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ABSTRACT  

 

Seasonal and diel variability of autotrophic and heterotrophic 

picoplankton in the central Red Sea: Effects of nutrients and 

temperature 

Najwa Aziz Al-Otaibi 

Picoplankton, cells between 0.2 - 2 μm, play a vital role in the carbon flow and nutrient 

cycling in marine food webs. Auto- and heterotrophic picoplankton dominate the biomass 

of oligotrophic tropical and subtropical oceans. However, little is known about their 

vertical distribution, changes in space and time and their relationships with environmental 

variables in the central Red Sea. The goal of this Ph.D. dissertation is to obtain baseline 

knowledge about their abundance, cellular characteristics (cell size, relative pigment and 

nucleic acid content) and biomass at seasonal and high-frequency temporal resolution 

(every 2 hours). This dissertation also aims at assessing picoplankton responses to separate 

and joint effects of nutrients additions (inorganic, organic and mixed) and temperature in 

order to be able to predict the relative contribution of eutrophication and warming in the 

future standing stocks of picoplankton in the Red Sea. I conducted a total of 63 vertical 

profiles (15 at around noon plus 48 more from the high-frequency diel samplings) from the 

surface down to the bottom (ca. 700 m) at a station situated 6 km off the coast of King 

Abdullah Economic City (KAEC) in the central Red Sea and performed 4 nutrient and 

temperature experiments lasting each 6 days with surface waters from the harbor of King 

Abdullah University of Science and Technology (KAUST). Flow cytometry allowed me 

to consistently identify five groups of autotrophs (Prochlorococcus, two populations of 
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Synechococcus separated by their relative phycoerythrin fluorescence, and two differently-

sized groups of picoeukaryotes) and two groups of heterotrophic prokaryotes characterized 

by their different relative nucleic acid content. One of the most surprising findings is the 

relatively lower abundances and to a lesser extent also growth rates of picoplankton 

compared with other tropical and subtropical oceans. Seasonality in environmental 

conditions emerged as an important factor in the response of picoplankton to nutrient 

additions and temperature. Picoplankton mostly responded to inorganic and mixed nutrient 

additions rather than warming. Overall, the information provided in this dissertation fills 

the gap of a critical component of Red Sea pelagic ecosystems and expands the information 

available on picoplankton communities in tropical waters. 
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1. Introduction 

1.1. Overview of marine plankton 

One of the most important components of marine ecosystems is plankton. Plankton 

is a general term in marine biology derived from the Greek word "wanderer" or "drifter" 

and comprises all organisms that live suspended in the water column (Brierley 2017; 

Huggett & Kyewalyanga 2017). Marine plankton lies at the basis of the pelagic food 

webs and plays an important role in all biogeochemical cycles in the ocean (Armengol 

et al. 2019; Azam et al. 1983). Planktonic organisms can be classified in several ways 

according to trophic level, cell size, mode of energy and nutrient acquisition. One 

popular classification considers trophic levels and ecological roles in a loose way, and 

therefore distinguishes between phytoplankton (photosynthetic organisms including 

cyanobacteria as well as eukaryotic cells), zooplankton (protozoans and metazoans) and 

bacterioplankton (generally only heterotrophic bacteria and archaea). Since the 

metabolic rates and ecological functions of planktonic communities are strongly 

influenced by cell size (Acevedo-Trejos et al. 2018; Marañón 2015; Ward et al. 2017), 

this variable is widely used to classify marine plankton communities into the 

logarithmic size classes of femtoplankton (0.02-0.2 μm), picoplankton (0.2 - 2 μm), 

nanoplankton (2 - 20 μm), microplankton (20 - 200 μm), macroplankton (200 - 2000 

μm) and megaplankton ( >2000 μm) (Sieburth et al. 1978). Typically, small plankton 

refers only to the pico- and sometimes also the nanoplankton size classes. Larger 

plankton (cells >20 μm in diameter) are more abundant in productive regions such as 

upwelling zones and coastal areas (Cushing 1989; Marañón 2015; Smetacek 1985). In 

contrast, picoplankton, with a large surface area per unit volume, dominate in the 

usually nutrient-poor tropical and subtropical ocean due to their higher specific affinity 

for low nutrient concentrations (Azaml et al. 1983; DuRand et al. 2001; Zubkov et al. 
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2000). Another useful classification of marine plankton is based on the energy source, 

and distinguishes between phototrophs (organisms that acquire their energy from light) 

and chemotrophs (organisms that use chemical sources to obtain their energy). As every 

other living organism on Earth, planktonic organisms can also split into autotrophs 

(organisms that grow by fixing inorganic carbon through photosynthesis or gain their 

energy and carbon source from inorganic compounds) or heterotrophs (organisms that 

utilize organic carbon). However, it has been widely recognized that a large fraction of 

plankton may combine the autotrophic and heterotrophic nutrition modes in what is 

known as mixotrophy (Stoecker et al. 2017). Mixotrophs can acquire their nutrients 

either through the diffusion of dissolved organic or inorganic nutrients across the cell 

surface (i.e., osmotrophy) or by ingestion of organic particles or other microorganisms 

(i.e., phagotrophy) (Stoecker et al. 2017).  

 

1.2.  Marine planktonic food webs 

Marine plankton is a good model for studying classic topics in general ecology, such 

as food web structure or competition. Understanding the trophic relationships between 

planktonic organisms is important in order to draw general patterns about the role of 

these organisms in marine food webs. Phytoplankton produces new organic matter by 

capturing energy from sunlight to reduce CO2 through photosynthesis.  In the so-called 

classical food web (Steele 1974), the new biomass produced by phytoplankton is mostly 

consumed by zooplankton, which are then predated by fish larvae or small fishes. After 

evidence accumulated over the late 1970s, an alternative to the classical food web was 

coined as the microbial loop (Azam et al. 1983) (Fig. 1.1). Marine heterotrophic 

bacteria and archaea preferentially utilize dissolved organic carbon (DOC), which is 

ultimately derived from phytoplankton by the photosynthetic conversion of inorganic 

into organic carbon, then consumed by microzooplankton (nanoflagellates and ciliates) 
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and subsequently moved to higher trophic levels. The dependence of heterotrophic 

bacteria on DOC links them tightly to primary producers' dynamics and production 

(Azam et al. 1983; Buchan et al. 2014). On the other hand, DOC production is highly 

dependent on the availability of inorganic nutrients, for which phytoplankton and 

bacteria compete (Buchan et al. 2014; Joint et al. 2002). Thus, the production of 

heterotrophic bacteria commonly covary with that phytoplankton communities (Gasol 

& Duarte 2000). Through the respiratory process heterotrophic bacteria release CO2 

and remineralize organic nutrients into inorganic forms, which are again available for 

phytoplankton uptake. Heterotrophic bacteria have an important role in transforming 

labile organic carbon to recalcitrant states in what is known as the microbial carbon 

pump (Buchan et al. 2014; Jiao et al. 2010). A small fraction of the fixed carbon is 

deposited for long periods in the deep ocean thus representing a long‐term carbon sink, 

in a process collectively known as the biological pump (Volk & Hoffert 1985) (Fig. 

1.1).  
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Figure 1.1: The biological processes (microbial loop, carbon and biological pump) and carbon cycle mediated by 

microorganisms in marine environments at several steps. (1) CO2 has dissolved from the atmosphere into the surface 

waters and converted into (2) particulate (POM) and dissolved (DOM) organic forms by the photosynthesis process. 

(3) Phytoplankton biomass are then consumed by zooplankton grazers. The microbial loop (4) is the pathway of 

DOM take up by bacteria and the release of CO2 by the bacterial respiration and then subsequently consumed by 
microzooplankton (nanoflagellates and ciliates), which in turn is transferred to higher trophic levels. 

Heterotrophic bacteria are also recycled organic nutrients to inorganic forms, which are then available for use by 

phytoplankton. The microbial carbon pump (5) is a new conceptual framework for understanding the role of 

microbial processes in recalcitrant DOM production that can persist in the ocean for thousands of years. The 

biological pump (6) represents the transportation of organic matters from the surface to the deep ocean. The viral 

shun (7) is a mechanism that describes the release of dissolved and particulate matter from both the phytoplankton 

and bacteria after cell lysis. Taken from  (Buchan et al. 2014). 

 

1.3. Importance of picoplankton in the ocean  

The smallest size-fraction of planktonic microbes or picoplankton, encompassing 

heterotrophic prokaryotes (usually known simply as “heterotrophic bacteria”) and a 

substantial part of the traditional term of “phytoplankton” (Fig. 1.1.), is an important 

component in the marine food web. Picoplankton communities typically show higher 

abundances in low nutrient environments, such as tropical and subtropical waters away 
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from the coast or not subject to upwelling processes (e.g. Campbell et al., 1997; 

Malmstrom et al., 2010; DuRand et al., 2001). Among picoplankton, there are 3 

ecological groups easily distinguished by flow cytometry: picocyanobacteria, 

picoeukaryotes and heterotrophic prokaryotes (I will use the term “bacteria” as a 

synonym for “prokaryotes” in the knowledge that most prokaryotes in surface waters 

are bacteria rather than archaea (Karner et al. 2001). Marine picocyanobacteria of the 

genera Prochlorococcus and Synechococcus account for a significant fraction of marine 

primary production in oceans (Flombaum et al. 2013; Zwirglmaier et al. 2008). While 

they often co-occur, Prochlorococcus (cell size 0.6 - 0.8 μm) preferentially thrive in 

warm and stratified regions of oligotrophic tropical and subtropical waters and are 

absent in low-temperature waters (<15°C) (e.g. Flombaum et al. 2013; DuRand et al. 

2001; Malmstrom et al. 2010). In contrast, Synechococcus (cell size 0.8 - 1.2 μm) are 

more widely distributed in marine environments, with a higher abundance in nutrient-

rich, coastal and mesotrophic areas, and may be still found in cold waters down to ca. 

10°C (Huang et al. 2012; Zwirglmaier et al. 2008; Flombaum et al. 2013). Given the 

larger cell size of picoeukaryotes (the smallest known is Ostreococcus tauri, with a size 

comparable to cyanobacteria; Derelle et al. 2002 ), they are typically much less 

abundant in the open ocean than picocyanobacteria (Massana & Logares 2013; Worden 

& Not 2008). However, their total contribution to phytoplankton biomass and primary 

production in marine ecosystems may be substantial (Grob et al. 2011; Jardillier et al. 

2010; Worden et al. 2004).  

If we exclude the much less abundant picoeukaryotes, the heterotrophic 

members of picoplankton communities belong mainly to the domain Bacteria, although 

the contribution of Archaea increases with depth (Karner et al. 2001; Santoro et al. 

2019). As with picophytoplankton, flow cytometry (FCM) has been extensively used 
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to enumerate heterotrophic prokaryotes. Based on the intensity of the fluorescence 

signal related to DNA and RNA content after staining the sample (green fluorescence, 

FITC) and the right angle light dispersion or side scatter (SSC), virtually every natural 

aquatic ecosystem will show two clusters known as low (LNA) and high (HNA) nucleic 

acid content (Bouvier et al. 2007; Gasol & Morán 2015; Gasol et al. 1999b). It is not 

possible to separate heterotrophic bacteria from archaea by using FCM. Given the 

dominance of the former group, which can be overwhelming in the upper layers of the 

ocean, the term "heterotrophic bacteria" has been widely used to refer to both groups 

of heterotrophic prokaryotes and I will use the terms “heterotrophic bacteria” and 

“heterotrophic prokaryotes” as synonyms in this dissertation. LNA prokaryotes 

typically dominate in stratified oligotrophic waters, whereas the HNA group appears to 

be more abundant in eutrophic and mesotrophic environments (Calvo-Díaz & Morán, 

2006; Morán et al., 2007; Zubkov, Allen & Fuchs, 2004). HNA cells are usually 

regarded as more active bacteria, characterized by higher growth rates and therefore are 

also more variable both vertically and geographically than their LNA counterparts in 

natural conditions (e.g., Lebaron et al., 2001; Morán et al., 2007; Wang et al ., 2009). 

LNA bacteria were initially thought to be inactive or dead cells (Gasol et al. 1999a; 

Lebaron et al. 2001; Servais et al. 2003; Vaqué et al. 2001), but subsequent studies have 

demonstrated that LNA bacteria can also be active (Zubkov et al., 2001, 2005; 

Nishimura et al., 2005), including very recently the coastal Red Sea (Silva et al. 2019). 

The current consensus is that the two groups of bacteria are made up of distinct 

phylogenetic groups. Particularly, HNA bacteria are dominated by the Roseobacter 

clade, Gammaproteobacteria and Bacteroidetes, whereas the LNA bacteria are often 

dominated by the Alphaproteobacterial SAR11 clade, or Gammaproteobacterial 

SAR86 clade (Buchan et al. 2005; Mary et al. 2006; Schattenhofer et al. 2011b). 
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The accurate determination of picoplankton abundance, biomass and activity in 

the ocean has become routine in biological oceanography after decades of overlooking. 

The key role in carbon and other elements cycling played by autotrophic and 

heterotrophic picoplankton is well established (Agawin et al. 2000; Azam & Malfatti 

2007; Stock et al. 2014) . Yet, basic knowledge about their temporal and spatial 

variations is still scarce, especially in oligotrophic tropical and subtropical waters, 

precisely where they can attain the highest abundances and therefore dominate total 

plankton biomass.  

 

1.3.1.  Vertical distribution and temporal variability of picoplankton 

in oligotrophic oceans 

The major picophytoplankton groups Prochlorococcus, Synechococcus and 

picoeukaryotes respond differently to temperature, nutrients and light (Scanlan et al. 

2009; Ting et al. 2002). Prochlorococcus has a unique photosynthetic system (divinyl 

chlorophyll a and b) that increases the absorption of blue light, allowing them to thrive 

in deeper waters (Liu et al. 2014; Ting et al. 2002). However, there are a few 

Prochlorococcus ecotypes, each of which is differently adapted to the combinations of 

 responsible for their distinct vertical distribution patterns et al. 2010a; (Malmstrom  

Synechococcus  Prochlorococcus, In contrast to .Wei et al. 2019b; Zinser et al. 2007)

absorbs the red light  whichcontain a phycobilisome system with phycocyanin (PC), 

(Liu et al. 2014; Ting et al. absorbs the green light  whichthrin (PE), yand/or phycoer

 slayer abundant in the surface typically moreis Synechococcus  . Consequently, 2002)

 .Wei et al. 2019a)(Partensky et al. 1999a;  with depth rapidly decreasesand 

vertical distribution, in terms of their Prochlorococcus Picoeukaryotes are similar to 
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environments nutrient  erirradiance and high erin low abundancesmaximum  showing

HNA  LNA and The vertical distribution of .(Worden & Not 2008; Zhang et al. 2013)

but this decrease , and below es with depth in the euphotic zoneprokaryotes decreas

in the contribution of the a significant increase  usually withdiffers for both groups 

. Reinthaler et al. 2006); Gasol et al. 2009 ,e.g.( rin the mesopelagic laye )%HNA( latter

DOC concentration  typically tracks that of abundancein their ariations vThe vertical 

 .2019), Calleja et al. e.g.(  

Numerous studies have addressed the temporal variation of picoplankton 

abundance in temperate (e.g., Calvo-Díaz & Morán 2006; Morán et al. 2007; 

Søndergaard 1991) and polar waters (e.g. Iversen & Seuthe, 2011; Rivkin, 1991), but 

considerably less information is available for tropical and subtropical waters. The 

Bermuda Atlantic Time Series (BATS) in the western North Atlantic Subtropical Gyre, 

in the Sargasso Sea (DuRand et al. 2001; Malmstrom et al. 2010), and the Hawaii Ocean 

Time Series (HOT) in the North Pacific Subtropical Gyre (Campbell et al. 1997; Karl 

& Church 2014) are the two main references in these oligotrophic open ocean regions. 

There, picoplankton dominates year-round over larger size- classes. These two sites 

present however slightly different temporal variability of picophytoplankton. Seasonal 

cycles are more conspicuous at BATS than HOT due to differences in physicochemical 

features (e.g., stronger seasonal mixing events in winter and stratification in summer at 

BATS, while low variability of hydrography and biogeochemistry is found at HOT; 

Malmstrom et al. 2010; Steinberg et al. 2001). Hence, Prochlorococcus displayed a 

clearer seasonality at BATS, with relative maxima in summer and fall and minima in 

winter, compared to HOT station (Campbell et al. 1997; DuRand et al. 2001; 

Malmstrom et al. 2010a). The seasonality of Synechococcus showed also some 

discrepancy, with maximum abundance in winter at HOT and in spring at BATS 
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(Campbell et al. 1997; DuRand et al. 2001; Malmstrom et al. 2010). Picoeukaryotes 

generally showed the same pattern at both sites, peaking around spring (Campbell et al. 

1997; DuRand et al. 2001; Malmstrom et al. 2010). Heterotrophic bacteria have been 

shown to recurrently increase in summer and decrease in fall at BATS (Carlson et al. 

1996), while their peak occurred slightly later at HOT (e.g. Campbell et al. 1997).  

Contrary to the seasonal variability, the diel cycle of picoplankton abundance 

and cellular properties is still poorly understood in tropical waters. Diurnal changes in 

Prochlorococcus and Synechococcus cyanobacteria generally show abundance 

increases early in the night and decrease during daytime (Binder & DuRand 2002; 

Jacquet et al. 2002; Tsai et al. 2005). As expected from synchronized growth, cell size 

and fluorescent pigment variations were opposite to those abundance, decreasing in the 

dark and increasing in the light periods at the expected moment of cell division (Binder 

& DuRand 2002; Lefort & Gasol 2014). Whether these general patterns also hold in the 

Red Sea and how they can be used to estimate picoplankton growth rates from in situ 

observations was one of the goals of this dissertation. Overall, changes in picoplankton 

abundance and cell size at both short- and long-time scales are governed by various 

biotic and abiotic (e.g., nutrient availability and temperature) parameters, not 

necessarily coincident.  

1.4.  Effects of nutrients and temperature on phytoplankton and 

heterotrophic bacteria  

As with larger planktonic organisms, nutrient availability and temperature will 

impact the quantity and distribution of picoplankton in marine ecosystems. Nutrients 

are required for microbial metabolism, growth and cell division, whereas temperature 

affects all biochemical reaction rates, thus significantly impacting nutrient uptake rates. 
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The opposing vertical gradients in nutrient availability and temperature (increasing and 

decreasing respectively with depth) strongly determine the distribution of picoplankton 

standing stocks, with different species peaking at a different depth from the surface to 

below the deep chlorophyll maximum (DCM) frequently found in oligotrophic 

conditions (Buchan et al. 2005; Cabello et al. 2016; Clegg et al. 2004). When the water 

column is stratified, inorganic nutrients are generally depleted in the surface. Thus, the 

growth of marine plankton in the shallowest layers of tropical waters is mainly 

supported by regenerated nutrients (i.e., nutrients released from decaying or dead 

plankton or being excreted by zooplankton). Only rarely new nutrients are brought to 

the euphotic layer from deeper waters by upwelling or mixing processes (Le Borgne et 

al. 2011).  

Besides carbon (C), which is seldom limiting, nitrogen and phosphorus are the 

major constituents of marine life. C is found in the atmosphere as CO2 and converted 

to organic matter by photosynthesis in the upper ocean, subsequently utilized by 

bacteria and archaea, which then respired to CO2 or converted into new bacterial 

biomass. Marine microbes play an essential role in C cycling pathways through marine 

food webs via biological and microbial carbon pump as described above (Fig. 1.1). 

Nitrogen (N) is required to make amino and nucleic acids in all marine microbes and 

can be found as dissolved N gas in seawater, which in turn is transformed into forms 

accessible (dissolved inorganic (DIN) including nitrate (NO3
-) and nitrite (NO2

-) and 

organic forms (DON), e.g., amino acid, nucleic acid and urea) to most microbes by 

complex microbial transformations (e.g., nitrogen fixation and nitrification process) 

(Bristow et al. 2017). Phosphorus (P) is vital for the cell membranes of marine plankton 

and can be found as dissolved inorganic (DIP) and organic phosphorus (DOP) (Bristow 

et al. 2017). The concept of limiting nutrients, i.e., the nutrient available in the shortest 
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supply relative to demands for microbial growth, has been a major question in ocean 

biogeochemistry for decades. The limiting nutrient for a group of marine organisms can 

be determined by measuring increases in their growth rates or standing stocks in 

controlled experiments adding particular nutrients (Jacquet et al. 2002a; Tsiola et al. 

2016; Williams et al. 2016). Traditionally the inorganic forms of N and P have long 

been considered as the main nutrients that limit phytoplankton in the oligotrophic 

tropical and subtropical oceans (Davey et al. 2008; Mills et al. 2008a; Moore et al. 

2008b). The organic forms of N (Altman & Paerl 2012; Donald et al. 2013; Hernández-

Ruiz et al. 2020) and P (Casey et al. 2009; Dyhrman et al. 2006; Sisma-Ventura & 

Rahav 2019) can also limit phytoplankton standing stocks. Organic carbon has been 

widely shown to stimulate the growth rate of heterotrophic bacteria (e.g., Church et al. 

2000; Van Wambeke et al. 2008), although not in every study (e.g., Caron et al. 2000; 

Mills et al. 2008b). 

On the other hand, understanding the effect of temperature is important towards 

predicting the changes that global warming will bring to the diversity, structure and 

function of marine microbial assemblages. The impact of increasing temperatures on 

the growth of phytoplankton and heterotrophic bacteria are predicted to vary between 

tropical and temperate waters. Various experimental investigations have shown a 

decline of phytoplankton with warming in oligotrophic tropical and subtropical open 

ocean waters (e.g., Behrenfeld et al. 2006; Signorini et al. 2015). In contrast, the 

increase of temperature could be positive for phytoplankton standing stocks in 

temperate, high latitude regions (Lewandowska et al. 2014; Morán et al. 2018). For 

heterotrophic bacteria, the effect of temperature on their abundance has also been 

studied in different oceans, including polar oceans (Kirchman et al., 2009; Ward, 2015), 

the Atlantic Ocean (Ducklow et al., 2002 Morán et al., 2010; Calvo‐Díaz et al., 2014) 
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and Pacific Oceans (Kirchman et al. 1995; Morán et al. 2017). In tropical and 

subtropical oceans, no consensus has been reached about the direct effect of 

temperature in limiting the abundance of heterotrophic bacteria. Morán et al. (2018 and 

2017) have suggested that strong bottom-up or top-down control are responsible for a 

weaker response of heterotrophic bacteria to temperature in low latitude regions. 

 

1.5. Specificities of the Red Sea 

The Red Sea is one of the youngest oceanic basins on Earth. Located between 

Africa and Asia, it is characterized by unique features due to its semi-enclosed and 

elongated nature (Raitsos et al. 2013; Rasul et al. 2015). It stretches from north to south 

for about 2000 km in length and a maximum width of around 355 km, with a surface 

area of 458,620 km2 and a volume of 250,000 km3 (Rasul et al. 2015). The Gulf of 

Aqaba and the Gulf of Suez are located in the north, and its southern end is connected 

to the Arabian Sea by the Bab Al-Mandeb Strait (Raitsos et al. 2013; Rasul et al. 2015) 

(Fig. 1.2). There are three differentiated depth zones in the Red Sea: (i) shallow 

continental shelves < 50 m, (ii) deep shelves between 500 and 1000 m, and (iii) the 

central axis with depths ranging from 1000 to ca. 2900 m (Fig. 1.2). Around 40% of 

the Red Sea surface is occupied by shallow waters (< 100 m), with 25% of it of less 

than 50 m depth (Raitsos et al. 2013). Due to its location into arid region, the Red Sea 

is the hottest basin on the planet, with maximum sea surface temperatures exceeding 

occasionally 33°C in summer (Chaidez et al. 2017b; Rasul et al. 2015). The water 

column is typically highly stratified year-round, with a thermocline located from 50 to 

250 – 300 m depth (Edwards 1987; Rasul et al. 2015). Salinity is higher in the northern 

area and gradually declines towards the south, while nutrient concentrations follow the 

opposite pattern (Edwards 1987; Raitsos et al. 2013; Tesfamichael & Pauly 2016). The 

oligotrophic condition of its upper layers is ascribed to negligible nutrient input from 
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precipitation and terrestrial run-off (Morcos 1970), except in the urban centers such as 

Jeddah, Port Sudan or Suez.  

  

 

 

Figure 1.2: Bathymetric map of the Red Sea showing its connection with the Gulf of Aden through Bab-el- Mandab 

Strait in the south and the Gulfs of Suez and Aqaba in the northern region (taken from Raitsos et al. 2013). 

 

 

The Red Sea is mainly controlled by the monsoonal wind system over the 

southern part, which impacts the circulation of the water-masses present (Arbic et al. 

2012). The winds predominantly blow to the south, along the central axis of the Red 

Sea, during summer therefore driving the outflow of surface water from the Red Sea 

(i.e., Red Sea Surface Water; RSSW) (Bower & Furey 2012). Meanwhile, the Gulf of 

Aden Intermediate Water (GAIW) enters the basin as a layer of fresh, cold and nutrient-

rich water (Churchill et al. 2014; Johns & Sofianos 2012). GAIW has been recognized 

as the main source of water‐borne nutrients to the Red Sea and typically moves 

northward throughout the basin, thus contributing to generate strong latitudinal 

gradients in environmental variables (Sofianos et al. 2002; Sofianos & Johns 2007). In 

wintertime the wind regime reverses the direction to the north over the southern Red 
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Sea, resulting in the inflow of  Gulf of Aden Surface Water (GASW), characterized as 

fresher and low nutrient content (Smeed 1997; Sofianos & Johns 2002; Yao et al. 2014). 

Overall, changes in the Red Sea circulation influence nutrient availability and recycling 

patterns, altogether creating a persistent latitudinal gradient of productivity along the 

basin.  

A considerable amount of literature has focused on distinct Red Sea ecosystems, 

from coral reefs and their fish fauna to mangroves (Almahasheer et al. 2016; Berumen 

et al. 2019). However, we still have limited knowledge about planktonic ecosystems, 

and among them their smallest components picophytoplankton and heterotrophic 

bacteria, in this tropical and subtropical basin. The existing literature provides more 

detailed information regarding the latitudinal gradient in primary production (Koblentz-

Mishke 1970; Weikert 1987), consistent with the above-mentioned distribution of 

nutrients, gradually decreasing from south to north. The seasonality in chlorophyll a 

concentration, a proxy for phytoplankton biomass, has been described from remotely-

sensed observations of the entire basin (Acker et al. 2008; Raitsos et al. 2013). The few 

data about picocyanobacteria were mostly obtained from samples taken in the northern 

part of the Red Sea (Gulf of Aqaba) (Al-Najjar et al., 2007; Lindell & Post, 1995). 

These authors report a dominance of Prochlorococcus in summer and it was not 

detected in the winter while Synechococcus peak in spring, reaching the cell number of 

the former. More recently, Sabbagh et al. (2020) have described the weekly variations 

of Synechococcus abundance in the shallow waters of KAUST Harbor, with a lower 

abundance in winter and higher in fall. For heterotrophic bacteria, some reports about 

their diversity (e.g., Ngugi et al., 2012; Pearman et al., 2017; Thompson et al., 2017) 

have added to scattered works about their trophic interaction with other components of 

the pelagic food web (Berninger & Wickham 2005; Sommer et al. 2002; Weisse 1989). 
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Only a few studies have investigated in detail the vertical distribution of heterotrophic 

bacteria and archaea in Red Sea waters (Calbet et al. 2015; Calleja et al. 2019; García 

et al. 2018). The changes in the abundance of heterotrophic bacteria and their 

interactions with DOC stocks have been described at seasonal (Calleja et al. 2019) and 

diel (García et al. 2018) scales in a central Red Sea open ocean site. Finally, two recent 

studies using data collected from the nearby shallow embayment of KAUST Harbor 

report low standing stocks of heterotrophic bacteria  (Silva et al. 2019), which was 

explained by a strong top-down control by protistan grazers and viruses (Sabbagh et al. 

2020). Overall, the above-mentioned studies highlight our limited knowledge about the 

temporal variability of picoplankton communities for large regions of the Red Sea, 

virtually non-existent for the central part. 

 

1.6. Research questions and objectives 

The present Ph.D. dissertation aims to fill some of the above-mentioned 

knowledge gaps by providing baseline data on the lower trophic levels of Red Sea 

pelagic food webs. The quasi-extreme conditions of the Red Sea, which nevertheless 

shares other characteristics with the large tropical and subtropical regions of the oceans, 

offer a unique opportunity to study the temporal variability of picoplankton 

communities at different time scales. On an annual scale, detailed investigations on the 

seasonal changes of picoplankton abundance in these vast regions of the world ocean 

are available for the above-mentioned long-term time series of BATS (DurRand et al., 

2001; Malmstrom et al., 2010) and HOT (Malmstrom et al., 2010; Campbell et al., 

1993), but no such detailed seasonal study exists for the central Red Sea. In this work, 

I have identified the vertical variability and seasonal distribution of autotrophic and 

heterotrophic picoplankton abundances and cellular characteristics (i.e., cell size, 
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relative red fluorescence and nucleic acid) at a mesopelagic station of approximately 

700 m depth in the central Red Sea sampled periodically over two years (2015–2017) 

(Chapter 1).  

While some studies have already addressed the importance of diel variation for 

picoplankton communities in oligotrophic waters (i.e., Binder et al., 2002; Jacquet et 

al., 2002; Lefort and Gasol, 2014), our knowledge about short-time dynamics of 

picoplankton abundance and cell size has not yet progressed in the Red Sea. Diel 

variations may allow the estimation of key biological processes such as growth rates. 

Reports on microbial plankton growth rates are still scarce in the Red Sea, except for a 

couple of recent studies targeting the specific growth rates of heterotrophic prokaryotes 

(Calleja et al. 2018; Silva et al. 2019). To that end, I have examined the diel changes in 

the abundance and cell size of autotrophic and heterotrophic picoplankton at 2-hour 

intervals throughout the water column at the same offshore station of Chapter 1, in four 

periods of the year (Chapter 2).  

On another note, understanding how phytoplankton and heterotrophic bacteria 

respond to nutrient additions and increasing temperatures is essential if we want to 

predict how the current and future industrial and urban development, including tourism, 

in the Saudi Arabia coast of the Red Sea will impact marine life, already subject 

worldwide to climate change. In Chapter 3, I present and discuss the detailed response 

of coastal (in this case water was collected from the shallow KAUST Harbor waters) 

Red Sea phytoplankton and heterotrophic bacteria to inorganic and organic nutrients 

inputs, added separately and jointly, in 3 temperature treatments encompassing a range 

of 6°C. Four experiments were performed, aimed at covering the seasonal cycle 

described in more detail in Chapter 1. Most studies in oligotrophic tropical and 

subtropical waters have described the effects of single factors, either nutrients (e.g., 
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Mills et al. 2008; Teira et al. 2010) or temperature (e.g., Behrenfeld et al. 2006; Boyce 

et al. 2010; Morán et al. 2017), separately. Previous studies in coastal waters have 

frequently shown an increase in both autotrophic and heterotrophic microbial plankton 

biomass after the addition of inorganic N and P (e.g., Mills et al. 2008; Caron et al. 

2000), thus showing that direct competition between phytoplankton and heterotrophic 

prokaryotes may occur. However, fewer studies have combined the effect of 

temperature and nutrients on microbial plankton growth (e.g. Marañón et al. 2018; 

Lønborg et al. 2019; Morán et al. 2018). As far as we know, only two studies have 

conducted in the coastal central Red Sea (Coello-Camba et al. 2020; Pearman et al. 

2016), concluding that the influence of nutrient inputs for causing blooms and the 

changes in species composition of the phytoplankton community in response to that. 

Based on this limited current knowledge, a major effort in this dissertation was 

dedicated to collect seawater samples from depths spanning the epipelagic and the 

upper mesopelagic zone down to 700 m in different periods of the year from a reference 

station located offshore in the central Red Sea. To that, I have added 4 short-term 

incubations of surface seawater containing the whole microbial community in order to 

determine how these two major picoplankton groups changed in response to nutrients 

additions and increasing temperatures. 

My Ph.D. dissertation was aimed at providing answers to various research 

questions and complete the following objectives, grouped by each of the three chapters 

in which is divided: 

Chapter 1: Seasonal variability and vertical distribution of autotrophic and 

heterotrophic picoplankton in the Central Red Sea  

Research Questions:  
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 Which is the vertical and seasonal variability of picoplankton abundance and 

cellular characteristics in the central Red Sea? 

 How do environmental variables influence the vertical and seasonal distribution 

of autotrophic and heterotrophic picoplankton? 

 What is the contribution of autotrophic and heterotrophic picoplankton to total 

planktonic biomass in the central Red Sea? 

Objectives: 

• To provide a complete flow cytometric characterization (abundance, cell size, 

pigment and nucleic acid content) of autotrophic and heterotrophic 

picoplankton along the water column, from the surface down to most of the 

mesopelagic zone (700 m). 

• To describe the seasonal cycle of the abundance and cellular characteristics of 

the major picoplankton groups found. 

• To accurately calculate the cellular carbon content in order to provide estimates 

of the biomass contribution of Red Sea picoplanktonic assemblages.  

• To assess the relationships of the above-listed variables with environmental 

drivers. 

 

Chapter 2: Picoplankton diel variability and estimated growth rates in epipelagic 

and mesopelagic waters of a central Red Sea site 

Research Questions:  
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 Are there systematic diel changes in the abundance and cell size of picoplankton 

groups that allow to estimate their growth rates in the central Red Sea? 

 How do diel variations of picoplankton abundance and cell size change with 

season? 

Objectives: 

 To describe the high frequency diel variation in the abundance and cell size of 

autotrophic and heterotrophic picoplankton groups throughout the water 

column in different periods of the year. 

 To calibrate the in situ diel changes in picoplankton cell size with the estimated 

growth rates derived from bottle incubations. 

 To assess the seasonal changes in estimated specific growth rates of 

picoplankton groups in epipelagic and mesopelagic waters. 

 

Chapter 3: Response of microbial plankton to nutrient additions and temperature 

in shallow central Red Sea waters 

Research Questions:  

 What is the role of inorganic and organic nutrients for the standing stocks of 

phytoplankton and heterotrophic bacteria in the coastal central Red Sea? 

 Does temperature affect the observed responses of the biomass of 

phytoplankton and heterotrophic bacteria to nutrient additions? 

Objectives: 
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 To describe the short-term dynamics of phytoplankton, focusing on 

picophytoplankton, and heterotrophic bacteria in response to inorganic, organic 

and mixed nutrients additions.  

 To assess the differential effects of nutrients and temperature (alone plus their 

combined impact) on phytoplankton and heterotrophic bacteria standing stocks 

in four periods covering the seasonal cycle. 
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2. Chapter 1: Seasonal variability and vertical distribution of 

autotrophic and heterotrophic picoplankton in the Central Red Sea 

 

 

This is a formatted copy with minor edits of the manuscript published in PeerJ 

(2020). 
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2020. Seasonal variability and vertical distribution of autotrophic and heterotrophic 

picoplankton in the Central Red Sea. PeerJ 8: e8612. 10.7717/peerj.8612. 

 

2.1. Abstract 

The Red Sea is characterized by higher temperatures and salinities than other 

oligotrophic tropical regions. Here, we investigated the vertical and seasonal variations 

in the abundance and biomass of autotrophic and heterotrophic picoplankton. Using 

flow cytometry, we consistently observed five groups of autotrophs [Prochlorococcus, 

two populations of Synechococcus separated by their relative phycoerythrin 

fluorescence, low (LF-Syn) and high (HF-Syn), and two differently-sized groups of 

picoeukaryotes, small (Speuk) and large (Lpeuk)] and two groups of heterotrophic 

prokaryotes of low and high nucleic acid content (LNA and HNA, respectively). 

Samples were collected in 15 surveys conducted from 2015 to 2017 at a 700-m depth 

station in the central Red Sea. Surface temperature ranged from 24.6 to 32.6°C  with a 

constant value of 21.7°C below 200 m. Integrated (0 - 100 m) chlorophyll a 

concentrations were low, with maximum values in fall (24.0 ± 2.7 mg m-2) and minima 

in spring and summer (16.1 ± 1.9 and 1.1 mg m-2, respectively). Picoplankton 
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abundance was generally lower than in other tropical environments. Vertical 

distributions differed for each group, with Synechococcus and LNA prokaryotes more 

abundant at the surface while Prochlorococcus, picoeukaryotes and HNA prokaryotes 

peaked at the deep chlorophyll maximum, located between 40 and 76 m. Surface to 100 

m depth-weighted abundances exhibited clear seasonal patterns for Prochlorococcus, 

with maxima in summer (7.83 × 104 cell mL-1, July 2015) and minima in winter (1.39 

× 104 cell mL-1, January 2015). LF-Syn (0.32 – 2.70 × 104 cell mL-1 ), HF-Syn (1.11 – 

3.20 × 104 cell mL-1)  and Speuk (0.99 – 4.81 × 102 cell mL-1) showed an inverse pattern 

to Prochlorococcus, while Lpeuk (0.16 – 7.05 × 104 cell mL-1)  peaked in fall. 

Synechococcus unexpectedly outnumbered Prochlorococcus in winter and at the end 

of fall. The seasonality of heterotrophic prokaryotes (2.29 – 4.21× 105 cell mL-1 ) was 

less noticeable than autotrophic picoplankton. The contribution of HNA cells was 

generally low in the upper layers, ranging from 36% in late spring and early summer to 

ca. 48 - 51% in winter and fall. Autotrophs dominated integrated picoplankton biomass 

in the upper 100 m, with 1.4-fold higher values in summer than in winter (mean 387 

and 272 mg C m–2, respectively). However, when the whole water column was 

considered, the biomass of heterotrophic prokaryotes exceeded that of autotrophic 

picoplankton with an average of 411 mg C m–2. Despite being located in tropical waters, 

our results show that the picoplankton community seasonal differences in the central 

Red Sea are not fundamentally different from higher latitude regions.  

 

 

 

Keywords: Red Sea, Prochlorococcus, Synechococcus, picoeukaryotes, heterotrophic 

bacteria, high nucleic acid, low nucleic acid, flow cytometry 
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2.2 Introduction  

Picoplankton comprises both autotrophic and heterotrophic unicellular 

organisms in the size range of 0.2 to 2 μm. Picocyanobacteria of the genera 

Prochlorococcus (typically 0.6 - 0.8 µm in diameter) and Synechococcus (ca. 1 µm) 

usually dominate numerically autotrophic picoplankton, which also includes a high 

diversity of picoeukaryotes larger than 1 µm (Campbell et al. 1997; Giovannoni & 

Vergin 2012). Prochlorococcus is usually more abundant than Synechococcus in highly 

stratified and low-nutrient surface waters (DuRand et al. 2001; Giovannoni & Vergin 

2012; Olson et al. 1990; Zubkov et al. 2000; Zwirglmaier et al. 2007). Picoeukaryotes 

are less abundant than picocyanobacteria (Kirkham et al. 2013), especially in the 

tropical and subtropical oceans (Kirkham et al. 2013; Morán et al. 2004). Heterotrophic 

picoplankton are mostly prokaryotes, overwhelmingly dominated by bacteria over 

archaea in the upper layers since the abundance of the latter only increases significantly 

at depth (Karner et al. 2001; Santoro et al. 2019). Two flow cytometric populations of 

heterotrophic prokaryotes are typically detected after staining with DNA-binding dyes: 

high (HNA) and low (LNA) nucleic acid content cells (Gasol et al. 1999b; Li et al. 

1995; Nishimura et al. 2005; Sherr et al. 2006). The HNA group typically dominates in 

eutrophic and mesotrophic conditions characterizing the colder, nutrient-rich months 

while LNA tends to dominate in stratified oligotrophic environments (Calvo-Díaz & 

Morán 2006; Morán et al. 2007; Zubkov et al. 2004). 

Seasonal changes in the abundance of autotrophic picoplankton groups are well 

known in temperate (Calvo-Díaz & Morán 2006; Li 1998; Moran 2007) and polar 

waters (Iversen & Seuthe 2011; Rivkin 1991) while they are less known in lower 

latitude waters, with the exception of two long-term sites: the Bermuda Atlantic Time 

Series (BATS) in the western Sargasso Sea (DuRand et al. 2001; Malmstrom et al. 
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2010b) and the Hawaii Ocean Time-series (HOT) in the North Pacific subtropical gyre 

(Campbell et al. 1997; Malmstrom et al. 2010b). In contrast to autotrophs, the 

seasonality of heterotrophic bacteria in subtropical and tropical waters is thought to be 

less pronounced than in temperate regions (Bunse & Pinhassi 2017).  

The Red Sea is an oligotrophic marine basin with very high temperatures (up to 

35°C at the surface in summer, Calbet et al. 2015; Chaidez et al. 2017; Rasul et al. 

2015) and salinities (ca. 40, Tesfamichael & Pauly 2016). The effect of these quasi-

extreme conditions on the seasonality of picoplankton communities has received far 

less attention than other oligotrophic waters. Understanding the temporal changes of 

picoplankton abundance and their response to environmental drivers are essential to 

define the lower trophic levels of Red Sea pelagic food webs. Regarding autotrophs, 

we have a good understanding of their seasonal variability (Al-Najjar et al. 2007; 

Lindell & Post 1995; Post et al. 2011) and their trophic relationships with other 

components of the microbial food web in the northern reaches, especially in the Gulf 

of Aqaba (Berninger & Wickham 2005; Sommer 2000; Sommer et al. 2002). For 

heterotrophic prokaryotes, although our knowledge about their diversity is increasing 

(Ngugi et al. 2012; Pearman et al. 2017b; Thompson et al. 2017), only a few studies 

have investigated their vertical distribution in Red Sea waters (Calbet et al. 2015; Qian 

et al. 2011). A recent report using data collected from the same site as this study has 

shown that the abundance of heterotrophic bacteria can change temporally up to 3-fold 

within the same depth in the upper epipelagic (Calleja et al. 2019; García et al. 2018).  

Other studies conducted at that site have shown that LNA bacteria dominated in the 

epipelagic layer, while HNA cells were more abundant in the mesopelagic layer, 

indicating that each group seems to prefer different environmental conditions (Calleja 

et al. 2019; Calleja et al. 2018). The unexpectedly low standing stocks of heterotrophic 
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bacteria in a nearby shallow embayment have been explained by strong top-down 

control exerted by protistan grazers and viruses (Sabbagh et al. submitted; Silva et al. 

2019).  

Here, we conducted a detailed investigation of both the temporal and vertical variability 

of autotrophic and heterotrophic picoplankton, as assessed by flow cytometry, by 

periodic sampling over two years (2015-2017) at a mesopelagic station (ca. 700 m 

depth) in the central Red Sea, Saudi Arabia. Given the tropical characteristics of the 

site, we hypothesize that the seasonal variability of picoplankton in epipelagic waters 

would be lower than that found at higher latitudes, and the marked stratification found 

between 100 and 200 m should result in strong vertical gradients in abundance, size 

and ultimately biomass. 
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2.3 Materials and methods  

2.3.1. Sample collection and environmental properties  

Periodic samplings were conducted from January 2015 to May 2017 on board 

of RV Thuwal at a mesopelagic station (ca. 700 m depth) located in the central Red 

Sea,  6 km off the coast of King Abdullah Economic City (KAEC) in Saudi Arabia. 

Sailing permission were approved by Saudi Coast Guard. We performed 15 vertical 

profiles evenly distributed along the four seasons (only winter had 3 samples rather 

than 4, Table 2.1). 

Table 2.1: Seasonal distribution and date of the 15 individual samplings at the study site, with the corresponding 

day of the year for the assessment of seasonal patterns 

Season 
Sampling date 

(dd/mm/yyyy) 
Day of year 

Winter 

 

19/01/2015 18 

02/02/2016 32 

25/02/2017 55 

Spring 

 

24/03/2015 82 

06/03/2016 65 

24/04/2017 113 

5/22/2017 141 

Summer 

 

01/07/2015 181 

25/08/2015 236 

05/09/2015 247 

21/06/2016 172 

Fall 

 

26/10/2015 298 

11/11/2015 314 

09/12/2015 342 

10/26/2016 299 

 

Samples were taken at regular depths from the surface to the bottom: 5, 20, 40-

80 targeting the deep chlorophyll maximum (DCM), 100, 200, 300, 400, 550, 600 and 

700 m. Temperature, salinity, fluorescence and photosynthetically active radiation 

(PAR) data were acquired with SeaBird SB9 Plus or IDRONAUT 305 CTDs. PAR was 

available for only 7 sampling times. The depth of the photic layer was determined by 
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the vertical light attenuation coefficient (Kd) as the depth receiving 1% of surface 

irradiance (Calvo-Díaz & Morán 2006). Stratification index (SI) was calculated as the 

density at 100 m minus that at the surface (Calvo-Díaz & Morán 2006). The upper 

mixed layer (UML) depth was determined as the first depth in which the difference in 

density with the shallower 5 m was ≥ 0.05 kg m-3 (Calvo-Díaz & Morán 2006). 

Water samples were taken from Niskin bottles in a rosette sampler with an 

attached CTD probe (Fig. S1.1). In 2015 total chlorophyll a concentration (Chl a) was 

obtained after filtering 500 to 2000 ml of the sample through Whatman GF/F filters (25 

mm diameter). After checking for the minimum volume yielding reliable results, in 

2016 and 2017 we performed sequential filtration of 200 ml samples through filters of 

20, 2 and 0.2 µm of pore-size (IsoporeTM Membrane Filters, RTTP, 47 mm diameter), 

so that Chl a was the sum of the corresponding size-fractions: micro- (above 20 µm), 

nano- (between 2 and 20) and picophytoplankton (between 0.2 and 2 µm). Filters were 

frozen at -80 °C until analysis in the laboratory. Pigments were extracted in 90% 

acetone for 24 h in the dark at 4°C and chlorophyll a fluorescence was measured with 

a Trilogy fluorometer (Turner) calibrated with pure extracts.   

Samples for dissolved inorganic nitrogen (DIN = NO3- + NO2-), dissolved 

inorganic phosphorus (DIP = PO4
3-), dissolved organic carbon (DOC) and total 

dissolved nitrogen (TDN) were filtered through pre-combusted GF/F filters and 

analyzed as previously reported by (Calleja et al. 2018). The nutricline depth was 

defined as the depth where nitrate concentration first reached 1 μmol L–1 (Calvo-Díaz 

& Morán 2006). 

2.3.1 Analysis of picoplankton by flow cytometry  

Picoplankton samples (1.8 mL) were preserved with 1% paraformaldehyde + 

0.05% glutaraldehyde final concentration and placed in the dark for approximately 10 
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minutes, then frozen in liquid nitrogen and stored at -80 °C once in the laboratory. After 

thawing, samples were analyzed with a FACSCanto II flow cytometer (BD-

Biosciences). Molecular Probes fluorescent latex beads of 1 μm were used as an internal 

standard for size and fluorescence measurements. We analyzed aliquots of 0.6 mL for 

autotrophs and 0.4 mL for heterotrophs, at high (mean 117.9 μL min– 1) and low (17.9 

μL min–1) flow rates, respectively, until acquiring 10000 events. Before analysis, 

heterotrophic bacteria were stained with 2.5 μmol L-1 of the DNA fluorochrome SYBR 

Green II (Gasol & Morán 2016). All cytograms were analyzed with FCSExpress 5 

software. Autotrophic prokaryotic cells were classified as cyanobacteria 

(Synechococcus and Prochlorococcus) and picoeukaryotes according to their orange 

(PE, 433 nm) and red (PerCP-Cy5-5, 498 nm) fluorescence and light scatter at 90° or 

side scatter (SSC) signals (Fig. 2.1).  

 

Figure 2.1: Cytograms of autotrophic picoplankton groups analyzed from the surface layer (5 m) in the samples 

taken in April 24th 2017 at KAEC station. Each colored dot represents an individual cell, while the black dots 

represents noise. More details can be found in the text.  

 

Two groups of heterotrophic prokaryotes were distinguished based on their 

relative green fluorescence (FITC, 360 nm) signal: low and high nucleic acid content 

(LNA and HNA, respectively) (Fig. 2.2). Cell size was determined by an empirical 
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calibration between relative SSC and cell diameter according to (Calvo-Díaz & Morán 

2006).  

 

Figure 2.2: Cytograms of heterotrophic picoplankton groups analyzed from the depth in the mesopelagic layer at 

KAEC station. Each colored dot represents an individual cell, while the black dots represents noise. More details 

can be found in the text. 

 

Spherical shape was assumed for all groups for estimating biovolume, which 

was transformed into individual biomass by using the biovolume-to-carbon conversion 

factor of 237 fg C μm–3 for autotrophs (Worden et al. 2004) and the equation biomass 

= 108.8  × (biovolume)0.898  for heterotrophs (Gundersen et al. 2002). The biomass of 

each picoplanktonic group was finally obtained by multiplying the individual biomass 

estimate by the corresponding abundance.  

2.3.3. Statistical analyses  

Picoplankton abundance, biovolume and biomass data were log10-transformed 

to attain normality and assess their relationship with environmental variables by 

Spearman's rank correlation coefficient. One-way ANOVAs and post hoc Tukey’s 

pairwise comparisons were used to determine significant variations between seasons (P 

< 0.05) with OriginPro software. A non-metric multidimensional scaling (NMDS), a 

distance-based ordination technique, was performed on the Bray-Curtis dissimilarity 

distances together with pairwise PERMANOVAs in order to summarize the seasonal 
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and vertical changes in the abundance of the different picoplankton groups and their 

relation with environmental variables in the upper epipelagic zone. Four groups of 

samples were considered according to depth: surface, above DCM, DCM depth, below 

DCM and 100 m. NMDS stress values, a measure of goodness-of-fit, can be used to 

evaluate the proper choice of dimensions. Low values (0.05 - 0.1) provide a good fit in 

reduced dimensions while values > 0.3 indicate that the ordination is arbitrary and 

potentially uninterpretable (Ramette 2007; Zhu & Yu 2009). The NMDS analysis was 

done in R (www.r-project.org) and we used the “envfit” function in order to estimate 

the correlations between the environmental variables and the NMDS axis scores. 
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2.4. Results 

2.4.1. Vertical and seasonal variability in hydrographic conditions  

The mean vertical profiles of selected environmental variables for the four 

seasons are shown in Fig. 2.3. As expected, significant differences (ANOVA: F= 14.4, 

p= 0.0004, n=15) in mean surface temperature were found, with summer values 6.3°C 

higher than in winter (Table 2.2). The temperature remained constant year-round from 

200 m down to the bottom at 21.7  0.02°C SE (Fig. 2.3 A). Surface salinity displayed 

slight seasonal variations from 38.8  0.2 in spring to 39.6  0.1 in winter (Table 2.2), 

but there was no seasonal difference below 200 m (40.6   0.0). Differences in SI were 

not significant despite some seasonality (Table 2.2), but the UML was significantly 

shallower in summer than in the other seasons (Table 2, ANOVA: F= 18.3, p= 0.0002, 

n=14). The euphotic layer depth varied from 63 to 89 m, with similar mean values 

across seasons (Table 2.2). Dissolved inorganic nitrogen (DIN = nitrate + nitrite) 

presented uniformly low concentrations at the surface (0.17  0.11 µmol L-1) but 

reached 20.5  1.6  µmol L-1 at depths higher than 200 m (Fig. 2.3 C), with an average 

nutricline depth of 67   6 m (Table 2.2). Dissolved inorganic phosphate (DIP) followed 

the same pattern as DIN, with low seasonal mean values at the surface (0.10   0.04 

µmol L-1) and increasing with depth to a seasonal mean maximum of 1.17  0.1  µmol 

L-1 at around 600 m depth (Fig. 2.3 D). The concentration of dissolved organic carbon 

(DOC, Fig 2.3 E) declined with depth from a mean 76.1  7.5 μmol L−1 at the surface 

to 52.2  5.8 μmol L−1 below 200 m. 
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Figure 2.3:  Mean seasonal vertical profiles of environmental variables. (A) temperature, (B) salinity, (C) dissolved 

inorganic nitrogen (nitrate + nitrite, DIN), (D) dissolved inorganic phosphorus (DIP), (E) dissolved organic carbon 

(DOC), and (F) chlorophyll a (Chl a) concentrations in winter, spring, summer and fall at the study station. Error 

bars show the standard error of the mean. The shaded area in (F) indicates the overall range of the deep chlorophyll 

maximum (DCM). See the text for details. 

 

Table 2.2: Average seasonal values of environmental properties at the surface of the study site and characteristic 

depths (mean ± SE).Sea surface temperature (SST), salinity, dissolved inorganic nitrogen (nitrate + nitrite, DIN), 

dissolved inorganic phosphorus (phosphate, DIP), dissolved organic carbon (DOC), total chlorophyll a concentration 

(Chl a), stratification index (SI) and depths of the upper mixed layer (UML), the euphotic zone (Zph), the deep 

chlorophyll maximum (DCM) and the nutricline (NC). Stars and superscript letters indicate significant differences 

between seasons (ANOVA and Tukey post hoc test; *, p = 0.05; ** p = 0.01; *** p = 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Winter Spring Summer Fall 

SST *** 

(°C) 

24.7 ± 0.1 a 

n=3 

27.5 ± 0.7 a,c 

n=4 

30.9 ± 0.7 b,c 

n=4 

29.9 ± 0.8 c 

n=4 

Salinity 
39.6 ± 0.1 

 n=3 

38.8 ± 0.2 

n=4 

39.2 ± 0.2 

 n=4 

39.2 ± 0.2 

n=4 

DIN 

(µmol l-1) 

0.1 ± 0.04 

 n=2 

0.2 ± 0.1 

 n=4 

0.3 ± 0.2 

 n=2 

0.2 ± 0.1 

n=3 

DIP 

(µmol l-1) 

0.1 ± 0.1 

n=2 

0.04 ± 0.01 

 n=4 

0.2 ± 0.1 

 n=2 

0.1 ± 0.04 

n=3 

DOC 

(µmol l-1) 

75.8 ± 1.4 

 n=2 

75.4 ± 6.7 

n=4 

77.7 ± 2.9 

 n=4 

75.3 ± 1.7 

 n=3 

Chl a  

(µg l-1) 

0.15 ± 0.05 

 n= 2 

0.09 ± 0.003 

n=4 

0.13 ± 0.02 

n=4 

0.12 ± 0.02 

 n=4 

SI 
1.03 ± 0.14 

n=2 

2.68 ± 0.52 

n=4 

2.74 ± 0.27 

n=4 

2.39 ± 0.26 

 n=4 

UML *** 

(m) 

60 ± 7 a 

 n=2 

43 ± 2  a 

n=4 

19 ± 3  b 

 n=4 

48 ± 5  a 

 n=4 

Zph (m) 
85 ± 1 

n=2 

85 ± 2 

n=3 

76 ± 4 

n=4 

72 ± 4 

n=4 

DCM (m) 
 55 ± 1 

 n=4 

62 ± 8 

 n=4 

63 ± 8 

 n=4 

44 ± 12  

n=4 

NC (m) 
63 ± 7 

 n=2 

74 ± 8 

 n=4 

47 ± 35 

 n=2 

75 ± 5 

n=3 
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2.4.2. Total and size-fractionated chlorophyll a concentration  

The vertical distribution of total chlorophyll a (Chl a) concentration (Fig. 2.3 

F) showed a consistent and clear deep chlorophyll maximum (DCM) located at an 

average depth of 56  4 m (Table 2.2). Surface seasonal mean values ranged from 0.09 

to 0.15 g L-1 (Fig. 2.3 F). Mean integrated Chl a values for the upper 100 m increased 

from 16.1 mg m-2  in spring and summer ( 2.06 and 1.09, respectively) to 19.0  2.9 

mg m-2  in winter and 24.0  2.7  mg m-2 in fall (Fig. 2.4 A). The picoplankton size 

fraction contributed, on average, 70.8  1.0% to total integrated values, with 

nanoplankton and microplankton making up 21.9  1.5% and 7.3  1.9%, respectively, 

with no significant differences in the relative contributions of the three size classes (Fig. 

2.4 B). 

 

 

Figure 2.4: Mean seasonal values of total and size-fractionated chlorophyll a concentration. (A) total integrated 

chlorophyll a concentration and (B) mean contributions of the three size-fractions in the upper 100 m of the study 

station. pico- : picoplankton, nano- : nanoplankton and micro- : microplankton. 
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2.4.3. Vertical distribution of picoplankton abundance and cellular 

characteristics 

Prochlorococcus, Synechococcus and picoeukaryotes were mostly restricted to 

the upper 100 m, with none of the groups detected in significant numbers at or below 

150 m depth. Figure 2.5 shows the average vertical distribution of picophytoplankton 

abundance, cell size and relative red fluorescence (as a proxy of Chl a content) for each 

season. Prochlorococcus abundance was generally low at the surface (1.11 - 5.81 × 104 

cells mL-1) and peaked at the DCM (1.32  0.16 × 105  cells mL-1 in summer) (Fig. 2.5 

A). The two groups of Synechococcus discriminated by low (LF-Syn) and high (HF-

Syn) phycoerythrin fluorescence were consistently less abundant than 

Prochlorococcus. LF-Syn and HF-Syn tended to show higher numbers in the surface 

layers, with averages of  2.29 ± 0.53 × 104 and 3.47  0.54 × 104 cells mL-1, respectively 

(Fig. 2.5 B and C). HF-Syn reached deeper than LF-Syn with the latter virtually absent 

at 80 m (Fig. 2.5 B and C). Two groups of picoeukaryotes according to size were 

consistently distinguished, hereafter referred to as Small (Speuk) and large (Lpeuk). 

Speuk vertical distribution was similar to that of Prochlorococcus (Fig. 2.5 D), while 

Lpeuk usually disappeared deeper than 40–60 m except in fall, where the highest values 

were found in the DCM (Fig. 2.5 D and E). Coincident with declining abundances, the 

biovolume of all groups increased steadily with depth from 40 m downwards except for 

Lpeuk (Fig. 2.5  F-J). Similar to biovolume, the relative red fluorescence increased 

consistently with depth, with less marked patterns for LF-Syn and Lpeuk due to their 

shallower distribution (Fig. 2.5 K-O). 
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Figure 2.5: Vertical distribution of autotrophic picoplankton mean seasonal abundance and cellular characteristics. 

(A–E) abundance, (F–J) biovolume,(K–O) relative red fluorescence of Prochlorococcus, low (LF-Syn) and high 

(HF-Syn) phycoerythrin fluorescence populations of Synechococcus and small and large picoeukaryotes in winter, 

spring, summer and fall at the study station. Error bars show the standard error of the mean. The shaded area indicates 

the overall range of the DCM. 

 

The mean seasonal distribution of heterotrophic prokaryotes abundance and cell 

size with depth is shown in Fig. 2.6. The abundances of both LNA and HNA cells were 

highest in the upper 100 m (maxima of 2.92 × 105 and 2.51 × 105  cells mL-1 at 20 and 

40 m, respectively) but remained relatively stable for the entire mesopelagic layer (Fig. 

2.6 A and B). LNA were more abundant than HNA cells in the upper epipelagic, 

resulting in a contribution of HNA cells to total abundance (%HNA) that ranged from 

38.3 to 47.1% at the surface. Values increased to 52.3 – 57.4% at 200 m and remained 

pretty homogeneous down to the sea floor (Fig. 2.6 C).  The biovolume of HNA cells 
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was consistently larger than that of LNA cells throughout the water column. 

Differences were observed between seasons, with maxima in winter for both groups 

and minima in summer for HNA and in fall for LNA cells (Fig. 2.6 D and E). 

 

 

Figure 2.6: Vertical distribution of heterotrophic prokaryotes mean seasonal abundance and biovolume. Abundance 

of LNA (A) and (B) HNA cells, (C) contribution of HNA cells to total numbers (%HNA) and biovolume of LNA 

(D) and HNA (E) cells in winter, spring, summer and fall at the study station. Error bars show the standard error of 

the mean. The shaded area indicates the overall range of the DCM. 

 

2.4.4. Seasonal variation of picoplankton abundance and cellular 

characteristics  

Although some differences between seasons were already apparent in the 

vertical distributions (Fig. 2.5 and 2.6), depth-weighted averages from the surface to 

100 m were calculated to better capture the seasonal changes. Prochlorococcus 

abundance displayed a clear seasonal pattern, with minimum values in winter (1.4 × 

104 cell mL-1, January 2015) and maximum values in summer (7.8 × 104 cell mL-1, July 

2015) (Fig. 2.7 A). The two groups of Synechococcus shared similar dynamics, with 
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maximum values in spring for LF-Syn (2.7 × 104 cell mL-1, March 2015) and winter 

for HF-Syn (3.2 × 104 cells mL-1, January 2015) while the lowest values were observed 

between late spring and early summer for both groups (Fig. 2.7 B). Consequently, the 

ratio between Prochlorococcus and Synechococcus abundance, which was higher than 

1 for most of the year, was occasionally lower in winter and at the end of fall (Fig. 2.7 

C). Speuk abundance presented low values in summer (9.9 × 102 cells mL-1, July 2015) 

and higher in winter (3.60 × 103 cells mL-1, January 2015) while Lpeuk, generally less 

abundant, peaked in fall (7.1 × 102 cells mL-1, October 2016) (Fig. 2.7 D). On an annual 

basis, Prochlorococcus contributed 57.6 ± 4.2% to total picophytoplankton cell 

numbers, followed by Synechococcus (38.9 ± 3.9 %) with picoeukaryotes 21- to 79-

fold lower abundances than cyanobacteria. Depth-weighted biovolumes (0.14 - 0.25 

μm3 Prochlorococcus, 0.08 - 0.19 μm3 LF-Syn, 0.27-0.42 μm3 HF-Syn, 1.09 -1.66 μm3 

Speuk, 2.50 - 3.62 μm3 Lpeuk) did not show any clear seasonal pattern with slightly 

increased values of Speuk in early summer and Lpeuk in fall (Fig. S2.2 A-C). The 

seasonality of 0-100 m mean relative red fluorescence as a proxy for Chl a content 

followed the expected summer minimum only for Prochlorococcus and LF-Syn (Fig. 

S2.2 D-F). Differences in biovolume affected little the changes mentioned above in 

abundance when calculating the biomass of the different picophytoplankton groups. 

Integrated autotrophic picoplankton biomass for the upper 100 m showed higher values 

in summer (387.4 mg C m-2) with a significant contribution of Prochlorococcus (46.6 

± 6 %) (ANOVA: F=4.2, p=0.03, n=15) except in winter when Synechococcus 

contributed 49.5 % with a high contribution of HF-Syn (37.02%). 
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Figure 2.7: Temporal variability of autotrophic picoplankton abundances averaged for the upper 100 m. (A) 

Prochlorococcus, (B) high (HF-Syn) and low fluorescence (LF-Syn) Synechococcus and (D) small (Speuk) and 

large (Lpeuk) picoeukaryotes. Also shown in (C) the ratio between Prochlorococcus and Synechococcus cell 

abundances. 

 

The mean total abundance of heterotrophic prokaryotes (HNA + LNA 

prokaryotes) in the upper 100 m ranged from 2.29 to 4.21 × 105 cells mL-1, with higher 

values in spring and fall and lower in summer (Dataset S1). Figure 2.8 A shows the 

corresponding values for the LNA and HNA groups with respective annual means of 

1.87 ± 0.01 × 105 and 1.38 ± 0.07 × 105 cells mL-1. Although their abundances failed 

to show marked seasonal patterns, a clear seasonality in the contribution of HNA 

bacteria emerged. Upper epipelagic-averaged %HNA values ranged from 35.9% in late 

spring and early summer to ca. 50% in winter and fall (Fig. 2.8  B). In contrast, the 

seasonality in biovolume and relative nucleic acid content was not clear for any of the 

two groups (Fig. S2.3A and B). The integrated biomass of heterotrophic prokaryotes in 

the upper 100 m ranged from 86.9 to 257.6 mg C m–2, with seasonal means shown in 

Fig. 2.9. Regarding the contribution of LNA and HNA cells to total heterotrophic 

prokaryotes biomass in the upper epipelagic, differences were minor with the HNA 

group prevailing in winter (53.8%) and fall (51.3%) and the LNA groups in summer 
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(53.4%) and spring (52.3%) (Fig. 2.9). Overall, the biomass of autotrophic 

picoplankton groups was consistently higher than that of heterotrophic bacteria in the 

upper epipelagic, with annual averages of 348.1 ± 20.5 and 140.8 ± 10.1 mg C m–2, 

respectively. However, when values were integrated over the entire water column (0-

700 m), the mean biomass of heterotrophic bacteria increased to 410.7 ± 27.0 mg C m–

2 , thus exceeding the total biomass of autotrophic picoplankton (Fig. 2.9). Moreover, 

when the entire water column was considered HNA cells clearly dominated total 

biomass regardless of the season. 

 

 

Figure 2.8: Temporal variability of heterotrophic prokaryotes abundances averaged for the upper 100 m. (A) low 

(LNA) and high (HNA) nucleic acid bacteria and (B) contribution of HNA cells to total numbers (%HNA). 
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Figure 2.9: Mean seasonal values of autotrophic and heterotrophic picoplankton integrated biomass in winter, spring, 

summer and fall at the study station. The green-yellow bar shows the integrated biomass for the upper 100 m of 

autotrophic picoplankton (Prochlorococcus (Pro), low (LF-Syn) and high (HF-Syn) phycoerythrin fluorescence 

populations of Synechococcus and small (Speuk) and large (Lpeuk) picoeukaryotes). The first black-gray bar shows 

the same for heterotrophic prokaryotes (<100 m) while the second black-gray bar shows the values integrated 

through the entire water column (<700 m). 

 

2.4.5. Relationships with environmental variables  

Fig. 2.10 shows the NMDS performed on the Bray-Curtis distances of the 

abundances for autotrophic and heterotrophic picoplankton populations at different 

depths in the upper epipelagic (Fig. 2.10). The low stress value (0.1) indicated a reliable 

distribution of the samples in two dimensions. All environmental variables were 

initially considered in the NMDS analysis, but some of them (e.g., DIP, DOC, UML, 

etc.) were removed since they did not show significant effects on the distribution of the 

samples. The correlation of the NMDS scores (position of the samples) with the 

environmental variables (represented by the arrows) indicated significant effects of 

temperature (r= 0.66, p= 0.002), DON (r= 0.48, p=0.034, Chl a (r= 0.62, p= 0.003), 

DIN (r= 0.72, p = 0.001) and salinity (r= 0.75, p=0.001). The NMDS plot also showed 

different habitat segregation of the picoplanktonic groups, with an overall significant 

effect of the depth layer (PERMANOVA: r2 = 0.53, p < 0.01). The most abundant group 
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in the surface was Synechococcus (mostly the HF_Syn), where temperature and DON 

were highest. In contrast, Prochlorococcus and picoeukaryotes (mainly Speuk) were 

more abundant around the depth of the DCM, actually contributing to the increase in 

Chl a. HNA and LNA had a higher weight at 100 m, primarily because of the decrease 

in autotrophic picoplankton groups, where DIN and salinity values started to increase 

with depth (Fig. 2.10). There was no significant clustering of samples according to the 

different seasons (PERMANOVA: r2 = 0.04, p = 0.33), indicating that the effect of 

depth layer was stronger than season (Fig. S2.4). 

 

 

 Figure 2.10: Nonmetric multidimensional scaling (NMDS) analysis of Bray–Curtis distances of the abundances of 

autotrophic and heterotrophic picoplankton and significant environmental variables in the upper epipelagic zone. 

All samples were arranged by five depth categories (surface, above DCM, DCM, below DCM and 100 m) and 

coupled to significant (p < 0.05) environmental variables: temperature (Tem), salinity (Sal), total chlorophyll a (T-

Chl a), dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON) concentration. The centroids of 

the different populations (labeled in gray) indicate where each population was more abundant, and the vectors 

indicate the direction and strength of the environmental parameters.   
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2.5. Discussion 

The Red Sea represents a unique environment to investigate how 

picoplankton, the dominant planktonic size class at low latitudes (Buck et al. 1996; 

Malmstrom et al. 2010b; Olson et al. 1990), respond to some of the highest natural 

temperatures and salinities that can be found in the ocean. We present here a 

comprehensive flow cytometric assessment of autotrophic and heterotrophic groups at 

both the vertical and seasonal scales at a 700-m deep station in the central Red Sea. 

Surface waters showed persistently high stratification, limiting the availability of DIN 

and DIP, which resulted in low phytoplankton biomass for most of the year (Fig. 1F 

and 2) and a clear dominance of small cells consistent with previous work (Bock et al. 

2018; van den Engh et al. 2017; Wei et al. 2019c). Accordingly, DOC concentrations 

did not exceed 95 µmol L-1. More information on the hydrological features and DOC 

dynamics of the study site can be found in Calleja et al. (2019). In the nearby shallow 

waters of KAUST Harbor, although conditions were still oligotrophic year-round, 

higher concentrations of DIN and DOC were occasionally observed (Silva et al. 

2019). 

2.5.1. Vertical distribution of picoplankton 

In this study, although cyanobacteria and picoeukaryotes made up most of the 

picophytoplankton biomass as chlorophyll a (Fig. 2.4 B), different depth preferences 

for each group were found. Prochlorococcus and the two size fractions of 

picoeukaryotes tended to show higher abundances at a depth of the DCM, which ranged 

from 40 to 76 m, than at the surface where both groups of Synechococcus peaked (Fig. 

2.5 A-E). This distribution was further confirmed by the NMDS analysis of all samples 

(Fig. 2.10), showing a clear cluster of surface samples (with higher temperatures and 

DON) dominated by Synechococcus, while Prochlorococcus and picoeukaryotes 
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dominated the DCM. This vertical segregation of Prochlorococcus and Synechococcus 

is well known (Partensky et al. 1999b; Rabouille et al. 2007) and indicates a different 

adaptation to ambient light conditions. The light-harvesting antenna of Synechococcus 

has phycobilisomes with phycobiliproteins (phycoerythrin and phycocyanin) that 

confer them a higher ability to stand the high irradiances (including UV wavelengths) 

found at the surface (Biller et al. 2015). Several studies have suggested that 

Prochlorococcus is more sensitive to sunlight, particularly to UV potentially causing 

DNA-damage, than Synechococcus (Agustí 2004; Boelen et al. 2000; Boelen et al. 

2002). Accordingly, Prochlorococcus is better adapted to capture the blue wavelengths 

that predominate deeper in the water column (Biller et al. 2015), thus giving rise to the 

observed differences in vertical distribution. However, the maximum depth at which 

we were able to detect cyanobacteria and picoeukaryotes by flow cytometry was 

generally 100 m. Molecular analysis is more sensitive than flow cytometry at finding 

rare populations. A recent study in the Red Sea assessing 16S rRNA gene sequences, 

more sensitive than flow cytometry, was able to find Prochlorococcus below 200 m, 

though with low numbers (Shibl et al. 2016). In other studies conducted in tropical 

waters, Prochlorococcus and Synechococcus were, however, detected by flow 

cytometry at depths of 150 to 200 m (Bock et al. 2018; Partensky et al. 1999b; van den 

Engh et al. 2017). The flow cytometer used in this study has a high sensitivity to detect 

small cells (<1 µm) and viruses (Monier et al. 2017). Thus, we believe that the apparent 

disappearance of picophytoplankton at those depths is rather a reflection of the already 

low numbers found in shallower depths compared with other studies than a problem 

with the detection limit (Ribeiro et al. 2016b). Bearing in mind that 15 profiles along 

the annual cycle might still have missed the period of highest concentration, to our 

knowledge, the maximum abundance observed of Prochlorococcus (1.63 × 105 cells 



 

 

72 

 

ml-1) lies among the lowest ever recorded. For instance, the maximum values in the 

subtropical and tropical oceans found during the Malaspina-2010 expedition were 14.2 

× 105  cells ml-1 for the Atlantic, 6.35 × 105  cells ml-1 for the Indian and 3.27 × 105  cells 

ml-1 for the Pacific (Agustí et al. 2018). The mean abundance of Synechococcus at the 

study site was also lower (1.16 × 104   cells ml-1 ) than in the Indian (2.34 × 104   cells 

ml-1 ) and Pacific (4.85 × 104   cells ml-1) oceans, but higher than in the Atlantic (0.87 × 

104   cells ml-1 ). Very low abundances of picoeukaryotes were also consistently found 

in this study (9.7 × 103  cells ml-1 ) compared to the Atlantic (18.5 × 103  cells ml-1), 

Indian (16.7 × 103  cells ml-1) and Pacific (79.3 × 103  cells ml-1) oceans (Agustí et al. 

2018). As in previous reports, consistent associations between the decrease in 

abundance and the increase in cell size and relative red fluorescence were observed for 

all picophytoplankton groups except for large picoeukaryotes (Fig. 2.5 F-O). This 

increase should be primarily attributed to the combined effects of depth-varying 

environmental variables such as inorganic nutrients availability and light (Chen et al. 

2011), although shifts in species composition may also play a role (Campbell & Vaulot 

1993). The decrease in irradiance drives the need to synthesize more proteins and 

pigments to capture the fewer photons reaching the deeper layers (van den Engh et al. 

2017).  

Regarding the vertical distribution of heterotrophic prokaryotes, we confirm the 

findings of two recent studies conducted at the same site as ours, focused on the 

interactions of bacteria with DOC stocks at the diel (García et al. 2018) and seasonal 

scales (Calleja et al. 2019). As previously reported  (Calleja et al. 2019; García et al. 

2018), LNA bacteria dominated in the epipelagic zone while HNA bacteria prevailed 

in the mesopelagic zone. The lower relative numbers of HNA cells in the upper 100 m  

(usually below 51%) could be explained by the presence of protistan grazers with a 
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preference for the larger HNA cells (Gonzalez et al. 1990; Lefort & Gasol 2014). 

Recent work has shown that the abundances of heterotrophic nanoflagellates were 

negatively correlated with the sizes of both LNA and HNA cells, suggesting a 

preference to graze on the larger cells from both groups (Sabbagh et al., submitted). In 

turn, the dominance of HNA cells in the whole mesopelagic layer suggests either a 

release from grazing pressure (Lara et al. 2017) or that different taxa belonging to the 

HNA cluster are better suited to exploit the DOC compounds found at depth (Calleja et 

al. 2019). The mesopelagic zone in this Red Sea site is characterized by a deep 

scattering layer, located between 400 and 600 m, where vertically migrating fish 

concentrate during the day (Calleja et al. 2018; Røstad et al. 2016). This layer seems to 

play an essential role in fast carbon transport and cycling by heterotrophic prokaryotes, 

as shown in previous studies (Calleja et al. 2019; García et al. 2018). 

 Overall, the vertical distribution of picoplankton was most clearly affected by 

depth, in turn related to strong gradients in environmental variables (temperature, light, 

UV, inorganic nutrients, etc.), as clearly observed in the NMDS distribution of samples 

(Fig. 2.10) that cluster according to layer much more obviously than to season (Fig. S 

2.4). However, seasonal patterns became more evident when considering the depth-

averaged or integrated values, as discussed below. 

2.5.2. Seasonal variation of picoplankton 

Except at very high latitudes (Cottrell & Kirchman 2009; Li 2009; Waleron et 

al. 2007), cyanobacteria numerically dominate picophytoplankton communities, 

although the prevailing  genus depends on the specific physicochemical properties and 

trophic structure. The dominance of Prochlorococcus has been frequently observed in 

high temperature, low nutrient and stratified waters, while Synechococcus and 

picoeukaryotes are usually predominant at lower temperatures, higher nutrient 
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concentrations and more mixed waters (Campbell et al. 1997; Malmstrom et al. 2010b). 

It has been hypothesized that the seasonality of picoplankton groups in tropical and 

subtropical oceans is less pronounced than in temperate or polar regions (Bunse & 

Pinhassi 2017). However, although our site can be safely considered as permanently 

oligotrophic since it is strongly stratified year-round, surface temperature did indeed 

change between seasons (Table 2.2). On an annual scale, the longest subtropical time 

series at BATS displays high abundance of Prochlorococcus in summer and fall due to 

strong stratification and low values in late winter due to deep mixing events, while this 

pattern is much less visible at HOT (Campbell et al. 1997; DuRand et al. 2001; 

Giovannoni & Vergin 2012; Malmstrom et al. 2010b). A similar seasonal variability 

has also been reported in the Gulf of Aqaba in the northern Red Sea (Al-Najjar et al. 

2007). However, two major differences were observed in this study. In spite of the 

overall dominance of Prochlorococcus especially noticeable in summer, 

Synechococcus unexpectedly outnumbered Prochlorococcus in winter and fall in the 

epipelagic layer (Fig. 2.7 C). The fact that two populations of Synechococcus of 

differing orange fluorescence, LF-Syn and HF-Syn, were consistently found year-round 

did not result in major divergences in seasonality (Fig. 2.7 B).  Altogether, the total 

abundance of Synechococcus at our site peaked in winter the same as at HOT station 

(Campbell et al. 1997; Malmstrom et al. 2010b), while the maximum abundance at 

BATS was found during the spring bloom when the mixed layer deepened and 

inorganic nutrients were detectable in surface layers (DuRand et al. 2001). 

Picoeukaryotes have been reported to be more abundant in spring at both sites 

(Campbell et al. 1997; DuRand et al. 2001). In our dataset, although the two size 

fractions demonstrated different seasonality, picoeukaryotes generally tended to peak 

either at the beginning (winter-spring) or the end of the year (fall) (Fig. 2.7 D). 
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With complete seasonal coverage, we confirm the finding that LNA 

heterotrophic prokaryotes dominate in the upper epipelagic (<100 m) while their HNA 

counterparts prevail in the mesopelagic zone ( 200 m) (García et al. 2018). 

Heterotrophic bacteria and archaea have been reported to present higher abundances in 

summer and decline in fall at BATS (Carlson et al. 1996) while the peak at HOT 

occurred in summer-fall (Campbell et al. 1997). In this study, the seasonality of both 

the LNA and HNA groups, as well as their sum, was less noticeable than autotrophic 

picoplankton, though low numbers were mostly observed in summer, as already 

reported by Calleja et al. (2019). Bottom-up control by phosphorus could partially 

explain the decrease of heterotrophic prokaryotes in summer in the upper 100 m. Calleja 

et al. (2019) reported that epipelagic DIN:DIP ratios (without ammonium) peaked at 19 

during summer, while lower values of ca. 11 were observed during the rest of the year, 

concomitant with DOC accumulation that could be a consequence of nutrient-limited 

and low standing stocks. Concurrently, in the experimental assessment of specific 

growth rates in the shallow waters of KAUST Harbor, top-down control by protistan 

grazers has been demonstrated to play an important role in regulating heterotrophic 

prokaryotes standing stocks (Silva et al. 2019).  

There is little information about primary productivity (Qurban et al. 2019) and 

planktonic metabolism (López‐Sandoval et al. 2019) in the Red Sea to allow an 

assessment of the seasonality of its metabolic balance (i.e., the periods of net autotrophy 

vs. net heterotrophy, García-Martín et al. 2019a; García-Martín et al. 2019b). We can 

still compare the respective biomasses of autotrophs and heterotrophs within the 

smaller size fraction, which collectively support to a large extent the higher trophic 

levels in oligotrophic environments. The relative importance of heterotrophic to 

autotrophic prokaryotes biomass has been shown to increase with decreasing trophic 
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state (Azam 1998; Biddanda et al. 2001; Del Giorgio et al. 1997; Gasol et al. 1997), 

with an average ratio of 1.85 in the oligotrophic ocean (Buck et al. 1996; Cho & Azam 

1990; Gasol et al. 1997). Considering only picoplankton, autotrophic cells make a 

higher contribution to total biomass in meso- to eutrophic areas, while heterotrophic 

bacteria and archaea typically become more important in tropical and subtropical 

oligotrophic oceans (Harris et al. 2006; Regaudie-de-Gioux & Duarte 2013; Zhang et 

al. 2008b). If we restrict our analysis to the first 100 m, autotrophic picoplankton 

biomass consistently exceeded that of heterotrophic prokaryotes biomass (Fig. 2.9), 

suggesting that the upper central Red Sea would be a net autotrophic ecosystem over 

the entire annual cycle (i.e., primary production would exceed community respiration), 

in agreement with the recent study of López-Sandoval et al. (2019). The major 

contributor to autotrophic picoplankton biomass was Prochlorococcus as in other 

oligotrophic waters (Wei et al. 2019c; Zhang et al. 2008b), except in winter. However, 

if we extend the comparison between autotrophic and heterotrophic picoplankton 

biomass to the bottom of the study site, the ecosystem would then tend to net 

heterotrophic, but this difference was not very marked (Fig. 2.9). It is noteworthy that 

KAEC station lies between the metabolically balanced or net heterotrophic in the 

northern Red Sea and the net autotrophic waters of its southern reaches (López-

Sandoval et al. 2019). In any case, further studies are necessary to fully understand the 

functioning of the central Red Sea pelagic ecosystem by a comprehensive assessment 

of its matter and energy fluxes. 

This flow cytometry-based study is the first detailed temporal account of 

picoplankton abundance, single-cell characteristics and biomass covering from epi- to 

mesopelagic waters ever conducted in the central Red Sea. Future studies of the 
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variations occurring at the daily scale will help interpret the seasonal patterns of 

autotrophic and heterotrophic picoplankton described here. 

2.6. Conclusion 

This chapter presents different vertical segregation of the picoplanktonic groups 

surveyed. Synechococcus and LNA heterotrophic prokaryotes tended to occupy 

shallower layers than Prochlorococcus, picoeukaryotes and HNA heterotrophic 

prokaryotes. Seasonality was clearly depicted by the two genera of cyanobacteria, with 

Synechococcus exceeding Prochlorococcus cell numbers in early winter and late fall. 

Picoeukaryotes also tended to be more abundant in winter and fall, contributing to a 

seasonal structuring of picophytoplankton in Red Sea waters similar to higher latitude 

ecosystems. The seasonal patterns of heterotrophic prokaryotes were less noticeable 

than those of picophytoplankton and we failed to find clear evidence of higher biomass 

of picoplanktonic heterotrophs at the study site. Although the vertical gradients in 

environmental conditions had a major effect on the distribution of autotrophic and 

heterotrophic picoplankton, temporal changes over the year emerged as an important 

feature to be considered in future studies of the Red Sea pelagic ecosystem.  
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3. Chapter 2: Picoplankton diel variability and estimated growth rates 

in epipelagic and mesopelagic waters of a central Red Sea site 

 

3.1. Abstract 

Picoplankton make up a large percentage of the ocean biomass, especially in 

oligotrophic regions. Our understanding of the biological processes (e.g., growth and 

loss rates) that drive the variability in their abundances and cell size is crucial. These 

processes occur at timescales of minutes through hours that require high resolution 

sampling schemes. Here we studied the diel variability of the abundance and cell size 

of picoplankton assemblages at a station located off King Abdullah Economic City in 

the central Red Sea during four 24-hour cycles in winter (6th–7th March 2016), spring 

(24th–25th March 2015), summer (5th–6th September 2015) and fall (26th-27th October 

2016). Using flow cytometric tools, we distinguished between Prochlorococcus, low 

and high fluorescence Synechococcus (LF-Syn and HF-Syn, respectively), small 

(Speuk) and large (Lpeuk) picoeukaryotes, as well as two groups of heterotrophic 

prokaryotes of low (LNA) and high (HNA) nucleic acid content. The diel variability in 

abundance was less marked than in cell size and more apparent in autotrophic than in 

heterotrophic picoplankton. Specific growth rates (µ, d-1) of autotrophic and 

heterotrophic groups were estimated by an empirical relationship between µ values 

derived from bottle incubations of winter samples collected from the surface and 550 

m and the in situ variations in cell size measured as the coefficient of variation over 24 

hours (r2= 0.85, p= 0.001, n= 8). Autotrophic picoplankton generally grew faster than 

their heterotrophic counterparts. Surface to 100 m depth-weighted specific growth rates 

displayed a clear seasonal pattern for Prochlorococcus, with maxima in winter (0.77 d-
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1) and minima in fall (0.52 d-1). The two groups of Synechococcus presented similar 

patterns with peaks in spring, and slightly higher growth rates of LF-Syn (0.49 ± 0.09 

d-1) than HF-Syn (0.39 ± 0.03 d-1). Picoeukaryotes showed an inverse seasonal pattern 

of Synechococcus groups, with higher growth rates (0.25 - 0.44 d-1) of Lpeuk than 

Speuk (0.23 – 0.30 d-1). HNA consistently outgrew LNA heterotrophic prokaryotes, 

with significantly higher growth in the epipelagic (0.41 ± 0.08 d-1) than in the 

mesopelagic (0.27 ± 0.05 d-1), while no significant differences were found for LNA 

cells (0.20 ± 0.06 d-1 vs. 0.17 ± 0.06 d-1, respectively). LNA cells estimated µ showed 

weaker seasonality than HNA cells, which peaked in summer in the epipelagic layer. 

With all data pooled, autotrophic picoplankton mean diel abundances in the upper 

epipelagic reflected changes in the estimated specific growth rates (r= 0.58, p< 0.0001, 

n= 91). A positive correlation was also found for HNA cells mean diel abundance and 

estimated growth rate pooling the epipelagic and mesopelagic layers (r= 0.44, p= 

0.0009, n= 55), but not for LNA cells. These results suggest a fine coupling between 

picophytoplankton and HNA prokaryotes standing stocks and specific growth rates 

over the seasonal cycle in Red Sea waters.  
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3.2. Introduction 

Planktonic microbes play an essential role in the productivity and 

biogeochemical cycles of the oceans. Their smallest size-fraction (i.e., organisms with 

cell sizes ranging from 0.2 to 2 μm) are the dominant components of marine food webs 

in oligotrophic regions (DuRand et al. 2001; Olson et al. 1990; Zubkov et al. 2000). 

Flow cytometry has become the routine tool for measuring the abundance and cellular 

characteristics of the major picoplankton groups, distinguished by the optical properties 

of light scatter (related to cell size and complexity) and fluorescence (red and orange 

due to the presence of chlorophyll a and other photosynthetic pigments in the case of 

autotrophs, green after nucleic acid staining, Gasol & del Giorgio 2000; Gasol & Morán 

2015). Among the autotrophic picoplankton groups easily distinguished by flow 

cytometry, two genera of picocyanobacteria (Prochlorococcus and Synechococcus) and 

at least one group of picoeukaryotes stand out. Heterotrophic prokaryotes are in turn 

almost universally made up of two clusters of differing relative nucleic acid content, 

low (LNA) and high (HNA) (Campbell et al. 1997; Gasol et al. 1999b; Marie et al. 

1997; Partensky et al. 1999b). The temporal dynamics of these picoplankton groups 

have been described mostly at fairly broad time-scales, predominantly seasonal studies 

based on monthly (e.g.,  Campbell et al. 1997; Carlson et al. 1996; DuRand et al. 2001; 

Malmstrom et al. 2010) or less frequently weekly (e.g., Huete-Stauffer & Morán 2012, 

Sabbagh et al. 2020; Worden et al. 2004) sampling intervals typically as part of long-

term monitoring efforts. So far, much fewer studies have investigated picoplankton 

communities with a higher resolution of multiple samples per day (e.g., Binder & 

DuRand 2002; Jacquet et al. 2002; Lefort & Gasol 2014). The variability of 

oceanographic phenomena at the short-time diel scale is often comparable to the 

monthly or seasonal ones, making it difficult to examine key biological processes such 
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as growth rate and mortality from a seasonal or annual perspective (Seymour et al., 

2005; Vaulot & Marie 1999; Hunter-Cevera et al. 2014; Binder & DuRand 2002). 

Therefore, comprehensive knowledge of the diel variability is required to understand 

these biological processes and the underlying factors driving changes in picoplankton 

populations at larger temporal or spatial scales. 

Diel changes in the abundance of picoplankton groups are driven by the light-

dark cycle and the continuous processes of cell growth and mortality (Durand & Olson 

1996; Ribalet et al. 2015; Binder & DuRand 2002). Diurnal changes in 

Prochlorococcus and Synechococcus abundance have been reported in the oligotrophic 

ocean, with typically maximum abundances in the late afternoon or early night, despite 

considerable variability among depths and sampling location exists (e.g., Binder et al. 

1996; Vaulot & Marie 1999; Durand & Olson 1996, Hunter-Cevera et al. 2014). 

Regarding the cell size distribution, it typically follows a pattern inverse to that of cell 

abundance (Binder & DuRand 2002; Lefort & Gasol 2014). Cell division is the primary 

process responsible for diel decreases in the cell size and increases in cell abundance 

(Binder & DuRand 2002; Jacquet et al. 2002b; Lefort & Gasol 2014). However, this 

process is very difficult to apprehend from environmental samples and microbial 

growth rates are still commonly measured from short-term production experiments and 

standing stock data (Ducklow 2000). Another approach is to measure the changes in 

the abundance of the different picoplankton groups in experimental bottles, either in 

the presence of the entire microbial community (i.e., including protistan grazers and 

viruses), yielding estimates of the net growth rate, or after diluting with organism-free 

water and/or pre-filtering through appropriate pore-size filters for minimizing grazing 

pressure in order to estimate the specific growth rate (Landry and Hassett 1982; 

Kirchman 2016). Recently, a model-based approach has been used to obtain 
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independent, high-resolution estimates of in situ growth rates from continuous 

measurements of picoplankton cell size over the diel cycle (Hunter-Cevera et al. 2014; 

Sosik et al. 2003). In open ocean tropical and subtropical waters, picoplankton growth 

rates vary widely depending on the group and environmental conditions. 

Prochlorococcus specific growth rates ranged from 0.32 to 0.76 d−1 in the tropical 

northeastern Atlantic Ocean (Quevedo & Anadon 2001; Worden & Binder 2003; 

Partensky et al. 1996) but increased to 1.58 d−1 in the tropical central Atlantic due to 

their high cell abundance and dominance in this region, as shown in Agawin & Agusti 

(2005). In the north Pacific Ocean,  Prochlorococcus growth rates were reportedly 

lower, with an average of 0.29  0.18 d−1 (Selph et al. 2005), while increasing up to 

1.27 d-1 in the upwelling region (Selph et al. 2016; Taniguchi et al. 2014). The growth 

rate of Synechococcus populations were within the same range of Prochlorococcus in 

the NE Atlantic Ocean (Quevedo & Anadon 2001), but higher growth rates have been 

reported in the tropical Pacific ocean (1.52 d−1; Selph et al. 2016; Taniguchi et al. 2014) 

and NW Mediterranean sea (1.79 d−1; Agawin & Agusti 1997). The specific growth 

rates of picoeukaryotes vary more than those of cyanobacteria, with an overall range of 

0.1 to >1.6 d-1 (Landry et al. 2003; Selph et al. 2005; Taniguchi et al. 2014). Compared 

to picophytoplankton groups, the specific growth rates of heterotrophic prokaryotes in 

the upper layers are usually lower (Kirchman 2016). Very low values have occasionally 

been measured (ca. 0.03 to 0.08 d-1) in the western North Atlantic Subtropical waters 

(Steinberg et al. 2001), but in the absence of predators they may reach up to 1.0 d–1, 

such as in the Atlantic ocean (Gasol et al. 2002) and the NW Mediterranean sea (Vaqué 

et al. 2001; Sala et al. 2002). The review of Kirchman (2016) provides a mean growth 

rate of 1.10 ± 0.83 d-1 for heterotrophic prokaryotes, derived from seawater culture 

experiments conducted over a large geographical scale. However, the two flow 
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cytometric populations of heterotrophic prokaryotes based on their relative nucleic acid 

content (LNA and HNA; Bouvier et al. 2007) typically present different growth rates, 

with higher values of the former (Lebaron et al. 2001; Morán et al. 2007; Wang et al. 

2009; Longnecker et al. 2005).  

The Red Sea offers a good opportunity to explore the fine-scale dynamics of 

picoplankton communities in tropical waters. Its highly saline oligotrophic waters are 

characterized by the highest surface temperatures of any deep marine basin of the 

world (even exceeding 35°C in summer, (Chaidez et al. 2017a; Rasul et al. 2015) and 

the overall low primary productivity becomes more marked in the central region 

(Raitsos et al. 2013). The abundance of autotrophic and heterotrophic picoplankton 

groups there is seemingly lower than in other tropical ecosystems (Al-Otaibi et al. 

2020, Chapter 1), even in shallow waters subject to human influence (Sabbagh et al. 

2020), likely caused by strong top-down control (Silva et al. 2019, Sabbagh et al. 

2020). However, picoplankton growth rates remain largely unknown for the region, 

with only a few recent studies targeting the specific growth rates of heterotrophic 

bacteria and archaea (Calleja et al. 2018; Silva et al. 2019). We are not aware of any 

study specifically addressing the in situ dynamics of picoplankton groups at the diel 

scale in the Red Sea. 

 The objectives of this chapter were: (i) to examine the systematic diel changes 

in the abundance and cell size of auto- and heterotrophic picoplankton groups at 2-

hours intervals throughout the water column of a 700 m deep station in the central 

Red Sea in the four seasons of the year, and (ii) to estimate their specific growth rates 

based on an experimental assessments of the relationship between changes in cell size 

and growth.  
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3.3. Materials and methods 

3.3.1. Sampling  

Sampling took place at a station located 6 km offshore to the north of King 

Abdullah Economic City (KAEC) in Saudi Arabia (latitude 22.46°N, longitude 

39.02°E), on board of RV Thuwal. Four high-frequency surveys were performed 

covering the different seasons, although the difference between winter and spring was 

of only 3 weeks: Winter (6th–7th March 2016), Spring (24th–25th March 2015), Summer 

(5th–6th September 2015) and Fall (26th -27th October 2016). Sampling started at noon 

and 13 CTD casts in total were made every 2 hours. At each cast, seawater was collected 

from 12 to 16 depths ranging from 5 to 700 m with Niskin bottles attached to a rosette 

system equipped with either a SeaBird SB9 Plus or Idronaut 305 CTD for the in situ 

measurement of temperature, salinity and chlorophyll a fluorescence (Fig. S1). 

3.3.2. Flow cytometric analyses 

Seawater samples (1.8 mL) were fixed with 1% paraformaldehyde and 0.05% 

glutaraldehyde for estimating the abundance and cellular characteristics of 

picoplankton communities and stored in liquid nitrogen then at −80°C until analysis. 

After thawing, aliquots of 600 µL for picophytoplankton and 400 µL for heterotrophic 

prokaryotes were usually run in a BD FACSCanto II flow cytometer. Before analysis, 

heterotrophic prokaryotes were stained with 2.5 μmol L-1 of the DNA fluorochrome 

SYBR Green II  (Gasol & Morán 2015). Picoplankton abundances were estimated 

based on run time and the actual flow rates, which were measured daily, until acquiring 

10000 events. Molecular Probes fluorescent latex beads of 1 μm added to each sample 

as an internal standard for size and fluorescence measurements, according to Calvo-

Díaz and Morán (2006). Full details about the FACSCanto settings can be found in Al-

Otaibi et al. (2020). All cytograms were analyzed using FCSExpress 5 software in order 
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to distinguish picocyanobacteria (Prochlorococcus and Synechococcus) and 

picoeukaryotes based on their orange and red fluorescence and light scatter at 90◦ or 

side scatter (SSC) signals. Two groups of heterotrophic prokaryotes were separated 

based on their relative green fluorescence signal into low (LNA) and high (HNA) 

nucleic acid content. An empirical calibration between relative SSC and cell diameter 

used to determine the cell size of picoplankton groups, as previously described in 

Calvo-Díaz & Morán (2006). Spherical shape was assumed for estimating the 

biovolume for all the groups. 

 

3.3.3. Experimental incubations for estimating specific growth rates 

from cell size changes  

During the winter sampling 10 L seawater was collected from the surface and 

from 550 m at midnight (Fig. 1). Water was pre-filtered through pre-combusted 

Whatman GF/C filters (1.2 μm) in order to remove protistan grazers. 3 bottles with 2 L 

were incubated for 8 days at in situ temperature and light regime (11 hours light and 13 

hours dark for the surface and in darkness for 550 m). Two replicates of 1.8 mL were 

sampled every day and preserved in 1% paraformaldehyde and 0.05 % glutaraldehyde 

until analysis by flow cytometry as previously described. After plotting the dynamics 

of each group during the incubation (Fig. 2), the specific growth rate was calculated as 

the slope of the ln-transformed abundance vs. time for the first period of exponential 

growth (linear response of the ln-transformed values). The coefficients of variation of 

the cell size (CV, %) measured over the full 24 hours in situ were then compared with 

the estimated specific growth rates of Prochlorococcus, low (LF-Syn) and high (HF-

Syn) phycoerythrin fluorescence of Synechococcus, small picoeukaryotes, LNA and 

HNA prokaryotes derived from the incubations.  
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Figure 3.1: Illustration of the experimental setup for estimating the growth rate of picoplankton groups during the 

winter sampling. 10 L seawater samples were collected from the surface and 550 m depth at KAEC station and 

filtered through pre-combusted Whatman GF/C filters. 3 replicate bottles of 2 L were incubated for 8 days at the in 

situ temperature and light regime (11:13 light:dark hours for the surface sample and continuous darkness for 550 m 

one).  

 

3.3.4. Statistical analysis   

Mean values of cell abundance and size of each picoplankton group were 

calculated for the 12 sampling points along each diel cycle. The coefficient of variation 

of the mean (CV, %) was used to assess the diel variability of both variables (abundance 

and size) for each depth. Depth-weighted averages (from 0 to 100 m for autotrophs and 

from 0 to 200 m and from 200 to ca. 700 m for heterotrophs) were calculated by 

dividing the trapezoidal integration of the measured variable (abundance, cell size, CV 

and estimated growth rate) by the value of the depth interval. Normal data distribution 

and homoscedasticity were not met. The Kruskal-Wallis analysis of variance was 
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employed to detect the significant differences in the abundance and cell size in different 

seasons, day (from noon to sunset; ca. 17:50 pm in winter and spring or 18:50 pm in 

summer and fall) and night sampling points (from midnight to sunrise; 5:40 am in 

winter and spring or 6:14 am in summer and fall). The multiple comparison Dunn's test 

was employed to determine the cases with significant differences. Paired t-tests (P < 

0.05) were used to determine whether mean day and night values were significantly 

different in the vertical profiles of abundance and cell size. These tests were performed 

with the OriginPro software. Linear regressions were performed according to the 

ordinary least-squares (OLS) method or Model I between the changes in cell size along 

the 24 hours and the estimated specific growth rates from the experiment. 
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3.4. Results 

3.4.1. Microbial dynamics in the experimental incubations and in situ 

changes 

All autotrophic picoplankton groups were able to grow in the winter incubation 

experiments. Initial abundances were 2.85 × 103 cells mL-1 for Prochlorococcus, 4.33 

× 103 cells mL-1 for low (LF-Syn) and 3.47 × 103  cells mL-1 for high (HF-Syn) 

phycoerythrin fluorescence of Synechococcus, and 2.85 × 102  cells mL-1 for small 

picoeukaryotes (Speuk) (Fig. 3.2 A-C). Although the initial cell concentrations were 

similar for most groups, their growth curves were quite different, as well as the duration 

of the exponential growth phases (Fig. 3.2 A-C). Prochlorococcus and HF-Syn reached 

a comparatively higher carrying capacity (8.27   0.14 × 103  and 4.89  0.23 × 103  

cells mL-1, respectively) later than LF-Syn (1.02  0.22 × 104  cells mL-1 ), while Speuk 

were able to grow for a longer period (until 4.25 days), reaching a maximum of 1.57   

0.16 × 103  cells mL-1 (Fig. 3.2 A-C).  

The highest specific growth rates corresponded to LF-Syn (0.86  0.03 d -1) and 

the lowest to HF-Syn (0.19  0.03 d-1). The dynamics of the LNA and HNA 

heterotrophic prokaryotes differed clearly between the surface and 550 m (Fig. 3.2 D 

and E), resulting in consistent differences in their specific growth rates at both depths. 

HNA cells always grew faster than their LNA counterparts at the surface (0.25   0.02 

and 0.11   0.04 d-1, respectively) and at 550 m (0.17   0.03 and 0.05   0.01 d -1, 

respectively). 

The changes in cell size of the autotrophic and heterotrophic groups monitored 

in situ for 24 hours generally reflected their specific growth rates estimated in the 

laboratory incubations (Fig. 3.3). The coefficients of variation (CVs) of cell size ranged 
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from 2.5 (for LNA cells at 550 m) to 37.0% (for LF-Syn). The fitted OLS (Model I) 

linear regression between both variables was able to explain 85% of the variance in 

specific growth rates. This model was subsequently applied to estimate the specific 

growth rates from the cell size CVs for each of the sampling periods and depths. 

 

 

 
 

Figure 3.2: Dynamics of the abundance of Prochlorococcus (A), low (LF) and high (HF) fluorescence of 

Synechococcus (B), small picoeukaryotes (C) and low (LNA) and high nucleic acid content (HNA) heterotrophic 

prokaryotes in the incubations of 1.2 µm pre-filtered water samples taken from the surface (D) and 550 m depth (E) 

of KAEC station in winter. 
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 Figure 3.3: Relationship between the diel coefficient of variation in cell size measured over 24 hours from in situ 

samples and the estimated specific growth rate from the incubation experiments conducted in winter (see Figs. 1 and 

2). Pro,  Prochlorococcus;  LF-Syn, low phycoerythrin fluorescence of Synechococcus,  HF-Syn, high phycoerythrin 

fluorescence of Synechococcus; Speuk, small picoeukaryotes; LNA, low nucleic acid content;  HNA, high and low 

nucleic bacteria. Samples were collected from the surface (S) and 550 m depth. See details in the main text. 

 

 

3.4.2. Diel variations in environmental variables, picoplankton 

abundance and cell size 

The diel variations in temperature, salinity and chlorophyll a fluorescence at the 

surface of the study site during the four periods are shown in Fig. 3.4. Seasonal 

differences were more conspicuous for temperature, which ranged from 26.3  0.1 (SD) 

in spring to 31.5  0.2°C in summer, while low variability was found between day and 

night values (CVs = 0.3 - 0.7%, Fig. 3.4 A). Surface salinity displayed lower values in 

winter (38.4 ± 0.4), with a noticeable diel pattern, but was more similar in the remaining 
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periods (ca. 39.5, Fig. 3.4 B). Chlorophyll a fluorescence showed higher variability at 

the diel scale (CVs = 5.3 – 9.6%), with minima during the day and maxima at nighttime. 

The highest values were found in summer (0.16 ± 0.13 R.U.), while mean values in the 

other periods were more similar (ca. 0.15 R.U., Fig. 3.4 C). Seasonal differences in 

these environmental variables were significant (Table S 3.1, p<0.001), but differences 

between day and nighttime were not. 

 

 

Figure 3.4: Environmental properties measured every 2 hours at the surface of the study station in the four diel 

cycles. (A) temperature (°C), (B) salinity, (C) chlorophyll a fluorescence. (R.U., relative units). The grey shading 

represents nighttime for each sampling period. 

 

 

As an example of the variations found at other depths, diel variations in 

autotrophic and heterotrophic picoplankton abundance at the surface were not 

consistent (Fig. 3.5). Prochlorococcus mean abundance ranged from 2.34 ± 0.76 × 104 

cells mL-1 in summer to 6.00 ± 1.13 × 104 cells mL-1 in spring, but showed high diel 

variations (CVs= 18.9-32.5 %, Table S1. and Fig. 3.5 A-D). Synechococcus cells 

dominated autotrophic picoplankton in the four cycles (56 – 70%), but a seasonal shift 

between both populations was found, with dominance of LF-Syn in winter (5.36 ± 0.82 

× 104 cells mL-1) and spring (4.03 ± 1.63 × 104 cells mL-1), while HF-Syn clearly 

dominated in summer (4.26 ± 1.16 × 104 cells mL-1) and fall (5.14 ± 1.13 × 104 cells 

mL-1, Fig. 3.5 E-H). The two groups of Synechococcus tended to show similar diel 

dynamics, with abundance peaking at night, but LF-Syn was more variable than HF-
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Syn (CVs= 15.3-40.6 % and 15.6-27.3%, respectively) (Table S3.1, supplementary 

material to Chapter 2, and Fig. 3.5 E-H). The abundances of the two groups of 

picoeukaryotes were as expected consistently lower, with values ranging from 1.40 to 

2.13 × 103 cells mL-1 for Speuk and 2.24 to 3.17 × 102 cells mL-1 for Lpeuk, 

respectively, (Fig 3.5. I-L). Picoeukaryotes abundances showed higher diel variations 

than picocyanobacteria, especially Lpeuk (CVs 32.7 – 55.9%, Table S3.1 and Fig. 3.5 

A-L). LNA and HNA heterotrophic prokaryotes were one order of magnitude more 

abundant than cyanobacteria. LNA cells (0.65 – 2.26 × 105 cells mL-1) outnumbered 

HNA cells (0.50 - 1.92 × 105 cells mL-1) at the surface, but the variability of HNA cells 

(25.0 -36.0%) was slightly higher than LNA cells (18.9 – 31.8%, Fig. 3.5 M-P).  
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Figure 3.5: Diel variation in picoplankton abundance at the surface of the study site in winter, spring, summer and 

fall. Prochlorococcus (A-D) low (LF-Syn, open circle) and high (HF-Syn, fill circle) fluorescence Synechococcus 

(E-H), small (Speuk, fill circle) and large (Lpeuk, open circle) picoeukaryotes (I-L), low (LNA, open circle) and 

high (HNA, fill circle) nucleic acid content bacteria (M-P). The grey shading represents nighttime. 

 

 

Contrary to abundance, the cell size of surface picocyanobacteria presented a 

clear and consistent diel periodicity, with biovolume increasing during the day and 

decreasing early at night (Fig. 3.6 A-H). The precise timing of the decrease in cell size 

differed slightly between Prochlorococcus and Synechococcus (Fig. 3.6 A-H). Overall, 

cell size ranged from 0.04 to 0.11 μm3 for Prochlorococcus, from 0.08 to 0.21 μm3 for 

LF-Syn and from 0.10 to 0.28 μm3 for HF-Syn and (Fig. 3.6 A-H). Diel patterns were 

less marked in Speuk (1.19 – 1.59 μm3) and Lpeuk (3.04 – 4.06, Fig. 3.6 I-M) and no 

obvious trends were observed either for LNA (0.02 - 0.03 μm3; Fig. 3.6 M-P) or HNA 

heterotrophic prokaryotes (0.03 - 0.05 μm3; Fig. 3.6 M-P). Considering the cell size 

CVs of each group and sampling period, there was a clear difference between the 

relatively homogeneous heterotrophic prokaryotes (LNA, 3.3-11.2 %; HNA, 11.4-19.2 

%) and the more variable picocyanobacteria (Prochlorococcus, 24.6-36.9%; LF-Syn, 

18.3-36.9 %; HF-Syn, 16.9-26.0%). Surface picoeukaryotes cell size CVs were similar 

to those of HNA cells (Speuk, 7.03-14.7%; Lpeuk, 9.6-18.9 %, Table S3.1). 
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 Figure 3.6: Diel variation in picoplankton cell size at the surface of the study site in winter, spring, summer and fall. 

Prochlorococcus (A-D) low (LF-Syn, open circle) and high (HF-Syn, fill circle) fluorescence Synechococcus (E-H), 

small (Speuk, fill circle) and large (Lpeuk, open circle) picoeukaryotes (I-L), low (LNA, open circle) and high (HNA, 

fill circle) nucleic acid content bacteria (M-P). The grey shading represents nighttime. 

 

 

 

3.4.3. Diel variations of picoplankton abundance and biovolume in the 

water column 

Similar to the surface values presented above, the abundance and cell size of the 

different groups varied considerably over 24 h throughout the entire water column. The 

vertical distributions of mean abundance and cell size during daytime and nighttime are 

presented in Figs. S 3.2 and 3.3, respectively. There were no significant differences 

between both periods for either abundance or cell size, in spite of the conspicuous diel 
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pattern for the latter. Since picophytoplankton virtually disappeared below 100 m, 

Table 3.1 summarizes the 0-100 m depth-weighted abundances and cell sizes of the 

autotrophic groups. Prochlorococcus abundance presented a clear seasonal pattern, 

with minima in winter and maxima in summer (Table 3.1). The two groups of 

Synechococcus showed different seasonality, with maximum abundance in winter and 

fall for LF-Syn and HF-Syn, respectively, and minimum in fall for LF-Syn and spring 

for HF-Syn (Table 3.1). Speuk and Lpeuk abundance presented lower values in spring 

and higher values in summer and fall, respectively (Table 3.1). The coefficient of 

variation of cell size was systematically lower than that of abundance for all groups 

(Fig. 3.5, 3.6 and Table 3.1). Prochlorococcus showed the highest variation in cell size 

regardless of the season (CVs= 22.3 - 33.7%), followed by LF-Syn (16.1 - 23.3%) and 

the lowest was 4.2 - 10.4 % for LNA prokaryotes (Table 3.1). 

 

 

Table 3.1: Depth-weighted (0-100 m) averages of autotrophic picoplankton abundances and cell sizes with the 

corresponding coefficients of variation (%) between parentheses in winter, spring summer and fall. 

 
 

  Winter Spring Summer Fall 

Abundance 

Prochlorococcus  

(104 cell ml-1) 

3.39 ± 0.83  

(27.0%) 

6.35± 1.26 

(31.0%) 

7.40 ± 2.34 

(27.3%) 

5.03 ± 1.17 

(40.1%) 

LF-Syn 

(104 cell ml-1) 

2.90 ± 0.77 

(61.7%) 

2.34 ± 1.18 

(54.8%) 

1.08 ± 0.21 

(52.7%) 

1.08 ±0.30 

(39.4%) 

HF-Syn 

(104 cell ml-1) 

2.38 ± 0.57 

(33.1%) 

1.74 ± 0.51 

(36.8%) 

2.50 ± 1.29 

(49.6%) 

2.75 ± 0.97 

(87.3%) 

Speuk 

(104 cell ml-1) 

0.29 ± 0.12 

(41.1%) 

0.22 ± 0.77 

(34.6%) 

0.42 ± 0.19 

(38.5%) 

0.35 ± 0.12 

(62.0%) 

Lpeuk 

(104 cell ml-1) 

0.04 ± 0.00 

(53.7%) 

0.02 ± 0.00 

(63.0%) 

0.03 ± 0.00 

(47.9%) 

0.06 ± 0.00 

(68.6%) 

Cell size 

Prochlorococcus  

(μm3) 

0.21 ± 0.06 

(33.7%) 

0.21 ± 0.03 

(26.1%) 

0.26 ± 0.04 

(25.1%) 

0.23 ± 0.03 

(22.3%) 

LF-Syn 

(μm3) 

0.16 ± 0.03 

(23.3%) 

0.10 ± 0.03 

(24.9%) 

0.15 ± 0.03 

(19.6%) 

0.12 ± 0.02 

(16.1%) 

HF-Syn 

(μm3) 

0.28 ± 0.04 

(15.4%) 

0.36 ± 0.07 

(18.2%) 

0.34 ± 0.05 

(16.7%) 

0.29 ± 0.04 

(16.0%) 

Speuk 

(μm3) 

1.50 ± 0.6 

(12.4%) 

1.53 ± 0.2 

(10.3%) 

1.67 ± 0.14 

(9.2%) 

1.37 ± 0.16 

(11.8%) 

Lpeuk 

(μm3) 

3.3 ± 0.2 

(19.0%) 

3.1 ± 0.5 

(13.3%) 

4.1 ± 0.7 

(19.0%) 

2.7 ± 0.3 

(11.4%) 
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Table 3.2 shows the depth-weighted abundances and cell sizes of heterotrophic 

prokaryotes in the two zones, epipelagic (0-200 m) and mesopelagic (200-700 m). The 

mean abundance of LNA and HNA prokaryotes presented different seasonality in the 

epipelagic, with maximum values recorded in winter and fall for LNA and in summer 

and fall for HNA (Table 3.2). Seasonal patterns of LNA and HNA cells were similar in 

the mesopelagic layer, with lower abundances in spring and 1.4- to 2.0-fold higher in 

winter and fall (Table 3.2). The variability of LNA and HNA cell abundances was 

higher in the epipelagic than in the mesopelagic layer (Table 3.2). The variations of 

LNA and HNA mean cell size were less marked than those of abundance (Table 3.2) 

and did not show any conspicuous seasonal pattern. 

 

Table 3.2: Depth-weighted averages of heterotrophic picoplankton abundances and cell sizes in the epipelagic (0-

200 m) and mesopelagic (200-700 m) with the corresponding coefficients of variation (%) between parentheses in 

winter, spring summer and fall. 

   Winter Spring Summer Fall 

Abundance 

Epipelagic 

(0-200 m) 

LNA 

(105 cell ml-1) 

1.39 ± 0.27 

(19.1%) 

0.87 ± 0.29 

(44.0%) 

1.03 ± 0.29 

(37.8%) 

1.33 ± 0.34 

(45.0%) 

HNA 

(105 cell ml-1) 

0.87 ± 0.20 

(20.7%) 

0.72 ± 0.27 

(46.6%) 

1.30 ± 0.29 

(34.0%) 

1.25 ± 0.29 

(40.8%) 

Mesopelagic 

(200-700 m) 

LNA 

(105 cell ml-1) 

0.46 ± 0.09 

(14.8%) 

0.25 ± 0.07 

(28.5%) 

0.34 ± 0.06 

(17.3%) 

0.45 ± 0.06 

(10.8%) 

HNA 

(105 cell ml-1) 

0.41 ± 0.08 

(14.5%) 

0.29 ± 0.09 

(29.1%) 

0.47 ± 0.09 

(16.0%) 

0.57 ± 0.08 

(11.5%) 

Cell size 

Epipelagic 

(0-200 m) 

LNA 

(μm3) 

0.02 ± 0.00 

(4.9%) 

0.02 ± 0.00 

(9.7%) 

0.02 ± 0.00 

(5.9%) 

0.04 ± 0.00 

(9.0%) 

HNA 

(μm3) 

0.05 ± 0.01 

(17.6%) 

0.04 ± 0.01 

(14.4%) 

0.04 ± 0.01 

(17.5%) 

0.05 ± 0.01 

(11.5%) 

Mesopelagic 

(200-700 m) 

LNA 

(μm3) 

0.02 ± 0.00 

(4.1%) 

0.02 ± 0.00 

(8.0%) 

0.02 ± 0.00 

(4.3%) 

0.02 ± 0.00 

(8.1%) 

HNA 

(μm3) 

0.04 ± 0.01 

(12.2%) 

0.03 ± 0.00 

(7.6%) 

0.04 ± 0.01 

(8.5%) 

0.03 ± 0.00 

(8.8%) 
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3.4.4. Specific growth rate estimates  

Using the equation shown in Fig. 3.3, we estimated the specific growth rates of 

picoplankton from the surface down to the highest depth sampled at the study site (ca. 

700 m). The vertical distribution of specific growth rates resembled that of abundance 

for Prochlorococcus, systematically peaking at the DCM with a rather invariable value 

of ca. 0.80 d-1 except in winter (Fig. 3.7A). The vertical distribution of the LF-Syn and 

HF-Syn specific growth rates were less coupled to their abundance distribution (Fig. 

3.7 B-C). LF-Syn specific growth rates peaked at the depth of maximum detection (ca. 

50-70 m), with values ranging from 0.41 to 1.12 d-1 (Fig. 3.7 B). The specific growth 

rate of HF-Syn slightly decreased from the surface to 100 m, with values ranging from 

0.40 to 0.60 d-1 and from 0.22 to 0.50 d-1, respectively (Fig. 3.7 C). The specific growth 

rate of Speuk and Lpeuk did not show clear vertical patterns, with values ranging from 

0.13 to 0.43 d-1 and from 0.12 to 0.64 d-1, respectively (Fig. 3.7 D-E). 

 

 

Figure 3.7: Vertical profile of the estimated specific growth rates of Prochlorococcus (Pro), low (LF-Syn) and high 

(HF-Syn) fluorescence Synechococcus, small (Speuk) and large (Lpeuk) picoeukaryotes in the four sampling cycles. 

Different scales were used. 

 

The specific growth rate of LNA cells exhibited a more homogeneous vertical 

distribution, with values generally lower than 0.20 d-1, while HNA prokaryotes slightly 

increased from the surface (overall range 0.28 - 0.45 d-1) to the DCM (0.36 - 0.51 d-1) 
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and remained quite stable within the mesopelagic layer at values of ca. 0.25 d-1 except 

in winter, with a higher mean of 0.41 d-1 (Fig. 3.8 A-B). 

 

 

Figure 3.8: Vertical profile of the estimated specific growth rates of low (LNA) and high (HNA) nucleic acid 

bacteria in the four sampling cycles. 

 

Figure 3.9 shows the seasonal averages of picophytoplankton and heterotrophic 

prokaryotes specific growth rates averaged for the different layers of the study site. As 

presented above, Prochlorococcus cyanobacteria consistently exhibited the highest 

mean specific growth rates, ranging from 0.52 to 0.77 d-1 (Fig. 3.9 A). The two groups 

of Synechococcus showed similar patterns with higher values of LF-Syn (0.38- 0.57 d-

1) than HF-Syn (0.37- 0.43 d-1) (Fig. 3.9 A). Remarkably, the two groups of 

picoeukaryotes distinguished according to their size showed an inverse pattern to that 

of the two Synechococcus clusters, with higher values of Lpeuk (0.25- 0.44 d-1) than 

Speuk (0.23- 0.30 d-1) except in Fall (Fig. 3.9 A). The estimated specific growth rate of 

HNA prokaryotes in the epipelagic was higher (0.32- 0.50 d-1) than in the mesopelagic 

layer (0.23- 0.34 d-1), while LNA mean seasonal values were very similar in both layers 

of (0.12- 0.26 in the epi- and 0.11 – 0.23 d-1 in the mesopelagic) (Fig 3.9 B).  
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 Figure 3.9: Depth-weighted averages of the estimated specific growth rates of autotrophic picoplankton groups for 

the upper 100 m (A) and heterotrophic prokaryotes for the epi (0-200 m) and mesopelagic (200-700 m) layers (B). 

 

With all epipelagic data from the upper 100 m pooled, we found a positive 

relationship between the estimated specific growth rates and the mean diel abundances 

of picophytoplankton (Fig. 3.10). The correlation between specific growth rate and 

mean diel abundance was also significant for HNA heterotrophic prokaryotes when 

pooling data from the epi- and mesopelagic layers, but not for LNA cells (Fig. 3.10 B 

and C). 
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Figure 3.10: Relationship between the mean diel abundance of (A) autotrophic picoplankton and (B-C) HNA and 

LNA heterotrophic prokaryotes in the epipelagic and mesopelagic layers, excluding the second-noon to avoid 

duplicate data on a daily basis, and the estimated specific growth rate. Group abbreviations as in Fig. 3.7 and 3.8. 

 

 

 

 

  



 

 

107 

 

3.5. Discussion  

The central Red Sea has been regarded as more oligotrophic than the northern 

part (Raitsos et al. 2013; Rasul & Stewart, 2018; Halim, 1969). Despite the virtually 

persistent stratification of the central Red Sea compared to other oligotrophic, tropical 

regions, recent studies have shown an unexpected degree of seasonal variability of 

picoplankton (Al-Otaibi et al. 2020; Calleja et al. 2019), the dominant planktonic size 

class in low latitude waters (Agawin & Agusti 2005; Campbell et al. 1997; DuRand et 

al. 2001). Excluding Trichodesmium, important colony-forming cyanobacteria in the 

Red Sea (Post et al. 2002; Seeberg-Elverfeldt et al. 2004; Stambler 2005), the 

abundance of pico-sized cyanobacteria outnumbered that of picoeukaryotes one order 

of magnitude (21- to 79-fold) (Al-Otaibi et al. 2020). However, surprisingly 

Prochlorococcus was only clearly more abundant than Synechococcus in the period 

from spring to early fall (Al-Otaibi et al. 2020). We were able to consistently distinguish 

two flow cytometry populations of Synechococcus, characterized by differing orange 

fluorescence signals due to phycoerythrin. Two similar groups had already been 

reported in other oligotrophic systems such as an Indian estuary (Mitbavkar et al. 2012) 

and the subtropical North Atlantic (Taucher et al. 2018). These two Synechococcus 

groups we named as low (LF-Syn) and high fluorescence (HF-Syn) thus seem a general 

characteristic of at least the central, both in coastal (Sabbagh et al. 2020) and offshore 

waters (Al-Otaibi et al. 2020), and southern regions of the Red Sea (Veldhuis & Kraay 

1993). Although not always consistently found (Grégori et al. 2001; Liu et al. 2014; 

Thyssen et al. 2014), we were also able to discern two differently-sized clusters of 

picoeukaryotes (Al-Otaibi et al. 2020). The so-called small picoeukaryotes (Speuk) 

group is probably here also more homogeneous taxonomically than the large 

picoeukaryotes (Lpeuk), as found elsewhere (Cabello et al. 2016; Not et al. 2009). 
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While the numbers of picoeukaryotes were comparable, the abundance of single-celled 

cyanobacteria was generally lower than in other warm regions (Worden et al. 2004; 

Zubkov et al. 2000). Lower picoplankton abundances were even more noticeable in the 

case of LNA and HNA heterotrophic prokaryotes, when compared to other low latitude 

waters (Carlson et al. 1996; Gundersen et al. 2001; Hale et al. 2017). 

In this chapter, the high temporal resolution of in situ sampling (every 2 hours) 

permitted us to disentangle the diel dynamics of the abundance and cell size of the 

autotrophic and heterotrophic groups mentioned above. An empirical calibration (Fig. 

3.3) between the experimental assessment in predator-free incubations of the specific 

growth rates of all groups except Lpeuk (Fig. 3.2) and the in situ variations of cell size 

over the full diel cycle in winter (Fig. 3.6), allowed us to estimate the in situ specific 

growth rates of picoplankton in the epipelagic zone and most of the mesopelagic zone 

(down to 700 m) of our reference station off KAEC and eventually link them to the 

observed variability in abundance. Detailed information of the physico-chemical 

gradients and their effect on the distribution of picoplankton at the same site can be 

found in Calleja et al. (2019) and Al-Otaibi et al. (2020).  

 

3.5.1. Diel variation of picoplankton abundance 

Diel changes in the abundance of picoplankton groups are driven by the 

periodicity in physical (e.g., light and temperature, Ribalet et al. 2015; Tsai et al. 2008) 

and biological factors (e.g., cell growth, grazing and viral lysis, Ribalet et al. 2015; Tsai 

et al. 2008 and Tsai et al. 2018). The diel dynamics of autotrophic picoplankton 

abundance in oligotrophic waters have occasionally shown an increase during daytime 

and a decrease at nighttime (Binder et al. 1996; Ng & Liu 2016; Quevedo & Anadon 

2001; Tsai et al. 2018). While increases in picoplankton groups abundance can only be 
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explained by cell division in the absence of strong advection, decreases can be caused 

by cell death, grazing, mostly by heterotrophic nanoflagellates (Christaki et al. 2001; 

Dolan & Šimek 1999; Guillou et al. 2001), and/or viral infection (Dolan & Šimek 1999; 

Sullivan et al. 2003; Suttle & Chan 1994). Here, we provide the first detailed high-

frequency assessment of the diel changes in abundance and cell size of autotrophic and 

heterotrophic picoplankton, a fundamental component of marine food webs in Red Sea 

waters. Sabbagh et al. (2020) have recently suggested that top-down control by viruses 

and heterotrophic nanoflagellates was fundamental in keeping autotrophic and 

heterotrophic bacterial abundances low in the shallow waters of KAUST Harbor, a 

process probably also behind the low numbers at our study site (Al-Otaibi et al. 2020). 

The fact that the diel variations of picoplankton abundance did not show any consistent 

pattern in this dataset (Fig. 3.5), contrary to other studies (André et al. 1999; Lefort & 

Gasol 2014; Vaulot & Marie 1999), is likely explained by the tight coupling between 

growth and loss processes (Lefort & Gasol 2014), preventing standing stocks from 

sustained, marked increases or decreases on a diel basis. The diel variations in the 

abundance of heterotrophic picoplankton could also be explained by the numerous 

species likely present within the cytometric groups of LNA, and especially HNA, cells 

(Mary et al., 2006; Schattenhofer et al., 2011; Morris et al., 2012). Although lacking 

any clear pattern, the diel variations in the abundance of picophytoplankton were 

usually higher than those of heterotrophic prokaryotes (Tables 3.1 and 3.2, Fig. 3.5).  

 

3.5.2. Cell size changes and growth rates 

  Cell size is an essential cell property that can provide information about the 

growth rate of the microbes. Highly consistent periodicities in cell size were apparent 

for picocyanobacteria (Fig. 3.6 A-L). The diel increase in surface Prochlorococcus cell 
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size was generally observed until sunset, while the cell increase of the two groups of 

Synechococcus ceased approximately two hours earlier than of Prochlorococcus, 

indicating the time of cell division time differed between these groups of cyanobacteria 

(Fig. 3.6 A-H). Previous studies have estimated in situ division rates of picoplankton 

populations from the ratio of the maximum to the minimum flow cytometric right angle 

light scatter or SSC value (see Methods), a common proxy for picoplankton cell size 

(Binder et al. 1996; Binder & DuRand 2002; Jacquet et al. 2002; Lefort & Gasol 2014). 

The higher values of this ratio were indicative of higher division rates. In this study, 

SSC values were converted to biovolume assuming a spherical shape. However, rather 

than using only two values of cell size, the minimum and maximum, we decided to use 

the coefficient of variation (CV) of all data of cell size available over 24 hours. 

Although the cell size CVs and the maximum to minimum SSC ratios were correlated 

(r= 0.41, p=0.0002, n=91), by choosing the CVs, we minimized the possible errors of 

anomalously low or high values in the ratio. 

Several other methods are available to estimate the specific growth rates of 

microbial plankton. The dilution technique is probably the most commonly applied to 

picophytoplankton (e.g., Landry et al. 1995; Quevedo & Anadon 2001; Taniguchi et al. 

2014; Worden & Binder 2003), while the seawater culture approach (Ammerman et al. 

1984) or the production rate and biomass ratio has been mostly used to estimate the 

specific growth rates of heterotrophic prokaryotes (Steinberg et al., 2001; Grossart and 

Simon, 2002). The specific growth rates of Red Sea picoplankton groups have received 

far less attention than in other oligotrophic environments. Silva et al. (2019) have 

recently provided estimates of the specific growth rates of LNA and HNA prokaryotes 

at the surface of the shallow waters of KAUST Harbor, but there is virtually no 

information about their vertical variability in Red Sea open waters. Regarding 
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phytoplankton, Moigis (1999) estimated higher growth rates values (3 d–1) of 

cyanobacteria along the latitudinal axis of the Red Sea, especially in the territorial 

waters of Sudan and Yemen. At the study site off KAEC, we only have real growth 

measurements of autotrophic and heterotrophic picoplankton groups from the winter 

sampling (Fig 3.3). Based on Hunter-Cevera et al. (2013) and Vaulot and Marie (1999), 

we developed an empirical relationship between these experimentally measured 

specific growth rates and their in situ recorded variations in cell size over 24 hours (Fig. 

3.3). We propose that the cell size diel CVs can be a good proxy for specific growth 

rates in tropical environments. The vertical distributions of Prochlorococcus estimated 

growth rates were similar to those of their abundances (Fig. 3.7 A), while the match 

was less marked for the other groups of picophytoplankton (Figs. 3.7 B-E). Our 

maximum estimated specific growth rates of Prochlorococcus in the central Red Sea 

were slightly lower than the values measured in the tropical Pacific (ca. 1 d-1) (Selph et 

al. 2005; Vaulot et al. 1995) and central Atlantic (ca. 1.50 d-1) (Agawin & Agusti 2005; 

Quevedo & Anadon 2001; Worden & Binder 2003). The maximum specific growth 

rates of the two groups of Synechococcus were slightly higher than in tropical Pacific 

waters (0.50 d-1, Landry et al. 2003; Selph et al. 2005), but notably lower than in the 

central Atlantic (1.85 d-1, Agawin & Agusti 2005) and the NW Mediterranean (1.79 d-

1, Agawin & Agusti 1997; Agawin et al. 1998). Not many studies have assessed the 

specific growth rates of picoeukaryotes. Although the large picoeukaryotes group 

typically grew faster than the small ones, our values were uniformly lower than in the 

subtropical northwest Pacific (0.77 d-1, Selph et al. 2005). 

Heterotrophic prokaryotes and archaea consistently showed lower variations in 

cell size than autotrophic picoplankton, resulting in lower specific growth rate estimates 

(Table 1 and Fig. 3.7 B). The vertical distribution of LNA prokaryotes growth was as 
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expected more uniform than their HNA counterparts, with no significant change 

between the epipelagic and mesopelagic layers (Figs. 8A and 9B). Similar to 

Prochlorococcus, we typically observed higher specific growth rates of HNA 

prokaryotes at the DCM than at the surface (Fig. 3.8 B). In contrast to our findings, 

Scharek and Latasa (2007) showed higher specific growth rates of LNA cells at the 

DCM, doubling the values of the HNA group, while HNA grew clearly faster at the 

surface (mean: 1.18 for HNA and 0.50 d-1 for LNA). Seasonality was much more 

marked for HNA than for LNA cells in the epipelagic layer (Fig. 3.9 B). Our estimated 

specific growth rates of LNA and HNA heterotrophic prokaryotes were lower than the 

maxima reported for the NW Mediterranean Sea (1.0 d-1, Sala et al. 2002; Vaqué et al. 

2001) and the tropical Atlantic Ocean (ca. 0.8 d-1, Steinberg et al., 2001). Only a few 

studies have estimated the specific growth rates of heterotrophic prokaryotes in the Red 

Sea. Our values were higher than in the northern Red Sea (0.15 d−1;  Grossart and 

Simon. 2002), but lower than in the central (ca. 1.5 d−1) and southern regions (ca. 0.7 

d−1; Weisse, 1989). A recent study reported notably higher values (up to 1.1 d-1  for 

LNA cells and 2.3 d-1 for HNA cells) in the nearby shallow waters of KAUST Harbor 

(Silva et al. 2019). The low values of inorganic nitrogen (nitrite plus nitrate) (0.17  

0.11 μmol L−1) and dissolved organic carbon (76.1  7.5 μmol L−1) concentrations 

characterizing the study site (Al-Otaibi et al. 2020) could partially explain our lower 

values compared with the shallower environment (occasionally exceeding 20 μmol L−1 

of DIN and up to ca. 1000 μmol  L−1 of DOC, Silva et al. 2019). In agreement with the 

experimental assessments at KAUST Harbor, the maximum specific growth rates of 

HNA cells were detected in periods with relatively higher chlorophyll a concentrations 

(Silva et al. submitted). Another important factor that has been shown to sustain 

heterotrophic prokaryotes growth is the diel vertical migration of mesopelagic fish 
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(Calleja et al. 2018; García et al. 2018). The deep scattering layer (DSL), located 

between 400 and 600 m at our study site (Klevjer et al. 2016), is dominated by 

Benthosema pterotum lanternfishes. The labile dissolved organic matter released by the 

fishes  is rapidly used by heterotrophic prokaryotes, which reach an unexpectedly high 

growth at this mesopelagic zone (Calleja et al. 2018; García et al. 2018). Our LNA and 

HNA prokaryotes specific growth rate estimates did not show however any significant 

increase at the DSL depth (Fig. 3.8), contrary to in situ measurements (Calleja el al. 

2018). Although some of the differences in the various picoplankton groups specific 

growth rates, as mentioned above, can be due to different approaches used, I believe 

that open Red Sea microbial plankton grow at a slower rate than in other tropical sites. 

However, an interesting finding is that, with all data pooled, higher specific growth 

rates of picophytoplankton and HNA heterotrophic prokaryotes were reflected in higher 

mean diel abundances (Fig. 3.10 A and C), confirming a tight coupling between the 

specific growth and loss rates over the annual cycle, as previously suggested for Red 

Sea coastal environments (Sabbagh et al. 2020; Silva et al. 2019). 

In summary, my findings emphasize the importance of the diel scale for 

variations in the abundance and cell size of the main groups of picoplankton 

communities in the central Red Sea. By including samplings in each season, I add to 

the limited database of microbial plankton short-term variations in tropical ecosystems. 

The diel coefficient of variation of cell size allowed me to estimate the specific growth 

rates of autotrophic and heterotrophic picoplankton in offshore Red Sea waters after 

confirming a positive association between in situ variations in cell size over 24-hours 

and specific growth rates obtained in an experimental incubation. The vertical profiles 

of the estimated specific growth rates of Prochlorococcus and HNA heterotrophic 

prokaryotes were more similar to their corresponding in situ abundances than the other 
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groups. The estimated specific growth rates were generally lower than in other tropical 

environments. Prochlorococcus showed the highest values year-round, followed by 

low phycoerythrin fluorescence group of Synechococcus and the lowest corresponded 

to small picoeukaryotes. HNA consistently outgrew LNA heterotrophic prokaryotes, 

which failed to show marked vertical or seasonal variations. Our results indicate that 

the observed seasonal patterns of autotrophic and heterotrophic picoplankton are a 

likely consequence of changes in their growth and concomitant tight coupling with loss 

factors. Future detailed studies about grazing and viral mortality in the whole water 

column are needed to fully understand the diel variability of planktonic microbes in the 

Red Sea. 
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4. Chapter 3: Response of microbial plankton to nutrient additions 

and temperature in shallow central Red Sea waters  

 

4.1. Abstract 

Temperature and nutrients are among the major controls of microbial plankton 

growth. Here we explore the response of coastal Red Sea phytoplankton and 

heterotrophic bacteria to inorganic and organic nutrient additions (separately as well as 

mixed) in four experiments covering the seasonal cycle. To assess the effect of 

temperature, the different nutrient treatment bottles were also incubated at three 

different temperatures, the one found in situ plus 3°C below and above that value. 

Surface water was collected from a shallow environment in the central Red Sea 

(KAUST Harbor) and incubated in duplicate 2 L bottles for 6 days. We monitored the 

changes in biomass of total and size-fractionated chlorophyll a as a proxy for 

phytoplankton, picocyanobacteria (Prochlorococcus and two groups of Synechococcus 

separated by low and high  phycoerythrin fluorescence, LF-Syn and HF-Syn, 

respectively), small (Speuk) and large (Lpeuk) picoeukaryotes and heterotrophic 

prokaryotes of low (LNA) and high (HNA) relative nucleic acid content. All groups 

were able to grow in the control (no nutrients addition) incubations except 

Prochlorococcus. The biomass response ratios (RR, i.e., the maximum biomass in the 

inorganic, organic and mixed additions relative to the maximum biomass in the control 

treatment) of autotrophs and heterotrophs were highly variable between seasons, but 

major changes were observed in the inorganic and mixed treatments. Total 

phytoplankton responded positively to inorganic nutrient addition in all experiments, 

except in spring, and to mixed nutrient addition in winter, spring and fall. 
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Prochlorococcus were only detected in winter and increased in response to inorganic 

and mixed additions. The two groups of Synechococcus showed similar responses to 

inorganic additions, except in summer when HF-Syn was not detected and LF-Syn 

significantly decreased, and they also increased in the mixed treatment. Picoeukaryotes, 

especially Speuk in fall, showed the strongest response among autotrophic 

picoplankton. LNA and HNA heterotrophic prokaryotes responded differently, with the 

inorganic addition having a positive effect on their biomass in all seasons, except in 

summer. LNA displayed positive responses to the inorganic addition in all seasons, 

except in summer, and a negative response to the mixed addition in summer. HNA cells 

showed positive responses to the inorganic and mixed addition in all seasons, except in 

summer. LNA growth was weakly promoted in the organic treatment, while HNA 

prokaryotes responded negatively in summer and winter. The effects of warming on 

phytoplankton and heterotrophic bacteria were weaker than those of nutrients addition. 

In the control incubations, the increase in temperature only had a noticeable impact on 

Speuk. Interestingly, the effect of temperature on the RR was consistent only for 

Prochlorococcus biomass, which increased in response to nutrient inputs and warming, 

and Lpeuk, which showed an increase in the colder seasons (winter and fall) but 

decreased in the warmer ones (spring and summer). We conclude that the biomass of 

microbial plankton in the coastal Red Sea may increase with nutrient inputs, while the 

effect of future warming will only be weakly noticed in conditions of nutrient 

sufficiency. 
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4.2. Introduction 

A broad and widely used classification of planktonic organisms distinguishes 

between autotrophs (organisms that use inorganic compounds to make organic products 

via photosynthesis or chemosynthesis process) and heterotrophs (organisms that 

consume organic carbon). However, a potentially large fraction of marine microbes are 

mixotrophs (i.e., organisms that use a combination of autotrophic and heterotrophic 

nutrition) (Caron 2016; Crane & Grover 2010). Mixotrophs are especially favored in 

oligotrophic waters (Crane & Grover 2010; Hartmann et al. 2012), where pico-sized 

organisms (composed of Prochlorococcus, Synechococcus, picoeukaryotes and 

heterotrophic prokaryotes) are the dominant components of the planktonic communities 

(Campbell et al. 1997; DuRand et al. 2001; Malmstrom et al. 2010). Prochlorococcus 

and Synechococcus are not any longer regarded as pure photoautotrophs (Dufresne et 

al. 2003; Eiler 2006; Muñoz-Marín et al. 2020), since they can, for example, assimilate 

glucose and other dissolved organic substances, thus competing with heterotrophic 

bacteria and archaea (Duhamel et al. 2018; Sisma-Ventura & Rahav 2019). 

Picoeukaryotes are mostly photosynthetic, but some are heterotrophic eukaryotes such 

as alveolates and stramenopiles (Acosta et al. 2013; Sherr & Sherr 1994). 

Nutrient availability is an important environmental driver affecting the growth, 

maintenance and reproduction of planktonic organisms, but given its frequent negative 

covariation with temperature it is difficult to fully separate the influence of both factors 

(Agawin et al. 2000; Marañón et al. 2012). Phytoplankton nutrient limitation has 

traditionally been attributed to nitrogen (Caron et al. 2000; Graziano et al. 1996; Moore 

et al. 2008a; Moutin et al. 2008), but there are marine environments where phosphorus 

becomes the limiting macronutrient. These areas include parts of the Atlantic ocean (Fu 

et al. 2005; Wu et al. 2000), the Mediterranean Sea (Sisma-Ventura & Rahav 2019; 
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Tanaka et al. 2011; Thingstad et al. 2005) and the Red Sea (Fahmy 2003; Mackey et al. 

2007). Nutrient limitation of phytoplankton and heterotrophic bacteria is frequently 

assessed by measuring their response after enclosing water samples in experimental 

bottles and adding a single or a combination of two or more nutrients (e.g., Martínez-

García et al. 2010; Mills et al. 2008a; Teira et al. 2010) or directly measured after in 

situ enrichments in the open ocean (e.g., Lewandowska et al. 2014; Tsiola et al. 2016; 

Williams et al. 2016). Phytoplankton and heterotrophic bacteria have shown different 

responses to nutrient additions in various aquatic ecosystems. In coastal waters, supply 

of inorganic nutrients consistently increased phytoplankton biomass and production 

rates (Caron et al. 2000; Joint et al. 2002; Lignell et al. 2003) but dissolved organic 

nitrogen (DON) (Altman & Paerl 2012; Donald et al. 2013; Hernández-Ruiz et al. 2020) 

and phosphorus (DOP) (Casey et al. 2009; Dyhrman et al. 2006; Sisma-Ventura & 

Rahav 2019) addition can also boost to some extent the growth of marine 

phytoplankton, especially cyanobacteria. For heterotrophic bacteria, more frequently 

organic (Caron et al. 2000; Church et al. 2000; Van Wambeke et al. 2008) rather than 

inorganic compounds (Carlson et al. 2002; Joint et al. 2002; Øvreås et al. 2003; Sipura 

et al. 2005) stimulate their growth. However, some studies have shown that 

heterotrophic bacteria abundance and activity were relatively unchanged when simple 

organic molecules such as glucose were added alone (Caron et al. 2000; Mills et al. 

2008b). Hence, it is now well established that picophytoplankton and heterotrophic 

bacteria may compete for both organic and inorganic nutrients based on the ecosystem 

trophic state (Joint et al. 2002; Øvreås et al. 2003; Sipura et al. 2005).  

As with every organism, temperature is a fundamental variable affecting the 

metabolic rates and ecological performance of picophytoplankton and heterotrophic 

bacteria (Boscolo-Galazzo et al. 2018; Morán et al. 2017). The effect of worming on 
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microbial plankton is usually examined by measuring the activation energies (Huete-

Stauffer et al. 2015; Morán et al. 2020) at smaller scales (i.e., experimental bottles or 

micro- and mesocosm experiments) (Holding et al. 2013; Sommer & Lewandowska 

2011). Previous studies have shown that heterotrophic bacteria's metabolic process (i.e., 

respiration) is more sensitive to temperature than phytoplankton production (López-

Urrutia et al. 2006; O'Connor et al. 2009). The influence of temperature on 

phytoplankton abundance has been reported to increase with warming in the high 

latitude regions (Lewandowska et al. 2014; Morán et al. 2018), while tended to decrease 

in the low latitude waters (Behrenfeld et al. 2006; Boyce et al. 2010; Signorini et al. 

2015). The influence of temperature on the standing stocks of heterotrophic bacteria 

and archaea in tropical waters seems low, likely due to either strong bottom-up or top-

down control (e.g., Morán et al. 2017), compared to high latitude regions Lewandowska 

et al. 2014; Morán et al. 2018). 

Several attempts have been made to concurrently assess the effect of nutrient 

availability and temperature on the growth rate of marine microbes (Morán et al. 2018; 

Morán et al. 2017; Tadonléké 2010; Thomas et al. 2017). Marañón et al. (2012, 2018) 

have concluded that the effect of warming on phytoplankton biomass is much smaller 

than nutrient supply and the response differs fundamentally between ecosystems with 

different nutrient availability. The objective of this chapter is to estimate the role of 

both major environmental drivers in the oligotrophic waters of the Red Sea. The 

primary entrance source of N and P in this basin is the Indian Ocean through Bab Al-

Mandeb Strait in the southern region (Churchill et al. 2014; Johns & Sofianos 2012) 

and secondly dust deposition (e.g., Prakash et al., 2015). External sources resulting 

from anthropogenic activities are occasional in coastal waters along the Red Sea 

(Pearman et al. 2018) and will peak in large cities like Jeddah. High temperatures and 
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general nutrient deficiency in epipelagic waters may be behind the dominance of 

picoplankton at the expense of larger plankton size-classes (Al-Otaibi et al., 2020, 

Chapter 1). The abundance of autotrophic and heterotrophic picoplankton, however, 

seems lower than in other tropical waters, as recently presented in Al-Otaibi et al. 

(2020, Chapter 1) and Silva et al. (2019). To date, a few studies have determined the 

effect of nutrient inputs (Berninger & Wickham 2005; Mackey et al. 2007) and 

temperature (Gittings et al. 2018) on phytoplankton mostly in the northern region. As 

far as we know, only two studies have addressed the changes in the structure and 

composition of phytoplankton in response to different nutrient loadings in the coastal 

central Red Sea (Coello-Camba et al. 2020; Pearman et al. 2016). Pearman et al. (2016) 

induced a phytoplankton bloom by adding nutrients continuously and reviewed the 

important changes in community composition of phytoplankton and microzooplankton, 

while Coello-Camba et al. (2020) have shown the importance of viral infection for 

terminating this bloom. 

This chapter aims to contribute to fill a gap of knowledge by comprehensively 

assessing the response of phytoplankton (with emphasis on the picoplankton size-class) 

and heterotrophic bacteria to different nutrient additions (inorganic, organic and mixed) 

plus a control without addition and concurrently determining how temperature affects 

that response. My hypotheses were: (i) inorganic nutrient addition would increase the 

biomass of phytoplankton and specifically picoeukaryotes, (ii) organic nutrient addition 

would increase the biomass of heterotrophic bacteria, and (iii) as in other low‐latitude 

waters, nutrient inputs would affect the biomass of microbial plankton more than 

warming. To test these hypotheses, we evaluated the response ratios (RR, i.e. the ratio 

between the maximum biomass of phytoplankton and heterotrophic bacteria in 

inorganic, organic and mixed addition relative to the mean maximum biomass in the 
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control) of the different groups after adding nitrogen and phosphorus (Inorganic), 

glucose (Organic) and all three nutrients (Mixed). Samples were collected from 

KAUST Harbor at four different periods of the year and all the above-mentioned 

nutrient additions were incubated at three different temperatures encompassing 6°C 

difference. 
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4.3. Materials and methods 

Surface water was collected from the harbor of King Abdullah University of 

Science and Technology (KAUST), with an approximate depth at high tide of 2 m, in 

winter (15th February 2017), spring (1st May 2017), summer (8th August 2018) and fall 

(19th December 2016). Prior to sampling, temperature and salinity were measured using 

an YSI probe (Pro Plus). We used 4 acid-clean 20 L Nalgene Polycarbonate Clearboy 

carboys for water collection, which was subsequently filtered through a 200 μm pore 

size mesh in the lab to remove mesozooplankton. 

4.3.1. Experimental design 

Once in the lab, 24 acid-washed polycarbonate bottles of 2 L were filled and 

incubated at the different nutrient and temperature treatments. The 4 nutrient treatments 

will be referred to as Control (no nutrient additions), Inorganic (addition of 2 µmol L-1 

NaNO3 and 0.2 µmol L-1NaHPO4), Organic (addition of 5 µmol L-1  of glucose, 

C6H12O6) and Mixed (a combination of the inorganic and organic additions) (Fig. 4.1). 

The temperature treatments consisted of the temperature recorded in situ plus 3 °C 

below and above that value. Temperature loggers (iBWetLand 22L from AlphaMach 

company) were used to record the temperature in the incubators throughout the 

experiment. Samples were incubated for 6 days under a natural light/dark regime 

according to the actual date (winter: 12h/12h, spring and summer 13h/11h and fall 

11h/13h). Daily samples were taken at 10 am for size-fractionated chlorophyll a, 

dissolved inorganic nitrogen (DIN, Nitrate (NO3
-), nitrite (NO2

-)), dissolved inorganic 

phosphorus (DIP, phosphate (PO4
3-)), dissolved organic carbon (DOC), dissolved 

organic nitrogen (DON) concentrations and the abundance and cellular characteristics 
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of the different picoplankton groups, which were analyzed by flow cytometry as 

described below. 

 

 

 

 

 

 
 
Figure 4.1:Illustration of the experimental setup. (A) Surface water samples were collected from KAUST Harbor 

and (B) nutrients were added to 2 L experimental bottles as indicated (2 bottles per nutrient and temperature 

treatment). Created by Bioreander.com. 

 

4.3.2. Chlorophyll a concentration  

We performed a sequential filtration of 200 mL samples through filters of 20, 2 and 

0.2 μm pore-size (Isopore membrane filters, RTTP, 47 mm diameter). Total chlorophyll 

a concentration (Chl a) was the sum of the corresponding size-fractions: micro- (mChl 

a, >20 μm), nano- (nChl a, 2-20 μm) and picoplankton (pChl a, 0.2-2 μm). Filters were 
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frozen at −80 ◦C until analysis in the laboratory. Pigments were extracted in 90% 

acetone for 24 hours in the dark at 4 °C. Chlorophyll a fluorescence was measured with 

a Trilogy fluorometer (Turner Trilogy) calibrated with pure extracts. 

4.3.3.  Inorganic nutrients and organic nutrients  

Aliquots for dissolved inorganic nitrogen (DIN, nitrate and nitrite) and 

phosphorus (DIP = PO4
3−) were filtered through 0.2 μm Millipore® polycarbonate 

filters and stored frozen at -20°C until further analysis by a Seal Analytical segmented 

flow analyzer. Samples for the analysis of dissolved organic carbon (DOC) and total 

dissolved nitrogen (TDN) were filtered through 0.2 μm Millipore® polycarbonate 

filters then acidified with phosphoric acid and kept at 4 °C until analysis. DON was 

calculated after subtracting the dissolved inorganic nitrogen (DIN) to the TDN (DON 

= TDN – DIN, where DIN= nitrate + nitrite). Full details about the sample analysis of 

DOC and DON can be found in Calleja et al. (2018).  

 

4.3.4.  Flow cytometric analysis  

Samples for the determination of autotrophic and heterotrophic picoplankton 

were fixed with 1% paraformaldehyde and 0.05% glutaraldehyde and stored in liquid 

nitrogen then at −80°C until further analysis. After thawing, aliquots of 600 and 400 

µL for picophytoplankton and heterotrophic prokaryotes, respectively, were run in a 

BD FACSCanto II flow cytometer. Heterotrophic prokaryotes were stained with 2.5 

μmol L-1 of the DNA fluorochrome SYBR Green II (Gasol & Morán, 2015). 

Picoplankton abundances were calculated after gravimetric calibration of flow 

cytometer flow rates until acquiring10000 events. We followed the same settings of 

FACSCanto II flow cytometer described by Al-Otaibi et al. (2020, Chapter 1). All 

cytograms were analyzed with FCSExpress 5 software to distinguish autotrophic 
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(Prochlorococcus, Synechococcus and picoeukaryotes) and heterotrophic picoplankton 

(high (HNA) and low (LNA) nucleic acid content). Biovolume of autotrophic and 

heterotrophic picoplankton was estimated from the empirical calibration between 

relative side scatter (SSC) and cell diameter (Calvo-Díaz & Morán, 2006) and assumed 

spherical shape to convert into biomass using the biovolume-to-carbon conversion 

factor of 237 fg C μm−3 for autotrophs (Worden, Nolan & Palenik, 2004) and the 

equation biomass = 108. 8 × (biovolume)0.898 for heterotrophs (Gundersen et al., 2002). 

Finally, the individual biomass estimate was multiplied by the corresponding 

abundance. 

4.3.5. Statistical analyses 

In order to compare the effect of different nutrient additions on total and size-

fractionated Chl a and the biomass of the various picoplankton groups, we calculated 

the response ratios (RR) as the maximum biomass (mean value of the 2 replicates) of 

Organic, Inorganic and Mixed divided by the maximum biomass in the Control 

treatment. The slopes of the linear regressions between the RRs in the Inorganic, 

Organic and Mixed treatments vs. temperature (spanning 6°C around the in situ 

temperature at each seasonal experiment) were done in R (http://www.r-project.org) 

and used to assess the effect of warming on microbial plankton standing stocks (Fig. 

4.2). Paired t-tests (p < 0.05 or p > 0.05) were used to determine whether the RRs in 

Organic, Inorganic and Mixed treatments were significantly different from 1, and were 

done in OriginPro software.  
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Figure 4.2: Examples of the linear regressions analysis between the response ratio (RR) of high fluorescence 

Synechococcus (HF-Syn) biomass versus incubation temperature in the Inorganic, Organic and Mixed treatments in 

the experiment conducted in Fall. (A) the effect of temperature on the RR in the Inorganic treatment was not 

significant. (B) Increasing temperatures had a negative effect on the RR in the Organic treatment (i.e., warming 

significantly decreased the RR). (C) Increasing temperatures had a positive effect temperature on the RR in the 

Mixed treatment (i.e., warming significantly increased the RR). R2, b and p represent the coefficient of 

determination, the slope and the p-value, respectively. 
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4.4. Results 

4.4.1. Initial conditions 

The initial environmental conditions and picoplankton group abundances for 

each experiment are presented in Table 4.1 and Figure 4.2. Temperature showed the 

expected seasonality with minimum values in winter (22.9 °C) and maximum in 

summer (33.4°C). Salinity variations were less marked but followed the changes in 

temperature, with a minimum in winter and a maximum in summer. Inorganic nitrogen 

(nitrate + nitrite) concentrations ranged from 1.6 µmol L-1 in winter to more than 6 µmol 

L-1 in summer and fall, while phosphate was uniformly below 0.1 µmol L-1, indicative 

of inorganic phosphorus limitation. DOC (77.4 – 103.1 µmol L-1) and DON (7.8 - 9.6 

µmol L-1) displayed different seasonality, with peaks in summer and winter, 

respectively (Table 4.2). Total chlorophyll a concentration was similarly low in the four 

experiments and values ranged between 0.3 and 0.4 µg L-1. Pico- and microplankton 

Chl a showed significantly higher values in winter and spring, respectively (ANOVA: 

F = 7.0, p = 0.05, n= 8 and F = 12.2, p = 0.02, n = 8, respectively), while nanoplankton 

Chl a did not show any significant differences among seasons. The mean initial 

contribution of picoplankton was higher (mean 48.1 ± (SD) 0.2%) than that of 

nanoplankton (37.4 ± 0.1%) and microplankton (20.7 ± 0.2%) in all the experiments 

(Table 4.1).  
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Table 4.1: Initial characteristics of KAUST Harbor surface water at each of the 4 experiments. DIN: dissolved 

inorganic nitrogen, DIP: dissolved inorganic phosphorus, DOC: dissolved organic carbon, DON: dissolved organic 

nitrogen, Chl a: total chlorophyll a,  pChla: picoplankton chlorophyll a, nChla: nanoplankton chlorophyll a and 

mChla: microplankton chlorophyll a). Nutrients and chlorophyll a values are mean ± SD of two replicates. 

 

Seasonal differences were observed in the initial abundances of the different 

picoplankton groups distinguished by flow cytometry (Fig. 4.2). Prochlorococcus was 

present only in winter, at a low abundance of 2.11 × 104 cells mL-1 (Fig. 4.2 A). Two 

populations of Synechococcus, separated by their relative phycoerythrin fluorescence, 

low (LF-Syn) and high (HF-Syn), were detected. LF-Syn was more abundant than HF-

Syn, except in fall when LF-Syn reached 1.01 × 104 cells mL-1, and peaked in summer 

with 7.95 × 104 cells mL-1 (Fig. 4.2 B). HF-Syn was absent in the summer experiment 

and presented only a low abundance of 1.28 × 103 cells mL-1 in spring (Fig. 4.2 B). 

Small (Speuk) and large (Lpeuk) picoeukaryotes showed similar seasonal patterns with 

the highest abundances of Speuk recorded in winter (4.51 × 103 cells mL-1) and minima 

of the two groups were found in spring (Fig. 4.2 C). With the exception of fall, HNA 

cells dominated the heterotrophic bacterial community. Overall, both LNA and HNA 

cells had similar patterns, with maximum abundances in summer (2.88 and 2.49 × 105 

cells mL-1, respectively) and minimum in spring (9.10 and 4.70 × 104 cells mL-1, 

respectively) (Fig. 4.2 D). 

 Winter Spring Summer Fall 

     

Temperature (°C) 22.9 30.1 33.4 26.0 

Salinity 38.0 39.3 39.8 38.2 

DIN (µmol l-1) 1.6 ± 0.3 2.7 ± 0.2 6.7 ± 1.0 6.2 ± 0.4 

DIP (µmol l-1) 0.05 ± 0.02 0.05 ± 0.01 0.03 ± 0.01 0.06 ± 0.03 

DOC (µmol l-1) 77.4 ± 0.4 86.1 ± 2.2 103.1 ± 1.1 82.1 ± 2.3 

DON (µmol l-1) 9.6 ± 0.2 8.1 ± 0.7 7.8 ± 1.0 8.8 ± 1.4 

Chl a (µg l-1) 0.33 ± 0.02 0.38 ± 0.05 0.29 ± 0.06 0.31 ± 0.05 

pChl a (µg l-1) 0.24 ± 0.02 0.14 ± 0.04 0.10 ± 0.04 0.14 ± 0.00 

nChl a (µg l-1) 0.07 ± 0.01 0.11 ± 0.02 0.09 ± 0.00 0.14 ± 0.04 

mChl a (µg l-1) 0.02 ± 0.00 0.12 ± 0.02 0.08 ± 0.03 0.03 ± 0.01 
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Figure 4.3: Initial abundances of (A) Prochlorococcus, (B) low (LF-Syn) and high (HF-Syn) phycoerythrin 

fluorescence populations of Synechococcus , (C) small (Speuk) and large (Lpeuk) picoeukaryotes and (E) low 

(LNA) and high (HNA) nucleic acid content heterotrophic bacteria. 

 

4.4.2. Chlorophyll a and picoplankton responses to nutrient additions  

The dynamics of the 3 chlorophyll a size classes and the biomass of autotrophic 

and heterotrophic picoplankton at in situ temperature in the 4 nutrient treatments are 

represented in Figs. 4.3 and 4.4, respectively. Inorganic and Mixed additions caused 

the most robust difference in the nChl a and mChl a size-classes in the 4 experiments, 

resulting in an increase of their relative contribution to total Chl a, while pChl a 

remained relatively unchanged (Fig. 4.3 A-P). Accordingly, total Chl a responded 

differently in the 4 experiments, with maximum values ranging from 2.5 to 3.5 μg L-1 

(Fig. 4.4 A-D). Compared to the Control, the most pronounced differences were 

observed in the Inorganic and Mixed treatments. In contrast, the Organic addition did 

not significantly differ from the Control (Fig. 4.4 A-D). Prochlorococcus abundance 
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decreased slightly at the beginning and only increased in the Inorganic and Mixed 

additions in the last days of the winter experiment (Fig. 4.4 E). LF-Syn and HF-Syn 

displayed similar patterns, reaching the highest biomass in the Inorganic in fall (5.0 and 

23.4 μg C L-1, respectively) and Mixed treatment in winter (4.1 and 3.4 μg C L-1, 

respectively) and spring (12.4 and 1.01 μg C L-1, respectively) (Fig. 4.4 I-P). In contrast, 

the maximum biomass of LF-Syn was found in the Control treatment in summer (Fig. 

4.4 K). The two groups of picoeukaryotes differed notably in their responses, but their 

biomass tended to increase conspicuously in the Inorganic and the Mixed additions 

(Fig. 4.4 Q-X). Changes in heterotrophic bacteria did not follow any consistent pattern 

except for the biomass of LNA cells, which remained less variable than that of HNA 

cells in all nutrient treatments (Fig 4.4 Y-AF). The biomass of HNA increased in the 

Mixed treatment in all seasons, except in summer (Fig 4.4 AC-AF).  

 

 

Figure 4.4: Dynamics of chlorophyll a concentration (pChl a: picoplankton, nChl a: nanoplankton , mChl a: 

microplankton) in the 4 nutrient treatments at in situ temperature in winter (A-D), spring (E-H), summer (I-L) and 

fall (M-P). 
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In most cases (28 out of 40 comparisons), chlorophyll a concentration and the 

biomass of the different groups increased significantly in the Control experiment at in 

situ temperature compared to initial values (i.e., their maximum values were 

significantly higher than the initial values, Table 4.2). For instance, all 

picophytoplankton biomass, except Prochlorococcus, increased in the Control 

treatment (Table 4.2). The ratio of maximum biomass in the Control relative to the 

initial values (C/T0) of Chl a was significantly correlated with the initial temperature 

(r = 0.88, p = 0.004; n = 8) and N:P ratio (r = 0.73, p = 0.04; n = 8). We also observed 

a significant correlation for HF-Syn C/T0 values and initial concentrations of DIN (r = 

0.98, p = 0.001; n = 8) and N:P (r = 0.98, p = 0.0004; n = 8). 
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Table 4.2: Initial and maximum concentration of size-fractionated and total chlorophyll a (µg L-1) and picoplankton 

biomass (µg C L-1) recorded in the 4 Control treatments at in situ temperature. Asterisks indicate significant 

differences between maximum and initial values (t-test, p <0.05). Pro, Prochlorococcus. Other abbreviations already 

defined in the text. nd: not detected. 

 Winter Spring Summer Fall 

Initial  Maximum Initial  Maximum Initial  Maximum Initial  Maximum 

pChl a 
0.26 ± 

0.05 
0.28 ± 0.03 0.14 ± 0.04 0.30 ± 0.05* 0.10 ± 0.07 0.24 ± 0.02* 0.14 ± 0.00 0.18 ± 0.01 

nChl a 
0.13 ± 

0.06 
0.13 ± 0.02 0.11 ± 0.02 0.22 ± 0.01 0.09 ± 0.10 0.37 ± 0.01* 0.14 ± 0.04 0.14 ± 0.01 

mChl a 
0.04 ± 

0.01 

0.16 ± 

0.03* 
0.12 ± 0.02 0.63 ± 0.03* 0.09 ± 0.21 0.68 ± 0.19* 0.03 ± 0.01 0.13 ± 0.02* 

Chl a 
0.43 ± 

0.01 
0.44 ± 0.11 0.38 ± 0.05 1.10 ± 0.08* 0.29 ± 0.36 1.29 ± 0.02* 0.31 ± 0.05 0.38 ± 0.05 

Pro 
0.28 ± 

0.01 
0.28 ± 0.01 nd. nd. nd. nd. nd. nd. 

LF-Syn  
1.11 ± 

0.4 

2.35 ± 

0.17* 
0.98 ± 0.4  3.76 ± 0.09* 5.79 ± 0.46  14.5 ± 0.83* 0.66 ± 0.9  1.44 ± 0.04* 

HF-Syn 
1.11 ± 

0.0  

2.21 ± 

0.16* 
0.10 ± 0.0  0.23 ± 0.0* nd. nd. 2.06 ± 0.11  8.41 ± 0.21 * 

Speuk  
0.27 ± 

0.01 

0.60 ± 

0.02* 
0.05 ± 0.0 2.58 ± 0.13* 0.39 ± 0.03 0.71 ± 0.0* 0.42  ± 0.04 1.66 ± 0.5* 

Lpeuk  
0.15 ± 

0.0 

0.42 ± 

0.06* 
0.15 ± 0.0 1.54 ± 0.25* 0.34 ± 0.07 1.68 ± 0.14* 0.77 ± 0.10 0.77 ± 0.10 

LNA 
0.60 ± 

0.02 
0.83 ± 0.14 0.24 ± 0.03 1.80 ± 0.15* 1.22 ± 0.17 1.56 ± 0.31 0.79 ± 0.04 1.19 ± 0.18* 

HNA  
1.90 ± 

0.05 
1.99 ± 0.04 0.80 ± 0.1 5.03 ± 0.37* 2.95 ± 0.0 5.24 ± 0.67* 1.08 ± 0.10 3.96 ± 0.30* 

 

To better assess how phytoplankton and autotrophic and heterotrophic 

picoplankton changed in response to the different nutrient additions, we first 

determined the response ratios (RR), i.e. the ratio of either the maximum chlorophyll a 

concentration or picoplankton group biomass in the Inorganic, Organic and Mixed 

additions relative to the maximum biomass in the Control incubations at in situ 

temperature. The RR varied greatly among groups, although the most apparent 

responses occurred in the Inorganic and Mixed treatments (Fig. 4.5). The  

RR of total Chl a was significantly higher than 1 (t-test, p<0.05) in the Inorganic and 

Mixed treatments in most seasons (except in spring for the Inorganic and summer for 

Mixed additions), but never in the Organic addition (Fig. 4.5 A). Prochlorococcus RR 

showed a significant increase in the Inorganic and Mixed additions (t-test, p<0.05) (Fig. 

4.5 B). A similar pattern was observed for the RR of the two Synecochoccus groups in 
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the Inorganic and Mixed treatments (Fig. 4.5 C and D). Both increased in biomass 

relative to the control in the Inorganic treatment, except in summer, when the RR of 

LF-Syn was significantly lower than 1 (t-test, p<0.05) (Fig. 4.5 C and D). In the Mixed 

treatment, the RR of LF-Syn and HF-Syn increased in all experiments, except in 

summer for the former (Fig. 4.5 C and D). Their response patterns differed in the 

Organic treatment, the RR of LF-Syn showed a significant decrease in all experiments 

except in spring, while HF-Syn was significantly higher than 1 in spring but lower in 

fall (Fig. 4.5 C and D). The RR of HF-Syn in the Inorganic treatment was positively 

correlated with the initial values of DIN (r = 0.90, p = 0.01; n = 8) and DIP  (r = 0.94, 

p = 0.005; n = 8) while in the Mixed treatment it was positively correlated with 

temperature (r = 0.83, p = 0.05; n = 8). The RR of Speuk in fall was the highest of all 

autotrophic groups (Fig. 4.5 E). Slightly different responses were observed for Speuk 

and Lpeuk picoeukaryotes (Fig. 4.5 E-F). Both groups of picoeukaryotes showed 

positive RRs to the Inorganic addition in all experiments except in summer. While 

Speuk responded significantly to the Mixed treatment in all seasons except in spring 

(Fig. 5 C), Lpeuk did so in winter, spring and fall (Fig 4.5 D). Different patterns were 

detected for LNA and HNA heterotrophic bacteria (Fig 4.5 G and H). LNA cells 

showed significant positive RRs to the Inorganic addition in all seasons, except in 

summer, and a significant negative RR to the Mixed addition in summer (Fig 4.5 G). 

The RR of LNA in the Inorganic was positively corelated with the initial values of DIP 

(r = 0.85, p = 0.002; n = 10) and DON (r = 0.76, p = 0.03; n = 10) and negatively with 

the C:N ratio of dissolved organic matter (r = -0.81, p = 0.01; n = 10) and temperature 

(r = -0.81, p = 0.01; n = 10). HNA bacteria showed consistently positive RRs in the 

Inorganic and Mixed additions except in summer (Fig 4.5 H). Negative RRs of HNA 

were found in the Organic treatment in summer and winter (Fig 4.5 H). Significant 
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correlations were found between the initial concentration of DIP and the RRs of HNA 

cells in the Inorganic (r = 0.75, p = 0.03; n = 8) and Mixed treatments (r = 0.95, p = 

0.0003; n = 8), while in the Organic treatment the HNA cells RR was positively 

correlated with DON (r = 0.88, p = 0.004; n = 8) and negatively with temperature (r = 

-0.84, p = 0.01; n = 8) and the DOM C:N ratio (r = -0.78, p = 0.02; n = 8). 

 

 

Figure 4.6: Response ratio (RR) of (A) total chlorophyll a concentration and the biomass of (B) Prochlorococcus, 

(C) low and (D) high phycoerythrin fluorescence populations of Synechococcus,  (E) small and (F) large 

picoeukaryotes, (E) low and (G) high nucleic acid heterotrophic bacteria in winter, spring, summer and fall. Error 

bars represent standard deviation of two replicates. The horizontal line represents the RR = 1 (no change relative to 

Control). Stars indicate RR significantly different from 1 (t-test, p < 0.05 or p > 0.05).  

 

4.4.3.  Chlorophyll a and picoplankton responses to temperature 

Similar to what I presented in the previous section, I first assessed the effect of 

temperature only in the Control treatment. Table 4.3 shows the slopes of the ratio of 

maximum to initial values (C/T0) (not to be confounded with the RR in the previous 
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section) of the standing stocks of phytoplankton and heterotrophic biomass versus 

temperature, using the 6°C span of each incubations. As can be seen in the table, 

temperature had variable effects, but the few significant slopes were equally distributed 

between positive (i.e., warming increased the maximum to initial biomass ratio, C/T0) 

and negative (i.e., warming decreased the maximum to initial biomass ratio, C/T0). I 

did not find any relationship between the C/T0 vs. temperature slopes and the initial 

environmental conditions.  

 

Table 4.3: Details (slopes and coefficients of determination) of the linear regressions between the maximum to 

initial values of chlorophyll a concentration and picoplankton groups biomass versus incubation temperature in the 

control incubations. Group abbreviations as in Fig. 3 and 4. nd. indicates this group was not detected. Asterisks 

represents the significant linear regressions (p<0.05). 

 
 Winter Spring Summer Fall 

 Slope r2 Slope r2 Slope r2 Slope r2 

pChla -0.03 0.03 -0.12 0.08 0.04 0.10 0.04 0.02 

nChla -0.06 0.06 0.003 0.00 -0.01 0.00 -0.25 0.30 

mChla 0.25 0.34 0.29 0.34 -0.76 0.23 0.43 0.32 

Chla -0.04 0.15 0.07 0.11 -0.07 0.10 -0.07 0.16 

Pro 0.03 0.39 nd. nd. nd. nd. nd. nd. 

LF-Syn 0.20* 0.96 0.06 0.09 0.13 0.54 0.09 0.54 

HF-Syn 0.04 0.49 0.18* 0.72 - - 0.24* 0.92 

Speuk 0.10* 0.86 -5.00* 0.69 -0.15* 0.78 -2.26* 0.76 

Lpeuk 0.001 0.00 0.42 0.34 -0.24 0.11 -3.13* 0.72 

LNA 0.004 0.03 0.26 0.36 0.02 0.04 0.01 0.05 

HNA -0.01 0.23 0.07 0.08 0.20* 0.94 -0.10* 0.73 

 

 

The effect of temperature on the RRs of total chlorophyll a concentration and 

the biomass of the different picoplankton groups was not uniform (i.e., there were no 

general trends of increase or decrease in response to warming within groups, Fig. 4.6). 

Temperature had a significant negative effect on the response ratio of total chlorophyll 

a concentration only in the Inorganic and Mixed additions in spring, meaning that 

higher temperatures in both nutrient replete conditions resulted in lower phytoplankton 

accumulation in that season (Fig. 4.6 A). Furthermore, the slope of RR vs. temperature 
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of total chlorophyll a concentration in the Mixed treatment was negatively correlated 

with in situ temperature (r = -0.98, p = 0.01; n = 8). The positive RRs of 

Prochlorococcus in response to the Inorganic and Mixed additions significantly 

increased with increasing temperature (Fig. 4.6 B). Different temperature dependences 

were recorded for the two groups of Synechococcus (Fig. 4.6 C and D). The RRs of LF-

Syn showed both positive and negative responses to temperature. The most 

conspicuous significant positive RRs vs. temperature slopes were seen in the Organic 

and Mixed additions in summer while significant negative slopes were detected in the 

Inorganic, Organic and Mixed treatments in spring, winter and fall, respectively (Fig. 

4.6 C). The positive slope of LF-Syn in the Organic treatment was positively correlated 

to the initial temperature (r = 0.98, p = 0.02; n = 4). HF-Syn showed a positive 

temperature response of the RR in the Inorganic and Mixed additions in the cooler 

seasons (winter and fall) while higher temperatures resulted in lower RRs in spring 

(Fig. 4.6 D). The temperature dependence of Speuk RRs was either positive (in fall for 

the Inorganic and Mixed additions and in spring for the Organic) or negative (in winter 

for all treatments, Fig. 4.6 E). The Slopes of RRs Lpeuk were positive in fall for the 

Inorganic and Mixed treatments, while negative in spring and summer for the Inorganic 

and Mixed treatments, and in winter and spring for the Organic treatment (Fig. 4.6 F). 

Similar to Synechococcus cyanobacteria, the slopes of the RR of heterotrophic bacteria 

versus temperature did not attain high values, ranging -0.16 to 0.26  (Fig. 4.6 G and H). 

The LNA cells RRs in the Inorganic and Mixed additions had positive slopes with 

temperature in winter and summer, respectively, and negative in fall (Fig. 4.6 G). HNA 

showed only one significant RR vs. temperature slope, in the Organic treatment in 

winter (Fig. 4.6 H). 
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Figure 4.7: Slopes of the linear regressions between the Inorganic, Organic and Mixed treatments response ratios 

(RR) and temperature of (A) Prochlorococcus (Pro), (B) low and (C) high phycoerythrin fluorescence populations 

of Synechococcus, (D) small and (E) large  picoeukaryotes, (F) low and (G) high nucleic acid bacteria  in winter, 

spring, summer and fall experiments. Stars indicate statistically significant slopes. 
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4.5. Discussion  

This chapter addresses the joint response to nutrient additions and temperature 

of coastal Red Sea phytoplankton (with special emphasis on the smallest size-class) and 

heterotrophic prokaryotes. Since seasonality in the Red Sea pelagic ecosystem is 

important (Al-Otaibi et al. 2020, Chapter 1), I include here also a broad assessment of 

the effect of each season’s initial conditions. The detailed temporal dynamics of the 

environmental conditions in KAUST Harbor surface waters have been recently 

described at weekly (Sabbagh et al. 2020) and monthly (Silva et al. 2019) time scales. 

My results showed similar values of inorganic nutrient concentrations (DIN 2 - 7 µmol 

L-1, DIP < 0.1 µmol L-1), although high DIN concentrations (nitrate) were occasionally 

recorded at the study site in previous years by Silva et al. (2019). The N:P ratio of 

inorganic nutrients, even without including ammonium, was constantly higher than 16 

(ranging from 33.5 to 257.5), indicating that P rather than N was largely limiting 

planktonic assemblages in this shallow environment, as already shown in the northern 

Red Sea (Mackey et al. 2007) and at the study site with higher temporal resolution by 

Sabbagh et al. (2020). DON and DOC concentrations were also similar to the values 

reported by Silva et al. (2019), although Sabbagh et al. (2020) occasionally observed a 

much higher value of DOC in summer (160 µmol L-1). Phytoplankton biomass, using 

total chlorophyll a concentration as a proxy, varied little among seasons with an average 

of 0.33 ± 0.04 µg L-1, and was similar to the mean values recorded by Sabbagh et al. 

(2020) and Silva et al. (2019). The smallest size fraction of chlorophyll a dominated 

year-round KAUST Harbor surface waters, although the contribution of nano- and 

microplankton occasionally increased up to 45% and 33%, respectively. Our 

knowledge about the seasonal dynamics of picoplankton populations in the central Red 

Sea has increased recently both in inshore (Sabbagh et al. 2020; Silva et al. 2019) and 
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offshore (Al-Otaibi et al. 2020; Calleja et al. 2019) waters. In this study, I was able to 

detect the same groups of autotrophic and heterotrophic bacteria found by Sabbagh et 

al. (2020) and Silva et al. (2019), but also include two groups of autotrophic 

picoeukaryotes differentiated by their relative size, as frequently described in other 

regions (e.g. Calvo-Díaz et al. 2008, Cabello et al. 2016; Farnelid et al. 2016). The low 

numbers of Prochlorococcus found in winter and its absence in the rest of the seasons 

is in agreement with the more detailed temporal assessment of Sabbagh et al. (2020) 

conducted at the study site, in which they detected Prochlorococcus only in 6 weeks 

over a full year. In contrast, Prochlorococcus were notably more abundant (4.7 ± 3.9 × 

104 cells mL-1) in offshore surface waters only ca. 6 km away from KAUST Harbor 

(Chapter 1, Al-Otaibi et al. 2020). The low phycoerythrin fluorescence group of 

Synechococcus (LF-Syn) was the only cyanobacteria consistently present at our 

sampling site, since the high fluorescence (HF-Syn) group tends to be absent or in very 

low numbers for half of the year, roughly between spring and summer (Fig. 4.2 B, 

Sabbagh et al. 2020). The total abundance of Synechococcus at our site was lower than 

in the nearby open ocean station off KAEC (a maximum of 1.2 × 105 cells mL-1 were 

recorded in summer, Al-Otaibi et al. 2020) and in other tropical coastal waters (Agawin 

et al. 2003; Ahlgren et al. 2014; Ribeiro et al. 2016a). The remaining pico-sized 

autotrophs considered here, small and large picoeukaryotes, were higher than previous 

records by Al-Otaibi et al. (2020) in open ocean waters (1.04 × 103 cells mL-1) (Fig. 4.2 

C). Despite their generally low abundances, picoeukaryotes contribute greatly to 

picophytoplankton biomass and primary production due to their larger cell size and 

rapid growth rates (Grob et al. 2011; Jardillier et al. 2010; Worden et al. 2004). Archaea 

may be found throughout the water column although they show much lower abundances 

at the surface than in deeper zones (Santoro et al. 2019). Thus, we can safely speak of 
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heterotrophic bacteria instead of prokaryotes, as we did when we included the 

mesopelagic layer of the water column (Al-Otaibi et al., 2020, Chapter 1). The summed 

abundance of LNA and HNA cells was generally lower than in other oligotrophic 

waters (e.g., Mojica et al. 2020; Šantić et al. 2012), which is explained by a strong top-

down control exerted by heterotrophic nanoflagellates and viruses in these shallow 

waters (Sabbagh et al. 2020; Silva et al. 2019). In this study, samples for microbial 

plankton abundance, biomass and ancillary variables were taken once per day. The 

abundance of most groups frequently already started to decrease after a fast increase 

(usually after day 1 or 2) when they actually grew (Fig. 4.4), due to their relatively high 

specific growth rates (Silva et al. 2019). Therefore, this sampling resolution was not 

appropriate to accurately estimate growth rates since the errors were potentially very 

large. Furthermore, as the entire microbial community was present, we expected strong 

grazing pressure by heterotrophic nanoflagellates and ciliates from the onset of the 

incubations (Silva et al. 2019), together with a likely more lagged mortality caused by 

viruses (Sabbagh et al. 2020), which undoubtedly affected the observed dynamics of 

phytoplankton and heterotrophic bacteria (Fig. 4.4). Accordingly, we decided to use the 

maximum biomass recorded within each incubation as an objective and measurable 

variable that allowed us to compare with the initial values and calculate the response 

ratios (RR) of the different treatments relative to the Control without nutrient additions.  

In the Control treatment at in situ temperature, the maximum Chl a concentrations 

or picoplankton biomass were higher than the initial values (Table 4.3), suggesting that 

although at low nutrient concentrations, the amount of inorganic and organic substrates 

was enough to trigger their growth when large zooplankton were 

removed. Interestingly, in the Control with no addition, phytoplankton was able to grow 

reaching values higher than 1 µg Chl a L-1 both in spring and summer, due to noticeable 
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increases of the microplankton size-class (Table 4.2). Seasonal differences in the 

maximum chlorophyll a concentration and the biomass attained by the different 

picoplankton groups were also observed (Fig. 4.3 and Table 4.3), partially related to 

changes in the initial environmental conditions (Table 4.2). For instance, the increase 

in initial temperature and the inorganic N:P ratio (rather unexpected given the apparent 

P deficiency) implied an increase of chlorophyll a concentration in the Control 

treatment. My findings also showed that the increase of HF-Syn biomass was dependent 

on the initial inorganic nutrient concentrations. Spring and summer were the two 

periods in which virtually all groups assessed showed enhanced growth in the 

experimental bottles, but not even in winter or fall did we observe a decrease rather 

than an increase in phytoplankton biomass, strongly indicating that KAUST Harbor 

waters were not nutrient-limited year-round. This fact affected their response to nutrient 

additions, as discussed below. 

4.5.1. Effects of nutrient additions 

The trophic status determined by nutrient availability is undoubtedly an 

essential factor controlling the standing stocks and productivities of phytoplankton and 

heterotrophic bacteria  in marine ecosystems (Church et al. 2000; Ducklow 1992; Gasol 

et al. 2002). The ecological interactions between phytoplankton and heterotrophic 

bacteria within the microbial food web have been extensively studied (e.g., Amin et al. 

2015; Amin et al. 2012; Mayali 2018; Seymour et al. 2017). At the simple level, 

phytoplankton require the major inorganic nutrients (NO3
-, NO2 or NH3 for nitrogen 

and PO4
3- for phosphorus) to produce new organic matter, a fraction of which is 

released in dissolved form (DOM), which then can be consumed by heterotrophic 

bacteria (Kirchman 2010). Heterotrophic bacteria can obtain most of the nutrients 

necessary to meet their growth requirements through the assimilation of labile DOM 
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(Ducklow 2000; Kirchman 2015). However, increasing evidence suggests that 

heterotrophic bacteria may also directly process inorganic nutrients, especially in 

oligotrophic oceans where both inorganic and organic nutrients are limiting (Wu et al. 

2000). Consequently, we expected phytoplankton to frequently be in direct competition 

with heterotrophic bacteria also for inorganic nutrients (Joint et al. 2002; Øvreås et al. 

2003; Sipura et al. 2005). 

 In shallow tropical coastal waters, nutrients can be autochthonous, produced in 

situ by phytoplankton and macrophytes including macroalgae, mangroves and 

seagrasses (Bertilsson & Jones Jr 2003; Cawley et al. 2012; Lønborg et al. 2009) and 

allochthonous, originated from the same sources elsewhere and being advected or from 

anthropogenic or terrestrial origin, atmospheric deposition or groundwater (Rushdi et 

al. 2019; Sobczak et al. 2005). Only dust deposition is important in the central Red Sea 

away from urban settlements. Noticeable external inputs of inorganic and organic 

nutrients may result in the eutrophication of coastal marine waters and thus change the 

structure and metabolism of marine microbial communities (Bradley et al. 2010; 

Seitzinger et al. 2005). However, our understanding of the possible effect of 

eutrophication on microbial plankton is still scarce in oligotrophic waters (e.g., Carlson 

et al. 2002; Teira et al. 2010; Moore et al. 2008). The emerging consensus from nutrient 

addition studies is that phytoplankton biomass substantially increased after the addition 

of inorganic nutrients alone (Caron et al. 2000; Joint et al. 2002) or in combination with 

organic nutrients (Davidson et al. 2007; Martínez-García et al. 2010b; Teira et al. 2010). 

Recent studies have also shown that phytoplankton is able to respond to organic 

substrates addition only (e.g., Altman & Paerl 2012; Hernández-Ruiz et al. 2020). Other 

studies have shown that heterotrophic bacteria do not respond to the addition of glucose 

unless inorganic N and P were also added (Mills et al. 2008a; Caron et al. 2000). A few 
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studies have addressed the nutrients limitation of phytoplankton and heterotrophic 

bacteria in the Red Sea waters. Mackey et al. (2007, 2009) demonstrated co-limitation 

by N and P of phytoplankton biomass and productivity, while Berninger & Wickham 

2005 addressed the effect of grazing pressure and nutrient limitation on picoplankton 

in the northern Red sea. In coastal central Red Sea waters, Pearman et al. (2016) have 

shown the importance of nutrients for inducing blooms, which changed substantially 

the phytoplankton and microzooplankton community composition, before being 

terminated by cyanophage outbursts (Coello-Camba et al., 2020). Pearman et al. (2016) 

have demonstrated a higher abundance of Synechococcus (0.6 × 106 cell ml-1) and 

heterotrophic bacteria (10 × 106 cell ml-1) than the maximum values that I have recorded 

for total Synechococcus (HF-Syn + LF-Syn = 3.41 × 105 cell ml-1) and heterotrophic 

bacteria (HNA + LNA= 1.44 × 106  cell ml-1). This study permitted me to assess the 

potential effect of eutrophication jointly for phytoplankton and heterotrophic bacteria 

in shallow waters of the central Red Sea in four more or less evenly distributed periods 

of the year. The most notable changes in the response ratio of autotrophs occurred in 

the Inorganic and Mixed treatments (Fig 4.4 and 4.5 A-F), as previously reported in 

other coastal waters (Davidson et al. 2007; Joint et al. 2002; Martínez-García et al. 

2010a; Martínez-García et al. 2010b). The timing and maximum values of chlorophyll 

a concentration and autotrophic picoplankton biomass in response to Inorganic and 

Mixed additions were different between seasons (Fig. 4.4). For instance, the peak in 

total chlorophyll a reached virtually 4 μg L-1  in the Mixed treatment after 3 days in 

spring (Fig. 4.4 B), while maxima in the other experiments were 1.6 to 8-fold lower 

than that, indicating the initial community found in May was more capable to exploit 

the Mixed addition than in the other periods. The three size-fractions responded as 

expected, with the larger size class mostly responsible for processing the added 
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nutrients (Fig. 4.3) (Barcelos e Ramos et al. 2017). The occasional response of 

Chl a and autotrophic picoplankton to the Mixed additions points out to the 

mixotrophic behavior of some of the groups present, which would directly utilize 

organic substrates through osmotrophy (Caron 2016; Flynn et al. 2013). Although it is 

difficult to straightforward ascribe the high RR in the Mixed treatment to mixotrophs, 

that could be the case for LF-Syn and HF-Syn in winter and spring (Fig. 4.6 C and D) 

since Synechococcus has been shown to directly uptake DOM (Altman & Paerl 2012; 

Bronk et al. 2007; Donald et al. 2013; Hernández-Ruiz et al. 2020). The only group of 

photoautotrophs that responded to Organic addition were Synechococcus (mostly for 

LF-Syn), but mainly decreased their biomass in all seasons except spring (Fig. 4.6 C 

and D). In contrast to photoautotrophs, the response of heterotrophic bacteria to nutrient 

additions was mostly weak and inconsistent, except for HNA cells in the Mixed 

treatment (Fig. 4.6 G and H). Likewise in other marine regions, we assume that our 

LNA cells were made up of oligotrophic taxa, often dominated by the 

Alphaproteobacteria clade SAR11 (Giovannoni et al. 2005; Mary et al. 2006; 

Schattenhofer et al. 2011a). It has been found that most SAR11 members typically grow 

slowly and do not respond to nutrient enrichment (Giovannoni et al. 2005) due to their 

relatively simple and small genome. In contrast, HNA cells, which include 

copiotrophic, opportunistic bacteria (Giovannoni et al. 2005; Mills et al. 2008), are 

better suited to assimilate extra nutrient inputs. I found, contrary to my hypothesis, that 

virtually no change for LNA or a significant decrease in HNA biomass occurred in 

response to the addition of glucose solely (Fig. 4.6 G and H), suggesting that labile 

carbon was not limiting their growth. The most apparent result from my experiments is 

that heterotrophic bacteria, especially HNA cells were in direct competition for 

inorganic nutrients with photoautotrophs (Fig. 4.6 G and H), and thus apparently limit 
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primary production in these coastal waters by depriving phytoplankton of inorganic 

nutrients. However, none of the groups assessed here was a clear winner, and the extent 

of their biomass increase varied widely with season. My results suggest that Speuk can 

become the most responsive group to inorganic and mixed nutrient inputs under certain 

environmental conditions (Fig. 4.6 E). It is worth to notice that the RR of Chl a and 

picoplankton biomass was low or not significant in summer, suggesting non-limiting 

conditions, which agrees with the high concentration of nutrients at the beginning of 

this experiment (Table 4.1). Overall, the RR was highly variable among experiments, 

indicating that the factors controlling microbial plankton responses changed over the 

year (Martínez-García et al. 2010a; Martínez-García et al. 2010b; Rii et al. 2018). 

Indeed, the top-down control exerted by grazers and viruses has been recently shown 

to display a strong seasonality in KAUST Harbor waters (Sabbagh et al. 2020). Overall, 

our results suggest that external nitrogen and phosphorus entering the Red Sea coastal 

environment, for instance in the vicinity of cities, indeed have the potential to affect 

microbial plankton communities. Other environmental factors such as temperature may 

alter the response of phytoplankton and heterotrophic bacteria to nutrient inputs, as 

discussed in the next section. 

4.5.2. Effects of temperature 

Recent studies in oligotrophic tropical and subtropical oceans have suggested 

that resource availability (i.e., bottom-up control) and/or mortality (i.e., top-down 

control) will preclude a significant increase in the biomass of heterotrophic prokaryotes 

with warming (Morán et al. 2017; Lonborg et al. 2020 Silva et al. 2019). In this study, 

the fact that the effect of temperature in the Control treatment on phytoplankton and 

heterotrophic bacteria was generally weak (Table 4.3) which would give support to 

those studies in terms of heterotrophic bacteria. Although there were more positive than 
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negative responses to warming, the few significant ones were equally shared between 

increases and decreases in the biomass of phytoplankton or heterotrophic bacteria with 

raising temperature, clearly neglecting the expectation of a straightforward increase in 

microbial biomass at higher temperatures under in situ nutrient conditions. Trophic 

cascade effects mediated by consumers or viruses might be behind the lack of consistent 

responses (Chen et al. 2012; Marañón et al. 2018; Morán et al. 2018). The fact that in 

the winter treatment without nutrient additions the biomass of small eukaryotes 

increased with warming, when the ambient temperature was 22.9°C, but decreased in 

the remaining experiments with in situ values were >26.0°C,  might be explained by 

different species composition (Hernández‐Ruiz et al. 2018; Not et al. 2004) or weaker 

competition for nutrient acquisition with other microbial groups as temperatures rose. 

Based on Table 4.3, it might be tempting to conclude that small picoeukaryotes may 

reduce their importance in plankton communities with future warming in the coastal 

Red Sea, but the results when nutrients were added were exactly the opposite in winter 

and fall (Fig. 4.6 E).  

Although the interactions between temperature and nutrients as drivers of 

microbial plankton growth have long been known (Pomeroy & Wiebe 2001; Vrede 

2005), these factors are still under active debate (Cross et al. 2015; López-Urrutia & 

Morán 2007; Marañón et al. 2018). Few attempts have been made to study their joint 

effects in communities from tropical waters (Lønborg et al. 2019; Morán et al. 2020). 

To my knowledge, the effect of different nutrient additions and temperature has not 

been previously addressed in the Red Sea. However, a few studies have shown a 

decrease in phytoplankton abundance in response to warmer climate scenario (Gittings 

et al. 2018) and confirmed the impact of temperature on phytoplankton taxonomic 

composition by using different methods  (Brewin et al. 2019; Pearman et al. 2017a). In 
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this study, the effect of temperature on the RRs of phytoplankton and heterotrophic 

biomass in the different nutrient additions were not consistent either (Fig. 4.6). My 

results showed that higher temperatures, even with nutrient additions, did not result in 

a widespread increase in chlorophyll a concentration. Surprisingly, it seems that the 

only organism that would benefit from increased nutrient inputs and warming is 

Prochlorococcus, which only seldom reaches shallow waters (Sabbagh et al. 2020), but 

it is present year-round once the water column depth exceeds a few tens of meters (Al-

Otaibi et al. 2020; Chapter 1 and 2). We must bear in mind that the positive response 

to warming is based on a single experiment and evidence that the sign of the response 

may change in different periods of the year is already given in this chapter (Fig. 4.6 B). 

For Lpeuk, the increase of temperature had a positive effect in the RRs (i.e., more 

accumulated biomass) in fall (experimental range 23.0 – 29.0 °C) but negative in spring 

(27.1 – 33.1 °C) and summer (30.4 – 36.4 °C) after inorganic and mixed additions (Fig. 

4.6 E). For HNA and LNA cells, our results revealed that glucose was not limiting their 

biomass, while their RR vs. temperature response increased with an increase in initial 

DON concentration, suggesting other DOM compounds were required for the growth 

of heterotrophic bacteria. Overall, these results provide a valuable reference about the 

potential effects of eutrophication and warming in coastal waters of the central Red Sea. 

Future studies, including detailed analysis of top-down controls and changes in 

community composition of phytoplankton and heterotrophic bacteria, will help in the 

interpretation of this dataset. 
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4.6. Conclusion 

Microbial plankton responses to the combined effects of nutrient additions and 

warming in the central Red Sea had not been concurrently assessed before this study. 

The main conclusion that can be drawn from this study is that nutrient availability 

seemed to play a more important role than temperature in determining phytoplankton 

and heterotrophic bacteria standing stocks in coastal Red Sea waters. The positive 

responses of phytoplankton biomass were more apparent in the Inorganic and Mixed 

treatment, while the Organic treatment had a negative response, especially on 

Synechococcus biomass. Surprisingly, inorganic additions promoted LNA 

heterotrophic cells increases but they did not show any response to glucose. HNA 

biomass increased only after Inorganic and Mixed additions but decreased in the 

Organic treatment of just glucose addition. None of the autotrophic or heterotrophic 

groups assessed was a clear winner to nutrient additions in our experiments. My 

findings are in agreement with the hypothesis that Red Sea microbial plankton structure 

and presumably function should be little influenced by future warming. However, 

seasonality was an important though not fully apprehended factor determining the sign 

and extent of microbial plankton biomass responses to added nutrients and temperature.  
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5. General Disscution  

Marine picoplankton (in the widely accepted definition all planktonic organisms 

with equivalent spherical diameter comprised between 0.2 and 2 µm) are ubiquitous 

across the world’s oceans, but particularly dominate the biomass and production in 

oligotrophic tropical and subtropical waters (Agawin et al. 2002; DuRand et al. 2001; 

Partensky et al. 1999a). Flow cytometry tools have permitted the routine differentiation 

of two genera of unicellular cyanobacteria (Prochlorococcus and Synechococcus), one 

or more groups of photosynthetic picoeukaryotes and two groups of heterotrophic 

prokaryotes (bacteria and archaea, based on their relative nucleic acid content). Given 

the small contribution of archaea (typically <1% of total heterotrophic prokaryotes 

cells) in the upper layers, many studies use the term “heterotrophic bacteria” instead of 

the more correct one “heterotrophic prokaryotes”. The distribution of autotrophic and 

heterotrophic picoplankton has been well studied in high (e.g., Iversen & Seuthe, 2011; 

Rivkin, 1991) and mid (e.g., Calvo-Díaz & Morán 2006; Søndergaard 1991; Zhao et al. 

2016) latitude regions, but still little is known for the vast low latitude (<30°) regions. 

In oligotrophic tropical and subtropical regions, most of our knowledge about the 

temporal variability of picoplankton standing stocks has been obtained from the 

Bermuda Atlantic Time Series (BATS) in the western Sargasso Sea (Durand, Olson & 

Chisholm, 2001; Malmstrom et al., 2010) and the Hawaii Ocean Time-series (HOT) in 

the North Pacific subtropical gyre (Campbell et al., 1997; Malmstrom et al., 2010). 

Even if both stations are good representatives of oligotrophic open ocean conditions, 

the distribution of autotrophic and heterotrophic picoplankton varies slightly between 

them due to changes in environmental conditions (Malmstrom et al. 2010; Steinberg et 

al. 2001; Olson & Chisholm, 2001). For instance, at BATS both Prochlorococcus 

(Campbell et al. 1997; DuRand et al. 2001; Malmstrom et al. 2010a) and heterotrophic 



 

 

162 

 

bacteria (Carlson et al. 1996) tend to reach their maximum abundance in summer, while 

Synechococcus and picoeukaryotes generally peak in spring (Campbell et al. 1997; 

DuRand et al. 2001; Malmstrom et al. 2010). At HOT, the temporal variability of 

Prochlorococcus was less clear compared to that Synechococcus and picoeukaryotes, 

which similar to BATS usually peak in spring (Campbell et al. 1997; DuRand et al. 

2001; Malmstrom et al. 2010). 

The Red Sea belongs to the vast area occupied by tropical and nutrient-poor 

waters, but stands out as having significantly warmer (Chaidez et al. 2017b; Raitsos et 

al. 2013) and saltier (Tesfamichael & Pauly 2016) surface waters. However, by being 

more accessible than the open ocean Atlantic, Indian or Pacific oceans, the oligotrophic 

and quasi-permanently stratified Red Sea is an appropriate model for studying the 

distribution of picoplankton communities year-round in environmental conditions that 

will likely be met by nearby waters in a few decades at the current pace of global 

change. Picophytoplankton and heterotrophic prokaryotes have been studied mostly in 

the northern Red Sea (Gulf of Aqaba, e.g., Al-Najjar et al. 2007; Berninger & Wickham 

2005; Post et al. 2011). Recent studies have provided information about heterotrophic 

prokaryotes in both offshore (Calleja et al. 2019; Calleja et al. 2018; García et al. 2018) 

and inshore stations in the vicinity of King Abdullah University of Science and 

Technology (KAUST), in the central Red Sea (Sabbagh et al. 2020; Silva et al. 2019). 

Calleja et al. (2019) determined the role of heterotrophic prokaryotes and DOC 

interactions for carbon fluxes at the seasonal scale, while interactions at the diel scale 

were first studied in detail by García et al. (2018) after the claim by Calleja et al. (2018) 

that Red Sea migrating animals produce labile dissolved organic matters to the 

heterotrophic bacteria in the mesopelagic waters. In shallow coastal waters, Sabbagh et 

al. (2020) and Silva et al. (2019) concluded that strong top-down control causes a lower 
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abundance of heterotrophic prokaryotes compared to other oligotrophic tropical 

regions. Within that context, this dissertation aimed to fill the gap for the Red Sea and 

provide, to my knowledge, the first detailed account of the vertical distribution and 

temporal variability of autotrophic and heterotrophic picoplankton abundance, single-

cell characteristics and biomass covering from epi- to mesopelagic waters (<700 m) in 

the central Red Sea (Chapter 1). In total, 7 groups of picoplanktonic organisms (5 

autotrophs and 2 heterotrophs were consistently detected by flow cytometry: 

Prochlorococcus, two types of Synechococcus distinguished by their relative 

phycoerythrin fluorescence (low (LF-Syn) and high (HF-Syn) fluorescence), two 

groups of autotrophic picoeukaryotes of small (Speuk) and large (Lpeuk) cell size, and 

low (LNA) and high (HNA) nucleic acid content heterotrophic prokaryotes.  

The first hypothesis in this dissertation stated that the temporal variability of 

picoplankton groups in the central Red Sea would be lower than that found at higher 

latitudes (Chapter 1). My results did not confirm this hypothesis and rather showed that 

seasonal changes in abundance are a critical feature that needs to be considered in 

further studies of the Red Sea pelagic ecosystem (Chapter 1). Hence, we decided to 

include the seasonal perspective when addressing the diel variability in the abundance 

and cell size of picoplankton along a 24-hour cycle (Chapter 2) and in the assessment 

of their response to nutrient additions and temperature (Chapter 3). Compared with 

other oligotrophic regions, it was surprising that we failed to find higher abundances of 

all picoplanktonic groups in the 15 vertical profiles distributed evenly along the year 

(Chapter 1), with 4 of them including a higher resolution temporal sampling (Chapter 

2). Therefore, we can safely conclude that the central Red Sea is characterized by 

relatively low picoplankton abundance. These low numbers have been explained by a 

strong top-down control by viral lysis and heterotrophic nanoflagellates grazing, as 
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discussed in Sabbagh et al. (2020), but also bottom-up control (i.e., DOM quality 

measured by using C:N ratio) seems to play a role (Silva et al. 2020/in press). The role 

of temperature, a key environmental driver, on the low numbers of the Red Sea 

picoplankton is far from being simple. Another major finding in this dissertation is that 

Synechococcus abundance was occasionally higher than that of Prochlorococcus 

(Chapter 1), even to a greater extent than BATS and HOT. The vertical distribution in 

the central Red Sea did not depart from the general pattern and agreed well with what 

is already known in other oligotrophic waters (Agusti et al. 2019; Otero-Ferrer et al. 

2018; Wei et al. 2019b), including some scattered profiles in these waters (Calbet et al. 

2015; Kürten et al. 2015). The presence of Synechococcus at shallower depths 

compared with the vertical distribution of Prochlorococcus and picoeukaryotes, which 

peaked around the DCM (Chapter 1), is a common feature in the oligotrophic open 

ocean (Partensky et al. 1996; Zhang et al. 2008a). Overall, the data of Chapter 1 add to 

these and support the lack of a universal seasonality for picoplankton in low latitude 

marine ecosystems 

Understanding the biological processes that control the variability of 

picoplankton abundance and cell size at short-time (from hour to day) scales is crucial 

for allowing us to estimate their growth rate (Agawin & Agusti 2005; Selph et al. 2005; 

Vaulot et al. 1995). In this regard, our knowledge about the higher resolution samples 

(once per day) of Red Sea microbial plankton were absent from the literature. In 

Chapter 2, I have measured the changes in picoplankton abundance and cell size related 

to photosynthetic pigment (autotrophs) or nucleic acid content (heterotrophs) 

throughout almost all the mesopelagic zone, which is not unique but has allowed me to 

progress in another key variable characterizing the smallest plankton community. Thus, 

although diel changes in cell size have been used to estimate in situ growth rate in some 
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studies (Hunter-Cevera et al. 2014; Ribalet et al. 2015; Sosik et al. 2003), the 

straightforward application of relationships obtained in regions with different 

environmental characteristics to the Red Sea is not feasible. To that end, I used the 

results of predator-free incubations of samples collected from the surface and 550 m in 

the winter 24 h cycle in order to empirically calibrate how in situ changes in cell size 

reflected the measured specific growth rates of all picoplankton groups except large 

picoeukaryotes in the experimental incubations. Unfortunately, this was the only 

growth rate experiment available for autotrophic and heterotrophic picoplankton groups 

conducted at the study site off KAEC. Two additional experiments focused on 

heterotrophic prokaryotes and how migrating mesopelagic fishes were able to supply 

labile DOC to sustain their growth rate (Calleja et al. 2018; Morán et al. 2019) were not 

included because no information about picophytoplankton was available. It is difficult 

to calculate the growth rate of natural communities from changes in cell abundance 

alone because of other simultaneous processes such as mortality, advection and mixing 

(Christaki et al. 2001; Dolan & Šimek 1999; Guillou et al. 2001) that have a substantial 

impact in these changes. Previous studies have estimated the division rate of 

picophytoplankton groups from in situ diel changes in cell size by calculating the ratio 

of maximum to minimum values of side scatter SSC (DuRand 1995; Lefort & Gasol 

2014; Vaulot & Marie 1999). This approach might still include potentially large errors 

due to anomalously low minimum or high maximum values in the ratio. Therefore, by 

relaying on the coefficient of variation (CV) of cell size rather than only 2 values (the 

minimum and maximum), I believe that I minimized the source of error when relating 

changes in cell size to the estimated specific growth rates measured from the winter 

incubation experiment. Chapter 2 shows that in situ cell size CVs were useful to 

apprehend the variability in picoplankton groups growth rates. The different 
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picoplankton groups showed slightly lower growth rate (maximum value of 0.80 d-1 for 

Prochlorococcus) compared to other oligotrophic tropical regions (higher than ca. 1 d-

1 for picophytoplankton; e.g., Agawin & Agusti 2005; Quevedo & Anadon 2001 and 

heterotrophic prokaryotes; e.g., Sala et al., 2002; Vaqué et al., 2001). My results also 

suggest a tight coupling between the specific growth and loss rates over the annual 

cycle, since there was a significant positive relationship between the estimated specific 

growth rates and the mean diel abundances when data from the four seasons were 

pooled (Chapter 2).  

This dissertation also aimed to test the hypothesis about future scenarios such 

as increased nutrients inputs from human recreation or water supply activities (i.e., 

eutrophication) and raising seawater temperature (i.e., global warming), bringing with 

them changes in abundance, distribution and species composition of marine plankton, 

which might be greater in coastal than open ocean waters. To my knowledge, this is the 

first attempt to experimentally study the response of surface phytoplankton and 

heterotrophic bacteria to inorganic and organic nutrient additions and including a 

systematic assessment of the effect of temperature in the coastal central Red Sea 

(Chapter 3). Although I needed to encompass a sufficiently wide range of experimental 

temperatures in order to allow the detection of significant responses, warming should 

not be too large to cause thermal stress, especially in spring and summer experiments. 

Therefore, we used 6°C total variation in our microcosms but with just a 3°C departure 

from in situ values (above and below), as previously done in temperate waters (Arandia‐

Gorostidi et al. 2017; Huete-Stauffer et al. 2016; Morán et al. 2018). The results of my 

short-term experiments provide insight into the more substantial effects of nutrients 

addition on phytoplankton and heterotrophic bacteria biomass. The significant positive 

responses for phytoplankton and heterotrophic bacteria were obtained in treatments 
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with inorganic and mixed additions, while Synechococcus and HNA had a negative 

response to organic additions. The beneficial effect of the mixed addition highlights the 

significance of mixotrophic behavior within groups that are generally considered as 

autotrophs. Overall, no clear winner within picoplankton groups was observed after 

nutrient additions in the four seasonal experiments. With regard to temperature alone, 

higher temperatures may decrease the relative contribution of small picoeukaryotes 

with future warming in the coastal Red Sea. However, the interactive effects of 

eutrophication and warming on phytoplankton and heterotrophic biomass are complex, 

debated and difficult to predict. Interestingly, the only group that increased its biomass 

with elevated nutrient inputs and warming was Prochlorococcus (Chapter 3). Since 

Prochlorococcus was only detected in winter in KAUST Harbor, as previously 

described (Sabbagh et al. 2020), we cannot predict their response to future warming 

and enhanced nutrient availability in open waters in the other seasons in which its 

presence and numerical dominance over Synechococcus (except in winter and late fall, 

Chapter 1) has been consistently documented. Another major finding is the important 

role of the initial environmental conditions found in each season on the response of the 

7 picoplankton groups observed in the central Red Sea (though not all of them were 

continuously present in shallow waters, cf. Chapter 1 and 3) to nutrient additions and 

temperature. Overall, my results from Chapter 3 may serve as a starting point for further 

studies about the effect of eutrophication and warming on Red Sea pelagic ecosystems. 

In summary, this dissertation provides baseline data on the spatial-temporal 

variability of picoplankton groups routinely distinguished by flow cytometric tools 

(cyanobacteria, autotrophic picoeukaryotes and heterotrophic prokaryotes) abundance 

and cellular characteristics in the central Red Sea, which is overall comparable to higher 

latitude regions. Throughout this dissertation, I have found generally low abundances 
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and moderate growth rates, with higher variability in their abundance rather than the 

more synchronized cell size during the diel cycle, in support of the tight coupling 

between growth and mortality processes in tropical oligotrophic waters. My 

experimental incubation results were inconclusive about the response of picoplankton 

to increasing nutrient inputs and temperature in the future but stressed the role of initial 

conditions in a region previously regarded as characterized by limited seasonal 

variability. 
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6.  Supplementary materials to Chapters 1 and 2 

6.1. Supplementary material to Chapter 1 

 

 

 

 

 
 
 

Figure S2.6.1: Cartoon showing the sampling scheme for field and lab work “created with BioRender.com”. 
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Figure S2.6.2: Temporal variability of autotrophic picoplankton biovolume and relative red fluorescence as a proxy 

of chlorophyll a content averaged for the upper 100 m. (A–C) biovolume and (D–F) relative red fluorescence of 

Prochlorococcus, high (HF-Syn) and low (LF-Syn) phycoerythrin fluorescence Synechococcus and small and large 

(Lpeuk) picoeukaryotes. 
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Figure S2.6.3: Temporal variability of heterotrophic prokaryotes biovolume and relative green fluorescence as a 

proxy of nucleic acid content averaged for the upper 100 m. (A) biovolume and (B) nucleic acid content of low 

(LNA) and high (HNA) nucleic acid bacteria. 
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Figure S2.6.4: Nonmetric multidimensional scaling (NMDS) analysis of Bray-Curtis distances of abundances of 

autotrophic and heterotrophic picoplankton with indication of the different seasons. Autotrophic and heterotrophic 

picoplankton abbreviations as in Fig. 3.7 and in the main text. 
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6.2. Supplementary material to Chapter 2  

 
Table S3.1: Daily mean values of environmental properties (sea surface temperature (SST), salinity and chlorophyll 

a fluorescence (Chl a) and picoplankton (Prochlorococcus, low (LF-Syn) and high (HF-Syn) phycoerythrin 

fluorescence populations of Synechococcus, picoeukaryotes (small (Speuk) and large (Lpeuk) sizes) and 

heterotrophic prokaryotes (low (LNA) and high (HNA) nucleic acid bacteria) abundances and cell sizes with values 

of coefficients of variation (CV %) for the full four cycles (winter, spring summer and fall). Superscript letters 

indicate significant differences between seasons (a non-paraKruskal-Wallis analysis of variance; * p<0.01; ** 

p<0.001; *** p<0.0001). 

  Winter Spring Summer Fall 

Environmental  

variables 

Temperature (°C) 
26.6 ± 0.1a 

0.3 % 

26.2 ± 0.1b 

0.3 % 

31.5 ± 0.2c 

0.7 % 

30.8 ± 0.1d 

0.3 % 

Salinity ** 
38.4 ± 0.4a 

0.9 % 

39.5 ± 0.03b 

0.1 % 

39.5 ± 0.3b 

0.3 % 

39.5 ± 0.3b 

0.1 % 

Chl a ** 
0.12±0.01 

8.5% 

0.12±0.01 

8.5% 

0.17±0.01 

5.3% 

0.11±0.01 

9.6% 

Prochlorococcus 

Abundance ** 

(104 cell ml-1) 

4.09 ± 0.82b 

20.1 % 

6.00 ± 1.13a 

18.9 %` 

2.34 ± 0.76 c 

32.5 % 

3.00 ± 0.80 c 

26.6 % 

Cell size * 
0.06 ± 0.02 b 

30.9 % 

0.05 ± 0.02 b 

36.9 % 

0.08 ± 0.03 a 

36.06 

0.06 ± 0.01 b 

24.6 % 

LF-Syn  

Abundance ** 

(104 cell ml-1) 

5.3 ± 0.81a 

15.3 % 

4.03 ± 1.63b 

40.6 % 

1.78 ± 0.69c 

39.22  % 

1.48 ± 0.33c 

22.42 % 

Cell size * 

(μm3) 

0.09 ± 0.04 b 

36.9% 

0.09 ± 0.02 b 

23 % 

0.13 ± 0.03 a 

23.6 % 

0.11 ± 0.02a,b 

18.3 % 

HF-Syn  

Abundance ** 

(104 cell ml-1) 

4.06 ± 0.63b 

15.6 % 

3.71 ± 0.93b 

25.3 % 

4.26 ± 0.11ab 

27.3 % 

5.14 ± 1.13a 

21.95 % 

Cell size  

(μm3) 

0.16 ± 0.03 

16.9 % 

0.14 ± 0.03 

21.6 % 

0.16 ±0.04 

26.02 % 

0.14 ± 0.04 

25.5 % 

Speuk 

Abundance *** 

(103 cell ml-1)  

2.06 ± 0.36a.c 

17.7 % 

2.13 ± 0.57a 

26.8 % 

1.40 ± 0.27b 

19.58 % 

1.52 ± 0.61b 

40.6 % 

Cell size ***  

(μm3) 

1.2 ± 0.16 b 

13.3% 

1.3 ± 0.09 b 

7.03 % 

1.59 ± 0.23 a 

14.7 % 

1.33 ± 0.16 b 

12.4 % 

Lpeuk  

Abundance 

(102 cell ml-1) 

3.17 ± 1.43 

45.02 % 

2.24 ± 1.25 

55.9 % 

3.00 ± 1.19 

39.7 % 

3.05 ± 0.99 

32.7 % 

Cell size *** 

(μm3) 

3.4 ± 0.52 b 

15.3% 

3.6 ± 0.35b 

9.6 % 

4.3 ± 0.8a 

18.91 % 

3.12 ± 0.37 b 

11.5 % 

LNA  

Abundance ** 

(105 cell ml-1) 

2.73 ± 0.51a 

18.9 % 

1.84 ± 0.58b 

31.8 % 

1.99 ± 0.59b 

29.8% 

2.26 ± 0.56a,b 

24.9% 

Cell size *** 

(μm3) 

0.02 ± 0.001 b 

3.3 % 

0.02 ± 

0.002b 

10.02 % 

0.02 ± 

0.001b 

7.0 % 

0.03 ± 0.003a 

11.2 % 

HNA 

Abundance ***  

(105 cell ml-1) 

1.35 ± 0.39 b,c 

29.4 % 

1.19 ± 0.43C 

36.4 % 

1.81 ± 

0.47a,b 

26.0 % 

1.92 ± 0.48 a 

25.0 % 

Cell size ***  

(μm3) 

0.05 ± 0.01 a,b 

17.3 % 

0.03 ± 0.01 c 

16.2 % 

0.04 ± 0.01 b 

19.24 % 

0.05 ± 0.01a 

11.4 % 
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Figure S3. 2: Cartoon showing the sampling design for field work “created with BioRender.com”. 
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Figure S3. 3: Vertical distribution of autotrophic (A-T) and heterotrophic (U-AB) picoplankton abundance for the 

full 24-hours cycles in winter, spring, summer and fall. Black dots represent the data for all 13 casts over the dial 

cycles and the blue and gray lines are the averages of day and night means abundance, respectively. Prochlorococcus 

(A-D), low (LF-Syn, E-H) and high fluorescence (HF-Syn, I-L) Synechococcus, small (Speuk, M-P) and large 

(Lpeuk, Q-T) picoeukaryotes, LNA (LNA, U-X) and high (HNA, Y-AB) nucleic acid bacteria. 
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Figure S3. 4: Vertical distribution of cell size (A-T) and heterotrophic (U-AB) picoplankton abundance for the full 

24-hours cycles in winter, spring, summer and fall. Black dots represent the data for all 13 casts over the dial cycles 

and the blue and gray lines are the averages of day and night means abundance, respectively. Prochlorococcus (A-

D), Low (LF-Syn, E-H) and high fluorescence (HF-Syn, I-L) Synechococcus, small (Speuk, M-P) and large (Lpeuk, 

Q-T) picoeukaryotes, low (LNA, U-X) and high (HNA, Y-AB) nucleic acid bacteria. 
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