]-
micro concentration (14.6 & 2.94 mg m~2) was observed in the
eddy.

The distribution of calculated primary production was
marked by high values at the southern and northern edges of
the transect (500 and 650 mgC m~2 d~!, respectively) and
also within the cyclonic eddy (480 + 100 mgC m~2 d™!)
where environmental conditions enhance biological responses
(Figure 8B). In the SRS, primary production ranged between 360
and 500 mgC m~2 d~1, in the CRS between 300 and 420 mgC
m~2 d7! and in the NRS, between 300 and 650 mgC m~2 d~!
(Figure 8B). The rates of primary production in the Red sea
are in the range of rates reported for other oligotrophic regions
of the global ocean (220-600 mgC m~2 d~!) (Koblentz-Mishke
et al., 1970; Knauer et al., 1990; Lohrenz et al.,, 1992a,b; Karl
et al., 1996; Uitz et al., 2010). As expected, the contribution
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of picophytoplankton was highest in the CRS (49.2%). The
minimum contribution of picophytoplankton occurred within
the northern eddy. Nanophytoplankton accounted for 30-
60% of primary production. Microphytoplankton showed the
greatest variability (11-54%) in their relative contribution
to the integrated productivity. Contributions of diatoms to
primary production were similar or slightly higher than their
contribution to phytoplankton biomass in all regions, ranging
from 25-35, 12-20, 14-20, and 35-55% in the SRS, CRS,
NRS, and within the eddy area, respectively. These results
agree with those reported in numerous studies (Nelson and
Brzezinski, 1997; Brzezinski et al., 2011; Krause et al., 2011).
Each of these studies demonstrates similar disproportionate
importance of diatoms in primary production relative to
their biomass, suggesting that diatoms play quantitatively
significant roles in biogeochemical cycles. Numerous studies have
also shown that mesoscale features can be disproportionately
important for primary production, nutrient cycling, and
trophic ecology (Nelson and Smith, 1986; Yoder et al., 1994;
Powell and Ohman, 2015). Within these features, diatoms
biomass may be stimulated and increase primary production
in response to their high growth and grazing rates (in
contrast to areas beyond the eddy; Benitez-Nelson et al,
2007; McGillicuddy et al., 2007; Krause et al., 2009a,b, 2010;
Taylor et al., 2012). Microphytoplankton are known to develop
in a dynamic environment where nutrients and light are
available (Malone, 1981; Goldman, 1993; as is the case in
the SRS), in upwelling systems (e.g., cyclonic eddy) and
where vertical mixing episodically delivers new nutrients into
the euphotic zone. Because of their response to available
nutrients microphytoplankton generally increase the total
primary production of an area.

CONCLUSIONS

The present study demonstrates that pigment-based
phytoplankton community structure and primary production
vary along the central axis of the Red Sea from the surface to

200m depth. Depth profiles of phytoplankton pigments and
primary production distribution revealed differences between the
main regions of the Red Sea, revealing the response of various
phytoplankton communities to the varying environmental
conditions prevailing in the Red Sea. To our knowledge, until
now only Chlorophyll a derived from ocean color has been used
to study phytoplankton seasonality in the Red Sea (Acker et al,,
2008; Raitsos et al., 2013). Although phytoplankton community
structure and primary production were documented for the
winter-spring period, this study is the most complete survey at
the basin scale. From the distribution of phytoplankton biomass
and primary production, it is clear that the Red Sea cannot be
treated as a homogeneous oligotrophic water body. Large scale
and mesoscale variability were documented in this study. A
differential phytoplankton community and primary production
was observed to be associated with the cyclonic eddy: there was a
large contribution of diatoms within the core of the eddy which
are usually only observed in the southern waters of the Red Sea.
The central Red Sea, the most oligotrophic part of the Red Sea,
was mainly dominated by a picophytoplankton population. The
southern Red Sea which experiences inflow from the Gulf of
Aden is where the contribution of diatoms increased and the
picophytoplankton contribution decreased. Therefore, relatively
high rates of primary production were observed in the southern
region (428 + 58 mgC m~2 d~!), in the cyclonic eddy (480 +
100 mgC m~2 d~!) and in the northern region (650 mgC m~2
d~!) where deeper vertical mixing was observed. The central
Red Sea appeared to be the most oligotrophic region where
smaller phytoplankton dominated the community and where
primary production was low (351 + 54 mgC m~2 d~!). Assessing
changes in primary production associated with pico-, nano-, and
microphytoplankton groups provides a significant improvement
to understanding and quantifying the carbon cycle in the Red
Sea. Nevertheless, our results are based on a combination of
the pigment-based approach and a bio-optical model for the
retrieval of the primary production. Further work is required
to compare our estimates with rates measured using isotopic
(13/14C or I5N) uptake rates.
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