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ABSTRACT 

 

This study focused on algal ecophysiological and chemical responses of marine algae to 

environmental impacts, in particular, light including UV radiation, temperature and 

nutrients. Marine algae influence climate by affecting the global biogeochemical cycles and 

the energy budget through the emission of aerosols and gases.  

Experiments were conducted with microalgae under different irradiance, UV radiation and 

temperature to assess the usefulness of pigments as a good proxy for biomass indicators. 

Chlorophyll a (chl a) content of microalgae varied with different species and changes in 

temperatures, irradiances and nutrients had a significant effect. Hence, mechanisms 

controlling microalgal growth and physiology should be considered in assessment of 

primary production as quantitative analysis using pigments is hindered by intraspecific 

variability of cellular pigment contents due to photoacclimation.  

Algal metabolic compounds are released into the water contributing to the dissolved organic 

matter (DOM) pool. Accumulation of short-term phlorotannin and mycosporine-like amino 

acids content in macroalgae were species specific and were influenced by temperature, light 

and UV radiation. 

The production of dissolved organic carbon (DOC) in oceans is important due to its potential 

to drive primary production when inorganic nutrients such as nitrates are depleted. The 

present study showed the release of DOC from healthy cells of microalgae during their 

growth. Species specific variations of DOC exudation for both macro- and microalgae to 

temperature and light were observed.  

This study has also provided insights into the chemical composition and properties of fine 

primary marine aerosols in simulated high microalgal bloom conditions. This may have 

important consequences in the prediction of cloud condensation nuclei (CCN) properties of 

marine aerosols and in the role of marine algae as a regulatory feedback mechanism via 

biogenic aerosol production. Marine algae, therefore plays an essential role not only as 

indicators of climate change but also by mediating global climate through their emission 

potentials and influencing cloud formation. 
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1.1. GENERAL INTRODUCTION 

Our planet is undergoing significant changes in the global environment. A doubling of 

partial pressure of CO2 (pCO2) levels in the surface of the ocean, rise in global average 

temperature and an increase in UV radiation as a consequence of stratospheric ozone 

depletion are some of the major concerns of this century (IPCC, 2007). Marine 

environments, in general, are subjected to change with fluctuating conditions and the effect 

of climate change is of increasing concern. For example, global warming is predicted to 

increase the sea surface temperature by 1.7 – 1.9°C over the next century with the increase 

being more apparent and varied in some areas than others (Beardall et al., 2009). It can 

directly or indirectly affect the biology, population and trophic system associated with it. 

Changes in global temperatures can influence the mixing of oceans thereby influencing light 

levels, surface temperature and nutrient recycling (IPCC, 2007).  

In ecology, stress is defined as ‘any internal state in an organism resulting from placing it 

outside its fundamental ecological niche’ (Steinberg, 2011), or ‘external constraints limiting 

the resource acquisition, growth or reproduction of organisms’ (Grime, 1989). Analysing 

impacts of stress is particularly important in the context of climate change as such studies 

give insight into the capacity of different species, e.g. macroalgae or phytoplankton, to cope 

with various stressors. These physico-chemical changes may affect the species composition, 

dominance and structure and function of the pelagic system. For instance, the dinoflagellate 

Ceratium trichoceros was recorded only from south of UK but has now extended its 

geographical ranges up to the North Sea (Hays et al., 2005). The frequent occurrence of 

harmful bloom forming species like the dinoflagellates Gymnodinium catenatum and 

Alexandrium minutum, too, poses a threat to certain areas of the North Atlantic region 

(Beardall and Stojkovic, 2006). The rise in temperature may not only cause an increase in 

algal biomass but could also result in a decrease in occurrence of blooms; this is attributed to 

the grazing pressure by zooplankton funnelling the carbon to the pelagic rather than the 

benthic system. This depicts the influence of elevated temperature having an indirect effect 

on the trophic system. 

Global warming over the last decade has influenced not only microalgae but also the 

ecology of intertidal rocky shore macroalgal populations in the English Channel and North 

Sea (Hawkinks and Jones, 1992; Southward et al., 2005). The optimal temperature for 
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growth ranges between 10-15°C for cold temperate macroalgal species (Lüning, 1990). 

Climate change is of prime concern in today‟s world, and since algae are the base for most 

aquatic food webs, impacts on these organisms have significant implications for higher 

trophic levels. As a consequence, it might also have widespread economic implications 

(Beardall and Stojkovic, 2006). Variations in global climate will impact marine algal 

populations, which are an important component in the marine primary productivity and is of 

immense significance. The effects that a changing environment have on algae are of both 

physiological value at the level of an individual and also at the population level impacting 

on community structure and associated flora and fauna (Le Quéré and Saltzman, 2009).  

1.1.1. Ocean Biogeochemistry: Nitrogen, Phosphorous, Carbon and Iodine cycles 

The interaction of species and biogeochemical cycles determines ecosystem processes 

(Fasham, 2003). The physical and chemical dynamics of macro- and micronutrients 

influence both autotrophic and heterotrophic organisms in the ocean impacting metabolic 

rates and processes, community dynamics and food web (Boyd and Hurd, 2009).  

Biogeochemical cycles of organic matter, in particular carbon, oxygen, nitrogen and 

phosphate are of interest for ecosystem modelling (Behrenfeld et al., 2001). Attempts to 

predict future global environment depends on a comprehensive understanding of how 

marine algal diversity and biogeochemical cycling in oceans affect the climate system 

(Williams and Follows, 2011) and, in turn, how this change in climate influences the 

structure and functional properties of oceanic ecosystem (Le Quéré and Saltzman, 2009).  

Nitrogen cycle 

Nutrients are essential for the subsistence of marine algae; nitrogen and phosphorous being 

the most limiting nutrients which are present at micromolar concentrations in seawater. 

Nitrogen is the most limiting nutrient for growth of seaweeds and phytoplankton and 

phosphorous the second most limiting nutrient (Lobban and Harrison, 1994). The 

productivity of oceanic waters is determined by the rate of photosynthesis along with the 

uptake of nutrients (Boyd and Hurd, 2009). Strong evidence in the geological past has 

suggested that changes in the ratio of nitrogen fixation to denitrification have altered global 

climate (Falkowski, 1997). These elements are available for marine algae as inorganic ions 

such as nitrates (NO3

-

), ammonium (NH4

+

) and phosphate (PO4

3-

).  
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Nutrients are supplied through several sources such as the deep ocean reservoir or from 

rivers. Anthropogenic loading has been of major concern in the past few years via land run 

off (Paerl, 1999). Atmospheric dust is another source of nutrients in oceanic waters (Baker et 

al., 2006). In the future, it is anticipated that influential changes will occur to the 

macronutrient stocks in the oceans which will be driven by climate change (Boyd and Hurd, 

2009). Some of the sources of nitrogen in the marine environment, where it can be directly 

used by autotrophs, are: 1. physical process of advection, 2. precipitation or dry deposition 

(Prospero et al. 1995), 3. decomposition of organic matter in the form of ammonium, 4. 

anthropogenic input like run-off from agricultural fertilisers, sewage etc. (Boyd and Hurd, 

2009) and 5. biological nitrogen fixation (Lipschultz and Owens, 1996). 

Ocean currents are responsible for transporting large volumes of water around the oceans 

and are driven by thermohaline circulation, i.e. currents formed by heat and freshwater 

fluxes in the upper ocean. Changes in density of waters being circulated result in cool waters 

to sink which, in turn, will have an important consequence on nutrient distribution. For 

instance, nutrient concentrations are highest in the North Pacific, intermediate in the Indian 

Ocean and lowest in the Atlantic (Boyd and Hurd, 2009). Doney (2006) predicts that in mid-

latitudes, the warming of the upper ocean will decrease upper ocean mixing and lead to 

thermal stratification. The decreased ocean mixing will result in reduced vertical nutrient 

supply, thus lowering productivity. Due to nutrient deplete conditions in the upper oceans, 

climate change might favour small phytoplankton than larger ones such as diatoms (Bopp et 

al., 2005). By contrast, in higher latitudes, phytoplankton is usually light limited due to 

intense vertical mixing. In these areas, warming and influx of freshwater from melting ice 

will reduce mixing and may increase productivity. Hence, it becomes essential to develop an 

understanding of how, at what rates and what proportions essential nutrients such as nitrates 

and phosphates are supplied, taken up and recycled by marine biota (Doney, 2006).  

In the ocean, nitrogen is available in three main forms; gaseous, inorganic and organic 

nitrogen. The most abundant form of which is gaseous nitrogen (N2) generally not 

bioavailable. Other gaseous forms are nitrous oxide (N2O) and nitric oxide (NO). The 

inorganic forms are nitrate (NO
-
3), nitrite (NO

-
2) and ammonium (NH4

+
). The organic 

nitrogen is in the form of urea, dissolved organic nitrogen (DON) and particulate organic 

nitrogen (PON).  
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Of particular importance in the marine environment are the two biological processes namely; 

N2 fixation- the conversion of N2 to organic nitrogen and denitrification, i.e. the conversion 

of nitrate to N2. Marine productivity and bioavailable nitrogen depends on the balance of 

these two processes (Capone et al., 2008, Fig. 1.1). Some marine phytoplankton species 

have the physiological capacity to fix atmospheric nitrogen. Among the nitrogen fixers 

(diazotrophs) the cyanobacteria Trichodesmium sp. is considered dominant in oceans. Others 

such as the the endosymbiotic N2-fixing cyanobacteria Richelia intracellularis also fix N2 at 

high rates (Arrigo, 2005). Neither the distribution nor the N2 fixation rates of these 

organisms are well known, but molecular tools are being developed to better quantify the 

abundance of N2 fixers in a population of phytoplankton (Boyd and Hurd, 2009). 

 

Fig. 1.1. Schematic representation of marine nitrogen cycle, depicting the complex series of 

biochemical pathways, its chemical transformation and its fate. From Arrigo (2005). 

 

Phosphorous cycle 

In addition to nitrogen, the availability of phosphorous can impact primary production rates, 

species distribution and ecosystem structure (Payton and McLaughlin, 2007). Recent studies 

by Krom et al. (2010) have shown that although most marine systems are nitrate limited, 

certain picophytoplankton such as Synechococcus sp. within the ecosystem may be P 

limited. Atmospheric dust, volcanic sources and marine sediments are major phosphorous 
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(P) sources in the ocean (Fig. 1.2) (Payton and McLaughlin, 2007). In oceans, the largest 

forms of dissolved phosphorous pool is in the form of soluble reactive phosphorous. Marine 

algae take up P as orthophosphate (HPO4
2-

, PO4
3-

) (Lobban and Harrison, 1994). 

Orthophosphate is assimilated by phytoplankton and altered to organic phosphorous 

compounds. Some species of phytoplankton are known to produce enzymes that can catalyse 

the hydrolytic cleavage of phosphate from organic matter when they are P limited.  

Coastal regions worldwide receive an estimated 57 to 100 x 10
10

 mol y
-1

 portion of P from 

river fluxes, although it is not clear as to how much of this anthropogenic phosphorous is 

reactive and available for biomass (Paytan and McLaughlin, 2007).  

 
Fig. 1.2. Schematic representation of the marine phosphorous cycle. From Paytan and 

McLaughlin (2007). 

Some macroalgal species like Ulva lactuca are also known to use organic forms of 

phosphate such as glycerophosphate with the help of the enzyme alkaline phosphatase 

(Lobban and Harrison, 1994). The increase in this enzymatic activity was species-specific 

and dependant on availability of organic phosphate and phosphate limitation. Chopin et al. 

(1997) demonstrated that in C. crispus, the main phosphate fractions are organic 

polyphosphates. The energy that is released during hydrolysis of polyphosphates are 

involved in phosphate storage, growth control, synthesis of proteins, nucleic acids and 

phospholipids and cell division (Chopin et al., 1997).  
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The C:N:P ratio of deep oceanic waters is similar to the elemental composition of marine 

organic matter (Sanudo-Wilhelmy et al., 2004). This elemental ratio, known as the Redfield 

ratio is 106 carbon:16 nitrogen:1 phosphorous. However, this ratio substantially varies with 

respect to algal nutrient status, species specificity and by partitioning into surface adsorbed 

and intracellular phosphorous pools. For instance, Bertilsson et al. (2003) suggested that 

picophytoplankton such as Prochlorococcus and Synechococcus may have relatively low P 

requirements in the field and therefore the particulate organic matter they produce could 

differ from the Redfield ratio. The above observations suggest that a gap remains in 

assessing phytoplankton nutrient status, knowledge of species-specific nutritional 

requirements and measurement of distinct nitrogen and phosphorous pool. All the above 

parameters should be combined with genetic and physiological measures of limitation 

(Paytan and McLaughlin, 2007).  

Carbon cycle 

Annually, 90 Pg of carbon is exchanged between the atmosphere and ocean (Beardall and 

Stojkovic, 2006). The solubility of CO2 is an inverse function of water temperature, hence, 

cooling of surface waters tends to drive CO2 uptake and warming of surface waters drives 

CO2 outgassing (Bopp and Le Quéré, 2009). On dissolving in water, CO2 forms carbonic 

acid (H2CO3), which then dissociates to form bicarbonate (HCO3

−

) and further to carbonate 

ions (CO3

2−

) ions. The proportion of the carbonic acid, bicarbonate and carbonate ions in 

seawater is closely linked to the pH of seawater. At low pH, the amount of CO2 increases 

and at high pH the amount of CO3

2−

increases in seawater (Williams and Follows, 2011).  

Biological processes impacts air-sea carbon fluxes via two major processes: 1. fixation of 

inorganic carbon to particulate organic carbon (POC) by the process of photosynthesis and 

2. the formation of CaCO3 via calcification. The dissolved inorganic carbon (DIC) through 

the process of photosynthesis is fixed by marine phytoplankton in the sun-lit upper regions 

of the ocean. The overall productivity is limited by availability of light and nutrients as 

mentioned earlier in this chapter. Dissolved organic carbon (DOC) is produced by 

phytoplankton by a process of exudation and some of this DOC is transported deep into the 

ocean by the process of downwelling. Hence, organic matter in natural seawater occurs in 

the form of dissolved and particulate forms. The organic matter that passes through a 0.45 

µm filter is defined as DOC, and the organic matter that remains on the filter paper is 

defined as POC. Bacterial respiration remineralises organic carbon to DIC which is 
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transported back to the surface waters by physical circulation. This downward transport of 

DOC and POC and upward transport of DIC is called the “soft-tissue pump” (Bopp and Le 

Quère, 2009).  

Algae are composed of organic biomolecules; when they die or decompose, most of the 

organic matter is released into the seawater as dissolved organic matter (DOM). DOM also 

consists of substances from geological origin, for instance humus (Kennish, 1986). Most of 

the biological DOM is taken up by heterotrophic bacteria and the fraction of soluble 

compounds not taken up is released into the water (Myklestad, 2000). Marine DOM is an 

essential component in the marine carbon cycle. The large pool of DOM (~700 Pg C) is 

known to significantly contribute to the various marine biogeochemical cycles (Wada et al., 

2008; Findlay and Sinsabaugh, 2003).  

Little attention has been given to the contribution of macroalgae as DOM producers, 

probably because they are restricted to coastal areas. However, the exudation of DOM takes 

place throughout the life stage of the macroalgae and has a significant impact on the ecology 

and biogeochemical cycle of coastal areas (Abdullah and Fredriksen, 2004).  

In microalgae, DOM cycling has been studied during phytoplankton bloom periods by 

assessing any of its constituents i.e. DOC, dissolved organic nitrogen (DON) or dissolved 

organic phosphorus (DOP) (Suratman et al., 2008). Variability in DOM release rates at 

different phytoplankton growth stages needs further investigation. In addition to this, 

species-specific responses to DOM exudation influenced by environmental factors are also 

lacking (Wetz and Wheeler, 2007). 

Iodine cycle 

There has been increasing evidence over the past few years for the role of iodine influencing 

the chemistry of the atmosphere (O‟Dowd et al., 2002; Carpenter, 2003; McFiggans et al., 

2004). The concentration of total dissolved iodine in seawater is about 450nM. Iodine in 

seawater exists primarily as iodate and iodide (Küpper et al., 2011) with significant organic 

iodine in the near-shore environments (Truesdale, 2008). The main source of organic iodine 

in seawater is from marine algae, including both macro- and microalgae.  

In coastal regions, macroalgae have been shown to play a dominant role in controlling the 

atmospheric concentrations of some reactive halocarbons with maxima at low tide 

conditions (Carpenter et al., 1999). Under conditions of oxidative stress such as elevated 
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temperatures and grazing, H2O2 builds up in marine algae. Haloperoxidases, an enzyme 

present in marine organisms catalyses the oxidation of halides by hydrogen peroxide, which 

is released as part of normal cell metabolism and during defence reactions (Küpper et al., 

2002). The resulting reactive halogenating species can react with available organic material 

within the cell to form volatile organohalogens that are released into the surrounding 

seawater or air (Carpenter 2003).  

Unlike macroalgae, microalgae inhabit the entire ocean surface and are significant sources of 

some organic halogens such as CH3Br and CH3I (Manley and de la Cuesta, 1997). Non-

volatile Dissolved Organic Iodine (DOI) compounds also are present in seawater that can 

release iodide on photochemical decomposition of organic matter. Iodide enrichment is 

observed on the sea surface due to the reduction of iodate to iodide. In oxygenated waters, 

phytoplankton species reduce nitrate to ammonia with the help of nitrate reductase and this 

has also been suggested to reduce iodate. The ability for phytoplankton to reduce iodate to 

iodide is however species-specific; for example, the diatom Nitzschia sp. removed close to 

100% of iodate from the growth media and produced iodide when compared to E. huxleyi 

exhibiting iodate uptake and iodide production to a lower extent (Chance et al., 2007). 

In addition to marine sources, terrestrial sources such as soil, mainly by direct atmospheric 

input, decomposition of plant tissue that contains iodine sorbed from the atmosphere is 

another source of iodine in seawater (Carpenter, 2003). Decomposition of organic matter 

within sediments results in changes in chemical composition of sediments releasing iodine 

into the ambient pore water, which, in turn, migrates and returns to the iodine reservoir in 

seawater (Küpper et al., 2011). Volatilisation of this organic iodine may occur as a result of 

both chemical and microbiological processes (Carpenter, 2003).  

According to O‟Dowd et al. (2002), three possible pathways are suggested for the formation 

of condensable iodine vapours in the atmosphere that are produced as a result of emissions 

from macroalgae; 1. CH2I2 is photolysed releasing an I atom which then reacts with ozone to 

produce IO. IO can react with itself to produce OIO and higher iodine-oxide polymers, 2. IO 

can react with itself and form I2O2 and participate in aerosol formation and 3. IO can react 

with HO2 to produce condensable HOI. The marine chemistry of iodine is an area that 

requires further exploration as molecular iodine species that are produced can react with a 

number of inorganic and organic compounds, thus affecting the cycling of other redox-

active elements in the ocean (Küpper et al., 2011). 
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1.1.2. Algae: Biology, ecology and their role in marine ecosystems 

Algae are a group of aquatic photosynthetic organisms that vary from unicellular to complex 

multicellular forms within the group of Eukaryotes and Bacteria which have evolved 

through complex interrelationships (Tirichine and Bowler, 2011, Fig. 1.3). The 

photosynthetic trait of algae arose by endosymbiosis of a Cyanobacterium with a 

phagotrophic eukaryote giving rise to algae such as Chlorophyta (green algae) and 

Rhodophyta (red algae) (Papageorgiou and Govindjee, 2004). Secondary endosymbioses of 

green and red algae with other eukaryotes gave rise to Euglenophyta. Secondary 

endosymbiotic events also gave rise to the diverse group that consists of diatoms, 

phaeophytes (brown algae), coccolithophores and dinoflagellates (Stengel et al., 2011). The 

prokaryotic algae which consists of Cyanobacteria are morphologically and developmentally 

one of most diverse groups (Waterbury, 2006). 

 

Fig. 1.3. Phylogeny of the major groups of eukaryotes based on published molecular and 

ultrastructural data. Dotted lines indicate major lineages of Stramenophiles. From Baldauf 

(2008). 

Seaweeds (or macroalgae) are multicellular eukaryotic algae. Macroalgae come in many 

colours as well as in a variety of forms - some grow tall and form underwater forests, while 

others grow as mats. They can be divided into three main groups: green (Chlorophyta), red 

(Rhodophyta) and brown (Phaeophyceae). The greatest diversity of seaweeds in Ireland is 

found on the west coast in particular between Mizen Head and Slyne Head. Near 

Ballyvaughan in North Clare, over 350 species of seaweeds have been identified from one 

reef alone.  
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A unique feature of the intertidal habitats is the alternation of emersion and submersion 

accompanied by the ebb and flow of tides (Dring, 1982). Most North Atlantic coasts have 

two high tides a day approximating to the same height (Davis and Fitzgerald, 2004). In 

addition to this, during full and new moon, the high tides are higher and the low tides lower 

than usual. These extreme tides are known as spring tides and least extreme are known as 

neap tides (Dring, 1982). As a consequence of low tides, seaweeds are exposed to air and 

high temperatures resulting in desiccation and thermal stress (Lobban and Harrison, 1994). 

Wave action in intertidal habitats can also cause physical damage, such as abrasion, in 

marine macroalgae (Dring, 1982).  

The word „plankton‟ derives from the Greek „Planktos‟ meaning to „drift‟ or „wander‟ and is 

used to describe passively drifting small plants in aquatic systems. Phytoplankton or 

microalgae can vary in size from a few microns to >100 μm. The habitat for marine algae 

can be broadly divided into coastal regions (overlying the continental shelves and relatively 

shallow (< 200m)) and oceanic regions (the deeper waters beyond the continental shelves). 

Within each of these regions, two habitats can be recognised; planktonic and benthic. The 

distribution of the planktonic forms depends on the movement of water. Benthic forms may 

be attached or sedentary which are further divided into supratidal, intertidal and subtidal 

based on the degree of vertical height on a shore. Supratidal are habitats that are never 

completely submerged by tides, intertidal are exposed intermittently to air and the subtidal 

region is never exposed to air (Dring, 1982).  

Collectively, phytoplankton grow abundantly in oceans around the world and are the 

foundation of the marine food chain. One of the earliest accounts of phytoplankton from 

Irish waters was made in 1904 by Gough where daily measurements of water temperatures 

and fortnightly collections of plankton were recorded at four stations around the coast of 

Ireland. In the Galway Bay region, Dooley (1973) described the phytoplankton community 

to be dominated by the diatoms Skeletonema costatum and Thalassiosira gravida in winter 

and summer plankton to be dominated by Cerataulina pelagic, some Pseudonitzschia sp. 

and a few dinoflagellates including Ceratium lineatum and Protoperidinium spp. Pybus 

(1996) also observed that spring bloom occurred in March and mainly consisting of S. 

costatum and Thallassiosira spp. 

Marine microalgae are responsible for approximately 50% of the global primary 

productivity (Behrenfeld et al., 2001). Although macroalgae are restricted to the tidal and 
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benthic photic zones, they are responsible for approximately 10% of the marine productivity 

(Israel et al., 2010). It is of foremost importance to study the impact that marine algae have 

in the following areas: 1. Utilisation of carbon dioxide by the process of photosynthesis 

thereby affecting the global carbon budget (Williamson and Gribbin, 1991), 2. Seasonal 

warming of the ocean surface layers by absorbing and scattering light (Sathyendranath et al., 

1991), and 3. their role in production of volatile compounds that can act as potential cloud-

seeding nuclei (O‟Dowd et al., 2002). 

Coastal regions are examples of habitats where variations in physiological traits of 

organisms for instance photosynthetic performance, nutrient uptake, growth, desiccation 

tolerance are known to occur over a small spatial scale and across sharp environmental 

gradients (Gòmez and Huovinen, 2011). Algae do not only provide food for other marine 

organisms, they also play a fundamental role in the functioning of the marine ecosystem by 

providing half the global primary production and contributing substantially to 

biogeochemical cycling (Beardall and Stojkovic, 2006). Algae-environment interactions are 

complex and recent research has focused on algal physiological and chemical responses to 

environmental impacts, in particular climate change. 

1.1.3. Impacts of climate change on marine algae 

The distribution and growth of algae are controlled primarily by light, temperature, 

nutrients, salinity, water movements (Lobban and Harrison, 1994; Gylle et al., 2009) and 

substrata (Kautsky and Kautsky, 1989). 

Effects of climate change have shown significant changes in the distribution and abundance 

of macroalgae (Israel et al., 2010). For instance, a significant change in seaweed community 

structure and increased seawater temperature was observed during a 28-month study in the 

littoral zone in Long Island Sound (Pedersen et al., 2008). 

Similarly, as increases in sea surface temperatures affect ocean mixing (and stratification) 

which in turn affects light levels and nutrient recycling from deeper layers, influencing 

phytoplankton growth is impacted, thus affecting bottom-up processes on the entire pelagic 

food chain (Beardall and Stojkovic, 2000). 
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a) Impacts of Temperature on marine algae 

The warming of oceanic surface waters decreases its density, thereby prohibiting the mixing 

with cooler dense waters (Lobban and Harrison, 1994). Between the two layers is a region 

known as the thermocline (~70 metres for temperate regions) (Karleskint et al., 2009) where 

the temperature decreases and the density increases rapidly with depth. Variation in 

temperature does not only impact on physiology of marine algae, but also the community 

structure as whole. Temperature can affect ocean mixing and its reverse, ocean stratification 

and this in turn, affects light levels, recycling of nutrients and hence growth of 

phytoplankton (Beardall and Stojkovic, 2006). An example of increased water temperatures 

is the colonisation of 10 non-indigenous „thermophilic‟ phytoplankton species in the North 

Sea corresponding to a 1% increase in total number of phytoplankton species (Beardall and 

Stojkovic, 2006). 

The North Atlantic Oscillation (NAO) has a significant effect on water and weather 

characteristics in the North Atlantic Ocean. A high NAO is associated with increased 

westerly winds, thereby resulting in milder temperature, and low NAO causes a decrease in 

temperature (Beardall and Stojkovic, 2006). A strong link has been observed between the 

development of a spring bloom in the British coastal waters and NAO which was mediated 

through variation in temperature, biological and physical interactions (Barton et al., 2003). 

O‟Boyle and Silke (2010) have indicated that increased sea temperature is already 

influencing the biogeography, abundance and seasonality of plankton assemblages in the 

North Atlantic Ocean and that these changes are likely to have implications for microalgal 

data collected for the purpose of assessing the state of marine environment. Also, 

macroalgae are impacted; for example, significant changes in the community structure 

associated with the northward shift in the southern boundaries of canopy forming species 

such as Laminaria hyperborea and Laminaria digitata are predicted due to global warming 

(Israel et al., 2010).  

 
b) Impacts of PAR and UV radiation on marine algae 

As primary producers in coastal and offshore water, macro- and microalgae experience 

varied levels of solar radiation throughout the day and over seasons; this is relevant as the 

fluctuating irradiance can have a profound impact on the physiological state of the algae 

(Gao and Xu, 2010). The rate of photosynthesis depends on the irradiance available (Lobban 
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and Harrison, 1994). The relation between photosynthesis and irradiance is useful in 

comparing the physiology of light harvesting in different algal species (Sakshaug et al., 

1997). High irradiances may cause photoinhibition in algae which may cause damage to 

some components of the photosystem II (PS II) (Lobban and Harrison, 1994).  

The solar flux of UV radiation has been increasing at several locations of the Earth including 

parts of North Atlantic due to decrease in stratospheric ozone concentration (Crutzen, 1992; 

Stolarski et al., 1992). One method of quantifying the effect of light or UV radiation stress 

on algal productivity is by measuring the impacts on algal growth; another method is an 

assessment of photosynthetic activity. Macro- and microalgae can cope with high radiation 

stress to some degree due to their ability to exhibit dynamic photoinhibition which is a 

photoprotective mechanism by which excessive energy is rendered harmless by thermal 

dissipation (Amsler, 2009). Generally, enhanced levels of UV radiation are known to inhibit 

growth in macro- and microalgae (Dring et al., 1996; Davison et al., 2007). Seaweed might 

partially acclimate to UV exposure during photosynthesis but not in their growth, hence 

experiments investigating the effect of UV radiation should be carried out for a minimum of 

2 weeks (Roleda et al., 2004). The sensitivity to UV radiation differs based on the species, 

morphology and life cycle of marine algae (Dring et al., 1996). For example, in Fucus 

serratus, a decrease in growth has been observed when the zygote was exposed to UVB 

irradiation within a time span of 5-10 h after fertilization (Holzinger and Lütz, 2005). 

Generally, responses to exposure to UV radiation or increased irradiances are related to the 

photoprotection mechanism, accumulation of anti oxidants and UV screening 

photoprotectors such as Mycosporine-like Amino Acids (MAAs) in red algae (Karsten et al., 

1998), phenolic compounds in brown algae (Connan et al., 2004) and trihydroxicoumarins in 

green algae (Pérez-Rodríguez et al., 1998).  

It is known that UV radiation breaks down high-molecular weight algal-derived dissolved 

organic carbon (DOC) substances and make them available for heterotrophic bacteria 

(Carlson, 2002). Furthermore, DOC is responsible for short wavelength absorption in the 

water column especially in coastal areas. This results in the decreased penetration of solar 

radiation by high concentrations of DOC and POC. On the other hand, global warming and 

acidification degrades DOC and POC and increases the penetration of UV radiation into the 

water column (Häder et al., 1998).  
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Absorption of UV radiation by microalgae-derived DOC results in the generation of reactive 

oxygen species (ROS) (Carlson, 2002). For example, the release of dimethylsulphide (DMS) 

from the water is correlated with the concentration of DOC. The precursor of DMS, 

dimethylsulphonium propionate (DMSP) is considered an osmoregulator in microalgae 

(Andreae, 1990). Hefu and Kirst (1997) have shown that UV radiation significantly 

decreased the production of DMSP, a precursor of DMS is a source of cloud-condensation 

nuclei (CCN) in the bloom forming Prymnesiophyte Phaeocystis antartica. DMS in turn is 

thought to play a role in the Earth‟s radiation budget by decreasing the amount of solar 

radiation that reaches the Earth‟s surface (Charlson et al., 1987). 

c) Impacts of salinity on marine algae 

Optimum salinities are required for the process of photosynthesis, respiration and growth of 

macro- and microalgae (Lobban and Harrison, 1994). The salinity of open-ocean surface 

waters is of the range 34-37 SU gradually decreasing from the tropics towards the polar 

regions (Dring, 1982). Generally, growth of seaweeds is reduced in high-salinity water due 

to reduced turgor pressure which inhibits cell division and lower salinity stunts the growth of 

marine algae (Lobban and Harrison, 1994). Changes in salinity affects marine algae by 

having a direct impact on the cellular water potential, thereby creating osmotic stress. In 

addition to this, changes in cellular ionic ratio occur due to selective ion permeability of the 

membrane (Kirst, 1990). Growth in diatom species Thalassiosira decipiens, Cyclotella sp. 

was reduced at lower salinities of 5 SU. Typical estuarine algae tolerate low salinities than 

oceanic species, and upper shore macroalgae are more tolerant to a wide range of salinities 

than lower shore or sublittoral species (Kirst, 1990). Certain low molecular weight organic 

solutes are accumulated in algae in response to salinity stress; for instance, mannitol in most 

Phaeophyceae, sorbitol in Chlorophyceae, sucrose in Chlorophyceae and Charophyceae, and 

floridoside in Rhodophyta (Läuchli and Lüttge, 2002). During low tides, benthic diatoms are 

exposed to incident solar radiation and desiccation for several hours (Rijstenbil, 2005). 

Hyperosmotic conditions induced by wind evaporation stimulate the production of 

antioxidative defences and result in reduced photosynthesis in diatoms (Rijstenbil, 2003). 

However, in the microalga Stichococcus bacillaris, extensive osmotic stress have been 

reported to have little effect on photosynthesis mainly due to their strong cell wall (Kirst, 

1990) and diatoms may also be protected against desiccation by the excretion of 

extracellular polymeric substances (EPS) (Rijstenbil, 2003).  
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d) Metabolic compound acclimation in marine algae 

Macro- and microalgae growing in intertidal and/or sublittoral zones are exposed to high 

irradiance and harmful UV radiation especially during low tide or when they form blooms 

on the surface of the ocean. High irradiance and enhanced solar UV radiation due to the 

depletion of ozone may be a major stress factor for many phototrophic organisms impacting 

them from a molecular level to a community level (Karsten et al., 1998). Prevention of UV 

damage by screening substances have been reported for various brown and red macroalgae 

the most common compounds with a potential role as UV sunscreens in marine algae are 

phenolic compounds (Amsler, 2009) and MAAs (Bandaranayake, 1998).  

Phlorotannins are group of polyphenolic compounds that are secondary metabolites 

exclusively found in brown macroalgae. They are produced by the polymerization of 

phloroglucinol (1,3,5-trihydroxybenzene), a product of the acetate-malonate pathway or the 

polyketide pathway (Koivikko et al., 2005). Phenolics in brown seaweeds exist as soluble 

form or are cell-wall bound. Brown seaweeds release phlorotannins into the surrounding 

water directly via exudation (Carlson and Carlson, 1984). Soluble phenols in Phaeophyceae 

constitute upto 25% of dry weight (Koivikko et al., 2005). It has been suggested that they 

have multiple ecological roles: some phlorotannins act as chemical defenses against 

herbivory (e.g., Pavia and Toth, 2000a), protective agent against UV radiation-induced 

damage (Connan et al., 2004) and as antifouling substances (Steinberg, 2011). Polyphenol 

concentrations in seaweeds are known to exhibit phenotypic plasticity in response to 

environmental parameters, such as salinity, nutrient and light availability, ultraviolet 

radiation, and intensity of herbivory (Pavia and Toth, 2000; Swanson and Druehl, 2002; 

Koivikko et al., 2005). This suggests that the pools of soluble phlorotannins are not stable 

but rather in a state of flux, and their concentration may be determined by the balance 

between the rates of their production and turnover (Arnold and Targett, 2000).  

Most studies on phenolics are based on soluble phlorotannins, which limits our knowledge 

of factors controlling their metabolism and degradation. Soluble phlorotannins are stored in 

cell vacuoles called physodes, which are round and/or elliptical, highly mobile, vesicle-like, 

strongly refractive bodies observed in the cytoplasm of brown algae (Schoenwaelder, 2002; 

Koivikko, 2005). The fusion of the cell membrane and physodes in brown algae are known 

to secrete the phlorotannins into the cell wall which form a complex with alginic acid 

(Roleda et al., 2006). Limited quantitative studies are carried out on cell-wall-bound 
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phenolics or their functional roles. It is thought that phenolic compounds are bound into the 

cell wall during maturation (Koivikko et al., 2005). The availability of resources is expected 

to have an impact on algal growth and secondary metabolism where under nutrient 

availability, the allocation of carbon will shift from production of secondary metabolites to 

growth (Bryant et al., 1983). Most often, a negative correlation is observed between 

availability of nutrients and production of soluble phenolic compounds in brown algae, 

although this relationship varies both spatially and temporally (Pavia and Toth, 2000; 

Connan et al., 2004).  

Brown algae are also known to release phlorotannins into seawater directly via exudation, 

indirectly via tissue erosion or through cell damage forming a considerable portion of 

marine DOM (Koivikko et al., 2005). In the seawater, these phenols rapidly react with both 

proteinaceous and carbohydrate substances to form UV absorbing complexes (Swanson and 

Druehl, 2002). In temperate regions, where kelp and fucoid species are dominant members 

of coastal communities, high levels of phlorotannin exudates may influence the spectral 

characteristics coastal waters and inhibit penetration of harmful UVB radiation (Carlson and 

Mayer, 1983). The levels of exudation vary with species and the condition of the alga, 

however, exudation from unstressed alga are generally thought to be low (<10 µg g
−1

 dry 

weight h
−1

) (Jennings and Steinberg, 1994). In addition to UV radiation, intense PAR light 

and emersion are known to increase the exudation rates of phenolic compounds. However, 

the effect of UV radiation on exudation rates has not been directly examined. Evidence 

suggesting the ability of phenolic exudates to be biologically effective against the harmful 

effects of UV exposure is also limited (Swanson and Druehl, 2002). Nielsen and Ekelund 

(1993) observed higher growth rates of the marine dinoflagellate Gyrodinium aureolum on 

exposure to UVB by a mixture of commercial soil extract containing humic/polyphenolic 

substances and seawater which was used as a shield from UVB radiation.  

Mycosporine-like amino acids (MAAs) and phlorotannins have also attracted scientific 

interest as potential UV-absorbing compounds (sunscreens) in microalgae (Phaeocystis sp., 

Alexandrium spp.) (Llewellyn and Airs, 2010) and macroalgae (e.g. Chondrus crispus, 

Porphyra sp.) (Karsten et al., 2009). MAAs present in Rhodophyta and a few Chlorophyta 

are low molecular weight (< 400 Da), colourless, water-soluble molecules, characterised by 

a cyclohexenone with one or two amino acids which absorbs UV radiation in the range of 

310-365 nm. The biosynthesis of MAAs is probably from the shikimate pathway for the 

synthesis of aromatic amino acids, but the understanding of their production is still very 
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limited (Karsten et al., 2009). More than a dozen MAAs that differ in their structure and 

wavelength of maximum absorption have been described mainly in the group Rhodophyta. 

Differences between the absorption spectra of MAAs are due to the attached side groups and 

nitrogen substituents (Franklin et al., 1999). In addition to their role as sunscreen agents, 

MAAs may serve as antioxidant molecules scavenging toxic oxygen radicals, they function 

as compatible solutes to protect cells against salt stress, they are involved in protection 

against desiccation or thermal stress in certain organisms, and they may serve as an 

intracellular nitrogen reservoir (Oren and Gunde-Cimerman, 2007).  

Irradiance and spectral composition strongly influences the synthesis of MAAs (Sinha et al., 

2001). For instance, in the dinoflagellate Alexandrium excavatum, transfer from low PAR 

(20 µmol photons m
-2

 s
-1

) to high PAR (200 µmol photons m
-2

 s
-1

) resulted in changes in 

MAA composition within a time span of a few hours. MAA accumulation in Alexandrium 

excavatum occurs when exposed to blue light than red and green light and MAA content in 

macroalgae varies between classes and growing depth (Sinha et al., 2001). Decreasing 

amounts of MAAs were found in species at increasing depths as well as species from higher 

latitudes (Karsten et al., 1998).  

1.1.4. Climate feedback mechanisms 

As reviewed by Le Quéré and Saltzman (2009), the proposition of marine biota being 

instrumental in atmospheric chemistry and climate regulation led to a series of studies 

between macro- and microalgae and atmospheric emissions and aerosols in the 1980s. The 

climate system can be very sensitive to small changes in the atmospheric composition such 

as the concentration of aerosols and trace gases. Oceans contribute to aerosols in the Marine 

Boundary Layer (MBL) by production and emission of aerosol particles and precursor gases. 

Aerosols determine the physical and chemical characteristics of the Earth‟s atmosphere and 

play an important role in the climate system (Simó, 2011). Aerosol is a dispersed system 

consisting of solid and liquid particles that are suspended in gas. Aerosols play a major role 

in the Earth‟s radiation budget directly or indirectly. Cloud droplets are formed on aerosol 

particles called cloud condensation nuclei (CCN) (Sun and Ariya, 2006). Aerosols 

participate in regulating the atmospheric water balance. Most cloud droplets re-evaporate, 

regenerating the aerosol from which they were formed. Others precipitate as rain/ice and 

these particles are removed from the atmosphere (Mészáros, 1999). Marine aerosols include 

particles generated by a mechanical process at the surface of the sea as well as those formed 
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chemically, from atmospheric reactions of gases emitted from the marine biota (Le Quéré 

and Saltzman, 2009). In the MBL, three major aerosol modes based on their size or particle 

diameter (Dp) are observed: the Aitken mode (Dp < 0.1 µm), accumulation mode (Dp < 0.1 

– 1.0 µm) and the coarse mode (Dp > 1 µm) (Fig. 1.3).  

 
Fig. 1.4. Schematic representation of particle number in the major aerosol modes as a 

function of diameter. From Le Quéré and Saltzman (2009).  

 

Fig. 1.4 represents a simplified version of the aerosol size distribution, depicting the three 

basic aspects of marine aerosols: nucleation, condensation and removal. In the MBL, 

aerosols are generated in the nucleation mode by condensation of vapours, involving the gas 

phase production of volatile compounds (VOCs) that readily condense onto pre-existing 

particles (Le Quéré and Saltzman, 2009). The nucleation mode leads to the accumulation 

mode is a result of further condensation, coagulation of particles and processing in clouds 

(Hewitt and Jackson, 2003). The main physical aerosol removal processes are gravitational 

settling, impaction, cloud scavenging and precipitation (Le Quéré and Saltzman, 2009). Sea-

salt aerosol production is a result of mechanical aerosol production by the process of bubble 

bursting. When winds of high speed (typically > 5 m s
-1

) move over the oceans, this results 

in the formation of whitecaps (Mészáros, 1999). These whitecaps break, which generates 

bubbles that are entrained in the water. These bubbles rise to the surface and burst (Fig. 1.4). 

The process of bubble bursting generates two types of aerosols: film drops, formed by 

shattering of the thin upper surface of the bubble, ejected at an angular distribution, and jet 

drops, formed from the column of water expelled vertically (Mészáros, 1999). The walls of 

the rising bubbles are coated with organic microlayers consisting of soluble and insoluble 

compounds from the bulk seawater (Keene et al, 2007). When the bubbles burst, organics, 

concentrated on their walls are injected into the atmosphere along with the dissolved 

inorganic and organic components of seawater and entrained particulates (Mészáros, 1999). 
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The sea-to-air flux of organic matter is proportional to the rate at which the surfactants are 

transported to the surface by the rising bubbles (Tseng et al., 1992, Fig. 1.5). Dissolved 

organic compounds that are present on the sea surface can be incorporated in the sea salt 

aerosol resulting in an enrichment of organics in sea salt aerosols. The sea surface 

accumulates an organic film composed of surfactant material derived from exudates of 

macro- and microalgae and other biological or photochemical processes. These organics are 

both hydrophilic in nature consisting of alcohols or acids as well as hydrophobic groups 

such as long chain hydrocarbons (Tseng et al., 1992). These organic compounds may be 

transferred to droplets during sea spray formation which affects the physical and chemical 

properties of the resultant sea-salt aerosol (Mészáros, 1999).  

 

Fig. 1.5. Conceptual model of sea-salt aerosol formation from bubbles rising to the sea 

surface and bursting. From Lewis and Schwartz (2004) and modified.  
 

 

The major source of primary aerosols from the sea surface to the MBL is seawater droplets 

(Woodcock, 1948). In addition to these, sulphates are another important contributor to 

aerosols and CCN (Mészáros, 1999). Volcanoes and biogenic emission of DMS are the main 

precursors for sulphate aerosols. DMS that is produced biologically over the surface of the 

ocean is emitted via sea-air gas transfer (Charlson et al., 1987). The oxidation of DMS 

produces several products such as sulphur dioxide (SO2), dimethylsulphoxide (DMSO), 

dimethylsulphone and methanesulphonic acid (MSA). SO2 directly oxidises to sulphuric acid 

that generates new aerosol particles. These sulphate particles (gaseous precursors) are 

referred to as non sea-salt sulphate (nss-sulphate) to distinguish them from the aerosol 

sulphates derived from seawater. Photochemical reactions of NO2 in the atmosphere result in 

the formation of nitric acid (Le Quéré and Saltzman, 2009). Nitrate aerosols are known to 

have less radiative impact than sulphate aerosols. However, the gravitational settling of 

nitrate aerosols plays a significant role in the ocean productivity especially in oligotrophic 

regions with limited upwelling. Primary and secondary marine organic (carbon-containing) 
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aerosols are formed from sea spray and by condensation of organic gases emitted from 

marine biota (Ellison et al., 1999). A significant fraction of the mass of the sea-salt aerosols 

is organic material; ~ 10% of the marine aerosols is organic matter, and most of the organic 

matter in the ocean is of microalgal origin (Biddanda and Benner, 1997). As microalgal cells 

die, they undergo decomposition and the hydrophobic cellular contents rise up towards the 

surface of the ocean where they accumulate. The common surfactants as a result of cell 

membrane disintegration are phospholipids, fatty acids, amino acids and carbohydrates 

(Aluwihare and Repeta, 1999; Ellison et al., 1999). Marine aerosol particles formed by 

mechanical ejection from the surface of the ocean acquire a coating of hydrocarbon 

surfactants (O‟Dowd and Smith, 1993; Russel et al., 1994). Water molecules are present in 

these aerosols, but as the water evaporates, the inner core shrinks and the salt or water 

sphere is covered with an organic layer with the polar heads anchored to the salt or water 

mixture (Ellison et al., 1999).  

Fig. 1.6 is a schematic representation of the potential formation pathways of organic 

aerosols in the MBL from marine biota. Secondary aerosols are atmospheric particles 

formed by in situ aggregation or nucleation as an aftermath of gas to particle conversion. In 

the MBL, secondary organic aerosols (SOA) are formed through several processes; a) 

biogenic sources like macro- and microalgae emit volatile organic compounds (VOCs) and 

their oxidation products are involved in particulate matter formation; and b) biogenic VOCs 

can also condense on pre-existing particles, thereby contributing to organic particle 

formation. Examples of SOA include methanesulphonic acid (MSA) which is an oxidation 

product of dimethylsulphide (DMS) and biogenic isoprene, the source of which are macro- 

(e.g. Ulva sp.) (Broadgate et al., 2004) and microalgae (e.g. Prochlorococcus sp.) 

(Meskhidze and Nenes, 2007). 
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Fig. 1.6. Schematic representation of potential sources and pathways of organic aerosols in 

the MBL from marine algae (Modified after Vaattovaara et al. (2006) and Rinaldi et al. 

(2010)). 
 

Quantifying and characterising organic aerosols is beyond the capability of a single 

analytical technique. Ion and gas chromatography are used to analyse organic acids and non-

polar organics respectively. Of all the marine aerosols described, the carbon-containing 

aerosols are least well characterised. O‟Dowd et al. (2004) observed strong seasonal 

variability in the fine particle fraction of the organic aerosols at Mace Head, Ireland during 

summer. This increase in carbon aerosols coincided with the summertime North Atlantic 

bloom as a result of fine particle emission during bubble bursting. Previously, a large-scale 

EU funded Marine Aerosol Production (MAP, http://macehead.nuigalway.ie/map) project 

was carried out in 2006. This project made an attempt to emphasise the importance of 

biological processes in the formation of marine aerosols and its impact on the regional 

climate (O‟Dowd, 2006). The project focussed on primary production of marine organic 

aerosols produced by plankton and transferred into the atmosphere via the process of bubble 

bursting. A MAP intensive observation period was carried out from June-July 2006 in a 
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period of high biological activity (HBA) during a phytoplankton bloom (Facchini, 2008). 

Phytoplankton species were identified during this bloom period and this formed the basis for 

selection of microalgal species in our study. 

1.1.5. Methods to estimate marine primary productivity 

The synthesis of organic materials from inorganic substances by the process of 

photosynthesis is called primary productivity (Falkowski et al., 2003). Primary productivity 

can be measured by several methods: a) measuring the exchange of individual chemicals 

between algae and their environment, b) fluorescence based measurements, and c) 

measuring the increase in biomass of algal populations (Dring, 1982). The first approach is 

based on oxygen (O2) and carbon (C) measurements giving an estimate of in vivo 

photosynthesis. Changes in O2 concentration provides direct measures of O2 yielding net and 

gross production (Noel et al., 2010). The disadvantage of this method is that a value of 

photosynthetic quotient must be assumed in order to obtain carbon fixation from O2 

production. Direct measures of net inorganic C fixation can be obtained by a CO2 incubation 

and by measuring dissolved inorganic carbon (DIC), but this method is not practical for 

open-ocean applications as several abiotic processes causes changes in DIC that are not due 

to primary production (Dring, 1982). The 
14

C method is commonly used which is very 

sensitive (Peterson, 1980). Both dissolved and particulate organic carbon can be analysed 

using this procedure. However, the use of radioisotopes requires special handling procedures 

and permissions. A less sensitive method when 
14

C method is impractical is 
13

C stable 

isotope method but is cumbersome as large volumes of sample are needed (Sathyendranath 

and Platt, 2001). Gross photosynthesis can also be measured without interference from 

respiration as production of 
18

O-labelled O2 from water (Cullen, 2010). 

Chlorophyll a (chl a) concentration is the most widely measured index of phytoplankton 

abundance. Most atmospheric and climate models use chl a as a proxy for phytoplankton 

biomass. A variety of direct techniques are available for measuring chl a including 

spectrophotometry, high performance liquid chromatography (HPLC) and fluorometry 

(Aminot et al., 2000). In addition to these, light absorption by phytoplankton allows remote 

sensing of Chl a concentration from satellites and in vivo fluorescence of chl a allows 

continuous measurements by ship-based, aircraft and moored instruments (Falkowski and 

Kiefer, 1985). Inspite of the widespread use of chl a concentration in marine primary 

productivity, it is an imperfect or poor measure of phytoplankton biomass (Cullen, 1982; 
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Geider et al., 1997). Chl a constitutes about 0.1-5% of the phytoplankton organic matter. A 

basic assumption in fluorescence measurements is that the chl a that is measured is that of 

living cells. However, field studies have indicated that phytoplankton communities can 

contain large proportions of dead cells and can remain in surface waters (Franklin et al., 

2009; Hayakawa et al., 2008). Studies have shown that majority of the microalgal 

assemblages can persist as dead, pigment containing cells (Veldhuis et al., 2001). Carbon: 

chl a ratio (θ) is an important, yet poorly studied factor of phytoplankton growth and 

ecology (Geider, 1987). Atmospheric models have assumed θ to be a constant (pers. comm. 

Dabrowski; Geider, 1987). However, this seems inappropriate for ecological studies as the 

value of θ depends on light levels, temperatures and nutrient availability (Osborne and 

Geider, 1986) thus potentially causing errors in modelling. 

In vivo chlorophyll fluorescence was introduced by Carl Lorenzen in 1966 to monitor chl a 

concentrations in the open oceans. Since then chlorophyll fluorescence has proven to be a 

reliable measure to study photosynthesis under a wide range of conditions and for various 

applications (Genty et al., 1989). In recent years, the measurement of chlorophyll a is used 

as a biomass indicator of phytoplankton and is one of the most frequently measured 

biochemical parameter in oceans (Jeffrey et al., 2005). Measurement of chl a is conducted 

from ships by taking discrete water samples and analysing them. Species composition is 

usually carried out by plankton nets and identifying species microscopically.  

Since the advent of remote sensing, ocean temperature and colour has been monitored at a 

global scale indicating hydrographic discontinuities and phytoplankton abundance 

respectively. These data from satellites however need to be ground-truthed for accuracy in 

measurements (Le Quéré and Saltzman, 2009). Marine primary production estimation from 

remotely-sensed data requires regional data on phytoplankton photosynthetic characteristics, 

which still remains under-sampled (Longhurst et al., 1995). Mathematical models are 

commonly used in conjunction with light, temperature, nutrients and chlorophyll a 

concentrations in order to achieve global carbon fluxes in the sea.  

Several fluorometers have since been designed to cater for an extensive spectrum of 

functions. One such fluorometer is the Pulse Amplitude Modulation (PAM) fluorometer 

(Schreiber et al., 1986). PAM enables an indirect, real-time and non-intrusive measurement 

of the photosynthetic efficiency of the plant. In addition to providing information on the 

photosynthetic efficiency of a plant, chlorophyll fluorescence helps to understand the ability 

of a plant to tolerate various environmental stresses and also provides information on how 
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these stresses have proven detrimental to the photosynthetic apparatus (Maxwell and 

Johnson, 2000). The re-emission of energy in the form of light as an electron returns to 

ground state from an excited state is called fluorescence. Chl a molecule can achieve this 

excited state after absorbing light of less than 670nm in wavelength. When this energy that 

is not used for photochemistry and thermal dissipation, fluorescence will occur and the 

electron returns to a ground state (Bolhàr-Nordenkampf and Öquist, 1993; Suggett et al. 

2011).The basic principle of PAM fluorescence is light energy that is absorbed by 

chlorophyll molecules can be used by one of the following pathways: 1. It can be used for 

photosynthesis, 2. Excess energy is emitted as heat (also called thermal dissipation) and 3. 

Excess energy can be re-emitted as light/fluorescence (Falkowski et al. 1986; Suggett et al. 

2010). Since these processes occur in competition, an increase in the efficiency of one will 

result in the decrease in the yield of the other two. Hence, chlorophyll fluorescence gives an 

indirect measure of the efficiency of the photosynthesis and heat loss. Data obtained from 

the PAM are based on ratios and are thus independent of chl a concentrations.  

Quenching is a process whereby the photons in the excited state are deactivated. For 

instance, when a leaf (or algal cell) is transferred from darkness to light, all PSII reaction 

centres are closed thereby causing an increase in the yield of chlorophyll fluorescence. From 

then on, the fluorescence level starts falling and this decrease in fluorescence is termed 

quenching. Quenching occurs in two ways in a plant or algal cell: 1. When light induces the 

activation of enzymes for carbon metabolism, it results in the opening of stomata and this is 

referred to as photochemical quenching (qP). 2. Concurrently, an increase in the efficiency 

of energy that is coverted to heat occurs which is termed as non-photochemical quenching 

(NPQ). In plants, these processes occur in a time span of about 15-20 min depending on 

plant or algal species after which a steady-state is attained (Maxwell and Johnson, 2000).  

The photosynthetic capacity and the potential activity of a plant over a broad range of 

ambient light intensities can be determined by carrying out a „light curve‟. This light curve is 

known as a photosynthesis-irradiance curve (P-E curve) which is used to measure the 

acclimation of the photosynthetic apparatus to a range of light intensities. Photosynthetic 

rates are related to irradiances in a non-linear fashion. The P-E curve can typically be 

described with three major regions; 1. at low irradiances, photosynthetic rates are linearly 

proportional to irradiance, 2. as irradiance increases, photosynthetic rates rise to a saturation 

level and 3. at higher irradiances, a reduction in the photosynthetic rate relative to saturation 

level (photoinhibition) may occur; this depends on the irradiance and duration of exposure 
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(Sakshaug et al., 1997). The various P-E curve parameters that are conventionally used are 

described in detail in Chapter 3. 

Chl a datasets are available from several ship cruises; such plankton monitoring programmes 

around the world act as sentinels to identify future changes in marine ecosystems. Some 

examples are, long time-series of phytoplankton abundance and distribution in the North 

Atlantic ocean are available from the Continuous Plankton Recorder (CPR) Survey. The 

advantage of CPR is its low cost to obtain large amounts of information from the ocean 

using merchant ships that tow the sampling machine. In addition to this, the methodology of 

collection and analysis is the same since 1931 thereby maintaining the consistency of the 

time series and this data is made available to researchers (Reid et al., 2008). The CPR 

measures, abundance, distribution and species composition of phytoplankton and 

zooplankton operated by the Sir Alister Hardy Foundation for Ocean Science (SAHFOS) 

based in Plymouth (UK). COPEPOD (Coastal and Oceanic Plankton Ecology, Production 

and Observation Database) is an effort by the National Marine Fisheries Service of USA 

provides quality controlled data sets, globally distributed plankton abundance, biomass and 

composition data, along with environmental data. In addition to distribution maps, data are 

available to download in a usable format (http://www.st.nmfs.noaa.gov). 

An online interactive atlas is also available highlighting data coverage by major plankton 

groups. The Western Channel Observatory (WCO) is an oceanographic time-series and 

marine biodiversity reference site in the Western English Channel. It has a wide set of 

database available to scientists. This database consolidates long-term in situ measurements 

carried out at different stations; ecosystem modelling studies; and Earth Observation (EO) 

and integrates these using web-based Geographic Information System (GIS) technology 

(http://www.westernchannelobservatory.org.uk). 

With the onset of remote sensing, ocean temperature and colour can also be monitored from 

space at a global level. This provides information on hydrographic discontinuities and 

phytoplankton abundance provided sufficient ground-truthing is carried out (Jeffrey and 

Mantoura, 2005). Furthermore, remotely sensed ocean colour data have provided invaluable 

information on the spatial and temporal extent of phytoplankton abundance and distribution 

on a global scale. The MODIS (Moderate Resolution Imaging Spectroradiometer) 

instrument onboard both the NASA Terra and Aqua satellites is a source of ocean colour 

data. Yet another and easy-to use, web-based interface for visualization and analysis of Earth 

http://www.westernchannelobservatory.org.uk/
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Science data is provided by GES DISC DAAC (Goddard Earth Sciences Data & Information 

Services Center). This system is based on the GES-DISC Interactive Online Visualization 

and Analysis Infrastructure (Giovanni, http://disc.sci.gsfc.nasa.gov.html).  

Phytoplankton responses to environmental changes in light, temperature and nutrient 

availability are species-specific and it is not possible to determine insights on their 

mechanism of bloom formation and trophic interactions using chl a measurements (Ji et al., 

2010). Remotely-sensed ocean colour data alone cannot provide accurate information on 

phytoplankton biomass and primary production. The basic limitations of satellite data are: 1. 

appropriate algorithms have not been developed for calculating productivity and associated 

uncertainties. 2. ocean colour is only a representative of surface observations and sub surface 

distributions must rely on poorly constraint assumptions, 3. satellites usually under sample 

cloudy regimes, 4. the atmosphere provides nearly 95% of the signal retrieved by the 

satellite, so very accurate atmospheric schemes are required for reliable estimates of water-

leaving radiance (Boss et al, 2008; Perry et al., 2008).  

Quantifying seaweed algal biomass in coastal areas is a basic need to estimate their 

ecological impact in the ecosystem (Guillaumont et al., 1993) and to obtain population 

growth for primary productivity measurements (Dring, 1982). Very few attempts have been 

made to quantify seaweed stretches along the coast of Ireland. Moreover, data on available 

seaweed biomass are difficult to compare due to variety of assessment methods (Cullinane, 

1984). The most commonly used index for macroalgal biomass is dry weight (Plus et al., 

2003). In addition to these, ash free dry weight (Dolbeth et al., 2007), wet weight (Patricio et 

al., 2007), chl a (Viaroli, 2005) and percentage cover of macroalgae (Curiel et al., 2004) are 

other indices used.  

The classical approach to macroalgal sampling is the biomass assessment which requires 

harvesting of macroalgae in several quadrats from the site (e.g. Cullinane, 1980). The 

harvested seaweeds are weighed and expressed as fresh weight, dried to remove all water to 

obtain dry weight or oxidise the organic material in the sample at high temperatures and 

subtracting the weight of the remaining ash from the original dry weight in order to 

determine ash-free dry weight (Littler and Littler, 1985). 

A non-destructive quadrat method is the Rapid Visual Assessment (RVA) and photographic 

sampling is a non-destructive assessment method used by several authors (e.g. Parravicini et 

al., 2010; Guinda et al., 2012) in countries like France, but has its own disadvantage as 
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taxonomic identification of species is less reliable and under storey species are not sampled 

and focuses on spatial distribution patterns rather than biomass. 

Satellite imagery for seaweed mapping has been used by several authors (e.g. Guillaumont 

et al., 1993; Casal et al., 2011). Such results are expressed as percentage cover. For example, 

Guillaumont et al. (1993) used low tide SPOT imagery to assess fucoid algal cover in a 

region in France. Field data for Fucus spp. revealed a linear relationship between percentage 

cover and biomass, however, this varied according to species, season and location. Such data 

do not exist for Ireland currently. 

More recently, Blight et al. (2011) used acoustic techniques to estimate macroalgal density 

and biomass. A commercially available Single Beam Echosounder (SBES) was used in 

order to determine spatial distribution of kelps in two locations of south and west coast of 

Ireland. However, this method does not distinguish the different kelp species. Hence, 

additional methods to ground-truth samples are also required (Werner and Kraan, 2004). No 

absolute alternate methods to destructive sampling are available. A combination of different 

methods may provide the required biomass data and lessen the impact on a site (Littler and 

Littler, 1985). 

Fucoids and Laminariales (kelps) represent majority of the seaweed biomass in the Irish 

coast (Hession et al., 1998). Among fucoids, A. nodosum is one of the largest intertidal 

seaweeds characteristic of the rocky shore (Guiry and Hession, 1998). The kelps commonly 

found in Irish waters are L. digitata, L. hyperborea, S. latissima, Alaria esculenta and 

Sacchoriza polyschides. Most data on seaweed biomass in Ireland are based on what has 

been harvested and potential sustainable yield and are preliminary biomass data (e.g. 

Hession et al., 1998). Data on A. nodosum biomass in Co. Galway is now being assessed and 

revised (Eschmann and Stengel unpublished). Limited seaweed distribution maps (e.g. Nic 

Dhonncha and Guiry, 2002) are available but these do not give information on biomass. 

Table 1.1. provides biomass of some fucoids and Laminariales biomass for Ireland and 

particularly Co. Galway.  
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Table 1.1. Estimated biomass (tonnes FW) of fucoids and laminariales in the west coast of 

Ireland and Galway. 
 A. nodosum 

(tonnes FW) 
F. vesiculosus 

(tonnes FW) 
Laminariales 
(tonnes FW) 

Galway 91,527 48,941 81,000 

West coast of 
Ireland 

158,996 81,535 3,000,000 

Source Cullinane, 1984 Cullinane, 1984 Werner and Kraan, 2004 

 

1.1.6. Research aims and objectives 

One of the most challenging issues will be to envisage how climate change will influence 

life in the ocean and ecosystem structure and functioning. The potential impact that climate 

change has on the marine environment includes increase in sea temperature, storm intensity, 

wave height, sea level and possible changes in ocean currents are also predicted (IPCC, 

2007). These changes will have a profound impact on the marine biota, especially marine 

algae – the primary producers of the ocean. However, a regulatory feedback mechanism by 

marine algae via biogenic aerosol production for the control of climate was proposed 

(Charlson et al., 1987). These biogenic aerosol particles serve as potential cloud 

condensation nuclei (CCN), increasing the concentration of cloud drops and resulting in 

scattering of sunlight and, thereby, decreasing the incoming solar radiation. The reduction in 

incoming solar radiation could possibly lead to decrease primary productivity, and the 

overall process would constitute a regulatory feedback mechanism, thereby stabilising the 

climate by influencing the radiative balance of the earth (Simó, 2001). 

Although several climate models try and predict the influence of biogeochemical cycles on 

marine ecosystems and algae, it still remains a difficult task to understand and interpret the 

output from the models. Nevertheless, these models are useful as a framework to help us 

understand the complicated interactions and processes in the marine ecosystem which will 

provide a baseline for marine algal biogeochemical cycling. This work will provide data to 

the biological (algal) component of the ocean-atmosphere coupled climate model system, 

thereby elucidating our understanding of air-sea exchange processes of aerosol and ozone 

and its impacts on climate. As Doney (2006) suggests, the impact of climate change on 

ocean biology needs to be monitored both from space as well as instruments in the ocean. 

But what is needed is not only parameters like chl a and productivity but also physiology of 

algal key species. Given the importance of marine algae in productivity, it is crucial for us to 
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understand how algae will react to changes in the environment predicted to take place over 

the next coming years.  

The effect of climate change on marine algae in the natural environment is currently difficult 

to quantify due to paucity of data. Intertidal algae experience steep gradients of 

environmental variation due to tidal emersion exposing the algae to extreme abiotic stress 

(Davison and Pearson, 1996). Seaweeds are known to acclimatise themselves to various 

seasonal conditions by modifying their pigment composition, by accumulating metabolic 

compounds such as MAAs and phenols. Therefore, the first objective was to assess the 

seasonal variability in photosynthetic parameter such as yield in the five most common 

seaweed species. Changes in pigment composition and metabolic compounds were also 

assessed and results are described in Chapter 2. 

Marine algae influence climate by affecting the global biogeochemical cycles and the energy 

budget through the emission of aerosols and gases. Investigations on environmental stresses 

such as salinity, cold, heat and oxidative stress inhibit the repair of PS II through down 

regulation of the synthesis of PS II proteins (Takahashi and Murata, 2008). In addition to 

field observations, laboratory experiments are useful in terms of controlling environmental 

variables. Moreover, it is not possible to control environmental variables in natural 

populations for use in modeling data as input. Hence, controlled laboratory studies are 

essential in order to investigate the effect of climate change on marine algae and inferences 

made from responses of algae to explain natural variability observed. Therefore, the effect of 

temperature, irradiance and nutrient availability on macro- and microalgae are investigated 

in Chapters 3 and 4.  

Various types of macroalgae and phytoplankton are capable of producing organic 

compounds, significantly contribution to the DOM pool (Swanson and Druehl, 2002). 

Common bloom forming microalgal species such as Emiliania huxleyi, Phaeodactylum 

tricornutum, as well as macroalgae Porphyra spp. and Ulva spp. have been shown to exude 

organic, metal-binding ligands (Vasconcelos et al., 2002), which are linked to the 

physiology of the algae. For macroalgae, it appears to be initiated by oxidative stress, 

resulting in the production as part of a defense mechanism (Theiler et al., 1978). Chapters 3 

and 4 describe experiments carried out in the laboratory in controlled environmental 

conditions. Results reported in these two chapters focus on algal-environmental interactions 

especially the influence of temperature, UV radiation, salinity and nutrients on the 
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physiology of algae and the release of algal metabolic stress compounds (e.g. phenols and 

MAAs) into water.  

Species-specific responses to DOM exudation for both macro- and microalgae influenced by 

environmental factors are lacking (Wetz and Wheeler, 2007). Global warming and 

acidification degrades DOC and POC and increases the penetration of UV radiation into the 

water column (Häder et al., 1998). Absorption of UV radiation by microalgae-derived DOC 

results in the generation of ROS which reacts with organic material within the cell to form 

volatile organic compounds which are released into the seawater or air (Küpper et al., 2002). 

It is proposed that these organic compounds have the potential to become CCN and thought 

to play a role in the Earth‟s radiation budget by decreasing the amount of solar radiation that 

reaches the Earth‟s surface (Moore, 2011). Hence, this study made an effort to investigate 

the exudation of DOC in seawater by macroalgae using different environment stressors such 

as temperature, irradiance and nutrients which are also discussed in Chapters 3 and 4.  

Coastal and estuarine phytoplankton studies have been an active area for decades in Ireland. 

Initially, studies in Ireland on phytoplankton were on their distribution, physicochemical 

environment and water quality (Roden et al., 1980; Raine et al., 1990). In recent years, the 

focus has been shifted to harmful algal blooms, oceanographic mechanisms, impacts of 

Harmful Algal Blooms (HABs) in Irish marine farming and shellfish toxicity (Pybus, 1980; 

Pybus, 1990; Silke et al., 2005). Recently, the study of natural marine aerosols have gained 

importance at the global scale. Its influence on the Earth‟s radiative budget, biogeochemical 

cycles and impacts on marine ecosystems are being investigated (e.g. O‟Dowd et al., 2007). 

Several laboratory experiments and thermodynamic calculations have postulated that 

organic matter is enriched by bubble bursting processes in the fine and ultra fine aerosol size 

fractions and that the solubility and surface tension of marine organic matter have an 

important role in controlling and transferring of organic matter from the sea surface to the 

atmosphere (e.g. Gershey, 1983). Global models can potentially improve ocean emissions 

provided we are aware of emissions from different marine algae. Emissions of organic 

compounds from algae have been documented and are of significance in aerosol formation 

and therefore have a direct effect on the Earth‟s radiation budget. Several aspects of 

emission of organic aerosols from marine biota remain unresolved. To begin with, does 

phytoplankton play a role in the emission of organic aerosols? If so, at what conditions and 

stage of growth do they release, and what are the processes or environmental factors that 

initiate the emission? To answer these questions, Chapter 5 describes some pioneering work 
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using phytoplankton in a mesocosm simulating the effect of wave breaking and bubble 

bursting out in the open ocean in a 200 L stainless steel tank. It also describes some of the 

preliminary work done on molecular iodine emission from both seaweeds and microalgae.  
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2.1. INTRODUCTION 

Regional effects of increasing global warming are different in various parts of the world in 

relation to temperature and precipitation (Simkanin et al., 2005). Future climate scenarios 

for Ireland suggest warming of approximately 0.2°C per decade (Sweeney and Fealy, 2002). 

Knowledge of this rapid climate changes and its effect on marine biota is essential for future 

monitoring, conservation and management decisions. Ireland is influenced by warm water 

from the North Atlantic Drift, resulting in mild air and sea temperatures compared to other 

countries at similar latitudes (Simkanin et al., 2005). This mild temperature allows both 

cold-adapted and warm-adapted species to co-exist. The intertidal ecosystem is a good 

system to monitor populations as it is well-studied and most organisms are restricted to a 

narrow strip of shoreline habitat. Moreover, the intertidal ecosystem experiences 

environmental pressures from both land and sea, as a consequence, fluctuations in 

environmental variables from both realms affect macroalgal populations (Sagarin et al., 

1999). 

Although seaweeds contribute relatively a small proportion of ocean primary production, 

they undoubtedly provide majority of biomass in coastal ecosystems and play a fundamental 

role in structuring marine food webs. One of the impacts of climate change on marine 

ecosystems will be changes in the rate and distribution of primary productivity (Brown et al., 

2010). The main environmental factors that influence the growth of seaweeds on coastlines 

are light and temperature, but several other abiotic factors also impact on their distribution 

such as tolerance to desiccation, type of substrate, tidal action, availability of nutrients and 

salinity (Lobban and Harrison, 1994; Karleskint et al., 2009). Not only the quality but also 

the quantity of light is important for macroalgal growth and effective photosynthesis. Light 

spectrum reaching the earth consists of infrared (>800nm), visible or photosynthetically 

active radiation (PAR) (400-750nm), ultraviolet-A (UV-A) (320-400nm) and ultraviolet-B 

(UV-B) (280-320nm) wavelengths. Ultraviolet-C (UV-C) (200-280nm), does not reach the 

Earth as it is absorbed by atmospheric ozone and oxygen. Photoperiod (or day length) is yet 

another factor which can influence the reproductive response in macroalgae (Dring, 1982). 

Tidal patterns change according to seasons, and this is important in the role that desiccation 

plays especially for intertidal and subtidal macroalgae (Davison and Pearson, 1996; Gévaert 

et al., 2003). The rise and fall of tides results in the seaweeds potentially to experience a 

thermal stress and a falling tide will render seaweeds to occupy a terrestrial environment 



Chapter 2: Seasonal assessment of macroalgae 

 

40 

 

from an aquatic one (Dring, 1982). Thereby, the most obvious impact on intertidal and 

subtidal seaweeds as a result of this change is desiccation and thermal stress, the extent of 

which depends on season and local climate.  

Algal photosynthesis is responsible for all biochemical production of organic matter in 

marine ecosystems. The transfer of energy through food webs is directly linked to the 

fixation of carbon at the primary producer level (Field et al., 1998). Hence, it is important to 

understand and quantify primary production and factors affecting it. Primary productivity 

estimates of coastal marine environment are poorly represented in ecological literature 

(Stachowicz et al., 2007). In addition to this, in recent years, climate studies have focussed 

on emissions of organic compounds and algal primary productivity and the role that algal 

speciation and trophic interaction play on the exudation of compounds (Andreae, 1990). 

Primary production of macroalgae can be measured in a number of ways: biomass 

assessment, exchange of rate of individual chemicals between seaweeds and their 

environment (Dring, 1982) and Pulse Amplitude Modulated (PAM) fluorometry (Beer and 

Björk, 2000). Biomass stock assessments provide in situ growth measurements but these 

estimates do not provide true values of productivity as they do not take into account the 

exudation of soluble organic compounds (Dring, 1982). The gas exchange approach is based 

on oxygen and carbon measurements. The oxygen technique involves measuring dissolved 

oxygen content of water at the start and end of incubation (Noel et al., 2010). The 

radiocarbon technique (
14

C) is a more sensitive measure than the oxygen technique for 

phytoplankton productivity but it has its own disadvantages (Dring, 1982). PAM 

fluorometry measures photosynthesis as electron transport rates of photosystem II (PS II) 

(Beer and Björk, 2000). Different mechanisms have evolved to protect the seaweeds from 

excess energy that reaches the photosynthetic apparatus. The formation and activation of 

these mechanisms results in photoinhibition (decrease in maximal photosynthetic efficiency) 

and decrease in the ratio of variable fluorescence to maximal fluorescence (Fv/Fm) 

(Magnusson, 1997). A decrease in photosynthetic efficiency can be estimated by measuring 

changes in Fv/Fm in macroalgae (Hanelt, 1996). Extrapolation of weighted Fv/Fm values is 

also possible provided total irradiance for a single day is known (Magnusson, 1997) and this 

is useful in primary productivity models (Pihl et al., 1996). 

Chlorophyll a (chl a)is considered the major pigment for photosynthesis and all other 

pigments such as phycobiliproteins and carotenoids are accessory pigments (Rowan, 1989) 

(Fig 2.2). The different pigments in algae have contributed to their successful acclimation to 
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light environments of different quality and intensity. Chlorophylls are green pigments with a 

porphyrin-like structure, a central magnesium atom and a long hydrophobic tail (Fig. 2.1). 

They have an absorption maximum at 438nm (in the blue region) and another at 670 nm (in 

the red region) (Dring, 1982). Chl a is present in the light-harvesting antenna pigment 

complexes and in the reaction centre complexes. It functions as an accessory pigment as 

well as the primary electron donor in the reaction centres of photosystems I and II (PS I and 

PS II). Chl b present in green algae and plants differs from chl a by a formyl group instead 

of a C7 methyl substituent (Fig. 2.1) and is characterised by slightly different spectroscopic 

properties. Chl b is present in the light-harvesting antenna complexes, in the major antenna 

of PS II, and is absent in the reaction centre (Gantt and Cunnigham, 2001). In chromophytes, 

chl c and the carotenoid fucoxanthin are also important light-harvesting pigments. Chl d is 

present in small amounts in Rhodophyta and is also present in some Cyanobacteria. 

Phycobiliproteins are open chain water-soluble tetrapyrrole pigments that are found in 

Rhodophyceae and Cyanophyceae. Phycocyanobilin (blue) and Phycoerythrobilin (red) are 

the two principal types of bilins identified in red seaweeds (Lobban and Wynne, 1981). 

Phycocyanins (PC) and Phycoerythrins (PE) absorb in the green yellow region (550-630nm) 

and green region (495-570nm) respectively. Phycobiliproteins form clusters on the surface 

of thylakoids. Most phycobilisomes are associated with PS-II. PS-I receives some light 

directly from the remaining phycobilisomes but this is largely via spillover from PS-II 

(Lobban and Harrison, 1994). The quantity and quality of irradiance on seaweeds effects the 

composition and concentration of pigments. In general, seaweeds that are in low-light 

conditions contain more chl a per unit weight than seaweeds exposed to high-light (Dring, 

1982).  
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Fig. 2.1. Molecular structures of chlorophylls and carotenoids: lutein and fucoxanthin. 

Highlighted in red indicate the specific side-chains of the individual chlorophylls, and the 

differences between them. From Gantt and Cunnigham (2001). 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Spectra of a) chlorophylls a, b, c and d and b) phycobiliproteins; PE 

(phycoerythrin) and PC (phycocyanin) and the carotenoid lutein. From Gantt and 

Cunnigham (2001).  
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Carotenoids have been shown to act as accessory pigments for photosynthesis and for 

excitation of chlorophyll fluorescence (Lobban and Harrison, 1994). They can be divided 

into carotenes and xanthophylls. Carotenes occur as β-carotene, α- and ε-carotene (Stengel et 

al., 2011). Fucoxanthin, zeaxanthin and violaxanthin are examples of xanthophylls. Few 

carotenoids are involved in light harvesting, but others such as violaxanthin has not so far 

shown to contribute to light harvesting (Lobban and Harrison, 1994). Carotenoids exhibit 

strong light absorption in the blue region of the visible spectrum. For instance, lutein has its 

maximum absorption at 450 nm, cryptoxanthin at 453 nm, and zeaxanthin at 454 nm (Dring, 

1990). A correlation between seasons and variations in relative proportion of antenna 

pigments has been investigated by Gévaert et al. (2002) in the kelp Saccharina latissima. It 

exhibited more pigments of the xanthophyll cycle in spring in order to cope with strong 

irradiance exposure and alternatively, they developed efficient light-harvesting chl c to 

acclimatize to low-light environments in winter. In addition to this, under high irradiances, 

excess light is dissipated through xanthophylls-pigment-dependent energy dissipation 

involving the rapid and reversible de-epoxidation of violaxanthin to antheraxanthin to 

zeaxanthin. The cycling of xanthophylls pigment results in changes to the photosynthetic 

efficiency and therefore can play a role in photoprotective response (Schofield et al., 1998). 

Studies have shown that UV radiation has an effect on marine primary producers from the 

molecular level up to the community level (Smith et al., 1992; Karsten et al., 1998; Sinha et 

al., 2007). In order to protect themselves from photo-damage, marine organisms and algae 

(especially Rhodophyceae) are known to produce secondary metabolites which help to 

absorb UV radiation.  

Phenolic compounds such as phlorotannins in brown algal are secondary metabolites. These 

phenolic compounds act as deterrents of herbivores (Hay and Fenical, 1988, Altena and 

Steinberg, 1992), contribute to the absorption in the UV-B range (280-320nm) and possibly 

function in chelation of metal ions (Ragan and Glombitza, 1986). In addition to these 

functions, phlorotannins have also been shown to play a possible role in brown algal 

reproduction, formation of the zygote wall and when activated by extracellular compounds, 

can serve as a holdfast adhesive (Schoenwaelder and Clayton, 1998). Phlorotannins are 

present representing different percentages of dry weight in almost all brown algal orders 

including Ectocarpales, Dictyotales, Laminariales, Fucales and Ascoseirales. Both internal 

and external factors contribute to the content of phenols in macroalgae. Age of seaweed, size 

of the plant and reproductive status (Ragan and Jensen 1978; Pedersen, 1984) are the most 
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important internal factors. External factors that influence the content of phenols include 

salinity, light availability, ultraviolet radiation, nutrient availability and intensity of 

herbivory (Ragan and Glombitza, 1986; Amsler and Fairhead, 2006; Jormalainen and 

Honkanen, 2008). 

Other UV screening metabolites produced by algae are Mycosporine-like Amino Acids 

(MAAs). MAAs are derivatives of mycosporines which are small (<400Da), colourless, 

water soluble compounds that contain an aminocyclohexenimine ring system and have a UV 

absorption maxima between 310-360 nm (Bandaranayake, 1998). MAAs are synthesised by 

the shikimic acid pathway via 3-dehydroquinic acid and 4-deoxygadusol (Shick and Dunlap, 

2002). MAAs have been detected in Antarctic, cold and warm-temperate and tropical 

Rhodophyta (Karsten et al., 1998a and b). Chlorophyceae and Phaeophyceae did not contain 

or only trace amounts were detected. The most common MAAs found in Rhodophyta are 

palythine, porphyra-334 and shinorine. Of these, shinorine and palythine are predominant 

found in C. crispus, the red alga used in this study (Karsten et al., 1998). Other MAAs like 

palythinol, asterina-330 and palythene occur in low concentrations in C. crispus (Table 2.1). 

Seasonal variations are reported in Arctic and Antarctic macroalgae which exhibits high 

MAAs concentration in late summer compared to other seasons (Post and Larkum, 1993). 
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Table 2.1. Example of MAAs present in the red alga C. crispus with their maximum 

absorbance and molecular structure. 
Compound λmax (nm) Molecular structure 

Palythine 320 NH

OCH3

NHHO

COOH

HO

 
Asterina-330 330 N

OCH3

NHHO

COOH

HO

OH

 
Palythinol 332  

Shinorine 334  

 

Research aims and objectives 

Predictions of biological change can be made for a variety of climate change scenarios by 

understanding the rates and magnitudes of climatic changes that accompany biological 

changes (e.g. ice core analysis) and using these data in Global Circulation Models (GCMs) 

(Sagarin et al., 1999). However, current rates of global warming are faster than during the 

last 20,000 years (Sweeney and Fealy, 2002), different species have high variable response 

time (Sagarin et al., 1999) and species interactions may also be altered by climate change 

and result in shift in ranges (Hays et al., 2005). In nature, seaweeds are exposed to a variety 

of environmental factors such as light, temperature, salinity, nutrients over a range of 

magnitudes and timescale (Kübler and Davison, 1995). Exposure of seaweeds at low-tide 

can result in temperature changes of the order of 10-15°C (Lobban and Harrison, 1994). 

Thermal variations are known to inhibit light-saturated photosynthesis in intertidal seaweeds 

(Kübler and Davison, 1995). Also, the amount of light received by seaweeds depends on 

several abiotic factors such as season, tidal cycle and water turbidity (Gévaert et al., 2002). 

Collecting data over a series of years is time-consuming and often not possible. However, 

N
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seasonal base-line datasets (e.g. one-off studies) are more prevalent in literature and can be 

compared to other seasonal one-off studies (Simkanin et al., 2005). 

The aim of this study was to measure seasonal variation in the maximum quantum yield 

(Fv/Fm) in the selected seaweed species; and these data could possibly be used as an input to 

productivity models. Pigment content of the different species being investigated was also 

quantified in order to investigate seasonal variation and the combined effects of 

environmental variables. Environmental parameters such as seawater nutrients, temperature, 

and irradiance were also recorded in situ. This study made an effort to analyse the seasonal 

effect of environmental stressors on the physiological and metabolic compound 

accumulation in selected seaweeds which has not previously been done for seaweeds in 

Ireland. This work provides additional information on other metabolic compounds like 

seasonal variation of phenolic compounds, MAAs and pigment composition. Studies have 

also been carried out on the chemical composition of seaweeds (Indergaard and Minsaas, 

1991) but this does not include metabolic compounds that accumulate in seaweeds. If 

seasonal data on seaweeds have been reported from Ireland, they are usually abundance and 

distribution patterns (e.g. Simkanin et al., 2005), or is specific to pigments and growth (e.g. 

Stengel and Dring, 1997 and 1998). This study is a comprehensive study investigating the 

impact of varying environmental factors on seaweeds, in situ sampling to evaluate seasonal 

variation in physiological responses and assimilation of metabolic compounds such as 

phenols and MAAs. This assessment was carried out in different times of the year on 

selected seaweed species based on their iodine emission potential from a key site in Co. 

Clare on the Irish West coast. Iodine chemistry in the atmosphere is of importance as 

potential cloud condensation nuclei (CCN) and impacts on trace gas composition of the 

marine boundary layer (Ball et al., 2010). Tropospheric ozone is depleted catalytic cycles 

driven by the IO radical. Both field and laboratory observations have concluded that particle 

nucleation in coastal areas is a result of in situ photochemical production of condensable 

iodine oxides derived from iodine gases emitted by seaweed beds during emersion due to 

low tides (McFiggans et al., 2004). Since the following chapters will be focussing on 

emission and exudation of organic compounds, the selection of seaweeds that are potential 

emitters of iodine is justifiable. 
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2.2. Materials and methods 

2.2.1. Site description 

The sampling site selected for this study was Finavarra (53°09‟25‟‟N; 09°06‟58‟‟W; Fig. 

2.3) in Co. Clare, western Ireland, about 41 km to the south of Galway City. This site 

harbours a high diversity of seaweeds, approximately 350 species. It is also a site of low 

nutrient concentration (Connan and Stengel, 2011). Substrate consists of porous limestone 

rocks and sand. Also present are large and small boulders with pebbles and gravel in lower 

protected parts of the shore. The seaweed flora in the sublittoral zone is dominated by 

Laminaria hyperborea and L. digitata. Chondrus crispus and other red algae are found in the 

mid-littoral zones. Fucus serratus and Fucus vesiculosus are common in the lower eulittoral 

zone and a canopy of Ascophyllum nodosum covers the mid-eulittoral zone. Finavarra 

experiences a semi-diurnal tidal cycle with the monthly low spring tide occurring at or 

around mid-day and midnight.  

Fig. 2.3. Map showing the location of the study site Finavarra in Co. Clare, western Ireland 

(Source: Google map). 
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2.2.2. Sampling 

Macroalgal species selection 

In order to assess seasonal variation in physiological response, pigment, MAA and phenolic 

composition, key macroalgal species were selected based on known organic compound 

emission potential from previous studies (Carpenter et al., 1999; McFiggans et al., 2004) and 

on their availability on the coast. The species selected for this study were the brown algae 

Laminaria hyperborea, Laminaria digitata, Saccharina latissima, Ascophyllum nodosum 

and Fucus serratus and the red alga Chondrus crispus. Collections were carried out in 

February 2010, June 2010, October 2010 and February 2011 at low tide, usually around 

noon. Three undamaged thalli (free of epiphytes) of each species were chosen haphazardly 

and analysed for the above parameters, as described below. For the photosynthetic efficiency 

measurements, an additional thirty samples of each species were selected. 

The knotted wrack Ascophyllum nodosum (Linnaeus) Le Jolis (Fig. 2.4a) is a brown alga of 

the order Fucales, is a dominant seaweed on most of the Irish intertidal mid-littoral zone. A. 

nodosum has a holdfast and strap-like fronds with several air bladders in them. Growth of A. 

nodosum is at the apical meristem (tip) which forms one air bladder per annum and a yearly 

growth of 10-16 cm (Stengel and Dring, 1997). A. nodosum regenerates both asexually and 

sexually, although main growth occurs from existing basal holdfast tissue. Apical (tips) 

meristems were collected haphazardly. Tips of A. nodosum represent the most recent growth 

thus reflecting ambient environmental conditions. 

  
Fig. 2.4. a) Ascophyllum nodosum (Linnaeus) Le Jolis and b) Fucus serratus Linnaeus. 

 

Commonly known as the serrated or toothed wrack, the fronds of Fucus serratus Linnaeus 

(Fig. 2.4b) have serrated edges and grow from a short stalk. They grow in the lower inter- 

tidal regions. The fronds are flat, strap like with well developed mid-rib and bear no air 

bladders. Reproduction in F. serratus is known to occur in autumn and spring (Malm, 2001). 

Photo: Dagmar B. Stengel Photo: Dagmar B. Stengel 

a) b) 
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Emission studies on F. serratus reveal tribromomethane (CHBr3) as the dominant compound 

(Mäkelä et al., 2002). It is a possible source of I2 in the coastal environment as it is known to 

release I
-
 though at a lower rate when compared to the kelps (Chance, 2009). The apical 

(tips) meristems are the most recent growth forms in F. serratus and it reflects ambient 

environmental conditions. Tips were collected haphazardly. 

 

Laminaria is one of the most important macroalgal genera in terms of its biomass, 

dominance and economic significance (Bartsch et al., 2008). Recent studies have also 

highlighted its significance in the iodine and organoiodide emission potential (Carpenter et 

al., 2000; Sellegri et al., 2005). The species Laminaria digitata (Hudson) J.V. Lamouroux 

(Fig. 2.5a.) and Laminaria hyperborea J.V. Lamouroux (Fig. 2.5b.) which form 

monospecific kelp beds were selected for this study. In Ireland, both L. digitata and L. 

hyperborea are very common in the lower intertidal and shallow subtidal regions growing 

on rocks. These seaweeds have a blade or lamina, a stipe and a holdfast by which they are 

attach themselves to the substrate. The holdfast which appears root-like, serves only as an 

anchor and has no function in nutrient uptake. L. digitata grows continuously in summer 

while the growth of L. hyperborea ceases in late summer. Growth of L. hyperborea is at its 

peak in winter and early spring. In both species, a new blade is formed during each growth 

period while the older blade deteriorates (Bartsch et al., 2008). The meristem is the major 

zone for longitudinal growth which is located between the stipe and lamina. In the upper 

sublittoral, L. digitata with its flexible stipe lie flat on the seabed when exposed to low tide 

and its uppermost blades cover the lower ones hence protecting them against desiccation 

(Lüning, 1990). L. hyperborea occupies the mid-sublittoral zone forming dense beds. Their 

rigid upright stipe assures maximum exposure to light. L. hyperborea has a life span of 

about 10-15 years whereas L. digitata live no longer than 3-5 years (Lüning, 1990). The 

average annual growth for L. digitata and L. hyperborea is about 40-65 cm and 35-70 cm 

respectively (Lüning, 1990; Werner and Kraan, 2004). Laminariales have a heteromorphic 

life cycle with alternating phases of a macroscopic, asexual, diploid (2n) sporophyte and a 

microscopic, sexual, haploid (1n) gametophyte. Since the meristem is the major zone for 

longitudinal growth in kelps, only the meristematic region was used for experiments. 



Chapter 2: Seasonal assessment of macroalgae 

 

50 

 

  

Fig. 2.5. a) Laminaria digitata (Hudson) J.V. Lamouroux and b) Laminaria hyperborea J.V. 

Lamouroux. 

 

Saccharina latissima (Linnaeus) J.V. Lamouroux (Fig. 2.6a) is found in intertidal pools and 

shallow subtidal areas. Also known as sugar kelp, S. latissima has a holdfast, a small smooth 

stipe and a flexible frond. The frond has distinct depressions with the frilly undulating 

margins. S. latissima has a life span of about 2-4 years and grows from winter until late 

spring. Like in the other kelp species, S. latissima has a typical laminarian life history where 

a macroscopic and structurally complex diploid sporophyte alternates with a microscopic 

haploid gametophyte (Lüning, 1990). Since the meristem is the major zone for longitudinal 

growth in kelps, only the meristematic region was used for experiments. 

 

  

Fig. 2.6. a) Saccharina latissima (Linnaeus) J.V. Lamouroux and b) Chondrus crispus 

Stackhouse. 

 

Chondrus crispus Stackhouse (Fig. 2.6b), or Irish Moss or Carrageen Moss, is a low- 

intertidal seaweed belonging to the division Rhodophyta. The stipe is narrow and 

compressed expanding to a flat dichotomously branched fan-like frond. C. crispus has dark 

purple-red fronds which are iridescent under water (Dixon and Irvine, 1977). The life history 

Photo: Dagmar B. Stengel Photo: Solène Connan 

a) b) 

a) b) 

Photo: Dagmar B. Stengel Photo: Dagmar B. Stengel 
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of this species alternates between two independent phases, gametophytes and 

tetrasporophytes. Generally, populations of this species are dominated by the gametophytic 

phase (Carrington et al., 2001). Growth of C. crispus is at its peak in late spring to summer 

and minimum in winter. It has a life span of about 6-10 years. C. crispus is harvested 

commercially for the pharmaceutical and food industries. C. crispus is known to induce the 

formation of mycosporine-like amino acids (MAAs) under natural conditions of UV 

radiation (Karsten et al, 1998) that protect the species from harmful radiation. The 

dichotomously branched folios fronds (without the holdfast) were haphazardly collected for 

experiments. 

Environmental parameters 

Environmental data for February 2010, June 2010, October 2010 and February 2011 were 

also collected and included temperature, salinity and nutrient composition of seawater and 

light irradiance. Salinity and temperature were measured on site using a handheld probe 

(YSI 556 NPS, USA). Water samples (200 mL) from Finavarra were collected and stored in 

plastic bottles and kept frozen until they were analysed. Nutrients such as Ammonia, Nitrate, 

Nitrite and Phosphate analyses were carried out using a Lachat QuickChem® 8000 series 

FIA system. Light data expressed in µmol photons m
-2

 s
-1 

(PAR) were obtained from a light 

meter (Li-1400, Li-Cor, USA) which was placed on the roof of the Ryan Institute, NUI 

Galway and recorded daily. 

2.2.3. Fluorescence measurements 

On site, thirty plants of each seaweed species, A. nodosum, F. serratus, S. latissima, L. 

digitata, L. hyperborea and C. crispus, were selected haphazardly during low tide on 1
st
 

February 2010, 13
th
 June 2010, 6

th
 October 2010 and 6

th
 February 2011. For fluorescence 

measurements fronds of A. nodosum and F. serratus approximately 20 cm in length and 

including tips were used; in the case of Laminariales whole plants of approximately 20-60 

cm in size and for C. crispus whole plants of 10-15 cm in length were selected. These plants 

were dark adapted for 30 min on collection and Fv/Fm (yield) measurements were then 

obtained. A Diving-PAM (WALZ GmbH, Effeltrich, Germany) was used to measure the 

yield of selected seaweeds at ambient temperature. This instrument uses the „Pulse 

Amplitude Modulation‟ (PAM) measuring principle, which is unique in providing a highly 

selective measure of the relative chlorophyll fluorescence quantum yield (Walz, 1998). In 

order to distinguish between fluorescence and other types of light reaching the photo 
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detector of the instrument, fluorescence excitation can be modulated. The minimum 

fluorescence yield, F0 of the seaweeds which were adapted to darkness for half an hour, was 

determined under weak red modulated light. The frond of the seaweed was held in a leaf clip 

of the fluorometer at a constant distance from the optic fibre probe and a weak 5 s far red 

(735nm) pulse was sent to fully oxidise the electron transport chain (Schreiber, 1986). The 

maximum fluorescence yield, Fm of the dark-adapted seaweeds was obtained by exposing the 

photosystem to a saturating pulse of white light. The difference between Fm and F0 provides 

the variable fluorescence, Fv. The efficiency of PS II photochemistry, ΦPSII, is a useful 

parameter which measures the proportion of light absorbed by chlorophyll associated with 

PS II (Genty et al., 1989).                                     

Here, ΦPSII= (Fm – Ft)/Fm.  

The maximal quantum yield of PS II is observed after dark adaptation when all reaction 

centres are open (all primary acceptors oxidised) and heat dissipation minimal. Then a 

saturation pulse induces maximal fluorescence yield, Fm, and maximal variable 

fluorescence, Fv, such that also ΔF/Fm = Fv/Fm is maximal. Fv/Fm, if properly assessed, is 

a reliable measure of the potential quantum yield of PS II. It is lowered by all effects which 

cause inhibition of PS II reaction centers and increase of heat dissipation (Maxwell and 

Johnson, 2000). In this respect, photoinhibition is particularly relevant. Both an increase of 

Fo or a decrease of Fm may contribute to a decrease of Fv/Fm = (Fm-Fo)/Fm. While an 

increase of Fo points to photodamage, a decrease of Fm reflects enhanced non-radiative 

energy loss (heat dissipation), which does not necessarily reflect irreversible damage, but 

often may be also viewed as an expression of photoprotection (Walz, 1998). 
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2.2.4. Pigment analyses 

2.2.4.1. Chlorophyll a and accessory pigments 

Photosynthetic pigments were determined using a modified High-Performance Liquid 

Chromatography (HPLC) method outlined in Wright et al. (1991), and modified in 

accordance with Bidigare et al. (2005). Seaweed tips (for A. nodosum, F. serratus and C. 

crispus) and meristematic tissue (for L. hyperborea, L. digitata and S. latissima) (n=3 for 

each species) were cut in small pieces (0.2g FW) and homogenised using a mortar and pestle 

(placed on ice) in 90% Acetone and a very small quantity of sand. The sample extract were 

then centrifuged (4°C; Rotina 38R, Hettich, Germany) at 4000 rpm for 5 min after which the 

samples were allowed to soak at 0°C for 24 h. The samples were centrifuged again at 4000 

rpm for 5 min and the supernatant was filtered using a 0.45µm membrane filter into brown 

glass vials. 20 µL of the filtrate was then analysed using HPLC (1200 series, Agilent, A 

ZORBAX Eclipse XDB-C18), a column of size 4.6 x 150 mm and pore size of 5 µm was 

used. A guard column was also used to protect the C18 column with a maximum pressure 

allowance of 400 bars. A suite of pigments analysed included chlorophylls such as chl a and 

chl c; photosynthetic carotenoids such as fucoxanthin and photoprotective carotenoids such 

as violaxanthin, zeaxanthin, α-carotene and β-carotene. A preliminary calibration of the 

HPLC was carried out using a known amount of standard which were obtained from DHI 

lab, Denmark (http://www.dhlanalytical.com/).  

The HPLC system consisted of a degasser attached to a quaternary pump which allowed four 

different solvents to run through the pump. A refrigerated auto-sampler was maintained at 

4°C to keep the extracts until they are analysed. The column was installed in a column 

compartment heater to maintain it at 40°C, which is the optimum temperature for pigment 

analysis. Pigments were detected by two detectors, a Diode Array Detector (DAD) and a 

fluorescence detector. The DAD allowed measurement of pigment absorption at different 

wavelengths and has the ability to obtain the absorption spectrum of the pigments recorded. 

Three different wavelengths were used: 435 nm where all pigments absorb, 470 nm, where 

all pigments except chl a absorb, and 665 nm where only chl a absorbs.  

The HPLC-grade reagents used were methanol, acetonitrile and ethyl acetate. Water that was 

used to dilute these reagents was purified using a Millipore milli-Q system. The solvent 

system used is a shown in Table 2.2. 
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Table 2.2. Solvents used in the HPLC system for pigment determination. 
Solvent type Solvent composition 

A 

 

B 

 

C 

80:20 methanol: 0.5 M Ammonium acetate (v/v) pH 7.2 

+ 0.1% BHT* (w/v) 

87.5:12.5 Acetonitrile: milli-Q water (v/v) + 0.1% BHT 

(w/v) 

Ethyl acetate 

* BHT = Butylated hydroxytoluene 

Solvents A and B were vacuum-filtered on 0.45 µm filter before use. Solvents were utilised 

within the HPLC at varying percentage levels over a standardised running time of 40 min 

per sample, as outlined in Table 2.3. The percentage of the solvents changed linearly 

throughout the 40 min duration runs of the HPLC. Before injection of each sample into the 

HPLC system, 7 µL of ammonium acetate buffer (0.5 M; pH 7.2) was mixed with 20 µL of 

the sample to allow for better purified pigment peaks. 

Table 2.3. Gradient of solvents used over 40 min HPLC sample run for pigment analyses. 
Time (min) % A % B % C Flow (mL min

-1
) 

0 

1 

11 

27.5 

29 

36 

40 

90 

0 

0 

0 

0 

90 

10 

100 

78 

10 

100 

10 

0 

0 

22 

90 

0 

0 

1 

1 

1 

1 

1 

1 

 

 

Pigments were detected and quantified close to their absorption maxima by peak area 

calculations using the integrator of the photodiode array detector. Pigment concentrations 

were determined using the equation; 

                                                       pigment concentration (ng)  x Volume extracted (µL) 

                                                         Volume injected (µL)                            10
6
 

                          Fresh weight of sample (g) 

 

2.2.4.2. Phycocyanin and Phycoerythrin 

Phycobiliproteins of the red alga C. crispus were extracted in accordance with Chopin et al. 

(1999). Blotted-dry thalli of C. crispus (n=3) were cut in small pieces (0.2-0.4g FW) and 

homogenised in a mortar and pestle in 0.1 M phosphate buffer (pH 6.8). The samples were 

Pigment concentration (mg g
-1

) = 
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then centrifuged at 3000 g for 20 min. The supernatant was filtered using a 0.45 µm 

membrane filter and the filtrate was used for phycobiliprotein analyses. Samples were then 

analysed using a Cary UV50 spectrophotometer and CaryWIN software (Varian Inc., Palo 

Alto, CA, USA). Phycoerythrin (PE) and phycocyanin (PC) concentrations were determined 

using the equations of Beer and Eshel (1985). 

Phycoerythrin (mg mL
-1

) = E = {(A564-A592)-(A455-A592)*0.2}*0.12 

Phycocyanin (mg mL
-1

) = C = {(A618-A645)-(A592-A645)*0.51}*0.15 

   where, A = absorbance at the wavelength indicated by the subscript 

   (e.g. A564 =absorbance at 564nm) 

 

                                  E or C x volume of extract (mL) x path length (mm) 

    Fresh weight of sample (g) 

2.2.5. Phenolic compounds extraction and assay 

Phenols were extracted in three steps using the protocol adapted by Connan et al. (2004). 

200 mg of seaweed tips (for A. nodosum and F. serratus) and meristematic tissue (for L. 

hyperborea, L. digitata and S. latissima) (n=3) were finely ground with 100% methanol in 

an Ultra-Turrax homogeniser. The samples were then incubated in a waterbath for 3 h at 

40°C under rotary agitation in the dark and then centrifuged (Hettich, Rotina 38R) at 4000 

rpm for 5 min. The extract (M100) was used for phenol assay. To obtain the total algal 

phenol pool, the solid residue remaining after extraction with pure methanol was re-

extracted in the same way with 50% methanol-distilled water (v/v) (M50). The extracts 

M100 and M50 represent the intracellular phenols. The samples were then centrifuged at 

4000 rpm for 5 min and this extract was acidified using phosphoric acid and then analysed 

for phenol assay.  

Phenols were analysed spectrophotometrically using an adapted Folin-Ciocalteu assay which 

is least affected by interfering compounds like aromatic amino acids (Sanoner et al., 1999). 

100 µL of the sample were added to 50 µL of Folin-Ciocalteu reagent and 200 µL of sodium 

carbonate (200 gL
-1

) and the mixture was then diluted with 650 µL of deionised water. The 

samples were then placed in a waterbath at 70°C for 10 min, after which, they were 

immersed in an ice bath for 5 min to stop the reaction. Absorbance was read at 700nm on a 

Cary UV50 spectrophotometer and CaryWIN software (Varian Inc., Palo Alto, CA, USA). 

Phloroglucinol (1,3,5-trihydroxybenzene, Sigma) was used as the standard. Phenolic 

PE or PC (mg g
-1

) = 
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compounds were expressed as percentage (of dry weight) of seaweed tissue. The dry-wet 

ratio for each species was assessed using another set of seaweed material by freeze-drying 

them for 48 h.  

2.2.6. Mycosporine-like amino acids (MAA) analyses 

MAAs were extracted in accordance with Karsten et al. (2009). 10 mg dry weight (DW) of 

the red alga C. crispus (n=3) were extracted for 2 h with 1 mL 25% aqueous methanol (v/v) 

and incubated in a waterbath at 45°C with constant stirring and then centrifuged (Hettich, 

Rotina 38R) at 5000g for 5 min. 700 µL of the supernatant were evaporated to dryness in a 

freeze-dry system (081196075C series, Labconco Corporation, USA) for 12-16 h. The dried 

extracts were then redissolved in 700 µL of the HPLC eluent (2.5% aqueous methanol (v/v) 

+ 0.1% acetic acid (v/v) in milli-Q water). This mixture was then vortexed in a whirlimixer 

(Fisons Scientific Ltd., UK) for 30 s. After centrifugation at 5000g for 5 min, the extracts 

were filtered through a 0.2 µm membrane filter and analysed using HPLC (1200 Series, 

Agilent). The HPLC system consisted of a degasser attached to a quaternary pump which 

allowed four different solvents to run through the pump. MAAs were separated using an 

ACE 5 µm C 18-AR column, protected by a guard column. The mobile phase used was 

2.5% aqueous methanol and 0.1% acetic acid in milli Q water. MAAs were detected online 

with a photodiode array detector at 330nm, and absorption spectra (290-400nm) were 

recorded each second directly on the HPLC-separated peaks. Identification of the 

compounds was conducted by spectra, retention time and by co-chromatography. 

Quantifications of the compounds were made using the molar extinction coefficients given 

in Table 2.4. 

Table. 2.4. Retention time, absorption maxima, molar extinction coefficients and molecular 

weights for the separated Mycosporine-like amino acids (MAAs). 
MAA Retention 

time 
(min) 

Absorption 
maxima 

(nm) 

Extinction 
coefficient 
(mM

-1
 cm

-1
) 

Molecular 
weight 

(g mol
-1

) 

References 

Shinorine 2.904 332 44700 332 Tsujino et al. (1980) 

Palythine 3.138 320 36200 244 Takano et al. (1978) 

Asterina-330 3.462 330 43500 288 Gleason (1993) 

Palythinol 4.660 332 43500 302 Dunlap et al. (1986) 

 

2.2.7. Statistical analyses 

Statistical analyses were carried out using PASW (Predictive analytics software) statistics 18 

and Minitab v. 16.1.1. Raw datasets were tested for normality using the Anderson-Darling 
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test and Levene‟s tests were carried out to test for homogeneity of data. To assess the 

seasonal variation of maximum fluorescence yield, pigment composition, phenolic 

compounds and MAAs on individual seaweed species, one-way analyses of variance 

(ANOVA) with sampling months as a factor were performed and the significance level of 

0.05 was used if the data were homogenoeous. Student-Newman-Keuls post-hoc test was 

employed for comparison of means between the sampling months. If the data were not 

normally distributed and was heterogeneous in variance, data were transformed and 

ANOVA was carried out. If the normality and homogeneity tests did not pass, Kruskal-

Wallis test was carried out followed by a Mann-Whitney U test post-hoc if the test was 

significant (Dytham, 2011).  
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2.3. Results 

2.3.1. Environmental data 

The average monthly light data for 2010 are depicted in Fig. 2.7; lowest average irradiance 

was observed in the months of January, November and December, and highest was observed 

in the months of May and June. Fig. 2.8 depicts the irradiance levels for the different 

sampling periods (February 2010, June 2010, October 2010 and February 2011). Salinity 

and seawater temperature were measured on site using a handheld probe (YSI 556 NPS, 

USA). The salinity of ambient water ranged from 35.11 to 36.95 during the sampling 

periods (Table 2.5). The average air temperature in February 2010 was below normal and 

this month the coldest February since 1986 (Met Éireann, 2010, Fig. 2.9). The water samples 

were collected in order to assess the different nutrient concentrations. Highest levels of 

nitrates and nitrites were observed in October 2010 and lowest levels in June 2010, and 

phosphate levels were highest in February 2010 and lowest in June 2010 (Table 2.5). 

 

Fig. 2.7. Average monthly light curves for Galway obtained using a light meter (Li-1400, 

Li-Cor, USA) for the year 2010 measured at the roof of the Ryan Institute, National 

University of Ireland, Galway. PAR= photosynthetically active radiation (400-700 nm). 
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Fig. 2.8. Daily light levels in µmol photons m
-2

 s
-1

 for the months of a) February 2010, b) 

June 2010, c) October 2010 and d) February 2011 obtained using a light meter (Li-1400, Li-

Cor, USA) measured on the roof of the Ryan Institute, National University of Ireland, 

Galway. PAR= photosynthetically active radiation (400-700 nm). 
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Table 2.5. Nutrient concentrations (µg L
-1

) and surface water temperature (°C) during low 

tide in Finavarra for the 4 different sampling times. Mean±SD, n=3. 
 1

st
 February 2010 13

th
 June 2010 6

th
 October 2010 6

th
 February 2011 

Nitrite 2.12 (±0.272) 0.0 (±0.014) 5.50 (±0.130) 1.20 (±0.011) 

Nitrate 16.08 (±0.210) 9.43 (±0.124) 23.75 (±0.032) 10.46 (±0.033) 

Phosphate 5.02 (±0.073) 1.64 (±0.152) 2.2 (±0.176) 3.21 (±0.021) 

Water 
temperature 

4.50 17.20 13.10 3.30 

Salinity 35.11 36.95 35.25 35.19 

 

 
Fig. 2.9. Mean daily temperatures for Galway for years 2010 and 2011. Data from Met 

Éireann. 
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2.3.2. Seasonal variation of photosynthetic efficiency 

Dark-adapted values of the maximum quantum yield (Fv/Fm) which is an indicator of a 

seaweed‟s photosynthetic efficiency were measured in situ at ambient air temperature for the 

sampling months of February 2010, June 2010, October 2010 and February 2011 (Fig. 2.10). 

 

 
Fig. 2.10. Maximum quantum yield (Fv/Fm) of a) A. nodosum (An) and F. serratus (Fs) b) 

S. latissima (Sl), L. digitata (Ld) and L. hyperborea (Lh) and c) C. crispus (Cc) for 

the months of February 2010, June 2010, October 2010 and February 2011. Mean ±SD, n = 

30. 
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At ambient air temperature, A. nodosum had highest values of Fv/Fm (~0.63-0.71) and C. 

crispus and L. hyperborea showed lowest values (~0.1-0.4). A one-way ANOVA of Fv/Fm 

on F. serratus, S. latissima, L. hyperborea and C. crispus identified significant seasonal 

variation (P < 0.001, Table 2.6). F. serratus and L. hyperborea revealed significant lowest 

Fv/Fm values in the month of October 2010 (SNK post-hoc test). S. latissima exhibited 

highest photosynthetic efficiency in October 2010 and lowest in June 2010. On the other 

hand, the red alga C. crispus had mean lowest photosynthetic efficiency in February for both 

years 2010 and 2011 and highest mean values in June 2010 (Table 2.6). There was a 

significant seasonal variation for the photosynthetic efficiency of A. nodosum in response to 

the different sampling months (Kruskal-Wallis test, Table 2.7). The mean Fv/Fm values of 

June 2010 to be significantly higher than the month of February in both years 2010 and 

2011. No significant seasonal variation was seen in the Fv/Fm values of L. digitata. 

 

Table 2.6. Results of one-way ANOVA and SNK post hoc test performed on maximum 

quantum yield (Fv/Fm) of F. serratus, S. latissima, L. hyperborea and C. crispus with 

sampling months as factor. Significance in bold. 

 SS df Mean Square F P-value SNK test 

F. serratus 

Between months 0.235 3 0.078 7.169 < 0.001 
Feb2010=Feb2011=
June2010>Oct2010 

Within months 1.266 116 0.011    
Total 1.501 119     

S. latissima 

Between months 0.365 3 0.122 8.033 < 0.001 
Oct2010=Feb2011>
Feb2010>June2010 

Within months 1.756 116 0.015    

Total 2.121 119     

L. hyperborea 

Between months 0.420 3 0.140 14.777 < 0.001 
Feb2010=Feb2011>
June2010=Oct2010 

Within months 1.099 116 0.009    

Total 1.519 119     

C. crispus 

Between months 0.277 3 0.092 19.113 < 0.001 
June2010=Oct2010
>Feb2010=Feb2011 

Within months 0.560 116 0.005    

Total 0.836 119     
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Table 2.7. Results of Kruskal-Wallis test performed on Maximum quantum yield (Fv/Fm) of 

A. nodosum and L.digitata with sampling months as factor. Significance in bold. 

 A. nodosum L. digitata 

Chi-square 19.207 8.364 

Df 3 3 

Asymp. Sig. < 0.001 0.039 

 

2.3.3. Seasonal variation in pigment composition 

2.3.3.1. Seasonal variation in pigment composition of A. nodosum 

Pigment composition and concentrations of A. nodosum was measured and identified for the 

sampling months of February 2010, June 2010, October 2010 and February 2011. Five main 

pigments were identified from A. nodosum the chromatograms of which are shown in Fig. 

2.11. These pigments are Chlorophyll a (chl a), Chlorophyll c2 (chl c2), Fucoxanthin, 

Violaxanthin and β-carotene which are represented as mg g
-1

 FW of seaweed for the 

different sampling months. 

 

Fig. 2.11. A. nodosum. Pigment chromatogram of sample collected from Finavarra, Co. 

Clare with their retention time in min. Fx: Fucoxanthin, Vx: Violaxanthin, other pigments.  

 

In general, A. nodosum collected in June 2010 had the lowest pigment concentration 

compared to other months. In all sampling months, chl c2 level was the lowest. Chl a levels 

were high in the months of February 2010, October 2010 and February 2011, and were 

reduced by almost half in June 2010 (Figs. 2.12 and 2.13). One-way ANOVA (Table 2.8) 

showed a significant difference in chl a, chl c2, fucoxanthin, and β-carotene levels in 

response to the sampling months (P<0.05, P<0.05, P<0.001 and P<0.001 respectively). The 
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SNK post-hoc test for each of the above mentioned pigments revealed that concentrations in 

seaweeds collected in the months of February 2010, February 2011 and October 2010 were 

similar but higher than those collected June 2010 (Table 2.8). 

  
Fig. 2.12. A. nodosum. Boxplot showing the median, quartiles and range of a) chl a and b) 

chl c2 concentration in February 2010, June 2010, October 2010 and February 2011. n = 3. 
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Fig. 2.10. A. nodosum. Boxplot showing the 

median, quartiles and range of a) Fucoxanthin, 

b) β-carotene and c) Violaxanthin 

concentrations in February 2010, June 2010, 

October 2010 and February 2011. n = 3. 

 

 

 

 

 

 

 

 

  

 

 

F
u

c
o

x
a
n

th
in

 (
m

g
 g

-1
 F

W
) 

β
-c

a
ro

te
n

e
 (

m
g

 g
-1
 F

W
) 

V
io

la
x
a
n

th
in

 (
m

g
 g

-1
 F

W
) 

a) b) 

c) 



Chapter 2: Seasonal assessment of macroalgae 

 

66 

 

Table 2.8. A. nodosum. Results of one-way ANOVA and SNK post-hoc test performed on 

pigment concentration with sampling months as factor. Significance in bold. 

 SS Df 
Mean 

Square F P- value 
 

SNK test 

Chl a  Between Between months 0.032 3 0.011 7.067 < 0.05 Feb2010=Feb2011= 
Oct2010>June2010 

Within months 0.012 8 0.001    

Total 0.044 11     

Chl c2  Between months 0.000 3 0.000 9.834 < 0.05 Feb2010=Feb2011= 
Oct2010>June2010 

Within months 0.000 8 0.000    

Total 0.000 11     

Fucoxanthin  Between months 0.002 3 0.001 24.597 < 0.001 Feb2011=Feb2010= 
Oct2010>June2010 

Within months 0.000 8 0.000    

Total 0.002 11     

Violaxanthin  Between months 0.001 3 0.000 3.187 0.084  

Within months 0.000 8 0.000    

Total 0.001 11     

β-carotene  Between months 0.001 3 0.000 25.023 < 0.001 Feb2010=Oct 2010= 
Feb 2011>June2010 

Within months 0.000 8 0.000    

Total 0.001 11     

 

2.3.3.2. Seasonal variation of pigment composition of F. serratus 

As for A. nodosum, pigment composition and concentrations of F. serratus was measured 

and identified in February 2010, June 2010, October 2010 and February 2011. Five main 

pigments were identified from F. serratus; the chromatograms of these are shown in Fig 

2.14. These pigments detected were chlorophyll a (chl a), chlorophyll c2 (chl c2), 

fucoxanthin, violaxanthin and β-carotene which are represented as mg g
-1

 FW of seaweed 

for the different sampling months.  

 

Fig. 2.14. F. serratus. Pigment chromatogram of sample collected from Finavarra, Co. Clare 

with their retention time in min. Fx: Fucoxanthin, Vx: Violaxanthin, other pigments.  
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The levels of chl a, fucoxanthin and violaxanthin were the lowest in June 2010 (Fig 2.15). 

One-way ANOVA showed a significant difference in chl a and violaxanthin levels over time 

(P < 0.05; Table 2.9). SNK post-hoc test for chl a revealed that samples collected in 

February of both years 2010 and 2011 were similar but they were higher than in October and 

June 2010.  

Fig. 2.15. F. serratus. Boxplot showing the median, quartiles and range of a) chl a and b) 

chl c2 concentration in February 2010, June 2010, October 2010 and February 2011. n = 3. 

 

In the case of violaxanthin, a strong seasonal pattern was evident with lowest levels in June 

and maximum levels in February. No significant change was seen in the levels of 

fucoxanthin and β-carotene in response over time (P > 0.05; Table 2.9). 
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Fig. 2.16. F. serratus. Boxplot showing the median, quartiles and range of a) fucoxanthin, b) 

violaxanthin and c) β- carotene concentration in February 2010, June 2010, October 2010 

and February 2011.  
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Table 2.9 F. serratus. Results of one-way ANOVA and SNK post-hoc test performed on 

pigment concentration with sampling months as factor. Significance in bold. 

 SS df 
Mean 

Square F P-value 
Post-hoc test 

Chl a 

Between months 0.071 3 0.024 10.480 < 0.05 
Feb2011=Feb2010>
Oct2010=June2010 

Within months 0.018 8 0.002    

Total 0.090 11     

Fucoxanthin 

Between months 0.003 3 0.001 4.996 0.031  

Within months 0.002 8 0.000    

Total 0.005 11     

Violaxanthin 

Between months 0.002 3 0.001 13.375 < 0.05 
Feb2011>Feb2010=
Oct2010>June2010 

Within months 0.000 8 0.000    

Total 0.002 11     

β-carotene 

Between months 0.000 3 0.000 2.650 0.120  

Within months 0.000 8 0.000    

Total 0.001 11     

 
2.3.3.3. Seasonal variation of pigment composition of S. latissima 

Pigment composition and concentrations of S. latissima was measured and identified for the 

sampling months of February 2010, June 2010, October 2010 and February 2011. Five main 

pigments were identified from S. latissima, the chromatograms of which are shown in Fig 

2.17. These pigments were chlorophyll a (chl a), chlorophyll c2 (chl c2), fucoxanthin, 

violaxanthin and β-carotene and are represented as mg g
-1

 FW of seaweed for the different 

sampling months.  

 

Fig. 2.17. S. latissima. Pigment chromatogram of sample collected from Finavarra, Co. 

Clare with their retention time in min. Fx: fucoxanthin, Vx: violaxanthin, other pigments.  
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Chl a showed equal concentrations for the months of February 2011 and June 2010 which 

were higher in samples collected in February and October 2010 (Fig. 2.18a). The levels of 

fucoxanthin were highest in June and October of 2010 (Fig. 2.19a). One-way ANOVA 

showed a significant difference in chl a, chl c2, violaxanthin and fucoxanthin over time (P < 

0.05; Table 2.10). The mean levels of chl c2 and fucoxanthin were similar in October and 

June 2010, but higher than in February of both years 2010 and 2011. The mean levels of 

violaxanthin were significantly lower in Oct 2010 when compared to the other months. 
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Fig. 2.18. S. latissima. Boxplot showing the median, quartiles and range of a) chl a 

and b) chl c2 concentration in February 2010, June 2010, October 2010 and 

February 2011. n = 3. 
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Fig. 2.19. S. latissima. Boxplot showing the median, quartiles and range of a) fucoxanthin, 

b) violaxanthin and c) β- carotene concentration in February 2010, June 2010, October 2010 

and February 2011. n = 3. 
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Table 2.10. S. latissima. Results of one-way ANOVA and SNK post-hoc test performed on 

pigment concentration with sampling months as factor. Significance in bold. 

 SS df 
Mean 

Square F P-value 
SNK Post- hoc 

test 

Chl a 

Between months 0.001 3 0.000 4.771 < 0.05 
Feb2011=June2010> 
Feb2010=Oct2010 

Within months 0.000 8 0.000    

Total 0.001 11     

Chl c2 

Between months 0.000 3 0.000 6.821 < 0.05 
Oct2010=June2010= 
Feb2011>Feb2010 

Within months 0.000 8 0.000    

Total 0.000 11     

Fucoxanthin 

Between months 0.000 3 0.000 8.168 < 0.05 
Oct2010=June2010> 
Feb2011>Feb2010 

Within months 0.000 8 0.000    

Total 0.000 11     

Violaxanthin 

Between months 0.000 3 0.000 6.866 < 0.05 
Jun2010=Feb2011 
=Feb2010>Oct2010 

Within months 0.000 8 0.000    

Total 0.000 11     

β-carotene 

Between months 0.000 3 0.000 2.504 0.133  

Within months 0.000 8 0.000    
Total 0.000 11     

 

2.3.3.4. Seasonal variation of pigment composition of L. digitata 

As for all other species, pigment composition and concentrations of L. digitata was 

measured and identified in February 2010, June 2010, October 2010 and February 2011. 

Five main pigments were identified from L. digitata, the chromatograms are shown in Fig 

2.20. These pigments were chlorophyll a (chl a), chlorophyll c2 (chl c2), fucoxanthin, 

violaxanthin and β-carotene which are represented as mg g
-1

 FW of seaweed for the different 

sampling months.  
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Fig.2.20. L. digitata. Pigment chromatogram of sample collected from Finavarra, Co. Clare 

with their retention time in min. Fx: fucoxanthin, Vx: violaxanthin, other pigments.  

In L. digitata, chl a level was highest in June 2010 (Fig. 2.21). Chl a, chl c2 and fucoxanthin 

pigments varied seasonally (P<0.05, P<0.001 and P<0.05 respectively; Table 2.11, Fig. 

2.21a and 2.22a). SNK post-hoc test showed significantly lower levels of chl a, chl c2 and 

fucoxanthin pigments in October 2010. The pigments violaxanthin and β-carotene showed 

no significant variation over time (P > 0.05; Table 2.10, Figs. 2.22b and c). 
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Fig. 2.21. L. digitata. Boxplot showing the median, quartiles and range of a) chl a, b) chl c2, 

concentration in February 2010, June 2010, October 2010 and February 2011.n=3. 
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Fig.2.22. L. digitata. Boxplot showing the median, quartiles and range of a) fucoxanthin, b) 

violaxanthin and c) β- carotene concentration in February 2010, June 2010, October 2010 

and February 2011. n=3. 
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Table 2.11. L. digitata. Results of one-way ANOVA and SNK post-hoc test performed on 

pigment concentration with sampling months as factor. Significance in bold. 

 SS Df 
Mean 

Square F P-value 
SNK Post-hoc 

test 

Chl a 

Between months 0.021 3 0.007 11.363 <0.05 
June2010=Feb2011
=Feb2010>Oct2010 

Within months 0.005 8 0.001    

Total 0.026 11     

Chl c2 

Between months 0.000 3 0.000 39.922 <0.001 
Feb2011>June2010
>Feb2010>Oct2010 

Within months 0.000 8 0.000    

Total 0.000 11     

Fucoxanthin 

Between months 0.001 3 0.000 9.968 <0.05 
Feb2011=Feb2010=
June2010>Oct2010 

Within months 0.000 8 0.000    

Total 0.001 11     

Violaxanthin 

Between months 0.000 3 0.000 1.947 0.201  

Within months 0.000 8 0.000    

Total 0.000 11     

β-carotene 

Between months 0.000 3 0.000 0.309 0.819  

Within months 0.000 8 0.000    

Total 0.000 11     

 
2.3.3.5. Seasonal variation of pigment composition of L. hyperborea 

Concentrations and composition of pigments of L. hyperborea were measured and identified 

for the sampling months of February 2010, June 2010, October 2010 and February 2011. 

Five major pigments were identified from L. hyperborea, the chromatograms of which are 

shown in Fig 2.23. These pigments were chl a, chl c2, fucoxanthin, violaxanthin and β-

carotene which are represented as mg g
-1

 FW of seaweed for the different sampling months. 

 

Fig. 2.23. L. hyperborea. Pigment chromatogram of sample collected from Finavarra, Co. 

Clare with their retention time in min. Fx: fucoxanthin, Vx: violaxanthin, other pigments.  
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Chl a levels were highest in February 2011 (Fig. 2.24) but one-way ANOVA showed no 

significant difference in any of the above mentioned pigments in response to the sampling 

months (P > 0.05; Table 2.12).  

 
 

Fig. 2.24. L. hyperborea. Boxplot showing the median, quartiles and range of a) chl a and b) 

chl c2 concentration in February 2010, June 2010, October 2010 and February 2011. n=3. 
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Fig. 2.25. L. hyperborea. Boxplot showing the median, quartiles and range of a) fucoxanthin 

b) violaxanthin and c) β- carotene concentration in February 2010, June 2010, October 2010 

and February 2011. n=3. 
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Table 2.12. L. hyperborea. Results of one-way ANOVA and SNK post-hoc test performed 

on pigment concentration with sampling months as factor. Significance in bold. 

 SS Df Mean Square F P-value 

Chl a 

Between months 0.001 3 0.000 3.450 0.072 

Within months 0.001 8 0.000   

Total 0.002 11    

Chl c2 

Between months 0.000 3 0.000 2.658 0.120 

Within months 0.000 8 0.000   

Total 0.000 11    

Fucoxanthin 

Between months 0.000 3 0.000 1.607 0.263 

Within months 0.000 8 0.000   
Total 0.000 11    

Violaxanthin 

Between months 0.000 3 0.000 1.374 0.319 

Within months 0.000 8 0.000   
Total 0.000 11    

β-carotene 

Between months 0.000 3 0.000 1.625 0.259 

Within months 0.000 8 0.000   

Total 0.000 11    

 

2.3.3.5. Seasonal variation in pigment composition of C. crispus 

Four main pigments were identified for C. crispus in samples collected in February 2010, 

June 2010, October 2010 and February 2011, the chromatograms of which are shown in Fig 

2.26. These pigments were chl a, lutein, α- carotene and β-carotene which are represented as 

mg g
-1

 FW of seaweed for the different sampling months.  

 

Fig. 2.26. C. crispus. Pigment chromatogram of sample collected from Finavarra, Co. Clare 

with their retention time in min.  



Chapter 2: Seasonal assessment of macroalgae 

 

80 

 

The levels of all the above mentioned pigments were highest in October 2010 (Fig. 2.27). 

One-way ANOVA showed a significant seasonal variation in chl a, lutein, α-carotene and β-

carotene in response to the sampling months (P<0.001, P<0.05, P<0.001 and P<0.05 

respectively; Table 2.13). SNK post-hoc test suggested significantly lower levels of all 

pigments in June 2010 and highest levels in October 2010. The concentration in samples 

collected in February of both years (2010 and 2011) were similar (Table 2.13) for all 

pigments.  

In addition to the above pigments, the phycobiliproteins; phycoerythrin (PE) and 

phycocyanin (PC) were extracted, measured and identified at the same collection dates. Both 

PE and PC are represented as mg g
-1

 FW of C. crispus. Samples collected in June 2010 had 

lowest PE+PC concentration (Fig. 2.28), and seasonal variation in PE + PC was significant 

(P < 0.001, one-way ANOVA, Table 2.14). SNK post-hoc test revealed significantly lower 

levels of PE and PC in June 2010. In both 2011 and 2010, February samples contained 

highest PE and PC levels (Table 2.25). PE+PC : Chl a ratios were the highest in months of 

February for both years 2010 and 2011 (Fig. 2.29). 
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Fig.2.27. C. crispus. Box plots of a) chl a, b) lutein, c) α-carotene and d) β-carotene in 

February 2010, June 2010, October 2010 and February 2011. n=3. 
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Table 2.13. C. crispus. Results of one-way ANOVA and SNK post hoc test performed on 

pigment concentration with sampling months as factor. Significance in bold. 

 SS Df 
Mean 

Square F P-value 
SNK post-

hoctest 

Chl a 

Between months 0.238 3 0.079 62.671 < 0.001 
Oct 2010>Feb2011= 
Feb2010>June2010 

Within months 0.010 8 0.001    

Total 0.248 11     

Lutein 

Between months 0.007 3 0.002 8.432 < 0.05 
Oct 2010>Feb2011= 
Feb2010=June2010 

Within months 0.002 8 0.000    

Total 0.009 11     

α-carotene 

Between months 0.003 3 0.001 46.745 < 0.001 
Oct 2010>Feb2010= 
Feb2011>June2010 

Within months 0.000 8 0.000    

Total 0.003 11     

β-carotene 

Between months 0.001 3 0.000 10.155 < 0.05 
Oct 2010>Feb2011= 
Feb2010>June2010 

Within months 0.000 8 0.000    

Total 0.002 11     

 

Fig 2.28. C. crispus. Box plots of a) phycoerythrin and b) phycocyanin concentrations in 

February 2010, June 2010, October 2010 and February 2011. n=3. 
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Table 2.14. C. crispus. Results of one-way ANOVA and SNK post hoc test performed on 

phycobiliprotein concentration with sampling months as factor. Significance in bold. 

 SS Df 
Mean 

Square F P-value 
SNK test 

Phycoerythrin 

Between months 1.578 3 0.526 108.274 < 0.001 Feb2011>Feb2010> 
Oct2011>June2010 

Within months 0.097 20 0.005    

Total 1.675 23     

Phycocyanin 

Between months 0.249 3 0.083 18.846 < 0.001 Feb2011>Feb2010=
June2010= Oct2011 

Within months 0.088 20 0.004    

Total 0.337 23     

 

Fig.2.29. C. crispus. PE+PC : Chl a ratio in February 2010, June 2010, October 2010 and 

February 2011. n=3. 

 

2.3.4. Seasonal variation in metabolic compounds in seaweeds 

2.3.4.1. Phenolic compounds in A. nodosum and L. digitata  

Phenolic compounds were extracted and measured for the four species of brown seaweeds 

(A. nodosum, F. serratus, S. latissima, L. digitata and L. hyperborea) in samples collected in 

February 2010, June 2010, October 2010 and February 2011. Mid-shore species such as A. 

nodosum and F. serratus had higher phenolic content compared to lower shore species such 

as S. latissima and L. digitata (Fig. 2.30). Higher phenolic content in A. nodosum and F. 

serratus (~4.6% and 4.2%, respectively) were observed and about 0.24%, 0.87% and 1.11% 
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for S. latissima, L. digitata and L. hyperborea respectively. Phenolic content varied 

significantly over the different months for A. nodosum and F. serratus (One-way Anova, 

Table 2.15) with highest concentrations of phenol in February of 2010. No seasonal 

variation in phenolic content was observed for the three kelps L. digitata, S. latissima and L. 

hyperborea (P > 0.05, Tables 2.15 and 2.16).  

A two-way ANOVA was performed with species and sampling months as factors. A SNK 

post-hoc test exhibited A. nodosum and F. serratus to have the highest phenolic content and 

L. digitata the lowest. Concentration of phenols in all seaweeds were lowest in October 2010 

(P < 0.001, Table 2.17). Furthermore, a significant interaction (P < 0.001, Table 2.17) was 

found between the species and the sampling months suggesting that the effect on the 

outcome of a change in one factor (species) depended on the level of the other factor 

(sampling months). 

 
Fig.2.30. A. nodosum, Fucus serratus, S. latissima, L. digitata and L. hyperborea. Seasonal 

variation of phenolic content (% DW) at different sampling occasions. 

 

Table 2.15. A. nodosum, L. digitata and F. serratus. Results of one-way ANOVA and SNK 

post-hoc test performed on total phenol content of with sampling months as factor. 

Significance in bold. 

 
SS Df 

Mean 
Square F P-value 

SNK test 

A. nodosum Between months 20.790 3 6.930 34.169 < 0.001 Feb2010=Feb2011= 
June2010>Oct2010 

Within  months 1.623 8 0.203    
Total 22.412 11     

L. digitata Between months 0.032 3 0.011 1.399 0.312            -      

Within  months 0.062 8 0.008    
Total 0.094 11     

F. serratus Between months 22.716 3 7.572 6.864 < 0.05 Feb2010=June2010= 
Feb2011>Oct2010 

Within months 8.825 8 1.103    
Total 31.542 11     
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Table 2.16. S. latissima and L. hyperborea. Results of Kruskal-Wallis test performed on 

total phenol content with sampling months as factor. Significance in bold. 

 S. latissima L. hyperborea 

Chi-square 4.590 1.359 

Df 3 3 

P-value 0.204 0.715 

 
Table 2.17. A. nodosum, F. serratus, S. latissima, L. digitata and L. hyperborea. Results of 

two-way ANOVA performed on total phenol content (% DW) with species and sampling 

months as factor. Significance in bold. 

Source SS df Mean Square F P-value SNK Post-hoc test 

Species 199.831 4 49.958 123.629 < 0.001 An=Fs>Sl=Lh>Ld 

Month 22.886 3 7.629 18.879 < 0.001 Feb2010=June2010

=Feb2011>Oct2010 

Species * Month 22.724 12 1.894 4.686 < 0.001  

Error 16.164 40 0.404    

Total 556.136 60     

 

2.3.4.2. Mycosporine-like amino acids (MAAs) in C. crispus  

MAA composition and concentrations in C. crispus was measured and identified for the 

sampling months of February 2010, June 2010, October 2010 and February 2011. Four main 

MAAs were identified from C. crispus; the spectra and chromatograms of which are shown 

in Figs. 2.31 and 2.32. These MAAs were shinorine, palythine, asterina-330 and palythinol 

which are represented as mg g
-1

 DW of seaweed for the different sampling months. The 

levels of palythine and asterina-330 were highest in June 2010. Palythinol was detected only 

in the months of June and October of 2010. Shinorine was highest in February 2010 and 

2011 and lowest in June 2010. Shinorine, asterina-3301 and palythinol varied significantly 

with season (P<0.05, One-way ANOVA, Tables 2.19 and 2.20). Shinorine levels were 

lowest in June 2010 (Fig. 2.33). By contrast, palythine did not show any significant 

difference in response to the sampling months (Table 2.20). 
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Fig. 2.31. C. crispus. Spectra of MAAs palythine, asterina-330, shinorine and palythinol. 

Note: secondary axis for shinorine and palythinol. Image courtesy of Dr. Solène Connan. 

 

 
Fig. 2.32. C. crispus HPLC MAA chromatograms of sample collected from Finavarra, Co. 

Clare, of palythine, asterina-330, shinorine and palythinol with their retention time in min.  
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Fig. 2.33. C. crispus. Seasonal variation of MAAs over different sampling periods. n=3. 

 

Table 2.18. C. crispus. Results of one-way ANOVA and SNK post-hoc test performed 

shinorine with sampling months as factor. Significance in bold. 

 SS df Mean Square F P-value SNK test 

Shinorine Between Months 0.136 3 0.045 17.664 < 0.05 Feb2010=Feb2011=

Oct2010>June2010 Within Months 0.020 8 0.003   

Total 0.156 11    

 

Table 2.19. C. crispus. Results of Kruskal-Wallis test performed on the MAAs palythine, 

asterina-330 and palythinol with sampling months as factor. Significance in bold. 

 Palythine Asterina-330 Palythinol 

Chi-square 6.026 10.385 10.649 

Df 3 3 3 

P–value 0.110 < 0.05 < 0.05 
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2.4. DISCUSSION 

Knowledge of climate changes and its effect on marine biota is essential for future 

monitoring, conservation and management decisions. Most reports on the effects of climate 

change on macroalgae describe significant changes in the distribution and abundance of 

algae (Israel et al., 2010). The intertidal ecosystem is a good system to monitor populations 

as it is well studied and the organisms are restricted to a narrow strip of shoreline habitat 

(Simkanin et al., 2005). Moreover, the intertidal ecosystem experiences environmental 

pressures from both land and sea, as a consequence, fluctuations in environmental variables 

from both realms affect macroalgal populations. This study is an attempt to examine the 

seasonal effects of environmental variables on macroalgal photosynthesis, pigment 

composition and concentration and accumulation of secondary metabolites (such as phenols 

and MAAs). 

The maximum quantum efficiency of photosystem II (PSII) measures the proportion of light 

that is absorbed by the chlorophyll pigment. It gives a measure of the rate of linear electron 

transport and hence an indicator of the efficiency of photosynthesis (Maxwell and Johnson, 

2000). Productivity estimates using Fv/Fm are proving to be an invaluable measure in algal 

photosynthesis and productivity models (Magnusson, 1997). Using the PAM system, it is 

possible to calculate both the open reactive centres (qP) and the efficiency of the reaction 

centres (Fv/Fm) (details in Chapter 3) which in turn can be used for calculating the quantum 

efficiency of photosynthesis (Magnusson, 1997). Productivity models are useful in areas 

where biomass is extremely high. For instance, Pihl et al. (1996) showed that in areas where 

the biomass of ephemeral algae was high, the model output was in good agreement between 

estimated productivity from biomass data, growth rate and estimated growth especially in 

the initial phase of growing season.  

In this study, seasonal photosynthetic efficiency was studied in 6 species from different 

shore levels. All species except L. digitata showed a significant seasonal variation in Fv/Fm. 

Highest values of Fv/Fm were recorded in A. nodosum in the month of June 2010 and 

February 2010. F. serratus showed high photosynthetic efficiency in February and lowest in 

Autumn (October 2010). In general, previous studies have shown that mid-shore algal 

species like A. nodosum and F. serratus were naturally subjected to longer periods of 
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desiccation and had higher photosynthetic efficiency, while lower-shore species had lower 

photosynthetic efficiency (Skene and Raven, 1998).  

Regarding seasonality, Brinkhuis (1977) evaluated photosynthesis in F. vesiculosus using 

the 
14

C-uptake method and observed maximum photosynthesis occurring in spring. This 

conforms to our study in which mid-shore species such as A. nodosum and F. serratus have 

high photosynthetic efficiency whereas lower-shore submerged species such as S. latissima 

and L. hyperborea have lower photosynthetic efficiency irrespective of the season. In 

seaweeds, excessive light can damage the photosynthetic apparatus. To counter act the effect 

of excessive light, they have developed some protective mechanisms. An increased amount 

of light is dissipated off as heat and the photosynthetic system itself undergoes acclimation 

to the excess light (Ruban et al., 2004). The first 4 m of coastal temperate waters attenuate 

about 90% of UV radiation, although UVB radiation is known to penetrate as deep as 7-8 m 

(Franklin and Foster, 1997). Seasonal variability in optical properties of the water column in 

temperate regions along with dynamic tidal ranges expose the shallow sub-tidal macroalgae 

such as kelps to increased irradiances and UV radiation and possible decrease in primary 

production (Apprill and Lesser, 2003). In mid-shore species, Huppertz et al. (1990) showed 

that during an ebb tide, a considerable decrease in Fv/Fm was seen in F. serratus with 

increase in photon fluence rates. A decrease in photosynthetic activity was related to 

decreased water content in Fucus spp. (Dring and Brown, 1982). Thus, a strong decline in 

Fv/Fm in mid-shore species A. nodosum and F. serratus in our study may be a result of 

desiccation and temperature variation rather than photoinhibition. 

S. latissima had highest photosynthetic efficiency in Autumn (October 2010) and lowest in 

Summer (June 2010). A similar low Fv/Fm values were observed for L. hyperborea in 

summer (June 2010). The low Fv/Fm levels in summer may be due to high irradiance and 

decrease in maximal fluorescence. A study by Gévaert et al. (2003) has demonstrated that S. 

latissima exhibits decreased ΦPSII during low tide which maybe due to the high irradiance 

conditions and decrease in Fm‟ levels. The red alga C. crispus exhibited high photosynthetic 

efficiency in summer (June 2010) and lowest in spring (February 2010 and 2011). C. crispus 

had low photosynthetic efficiency when compared to other seaweeds in this study. This 

conforms to previous studies when red algae are subjected to high irradiance, some 

carotenoids, such as lutein, help transfer this excited energy but with reduced efficiency, 

thereby having a lower maximum quantum yield (Barsanti and Gualtieri, 2006). High light 

stress has been reported to down-regulate photosynthetic activity in several Rhodophytes 
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(Hanelt et al., 1997; Yakovleva and Titlyanov, 2001) and is also an indication of a 

photoprotective mechanism, lowering the quantum yield (Osmond and Chow, 1988). Sagert 

et al. (1997) showed that daily midday decrease in efficiency of active PSII centres in upper 

and lower eulittoral populations of C. crispus was stimulated by the presence of natural UV 

radiation. Furthermore, Maegawa et al. (1993) postulated that stress due to UV radiation is 

one of the most important factors determining the vertical distribution of red algae. The 

position of C. crispus on the shore might be of importance here as the ability to withstand 

light stress was lower for algae from low intertidal zone (Sagert et al., 1997). In addition to 

this, acclimation to shallow habitats means exposure not only to UV radiation, but also to 

high amounts of PAR, salinity, nutrients and desiccation stress. Some other reasons that 

could contribute to low photosynthetic efficiency in seaweeds are tissue damage caused by 

sampling. This would, in turn, increase stress and thereby reduce quantum yields (Garbary 

and Kim, 2005). Furthermore, lower levels of Fv/Fm ratios can be a result of either a low 

maximum fluorescence (Fm) or a high yield of fluorescence in the absence of photosynthetic 

light (Fo) value (Magnusson, 1997).  

In this study, most species exhibited some seasonal variation in pigment levels, but these 

variations were species and pigment specific. Algal pigment composition too is affected by 

excess light (Ruban et al. 2004). Seaweeds are photosynthetically active throughout the year 

and can photosynthesise over a wide range of temperatures, although light reactions of 

photosynthesis are less temperature dependent than carbon fixation (Collén and Davison, 

2001). In A. nodosum, all pigments except violaxanthin exhibited significant seasonal 

variation. The total concentration of pigments for A. nodosum was the lowest in summer and 

highest in February. This may be because of high light levels in summer than in spring. Chl 

a levels were highest in February and lowest in summer, which conforms to previous studies 

on A. nodosum exhibiting highest chl a concentrations in winter and decreased levels in 

spring, reaching a minimum in summer (Stengel and Dring, 1998). Stengel and Dring (1998) 

showed that the concentration of chl a is different in the month of October than any other 

time of year chiefly due to the autumn high tides leading to reduced light availability for the 

seaweeds. By contrast, studies on A. nodosum in Norway showed highest pigment 

concentration in spring and lowest in autumn (Jensen, 1969). Chl c2, fucoxanthin and β-

carotene showed similar pattern as chl a where levels were lowest in summer and highest in 

autumn and spring. In the present study, fucoxanthin : chlorophyll levels were highest in 

spring. This result is a little different from those ratios observed by Stengel and Dring (1998) 
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which peaked in summer. This may be because the latter authors saw a reduction in 

fucoxanthin in summer with very little decrease in chl a, whereas in our study there was a 

significant decrease in both chl a and fucoxanthin in summer which may be due to increased 

light (~ 1600 µmol photons m
-2

 s
-1

) and temperature (19°C) levels in June. The results 

suggest that pigment levels change seasonally but specific changes are determined by local 

ambient conditions. 

F. serratus showed significant seasonal variation in chl a and violaxanthin. Highest levels of 

these pigments were found in February followed by lowest levels in October and June. 

Jensen (1969) from Norway were highest chl a concentration in F. serratus was found in 

spring and lowest in autumn. Furthermore, a study on F. virsoides, a related species, showed 

a maximum concentration of pigments during winter and minimal in summer which is 

influenced by light intensities and growth pattern of the algae (Zavodnik, 1973). Similarly, a 

study by Brinkhuis (1977) on F. vesiculosus observed maximum chl a concentrations in 

winter. The above studies conform to the findings in this work. However, a study on the 

total pigment concentration of F. serratus in the Barrents Sea did not vary significantly with 

seasons (Matishov and Makarov, 2004). In the present study, highest concentrations of 

violaxanthin were observed in spring and lowest in summer which may be due to a general 

low light condition and shorter day length in spring and autumn. Previously, Voskoboinikov 

et al. (2006) demonstrated with decreasing irradiance, an accumulation of photosynthetic 

pigments, especially violaxanthin, in F. serratus. Fucoxanthin and β- carotene did not show 

any significant seasonal variation in our study.  

Seasonal variation in pigments was also observed for the lower-shore species S. latissima, 

where chl a, chl c2 and violaxanthin changed over the sampling period. In contrast to other 

species, highest concentrations of chl a were recorded in spring and summer. This coincided 

with previously mentioned lowest Fv/Fm values which were recorded for S. latissima in 

summer. The levels of chl a and violaxanthin were highest in summer. This conforms with 

studies on S. latissima where high levels of chl a and violaxanthin was observed when 

exposed to high irradiance in spring than in winter (Gévaert et al., 2002). Seaweeds are 

known to acclimate their photosynthetic metabolism to compensate for seasonal changes in 

temperature, for instance, in S. latissima, increased activity of RUBISCO and a reduced 

content of chl a and fucoxanthin were observed at low temperatures of 5°C (Collén and 

Davison, 2001). Our study showed similar low fucoxanthin content at low temperatures in 

both years February 2010 and 2011. However, chl a content was not low in these months 
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which contradicts Collén and Davison (2001). This might because other complex metabolic 

regulations may also be involved to optimise photosynthesis over a wide range of 

temperatures and light levels encountered in nature (Davison and Pearson, 1996). 

Violaxanthin is probably produced in order to cope with strong irradiance exposure. 

Generally, in kelps, a higher content of protective pigments (e.g. xanthophylls) is associated 

with high light stress (Bartsch et al., 2008) resulting in an increased efficiency of the 

xanthophyll cycle (Harker et al., 1999). As the day progresses and irradiance increases, most 

of the violaxanthin is transformed to antheraxanthin and then zeaxanthin. Zeaxanthin then, 

tranforms back to violaxanthin under low irradiance (Demmig-Adams and Adams, 1992). 

Our study did not detect any antheraxanthin or zeaxanthin; another possible explanation 

could be that the levels of antheraxanthin and zeaxanthin were below the limit of detection.  

L. digitata showed significant seasonal variation in chl a, chl c2 and fucoxanthin. Chl a 

levels were highest in summer and lowest in autumn. In the Phaeophyta Ecklonia radiata, 

fucoxanthin:chl a ratios were higher than chl c: chl a ratios (Fairhead, 2004). Fucoxanthin 

levels were significantly higher in spring than in autumn. There was no significant seasonal 

variation in the pigment content of L. hyperborea in our study. This may be because it is a 

lower-shore species, submerged under water even during low tides and hence does not 

experience as much seasonal variation in light.  

All pigments in the red alga C. crispus showed significant seasonal variation. Highest levels 

of chl a was observed in autumn and lowest levels in summer. In addition to this, there was a 

significant seasonal variation in the levels of the phycobilins; PE and PC. Both PE and PC 

levels were highest in spring. However, PE levels were lowest in summer and highest in 

autumn. This is in accordance with studies on the red alga Grateloupia turuturu from 

Brittany, France where highest levels of phycobiliproteins were recorded in winter and 

spring and minimum levels in summer (Denis et al., 2010). The PE + PC : Chl a ratios were 

highest in spring and lowest in autumn. Pigments such as phycobilins are most sensitive to 

light when compared to carotenoids and chlorophylls (Sinha et al., 2003). Previous studies in 

C. crispus and Porphyra umbilicalis have shown an increase in total antennae pigment 

concentrations, PE : Chl a and PC : Chl a with decreasing photon flux density (PFD) 

(Ramus et al., 1976) and therefore, antennae pigment concentration in red seaweeds is 

influenced by PFD alone. Rhee and Briggs (1977) demonstrated that PE levels increased 

with depth whereas chl a did not. Their study also showed total pigment content in C. 

crispus was highest in winter and lowest in summer, PE : Chl a followed a similar pattern. 
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Our study also found a significant seasonal variation in the levels of lutein, highest levels for 

which were found in autumn and lowest in summer and spring.  

There was a significant seasonal variation in α- and β-carotene in C. crispus. Highest levels 

of both pigments were recorded in autumn. This may be due to the high irradiance 

experienced in October (~1100 µmol photons m
-2

 s
-1

) during the period of sampling. In red 

algae, carotenoids such as β- carotene do not transfer excitation energy to the reaction 

centres and act to screen seaweeds from excess light (Barsanti and Gualtieri, 2006). Our 

study did not show any significant seasonal variation in ratios of β-carotene: chl a. In 

general, seaweeds acclimated to high irradiance levels generally have high carotenoid 

concentration relative to chl a (Barsanti and Gualtieri, 2006).  

Several attempts have been made to estimate the nutritional state of natural phytoplankton 

using pigment ratios. But this is limited due to the lack of quantitative information on 

variation of pigment concentration with irradiance and nutrient availability. In our study, 

decreasing levels of chl a was observed with decreasing levels of nutrients (from 18 µg N L
-

1
 to 9 µg N L

-1
), which is in accordance with a study with Macrocystis sp. where nitrate 

enrichment resulted in a proportional increase in chl a pigments (Shivji, 1985). High 

contents of chl a are known to occur in red algae when there is sufficient supply of nitrogen 

(see Lobban and Harrison, 1994). This corroborates with our results where high chl a levels 

were observed with increasing nitrogen levels in the month of October (29 µg N L
-1

).  

This study observed a range of 2.3-5.7% DW of phenol content for A. nodosum and 2.04-

5.04% DW of phenol content for F. serratus. In general, total phlorotannin content from 

previous studies were in the range of 2 – 14.2% DW in Fucales (Ragan and Glombitza, 

1986; Connan et al., 2004). This study shows mid-tidal seaweeds like A. nodosum and F. 

serratus to have the highest phenolic content, and the level of phenols decreased towards 

lower shore with L. digitata having the lowest levels. This supports previous assumptions 

that phenol accumulation in algal tissue increases with longer exposure to higher irradiance 

(Connan et al., 2004). But L. hyperborea which is found in the lowest part of the shore has 

higher phenolic content than L. digitata. Therefore, emersion does not necessarily result in 

increase of phenolic content which suggests a complimentary mechanism of photoprotection 

in seaweeds. Carotenoids are known to play a role in photoprotective from UV and high 

irradiance induced damage (Cockell and Knowland, 1999). However, in our study, no 

significant seasonal variation in carotenoids were observed for L. digitata. Several biotic 
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factors are known to influence phenolic concentrations in brown algae (Hay and Fenical, 

1988). In our study, parts of macrolgal thalli that were sampled for phenolic content were 

devoid of any epiphytes, grazing activity and fertility, making the effect of biotic factors to a 

minimum, although the influence of water-borne chemical cues cannot be excluded (Toth 

and Pavia, 2000). These authors exhibited the induction of phlorotannins in A. nodosum 

when external signals from water-borne cues from periwinkles were detected by this algae. 

A distinct difference in seasonal phenolic content was seen in two of the five brown species 

selected for this study. F. serratus and A. nodosum had highest level of phenols in spring 

and L. digitata had the lowest level in autumn and highest level in spring. However, no 

significant seasonal variation in phenolic content of S. latissima, L. digitata and L. 

hyperborea was observed. The first report of significant seasonal variation in phenol content 

in the genus Laminaria was reported by Connan et al. (2004). The highest levels of phenols 

were observed in spring and summer for A. nodosum and F. serratus providing evidence of 

the photo-protective role of phenols. This conforms to previous studies exhibiting high 

phenol content in spring and summer (Steinberg and Altena, 1992; Connan et al., 2004). 

As additional factors, Arnold et al. (1995) suggests that concentrations of these polyphenolic 

compounds are inversely related to nitrogen availability. A combined effect of high 

irradiance and nutrient stress could have resulted in the accumulation of phenols in low-

nutrient conditions which conforms to our study where phenol levels in A. nodosum and F. 

serratus decreased with increasing nutrient concentration. 

In general, MAA levels in macroalgae are thought to decrease with increasing growth depths 

and are positively correlated with increase in UV radiation (Karsten et al., 1998; Karsten and 

West, 2000). Karsten et al. (1998) has described the induction and kinetics of various MAAs 

formation in C. crispus under different natural radiation conditions. They found that 

shinorine is synthesised under UV radiation and palythine under PAR. In this study, the 

level of palythine was highest in June at high ambient light levels which conform to the 

findings of Karsten et al. (1998). However, Franklin et al. (1999) showed that PAR alone 

was sufficient to induce the typical suite of MAAs found in eulittoral C. crispus. In 

contradiction to this theory, shinorine levels in our study were highest in spring and lowest 

in summer. Shinorine is synthesised on exposure to UV radiation (Karsten et al., 1998). It 

was not possible to measure the level of UV radiation in the field at the time of sampling in 

this study. However, light data from Galway showed increase in irradiance in spring with 

levels of ~ 500 µmol photons m
-2

 s
-1

 at mid-day. 
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Not many studies have been carried out to investigate the seasonal variation in the MAA 

content of C. crispus. Previous investigations on C. crispus collected from the natural 

environment showed only trace amounts of palythine (0.4 mg g
-1

 DW) and no other MAAs 

(Karsten et al., 1998; Maegawa et al., 1993). This study found four different MAAs 

(shinorine, palythine, asterina-330 and palythinol), of which shinorine, asterina-330 and 

palythinol exhibited significant seasonal variation. This discrepancy may be due to the 

following: 1. C. crispus collected by Karsten et al. (1998), was in the month of August when 

irradiance was relatively low. Our samples were collected in the months of February (~500 

µmol photons m
-2

 s
-1

), June (~1500 µmol photons m
-2

 s
-1

) and October (~1100 µmol photons 

m
-2

 s
-1

) during periods of relatively high irradiance, 2. The previous authors collected C. 

crispus from a depth of 4-6 m under water. Samples for this study were collected during low 

tide when the seaweed was already exposed to high irradiance and emersed. However, 

further experimental studies by Karsten et al, (1998) observed that exposure to UV and high 

PAR results in the formation of the other MAAs i.e. shinorine, palythinol and asterina-330 

within a span of 24 hours, the concentration of which increased strongly after a week‟s 

exposure to PAR. Therefore the time of collection is also an important factor here. The 

samples for our study were collected at around mid-day at all seasons when exposure to high 

irradiances is at a maximum.  

Seasonal variation in irradiance, location of seaweeds, emersion, and nutrient availability are 

known to have an effect on MAA synthesis. Generally, higher concentrations of MAAs are 

found in summer than in winter (Aguilera, 2002; Post and Larkum, 1993) which is in 

accordance with our study where the month of June 2010 had highest MAA concentration of 

2.28 mg g
-1

 DW and lowest levels in autumn (1.72 mg g
-1

). Representative samples for 

winter months (December and January) were not sampled for this study. Nitrogen is a 

critical component in the productivity of ecosystems and little information on the effect of 

nitrogen availability on the synthesis and accumulation of MAAs is available from studies 

with macroalgae (Korbee-Peinado et al., 2004). Figueroa et al. (2008) observed that levels of 

individual MAAs in Asparagopsis armata were related to nitrogen status; for instance, the 

percentage of shinorine slightly decreased with increasing N-treatments. But this contradicts 

our results where shinorine levels increased at increasing nitrogen concentrations (~29 µg N 

L
-1

), the concentration of nitrogen being relatively low compared to experimental set up used 

by the above author. Also, the stimulation of MAAs is not straight forward when nutrients 

are involved. A combined effect of high irradiance, UV radiation and nutrient enrichment 
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may stimulate the synthesis of MAAs. A similar combined effect of UV radiation and 

nutrient enrichment was studied by Korbee-Peinado et al. (2004) on the red alga Porphyra 

columbina where an increase in MAAs concentrations occurred in 300 µM NH4Cl and on 

exposure to UVA+UVB+PAR.  

In conclusion, this study was carried out to investigate the general seasonal trend of 

macroalgae with respect to photoprotective pigments and metabolic compound acclimation. 

Seaweeds are known to acclimate to various seasonal conditions by modifying their pigment 

composition and in their ability to tolerate light stress. Intertidal communities of algae 

experience steep gradients of environmental variation over a small spatial scale due to tidal 

emersion exposes these algae to extreme abiotic stress (Davison and Pearson, 1996). Their 

spatial zonation is evidence of this adaptation to abiotic stress and to acclimate to temporary 

changes in irradiance by their photoprotective mechanism. The effects of climate change on 

marine algae are difficult to assess due to paucity in data in natural as well as laboratory 

conditions and influence of several environmental factors. Upper/mid-shore species such as 

A. nodosum and F. serratus had high photosynthetic efficiency where as lower shore 

submerged species such as S. latissima and L. hyperborea had lower photosynthetic 

efficiency irrespective of the season. This is in accordance with the study by Skene (2004) 

where algal species higher in the shore such as A. nodosum, F. vesiculosus have greater 

photosynthetic rates, photosynthetic efficiencies and respiration rates while fully hydrated 

than species found in the lower shore such as Palmaria palmata and Mastocarpus stellatus. 

This may be attributed to upper shore species spending less time when hydrated to 

photosynthesise and furthermore, upper shore algae that recover from desiccation have 

significantly higher fluorescence characteristics than the lower shore “non-recoverers” 

(Skene, 2004). The highest levels of phenols were observed in spring and summer for A. 

nodosum and F. serratus suggesting the photo-protective role of phenols. Seasonal trends 

were observed in the concentration of MAAs which are probably determined by differences 

in solar radiation and/or temperature in the habitat of the red alga C. crispus. More 

information is required on the individual effects of the different environmental factors on 

particular species on long- and short-term growth responses.  

It is not possible to control environmental variables in natural population, for use in 

modelling data as input. Hence, controlled laboratory studies are essential in order to 

investigate the effect of climate change on seaweeds. The following chapters investigate the 

effect of abiotic factors such as irradiance, temperature and nutrients on selected macro- and 
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microalgal species. In addition to this, the role of macro- and microalgal exudates on marine 

climate was also investigated. Since these experiments were carried out in the laboratory, 

they do not always reproduce processes in natural populations. However, inferences can be 

made from response of algae under defined environmental conditions and laboratory studies 

can help explain natural variability observed.  
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3.1. INTRODUCTION 

Temperature is perhaps one of the most widely measured environmental variables that 

affects the ecology and physiology of algae. Temperature plays an important role in the 

metabolic rate, growth and distribution of macro- and microalgae (Lobban and Harrison, 

1994). Currently our planet is undergoing significant changes in different aspects of global 

environment and present trends suggests a rise in global average temperature of the order of 

3°C and a concurrent increase in UV radiation as a consequence of ozone depletion (IPCC, 

2007). Although this rise by a few degrees seems small, it is possible that it could have a 

significant effect on the life history, growth and distribution of some macroalgae (Beardall et 

al., 1998).  

Numerous studies have been carried out by researchers to test the tolerance of seaweeds (e.g. 

Kübler and Davison, 1995; Collén and Davison, 2001) and microalgae (e.g. Verity, 1982; 

Sorrosa et al., 2005) to varying temperatures. In general, most temperate algae are known to 

tolerate freezing temperatures, e.g. Chondrus crispus (Kübler and Davison, 1995) and Fucus 

vesiculosus (Lobban and Harrison, 1994) can tolerate temperatures as low as -1.5°C. But 

none are known to survive temperatures as high as 30°C (Beardall and Raven, 2004). In the 

laboratory, different species of microalgae prefer cooler, and others warmer temperatures. 

For instance, wide temperature ranges are known for microalgal growth (e.g. 5-25°C for 

Asterionella formosa, 5-10°C for Chaetoceros sp. (Beardall and Stojkovic, 2006). Sea 

surface temperatures in the west and south of Ireland tend to be in the range of 8-10°C in 

winter and 14-17°C in summer due to the influence of warm Atlantic waters (O’Boyle and 

Silke, 2009). In winter the waters are generally well mixed, with little difference in the 

vertical distribution of temperature whereas in summer, the water is stratified with a 

temperature difference of almost 6°C across the thermocline (Raine and McMahon, 1998). 

Presence of coastal upwelling is also of importance as nutrient-rich waters are brought up 

towards the surface. This is a wind-driven process, and the increased nutrient levels have 

been associated with increased phytoplankton blooms (Raine et al., 1990). One of the 

earliest accounts of phytoplankton from Irish waters was made in 1904 by Gough where 

daily measurements of water temperatures and fortnightly collections of plankton were 

recorded at four stations around the coast of Ireland (O’Boyle and Silke, 2009). In the 

Galway Bay region, Dooley (1973) gave an account of the phytoplankton in winter which 

was predominant by the diatoms Skeletonema costatum and Thalassiosira gravida and 

summer which was dominated by Cerataulina pelagica and some Pseudonitzschia sp. and a 
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few dinoflagellates such as Ceratium lineatum and Protoperidinium spp. Pybus (1996) also 

observed that spring bloom occurred in March and was dominated by S. costatum and 

Thallassiosira spp.  

As primary producers in coastal and offshore waters, macro- and microalgae experience 

varied levels of solar radiation throughout the day and over seasons; this is relevant as the 

fluctuating irradiance can have a profound impact on the physiological state of the algae 

(Gao and Xu, 2010). The rate of photosynthesis depends on the irradiance available (Lobban 

and Harrison, 1994). The relation between photosynthesis ad irradiance is useful in 

comparing the physiology of light harvesting in different algal species (Sakshaug et al., 

1997). High irradiances may cause photoinhibition in algae which may cause damage to 

some components of the photosystem II (PSII) (Lobban and Harrison, 1994).  

Ultraviolet (UV) radiation has been omnipresent on the surface of the earth since the early 

Archean and is known to have detrimental effects on organisms (Cockell, 2000). UVB (218-

315 nm) is most damaging compared to UVA (315-400 nm) radiation although exposure to 

ranges of wavelengths can mediate photo-oxidative damage through reactive oxygen species 

(Holzinger and Lütz, 2005). In addition to this, in both macro- and microalgae, UV radiation 

can damage the DNA (Karentz et al., 1991), photosystems, inhibit nutrient uptake 

(Behrenfeld et al., 2002) and have a deleterious effect on organismal and inter-species level, 

and thus can affect the balance of the ecosystem (Cockell, 2000). It is apparent that 

responses to UV radiation is species-specific, and many macro- and microalgal species have 

evolved strategies such as photorepair and/or the accumulation of screening compounds to 

prevent damage due to the detrimental effects of UV radiation. Some bloom-forming species 

such as Phaeocystis pouchetii produce high concentrations of colourless, water-soluble UV-

screening compounds on exposure to UVB radiation. Increase in UVB radiation could lead 

to this species dominating the ocean during ozone depletion periods. Since these microalgae 

are not readily consumed by zooplankton, a shift in species composition could have 

extensive effects on the ecology of polar waters (see Beardall et al., 1998). UV radiation also 

reduces the rate of uptake and assimilation of inorganic nitrogen, a common growth-

determining resource for marine algae. Although temperature stress certainly enhances the 

inhibitory effects of high PAR and UV radiation, few data exist reporting on the interaction 

between UV radiation and temperature increase likely to be to associated with climate 

change (Beardall et al., 1998). Measurements of algal growth are important in determining 

the possible changes in productivity due to UV radiation and are an essential parameter that 
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incorporates stress effects in biochemical and physiological processes within marine algae 

(Israel et al., 2010).  

UV-sensitive macroalgal species are usually found in deeper waters and the UV-tolerant 

species in the tidal zones. The low intertidal species C. crispus and Palmaria palmata did 

not exhibit an inhibition in growth when exposed to UV radiation, whereas growth of the 

deep water algae Phycodrys rubens and Polyneura hillae were inhibited completely (see 

Bischof et al., 2006). One of the important physiochemical acclimation mechanism against 

UV radiation involves the accumulation of UV screening substances such as MAAs and 

phenols. These compounds typically absorb in the UVA and UVB region of the spectra and 

function as passive shielding solutes by dissipating the absorbed short-wavelength radiation 

energy into harmless heat without generating a photochemical reaction (Bandaranayake, 

1998, for more details see Chapters 1 and 2). 

Marine algae are known to exude Dissolved Organic Matter (DOM) into coastal and 

offshore waters. The importance of macro- and microalgal DOM in marine systems is 

becoming increasingly apparent as numerous biologically labile and volatile organic 

compounds are formed by photochemical degradation (Mopper et al., 1991). The presence 

of DOM is known to reduce UV penetration into the water system. Macro- and microalgal 

DOM influences the water absorbance characteristics (Carlson and Mayer, 1983), metal 

complexes (Brooks et al., 2008) and surface slicks (Carlson, 1982). More recently, it has 

become clear that DOM is known to play an important role in marine biogeochemical cycles 

(Hedges, 2002). DOM that is produced by algae are usually labile and contribute in the 

microbial loop (uptake of DOM by bacteria) (Azam et al., 1983) and also plays a role in the 

formation of sea spray aerosols. Organic matter produced by phytoplankton blooms form 

primary organic aerosols by the bubble bursting process that occur at the surface of the 

ocean (O’Dowd and de Leeuw, 2007). Despite the importance of DOM in marine 

ecosystems and aerosol formation, relatively small numbers of quantitative and qualitative 

studies have been carried out on the DOM that is derived from macroalgae (Abdullah, 2004, 

Wada et al., 2007). Research has been carried out on DOM release by phytoplankton 

(Baines and Pace, 1991; Suratman, 2008) and to investigate the effect of DOC on the uptake 

of metals by seaweeds (Brooks et al., 2008). These laboratory experiments documented that 

the addition of DOC into the media provided the germlings of F. vesiculosus protection 

against copper toxicity. This was attributed to the binding of free copper ion by the organic 
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matter and hence reducing the amount of copper available for uptake by marine algae 

(Brooks et al., 2008).  

Measuring stress, stress tolerance and chlorophyll a (chl a) 

Light is important for both macro- and microalgae in providing energy for photosynthesis; 

this energy is then passed on the higher trophic system (Lobban and Harrison, 1994). 

Fluorescence measurements provide useful information of the photosynthetic performance 

of a plant, particularly, the ability of a plant to tolerate environmental stress and the extent to 

which the stressors have damaged the photosynthetic apparatus (Maxwell and Johnson, 

2000). Measurements with fluorometers can provide information on electron transport rates, 

quantum efficiency and the extent of photoinhibition in response to temperature, light and 

other environmental stressors. PAM (Pulse-Amplitude Modulated) fluorometers use three 

different lights to manipulate the photosynthetic apparatus, thereby emitting different 

quantities of fluorescence. Initially, a weak measuring light (0.15 µmol photons m
-2

 s
-1

) 

induces a fluorescence emission without inducing photosynthesis. This is used to determine 

the proportion of closed PSII reaction centres. The second light source is used to assess 

photosynthetic activity is a saturating pulse (> 10,000 µmol photons m
-2

 s
-1

 for 0.4-0.8 s). 

This results in the closure of all reaction centres resulting in greater fluorescence emission. 

The third light source manipulates the photosynthetic apparatus and is known as actinic 

light. This actinic light induces photosynthesis and can range up to 2000 µmol photons m
-2

 s
-

1
. Light curves assess not only the photosynthetic capacity of a plant but also the plant’s (or 

algal) potential activity over a specific range of ambient light intensities. Measurements of 

this kind are known as the Photosynthetic-irradiance (P-E) curve. The P-E curves are used 

widely in models of algal productivity and for the characterisation of photoacclimation 

(Henley, 1993). The light curve has three distinct regions: the light limited, light saturated 

and the photoinhibited region. Under low irradiance, photosynthesis is limited by irradiance. 

The rise of the curve (initial slope) in the light limited region (α) is directly proportional to 

efficiency of light capture (effective quantum yield). Ek is the minimum saturating irradiance 

which is determined by finding the interception of α with the maximum photosynthetic rate. 

Ek is related to quenching where photochemical quenching dominates below Ek and non 

photochemical quenching dominates above Ek. With moderate irradiance, the capacity of the 

electron transport chain limits photosynthesis and the curve reaches a plateau, called the 

maximum photosynthetic capacity (rETRmax). At higher irradiances, the curve tends to 

decline which is usually represents photoinhibition (Ralph and Gademann, 2005). Marine 
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algae receive excess sunlight than they can actually use for photosynthesis. In order to 

protect them from the excess radiation, regulation of light harvesting is necessary to balance 

the absorption and utilisation of light energy, minimising the potential for photooxidative 

damage. Non-photochemical quenching mechanisms (NPQ) exist by which this excess 

energy is eliminated, where a singlet-excited chl a molecule is quenched and the excess 

excited energy is dissipated as heat (Müller et al., 2001).  

Chl a concentration is the most widely measured index of phytoplankton abundance. Most 

atmospheric and climate models use chl a as a proxy for phytoplankton biomass. A variety 

of direct techniques are available for measuring chl a, including spectrophotometry, high 

performance liquid chromatography (HPLC) and fluorometry (Aminot et al., 2000). In 

addition to these, light absorption by phytoplankton allows remote sensing of chl a 

concentration from satellites and in vivo fluorescence of chl a allows continuous 

measurements by ship-based, aircrafts and moored instruments (Falkowski and Kiefer, 

1985). Inspite of the widespread use of chl a concentration in marine primary productivity, it 

is thought to be an imperfect or poor measure of phytoplankton biomass (Cullen, 1982; 

Geider et al., 1997). Chl a constitutes about 0.1-5% of the phytoplankton organic matter. 

A basic assumption in fluorescence measurements is that the chl a that is measured is that of 

living cells. However, field studies have indicated that phytoplankton communities can 

contain large proportions of dead cells and can remain in surface waters (Franklin et al., 

2009; Hayakawa et al., 2008). Studies have shown that majority of the microalgal 

assemblages can persist as dead, pigment containing cells (Veldhuis et al., 2001).  

 

Research aims and objectives 

The effect of environmental parameters such as temperature, irradiance and salinity on 

growth, photosynthesis, pigment concentration and reproduction has been well documented 

under different controlled conditions (Bruhn and Gerard, 1996; van de Poll et al., 2001; 

Roleda et al., 2004; Nygård and Dring, 2008). However, not many studies have been carried 

out to investigate the effect of physical stresses on the release of DOC and the eco-

physiology of seaweeds and phytoplankton (Wada et al., 2007; Aluwihare, 1999). Although 

both macro- and microalgae are representatives of different habitats; coastal and offshore, 

the organic compounds released by them play an important role in ocean biogeochemical 

cycling and subsequently in the production of aerosols. Marine algae need optimum salinity 

for their photosynthesis, growth and respiration (Lobban and Harrison, 1994). A decrease in 
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photosynthesis is associated with inhibition of PS II activity due to an increase in non-

photochemical quenching attributed to a state II transition (Endo et al., 1995).  

This study was carried out to investigate the effect that temperature, light and salinity have 

on the photosynthetic parameters and organic compound exudation into seawater. Key 

seaweed species (identified based on organic compound emission potential in Chapter 1) 

from Finavarra, Co. Clare, were used. These species were A. nodosum, F. serratus, S. 

latissima, L. digitata and C. crispus. The aim of this work was to investigate the potential 

role that long- and short term stress play on the eco-physiological and organic compound 

release from macroalgae. The stresses examined here were temperature, and irradiance 

(including UV radiation). In addition to this, key phytoplankton species were also 

investigated for the potential role that long term temperature, irradiance and salinity stress 

on the eco-physiology and organic compound exudation into seawater. The species used for 

this were E. huxleyi, C. closterium and S. trochoidea; representatives from groups of 

coccolithophore, diatom and dinoflagellate. 
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3.2. MATERIALS AND METHODS 

3.2.1. Macroalgal experiments 

3.2.1.1. Macroalgal species 

Key macroalga species were selected based on their organic compound emission potential 

(see Chapter 2, Section 2.2.2 for species description) from Finavarra, Co. Clare. The amount 

of release of organic compounds is dependent on the various physical stresses that the 

macroalgae experience. In order to investigate this a series of long- (14 d) and short- (3 d) 

term temperature and irradiance effects on the photosynthetic parameters, pigment 

composition and release of metabolic compounds and DOC under different controlled 

conditions in five species (A. nodosum, F. serratus, S. latissima, L. digitata and C. crispus) 

of macroalgae were assessed.  

3.2.1.2. Experimental design 

a. Temperature –Irradiance exposure experiments 

i) Effect of long-term temperature-irradiance exposure on macroalgae 

A series of long-term (14 d) temperature-irradiance experiments were carried out using 

different macroalgal species in order to study the effect of extreme temperatures and 

irradiances on the physiology, pigment composition, metabolic compound acclimation and 

DOC exudation (Table 3.1a). Fronds of A. nodosum, F. serratus, L. digitata and C. crispus 

were collected from Finavarra (details on study site described in Chapter 2, Section 2.2). 

Immediately after sampling, the seaweeds were transported in cooled dark bags to the 

laboratory. The seaweeds acclimatised in seawater that was double heated to 87°C and 

cooled to 10°C. The apical part of A. nodosum and F. serratus, the meristematic region of L. 

digitata and the frond of C. crispus were used for these experiments. These samples were 

cultured for 14 days at different combinations of temperatures (8°C, 12°C and 16°C) and 

irradiance (40, 80 and 120 μmol photons m
–2

 s
–1

) levels as shown in Table 3.1. Each 

treatment consisted of two fronds of each species which were placed in 1 L beakers (for A. 

nodosum, F. serratus and C. crispus) or 5 L plastic bowls (for L. digitata) which contained 

600 mL or 2L, respectively, of double heated seawater. Experiments were conducted in 

triplicate for each of the treatments. Light was provided by L 18W/865 lumilux fluorescence 
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lamps (Osram, Germany). The cultures were aerated and maintained at a photoperiod of 12 

h:12 h which is representation of average light and dark periods for the whole year.  

ii) Effect of short-term temperature-irradiance exposure on macroalgae 

In order to study the effect of extreme temperatures and irradiances on the physiology, 

pigment composition, metabolic compound acclimation and DOC exudation, another set of 

short-term (3 d) temperature-irradiance experiments were carried out using different 

macroalgal species (Table 3.1). Fronds of A. nodosum, F. serratus, S. latissima, L. digitata 

and C. crispus were collected from Finavarra. After sampling, the seaweeds were 

immediately transported in cooled dark bags to the laboratory. The seaweeds were 

acclimatised in seawater that was double heated to 89°C and cooled to room temperature. 

Samples were cultured for 3 days at different temperature (20°C, 23°C and 26°C), at an 

irradiance of 100 μmol photons m
–2

 s
–1

. The cultures were aerated and maintained at a 

photoperiod of 12 h:12 h. Each treatment consisted of two fronds in triplicate for each 

species which were placed in 1 L beakers (for A. nodosum, F. serratus and C. crispus) or 5 L 

plastic bowls (for L. digitata and S. latissima) that contained 600 mL or 2L, respectively, of 

double-heated unenriched seawater. Light was provided by L 18W/865 lumilux fluorescence 

lamps (Osram, Germany). 

b. UV radiation exposure experiments 

i) Long-term effects of UV radiation exposure on macroalgae 

Long-term (14 d) UV irradiance exposure experiments were carried out to investigate the 

effect of UV radiation on the above species of macroalgae (Table 3.1.C). PAR was provided 

by two L 18W/865 lumilux fluorescent lamps (Osram, Germany) which had a fluence rate of 

50 µmol photons m
-2

 s
-1

). Two LT 18W/009UV lamps (Narva, Germany) were used to 

obtain UV radiation. The cultures were aerated and maintained at a photoperiod of 12 h:12 

h. By the use of different cut-off filters algae were exposed to the three irradiance 

conditions. Ultraphan Glasklar (Digefra GmbH, Munich, Germany) transmitted 

PAR+UVA+UVB. The Folanform (Folex GmbH, Dreieich, Germany) transmitted 

UVA+PAR and the Ultraphan UVRU farblos (Digefra GmbH) transmitted only PAR (see 

Table 3.1 for details on dosage). The spectral composition of the experimental light regime 

exposed to macroalgae was measured with a TriOS hyperspectral radiometer (RAMSES 

ACC-2 UV/VIS) (Fig. 3.4).  
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ii) Short-term effects of UV radiation exposure on macroalgae 

A series of short-term (3 d) UV irradiance experiments were also carried out to investigate 

the effect of UV radiation on the above species of macroalgae (Table 3.1). The experimental 

set-up and procedure was similar to the long-term (14 d) UV radiation experiments 

described in Section 3.2.1.2.b.i.  

Table 3.1. Overview of a) temperature-irradiance and b) UV radiation treatments carried out 

using macroalgal species. 

Experiments Species 

a)  Temperature-Irradiance 

exposure experiments 

 

 

 

 

i) Long-term experiments (14 days) 

 

Temperature (°C) 

 

 

Irradiance (µ mol photons m
-2

 s
-1

) 

 

8 40, 80 and 120 A. nodosum,  

F. serratus,  

L. digitata and  

C. crispus 

12 40, 80 and 120 

16 40, 80 and 120 

ii) Short-term experiments (3 days) 

 

Temperature (°C) 

 

 

Irradiance (µ mol photons m
-2

 s
-1

) 

 

20 100 A. nodosum,  

F. serratus,  

S. latissima, 

L. digitata and  

C. crispus 

23 100 

26 100 

 

b)  UV radiation exposure 

experiments 

 

 

 

i) Long-term experiments (14 days) 

 

UV treatments 

Irradiance  

UVA+UVB+PAR 7 W m
-2 

+ 0.3 W m
-2

+ 50 µmol photons 

m
-2

 s
-1

 

A. nodosum,  

L. digitata and  

C. crispus 

 
UVA+PAR 7 W m

-2 
+ 50 µmol photons m

-2
 s

-1
 

PAR 50 µmol photons m
-2

 s
-1

 

ii) Short-term experiments (3 days) 

 

UV treatments 

 

 

Irradiance 

 

UVA+UVB+PAR 7 W m
-2 

+ 0.3 W m
-2

+ 50 µmol photons 

m
-2

 s
-1

 

 

A. nodosum,  

F. serratus,  

S. latissima, 

L. digitata and  

C. crispus 

UVA+PAR 

 

7 W m
-2 

+ 50 µmol photons m
-2

 s
-1 

 

PAR 50 µmol photons m
-2

 s
-1

 

 

 

 



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

110 

 

 
Fig. 3.4. Spectral composition of the experimental light regime exposed to macroalgae 

measured with a TriOS hyperspectral radiometer (RAMSES ACC-2 UV/VIS). Filters used 

were Glasklar (UVA+UVB+PAR): dashed line, Folan (UVA+PAR): dotted line and UVRU 

(PAR): solid line. 

 

3.2.1.3. Analysis of growth and photosynthetic efficiency measurements 

Change in biomass of macroalgae was recorded by measuring both the length and weight of 

the seaweeds. Length and weight were measured at the start, on day 7 and at the end of the 

experiment after 14 d (for short-term experiments, measurements were taken on 1 d and 3 

d). For A. nodosum, F. serratus and C. crispus 10 cm-long fronds from the tips of the 

seaweeds were used (the width of C. crispus was not taken into account). In the case of L. 

digitata and S. latissima, 10 cm of the meristematic region was used for the experiment.  

Specific growth rate was calculated using the formula; 

SGR= [100 x ln (Lengtht/Lengtho) / t 

where, Lengtht= length at day t, Lengtho= length at day 0 and t = number of days (Lüning, 

1990). Specific growth rates of only day 0 and day 15 are presented here.  

Chlorophyll fluorescence of photosystem II (yield) was measured at the start and end of each 

experiment. Chlorophyll fluorescence measurements were carried out using a PAM-2000 

(Walz GmbH, Effeltrich, Germany) which provides means of assessing the light saturating 
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properties of the seaweed. The rapid light response curve used was the steady state (SS) light 

curve. In SS light curves, the fluorescence yield is allowed to reach a stable value after each 

incremental increase in PAR (Falkowski and Raven, 1997). To obtain Photosynthesis-

Irradiance (P vs E) curves, seaweeds were exposed to increasing actinic light series run (Run 

7) provided by an internal halogen lamp which assessed the quantum fluorescence yield as a 

function of photosynthetically active radiation (PAR) and was used to evaluate the 

chlorophyll fluorescence properties of the specimen throughout the course of the experiment 

(see Table 3.2 for PAR levels) (Walz, 1998). The seaweeds were adapted to darkness for 

half an hour and starting at intensity 1, each sample was illuminated for 3 min at each 

intensity; after which period a saturation pulse was applied to assess the fluorescence 

parameters of quantum chlorophyll fluorescence yield or ΦPSII, (Fm’-Ft)/Fm’ (where 

Fm’=maximal fluorescence in light adapted tissue, Ft=measured fluorescence at any given 

time); photochemical quenching, qP and non-photochemical quenching qN. Before each 

saturation pulse, far-red illumination (735nm) was applied for 3 s. This ensured that the 

acceptor pool was effectively re-oxidised by selective excitation of PSI, allowing for correct 

determination of the Fo’ parameter (Walz, 1998). Light levels were measured with a light 

sensor (Li-1400, Li-Cor, USA) at the start of the experiment. Electron Transport Rate is a 

relative measurement that provides comparative electron transport rates for PSII at different 

light levels. The relative electron transport rate (rETR) is an approximate calculation of the 

amount of electrons passing through the photosynthetic chain (Beer et al., 2000) and is 

calculated as; 

rETR=ΦPSII x EPAR 

where; ΦPSII= effective quantum yield ((F’m-Ft)/F’m) 

           EPAR= Irradiance of PAR 

           ETR factor = 0.84 

 

A standard ‘distance clip’ was used with the fibre optics for convenient position of the 

fibreoptics end-piece relative to the sample. The light energy that is absorbed by chlorophyll 

can be used to either drive photosynthesis (photochemical quenching) where there is an 

increase in the rate at which electrons are transported away from the PSII system or this 

energy is converted to heat (non photochemical quenching). qP gives an indication of the 

proportion of open PSII centres. Photochemical quenching is calculated as,  
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qP = (F
’
m-Ft)/F

’
m-F

’
o) 

where; qP = photochemical quenching 

 F
’
m= fluorescence maximum 

 Ft = steady state value of fluorescence immediately prior to the flash  

 F
’
o = fluorescence minimal 

Non-photochemical quenching (NPQ) is calculated as; 

NPQ = (F
o

m – F
’
m) / F

’
m 

This Stern-Volmer quenching (NPQ) is linearly related to heat dissipation and is more 

sensitive to energy dissipation than qN and is more robust, since it is not dependent on F’o 

(minimum fluorescence of a light adapted plant)and is not affected by Fo (minimum 

fluorescence of a dark-adapted plant) quenching (Maxwell and Johnson, 2000; Schreiber, 

2004). 

Table 3.2. Actinic light levels and associated irradiances used in the experiment. 

Actinic light level PAR (µmol photons m
-2

 s
-1

) 

1 11 

2 60 

3 100 

4 170 

5 270 

6 420 

7 600 

 

To obtain the photosynthetic parameters such as rETR, α and Ek from the SS light curve, 

measured rETR values were used as an input into a model of photosynthetic response to 

increasing photon flux using the least square error calculation and the solver function of 

Microsoft® Office Excel® 2007. The light curves as rETR vs. EPAR were fitted by the 

mathematical model of Walsby (1997). Curves were fitted with the Walsby-model when 

rETR was suppressed at high PF, which is then quantified as a function term referred to as β. 

The maximum electron transport rate (rETR max) was calculated using a modified analytical 

maximum of the Walsby model which is represented as; 

rETRmax = rETRmax(Walsby) + rETRmax(Walsby) (β/α) x (log10 (β/α)) 

The minimum saturating irradiance (Ek ) was computed as a quotient of rETR and α. 
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3.2.1.4. Analysis of pigment composition and concentration 

Chlorophyll a, chl c, carotenoids and phycobiliproteins 

For all macroalgal species, photosynthetic pigments such as chl a, chl c and carotenoids 

were determined using a modified HPLC method outlined in Wright et al. (1991) and 

modified in accordance with Bidigare et al. (2005). Samples (n=3) for pigments were 

analysed at the start and end of the experiment. For more details on the extraction and 

quantification procedure, refer to Chapter 2.  

Phycobiliproteins for C. crispus were extracted in accordance with Chopin et al. (1999). 

Blotted dry seaweeds (n=3) from each treatment were analysed for phycoerythrin and 

phycocyanin at the start and at the end of the experiment. For more details on the extraction 

and quantification procedure, refer to Chapter 2.  

3.2.1.5. Analysis of phenolic content, composition and exudation of phenolic 

compounds 

Both intracellular and cell-wall phenols were determined for the two species, A. nodosum 

and L. digitata. Samples (n=3) were extracted and quantified at start and at the end of the 

experiment. Phenols were extracted in three steps using the protocol adapted by Connan et 

al. (2004). 200 mg of seaweed tips (for A. nodosum) and meristematic tissue (for L. digitata) 

(n=3) were finely ground with 100% methanol in an Ultra-Turrax homogeniser. The samples 

were then incubated in a waterbath for 3 h at 40°C under rotary agitation in the dark. The 

samples were then centrifuged (Hettich, Rotina 38R) at 4000 rpm for 5 min. The extract 

(M100) was used for phenol assay. To obtain the total algal phenol pool, the solid residue 

remaining after extraction with pure methanol was re-extracted in the same way with 50% 

methanol-distilled water (v/v) (M50). The extracts M100 and M50 represent the intracellular 

phenols. The solid residue remaining after extraction with 50% methanol-distilled water 

(v/v) were further re-extracted using different solvents like 100% methanol, distilled water, 

acetone, diethyl ether to remove all intracellular compounds and analyse only the cell wall 

compounds. Phenolics from the purified cell wall were then extracted using 1 M NaOH 

(80°C) for 2 h 30 min at room temperature. The samples were then centrifuged at 4000 rpm 

for 5 min and this extract was acidified using phosphoric acid and then analysed for phenol 

assay.  



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

114 

 

Phenols were analysed spectrophotometrically using an adapted Folin-Ciocalteu assay which 

is least affected by interfering compounds like aromatic amino acids (Sanoner et al., 1999). 

100 µL of the sample was added to 50 µL of Folin-Ciocalteu reagent and 200 µL of sodium 

carbonate (200 g L
-1

) and the mixture was then diluted with 650 µL of deionised water. The 

samples were then placed in a waterbath at 70°C for 10 min, after which, they were 

immersed in an ice bath for 5 min to stop the reaction. Absorbance was read at 700nm on a 

Cary UV50 spectrophotometer and CaryWIN software (Varian Inc., Palo Alto, CA, USA). 

Phloroglucinol (1,3,5-trihydroxybenzene, Sigma) was used as the standard. Phenolic 

compounds were expressed as percentage (of dry weight) of seaweed tissue. The dry-wet 

ratio for each species was assessed using another set of seaweed material by freeze-drying 

them for 48 h.  

Phenolic compounds exuded in water were analysed in accordance with Connan and Stengel 

(2011). The absorption spectra of the water in which the algae were cultured were recorded 

at the start and end of the experiment. These water samples were scanned at 264-275 nm 

using quartz cuvettes and was carried out using a UV-spectrophotometer (Cary 50 UV-Vis, 

Varian Inc., USA). The exudation of phenols were estimated at 274 nm which is the 

wavelength at which maximum absorption of phlorotannins occur (Connan and Stengel, 

2011). 

3.2.1.6. Analysis of Mycosporine-like amino acids (MAAs) 

MAAs were extracted in accordance with Karsten et al. (2009) for the red alga C. crispus. 

Seaweed samples (n=3) were analysed at the start (day 0) and at the end of the experiment 

(day 14). For further details on the extraction and quantification, refer to Chapter 2.  

3.2.1.7. Analysis of Dissolved Organic Carbon (DOC)  

DOC analyses were carried out in accordance with Dickson et al. (2007). Seawater samples 

(30 mL) were filtered under mild vacuum through a 47 mm diameter, 0.7 µm pore-size pre-

combusted (450°C for 4 h, stored in sealed glass containers) Whatman GF/F glass fibre filter 

paper. The filtrate was then kept frozen until further analyses and the samples were sent to 

the University of Southampton to be analysed. The technique determined the dissolved 

organic carbon (DOC) in seawater which is expressed as µmol C L
-1 

or µM. Water samples 

were acidified prior to analysis using concentrated hydrochloric acid. Approximately 0.1% 

by volume of the concentrated HCL was added to each water sample to lower the pH to < 2. 
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As a result of the low pH and sparging, all inorganic carbon species were converted to CO2 

and removed from the sample. The analysis was then performed using a Shimatzu TOC-

VCSH Total Organic Carbon Analyser with the TNM-1 Total Nitrogen detector. This water 

sample was then injected onto a combustion column packed with platinum-coated alumina 

beads at 680°C. The non-purgeable organic carbon compounds were combusted and 

converted to CO2 which was detected by a non-dispersive infrared detector. The Shimadzu 

TOC-VCHS system was calibrated using potassium hydrogen phthalate in Milli-Q
®
 water. 

The performance of the system was verified using consensus reference water. This reference 

water was deep Sargasso Sea (DSR) water that had undergone the process of acidification 

and sealed in 10 mL ampoules, the concentration of which has been previously determined. 

The blank used for the instrument was Low Carbon Water (LCW) which had been acidified 

and had a carbon concentration of 1-2 µmol C L
-1

. A blank and reference seawater sample 

were run first before the samples.  

The instrument determines the concentration in parts per million (ppm), and the 

concentration of the sample in μM (or micromoles per liter), corrected for the instrument 

blank, was calculated as 

 

[(Sample (ppm) – LCW (ppm)) × 83.33] + LCW value (μM) 

 

Where, Sample and LCW are the concentrations determined by the TOC-VCSH, 83.33 is a 

conversion factor to convert ppm to μM and LCW is the carbon concentration of the LOW 

Carbon Water reference material. LCW was then subtracted from the sample to remove both 

the instrument blank and carbon content of the LCW. The carbon content of the LCW is 

added again to calculate the correct sample concentration.  

3.2.1.8. Statistical analyses 

Statistical analyses were carried out using PASW (Predictive analytics software) statistics 

18. Raw datasets were tested for normality using Anderson-Darling test and Levene’s test 

was carried out to test for homogeneity in data. To assess the effect of the different 

treatments on the photosynthetic parameters, pigment composition, phenolic compounds and 

MAA on the different seaweed species, a two-way ANOVA was performed. A student-

Newman-Keuls (SNK) post-hoc test was employed for comparison of means. For the DOC 

samples, a one-way ANOVA was performed followed by the SNK post-hoc test to compare 
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the means. If the data were not normally distributed and was heterogeneous in variance, data 

were transformed and ANOVA was carried out. Again, if the data were not normally 

distributed and were heterogeneous in variance, a Kruskal-Wallis test was carried out 

followed by a Mann-Whitney post-hoc if the test was significant (Dytham, 2011). 

3.2.2. Microalgal experiments 

3.2.2.1. Description of microalgal species  

Relevant microalgal species selected for this study were based on a previous large-scale EU 

funded Marine Aerosol Production (MAP, http://macehead.nuigalway.ie/map) project 

carried out in 2006. The MAP project was an attempt to emphasise the importance of and 

role of biological processes in the formation of marine aerosols and the impact of marine 

aerosols on regional scale climate (O’Dowd, 2006). The project focussed on primary 

production of marine organic matter aerosols produced by plankton and transferred into the 

atmosphere via the process of bubble bursting at the surface of the ocean. Key processes 

were identified and implemented in a Global/Regional-scale chemical transport model and 

climate model. A MAP intensive observation period was carried out from June 11
th
 to July 

6
th
, 2006 in a period of high biological activity (HBA) during a phytoplankton bloom 

(Facchini et al., 2008). Seawater samples were collected during the bloom period in 2006 off 

the coast of western Ireland on different days (13/06/2006, 19/06/2006, 30/06/2006 and 

05/07/2006) and in different regions of the bloom (53° 20’ 48’’N, 11° 35’ 49’’W, 56° 33’ 

31’’N, 10° 35’ 29’’W, 56° 32’ 32’’N, 08° 29’ 06’’W and 53° 41’ 25’’N, 10° 43’ 14’’W 

respectively, carried out onboard the Celtic Explorer. The phytoplankton species dominant 

in the bloom were the coccolithophore Emiliania huxleyi (2.6 x 10
6
 cells L

-1
), the diatom 

Cylindrotheca closterium (2.2 x 10
3
 cells L

-1
) and the dinoflagellates Prorocentrum 

minimum (5.0 x 10
3
 cells L

-1
) and Scrippsiella trochoidea (6.0 x 10

3
 cells L

-1
). In addition to 

these, other cocolithophores such as Acanthoica quatrospina, Calyptrolithinia wettsteinii, 

Gephyrocapsa muelierae and Syracospaera spp. were also present but in lower numbers, < 

1000 cells L
-1

. Dinoflagellates such as Ceratium arietinum, Ceratium furca, Protoperidinium 

minusculum, Dinophysis acuminate and Gymnodimiun spp. were also present in low 

numbers of < 400 cells L
-1

. Diatoms such as Leptocylindrus danicus, Chaetoceros sp. and 

Pseudo-nitzschia sp. were also present in < 1000 cells L
-1

) (O’Dowd et al., pers. comm.). 

The total number of cells in the bloom varied in all four sampling days characterised by a 

short-term temporal change in abundance on 19
th
 and 30

th
 June 2009 being three times 
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higher than the beginning of the sampling period. In addition to this, a desk study was 

carried out to identify potential organic compounds exuded by microalgae (described in 

Chapter 1) to better understand the effect of marine organic matter from primary production 

on aerosol formation. The species selected for this study are described as follows.  

Coccolithophore Emiliania huxleyi (Lohmann) W. W. Hay and H. P. Mohler (Fig. 3.5a) is a 

cosmopolitan species that occurs in the eutrophic and also in the oligotrophic waters of the 

sub-tropical gyres. It is numerous in cell number but because of its small size (< 5 µm in 

diameter), it makes a lesser contribution to the total biomass. For this reason, E. huxleyi are 

associated with low rather than high chl a concentrations (Tyrrell and Merico, 2004). The 

record of highest number of cells in an E. huxleyi bloom is of the order of 10
8
 cells L

-1
 in a 

Norwegian fjord in 1955. Blooms of E. huxleyi are known to cover large areas and can 

possibly extend to > 100,000 km
2
. E. huxleyi are known to overproduce coccoliths under 

some nutrient conditions which results in the shedding of excess coccoliths in water (Tyrell 

and Merico, 2004). Several factors are responsible to trigger an E. huxleyi bloom. Some of 

the factors are high light, low silicates, limiting phosophates, low dissolved CO2 among the 

physical and chemical parameters. The biological factor that could influence the start of a 

bloom are microzooplankton. Different forms of cells are known to occur in a culture of E. 

huxleyi. These are the coccolith-forming cell (C-cell), non-motile naked cell (N-cell) and the 

scale-bearing swarmer cell (S-cell). The cells usually seen in a coastal as well as off-shore 

bloom is the C-cell (Green et al., 1996). N-cells are known to occur in laboratory cultures 

after prolonged periods of cultivation which are mutant diploid stages and have lost the 

ability to produce heterococcoliths (Paasche, 2001). S-cells are also known to occur in 

cultures which allow the maintenance of the motile stage by reproducing vegetatively 

(Klaveness, 1972). The strain used in this study was Emiliania huxleyi (Lohm.) Hay and 

Mohler (CCAP 920/3, isolated from Loch Kanaird, near Ullapool, Scotland). 

 
Fig. 3.5. a) Emiliania huxleyi (Lohmann) W. W. Hay and H. P. Mohler and b) 

Leptocylindrus danicus Cleve. 

a) b) 

10 µm 10 µm 
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Leptocylindrus danicus Cleve is a diatom that belongs to the Bacillariophyta of the 

Leptocylindraceae family. L. danicus are cylindrical cells that occur in chains (Fig. 3.5b) of 

up to 20 or more cells and occur in coastal and estuarine habitats (Roden and Raine, 1994). 

L. danicus is often a dominant species in spring blooms in temperate coastal waters. The cell 

diameter is about 5- 16 µm and has numerous small round chloroplasts (Round et al, 1990). 

The formation of resting spores is a well known common phenomenon in L. danicus. These 

spores are known to survive grazing and sink to the bottom until favourable conditions 

induce germination to produce vegetative cells (Hargraves, 1976). Roden and Raine (1994) 

described phytoplankton blooms in Connemara nearshore regions which included L. danicus 

dominant in mid-summer in a bloom of mixed diatoms and dinoflagellates. The rate of 

excretion of DOC by L. danicus has been studied under different temperatures, daylengths 

and irradiance levels (Verity, 1981). 

Cylindrotheca closterium (Ehremberg) Lewin and Reimann (Fig. 3.6a) is a diatom of the 

Bacillariaceae family found in the neritic zone and exploits a half-planktonic and half-

benthic existence (Round et al., 1990). Where, the cells are transported up into the water 

column during mixing of waters and under calm conditions, settle in the sediments. The cells 

of C. closterium are about 30-400 µm in length. The central part of the cell is spindle-shaped 

with tapering ends. Two chloroplasts are present in the centre of the cell (Tomas, 1997). A 

by-product of its motility in surface waters results in the secretion of polymeric substances 

that form a matrix of biofilm covering the benthic surface (Kingston, 2009). Laboratory 

studies are carried out on the exoplysaccharides and extracellular production of 

carbohydrates of C. closterium under nutrient limited conditions (e.g. Staats et al., 2000; 

Urbani et al., 2005). The strain used for this study was Cylindrotheca closterium 

(Ehrenberg) Reimann and Lewin (CCMP1855, isolated from North Atlantic Ocean). 

  
Fig. 3.6. a) Cylindrotheca closterium (Ehremberg) Lewin and Reimann and b) Scrippsiella 

trochoidea (Stein) Balech. 

a) b) 

10 µm 10 µm 
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Scrippsiella trochoidea (Stein) Balech (Fig. 3.6b) is a cosmopolitan marine dinoflagellate of 

the Peridiniaceae family, widely distributed in coastal waters with a length of 23-37 µm. The 

cells of S. trochoidea are pear shaped with a conical epitheca and rounded hypotheca. S. 

trochoidea is listed by the UNESCO as a harmful algal bloom forming species due to its 

ability to reach dense populations particularly in stratified waters (Ignatiades and Gotsis-

Skretas, 2010). S. trochoidea is reported to grow in a broad range of temperature (10 - 30°C) 

and salinity (5 – 55) conditions (Kim and Han, 2000). It is known to produce spiny 

calcareous cysts which are found in sediments. Off the coast of western Ireland, blooms of S. 

trochoidea are common in mid-summer (Roden and Raine, 1994). The strain used in this 

study was Scrippsiella trochoidea (Stein) Balech (CCMP 1599, isolated from the North 

Atlantic). 

a. Microalgal cultures 

Cultures of the coccolithophore E. huxleyi (Lohm.) Hay and Mohler (CCAP 920/3) were 

maintained in the laboratory in 500mL glass borosilicate flaks at 16°C and irradiance of 50 

µmol photons m
-2

 s
-1

 (12 h: 12 h photo period) as stock batch cultures in F/2 media (as 

described in Section 3.2.2.3, Table 3.3, Guillard and Ryther, 1962). Similarly, the diatoms L. 

danicus Cleve (CCMP470) C. closterium (Ehrenberg) Reimann and Lewin (CCMP1855) 

cultures were maintained at 22°C and irradiance of 50 µmol photons m
-2

 s
-1

 (12 h: 12 h 

photo period) in F/2 medium. Cultures of the dinoflagellate S. trochoidea (Stein) Balech 

(CCMP 1599) were maintained at 16°C and irradiance of 50 µmol photons m
-2

 s
-1

 (12 h : 12 

h photo period) in F/2 medium. The above cultures were batch-cultured regularly every 2 

weeks, and this served as a stock material for the experiments. 

b. Preparation of microalgal culture media 

F/2 medium 

To approximately 950 mL of seawater, each of the components in Table 3.3 were added (see 

Tables 3.4 and 3.5 for trace metal and vitamin solutions, respectively) and the volume was 

made up to 1 L. The medium was then autoclaved for 15 min. The medium was cooled and 

then ready for the culture of microalgae. Na2SiO39H2O was omitted as it enhances 

precipitation in seawater when it is autoclaved. 
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Table 3.3. F/2 medium prepared in 1 L seawater and used to culture the microalgae E. 

huxleyi, L. danicus and C. closterium. 

  Component Stock Solution Quantity Molar Concentration in 

Final Medium (µM) 

NaNO3 75 g/L dH2O 1 mL 882 

NaH2PO4H2O 5 g/L dH2O 1 mL 36.2 

Na2SiO39H2O 30 g/L dH2O 1 mL 106 

trace metal solution see Table 3.4 1 mL - 

vitamin solution see Table 3.5 0.5 mL - 

 

Table 3.4. F/2 trace metal solution prepared in 1 L distilled water (dH2O) and used to 

prepare F/2 medium (see Table 3.3). 

Component Primary Stock 

Solution 

Quantity Molar Concentration in 

Final Medium (µM) 

FeCl3 6H2O --- 3.15 g 11.7 

Na2EDTA 2H2O --- 4.36 g 11.7 

CuSO4 5H2O 9.8 g/L dH2O 1 mL 0.0393 

Na2MoO4 2H2O 6.3 g/L dH2O 1 mL 0.026 

ZnSO4 7H2O 22.0 g/L dH2O 1 mL 0.075 

CoCl2 6H2O 10.0 g/L dH2O 1 mL 0.420 

MnCl2 4H2O 180.0 g/L dH2O 1 mL 0.910 

 

Table 3.5. F/2 vitamin solution prepared in 1 L distilled water (dH2O) and used to prepare 

F/2 medium (see Table 3.3). 

Component Primary 

Stock 

Solution 

Quantity Molar Concentration in 

Final Medium (µM) 

thiamine HCl (vit. B1) - 200 mg 0.296  

biotin (vit. H) 0.1 g/L dH2O 10 mL 0.00205 

cyanocobalamin (vit. B12) 1.0 g/L dH2O 1 mL 3.69 x 10
-10

 M 

 

3.2.2.2. Experimental design 

a. Effect of temperature and irradiance on growth and chl a 

Experiments were carried out to investigate the effect of temperature and irradiance on E. 

huxleyi, C.closterium and S. trochoidea. Microalgal cultures were grown at temperatures of 

10, 15 and 20°C and irradiances of 40, 80 and 20 µmol photons m
-2

 s
-1

 in 250 mL 

Erlenmeyer flasks in triplicate for each combination of treatments. The cultures were aerated 

and maintained at a photoperiod of 12 h:12 h. Cells counts were monitored every two days 

and chl a assessed every third day for the duration of the experiment.  
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b. Effect of UV radiation and PAR on growth, pigment composition and concentration 

and exudation of DOC 

Experiments were carried out to investigate the effect of UV radiation on E. huxleyi, L. 

danicus and S. trochoidea. Microalgae were cultured in 250 mL Erlenmeyer flasks in 

triplicate for each treatment of UV radiation. PAR was provided by two L 18W/865 lumilux 

fluorescent lamps (Osram, Germany) which provided a fluence rate of 50 µmol photons m
-2

 

s
-1

). Two LT 18W/009UV lamps (Narva, Germany) were used to obtain UV radiation. The 

cultures were aerated and maintained at a photoperiod of 12 h:12 h. By the use of different 

cut-off filters, algae were exposed to the three irradiances. Ultraphan Glasklar (Digefra 

GmbH, Munich, Germany) transmitted PAR+UVA+UVB. The Folanform (Folex GmbH, 

Dreieich, Germany) transmitted UVA+PAR and the Ultraphan UVRU farblos (Digefra 

GmbH) transmitted only PAR (see Table 3.1b for details on dosage). The spectral 

composition of the experimental light regime macroalgae were exposed to was measured 

with a TriOS hyperspectral radiometer (RAMSES ACC-2 UV/VIS) (Fig. 3.4). Cell numbers 

were monitored every second day and pigment composition and DOC were analysed on the 

last day of the experiment (14 d). 

c. Effect of salinity and irradiance on growth and pigment composition and 

concentration 

In order to examine the effect of salinity and irradiances on growth, pigment composition 

and concentration, E. huxleyi and S. trochoidea were cultured at different salinities of 27, 35 

and 39 and irradiances of 30, 80 and 130 µmol photons m
-2

 s
-1

 at a constant temperature of 

16°C. Microalgae were cultured in 250 mL Erlenmeyer flasks in triplicate for each treatment 

of salinity and irradiance. The cultures were aerated and maintained at a photoperiod of 12 

h:12 h. Cells were counted every two days, and pigments were extracted at the end of 14 

days.  

3.2.2.3. Determination of cell number 

In order to obtain the cell number, the cells in the culture were counted using an improved 

Neubauer haemocytometer under a light microscope. A haemocytometer is a graduated 

counting chamber that can be viewed under a microscope to determine the concentration of 

cells in a suspension. The Neubaeur haemocytometer was ideal for this purpose as the 

cultures were usually dense. The haemocytometer had two chambers each with arrangement 
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of nine 1 mm squares having several subdivisions. The central area of the grid formed a 5x5 

grid of 25 squares with a total volume of 0.1 mm
3
. Each of the 25 squares had an area of 

0.04 mm
2 
and a volume of 0.004 mm

3
. Counting was done in 5 grids of the 25 squares 

present. A glass cover slip was held at 0.1 mm above the surface of the counting area. 

Pasture pipettes were used to fill the haemocytometer with the cell suspension. The most 

accurate count is achieved when 120-200 cells could be counted. When more than this 

number was present, the sample was diluted.  

No. of cells counted in 5 squares = A 

No. of cells mL
-1

 suspension = (A/5) x 25 x 10
4 

In the case of a low density cell population, especially at the start of the experiment, the cells 

lying inside the four 3 x 3 grids (0.1 mm
3
) was counted.  

No. of cells counted in 3 x 3 grid = A 

No. of cells mL
-1

 suspension = (A/4) x 10
4 

3.2.2.4. Analysis of pigments 

Photosynthetic pigments were determined using a modified HPLC method outlined in 

Wright et al. (1991) and modified in accordance with Bidigare et al. (2005). 2-10 mL of the 

culture was filtered on Whatmann GF/F (47mm) filters, folded, blotted with absorbent paper 

and immediately transferred into vials to be stored at -18°C until they were analysed. The 

filters were crushed in 90% HPLC grade acetone and soaked overnight at 0°C in this 

solvent. The sample extracts were then centrifuged (4°C; Rotina 38R, Hettich, Germany) at 

4000 rpm for 5 min. The supernatant was then filtered using a 0.45µm membrane filter into 

brown glass vials. 70 µL of the filtrate was then analysed using HPLC 1200 series (Agilent). 

For more details on the quantification procedure, refer to Chapter 2, Section 2.2.4. Samples 

for pigments were analysed at the end of the experiment (14 d).  

3.2.2.5. Analyses of Dissolved Organic Carbon (DOC)  

DOC analyses were carried out in accordance with Dickson et al. (2007). Seawater samples 

(30 mL) were filtered under mild vacuum through a 47 mm diameter, 0.7 µm pore-size pre-

combusted (450°C for 4 h, stored in sealed glass containers) Whatman GF/F glass fibre filter 

paper. The filtrate was kept frozen until further analyses. The samples were sent to the 
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University of Southampton to be analysed. The technique determined the dissolved organic 

carbon (DOC) in seawater which is expressed as µmol C L
-1 

or µM. For more details, see 

Section 3.2.1.7.  

3.2.2.6. Statistical analyses 

Statistical analyses were carried out using PASW (Predictive analytics software) statistics 

18. Raw datasets were tested for normality using an Anderson-Darling test, and Levene’s 

test was carried out to test for homogeneity in data. To assess the effect of the different 

treatments on the photosynthetic parameters, pigment composition and concentration and 

DOC exudation on the various microalgal species, a two-way ANOVA was performed. A 

student-Newman-Keuls (SNK) post-hoc test was employed for comparison of means. For 

the DOC samples, a one-way ANOVA was performed followed by the SNK post-hoc test to 

compare the means. If the data were not normally distributed and was heterogeneous in 

variance, data were transformed and ANOVA was carried out. Again, if the data were not 

normally distributed and were heterogeneous in variance, a Kruskal-Wallis test was carried 

out followed by a Mann-Whitney post-hoc if the test was significant (Dytham, 2011). 
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3.3. RESULTS 

A. Macroalgal experiments 

3.3.1. Effect of long-term (14 d) exposure to different temperatures and irradiances on 

macroalgae 

A series of long-term (14 d) experiments were carried out on four species of seaweeds (A. 

nodosum, F. serratus, L. digitata and C. crispus) to assess the effect of different 

temperatures (8°C, 12°C and 16°C) and irradiance levels (40, 80 and 120 µmol photons m
-2

 

s
-1

) on the growth rate, phenol exudation and the release of organic compounds which is 

represented as dissolved organic carbon (DOC).  

3.3.1.1. Effect of long-term (14 d) temperature and irradiances on growth of 

macroalgae 

Growth rates for all species (A. nodosum, F. serratus, L. digitata and C. crispus) showed no 

significant difference between the various temperature and irradiance treatments (P>0.05, 

one-way ANOVA, Table 3.6). A lot of variability was observed between samples as 

indicated by the large error bars which is probably the reason between the temperature and 

irradiance treatments that the difference were not significant (Fig. 3.7). 

Table 3.6. A. nodosum, F. serratus, L. digitata and C. crispus. Results of two-way ANOVA 

on growth rates with species and irradiance treatments (40, 80 and 120 µmol photons m
-2

 s
-1

) 

as factors. Significance in bold. 
 SS Df Mean Square F P-value 

8°C      

Species 0.489 3 0.163 0.726 0.540 

Irradiance 0.285 2 0.142 0.635 0.534 

12°C      

Species 2.161 3 0.720 1.874 0.144 

Irradiance 0.052 2 0.026 0.067 0.935 

16°C      

Species 2.142 3 0.714 0.971 0.330 

Irradiance 1.661 2 0.831 1.130 0.654 

 



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

125 

 

 

Fig. 3.7 a) A. nodosum, b) F. serratus, c) L. digitata and d) C. crispus. Specific growth rates 

(d
-1

) at different temperatures (8°C, 12°C and 16°C) and various irradiances (40, 80 and 120 

µmol photons m
-2

 s
-1

), cultured for 14 d. Mean±SD. n=3. 
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3.3.1.2. Effect of long-term (14 d) temperature and irradiance on phenol exudation into 

seawater 

The absorption spectra of the water in which the macroalgae were cultured were recorded at 

the start and end of the experiment in order to determine phenol exudation into seawater. 

These water samples were scanned at 264-275 nm using a UV-spectrophotometer (Cary 50 

UV-Vis, Varian Inc., USA) and the exudation of phenols were estimated at 274 nm which is 

the wavelength at which maximum absorption of phlototannins occur. 

A. nodosum 

For A. nodosum, there was a significant increase in exuded phenols in water by the end of 

the experiment (14 d), irrespective of the temperature conditions (P<0.001, two-way 

ANOVA, Table 3.7). At 8°C and 16°C, there was a significant increase in phenol exudation 

at an irradiance level of 120 and 80 µ mol photons m-
2
 s

-1
 (P<0.05, two-way ANOVA, SNK 

post-hoc, Table 3.7). A significant interaction between time and treatments was also 

observed for the two temperatures (8 and 16°C) (P<0.001 and P <0.05, two-way ANOVA, 

Table 3.7). At 12°C, there was a significant increase in the exuded phenolic compounds at 

the end of the experiment (P<0.001, two-way ANOVA, Table 3.7), but no significant effect 

of the different light treatments.  

L. digitata 

For L. digitata, a significant increase in the exuded phenols in water was observed by the 

end of the experiment irrespective of the temperature treatments (P<0.001, two-way 

ANOVA, Table 3.7). Similarly, there was an increase in exudation of phenolics in the water 

when samples were exposed to irradiance level of 120 µ mol photons m
-2

 s
-1

, irrespective of 

the temperatures at which the algae were cultured in (P<0.05, P<0.05 and P<0.001, two-way 

ANOVA, SNK post-hoc test, Table 3.7).  
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Table 3.7. A. nodosum and L. digitata. Results of the two-way ANOVA on phenolic 

exudation cultured at different temperature regimes (8, 12 and 16°C) with irradiance levels 

(40, 80 and 120 µmol photon m
-2

 s
-1

) and time (day 0 and day 7) as factors. Significance in 

bold: * P<0.05; ** P<0.01; ***P<0.001.  
  Treatment Time 

8° C    

A. nodosum 

Df 2 1 

F 6.606* 810.833*** 

Post-hoc 120 = 80 > 40 Day 7 > Day 0 

Interaction Time x Treatment*** 

L. digitata 

Df 2 1 

F 6.289* 51.820*** 

Post-hoc 120 > 80 > 40 Day 7> Day 0 

Interaction - 

12° C    

A. nodosum 

Df 2 1 

F 2.295 42.036*** 

Post-hoc - Day 7> Day 0 

Interaction - 

L. digitata 

Df 2 1 

F 6.219* 589.915*** 

Post-hoc 120 = 40 > 80 Day 7> Day 0 

Interaction - 

16° C    

A. nodosum 

Df 2 1 

F 4.958* 56.693*** 

Post-hoc 120 = 80 > 40 Day 7> Day 0 

Interaction Time x Treatment* 

L. digitata 

Df 2 1 

F 54.385*** 151.422*** 

Post-hoc 120 > 80 = 40 Day 7> Day 0 

Interaction - 

 

3.3.1.3. Effect of long-term (14 d) temperatures and irradiances on DOC exudation into 

seawater 

For A. nodosum, there was no significant effect of different irradiance treatments on the 

exudation of DOC into seawater when cultured at 8°C and 12°C (Table 3.8). However, at 

16°C, significantly higher amounts were exuded at 120 µmol photons m
-2

 s
-1

 and lowest 

levels at 8°C (SNK post-hoc test, Table 3.10). 

In the case of F. serratus, L. digitata and C. crispus, significant amounts of DOC had been 

exuded at all temperatures and irradiance treatments by the end of the experiment (Tables 

3.8-3.10). The highest DOC exudation at all temperatures occurred at 120 µmol photons m
-2

 

s
-1

 with the exception of L . digitata cultured at 12°C. At 12°C, L. digitata exhibited highest 

DOC exudation at 80 µmol photons m
-2

 s
-1

 (SNK post-hoc test, Table 3.9). 
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Overall, at the higher temperature of 16°C, L. digitata exhibited highest DOC exudation 

compared to other species (Fig. 3.8). 

 

Table 3.8. A. nodosum, F. serratus, L. digitata and C. crispus. Results of the one-way 

ANOVA performed on exudation of DOC (µM g
-1

 FW), cultured at 8°C with different 

irradiance treatments (120, 80 and 40 µmol photons m
-2

 s
-1

) as factors. Significance in bold. 
 SS df Mean Square F P-

value 
SNK 

post-hoc 

 A. nodosum 

Between irradiance treatments 
Within irradiance treatments 
Total 

 
1551.246 

 
2 

 
775.623 

 
1.262 

 
0.349 

 
- 

3687.213 6 614.536    

5238.460 8     
F. serratus 

Between irradiance treatments 
Within irradiance treatments 
Total 

 
161657.732 

 
2 

 
80828.866 

 
12.420 

 
0.007 

120 > 80 
= 40 

39047.543 6 6507.924    

200705.275 8     
 L. digitata 

 Between irradiance treatments 
Within irradiance treatments 
Total 

 
2227.906 

 
2 

 
1113.953 

 
5.801 

 
0.040 

120 = 80 
> 40 

1152.198 6 192.033    

3380.104 8     
 C. crispus 

 Between irradiance treatments 
Within irradiance treatments 
Total 

 
121504.871 

 
2 

 
60752.436 

 
51.334 

 
0.000 

120 > 80 
> 40 

7100.844 6 1183.474    
128605.715 8     
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Fig. 3.8. A. nodosum, F. serratus, L. digitata and C. crispus. Exudation of DOC (µM g
-1

 

FW) cultured at a) 8°C, b) 12°C and c) 16°C at different irradiance treatments (120, 80 and 

40 µmol photons m
-2

 s
-1

). Mean ±SD, n=3. 

Table 3.9. A. nodosum, F. serratus, L. digitata and C. crispus. Results of the one-way 

ANOVA performed on exudation of DOC (µM g
-1

 FW) cultured at 12°C with different 

irradiance treatments (120, 80 and 40µmol photons m
-2

 s
-1

) as factors. Significance in bold. 

 
SS df Mean Square F P-value 

SNK 
post-hoc 

 A. nodosum 
Between irradiance treatments 
Within irradiance treatments 
Total 

 
88475.729 

 
2 

 
44237.865 

 
3.620 

 
0.093 

 
- 

73318.723 6 12219.787    

161794.452 8     

F. serratus 
Between irradiance treatments 
Within irradiance treatments 
Total 

 
53489.410 

 
2 

 
26744.705 

 
105.145 

 
0.000 

120 > 80 > 
40 

1526.168 6 254.361    

55015.578 8     

 L. digitata 
 Between irradiance treatments 
Within irradiance treatments 
Total 

 
268.005 

 
2 

 
134.003 

 
53.915 

 
0.000 

80 > 120 > 
40  

14.913 6 2.485    

282.918 8     

 C. crispus 
 Between irradiance treatments 
Within irradiance treatments 
Total 

 
100460.939 
35321.599 

135782.539 

 
2 
6 
8 

 
50230.470 
5886.933 

 
8.533 

 
0.018 

120 > 80 = 
40 
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Table 3.10. A. nodosum, F. serratus, L. digitata and C. crispus. Results of the one-way 

ANOVA performed on exudation of DOC (µM g
-1

 FW) cultured at 16°C with different 

irradiance treatments (120, 80 and 40µmol photons m
-2

 s
-1

) as factors. Significance in bold. 

 
SS df Mean Square F P-value 

SNK 
post-hoc 

 A. nodosum 
Between irradiance treatments 
Within irradiance treatments 
Total 

 
505996.247 

 
2 

 
252998.124 

 
120.766 

 
0.000 

120 > 80 
> 40 

12569.640 6 2094.940    

518565.888 8     

F. serratus 
Between irradiance treatments 
Within irradiance treatments 
Total 

 
56789.050 

 
2 

 
28394.525 

 
12.096 

 
0.008 

120 = 80 
> 40 

14084.445 6 2347.407    

70873.495 8     

 L. digitata 
 Between irradiance treatments 
Within irradiance treatments 
Total 

 
3804.722 

 
2 

 
1902.361 

 
13.635 

 
0.006 

120 > 80 
= 40 

837.148 6 139.525    

4641.869 8     

 C. crispus 
 Between irradiance treatments 
Within irradiance treatments 
Total 

 
332959.921 
122450.779 
455410.701 

 
2 
6 
8 

 
166479.961 
20408.463 

 
8.157 

 
0.019 

120 > 80 
= 40 

 

3.3.2. Short-term (3 d) effects of exposure to high temperatures on macroalgae 

In order to study the effect of extreme temperatures and irradiances on the physiology, 

pigment composition, metabolic compound acclimation and DOC exudation, a set of short-

term temperature-irradiance experiments were carried out using different macroalgal 

species. Fronds of A. nodosum, F. serratus, S. latissima, L. digitata and C. crispus were 

cultured for 3 days at different temperature (20°C, 23°C and 26°C), at an irradiance of 100 

μmol photons m
–2

 s
–1

.  

3.3.2.1. Effect of short-term (3 d) high temperatures on photosynthetic parameters 

3.3.2.1.1. Photosynthetic efficiency, rETR, alpha and Ek  

For each treatment scenario, a light curve was carried out on day 0 and day 3. The initial 

slope in the light limited region (α) of the curve is directly proportional to efficiency of light 

capture (effective quantum yield). Ek is the minimum saturating irradiance which is 

determined by finding the interception of α with the maximum photosynthetic rate. 

A. nodosum 

rETR (amount of electrons passing through the photosynthetic chain) decreased for all 

treatments (Fig. 3.9) during the course of the experiment (3 days), but this decrease was not 

significant (P>0.05). All three parameters, α, rETRmax and Ek did not show any significant 

decrease over the duration of the experiment (P>0.05, two- way ANOVA).  
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Table 3.11. A. nodosum. Results of two-way ANOVA on photosynthetic responses cultured 

at different temperatures (20, 23 and 26°C) at 100 µmol photons m
-2

 s
-1

 for 3 days. 

Significance in bold: *P<0.05; **P<0.001. 
 Temperature Time 

Fv/Fm df 2 1 

F 0.184 0.031 

Post-hoc - - 

rETRmax df 2 1 

 F 0.892 21.821** 

 Post-hoc - D 0 > D 3 

Α df 2 1 

F 0.574 4.824* 

Post-hoc - D 0 > D 3 

Ek df 2 1 

F 2.214 2.888 

Post-hoc - - 

 

Fig. 3.9. A. nodosum. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) at different temperatures a) 20°C, b) 23°C and c) 26°C. Mean±SD, 

n=3. 
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F. serratus 

No significant effect of temperature treatments were observed for rETR (Fig. 3.10). For F. 

serratus, the different temperature treatments (20, 23 and 26°C) had a significant effect on 

the rETRmax and Ek values. The highest values of rETRmax were observed at 20°C and lowest 

at 23 and 26°C (P<0.01 and P<0.05, Two-way ANOVA, Table 3.12). Also, significant 

decreases in the rETRmax and Ek were observed with time (P<0.05, P<0.01 respectively, two-

way ANOVA, Table 3.12).  

Table 3.12. F. serratus. Results of two-way ANOVA on photosynthetic responses cultured 

at different temperatures (20, 23 and 26°C) at 100 µmol photons m
-2

 s
-1

 for 3 days. 

Significance in bold: *P<0.05; **P<0.001. 
  Temp Time 

rETRmax 

df 2 1 

F 5.717** 6.733* 

Post-hoc 20°C > 23°C=26°C D 0 > D 3 

Interactions - 

α 

df 2 1 

F 1.704 1.051 

Post-hoc - - 

Ek 

df 2 1 

F 3.944* 8.017** 

Post-hoc 20°C > 23°C=26°C D 0 > D 3 

Interaction - 
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Fig. 3.10. F. serratus. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) at different temperatures a) 20°C, b) 23°C and c) 26°C. Mean±SD, 

n=3. 

 

S. latissima 

For S. latissima, rETR significantly decreased at 26°C (P<0.05, Fig. 3.11). Similarly, there 

was a significant decrease in the rETRmax, α and Ek values with increasing temperature 

(P<0.001, two-way ANOVA, Table 3.13). A significant interaction between the temperature 

treatments and time was also observed (P<0.001, two-way ANOVA, Table 3.13). The value 

of α decreased significantly with time (P<0.001, Two-way ANOVA, Table 3.13). However 

0 

40 

80 

120 

160 

200 

240 

280 

0 200 400 600 800 

rE
TR

 
 

Day 0 

Day 3 a) 

0 

40 

80 

120 

160 

200 

240 

280 

0 200 400 600 800 

rE
TR

 

b) 

0 

40 

80 

120 

160 

200 

240 

280 

0 200 400 600 800 

rE
TR

  
 

Irradiance (µmol photons m-2 s-1) 

c) 



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

134 

 

the rETRmax and Ek values did not change significantly with time (P>0.05, Two-way 

ANOVA, Table 3.13). 

Table 3.13. S. latissima. Results of two-way ANOVA on photosynthetic responses cultured 

at different temperatures (20, 23 and 26°C) at 100 µmol photons m
-2

 s
-1

 for 3 days. 

Significance in bold: *P<0.05; **P<0.01,***P<0.001. 
  Treatment Time 

rETRmax 

df 2 1 

F 17.358*** 0.727 

Post-hoc 20°C = 23°C > 26°C - 

Interaction Treatment x Day*** 

α 

Df 2 1 

F 102.098*** 122.225*** 

Post-hoc 20°C > 23°C > 26°C D 0 > D 3 

 Treatment x Day*** 

Ek 

df 2 1 

F 10.874*** 0.477 

Post-hoc 20°C = 23°C > 26°C - 

Interaction Treatment x Day** 

 

 
Fig. 3.11. S. latissima. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) at different temperatures a) 20°C, b) 23°C and c) 26°C. Mean±SD, 

n=3. 
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L. digitata 

 

For L. digitata, rETR significantly decreased at higher temperatures of 26°C (P<0.05, Fig. 

3.12). Similarly, there was a significant decrease in the values of rETRmax, α and Ek with 

increasing temperatures (P<0.001, P<0.001 and P<0.01, two-way ANOVA, Table 3.14). 

Similarly, the rETRmax, α and Ek significantly decreased with time (P<0.001, P<0.001 and 

P<0.01, two-way ANOVA, Table 3.14). A significant interaction was also observed between 

treatment and time for the parameters of rETR, α and Ek (P<0.01, P<0.001 and P<0.01, two-

way ANOVA).  

Table 3.14. L. digitata. Results of two-way ANOVA on photosynthetic responses cultured 

at different temperatures (20, 23 and 26°C) at 100 µmol photons m
-2

 s
-1

 for 3 days. 

Significance in bold: *P<0.05; **P<0.01, ***P<0.001. 
  Treatment Time 

rETRmax 

df 2 1 

F 10.952*** 19.720*** 

Post-hoc 20°C > 23°C > 26°C D 0 > D 3 

Interaction Treatment x Day** 

α 

df 2 1 

F 32.491*** 32.910*** 

Post-hoc 20°C > 23°C > 26°C D 0 > D 3 

 Treatment x Day*** 

Ek 

df 2 1 

F 7.812** 14.195** 

Post-hoc 20°C = 23°C > 26°C D 0 > D 3 

Interaction Treatment x Day** 
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Fig. 3.12. L. digitata. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) at different temperatures a) 20°C, b) 23°C and c) 26°C. Mean±SD, 

n=3. 

 

C. crispus 

For C. crispus, rETR significantly decreased when grown at 26°C (P<0.05, Fig. 3.13). 

Similarly, there was a significant decrease in the values of rETRmax and α with increasing 
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(P<0.05, two-way ANOVA, Table 3.15). In the case of Ek, no significant effect of 
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Table 3.15. C. crispus. Results of two-way ANOVA on photosynthetic responses cultured at 

different temperatures (20, 23 and 26°C) at 100 µmol photons m
-2

 s
-1

 for 3 days. 

Significance in bold: *P<0.05; **P<0.01, ***P<0.001. 
  Treatment Time 

rETRmax df 2 1 

F 3.887* 133.639*** 

Post-hoc 20°C > 23°C = 26°C D 0 > D 3 

Interaction Treatment x Day* 

α Df 2 1 

F 4.386* 69.491*** 

Post-hoc 20°C > 23°C = 26°C D 0 > D 3 

Interaction Treatment x Day* 

Ek df 2 1 

F 0.830 0.206 

Post-hoc - - 

 
Fig. 3.13. C. crispus. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) at different temperatures a) 20°C, b) 23°C and c) 26°C. Mean±SD, 

n=3. 
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3.3.2.1.2. Short-term (3 d) effects of high temperatures on photochemical quenching, 

qP and non-photochemical quenching, NPQ on macroalgae 

Described below are a series of qP and NPQ values determined for the different seaweeds at 

the start (0 d) and end (3 d) of the experiment in order to determine heat dissipation and 

quenching on exposure to various temperatures. 

For A. nodosum, qP exhibited a general decreasing trend at the end of the experiment and at 

high temperatures. Similarly NPQ increased over 3 days but neither of these differences 

were significant between the three temperature treatments (Fig. 3.14).  

As for A. nodosum, for F. serratus qP showed a decreasing trend at high temperatures and at 

the end of the experiment. Similarly NPQ exhibited no change over the 3 days and neither of 

these differences were significant between the three temperature treatments (P>0.05, Fig. 

3.15).  

For S. latissima, qP decreased and differences were significant at high temperatures (23°C 

and 26°C) and at the end of the experiment (P<0.05, Fig. 3.16). NPQ significantly decreased 

over 3 days at 23°C and was zero at 26°C (P<0.05, Fig. 3.16).  

As for S. latissima, L. digitata exhibited a similar trend in qP and NPQ. qP decreased 

significantly at high irradiances and at the end of the experiment (P<0.05, Fig. 3.17). NPQ 

decreased over 3 days at 23°C and was zero at 26°C (P<0.05, Fig. 3.17).  

In the case of C. crispus, qP decreased significantly at high temperatures (26°C) and at the 

end of the experiment (P<0.05, Fig. 3.18). A general trend of decreased NPQ was observed 

after 3 days at higher treatments (26°C) (P>0.05, Fig. 3.18). 
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Fig. 3.14. A. nodosum. Photochemical quenching (qP, relative unit) at a)20°C, b) 23°C and 

c) 26°C and non-photochemical quenching (NPQ, relative unit) at d) 20°C, e) 23°C and f) 

26°C at 0 d and 3 d.  
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Fig. 3.15. F. serratus. Photochemical quenching (qP, relative unit) at a)20°C, b) 23°C and c) 

26°C and non-photochemical quenching (NPQ, relative unit) at d) 20°C, e) 23°C and f) 

26°C at 0 d and 3 d.  
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Fig.3.16. S. latissima. Photochemical quenching (qP, relative unit) at a)20°C, b) 23°C and c) 

26°C and non-photochemical quenching (NPQ, relative unit) at d) 20°C, e) 23°C and f) 

26°C at 0 d and 3 d.  
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Fig. 3.17. L. digitata. Photochemical quenching (qP, relative unit) at a)20°C, b) 23°C and c) 

26°C and non-photochemical quenching (NPQ, relative unit) at d) 20°C, e) 23°C and f) 

26°C at 0 d and 3 d.  
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Fig. 3.18. C. crispus. Photochemical quenching (qP, relative unit) at a)20°C, b) 23°C and c) 

26°C and non-photochemical quenching (NPQ, relative unit) at d) 20°C, e) 23°C and f) 

26°C at 0 d and 3 d.  
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3.3.2.2. Short-term (3 d) effect of high temperatures on chlorophylls, carotenoids and 

accessory pigments 

To assess the effect of extreme temperatures on pigment composition and concentration, for 

macroalgal species, photosynthetic pigments chl a and carotenoids were determined using a 

modified HPLC method. Pigments were analysed at the start (0 d) and end of the experiment 

(3 d). 

 

A. nodosum 

 

When cultured at different temperature treatments, pigments such as chla, chl c2 and 

fucoxanthin exhibited no significant effect of temperatures or change over time (Fig. 3.19). 

However, for the pigment violaxanthin there was a significant decrease in concentration 

between day 0 and day 3 (P<0.001; Kruskal-Wallis test, Table 3.16, Fig. 3.19d). 

 

Table 3.16. A. nodosum. Results of Kruskal-Wallis test performed on violaxanthin and β-

carotene levels of with time (Day 0 and Day 3) as factor. Significance in bold. 

 Violaxanthin β-carotene 

Chi-square 14.806 0.018 

Df 1 1 

 P-value < 0.001 0.894 
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Fig. 3.19. A. nodosum. a) Chl a, b) chl c2, 

c) fucoxanthin, d) violaxanthin and e) β-

carotene concentration on day 0 and day 3 

when cultured at 20°C, 23°C and 26°C 

and irradiance of 100 µmol photons m
-2

 s
-

1
. Mean ±SD, n=3.     Limit of detection 

(LOD). 
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F. serratus 

Also, for F. serratus, there was no significant effect on all the pigments when cultured in 

different temperature treatments (Table 3.17). However, there was a reduction in the 

pigment chl a at all temperatures over time (Fig. 3.21, P<0.05, Kruskall-Wallis test, Fig. 

3.20), fucoxanthin, violaxanthin and β-carotene (P<0.05, Kruskall-Wallis test, Table 3.17, 

Fig. 3.20). 

 

Table 3.17. F. serratus. Results of Kruskal-Wallis test performed on pigment concentrations 

of with time (Day 0 and Day 3) and temperature treatments (20, 23 and 26°C) as factors. 

Significance in bold. 

Temperature Chl a Chl c2 Fucoxanthin Violaxanthin β-carotene 

Chi-square 7.761 1.034 7.761 9.310 7.761 

df 1 1 1 1 1 

 P-value < 0.05 0.309 < 0.05 <0.05 <0.05 

 

  

Time Chl a Chl c2 Fucoxanthin Violaxanthin β-carotene 

Chi-square 4.086 3.910 3.669 2.484 0.179 

df 2 2 2 2 2 

 P-value 0.130 0.142 0.160 0.289 0.914 



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

147 

 

  

  

 

Fig. 3.20. F. serratus. a) Chl a, b) chl c2, 

c) fucoxanthin, d) violaxanthin and  

e) β-carotene concentration on day 0 and 

day 3 when cultured at 20°C, 23°C and 

26°C and irradiance of 100 µmol photons  

m
-2

 s
-1

. Mean ±SD, n=3. 

 

 

 

 

 

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

20 23 26 

C
h

l a
 c

o
n

ce
n

tr
at

io
n

 (
m

g 
g-1

 F
W

) 

Day 0 Day 3 

0.00 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

20 23 26 

V
io

la
xa

n
th

in
 c

o
n

ce
n

tr
at

io
n

 (
m

g 
g-1

 F
W

) 

0.000 

0.005 

0.010 

0.015 

0.020 

0.025 

0.030 

20 23 26 

C
h

l  
c2

 c
o

n
ce

n
tr

at
io

n
 (

m
g 

g-1
 F

W
) 

0.00 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

20 23 26 

β
-c

ar
o

te
n

e
 c

o
n

ce
n

tr
at

io
n

 (
m

g 
g-1

 F
W

) 

0.00 

0.02 

0.04 

0.06 

0.08 

0.10 

20 23 26 

Fu
co

xa
n

th
in

 c
o

n
ce

n
tr

at
io

n
 (

m
g 

g-1
 F

W
) 

Temperature ( C) 

a) 

b) 

c) 

e) 

d) 



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

148 

 

L. digitata 

After culturing L. digitata at different temperatures for 3 d, chl a  was significantly higher 

after growth at 20°C and 23°C, when compared to the 26°C treatment (P<0.05, Table, SNK 

post-hoc) and was significantly lower on day 3 when compared to day 0 (P<0.05, Table, Fig 

3.21). 

Chl c2 exhibited a significant decrease in concentration after culturing at 26°C (P<0.05, 

Table 3.18, SNK post-hoc). There was no significant effect on the concentration of chl c2 

over time (Table 3.18). Fucoxanthin pigment decreased significantly at 26°C (P<0.05, 

Table), but no significant interaction was seen between the various treatments and over time 

(Table 3.18). Violaxanthin decreased significantly at 26°C when compared to 20°C and 

23°C (P<0.01, Table 3.18, Fig. 3.21) and showed a significant interaction between the 

treatment temperatures and over time (P<0.01, Table 3.18). A significant decrease in 

antheraxanthin was seen after the third day of treatment with different temperatures (P<0.05, 

Table 3.18). β-carotene decreased significantly at different temperatures and was lowest at 

26°C(P<0.05, Table 3.18); furthermore, interaction between treatments and time was 

significant (P<0.05, Table 3.18).  

Table 3.18. L. digitata. Results of two-way ANOVA on pigment concentrations at different 

temperature treatments (20, 23 and 26°C) and time (day 0 and day 3) as factors. Significance 

in bold: *P<0.05; **P<0.001. 
  Treatment Time 

Chl a Df 2 1 

F 4.999* 5.419* 

Post-hoc 20 = 23 > 26  

Interactions  

Chl c2 Df 2 1 

F 4.57* 0.664 

Post-hoc 23 = 20 > 26  

Interaction - 

Fucoxanthin Df 2 1 

F 5.525* 1.163 

Post-hoc 20 = 23 > 26  

Interaction - 

Violaxanthin df 2 1 

F 14.266** 0.608 

Post-hoc 23 = 20 > 26  

Interaction Treatment x time ** 

Antheraxanthin df 2 1 

F 1.823 9.165* 

Post-hoc -  

Interaction - 

β- carotene df 2 1 

F 7.626* 2.070 

Post-hoc 20 = 23 > 26  

Interaction Treatment x time* 
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Fig. 3.21. L. digitata. a) Chl a, b) chl c2, c) fucoxanthin, d) violaxanthin, e) β-carotene and 

f) antheraxanthin concentration on day 0 and day 3 when cultured at 20°C, 23°C and 26°C 

and irradiance of 100 µmol photons m
-2

 s
-1

. Mean ±SD, n=3.     Limit of detection (LOD). 
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S. latissima 

 

In the case of S. latissima, chl a, chl c2 and β-carotene showed a significant difference 

between the three temperature treatments; the highest concentrations when cultured at 20°C 

and lowest at 26°C (SNK post-hoc test, Table 3.19). No significant effect of the different 

treatments was observed for fucoxanthin (Fig. 3.22).  

 

Table 3.19. S. latissima. Results of two-way ANOVA on pigment concentrations at different 

temperature treatments (20, 23 and 26°C) and time (day 0 and day 3) as factors. Significance 

in bold: *P<0.05; **P<0.001. 
  Treatment Time 

Chl a Df 2 1 

F 7.163** 4.323* 

Post-hoc 20 > 23 = 26  

Interaction Treatment x Time** 

Chl c2 Df 2  1 

F 4.237* 6.693* 

Post-hoc 20 = 23 > 26 - 

Interaction Treatment x Time* 

β- carotene Df 2 1 

F 5.081* 0.465 

Post-hoc 20 > 23 = 26 - 

Interaction Treatment x Time* 
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Fig. 3.22. S. latissima. a) Chl a, b) chl c2, 

c) fucoxanthin, d) violaxanthin and e) β-

carotene concentration on day 0 and day 3 

when cultured at 20°C, 23°C and 26°C 

and irradiance of 100 µmol photons  

m
-2

 s
-1

. Mean ±SD, n=3. 
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C. crispus 

In C. crispus, there was no significant impact of different temperature treatments or time on 

chl a (Table 3.20). However, the concentrations of lutein and α-carotene significantly 

increased and decreased respectively over three days (Table 3.20, Fig. 3.23). A significant 

difference in the levels of α-carotene was observed at the various temperature treatments 

with highest levels measured at 26°C (P<0.001, Table 3.20). A significant interaction 

between treatments and time was also observed. 

 

Table 3.20. C. crispus. Results of two-way ANOVA (for lutein and α-carotene) and 

Kruskal-Wallis (for chl a) on pigment concentrations at different temperature treatments (20, 

23 and 26°C) and time (day 0 and day 3) as factors. Significance in bold: *P<0.05; 

**P<0.001. 
  Treatment Time 

Chl a Df 2 1 

Chi
2
 2.608 1.639 

Post-hoc   

Interaction  

Lutein Df 2 1 

F 0.409 17.551** 

Post-hoc - D3 > D0 

Interaction  

α- carotene Df 2 1 

F 5.758** 45.345*** 

Post-hoc 26 > 20 = 23 D0 > D3 

Interaction Treatment x Time** 

 

Similar to other pigments, phycobiliproteins for C. crispus were analysed at the start (0 d) 

and at the end of the experiment (3 d). After growth at different temperatures, there were no 

significant differences between phycobilins (Table 3.21). A significant change over time of 

PC (P<0.05), PE (P<0.01) and total PE +PC (P<0.05) was seen after treatment under 

temperature conditions (Kruskal-Wallis, Table 3.22). 

 

Table 3.21. C. crispus. Results of Kruskal-Wallis performed on phycobiliprotein (PE- 

phycoerythrin, PC; phycocyanin) concentration with different temperature treatments (20, 

23 and 26°C) as factor. Significance in bold. 

 PE PC PE+PC 

Chi-square 2.564 2.892 2.541 

df 2 2 2 

 P-value 0.277 0.236 0.281 

 

Table 3.22. C. crispus. Results of Kruskal-Wallis performed on phycobiliprotein 

concentration with time (0 d and 3 d) as factor. Significance in bold. 

 PE PC PE+PC 

Chi-square 5.481 6.793 6.340 

df 1 1 1 

P-value < 0.05 < 0.01 < 0.05 
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Fig. 3.23. C. crispus. a) Chl a, b) lutein, c) α-carotene and d) β-carotene concentration on 

day 0 and day 3 when cultured at 20°C, 23°C and 26°C and irradiance of 100 µmol 

photons m
-2

 s
-1

. Mean ±SD, n=3. Limit of detection (LOD). 
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3.3.2.3. Effect of short-term (3 d) high temperatures on Mycosporine-like amino acids 

(MAAs) 

Additionally, MAAs were extracted in accordance with Karsten et al. (2009) for the red alga 

C. crispus at the start (0 d) and at the end of the experiment (3 d). 

After 3 d, no significant difference in concentration of all MAAs were observed between 

different temperature treatments (P>0.05, One-way ANOVA). However, a significant 

decrease in the levels of shinorine had occurred after 3 days at all temperature treatments 

(P<0.05, Kruskal-Wallis test, Table 3.23, Fig. 3.24). For asterina-330, a significant increase 

in levels was observed at the end of the experiment (P<0.05, Table 3.23, Fig. 3.24). The 

levels of palythine and palythinol increased after three days but this increase was not 

significant between treatments (P>0.05, Kruskal-Wallis test, Table 3.23). 

 

Table 3.23. C.crispus. Results of Kruskal-Wallis performed on MAAs with experimental 

days as factor. Significance in bold. 

 Shinorine Palythine Asterina Palythinol 

Chi-square 7.834 0.018 9.397 1.439 

df 1 1 1 1 

 P-value < 0.05 0.894 < 0.05 0.230 
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Fig. 3.24. C. crispus. a) Shinorine, b) palythine, c) asterina-330 and d) palythinol 

concentration (mg g
-1 

DW) on day 0 and day 3 when cultured at 20°C, 23°C and 26°C and 

irradiance of 100 µmol photons m
-2

 s
-1

. Mean ±SD, n=3. 

 

3.3.2.4. Effect of short-term (3 d) exposure to high temperatures on DOC exudation 

into seawater  

Seawater samples (30 mL) in which the algae had been cultured (0 d and 3 d) were analysed 

for DOC exuded into seawater. 

Significant difference in DOC exudation was observed between the temperature treatments 

from A. nodosum, F. serratus and S. latissima exuding higher concentrations of DOC g
-1

 FW 

when grown at 26°C than those grown at 20°C (P<0.05, one-way ANOVA, Table 3.24). No 

significant difference in DOC exudation was observed between temperature treatments for 

L. digitata and C. crispus (Table 3.24). Exudation was from L. digitata was higher than that 

from all other species at all temperatures (Fig. 3.25).  
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Table 3.24. A. nodosum, F. serratus, S. latissima, L. digitata and C. crispus Results of the 

one-way ANOVA performed on exudation of DOC (µM g
-1

 FW) of cultured for 3 d at 100 

µmol photons m
-2

 s
-1 

with different temperature treatments (20, 23 and 26°C) as factors. 

Significance in bold. 

 SS df 
Mean 

Square F P-value 
SNK 

post-hoc 

 A. nodosum 
Between irradiance treatments 
Within irradiance treatments 
Total 

 
52129.303 
11316.020 
63445.322 

 
2 
6 
8 

 
26064.651 
1886.003 

 
13.820 

 
0.006 

 
26 = 23 > 20 

F. serratus 
Between irradiance treatments 
Within irradiance treatments 
Total 

 
147126.982 
55123.005 

202249.987 

 
2 
6 
8 

 
73563.491 
9187.168 

 
8.007 

 
0.020 

 
26 = 23 > 20 

 S. latissima 
 Between irradiance treatments 
Within irradiance treatments 
Total 

 
97731.972 
18387.454 

116119.425 

 
2 
6 
8 

 
48865.986 
3064.576 

 
15.945 

 
0.004 

 
26 = 23 > 20 

 L. digitata 
 Between irradiance treatments 
Within irradiance treatments 
Total 

 
38434.056 
22380.039 

601814.096 

 
2 
6 
8 

 
19217.028 
3730.007 

 
5.152 

 
0.050 

 
- 

 C. crispus 
 Between irradiance treatments 
Within irradiance treatments 
Total 

 
26847.860 
22418.292 
49266.152 

 
2 
6 
8 

 
13423.930 
3736.382 

 
3.593 

 
0.094 

 

- 
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Fig. 3.25. a) A. nodosum, b) F. serratus, 

c) S. latissima, d) L. digitata and  

e) C. crispus. Exudation of DOC (µM g
-1

 

FW) on day 0 and day 3 when cultured at 

20°C, 23°C and 26°C and irradiance of 100 

µmol photons m
-2

 s
-1

. Mean ±SD, n=3.  
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3.3.3. Effect of long-term (14 d) exposure to UV radiation on macroalgae 

A series of long term (14 d) UV exposure experiments were carried out on three species of 

seaweeds (A. nodosum, L. digitata and C. crispus) to assess the effect of different irradiance 

treatments (UVA+UVB+PAR, UVA+PAR and PAR) at a constant temperature of 12° C. 

Several eco-physiological parameters were tested: growth rate, photosynthetic efficiency 

measured as maximum quantum efficiency (Fv/Fm), pigment composition, accumulation of 

metabolic compounds such as phenolic compounds and MAAs. Additionally, the exudation 

of phenolic compounds in water in which the seaweeds were cultured was measured andhe 

release of organic compounds which is represented as dissolved organic carbon (DOC) was 

investigated. Another set of short-term UV exposure experiments was also carried out to 

investigate the effect of high temperature (20°C) on the photophysiological and productivity 

parameters using the light response curves. 

3.3.3.1. Long-term (14 d) effects of UV radiation on growth 

The tips of A. nodosum were cultured in the above conditions for 14 days. The specific 

growth rate exhibited no significant change over the period of the experiment under the 

different UV irradiances (1-way ANOVA, P>0.05, Table 3.25). A significant decrease in 

growth was observed when L. digitata was exposed to a combination of UVA+UVB and 

PAR when compared to exposure to PAR (1-way ANOVA, SNK post-hoc test, P<0.05, 

Table 3.25). UV treatments had no significant effect on the growth of C. crispus. In all the 

three species, the highest growth rates were observed when exposed only to PAR (1-way 

ANOVAs, SNK post-hoc test, P<0.05, Table 3.25). A lot of variability was observed 

between replicates as indicated by large error bars which is probably the reason that results 

for A. nodosum and C. crispus were not significant (Fig. 3.26).  
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Fig. 3.26. A. nodosum, L. digitata and C. crispus. Specific growth rate (% length d

-1
) 

between day 0 and day 14 at three different UV treatments (PAR+UVA+UVB, PAR+UVA 

and PAR) at a constant temperature of 12°C. Mean± SD; n=3. 

 

Table. 3.25. A. nodosum, L. digitata and C. crispus. Results of one-way ANOVA on 

specific growth rate (% length d
-1

) with different UV treatments (UVA+UVB+PAR, 

UVA+PAR and PAR) as factor. Significance in bold. 

 
SS df 

Mean 
Square F 

P-
value 

SNK posthoc 

 A. nodosum 
Between Groups 
Within Groups 
Total 

 
0.091 

 
2 

 
0.045 

 
2.043 

 
0.164 

- 

0.333 15 0.022    

0.423 17     

L.digitata 
Between Groups 
Within Groups 
Total 

0.650 2 0.325 3.844 < 0.05 
PAR > UVA+PAR 
> UVA+UVB+PAR 

1.268 15 0.085    

1.917 17     

C. crispus 
Between Groups 
Within Groups 
Total 

0.546 2 0.273 2.418 0.123 - 

1.695 15 0.113    

2.241 17    
 

 

3.3.3.2. Effect of long-term (14 d) UV radiation exposure on photosynthetic parameters 

of macroalgae 

Maximum quantum yield (Fv/Fm) 

The maximum quantum yield decreased for all species after exposure to different UV 

treatments (P<0.001, Kruskal-Wallis test, Table, Fig. 3.27). The yield also differed 

significantly between the different UV treatments for all species (P<0.05, P<0.05 and 

P<0.001, Kruskal-Wallis test, Table 3.26). For A. nodosum, a significant difference was 

observed between irradiance treatments UVA+UVB+PAR and UVA+PAR and PAR 

treatments (P<0.05, Table 3.26); highest values were observed when exposed to PAR only, 

and lowest values when exposed to UVA+UVB+PAR. 
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Table 3.26. A. nodosum, L. digitata and C. crispus. Results of Kruskal-Wallis test of 

maximum quantum efficiency (Fv/Fm) of A. nodosum, L. digitata and C. crispus with 

different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) as factor. Significance in 

bold. 

  A. nodosum L. digitata C. crispus 

Chi-square 6.732 6.373 15.378 

df 2 2 2 

 P-value < 0.05 < 0.05 < 0.001 

 

 

 
Fig. 3.27. a) A. nodosum, b) L. digitata and c) C. crispus. Maximum quantum yield (Fv/Fm) 

at day 0, 7 and 14 for the different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) 

at a constant temperature of 12°C. Mean ± SD, n=3.  
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3.3.3.3. Effect of long-term (14 d) UV radiation exposure on pigment composition and 

concentrations 

To assess the effect of long-term exposure to UV radiation (14 d) on pigment composition 

and concentration, chl a, chl c and carotenoids were determined using a modified HPLC 

method. Pigments were analysed at the start (0 d) and end of the experiment (14 d). 

A. nodosum 

For A. nodosum, the pigments chl a and β-carotene did not change significantly over time 

(P>0.05, Table 3.27), but chl c2 and fucoxanthin decreased significantly with time (P<0.001 

and P<0.05, two-way ANOVA, Table 3.28, Fig 3.28). There was no significant impact of 

UV treatments on the pigment levels of A. nodosum (P>0.05, Table 3.27). 

Table 3.27. A. nodosum, L. digitata and C. crispus. Results of the two-way ANOVA on chl 

a concentration with exposure to UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) 

and time (day) as factors. Significance in bold: * P<0.05; ** P<0.01; ***P<0.001. 
  Treatment Time 

A. nodosum df 2 1 

F 1.862 0.163 

Post-hoc - - 

L.digitata df 2 1 

F 0.235 2.825 

Post-hoc - - 

C. crispus df 2 1 

F 4.642 41.291*** 

Post-hoc - Day 0 > Day 14 

 

Table 3.28. A. nodosum. Results of the two-way ANOVA on pigment content with exposure 

to UV treatment (UVA+UVB+PAR, UVA+PAR and PAR) and time (day) as factors. 

Significance in bold: * P<0.05; ** P<0.01; ***P<0.001. 
  Treatment Time 

Chlc2 df 2 1 

F 2.632 229.513*** 

Post-hoc - Day 0 > Day 14 

Fucoxanthin df 2 1 

F 4.535 656.576** 

Post-hoc - Day 0> Day 14 

β-carotene df 2 1 

F 0.856 0.334 

Post-hoc - - 
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Fig. 3.28. A. nodosum. a) Chl a, b) chl c2 c) fucoxanthin and d) β-carotene 

concentration on day 0 and day 14 when cultured at UVA+UVB+PAR, UVA+PAR and 

PAR at a constant temperature of 12°C. Mean± SD; n=3. 
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L. digitata 

For L .digitata, there was no significant effect of the different treatments or time on the 

different pigment concentrations (P>0.05, two-way ANOVA Table 3.29, Fig. 3.29 ). 

 

Table 3.29. L.digitata. Results of the two-way ANOVA on pigment content with treatment 

(UVA+UVB+PAR, UVA+PAR and PAR) and time (day) as factors. Significance in bold: * 

P<0.05; ** P<0.01; ***P<0.001. 
  Treatment Time 

Chl c2 Df 2 1 

F 0.314 1.575 

Post-hoc - - 

Fucoxanthin Df 2 1 

F 0.226 0.293 

Post-hoc - - 

Violaxanthin Df 2 1 

F 0.334 0.779 

Post-hoc   

β-carotene Df 2 1 

F 0.746 0.587 

Post-hoc - - 
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Fig. 3.29. L. digitata. a) Chl a, b) chl c2,  

c) fucoxanthin, d) violaxanthin and  

e) β-carotene concentration on day 0 and 

day 14 when cultured at UVA+UVB+PAR, 

UVA+PAR and PAR at a constant 

temperature of 12°C. Mean± SD; n=3. 
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C. crispus 

 

In the case of C. crispus, there was a significant decrease in the pigments chl a, β-carotene 

and lutein over time (P<0.001, two-way ANOVA, Table 3.30, Fig. 3.30). However, these 

pigments did not significantly vary with the different UV treatments (P>0.05, two-way 

ANOVA, Fig. 3.30). In the case of α-carotene, the highest concentration was observed after 

the UVA+UVB+PAR treatment and lowest after the PAR treatment (P<0.01, two-way 

ANOVA, SNK test, Table 3.30, Fig. 3.30). 

 

Table 3.30. C. crispus. Results of the two-way ANOVA on pigment content with treatment 

(UVA+UVB+PAR, UVA+PAR and PAR) and time (day) as factors. Significance in bold:  

* P<0.05; ** P<0.01; ***P<0.001. 
  Treatment Time 

α-carotene df 2 1 

F 8.138** 2.859 

Post-
hoc 

UVA+PAR > UVA+UVB+PAR = 
PAR 

- 

β-carotene df 2 1 

F 2.556 74.857*** 

Post-
hoc 

- Day 0 > Day 14 

Lutein df 2 1 

F 2.371 45.658*** 

Post-
hoc 

- Day 0 > Day 14 
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Fig. 3.30. C. crispus. a) Chl a, b) lutein, c) α-carotene and d) β-carotene concentration on 

day 0 and day 14 cultured at UVA+UVB+PAR, UVA+PAR and PAR at a constant 

temperature of 12°C. Mean± SD; n=3. 
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3.3.3.4. Effect of long-term (14 d) exposure to UV radiation on internal phenols and 

phenols exuded into seawater from A. nodosum and L. digitata 

To examine the effect of long-term (14 d) exposure to UV radiation on A. nodosum and L. 

digitata, phenols were extracted using the procedure adapted by Connan et al. (2004) and 

Koivikko et al. (2005). Samples(n=3) were extracted and quantified at start (0 d) and at the 

end (14 d) of the experiment. Both intracellular and cell wall phenols were determined for 

both species. 

The absorption spectra of the water in which the algae were cultured were also recorded at 

the start and end (7 d) of the experiment in order to determine phenol exudation into 

seawater. Exudation of phenols were determined by measuring absorption at 274 nm which 

is the wavelength at which maximum absorption of phlototannins occurs. 

A. nodosum 

 

For A. nodosum, the total, intra-cellular and cell wall phenol significantly decreased with 

time (P<0.001, two-way ANOVA, Fig. 3.31). However, there was no significant effect on 

phenol content and composition by different UV treatments (P>0.05, two-way ANOVA). 

After 7 days, significant amounts of phenols were exuded after all treatments (P<0.001, two-

way ANOVA, Table 3.32).  
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Fig. 3.31. A. nodosum. a) Intracellular and b) cell-wall phenolic content (% DW of seaweed 

tissue) grown for 14 days at three different irradiance treatments (UVA+UVB+PAR, 

UVA+PAR and PAR) at a temperature of 12°C. Mean± SD, n=3. 
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Fig. 3.32. A. nodosum. Absorption at 274 nm of water in which tips were cultured after 7 

days at three different irradiance treatments (UVA+UVB+PAR, UVA+PAR and PAR) at a 

temperature of 12°C. Mean± SD, n=3. 

 

Table 3.31. A. nodosum. Results of the two-way ANOVAs on phenolic content, 

composition and exudation with treatment (UVA+UVB+PAR, UVA+PAR and PAR) and 

time (day) as factors. Significance in bold: * P<0.05; ** P<0.01; ***P<0.001. 
  Treatment Time 

Total phenol 
content 

df 2 1 

F 0.200 92.936*** 

Post-hoc - Day 0 > Day 14 

Intra-cellular 
phenol 

df 2 1 

F 0.124 22.550*** 

Post-hoc - Day 0 > Day 14 

Cell-wall phenol df 2 1 

F 1.465 35.862*** 

Post-hoc  Day 0 > Day 14 

Exuded phenol df 2 1 

F 0.596 101.230*** 

Post-hoc - Day 14> Day 0 

 

L. digitata 

In the case of L. digitata, the intracellular phenols decreased significantly over time (P<0.01, 

two-way ANOVA, Table, Fig. 3.33), but, the cell-wall phenols increased over time for all 

treatments (P<0.05, two-way ANOVA, Table 3.32). The phenol content and composition did 

not significantly differ between the different UV treatments (P>0.05, two-way ANOVA, 

Table 3.32). In the case of exuded phenols, significant amounts had been released into the 

water at the end of the experiment (P<0.01, two-way ANOVA, Fig. 3.34).  
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Table 3.32. L. digitata. Results of the two-way ANOVA on phenolic content, composition 

and exudation with treatment (UVA+UVB+PAR, UVA+PAR and PAR) and time (day) as 

factors. Significance in bold: * P<0.05; ** P<0.01; ***P<0.001. 
  Treatment Time 

Total phenol 
content 

df 2 1 

F 0.287 1.642 

Post-hoc - - 

Intra-cellular 
phenol 

df 2 1 

F 0.155 17.538** 

Post-hoc - Day 0 > Day 14 

Cell-wall phenol df 2 1 

F 0.394 9.000* 

Post-hoc - Day 14> Day 0 

Exuded phenol df 2 1 

 F 0.520 14.465** 

 Post-hoc - Day 14> Day 0 

 

 

 
Fig. 3.33. L. digitata. a) Intracellular and b) cell-wall phenolic content (% DW of seaweed 

tissue) grown for 14 days at three different irradiance treatments (UVA+UVB+PAR, 

UVA+PAR and PAR) at a temperature of 12°C. Mean± SD, n=3. 
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Fig. 3.34. L.digitata. Absorption at 274 nm of water in which thalli were cultured after 7 

days at three different irradiance treatments (UVA+UVB+PAR, UVA+PAR and PAR) at a 

temperature of 12°C. Mean± SD, n=3. 

 

3.3.3.5. Effect of long-term exposure (14 d) of UV radiation exposure on Mycosporine-

like amino acids (MAAs) of C. crispus 

MAAs were extracted in accordance with Karsten et al. (2009) for the red alga C. crispus. 

Seaweed samples (n=3) were analysed at the start (day 0) and at the end of the experiment 

(day 14) to examine the effect of long-term UV irradiance on MAA accumulation. 

The total MAA content in C. crispus significantly increased over time (P<0.05, two-way 

ANOVA, Table 3.33). However, the total MAA content did not significantly change with 

the different UV treatments. Similarly, for palythine, asterina-330 and palythinol the 

concentrations significantly increased with time (P<0.001, Table 3.33, Fig.3.35). A 

significant difference was observed in the asterina-330 between the different UV treatments. 

The highest levels were observed in UVA+UVB+PAR treatment and lowest when they were 

exposed to PAR (P<0.001, two-way ANOVA). For asterina-330, there was a significant 

interaction between the different UV treatments and time (P<0.001, two-way ANOVA). The 

MAAs shinorine, palythine and palythinol did not differ significantly between the different 

UV treatments (P>0.05, two-way ANOVA). 
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Fig. 3.35. C. crispus. a) Shinorine, b) palythine concentration, c) asterina-330 and d) 

palythinol (mg g
-1

 DW) at three different irradiance treatments (UVA+UVB+PAR, 

UVA+PAR and PAR) cultured at a temperature of 12°C. Mean± SD, n=3. 
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Table 3.33. C. crispus. Results of the two-way ANOVA on MAA content and composition 

with treatment (UVA+UVB+PAR, UVA+PAR and PAR) and time (day) as factors. 

Significance in bold: * P<0.05; ** P<0.01; ***P<0.001. 
  Treatment Time 

Shinorine df 2 1 

F 0.052 177.453*** 

Post-hoc - Day 0 > Day 14 

Palythine df 2 1 

F 0.028 18.841** 

Post-hoc - Day 14> Day 0 

Asterina-330 df 2 1 

F 15.973*** 16.691** 

Post-hoc PAR > UVA+PAR > UVA+UVB+PAR Day 14> Day 0 

Palythinol df 2 1 

 F 0.273 10.271** 

 Post-hoc - Day 14> Day 0 

Total MAAs df 2 1 

 F 1.226 9.824** 

 Post-hoc - Day 14> Day 0 

 

3.3.4. Effects of short-term (3 d) exposure to UV radiation on macroalgae 

3.3.4.1. Short-term (3 d) effect of UV radiation on photosynthetic parameters 

To examine the effect of short-term effect of UV treatments on seaweeds, a series of 

Photosynthesis-Irradiance (P vs E) curves were obtained after the different treatments to 

evaluate the chlorophyll fluorescence properties of the specimen at the start (0 d) and end of 

the experiment (3 d). 

3.3.4.1.1. Short-term (3 d) effects of UV radiation on photosynthetic efficiency and 

electron transport rate (ETR) 

rETR 

rETR for A. nodosum depicted a general decreasing trend for all treatments (Fig. 3.36) 

during the course of the experiment (3 d), but this decrease was not significant (P>0.05, K-

W test). Also, α, rETRmax and Ek did not show any significant decrease over the duration of 

the experiment (P>0.05, two- way ANOVA, Table 3.34).  
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Table 3.34. A. nodosum. Results of two-way ANOVA on photosynthetic responses exposed 

to different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) at 100 µmol photons 

m
-2

 s
-1

 for 3 days. Significance in bold: *P<0.05; **P<0.01, ***P<0.001. 
   

Treatment Time 

Fv/Fm Df 2 1 

F 0.140 1.963 

Post-hoc - - 

rETRmax Df 2 1 

 F 0.977 1.379 

 Post-hoc - - 

α Df 2 1 

F 0.921 0.696 

Post-hoc - - 

 
Ek 

Df 2 1 

   

F 2.983 0.044 

Post-hoc - - 
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Fig. 3.36. A. nodosum. Photosynthetic relative electron transport rate (rETR) vs. 

irradiance (µmol photons m
-2

 s
-1

) on exposure to different UV treatments; a) 

UVA+UVB+PAR, b) UVA+PAR and c) PAR at 0 d and 3d. Mean±SD, n=3. 
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F. serratus 

 

After exposure to different UV treatments for 3 days, a significant decrease in the rETRmax 

and Ek was observed (P<0.001, two-way ANOVA, Table 3.35). However, this decrease was 

not specific to certain UV treatments (P>0.05, two-way ANOVA, Table 3.35). A significant 

interaction between the different UV treatments and time was also observed for rETRmax and 

Ek. In the case of α, there was no significant effect of the different UV treatments and time 

(P>0.05, two-way ANOVA, Table 3.35). rETR was lower when exposed to UVA+PAR 

when compared to exposure to PAR only (Fig. 3.37). 

 

Table 3.35. F. serratus. Results of two-way ANOVA on photosynthetic responses exposed 

to different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) at 100 µmol photons 

m
-2

 s
-1

 for 3 days. Significance in bold: *P<0.05; **P<0.01, ***P<0.001. 
  Treatment Time 

rETRmax Df 2 1 

F 0.896 105.469*** 

Post-hoc - D 0 > D 3 

Interactions Treatment x Time** 

α Df 2 1 

F 2.675 2.743 

Post-hoc - - 

Ek Df 2 1 

F 1.319 59.596*** 

Post-hoc - D 0 > D 3 

Interaction Treatment x Time** 
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Fig. 3.37. F. serratus. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) on exposure to different UV treatments; a) UVA+UVB+PAR, b) 

UVA+PAR and c) PAR at 0 d and 3 d. Mean±SD, n=3. 

 

S. latissima 

In the case of S. latissima, there was no significant effect of different UV treatments on 

rETRmax, α and Ek nor did these change over time (P>0.05, two-way ANOVA, Table 3.36). 

Also, no significant effect of the different UV treatments on rETR was observed (Fig. 3.38). 
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Table 3.36. S. latissima. Results of two-way ANOVA on photosynthetic responses exposed 

to different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) at 100 µmol photons 

m
-2

 s
-1

 for 3 days. Significance in bold: *P<0.05; **P<0.01, ***P<0.001. 
  Treatment Time 

rETRmax Df 2 1 

F 1.555 2.694 

Post-hoc - - 

Interaction - 

α Df 2 1 

F 0.563 0.323 

Post-hoc - - 

    

Ek Df 2 1 

F 0.685 2.116 

Post-hoc -  

Interaction - 
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Fig. 3.38. S. latissima. Photosynthetic relative electron transport rate (rETR) vs. 

irradiance (µmol photons m
-2

 s
-1

) on exposure to different UV treatments; a) 

UVA+UVB+PAR, b) UVA+PAR and c) PAR at 0 d and 3 d. Mean±SD, n=3. 
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L. digitata 

 

As for S. latissima, with regard to L. digitata there was no significant effect of different UV 

treatments or time on rETRmax, α and Ek (P>0.05, two-way ANOVA, Table 3.37). Similarly, 

no significant effect of the different UV treatments on rETR was observed (Fig. 3.39). 

 

Table 3.37. L. digitata. Results of two-way ANOVA on photosynthetic responses exposed 

to different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) at 100 µmol photons 

m
-2

 s
-1

 for 3 days. Significance in bold: *P<0.05; **P<0.01, ***P<0.001. 
  Treatment Time 

rETRmax df 2 1 

F 0.115 2.516 

Post-hoc -  

Interaction     - 

α Df 2 1 

F 0.104 0.034 

Post-hoc - - 

    

Ek df 2 1 

F 0.258 1.046 

Post-hoc -  

Interaction     - 
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Fig. 3.39. L. digitata. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) on exposure to different UV treatments; a) UVA+UVB+PAR, b) 

UVA+PAR and c) PAR at 0 d and 3 d. Mean±SD, n=3. 

 

C. crispus 

The highest and lowest rETRmax and α values were observed when C. crispus was exposed to 

PAR only and UVA+ PAR, respectively (P<0.01, P<0.05, two-way ANOVA, SNK post-hoc 

test, Table 3.38). However, There was a significant increase in the values of Ek over time 

(P<0.01, two-way ANOVA, Table 3.38), but α decreased significantly over time (P<0.001, 

two-way ANOVA, Table 3.38). However, Ek values did not differ between the different UV 

treatments (P>0.05, two-way ANOVA). rETR did not significantly change between UV 

treatments (Fig. 3.40). 
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Table 3.38. C. crispus. Results of two-way ANOVA on photosynthetic responses exposed to 

different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR) at 100 µmol photons m
-2

 

s
-1

 for 3 days. Significance in bold: *P<0.05; **P<0.01, ***P<0.001. 
  Treatment Time 

rETRmax df 2 1 

F 7.620** 5.837* 

Post-hoc PAR > UVA+UVB+PAR = UVA+PAR D 3 > D 0 

Interaction Treatment x Day*** 

α Df 2 1 

F 3.709* 17.594*** 

Post-hoc PAR > UVA+UVB+PAR > UVA+PAR D 0 > D 3 

 Interaction Treatment x Day* 

Ek df 2 1 

F 0.318 14.362** 

Post-hoc - D 3 > D 0 

 

 
Fig. 3.40. C. crispus. Photosynthetic relative electron transport rate (rETR) vs. irradiance 

(µmol photons m
-2

 s
-1

) of C. crispus on exposure to different UV treatments; a) 

UVA+UVB+PAR, b) UVA+PAR and c). PAR at 0 d and 3 d. Mean±SD, n=3. 
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3.3.4.1.2. Effect of short-term UV radiation on photochemical quenching (qP) and non-

photochemical quenching (NPQ) 

For A. nodosum, no effect of UV treatments or time was observed for both qP and NPQ 

(P>0.05, Fig. 3.41).  

As for A. nodosum, for F. serratus, a general decreasing trend of qP was observed the end of 

the experiment (Fig 3.42). However, the decrease at the end of the experiment was not 

significant. Similarly NPQ generally increased over 3 days and increase was similar for all 

UV treatments (Fig. 3.42).  

For S. latissima, qp decreased significantly after exposure to UVA+UAB+PAR and over 

time (P<0.05, Fig.3.43). Changes in NPQ were not significant with treatment or time 

(P<0.05, Fig. 3.43).  

As for S. latissima, L. digitata exhibited a similar trend in qP and NPQ (Fig 3.44). qp 

decreased significantly after exposure to UVA=UVB+PAR and over time (P<0.05). 

Changes in NPQ were not significant between different treatments or time (P<0.05).  

In the case of C. crispus, no change in qP and NPQ were observed after exposure to UV 

treatments or over time (P<0.05, Fig. 3.45). A general trend of decreased NPQ was observed 

after 3 days in all treatments (Fig, 3.45). 
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Fig. 3.41. A. nodosum. Photochemical quenching (qP, relative unit) at a) UVA+UVB+PAR, 

b) UVA+PAR and c) PAR only and non-photochemical quenching (NPQ, relative unit) at d) 

UVA+UVB+PAR, e) UVA+PAR and f) PAR only at 0 d and 3 d. Mean±SD, n=3. 
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Fig. 3.42. F. serratus. Photochemical quenching (qP, relative unit) at a) UVA+UVB+PAR, 

b) UVA+PAR and c) PAR only and non-photochemical quenching (NPQ, relative unit) at d) 

UVA+UVB+PAR, e) UVA+PAR and f) PAR at 0 d and 3 d. Mean±SD, n=3.  
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Fig. 3.43. S. latissima. Photochemical quenching (qP, relative unit) at a) UVA+UVB+PAR, 

b) UVA+PAR and c) PAR only and non-photochemical quenching (NPQ, relative unit) at d) 

UVA+UVB+PAR, e) UVA+PAR and f) PAR at 0 d and 3 d. Mean±SD, n=3.  
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Fig. 3.44. L. digitata. Photochemical quenching (qP, relative unit) at a) UVA+UVB+PAR, 

b) UVA+PAR and c) PAR only and non-photochemical quenching (NPQ, relative unit) at d) 

UVA+UVB+PAR, e) UVA+PAR and f) PAR at 0 d and 3 d. Mean±SD, n=3.  
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Fig. 3.45. C. crispus. Photochemical quenching (qP, relative unit) at a) UVA+UVB+PAR, 

b) UVA+PAR and c) PAR only and non-photochemical quenching (NPQ, relative unit) at d) 

UVA+UVB+PAR, e) UVA+PAR and f) PAR at 0 d and 3 d. Mean±SD, n=3.  
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3.3.4.2. Effect of short-term (3 d) exposure to UV radiation on pigment concentration 

and composition 

3.3.4.2.1. Effect of short-term (3 d) exposure to UV radiation on chlorophylls, 

carotenoids and accessory pigments 

 

 

To assess the effect of short-term UV exposure on pigment composition and concentration, 

for A. nodosum, F. serratus, S. latissima, L. digitata and C. crispus, chl a, chl c and 

carotenoids were determined using HPLC method. Pigments were analysed at the start (0 d) 

and end of the experiment (3 d). 

 

A. nodosum 

For A. nodosum, no significant difference were observed for chl a, chl c2 and fucoxanthin 

between the different UV treatments or time (Fig. 3.46). However, there was a significant 

decrease in the concentration of violaxanthin over time (P<0.001; Kruskal-Wallis test, Table 

3.39, Fig. 3.46d), but no change between UV treatments. 

Table 3.39. A. nodosum. Results of Kruskal-Wallis test performed on pigment content 

(violaxanthin and β-carotene) with time (day 0 and day 3) as factor. Significance in bold. 

 Violaxanthin β-carotene 

Chi-square 14.806 0.018 

Df 1 1 

 P-value < 0.001 0.894 
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Fig. 3.46. A. nodosum. a) Chl a, b) chl c2, 

c) fucoxanthin, d) violaxanthin and e) β-

carotene concentration on day 0 and day 3 

after culture at UVA+UVB+PAR, 

UVA+PAR and PAR at a constant 

temperature of 20°C. Mean± SD; n=3.  

    Limit of detection (LOD). 
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F. serratus 

There was no significant effect of the UV treatments on any pigments (P>0.05, Kruskal-

Wallis test). However, chl a decreased over time irrespective of the UV treatments (P < 

0.05, Kruskal-Wallis test, Table 3.40, Fig. 3.47).  

Table 3.40. F. serratus. Results of Kruskal-Wallis test performed on pigment content with 

time (day 0 and day 3) as factor. Significance in bold. 
 Chl a Chl c2 Fucoxanthin Violaxanthin bcarotene 

Chi-square 11.102 0.870 0.870 2.149 2.149 

Df 1 1 1 1 1 

P-value < 0.05 0.351 0.351 0.143 0.143 
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Fig. 3.47. F. serratus. a) Chl a, b) chl c2, 

c) fucoxanthin, d) violaxanthin and e) β-

carotene concentration on day 0 and day 3 

after culture at UVA+UVB+PAR, 

UVA+PAR and PAR at a constant 

temperature of 20°C. Mean± SD; n=3. 

   Limit of detection (LOD). 
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L. digitata 

In L. digitata, chl a, chl c2, fucoxanthin, antheraxanthin and β-carotene exhibited no 

significant response to the UV treatments. A higher concentration of violaxanthin after 

exposure to UVA+UVB+PAR treatment was observed when compared to UVA+PAR and 

PAR only (P < 0.05, Table 3.41, Fig. 3.48d). However, no significant effect of time was 

detected for any pigments (P>0.05, two-way ANOVA, Table 3.41, Fig. 3.48). 

Table 3.41. L. digitata. Results of two-way ANOVA performed on the pigment violaxanthin 

with different UV treatments and time as factors. Significance in bold. 
Source SS df Mean Square F P-value SNK post-hoc 

Treatment_UV 0.000 2 0.000 5.838 < 0.05 UVA+UVB+PAR>U
VA+PAR=PAR 

Day 5.267E-5 1 5.267E-5 3.016 0.108  

Treatment_UV * Day 0.000 2 6.524E-5 3.736 0.055  

Error 0.000 12 1.746E-5    
Total 0.010 18     
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Fig. 3.48. L. digitata. a) Chl a, b) chl c2, c) fucoxanthin, d) violaxanthin, e) β-carotene and 

f) antheraxanthin concentration on day 0 and day 3 after culture at UVA+UVB+PAR, 

UVA+PAR and PAR at a constant temperature of 20°C. Mean± SD; n=3. 
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S. latissima 

 
In S. latissima there was no significant change in any of the pigment concentration after 

exposure to different UV treatments (Fig. 3.49). Chl a had increased in concentration after 3 

d compared to the start in all UV treatment (P < 0.001, two-way ANOVA, Table 3.42, Fig. 

3.49a).  

Table 3.42. S. latissima. Results of two-way ANOVA performed on chl a with different UV 

treatment treatments and time as factor. Significance in bold. 
Source SS df Mean Square F P-value  

Treatment_UV 0.003 2 0.001 0.198 0.823  

Day 0.160 1 0.160 23.040 < 0.001 Day 3>Day 0 

Treatment_UV * Day 0.003 2 0.001 0.198 0.823  

Error 0.083 12 0.007    
Total 1.984 18     
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Fig. 3.49. S. latissima. a) Chl a, b) chl c2, 

c) fucoxanthin d) violaxanthin and e) β-

carotene concentration on day 0 and day 3 

after culture at UVA+UVB+PAR, 

UVA+PAR and PAR at a constant 

temperature of 20°C. Mean± SD; n=3. 
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C. crispus 

 

For C. crispus, chl a was significantly higher after treatment with UVA + PAR than any 

other treatment (P < 0.05, two-way ANOVA, Table 3.43, Fig. 3.50a). Higher levels of chl a 

were also observed at the end of the experiment for all treatments (P < 0.01, Table 3.43). 

 

Table 3.43. C. crispus. Results of two-way ANOVA performed on chl a with different UV 

treatment treatments and time as factor. Significance in bold. 
Source 

SS df Mean Square F P-value 
SNK post-hoc 

test 

UV treatment 0.001 2 0.001 5.455 < 0.05 UVA+PAR>UVA+U
VB+PAR=PAR 

Day 0.002 1 0.002 18.724 < 0.01 Day 3 > Day 0 

UV treatment * Day 0.001 2 0.001 6.847 < 0.05  

Error 0.001 12 9.479E-5    
Total 0.095 18     

 

The pigment α-carotene was significantly higher on day 0 than on day 3 (P < 0.001, two-

way ANOVA, Table 3.44, Fig. 3.50c), irrespective of UV treatments. The pigment lutein 

and β-carotene showed no significant change with the UV treatments nor over time (Fig. 

3.50b and d).  

 

Table 3.44. C. crispus.Results of two-way ANOVA performed on α-carotene with different 

UV treatments and time as factor. Significance in bold. 
Source SS df Mean Square F P-value  

Treatment 3.256E-5 2 1.628E-5 2.061 0.170  

Day 0.001 1 0.001 166.089 < 0.001 Day 0 > Day 3 

Treatment* Day 1.179E-5 2 5.894E-6 0.746 0.495  

Error 9.476E-5 12 7.897E-6    
Total 0.010 18     

 

Significant changes in phycocyanin (PC) were observed with UV treatments, with highest 

levels measured when exposed to PAR, and lowest levels after exposure to 

UVA+UVB+PAR and UVA+PAR (P<0.05, Kruskal-Wallis test, Table 3.45). Changes in 

phycoerythrin (PE), PC and PE + PC concentrations over time were not significant. 

Table 3.45. C. crispus. Results of Kruskal-Wallis performed on phycobiliproteins with 

different UV treatments as factor. Significance in bold. 

 PE PC PE+PC 

Chi-square 5.105 6.896 5.491 

Df 2 2 2 

P-value 0.078 < 0.05 0.064 
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Fig. 3.50. C. crispus. a) Chl a, b) lutein, c) α-carotene and d) β-carotene concentration 

on day 0 and day 3 after culture at UVA+UVB+PAR, UVA+PAR and PAR at a constant 

temperature of 20°C. Mean± SD; n=3. 
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3.3.4.3. Effect of short-term (3 d) UV radiation on Mycosporine-like amino acids 

(MAAs) 

MAAs were extracted in accordance with Karsten et al. (2009) for the red alga C. crispus. 

Seaweed samples (n=3) were analysed at the start (0 d) and at the end of the experiment (3 

d) in order to examine the effect of short-term UV treatments on MAAs accumulation in C. 

crispus. 

Shinorine concentrations were significantly higher after treatment with UVA+PAR 

(P<0.001, Table 3.46) than PAR alone. A significant interaction between the different UV 

treatments and sampling days was also observed (P<0.001, two-way ANOVA, Table 3.46, 

Fig. 3.51a). No significant change in concentration was observed for asterina-330 and 

palythinol between treatments or over time (P>0.05, Figs. 3.51c and d). Similarly, no 

significant change in concentration was observed for palythine between UV treatments 

(P>0.05, Fig. 3.51b) However, a significant increase in the levels of palythine was detected 

after 3 days (P<0.05, Kruskal-Wallis test, Table 3.47, Fig. 3.51b). 

 

Table 3.46. C. crispus. Results of two-way ANOVA performed on MAAs shinorine with 

different UV conditions and experimental days as factor. Significance in bold. 
Source SS df Mean Square F P-value SNK post-hoc 

UV Treatment 0.460 2 0.230 51.555 < 0.001 UVA+ UVB+PAR > 
UVA+ PAR>PAR 

Time 0.001 1 0.001 0.257 0.621  

Treatment * time 0.460 2 0.230 51.555 < 0.001  

Error 0.053 12 0.004    
Total 4.765 18     

 

Table 3.47. C. crispus. Results of Kruskal-Wallis performed on MAAs with time as factor. 

Significance in bold. 

 Palythine Palythinol 

Chi-square 6.413 0.160 

df 1 1 

P-value <0.05 0.689 

 



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

197 

 

  

  
Fig. 3.51. C. crispus. a) Shinorine, b) palythine, c) asterina-330 and d) palythinol 

concentration (mg g
-1

 DW) on day 0 and day 3 after culture at UVA+UVB+PAR, 

UVA+PAR and PAR at a constant temperature of 20°C. Mean± SD; n=3. 

3.3.4.4. Effect of short-term (3 d) UV radiation on Dissolved Organic Carbon (DOC) 

exudation into seawater 

Seawater samples (30 mL) in which the algae were cultured (0 d and 3 d) were analysed for 

DOC potentially exuded into seawater to examine the effect of short-term UV irradiance. 

No significant effect of UV treatments was observed on exudation of DOC into seawater by 

A. nodosum or C. crispus (Table 3.48, Figs. 3.52a and e). For F. serratus, S. latissima and L. 

digitata, highest exudation of DOC was detected when exposed to UVA+UVB+PAR and 

UVA+PAR (P<0.05, one-way ANOVA, Table 3.48). Irrespective of the different UV 

treatments, L. digitata showed highest release of DOC into seawater at the end (3 d) of the 

experiment (Fig. 3.52d). 
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Table 3.48. A. nodosum, F. serratus, S.latissima, L. digitata and C. crispus Results of the 

one-way ANOVA performed on exudation of DOC (µM g
-1

 FW) cultured for 3 days at 100 

µmol photons m
-2

 s
-1 

with different UV treatments (UVA+UVB+PAR, UVA+PAR and 

PAR) as factors. Significance in bold. 

 SS df 
Mean 

Square F 
P-

value 
SNK post-hoc 

 A. nodosum 
Between UV treatments 
Within UV treatments 
Total 

 
30266.308 
19234.783 
49501.091 

 
2 
6 
8 

 
15133.154 
3205.797 

 
4.721 

 

0.059 

 
- 

F. serratus 
Between UV treatments 
Within UV treatments 
Total 

 
31867.046 
5235.980 

37103.026 

 
2 
6 
8 

 
15933.523 

872.663 

 
18.259 

 
0.003 

 
UVA+UVB+PAR=
UVA+PAR>PAR 

 S. latissima 
 Between UV treatments 
Within UV treatments 
Total 

 
21620.9341

1072.986 
32693.920 

 

 
2 
6 
8 

 
10810.467 
1845.498 

 
5.858 

 
0.039 

 
UVA+UVB+PAR=
UVA+PAR>PAR 

 L. digitata 
 Between UV treatments 
Within UV treatments 
Total 

 
173140.290 
40334.590 

213474.880 

 
2 
6 
8 

 
86570.145 
6722.432 

 
12.878 

 
0.007 

 
UVA+UVB+PAR=
UVA+PAR>PAR 

 C. crispus 
 Between UV treatments 
Within UV treatments 
Total 

 
1943.466 

21800.089 
23743.555 

 
2 
6 
8 

 
971.733 

3633.348 

 
0.267 

 
0.774 

 
- 
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Fig. 3.52. a) A. nodosum, b) F. serratus, c) 

S. latissima d) L. digitata and e) C. crispus. 

Exudation of DOC (µM g
-1

 FW) on day 0 

and day 3 after culture at UVA+UVB+PAR, 

UVA+PAR and PAR at a constant 

temperature of 20°C. Mean± SD; n=3. 
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B. Microalgal experiments 

A series of experiments were conducted with representative species of coccolithophore E. 

huxleyi, diatoms C. closterium or L. danicus and dinoflagellate S. trochoidea to investigate 

the effect of temperature, irradiance, UV radiation and salinity on growth, pigment 

composition and concentration and exudation of DOC from microalgae. 

Three different sets of experiments were carried out with the following species; 

a) Temperature-irradiance experiments: E. huxleyi, C. closterium and S. trochoidea 

b)  UV exposure experiments: E. huxleyi, L. danicus and S. trochoidea 

c) Irradiance-salinity experiments: E. huxleyi and C. closterium. 

 

3.3.5. Growth and chl a response to a combination of temperatures and irradiances. 

Experiments were carried out to investigate the effect of temperature and irradiance on E. 

huxleyi, C. closterium and S. trochoidea. Microalgal cultures were grown at temperatures of 

10, 15 and 20°C and irradiances of 40, 80 and 20 µmol photons m
-2

 s
-1

. Cells counts were 

taken every two days and chl a assessed every third day for the duration of the experiment 

(14 d).  

3.3.5.1. Effect of temperature and irradiance on growth rates in microalgae 

For all three species, a significant difference in the growth rate was observed between 

temperature treatments. For E. huxleyi and S. trochoidea, the highest growth rate was 

observed at temperatures of 10 and 15°C, and lowest at 20°C (P<0.001, two-way ANOVA, 

Tables 3.49 and 3.51, Fig. 3.53a and c). Different irradiances had no significant impact on 

the growth rates for E. huxleyi and S. trochoidea (P>0.05, two-way ANOVA, Table 3.49 and 

3.51). In contrast to E. huxleyi and S. trochoidea, C. closterium exhibited highest growth rate 

at 15°C and 20°C and lowest at 10°C (P<0.001, two-way ANOVA, Table 3.50). 

Furthermore, growth rates for C. closterium were significantly higher at low irradiances of 

80 µmol photons m
-2

 s
-1

 and lowest at 130 µmol photons m
-2

 s
-1

 (P<0.001, two-way 

ANOVA, Table 3.50, Fig. 3.53b). 
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Fig. 3.53. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Growth rate (cells d

-1
) at 

different temperature treatments (10°C, 15°C and 20°C) and different irradiances (30, 80 

and 130 µmol photons m
-2

 s
-1 

) (12 h : 12 h photo period). Mean±SD, n=3. 
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Table 3.49. E. huxleyi. Results of two-way ANOVA performed on growth rate (cells d
-1

) 

with temperature treatments (10°C, 15°C and 20°C) and irradiance (30, 80 and 130 µmol 

photons m
-2

 s
-1

) as factors. Significance in bold. 

Source SS df Mean Square F P-value Post-hoc 

Temperature 0.268 2 0.134 93.934 <0.001 15=10>20 

Irradiance 0.001 2 0.001 0.410 0.670  

Temperature * Irradiance 0.011 4 0.003 1.925 0.150  

Error 0.026 18 0.001    

Total 66.498 27     

 

Table 3.50. C. closterium. Results of two-way ANOVA performed on growth rate (cells d
-1

) 

with temperature treatments (10°C, 15°C and 20°C) and irradiance (30, 80 and 130 µmol 

photons m
-2

 s
-1

) as factors. Significance in bold. 

Source 

SS df Mean Square F 

P-

value 

Post-hoc 

Temperature 0.306 2 0.153 264.932 <0.001 15=20>10 

Irradiance 0.084 2 0.042 72.315 <0.001 80>30>130 

Temperature * Irradiance 0.115 4 0.029 49.790 <0.001  

Error 0.010 18 0.001    

Total 49.765 27     

 
Table 3.51. S. trochoidea. Results of two-way ANOVA performed on growth rate (cells d

-1
) 

with temperature treatments (10°C, 15°C and 20°C) and irradiance (30, 80 and 130 µmol 

photons m
-2

 s
-1

) as factors. Significance in bold. 

Source 

SS df Mean Square F 

P-

value 

Post-hoc 

Temperature 0.448 2 0.224 1140.459 <0.001 15=10>20 

Irradiance 0.002 2 0.001 4.516 0.045  

Temperature * Irradiance 0.002 4 0.000 2.110 0.122  

Error 0.004 18 0.000    

Total 34.172 27     
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Fig. 3.54. E. huxleyi. Cell densities at different temperature treatments a) 10°C, b) 15°C and 

20°C and exposed to different irradiances (30, 80 and 130 µmol photons m
-2

 s
-1

) (12 h : 12 h 

photo period). Mean±SD, n=3. 
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Fig. 3.55. C. closterium. Cell densities at different temperature treatments a) 10°C, b) 15°C 

and 20°C and exposed to different irradiances (30, 80 and 130 µmol photons m
-2

 s
-1

) (12 h : 

12 h photo period). Mean±SD, n=3. 
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Fig. 3.56. S. trochoidea. Cell densities at different temperature treatments a) 10°C, b) 15°C 

and 20°C and exposed to different irradiances (30, 80 and 130 µmol photons m
-2

 s
-1

) (12 h : 

12 h photo period). Mean±SD, n=3. 
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3.3.5.2. Effect of temperature and irradiances on chl a 

In order to investigate the effect of three different temperatures and irradiances on chl a, 

experiments were conducted with 3 species of microalgae; E. huxleyi, C. closterium and S. 

trochoidea. 

E. huxleyi 

For E. huxleyi, a significant effect of temperature was observed with highest chl a levels at 

15°C and lowest at 20°C (P<0.001, Table 3.52, Fig. 3.57a). No effect of irradiances were 

observed on levels of chl a (P>0.05, Table 3.52).  

Chl a values were highly correlated with cell density with R
2
 values ≥0.95 for cultures 

grown at 10°C and 15°C, but lower for cultures grown at 20°C (R
2
=0.87) (Fig. 3.58a). 

Table 3.52. E. huxleyi. Results of two-way ANOVA performed on chl a with temperature 

treatments (10°C, 15°C and 20°C) and irradiance (30, 80 and 130 µmol photons m
-2

 s
-1

) as 

factors. Significance in bold. 
Source 

SS df Mean Square F P-value 
Post-
hoc 

Temperature 1.032E7 2 5160885.492 3557.541 <0.001 15>10>20 

Irradiance 9326.594 2 4663.297 3.215 0.064  

Temperature * Irradiance 129467.270 4 32366.817 22.311 <0.001  

Error 26112.403 18 1450.689    
Total 6.681E7 27     

 

C. closterium 

A significant effect of different temperatures were observed in levels of chl a for C. 

closterium with highest chl a concentration measured at 20 and 15°C (P<0.001, two-way 

ANOVA, Table 3.53, 3.57b). Highest chl a concentration was observed at 30 µmol photons 

m
-2

 s
-1

 and lowest at 130 µmol photons m
-2

 s
-1

 (P<0.001, two-way ANOVA, Table 3.53). A 

significant interaction between temperatures and irradiances were also observed (P<0.001, 

Table 3.53).  

Chl a values were highly correlated with cell density with R
2
 values ≥0.93 for cultures 

grown at 20°C, but lower for cultures grown at 10°C (R
2
=0.77) and 15°C (R

2
=0.422) (Fig. 

3.58b). 
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Table 3.53. C. closterium. Results of two-way ANOVA performed on chl a with 

temperature treatments (10°C, 15°C and 20°C) and irradiance (30, 80 and 130 µmol photons 

m
-2

 s
-1

) as factors. Significance in bold. 
Source 

SS df Mean Square F 
P-

value 
Post-hoc 

Temperature 817284.264 2 408642.132 516.210 <0.001 20=15>10 

Irradiance 330373.074 2 165186.537 208.669 <0.001 30>80>130 

Temperature * Irradiance 676125.105 4 169031.276 213.526 <0.001  

Error 14249.157 18 791.620    
Total 6037019.138 27     

 

S. trochoidea 

As for E. huxleyi, highest chl a concentrations were observed at 15°C and lowest at 20°C 

(P<0.001, Table 3.54, 3.57c). Chl a concentration was highest when exposed to 80 µmol 

photons m
-2

 s
-1

 and lowest when exposed to 130 µmol photons m
-2

 s
-1

 (P<0.05, two-way 

ANOVA, Table 3.54). No significant interaction between temperatures and irradiances were 

observed (Table 3.54). 

Chl a values were highly correlated with cell density with R
2
 values ≥0.93 for cultures 

grown at 10°C and 15°C, but lower for cultures grown at 20°C (R
2
=0.78) (Fig. 3.58c). 

Table 3.54. S. trochoidea. Results of two-way ANOVA performed on chl a with 

temperature treatments (10°C, 15°C and 20°C) and irradiance (30, 80 and 130 µmol photons 

m
-2

 s
-1

) as factors. Significance in bold. 

Source 

SS df Mean Square F 

P-

value 

Post-hoc 

Temperature 2518788.174 2 1259394.087 2438.369 <0.001 15>10>20 

Irradiance 11218.331 2 5609.165 10.860 <0.05 80=30>130 

Temperature * Irradiance 4136.859 4 1034.215 2.002 0.137  

Error 9296.825 18 516.490    

Total 8725822.885 27     
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Fig. 3.57. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Chl a concentration (µg L

-1
) at 

different temperature treatments (10°C, 15°C and 20°C) and different irradiances (30, 80 

and 130 µmol photons m
-2

 s
-1 

) (12 h : 12 h photo period). Mean±SD, n=3. 
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3.3.6. Growth and pigment response of microalgae to different UV radiation 

Experiments were carried out to investigate the effect of UV radiation on E. huxleyi, L. 

danicus and S. trochoidea. By applying different cut-off filters, algae were exposed to three 

irradiance conditions, PAR+UVA+UVB, UVA+PAR and PAR (see Table 3.1b) for details 

on dosage). Cell numbers were monitored every second day and pigment composition and 

DOC were analysed on the last day of the experiment (day 14). 

3.3.6.1. Effect of UV radiation on cell number of microalgae 

E. huxleyi 

Over a period of 14 days in all UV treatments, E. huxleyi had highest growth rate (P<0.001, 

Table 3.55). Highest growth rate was observed when exposed to PAR only, followed by 

UVA+PAR and UVA+UVB+PAR (P<0.05, one-way ANOVA, Table 3.55, Fig. 3.59a). 

Growth rate was highest during the initial exponential phase of growth (0-5 days) at all UV 

treatments. The cell density reached its peak when the cells were exposed to PAR only 

(1015 x 10
4
 cells mL

-1
, Fig. 3.60a). A decrease in cell density was observed when E. huxleyi 

cells were exposed to UVA+UVB+PAR and UVA+PAR treatments (Fig. 3.60a). 

L. danicus 

 

Compared to E. huxleyi and S. trochoidea, L. danicus had the lowest growth rate irrespective 

of UV treatments (P<0.001, one-way ANOVA, Table 3.55). Highest growth rate was 

observed when exposed to PAR only, followed by exposure to UVA+PAR and 

UVA+UVB+PAR (P<0.001, one-way ANOVA, Table 3.55, Fig. 3.59b). The cell density 

reached its peak when cells were exposed to PAR only (7.9 x 10
4
 cells mL

-1
, Fig. 3.60b). As 

for E. huxleyi, a decrease in cell abundance was observed when L. danicus was exposed to 

UVA+UVB+PAR and UVA+PAR treatments (Fig. 3.60b). 

 

S. trochoidea 

As for E. huxleyi and L. danicus, highest growth rate in S. trochoidea was observed when 

exposed to PAR only, followed by UVA+PAR and UVA+UVB+PAR (P<0.005, one-way 

ANOVA, Table 3.55c, Fig. 3.59c). A decrease in cell density was observed when cells were 

exposed to UVA+UVB+PAR and UVA+PAR treatments (Fig. 3.60c). The cell density 

reached its peak when cells were exposed to PAR only (4.9 x 10
4
 cells mL

-1
, Fig. 3.60c). 
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Fig. 3.59 . a) E. huxleyi, b) L. danicus and c) S. trochoidea. Growth rate (cells d

-1
) when 

cultured at different UV treatments (UVA+UVB+PAR, UVA+PAR and PAR only) at 16°C 

and (12 h : 12h photo period). Mean±SD, n=3. 
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Table 3.55. E. huxleyi, L. danicus and S. trochoidea. Results of one-way ANOVA 

performed on growth rates (cells d
-1

) with UV treatments (UVA+UVB+PAR, UVA+PAR 

and PAR only) as factors. Significance in bold. 

 
SS df Mean Square F 

P-
value 

SNK posthoc 
test 

E. huxleyi Between UV 
treatments  

0.003 2 0.002 11.143 <0.05 PAR>UVA+PAR= 
UVA+UVB+PAR 

Within UV 
treatments 

0.001 6 0.000 
  

 

Total 0.004 8     
L. danicus Between UV 

treatments 
0.007 2 0.004 337.000 <0.001 PAR>UVA+PAR> 

UVA+UVB+PAR 

Within UV 
treatments 

0.000 6 0.000 
   

Total 0.008 8     
S. trochoidea Between UV 

treatments 
0.001 2 0.001 24.000 <0.005 PAR>UVA+PAR> 

UVA+UVB+PAR 

Within UV 
treatments 

0.000 6 0.000 
   

Total 0.001 8     
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Fig. 3.60. a) E. huxleyi, b) L. danicus and c) S. trochoidea. Cell densities at different UV 

radiation treatments (UVA+UVB+PAR, UVA+PAR and PAR only) cultured at 16°C and 

(12 h : 12 h photo period). Mean±SD, n=3. 
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3.3.6.2. Effect of UV treatments on pigments concentration and composition of 

microalgae 

The effects of different UV treatments on pigment concentration of E. huxleyi, L. danicus 

and S. trochoidea were investigated in the laboratory under three different irradiance 

regimes: UVA+UVB+PAR, UVA+PAR or PAR only after 14 days at 16°C, 12 h: 12 h 

photo period. 

 

E. huxleyi 

The concentration of chl a was highest after growth in PAR treatment and lowest when cells 

were exposed to UVA+UVB+PAR. Similar responses were also observed for chl c2 and 

fucoxanthin (Fig. 3.61a). The highest chl a per cell was observed in PAR and lowest when 

the cells were exposed to UVA+UVB+PAR (Fig. 3.62a). A significant difference of ratios in 

chl c:chl a and fucoxanthin:chl a were observed between the different UV treatments at  

(P<0.05, one-way ANOVA, Table 3.56). The highest ratios occurred after growth in PAR 

followed by UVA+UVB+PAR and UVA+PAR treatments (Table 3.56). 

 

L. danicus 

In L. danicus, the presence of other pigments such as diadinoxanthin, violaxanthin and β-

carotene were also observed. The highest levels of diadinoxanthin, violaxanthin and β-

carotene were observed when cells were exposed to PAR only (Fig. 3.61b). The highest chl 

a per cell was observed after growth in PAR, and lowest when the cells were exposed to 

UVA+UVB+PAR (Fig. 3.62b).As for E. huxleyi, a significant difference of ratios in chl 

c:chl a and fucoxanthin:chl a were observed between the different UV treatments at 

(P<0.05, one-way ANOVA, Table 3.56). The highest ratios of chl c2:chl a were observed 

when exposed to UVA+UVB+PAR and lowest ratios in PAR. For fucoxanthin:chl a, highest 

ratios were observed in PAR and lowest in UVA+PAR (Table 3.56). 

 

S. trochoidea 

For L. danicus, the concentration of chl a was highest after growth in PAR treatment and 

lowest when cells were exposed to UVA+UVB+PAR. A similar response was also observed 

for the pigment chl c2 (Fig. 3.61c). The highest ratios of chl c2:chl a was observed when 

exposed to PAR and lowest when exposed to UVA+UVB+PAR (Table 3.56). The ratio of 

fucoxanthin: chl a  was highest when exposed to UVA+UVB+PAR (Table 3.56).  
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Fig. 3.61. a) E. huxleyi, b) L. danicus and c) S. trochoidea. Pigment concentrations at 

different UV radiation treatments (UVA+UVB+PAR, UVA+PAR and PAR only) after 14 

days cultured at 16°C (12 h: 12 h photo period). Mean±SD, n=3. 
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Fig. 3.62. a) E. huxleyi, b). L. danicus and c). S. trochoidea. Chl a cell

-1
 (pg) at different UV 

radiation treatments (UVA+UVB+PAR, UVA+PAR and PAR only) after 14 days cultured 

at 16°C (12 h : 12 h photo period). Mean±SD, n=3. 

 

Table 3.56. Pigment:chl a ratios under different UV treatments (UVA+UVB+PAR, 

UVA+PAR and PAR only) cultured at 16°C and at 50 µmol photons m
-2

 s
-1

 (12 h: 12 h 

photo period) after 14 days. Significance in bold. 

 E. huxleyi L. danicus S. trochoidea 

 chl c:chla fuco:chla chl c:chla fuco:chla chl c:chla fuco:chla 

UVA+UVB+PAR 0.0880 0.1284 0.2784 0.5682 0.2698 1.2050 

UVA+PAR 0.0974 0.1060 0.2343 0.5992 0.2872 0.5628 

PAR 0.1002 0.1414 0.2035 0.6964 0.2902 0.5037 

Significance P<0.05 P<0.05 P<0.05 P<0.05 P<0.001s P<0.001 
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3.3.6.3. Effect of UV treatments on Dissolved Organic Carbon exudation 

The effect of UV exposure on DOC exudation from microalgae into seawater was 

investigated sampling seawater (30 mL) in which the algae were cultured (at 0 d and 14 d). 

Calculations of rate of release per day were done based on the difference of DOC over 14 

days. Similarly, the rate of release per cell per day was based on the concentration of cells 

on day 14 for each species. 

E. huxleyi 

 

For E. huxleyi, an initial mean DOC concentration of approximately 97.1 µM was observed 

before any treatment. DOC increased in the culture media by the end of the experiment 

irrespective of UV treatments (P<0.001, Table 3.57). By the end of 14 d, the highest DOC 

concentration was observed in cultures exposed to PAR (741.3 µM), lowest concentration 

when exposed to UVA+PAR (P<0.001, Table 3.59). The rate of release of DOC into 

seawater per day was highest and per cell per day was lowest from E. huxleyi in irrespective 

of UV treatments when compared to L. danicus and S. trochoidea (Table 3.58)  

 

Table 3.57. E. huxleyi, L. danicus and S. trochoidea. DOC concentrations (µM) using three 

species of microalgae at different irradiance treatments at the start (day 0) and end (day 14) 

of the experiment. Values in bracket represent standard deviations for n=3.  
Species UV treatments 

 UVA+UVB+PAR UVA+PAR PAR 

E. huxleyi 
   

Day 0 91.5 (±2.3) 96.3 (±3.6) 103.4 (±1.6) 

Day 14 659.9 (±1.2) 482 (±8.2) 741.3 (±5.6) 

L. danicus 
   

Day 0 109.3 (±1.5) 97.2 (±1.2) 105.4 (±1.7) 

Day 14 148.7 (±3.9) 161.4 (±8.3) 429.2 (±2.1) 

S. trochoidea 
   

Day 0 97.3 (±1.6) 108.2 (±3.3) 96.4 (±5.7) 

Day 14 168.9 (±4.8) 159.1 (±6.2) 227.1 (±5.2) 
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Table 3.58. E. huxleyi, L. danicus and S. trochoidea. Rate of DOC release after 14 days at 

different irradiance treatments (UVA+UVB+PAR, UVA+PAR and PAR only) cultured at 

16°C (12 h: 12 h photo period). 

 

DOC 

Species and Treatments µM d
-1

 µmol cell
-1

d
-1

 

E. huxleyi 

  
UVA+UVB+PAR 40.6 6.60 x 10

-9
 

UVA+PAR 27.6 3.06 x 10
-9

 

PAR 45.6 4.49 x 10
-9

 

L. danicus 
  

UVA+UVB+PAR 2.8 1.15 x 10
-7

 

UVA+PAR 4.6 1.24 x 10
-7

 

PAR 23.1 2.93 x 10
-7

 

S. trochoidea 
  

UVA+UVB+PAR 5.1 2.10 x 10
-7

 

UVA+PAR 3.6 9.83 x 10
-8

 

PAR 9.3 1.91 x 10
-7

 

 

Table 3.59. E. huxleyi. Results of two-way ANOVA performed on DOC exudation into 

seawater (µM) with irradiance treatments (UVA+UVB+PAR, UVA+PAR and PAR only) 

and time (day 0 and day 14) as factors. Significance in bold. 
 

SS df Mean Square F 
P-

value 
SNK 

posthoc 

Treatment 55392.874 2 27696.437 1336.557 <0.001 PAR>UVA+UVB+
PAR>UVA+PAR 

Day 1262460.500 1 1262460.500 60923.027 <0.001 Day 14>Day0 

Treatment * Day 50846.223 2 25423.112 1226.853 <0.001  

Error 248.667 12 20.722    
Total 3745293.600 18     

 
L. danicus 

 

In the case of L. danicus, DOC increased in the culture media by the end of the experiment 

irrespective of UV treatments (P<0.001, Table 3.60). DOC exuded by L. danicus when 

exposed to PAR treatment was highest, and lowest when exposed to UVA+PAR (P<0.001, 

Table 3.60). An initial mean DOC concentration of approximately 104 µM was observed at 

all treatments. By the end of 14 d, cultures exposed to PAR had highest DOC concentration 

in seawater (429.2 µM) (Table 3.57).  
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Table 3.60. L. danicus. Results of two-way ANOVA performed on DOC exudation into 

seawater (µM) with irradiance treatments (UVA+UVB+PAR, UVA+PAR and PAR only) 

and time (day 0 and day 14) as factors. Significance in bold. 
 

SS df Mean Square F 
P-

value 
SNK 

posthoc 

Treatment 77777.054 2 38888.527 2791.599 <0.001 PAR>UVA+UVB+
PAR=UVA+PAR 

Day 89563.227 1 89563.227 6429.265 <0.001 Day 14>Day0 

Treatment * Day 72129.074 2 36064.537 2588.880 <0.001  

Error 167.167 12 13.931    
Total 780471.190 18     

 
S. trochoidea 

 

DOC increased in the culture media by the end of the experiment after all UV treatments 

(P<0.001, Table 3.61). DOC exuded by S. trochoidea when exposed to PAR treatment was 

highest and lowest when exposed to UVA+PAR (P<0.001, Table 3.61). As for E. huxleyi 

and L. danicus, by the end of 14 d, S. trochoidea cultures exposed to PAR had highest DOC 

concentration in seawater (227.1 µM) (Table 3.57). The rate of release of DOC per cell per 

day when cells were exposed to UVA+UVB+PAR was the highest compared to E. huxleyi 

and L. danicus (Table 3.58).  

 

Table 3.61. S. trochoidea. Results of two-way ANOVA performed on DOC exudation into 

seawater (µM) with irradiance treatments (UVA+UVB+PAR, UVA+PAR and PAR only) 

and time (day 0 and day 14) as factors. Significance in bold. 
 

SS df Mean Square F 
P-

value 
SNK 

posthoc 

Treatment 2050.914 2 1025.457 36.769 <0.001 PAR>UVA+UVB+
PAR=UVA+PAR 

Day 34900.820 1 34900.820 1251.424 <0.001 Day 14>Day0 

Treatment * Day 4274.470 2 2137.235 76.634 <0.001  

Error 334.667 12 27.889    
Total 413657.760 18     
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3.3.7. Growth and pigment response of microalgae to different salinity treatments 

In order to examine the effect of salinity and irradiances on growth, pigment composition 

and concentration, E. huxleyi and S. trochoidea were cultured at different salinities of 27, 35 

and 39 and irradiances of 30, 80 and 130 µmol photons m
-2

 s
-1

 at a constant temperature of 

16°C. Cell density was calculated every two days and pigments were extracted after 14 d.  

E. huxleyi 

For E. huxleyi, significant differences between the levels of chl a, chl c2 and fucoxanthin 

were observed after exposure to different irradiance levels and salinities (Fig. 3.63). The 

lowest levels of chl a were measured under ‘high’ irradiance level of 130 µmol photons m
-2

 

s
-1

 and a salinity of 39 (P<0.001, Mann-Whitney U test). Interaction between salinity and 

irradiance was also significant (Table 3.62). Similarly, significant differences between the 

different irradiance levels and salinities were also observed for fucoxanthin. Ratios of chl 

c2:chl a and fucoxanthin:chla were significantly higher at ‘low’ salinity, 28 and ‘low’ 

irradiance of 130 µmol photons m
-2

 s
-1

 (P<0.05, two-way ANOVA, Tables 3.63 and 3.64).  
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Fig. 3.63. E. huxleyi. Pigment composition on day 14 after growth at different irradiance a) 

30, b) 80 and c) 130 µmol photons m
-2

 s
-1

) and salinity levels (28, 35 and 39 SU) at 16°C and 

12 h:12 h photoperiod. Mean±SD, n=3. 
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Fig. 3.64. E. huxleyi. Pigment ratios (chl c: chl a and fucoxanthin: chl a) on day 14 after 

growth at different irradiance a) 30, b) 80 and c) 130 µmol photons m
-2

 s
-1

) and salinity 

levels (28, 35 and 39 SU) at 16°C and 12 h:12 h photoperiod. Mean±SD, n=3. 

 

Table 3.62. E. huxleyi. Results of two-way ANOVA chl a at the end of 14 days with salinity 

(28, 35 and 39) and irradiance (30, 80 and 130 µmol photons m
-2

 s
-1

) as factors. Significance 

in bold. 
Source SS df Mean Square F P-value SNK post-hoc 

Salinity 59469.659 2 29734.829 551.619 < 0.001 35 > 28 > 39 

Irradiance 18235.251 2 9117.625 169.143 <0.001 30 = 80 > 130 

Salinity * Irradiance 19027.289 4 4756.822 88.245 <0.001  

Error 970.284 18 53.905    
Total 516141.538 27     
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Table 3.63. E. huxleyi. Results of two-way ANOVA chl c2:chl a at the end of 14 days with 

salinity (28, 35 and 39) and irradiance (30, 80 and 130 µmol photons m
-2

 s
-1

) as factors. 

Significance in bold. 
Source SS df Mean Square F P-value SNK post-hoc 

Salinity 0.002 2 0.001 7.149 <0.05 28 > 35 > 39 

Irradiance 0.010 2 0.005 35.897 <0.001 30 = 80 > 130 

Salinity * Irradiance 0.007 4 0.002 12.021 <0.001  

Error 0.003 18 0.000    
Total 0.398 27     

 
Table 3.64. E. huxleyi. Results of two-way ANOVA fucoxanthin:chl a at the end of 14 days 

with salinity (28, 35 and 39) and irradiance (30, 80 and 130 µmol photons m
-2

 s
-1

) as factors. 

Significance in bold.  
Source SS df Mean Square F P-value SNK post-hoc 

Salinity 0.004 2 0.002 6.008 <0.05 28 > 35 = 39 

Irradiance 0.014 2 0.007 21.555 <0.001 30 > 80 = 130 

Salinity * Irradiance 0.015 4 0.004 11.228 <0.001  

Error 0.006 18 0.000    
Total 0.713 27     

 

C. closterium 

For C. closterium, final chl a concentrations after exposure depended on growth irradiance 

levels. The lowest concentration of chl a were observed under high irradiance level of 130 

µmol photons m
-2

 s
-1

 (P<0.001, Table 3.65, Fig. 3.65). Salinity had no significant effect on 

chl a. Similarly, significant lowest level of fucoxanthin was observed under irradiance level 

of 130 µmol photons m
-2

 s
-1

, and the highest concentration under 30 µmol photons m
-2

 s
-

1
(P<0.001, Kruskal-Wallis test, Table 3.67). Salinity had no effect on fucoxanthin. As for 

chl a and fucoxanthin, levels of chl c2 were significantly lower under high irradiance level 

of 130 µmol photons m
-2

 s
-1

 (P<0.001, Mann-Whitney U test) and again, salinity had no 

effect. There was no significant effect of salinities on ratios of fucoxanthin:chla (P>0.05, 

two-way ANOVA, Table 3.70 ). However, the ratio between fucoxanthin:chla was 

significantly higher under 130 µmol photons m
-2

 s
-1

 than any other treatments (P<0.005, 

two-way ANOVA, Table 3.70, Fig. 3.66). The ratios of diadinoxanthin:chl a was 

significantly higher at ‘low’ salinity of 28 than any other salinity treatment (P<0.05, 

Kruskal-Wallis test, Table 3.71, Fig. 3.66). 

Table 3.65. C. closterium. Result of Kruskal-Wallis test performed on cell number with 

salinity and irradiance as factors. Significance in bold. 

 Salinity Irradiance 

Chi-square 1.587 4.147 

Df 2 2 

P-value 0.452 0.126 
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Fig. 3.65. C. closterium. Pigment composition on day 14 after growth at different irradiance 

a) 30, b) 80 and c) 130 µmol photons m
-2

 s
-1

) and salinity levels (28, 35 and 39 SU) at 16°C 

and 12 h:12 h photoperiod. Mean±SD, n=3. 
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Fig. 3.66. C. closterium. Pigment ratios (chl c: chl a and fucoxanthin: chl a) day 14 after 

growth at different irradiance a) 30, b) 80 and c) 130 µmol photons m
-2

 s
-1

) and salinity 

levels (28, 35 and 39 SU) at 16°C and 12 h:12 h photoperiod. Mean±SD, n=3. 
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Table 3.66. C. closterium. Result of Kruskal-Wallis test performed on chl a with salinity 

and irradiance as factors. Significance in bold. 

 Salinity Irradiance 

Chi-square 1.556 17.485 

Df 2 2 

 P-value 0.459 < 0.001 

 

Table 3.67. C. closterium. Result of Kruskal-Wallis test performed on fucoxanthin with 

salinity and irradiance as factors. Significance in bold. 

 Salinity Irradiance 

Chi-square 1.802 16.511 

Df 2 2 

P-value 0.406 < 0.001 

 

Table 3.68. C. closterium. Result of Kruskal-Wallis test performed on diadinoxanthin with 

salinity and irradiance as factors. Significance in bold. 

 Salinity Irradiance 

Chi-square 5.469 1.645 

Df 2 2 

P-value 0.065 0.439 

 

Table 3.69. C. closterium. Result of Kruskal-Wallis test performed on chlc2 with salinity 

and irradiance as factors. 

 Salinity Irradiance 

Chi-square 1.802 18.141 

Df 2 2 

P-value 0.406 < 0.001 

 

Table 3.70. C. closterium. Result of two-way ANOVA of ratio of fucoxanthin:chla with 

salinity and irradiance as factors. Significance in bold. 
Source SS df Mean Square F P-value SNK post-hoc test 

Salinity 0.002 2 0.001 .868 0.437  

Irradiance 0.017 2 0.008 9.116 < 0.005 130 > 30 = 80  

Salinity * Irradiance 0.009 4 0.002 2.299 0.099  

Error 0.017 18 0.001    
Total 5.280 27     

 

Table 3.71. C. closterium. Result of Kruskal-Wallis test performed on ratio of 

diadinoxanthin:chl a with salinity and irradiance as factors. Significance in bold. 

 Salinity Irradiance 

Chi-square 6.437 1.930 

Df 2 2 

P-value < 0.05 0.381 
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3.4. DISCUSSION 

Changes in temperature patterns in space and time and the response of marine organisms to 

temperature is not straightforward and temperature is only one of a suite of potentially 

interacting climate variables that is driving ecological changes in marine systems (Harley et 

al., 2006). Additional complexities in biogeochemical feedback mechanisms make it 

difficult in predicting precise future temperature changes (IPCC, 2007) for instance, UV 

radiation, productivity and release of organic compounds by marine algae. Preliminary 

investigations of future climate scenario for Ireland suggest warming of approximately 

0.2°C per decade which will be superimposed on an unknown ‘natural trend’ (Sweeney and 

Fealy, 2002). This change in temperature has direct effects on marine algae and 

understanding it is essential for monitoring their physiological and biological role in the 

ecosystem. The effect of environmental parameters such as temperature, irradiance and 

salinity on growth, photosynthesis, pigment concentration and reproduction has been well 

documented under different controlled conditions (Bruhn and Gerard, 1996; van de Poll et 

al., 2001; Roleda et al., 2004; Nygård and Dring, 2008). In intertidal algal species, besides 

photoinhibition, photoprotection by production of secondary metabolites are efficient 

physiological adaptations to tolerate detrimental effects of high irradiances, harmful solar 

ultraviolet radiation (UVR) and temperatures that coincide especially at low tides (Karsten et 

al., 1998; Abdala et al., 2006). One of the objectives in this study is to investigate the effect 

of different temperatures, irradiances and UVR on the production of secondary metabolites 

such as phenols and MAAs. In addition to their role as primary producers, marine algae 

release large fractions of their photosynthetic products as DOM. But not many studies have 

been carried out to investigate the effect of physical stresses on the release of DOC and the 

ecophysiology of seaweeds (Wada et al., 2007) and phytoplankton (Aluwihare and Repeta, 

1999). Furthermore, the connection between photosynthetic production and DOC 

accumulation is not well understood (Aluwihare et al., 1997). This study also helps form a 

basis for the study of organic carbon released into the water from selected species of macro- 

and microalgae which in turn play an important role in the production of aerosols. 

The primary abiotic factors responsible for the vertical zonation and geographical 

distribution of seaweeds are light and temperature (Lüning, 1990). Macro- and microalgae 

have a range of mechanisms to facilitate and optimise light interception and utilisation that 

occurs at different levels from canopy structure to thylakoid membrane organization (White 

and Critchley, 1999). Seaweeds are photosynthetically active throughout the year and 
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photosynthesise over a wide range of temperatures (Collén and Davison, 2001). The 

intertidal zone of temperate regions experience extreme variations in both air and seawater 

temperatures. The exposure of seaweeds to semidiurnal low tide can result in temperature 

changes of the order of 10-15°C (Kübler and Davison, 1995) and any change in temperature 

poses a problem for marine algae because the light reactions of photosynthesis are less 

temperature-dependent than carbon fixation (Collén and Davison, 2001). The initial 

photochemical reactions are temperature-independent, but the enzymes involved in electron 

transport are temperature-dependent (Lobban and Harrison, 1994). Temperature changes 

associated with emersion and submersion due to falling and rising tides have a direct and 

immediate effect on metabolic rates of intertidal algae and indirect effect on the degree of 

desiccation (Dring, 1992). Damage to photosystem II (PS-II) occurs due to heat stress and 

through the failure of one or more thermolabile enzymes (Lobban and Harrison, 1994). 

Studies on heat stress in the diatom Nitzschia alba exhibited initiation of heat-shock proteins 

that protect the cells from cellular damage (Lai et al., 1998). 

The change in irradiance on emersion on the shore is not as extreme and sudden as other 

environmental factors. As water levels fall, irradiance gradually increase and decrease as the 

tides come in (Dring, 1992). Laboratory studies of pigment composition in algae cultured at 

various irradiances show an inverse relation between irradiance and chl a content per cell 

and changes in ratios of accessory pigment: chl a (Dring, 1992). Future work on UV 

experiments must involve multiple factors as single-factor experiments might under- or 

over-estimate the effects of UV radiation (Harley et al., 2006). For instance, in a study of 

viral-host interactions in surface waters, the prymnesiophyte Phaeocystis pouchetii and 

prasinophyte Micromonas pusilla were less sensitive to UVB radiation than the virus-free 

cultures (Jacquet and Bratbak, 2003).  

The physiological background of high-temperature-tolerance in seaweeds is not as well 

understood as in the case of terrestrial plants (Davison and Pearson, 1996). In our study 

involving short-term (3 d) high temperature effects, the growth rates and Fv/Fm of L. 

digitata and S. latissima were drastically reduced at 26°C leading to death of seaweeds. A 

similar result was obtained by Pang et al. (2007), in L. japonica where a reduction in 

photosynthetic efficiency and growth rates was observed at high temperatures of 25°C. At 

increasingly higher temperatures, the rate of respiration exceeds photosynthetic rates, 

resulting in decline in growth and ultimately mortality in seaweeds (Keser et al., 2005). The 

general reduction in the photosynthetic efficiency at higher temperatures (23°C and 26°C) 
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indicates that both PS II and the rest of the photosynthetic machinery were damaged. This 

reduction in photosynthetic efficiency may be due to thermal acclimation history of the 

parental population and further studies are required in terms of evaluating differences in 

heat-shock proteins (Lai et al., 1998) and thermal stability of enzymes (Lobban and 

Harrison, 1994) involved in photosynthesis in order to elucidate the adaptation mechanisms.  

In our study for all seaweed species, high-temperature induced changes in the light-

harvesting apparatus primarily affected the value of α, which is the ability to use incident 

light at low light intensities. This is in accordance with studies on C. crispus (Kübler and 

Davison, 1995) and S. latissima (Machalek et al., 1996) on thermal acclimation. Increase in 

α and photosynthetic pigments with temperature compensates for instantaneous effect of 

temperature on light-limited photosynthesis by providing metabolic compensation and 

preventing overexcitation of the photochemical apparatus that would usually occur at low 

temperatures (e.g at 5°C) (Collén and Davison, 2001).  

In addition to measurements of primary production, chlorophyll a fluorescence technique 

provides information on photo-response of algae by non-photochemical quenching (NPQ). 

NPQ consists of three categories such as energy dependent quenching, state transition 

(which is absent in diatoms and brown algae) and photoinhibition (Sven et al., 2010). Non-

photochemical quenching is a measure of thermal dissipation of excess energy in the 

photosynthetic apparatus. This dissipation of excess energy as heat is one of the most 

important photoprotective mechanisms of higher plants and algae (Garcia-Mendosa and 

Colombo-Pallotta, 2007). In our study, at high temperatures of 26°C, there was a decrease in 

all photosynthetic parameters including NPQ which suggests destruction of chl a molecules, 

photosynthetic apparatus or whole cell destruction.  

High levels of PAR and UV radiation have been demonstrated to damage the photosynthetic 

apparatus of macroalgae and hence resulting in photoinhibition (Aguirre-von-Wobeser et al., 

2000). In our experiments on long-term effects of UVR, the growth rate of L. digitata 

decreased when exposed to UVA+UVB+PAR and was highest when exposed to PAR only. 

Previously, when L. digitata were exposed to a combination of UVA and UVB, it caused a 

depression in the photosynthetic rate in the brown alga L. digitata (Forster and Lüning, 

1996). Roleda et al. (2004) observed reduced growth rates and pigment concentration in L. 

ochroleuca when exposed to UV-B radiation implying UV-B reduces the synthesis of 
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pigments and therefore limiting the light-harvesting ability. As a consequence, the decrease 

in photosynthetic end products constraints the repair of cellular damage and growth.  

The growth rate in short-term UV treatments for L. digitata was significantly reduced when 

exposed to UVA+UVB+PAR. This conforms with previous studies with L. digitata and L. 

hyperborea where its growth was reduced during the first 3 days of exposure to UV 

radiation (Roleda et al., 2006). Most studies for brown algae report effects of UV on 

different stages of developmental process of zygotes. In F. serratus, a reduction in growth 

was reported with the strongest effect when using UVB radiation (Holzinger and Lütz, 

2006). With respect to photosynthetic efficiency, UVR tolerance is known to be higher in 

species with a thicker thallus. The outer layer cells influence reflection, attenuation, 

scattering, absorption of UV radiation to the inner cells (Roleda et al., 2006). In our study, 

the sporophytes of L. digitata and S. latissima were thinner than fronds of A. nodosum and 

F. serratus. 

In C. crispus, a reduction in Fv/Fm was observed at all UV treatments at the end of 14 days. 

This is in accordance with a study by Kräbs and Wiencke (2005) who showed that UV 

radiation caused a depression in maximum quantum yield which coincided with a decline in 

maximal electron transport rate. A similar result was obtain in our study were reduced 

maximal ETR was observed when C. crispus was exposed to UV radiation when compared 

to PAR only.  

Acclimation to high light environment results in a decrease in total pigment concentrations 

and is accompanied by a decrease in the accessory pigment: chl a ratios. In our study, in 

general, the levels of photosynthetic pigments in all species decreased after 14 days. In UV 

treatments too, for all species, the levels of pigments decreased at the end of the experiment. 

In the long-term experiments (14 d), the levels of β-carotene in A. nodosum increased under 

UV radiation. Similarly, for L. digitata, the levels of β-carotene, violaxanthin and 

fucoxanthin increased under UVA+PAR. The level of carotenoids are known to have 

photoprotective function in high-light environments by quenching excess energy (Stengel 

and Dring, 1998).  

Red macroalgae exhibit a greater diversity of responses to high irradiances and the most 

severe photoinhibition occurring at low tide and coinciding with intense solar radiation 

(Figueroa et al., 2003). In order to survive under constant changing light levels, red algae 

have evolved a number of long- and short-term adaptations that involve changes in anatomy 
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of the thallus at the individual level, changes in cell wall, differences in chloroplast 

morphology and thylakoid organisation at the cellular level and alterations of pigmentation 

in photosynthetic membrane composition (Talarico and Maranzana, 2000). Our study found 

an increase in levels of lutein and under high temperatures (20°C, 23°C, 26°C) and UV 

treatments after 3 days. This conforms to the study on C. crispus by Kräbs and Wiencke 

(2005) where an increase in lutein was observed which coincided with recovery of Fv/Fm 

and increase in the concentration of MAAs. However, in our study, even though levels of 

carotenoids increased after 3 days coinciding with increased accumulation of MAAs (see 

below), there seems to be an incomplete protection of growth and photosynthetic related 

processes in C. crispus as there was a decrease in the maximum ETR. Franklin et al. (1999) 

observed a decrease in photosynthetic yield in C. crispus in spite of an accumulation of 

MAAs when exposed to UVR. A possible explanation for this could be destruction of other 

cellular processes thereby rendering MAAs and carotenoids insufficient to prevent damage 

to C. crispus. 

Another mechanism for protection against UV radiation is the production of screening 

pigments such as carotenoids or UV-absorbing mycosporine-like amino acids (Karentz et 

al., 1991). Some of the mechanisms that might be involved in UV radiation acclimation 

include the establishment of a physical barrier which shields the photosynthetic apparatus 

against radiation or the synthesis of phlorotannins, UV-screening compounds in brown algae 

(Roleda et al., 2004). Phlorotannins are important secondary metabolites present within algal 

tissue and inducible by UV radiation in addition to their role as herbivore deterrents 

(Swanson and Druehl, 2002). Phenolic levels assayed in A. nodosum and L. digitata were in 

the range of 8 % DW and 0.1% DW respectively. This is in accordance with phenolic levels 

(0.1-20% DW) found in temperate seaweeds (Connan et al., 2004). Phenolic compounds of 

both species were composed of intra-cellular and and a lower proportion of cell-wall 

phenolics. No significant induction of phenols were detected in our study with A. nodosum 

and L. digitata at different UV treatments. This is conflicting with a field study on A. 

nodosum where UVB treatment increased phlorotannin levels by 1.4% of DW (Pavia et al., 

1997). Similarly, Swanson and Druehl, (2002) observed increase in phlorotannins in 

Macrocystis integrifolia when they were exposed to UVB radiation than PAR alone. This 

may be due to the very low levels of PAR (50 µmol photons m
-2

 s
-1

) in contrast to 1400 

µmol photons m
-2

 s
-1

 and 100 µmol photons m
-2

 s
-1

 used by Pavia et al. (1997) and Swanson 

and Druehl (2002) respectively. This also supports the assumption longer periods of 



Chapter 3: Effects of temperature and irradiance on macro- and microalgae 

 

231 

 

exposure to solar radiation (indirectly higher PAR) increases phenolic accumulation in algal 

tissue (Connan et al., 2004). Another reason why there might not be accumulation of 

phenolics when exposed to UVB radiation maybe due to the fact that UVB not only induces 

but also photodegrades phlorotannins which was observed in a phycolichen (Swanson and 

Druehl, 2002).  

The role of phlorotannins as UV screening compounds is not established yet although these 

compounds have biological importance extracellularly by contributing to a considerable 

portion of DOM (Carlson and Carlson 1984). Evidence of phenol exudates’ role as UV 

sunscreens is also limited (Swanson and Druehl, 2002). Coastal areas dominated by kelp 

beds and fucoids exhibit high levels of phlorotannin exudates which influence the spectral 

characteristics of near shore waters (Carlson and Mayer, 1983) and inhibit penetration of 

UVB (Swanson and Druehl, 2002). Our study demonstrated increased levels of phenolic 

compounds in seawater after 14 days for both A. nodosum and L. digitata irrespective of UV 

treatments. This is in accordance with a study on A. nodosum by Swanson and Druehl 

(2002). In addition to this, the cell-wall composition of L. digitata increased at the end of the 

UV treatment.  

Macroalgae growing in the intertidal zone often gets exposed to harmful solar ultraviolet 

radiation (UVR) especially during low tide. Stratospheric ozone depletion further enhances 

solar UVR on the surface of the Earth and is a major stress factor for many phototrophic 

organisms in aquatic ecosystems (Karsten et al., 1998). A suite of compounds called MAAs 

are linked to protection from damage by UVR in a number of marine organisms (Franklin et 

al., 1999). Among macroalgae they occur mainly in Rhodopytes (e.g. Karentz et al., 1991).  

In our study, after a period of 3 days exposure to UV treatments, the level of shinorine 

increased especially when exposed to UVA+PAR. Karsten et al. (1998) in a study using C. 

crispus observed strong accumulation of all MAAs especially shinorine. These authors 

found accumulation of shinorine by UVR and all other MAAs were affected by high PAR. 

Our study with long-term effect of UV treatments on MAAs showed the levels of asterina-

330 to be significantly higher after 14 days of exposure in PAR only. Other MAAs palythine 

and palythinol too had increased their concentration after 14 days though not significantly. 

Hence, suggesting MAA-specific induction triggered by UVR or PAR. Shick et al. (1995) 

observed photosynthetic data obtained from corals suggesting that thalli lacking MAAs were 

less resistant than those with MAAs. In our experiments, for both long-and short-term 
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experiments, exposure to UV treatments led to reduction in growth rates despite having 

maximum MAA content, suggesting an incomplete protection of growth-related and 

photosynthetic processes. This conforms to similar studies on C. crispus where 

accumulation of MAAs were maximum when exposed to UVA+UVB+PAR and a reduction 

in growth rate and photosynthetic yield was also observed (Franklin et al., 1999). Other 

possible reasons of reduction in growth rate and yield may be due to damage to other 

cellular processes and despite synthesis of MAAs, it was insufficient to prevent damage to 

seaweeds. Oxidative damage to RUBISCO and DNA was observed and linked to decline in 

photosynthetic efficiency and growth in the dinoflagellate Prorocentrum micans on 

culturing them under UV radiation led to inhibition of photosynthesis and growth (Lesser, 

1996). When C. crispus were exposed to UV radiation for 14 days, a decrease in shinorine 

was observed compared to the start. A similar result was shown with C. crispus transplanted 

from the eulittoral zone to shallow waters maintaining the seaweeds ~15 cm below water 

(Franklin et al., 1999). These authors observed maximum shinorine content occurring after 

exposure for 2.5 days and thereafter a decline in its amount. Our study on exposure to UV 

after 3 days observed increased shinorine levels but unfortunately we did not run this long 

enough to observe any change in concentration. Similarly for the 14 days UV exposure 

treatment, as mentioned above, a reduction in shinorine levels was observed. Unfortunately, 

we were not able to assess MAAs levels on day 3 for this experiment to verify any change in 

levels after 3 days. These results might suggest that in C. crispus, induction of MAAs 

follows a pattern beginning with synthesis of shinorine followed by its decline. The location 

of UV screening compounds in seaweeds might also be relevant to their functioning 

(Franklin et al., 1996). In the coral Acropora microphthalma, their photosynthesis was 

protected by MAAs in the host tissue rather than in the algae (Shick et al., 1995). 

Unfortunately, to date, no information is available on localisation of MAAs in macroalgae 

which might be an important factor in determining MAAs as UV sunscreens (Franklin et al., 

1996).  

Several methods of expressing productivity exist for macroalgae (weight, volume of C, O2 

per weight, area of algae) such as oxygen evolution, 
14

C technique and in situ laboratory 

methods. It is often difficult to compare published data; for instance, Gagne and Mann 

(1987) compare several productivity models based on length, area and biomass of blades of 

L. longicruris found a variation of upto 40%. Moreover, most studies on DOC exudation are 

carried out in the open ocean or in mesocosms in coastal regions and hence it makes it 
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difficult to compare exudation from laboratory studies. This study measures DOC exudation 

as µM C g
-1

 FW. Exudation of organic matter is considered an important pathway of the 

photosynthetic products of algae (Wada et al., 2007). Although organic matter release by 

phytoplankton has been studied, not much is known about exudation by macroalgae (Haas et 

al., 2010). In coastal waters, fucoid macroalgae are known to release DOC but several 

uncertainties in measurements remain. For instance, handling of macroalgae may influence 

the release and so will techniques of assay (Carlson and Carlson, 1984). In this study, at 

higher temperatures of 26°C, both A. nodosum and F. serratus exuded significant amounts 

of DOC into seawater at 100 µmol photons m
-2

 s
-1

 when they were cultured for 3 days. On 

culturing for 7 days, the fucoids showed maximum excretion of DOC at 16°C. Exudation of 

DOC from natural populations of macroalgae is not the only source of macroalgal DOC into 

seawater. Reproductive structures and washed up algae may also release DOC. It is evident 

from previous studies that A. nodosum annually releases ~50% of its total weight as 

receptacles and 50% of standing crop may be removed by ice (Carlson and Carlson, 1984). 

In this study, exudation at 26°C by F. serratus was slightly higher (350 µM g
-1

 FW) than 

that of A. nodosum (250 µM g
-1

 FW). Carlson and Carlson (1984) in a study on exudation 

patterns from A. nodosum and Fucus sp. found similar, or slightly higher, exudation by 

Fucus sp. but no consistent relationship between exudation and water temperatures between 

15°C and 20°C. This might be due to the fact that it was carried out in the field where 

several other paramaters are variable and cannot be controlled as in laboratory experiments. 

In our study, at 8°C, A. nodosum exuded least amount of DOC into the seawater (151 µM g
-1

 

FW) irrespective of the irradiance. This clearly exhibits a temperature effect on the release 

of DOC irrespective of light at lower temperatures. When cultured for 7 days at higher 

temperatures of 16°C and light regimes, L. digitata exuded significant amounts of DOC (409 

µM g
-1

 FW). However, no significant difference in exudation of DOC was exhibited by L. 

digitata between the higher temperatures of 20, 23 and 26°C. This may be due to the fact 

that these experiments were carried out for only 3 days (short duration). The other kelp 

species S. latissima exhibited highest DOC exudation at 26°C (226 µM g
-1

 FW) when 

cultured for a short duration of 3 days. This may be related to the morphology of the 

seaweed. The thalli of S. latissima used in this study were thinner than those of L. digitata 

and hence possibly more sensitive to higher temperatures and irradiances. Species-specific 

variations and adaptations to primarily temperature and light were found previously with 

regard to DOC exudation (Haas et al., 2010). In this study, the red algae C. crispus exhibited 

highest DOC (650 µM g
-1

 FW) exudation at higher temperatures and irradiance levels. Haas 
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et al. (2010) found turf algal assemblages exhibiting highest and seasonal macroalgae lowest 

DOC release rates indicating that organic matter exudation is influenced by growth forms 

and life strategy of algae rather than their taxonomic affiliation. Also, the quantity of organic 

matter exudation exhibited seasonal and depth-mediated variations being positively 

correlated with temperature and light within PAR intensities of 0-300 µmol photons m
-2

 s
-1

 

which suggests photoinhibition as a limiting factor for productivity and exudation of organic 

matter.  

Although microalgae in the ocean thrive in different habitats (e.g. benthic and open ocean) 

from seaweeds which are coastal benthic dwellers, microalgae are also affected by varying 

physical environments, exposure to different light regimes based on their position in the 

water column (Raine et al., 1998) and varying PAR intensities; for instance, higher growth 

rates are observed in light saturated conditions where chl a and fucoxanthin levels are low 

while the opposite is observed in low-light conditions (Garde and Cailiau, 2000). E. huxleyi 

is a cosmopolitan species which has the ability to grow in a wide range of temperatures 

(Thierstein and Young, 2004). In our study, growth of E. huxleyi and S. trochoidea were 

reduced at 20°C irrespective of irradiance suggesting adaptation of this species to this 

temperature. On the contrary, C. closterium exhibited maximum cell density at 20°C and 

when grown at 10°C which may be due to the fact this species is a benthic diatom which 

experiences high temperatures during low tide conditions (Rijstenbil, 2003). Our results on 

the relationship between chl a and cell density suggests that these parameters vary 

depending on the growth temperatures and irradiances and species specificity.  

Solar UV radiation is known to be a natural stress factor for phytoplankton (Beardall and 

Raven, 2004). In nature, UVB has a major effect on phytoplankton the effects being difficult 

to distinguish from responses to high light. Our studies with E. huxleyi, L. danicus and S. 

trochoidea exhibited low growth rates and chl a cell
-1

 at UVA+UVB+PAR treatment and 

highest growth rates were observed when exposed to PAR only. Previous short-term UV 

experiments with the diatom Skeletonema costatum have demonstrated photoinhibition and 

irreversible photodamage to PSII resulting in decreased rates of electron transport (Guan and 

Lu, 2010). A study by Guan and Lu (2010) on effects of UV radiation on S. trochoidea 

observed these diatoms to be sensitive to UV radiation which was measured by chl a 

fluorescence. S. trochoidea cells reduced their growth significantly and when exposed to UV 

radiation which conforms to our study. However, after 6 days of exposure, these diatoms 
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acclimatised by synthesising UV absorbing (UVabc) compounds (Guan and Lu, 2010). Our 

study did not monitor UVabc compounds.  

Phytoplankton biomass is usually analysed on the basis of pigment composition and 

concentration. However, quantitative analysis using pigments is hindered by intraspecific 

variability of cellular pigment contents due to photoacclimation (Geider et al., 1993). In our 

study, E. huxleyi exhibited an increase in chl a, chl c and fucoxanthin when cells were 

exposed to PAR only and a reduction in these pigments were observed on exposure to UV 

radiation. This conforms to a study on the effects of UVB radiation on E. huxleyi (Garde and 

Cailliau, 2000). The carotenoid:chl a ratio is known to increase when algae are exposed to 

UVB radiation (Goes et al., 1994). However, our study did not observe any difference in the 

ratios of carotenoids: chl a on exposure to UVB radiation. This is in accordance with a study 

carried out on E. huxleyi examining the pigment composition on exposure to UV radiation 

and high irradiances (Garde and Cailliau, 2000). On exposure to UV treatments, L. danicus 

exhibited a decrease in chl a and ratios of chl c:chl a and fucoxanthin:chl a. This however, is 

in contrast to studies on C. closterium when exposed to UV radiation which exhibited no 

change in cellular contents of chl a and ratios of chl c: chl a (Rijstenbil, 2005). This maybe 

because the author cultured these diatoms at low (30) and high salinities (60) in contrast to 

our study which was carried out at 35 SU.  

Salinity and temperature changes result in density differences of oceanic waters that defines 

ocean stratification and deep water thermohaline circulation (Bollmann and Herrie, 2007). 

Microalgae exhibit different salinity tolerances that are reflected in changes in their 

abundance. E. huxleyi is one of the most eurythermal and euryhaline of species tolerating 

average salinities in the range of 18-35 during bloom conditions (Tyrell and Merico, 2004). 

In our study, the chl a content of E. huxleyi was highest when cells were cultured at 35 SU 

and moderate irradiances of 80 µmol photons m
-2

 s
-1

. The ratio of chl c:chl a was highest at 

low salinities of 28 SU and irradiance of 80 µmol photons m
-2

 s
-1

. Morphological responses 

to salinity changes are stronger in open oceans than in benthic areas. For example, changes 

in salinity can affect the cell size and formation of coccoliths (Bollmann et al., 2009). 

However, we were not able to document morphological changes due in cells due to salinity 

differences.  

During low tides, benthic microalgae such as C. closterium are deposited on intertidal flats 

exposed to high irradiances and dessication (Rijstenbil, 2005). Photosynthesis and growth 
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may be inhibited in benthic diatoms if salinities exceed 50 SU (Rijstenbil, 2003). C. 

closterium grown under high light and UVA had higher diadinoxanthin:chla ratio and 

diadinoxanthin than cells grown under low light conditions (Rijstenbil, 2005). An overall 

‘high salinity’ effect was observed in Rijstenbil’s (2005) study whereas; our study did not 

observe any significant effect of salinity on pigment contents. This could be because the 

study on ‘high salinity’ used 70 SU we used 39 SU as our highest salinity level. 

Active release of photosynthates that accumulate when carbon fixation exceeds 

incorporation into new material is exudation of organic matter by algal cells (Garde and 

Cailiau, 2000). In our experiments, highest release of DOC was observed when exposed to 

PAR, followed by UVA+UVB+PAR. This is in accordance with Zlotnik and Dubinsky 

(1989) where both high and low intensities of light were correlated to DOC excretion. These 

authors found lowest % DOC excretion in algal cells exposed to low light and UVB 

radiation. Borchard and Engel (2012) hypothesised that elevated CO2 and temperature results 

in the excretion rate of organic molecules, but this has not yet been directly tested. Our 

experiments exhibited the rate of release of DOC into seawater per day was highest (45.6 d
-

1
) and per cell per day was lowest (4.49 x 10

-9 µmol cell
-1 

d
-1

) from E. huxleyi in PAR 

treatments. These release rates are slightly lower than those reported by Suratman et al. 

(2008); the reasons for this could differences in strains of E. huxleyi. Strains of E. huxleyi 

from different geographical regions differ in numerous physiological and biochemical 

parameters like growth rate (Paasche, 2001), salinity tolerance (Brand, 1984), pigment 

composition (Stolte et al., 2000) and several others that need identifying (Leonardo and 

Harris, 2006).  

In L. danicus, high DOC exudation was observed when cells were exposed to PAR only and 

a decrease in DOC levels when exposed to UVR. Verity (1981) observed high exudation of 

DOC under high temperatures of 15°C and 20°C when compared to lower temperatures of 

10°C and 5°C in the diatom L. danicus. Our study was carried out at 16°C and highest DOC 

exudation was observed when exposed to PAR only. However, we did not carry out 

experiments to observe DOC exudation at different growth temperatures. DOC release rates 

in the exponential growth phase compared to the stationary phase have been observed 

previously in batch cultures of diatoms (Wetz and Wheeler, 2007). Unfortunately, we were 

unable to determine DOC exudation in stationary phase. 
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Similar to the coccolithophore and diatom, S. trochoidea exuded highest DOC when 

exposed to PAR. However not many studies have used dinoflagellates which make it 

difficult for this study to compare the results. The highest DOC exudation per cell per day 

was exuded by S. trochoidea. Most studies on DOC exudation from microalgae used 

different groups, such as the diatom Phaeodactylum tricornutum, Chlorophyte Dunaliella 

tertiolecta (Pujo-Pay et al., 1997) and the diatom Skeletonema costatum (Urbani et al., 

2005). During a bloom study of DOC exudation in spring and summer from dinoflagellates 

such as Gymnodinium sp. and Peridinium sp. releasing very low concentrations of DOC and 

Prorocentrum micans released 20% of extracellular products when compared to the diatom 

Chaetoceros sp. (Wolter, 1982). Studies associated with dinoflagellates and DOC usually 

concentrate on the importance of DOM from terrestrial sources for the production, 

community structure and toxicity of phytoplankton (e.g. Doblin et al., 1999; Raine, 2001), 

and hence there is paucity on DOC exudation data from dinoflagellates. 

Our understanding of which growth phase produces the highest DOC levels still remains 

unclear with conflicting evidence. Suratman et al. (2008) indicates highest release rates are 

during the early and mid-exponential growth phase of E. huxleyi while Newell et al. (1972) 

observed highest release rates in the stationary phase for the same species. Our study 

showed DOC concentrations at the end of the experiment which is the late exponential phase 

for all species. Unfortunately, it was not possible to monitor the DOC concentrations during 

the course of the experiment. Additionally, our study was carried out for 14 days, and the 

later stages of growth were not considered in order to observe DOC release in the stationary 

and dying stage which would also have been of interest.  

In conclusion, increase in global temperatures can have detrimental impacts on seaweeds 

and in turn the coastal ecosystem. Given the importance of seaweeds as a primary producer 

and habitat for other organisms, changes in global temperature will have significant effects 

in species distribution and community composition (Keser et al., 2005). Studies related with 

environmental issues such as primary production, organic compound exudation by algae and 

global climate change are based on chl a concentrations measured by in situ sampling or 

from satellites (Longhurst et al., 1995). Since this study and the following chapters show chl 

a content of phytoplankton varies with different species, satellite data, in particular, may not 

be accurate to indicate phytoplankton biomass. In addition to this, varying temperature and 

irradiances in the oceans may have a significant effect on the chl a content of phytoplankton. 

Hence, mechanisms controlling phytoplankton growth and physiology should be considered 
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in assessment of primary production. The presence of DOM is known to reduce UV 

penetration into the water system and marine algal DOM influences the water absorbance 

characteristics (Carlson and Mayer, 1983). DOM that is produced by algae are usually labile 

and contribute in the microbial loop (Azam et al., 1983) and is known to play important 

roles in biogeochemical cycling (Hedges, 2002) and in the formation of sea spray aerosols. 

Organic matter produced by phytoplankton blooms form primary organic aerosols by the 

bubble bursting process that occur at the surface of the ocean (O’Dowd and de Leeuw, 

2007). Our study has made an attempt in estimating the exudation of DOC from macro- and 

microalgae under different temperature and UV regimes.  

Mathematical models are useful tools in predicting how climate change will affect different 

levels of biological organisation (Le Quéré and Saltzmann, 2009). Fisheries biologists have 

developed models to predict population level effects of climate change (Harley et al., 2006). 

Predictive models for marine algae are less common and data from this study could be used 

in such models. Environmental response and exudation data from our study will be used to 

produce parameterisations of primary production useful for ocean modelling.  
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4.1. Introduction 

In addition to light, nutrients are amongst the most important factors controlling growth and 

development of macro- and microalgae (Lobban and Harrison, 1994). The concentration of 

nutrients in the marine environment is variable over space and time (Capone et al., 2008). 

Changes in nutrient content in the marine environment may have profound effects on 

chlorophyll a (chl a) and carbon dynamics (Eker-Develi et al., 2006); thus, mechanisms that 

control algal growth and physiology must be taken into consideration while assessing 

nutrient cycling and primary production. As early as 1905, it was shown that the density of 

marine algae fluctuated due to the presence of nitrogen, silicon and phosphorous in the 

ocean. Experiments with both macro- and microalgae have shown that nitrogen (N) is the 

most limiting nutrient, followed by phosphorous (P) (e.g. Topinka and Robbins, 1976; 

Howart et al., 1988; Lapointe et al., 1992). Only one nutrient can be limiting the growth of a 

species at a time, and the ratio of N to P required by algae differs according to species 

(Tilman et al., 1982).  

In addition to the organic elements C, H, and O, one or more of the following inorganic 

elements N, P, K, Mg, Ca, S, Fe, Cu, Mn, Zn, Mo, Na, Co, V, Si, Cl, B and I are required by 

most algal species (Stewart, 1974). In addition to these, algae require some organic 

compounds in the form of vitamins such as cyanocobalamine (B12), thiamine and biotin 

(Lobban and Harrison, 1994). The uptake of these nutrients, especially N and P, by algae 

depends on factors that influence the growth of algae such as light, temperature and 

turbulence (Richmond, 1986). 

The marine nitrogen cycle is the most complex among all biogeochemical cycles and as a 

limiting element for productivity, it also influences the phosphorous and carbon cycles 

(Capone, 2008). Eutrophication of coastal ecosystems is a recognised problem in the 

European Union (Nixon, 1995). The European Environmental Agency has stated that 46-

87% of the nitrogen load to inland waters in central and Western Europe is from agriculture 

and phosphorous loading from domestic sewage treatment plants (Crouzet et al., 2000). In 

Ireland, it is estimated that agricultural run-off is solely responsible for over 70% of 

phosphorous run-off (EPA, 2004). Nutrient enrichment stimulates the growth of macro- and 

microalgae thereby increasing productivity leading to increase in organic matter, oxygen 

deficiency and a decrease in the ecosystem diversity. Long-term nutrient enrichment studies 
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on opportunistic algae such as Ulva lactuca grew significantly faster than F. serratus and 

Polysiphonia spp. (Bokn et al., 2003).  

In contrast to nitrogen, the amount of phosphorous present in the atmosphere and in 

unpolluted waters is very low (Khan and Ansari, 2005; Libes, 2009). The availability of 

phosphorous can impact primary productivity, species distribution and marine ecosystem 

structure (Smith, 1983; Sharp, 1991). In the form of orthophosphate, phosphorus plays an 

important role in photosynthesis and thereby primary productivity and this, in turn, 

influences the marine carbon cycle (Paytan and McLaughlin, 2007). The principal source of 

phosphorous in the oceans is continental weathering where phosphorous is transported via 

dissolved and particulate phases. Atmospheric deposition through volcanic ash, aerosols and 

mineral dust is also an important source of phosphorous (Benitez-Nelson, 2000). 

Anthropogenic sources of phosphorous include agricultural run-off and sewage discharge of 

which the particulate phosphorous remains in the continental shelf regions and does not play 

an important role in oceanic processes (Seitzinger et al. 2005). Apart from these, marine 

sediments are the main repositories of oceanic phosphorous (Bentor, 1980).  

Algae acquire phosphorous as inorganic phosphorous, either as H3PO4

-

 or H3PO4

2-

. The 

average tolerance towards phosphorous in most algae is in the range of 50 µg L
-1

- 20 mg L
-1

. 

Due to the important ecological and socioeconomic consequences of eutrophication, several 

studies on nutrient enrichment have been carried out over the last several years. Many of 

these studies have focused on the response of phytoplankton and macroalgae in pelagic and 

shallow estuarine environments (e.g. Ryther and Dunstan, 1971; Nixon, 1995). 

Generally, microalgae have a limited ability to produce nitrogen storage materials when 

cultured under N-replete conditions. Under N-deplete conditions, cyanobacteria actively 

degrade phycobilisomes (see Richmond, 1986), but by reducing the number of 

phycobilisomes but not their size. Regarding macroalgae, the reduction in phycobiliprotein, 

when compared to reduction of chl a contents, results in the natural bleaching of Chondrus 

crispus populations during summer when seawater is generally N-limited (Chopin et al., 

1995). Pigments such as chl a and phycoerythrin are strongly influenced by the 

concentrations of inorganic nitrogen in the culture medium of the algae Gracilaria foliifera 

and Ceramium rubrum where a decrease in pigment content was observed with nitrogen 

limitation (Lobban and Harrison, 1994).  
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Unless in microalgae nitrogen falls below a threshold value, photosynthesis continues, 

although at a reduced rate. Under these circumstances, the carbon fixed during 

photosynthesis is diverted from protein synthesis to either lipid or carbohydrate synthesis 

(Beardall and Stokovic, 2006). Studies have shown that in N-deplete conditions, 

biosynthesis and accumulation of lipids are enhanced (Richmond, 1986). Some other 

species, like Dunaliella (Chlorophyta) however are known to increase carbohydrate levels 

rather than lipid content under N-deplete conditions. Under P-deplete conditions, chl a of 

microalgal cells decreases, while carbohydrate content increases. Contrary to N-deplete 

conditions, the phycobilisome degradation is not as pronounced (Richmond, 1986). 

Although chl a changes with ambient environmental conditions as outlined above, chl a is 

often used as an indicator of phytoplankton biomass. However, the advancement of 

analytical techniques has revealed that some accessory pigments are taxon-specific (Jeffrey 

and Mantoura, 2005). Quantitative analysis of phytoplankton biomass on the basis of 

pigments is hindered by intraspecific variability of cellular pigment contents as a result of 

photoacclimation and / or nutrient status (Willem et al., 2000). Several attempts have been 

made to estimate the nutritional state of natural phytoplankton using pigment ratios. But this 

is limited due to the lack of quantitative information on variation of pigment concentration 

with irradiance and nutrient availability. Henriksen et al. (2002) observed differences in 

pigment:chl a ratio to be large as a result of nutrient limitation between algal groups which 

includes species and strains. For example, small variations in peridinin:chl a was observed 

in the dinoflagellate Scrippsiella trochoidea whereas significant change in ratios of this 

pigment was observed in Amphidimium klebsii. A combination of nitrogen limitation and 

high light usually decreases chl a concentrations (Roy et al., 2011). However, studies on the 

diatom Chaetoceros muelleri showed no significant variation in chl a when cultured under 

varying nitrogen and phosphorous conditions (Leonardos and Geider, 2004). Hence, even 

though both chl a and pigment ratios are used as indicators, this should be done only if we 

understand the processes that drive microalgal productivity.  

In addition to the quantity and quality of light, the accumulation of both photosynthetic 

pigments and Mycosporine-like amino acids (MAAs) can be influenced by N availability 

(Karsten and Wiencke, 1999; Figueroa et al., 2010). A positive correlation between N 

availability and accumulation of MAAs have been reported from several species of red algae 

such as Porphyra sp. and Grateloupia sp. (Figueroa et al., 2010). In addition to their role as 

UV screening compounds, several MAAs exhibit antioxidant properties and have postulated 
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to act as an osmolyte and other functions as a reserve for nitrogen (Shick and Dunlap, 2002; 

Korbee et al., 2005). Korbee-Peinado et al. (2004) has shown that a combined effect of both 

UV radiation and high inorganic nitrogen availability stimulate the accumulation of MAAs 

in P. leucosticta and Grateloupia lanceola respectively. 

An important group of secondary metabolites that are produced by brown algae are 

phlorotannins (Yates and Peckol, 1993) which also have been shown to vary according to 

environmental conditions. It is known that under conditions of nutrient limitations 

especially, N-limited, plants accumulate large carbohydrate reserves. These reserves may 

then be used in the production of carbon-based allelochemicals (Bryant et al., 1983). An 

inverse relationship was documented by Ilvessalo and Tuomi (1989) between the phenolic 

content in the brown alga Fucus vesiculosus and nitrogen availability. Polyphenolic 

concentrations were consistently found to be higher in F. vesiculosus from sites that were N-

limited (Yates and Peckol, 1993). For brown algal phlorotannins, not many studies have 

demonstrated the influence of nutrient availability to phlorotannin concentration (Pavia and 

Toth, 2000). There is paucity in availability of experimental data to come to any general 

conclusion about taxonomic and geographical variation in relevance of the Carbon-Nutrient 

Balance Model (CNBM) to explain phlorotannin content of brown algae (Pavia and Toth, 

2000).  

Most of the organic matter in the ocean originates from marine algae. An increase in 

dissolved and particulate carbon has been reported at the end of phytoplankton growth in 

blooms (Ittekkot et al., 1981) and laboratory studies (Urbani et al, 2005). This increase in 

dissolved organic carbon (DOC) commonly coincides with depleting nutrients like nitrates 

and phosphates (e.g. Staats et al., 2000). Extracellular polymeric substances (EPS) produced 

by algae are a topic of current research interest. The EPS produced by algae exists as tightly 

bound, loosely adhered or as free dissolved organic matter (DOM). EPS are rich in organic 

carbon and therefore are an important source of carbon for different organisms in the food 

chain (Bhaskar and Bhosle, 2005). A major portion of this EPS contributes to the DOM 

pool. DOM production is indirectly and /or directly linked to nutrients as productivity and 

release depends on nutrients; for example Penna et al. (1999) showed that nutrient limitation 

can be an important factor in determining the increase of photosynthetic extracellular release 

in cultured diatoms. Production rates of DOC by phytoplankton may increase under P-

limitation and high N:P ratios (Myklestad, 2000); it has also been suggested that P-limited 

phytoplankton release DOC is more resistant to bacterial degradation (Puddu et al., 2003) 
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and consists of low molecular weight compounds (Biddanda and Benner, 1997). The 

production of DOC by marine phytoplankton varies according to species, stage of growth 

and environmental conditions (Urbani et al., 2005; Penna et al., 1999). In seawater, EPS can 

play an important role in the formation of atmospheric aerosol particles and could 

potentially influence cloud formation (Lohmann and Leck, 2005).  

Research aims and objectives 

Nutrients are an important component determining productivity of ecosystems and 

biochemical processes. Despite numerous studies on the effects of different nutrients on cell 

physiology, morphology, biogeochemistry and CO2 release, there is limited information on 

laboratory experiments on the effects of nutrients on chl a and carbon dynamics in terms of 

DOC from both macro- and microalgae. Laboratory experiments are useful if they can be 

used to provide mechanisms and model input for in situ work. Furthermore, there is a dearth 

in comparative studies using different species of algae (Eker-Develi, 2006). The aim of this 

study was to determine whether experimental nutrient enrichment of selected species of 

macro- and microalgae have an effect on their growth, productivity and pigment 

composition. Production of secondary metabolites in plants is a trait that is influenced by 

both biotic and abiotic factors (Pavia and Toth, 2000). However in particular studies on 

pigments, accumulation of the nitrogenous compounds, MAA, under different nutrient levels 

are scarce (Peinado et al., 2004). Hence, this work also investigated the effect of nutrient 

enrichment on the release of metabolic compounds such as phenolic compounds and MAA. 

Since the nitrogen and phosphorous cycle in environment influence the marine carbon cycle 

as discussed earlier, it is essential to investigate the production of DOC by both macro- and 

microalgae. DOC is known to reach deep oceans by physical transport such as mixing, down 

welling and diffusion and decomposition of which will return some of the organic carbon to 

CO2 and will result in the regeneration of nutrients within the water column (Paytan and 

McLaughlin, 2007). Little is known on the influence of nutrient availability on DOM 

constituents (Urbani et al., 2005) and this information is particularly important when 

investigating specific roles of microalgal exudation in mucilage formation and more 

generally in carbon cycling in the euphotic zone. Here, three macroalgal species, 

Ascophyllum nodosum, Laminaria digitata and Chondrus crispus were selected to examine 

the effect of nitrogen and phosphorous on the photosynthetic efficiency, pigment 

composition and concentration, metabolic compound accumulation and DOC exudation. The 
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species were exposed to varying concentrations of nitrogen (70, 700 and 1700 µg N L
-1

) and 

phosphorous (0, 1.5 and 15 µg P L
-1

) in seawater for two weeks. Similar experiments were 

carried out with microalgal species (Emiliania huxleyi, Cylindrotheca closterium and 

Scrippsiella trochoidea at nutrient-replete, N-deplete and P-deplete conditions to examine 

growth, pigment composition and concentration and DOC exudation. 
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4.2. MATERIALS AND METHODS 

4.2.1. Effect of nutrient (N and P) enrichment on photosynthesis, pigment composition 

and concentration, metabolic compound accumulation and exudation of DOC from 

macroalgae 

4.2.1.1. Macroalgal experimental design 

a) Effect of Nitrogen enrichment experiments on macroalgae 

Three macroalgal species, Ascophyllum nodosum, Laminaria digitata and Chondrus crispus 

(species description in Chapter 2, Section 2.2.2) were selected to examine the effect of 

nitrogen on the photosynthetic efficiency, pigment composition and concentration, 

metabolic compound accumulation and DOC exudation. These species were collected at 

Finavarra (53°09’25’’N; 09°06’58’’W) (details in Chapter 2) on the west coast of Ireland in 

February 2010. Apical parts (tips) of A. nodosum, the meristematic regions of L. digitata and 

whole fronds (without holdfast) of C. crispus were used for the experiments. After 

collection, all seaweeds were acclimatised under laboratory conditions for 24 h in double-

heated (89°C) unenriched seawater. The species were then exposed to varying 

concentrations of nitrogen (70, 700 and 1700 µg N L
-1

) in seawater with low representative 

levels of nitrogen (see Chapter 2, section 2.3.1, Table 2.5) for two weeks.  

b) Effect of Phosphorous enrichment experiments on macroalgae 

Similarly, in another set of experiments, the same macroalgal species were subjected to 

different concentrations of phosphorous (0, 1.5 and 15 µg P L
-1

) in seawater with low levels 

of phosphorous (see Chapter 2, section 2.3.1, Table 2.5). The apical part of A. nodosum, the 

meristematic region of L. digitata and the frond of C. crispus were used for these 

experiments. Again, all seaweeds were collected as before, and acclimatised under 

laboratory conditions for 24 h in double-heated (89°C) unenriched sterile seawater. 

4.2.1.2. Photosynthetic and growth measurements 

Each treatment consisted of two fronds of each species being placed in 1 L beakers that 

contained 600 mL of seawater. Experiments were conducted in triplicate for each of the 

treatments (n=3). The cultures were maintained at 12°C and at 80 µmol photon m
-2

 s
-1

 

irradiance which was provided by fluorescence tubes with a photoperiod of 12 h:12 h. 
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Seawater was replaced on day 7. Chlorophyll fluorescence of photosystem II (yield) was 

measured on day 0, day 7 and day 14. This fluorescence yield was measured using the PAM-

2000 fluorometer (Walz GmbH, Effelrich, Germany). Three individual measurements were 

taken on each seaweed samples (for details, refer to Chapter 2). In addition to this, 

macroalgal growth was measured at the start, on day 7 and at the end of the experiment. 

Specific growth rates were calculated using the formula; 

SGR= [100 x ln (Lengtht /Lengtho) / t  

Where, Lengtht= length at day t, Lengtho = length at day 0 and t = number of days (Lüning, 

1990).  

4.2.1.3. Analysis of chlorophyll a and accessory pigments 

Photosynthetic pigments were determined using a modified HPLC method outlined in 

Wright et al. (1991) and modified in accordance with Bidigare et al. (2005). Samples (n=3) 

for pigments were analysed at the start (day 0) and at the end of the experiment (day 14). For 

more details on the extraction and quantification procedure, refer to Chapter 2.  

4.2.1.4. Analysis of phenolic compounds 

Phenols were extracted using the procedure adapted by Connan et al. (2004). Seaweeds 

(n=3) were extracted and quantified at start (0 d) and at the end of the experiment (14 d). For 

further details on the extraction and quantification procedure, refer to Chapter 2.  

4.2.1.5. Analysis of exudation of phenolic compounds 

Phenolic compounds exuded in water were analysed in accordance with Connan and Stengel 

(2011b). The absorption spectra of the water in which the algae were cultured were recorded 

at the start of the experiment and at day 7 and 14. These water samples were scanned at 264-

275 nm using quartz cuvettes and was carried out using a UV-spectrophotometer (Cary 50 

UV-Vis, Varian Inc., USA). The exudation of phenols was estimated at 274 nm which is the 

wavelength at which maximum absorption of phlototannins occur (Connan and Stengel, 

2011b). 
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4.2.1.6. Analysis of Mycosporine-like Amino Acid (MAAs) analyses 

MAAs were extracted in accordance with Karsten et al. (2009). Seaweed samples (n=3) 

were analysed at the start (day 0) and at the end of the experiment (day 14). For further 

details on the extraction and quantification, refer to Chapter 2.  

4.2.1.7. Dissolved Organic Carbon (DOC) analyses 

DOC analyses were carried out in accordance with Dickson et al. (2007). 30 mL of seawater 

in which algae were cultured were llected at the start (0 d) and end of the experiment (14 d) 

were filtered under mild vacuum through a 47 mm diameter, 0.7 µm pore-size pre-

combusted (450 °C for 4 h, stored in sealed glass containers) Whatman GF/F glass fibre 

filter paper. The analyses were carried out at the University of Southampton using a 

Shimatzu TOC-VCSH Total Organic Carbon Analyser with the TNM-1 Total Nitrogen 

detector. For more information on the procedure, refer to Chapter 3. 

4.2.1.8. Statistical analyses 

Statistical analyses were carried out using PASW (Predictive analytics software) statistics 18 

and Minitab v 16.1.1. Datasets were tested for normality using the Anderson-Darling test 

and Levene’s test was carried out to test for homogeneity of data. To assess the effect of 

different concentration of nitrogen and phosphorous with time on the seaweed species, two-

way analysis of variance (ANOVAs) were performed. Where a factor had a significant effect 

and had more than 2 levels, a Student Newman Keuls post-hoc test was applied after 

ANOVAs (Underwood, 1997). If the data were not normally distributed (did not pass 

Anderson-Darling test) and were heterogeneous in variance (did not pass Levene’s test), a 

Kruskal-Wallis test was carried out followed by a Mann-Whitney U test post-hoc if Kruskal-

Wallis showed significant difference.  

4.2.2. Effect of nutrients on microalgal growth, pigment composition and concentration 

and exudation of DOC 

4.2.2.1. Microalgal experimental design 

Cultures of the coccolithophore Emiliania huxleyi (Lohm.) Hay and Mohler (CCAP 920/3, 

isolated from Loch Kanaird, near Ullapool, Scotland), the diatom Cylindrotheca closterium 

(Ehrenberg) Reimann and Lewin (CCMP1855, isolated from North Atlantic Ocean) and the 

dinoflagellate Scrippsiella trochoidea (Stein) Balech (CCMP 1599, isolated from North 

http://www.sciencedirect.com.libgate.library.nuigalway.ie/science/article/pii/S0166445X11000944#bib0485
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Atlantic Ocean) were maintained in the laboratory in 500mL glass borosilicate flasks at 

16°C and irradiance of 50 µmol photons m
-2

 s
-1

 (12 h : 12 h photoperiod) as stock batch 

cultures in F/2 media (as described in Chapter 3, Guillard and Ryther, 1962). The cultures 

were batch-cultured regularly every 2 weeks and this served as starting material for the 

nutrient experiments. 

Experiments were conducted with cultures under three nutrient scenarios: 1. Microalgae 

cultured in the respective media (see Table 4.1) 2. Microalgae cultured under N-deplete and 

3. Microalgae cultured under P-deplete conditions (see Table 4.1 for details). Refer to 

Chapter 3 for details on culture media used for the experiment. Cultures were set up in 250 

mL Erlenmeyer flasks for each of the nutrient treatments in triplicate at a constant irradiance 

of 50 µmol photons m
-2

 s
-1

 and photoperiod and temperature conditions mentioned above. 

Cultures were aerated with 0.22 µm filtered air in order to avoid CO2 limitation. 

Table 4.1. Nutrient treatments used for the experiments with the microalgae E. huxleyi, C. 

closterium and S. trochoidea. See Chapter 3 for details on culture media.  
Treatment Media 

Nutrient replete F/2 

N-deplete NO3

-

 reduced F/2 

P-deplete PO4

3-

 reduced F/2 

 

4.2.2.2. Determination of cell number 

In order to obtain the cell density, the cells in the culture were counted using an improved 

Neubauer Haemocytometer under a light microscope (see Chapter 3 for details). Cultures 

were started with an initial cell count of ~4000 cells. Samples were taken at 3, 5, 7, 9, 11 and 

14 d intervals and cells were counted. 
 

4.2.2.3. Analyses of chl a and accessory pigments 

Photosynthetic pigments were determined using a modified HPLC method outlined in 

Wright et al. (1991) and modified after with Bidigare et al. (2005). Two to ten mL of the 

culture was filtered on Whatmann GF/F (47mm) filters, folded, blotted with absorbent paper 

and immediately transferred into vials to be stored at -18°C until they are analysed. The 

filters were crushed in 90% HPLC-grade acetone and soaked overnight at 0°C in this 

solvent. The sample extracts were then centrifuged (4°C; Rotina 38R, Hettich, Germany) at 

4000 rpm for 5 min. The supernatant was then filtered using a 0.45µm membrane filter into 
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brown glass vials. 70 µL of the filtrate was then analysed using HPLC 1200 series (Agilent). 

For more details on the quantification procedure, refer to Chapter 3. Samples for pigments 

were analysed at the start, 5, 9 and 14 d intervals.  

4.2.2.4. Dissolved organic carbon (DOC) analyses 

DOC analyses were carried out as in section 4.2.1.7. For more information on the procedure, 

refer to Chapter 3. Samples (n=3) for DOC analyses were taken at the start (0 d) and end (14 

d) of the experiment.  

4.2.2.5. Statistical analyses 

Statistical analyses were carried out using PASW (Predictive analytics software) statistics 18 

and Minitab v 16.1.1. Datasets were tested for normality using the Anderson-Darling test 

and Levene’s test was carried out to test for homogeneity of data. To assess the effect of 

nutrient replete and N and P deplete conditions, on phytoplankton species, two-way analyses 

of variance (ANOVAs) was performed. Where a factor had a significant effect and had more 

than 2 levels, a Student Newman Keuls post-hoc test was applied after ANOVAs 

(Underwood, 1997). If the data did not pass Anderson-Darling test, and did not pass 

Levene’s test, a Kruskal-Wallis test was carried out followed by a Mann-Whitney U test 

post-hoc if Kruskal-Wallis showed significant difference.  

  

http://www.sciencedirect.com.libgate.library.nuigalway.ie/science/article/pii/S0166445X11000944#bib0485
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4.3. RESULTS 

4.3.1. Effect of nitrogen enrichment on physiology, pigment composition and 

concentration, metabolic compound accumulation and exudation of DOC from 

macroalgae 

The effect of varying concentrations of nitrogen (70, 700 and 1700 µg N L
-1

) in unenriched 

seawater on three macroalgal species (Ascophyllum nodosum, Laminaria digitata and 

Chondrus crispus) was studied. The parameters examined were growth, pigment 

composition and concentration, accumulation of secondary metabolic compounds (phenols 

and MAAs) and DOC released into culture water. 

4.3.1.1. Effect of nitrogen enrichment on growth of macroalgae 

Growth rates for none of the species (A. nodosum, L. digitata and C. crispus) showed any 

response to the various nitrogen treatments (P>0.05, one-way ANOVA, Fig. 4.1). When 

growth rates between the different species were compared irrespective of the nitrogen 

treatment, A. nodosum and C. crispus exhibited a significantly higher growth rates than L. 

digitata (SNK post-hoc test). A lot of variability was observed between samples as indicated 

by the large error bars which is probably the reason that there was no significant impact of 

nitrogen treatments observed. 

 
Fig. 4.1. A. nodosum, L. digitata and C. crispus. Specific growth rate (% length per day) 

between day 0 and day 14 at three nitrogen concentrations (70, 700 and 1700 µg N L
-1

) 

cultured at 12°C and at 80 µmol photon m
-2

 s
-1

 irradiance. Mean± SD; n=3. 
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4.3.1.2. Effect of nitrogen enrichment on maximum quantum yield (Fv/Fm) 

The effect of various nitrogen concentrations on the maximum quantum yield of the 

seaweed was measured. These values are an indicator of seaweed photosynthetic efficiency. 

Yield of A. nodosum increased at higher N levels (P<0.05, Fig. 4.2a, Table 4.2). Time also 

had a significant effect on the yield of A. nodosum (P<0.001, Table 4.2), but interaction was 

not significant.  

For L. digitata, the maximum quantum yield significantly decreased with decrease in 

nitrogen concentrations (P<0.05, Table 4.2) and maximum quantum yield significantly 

decreased with time (P<0.001, Table 4.2). However, no significant interaction was observed 

between the N-treatments and time.  

For C. crispus, a significant difference of yield was observed between the different nitrogen 

treatments. The maximum quantum yield was highest at 700 µg N L
-1

 and lowest at 1700 µg 

N L
-1 

(P<0.01, Table 4.2). The yield significantly decreased with time (day 0>day 14, 

P<0.001) irrespective of the nitrogen treatments. There was also a significant interaction 

between nitrogen treatments and time (P<0.001). 

Table 4.2. A. nodosum, L. digitata and C. crispus. Results of two-way ANOVA of 

maximum quantum yield (Fv/Fm) with nitrogen (70, 700 and 1700 µg N L
-1

) treatments and 

time (day 0 and day 14) as factors. Significance in bold: * P < 0.05; ** P < 0.01; ***P < 

0.001.  
  N-treatment Time 
A. nodosum df 2 1 

F 5.444* 130.596*** 

Post hoc 1700=700>70 Day 0 > Day 14 

 Interaction   - 

L. digitata df 2 1 

F 4.285* 103.437*** 

Post hoc 
Interaction 

1700>700=70 Day 0 > Day 14 
- 

C. crispus df 2 1 

F 15.492** 304.378*** 

Post hoc 700>70>1700 Day 0 > Day 14 

 Interaction Treatment x Time*** 
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Fig. 4.2. a) A. nodosum, b) L. digitata and c) C. crispus. Maximum quantum yield (Fv/Fm) 

cultured for 14 days at three different nitrogen concentrations (70, 700 and 1700 µg N L
-1

). 

cultured at 12°C and at 80 µmol photon m
-2

 s
-1

 irradiance. Mean ± SD; n=3. 
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4.3.1.3. Effect of nitrogen enrichment on pigment composition and concentrations 

In order to investigate the effect of nitrogen enrichment on seaweeds, photosynthetic 

pigments were determined using HPLC. Samples (n=3) for pigments were analysed at the 

start (0 d) and at the end of the experiment (14 d). 

A. nodosum 

For A. nodosum, a significant increase in chl a was observed in nitrogen treatment 1700 µg 

N L
-1

 and lowest levels in 70 µg N L
-1 

(P < 0.05, 2-way ANOVA, Table 4.3, Fig 4.3). A 

similar trend was seen for chl c2; here significantly lower concentrations were observed at 

the lowest N level
 
(P<0.05, Table 4.3, Fig 4.4a) and highest concentrations at the two higher 

N concentrations. There was no significant impact of the nitrogen levels on fucoxanthin but 

there was a significant decrease over the duration of the experiment (P<0.01, Table 4.4b). 

Also, there was no significant effect of the different nitrogen treatments on the concentration 

of β-carotene, nor any change over the 14 day duration the experiment (Ptreatment>0.05; Ptime 

>0.05, Fig. 4.4c). 

 

Fig. 4.3. A. nodosum. Chl a concentration (mg g
-1

 DW) at the start (0 d) and end of the 

experiment (day 14) between different nitrogen treatments ; a) 70, b) 700 and c) 1700 µg N 

L
-1

) cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Fig. 4.4. A. nodosum. a) Chl c2, b) fucoxanthin and c) β-carotene concentration (mg g

-1
 DW) 

at the start (0 d) and end of the experiment (day 14) between different nitrogen treatments ; 

a) 70, b) 700 and c) 1700 µg N L
-1

) cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, 

n=3. 
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Table 4.3. A. nodosum. Results of the two-way ANOVA (for chl c2) or Kruskal-Wallis test 

(for chl a, fucoxanthin and β-carotene) on pigment content with nitrogen treatment and day 

as factors. Significance in bold: P < 0.05; ** P < 0.01; ***P < 0.001.  
  N-treatment Time 

Chl a Df 2 1 

Chi
2
 8.960* 0.222 

Post hoc 1700>700>70 - 

Chl c2 Df 2 1 

F 6.667* 1.274 

Post hoc 1700=700>70 - 

Fucoxanthin Df 2 1 

Chi
2
 2.540 10.125** 

Post hoc - Day 0> Day 14 

β-carotene Df 2 1 

Chi
2
 5.180 3.125 

Post hoc - - 

 

L. digitata 

 

There was no significant effect of the different nitrogen treatments nor time on the pigment 

concentrations of L. digitata (Kruskal-Wallis test, Ptreatment > 0.05; Ptime > 0.05, Figs. 4.5 and 

4.6, Table 4.4) over the 14-days duration of the experiment.  

 

Fig. 4.5. L. digitata. Chl a concentration (mg g
-1

 DW) at the start (0 d) and end of the 

experiment (day 14) between different nitrogen treatments; a) 70, b) 700 and c) 1700 µg N 

L
-1

) cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Fig. 4.6. L. digitata. a) Chl c2, b) fucoxanthin c) violaxanthin and d) β-carotene 

concentration (mg g
-1

 DW) at the start (0 d) and end of the experiment (day 14) between 

different nitrogen treatments; a) 70, b) 700 and c) 1700 µg N L
-1

) cultured at 12°C and 80 

µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Table 4.4. L. digitata. Results of the two-way ANOVA (for chl c2) or Kruskal-Wallis test 

(for chl a, fucoxanthin, violaxanthin and β-carotene) on pigment content with nitrogen 

treatmentand day as factors. Significance in bold: * P < 0.05; ** P < 0.01; ***P < 0.001. 
  Treatment Time 

Chl a df 2 1 

Chi
2
 3.120 0.222 

Post hoc - - 

Chl c2 df 2 1 

F 2.660 0.014 

Post hoc - - 

Fucoxanthin Df 2 1 

Chi
2
 2.420 0.014 

Post hoc - - 

Violaxanthin Df 2 1 

Chi
2
 1.460 0.681 

Post hoc - - 

β-carotene Df 2 1 

Chi
2
 3.660 1.389 

Post hoc - - 

 

C. crispus 

For C. crispus, there was a significant decrease in the pigments chl a, β-carotene and lutein 

after 14 days (P<0.05, P<0.001 and P<0.05, two-way ANOVA, Figs. 4.7 and 4.8b and c) but 

there was no significant effect of the different nitrogen treatments (Table 4.5).  

 

Fig. 4.7. C. crispus. Chl a concentration (mg g
-1

 DW) at the start (0 d) and end of the 

experiment (day 14) between different nitrogen treatments (70, 700 and 1700 µg N L
-1

) 

cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Fig. 4.8. C. crispus. a) α-carotene, b) β-carotene and c) lutein concentration (mg g
-1

 DW) at 

the start (0 d) and end of the experiment (day 14) between different nitrogen treatments (70, 

700 and 1700 µg N L
-1

)cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3.  
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Table 4.5. C. crispus. Results of the two-way ANOVA (for α-carotene) or Kruskal-Wallis 

test (for chl a, β-carotene and lutein) on pigment content with nitrogen treatments (70, 700 

and 1700 µg N L
-1

) and day as factors. Significance in bold: * P < 0.05; ** P < 0.01; ***P < 

0.001.  
  N-treatment Time 

Chl a Df 2 1 

Chi
2
 0.400 16.680** 

Post hoc - Day 0 > Day 14 

α-carotene Df 2 1 

F 1.679 1.655 

Post hoc - - 

β-carotene Df 2 1 

Chi
2
 0.206 40.501*** 

Post hoc - Day 0 > Day 14 

Lutein Df 2 1 

Chi
2
 0.264 21.048** 

Post hoc - Day 0 > Day 14 

 

4.3.1.4. Effect of nitrogen enrichment on phenolic compounds 

The effect of nitrogen enrichment was investigated on the phenolic compound accumulation 

in A. nodosum and L. digitata. As for pigments, samples were analysed for phenols at the 

start (0 d) and end (14 d) of experiment. 

There was no significant effect of different nitrogen treatments on the phenol content of A. 

nodosum (P > 0.05, Table 4.6, Fig. 4.9). However, the phenol content had significantly 

decreased by the end of the experiment in all nitrogen treatments (P<0.001, Table 4.6).  

 
Fig. 4.9. A. nodosum. Total phenol content (% DW of seaweed tissue) in tips grown for a 

duration of 14 days at different concentrations of nitrogen (70, 700 and 1700 µg N L
-1

). 

Mean ± SD, n=3. 
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Table. 4.6. A. nodosum. Results of two-way ANOVA performed on total phenol content (% 

DW) with nitrogen treatments (70, 700 and 1700 µg N L
-1

) and sampling time as factors. 

Significance in bold. 

Source SS df Mean Square F P-value  

Day 41.815 1 41.815 52.926 < 0.001 Day 0> Day 14 

Nitrogen treatments 1.386 2 0.693 0.877 0.441  

Day * Treatments 0.603 2 0.301 0.381 0.691  

Error 9.481 12 0.790    

Total 490.929 18     

       

 

L. digitata 

As for A. nodosum, there was no significant effect of different nitrogen treatments on 

phenol content (Ptreatment>0.05, two-way ANOVA, Fig. 4.10) but phenol content 

decreased after 14 d duration of the experiment at all concentrations (Ptime<0.001, 

Kruskal-Wallis test, Table 4.7).  

 
Fig. 4.10. L. digitata. Total phenol content (% DW of seaweed tissue) in meristematic area 

of thalli grown for a duration of 14 days at different concentrations of nitrogen (70, 700 and 

1700 µg N L
-1

). Mean ± SD, n=3. 
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Table. 4.7. L. digitata. Results of two-way ANOVA performed on total phenol content (% 

DW) with nitrogen treatments (70, 700 and 1700 µg N L
-1

) and sampling time as factors. 

Significance in bold. 
Source SS df Mean Square F P-value  

Day 0.022 1 0.022 17.301 < 0.005 Day 0 > Day 14 

N- treatment 0.009 2 0.005 3.623 0.059  

Time * Treatment 0.003 2 0.001 1.167 0.344  

Error 0.015 12 0.001    

Total 1.826 18     

 

4.3.1.5. Effect of nitrogen enrichment on phenol exudation into seawater 

The effect of nitrogen enrichment on phenol exudation in seawater was investigated in A. 

nodosum and L. digitata. For this, the absorption spectra of the water (at 274 nm) in which 

the algae were cultured were recorded at the start of the experiment (0 d) and at the end (14 

d).  

A. nodosum 

For A. nodosum, there was a significant increase in exuded phenols in seawater at the end 

(14 d) of the experiment for all nitrogen treatments (P<0.001, Kruskal-Wallis test, Table 4.8, 

Fig. 4.11). However, no effects of the various nitrogen treatments were seen on the exuded 

phenols in seawater (P>0.05, Kruskal-Wallis test, Table 4.8).  

 
Fig. 4.11. A. nodosum. Absorption at 274 nm of water in which tips were cultured for 14 

days at three different concentrations of nitrogen (70, 700 and 1700 µg L
-1

). n=3±SD. 
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Table. 4.8. A. nodosum. Results of Kruskal-Wallis test performed on phenol exudation (at 

274nm) and different concentrations of nitrogen with nitrogen treatments (70, 700 and 1700 

µg N L
-1

) and sampling time as factors. Significance in bold. 

 
A. nodosum 

    (Nitrogen treatments) 
A. nodosum 

(Sampling time) 

Chi-square 0.329 12.829 

df 2 1 

Asymp. P-
value 

0.849 < 0.001 

 

L. digitata 

Experiments conducted with L. digitata showed a significant increase in exuded phenols for 

after 14 days of the experiment (P<0.001, 2-way ANOVA, Fig. 4.12, Table 4.9) for all 

nitrogen treatments. However, no significant effect of exudation of phenolic compounds was 

seen between the various nitrogen treatments.

 

Fig. 4.12. L. digitata. Absorption at 274 nm of water in which algae were cultured for 14 

days at three different concentrations of nitrogen (70, 700 and 1700 µg L
-1

). n=3±SD. 

 

Table 4.9. L. digitata. Results of two-way ANOVA performed on absorbance at 274 nm 

water cultured with nitrogen treatments (70, 700 and 1700 µg N L
-1

) and sampling time as 

factors. Significance in bold.  
Source SS df Mean Square F P-value  

Time 0.003 1 0.003 36.370 < 0.001 Day 14> Day 0 

N-treatment 8.670E-5 2 4.335E-5 0.527 0.603  

Time * Treatment 0.000 2 9.075E-5 1.104 0.363  

Error 0.001 12 8.222E-5    
Total 0.030 18     
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4.3.1.5. Effect of nitrogen enrichment on Mycosporine-like Amino Acids (MAAs) 

MAAs were extracted and analysed for C. crispus to investigate the effect of nitrogen 

enrichment. Seaweed samples (n=3) were analysed at the start (0 d) and at the end of the 

experiment (14 d) and MAAs analysed using HPLC. 

A significant decrease in shinorine content was observed after the 14 d duration of the 

experiment (Ptime<0.05, Kruskal-Wallis test, Table 4.11, Fig. 4.13). However, there was no 

significant effect of different nitrogen treatments on the shinorine content of C. crispus 

(Ptreatment>0.05, Kruskall-Wallis test).  

 

The level of palythine increased significantly over the duration of the experiment, again but 

no impact of the different nutrient concentrations was observed (Two-way ANOVA, Table 

4.12). Also, no significant interaction between time and nitrogen treatment was observed (2-

way ANOVA, Table 4.12).  

As with palythine, asterina-330 increased over time (Two-way ANOVA, Table 4.13) and no 

impact of the different nitrogen treatments were observed (P>0.05, 2-way ANOVA, Table 

4.13).  

No significant effects of time or the various nitrogen treatments were observed on palythinol 

(Table 4.14, Fig. 4.13). 

 

Table. 4.11. Results of Kruskal-Wallis test performed on Shinorine content (mg g
-1 

DW) of 

C. crispus with sampling time (0 d and 14 d) as factor. Significance in bold. 

 Shinorine  

Chi-square 12.950  

Df 1  

P-value < 0.05 Day 0 > Day 14 
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Fig. 4.13. C. crispus. a) Shinorine, b) palythine, c) asterina-330 and d) palythinol 

concentration (mg g
-1

 DW) cultured at different nitrogen (70, 700 and 1700 µg N L
-1

) at 

12°C and 80 µmol photon m
-2

 s
-1

 irradiance. Mean ±SD, n=3. 
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Table 4.12. C. crispus. Results of two-way ANOVA performed on palythine content (mg g
-1

 

DW) with nitrogen treatments (1700, 700 and 70 µg N L
-1

) and sampling time (0 d and 14 d) 

and as factors. Significance in bold.  
Source SS Df Mean Square F P-value  

Time 0.322 1 0.322 12.038 < 0.05 Day 14>Day0 

N-treatment 0.138 2 0.069 2.578 0.117  

Time * Treatment 0.138 2 0.069 2.578  0.117  

Error 0.321 6 0.027    

Total 29.710 12     

 

Table 4.13. C. crispus. Results of two-way ANOVA performed on asterina-330 content (mg 

g
-1

 DW) with nitrogen treatments (1700, 700 and 70 µg N L
-1

) and sampling time (0 d and 

14 d) and as factors. Significance in bold. 
Source SS df Mean Square F P-value 

Time 0.180 1 0.180 27.699 <0.05 

N-treatment 0.026 2 0.013 2.033 0.174 

Time * Treatment 0.026 2 0.013 2.033 0.174 

Error 0.078 6    
Total 4.674 12    

 

Table 4.14. C. crispus. Results of Kruskal-Wallis performed on palythinol content (mg g
-1

 

DW) with nitrogen treatments (1700, 700 and 70 µg N L
-1

) and sampling time (0 d and 14 d) 

and as factors. Significance in bold. 
 

 
Palythinol 

 (nitrogen treatments) 
Palythinol 

(sampling time) 

Chi-square 2.350 0.018 

Df 2 1 

P-value 0.309 0.894 

 

4.3.1.6. Effect of nitrogen enrichment on dissolved organic carbon (DOC) 

The effect of nutrient enrichment on DOC exudation into seawater was investigated 

sampling seawater (30 mL) in which the algae were cultured (at 0 d and 14 d), filtered under 

mild vacuum through a 47 mm diameter, 0.7 µm pore-size pre-combusted (450°C for 4 h) 

Whatman GF/F glass fibre filter paper and the filtrate was analysed for DOC exuded in 

seawater. 

For all three macroalgae A. nodosum, L. digitata and C. crispus, there was no impact of 

nitrogen treatments on DOC release (Table 4.10). However, the amount of DOC had 

increased significantly by the end of the experiment irrespective of the nitrogen treatments 

for all species (Fig. 4.14). The highest amount of DOC was exuded by L. digitata (Fig. 

4.14b). 
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Table 4.10. A. nodosum, L. digitata and C. crispus. Results of the one-way ANOVAs 

performed on exudation of DOC (µM g
-1

 FW) with different nitrogen (70, 700 and 1700 µg 

N L
-1

) treatments as factors. Significance in bold. 

 SS df Mean Square F P-value 

 A. nodosum 
Between Nitrogen treatments 
Within Nitrogen treatment 
Total 

 
4658.185 

 
2 

 
2329.092 

 
1.130 

 
0.383 

12369.586 6 2061.598   
17027.770 8    

L. digitata 
Between Nitrogen treatments 
Within Nitrogen treatments 
Total 

 
6727.756 

 
2 

 
3363.878 

 
4.331 

 
0.069 

4660.275 6 776.712   
11388.030 8    

C. crispus 
Between Nitrogen treatments 
Within Nitrogen treatments 
Nitrogen Total 

 
6935.416 

 
2 

 
3467.708 

 
0.915 

 
0.450 

22751.109 6 3791.851   
29686.525 8    
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Fig. 4.14. a) A. nodosum, b) L. digitata and c) C. crispus. Exudation of DOC (µM g
-1

 FW) 

cultured at different nitrogen (70, 700 and 1700 µg N L
-1

) treatments at 12°C and 80 µmol 

photon m
-2

 s
-1

 irradiance. Mean ±SD, n=3. 
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4.3.2. Effect of phosphorous enrichment on physiology, pigment composition and 

concentration, metabolic compound accumulation and exudation of DOC from 

macroalgae 

Three macroalgal species, A. nodosum, L. digitata and C. crispus (details on species 

selection in Chapter 3) were cultured to examine the effect of phosphorous on growth, 

photosynthetic efficiency, pigment composition and concentration, accumulation of 

secondary metabolic compounds (phenols and MAAs) and DOC in culture water. The above 

algal species were exposed to different concentrations of phosphorous (0, 1.5 and 15 µg P L
-

1
) over two weeks (see Chapter 2, section 2.3.1, Table 2.5).  

4.3.2.1. Effect of phosphorous enrichment on growth  

Growth rates of A. nodosum decreased significantly with increasing concentrations of 

phosphorous (P < 0.05, Table 4.15, Fig. 4.15). However, there was no significant effect of 

the different phosphorous treatments on growth rates of L. digitata (P > 0.05, Fig.4.15). 

Growth of C. crispus decreased significantly with increasing concentrations of phosphorous 

(P < 0.05, one-way ANOVA, Table 4.16, Fig. 4.15). 

 
Fig. 4.15. A. nodosum, L. digitata and C. crispus. Specific growth rate (% growth day

-1
) 

between day 0 and day 14 at three phosphorous concentrations (0, 1.5 and 15 µg P L
-1

). 

cultured at 12°C and at 80 µmol photon m
-2

 s
-1

 irradiance. Mean± SD; n=3. 
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Table 4.15. A. nodosum. Results of the one-way ANOVA and SNK post-hoc test performed 

on specific growth rate (% length day
-1

) with different phosphorous treatments (0, 1.5 and 15 

µg P L
-1

) as factor. Significance in bold. 

 SS df Mean Square F P-value SNK post hoc test 

Between P-treatments 8.742 2 4.371 4.428 < 0.05 0 = 1.5 > 15 

Within P-treatments 14.805 15 0.987    
Total 23.548 17     

 

Table 4.16. C. crispus. Results of the one-way ANOVA and SNK post-hoc test performed 

on specific growth rate (% length day
-1

) with different phosphorous treatments (0, 1.5 and 15 

µg P L
-1

) as factor. Significance in bold. 

 
SS df Mean Square F 

P-
value SNK post hoc test 

Between P-treatments 8.742 2 4.371 4.428 < 0.05 0 
 
= 1.5 > 15 

Within P-treatments 14.805 15 0.987    
Total 23.548 17     

 

4.3.2.2. Effect of phosphorous enrichment on maximum quantum yield (Fv/Fm) 

The maximum quantum yield of A. nodosum significantly decreased with increasing 

concentrations of phosphorous and over time (P < 0.001, Table 4.17, Fig. 4.17a) and 

interaction between phosphorous treatments and time was also significant (P < 0.001, Table 

4.17).  

For L. digitata, the maximum quantum yield significantly decreased with the decrease in 

phosphorous concentrations (P < 0.05, Table 4.17), and over time (P < 0.001, Table 4.17). 

However, no significant interaction was observed between the phosphorous treatments and 

time.  

For C. crispus, a significant difference of yield was observed between the different 

phosphorous treatments. The highest yield was measured at 1.5 µg P L
-1

and lowest at 15 µg 

P L
-1

 (P < 0.01, Table 4.17). For all phosphorous treatments, the yield significantly 

decreased with time (day 0 > day 14, P < 0.001, Table 4.17, Fig. 4.16). There was also a 

significant interaction between phosphorous treatments and time (P < 0.001, P < 0.01, Table 

4.17). 

  



Chapter 4: Effect of nutrients on macro- and microalgae 

 

272 

 

 

Fig.4.16. a) A. nodosum, b) L. digitata and c) C. crispus. Maximum quantum yield (Fv/Fm) 

cultured for 14 days at three different phosphorous concentrations (0, 1.5 and 15 µg P L
-1

). 

cultured at 12°C and at 80 µmol photon m
-2

 s
-1

 irradiance. Mean ± SD; n=3. 
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Table. 4.17. A. nodosum, L. digitata and C. crispus. Results of two-way ANOVA of 

maximum quantum yield (Fv/Fm), with phosphorous (0, 1.5 and 15 µg P L
-1

) treatments and 

time (day 0 and day 14) as factors. Significance in bold: * P < 0.05; ** P < 0.01; ***P < 

0.001.  
  Treatment Time 

A. nodosum df 2 1 

F 30.477*** 272.791*** 

Post hoc 0>1.5>15 Day 0 > Day 14 

 Interaction Treatment x Time*** 

L. digitata df 2 1 

F 5.095* 79.457*** 

Post hoc 
Interaction 

15=1.5>0 Day 0 > Day 14 

- 

C. crispus df 2 1 

F 5.509** 585.474*** 

Post hoc 1.5=0>15 Day 0 > Day 14 

 Interaction Treatment x Time** 

 

4.3.2.3. Effect of phosphorous enrichment on pigment composition and concentrations 

A. nodosum 

For A. nodosum, no significant effect of phosphorous treatments on chl a, chl c2 and 

fucoxanthin was seen over the 14 days duration of the experiment (P > 0.05, Table 4.17, 

Figs. 4.17 and 4.18a,b). β-carotene significantly decrease over time (P < 0.05, Table 4.17), 

but there was no significant effect of the different phosphorous treatments on the levels of β-

carotene. 

 

Fig. 4.17. A. nodosum. Chl a concentration (mg g
-1

 DW) at the start (0 d) and end of the 

experiment (14 d) between different phosphorous treatments; a) 0, b) 1.5 and c) 15 µg P L
-1

) 

cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Fig. 4.18. A. nodosum. a) Chl c2, b) fucoxanthin and c) β-carotene concentration (mg g

-1
 

DW) at the start (0 d) and end of the experiment (14 d) between different phosphorous 

treatments (0, 1.5 and 15 µg P L
-1

) cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, 

n=3. 
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Table 4.17. A. nodosum. Results of the two-way ANOVA (for chl c2) or Kruskal-Wallis test 

(for chl a, fucoxanthin and β-carotene) on pigment content with phosphorous treatment (0, 

1.5 and 15 µg P L
-1

) and day as factors. Significance in bold: * P < 0.05; ** P < 0.01; ***P 

< 0.001.  
  P-treatment Time 

Chl a df 2 1 

Chi
2
 1.786 0.919 

Post hoc - - 

Chl c2 df 2 1 

F 2.341 0.813 

Post hoc - - 

Fucoxanthin df 2 1 

Chi
2
 2.909 4.483 

Post hoc - - 

β-carotene df 2 1 

Chi
2
 1.040 4.500* 

Post hoc - Day 0 > Day 14 

 

L. digitata 

For L. digitata, pigment concentrations of chl a, chl c2, fucoxanthin and β-carotene 

(Kruskal-Wallis test, Ptime<0.05, Table 4.18, Figs. 4.19 and 4.20a,b,d) changed over the 14 

day duration of the experiment but there was no effect on different phosphorous treatments 

(Kruskal-Wallis test, Ptreatment>0.05, Table 4.18).  

 

Fig. 4.19. L.digitata. Chl a concentration (mg g
-1

 DW) at the start (0 d) and end of the 

experiment (day 14) between different phosphorous treatments (0, 1.5 and 15 µg P L
-1

) 

cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Fig. 4.20. L. digitata. a) Chl c2, b) fucoxanthin c) violaxanthin and d) β-carotene 

concentration (mg g
-1

 DW) at the start (0 d) and end of the experiment (day 14) between 

different phosphorous treatments (0, 1.5 and 15 µg P L
-1

) cultured at 12°C and 80 µmol 

photons m
-2

 s
-1

. Mean±SD, n=3. 

c) 

a) 

b) 

d) 
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Table 4.18. L. digitata. Results of the two-way ANOVA (for chl c2) or Kruskal-Wallis test 

(for chl a, fucoxanthin, violaxanthin and β-carotene) on pigment content with phosphorous 

treatment and day as factors. Significance in bold: * P < 0.05; ** P < 0.01; ***P < 0.001.  

  P-treatment Time 

Chl a df 2 1 

Chi
2
 2.420 5.556 

Post hoc - Day 0 > Day 14 

Chl c2 df 2 1 

F 2.480 4.500 

Post hoc - Day 0 > Day 14 

Fucoxanthin df 2 1 

Chi
2
 2.201 6.758 

Post hoc - Day 0 > Day 14 

Violaxanthin df 2 1 

Chi
2
 1.940 3.125 

Post hoc - - 

β-carotene df 2 1 

Chi
2
 3.064 5.820 

Post hoc - Day 0 > Day 14 

 

C. crispus 

Chl a, β-carotene and lutein of C. crispus decreased over 14 days (P < 0.05, two- way 

ANOVA, Table 4.19, Figs. 4.21 and 4.22b,c) but did not differ in response to the different 

phosphorous treatments (P > 0.05, Table 4.20). 

 

Fig. 4.21. C. crispus. Chl a concentration (mg g
-1

 DW) at the start (0 d) and end of the 

experiment (14 d) between different phosphorous treatments (0, 1.5 and 15 µg P L
-1

) 

cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Fig. 4.22. C. crispus. a) α-carotene, b) β-carotene and c) lutein concentration (mg g

-1
 DW) at 

the start (0 d) and end of the experiment (14 d) between different phosphorous treatments (0, 

1.5 and 15 µg P L
-1

) cultured at 12°C and 80 µmol photons m
-2

 s
-1

. Mean±SD, n=3. 
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Table 4.19. C. crispus Results of the two-way ANOVA (for α-carotene) or Kruskal-Wallis 

test (for chl a, β-carotene and lutein) on pigment content with phosphorous treatment (0, 1.5 

and 15 µg P L
-1

) and time as factors. Significance in bold: * P < 0.05; ** P < 0.01; ***P < 

0.001.  
  P-treatment Time 

Chl a df 2 1 

Chi
2
 0.860 8.681** 

Post hoc - Day 0 > Day 14 

α-carotene Df 2 1 

F 0.785 0.061 

Post hoc - - 

β-carotene df 2 1 

Chi
2
 0.260 10.125** 

Post hoc - Day 0 > Day 14 

Lutein df 2 1 

Chi
2
 1.260 8.681** 

Post hoc - Day 0 > Day 14 

 

4.3.2.4. Effect of phosphorous enrichment on phenolic compounds 

The effect of phosphorous enrichment was investigated on the phenolic compound levels in 

A. nodosum and L. digitata. Samples were analysed for phenols at the start (0 d) and end (14 

d) of the experiment. 

A. nodosum 

For A. nodosum there was no effect of different phosphorous treatments on phenolic 

compounds (P>0.05, Table 4.20), but a significant decrease in total phenolic content by the 

end of the experiment (P<0.05, Table 4.20, Fig. 4.23) was observed. 

 
Fig. 4.23. A. nodosum. Total phenol content (% DW of seaweed tissue) in tips grown for 14 

days at different concentrations of phosphorous (0, 1.5 and 15 µg P L
-1

). Mean ± SD, n=3. 
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Table. 4.20. A. nodosum. Results of two-way ANOVA performed on total phenol content 

(% DW) of with phosphorous treatments (0, 1.5 and 15 µg P L
-1

) and sampling time as 

factors. Significance in bold. 
Source SS df Mean Square F P-value  

Day 10.747 1 10.747 8.303 < 0.05 Day 0>Day 14 

Treatment_P 0.924 2 0.462 0.357 0.707  

Day * Treatment_P 0.082 2 0.041 0.032 0.969  

Error 15.532 12 1.294    
Total 608.489 18     
       

 

L. digitata 

As for A. nodosum, there was no significant effect of different phosphorous treatments on 

the phenol content of L. digitata (Ptreatment>0.05). However, phenol content decreased over 14 

d duration of the experiment at all concentrations (Ptime<0.001, Kruskal-Wallis test, Table 

4.21, Fig. 4.24).  

 
Fig. 4.24. L. digitata. Total phenol content (% DW of seaweed tissue) of samples grown for 

14 days at different phosphorous concentrations (0, 1.5 and 15 µg P L
-1

). Mean ± SD, n=3. 

 

Table. 4.21. L. digitata. Results of Kruskal-Wallis test performed on total phenol content (% 

DW) with phosphorous treatments (0, 1.5 and 15 µg P L
-1

) and sampling time as factors. 

Significance in bold. 

 Phenol Posthoc 

Chi-square 12.166  

Df 1  

P-value < 0.001 Day 0 > Day 14 
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4.3.1.5. Effect of phosphorous enrichment on phenol exudation in seawater 

The effect of phosphorous enrichment on phenol exudation in seawater was investigated in 

A. nodosum and L. digitata. For this, the absorption spectra of the water (at 274 nm) in 

which the algae were cultured were recorded at the start of the experiment (0 d) and at the 

end (14 d).  

A. nodosum 

For A. nodosum, levels of exuded phenols in water were higher at the end of the experiment 

in all treatments (P<0.001, Kruskal-Wallis test, Table 4.22, Fig. 4.25). However, there was 

no effect of the different phosphorous treatments on the exuded phenolic content (P>0.05, 

Kruskal-Wallis test, Table 4.22).  

 
Fig. 4.25. A. nodosum. Absorption at 274 nm of water containing seaweed tips for 14 days at 

three different concentrations of phosphorous (0, 1.5 and 15 µg L
-1

). Mean ±SD, n=3. 

 

Table. 4.22. A. nodosum. Phenol exudation (at 274 nm) at different concentrations of 

phosphorous with phosphorous treatments and day as a factor. Significance in bold. 

 
A. nodosum  

(P-treatments) 
A. nodosum 

( Time)  

Chi-square 0.009 12.803 

df 2 1 

P-value 0.996 < 0.001 

 

L. digitata 

As for A. nodosum, significant amounts of phenols had been exuded for L. digitata after 14 

days at all phosphorous concentrations (P<0.001, 2-way ANOVA, Table 4.23, Fig. 4.26). 

However, there was no effect of P-treatments on phenol exudation. 
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Fig. 4.26. L. digitata. Absorption at 274 nm of water containing seaweed samples for 14 

days at three different concentrations of phosphorous (0, 1.5 and 15 µg L
-1

). Mean ±SD, 

n=3. 

 

Table 4.23. L. digitata. Results of two-way ANOVA performed on absorbance at 274 nm of 

water cultured with phosphorous treatments  (0, 1.5 and 15 µg L
-1

) and days as factors. 

Significance in bold. 
Source SS df Mean Square F P-value  

Day 0.007 1 0.007 65.978 < 0.001 Day 14 > Day 0 

P-treatment 0.001 2 0.000 2.639 0.112  

Time * P-treatment 0.000 2 8.334E-5 0.825 0.462  

Error 0.001 12 0.000    
Total 0.058 18     

 

4.3.2.6. Effect of phosphorous enrichment on Mycosporine-like amino acids (MAAs) 

For C. crispus, there was no effect of various phosphorous treatments on the shinorine 

concentration (P>0.05, Table 4.24). However, a significant decrease in the level of shinorine 

had occurred by the end of the experiment (P < 0.05, Kruskal-Wallis test, Table 4.24, Fig. 

4.27a). 

There was no significant effect of the different phosphorous concentrations and time on 

palythine or palythinol (P > 0.05, Table 4.24 and 4.26).  

A significant increase in the concentration of asterine-330 was observed after 14 days 

(P<0.05, 2-way ANOVA, Table 4.26). However, there was no impact of different 

phosphorous treatments and interactions between time and the different phosphorous 

treatments on asterina-330 (2-way ANOVA, Table 4.26, Fig. 4.27c). 
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Fig. 4.27. C. crispus. a) Shinorine, b) palythine, c) asterina-330 and d) palythinol 

concentration (mg g
-1

 DW) cultured at different phosphorous (0, 1.5 and 15 µg P L
-1

) 

at 12°C and 80 µmol photon m
-2

 s
-1

 irradiance. Mean ±SD, n=3. 

 

c) 
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Table 4.24. C. crispus. Results of Kruskal-Wallis performed on shinorine content (mg g
-1

 

DW) with phosphorous treatments (0, 1.5 and 15 µg P L
-1

) and days (day 0 and day 14) as 

factors. Significance in bold. 

 
Shinorine  

(P-treatments) 
Shinorine  

(days) 

Chi-square 0.722 12.950 

Df 2 1 

P-value 0.697 
 

< 0.05 
Day 0 > Day 14 

 
Table 4.25. C. crispus. Results of two-way ANOVA performed on palythine content (mg g

-1
 

DW) with phosphorous treatments (0, 1.5 and 15 µg P L
-1

) and days (day 0 and day 14) as 

factors. Significance in bold. 
Source SS Df Mean Square F P-value 

Time 0.144 1 0.144 3.318 0.094 

P-treatment 0.065 2 0.032 0.749 0.494 

Time * Treatment 0.065 2 0.032 0.749 0.494 

Error 0.519 12 0.043   
Total 27.601 18    

 

Table 4.26. C. crispus. Results of two-way ANOVA performed on asterina-330 content (mg 

g
-1

 DW) with phosphorous treatments (0, 1.5 and 15 µg P L
-1

) and days (day 0 and day 14) 

as factors. Significance in bold. 
Source 

SS df 
Mean 

Square F P-value 
 

Time 0.016 1 0.016 7.132 < 0.05 Day 0 > Day 14 

P-treatment 0.001 2 0.001 0.266 0.771  

Time * Treatment 0.001 2 0.001 0.266 0.771  

Error 0.027 12 0.002    
Total 3.247 18     

 

Table 4.27. C. crispus. Results of two-way ANOVA performed on palythinol content (mg g
-

1
 DW) with phosphorous treatments (0, 1.5 and 15 µg P L

-1
) and days (day 0 and day 14) as 

factors. Significance in bold. 
Source SS Df Mean Square F P-value 

Time 6.118E-5 1 6.118E-5 4.892 0.047 

P-treatment 1.131E-5 2 5.654E-6 0.452 0.647 

Time * Treatment 1.131E-5 2 5.654E-6 0.452 0.647 

Error 0.000 12 1.250E-5   
Total 0.004 18    

 

4.3.2.7. Effect of phosphorous enrichment on dissolved organic carbon (DOC) 

The effect of phosphorous enrichment on DOC exudation into seawater was investigated 

sampling seawater in which the algae were cultured (at 0 d and 14 d). 

No significant effect on DOC was observed by exposure to various phosphorous treatments 

for any of the three macroalgae A. nodosum, L. digitata and C. crispus (P>0.05, Table 4.28, 
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Fig. 4.28). However, the amount of DOC had increased significantly at the end of the 

experiment, irrespective of the phosphate treatment. The highest amount of DOC was 

exuded by L. digitata at all treatments (Fig. 4.28b). 

Table 4.28. A.nodosum, L. digitata and C. crispus. Results of the one-way ANOVA 

performed on exudation of DOC (µM g
-1

 FW) with different phosphate (0, 1.5 and 15 µg P 

L
-1

) treatments as factors. Significance in bold. 

 
SS df Mean Square F P-value 

 A. nodosum 
Between Phosphate treatments 
Within Phosphate treatment 
Total 

 
28632.951 

 
2 

 
14316.476 

 
3.727 

 
0.089 

23050.018 6 3841.670   
51682.969 8    

L. digitata 
Between Phosphate treatments 
Within Phosphate treatments 
Total 

     

1704.749 2 852.374 0.948 0.439 

5394.136 
7098.885 

6 
8 

899.023   

C. crispus 
Between Phosphate treatments 
Within Phosphate treatments 
Total 

 
7278.728 

 
2 

 
3639.364 

 
3.036 

 
0.123 

7193.530 6 1198.922   
14472.258 8    
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Fig. 4.28. a) A. nodosum, b) L. digitata and c) C. crispus. Exudation of DOC (µM g

-1
 FW) 

cultured at different phosphorous (0, 1.5 and 15 µg P L
-1

) treatments at 12°C and 80 µmol 

photon m
-2

 s
-1

 irradiance. Mean ±SD, n=3. 
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4.3.3. Effect of nutrient enrichment on growth, pigment composition and concentration 

and exudation of DOC from microalgae 

The effects of nitrate and phosphate on the abundance, pigment concentration and DOC 

exudation of selected microalgae were investigated in the laboratory. Experiments were 

conducted with the coccolithophore E. huxleyi, the diatom C. closterium and the 

dinoflagellate S. trochoidea under three nutrient scenarios: 1) Microalgae cultured in the F/2 

media (nutrient replete condition) 2) Microalgae cultured under nitrogen deplete condition 

(N-deplete) and 3) Microalgae cultured under phosphorous deplete condition (P -deplete 

conditions (see Table 4.1 for details) at 16°C and 50 µmol photons m
-2

 s
-1

 (12 h: 12 h photo 

period). The parameters examined were growth, pigment composition and concentration and 

DOC in culture water. 

4.3.3.1. Effect of nutrients on growth of microalgae  

E. huxleyi 

Over a period of 14 days in all nutrient treatments, E. huxleyi had highest growth rate 

compared to other two species (P<0.001, Table 4.29). Within the nutrient treatments, highest 

growth rate, measured as cell number, was observed in nutrient-replete treatment followed 

by N-deplete and P-deplete (P<0.001, one-way ANOVA, Table 4.30). N-deplete and P-

deplete treatments resulted in a decrease in cell abundance (Fig. 4.29a). Growth rate was 

highest during the exponential phase of growth (5-9 days) in nutrient-replete and N-deplete 

treatments ,whereas in P-deplete treatment, growth rate was highest in the initial growth 

phase (3-5 days) (Fig. 4.30a).  

 

C. closterium 

Within the nutrient treatments, highest growth rate was observed in nutrient-replete 

treatment followed by P-deplete and N-deplete (P<0.001, one-way ANOVA, Table 4.30). A 

decrease in cell number was observed in N-deplete and P-deplete treatments (Fig. 4.29b). 

Unlike E. huxleyi, growth rate was highest during the exponential phase of growth (5-9 

days) in nutrient-replete and P-deplete treatments, whereas, in the N-deplete treatment, 

growth rate was highest in initial growth phase (3-5 days) (Fig. 4.30b).  
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S. trochoidea 

Within the different nutrient treatments, growth rate of S. trochoidea was lowest in N- and 

P-deplete treatments over the 14 days of culture (P<0.001, Table 4.30). As for E. huxleyi and 

C. closterium, N-deplete and P-deplete treatments resulted in a decrease in cell abundance 

(Fig. 4.29c). Growth rates at all nutrient treatments were highest during the initial phase of 

growth (0-6 days) (Fig. 4.30c).  

Table 4.29. E. huxleyi, C. closterium and S. trochoidea. Results of one-way ANOVA 

performed on growth rates (d
-1

) at all nutrient treatments with species as factors. 

Significance in bold. 

 SS df Mean Square F P-value SNK posthoc. 

Between species 0.315 2 0.158 105.365 < 0.001 
E. huxleyi>S. trochoidea> 
C. closterium 

Within species 0.036 24 0.001    

Total 0.351 26     

 
Table 4.30. E. huxleyi, C. closterium and S. trochoidea. Results of one-way ANOVA 

performed on growth rates (d
-1

) with nutrient treatments (Nutrient replete, F/2-N and F/2-P) 

as factors. Significance in bold. 

 SS df Mean Square F P-value SNK posthoc. 

E. huxleyi       

Between nutrient 
treatments 

0.012 2 0.006 91.500 <0.001 Nutrient replete>F/2-
N>F/2-P 

Within nutrient 
treatments 

0.000 6 0.000 
   

Total 0.013 8     
C. closterium       
Between nutrient 
treatments 

0.012 2 
0.006 74.714 <0.001 

Nutrient replete>F/2-
P>F/2-N 

Within nutrient 
treatments 

0.000 
 

6 
0.000    

Total 0.012 8     

S. trochoidea       

Between nutrient 
treatments 

0.010 2 
0.005 22.200 <0.05 

Nutrient replete>F/2-
P=F/2-N 

Within nutrient 
treatments 

0.001 
 

6 
0.000    

Total 0.011 8     
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Fig. 4.29. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Cell densities at different 

nutrient treatments (nutrient-replete, N-deplete and P-deplete) cultured at 16°C and 50 µmol 

photons m
-2

 s
-1

 (12 h: 12 h photo period). Mean ±SD, n=3. 
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Fig. 4.30. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Growth rate (d
-1

) at different 

nutrient scenarios (nutrient-replete,  N-deplete and P-deplete) cultured at 16°C and 

irradiance of 50 µmol photons m
-2

 s
-1

 (12 h : 12 h photoperiod). Mean ±SD, n=3. 
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4.3.3.2. Pigment composition and concentration 

The effects of nitrate and phosphate on pigment concentration of E. huxleyi, C. closterium 

and S. trochoidea were investigated in the laboratory under three different nutrient regimes: 

Nutrient-replete, N-deplete and P-deplete, as described in section 4.2.2.1. 

 

E. huxleyi 

The chl a concentration of E. huxleyi cultures increased for the duration of the experiment 

under nutrient replete conditions (Fig. 4.31a). Under N-deplete conditions, the concentration 

reached a maximum on day 5 and then started decreasing attaining a concentration of 87.22 

µg L
-1

 (Fig. 4.31a). Similarly, when grown under P-replete conditions, the chl a 

concentration of E. huxleyi reached a maximum on day 5 and then decreased to 63.881 µg L
-

1
 (Fig. 4.31a) at the end of the experiment. Chl c2 in E. huxleyi increased under nutrient 

replete conditions, with maximum concentrations of 27.32 µg L
-1

 (Figs 4.33a). Lowest chl 

c2:chl a ratio was observed under P-deplete conditions at both the exponential and late 

exponential phases (P<0.005, Table 4.31). Similar to chl c2, concentration of fucoxanthin 

increased under nutrient replete conditions for E. huxleyi (Figs. 4.34a). Also, a significant 

difference in fucoxanthin:chl a ratio was observed with highest ratios under nutrient-replete 

and lowest under P-deplete conditions in both the exponential and the late exponential phase 

(P<0.05, Table 4.31). 

C. closterium 

In the case of the diatom C.closterium, chl a concentration was maximum on day 9 for 

nutrient replete conditions and decreased to 200.73 µg L
-1

 (Fig. 4.31b) at the end of the 

experiment. The chl a concentration of C. closterium cultured under N and P-deplete 

conditions were lower than the nutrient replete conditions (Fig. 4.31b). Chl a per cell was 

highest in the exponential phase of growth (Fig. 4.32b). Chl c2 concentration reached a 

maximum on day 9 (65.04 µg L
-
1) and then decreased to 44.82 µg L

-1
 at the end of the 

experiment (Fig. 4.33b). However, no significant differences were observed in chl c2:chl a 

ratios nor fucoxanthin:chl a ratios between the different nutrient treatments in either 

exponential or late exponential phase (P>0.05, Table 4.31). 
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S. trochoidea 

The dinoflagellate S. trochoidea exhibited an increase in Chl a concentration in all 

treatments with highest chl a concentration at 104.54 µg L
-1

 under nutrient replete condition 

(Fig. 4.31c). As for C. closterium, chl a per cell was highest during the exponential phase of 

growth (Fig. 4.32c). Chl c2 in S. trochoidea increased under nutrient replete conditions to 

maximum concentrations of 25.62 µg L
-1

(Fig 4.33c). As for C. closterium, no significant 

differences were observed in chl c2:chl a ratios and fucoxanthin:chl a ratios between the 

different nutrient treatments at both exponential and late exponential phase (P>0.05, Table 

4.31). 

Table 4.31. Pigment:chl a ratios under different nutrient conditions (nutrient-replete, N-

deplete, P-deplete) cultured at 16°C and at 50 µmol photons m
-2

 s
-1

 (12 h: 12 h photo period) 

at the early and late exponential phases of growth. Standard deviations in brackets. 

Significance in pigment ratios at different nutrient regimes are also depicted analysed by 

One-way ANOVA.  

 

E. huxleyi C. closterium S. trochoidea 

chl c:chl a fuco:chl a chl c:chl a fuco:chl a chl c:chl a fuco:chl a 

Exponential phase 

     
Nutrient-replete 

0.102 
(±0.0015) 

0.121324 
(±0.0010) 

0.164473 
(±0.0015) 

0.432412 
(±0.0010) 

0.096918 
(±0.0010) 

0.186173 
(±0.0013) 

N-deplete 
0.098928 
(±0.0011) 

0.103201 
(±0.0013) 

0.304565 
(±0.0014) 

0.934169 
(±0.0012) 

0.135058 
(±0.0011) 

0.385834 
(±0.0012) 

P-deplete 
0.024 

(±0.0010) 
0.033169 
(±0.0010) 

0.282529 
(±0.0011) 

0.822795 
(±0.0015) 

0.166553 
(±0.0010) 

0.472528 
(±0.0010) 

Significance P<0.005 P<0.05 

    
SNK post-hoc test 

Nutrient-replete= 
N-deplete>P-deplete 

Nutrient-replete> 
N-deplete>P-deplete 

    
Late exponential phase 

     
Nutrient-replete 

0.104812 
(±0.0010) 

0.135527 
(±0.0015) 

0.223296 
(±0.0012) 

0.462468 
(±0.0010) 

0.24507 
(±0.0011) 

0.465032 
(±0.0010) 

N-deplete 
0.096147 
(±0.0011) 

0.080915 
(±0.0015) 

0.101443 
(±0.0011) 

0.612219 
(±0.0011) 

0.514095 
(±0.0013) 

1.328541 
(±0.0012) 

P-deplete 
0.0384 
(±0.0010) 

0.059501 
(±0.0014) 

0.31234 
(±0.0011) 

1.309738 
(±0.0013) 

0.359447 
(±0.0010) 

0.983353 
(±0.0011) 

Significance P<0.005 P<0.05 

    
SNK post-hoc test 

Nutrient-replete= 
N-deplete>P-deplete 

Nutrient-replete> 
N-deplete>P-deplete 
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Fig. 4.31. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Chl a concentrations at 

different nutrient treatments (nutrient-replete, N-deplete and P-deplete) cultured at 16°C and 

50 µmol photons m
-2

 s
-1

 (12 h: 12 h photo period). Mean ±SD, n=3. 
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Fig. 4.32. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Chl a per cell (pg) at different 

nutrient treatments (nutrient-replete, N-deplete and P-deplete) cultured at 16°C and at 50 

µmol photons m
-2

 s
-1

 (12 h: 12 h photo period). Mean ±SD, n=3. 
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Fig. 4.33. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Chl c2 concentrations at 

different nutrient treatments (Nutrient-replete, N-deplete and P-deplete) cultured at 16°C and 

50 µmol photons m
-2

 s
-1

 (12 h: 12 h photo period). Mean ±SD, n=3. 
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Fig. 4.34. a) E. huxleyi, b) C. closterium and c) S. trochoidea. Fucoxanthin concentrations at 

different nutrient treatments (Nutrient-replete, N-deplete and P-deplete) cultured at 16°C and 

50 µmol photons m
-2

 s
-1

 (12 h: 12 h photo period). Mean ±SD, n=3. 
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4.3.3.3. Effect of nutrient treatments on release of dissolved organic carbon (DOC)  

The effect of nutrient enrichment and depletion on DOC exudation into seawater was 

investigated in sampling seawater in which the algae were cultured (at 0 d and 14 d). E. 

huxleyi, C. closterium and S. trochoidea were cultured under three nutrient scenarios: 1) 

Microalgae cultured in the F/2 media (nutrient-replete condition) 2) Microalgae cultured 

under nitrogen deplete condition (N-deplete) and 3) Microalgae cultured under phosphorous 

deplete condition (P -deplete conditions). Results are expressed as µM DOC exuded in 

seawater and cell normalised production rates (µmol cell
-1

 d
-1

) from cell density at the end of 

the experiment were also calculated.  

E. huxleyi 

For E. huxleyi, an initial mean DOC concentration of approximately 103.03 µM was 

observed at all treatments. By the end of 14 d in nutrient-replete media, the highest DOC 

concentration was observed in E. huxleyi culture (785.0 µM) (Table 4.32). DOC increased in 

the culture media by the end of the experiment irrespective of nutrient treatments (P<0.001, 

Table 4.33). DOC exuded when cultured in nutrient-replete treatment was highest followed 

by N-deplete and P-deplete treatments (P<0.001, Table 4.33). The rate of release of DOC 

into seawater per day was highest and per cell per day was lowest from E. huxleyi in all 

nutrient treatments (Table 4.34). 

Table 4.32. DOC concentrations (µM) using three species of microalgae at different nutrient 

treatments at the start (day 0) and end (day 14) of the experiment. Values in bracket 

represent standard deviations for n=3.  
Species Nutrient treatments 

 N and P-replete N-deplete P-deplete 

E. huxleyi    

Day 0 102.3 (±3.3) 100.5 (±1.3) 106.3 (±4.6) 

Day 14 785.0 (±2.1) 249.6 (±2.2) 165.4(±6.1) 

    

C. closterium    

Day 0 99.3 (±2.6) 98.2 (±1.4) 100.4 (±3.7) 

Day 14 353.2 (±6.3) 123.5 (±3.8) 169.9 (±3.4) 

    

S. trochoidea    

Day 0 110.0 (±2.4) 100.6 (±0.6) 99.2 (±1.0) 

Day 14 181.1 (±3.8) 153.6 (±2.2) 121.4 (±4.5) 
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Table 4.33. E. huxleyi. Results of two-way ANOVA performed on DOC exudation into 

seawater (µM) with nutrient treatments (Nutrient replete, N-deplete and P-deplete) and time 

(day 0 and day 14) as factors. Significance in bold. 
 SS df Mean Square F P-value SNK posthoc 

Treatments 344905.881 2 172452.941 13338.574 <0.001 Nutrient replete> 
N-deplete>P-
deplete 

Days 399409.427 1 399409.427 30892.788 <0.001 Day 14>Day0 

Treatments * Days 340960.208 2 170480.104 13185.983 <0.001  

Error 155.147 12 12.929    
Total 2214384.130 18     

 

Table 4.34. E. huxleyi, C. closterium and S. trochoidea. Rate of DOC released after 14 days 

at different nutrient treatments (Nutrient replete, N-deplete and P-deplete) cultured at 16°C 

at 50 µmol photons m
-2

 s
-1

 (12 h: 12 h photo period) calculated using cell densities from Fig. 

4.29. 

 

DOC 

Species and Treatments µM d
-1

 µmol cell
-1

d
-1

 

Nutrient- replete 

  
E. huxleyi 48.76428571 4.80 x 10

-9
 

C. closterium 18.13571429 1.21 x 10
-8

 

S. trochoidea 5.078571429 1.59 x 10
-7

 

N-deplete 

  
E. huxleyi 10.7 1.78 x 10

-9
 

C. closterium 1.8 4.52 x 10
-9

 

S. trochoidea 3.8 2.52 x 10
-7

 

P-deplete 

  
E. huxleyi 4.2 1.96 x 10

-9
 

C. closterium 5.0 1.01 x 10
-8

 

S. trochoidea 1.6 1.22 x 10
-7

 

 

C. closterium 

In the case of C. closterium, the initial mean concentration of DOC varied from 98.2-100.4 

µM (Table 4.32). DOC increased in all culture media by the end of the experiment 

irrespective of nutrient treatments (P<0.001, Table 4.35). After 14 days, the concentration of 

DOC in nutrient-replete cultures were highest, followed by P-deplete (169.9 µM) and N-

deplete (123.5 µM) (P<0.001, Table 4.35). A significant interaction between nutrient 

treatments and time was also observed (P<0.001, Table 4.35). 
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Table 4.35. C. closterium. Results of two-way ANOVA performed on DOC exudation into 

seawater (µM) with nutrient treatments (Nutrient replete, N-deplete and P-deplete) and time 

(day 0 and day 14) as factors. Significance in bold. 
 

SS df Mean Square F 
P-

value 
SNK posthoc 

Treatments 42255.081 2 21127.541 1396.298 <0.001 Nutrient replete> 
P-deplete>N-deplete 

Days 59386.067 1 59386.067 3924.766 <0.001 Day 14>Day0 

Treatments * Days 43071.601 2 21535.801 1423.280 <0.001  

Error 181.573 12 15.131    
Total 595732.750 18     

 

S. trochoidea 

For S. trochoidea, the mean initial DOC concentration in seawater varied from 99.2-110 µM 

(Table 4.32). After 14 days, a significant increase in DOC release was observed irrespective 

of nutrient treatments (P<0.001, Table 4.36). As for E. huxleyi, DOC exuded when cultured 

in nutrient-replete treatment was highest, followed by N-deplete and P-deplete treatments 

(P<0.001, Table 4.36). Except in the N-deplete treatment, the rate of release of DOC into 

seawater per day was lowest from S. trochoidea at all nutrient treatments (Table 4.34) and 

the highest DOC exudation per cell per day was observed from S. trochoidea, irrespective of 

nutrients treatments (Table 4.34). 

Table 4.36. S. trochoidea Results of two-way ANOVA performed on DOC exudation into 

seawater (µM) with nutrient treatments (Nutrient replete, N-deplete and P-deplete) and time 

(day 0 and day 14) as factors. Significance in bold. 
 

SS df Mean Square F 
P-

value 
SNK posthoc 

Treatments 3964.530 2 1982.265 178.092 <0.001 Nutrient replete> 
N-deplete>P-deplete 

Days 11955.734 1 11955.734 1074.136 <0.001 Day 14>Day0 

Treatments * Days 1909.214 2 954.607 85.765 <0.001  

Error 133.567 12 11.131    
Total 315106.450 18     
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4.4. DISCUSSION 

Nutrient enrichment stimulates macroalgal biomass in coastal regions and phytoplankton 

bloom off shore leading to an increased sedimentation of organic matter and oxygen 

deficiency (Bokn et al., 2003). However, limited information on specific effects of nutrients 

on physiological, chl a and carbon dynamics in terms of DOC from both macro- and 

microalgae is available. In addition to this, comparative studies using different algal species 

are also lacking. This study was an attempt to examine the effect of varying concentrations 

of nitrogen and phosphorous in unenriched seawater on three macroalgal species 

(Ascophyllum nodosum, Laminaria digitata and Chondrus crispus). The parameters 

examined were growth, pigment composition and concentration, accumulation of secondary 

metabolic compounds (phenols and MAAs) and DOC released into culture water. 

A decrease in Fv/Fm was observed at the end of the experiment for both N and P-treatments 

for all three macroalgae. Previous studies have also reported decreases in Fv/Fm during N-

deplete conditions in a range of algal taxa (Korbee et al., 2005). On re-supply of the 

nutrients, these algae have the potential to recover. However, there was no significant 

difference in the specific growth rate for all three macroalgal species between the nutrient 

treatments. A similar case was observed with N-treatments using the red alga Porphyra 

leucostica (Korbee et al., 2005).  

For the brown alga A. nodosum, a significant increase in chl a and the accessory pigment chl 

c was observed with increasing nitrogen enrichment. This is in accordance with a study with 

Macrocystis sp. where nitrate enrichment resulted in a proportional increase in primary and 

accessory pigments (Shivji, 1985). High contents of chlorophyll and phycobiliproteins are 

known to occur in red algae when there is sufficient supply of nitrogen (see Lobban and 

Harrison, 1994). In our study with C. crispus, there was no significant difference between 

pigment concentrations following different P-treatments. This corroborates with the study on 

C. crispus by Chopin et al. (1995) who also found no significant effect of P-nutrition on the 

pigment chl a and photosynthesis vs irradiance parameters. However, Chopin et al. (1995) 

found N nutrition affecting both photosynthetic parameters and pigment contents. Our study 

had no significant effect on pigment concentration under the different N-treatments, but the 

maximum quantum yield was highest in C. crispus cultured under 1700 µg L
-1

. 

Accumulation of pigments depends on the quality and quantity of irradiance provided 

(Figueroa et al., 1995). The decrease in pigment content in Porphyra sp. may be due to N-
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limiting conditions where the regulation of photosynthetic apparatus balances the energy 

demands for the growth of the species (Korbee et al., 2005). Korbee et al. (2005) observed 

higher pigment contents for Porphyra sp. under 300 µM ammonium treatments. One reason 

why our study did not show any significant increase in pigments may be because the highest 

concentration of nitrate used by us was ~121 µM. However, the concentration of pigments 

significantly reduced at the end of the experiment due to a decrease in nutrient availability.  

Brown algal phlorotannins have been shown to deter herbivores and may also accumulate in 

response to herbivory and high light conditions. These compounds exhibit a high degree of 

spatial and temporal variation within macroalgal species. Our study only quantified the 

soluble intracellular phenols and exuded phenols. The cell wall bound phenols were not 

quantified. No significant effect of the different nutrient levels (both N and P) were observed 

on the level of phenols in the brown algae A. nodosum and L. digitata. Arnold et al. (1995) 

suggests that concentrations of these polyphenolic compounds are inversely related to 

nitrogen availability. The amount of soluble phlorotanins within the cells were higher in 

concentration than those bound to cell walls. In addition to this, some amount is exuded by 

passing through the cell wall (Koivikko et al., 2005). The phenols exuded in the water by 

both macroalgae were higher at the end of the experiment irrespective of the nutrient 

treatments. Phenol exudation was not affected by nutrient treatments which conform to a 

study with F. vesiculosus by Koivikko et al. (2005). This author showed that nutrient 

enrichment studies on F. vesiculosus decreased phlorotannin contents, but this was observed 

in a mesocosm experiment where nutrient enrichment caused an increase in epibiota, 

resulting in shading of macroalgae and hence a decrease in phlorotannins. In our study, the 

macroalgae were devoid of any epiphytes. Pavia and Toth (2000) observed no significant 

short-term changes in phlorotannin content as a response to increased N availability for A. 

nodosum. This is confirmed by our results for A. nodosum. On the other hand, Arnold et al. 

(1995) found significant differences in the amount of polyphenols of the brown alga 

Lobophora variegata between the various nitrogen concentrations. L. variegata cultures in 

low nutrient conditions had higher total phenolic contents than those cultured in high 

nutrient conditions. The authors carried out this study at a higher irradiance of 130 µmol 

photons m
-2

 s
-1

 than our study (80 µmol photons m
-2

 s
-1

). A combined effect of high 

irradiance and nutrient stress could have resulted in the accumulation of phenols in low-

nutrient conditions. The Carbon Nutrient Balance Model (CNBM) states that when the 

carbon:nitrogen ratio is high, photosynthetically fixed carbon will be accumulated through 
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production of phlorotannins (Pavia and Toth, 2000). Therefore, a relative supply of light and 

limiting nutrients will determine the level of metabolic compounds in plants. In conclusion, 

this study implies that nutrient availability is of lesser importance than light environment in 

predicting phlorotannin content of each species.  

Nitrogen is a critical component in the productivity of ecosystems and little information on 

the effect of nitrogen availability on the synthesis and accumulation of MAAs is available 

from studies with macroalgae (Korbee-Peinado et al., 2004). In addition to irradiance, 

nutrient availability, especially nitrogen influences the synthesis of MAAs (Figueroa et al., 

2008). Our study exhibited an increase in palythine and asterine-330 after 14 days at all 

nutrient treatments, but a decrease in shinorine. Figueroa et al. (2008) in a study on the red 

alga Asparagopsis armata observed levels of individual MAAs were related to nitrogen 

status; for instance, the percentage of shinorine slightly decreased and palythine increased 

with increasing N treatments. These findings conform to our observation of shinorine and 

palythine levels in C. crispus. In addition to this, studies on C. crispus showed shinorine 

accumulation was stimulated by UVR, all other MAAs (palythine, asterina-330 and 

palythinol) were affected by high PAR (i.e. ~100 µmol photons m
-2

 s
-1

) (Karsten et al., 

1998). Studies by Korbee-Peinado et al. (2004) on the red alga Porphyra columbina showed 

an increase in MAA concentrations when cultured in 300 µM NH4Cl and irradiance of 

UVA+UVB+PAR. Therefore it seems that a combined effect of UV radiation and nitrogen 

enrichment stimulates the synthesis of MAAs in P. columbina. 

In general, our samples had lower levels of MAAs (~2.5 mg g
-1

 DW) when compared to 

other studies. This may be due to the fact that we used low irradiance of 80 µmol photons m
-

2
 s

-1
 to maintain the macroalgae. Lack of stimulation of MAA synthesis was due to initial 

concentrations of MAAs being high (~10 mg g
-1

 DW) (Karsten and West, 2000). Initial 

concentrations of MAAs in our samples were low (~2.0 mg g
-1

 DW), and a combination of 

low light and temperature may have influenced the low values. Again this would suggest 

that nutrient-replete or deplete conditions alone do not initiate the accumulation of MAAs in 

brown algae and further experiments are required to be carried out at different irradiances. 

Litchman et al. (2002) cultured the dinoflagellates Gymnodinium spp. under a combination 

of nitrogen-deplete conditions and high irradiance. The dinoflagellates exhibited similarly 

low MAA concentrations as cultures grown under low irradiances. Therefore, different 

MAAs exhibited different responses and more work is required on the roles and pathways of 

MAAs under a combination of irradiances and nutrient treatments.  
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Phytoplankton blooms in the oceans are determined by interplay of several biological and 

physico-chemical variables. In laboratory experiments, most of the environmental variables 

can be controlled, thus enabling the estimation of influence of a specific parameter. In this 

study, the influence of low concentrations of nitrogen and phosphorous on the growth 

dynamics and pigment composition of selected phytoplankton species were investigated. 

Biomass measurements were carried out using two indices: cell counts and chl a 

concentration. Nitrate concentrations decreased steadily during the experiment with levels 

below detection limit on day 14. An addition of nitrate corresponded to an increase in the 

biomass which was indicated by an increase in both cell count and chl a concentration for all 

three species investigated. In the case of cell number, this could be due to the fact that the 

processes involved in cell division and chl a are limited by low concentrations of inorganic 

nutrients. The cell density of all species of microalgae, during the exponential and stationary 

phase, in both the N-deplete and P-deplete cultures were lower than in the cultures grown at 

N and P-replete conditions.  

Phytoplankton biomass is usually analysed on the basis of pigment composition and 

concentration. However, quantitative analysis using pigments is hindered by intraspecific 

variability of cellular pigment contents due to photoacclimation and/or status of nutrients 

(Geider et al., 1993). In all species, the low levels of chl a and chl c in nutrient–deplete 

conditions suggest that the photosynthetic machinery was inefficient under these conditions. 

Chl a content per cell differed among species and within different nutrient treatments. Chl a 

per cell for E. huxleyi in the exponential phase of growth ranged from 0.06-0.19 pg cell
-1

; 

this conforms with studies by Muggli and Harrison (1996) on the same species where values 

ranged from 0.11-0.13 pg cell
-1

. Price et al. (1998) too observed low chl a (0.2 pg cell
-1

) per 

cell for the same species cultured at a temperature of 17°C and irradiance of 100 µmol 

photons m
-2

 s
-1

. Additionally, we found that chl a content per cell varied during the growth 

phase of all three species. Chl a per cell was highest in the exponential phase of nutrient-

deplete conditions which conforms with studies by Eker-Develi et al. (2006).  

Our study did not detect any carotenes in the any of the nutrient treatments. This may be due 

to the low irradiance used for the experiments (50 µmol photons m
-2

 s
-1

); for example 

Willem et al. (2000) studied different strains of the coccolithophore E. huxleyi and found 

that the fraction of β-carotene to the total pigment content was lower at irradiances < 100 

µmol photons m
-2

 s
-1

 as compared with a state of combined high irradiance and nutrient-

replete condition and the synthesis of carotenoids in this species is closely linked to chl a 
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synthesis. In our study, fucoxanthin:chl a ratios for S. trochoidea increased with decreasing 

growth rate at N-deplete treatment. For E. huxleyi and C. closterium a decrease in this 

pigment ratio was observed with decreasing growth rate at N-deplete treatment. Goericke 

and Montoya (1998) observed an increase in ratio of fucoxanthin:chl a with decreasing 

growth rates in the two diatoms (Thalassiosira weissflogii and Skeletoema costatum) and a 

prymnesiophyte (Isochrysis galbana), but a decrease in the pigment ratios in the diatom 

Phaeodactylum tricornutum and a prymnesiophyte Pavlova lutheri under low N-deplete 

conditions of 220 µM. This suggests opposite trends in pigment ratio changes as a result of 

reduced growth rates within the different classes of phytoplankton (Henriksen et al., 2002). 

Dissolved organic matter is measured by assessing one of its constituents i.e., DOC, DON or 

DOP (Suratman et al., 2008). The most widely used measure of DOM is DOC, the 

production of which is important due to its potential to drive primary production in marine 

systems when inorganic nutrients are low (Carlson, 2002). It is unclear if DOC from 

phytoplankton is released from healthy cells during the growth of phytoplankton (Aluwihare 

and Repeta, 1999; Suratman et al., 2008), or only from dead phytoplankton (Newell et al., 

1972). DOC production will potentially vary strongly in the ocean as a result of changed 

nutrients or growth conditions (Borchard and Engel, 2012). The objectives here were to 

determine if DOC exudation occurs from healthy cells and to quantify any such release. E. 

huxleyi, C. closterium and S. trochoidea were selected for this study as they are dominant 

species in blooms occurring in the North Atlantic regions but were under represented in 

previous culture studies of DOM production.  

In general, for E. huxleyi, DOC concentration was lowest at the beginning of the experiment 

(72.3 µM) and highest at the end (785 µM) when cells were grown in F/2 media. Suratman 

et al. (2008) observed DOC concentrations to be highest at the end of the experiment (356 

µM), the trend thus being similar to our study. When compared the other species (C. 

closterium and S. trochoidea), the highest rate of release of DOC per day was observed from 

E. huxleyi but, the release was the least in this species when daily rates per cell were 

estimated (1.65 x 10
-8

 µmol cells
-1 

d
-1

). These values were slightly lower than those from 

other studies on this species; e.g., Biddanda and Benner (1997) and Suratman et al. (2008) 

observed DOC release rates of 1.8 x 10
-8

 and 1.65 x 10
-8

 µmol cells
-1

 d
-1

, respectively, from 

E. huxleyi which were cultured at a lower nitrate concentration of 100 µM. However, 

Suratman et al. (2008) also states that in the experiment with E. huxleyi, high concentrations 
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of DOC were also observed at the start of the experiment (310 µM) which differs from this 

study. The initial high value for DOC is thought to be due to the organic carbon present in 

the E. huxleyi stock cultures used to inoculate the experimental flasks. Suratman et al. 

(2008) recommend the addition of sterile filtered stock cultures. In our experiment with E. 

huxleyi, the stock cultures used were sterile, which means that all the DOC produced was by 

phytoplankton. In addition to this, our results suggests that DOC produced was mainly due 

to the metabolic process rather than cell death, as the end of the experiment did not exhibit a 

major decrease in cell number. Engel et al. (2004) in a mesocosm study with E. huxleyi, had 

initial concentrations of 15 µM and 0.5 µM nitrate and phosphate respectively at varying 

CO2 concentrations; the authors observed high variability in amounts of DOC released by E. 

huxleyi, which indicates that production and loss of DOC were tightly coupled during all 

stages of the culture. However, since these authors carried out the experiment in a 

mesocosm, the cultures were not sterile. It is known that freshly produced low molecular 

weight DOC can be taken up by heterotrophic bacteria and thus DOC does not accumulate. 

Aluwihare and Repeta (1999) also studied the exudation of DOC using E. huxleyi (although 

much focus was given to the chemical characteristics of DOC produced) and again bacteria 

were also present in the culture which influenced DOC release and accumulation. Unlike the 

above studies, the absence of bacteria from the cultures in our study allowed gross release of 

DOC to be measured.  

In the case of the diatom C. closterium, DOC concentrations of 99.3 µM and 353.2 µM were 

observed at the start and end of the experiment using nutrient-enriched media. Higher DOC 

release rates in the exponential growth phase compared to the stationary phase have been 

observed previously in batch cultures of diatoms (Wetz and Wheeler, 2007). Unfortunately, 

we were unable to determine DOC exudation in stationary phase as we did not run the 

experiment further than 14 days. In P-deplete experiments, the rate of DOC exudation at the 

end of the experiment was higher (1.01 x 10
-8

 µmol cells
-1

 d
-1

) than the N-deplete experiment 

(4.5 x 10
-9

 µmol cells
-1

 d
-1

). This conforms to previous studies exhibiting an increase in 

polysaccharides or EPS by C. closterium cells under P-limited (6 µM P and 880 µM N) than 

compared to N-limited scenarios possibly due to higher photosynthetic rates under P-limited 

conditions (Urbani et al., 2005). Puddu et al. (2003) studied bacterial uptake of exudates of 

C. closterium, showed that DOM released under P- limited conditions was more resistant to 

microbial degradation. C. closterium is found in coastal mudflats and is known to greatly 

influence the stability of sediments due to their adhesion properties. These diatoms play an 
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important role in being cohesive in sediments with nutrient imbalances (Alcoverro et al., 

2000). The ecological significance of polysaccharide production by C. closterium under 

nutrient-deplete conditions may be their possible role as a polyelectrolyte that binds organic 

and inorganic nutrients (Urbani et al., 2005). In addition to this, the production DOC might 

also be a result of overflow mechanism which is the excess amount of CO2 fixed relative to 

growth requirements; a phenomenon known to occur in diatoms (Staats et al, 1999). 

Studies associated with dinoflagellates and DOC usually concentrate on the importance of 

DOM originating from terrestrial sources for the production, community structure and 

toxicity of phytoplankton (e.g. Doblin et al., 1999; Raine, 2001), and there is paucity on 

DOC exudation data. The release of DOC per day by the dinoflagellate S. trochoidea was 

lower compared to that of coccolithophore and the diatom both under nutrient-replete (5.07 

µM d
-1

) and P-deplete (1.6 µM d
-1

) conditions. Most studies on DOC exudation from 

microalgae used different species, such as the diatom Phaeodactylum tricornutum, 

chlorophyta Dunaliella tertiolecta (Pujo-Pay et al., 1997) and the diatom Skeletonema 

costatum (Urbani et al., 2005), and not many studies have used dinoflagellates which makes 

it difficult for this study to compare the results. A field study during bloom conditions in 

spring and summer showed that dinoflagellates such as Gymnodinium sp. and Peridinium sp. 

released very low concentrations of DOC, and Prorocentrum micans released 20% of 

extracellular products compared to the diatom Chaetoceros sp. (Wolter, 1982).  

Our understanding on the growth phase producing highest DOC exudation still remains 

unclear with conflicting evidence. For e.g. Suratman et al. (2008) indicates highest release 

rates are during the early and mid-exponential growth phase of E. huxleyi, while Newell et 

al. (1972) observed highest release rates in the stationary phase for the same species. Our 

study showed DOC concentrations at the end of the experiment which is the late exponential 

phase for all specides. Unfortunately, it was not possible to monitor the DOC concentrations 

during the course of the experiment. Additionally, our study was carried out for 14 days, and 

the later stages of growth were not considered in order to observe DOC release in the 

stationary and dying stage which would also have been of interest.  

In conclusion, nutrients are one of the most important factors controlling the growth of 

macroalgae and phytoplankton, but other factors such as light may play an important role in 

accumulation of carbon-based defence compounds. Effects of nutrient enrichment on growth 

of macroalgae in rocky shores is not a simple dose response but the degree of wave 
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exposure, water currents, successional stage of algal community and amount of grazers and 

predators also affect the process of eutrophication (Kraufvelin et al., 2006). Short-term 

phlorotannin content for A. nodosum and L. digitata was not affected by changes in N and P 

availability. Hence, it seems that a combined effect of UV radiation and nitrogen enrichment 

may stimulate the synthesis of these metabolic compounds. 

Variations in phytoplankton biomass in situ are influenced by nutrients and are commonly 

quantified by chl a concentrations (Eker-Develi et al., 2006). Consequently, studies related 

with environmental issues such as primary production, organic compound exudation by 

algae and global climate change are based on chl a concentrations measured by in situ 

sampling or from satellites (Longhurst et al., 1995). Since this study shows that chl a content 

of phytoplankton varies from different species, so that satellite data, in particular may not be 

suitable to indicate phytoplankton biomass. In addition to this, changes in nutrient content in 

the oceans may have a significant effect on the chl a content of phytoplankton. Hence, 

mechanisms controlling phytoplankton growth and physiology should be considered in 

assessment of nutrient cycling and primary production. Another important aspect is an 

increased international effort to evaluate anthropogenic involvement in possible global 

expansion of algal bloom problems and their relationship with nutrient loadings. The past 

few decades have seen an increased frequency, intensity and geographic distribution of 

harmful algal blooms (Gilbert and Burkholder, 2006). Results from this study will contribute 

to a better understanding on algal bloom formation under nutrient replete conditions and it 

might help in predicting when and where these blooms occur.  

The production of DOC in oceans is important due to its potential to drive primary 

production when inorganic nutrients such as nitrates are depleted (Suratman et al., 2008). 

Spring blooms are common in higher latitudes and DOC concentrations are thus highly 

variable. In winter, DOC concentrations are low and highest DOC concentrations are found 

in summer (Carlson, 2002). However, it is unclear if DOC is released from healthy cells 

during phytoplankton growth or from dead and decaying cells (Suratman et al., 2008). Our 

study showed the release of DOC from healthy cells during their growth. The combination 

of both DOC and DON is important since it allows the determination of the stoichiometry of 

nutrient release and hence have implications for biogeochemical cycling (Arrigo, 2005). 

Although these experiments are carried out in the laboratory in batch cultures, they do not 

always reproduce processes in natural populations. However, inferences can be made from 

response of axenic algal cultures under defined environmental conditions particularly the 
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interaction of nutrients and DOC release and their role in marine ecosystems, but further 

experiments need to be carried out to measure dissolved organic nitrogen (DON). In order to 

assess DOC and release of organic aerosols from microalgae under close to natural 

conditions, the following Chapter 5 describes experiments carried out in a simulated 

mesocosm under bloom conditions.  
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5.1. INTRODUCTION 

The recent Intergovernmental Panel on Climate Change (IPCC) report states the potential 

impact that climate change has on the marine environment which includes increase in sea 

temperature, storm intensity, wave height, sea level and possible changes in ocean currents 

are also predicted (IPCC, 2007). These changes will have a profound impact on the marine 

biota, especially marine algae – the primary producers of the ocean. However, a regulatory 

feedback mechanism by marine algae via biogenic aerosol production for the control of 

climate was also proposed by Charlson et al. (1987). These biogenic aerosol particles serve 

as potential cloud condensation nuclei (CCN), increasing the concentration of cloud drops 

and resulting in scattering of sunlight and, thereby, decreasing the incoming solar radiation. 

The reduction in incoming solar radiation could possibly lead to decrease primary 

productivity, and the overall process would constitute a regulatory feedback mechanism, 

thereby stabilising the climate by influencing the radiative balance of the earth (Simó, 2001). 

Oceans are one of the largest reservoirs of organic carbon on Earth. The bulk composition of 

DOM is composed of dissolved organic carbon (DOC), dissolved organic nitrogen (DON) 

and dissolved organic phosphorous (DOP) (Benner, 2002). Oceanic DOM is estimated to be 

approximately 700 pg C; this level is comparable to the amount of inorganic carbon in the 

atmosphere (~ 700 pg C) (Siegenthaler and Sarmiento, 1993). Open ocean surface waters 

(<100 m) exhibit a DOC concentration range of 60-90 µM, compared to this, DON and DOP 

on surface waters are only about 3.5-7.5 µM and 0.1-0.4 µM, respectively (Carlson, 2002). 

Aggregates of organic matter of algal origin which includes DOC in oceans and coastal 

regions form CCN (Bigg and Leck, 2008, refer to Chapter 1 for more details).  

The study of DOC is important for several reasons. With increasing interest in the global 

carbon cycle and global warming in a climate change scenario, the estimation of DOC is of 

foremost importance. DOC is a by-product of biological productivity from marine algae and 

supports the growth of heterotrophic bacteria which are of ecological significance. The 

coalition of both the carbon cycle and the ecological role of DOC make it biogeochemically 

significant. The release of DOC by autotrophic algae is salvaged by heterotrophic bacteria 

which initiates a microbial loop (Azam et al., 1983). The released DOC passes through the 

different trophic levels or is remineralised forming a sink of inorganic constituents 

(Ducklow, 1986); thereby, small disturbances in the production or sink of oceanic DOC can 

influence the balance between the ocean-atmosphere carbon pool. In addition to this, DOC is 
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of interest as few molecules are known to strongly complex trace metal ions which affect 

their bioavailability and toxicity (Kozelka and Bruland, 1998). They are known to act as 

aquatic telemediators (chemical substances produced by marine organisms and released into 

the medium affecting the biological function of the same species or of other species) 

(Gauthier and Aubert, 1981), the surface properties of minerals is known to be affected by 

the presence of DOC (Carlson, 2002), and DOC is known to influence the spectral properties 

of seawater (Whitehead and Vernet, 2000). Decho (1990) has also shown that 

photoautotrophic bacteria can also be a source of organic matter in ocean systems by 

releasing exopolymers and capsular material which are an additional source of DOC. 

As mentioned above, marine primary production in the euphotic zone is the primary source 

of dissolved organic matter (DOM), and this transfer from the algae to seawater occurs 

through various pathways. One of the pathways is direct exudation by phytoplankton 

(Baines and Pace, 1991) and seaweeds (Abdullah and Fredriksen, 2004). The amount of 

DOC released by marine algae is dependent on numerous biological, chemical and physical 

parameters (Carlson, 2002). Grazing of seaweeds and phytoplankton by heterotrophs is yet 

another pathway by which transfer of organic matter occurs. Macro- and microzooplankton 

grazers play a crucial role in the transformation of particulate carbon back into dissolved 

phase via the process of feeding and excretion (Carlson, 2002). Also, seaweeds such as A. 

nodosum and F. vesiculosus (Khailov and Burlakova, 1969) and cell lysis of phytoplankton 

(Carlson, 2002) are known to contribute significantly to the release of organic matter into 

seawater. Cell lysis can occur as a result of viral and/or bacterial attack. The omnipresent 

viruses in the marine environment are thought to be responsible for mortality of marine 

algae and are linked to decline in the primary production in the oceans (Bratbak et al, 1995). 

As a result of viral infection (attachment of virus on host algae), the host cells burst, 

releasing the cell contents (proteins, nucleic acids, monomers, oligomers, polymers) and cell 

fragments along with the viruses. Bacterial-induced lysis is known to release labile DOM 

compounds which will further sustain the growth of bacteria and result in the release of 

recalcitrant or refractory DOM (Carlson, 2002).  

Several biotic and abiotic processes are involved in the removal of DOC produced by marine 

algae. The consumption of DOC by prokaryotes and eukaryotes is the main source of biotic 

removal. Free-living heterotrophic bacteria are dominant consumers in the marine 

environment. They have the ability to directly permeate low molecular weight (LMW) 

compounds through their cell wall and oxidise them with the help of enzymes (Carlson, 
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2002). High molecular weight (HMW) compounds are also utilised by bacteria after they are 

converted to LMW compounds via hydrolytic enzymes (Christian and Karl, 1995). 

Eukaryotes, too, have the ability to utilise labile DOC for their metabolic activity, the 

magnitude of this removal process is small when compared to the heterptrophic uptake by 

prokaryotes. Marine invertebrates are known to consume DOM compounds such as 

monosaccharides and dissolved free amino acids (DFAAs) (Manahan and Richardson, 

1983). Phototransformation and sorption onto particles are the two abiotic processes by 

which DOM is depleted from the ocean. Sunlight has a major effect both directly and 

indirectly on the process of DOM removal. Direct photomineralisation of DOM to CO2 and 

photochemical degradation of HMW DOM to LMW DOM facilitates the uptake and 

remineralisation of DOM (Moran and Zepp, 1997). Nagata and Kirchman (1996) proposed 

that the action of adsorption and/or absorption on surfaces of sinking particles is an abiotic 

removal mechanism. It was also hypothesised that abiotic sorption of DOC onto POC is a 

probable removal process but its importance in the oceanic carbon cycle is unknown due to 

insufficient data and constraints in sampling. There still remains a gap in understanding the 

process of DOM release from marine algae and its ultimate fate (Aluwihare and Repeta, 

1999), factors affecting its release (Carlson, 2002) and the processes controlling their 

distribution in the marine environment (Ittekkot et al., 1981).  

The photochemical degradation of DOC by sunlight produces labile and volatile organic 

compounds (Moore and Zafiriou, 1994) which contribute to emissions of biogenic origin. 

Emission of organic compounds into the marine environment is of interest in recent years 

particularly in the role it plays in climate change research (Charlson et al., 1987). Shaw 

(1983) and more recently O’Dowd et al. (2004) have proposed that organic emission 

(organically enriched sea-spray and condensable ocean derived organic vapours) from the 

marine biota and/or from DOC in the oceans results in aerosol production, and can influence 

the climate feedback system involving aerosols and clouds. Aerosols are a dispersion of 

solid and liquid particles suspended in gas. In the marine boundary layer (MBL), organic 

aerosols can be classified into two categories based on their mechanism of production. 

Primary aerosols are atmospheric particles emitted or injected directly into the atmosphere. 

They are usually derived from the interaction of wind with the surface of the ocean (by the 

process of bubble bursting, see Chapter 1) which results in the mechanical production of sea 

spray aerosols. The organic compounds that are directly emitted in particulate form are 
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called primary organic aerosols (Kanakidou et al., 2005). This primary marine aerosol is rich 

in sea salt and organics.  

Marine algae impacting global climate via production of aerosols 

Aerosols regulate the climate by contributing to the Earth’s ‘heat shield’ by the formation of 

haze and cloud layers, thereby blocking heat reaching the Earth’s surface and thus having a 

‘cooling effect’ (Le Quéré and Saltzman, 2009). Over coastal and offshore regions, marine 

algae play a crucial role in emitting and exuding organic compounds into air and seawater 

(Chance et al., 2009; Carpenter et al., 2000). Some of the most important compounds 

emitted from macro- and microalgae are DMS (Lovelock et al., 1972), isoprene (Meshkidze 

and Nenes, 2007) and volatile organic compounds such as methylated halides (Carpenter et 

al., 1999) which are discussed in detail below (also refer to Fig. 1.6, Chapter1, Section 

1.1.4). 

Macro- and microalgae and DMS 

One of the important aerosol-forming compounds in the marine atmosphere is sulphates (Le 

Quéré and Saltzman, 2009). The major precursor of sulphate aerosols of biogenic origin is 

DMS which is known to be emitted by marine algae directly or by the decomposition of 

dimethylsulphoniopropionate (DMSP) or complex physiological and ecological interactions 

(Lovelock et al., 1972). DMSP exudation from macroalgae was first observed in the 

macroalga Polysiphonia fastigata (Rhodophyta). It is established by several studies that 

DMSP is released by species of green (Ulva intestinalis and Codium fragile) (Lyons et al., 

2007) and red algae (Polysiphonia lanosa and Rhodomela confervoides) (Karsten et al., 

1994). Low DMSP concentrations are reported from brown algae of less than 10 µmol g
-1

 

DM) (Van Alstyne and Puglisi, 2007). A variety of biological functions has been proposed 

for DMSP. For instance, in U. intestinalis and P. lanosa, it is known to function as an 

osmolyte. In other Ulva spp. it is known to scavenge the reactive oxygen species (ROS) 

which are produced as a response to environmental stress. Karsten et al. (1994) has 

postulated that in polar species, DMSP protects the red macroalgae from stress associated 

with freezing temperatures. Defense (anti-microbial, anti-viral and anti-grazing) is yet 

another function proposed by Van Alstyne et al. (2001). The varied functions of DMSP 

could be a result of species-specific adaptations to local environmental conditions (Van 

Alstyne and Puglisi, 2007). Regarding phytoplankton, some species like Emiliania huxleyi, 

Phaeocystis sp. (Simó, 2001), Isochrysis galbana and dinoflagellates (Keller et al., 1989) 
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exude more DMSP than diatoms. The intracellular DMSP in microalgae is either cleaved 

resulting in release of DMS or exudation of DMSP into water. This emitted DMS is 

subsequently oxidised by OH and forms a variety of products such as SO2, 

dimethylsulphoxide and MSA (Le Quéré and Saltzman, 2009).  

Macro- and microalgae and isoprene  

Phytoplankton blooms and laboratory cultures of microalgae have exhibited the release of 

isoprene (Meskhidze and Nenes, 2006). For example, Milne et al. (1995) demonstrated the 

release of isoprene from several phytoplankton monocultures. Diatoms such as 

Phaeodactylum tricornutum, Thallassiosira weissflogii and Chaetoceros affinis, 

coccolithophores such as E. huxleyi and dinoflagellates like Amphidinium aperculatum 

emitted isoprenes during the exponential phase (production rates of 1 – 7 pmol/10
6
 cells day

-

1
), and the levels decreased in senescent cultures. Regarding macroalgae, Broadgate et al. 

(2004) demonstrated the release of isoprenes from rockpools in which macroalgae were 

present and opportunistic green alga U. intestinalis was found to emit high concentrations of 

isoprene compared to some brown algae such as L. digitata, A. nodosum, Pelvetia 

canaliculata and Fucus spp. Broadgate et al. (2004) also observed the release of isoprenes 

by the red algae Asparagopsis armata and Chondrus crispus. Isoprene emissions are known 

to be temperature- and species-dependent and also related to the availability of light 

(Broadgate et al., 2004). This study carried out at Mace Head, Co. Galway, Ireland, 

suggested that isoprene produced by these macroalgae could be potential precursors of 

secondary aerosol particles.  

Macro- and microalgae and volatile organic compounds (including molecular I2) 

Coastal waters are an important source of VOCs. Although their contribution on a global 

scale may not be significant, they can influence climate on a local scale due to the 

occurrence of high macroalgal biomass in coastal regions (Carpenter et al., 2000). Both 

macro- and microalgae are the main source of organic iodine in seawater by converting the 

inorganic iodine to organic form (Carpenter, 2003). For example, Carpenter et al. (2000) and 

O’Dowd et al. (2002) showed that in coastal regions, macroalgae are major contributors of 

iodine into the atmosphere through the production of volatile halocarbons, iodocarbons, 

iodine oxide (IO) and molecular iodine. Among the macroalgae, the Laminariales (kelps) are 

most effective in accumulation of iodine in their tissue (Küpper et al., 2011). Macroalgae are 

also known to play an important role in the production of methylated forms of halocarbons 
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such as CHBr3, CH2IBr, CH2ICl and CH2I2 (Carpenter et al., 1999). These short-lived 

polyhalomethanes are rapidly destroyed by sunlight and reach their maxima during low tide 

at night. Several species of brown (L. digitata, S. latissima, Fucus vesiculosus, F. serratus, 

A. nodosum and P. canaliculata), and red algae (C. crispus) are known to emit short-lived 

iodocarbons (Carpenter et al., 2000). The accumulated form of iodine in kelps is iodide, 

which is effluxed when the seaweeds are subjected to oxidative stress. The iodide is the first 

known inorganic agent in algae that protect them from cell damage (Küpper et al., 2008). 

The volatile iodine compounds in the form of molecular iodine participate in CCN formation 

and influences the coastal climate (O’Dowd and de Leeuw, 2007). The monoxide and 

dioxide (IO and OIO) forms of iodine are likely to be generated from emissions of molecular 

iodine (McFiggans et al., 2004).  

Ball et al. (2010) demonstrated that the kelps L. digitata and L. hyperborea produced intense 

bursts of I2 when exposed to air. The molecular iodine emissions rates observed for L. 

digitata and L. hyperborea were 3.17 pmol min
-1

 g FW
-1

 and 0.67 pmol min
-1

 g FW
-1

, 

respectively. Lower amounts of I2 emissions were also observed from the brown seaweeds 

Saccharina latissima and Ascophyllum nodosum. Nitschke et al. (2011) observed the 

emission of iodine from L. digitata into air even under low stress conditions.  

Phytoplankton such as Skeletonema costatum have been shown to produce iodide, and this 

iodide production was sensitive to strain level differences and environmental conditions 

(Chance et al., 2007). In contrast to macroalgae, some microalgae such as Nitzschia sp., 

Navicula sp., Porosira glacialis and Phaeocyctis sp. are known to produce CH3I in 

laboratory monocultures (Manley and de la Cuesta, 1997). Scarratt and Moore (1998) also 

demonstrated the production of C2H5I, CH2IBr, CH2ICl, CH2I2 and CH3I from the diatoms 

Thalassiosira weissflogii and Phaeodactylum tricornutum. 

Another emerging VOC of biogenic origin is glyoxal, a dicarbonyl which contributes to 

secondary aerosol formation. This glyoxal is formed by the biogenic VOC oxidation 

(Myriokefalitakis et al., 2008). Rinaldi et al. (2011) observed oxalate concentrations in 

marine aerosol samples at Mace Head, Ireland with a maximum during spring-summer and 

minimum during winter; the release of oxalate being consistent with other marine biogenic 

aerosol components such as methanesulphonic acid (MSA), amines and non sea salt-

sulphates.  
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Research aims and objectives 

It is hypothesised that organic matter is enriched by the process of bubble bursting in the 

fine and ultrafine aerosol size fractions (Gershey, 1983). However, very few studies have 

exhibited the relative contribution of primary marine aerosol organic matter with respect to 

sea salt as a function of size which appeared to be controlled by the solubility and surface 

tension properties of the organic material (Facchini et al., 2008). It has been demonstrated 

that water insoluble organic matter (WIOM) exhibited the greatest contribution to smaller 

particles while water-soluble organic matter (WSOM) contributed most to coarse particles 

due to the aggregation processes and surface-active properties of the organic matter 

(Facchini et al., 2008). O’Dowd et al. (2004) observed seasonal variability in organic 

aerosols at Mace Head, Ireland, with highest levels during summer. These high levels of fine 

particle fractions of organic aerosols coincided with the summertime North Atlantic bloom. 

Previous reports on chamber experiments with the DMS-producing Ostreococcus 

lucimarinus (Chlorophyta) at a cell concentration of 10
8
 cells mL

-1
 in artificial seawater 

exhibited clear organic peaks that were characterised as CHx and C=C, suggesting that a 

portion of the cells had been transferred to the sea salt aerosol (Moore et al., 2011). 

Experiments by Fuentes et al. (2011) relating the CCN activity of primary sea spray aerosol 

and phytoplankton-derived organic matter showed a decrease in hygroscopic growth and 

CCN activity associated with the addition of organics. Additionally, notable differences in 

CCN activity and hygroscopic growth between different types of organisms were observed. 

Fuentes et al. (2011) also observed that diatomaceous associated organic matter was more 

hydrophobic than nanoplankton associated organic matter.  

The results from the above studies appear contradictory, clearly illustrating the need for 

further experiments involving increasing numbers of different marine microalgae, including 

a detailed analysis of the organic material associated with these microalgae, to better 

understand the effect of marine organic matter from primary production on the chemical 

composition and hygroscopic growth of sea spray aerosols. Therefore, from both field and 

laboratory observations, it was proposed that an increased level of biological activity 

resulted in the enrichment of the sea surface with surface active organic compounds, which 

by the process of bubble bursting are emitted as fine particle organic aerosols. This formed 

the basis for the current study in this chapter using phytoplankton monocultures for the 

bubble-mediated aerosol production experiments. The aim of this work was thus to observe 

the release of organics by phytoplankton in a simulated mesocosm, and to investigate the 
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size-segregated relative contribution of organic matter and sea salt in different size fractions. 

The different conditions that lead to the release of organics were also investigated. The 

effect that different groups (diatoms and coccolithophores) and different growth phases (mid 

and late exponential phase and dying phase) of phytoplankton have on the release of 

organics was also investigated. It is evident that understanding the origin of aerosols from 

marine biota is a challenging subject that requires expertise from interdisciplinary fields of 

biology, chemistry and physics.  
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5.2. MATERIALS AND METHODS 

5.2.1. Microalgal cultures 

In order to carry out the bubble-mediated aerosol experiments (details in section 5.2.2), prior 

culturing of phytoplankton was required. Cultures were established for three species of 

marine phytoplankton, namely E. huxleyi (coccolithophore), Leptocylindrus danicus 

(diatom) and Cylindrotheca closterium (diatom) (Fig 5.1a). Cultures of E. huxleyi (Lohm.) 

Hay and Mohler (CCMP 370 and CCAP 920/3, isolated from Oslo Ford, Norway, and Loch 

Kanaird, near Ullapool, Scotland, respectively) were maintained in the laboratory at 16°C 

and irradiance of 50 µmol photons m
-2

 s
-1

 (12h : 12h photo period) as stock batch cultures in 

F/2 media (as described in Chapter 3; Guillard and Ryther, 1962). L. danicus Cleve (CCMP 

470, isolated from North Pacific ocean) and C. closterium (Ehrenberg) Reimann and Lewin 

(CCMP 1855, isolated from North Atlantic ocean) cultures were maintained at 22°C and 

irradiance of 50 µmol photons m
-2

 s
-1

 (12h : 12h photo period) in F/2 media. For the bubble-

mediated aerosol experiments, the above phytoplankton cultures were subcultured in batch 

cultures of 12 L capacity (Fig. 5.1a). Light was provided by cool white fluorescent lamps (L 

18W/865 lumilux fluorescence lamps, Osram, Germany), measured using a Li Cor 1400 

data logger. The cultures were aerated constantly using a pump with filters (0.45 µm, 

Sartorius). Aeration was maintained in order to ensure that all cells were equally exposed to 

light, nutrients and to avoid stratification. In addition to this, it helped improve the gas 

exchange between the media and air. A separate port was used for removal of sample for the 

experiment in an aseptic manner.  

5.2.2. Bubble-mediated aerosol experimental design 

A series of bubble-mediated aerosol production experiments were carried out using different 

cell densities and at different stages of the exponential growth phase (Table 5.1). The 

rationale behind the use of particular cell densities mentioned in Table 5.1 was the typical 

abundance of these species in natural bloom conditions (see Table 5.2). During each 

experiment, the cell number and viability was tested periodically; cell number was noted at 

the start of the experiment using a haemocytometer (as described in Chapter 3). The 

numbers of dead cells were counted during or at the end of the experiment by adding 2-3 

drops of 0.1% Evan’s blue dye to 20mL of the sample (Andersen, 2005). The sample was 

left for ~ 15 min in order for the dye to be absorbed by the cells. Living microalgal cells 

reject the dye as they have a fully functional cell membrane and is accepted by dead cells 
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which appear blue-green in colour (Andersen, 2005). Samples were also collected for Chl a 

(HPLC; method described in Chapter 2), nutrients and DOC and POC analysis. Water 

Soluble Organic Matter (WSOM) and Water Insoluble Organic Matter (WIOM) for selected 

experiments were also analysed by 
1
HNMR analysis. 

  

 

 

Fig. 5.1 a. Microalgal cultures used for the bubble-mediated aerosol production experiment 

a) E. huxleyi, b) L. danicus and c) C. closterium.  

 

 
 

Fig. 5.1 b. L. danicus and E. huxleyi cultured in 12 L carboys. 

 

 

a) b) 

c) 

10 µm 

10 µm 

10 µm 
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Table 5.1. Microalgal cultures used for bubble bursting experiment with information on 

duration of experiment, growth phase and cell density. DOC: dissolved organic matter, 

POC: particulate organic matter, WSOM: water soluble organic matter, WIOM: water 

insoluble organic matter, Organics- measured by AMS, * results not shown. 
Species Duration of 

experiment 

(h) 

Growth phase Cell 

density 

(cells mL-1) 

Month of 

experiment 

Exp. 

No. 

Measurements 

Coccolithophores       

E. huxleyi CCMP 370 6 Exponential 108 Apr 2009 * Organics 

E. huxleyi CCAP 920/3 6 Exponential 105 May 2009 * Organics 

E. huxleyi CCAP 920/3 48 Mid-Exponential 105 Sept 2009 1 Organics, DOC, 
POC, WSOM, 

WIOM  

E. huxleyi CCAP 920/3 120 Late-exponential 105 Mar 2010 2 Organics 

E. huxleyi CCAP 920/3 120 Late-exponential 105 Apr 2011 3 Organics 

Diatoms       

L. danicus CCMP 470 6 Exponential 107 Apr 2009 * Organics 

L. danicus CCMP 470 96 Exponential 104 Apr 2011 4 Organics, DOC, 
POC, WSOM, 

WIOM 

C. closterium CCMP 1855 48 Exponential 104 Dec 2009 5 Organics 

 

Table 5.2. Field observation of natural bloom concentration (cells ml
-1

) for the microalgal 

species used for the bubble-mediated aerosol production experiment. 
Species Natural bloom concentration 

(cells mL 
-1

) 

Source 

Coccolithophores 

E. huxleyi 

 

10
4
-10

5
 

 

Thierstein and Young (2004) 

Diatoms 

L. danicus 

 

10
3
-10

4 

 

Trigueros and Orive (2000) 

C. closterium 10
3
 Heddendorf (2008) 

 

Bubble-mediated aerosol production experiments were conducted in order to study the 

generation of marine aerosols from bubbles artificially generated in a water tank containing 

different species of algae (see Table 5.2). In each case, an airtight high grade stainless steel 

tank (200 L in volume) (Fig. 5.2) was filled with 100 L of filtered and UV-sterilised 

seawater. This seawater was freshly collected in Carna Bay, Co. Galway, on the same day 

each time an experiment was carried out from approximately 30 m offshore. The seawater 

was then filtered and UV-sterilised. Light was provided by cool white fluorescent lamps (L 

18W/865 lumilux fluorescence lamps, Osram, Germany) fitted above the water surface 

inside the tank (measured using a Li Cor 1400 data logger) which provided the 
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phytoplankton cultures a constant light of 80 µmol photons m
-2

 s
-1

 at 12 h : 12 h photoperiod. 

Air was entrained from the top of the tank in the water using a vertical re-circulating water 

jet at a flow rate of 20 L min
-1

. The entrained air formed bubbles that in turn burst to form 

potential sea spray aerosol.  

The tank had several ports on the top where different analytical instruments were connected 

(Fig. 5.2): 

1. High Resolution- Time of Flight -Aerosol Mass Spectrometer (HR-ToF-AMS),  

2. Two Berner impactors,  

3. Scanning Mobility Particle Sizer (SMPS), and  

4. Humidified Tandem Differential Mobility Analyser (HTDMA).  

The HR-ToF-AMS measured the aerosol chemical composition in the marine atmosphere 

(i.e. inside the airspace within the tank). The Berner impactors collected aerosols from this 

airspace for approximately 6 h by 8 stage impactors (0.060-16 μm diameter), with different 

sampling substrates (quartz and tedlar) in order to analyse the organic and inorganic 

components. The SMPS measured aerosol size distributions in the range from 10nm to 

500nm. The HTDMA measured aerosol growth factor. This was done in collaboration with 

the School of Physics, National University of Ireland, Galway, Ireland and Institute of 

Atmospheric Sciences and Climate (ISAC), National Research Council (CNR) at Bologna, 

Italy and only data obtained by the HR-ToF-AMS are represented in this work. This 

included the total mass concentration of organics produced during the span of the 

experiment, but it was beyond the scope of this thesis to represent and interpret data on the 

mass spectra of the organics which was obtained from the AMS. Furthermore, data on the 

aerosol size distribution, and aerosol growth factor which were obtained from the SMPS and 

HTDMA respectively, are dealt with and published elsewhere in collaboration with 

colleagues in the School of Physics, National University of Ireland, Galway. 

In each instance, preliminary bubble-mediated aerosol production experiments conducted in 

the 200 L tank were carried out for a total of 6 h (for overview of experiments see Table 

5.1). This time span was initially used because of previous bubble-mediated aerosol 

experiments carried out on board the research vessel Celtic Explorer in the North Atlantic as 

part of the Marine Aerosol Production (MAP) project (Facchini et al., 2008). These authors 

carried out a series of bubble-mediated aerosol experiments in the MAP project for a period 

of 10 h (Facchini et al., 2008) using natural seawater 400 km off the coast of Ireland. During 

Fig. 4: Bubble bursting chamber  
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their experiment, the biological activity in the ocean was high which was confirmed by 

MODIS ocean colour products and by chl a measurements taken on board the Celtic 

Explorer. However, it was noticed in our 6 h experiments that this duration was insufficient 

to observe any release of organics from algae and thus results for these experiments are not 

shown. Hence, later tank experiments were conducted for a period of at least 48 h 

(Experiments no. 1-5, Table 5.1). 

 

Fig. 5.2. Bubble bursting chamber depicting various analytical instruments a) Scanning 

mobility particle sizer, b) Berner Impactor samples and c) High resolution-Time of Flight-

Aerosol Mass Spectrophotometer and d) the circulating water jet inside the tank. 

 

5.2.3. Dissolved organic carbon (DOC) and Particulate organic carbon (POC) analyses 

During each experiment, seawater samples (250 mL) from the tank were filtered under mild 

vacuum through a 47 mm diameter, 0.7 µm pore-size pre-combusted (450 °C for 5 h) 

Whatman GF/F glass fibre filter paper. These seawater samples were taken at the start, 

during and at the end of an experiment. The filters and filtrate were kept frozen until further 

analyses. DOC was determined by measuring the total organic carbon in the filtrate. An 

aliquote of the filtrate was acidified with H3PO4 (pH < 2) and sparged with oxygen for 1 

min. This was done in order to eliminate any inorganic carbon (CO3

2-

 and HCO3

--

). The 

samples were then analysed for total carbon using an elemental analyser (Analytik Jena, 

a) 

b) 

d) 

c) 
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Germany, Multi N/C2100 elemental analyser) that was equipped with a module for liquid 

samples.  

POC was determined by measuring the total organic carbon deposited on the quartz filter 

(Whatman, GF/F). A 13 mm circular piece was cut from the filter and spiked with H3PO4 for 

10 min at room temperature under a gentle stream of oxygen to eliminate any inorganic 

carbon (CO3
2-

 and HCO
3-

). The quartz spot was then analysed for total carbon using an 

elemental analyser (Analytik Jena, Germany, Multi N/C2100 elemental analyser) that was 

equipped with a module for solid samples. Both DOC and POC were analysed by project 

collaborators at the Institute of Atmospheric Sciences and Climate (ISAC), National 

Research Council (CNR) at Bologna, Italy. 

 

5.2.4. Proton Nuclear Magnetic Resonance (
1
H NMR) analyses 

Berner Impaction (particle sampling) 

A Berner Impactor sampling air at ambient relative humidity (RH) was used to collect 

aerosol particles in 8 size fractions, between 0.06 and 16.0 µm according to the following 

aerodynamic cut off diameters: 0.063, 0.125, 0.25, 0.5, 1, 2, 4, 8 and 16 µm. Two impactors 

(Fig. 5.2b.) were mounted on two separate ports of the tank during experiments carried out 

with E. huxleyi in April 2009 and June 2011 and with L. danicus in April 2009. Tedlar and 

aluminium foils (Fig. 5.3) were used as the collection substrate in the impaction stages to 

allow offline-analysis of organic and inorganic components. Only when a rise in organics 

was noticed in the AMS these impactors were connected to the tank and samples collected 

for a period of 6h. 

 

a) 

b) 

c) 
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Fig. 5.3. Eight stage Berner Impactors used for analysis of WSOM and WIOM. a) stacked 

Berner Impactor, b) 2.0-4.0 µm size range tedlar foil with sampled aerosol particles and c) 

4.0-8.0 µm size range tedlar foil with sampled aerosol particles. Photo credit: Dagmar 

Stengel. 

WSOC characterisation by 
1
H NMR 

Project collaborators in Bologna, Italy, quantified the functional groups of the WSOC 

obtained from the Berner Impactor samples. A 
1
H NMR spectroscopy was employed in 

accordance with the procedure described by Decesari et al. (2000). It provided information 

on the main structural units and was able to identify individual compounds. Moreover, it was 

not affected by the interference of inorganic compounds (which can account for a large 

fraction of the mass in sea spray samples). Another important characteristic of 
1
H NMR 

spectroscopy is the quantitative analysis where the integrated area of the spectra is 

proportional to the moles of organic hydrogen atoms present in the sample (Derome, 1987; 

Braun et al., 1998). Aliquots of sample extracts were vacuum-dried and re-dissolved in 650 

µl D2O. Sodium 3-trimethylsilyl-(2,2,3,3-d4) propionate (TSPd4) was added to the solution 

as an internal standard. 
1
H NMR spectra were recorded on a Varian MERCURY 400 

spectrometer at 400 MHz in a 5 mm probe. Samples were analysed only from Experiment 1 

at 48 h when rise in organics was observed (seen online through AMS). 

WIOC characterisation by 
1
H NMR 

In order to analyse the insoluble organic compounds in sea spray samples obtained using the 

Berner Impactor a new method was developed by Facchini et al. (2008) to provide a 

complete characterisation of the dominant fractions. Again this was carried out by project 

collaborators in Bologna, Italy. The method is based on selective extraction of water 

insoluble organic matter of biological origin by tri-fluoro acetic acid (TFA). Extracts from 

the sampled foils from the Berner Impactors were filtered on quartz filters to isolate the 
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insoluble suspended particles, this is termed as WIOC. These insoluble organics were 

extracted from the quartz filters with a small volume of TFA according to the procedure 

described in Kovac et al. (2002). The TFA extracts were then vacuum-dried and re-dissolved 

in 650 µl D2O. Sodium 3-trimethylsilyl-(2,2,3,3-d4) propionate (TSPd4) was added to the 

solution as an internal standard. 
1
H NMR spectra were recorded on a Varian MERCURY 

400 spectrometer at 400 MHz in a 5 mm probe. As for WSOC, samples were analysed only 

from Experiment 1 at 48 h when rise in organics was observed (seen online through AMS). 

The 
1
H NMR analyses were carried out by project collaborators at the Institute of 

Atmospheric Sciences and Climate (ISAC), National Research Council (CNR) at Bologna, 

Italy. 

5.2.5. Molecular Iodine emission from experiments macro- and microalgae 

Experimental method 

Recent studies have indicated that the primary source of condensable iodine vapours in 

coastal areas is molecular iodine (McFiggans et al., 2004; O’Dowd et al., 2002). In order to 

explore this hypothesis, with the help of collaborators at University College Cork, Ireland, 

the incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS) (Fiedler et 

al., 2003) was used to detect I2 emission from several species of macro- and microalgae. 

IBBCEAS features a significantly high spatial resolution and combined with good temporal 

resolution, and is a good method to investigate the sources of tropospheric gases (Dixneuf et 

al., 2009).  

 
Fig. 5.4. Schematic representation of optical setup to measure I2 emissions from macro- and 

microalgae. Diagram from Dixneuf et al. (2009). 

 

The experimental setup (Fig. 5.4) consists of an optical cavity formed by two plano-concave 

dielectric mirrors with a radius of curvature of 200 cm and mirror diameter of 2.5 cm. The 
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optical axis in the cavity was directed along the algae (placed inside the cylindrical chamber) 

approximately 10 cm above the sample. The mirrors (M1 and M2) had a maximum 

reflexivity of 0.9998 at ~546 nm. The light from a 75 W short arc Xenon lamp was focused 

into the optical cavity. The light exiting the cavity was imaged onto the entrance slit of a 

spectrograph equipped with an Andor Charged Coupled Detector (CCD) which was cooled 

to -25°C. The release of molecular iodine from algae was monitored in the spectral region 

between 530 and 553nm. The detection limit for I2 was ≈7 ±2 nmol mol
-1

 for a 10 s average 

time. The lamp emission was filtered in front of the cavity with one band-pass filter (F, 

Semrock FF01-543/22-25) which narrowed the spectral range to 22 nm centered around 543 

nm. The extinction of the gaseous sample inside the optical cavity can be determined using 

(Fiedler et al., 2003). 

ε (λ)=1/L ((I0/I)-1)(1-R) 

where, ε (λ) [cm
-1

]  wavelength-dependent extinction of sample 

            I (λ) and I0 (λ) intensities of light transmitted by the cavity in presence and  

                                           absence of absorbing species 

            R (λ)  mirror reflectivity 

            L  length of chamber (L= 75cm) 

 

Emission from macroalgae 

Macroalgal thalli of different species (see Table 5.3) were collected based on their 

availability were collected from Spiddal, Co. Galway, Ireland (53° 14’ 21’’N, 9° 18’ 

45’’W), Mace Head (53° 19’ 8’’N, 9° 53’ 52’’W), Co. Galway and Finavarra, Co. Clare, in 

western Ireland in May 2009. Algal samples were transported to the lab in plastic tanks 

filled with seawater. Algal samples were free from visible epiphytes and grazers. Prior to 

experiments, the algae were stored in water and exposed to ambient low light. To trigger the 

release of iodine, the entire seaweed were exposed to air by taking it out of the water and 

placing it in a cylindrical copper chamber (volume 53 dm
3
, surface area 83 dm

2
) (Fig. 5.4). 

The chamber was thermally stabilized using refrigerated water (~5°C) and the temperature 

of the air inside the chamber was 8.5°C (measured with two thermocouples). Measurements 

of molecular iodine were conducted with a) Cool light (1x20W power Glo tube TL20), or b) 

dark conditions inside the chamber or c) UV light (2x40W UV tube). Macroalgae were 

neither cleaned nor dried before commencement of absorption measurements.  
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Another set of experiments was conducted by increasing the mixing ratio of ozone. Ozone 

was generated by switching on a mercury pen lamp with levels of ~50 nmol mol
-1

. These 

experiments ran for ~7 – 8 h with the seaweeds exposed to air inside the chamber. 

Table 5.3. Macroalgal species used with length and dry weight for molecular iodine 

emission experiments  
Macroalgae species Length (cm) Dry weight (g) Collection points 

Phaeophyceae 

Laminaria digitata 

 

215.0 

 

85.20 

 

Spiddal, Co. Galway 

Saccharina latissima 232.0 79.01 Finavarra, Co. Clare 

Saccorhiza polyschides 138.0 18.47 Finavarra, Co. Clare 

Ascophyllum nodosum 30.0 39.25 Spiddal, Co. Galway 

Fucus serratus 70.0 67.75 Finavarra, Co. Clare 

Sargassum muticum 62.5 6.89 Finavarra, Co. Clare 

Cystoseira tamariscifolia 22.5 10.30 Finavarra, Co. Clare 

Chlorophyceae 

Ulva spp. 

 

- 

 

17.48 

 

Mace Head, Co. Galway 

Seawater (unfiltered)   Galway Bay 

 

Emission from microalgae 

Seven common North Atlantic strains of microalgae were selected for this study (see Table 

5.4 for species and cell concentration details). Each of the microalgal species were cultured 

in 2L Erlenmeyer flasks in their respective media (Table 5.4). For the experiment the each of 

the microalgae were placed in 10 cm diameter petri dishes in their respective culture media 

~10cm below the optical axis (Fig. 5.5) of the cylindrical copper chamber (volume 53 dm
3
, 

surface area 83 dm
2
) (Fig. 5.4) at various cell concentrations (Table 5.4).  

As a control, a dish containing only seawater was also placed in 10 cm diameter petri dish 

inside the chamber. The chamber was thermally stabilised using refrigerated water (~5°C) 

and the temperature of the air inside the chamber was constant at 8.5°C which was measured 

with two thermocouples. Measurements of molecular iodine was done with a) Cool light 

(1x20W power Glo tube TL20) and b) dark conditions inside the chamber. 
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Fig. 5.5. Internal view of measuring chamber with microalgae. Photo credit: Sophie 

Dixneuf. 

 

Table 5.4. Microalgal species with cell concentrations and culture media used for the 

molecular iodine emission experiments. 
Microalgal species 

 

Cell concentration 

( cells mL-1) 

Culture media 

Coccolithophore 

Emiliania huxleyi (CCMP 350 ) 

 

107 

 

F/2 

E. huxleyi (CCAP 920/3 ) 105 F/2 

E. huxleyi (CCAP 920/3) 104 F/2 

Diatoms 

Leptocylindrus danicus 

 

107 

 

F/2 

Cylindrotheca closterium 104 L1 

Chaetoceros decipiens 103 L1 

Dinoflagellates 

Scrippsiella trochoidea 

 

102 

 

L1 

Prorocentrum minimum 105 L1 

 

  

Microalgae in petri dish 
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5.3. RESULTS 

Previous laboratory experiments hypothesised that organic matter is enriched by the process 

of bubble bursting in the fine and ultra fine aerosol size fractions and that solubility and 

surface tension of marine organic matter play an important role in the transfer of organic 

matter from the surface of the sea to the atmosphere (Gershey, 1983). The results of the 

bubble bursting experiments described below are categorised based on different species. No 

detectable organics were observed from the 6h tank experiments using both E. huxleyi and 

L.danicus. Hence, what is presented here are only 48 h-long experiments (as shown in Table 

5.1). 

5.3.1. Bubble-mediated experiments 

5.3.1.1. Bubble-mediated experiments using a coccolithophore  

Experiment 1a: Bubble-mediated experiments using E. huxleyi (September 2009) 

The first set of experiment was conducted in the month of September 2009 with the 

coccolithophore E. huxleyi cultures which were in the mid-exponential phase of their 

growth. Aerosol composition was dominated by organic aerosols and sea salt (Fig. 5.6). The 

organic aerosol production by E. huxleyi showed a decrease at the beginning but gradually 

started to rise irrespective of the presence or absence of light (Fig. 5.6). The average organic 

aerosol concentration observed with E. huxleyi was 9.22 µg m
-3

 and the maximum 

concentration was 20.84 µg m
-3

. The cell number decreased throughout the duration of the 

experiment with highest cell density of 6.3 x 10
5 
cell mL

-1
 which reduced to 1.5 x 10

5
 cell 

mL
-1

 (Fig. 5.7). Analyses of pigments showed an intitial Chl a concentration of 3.41 µg L
-1

. 

Other pigments were below the limit of detection (LOD). At the end of the experiment, the 

concentration of all pigments reduced to below the LOD.  

Samples were obtained at different sampling times (at 0, 22, 25 and 48 h) (depicted by arrow 

in Fig. 5.6 a) to analyse various physical, chemical and biological parameters. Among the 

physical parameters, an increase in water temperature was observed from an initial value of 

15.1°C to a temperature of 27.0 °C at the end of the experiment (Fig. 5.8). The phosphate 

and total nitrogen concentrations decreased over the duration of the experiment with initial 

values of 23.6 µg P L
-1

 and 65.7 µg N L
-1

 and values of 0 µg P L
-1

 and 60.6 µg N L
-1

 by the 

end of the experiment (48 h) (Fig. 5.8). DOC and POC had increased at the end of the 

experiment by 33.33% and 29.19% respectively (Fig. 5.9). When compared to E. huxleyi, 
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the blank (seawater only) contained very low DOC and POC concentrations of 64 µmol L
-1

 

and 6.5 µmol L
-1

, respectively. 

 

Fig. 5.7. E. huxleyi. Cell number (cells mL
-1

) and temperature (°C) recorded in tank at the 

different sampling times (depicted in Fig. 5.6. a.) during the bubble-mediated aerosol 

production experiment (Fig. 5.6a.). 
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Fig. 5.8. E. huxleyi. Nutrient concentration (phosphate, nitrate and nitrite) in µg L

-1
 at 

different sampling times (depicted in Fig. 5.6 a.) during the bubble-mediated aerosol 

production experiment (Fig. 5.6)    below limit of detection (LOD). 

 

 
Fig. 5.9. E. huxleyi. DOC and POC concentration (µmol L

-1
) at different sampling times 

(depicted in Fig. 5.6 a.) during the bubble-mediated aerosol production experiment (Fig. 

5.6). 
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Fig. 5.10. E. huxleyi.
 1
H NMR spectra of sea spray organic carbon depicting water soluble 

organic carbon (WSOC) and water insoluble organic carbon (WIOC) and POC. a) 

hydroxylated moieties of sugars/polyols and ester groups; b) aliphatic groups substituted 

with C=O groups and amines; c) aliphatic chains with terminal methyls, typical of lipids; 

arrows indicate signals from H-C=C bonds (vinylic groups). 

POC: E. huxleyi 

POC < 10 µm: E. huxleyi 

Seaspray: E. huxleyi (WIOC) 

Seaspray: E. huxleyi (WSOC) 

6.0           5.5           5.0            4.5           4.0           3.5            3.0           2.5           2.0           1.5            1.0           0.5         0 ppm  

6.0           5.5           5.0            4.5           4.0            3.5           3.0            2.5           2.0           1.5           1.0            0.5          0 ppm  

6.0           5.5           5.0            4.5           4.0           3.5            3.0           2.5            2.0           1.5           1.0            0.5          0 ppm  

6.0           5.5           5.0           4.5            4.0           3.5           3.0            2.5           2.0           1.5           1.0            0.5         0 ppm  
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1
H NMR chemical characterisation was also carried out on the WSOC and WIOC that was 

isolated from samples collected using the Berner Impactor during this experiment. There 

were obvious differences between the spectra for WSOC and WIOC (Fig. 5.10). The former 

presented a more complex structure attributing to liposaccharides and lipoproteins while the 

latter showed characteristic feature of saturated and unsaturated lipids (Fig. 5.10).  

1
H NMR analysis was also carried out on POC that was isolated at 48 h in Experiment 1 

(depicted in Fig. 5.6a) during the course of the bubble-mediated aerosol experiment. The 

spectral features of both the fine and total seawater POC were similar to the spectra for those 

of WIOC (Fig. 5.10). 

Results of the absolute concentration as a function of size and the relative concentrations of 

sea salt, WSOM and WIOM are depicted in Figs 5.11a and b for the bubble-mediated 

aerosols using E. huxleyi. Organic carbon (OC) was present in all aerosol size fractions 0.06-

8 µm (Fig. 5.11b.), although these size ranges were dominated by sea salt (Fig. 5.11a). The 

OC transferred within the above mentioned size ranges generated by bubble bursting was 

mainly water-insoluble organic matter.  

 

The relative mass concentrations of sea spray (Fig. 5.11b.) showed that the coarse aerosol 

size range (above 1 µm) constituted a larger proportion of sea salt compared to the fine 

particle range.  
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Fig. 5.11a. E. huxleyi. Absolute concentration of seaspray (sea salt, WSOM and WIOM) 

from bubble-mediated aerosol samples collected over 6 h using the Berner Impactor. 
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Experiment 1b: Bubble-mediated experiments using filtered and UV-sterilised 

seawater (September 2009) 

Following Experiment 1a, a seawater (blank) experiment was also carried out using filtered 

UV-sterilised seawater only, here no such increase in organic aerosol production was 

observed, in spite of running this experiment for the same time period as with E. huxleyi. 

The average and maximum organic aerosol concentration obtained using only seawater were 

in the order of 5.54 µg m
-3 

and 10.22 µg m
-3

, respectively (Fig. 5.6b). These values were 

lower than the organic aerosol concentrations obtained when cultures of E. huxleyi were 

contained in the tank. 

Experiment 2: Bubble-mediated experiments using E. huxleyi (March 2010) 

A second set of bubble-mediated aerosol experiments were conducted with E. huxleyi in the 

late exponential phase of growth in March 2010. This time, a blank experiment was carried 

out initially with filtered, UV-sterilised seawater; after this, E. huxleyi was added into the 

tank. The average and maximum concentrations of organics when only seawater was used 

were 4.50 µg m
-3 

and 4.89 µg m
-3 

(Fig. 5.12a). A high amount of seasalt aerosols were 

observed in the blank seawater with average levels of 20.28 µg m
-3

. On addition of E. 

huxleyi into the tank, as in Experiment 1, there was an initial decrease in organics but this 

then let to a gradual increase in organics reaching a maximum concentration of 14.67 µg m
-3

, 

which then decreased to an average organic concentration of 5.41 µg m
-3 

over the duration of 

this experiment (5 d, Fig. 5.12a). The dominant aerosol composition observed here was 
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Fig. 5.11b. E. huxleyi. Relative mass concentration of seaspray (sea salt, WSOM and 

WIOM) from bubble-mediated aerosol Berner Impactor samples obtained over 6 h after 

the start of the experiment. 
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organics, in contrast to the sea salt aerosols observed when only seawater was used. The 

production of organics by E. huxleyi was observed only after a period of 24 h (Fig. 5.12a. 

and b.), after which the level of organics decreased and stabilised (Fig. 5.12a.). 

Concentrations of organics when only seawater was used were lower than those found after 

E. huxleyi was introduced. The initial cell concentration was 10
5
 cell mL

-1
 which reduced to 

6.2 x 10
3 
cells mL

-1
 towards the end of the experiment (after 5 d). The temperature increased, 

as in previous experiments, from 7.14°C to 27.2°C.  

 

Fig. 5.12b. E. huxleyi. a) particle size of aerosols from SMPS observation, b) organic mass 

loadings from AMS and c) levels of organics observed online using the AMS from the start 

of the experiment over a period of 24 h. 

 

a) 

b) 

c) 
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Experiment 3: Bubble-mediated experiments using E. huxleyi (April 2011) 

A third bubble-mediated aerosol production experiment was carried out in April 2011 with 

E. huxleyi at the late exponential phase of growth. Here, experiment with seawater (blank) 

was carried out first; the organic aerosol concentration in the seawater (blank) was high, 

with average and maximum values of 6.81 µg m
-3

 and 7.17 µg m
-3

, respectively. When E. 

huxleyi were introduced into the tank, the average concentration of organics was about 2.10 

µg m
-3

 and increased to a maximum value of 6.99 µg m
-3

. This experiment was kept running 

for about 5 d and the level of organics stabilised to approximately 3.00 µg m
-3

, with no 

further increase or decrease (Fig. 5.13). As with the previous experiments, there was a 

decrease in cell number from 7.2 x 10
5
 cells mL

-1
 to 1 x 10

3
 cells mL

-1
 by the end of the 

experiment, after 5 days. By this time, all phytoplankton cells were dead and there was an 

increase in the number of bacterial cells. The water temperature increased from 14.65°C to 

27°C over the 5 d duration of the experiment (Fig. 5.14). 

 

Fig. 5.14. E. huxleyi. Cell number (cells mL
-1

) and temperature (°C) recorded at the different 

sampling times during the bubble-mediated aerosol production experiment. 
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5.3.1.2. Bubble-mediated experiments using diatoms 

Experiment 4: Bubble-mediated experiments using Leptocylindrus danicus (April 2011) 

Experiments with the diatom L. danicus were carried out in April 2011 with cells in the 

exponential phase. The average and maximum concentration of organic aerosol with only 

seawater were 3.1 µg m
-3

 and 4.2 µg m
-3

 respectively. On introducing the diatoms, the 

average concentration of organic aerosols decreased to about 1.5 µg m
-3

,
 
with maxima of 

only 2.5 µg m
-3

 (Fig. 5.15). The cell density decreased from 2 x 10
4
 cells mL

-1
 to 300 cells 

mL
-1 

over 2 d. At the end of the experiment (after 4 d), only dead cells were present. The 

temperature of the water inside the tank at the end of the experiment was 27.0°C, increased 

from an initial temperature of 13.8°C. The chl a concentration at the start of the experiment 

was 15.24 µg L
-1

 which decreased to 2.51 µg L
-1

 after 4 d. The concentrations of fucoxanthin 

and chl c2 were 2.24 and 8.36 µg L
-1

, respectively, and both values were below the LOD at 

the end of the experiment.  

Results of the absolute concentration as a function of size and the relative concentrations of 

sea salt, WSOM and WIOM are depicted in Figs 5.16a and b for the bubble-mediated 

aerosols. These measurements were taken over a period of 6 h when the diatom was 

introduced into the tank. The coarse aerosol size range (above 1 µm) comprised almost 

entirely of sea salt when compared to the fine particle fraction. The OC transferred within 

the submicron particles generated by bubble bursting process was chiefly water insoluble 

(Fig. 5.16b). 
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Fig. 5.16a. L. danicus. Absolute concentration of seaspray (sea salt, WSOM and 

WIOM) from bubble-mediated aerosol samples taken at the start of the experiment 

when the diatoms were introduced into the tank. 

Fig. 5.16b. L. danicus. Relative mass concentration of sea spray (sea salt, WSOM and 

WIOM) from bubble-mediated aerosol samples taken at the start of the experiment 

when the diatoms were introduced into the tank. 
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Experiment 5: Bubble-mediated experiments using Cylindrotheca closterium 

(December 2009) 

A bubble-mediated experiment using C. closterium was carried out in December 2009 with 

cells of exponential phase of growth. Initially filtered UV-sterilised seawater used as a 

control, showed an average organic aerosol concentration of 2.81 µg m
-3

. One hour after 

introducing the diatom into the tank, the concentration of organic aerosols increased to a 

maximum of 7.82 µg m
-3

 and then decreased after 6 h, and remained stable at a 

concentration of 3.52 µg m
-3

 (Fig. 5.18). 

Fig. 5.17. C. closterium. Pigment concentration during the course of the bubble-mediated 

aerosol production experiment.  

 

The number of cells decreased over the duration of the experiment with an initial 

concentration of 6 x 10
4
 cells mL

-1
 to 3.25 x 10

3
 cells mL

-1
. Pigments analysed were chl a, 

chl c2 and fucoxanthin; concentrations of all pigments decreased significantly over the 

duration of the experiment (48 h). The water temperature in the tank increased from 10.57°C 

to 23.30°C.  
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Table 5.5. Concentration of organics (µg m
-3

) of seawater (blank) used in all experiments. 

Species and experiment Concentration of organics (µg m
-3

) 

E. huxleyi 
 Experiment 1 10.23 

Experiment 2 5.00 

Experiment 3 7.16 

L. danicus 
 Experiment 4 3.10 

C. closterium 

 Experiment 5 2.81 

 

5.3.2. Molecular Iodine emission experiments from macro- and microalgae 

5.3.2.1. Molecular iodine emission from macroalgae using brown and green macroalgae 

Of the eight species tested, molecular iodine emissions were only observed from the brown 

algae Laminaria digitata and Saccharina latissima when the seaweeds were placed in the 

dark at a temperature of 8.5°C at ~ 50 µmol mol
-1

 level of ozone (Table 5.6). Fig. 5.19 

depicts the typical result of the time-dependence of the number density of molecular iodine 

at 8.5°C recorded from Saccharina latissima. A very strong I2-absorption bursts occurred 

within the first hour of exposure to air. Subsequently, smaller quasi-oscillatory iodine bursts 

were typically observed that continued for 8 h.  

Table 5.6. Molecular iodine emission from macroalgal species in dark, when exposed to 

cool light (20W), UV light (2x40W) and ozone (~50 µmol mol
-1

). - no emission, + emission, 

++ high emission, na: not tested. 

Macroalgae species I2 emission 
 No light Cool light UV O3 
 

Phaeophyceae 

Laminaria digitata 

 

+ 

 

na 

 

na 

 

++ 

Saccharina latissima + na na ++ 

Saccorhiza polyschides - na na ++ 

Ascophyllum nodosum - na + + 

Fucus serratus - na na + 

Sargassum muticum - - na + 

Cystoseira tamariscifolia - - na na 
 

Chlorophyceae 

Ulva spp. 

 

- 

 

- 

 

na 

 

na 

Seawater (unfiltered) - - - + 
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Fig. 5.19. Saccharina latissima. a) Time dependence of iodine mixing ratio (pptv) inside the 

chamber containing a fresh sporophyte at temperature of 8.5°C in complete darkness. The 

arrow indicates the time at which the typical absorption spectrum of the gas mixture above 

sporophyte of S. latissima was recorded. The black line is the measured extinction ε (λ) and 

the red line is the fit using the equation (shown in b). 

 

On increasing the mixing ratio of ozone (> 15 ppbv), I2 was emitted for all species of 

macroalgae tested. Similarly, I2 emissions were observed from unfiltered seawater when 

ozone was added (Table 5.5). In the case of the brown seaweed A. nodosum, the emission of 

I2 under UV light might be an error in the methodology of the experiment which is explained 

section 5.4 (Table 5.6). 

5.3.2.2. Molecular Iodine emission from microalgae 

Eight species or strains of microalgae were tested for emission of iodine. No I2 emission was 

observed from any of the eight species or strains tested, either with or without light (Table 

5.7). Each species or strain was tested independently and eventually one experiment was 

carried out with all species simultaneously in individual petri dishes (volume=25ml x 7) 

inside the chamber (Table 5.7) but still no iodine emission was observed.  

 

fit() = a + b + c
 2 

+ nI2 I2()
a) b) 
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Table 5.7. Molecular iodine emission from microalgal species with cell concentrations used 

for the experiments. (- no emission, + emission). 

Microalgae species/strains 

 

Cell concentration 

( cells mL-1) 
   I2  emission detected 

No light Cool light 

Coccolithophore 

Emiliania huxleyi (CCMP 370 ) 

E. huxleyi (CCAP 920/3 ) 

E. huxleyi (CCAP 920/3) 

 

107 

105 

104 

 

- 

- 

- 

 

- 

- 

- 

Diatoms 

Leptocylindrus danicus 

Cylindrotheca closterium 

Chaetoceros decipiens 

 

107 

104 

103 

 

- 

- 

- 

 

- 

- 

- 

Dinoflagellates 

Scrippsiella trochoidea 

Prorocentrum minimum 

 

102 

105 

 

- 

- 

 

- 

- 

All species  - - 
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5.4. DISCUSSION 

Bubble–mediated aerosol production experiments 

Bubble-mediated aerosol production experiments were carried out with a coccolithophore 

and two diatom species to observe the potential release of organics by phytoplankton in a 

simulated mesocosm. The different conditions that lead to the release of organics were also 

investigated. The effect that different groups (diatoms and coccolithophores) and different 

growth phases (mid and late exponential phase and dying phase) of phytoplankton on the 

release of organics was also carried out. The bubble bursting aerosol generator in the tank 

consisted of production of bubbles by impingement of water jet on seawater in the tank 

which is considered a valid representation of marine aerosol (Fuentes et al., 2010).  

Our results suggest that the process of organic compound release into seawater by 

phytoplankton depends on various physical and biological factors. In all experiments carried 

out with the coccolithophore E. huxleyi, an initial decrease in the levels of organics was 

noticed which may be attributed to the presence of labile organics in seawater. The 

production of new organics by E. huxleyi was seen only after 24 h (Experiment 1), 

suggesting that a specific duration of time is required for the microalgae to acclimatise to 

conditions in the tank. All experiments were kept running for a period of 4-7 days and the 

level of organics stabilised with no further increase or decrease. Only two experiments 

(Experiments 1 and 2) showed significant higher amounts of organics released by E. huxleyi 

(20.84 and 14.66 µg m
-3

), whereas the subsequent experiments showed lower concentrations 

of organics (6.9 and 1.2 µg m
-3

). The reason for this low concentration of organics could be 

due to the high level of organics in the blank seawater used for the experiments in which 

high levels of organics were obtained (Table 5.5). But again, Experiment 3 did not exhibit 

significant concentrations of organics in spite of the seawater (blank) organics levels being 

high. The seawater was freshly-collected each time an experiment was carried out, it was 

pumped directly off shore, filtered and UV-treated. In order to validate this, more work is 

required using a constant level of organics in the seawater (blank). 

As mentioned above, the time of year in which these experiments were carried may be of 

significance as the seawater collected could have had a background organics level which 

might help in the production of new organic aerosol particles when the phytoplankton are 

introduced in them. There was a significant increase in organic carbon concentration in 

bubble bursting experiments using E. huxleyi carried out in March and September. This 
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could be attributed to the long spring bloom and short autumn blooms that occur in Galway 

Bay (Cusack et al., 2002). Increasing day lengths in spring bring about an onset of seasonal 

stratification due to the increasing light levels and penetration in offshore waters (O’Boyle 

and Silke, 2010). The dominant species in Galway Bay during this time are diatom such as 

Thalassiosira spp., Skeletonema spp. and Chaetoceros spp. with species such as L. danicus 

and Prorocentrum micans dominating later in spring (Roden, 1984). In autumn, surface 

cooling and increased wind stress destabilises the water column resulting in advection of 

nutrients into the euphotic zone and fuelling a short-lived autumnal bloom which often 

consists of diatoms such as Ceratium tripos that eventually collapses due to light limitation 

(O’Boyle and Silke, 2010).  

In the ocean, photosynthetic production of organic carbon is primarily due to phytoplankton. 

Carbohydrates, proteins, amino acids and lipids are some of the major compounds secreted 

by phytoplankton into the water (Cacosian and Lee, 1981). Most of these biogenic organic 

compounds that have been exuded into seawater are removed at a rate comparable with their 

production. In addition to organic carbon uptake by bacteria and zooplankton, algae too 

consume organic matter from seawater. For example, North (1975) demonstrated that the 

phytoplankton Platimonas sp. (Chlorophyceae) can take up amino acids, amines and urea 

from seawater. Also, the uptake of Dissolved Free Amino Acids (DFAA) by the harmful 

algal bloom Alexandrium fundyense was demonstrated by John and Flynn (1999), Gershey 

(1983) also observed a difference in the organic content of coastal and offshore seawater 

which may be attributed to the different composition of phytoplankton species found in 

these areas. Release of DOC by marine phytoplankton has been recorded at the end of a 

bloom (Hellebust, 1965) and during the stationary phase of laboratory grown cultures 

(Guillard and Wangersky, 1958). The bloom conditions in water collected in April and 

September might be the reason why the background level of organics in seawater was high. 

As a result, phytoplankton species, E. huxleyi might have consumed some of the organics for 

their growth, and resulted in the further production of organics. But this needs validation 

under controlled levels of organics in the seawater (blank). 

The general nutrient trend in all the bubble-mediated aerosol production experiments carried 

out showed a reduction in nitrates, nitrites and phosphates at the end of the experiment. It is 

known from previous studies that DOC production from seawater is likely to be low under 

nutrient-replete conditions (Fogg 1983). Otero and Vincenzini (2004) showed that DOC may 

increase under nitrogen starvation conditions. Excretion of DOC is also known to increase 
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with high irradiance (Mague et al. 1980). The increase in DOC with high irradiance may be 

an energy dissipating mechanism where cells throw out the excess carbon fixed in excess of 

their ability to synthesise proteins (Staats et al., 2000). The irradiance used in this study was 

80 µmol photons m
-2

 s
-1

 and was not varied at any time of the experiment. Results are 

therefore inconclusive as to light inside the tank had an effect on the production of organic 

aerosols as no obvious trends were observed. 

Similar bubble-mediated aerosol production experiments had previously been conducted on 

the Celtic Explorer (Facchini et al., 2008) but used a continuous flow of seawater which was 

replenished every few minutes, thereby maintaining a constant water temperature. In our 

tank experiments the seawater flow was not replenished, and as a result, the water 

temperature rose with time (in all experiments). This, in turn, increased the temperature in 

the head space of the tank; this increase in temperature leads to the formation of water 

vapour in the walls of the head space and could have had an effect on the organics released 

(Ceburnis, pers. comm.).  

Phytoplankton grazing by bacteria has been shown to trigger the release of DOC and the 

DOC turnover rates were measured in the North Atlantic Ocean which is in the range of 

0.025 – 0.363 per day (Kirchman et al, 1991). In one of our experiments conducted in April 

2010 with E. huxleyi, the number of bacterial cells increased towards the end of the 

experiment (Experiment 3), but no significant increase in organics was observed across the 

duration of the experiment. This may be due to the fact that bacterial decomposition of 

organic matter might have occurred at a fast rate and, hence, no organics were detected. 

Bacterioplankton in oceans have the ability to transport low molecular weight compounds 

through their cell membranes and hence help in the process of organic matter removal 

(Carlson, 2002). This could suggest that the process of organic compound release into 

seawater by phytoplankton depends on various physical and biological factors. 

It was beyond the scope of this project to identify specific organic compounds due to the 

complexity in the signature of organics. In seawater, lipids exist as short chain hydrocarbons 

which do not allow water to pass through them (Carlson, 2002). These short chain 

hydrocarbons join together to form micelles (which have a hydrophilic head and a 

hydrophobic tail). This micelle will partially allow water to pass through them. Aerosols too 

have a lipid layer surrounding them. This lipid layer could possibly be a micelle layer thus 

making it partially hydrophobic. The release of low molecular weight organic compounds, 
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including amino acids and nitrogen from phytoplankton exudates, was observed in previous 

studies (Watt, 1969; Søndergaard and Schierup, 1982) and occurred by a process of passive 

diffusion rather than overflow (Bjørsen, 1988). In addition to this, long chain alkenones are 

known to occur widely in seawater and in marine sediments (Thierstein and Young, 2004). 

During algal cell death, aerobic biodegradation of alkenones are known to occur (Rontani et 

al. 1997). E. huxleyi and the closely related coccolithophore Gephyrocapsa oceanica are 

known to produce a suite of long-chain unsaturated ethyl and methyl ketones known as 

alkenones (Thierstein and Young, 2004). Fuentes et al. (2011) noted differences in CCN 

activity and hygroscopic growth when bubble bursting experiments were carried out with the 

diatom Thalassiosira rotula and prymnesiophyte Phaeocystis globosa. The organic material 

was more hydrophobic from the diatom when compared to the nanoplankton. Our study 

showed organics to be partially hydrophobic in nature. Ellison et al. (1999) suggests that the 

phytoplankton lipid bilayers contained a higher fraction of alkenes in order to maintain the 

membrane fluidity at oceanic temperatures. Fuentes et al. (2010) carried out bubble-

mediated experiments with seawater in which organic levels were 512 µM. The diatom T. 

rotula was cultured separately in order to acheive this level of organics. The seawater used 

was devoid of the microalgae in the tank. These authors based this experiment on 

characterisation of sea salt aerosol generation using different techniques of bubble and 

seaspray aerosol generators and found the impingement or plunging method was a valid 

representation, which conforms to the seaspray generation method used in our study. In 

addition to this, the aerosols were also characterised using DMPS, CCN counters and CPC. 

Our study also investigated characterisation of aerosols but these will be discussed 

elsewhere in collaboration with our collaborators at the School of Physics, NUI Galway.  

Bubble-mediated experiments had previously been carried out on the Celtic Explorer as part 

of the Marine Aerosol Production (MAP) project in 2006. At that time, the chemical 

analyses of POC < 10 µm was composed mainly of lipopolysaccharides (Facchini et al., 

2008). However, in our bubble-mediated aerosol experiment, the POC < 10 µm was 

comparable to the WIOC spectra which mainly consisted of saturated and unsaturated lipids. 

The organic matter produced was hydrocarbon-like and water insoluble, which is 

characteristic of unsaturated lipids that exhibit low hygroscopic growth factor of aerosols. 

This organic matter was far less oxidised (contained less sugars) than the organic matter 

reported by Facchini et al. (2008). Aluwihare (1999) demonstrated that some 
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polysaccharides such as acyl heteropolysaccharides were the main constituents of DOM 

exuded by E. huxleyi and the diatom Thalassiosira weissflogii. 

Gershey (1983) suggests that the composition of the aerosol fraction consists of 

phytoplankton debris which was produced as a result of cell lysis. These aggregates are 

adsorbed on the surface of the aerosol and are rich in organics. A few experiments were 

conducted by us using dead cells of algae but with no significant release of organics; 

cultures of E. huxleyi which were in the mid-exponential phase were subjected to heat at 

80°C, for 15 min. This heat treatment resulted in 100% mortality which was confirmed by 

staining the cells with 1% Evan’s blue solution and inspection under the light microscope 

(Franklin et al., 2009). In addition to this, the pigments were also analysed using the HPLC 

and the viability of the heat treated cells were also assessed by culturing them in fresh 

media; this resulted in absence of re-growth which ascertained the death of cells. An evident 

question here would be if heat treated cells were similar in characteristics to dead cells in its 

natural environment or in culture. Heat-treated cells appear shrunk with clumped cytoplasm 

and reduced chlorophyll a which are similar to dead cells in laboratory cultures (Franklin 

and Berges, 2004). Another possible cause for cell death in the natural environment is 

pathogen attack (Bratbak et al., 1995) and zooplankton grazing (Franklin et al., 2009). 

Previous studies on the organo sulphur compound DMSP release have shown that maximum 

release occured at declining growth phase of E. huxleyi and was least during active growth 

as a result of cell lysis (Turner et al., 1988). Zooplankton grazing is thought to result in the 

release of DMSP but the mechanism remains unclear (Dacey and Wakeham, 1986). Viral 

attack also significantly increases the release of DMSP from E. huxleyi (Malin et al., 1992). 

In nature, one of the mechanisms by which an E. huxleyi blooms collapse is by viral attack 

(Bratbak et al., 1995; Castberg et al., 2001). These viruses belong to the genera 

Phycodnaviridae that are known to infect microalgae. These lytic coccolithoviruses have 

large double stranded DNA and are thought to be specific to E. huxleyi strains. The viral 

strains are known to cause cell death in E. huxleyi culture within a span of 3-7 days 

(Schroeder et al., 2002).  

This study exhibited the release of DOC when the cells were in the exponential phase in 

some instances. This was shown in two instances with E. huxleyi. However, there was no 

significant release of DOC by the two diatom species L. danicus and C. closterium. Verity 

(1981) demonstrated in laboratory cultures that excretion rates by healthy L. danicus cells at 

their optimum temperature of growth is minimal. Diatoms are known to excrete extracellular 
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polymeric substances (EPS) that often results in the formation of biofilms on the surface of 

mudflats (Bhaskar and Bhosle, 2005). EPS that are excreted are known to be a food source 

for bacteria (Goto et al., 2001). Studies on Chaetoceros gracilis showed maximum release of 

DOC during the stationary and senescent phase when the cell numbers had started to 

decrease as a result of cell lysis or cell decomposition (Chen and Wangersky, 1996). 

Laboratory experiments with L. danicus cells showed excretion of DOC by healthy cells to 

be minimal at their optimal growth temperature (Verity, 1981). Our results suggest that there 

was no conclusive evidence for growth phase stage of phytoplankton to have an influence on 

release of organic compounds.  

Moore et al. (2011) measured the CCN activity of sea salt aerosol generation from the green 

alga Ostreococcus lucimarinus and the cyanobacteria Synechococcus sp. and their impact of 

marine organic matter on cloud formation. These authors found that there was ~ 34 times 

more carbon in the artificial sea water particles produced by the microalgae O. lucimarinus 

than without. These findings indicate that organic matter from primary production in oceans 

on forming sea spray aerosols can cause a change in sea spray aerosol CCN activity. The 

same authors also suggest that for the particular microalgae (O. lucimarinus and 

Synechococcus sp.), the net effect of CCN activity was relatively small and their blooms had 

negligible impact on cloud formation. Unfortunately, results from the SMPS and HTDMA 

are not discussed here for comparison.  

The present study has given us a better understanding of the chemical composition and 

properties of fine primary aerosols released from phytoplankton cultures. This is a 

preliminary attempt using phytoplankton cultures in a mesocosm to study the production and 

composition of organic aerosols. The ratio of WIOM/sea salt can be used as a proxy to 

model the organic source function during a phytoplankton bloom (O’Dowd et al., 2008) and 

may have important consequences for the predictions of the hygroscopic and CCN 

properties of marine aerosols (Nenes et al., 2002). Further experiments are also required 

using other groups of phytoplankton such as dinoflagellates to examine if specific algal 

species or groups contribute to organic production in the ocean. Furthermore, consideration 

is also required with regard to the effect of marine environment on the evolution of organics 

as several factors affect such processes. For instance, the presence of UV radiation can alter 

the nature of these organic compounds and impact the CCN activity (Moore et al., 2011). 

Ultimately the ocean does not depend on a single entity such as phytoplankton to produce 

organic compounds. An interplay of organisms, trophic interactions, physical and chemical 
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factors are necessary for the production and removal of organic compounds. Primary 

production from the oceans can add significant amounts of organic material to sea spray 

aerosols, and this study proves that for the particular set of species used. The effect of sea 

surface microlayer on the formation and composition of marine aerosols is poorly 

understood and still under investigation (Rinaldi et al., 2009) and clearly illustrates the need 

for further experiments. 

Molecular iodine emission from macro- and microalgae 

In this study emission of I2 was monitored for different species of macroalgae at cool light 

and dark conditions at 8.5°C applying a highly sensitive cavity-enhanced absorption 

spectroscopy technique (Dixneuf et al., 2009). The macroalgae L. digitata and S. latissima 

showed very strong I2 absorption bursts that occurred within the first hour of exposure to air. 

Subsequently, smaller quasi-oscillatory iodine bursts were typically observed for a duration 

of several hours. These profiles were consistent with those observed by Bale et al. (2008), 

Dixneuf et al. (2009) and Nitschke et al. (2011). The first in situ detection of molecular 

iodine from the kelp Laminaria digitata was observed by Dixneuf et al. (2009) under natural 

conditions. These authors also observed an initial strong burst and several shorter bursts 

which were similar to the experiments that were carried here using the same kelp species. It 

is thought that the reason for these bursts may be the biochemical activity occurring in the 

seaweed and its aqueous environment (Dixneuf et al., 2009). The bursts in iodine may also 

be a consequence of stress-induced production of H2O2 in the kelp species (Küpper et al., 

1998). The I2 emission profiles from Laminariales indicate the occurrence of a rapidly 

mobilised or a directly iodovolatilisable iodine pool depleted during emersion (Dixneuf et 

al., 2009; Ball et al., 2010). The time series of S. latissima sample produced gas phase I2 at 

mixing rations of 225-528 pptv (observed by Ball et al., 2010). These values are extremely 

low when compared to our study which maybe because the samples that the authors used for 

the experiment were partly decayed and of small size (FW=60 g). In contrast, this study used 

freshly collected S. latissima from the intertidal pool region with no visible decay and with 

the DW of 79.01g. In our study, no I2 emissions were detected from the macroalgae 

Saccorhiza polyschides, Ascophyllum nodosum, Fucus serratus, Sargassum muticum, 

Cystoseira tamariscifolia or Ulva spp. in the absence of light. Similarly, Ball et al. (2010) 

did not detect any iodine emission from F. serratus however; I2 emission from A. nodosum 

at levels of a few hundred pptv. This may be because the FW of A. nodosum used by these 

authors was 420g which was higher than the one used in this study (~ 172g). This clearly 



Chapter 5: Emission and exudation of organic matter from microalgae 

 

356 

 

illustrates the need for further experiments using different species of macroalgae under 

controlled conditions of light and temperature. 

This study shows that S. latissima produced several bursts of I2 within the first hour after 

exposure to air. This time profile may have an important consequence for particle formation 

rates in the natural environment. Burkholder et al. (2004) suggests that particle nucleation is 

a non-linear process requiring high concentrations of condensable gases to be localised. This 

work and previous studies (Dixneuf et al., 2009 and Ball et al., 2010) indicate that the 

strongest hot spots are likely to be found over kelp beds in the first few minutes after they 

are exposed to a receding tide. For example, rapid nucleation events were observed with 

ultra-fine aerosol particles at Mace Head, Ireland (O’Dowd, et al., 2002) and Brittany, 

France (McFiggans et al., 2009). At low tides during daytime, these nucleation events 

occurred in ‘bursts’and a fraction of these nucleated particles may grow eventually to form 

CCN and can thus affect cloud properties (McFiggans et al., 2006).  

On exposure to increasing mixing ratio ozone (> 15 ppb), all species of macroalgae used in 

this experiment exhibited emission of I2. Previous studies have shown that on exposing L. 

digitata to ozone is a strong external oxidative stress which produces I2 via inorganic 

reaction of ozone with iodide released from the seaweed’s accumulative stock (McFiggans 

et al., 2004; Küpper et al., 2008). In the presence of UV radiation, A. nodosum exhibited 

emission of I2; this may have been due to an error in the methodology and not the 

physiological status of the seaweed. During this experiment, there was an increase in 

temperature inside the chamber (> 8.5 °C) which may have triggered the release of iodine 

from the walls of the chamber which was already saturated with iodine from a previous 

experiment. But this requires more work to be done under controlled conditions of UV and 

temperature. Our study on emission of I2 from different species of macroalgae represents a 

preliminary attempt and formed the basis for a new project (refer Nitschke et al. (2011) for 

details on this project). Their research investigated the time-resolved flux measurements of 

I2 emitted by L. digitata as a function of light intensity and temperature from different parts 

(stipe, meristematic area and distal blade) of L. digitata investigated under low light (35 

µmol photons m
-2

 s
-1

) and dark conditions. Photosynthetic parameters too were determined 

to investigate the extent of stress experienced by the seaweed. Results by Nitschke et al. 

(2011) also indicate that even under low stress conditions, L. digitata exudes iodine into 
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seawater which is then volatilised and this pool of iodine is depleted when the seaweeds are 

exposed to air.  

The emission of molecular iodine by microalgae was also carried out using different species 

and strains, but none of the samples exhibited any detectable release of molecular iodine. 

There could be several reasons for this. So far, no observed release of molecular iodine has 

been reported from microalgae. Marine diatoms are known to convert iodide to iodate 

(Wong et al., 2002), but a study by Butler et al. (1981) showed no appreciable 

interconversion of iodide to iodate was noticed with the diatoms Skeletonema costatum, 

Asterionella japonica and the chlorophyte Dunaliella tertiolecta. Hence the authors propose 

that it is highly unlikely that phytoplankton alone influences the iodine speciation in the 

oceans. However, Wong et al. (2002) demonstrated the reduction of iodate to iodide by 

several groups of phytoplankton which might vary with growth phase and species 

specificity, suggesting that the reduction of iodate to iodide by phytoplankton may be a 

general phenomenon occurring in the marine environment. These authors found that the 

dinoflagellate was the most efficient in depleting iodate and the cyanophyte Synechococcus 

sp. was most efficient in formation of iodide. The coccolithophore E. huxleyi was least 

efficient in depletion and formation of iodate and iodide, respectively. It has been also 

demonstrated that diatoms generate and release HOI (Hill and Manley, 2009), and this HOI 

reacts with DOC to form diiodomethane (Carpenter et al., 2005). Hence, further experiments 

should be carried out under different conditions of light and temperature and growth phase 

of species in order to examine the emission of iodine from microalgae. 

Iodines in the atmosphere are known to influence the ozone concentration and lead to the 

formation of new particles which could be potential CCN (O’Dowd and Hoffman, 2005). 

Hughes et al. (2008) demonstrated the release of iodocarbons from the aggregated mucilage 

of diatoms and phytodetritus from the Celtic Sea. Amachi et al. (2001) have demonstrated 

that bacterial activity increases the formation of monoiodinated iodocarbons. The 

experiments by Hughes et al. (2008) also describe how natural detritus particles are 

characterised by high rates of bacterial production; such high microbial activity is associated 

with increased rates of breakdown of organic matter which are precursors that are required 

for the formation of CH3I, C2H5I, CH3CH2CH2I and CH3CHICH3. Aggregates of cells are 

found in coastal areas after the termination of a phytoplankton bloom and these regions are 

potential hotspots of iodocarbon production (Hughes et al., 2008). While Phaeocystis sp. and 

E. huxleyi form large blooms over the ocean, these species appear to contribute very little to 
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the production of global methyl halides (Scarratt and Moore, 1998). It was beyond the scope 

of this study to carry out modifications in the experimental designs using microalgae. Future 

experiments should use larger volumes (~ 12 L) of microalgal culture. The experiment could 

be made similar to a flow through system where the microalgae are continuously 

recirculated in the chamber. This would require modification to the detection set up and 

would simulate natural conditions.  

In conclusion, the bubble-mediated experiments using microalgal cultures in natural 

seawater produced aerosols containing a range of simple to complex mixtures of organic 

material but of hydrocarbon in nature. This study has provided new information on chemical 

composition and properties of fine primary marine aerosols in simulated high bloom 

conditions. These results may have important consequences in predicting the hygroscopic 

and CCN properties of marine aerosols. In addition to this, the ratio of WIOM/sea salt can 

be used as a good proxy to model the organic source function from sea salt produced during 

high biological activity (O’Dowd et al., 2008). Hence, it is reasonable to assume that marine 

algae play an essential role as indicators of climate change by mediating global climate 

through their emission potentials and the influence of marine algae on cloud formation.
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CONCLUSIONS 

Global warming is predicted to increase the sea surface temperature by 1.7 – 1.9 °C over the 

next century with the increase being more apparent and varied in some areas than others 

(IPCC, 2007). It can directly or indirectly affect the biology, population and trophic system 

associated with it. Marine environments are subjected to change with fluctuating conditions 

and the effect of climate change is of increasing concern. Changes in global temperatures 

can influence the mixing of oceans thereby influencing light levels, surface temperature and 

nutrient recycling (IPCC, 2007). The distribution and growth of algae are controlled 

primarily by light, temperature, nutrients, salinity, water movements (Lobban and Harrison, 

1994; Gylle et al., 2009) and substrata (Kautsky and Kautsky, 1989). Marine algae influence 

climate over long- and short-time (Simó, 2011) scales. The long-term effects are influencing 

the elements of biogeochemical cycles that are essential for ecosystem functioning. 

Exchange of greenhouse gases with the atmosphere, regulating the atmospheric 

photochemistry and influencing the energy budget of the earth’s atmosphere through 

emission of primary and secondary aerosols are examples of short-term influences. 

This study focused on algal ecophysiological and chemical responses of marine algae to 

environmental impacts, in particular, light including UV radiation, temperature and 

nutrients. The effects of climate change on marine algae are difficult to assess due to paucity 

in data in natural as well as laboratory conditions and influence of several environmental 

factors. Additionally, seasonal effects of environmental variables on macroalgal 

photosynthesis, pigment composition and concentration and accumulation of secondary 

metabolites were also assessed. In this study, most species exhibited some seasonal variation 

in pigment levels, but these variations were species- and pigment-specific, suggesting that 

light is one of the most important environmental factors in determining the pigment 

concentration and composition.  

Algal metabolic compounds are released into the water in potentially large quantities, 

significantly contributing to the DOM pool. This study has shown mid-tidal seaweeds like A. 

nodosum and F. serratus to have the highest phenolic content, and the level of phenols 

decreased towards lower shore with L. digitata having the lowest levels. This supports 

previous assumptions that phenol accumulation in algal tissue increases with longer 

exposure to higher irradiance (Connan et al., 2004). Accumulation of short-term 

phlorotannin and MAAs content in macroalgae were species specific and were influenced by 
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temperature, high light and UV radiation and was not affected by changes in nutrient 

availability. The highest levels of phenols were observed in spring and summer for A. 

nodosum and F. serratus suggesting the photo-protective role of phenols. Seasonal trends 

were observed in the concentration of MAAs which are probably determined by differences 

in solar radiation and/or temperature in the habitat of C. crispus. 

The production of DOC in oceans is important due to its potential to drive primary 

production when inorganic nutrients such as nitrates are depleted. Our study showed the 

release of DOC from healthy cells of microalgae during their growth. Species specific 

variations for both macro- and microalgae to primarily temperature and light were found 

with regard to DOC exudation. This study has also provided information on chemical 

composition and properties of fine primary marine aerosols in simulated high microalgal 

bloom conditions. This may have important consequences in predicting the hygroscopic and 

CCN properties of marine aerosols.  

The intertidal ecosystem is a good system to monitor populations as it is well studied and the 

organisms are restricted to a narrow strip of shoreline habitat (Sinkanin et al., 2005). 

Upper/mid-shore species such as A. nodosum and F. serratus exhibited high photosynthetic 

efficiency where as lower shore submerged species such as S. latissima and L. hyperborea 

have lower photosynthetic efficiency irrespective of the season. This is in accordance with 

the study by Skene (2004) where algal species higher in the shore such as A. nodosum, F. 

vesiculosus have greater photosynthetic rates, photosynthetic efficiencies and respiration 

rates while fully hydrated than species found in the lower shore such as Palmaria palmata 

and Mastocarpus stellatus. This may be attributed to upper shore species spending less time 

when hydrated to photosynthesise and furthermore, upper shore algae that recover from 

desiccation have significantly higher fluorescence characteristics than the lower shore non-

recoverers (Skene, 2004).  

It is not possible to control environmental variables in natural population, for use in 

modelling data as input. Hence, controlled laboratory studies too are essential in order to 

investigate the effect of climate change on both macro- and microalgae. The effect of abiotic 

factors such as irradiance, temperature and nutrients on selected macro- and microalgal 

species were determined under controlled conditions in the laboratory. In addition to this, 

the role of macro- and microalgal exudates on marine climate was also investigated. Because 

these experiments were carried out in the laboratory, they cannot always reproduce 
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processes in natural populations. However, inferences can be made from response of algae 

under defined environmental conditions. 

Changes in temperature patterns in space and time and the response of marine organisms to 

temperature is not straightforward, and temperature is only one of a suite of potentially 

interacting climate variables that is driving ecological changes in marine systems (Harley et 

al., 2006). Additional complexities in biogeochemical feedback mechanisms makes it 

difficult in predicting precise future temperature changes (IPCC, 2007) for instance, UV 

radiation, productivity and release of organic compounds by marine algae. Preliminary 

investigations of future climate scenario for Ireland suggest warming of approximately 

0.2°C per decade (Sweeney and Fealy, 2002). This change in temperature has direct effects 

on marine algae and is essential for monitoring their physiological and biological role in the 

ecosystem. The effect of environmental parameters such as temperature, irradiance and 

salinity on growth, photosynthesis, pigment concentration and reproduction has been well 

documented under different controlled conditions (Bruhn and Gerard, 1996, van de Poll et 

al., 2001, Roleda et al., 2004, Nygård and Dring, 2008). At increasingly higher temperatures, 

the rate of respiration exceeds photosynthetic rates, resulting in decline in growth and 

ultimately resulted in mortality in seaweeds. The general reduction in the photosynthetic 

efficiency at higher temperatures (23°C and 26°C) indicates that both PS II and the rest of 

the photosynthetic machinery were damaged.  

Most macroalgae exhibited a reduction in growth when exposed to UV radiation. 

Acclimation to high light environment results in a decrease in total pigment concentrations 

and is accompanied by a decrease in the accessory pigment: chl a ratios. In our study, in 

general, the levels of photosynthetic pigments in all species decreased after 14 days. In UV 

treatments too, for all species, the levels of pigments decreased at the end of the experiment. 

Our study found an increase in levels of lutein and under high temperatures (20°C, 23°C, 

26°C) and UV treatments after 3 days. This conforms with the study on C. crispus by Kräbs 

and Wiencke (2005) where an increase in lutein was observed which coincided with 

recovery of Fv/Fm and increase in the concentration of MAAs. However, in our study, even 

though levels of carotenoids increased after 3 days coinciding with increased accumulation 

of MAAs, there seems to be an incomplete protection of growth and photosynthetic related 

processes in C. crispus as there was a decrease in the ETRmax. Franklin et al. (1999) 

observed a decrease in photosynthetic yield in C. crispus in spite of accumulation of MAAs 

when exposed to UVR. A possible explanation for this could be destruction to other cellular 
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processes thereby rendering MAAs and carotenoids insufficient to prevent damage to C. 

crispus. In our study, for both long-and short-term experiments, exposure to UV treatments 

led to reduction in growth rates despite having maximum MAA content, suggesting an 

incomplete protection of growth-related and photosynthetic processes. This conforms to 

similar studies on C. crispus where accumulation of MAAs were maximum when exposed to 

UVA+UVB+PAR and a reduction in growth rate and photosynthetic yield was also 

observed (Franklin et al., 1999). Other possible reasons of reduction in growth rate and yield 

may be due to damage to other cellular processes and despite synthesis of MAAs, it was 

insufficient to prevent damage to seaweeds. Oxidative damage to RUBISCO and DNA was 

observed and linked to decline in photosynthetic efficiency and growth in the dinoflagellate 

Prorocentrum micans on culturing them under UV radiation led to inhibition of 

photosynthesis and growth (Lesser, 1996). 

Coastal areas dominated by kelp beds and fucoids exhibit high levels of phlorotannin 

exudates which influence the spectral characteristics of near shore waters (Carlson and 

Mayer, 1983) and inhibit penetration of UVB (Swanson and Druehl, 2002). Phlorotannins 

are important secondary metabolites present within algal tissue and inducible by UV 

radiation in addition to their role as herbivore deterrents (Swanson and Druehl, 2002). 

Phenolic levels assayed in A. nodosum and L. digitata were in the range of 8 % DW and 

0.1% DW respectively. This is in accordance with phenolic levels (0.1-20% DW) found in 

temperate seaweeds (Connan et al., 2004). Phenolic compounds of both species were 

composed of intra-cellular and and a lower proportion of cell-wall phenolics. No significant 

induction of phenols were detected in our study with A. nodosum and L. digitata at different 

UV treatments. A possible reason why there might not be accumulation of phenolics when 

exposed to UVB radiation maybe due to the fact that UVB not only induces but also 

photodegrades phlorotannins which was observed in a phycolichen (Swanson and Druehl, 

2002). Our study demonstrated increased levels of phenolic compounds in seawater after 14 

days for both A. nodosum and L. digitata irrespective of UV treatments. This is in 

accordance with a study on A. nodosum by Swanson and Druehl (2002). In addition to this, 

the cell-wall composition of L. digitata increased at the end of the UV treatment.  

In addition to their role as primary producers, marine algae release large fractions of their 

photosynthetic products as DOM. But not many studies have been carried out to investigate 

the effect of physical stresses on the release of DOC and the eco-physiology of seaweeds 

(Wada et al., 2007) and phytoplankton (Aluwihare, 1999). Furthermore, the connection 
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between photosynthetic production under different environmental variables and DOC 

accumulation is not well understood (Aluwihare et al., 1997). In this study, at higher 

temperatures of 26°C, both A. nodosum and F. serratus exuded significant amounts of DOC 

into seawater at 100 µmol photons m
-2

 s
-1

when they were cultured for 3 days. On culturing 

for 7 days, the fucoids showed maximum excretion of DOC at 16°C. Exudation of DOC 

from natural populations of macroalgae is not the only source of macroalgal DOC into 

seawater. Reproductive structures and washed up algae may also release DOC. It is evident 

from previous studies that A. nodosum annually releases ~50% of its total weight as 

receptacles and 50% of standing crop may be removed by ice (Carlson and Carlson, 1984). 

In this study, exudation by F. serratus was slightly more (350 µM g
-1

 FW) when compared 

to A. nodosum (250 µM g
-1

 FW) at 26°C. Carlson and Carlson (1984) in a study on 

exudation patterns from A. nodosum and Fucus sp. found similar or slight higher exudation 

by Fucus sp. and found no consistent relationship between exudation and water temperatures 

between 15°C and 20°C. This might be due to the fact that it was carried out in the field 

were several other paramaters are variable and cannot be controlled as in laboratory 

experiments.  

Studies related with environmental issues such as primary production, organic compound 

exudation by algae and global climate change are based on chl a concentrations measured by 

in situ sampling or from satellites (Longhurst et al., 1995). Since this study exhibited chl a 

content of phytoplankton varying with different species, satellite data, in particular may not 

be accurate to indicate phytoplankton biomass. In addition to this, varying temperature and 

irradiances in the oceans may have a significant effect on the chl a content of phytoplankton. 

Our results on the relationship between chl a and cell density suggests that these parameters 

vary depending on the growth temperatures and irradiances and species-specificity. Hence, 

mechanisms controlling phytoplankton growth and physiology should be considered in 

assessment of primary production. On exposure to UV radiation, our studies with E. huxleyi, 

L. danicus and S. trochoidea exhibited low growth rates and chl a cell
-1

 at UVA+UVB+PAR 

treatment and highest growth rates were observed when exposed to PAR only. Active 

release of photosynthates that accumulate when carbon fixation exceeds incorporation into 

new material is exudation of organic matter by algal cells (Garde and Cailiau, 2000). In our 

experiments, highest release of DOC was observed when exposed to PAR, followed by 

UVA+UVB+PAR. This is in accordance with studies by Zlotnik and Dubinsky (1989) 

where both high and low intensities of light are found to be correlated to DOC excretion. 
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Our experiments exhibited the rate of release of DOC into seawater per day was highest 

(45.6 d
-1

) and per cell per day was lowest (4.49 x 10
-9 

µmol cell
-1 

d
-1

) from E. huxleyi in PAR 

treatments. These release rates are slightly lower than those reported by Suratman et al. 

(2008) the reasons for this could differences in strains of E. huxleyi. Strains of E. huxleyi 

from different geographical regions differ in numerous physiological and biochemical 

parameters like growth rate (Paasche, 2000), salinity tolerance (Brand, 1984), pigment 

composition (Stolte et al., 2000) and several others that need identifying (Leonardo and 

Harris, 2006).  

In addition to light, nutrients are amongst the most important factors controlling growth and 

development of macro- and microalgae (Lobban and Harrison, 1994). Changes in nutrient 

content in the marine environment may have profound effects on chlorophyll a (Chl a) and 

carbon dynamics (Eker-Develi et al., 2006); thus mechanisms that control algal growth and 

physiology must be taken into consideration while assessing nutrient cycling and primary 

production. A decrease in photosynthetic efficiency was observed at the end of the 

experiment for both nitrogen (N)- and phosphorous (P)-treatments for all three macroalgae. 

Previous studies have also reported decreases in Fv/Fm during N-deplete conditions in a 

range of algal taxa (Korbee et al., 2005). In our study, the concentration of pigments 

significantly reduced at the end of the experiment due to a decrease in nutrient availability. 

In addition to this, accumulation of pigments depends on the quality and quantity of 

irradiance provided (Figueroa et al., 1995). In a study on Porphyra sp., decrease in pigment 

content may be due to N-limiting conditions where the regulation of photosynthetic 

apparatus balances the energy demands for the growth of the species (Korbee et al., 2005). 

Phlorotannins exhibit a high degree of spatial and temporal variation within macroalgal 

species. No significant effect of the different nutrient levels (both N and P) were observed 

on the level of phenols in the brown algae A. nodosum and L. digitata. Pavia and Toth 

(2000) observed no significant short-term changes in phlorotannin content as a response to 

increased N availability for A. nodosum. This is in accordance to our results for A. nodosum. 

Arnold et al. (1995) suggests that concentrations of these polyphenolic compounds are 

inversely related to nitrogen availability. The amount of soluble phlorotannins within the 

cells were higher in concentration than those bound to cell walls. In addition to this, some 

amount is exuded by passing through the cell wall (Koivikko et al., 2005). The phenols 

exuded in the water by both macroalgae were higher at the end of the experiment 

irrespective of the nutrient treatments. Phenol exudation was not affected by nutrient 
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treatments which conform to a study with F. vesiculosus by Koivikko et al. (2005). In 

conclusion, this study implies that nutrient availability is of lesser importance than light 

environment in predicting phlorotannin content of each species.  

Nitrogen is a critical component in the productivity of ecosystems and little information on 

the effect of nitrogen availability on the synthesis and accumulation of MAAs is available 

from studies with macroalgae (Korbee-Peinado et al., 2004). Similar to phlorotannins, 

MAAs were not affected by nutrient concentrations and it seems that a combined effect of 

UV radiation and nitrogen enrichment stimulates the synthesis of MAAs (Korbee-Peinado et 

al., 2004). 

Phytoplankton blooms in the oceans are determined by interplay of several biological and 

physico-chemical variables. In laboratory experiments, most of the environmental variables 

can be controlled thus enabling the estimation of influence of a specific parameter. The cell 

density of all species of microalgae, during the exponential and stationary phase, in both the 

N-deplete and P-deplete cultures were lower than in the cultures grown at N and P-replete 

conditions. This is possibly because most of the processes that are involved in cell division 

were limited by low concentrations of inorganic nutrients. In our study, all species of 

microalgae (E. huxleyi, C. closterium and S. trochoidea) exhibited low levels of chl a and 

chl c in nutrient–deplete conditions suggesting that the photosynthetic machinery is 

inefficient under these conditions. Chl a content per cell differed among species and within 

different nutrient treatments. Chl a per cell for E. huxleyi in the exponential phase of growth 

ranged from 0.06-0.19 pg cell
-1 

which conforms with studies by Muggli and Harrison (1997) 

on the same species were values ranged from 0.11-0.13 pg cell
-1

. 

Dissolved organic matter is measured by assessing one of its constituents i.e., DOC, 

dissolved organic nitrogen (DON) or dissolved organic phosphorous (DOP) (Suratman et al., 

2008). The most widely used measure of DOM is DOC, the production of which is 

important due to its potential to drive primary production in marine systems when inorganic 

nutrients are low (Carlson, 2002). It is unclear if DOC from phytoplankton is released from 

healthy cells during the growth of phytoplankton (Aluwihare and Repeta, 1999; Suratman et 

al., 2008), or only from dead phytoplankton (Newell et al., 1972). Hence, DOC production 

will potentially vary strongly in the ocean as a result of changed nutrients or growth 

conditions (Borchard and Engel, 2012). In general, for E. huxleyi, the DOC concentration 

was lowest at the beginning of the experiment and highest at the end when cells were grown 
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in F/2 media with an initial concentration of 880 µM NO3

-

 and 36 µM PO4

3-

. Suratman et 

al., (2008) observed DOC concentrations to be highest at the end of the experiment, the 

trend thus being similar to our study. When compared the other species (C. closterium and S. 

trochoidea), the highest rate of release of DOC per day was observed from E. huxleyi but, 

the release was the least in this species when daily rates were estimated (1.65 x 10
-8

 µmol 

cells
-1 

d
-1

). These values were slightly lower than studies on this species by other authors; 

e.g. Biddanda and Benner (1997) and Suratman et al. (2008) observed DOC release rates of 

1.65 x 10
-8

 and 1.8 x 10
-8

, respectively, from E. huxleyi which were cultured at a lower 

nitrate concentration of 100 µM. In our P-deplete experiments, the rate of DOC exudation at 

the end of the experiment was higher (1.01 x 10
-8

 µM cells
-1

d
-1

) than the N-deplete 

experiment (4.5 x 10
-9

 µM cells
-1

d
-1

). This conforms to previous studies exhibiting an 

increase in polysaccharides or EPS by C. closterium cells under P-limited (6 µM P and 880 

µM N) than compared to N-limited scenarios possibly due to higher photosynthetic rates 

under the P-limited conditions (Urbani et al., 2005). The release of DOC per day by the 

dinoflagellate S. trochoidea was lower compared to that of coccolithophore and the diatom 

under nutrient-replete (5.07 µM d
-1

) and P-deplete (1.6 µM d
-1

) conditions. Not many studies 

have used dinoflagellates which makes it difficult for this study to compare the results. A 

field study during blooms of dinoflagellates such as Gymnodinium sp. and Peridinium sp. 

released very low concentrations of DOC and Prorocentrum micans released 20% of 

extracellular products when compared to the diatom Chaetoceros sp. (Wolter, 1982).  

Over the past few years, the study of natural marine aerosols are of importance at the global 

scale and their influence on the Earth’s radiative budget, biogeochemical cycles and impacts 

on marine ecosystems are being investigated (e.g. O’Dowd et al., 2007). Several laboratory 

experiments and thermodynamic calculations have postulated that organic matter is enriched 

by bubble bursting processes in the fine and ultra fine aerosol size fractions and that the 

solubility and surface tension of marine organic matter have an important role in controlling 

and transfer of organic matter from the sea surface to the atmosphere (Gershey, 1983). 

Global models can potentially improve ocean emissions provided we are aware of the 

emissions from different marine algae. Emissions of organic compounds from algae have 

been documented and are of significance in aerosol formation and therefore have a direct 

effect on the Earth’s radiation budget. A series of bubble-mediated aerosol production 

experiments were carried out with a coccolithophore (E. huxleyi) and two diatom (L. danicus 

and C. closterium) species to observe the release of organics by phytoplankton in a 
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simulated mesocosm. In all experiments carried out with E. huxleyi, an initial decrease in the 

levels of organics was noticed which may be attributed to the presence of labile organics in 

seawater. The production of new organics by the coccolithophore E. huxleyi was seen only 

after 24 h suggesting that a specific duration of time is required for the microalgae to 

acclimatise to conditions in the tank. Exudation of DOC is known to increase with high 

irradiance (Mague et al. 1980). The increase in DOC with high irradiance may be an energy 

dissipating mechanism where cells throw out the excess carbon fixed in excess of their 

ability to synthesise proteins (Staats et al., 1999). The irradiance used in this study was 80 

µmol photons m
-2

 s
-1

 and was not varied at any time of the experiment. Results are therefore 

inconclusive as to light inside the tank had an effect on the production of organic aerosols as 

no obvious trends were observed. Our results suggest that there was no conclusive evidence 

for growth phase stage of phytoplankton to have an influence on release of organic aerosols. 

Release of organic aerosols was exhibited by E. huxleyi at two instances of the experiment. 

However, there was no significant release of DOC by the two diatom species L. danicus and 

C. closterium. The bubble-mediated experiments using microalgal cultures in natural 

seawater produced aerosols containing a range of simple to complex mixtures of organic 

material but of hydrocarbon in nature. These results confirm that the chemical components 

of microalgal exudates and the biological hydrophobic material (e.g., membrane lipids) 

forming POC are efficiently transferred to air-sea surface films and into sea spray particles, 

thus making a significant contribution to the production of marine aerosols. This study has 

provided new insights on chemical composition and properties of fine primary marine 

aerosols in simulated high bloom conditions. The ratio of WIOM/sea salt can be used as a 

proxy to model the organic source function during a phytoplankton bloom (O’Dowd et al., 

2008) and may have important consequences for the predictions of the hygroscopic and 

CCN properties of marine aerosols (Nenes et al., 2002).  

In our study emission of I2 was also monitored for different species of macroalgae at cool 

light and dark conditions at 8.5°C applying a highly sensitive cavity-enhanced absorption 

spectroscopy technique (Dixneuf et al., 2009). Previous studies have shown that on exposing 

L. digitata to ozone is a strong external oxidative stress which produces I2 via inorganic 

reaction of ozone with iodide released from the seaweed’s accumulative stock (McFiggans 

et al., 2004; Küpper et al., 2008). The macroalgae L. digitata and S. latissima showed very 

strong I2 absorption bursts that occurred within the first hour of exposure to air. 

Subsequently, smaller quasi-oscillatory iodine bursts were typically observed for duration of 
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several hours. These profiles are consistent with those observed by Bale et al. (2008), 

Dixneuf et al. (2009) and Nitschke et al. (2011). In our study, no I2 emissions were detected 

from the macroalgae Saccorhiza polyschides, Ascophyllum nodosum, Fucus serratus, 

Sargassum muticum, Cystoseira tamariscifolia or Ulva spp. under the absence of light. 

Similarly, Ball et al. (2010) did not detect any iodine emission from F. serratus; however, 

the authors detected I2 from A. nodosum at levels of a few hundred pptv. This may be 

because the FW of A. nodosum used by these authors was 420 g which was higher than the 

one used in this study (~ 172 g). On exposure to increasing mixing ratio ozone (> 15 ppb), 

all species of macroalgae used in this experiment exhibited emission of I2 suggesting marine 

iodocarbon emissions could have a potential significant effect on the global radiative budget. 

The emission of molecular iodine by microalgae was also carried out using different species 

and strains but none of the samples exhibited any detectable release of molecular iodine. So 

far, no observed release of molecular iodine has been reported from microalgae. Amachi et 

al. (2001) have demonstrated that bacterial activity increases the formation of 

monoiodinated iodocarbons. The experiments by Hughes et al. (2008) also describe how 

natural detritus particles are characterised by high rates of bacterial production; this high 

microbial activity is associated with increased rates of breakdown of organic matter which 

are precursors that are required for the formation of CH3I, C2H5I, CH3CH2CH2I and 

CH3CHICH3. Aggregates of cells are found in coastal areas after the termination of a 

phytoplankton bloom and these regions are potential hotspots of iodocarbon production 

(Hughes et al., 2008). While Phaeocystis sp. and E. huxleyi form large blooms over the 

ocean, these species appear to contribute very little to the production of global methyl 

halides (Scarratt and Moore, 1998). Hence, a combination of biotic and abiotic factors may 

influence the release of molecular iodine from microalgae.  

Outlook and future directions 

Several studies are being carried out by investigators to identify links between current and 

predicted physical changes in relation to global climate change (Israel et al. 2010). 

Prediction of ecological impacts of macro- and microalgae under future scenarios of ocean 

temperature, CO2 and pH in controlled laboratory and mesocosm experiments are important. 

The obvious direct effect of global warming on marine algae is attributed to the fundamental 

relationship between temperature and physiology. Our study exhibited a reduction in 

photosynthetic efficiency in macroalgae which may be due to thermal acclimation history of 
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the parental population. Further studies on evaluating differences in heat-shock proteins (Lai 

et al., 1998) and thermal stability of enzymes (Lobbban and Harrison, 1997) are useful in 

order to elucidate the adaptive mechanisms of macroalgae. 

The physiological importance of MAAs are becoming standard inclusions in studies of 

effects of UV radiation on marine algae. Localisation of MAAs in chloroplasts or other UV-

sensitive intracellular sites needs investigation. Our study showed MAAs were not affected 

by nutrient concentrations and it seems that a combined effect of UV radiation and nitrogen 

enrichment stimulates the synthesis of MAAs (Korbee-Peinado et al., 2004). Further work 

can be carried out under a combination of nutrient and UV treatments to examine the above 

mentioned theory.  

Although organic matter release by phytoplankton has been studied, not much is known 

about exudation by macroalgae (Haas et al., 2010). Most studies on DOC exudation are 

carried out in the open ocean or in mesocosms in coastal regions and it would make it easier 

to compare results if similar methodologies were used. Regarding microalgae, our 

understanding of which growth phase produces the highest DOC levels still remains unclear 

with conflicting evidence. Suratman et al. (2008) indicates highest release rates are during 

the early and mid-exponential growth phase of E. huxleyi while Newell et al. (1972) 

observed highest release rates in the stationary phase for the same species. Our study 

showed DOC concentrations at the end of the experiment which is the late exponential phase 

for all species. Unfortunately, it was not possible to monitor the DOC concentrations during 

the course of the experiment. Additionally, our study was carried out for 14 days, and the 

later stages of growth were not considered in order to observe DOC release in the stationary 

and dying stage which would also have been of interest. Future experiments should be 

carried out at all growth phases of microalgae and monitoring the exudation of DOC on a 

daily basis which will help us to better understand the role of DOC in the formation of 

volatile organic compounds and their potential as aerosols thereby influencing the 

biogeochemical cycles and the Earth’s radiation budget.  

Laboratory experiments and thermodynamic calculations have postulated that organic matter 

is enriched by bubble bursting processes in the fine and ultra fine aerosol size fractions, and 

that the solubility and surface tension of marine organic matter have an important role in 

controlling and transfer of organic matter from the sea surface to the atmosphere (Gershey, 

1983). Emissions of organic compounds from algae have been documented and are of 



Conclusions 

 

371 

 

significance in aerosol formation and therefore have a direct effect on the Earth’s radiation 

budget. Our study used microalgae in a mesocosm to simulate the effect of wave breaking 

and bubble bursting out in the open ocean in a 200 L stainless steel tank. Production of DOC 

is known to significantly increase by viral attack in E. huxleyi (Malin et al., 1992). In nature, 

one of the mechanisms by which an E. huxleyi blooms collapse is by viral attack (Bratbak et 

al., 1995; Castberg et al., 2001). These lytic coccolithoviruses have large double stranded 

DNA and are thought to be specific to E. huxleyi strains. The viral strains are known to 

cause cell death in E. huxleyi culture within a span of 3-7 days (Schroeder et al., 2002). Viral 

induced bubble-mediated aerosol experiments under controlled conditions can further 

elucidate our understanding on organic aerosol production. It was beyond the scope of this 

project to identify specific organic compounds due to the complexity in the signature of 

organics. Chemical speciation of organics produced by microalgae will further elucidate our 

understanding in marine aerosols. Furthermore, experiments are also required to be carried 

out using other groups of phytoplankton such as dinoflagellates to examine if specific algal 

species or groups contribute to organics in the ocean. Consideration is also required with 

regard to the effect of marine environment on the evolution of organics as several factors 

affect such processes. For instance, the presence of UV radiation can alter the nature of these 

organic compounds and impact the CCN activity (Moore et al., 2011). Ultimately the ocean 

does not depend on a single entity such as phytoplankton to produce organic compounds. An 

interplay of organisms, trophic interactions, physical and chemical factors contribute to the 

production and are responsible for the removal of organic compounds.  

There has been increasing evidence over the past few years on the role of iodine influencing 

the chemistry of the atmosphere (O’Dowd et al., 2002; Carpenter 2003 and McFiggans et al., 

2004). The main source of organic iodine in seawater is from marine algae, including both 

macro- and microalgae. Until date, no study has shown the release of molecular iodine from 

microalgae. Our study exhibited no release of molecular iodine by microalgae carried out 

using different species and strains. Future experiments should use larger volumes (~ 12 L) of 

microalgal culture. The experiment could be made similar to a flow through system where 

the microalgae are continuously re-circulated in the chamber, simulating natural conditions.  

A complete synthesis of the effect of marine algae in climate change studies will require 

active collaboration across various disciplines. Within marine biologists, communication 

among physiologists, geneticists, community ecologists will provide a holistic image of the 

influence of climate change. Climatologists and oceanographers can help predict impacts on 
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marine ecosystem. Mathematical models are useful framework tools in predicting how 

climate change will affect different levels of biological organisation (Le Quéré and 

Saltzmann, 2009) and help us understand the complicated interactions and processes in the 

marine ecosystem. Models have been developed in order to predict population level effects 

of climate change (Harley et al., 2006). Predictive models for marine algae are less common 

and data from this study could be used in such models. Biological processes are complex 

because of species and their interactions which are driven by several factors which include 

intrinsic and extrinsic conditions (Le Quéré and Saltzmann, 2009). For instance, the growth 

rate of microalgae varies non-linearly as a function of temperature, light, nutrient availability 

and limitation. Furthermore, temperature dependence varies with cell size, species 

specificity; light varies with ocean mixing and nutrients can be stored in some species, 

thereby overcoming limitation. This work has provided input to the biological component of 

the ocean-atmosphere coupled climate model developed by our collaborators which will 

elucidate our understanding of air-sea exchange processes of aerosol and ozone and its 

impacts on climate. 
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