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Phytoplankton biomass (chlorophyll a concentration), primary production, abundance, species diversity
and species groupings were measured in the coastal waters surrounding Qatar (Arabian Gulf) at 13
stations in February 2010, July 2010, February 2011 and May 2011. In addition, a broad suite of physicochemical characteristics were measured: temperature, salinity, pH, dissolved oxygen, turbidity, and
nutrients (dissolved and particulate). Waters surrounding the Qatari peninsula were found to be highly
diverse (125 species of diatoms, dinoﬂagellates and cyanobacteria were identiﬁed) but were low in both
biomass (0.18–2.19 μg Chl a l−1) and productivity (0.14–0.97 mg C m−2 day−1). Phytoplankton physiology
(Fv/Fm, sPSII, τQa, p) revealed acclimation strategies consistent with phytoplankton populations receiving
ample light but insufﬁcient nutrients. The ﬁnding of low primary production is consistent with water
column nutrient ratios (DIN:P and DIN:Si ratioso1) and nutrient enrichment experiments in which the
addition of nitrate or the addition of near-bottom waters stimulated biomass production of phytoplankton. This study in an oligotrophic, hypersaline semi-enclosed marginal sea is intended to contribute to
the growing body of ecological information on this ecosystem functions.
& 2013 Elsevier Ltd. All rights reserved.

Keywords:
Qatar
Arabian (Persian) Gulf
Phytoplankton biomass
Primary production
Community composition
Nutrient enrichment bioassay

1. Introduction
The performance of an ecosystem depends on its ecological
integrity or ‘health’, deﬁned as the ability to support and maintain
a balanced, integrated composition of physico-chemical habitat
characteristics, as well as biotic components on temporal and
spatial scales (Roux, 1999). Globally, many coastal and estuarine
ecosystems are under increased pressure from eutrophication
associated with urbanization and industrialization (Howarth and
Marino, 2006), shipping and ballast discharge (Steichen et al.,
2012), and development from the petroleum and other offshore
industries (Sheppard et al., 2010). Concurrently, the demands
for ecosystem services (e.g., ﬁsheries, tourism) are increasing,
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arguably nowhere more than in the Arabian (Persian) Gulf
(hereafter Gulf) in recent years. Understanding phytoplankton
dynamics (abundances, biomass, productivity and species diversity and composition), is key to determining the current health of
an ecosystem. Increased frequency, magnitude and duration of
harmful algal blooms are indicative of decreased water quality
(Anderson et al., 2012); consequences of which include, but are
not limited to, ﬁsh kills (Thronson and Quigg, 2008), inability to
use water for desalinization (Richlen et al., 2010; Sheppard et al.,
2010), alterations to higher trophic levels as a result of a change in
food source and supply (Granéli and Turner 2006; Anderson et al.,
2012; Dorado et al., 2012).
Phytoplankton community structure in the Gulf (Fig. 1a and b)
was reviewed by Subba Rao and Al-Yamani (1998). These authors
found a north to south gradient in the distribution of phytoplankton. The Shatt Al-Arab estuarine waters in the north have low
species diversity ( o1 1 6), high biomass (  94 μg Chl a l−1) and
high production (  3181 μg C l−1 h−1). Nearby in Kuwait, species
diversity is higher (148) but biomass (  14 μg Chl a l−1) and production (  867 μg C l−1 h−1) is lower. To the south, in the Gulf of
Oman and Strait of Hormuz, were the gulf opens to the ocean, the
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Fig. 1. (A) The Gulf, Shat Al-Arab to Gulf of Oman region and (B) sampling locations around Qatar. St. 1 though St. 13 were sampled in February 2010, July 2010, February 2011,
and May 2011. The sampling area was divided into west (stations 1 and 2), northeast (stations 3–5, 11–13), and southeast (stations 6–10) of the Qatar Peninsula with the
delineations shown in B.

species diversity is greatest (527) and biomass the lowest
(  1.18 μg Chl a l−1; production not reported). While there is a
paucity of published data (that is, not in reports) on primary
productivity and diversity of phytoplankton in this region, existing
information reveals north to south trends and those driven by
particular environmental features (e.g., coastal versus open gulf).
Perhaps then it is not surprising that the ﬁrst documented toxic
algal bloom in the region was reported just over a decade ago
(Subba-Rao et al., 1999) with a second shortly thereafter (Heil
et al., 2001). In the latter, the authors describe a Gymnodinium sp.
(dinoﬂagellate) bloom in Kuwait Bay associated with eutrophication and ﬁsh kills. The study highlighted the need for monitoring
and research programs in the region that focus on nutrient
enrichment, in addition to oil related pollution issues. More
recently, from 2008 to 2009, the marine ichthyotoxic dinoﬂagellate Cochlodinium polykrikoides was found responsible for killing
thousands of tons of ﬁsh and limiting traditional ﬁshery operations in the United Arab Emirates and the Gulf of Oman (Richlen
et al., 2010). Indirect consequences of this harmful algal bloom
included damage to coral reefs and a reduction in ecosystem
services (e.g, lowered coastal tourism). Perhaps, the most important consequence of this bloom was the closure of desalination
plants, the primary source of freshwater to the large populations
in the countries surrounding the Gulf (Richlen et al., 2010). Recurring
signiﬁcant harmful (toxic) algal blooms will pose a serious threat to
the drinking water supply in West Asia (Sheppard et al., 2010).
The coastal marine ecosystem of Qatar's peninsula is a valuable
resource for ﬁsheries, tourism, and recreation, but it must coexist
with human population growth and investments in expanding
natural gas and petroleum industry. Discharges from coastal
dredging operations, efﬂuents from power and desalination plants,
petrochemical industries, expansion of harbor and port facilities,
increased shipping and associated ballast water, farming operations (e.g., dairy, slaughter houses) and sewage treatment plants
multiply the stress on this unique ecosystem (Ibrahim and El
Samra, 1987; Jacob and Al-Muzaini, 1995; QMEMP, 2005; Nour
El‐Din and Al‐Khayat, 2005; Al-Yamani et al., 2006; Sheppard et al.,
2010). Relative to other Gulf countries, coral decline (species,
abundance, health) around Qatar is more intense with those coral's
remaining covered in algal turf; a phenomenon symptomatic of
eutrophication in this and other regions of the world (Sheppard
et al., 2010; Anderson et al., 2012).
Conservation, sustainable use and development programs ultimately depend on a comprehensive scientiﬁc understanding of

species and how they relate to their environment (Brook et al.,
2006; Sheppard et al., 2010). The purpose of the ‘Carbon Cycle’
project (2010–2011) was to determine the present state of Qatar's
coastal waters. Phytoplankton biomass (chlorophyll a concentration), primary production, abundance, species diversity and species
groupings along with water quality parameters were measured at
thirteen stations surrounding the peninsula in February 2010, July
2010, February 2011 and May 2011. The biodiversity component of
the study is restricted to those species 45 μm; the lower boundary
of resolution for microscopic studies. Nonetheless, herein we
provide essential new information on the structure and functioning
on phytoplankton communities and how they are driven by natural
gradients of environmental conditions.

2. Materials and methods
2.1. Study area
Qatar (25130N, 51115E) is a peninsula (land mass  11,500 km2)
connected to Saudi Arabia in the southern section of the Gulf
(Fig. 1b). The 4700 km coast line comprises approximately 23% of
the entire Gulf; its shallow nature (o35 m average) means almost
all parts lie within the photic zone (Sheppard, 1993). The temperature in this arid climate varies seasonally (11–15 1C in winter
and 34–40 1C in summer) (Rezai et al., 2004). The high evaporation
and low precipitation (  70 mm year−1) result in salinities (presented throughout using the unit-less practical salinity scale)
ranging from 40 along the northern and eastern coast up to 70
along the southwestern coast (Jacob and Al-Muzaini, 1995;
ROPME, 1999).
The Gulf is an inland sea (239,000 km²;  1000 km long, 200–
300 km wide) connected to the Gulf of Oman (Middle East). In the
northern section, the Shatt Al-Arab estuary introduces the majority of freshwater to the Gulf with the Euphrates and Tigris Rivers
in Iraq discharging 35–133 km3 annually (Sheppard et al., 2010).
The Gulf also receives fresh water from numerous small seasonal
streams in the Zagros Mountains of Iran. Currents in the Arabian
Sea result from the removal of surface water during the summer
monsoon and its replacement by cooler upwelling water
(Sheppard et al., 1992). To the south, the Gulf is connected to the
Gulf of Oman through the narrow Straits of Hormuz that lead to
the Arabian Sea (Fig. 1a and b).
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2.2. Sampling strategy
Four cruises (February 2010, July 2010, February 2011 and May
2011) on the R/V Mukhtabar Al-Bihar sampled 13 stations around
the Qatar peninsula (Fig. 1b). Stations were chosen to represent
several environmental conditions important in establishing biological patterns (salinity, temperature, water depth, surface patterns
of primary productivity, sources of inorganic nutrients, and proximity to anthropogenic contaminants). Vertical proﬁles of temperature, salinity, dissolved oxygen (DO), pH, and turbidity were
obtained with a YSI model 650 MDS Water Quality Data Logger
attached to 6920 V2 Multiparameter Water Quality Sonde; these
parameters were found to be homogenous with depth at most
stations and most cruises (not shown).
Discrete samples were collected using Niskin bottles deployed
at the surface (top 1 m) and bottom ( o1 m) for chlorophyll (Chl)
a, total dissolved solids (TDS), total and suspended solids (TSS),
and nutrients (inorganic and organic, dissolved and particulate)
analyzed using a Skalar San++ Spectrophotometer with DA-3500
Discrete Analyzer according to Parsons et al., (1984). Dissolved
nutrient samples were immediately ﬁltered onto precombusted
GF/F ﬁlters and frozen in acid washed bottles. The ﬁlters were
retained frozen for later Chl a analysis. Total nitrogen (TN) and
phosphorous (TP) were collected and stored frozen at −20 1C.
Concentrations of dissolved organic nitrogen (DON) were calculated by subtracting all inorganic nitrogen concentrations from the
total dissolved nitrogen (TDN) concentrations. Dissolved organic
phosphorus (DOP) concentrations were calculated as the difference between total dissolved phosphate (TDP) and inorganic
phosphate (DIP). The precision obtained for the different analyzes
at full scale was better than 0.1% for nitrite, 0.2% for nitrate, 1.1% for
phosphate and 0.2% for silicate. Water samples and ﬁlters were
frozen immediately upon collection.
Phytoplankton tows were collected using a 0.5 m diameter
67 μm phytoplankton net ﬁtted with a digital ﬂow meter. Samples
were preserved in 4% buffered formalin for quantitative and
taxonomic studies. Community composition was determined to
species level, when possible. The lower boundary of resolution was
species 4 5 μm. Preserved samples were ﬁxed and kept in the dark
at room temperature until analysis.
2.3. Fluorescence induction and relaxation (FIRe) system (February
2010 only)
A FIRe ﬂuorometer was used to measure photo-physiological
responses of phytoplankton in water samples (3 ml) from each
station and depth. Fluorescence transients were ﬁt with the
biophysical model of Kolber et al., (1998) to obtain the minimal
and maximal ﬂuorescence yields (Fo and Fm respectively) on dark
acclimated (30 min) samples. The efﬁciency of photosystem II
(PSII) is deﬁned as the maximum change in the quantum yield
of photochemistry (Fv/Fm) in which variable ﬂuorescence is calculated as the difference between Fm and Fo. The functional absorption cross-section for PSII (sPSII; Å2 quanta−1), the minimum
turnover time of electron transfer between reaction centers (τQa; μs)
and the connectivity factor (p) were also derived.
Given the low biomass in the water column, we found the
light-dark bottle method was not sufﬁciently sensitive to measure
primary production (data not shown). Further, it was not possible
to use 14C on the R/V Mukhtabar Al-Bihar. Hence, we used the FIRe to
calculate the electron transport rate (ETRPSII) as sPSII(Fq′/Fv′)/(Fv/Fm)E,
where Fq′ is (Fm′−F′) and E (light intensity) as a proxy for rates
of primary productivity (Suggett et al., 2010; Quigg et al., 2012).
A series of single turnover (1 μs) saturating ﬂashes for sequential
PSII closure was applied for ten light intensities (0–1050 μmol
photons m−2 s−1). The speciﬁc absorption of PSII (achl
PSII) was calculated
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as [sPSII(RCPSII/chla)]/[Fv′/Fm′], where RCPSII/chla is equal to 0.002 given
the diatom dominated community. We assumed a photosynthetic
quotient of 1.0 to convert from oxygen to carbon units and a Chl:C
ratio of 50 to convert from Chl a to C units (Jacob et al., 1982).
2.4. Nutrient enrichment bioassays (February and May 2011 only)
Bioassays were performed using water collected at four randomly selected stations during each cruise in 2011. Triplicate
treatments of (i) surface water samples (top 1 m), (ii) surface
waters plus nitrate (20 μM ﬁnal concentration) and (iii) surface
waters combined with bottom waters (9:1 ratio), were prepared.
These represent control (C), plus nitrogen (N) and plus deep
(D) treatments respectively. Short-term bioassays (24–30 h) were
performed at in situ temperatures in ﬂow-through containers
covered with 50% shade cloth. At the beginning and the end of
the assays, Chl a biomass was measured as described above. The
phytoplankton response index (PRI) was calculated according to
Fisher et al. (1999) to normalize the data and to allow direct
comparisons between treatments and cruises.
2.5. Statistical analysis
Multivariate analyses and mapping were performed using
PRIMER 6 (Clarke and Gorley, 2006) and a variety of software
packages in R 2.15 (R Development Core Team, 2012) including
“vegan” (Oksanen et al., 2011), “sp” (Bivand et al., 2008) and “raster”
(Hijmans and van Etten, 2012). A total of 18 surface and 22 bottom
environmental parameters, as well as 125 phytoplankton species
(or taxa) were recorded from the 13 stations (Fig. 1, Supplemental
Tables 1 and 2) which were repeatedly sampled during the four
cruises. All errors were calculated as standard deviations.
The environmental data were logarithm (base of 10) transformed, centered (subtracted by sample mean) and normalized
(divided by standard deviation) to reduce data skewness. Environmental ordination used Principal Component Analysis (PCA),
which projects the multivariate data in reduced dimensions. In
the PCA algorithm, PC1 is the axis explaining most of the variance
in multivariate space (environmental properties). PC2 axis is
perpendicular to PC1 but also maximizes the variance explained.
The ﬁrst two PC axes deﬁne a “best ﬁtting” plane, with the
placement of samples (on the ordination map) representing the
dissimilarity of environmental properties. A PC axis is a linear
combination of the values for each environmental variable; hence,
the coefﬁcients for each variable (positive or negative loading) for
PC1 and PC2 axes represent the importance of a variable on the
“best ﬁtting” plane. These coefﬁcients were used as coordinates to
plot vectors on the ordination map, with the length indicating the
variable importance and direction (away from the center) representing the increasing environmental values.
The transformed environmental data and presence and absence
of phytoplankton species were converted to inter-sample Euclidean distance and Bray–Curtis dissimilarities (Bray and Curtis,
1957), respectively. The shortest geographic distances between
sampling stations (Supplemental Fig. 1a and b) were calculated
using R package “gdistance” (van Etten, 2011) to avoid the landmass between the western and eastern sampling sites. The intersample distances (environmental or geographic) were used as a
proxy to characterize habitats and correlated with the intersample biotic dissimilarities using Mantel test with Spearman's
rank correlations (Legendre and Legendre, 1998). The multivariate
spatial autocorrelation of phytoplankton composition was examined using Mantel Correlogram based on the incremental increase
of geographic distance classes (Legendre and Legendre, 1998;
Borcard and Legendre, 2012). The best subset of environmental
variables (highest correlations with ﬂoral resemblances) was
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selected from all possible variable combinations. The individual
variables with signiﬁcant correlations (P o0.05) were overlaid on
the ordination maps of biotic resemblances to visualize the bioenvironmental relationships. This was done in a similar way to the
PCA vector overlays. First, the inter-sample biotic resemblances
were subjected to non-metric multi-dimensional scaling (nMDS).
The MDS is similar to PCA and yet more widely used in the ﬁeld of
community ecology because it accommodates all types of similarity indices. It only preserves the “ranks” of inter-sample similarities; hence, the placement of samples (distances on the
ordination map) only reﬂects the “relative values” of inter-sample
dissimilarities. Second, correlation coefﬁcients were calculated
between the best environmental variables to the ﬁrst (x) and
second (y) axes of MDS ordination map. Third, these correlations
were again used as coordinates to plot vectors on the MDS map,
with the lengths indicating the strength of the bio-environmental

relationships and the directions illustrating increasing environmental values on the biotic ordination plane.
The same ﬂora resemblance was subjected to agglomerative
hierarchical cluster analysis based on Ward's minimum variance
method to minimize the within-group sum of squares (Ward, 1963).
The natural groupings of samples were based on a standard cut-off
height on the dendrogram. Similarity proﬁle test (SIMPROF) was also
performed using R package “clustsig” (Whitaker and Christman, 2010)
to deﬁne signiﬁcant cluster structure (Po0.05), which was then used
as a prerequisite for deﬁning the natural grouping.
In order to examine the temporal (time of sampling) and spatial
effects (geographic area), two-way cross Analysis of Similarity
(ANOSIM) was applied to the surface and bottom environmental
distance, as well as the phytoplankton resemblance matrices.
The effect of the sampling time was examined across all levels of
geographic locations (west, northeast, and southeast off the coast

Fig. 2. Principal component analysis (PCA) on the (A) 18 surface and (B) 22 bottom environmental variables during the Qatar cruises. Symbols indicate the times of sampling.
The environmental data were log10 transformed, centered (subtracted by sample mean) and normalized (divided by standard deviation) before the PCA. PC1 is the axis
explaining most of the variance in the multivariate space (environmental properties). The ﬁrst two PC axes deﬁne a “best ﬁtting” plane and the placement of samples
(distances between the symbols) representing the dissimilarity of environmental properties. The PC axis is linear combinations of the values for each environmental variable;
hence, the coefﬁcients of each variable (positive or negative loading) for PC1 and PC2 axes can be plot as a vector on the “best ﬁtting” plane, with the length indicating the
variable importance and direction (away from the center) representing the increasing environmental values. Here, only the vectors with the longest lengths ( 40.3) are
shown. The vector lengths were calculated as the square root of the sum of square variable coefﬁcients for the PC1 and PC2 axes. Circle shows vector length equal 0.5.
(C) Non-metric multi-dimensional scaling (nMDS) on presence and absence of phytoplankton species based on inter-sample Bray–Curtis dissimilarities. Symbols indicate the
times of sampling. Similar to PCA (Fig. 4a and b), nMDS is an ordination method; however, the placement the samples (distances between symbols) only represent the
“relative” values of ﬂora dissimilarities, because nMDS only preserves the ranks of the inter-sample dissimilarities. The vector overlays show the correlation coefﬁcients
(Spearman's rank correlation) of surface environmental variables with the MDS1 (x-axis) and MDS2 axis (y-axis). The length of the vector is the square root of the sum of the
square coefﬁcients with MDS1 and MDS2. The longer the vector the stronger the correlation of that environmental variable with the 2 MDS axes. The vector direction away
from the center indicates the increasing environmental value on the 2-dimensional MDS plane. Circle shows that the vector length equal 0.5. Here, the vectors only show the
environmental variables with signiﬁcant correlations to the phytoplankton ﬂora resemblance matrices (P o 0.05, Mantel test).
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of the Qatar peninsula, Fig. 1b) and the effect of the locations
was examined across all levels of sampling times (February 2010,
July 2010, February 2011, and May 2011 cruises). Moreover, the
community characteristics across the different time of sampling
and geographic area were also examined, including the following
parameters:
(1) Number of phytoplankton species,
(2) Species richness: Species accumulation curve was estimated
by randomly accumulating samples (without replacement).
The randomization was repeated form 100 times and the mean
and 95% conﬁdence interval of the curves were reported, and
(3) Similarity percent contribution (SIMPER): Average similarities
were broken down to similarity percent contribution of each
species. The species that contributed the most within the areas
or sampling times were examined as characteristics species.

3. Results
The water quality characteristics of the Qatari coastal waters
measured during the cruises are summarized in Supplemental
Table 1. Seawater temperature in February (19.8 70.7 1C—2010;
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18.7 71 1C—2011) was much cooler than that measured in May
(29.4 70.9 1C) and July (31 70.2 1C). Salinity did not ﬂuctuate
signiﬁcantly between the cruises (43 74), with high values due
to high evaporation rates. Dissolved oxygen concentrations
were homogenous throughout the water column, ranging from
 7 mg l−1 in February down to 5 mg l−1 in May and July.
Turbidity (in nephelometric turbidity units) is low year round,
ranging from 0.9 to 1.6 NTU. We found the waters around the
Qatar coast at these 13 stations to be homogenously mixed from
surface to bottom (examples given in Supplemental Fig. 2).
Nutrient concentrations were variable between locations and
sampling times (Supplemental Table 1; Fig. 2a and b). Notably, we
found that nitrate and nitrite were rarely 40.2 μM with exceptions in May 2011. Nitrate, nitrite, ammonium and DIN concentrations were 1000-times greater than DON, PN and TP. For example,
DIN concentrations (mean of 0.50 μM, range 0.02–7.4 μM) relative
to DON concentrations (mean 0.46 nM, 0.14–1.05 nM). The mean
DIP (0.48 μM) and silicate (1.39 μM) concentrations were an order
of magnitude greater than inorganic nitrogen concentrations in
most cases. As a result, DIN:P and DIN:Si ratios were on average
1.31 (range 0.05–4.12) and 0.43 (range 0.08–0.60) respectively.
Nutrients were frequently present in higher concentrations at the
bottom of the water column relative to the surface (Supplemental

Fig. 3. Correlation among inter-sample shortest geographic distances, surface environmental distances, and phytoplankton ﬂora dissimilarities. (A) Spearman's correlation
between the geographic distances and environmental distances. (B) Spearman's correlation between the geographic distances and phytoplankton ﬂora dissimilarities.
(C) Mantel correlogram for phytoplankton ﬂora dissimilarities. Solid symbol indicates signiﬁcant correlation within geographic distance class. (D) Spearman's correlation
between the environmental distances and phytoplankton ﬂora dissimilarities.
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Table 1; Fig. 2). This included nitrate, DOP and TDP (July 2010 and
February 2011), nitrite and DIP (February 2010 and May 2011),
NH4 þ and DIN (two cruises in 2011), TP (all except May 2011) and
Si (all except July 2010).
3.1. Surface and bottom environmental conditions
The ﬁrst two principal component axes explained 48% of the
total variation in the surface environmental data (Fig. 2a). Temperature had the highest contribution (0.44, longest vector length)
to the “best ﬁtting” plane deﬁned by PC1 and PC2 axes. Nitrite had
the second longest vector (0.40), followed by TDN (0.4), DON (0.4),
pH (0.39), DIP (0.39), NH4 þ (0.38), DO (0.38), TN (0.37), salinity
(0.36), TDS (0.35), TP (0.32) and Si (0.31). Nevertheless, the vectors
of DON, TDN and TN, as well as salinity and TDS, almost overlap
(Fig. 2a), indicating high correlations (Pearson's ρ40.87) within
these two sets of variables. On the PCA ordination map (Fig. 2a),
the placement of samples (symbols) was clearly separated by the
different sampling times. The July 2010 and May 2011 cruises were
separated from February (2010 and 2011) samplings toward the
direction of increasing temperature, pH, TP and nitrite or decreasing dissolving oxygen, DIP, NH4 þ and TDS/salinity. In contrast
with the 2010 samples (February and July), the surface water of
the February and May 2011 cruises had higher DON/TDN/TN and
silicate.
The ﬁrst two principal component axes explained 43.3% of the
total variation in the bottom environmental properties (Fig. 2b).
The DO had the highest contribution (0.41, longest vector length)
to the “best ﬁtting” plane, followed by nitrite (0.4), TDN (0.38),
DON (0.38), pH (0.38), TN (0.37), temperature (0.35) and TOC
(0.32). Again, among these important variables, the vectors of
DON, TDN and TN were almost overlapped and highly correlated
(Pearson's ρ4 0.94). Generally, the PCA ordination (Fig. 2b) shows
that the placement of samples was also separated by the different
time of sampling; however, the separation was not as clear as the
surface environmental data (Fig. 2a). Some mixing of sample
placements occurred between the February 2010 and 2011 and
May 2011 cruises. The bottom environmental properties for the
February and July 2010 cruises were characterized by lower
DON/TDN/TN and higher pH, and vice versa for the February and
May 2011 cruises. Within the same sampling year, the February
samplings had higher DO while the May or July samplings had
higher nitrite, TOC and temperature.
3.2. Biological patterns and bio-environmental relationships
Inter-sample surface environmental distances were signiﬁcantly correlated with the minimum geographic distances between
sampling sites (Mantel test, ρ¼0.22, P¼ 0.001, Fig. 3a). The intersample phytoplankton Bray–Crutis dissimilarities, however, were not
signiﬁcantly correlated with the geographic distances (Mantel test,
ρ¼0.04, P¼0.276, Fig. 3b). Moreover, the phytoplankton species
composition showed no evidence of spatial autocorrelation in any
of the geographic distance classes (Mantel test, Po0.05, Fig. 3c).
The combined surface environmental distances (18 variables) were
signiﬁcantly correlated to the phytoplankton resemblances (Mantel
test, ρ¼0.33, P¼0.001, Fig. 3d). Individually, DIP had the highest
correlation to phytoplankton resemblance, followed by temperature,
DO, nitrite, PN, TDN, and DON (Mantel test, ρ¼ 0.11–0.4, Po0.05,
Fig. 4a). The combination of DIP, PN and temperature was the best
subset of environmental variables giving the highest correlation to
ﬂora resemblances (Mantel test, ρ¼0.53, Po0.001, Fig. 4b). MDS
ordination of phytoplankton resemblance (Fig. 2c) showed that the
samples can be separated by the time of sampling except for the two
February cruises (2010 and 2011) that overlapped, indicating similar
phytoplankton composition. The clear separation of July 2010 and

May 2011 from the February 2010 and 2011 sampling was correlated
with higher temperature, nitrite, DON, and TDN, as well as lower DIP
and DO.
Except for the Stations 3, 4 and 13 reoccurring in the same
groups during the two February cruises (cluster b, Fig. 5a and c),
the geographic grouping (by W, NE, and SE off Qatar Peninsula)
was not evident on the dendrograms (Fig. 5a–d). Many clusters
comprised of samples from different geographic regions. These
dendrograms also agreed with the previous results, suggesting
that phytoplankton composition surrounding the Qatari water
showed strong temporal (Fig. 2c) but weak spatial patterns
(Fig. 3b and c).
3.3. Statistical comparisons across temporal and spatial scales
Two-way cross ANOSIM suggested that both “cruise” and
“location” effects were signiﬁcant across all environmental distance
or biotic dissimilarity matrices (global tests, Po0.05, Table 1). In other
words, the environmental properties (surface and bottom) and species
composition (phytoplankton) were signiﬁcantly different among the
four cruises and three geographic locations surrounding the Qatar
Peninsula. The R-statistic in ANOSIM test can be used to measure the
degree of group separations. Among all three ANOSIM tests, the
“cruise” groups (higher R, Table 1) consistently have better separation
(larger R) than the “location” groups (smaller R), suggesting that the
effects of “cruise” was stronger than the effects of “location”. Pairwise
ANOSIM suggested signiﬁcant differences between most of the factor
levels, except for the phytoplankton resemblance between February
2010 and 2011 cruises (pairwise test, R¼−0.154, P¼0.98, Table 1), as
well as phytoplankton resemblances between the NE and SE off the
coast of the Qatar Peninsula (pairwise test, Ro0.095, P¼0.091).
Hence, we found that the diversity and species composition in
February 2010 were similar to that of the February 2011. The July
and May samples, however, were all quite different from the two
February cruises (see Figs. 2c, 6a and 7a–d).
3.4. Phytoplankton community composition
Of the 125 species identiﬁed, 66% were diatoms, 33% were
dinoﬂagellates and the remaining 1% cyanobacteria (Supplemental
Table 2). There were many more species present, but only those
which were clearly identiﬁable are included in this analysis.
Among the diatoms, species of Chaetoceros made up 450% of
the phytoplankton present examined in February 2010, 30% in July
2010 but only 8–10% of the population in 2011 (not shown).
Annual changes were observed with some but not all species.
For example, Climacodium frauenfeldianum, Lauderia annulata,
Melosira moniliformis, Pleurosigma sp., Rhizosolenia imbricata and
Thalassionema nitzschioides, all diatoms, were dominant during
both cruises in 2010 but not in 2011 (Table 2; Supplemental
Table 2). Other species were important during one but not all
cruises. This includes Dactyliosolen mediterraneus and Ceratium
furca during July 2010 and Peridinium and Prorocentrum species
which were frequently observed during February 2011. The cyanobacteria Trichodesmium thiebautii was more abundant in 2011 than
2010 (Supplemental Table 2).
3.5. Characteristics of the geographic communities
The July 2010 sampling had the highest mean number of
species (Fig. 6a) of which Stations 10, 11, 12, 13 had the highest
mean number of species (102–106 spp.). Except for the May 2011
sampling, the NE region had the highest mean number of species.
The mean species accumulation curve approached 125 species
when a total of 61 plankton samples were combined (Fig. 6b).
Species richness does not increase when the additional 33 samples
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Fig. 4. Mantel tests between (A) individual surface environmental variables and ﬂora resemblance matrix and for (B) the best subsets of surface environmental variables
giving the highest correlation to the ﬂora resemblance matrix. The environmental variable was log10 transformed, centered, normalized, and converted to inter-sample
Euclidean distances. The presence/absence of ﬂora species-by-sample matrices was converted to inter-sample Bray–Curtis dissimilarities. Both the distances and
dissimilarities were ranked from high to low to calculate the Spearman's rank correlation coefﬁcient.

Fig. 5. Agglomerative hierarchical cluster analysis based on inter-sample Bray–Curtis dissimilarities of phytoplankton communities during the (A) February 2010, (B) July
2010, (C) February 2011, and (D) May 2011 cruises. Solid black line indicates signiﬁcant dendrogram structure (SIMPROF test, P o0.05) while the dotted line shows nonsigniﬁcant structure. The dashed line indicates the standard cut-off height. Alphabetical label shows the natural grouping based on the prerequisite of signiﬁcant
dendrogram structure.

were added, suggesting that our sampling has properly estimated
the total phytoplankton species richness in the Qatar peninsula.
The phytoplankton communities along the western coast appeared
to have the lowest species richness (Fig. 6c); however, the 95%
conﬁdence interval of the mean species accumulation curve still
overlapped with the NE and SE communities (Fig. 6d and e).
Interestingly, despite that the July 2010 sampling had the highest
mean number of species (Fig. 6a), the February 2011 recorded the
highest total species richness (Fig. 6f–i).

Characteristic species in each sampling time and geographic
area were identiﬁed based on the species contribution to the
average faunal similarity for the speciﬁc community. Table 2 lists
the characteristic species cumulatively contributing to at least 20%
of the average similarity. Generally, the species with highest
contribution were those occurring ubiquitously in all stations
(see also Supplemental Table 2). Except for the May 2011 sampling, dinoﬂagellate species comprised more than half of the most
contributed species list (Table 2). In fact, the dinoﬂagellates
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Table 1
Two-Way Cross Analysis of Similarity (ANOSIM). Pairwise test only lists nonsigniﬁcant pairs (P 40.05).
Variables

Test

Factor/level

R-statistic

Sig. Level

Environment
(surface)

Global
Global

CRUISE
LOCATION

0.867
0.378

0.001
0.001

Environment
(Bottom)

Global
Global

CRUISE
LOCATION

0.68
0.413

0.001
0.001

Phytoplankton

Global
Pairwise
Global

CRUISE
Feb 2010, Feb 2011
LOCATION
NE, SE

0.561
−0.154
0.208
0.095

0.001
0.974
0.005
0.091

accounted for over 60% of the prevalent species (occurring in all
stations) in February 2010, 2011 and July 2010 samplings. The list
of the most contributed species was almost identical between
February 2010 and 2011 samplings. Moreover, when all the species
contributions were aggregated across cruises (Fig. 7a–d), the
density distributions of diatom and dinoﬂagellate contributions
appear to be similar between the February 2010 (Fig. 7a) and 2011
cruises (Fig. 7c). These evidences supports the MDS ordination
(Fig. 2c) and ANOSIM results (Table 1) suggesting the species
composition were similar between these two sampling periods.
Except for diatom Thalassionema nitzschioides and dinoﬂagellates
Ceratium furca, Ceratium massiliense and Dinophysis caudate, as
well as dinoﬂagellate Ceratium breve and Peridinium divergens and
cyanophyta Trichodesmium thiebautii, the most contributed species
were largely different between the February (2010 and 2011) and
July 2010 and May 2011 samplings, respectively. Similarly, the
most contributed species in geographic areas were those almost
occurring at every station and throughout the four different
sampling times (Table 2). Three of the most contributed species
in the western area (Diatom Thalassiothrix frauenfeldii and Dinoﬂagellate Prorocentrum gracile and Prorocentrum micans) also
contributed greatly in the NE area. Many of the most contributed
species were identical between the NE and SE areas (e.g. diatom
Rhizosolenia imbricate, dinoﬂagellates Ceratium breve, Dinophysis
caudata, Peridinium divergens and cyanophyta Trichodesmium thiebautii). The density distributions of the diatom and dinoﬂagellate
species contribution were also more similar between the NE and
SE areas (Fig. 7e–f), supporting that the phytoplankton composition were not signiﬁcantly different in these two areas (R¼0.095,
P ¼0.091, pairwise ANOSIM, Table 1); however, the most contributed species list were entirely different between the W and SE area
(Table 2).
3.6. Phytoplankton biomass, physiology and productivity
Phytoplankton biomass in the waters surrounding Qatar was
generally low (0.18–2.19 μg l−1) (Supplemental Table 1), with most
values o1 μg l−1. There was no clear seasonal variation in Chl a
based on the available data but generally higher biomass in July
2010 and February 2011 relative to February 2010 and May 2011
(Fig. 2; Supplemental Table 1). At the western stations (1 and 2),
phytoplankton biomass was generally lower (mean¼0.55 μg l−1)
than those in the NE stations (3, 4, 5, 11, 12 and 13) and those in
the SE stations (6–10) which had mean Chl a of 1.33 μg l−1 and
0.95 Chl a μg l−1 respectively (Fig. 8a). These differences were not
statistically signiﬁcant.
Due to technical issues, we only have FIRe data from the ﬁrst
cruise (February 2010). Nonetheless this provides useful information for understanding some phytoplankton physiology in this
environment. For example, the pattern for Fo (Fig. 8b) was similar
to that of Chl a (Fig. 8a). The quantum yield of photochemistry
(Fv/Fm) was 0.30 (70.03) in the W, increasing to 0.38 ( 70.10) and

0.36 (70.07) in the NE and SE respectively (Fig. 8c). Fv/Fm was not
signiﬁcantly different between surface and bottom waters (not
shown), but was frequently found to be higher in bottom waters
relative to surface waters.
We observed a gradient of decreasing sPSII values from stations
on the W (704 Å2 quanta−1 7 47), NE (313 Å2 quanta−1 781) to SE
(300 Å2 quanta−1 7 95) (Fig. 8d) which followed patterns of
increasing light availability (Secchi depths; not shown) but not
nutrient patterns (see Supplemental Table 1). The opposite pattern
to sPSII was observed for τQa (Fig. 7d and e respectively). τQa was
increased from the western stations (547 μs 717), around the
coast to 595 μs (7 274) and 673 μs ( 7332) in the eastern stations
(Fig. 8e). Faster τQa time constants reﬂect more effective photosynthetic electron transfer on the acceptor side of PSII. Energy
transfer between PSII reaction centers is a function of the connectivity (p); low values were measured at all stations in this
system (Fig. 8f; mean ¼0.11).
In order to use the FIRe to estimate primary productivity, the
Chl a speciﬁc light absorption by PSII, achl
PSII, was determined ﬁrst.
These values exhibited a gradient from stations in the W
(0.031 m2 mg Chl a−1 70.001) to those in the NE (0.013 m2 mg Chl a−1
70.007) and to those in the SE (0.012 m2 mg Chl a−1 70.005)
(Fig. 8g). The electron transport rate (ETRPSII) was not measurable at
the western stations, that is, ﬂuorescence was below detection limits
even for the FIRe. At the northeastern and southeastern stations,
ETRPSII was similar, that is, 214770 μmol C mg Chl a−1 min−1 and
186723 μmol C mg Chl a−1 min−1 respectively, which is equivalent
to 1.1070.25 mg C m−2 day−1 and 0.8470.32 mg C m−2 day−1
(Fig. 8h).
3.7. Bioassays
Nutrient enrichment bioassays were performed at four stations
around the Qatari peninsula during the February and May 2011
cruises (Fig. 9). While none of the treatments were statistically
different (P 40.05), the strongest response (that is, the highest
PRI) was measured at station 2 in February (Fig. 9a). In all cases,
during the May cruise, the addition of nitrate as a nitrogen source
stimulated phytoplankton biomass (Chl a) above that in the
control treatments (Fig. 9e–h). Whilst not statistically different,
there was a 25% increase at station 13 (Fig. 9h); the smallest
increase was observed at station 5 (10%; Fig. 9f). In February, the
addition of nitrogen stimulated productivity at stations 2 and 11
(Fig. 8a and d but not at stations 7 and 8 (Fig. 8b and c)). We also
found that mixing deep water with surface waters (1:9) only
stimulated phytoplankton growth at two of the eight stations: we
observed an 11% and 27% increase respectively at stations 13 and
11 in these mixed treatments during the May cruise (Fig. 9g and h).

4. Discussion
Qatar's seemingly pristine environment is threatened by potential concomitant impacts that development may have on this
ecosystem. Among these threats are loss of critical habitat to
development, contamination with toxic chemicals by industry
(particular that associated with oil exploration) and farming
operations, invasive species from ballast waters and eutrophication (e.g., Ibrahim and El Samra, 1987; Jacob and Al-Muzaini, 1995;
Subba-Rao et al., 1999; Nour El‐Din and Al-Khayat, 2005; QMEMP,
2005; Sheppard et al., 2010). Further, “brine” discharged from
desalination plants with salinities 475 psu will increase salinity
in one of the world's hypersaline water bodies (Abdul Azis et al.,
2003; Hashim and Hajjaj, 2005; Lattemann and Hopner, 2008;
Sheppard et al., 2010). Here we describe spatial and temporal
variation among the phytoplankton community and show that
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Fig. 6. Phytoplankton community structure including (A) mean species numbers and (B) overall mean species accumulation curve as a function of plankton tows. The
remaining panels show the species accumulation curves for (C) west area, (D) northeast area, (E) southeast area, (F) February 2010 sampling, (G) July 2010 sampling,
(H) February 2011 sampling and (I) May 2011 sampling. The error bars (A) show the standard error of the mean. In panel (B)–(D), the vertical lines indicate 95% conﬁdence
interval of the mean accumulation curves based on 100 resampling.

nitrogen limitation plays a role in the functioning of this seemingly
stressed ecosystem.
4.1. Species diversity and groups
Bohm (1931) presented the ﬁrst account of phytoplankton
from the Gulf, listing 34 dinoﬂagellates. Since then, more than
1480 eukaryotic and prokaryotic primary producers have been
described for this region (Jacob and Al-Muzaini, 1995). More
recent publications have found a dominance of epiphytic, tychopelagic diatoms to the north and a mix of diatoms and

dinoﬂagellates to the south (see review by Subba Rao and
Al-Yamani (1998)). In addition, diatoms and dinoﬂagellates,
cyanobacteria dominate the communities in the Gulf and Qatar
(e.g., Abdul Azis et al., 2003; Al-Harbi, 2005; QMEMP, 2005; Nour
El‐Din and Al‐Khayat, 2005).
While Dorgham and Muftah (1986) identiﬁed 390 species from
preserved water samples collected along the Qatar coastline (225
diatoms, 152 dinoﬂagellates, 2 silicoﬂagellates and 11 cyanobacteria), we only identiﬁed one-third (125 total) as many species
similarly to Nour El‐Din and Al‐Khayat (2005) and QMEMP (2005)
who identiﬁed  100 species around Qatar. In the present study,
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Fig. 7. Density distribution of SIMPER species contributions for (A) February 2010 sampling, (B) July 2010 sampling, (C) February 2011 sampling, (D) May 2011 sampling,
(E) west area, (F) northeast area and (G) southeast area. The average similarity for speciﬁc sampling time and geographic area were broken down to percent similarity
contribution (2 way cross SIMPER). The density was calculated using Kernel density estimation with Gaussian smoothing. Solid line indicates the contribution for diatom
species and dashed line for dinoﬂagellate species. The area under the density curve estimates the overall percent contribution.

the majority of phytoplankton identiﬁed were diatoms (82),
with 41 dinoﬂagellates and 2 cyanobacteria (Table 2; Supplemental Table 2); in ratios similar to those reported in Jacob and
Al-Muzaini (1995). We were not able to identify members of the
chlorophyceae, euglenophytes, silicoﬂagellates, coccolithophores
or cryptomonads in our samples although species from these
groups have been reported previously in the Gulf (Subba Rao
and Al-Yamani, 1998; QMEMP, 2005; and references therein).
Further, we were not able to identify prokaryotic and eukaryotic
ultraplankton which are known to be numerically dominant in
oligotrophic waters such as the Gulf of Aqaba (Al-Najjar et al.,
2007) and other regions. This does not reﬂect an absence of these
species in Qatar during our study but rather the difﬁculty in
identifying many groups of phytoplankton, particularly the smaller
and cell wall-less species.
In many cases, we observed previously reported genera but not
always the same species; it is difﬁcult to know if this is a function
of changes in nomenclature or due to a change in members of the
phytoplankton community between studies. Given the shallow
nature of the sampling locations, it was not surprising that we
found a number of tychopelagic diatom genera including Amphora,
Campylodiscus, Diploneis, Fragilaria, Grammatophora and Licmophora.

Of the species we observed, known oceanic species in this region
include Bacteriastrum sp., Chaetoceros peruvianum, Climacodium
frauenfeldianum, Rhizosolenia alata, Thalassiosira subtilis Thalassiothrix frauenfeldii, Gonyaulax spinifera, Prorocentrum gracile and
Pyrodinium bahamense. Examples of coastal phytoplankton species
include Bellorochea malleus, Leptocylindrus danicus, and Skeletonema
costatum (see Subba Rao and Al-Yamani, 1998; Al-Harbi, 2005).
As with Dorgham et al., (1987), Abdul Azis et al. (2003) and Nour
El‐Din and Al‐Khayat (2005) we found that Trichodesmium spp.
was the most abundant ﬁlamentous cyanobacteria in Qatari coastal
waters. This species is also important in the Gulf of Aqaba (Al-Najjar
et al., 2007), the Gulf of Mexico (Dorado et al., 2012), and other
oligotrophic regions.
In the review by Jacob and Al-Muzaini (1995), the three
diatoms found to dominate phytoplankton communities in the
Gulf were Thalassionema nitzschioides, Thalassiothrix frauenfeldii,
Climacodium frauenfeldianum. While we also found these to be
important (dominant) species, Chaetoceros spp. were far more
important as a fraction of the entire community (Table 2 and
Supplemental Table 2). This earlier study also identiﬁed the
following dinoﬂagellates: Ornithocercus thumii, Dinophysis caudate,
Ceratium massiliense and C. furca to dominate the community;
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Table 2
Similarity percentage (SIMPER) contribution for phytoplankton species. Percent contributions (Contib%) were examined for the “LOCATION” groups across all “CRUISE” groups
using the same 2-Way layout in the ANOSIM tests (Table 3). Only the most contributed species (highest Contib%) with at least 20% of cumulative contribution (Cum.%) of the
average similarity (Av.Sim) are shown. When the contributions were tied, all species with the same “Contrib%” are listed. “DIA” denotes diatoms. “DIN” denotes dinoﬂagellates.
“CYA” denotes cyanophyta.
Cat

Species

Occur

Contrib%

Cum.%

Cruise
Feb 2010
DIA
DIA
DIA
DIA
DIN
DIN
DIN
DIN
DIN
DIN
DIN
CYA

(Avg similarity: 68.25)
Navicula sp.
Pleurosigma sp.
Rhizosolenia imbricata
Thalassionema nitzschioides
Ceratium breve
Ceratium furca
Ceratium fusus
Ceratium massiliense
Dinophysis caudata
Peridinium divergens
Prorocentrum sigmoides
Trichodesmium thiebautii

12
11
11
12
12
12
11
12
12
11
12
12

2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4

2.4
4.8
7.2
9.6
12
14.4
16.8
19.19
21.59
23.99
26.39
28.79

July 2010 (Avg similarity: 90.71)
DIA
Diploneis splendica
DIA
Rhizosolenia calcar avis
DIA
Rhizosolenia setigera
DIA
Skelotenema costatum
DIA
Thalassionema nitzschioides
DIA
Thalassiothrix frauenfeldii
DIN
Ceratium furca
DIN
Ceratium massiliense
DIN
Ceratium trichoceros
DIN
Ceratium tropis
DIN
Dinophysis caudata
DIN
Gonyaulax diegensis
DIN
Gonyaulax kofoidii
DIN
Peridinium islandicum
DIN
Peridinium mita
Geographic area
W (Avg similarity: 60.27)
DIA
Diploneis splendica
DIA
Rhizosolenia calcar avis
DIA
Thalassiothrix frauenfeldii
DIN
Ceratium furca
DIN
Ceratium massiliense
DIN
Gonyaulax diegensis
DIN
Gonyaulax kofoidii
DIN
Peridinium sp.
DIN
Prorocentrum gracile
DIN
Prorocentrum micans

15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19

1.19
2.38
3.57
4.76
5.95
7.14
8.33
9.52
10.71
11.9
13.09
14.28
15.47
16.66
17.85

7
7
7
7
7
7
7
6
7
7

2.9
2.9
2.9
2.9
2.9
2.9
2.9
2.9
2.9
2.9

2.9
5.8
8.7
11.6
14.5
17.39
20.29
23.19
26.09
28.99

NE (Avg similarity: 77.62)
DIA
Rhizosolenia imbricata
DIN
Ceratium breve
DIN
Dinophysis caudata
DIN
Peridinium ovum
DIN
Peridinium divergens
DIN
Prorocentrum micans
DIA
Thalassionema nitzschioides
CYA
Trichodesmium thiebautii

25
25
25
25
25
24
24
23

1.82
1.82
1.82
1.82
1.82
1.67
1.63
1.59

1.82
3.64
5.46
7.28
9.09
10.77
12.4
13.99

Gonyaulax spp. and Peridinium spp. were numerical more common
in the present study. Al-Harbi (2005) reported that the greatest
contribution to phytoplankton populations in their study were
multiple species of Ceratium (especially massiliense which we also
found) and Peridinium depressum, and the diatoms, Coscinodiscus
genera, Leptocylindrus minimus and Rhizosolenia alata. The questions to be addressed in future studies: what are the location
speciﬁc patterns? Are shifts in the dominant species/genera
observed in different studies associated with permanent changes
resulting from development and alterations to the natural system?
Are changes associated with eutrophication? What are the consequences to higher trophic levels?

Cat

Species

Occur

Contrib%

Cum.%

July 2010 continue (Avg similarity: 90.71)
DIN
Peridinium sp.
DIN
Prorocentrum gracile
DIN
Prorocentrum micans
DIN
Prorocentrum sigmoides

15
15
15
15

1.19
1.19
1.19
1.19

19.04
20.23
21.42
22.61

Feb 2011 (Avg similarity: 69.75)
DIA
Navicula sp.
DIA
Rhizosolenia imbricata
DIN
Ceratium breve
DIN
Ceratium furca
DIN
Ceratium massiliense
DIN
Prorocentrum sigmoides
DIA
Pleurosigma sp.
DIN
Ceratium fusus
DIN
Dinophysis caudata
DIN
Peridinium divergens
CYA
Trichodesmium thiebautii

13
13
13
13
13
13
12
12
12
11
12

2.38
2.38
2.38
2.38
2.38
2.38
2.26
2.26
2.26
2.26
2.26

2.38
4.76
7.13
9.51
11.89
14.27
16.53
18.79
21.05
23.31
25.57

May 2011 (Avg similarity: 71.23)
DIA
Navicula membranacea
DIA
Pleurosigma itium
DIA
Rhizosolenia calcar avis
DIA
Thalassiosira subtilis
DIN
Ceratium breve
DIN
Peridinium divergens
DIN
Ceratium dens
DIN
Peridinium ovum
CYA
Trichodesmium thiebautii
DIA
Triceratium sp.

13
13
13
13
13
13
13
12
12
12

2.22
2.22
2.22
2.22
2.22
2.22
2.22
2.15
2.15
2.15

2.22
4.45
6.67
8.89
11.11
13.34
15.56
17.71
19.86
22.01

NE continue (Avg similarity: 77.62)
DIA
Dactyliosolen mediterraneus
DIA
Pleurosigma sp.
DIN
Ceratium fusus
DIN
Prorocentrum gracile
DIA
Thalassiothrix frauenfeldii

23
23
23
22
22

1.5
1.5
1.5
1.42
1.41

15.49
16.99
18.49
19.91
21.32

SE (Avg similarity: 76.10)
DIN
Ceratium breve
DIN
Ceratium fusus
DIN
Peridinium divergens
CYA
Trichodesmium thiebautii
DIA
Coscinodiscus sp.
DIA
Navicula sp.
DIA
Thalassionema nitzschioides
DIA
Rhizosolenia imbricata
DIN
Dinophysis caudata
DIA
Skelotenema costatum
DIN
Ceratium tropis
DIA
Pleurosigma sp.

21
21
21
20
20
20
20
19
19
19
19
18

1.95
1.95
1.95
1.79
1.76
1.76
1.72
1.65
1.65
1.59
1.57
1.56

1.95
3.9
5.85
7.64
9.4
11.16
12.88
14.54
16.19
17.78
19.35
20.91

4.2. Biomass and primary production
Chl a, a measure of the phytoplankton biomass, ranged
from 0.31 to 1.14 μg Chl a l−1 in the western, from 0.65 to
2.07 μg Chl a l−1 in the northeastern and from 0.49 to
1.90 μg Chl a l−1 in the southeastern areas (Figs. 2 and 7; Supplemental Table 1). These values are similar to those previously
reported in the Gulf. For the Shatt Al-Arab estuary to the north,
Huq et al. (1981) and Al-Saadi et al. (1989) measured values
between 0.22 and 3.25 μg Chl a l−1), with highs to 9.07 μg Chl a l−1
during the autumn (Huq et al., 1978). In Kuwait waters, algal
biomass varied between 0.2 and 13.9 μg Chl a l−1 from January to
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Fig. 8. Phytoplankton biomass and physiological characteristics measured in February 2010. (A) Chl a; μg l , (B) Fo, (C) Fv/Fm, (D) sPSII; Å quanta−1, (E) τQa; μs, (F) p, (G) a*PSII;
m2 mg Chl a−1 and (H) primary productivity; mg C m−2 day−1.

May (Jacob et al., 1979, 1980). In a more recent study, Al-Yamani
et al. (2006) found Chl a concentrations were higher in the
northern waters off Kuwait (4.4 μg Chl a l−1) adjacent to a river
runoff area relative to those further south (1.5 μg Chl a l−1). Consistent with our ﬁndings, Nour El‐Din and Al‐Khayat (2005)
previously reported Chl a was low ( o2.5 μg Chl a l−1), even
undetectable concentrations, in several of the inland seas of Qatar
characterized by elevated salinities. In the southern waters of the
Gulf region, chlorophyll levels varied from 0.96 to 1.18 μg Chl a l−1
while in the Gulf of Oman they were 0.55–0.87 μg Chl a l−1,
respectively (El-Gindy and Dorgham, 1992). Also characterized as
oligotrophic, the nearby Gulf of Aqaba phytoplankton biomass
rarely exceeds 1 μg Chl a l−1 (Al-Najjar et al., 2007; Suggett et al.,
2009).
Jacob et al. (1982) estimated primary productivity to vary
10-fold from 60 to 600 mg C m−3 on the coast of Kuwait. We
measured generally lower values, from 8.9 to 365 mg C m−3
around Qatar during the study period. There are few studies on
primary production in the Gulf (Hadi et al., 1989; Sheppard et al.,
1992; Subba Rao and Al-Yamani, 1998; Al-Yamani et al., 2006),
fewer near Qatar (Ibrahim and El Samra, 1987). In the Shatt
Al-Arab estuary, primary production values ranged from 5.44 to
52.9 μg C l−1 h−1 (Al-Saadi et al., 1989; Hadi et al., 1989) and in the

2

northwest, 10.7 and 31.6 μg C l−1 h−1 (Huq et al., 1978). In Kuwait,
Al-Muzaini et al. (1991) found primary production varied from
1.32 to 27.2 μg C l−1 h−1 with lower values in southern waters and
higher values nearest to river runoff, respectively. Ibrahim and
El Samra (1987) measured gross primary production rates of
59–82 μg C l−1 h−1 in the spring of 1986 south of Doha, the capital
of Qatar.
We estimated integrated primary production using average
water column Chl a values, the assumption of a Chl:C ratio of 50
(Jacob et al., 1982), and the known water depth. For the latter
assumption, we found the photic zone depth (measured with a
Secchi disk) was equivalent to water column depth in 85% of cases.
This is also consistent with the very high water transparency
measured (NTUo2; Supplemental Table 1). We found productivity at the western stations were decreased (5.8 73.8 μg C l−1 h−1),
with highest values measured at the northeastern stations
(40.3 731 μg C l−1 h−1) and relative high values at the southeastern
stations of 30.7 715.6 μg C l−1 h−1 (not shown). This pattern is
consistent with observations for Chl a (Fig. 7a) and the ﬂuorescence based estimates (Fig. 10h). The large standard deviations reﬂect seasonal variability. Our estimates are also similar to
the values reported in the Shatt Al-Arab estuary (Al-Saadi et al.,
1989; Hadi et al., 1989), Kuwait in the northwest, 10.7 and
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Fig. 9. Bioassays performed at select stations in February and May 2011 reveal nitrogen (as nitrate) limitation. The phytoplankton response index (PRI) was calculated from
the change in Chl a (μg l−1) concentration in the treatments: control (C), deep plus surface waters (D) and nitrogen addition (N). Bioassays were performed at (A) station 2,
(B) station 7, (C) station 8 and (D) station 11 in February 2011 and at (E) station 5, (F) station 7, (G) station 11 and (H) station 13 in May 2011.

31.6 μg C l−1 h−1 (Huq et al., 1978) and Qatar (Ibrahim and El Samra,
1987). The low productivity despite high species diversity has
been reported for other subtropical and tropical seas (e.g., Venrick,
1993; DuRand et al., 2001).
4.3. Importance of nitrogen in driving primary production
For comparison to the literature in other parts of the world, we
converted our primary production rates to more commonly used
units: 0.14 gC m−2 day−1, 0.97 gC m−2 day−1 and 0.74 gC m−2 day−1
(averages of all four cruises) for the western, northeastern and
southeastern stations, respectively. These values are consistent
with the oligotrophic nature of this ecosystem, its low nutrient
concentrations (see Supplemental Table 1) and ratios (DIN:P and
DIN:Si ratios o1). These low rates are likely the result of nutrient
(as nitrogen) limitation, a contention supported by the nutrient
enrichment assays performed (Fig. 10) and with earlier studies
performed in the Gulf (e.g., Dorgham et al., 1987; Dorgham and
Muftah, 1989; Al-Saadi et al., 1989; El-Gindy and Dorgham, 1992;

Jacob and Al-Muzaini, 1995) that hypothesized nitrogen limitation
as the dominant factor controlling phytoplankton primary production. Interestingly, when we added nutrients collected from close
to the sediment-water interface (bottom waters) to surface waters,
phytoplankton growth was stimulated in two of the eight assays.
Al-Qutob et al. (2002) and Suggett et al. (2009) showed stimulation of productivity in surface waters could be triggered by the
addition of bottom waters. We have observed similar such
responses in assays performed in the Gulf of Mexico and the
Paciﬁc Ocean (off the west coast of the US) (unpublished data).
This suggests that benthic regeneration of nutrients may be an
important source of nutrients to phytoplankton in this region.
An alternative source of ‘natural’ new nitrogen in the Gulf is
Trichodesmium spp. which is abundant in the oligotrophic warm
waters of the region (Table 2, Supplemental Table 2). It was
estimated by El Samra et al. (1986) that 0.4–6.3 kg N km−2 day−1
of the total nitrogen budget from the Gulf comes from diazotrophy.
Gruber and Sarmiento (1997) deﬁned a quasi-conservative tracer,
N*, to investigate the distribution of N2 ﬁxation and denitriﬁcation
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Fig. 10. Potential biological N2 ﬁxation measured using N* values calculated for
each station for the February 2010 (♦), July 2010 (◊), February 2011 (●) and May
2011 (○) cruises. Positive N* values indicate products of N2 ﬁxation are utilized by
primary producers in this system.

in the ocean. Using the principal described, we calculated an
average N* from all four cruises of −4.10 μmol kg−1 for the Qatar
peninsula, similar to their o −3 μmol kg−1 for the Arabian Sea. By
calculating the difference between the average N* and the measured N* for each station on each cruise we found an interesting
pattern: in general, we had −N* values during the February cruises
(2010 and 2011) and +N* values during the May 2011 and July
2010 cruises (Fig. 10). These patterns suggest the source of N for
water column photosynthesis is variable between cooler and
warmer months. Negative N* values measured in February indicate the use of a nitriﬁed source by primary producers while
positive N* values measured during warmer months suggests a
denitriﬁed source (explained by biological N2 ﬁxation) drives
production. Examination of the changing patterns of abundance
in Trichodesmium spp. observed in the present study support these
switches (Table 2, Supplemental Table 2) as well as its known
distribution in other world gyres. Measuring the natural abundance of stable carbon (δ13C) and nitrogen (δ15N) isotopes may
help to further elucidate spatial and temporal trends in the use of
differential nitrogen sources within this system; this strategy
providing interesting ﬁndings in the Gulf of Mexico (Dorado
et al., 2012).

4.4. Potential response to development
Historically, nitrates, phosphates and silicates are generally
more abundant in the Northwest region of the Gulf than those
off Qatar and the United Arab Emirates to the south (Al-Saadi and
Hadi, 1987; Hulburt et al., 1981; Halim, 1984). This is because the
major source of riverine water (and with it nutrients) to the Gulf
are the Euphrates and Tigris Rivers which discharge into the Shatt
Al-Arab estuary in the north. However, with the current level of
development in Gulf countries, this trend may no longer be valid.
The consequence of increased nutrient inputs in some instances
has resulted in harmful algal blooms with devastating impacts on
the ﬁshery (e.g., Subba-Rao et al., 1999; Heil et al., 2001; Richlen
et al., 2010). Also of concern with alterations to nutrient inputs
from the major rivers versus other sources, is a potential depletion
of silicates, and with that a possible shift from a diatom dominated
community to one dominated by dinoﬂagellates (which do not
require silica). This has been observed in other areas such as in the
Baltic Sea (Suikkanen et al., 2007; Wasmund and Uhlig, 2003).
Aside from the potential for more harmful algal blooms associated
with dinoﬂagellates, there is likely to be a negative impact on the

ﬁshery (Sheppard et al., 2010). This kind of alteration to the food
web has been observed in the Black Sea (Humborg et al., 1997).
Dorgham et al. (1987) and others have reported that there has
been an increase in the number of diatoms and dinoﬂagellates
appearing in the Gulf. The study suggested that the organic
enrichment maybe the main reason but allochthonous transfer
of species into the Gulf from the Arabian Sea and the Gulf of Oman
was also postulated to play a role. Based on studies conducted in
other locations (e.g., Galveston Bay; Steichen et al., 2012), the
introduction of exotic algae into the area may also be related to
ballast water associated with the thousands of cargo ships and oil
tankers moving in and out of the region. There are serious
concerns that these introductions could trigger ecological changes
in the phytoplankton community structure, leading to potential
economic loss to commercial ﬁsheries (Subba Rao et al., 1994).
With population growth and development in Qatar, concerns
have been raised concerning regarding the observations of algal
blooms, some of which are associated with harmful or toxin
producing species. Natural and aquaculture ﬁsh deaths observed
nearby in Kuwait Bay (1999) and the United Arab Emirates and the
Gulf of Oman (2008–2009) were associated with dinoﬂagellate
blooms (Gymnodinium sp. and Cochlodinium polykrikoides respectively); these were linked to elevated nutrient concentrations
(Subba-Rao et al., 1999; Heil et al., 2001; Richlen et al., 2010).
Several decades earlier Dorgham et al. (1987) was ﬁrst to predict
and observe the abundant growth of the dinoﬂagellates in the Gulf
associated with eutrophication, speciﬁcally the three harmful
dinoﬂagellates Pyrodinium bahamense, Gonyaulax polyedra and
Prorocentrum micans, species known to reside in the waters off
Qatar and United Arab Emirates. Other toxic phytoplankton
species have been reported to form blooms in the northwestern
Arabian Sea (Dorgham and Muftah, 1989; Al-Yamani et al., 1997;
Subba Rao and Al-Yamani, 1998; Subba-Rao et al., 1999). Whilst we
observed these and other dinoﬂagellates in our samples, we did
not observe any blooms during the four sampling campaigns on
the coastline of Qatar. Blooms typically appear during March/April
and October when water temperatures are cooler (  20 1C). The
lack of any pronounced seasonal blooms was recently examined
for Kuwait by Al-Yamani et al., (2006) which agrees with our
ﬁndings. These authors suggested a lack of stratiﬁcation and
turnover associated with seasons, losses due to lateral advection,
grazing by zooplankton and/or bacterial activity as possible
explanations. We did not ﬁnd any stratiﬁcation but did ﬁnd the
system to be heterotrophic (pers. obs). Lastly, the increasing
number of dinoﬂagellate species in Qatari waters is of concern
not only because they are able capable of forming harmful algal
blooms but also because they are effective competitors for scarce
resources (Al-Qutob et al., 2002).
Of the other species we observed, Chaetoceros spp., Rhizosolenia
spp., Dinophysis spp., Prorocentrum spp., and the two Trichodesmium spp. are known to form blooms in this (Al-Hasan et al., 1990)
and other regions. In many cases (except for the cyanobacteria),
blooms of these species are often cited as symptomatic of
increasing inorganic nutrient enrichment associated with eutrophication, pollution and increases in aquaculture. Greater sampling frequency is required to determine if and when these species
may be blooming in the region, however our nutrient addition
assays highlight the potential for eutrophication in this system.

5. Conclusion
The waters surrounding Qatar are comparable to the shallow
littoral areas characterized by moderate to strong currents, seaﬂoor within the euphotic zone, and oxygenated water column.
For the latter, circulation and wind (the ‘Shamal’) patterns ensure
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waters are well mixed. We found these among other environmental parameters play a role in the relatively low phytoplankton
biomass and gross production rates but high species diversity
measured in this study. Furthermore, nutrient addition assays
suggest future pressures related to development are likely to
have a profound impact on primary production and the primary
producers in the Qatari peninsula, a phenomenon already
observed in the neighboring countries of Kuwait, the United Arab
Emirates, the nearby Gulf of Oman and worldwide. As part of the
‘Carbon Cycle’ project (2010–2011) we have determined the present state of Qatar's coastal waters, creating an extensive database
against which future conditions in Qatar's coastal habitats can be
compared. These ﬁndings are intended to contribute to the
growing body of ecological information on the unique conditions
of the Gulf in comparison with regions elsewhere in the world
where similar studies have been conducted.
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