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Abstract 

The contribution of three different cell size classes of picoplankton: 0.74-2 μm, 

nanoplankton:2–20 μm and  microplankton, >20 μm of the phytoplankton population and 

their relationship to environmental conditions were studied over two annual cycles at one 

station in  Bandar Khyran Bay, Sea of Oman, from May 2006 to August 2008. 

Nanoplankton was the most important class contributing 54.4% to total Chl a (range 6-

82%). Its seasonal highest concentrations was during the cold periods when temperature 

ranged from 28-29 °C in fall and near 24 C in winter when the supply of nutrients was 

sufficient to sustain their growth. Picoplankton had the second level of the contribution, 

comprising (23.5%, range 4-74 %) of the total Chl a. and their concentration was 

generally constant (0.04-.06 μg l–1) throughout the study period. The drop of 

picoplankton population coincided with an increase in the microplankton and 

nanoplankton populations indicating a high grazing pressure exerted on the picoplankton 

population. Microplankton size-class occupied the third level of the contribution 

comprising (22.2%, range 3-65 %). Their general concentration was below 0.1 μg l–1 and 

only dominant when temperatures were lowest and nitrate, nitrite, silicate and phosphate 

concentrations were the highest. The temporal variability observed was associated with 

changes in the nanaoplankton indicating that in some cases, it is the small fraction of 

phytoplankton that drives changes in abundances and productivity. 
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Introduction

Phytoplankton include a wide range of 

photosynthetic organisms that are often 

classified into various size ranges. The 

larger phytoplankton (>20μm) (Kormas 

et al., 2002) are those normally captured 

in nets. The smaller phytoplankton 

groups are those in the nanoplankton 

(2.0-20μm) and the picoplankton (0.2-

2μm) size ranges that pass through nets. 

Net phytoplankton consists 

predominately of two groups, diatoms 

and dinoflagellates, and the 

nanoplankton are dominated by 

members of Chrysophyceae, 

Prymnesiophyceae, Cryptophyceae and 

Dinophysis. The picophytoplankton 

comprise of (<2 μm) chroococcoid 

cyanobacteria and of eukaryotic 

phytoplankton of the same size range 

(Van den Hoek et al., 1995; Lalli and 

Parsons, 1997). 

      Recent evidences indicate that the 

smallest groups now dominate the 

phytoplankton assemblages and appear 

to be of the primary importance in terms 

of contributing to the overall 

productivity in estuarine and marine 

environments (Brown et al., 1999; 

Caron et al., 1999; Dennett et al., 1999; 

Tarran et al., 1999; Brown et al., 2002).  

These organisms are the dominant 

constituents of phytoplankton 

communities in terms of both biomass 

and abundance in oligotrophic oceans 

(Campbell and Vaulot, 1993). They 

especially dominate the inter monsoon 

periods in the Arabian Sea where they 

may account for more than 50% of the 

chlorophyll a biomass making them 

responsible for about 50-60% of the total 

primary productions in these waters 

(Burkill et al., 1993; Brown et al., 1999; 

Dennett et al.,1999; Tarran et al., 1999, 

Garrison et al., 2000).  

     In comparison to conventional 

research that evaluates phytoplankton 

community at the species level, 

Chlorophyll a size fractionation has 

proven to be an effective method to 

study phytoplankton population 

dynamics (Takahashi and Hori, 1984). 

Cell size influences the response of the 

phytoplankton community to 

environmental variation and hence the 

primary production (Glibert et al., 1992; 

Hein et al., 1995). The size of primary 

producers is used as a tool to understand 

the ecological characteristics of marine 

environments and the processes of 

succession in the phytoplankton 

assemblages. Different size classes 

contribute unequally to bloom dynamics 

(Smayda, 1973; Hallegraff, 1981; 

Furnas, 1983).  

     Size-distribution of phytoplankton 

assemblages is a major factor that 

controls functioning of the pelagic food 

web (Legendre and Le Fevre, 1991). As 

the larger size cells influence sinking 

and transport rates from the surface to 

the depth (Malone, 1980; Michaels and 

Silver, 1988), the smaller cells utilize up 

to 50 % of the primary productivity 

(Brown et al., 2002) and therefore, 

transfer energy and recycle nutrients to 

the classical food web through the 

microbial loop (Fenchel, 1982a,b; Azam 

et al., 1983; Caron et al., 1991).  
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The present study focuses on temporal 

variability in size-fractionation of a 

natural phytoplankton population in 

Bandar Khyran Bay, Sea of Oman, to 

estimate the relative contribution of the 

different size classes to the overall 

phytoplankton community and their 

relationship to environmental 

conditions. 

 

Materials and methods 

The study was carried out in Bandar 

Khyran Bay which is a shallow, semi-

enclosed basin located east of Oman’s 

capital city, Muscat (Fig.1). It has an 

area of about 4 km2 and an average depth 

of 10 m. Surface water samples were 

collected at a fixed station twice a month 

from May 2006 to August 2008. 

 
Figure 1: Map of Oman(A), coast of Muscat(B) and sampling site(C). 

 

 

Sub-surface water samples 

representative of the mixed layer were 

collected at 1 m with Niskin bottle. 

Samples for the analyses of nitrate, 

nitrite, phosphorus and silica were also  

 

used for cell size distributions. For 

nutrient analysis, water was filtered 

through a Whatman GF/F filter and 

immediately made frozen. Nutrients 

were determined with a 5-channels 
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SKALAR Flow Access auto-analyzer 

according to the procedures described in 

Strickland and Parsons (1972) and 

modified by the manufacturer of the 

analyzer (Skalar analytical, 1996). For 

cell size distributions (0.74-2, 2–20 and 

>20 μm) three sets of filters were used: 

Whatman GF/F glass fiber filter with 0.7 

µm pore size, GF/C with 2µm pore size 

and 20 µm aperture nylon mesh. Cells 

retained by the 0.74 μm belongs to the 

picoplankton, and those retained by 2 

µm and 20 µm pore size filters belong to 

the nanoplankton and microplankton,  

respectively (Sieburth et al., 1978). 

Filters were kept frozen in the dark until 

analysis.  Filters were then placed into a 

90% acetone solution and left overnight 

at 4oC in the dark for pigment extraction. 

Chl a concentration was determined 

using a Turner Designs 10-AU 

fluorometer. Fluorescence values were 

corrected for phaeophytin using 

acidification (Parsons et al., 1984). 

Water temperatures were obtained from 

a conductivity-temperature-depth 

instrument using an Idronaut-Ocean 

Seven 316 C.T.D. (IDRONAUT Srl, 

2003). The Bray–Curtis similarity 

matrix was used to obtain multi-

dimensional scaling (MDS) ordinations. 

The similarity/permutation test 

ANOSIM (Warwick and Clarke, 1991) 

was used to compare the statistical 

difference between seasons based on the 

Euclidian distance measure On Primer 5. 

The Principal Component Analysis 

(PCA) is used to elucidate the statistical 

relationships between 10 parameters 

(biological, chemical and physical) 

measured as well as to understand their 

clustering patterns. 

 

Results 

The distribution of temperature in 

Bandar Khyran Bay shows a semi-

annual mode of variability with a clear 

maximum during summer months June-

July when sea surface temperatures 

exceeds 31.5°C and a minimum during 

winter months December-march when 

temperature drops to 23°C (Fig. 2)   

However there is a clear drop of 

temperature below 29°C during August-

September with little variability between 

the years.  Summer of the year 2006 was 

cooler than those of 2007 and 2008. 
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Figure 2: Annual distribution of temperature (0C) in Bandar Khyran Bay. 

   

Concentrations of NO3+ NO2 showed 

high variability among sampling periods 

(0.1 -7.9 µM). Concentration maximum 

ranged from 5- 7.9 µM during December 

2006- February 2007 (Fig. 3). Silicate 

maximum values were 2.3-3.5 µM 

between October 2006 and February 

2007. Similarly, the highest phosphate 

concentration (0.5-1µM) was recorded 

between October 2006 and February 

2007. Unusually high ammonia 

concentration (3.2 µM) was measured in 

the summer 2006 (June). Ammonia 

concentrations fluctuated greatly and 

were highest during September 2006-

December 2006, while concentrations 

during 2007 remained below 1 µM 

except on March 2007 when 

concentration was 2.26 µM (Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Distribution of major nutrients (μmol/L) in Bandar Khyran Bay. 
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Nanoplankton (2-20μm) was the most 

important class contributing 54.4% to 

total Chl a (range 6-82%) (Figs.4,5). Its 

seasonal distribution exhibited high 

concentrations, >0.2 μg l–1 and above the 

median during the cold periods when 

temperature ranged from 28-29 °C in fall 

and near 24°C in winter (Fig. 6). A sharp 

drop in contribution for this size-class 

was recorded from June 2007 to May 

2008, except for a single sample in 

December 2007, when its contribution to 

total Chl a was about 75%.  

  

 
Figure 4:  Chlorophyll a size class (μg/L) distributions in Bandar Khyran Bay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Two-dimensional and multi-dimensional scaling plots of the different size-class during 3/4 

seasons. The biomass of the various size classes was superimposed as a bubble plot where 

the diameter of the disk correspond to the abundance of the different size classes. f= fall, 

w =winter, s=summer.  
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                                Figure 6: Size-class biomass (Chl a) according to water temperature and  

                                                 season in Bandar Khyran; s=summr;sp=spring;f=fall;w=winter. 
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contribution, comprising 23.5%, and a 

range of 4-74 % of the total Chl a. (Figs. 

4,5). Picoplankton concentration was 

generally constant (0.04-.06 μg l–1) 

throughout the study period. Their 

highest densities, 0.08-0.1 μg l–1,  was 

exhibited when temperature was below 

29°C, and a drop of concentration was 
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seen during warmer temperatures  

(Fig.6). 

     The microplankton (>20 μm) size-

class occupied the third level of the 

contribution comprising 22.2%, and a 

range of 3-65 % (Figs. 4,5). Their 

general concentration was below 0.1 μg 

l–1 (median) and only exceeded this value 

when water was cooler during winter 

and fall (Fig. 5). The highest 

contribution of this class (Chl a of 0.76 

μg l–1, 65%) was recorded on 16 January 

2007. The contribution of microplankton 

to total Chl a was much higher during 

May 2006-April 2007 than the rest of the 

study period when sharp and sudden 

decline was recorded.  

The MDS plot and a 1-way anova 

showed significant seasonal changes in 

overall size-class distribution between 

summer and winter (Stress=0.03; 

Anosim R= 0.124; p=0.01) (Fig.7).  A 

PCA analysis conducted for all samples 

revealed that PC1 and PC2 were 

responsible for 34.4% and19.2 % of the 

total variability respectively (Fig.8). 

PC1 was well correlated to major 

nutrients (PO4, NO2+NO3 and NH4) and 

inversely related to temperature. PC2 

was well correlated to picoplankton and 

silicate. Both nanoplankton and 

macroplankton were somewhat linked to 

salinity and responded to changes in the 

major nutrients (Fig. 8). 

 
Figure 7: MDS seasonal structure in samples collected in Bandar Khyran bay station W=winter  

                 S=summer.         
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Figure 8: Principal component analysis (PCA) showing original variables and principal components 

(Pico=icoplankton, Macro=macroplankton, Nano= nanoplankton, Sal= salinity, 

Temp=temperature). 

 

Discussion 

During this study, nanoplankton 

dominated most of the sampling periods 

and contributed significantly to the total 

production especially from May 2006–

May 2007 when there was sufficient 

supply of nutrients, particularly 

ammonium. Nanplankton were reported 

to enhance their production during 

ammonium abundance as they have the 

highest uptake rates of ammonium in the 

phytoplankton (Glibert et el., 1992; 

Ferrier and Rassoulzadegan, 1991). This 

high supply of ammonia probably was 

released from the unusually early 

decomposition of Noctiluca scintillans 

bloom during an abnormally late 

summer in 2006. N. scintillans blooms  

are a feature of the fall-winter season in 

the Sea of Oman (Al-Hashmi et al., 

2012). Also regenerated nutrients are 

considered a primary growth stimulating  

factor for pico and nanoplankton 

(Probyne, 1985; Sin et al., 2000).  

 

Nutrient loadings may cause changes in 

the nutrient ratios, thus affecting the 

species composition of the 

phytoplankton community and the 

higher trophic levels (Turner et al., 

1998; Philippart et al., 2000). 

Nanoplankton are important contributor 

to phytoplankton assemblages in both 

temperate and tropical environments and 

are responsible of a significant fraction 

of primary production (Hallegraff, 1981; 

Gin et al,. 2000) and they are more 

abundant in coastal waters than in the 

oligotrophic waters (Gobler et al., 2005; 

Pan et al., 2007).  

       Even though there was a high 

supply of ammonium from May–

October 2006, microplankton were only 

dominant when temperatures were 

lowest, between December 2006-

January 2007 (Fig. 6), and when nitrate, 

nitrite, silicate and phosphate 

concentrations were highest. 

Phytoplankton growth was reported to 
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increase with incubation temperature 

until optimum growth is obtained, and 

then growth rate decreased considerably 

with increasing temperatures (Eppley, 

1972). This resulted in clear separation 

between summer and winter population 

(Fig. 7).  Temperatures below 29.5°C 

might be optimum for phytoplankton 

growth, as long as essential nutrients are 

supplied (Fig. 6). Nutrients were likely 

temporarily injected across the 

thermocline during the north-west 

monsoon’s coastal upwelling events. It 

is well documented that among other 

chemical and physical factors, a higher 

nutrient supply tends to stimulate the 

growth of large phytoplankton (Malone, 

1980; Malone et al., 1993) (Fig. 8). The 

data indicates that diatoms were 

dominant during fall-winter of 2006 

when high nutrients concentrations were 

found (Fig. 3).  

      Picoplankton was a less important 

contributor to the total phytoplankton 

biomass being almost constant 

throughout the sampling period. A 

previous study, in Bandar Khyran Bay 

(Al-Hashmi et al, 2010) found that on 

average 67 % of the total production was 

contributed by the 0.74-5 μm size-class 

fraction. This suggests that probably the 

2-5 μm size-class is the dominant size of 

the nanoplankton. Members of 

nanoplankton groups are capable of 

acquiring energy by phagotrophy and 

photosynthesis, i.e. combining both 

autotrophic and heterotrophic modes of 

feeding (Sanders and Porter, 1986). 

They ingest photosynthetic 

microorganisms in the picoplankton 

size-class exerting extensive predation 

pressure on picoplankton of natural 

communities in different ecosystems 

(Caron et al., 1991; Sanders et al. 1992; 

Reckermann and Veldhuis, 1997; Caron 

et al., 1999). Therefore, a high grazing 

pressure exerted by nanoplankton could 

be the major reason for the observed 

drop of picoplankton abundance. The 

drop of picoplankton contribution 

coincided with an increase in the 

microplankton and nanoplankton 

populations from May-September 2006. 

During this period we observed the 

highest nutrient concentrations favoring 

the growth of larger cells (Malone, 

1980). Moreover, Bandar Khyran 

system receives long hours of sun 

duration and picoplanktyon do not have 

sufficient photoprotective substances to 

avoid this radiation that could reduce 

photosynthesis and damage the cells 

(Teira et al., 2005; Finkel et al., 2010).  

     It is commonly accepted that 

variability in total biomass and 

productivity is associated with changes 

in the large-sized fractions, and the 

picoplankton remain fairly constant 

(Raimbault et al., 1988; Chisholm, 

1995; Rodríguez et al., 1998). However, 

the temporal variability observed in this 

study was associated with changes in the 

nanaoplankton (Fig.7), indicating that in 

some cases, it is the small fraction of 

phytoplankton that drives changes in 

abundances and productivity (Brown et 

al., 1999). This was clearly seen when a 

major decrease in Chl a concentrations 

occurred after July 2007 when a 

decrease in nanoplankton cells was 

observed. 

 



Iranian Journal of Fisheries Sciences 14(1) 2015                              146 
 

Acknowledgements 

We acknowledge the support from 

Department of Marine Science and 

Fisheries, Sultan Qaboos University for 

the work reported here. We wish to 

extend our appreciation to the crew of 

the Research Vessels Al Jamiah. This 

research is supported by the projects 

IG/AGR/FISH/13/01, 

RC/AGR/FISH/10/1. 

 

References 

Al-Hashmi, K.A., Claereboudt, M., 

Al-Azri, A. and Piontovski, S., 

2010. Seasonal changes of 

chlorophyll a and environmental 

characteristics in the Sea of Oman. 

The Open Oceanography Journal, 4, 

107-114. 

Al-Hashmi, K.A., Sarma, Y.V.B., 

Claereboudt, M., Al-Azri A. and 

Piontovski S., 2012. Phytoplankton 

community structure in the Bay of 

Bandar Khyran, Sea of Oman with 

special reference to harmful algae. 

International Journal of Marine 

Science, 2(5), 31-42.  

Azam, F., Fenchel, T., Field, J., Gray, 

J., Meyer-Reil, L.A. and Thingstad, 

F., 1983.The ecological role of water 

column-microbes in the sea. Marine 

Ecology Progress Series, 10, 257–

263. 

Chisholm, S.W., 1995. Phytoplankton 

the biological pump .U.S. National 

Report to IUGG, review of 

geophysics. American Geophysical 

Union, 33, 1991-1994.   

Brown, L., Landry, N., Barber ,R., 

Campbell, L., Garrison, D. and 

Gowing, M.,  1999. Picoplankton 

dynamics and production in the 

Arabian Sea during the 1995 

Southwest Monsoon. Deep Sea 

Research (II), 46(8-9), 1745-1768. 

Brown, S.L., Landry, M.R., 

Christensen, S., Garrison,,D., 

Gowing, M.M., Bidigare, R.R. and 

Campbell, L., 2002. Microbial 

community dynamics and taxon-

specific phytoplankton production in 

the Arabian Sea during the 1995 

monsoon seasons. Deep Sea 

Research (II), 49, 2345–2376. 

Burkill, P., Leakey, R., Owens, N. and 

Mantoura, R., 1993. Synechococcus 

and its importance to the microbial 

food web of the northwest Indian 

Ocean. Deep Sea Research (II), 40, 

773-782.  

Campbell, L. and Vaulot, D., 1993. 

Photosynthetic picoplankton 

community structure in the 

subtropical North Pacific Ocean near 

Hawaii (station ALOHA). Deep Sea 

Research(I), 40, 2043-2060. 

Caron, D.A., Lim, E.L., MiceIi, G., 

Waterbury, J.B. and Valois F.W., 

1991. Grazing and utilization of 

chroococcoid cyanobacteria and 

heterotrophic bacteria by protozoa in 

laboratory cultures and a coastal 

plankton community. Marine 

Ecology Progress Series, 9, 35–42. 

Caron, A., Peele E., Lin, E. and 

Dennett, M., 1999. Picoplankton and 

nanoplankton and their trophic 

coupling in surface waters of the 

Sargasso Sea south of Bermuda. 

Limnology and Oceanography, 44, 

259–272. 



147  Al-Hashmi et al., Seasonal variability of size-classes of phytoplankton biomass in... 
 

 

Dennett, M., Caron, D., Murzov, S., 

Polikarpov, I., Gavrilova, N., 

Georgieva, L. and Kuzmenko L., 

1999. Abundance and biomass of 

nano- and microplankton during the 

1995 Northeast Monsoon and Spring 

Intermonsoon in the Arabian Sea.  

Deep Sea Research(II), 46(8-9), 

1691-1718. 

Eppley, R.W., 1972. Temperature and 

phytoplankton growth in the sea. 

Fishery Bulletin, 70(4), 1063–1085. 

Fenchel, T., 1982a. Ecology of 

heterotrophic microflagellates. II. 

Bioenergetics and growth. Marine 

Ecology Progress Series, 8, 225–231. 

Fenchel, T., 1982b. Ecology of 

heterotrophic microflagellates IV. 

Quantitative occurrence and 

importance as consumers of bacteria. 

Marine Ecology Progress Series, 9, 

35–62. 

Ferrier C. and Rassoulzadegan, F., 

1991. Density-dependent effects of 

protozoans on specific growth rates in 

pico- and nanoplanktonic 

assemblages. Limnology and 

Oceanography, 36, 657-669. 

Finkel, Z.V., Beardall, J., Flynn ,K.J., 

Quigg, A.,  Rees, T.A.V. and Raven 

J.A., 2010. Phytoplankton in a 

changing world: cell size and 

elemental stoichiometry. Journal of 

Plankton Research, 32(1),119-137. 

Furnas, M.J., 1983. Community 

structure, biomass and productivity of 

size-fractionated summer 

phytoplankton populations in lower 

Narragansett Bay, Rhode Island. 

Journal of Plankton Research, 5, 

637-655. 

Garrison, D., Gowing, M., Hughes, 

M., Campbell, L., Caron D., 

Dennett M., Shalapyonok, A., 

Olson, R., Landry, M., Brown, S., 

Liu, H., Azam, F., Steward, G., 

Ducklow, H. and Smith D., 2000. 

Microbial food web structure in the 

Arabian Sea: A US JGOFS study. 

Deep-Sea Research II, 47, 1387-

1422. 

Glibert, P.M., Miller, C.A., Garside, 

C., Roman, M.R. and McManus, 

G.B., 1992. 14NH4
+ regeneration and 

grazing: interdependent processes in 

size-fractionated 15NH4
+ 

experiments. Marine Ecology 

Progress Series, 82, 65-74. 

Gin, K.Y.H., Lin, X. and Zhang, S., 

2000. Dynamics and size structure of 

phytoplankton in the coastal waters of 

Singapore. Journal Of Plankton 

Research, 22, 1465–1484. 

Gobler, C.J., Lonsdale, D.J. and 

Boyer, G.L., 2005. A synthesis and 

review of causes and impact of 

harmful brown tide blooms caused by 

the alga, Aureococcus 

anophagefferens. Estuaries, 28, 726–

749. 

Hallegraff, G.M., 1981. Seasonal study 

of phytoplankton pigments and 

species at a coastal station off 

Sydney. Marine Biology, 61, 107-118 

Hein, M., Pedersen, M.F. and Sand-

Jensen K., 1995. Size-dependent 

nitrogen uptake in micro- and 

macroalgae. Marine Ecology 

Progress Series, 118, 247-253. 

IDRONAUT Srl., 2003. Ocean Seven 

316 multiparameters operators 

manual. Milano. Italy.  



Iranian Journal of Fisheries Sciences 14(1) 2015                              148 
 

Kormas, K.A., Garametsi, V. and 

Nicolaidou, A., 2002.  Size-

fractionated phytoplankton 

chlorophyll in an Eastern 

Mediterranean coastal system 

(Maliakos Gulf, Greece). Helgoland 

Marine Research, 556, 125-133. 

Lalli, C.M. and Parsons, T.R., 1997. 

Biological oceanography, an 

Introduction.  2nd edition. 

Butterworth-Heinemann, Oxford.  

306P. 

Legendre, L. and Le Fèvre, J., 1991. 

From individual plankton cells to 

pelagic marine ecosystems and to 

global biochemical cycles. In: 

Particle analysis in oceanography. 

Demers, S.(Ed.), Springer-Verlag, 

Berli. pp. 26-99.  

Malone, T.C., 1980. Algal size. In I. 

morris, ed., The physiological 

ecology of phytoplankton, Oxford: 

Blackwell. pp. 433-463.  

Malone, T.C., Pike, S.E. and Conley 

D,J., 1993. Transient variations in 

phytoplankton productivity at the 

JGOFS Bermuda time series station. 

Deep Sea Research Part A. 

Oceanographic Research Papers, 40, 

903–924. 

Michaels, A.F. and Silver, M.W., 

1988. Primary production, sinking 

fluxes and the microbial foodweb. 

Deep-Sea Research, 35, 473-490. 

Pan, L.A., Zhang, J. and Zhang, L.H., 

2007. Picophyto-plankton, 

nanophytoplankton, heterotrophic 

bacteria and viruses in the 

Changjiang Estuary and adjacent 

coastal waters. Journal of Plankton 

Research, 29,187-197. 

Parsons, T.R., Maita, Y. and Lalli C. 

M., 1984. A manual of chemical and 

biological methods for seawater 

analysis. Pergamon Press, 

Oxford,173P. 

Philippart, C.J.M., Cadee, G.C., van 

Raaphorst,W. and Riegman, W., 

2000. Long-term phytoplankton-

nutrient interactions in a shallow 

coastal sea: algal community 

structure, nutrient budgets, and 

denitrification potential. Limnology 

and Oceanography, 45, 131-144. 

Probyne, T.A., 1985. Nitrogen uptake 

by size-fractionated phytoplankton 

populations in southern benguela 

upwelling system. Marine Ecology 

Progress Series, 22, 249-258. 

Raimbault, P., Rodier, M. and 

Taupier-Letage, I., 1988. Size 

fraction of phytoplankton in the 

Ligurian Sea and the Algerian Basin 

(Mediterranean Sea): size 

distribution versus total 

concentration. Marine Microbial 

Food Webs, 3, 1–7. 

Reckerman, M., and Veldhuis, 

M.J.W., 1997. Trophic interactions 

between picophytoplankton and 

micro- and nanozooplankton in the 

western Arabian Sea during the NE 

monsoon 1993. Aquatic Microbial 

Ecology, 12, 263–273. 

Rodríguez, J., Blanco, J.M., Jiménez-

Gómez, F., Echevarría, F., Gil, J., 

Rodríguez, V., Ruiz, J., Bautista, B. 

and Guerrero, F.,1998. Patterns in 

the size structure of the 

phytoplankton community in the 

deep fluorescence maximum of the 

Alboran Sea (southwestern 



149  Al-Hashmi et al., Seasonal variability of size-classes of phytoplankton biomass in... 
 

 

Mediterranean). Deep-Sea Research, 

45, 1577–1593. 

Sanders, R.W. and Porter, K.G., 1986. 

Use of metabolic inhibitors to 

estimate protozooplankton grazing 

and bacterial production in a 

monomictic eutrophic lake with an 

anaerobic hypolimnion. Applied and 

Environmental Microbiology, 52, 

101-107. 

Sanders, R.W., Caron, D.A. and 

Berninger, U.G., 1992. 

Relationships between bacteria and 

heterotrophic nanoplankton in marine 

and fresh waters: an inter-ecosystem 

comparison. Marine Ecology 

Progress Series, 86, 1-14. 

Skalar analytical, B.V., 1996. 

Operating manual.  Skalar analytical 

B.V. Breda, The Netherlands. 

Smayda, T.J., 1973. The growth of 

Skeletonema costatum during a 

winter-spring bloom in Narragansett 

Bay, Rhode Island. American Journal 

of Botany, 20, 219-247. 

Sieburth, J.M., Smetacek, V. and 

Lenz, J., 1978. Pelagic ecosystem 

structure:  heterotrophic 

compartments of the plankton and 

their relationship to plankton size 

fractions. Limnology and 

Oceanography, 23, 1256–1263. 

Sin, Y., Wetzel, R.L. and Anderson, 

I.C., 2000. Seasonal variations of size 

fractionated phytoplankton along the 

salinity gradient in the York River 

estuary, Virginia (USA). Journal Of 

Plankton Research, 22, 1945–1960. 

Strickland, J. and Parsons, T., 1972. A 

practical handbook of sea water 

analysis. Fisheries research board of 

Canada, Ottawa, Canada. 293P. 

Takahashi, M. and Hori, T., 1984. 

Abundance of picoplankton in the 

subsurface chlorophyll maximum 

layer in subtropical and tropical 

waters. Marine Biology, 79,177-186. 

Tarran, G., Burkill, P., Edwards, E.  

and Woodward, E., 1999. 

Phytoplankton structure in the 

Arabian Sea during and after the SW 

monsoon, 1994. Deep Sea Research 

(II), 46(3-4), 655-676. 

Teira, E., Mouriño, B., Marañón, E., 

Pérez, V., Pazó, M.J. , Serret, P., de 

Armas, D., Escánez, J., Woodward, 

E.M.S. and Fernández, E., 2005. 

Variability of chlorophyll and 

primary production in the Eastern 

North Atlantic Subtropical Gyre: 

potential factors affecting 

phytoplankton activity. Deep Sea 

Research (I), 52, 569-588. 

Turner, R.E., Qureshi, N., Rabalais, 

N.N., Dortch, Q., Justic, D., Shaw, 

R.F. and Cope, J., 1998. Fluctuating 

silicate:nitrate ratios and coastal 

plankton food webs. Proceedings 

National Academy of Science, USA 

95. pp.13048-13051. 

Van den Hoek, C., Mann, D. and 

Jahans, H., 1995. Algae: An 

introduction to phycology. 

Cambridge University Press. 

England. 640P. 

Warwick, R.M. and Clarke, K.R., 

1991. A comparison of some methods 

of analysing changes in benthic 

community structure, Journal of the 

Marine Biological Association of the 

UK, 71, 225–244. 


