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Abstract 

The introduction of non-indigenous species and environmental changes are both important 

threats to marine ecosystems. Environmental changes occur simultaneously and might 

impact marine organisms synergically or antagonistly. The success of invasive species has 

been attributed in part to their greater capacity to acclimate to changing conditions.  

However, the effect of environmental factors on marine invasive species has been little 

studied. This thesis studied the tolerance of different life stages of the invasive brown 

seaweed Undaria pinnatifida to UVB and temperature. Also, the possible interactive effect 

of an increase of temperature and UVB on U. pinnatifida was evaluated. 

The tolerance of motile zoospores U. pinnatifida to increasing UVB irradiances was 

studied in laboratory experiments, and a strong negative effect of UVB on motile 

zoospores of U. pinnatifida was observed.  However, zoospores can recover from UVB 

stress and the degree of recovery depended on UVB irradiances and exposure time.  Their 

ability to recover could increase the opportunity of zoospores to survive and succeed in the 

invasion process and shows that U. pinnatifida can survive after UVB stress when 

environmental conditions improve.  

The effect of light treatments combined with temperature was also investigated in early life 

stages of U. pinnatifida. Both treatments affected early life stages independently. Early life 

stages were particularly sensitive to UVB; more so than the other light treatments and 

temperature.  The tolerance of early life stages to a wide range of light and temperature 

conditions might allow this species to maintain viable populations where they already 

exist, but also might permit it to invade other areas if predicted environmental changes 

occur in the future.    

The effect of consecutive exposures to PAR and UV treatments at different temperatures 

on sporophytes of U. pinnatifida and the possible photoprotective role of phlorotannins 

were investigated.  There was an interactive effect of light treatments, temperature during 

the exposure of sporophytes. Sporophytes were highly sensitive to UVB but not to the 

other light treatments nor to an increase of water temperature. There was no evidence of 

induction of phlorotannins by UVB and the other light treatments in U. pinnatifida. The 

sensitivity of sporophytes of U. pinnatifida to UVB and the lack of photoprotective role of 
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phlorotannins suggests this species might have other strategies for success in the intertidal 

and might direct its energy mainly to growth and reproduction rather than to 

photoprotection and repair.  

The response of the photosynthetic capacity and phlorotannins content to seasonal 

variations of light and UVB of U. pinnatifida was investigated. A clear seasonal trend in 

the photosynthetic capacity was observed in sporophytes that were correlated to PAR and 

UVB irradiances measured in the field. Phlorotannins were variable throughout the 

sampling period where soluble phlorotannins had seasonal and interannual variation, while 

there was no clear seasonal variation in cell wall phlorotannins concentration. No 

correlation between both phlorotannins and PAR and UVB was detected.   The response of 

the photosynthetic apparatus to variations of light illustrates the capacity of this species to 

acclimate to ambient light conditions. Variation of phlorotannins throughout the year could 

be attributed to a combination of factors such as grazer and wound healing rather than only 

to the light conditions. 

This research contributed to a better understanding of the tolerance of U. pinnatifida to 

environmental factors. This study showed that the tolerance and response to environmental 

factors is life stage specific. The major factor affecting U. pinnatifida negatively was 

UVB, while temperature had little impact on this species. The capacity of U. pinnatifida to 

inhabit a wide range of light and temperature conditions permits this species to succeed in 

coastal ecosystems, and these characteristics could permit this species to succeed under 

future climate change scenarios.   
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Chapter 1 

General introduction 

 

 

1.1 Invasive species in a changing world   

The introduction of non-indigenous species is a human-mediated threat for coastal ecosystems 

(Vitouske et al. 1997, Thornber et al. 2004, Schaffelke et al. 2007a). These often compete with 

native species (Gurevitch& Padilla 2004, Thomsen & McGlathery 2007, Sorte et al. 2010), 

alter nursery habitat for other organisms and reduce light penetration into the water column 

(Thomsen & McGlathery 2007).  In addition, non-indigenous species cause important 

economic losses for countries due primarily to control and eradication costs (Pimentel et al. 

2005, Cook et al. 2007).  Moreover, the possible impact of introduced species might be 

exacerbated by other human-mediated disturbances such as global warming, provoking a 

greater impact (Schaffelke & Hewitt 2007b). 

Compared to terrestrial ecosystems, less is known about the introductions of non-indigenous 

species in marine ecosystems (Grosholz 2002; Graham & Bayha 2007) and only in the last two 

decades has scientific interest focussed on the possible effects of non-indigenous species in 

coastal areas (Forrest 2007).  Introductions of non-indigenous marine species have increased 

considerably in the last 30 years (Boudouresque & Verlaque 2002, Schaffelke et al. 2007a) 

and this has been attributed to increasing trans-oceanic movement of vessels (Waters et al. 

2004). Of course, it should also be noted that there has also been an increase of survey effort 

on species introductions (Hewitt 2003, Schaffelke et al. 2007a), and this may account for some 

of these apparent increases. 

Successful introductions of non-indigenous species are often linked to environmental 

disturbance (Valentine & Johnson 2003). Disturbance is being more frequently linked to human 

interference due to over-harvesting, organic enrichment, pollution, and climate change 

(Hughes et al. 2005, Occhipinti-Ambrogi & Savini 2003). Changes in environmental 
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conditions (IPCC 2013) might enhance introductions of new invasive species.  Temperatures 

are expected to increase during the 21st century with a rise in the mean global temperature of 

0.2-1.8 
o
C towards 2050 (IPCC 2013). Other predicted changes include an increase of 

precipitation in tropical areas but a decrease in the subtropics; and a decrease of snow cover 

and sea ice, contributing to a rise in sea level that is expected to be 15cm by 2050 and 30cm by 

the end of the century. Wind intensities and storm precipitation in future tropical cyclones are 

both expected to increase (Trenberth 2005, IPCC 2013).  

However, there is a lack of knowledge of the effect of climate change on invasive species and 

opinions are contradictory.  Some authors have suggested that climate change might favour 

introductions (Dukes & Mooney 1999, Vilà et al. 2007) due to an alteration in population 

dynamics and in the structure and composition of communities (Walther et al. 2002, Parmesan 

2006), while others suggest that the impact of some invasive species might diminish under 

climate change (Hellmann et al. 2008).   

The success of invasive species in a changing world depends on their capacity to acclimate and 

adapt to environmental changes. The success of invasive species has been attributed in part to 

their greater acclimation capacity than native species (Baruch & Goldstein 1999, Yamashita et 

al. 2000, Yamashita et al. 2002).  For example in terrestrial environments, the introduced tree 

Bischofia javanica in the Bonin Islands has more efficient physiological acclimation to 

variation in light than native species (Yamashita et al. 2000), and this allows it to proliferate 

more readily than competing species. For marine invasive organisms there is less knowledge; 

the success of the invasive green seaweed Caulerpa racemosa var. occidentalis is associated 

with its high physiological plasticity to different microhabitats and with temporal variation of 

abiotic factors  (Raniello et al.  2004).There are few studies of physiological acclimation and 

tolerance of invasive species in general to environmental changes even though such studies 

can help to predict the effect of those changes (Somero 2010). Most of these studies have been 

done in terrestrial organisms and there is a lack of knowledge in marine organisms.   
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1.2 Effect of UVB and temperature on macroalgae  

UVB and temperature on the Earth 

Solar radiation is essential for life on Earth and its spectrum is composed of infrared radiation, 

visible light (PAR) and UV radiation. UV radiation is divided in three subgroups: UVA (315-

400nm), UVB (280-315nm) and UVC (200-280nm). About 7.3%, 25.5% and 89.3% of  solar 

UVB, UVA and PAR respectively, reaches the atmosphere; while UVC is completely 

absorbed before it reaches the Earth surface (Häder et al. 2007).   

UV radiation varies geographically (Häder et al. 2007) and depends on factors such as 

cloudiness, seasonality, angle, ozone layer thickness, aerosol concentration, altitude and 

latitude (Adam & Shazly, 2007, Häder et al. 2007, Cui et al. 2008, Bais et al. 2015). UV levels 

are highest near the equator (Jablonski & Chaplin 2010) and generally, decrease as latitude 

increases as a consequence of the daily noon solar elevation angles and increase in the amount 

of ozone (Herman, 2010). UV also varies geographically with higher UV irradiances at the 

same latitude in the south hemisphere than in the north hemisphere (Herman, 2010). Lauder, 

New Zealand (45
°
S) registers ~40% higher UV irradiances than Hohenpeissenberg, Germany 

(45
°
N)  mainly in summer, due to a larger ozone column in Europe than New Zealand and 

differences in aerosol extinction (McKenzie et al. 2003). Also New Zealand registers higher 

UV irradiances than in USA at the same latitudes during summer due to Lauder presents lower 

ozone amounts and is closer between the Earth and Sun (McKenzie et al. 2006). However, 

similar UV irradiances are registered at similar latitudes between New Zealand and Argentina 

(Härder et al. 2007) and Chile (Huovinen et al. 2006).  

An increase in UVB radiation reaching the Earth’s surface was reported in the 1980’s as a 

consequence of ozone depletion (Madronich et al. 1998). This increase of UVB caused great 

concern for the possible effects on organisms (Vincent & Neale 2000, Vincent et al. 2000, 

Cadet et al. 2005), this will be discussed later in this chapter. The observed decline of ozone 

differed between locations with small changes in the equator and greatest changes toward 

Polar Regions mainly in the south hemisphere (Weatherhead & Andersen 2006). Data from 

1979 to 2008 shows an increase in UVB up to 1998 due to a decrease in the amount of ozone; 

but after this period UV irradiances remained more or less constant (Herman, 2010). Although 

it is projected that UVB will be lower for the 21
st
 century at mid and low latitudes still there is 
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uncertainty regarding UVB levels for the future since UVB is not only dependent of ozone but 

also on other factors such as air pollutants, aerosol and cloud cover(McKenzie et al. 2011, 

Bais et al. 2015). Thus an increase of UVB is expected to happen in big polluted areas of the 

North Hemisphere due to improvements in the air quality with a reduction in air pollutants and 

aerosol concentration; but a decrease in areas with higher cloud cover such as higher latitudes 

(Bais et al. 2015).   

Seawater temperature varies geographically in coastal areas (Barnes et al. 2006, Deser et al. 

2010). In tropical areas, seawater temperature fluctuates seasonally about 18-40 ºC (Stuart et 

al. 2006); in Atlantic waters the median temperatures varies from 7-10 ºC before the entrance 

to the Nordic seas and at the Arctic Ocean reaches temperature close to 0 ºC  (Beszczynska-

Möller et al. 2010). In the Peruvian and Chilean coast in the South Pacific Ocean, seawater 

temperature varies from 6-22 ºC decreasing further south (Kaiser et al. 2005), while in New 

Zealand sea water temperatures varies from 10-20 ºC (Chiswell 1994).   

In the last 50 years the global surface temperature has increased by ~0.7 ºC (IPCC 2013). The 

sea surface temperature (SST) has increase ~0.59 ºC since 1872 (Roemmich et al. 2012) as a 

consequence of an increase in the greenhouse gases (Vecchi & Soden, 2007, Xie et al 2010). 

Warming is highest in the Equator and there has been a greater increase in the Northern 

Hemisphere than in the Southern Hemisphere (Vecchi & Soden, 2007, Roemmich et al. 2012). 

This difference between hemispheres is due to ice albedo feedback that is the reflection of 

solar light by ice, snow areas in the North Hemisphere and differences in poleward energy 

transport between Hemispheres (Xie et al 2010). The expected increase of surface water 

temperature to the end of the 21
st
 is about 1 to 3 ºC (IPCC 2013). It is expected a faster 

increase of temperature in Arctic regions (~2-3 ºC) than in the South Hemisphere (~1-1.5 ºC) 

(IPPC 2013 Synthesis report).   In New Zealand temperature has increase 0.9 ºC since 1900 

and is expected to increase another 0.8 ºC above the average temperature of 1986-2005 (IPCC 

2013). 

 

Effect of UVB and temperature on seaweeds 

In marine ecosystems, accelerating environmental changes are expected to disturb life 

(Fredersdorf et al. 2009) by altering the physical and chemical properties of environments 
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(Harley et al. 2006). For example, an increase of sea surface temperature might have a 

negative impact on marine organisms by directly affecting physiological processes (Harley et 

al.2006; Galbraith  et al. 2002), or indirectly impacting ocean dynamics or species interactions 

(Rilov & Treves 2010). The thermal expansion of oceans is likely to modify the geography of 

coastal areas (Scavia et al.2002), change the distribution of species (Harley et al. 2006) and 

reduce intertidal habitats for some organisms (Galbraith et al. 2002). In addition, changes in 

atmospheric circulation influencing precipitation patterns and wind events might modify 

salinity, nutrients and pollutant concentration and increase turbidity in coastal water (Harley et 

al. 2006).This is likely to  affect intertidal and shallow systems that are more vulnerable to 

hydrodynamic disturbance (Harley et al. 2006) such as reef communities (Gardner et al. 

2005). An increase in CO2 storage in oceans produces a reduction of pH (Feely et al. 2004, 

Caldeira & Wickett 2005, Turley et al. 2006, Doney et al. 2009) that might affect 

physiological processes in marine organisms (Pörtner et al. 2004) such as calcification rates 

(Feely et al. 2004). Variation in the transmission of UVB to the earth’s surface due to ozone 

depletion (Kerr & McElroy 1993; Madronich et al. 1998) might also provoke negative effects 

on ecosystems because UVB radiation negatively affects biological and chemical processes 

(Caldwell et al. 2007, Zepp et al. 2011).  

Macroalgae are ecologically important because they are the most significant primary producers 

in coastal areas, and provide food resources and shelter for many other marine organisms 

(Coehlo et al. 2000, Dean & Hurd 2007). Environmental conditions directly affect the 

development and growth (Lobban 1994) of macroalgae but also influence physiological 

processes (Coehlo et al. 2000) and distribution (Lobban 1994). Macroalgae are vulnerable to 

changes in the physical, chemical and biological properties of the marine environment and 

therefore, they are vulnerable to climate change (Harley et al. 2012). 

UVB varies daily and seasonally (Huovinen et al. 2004). For seaweeds, UVB is an important 

stress factor and it may play an important role in the pattern of zonation in the water column 

(Bischof et al. 1998, Wiencke et al. 2000, 2006, Roleda et al. 2005, 2006, Huovinen & Gomez 

2011, 2013). Thus, species inhabiting deeper areas may be more susceptible to UVB than 

those that inhabit shallower areas where they are exposed to higher levels of solar radiation 

(Pakker et al.2000, Roleda et al.2005, 2006).  
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UVB can negatively affect individuals, and its effect on natural environments varies 

considerably and depends greatly on the dose (Coelho et al. 2000; Dattilo et al. 2005; Bancroft 

et al. 2007). The UVB dose depends on the optical characteristics of the water body (Bancroft 

et al 2007), such as the concentration and characteristics of dissolved organic matter (DOM) 

and other suspended particles (Hargreaves 2003) and the seasonality of UVB radiation. UVB 

produces various negative effects on macroalgae at the cellular level, principally affecting 

DNA and proteins (Vincent et al. 2000). The main photoproducts induced by UVB exposure 

include cyclobutane-type pyrimidine dimers (CPDs) that cause RNA polymerase to stop 

during transcription (Wiencke et al. 2000; Vincent et al. 2000, Cadet et al. 2005); 

photohydrates that have little toxicological effect; and the photoproduct pyrimidine (6-4) 

pyrimidine that has effects on the genome and cellular function (Vincent et al. 2000).  

UVB also affects photosynthetic efficiency (Wiencke et al. 2000; Roleda et al. 2005, Gao & 

Xu 2008) mainly at two levels: firstly, it affects the light dependant reaction of photosynthesis 

at photosystem II (PSII) and secondly, it affects the light independent reactions of 

photosynthesis principally degrading Rubisco that is the first enzyme of the reductive pentose 

phosphate pathway in the Calvin cycle (Vincent et al. 2000, Nishiyama et al. 2006). UVB also 

induces pigment bleaching (Döhler et al 1995) through direct absorption of UVB. This process 

occurs through a photosensitizer action where electrons in the pigments are excited to a higher 

energy level and this energy is transferred to oxygen producing reactive oxygen species 

(ROS).  ROS causes oxidative degradation of pigments and other molecules (Vincent et al. 

2000, Lesser 2006).  

Temperature is an important factor for macroalgae because it regulates the geographical 

distribution of seaweeds (Müller et al. 2008) through their individual requirements for 

reproduction, growth and physiological processes (Lobban 1994, Chohelo et al. 2000). 

Temperature affects biochemical reactions by affecting molecular structure and activity 

(Lobban 1994) and it has consequences for photosynthesis, respiration and growth (Lobban 

1994). An increase in water temperature is likely to impact organisms directly by affecting 

these processes (Harley et al. 2006; Galbraith et al. 2002), or indirectly by impacting ocean 

dynamics and species interactions (Rilov & Treves 2010) and changing the structure of 

ecosystems (Stachowicz et al. 2002, Hoegh-Guldberg & Bruno 2010 ). In addition, an increase 

of temperature may encourage the spread of warmer adapted species while cold adapted 

species could decrease in abundance or become extinct (Hellmann et al. 2008). Seaweeds 
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living in their upper thermal limit are likely to move to lower latitudes (Steneck et al. 2002). 

Moreover, an increase of water temperature could facilitate the long-term establishment of 

non-indigenous species (Rahel & Olden 2008).  

The response of seaweeds to abiotic environmental factors is species-specific and also depends 

on the life stage (Dring et al. 1996, Roleda et al. 2007). Unicellular stages (spores and 

gametes) are more susceptible to stressors than multicellular stages (gametophytes and 

sporophytes), microscopic stages more than macroscopic stages and young stages more than 

adults (Coelho et al. 2000, Roleda et al. 2005).  Environmental stressors at early stages of 

development may produce lethal and sub-lethal effects that might impact recruitment success 

and development of communities because they may alter growth rate and the ability to 

compete with others (Coelho et al. 2000). In juveniles and adults, environmental stressors are 

in general sub-lethal, and are reflected mainly in a decrease of photosynthetic performance, 

growth rate, development and reproduction (Coelho et al. 2000). 

 

Mechanism of photoprotection of seaweeds  

Seaweeds are sessile organisms; therefore they cannot avoid environmental stressors. 

However, these organisms have developed different physiological mechanisms of protection 

such as acclimation and damage repair (Roy 2000, Zacher et al. 2007), and photochemical and 

non-photochemical quenching (Vincent et al. 2000, Goss & Jakob 2010).  For example, DNA 

and proteins are damaged principally by UVB radiation and DNA repair may occur through 

photoreactivation or nucleotide excision, as well as protein repair (Roy 2000). The excess 

energy induced in photosystem II by UVB radiation is dissipated by photochemical 

(photosynthesis) and non-photochemical quenching via fluorescence and heat  (Müller et al. 

2001, Betterle et al. 2009). Further, the capacity of biosynthesis and accumulation of screening 

compounds is a clear acclimation process in seaweeds. Thus, the extent of any effects of 

environmental stressor on seaweeds depends on the ability of each species to acclimate.  

Photoprotection refers to mechanisms in plants and algae that prevent photodamage of the 

photosynthetic apparatus caused by excess light energy (Lavaud et al. 2004, Jahns & 

Holzwartg 2012). There are different photoprotective mechanisms in algae such as 

photoinhibition of photosynthesis (Franklin & Neale 2002), dissipation of energy via the 
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xanthophyll cycle (Goss & Jakob 2010, Latowski et al. 2011), and production of 

photoprotective substances (Pavia et al. 1998, Bischof et al. 2007). 

Photoinhibition of photosynthesis is the inhibition of photosystem II (PSII) that results in  a 

reduced rate of photosynthesis due an excess of light (Murata et al. 2007, Adams et al. 2013). 

Under excess light, the photosynthetic quantum yield decreases to protect reaction centres and 

suppress the production of reactive oxygen species. When the energy pressure decreases the 

quantum yield recovers rapidly; this process is called dynamic photoinhibition (Hurd et al. 

2014). In contrast, when there is photoinactivation of PSII a slower recovery is observed 

indicating damage; this process is called chronic photoinhibition (Hurd et al. 2014). Chronic 

photoinhibition occurs mainly when photosynthetic organisms including seaweeds are exposed 

to the UV component of solar radiation. UVB in particular affects the D1 protein of the PSII 

(Friso et al. 1994, Babu et al. 1999, Roleda et al. 2004, 2005, 2006, Nishiyam et al. 2011). 

When D1 is degraded, and its rates of biosynthesis and repair are slower than its degradation, 

photodamage is produced, and recovery may occur with longer recovery time or may not occur 

(Melis 1999, Tyystjärvi 2008). 

Non-photochemical quenching (NPQ) is the thermal dissipation of excess of energy and it is 

an important photoprotective mechanism for photosynthetic organisms (Johnson et al. 2009).  

This process involves the quenching of chlorophyll a (chl a) fluorescence with three 

components: state transitions (qT), ΔpH-dependent quenching (qE) and photoinhibition (ql) 

(Johnson et al. 2009).   The major component of NPQ is qE (Maxwell & Johnson 2000) and 

requires the formation of ΔpH, the presence of the PSII antenna subunit and the synthesis of 

zeaxanthin (Garcia-Mendoza et al. 2012).  The synthesis of zeaxanthin occurs during the 

xanthophyll cycle that is common in vascular plants, green and brown algae (Goss & Jakob 

2010). This cycle protects the photosynthetic apparatus from photodamage due to oxidative 

stress produced under excess light (Latowski et al. 2011, Jahns & Holzwarth 2012). The 

xanthophyll cycle differs with taxonomic groups; although the most common is the 

violaxanthin cycle, where violaxanthin is converted by de-epoxidation to zeaxanthin with 

antheraxanthin as intermediate under excess light (Latowski et al. 2011). In brown seaweeds 

there are two xanthophylls cycles: the violaxanthin cycle and the diadinoxanthin cycle where 

diadinoxanthin is converted to diatoxanthin when there is an excess of light (Latowski et al. 

2011).  
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Among the photoprotective substances, the most studied screening compounds in seaweeds are 

mycosporine-like amino acids (MAAs). These biomolecules absorb in the UVA and UVB 

range and in macro algae they have been studied principally in Antarctic and cold-temperate 

Rhodophyta (Bischof et al 2007), but are also found in phytoplankton, dinoflagellates and 

some cyanobacteria (Carreto & Carignan 2011). Phaeophyta lack these screening compounds 

but synthesize phenolic compounds instead (Pavia et al 1998). Phenolic compounds in brown 

algae are secondary metabolites called phlorotannins (Bischof et al 2007) and are associated 

with multiple functions such as cell formation, adhesion to surfaces, wound healing, anti-

herbivory and protection against UVB radiation (Pavia et al 1998; Lüder & Clayton 2004; 

Henry & Van Alstyne 2004). 

Phlorotannins absorb mainly in the UVC and part of the UVB ranges and due to this 

characteristic, they have been catalogued as protective substances against UVB radiation 

(Pavia et al 1998; Henry & Van Alstyne, 2004). These macromolecules tend to accumulate 

principally in the vegetative cells of the cortical layer, suggesting that phlorotannins could 

respond quickly to stressors such as herbivory, mechanical injury and UVB radiation (Shibata 

et al. 2004). Bischof et al. (2007) suggested four strategies that qualify these substances as 

UV-protective substances 1) high tissue concentration of phlorotannins that absorb harmful 

radiation and prevent cell damage, 2) induction of phlorotannins stimulated by harmful 

radiation, 3) exudation of phlorotannins into the medium, or 4) inclusion of phlorotannins in 

cell walls.  

The concentration of phlorotannins in tissues is species specific. This is probably due to 

genetic adaptation to variation in the duration of emersion per tide cycle, which is therefore 

related to exposure to UVB radiation (Connan et al. 2004). Moreover, phenolic content 

fluctuates daily in some species, as has been observed in Macrocystis integrifolia after 

increased solar radiation. Phenolic content also fluctuates with season in this species (Connan 

et al. 2004) and after exposure to artificial UV radiation (Swanson & Druehl 2002).While the 

accumulation of phlorotannins in tissues has been attributed to UVB radiation, Roleda et al. 

(2006) found that the accumulation of phlorotannins in zoospores is stimulated by UVB, UVA 

and by photosynthetically active radiation (PAR). Furthermore, these authors observed that 

phlorotannins are release into the medium, probably as a strategy to minimize the impact of 

UVB radiation.  Recently, Huovinen et al. (2010) found that the concentration of soluble 
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phlorotannins decrease in the presence of copper either alone or together with nitrate under 

both UVA and UVB radiation.  

Studies on the effect of environmental changes on organisms have focussed mainly on 

individual factors and few studies have examined the interactions between several stressors, 

even though environmental changes occur simultaneously, and they might act in combination 

or independently (Fredersdorf et al.  2009). The priority for future research now should be to 

try to understand the interaction of environmental factors in order to understand the real effect 

on organisms, rather than the study of the effects of individual stressors. Moreover, the few 

studies that have assessed interactive effects of stressors, have been carried out in native 

organisms (Alatamirano et al. 2003, Rautenberger & Bischof. 2006, Sheras & Ross 2010), and 

there is a lack of knowledge of their effect on non-indigenous species; even though  

environmental changes might benefit introduced species (Stachowicz et al. 2002, Walther et 

al. 2009).  

 

1.3    The invasive seaweed, Undaria pinnatifida  

Seaweed invasions are an important threat for native ecosystems worldwide (Valentine et al. 

2007) because they alter the natural properties of ecosystems and may have negative economic 

effects for aquaculture (e.g. fouling on nets, ropes, boats, etc.).  The establishment and spread 

of invasive species have both been associated with disturbances of the environment (Valentine 

& Johnson 2003), and the success of these species has been related principally to their high 

growth, and regenerative and dispersal capacity (Rejmánek & Richardson 1996, Nyberg & 

Wallentinus 2005). However, high physiological acclimation capacity of these species to 

habitat and seasonal variations may play an important role in invasion success (Raniello et al. 

2004, 2006, Garcia-Sanchez et al. 2012).  

Undaria pinnatifida (Harvey) Suringar is a brown seaweed (Phaeophyceae Laminariales) 

endemic to Japan, Korea and China that has been introduced to many countries via maritime 

shipping and aquaculture (Stuart et al. 1999) and now is a common inhabitant of coastal areas 

of New Zealand, Tasmania, Argentina, Italy, France, England and North America. This 
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species has been recognised as one of the most successful marine invaders in the world (Lowe 

et al. 2000, Williams & Smith 2007).  

U. pinnatifida is an annual species that has a heteromorphic life-cycle (Fig. 1.1).  The 

macroscopic stage is the sporophyte that lasts around 6 months and develops a specialized 

reproductive tissue called the sporophyll. The sporophyll produces microscopic zoospores that 

settle, germinate and grow into a dioecious microscopic gametophyte that can last at least 24 

months (Stuart 2004). The gametophyte releases sperm and eggs, the sperm fertilise the eggs 

and the embryo grows into a sporophyte (Saito 1975, Koh & Shin 1990). The sporophyte is the 

visible life stage divided in three parts: the holdfast that is the structure to anchor to the 

substrate, stipe or stem and a blade divided by a midrib (Fig 1.1).  

In its natural environments, the sporophytes appear in Winter–Spring and generally die in late 

Summer (Campbell & Burridge 1998, Yoshikawa et al. 2001). However, in invaded areas the 

life cycle characteristics of U. pinnatifida vary (Hay & Villouta 1990, Campbell & Burridge 

1998, Thornber et al. 2004).  Sporophytes of U. pinnatifida can be found at different times of 

the year depending of the environment (Hay & Villouta 1990, Campbell & Burridge 1998, 

Thornber et al. 2004, Primo et al. 2010). In Tasmania this species presents visible sporophytes 

in Summer (Schaffelke et al. 2005), while in Argentina there is a constant recruitment 

throughout the year (Casas et al. 2008). In California, the recruitment occurs mainly during 

Winter and Spring with few recruits during Summer (Thornber et al. 2004).  In New Zealand, 

sporophytes occur at all times of the year (Hay & Villouta 1990, Campbell et al. 1998) with 

overlapping cohorts between years (Schiel & Thompson 2012); but, maximum abundance 

occurs in late Winter and spring (Christian 2003).  

In New Zealand, U. pinnatifida was recorded for the first time in 1987 in Wellington Harbour 

(Hay et al. 1993). Since its introduction this species has spread around the North Island from 

Wellington to Rangaunu Harbour and in the South island from Golden Bay to Stewart Island 

mainly in the West Coast (Stuart 2004, Russell et al. 2008, James et al. 2014). U. pinnatifida 

has also been found in remote areas such as the Snares Islands and Fiordland (Cassidy 2009, 

Henderson 2010). The legal status of this species in New Zealand is “Unwanted Organism” 

(Biosecurity Act 1993), but the Ministry of Agriculture and Forestry (2010) has announced 

some geographical areas may be permitted for farming U. pinnatifida as a commercial 

opportunity (Wellington Harbour, The Marlborough Sounds and Lyttelton Harbour). There 
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have been efforts to control and eradicate this species principally through regular inspections, 

manual removal and different methods of sterilisation (THT chlorine, hot water, etc). While 

the results show a reduction in the abundance of this species, complete eradication  has not 

occurred (Hunt et al. 2009). Only the heat method applied in Chatham Islands in 2001 has 

been successful, but at a cost of millions of dollars (Wotton et al. 2004). Recently, biocontrol 

with a sea urchin has had some success in Fiordland National Park, but also with temporal loss 

of native canopy of macroalgae (Atalah et al. 2013). 

U. pinnatifida grows on a wide range of substrates such as rocky reefs, wharf pilings and ship 

hulls (Wotton et al. 2004). This species also inhabits a variety of depths from the low intertidal 

zone (Schiel & Thompson 2012) down to the subtidal zone (Forrest & Taylor 2002). U. 

pinnatifida can also grow under mild to severe wave exposures (Russell et al. 2008).  

The success of U. pinnatifida in colonizing new environments is associated with its high 

physiological and morphological plasticity (Dean & Hurd 2007) but also its biological 

characteristics, with fast growth and high reproductive rate, and quick maturation (Stuart 2004, 

Casas et al. 2004).  However, little is known about the tolerance of U. pinnatifida to 

environmental changes, despite the fact that physiological acclimation to environmental 

stresses could play an important role in its success.  

 

1.4    Thesis research  

An evaluation of the effect of interactive stresses is necessary to determine the impact of 

global environmental changes more accurately.  Moreover, the few studies on the effect of 

stressors as single and combined factors have been tested principally in native species, and the 

effect on invasive species has been ignored even though physiological acclimation might play 

an important role in invasion process.  

My PhD research was focused on an investigation of the tolerance of the invasive kelp 

Undaria pinnatifida to UVB as single factor or combined with temperature. Through this 

research I examined the effect of these two stressors on different life stages of U. pinnatifida 

under laboratory conditions, and I also examined the physiological response to seasonal 

variation of light in the field.  
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Fig. 1.1 Life cycle of Undaria pinnatifida. 

 

 

Early developmental stages are critical for establishing benthic populations (Vadas et al. 1992, 

Burridge et al. 1996) and these stages are most susceptible to environmental factors, often 

suffering high mortality (Vadas et al. 1992, Coelho et al. 2000).  However, U. pinnatifida is an 

invasive species and high tolerance to environmental conditions is expected, I hypothesised 

that motile zoospores of U. pinnatifida will be tolerant to UVB radiation and direct exposure 

to UVB will have little impact on this stage. To test this hypothesis in Chapter 2, I exposed 

motile zoospores to increasing UVB doses and measured its effect on photosynthetic 

efficiency, germination, growth and DNA damage.  
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Since environmental changes occur simultaneously, it is imperative to study the effect of 

multiple factors on organisms. Temperature has an interactive effect with UVB in early life 

stages of some seaweeds (Hoffman et al. 2003, Steinhoff et al. 2011) and their effect can be 

synergic (Alatamirano et al. 2003) or mitigating (Rautenberger & Bischof 2006). As U. 

pinnatifida has a wide thermotolerance, I hypothesised that an increase of water temperature 

will ameliorate the effect of UVB in early life stages of this species. To test this hypothesis in 

Chapter 3 I exposed motile and settled zoospores to UVB at increasing water temperature and 

measured its effect on photosynthetic efficiency, settlement, germination, growth and 

development to gametophytes.  

Sporophytes are generally the most tolerant life stage to environmental stressors, but they may 

still show a decrease of photosynthetic performance, growth rate, development, and 

reproduction (Coelho et al. 2000). UVB produces considerable damage in seaweeds; however 

many brown seaweeds produce screening compounds such as phlorotannins, to protect the 

organism against high UVB doses. As sporophytes of U. pinnatifida inhabiting the low 

intertidal are exposed to direct natural light and therefore to UVB during low tide, I 

hypothesised that sporophyte phlorotannins will increase after exposure to UVB as a 

mechanism of photoprotection. I also hypothesised that temperature and UVB will have an 

interactive effect that will reduce the effect of UVB on U. pinnatifida.  To test this hypothesis 

in Chapter 4 I exposed sporophytes to UVB at increasing water temperature and measured 

their effects on photosynthetic efficiency and phlorotannins concentration.   

Seasonal acclimation is an important characteristic of seaweeds that allows them to tolerate 

environmental changes (Raniello et al. 2006). Light is one environmental factors that has 

considerable seasonal variability in temperate areas. Annual species have faster acclimation to 

seasonal variations of light and UVB than perennial species (Huovinen et al. 2006).  Since U. 

pinnatifida principally inhabits the intertidal zone in temperate areas where it is exposed to 

high variations of light through the year, I hypothesized that phlorotannins of sporophytes of 

this species will change seasonally as a mechanism to protect from seasonal changes in UVB 

doses. Because U. pinnatifida is an annual species I also hypothesised that this species will 

acclimate rapidly to variations of light. To test this in Chapter 5, I examined the effect of 

seasonal variation of light on the phlorotannins concentration and photosynthetic performance 

of mature sporophytes of U. pinnatifida.     
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This thesis has been written as a series of independent chapters with the intention to submit 

them for publication. Therefore, there is inevitably some repetition of background material. 
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Chapter 2 

Effect of UVB on 

zoospores of U. pinnatifida 

 

2.1 Abstract 

The effect of short exposure to UVB irradiances on zoospores of the invasive kelp U. 

pinnatifida was studied in the laboratory for the first time. Spectral irradiance consisted of 

photosynthetically active radiation (P, 400-700nm) and PAR + UVB (295-320nm) radiation 

(PB). The optimum quantum yield (Fv/Fm) and DNA damage were measured after exposure to 

light treatments. Germination capacity and germination tube growth were measured 2 and 6 

days after exposure. Photosynthetic capacity was dramatically depressed during exposure to 

PB; however recovery was observed after 2h in low light conditions and the recovery was dose 

dependent. DNA was negatively affected by the high UVB irradiance and exposure time. 

Germination and the growth of the germination tube were highly inhibited by PB, but 

zoospores were eventually able to germinate after recovery; the length of the delay in 

germination depended on the UVB dose they received. The results show that zoospores of U. 

pinnatifida can recover from UVB stress and the degree of recovery depends on the doses they 

receive. A fast recovery of the photosynthetic yield and the capacity of zoospores to germinate 

and grow after exposure to UVB shows U. pinnatifida can survive when environmental 

conditions improve and this could increase the opportunity of zoospores to survive and 

compete with other species.  

 

2.2 Introduction   

 

Seaweeds are an important component of coastal ecosystems because they are primary 

producers; they provide shelter and are food resources for many other organisms (Lobban 

1994, Burkepile & Hay 2006). The establishment of seaweed populations depends greatly on 
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the survival of early life stages and recruitment, which in turn depend on favourable 

environmental windows (Vadas et al.1992, Coelho et al. 2000). However, in coastal 

ecosystems, these windows might be rare because of the high variability of physical 

conditions, such as light intensity, temperature, wave exposure and other factors, resulting in 

high mortality of early life stages.  Even when these stages survive, sub-lethal effects might 

also impact their development and thereby, the establishment of new populations. This is 

because sub-lethal effects could alter important aspects of the ecological performance of the 

species, such as reproductive output and recruitment success (Davison et al. 1993). For 

example, a reduction of photosynthetic performance or cellular damage as a consequence of 

environmental stresses could delay subsequent development and growth of early life stages 

and could affect their ability to compete with other organisms (Coelho et al. 2000).  

Abiotic stresses in natural environments vary daily and their effects depend on different factors 

such as type of stressor, length of exposure and even seasonality of the stressor (Davison et al. 

1993, Doblin & Clyton 1995, Lloret et al. 2001, Alberts et al. 2005; Crain et al. 2008). Stress 

tolerances also vary with life stage, age and species (Davison et al. 1993, Coelho et al. 2000, 

Byrne 2012). For instance, unicellular stages (spores and gametes) are more susceptible to 

stressors than multicellular stages (gametophytes and sporophytes), microscopic stages more 

than macroscopic stages and young stages more than adults (Davison et al. 1993, Coelho et al. 

2000, Roleda et al. 2005). Nevertheless, seaweeds can acclimate, repair and produce protective 

substances to counteract unfavourable conditions. For example, the production of screening 

substances protects seaweeds from high solar irradiances and UV radiation and act as 

antioxidants (Cockell & Knowland 1999, Huovinen et al. 2004). In addition, DNA damage can 

be repaired by photoreactivation or excision repair (van de Poll 2002, Pakker et al.  2000, 

Roleda et al. 2006), and photoinhibition of photosynthesis is an efficient mechanism to 

dissipate the excess of energy absorbed by photosystem II (PSII) (Hanelt et al.  1997, Roleda 

et al.  2006). 

The effect of light stress and UV radiation on the photosynthetic apparatus has been assessed 

by chlorophyll fluorescence using Pulse Amplitude Modulation (PAM) fluorometry (Wiencke 

et al. 2004, Roleda et al. 2005, Baker 2008). This method is widely used to study the 

physiology and ecophysiology of photosynthetic organisms because it rapid, non-destructive 

and provides easily interpreted information on the state of photosystem II (PSII) (Baker 2008, 

Murchie & Lawson 2013). The light energy absorbed by chlorophyll can be used for 
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photosynthesis (photochemistry), re-emitted as fluorescence or re-emitted as heat (Murchie & 

Lawson 2013). Thus, the chlorophyll fluorescence is complementary to the alternative 

pathways of photochemistry, de-excitation, and heat dissipation. The fluorescence signal is 

higher when the yields of photochemistry and heat dissipation are lowest (Murchie & Lawson 

2013). Different chlorophyll fluorescence parameters can be measured; however one of the 

most used is the maximum quantum yield of PSII (Fv/Fm) (Murchie & Lawson 2013). The 

Fv/Fm is reached after dark acclimation by closing reaction centres when photochemistry and 

heat dissipation are inactivated. This parameter gives robust information of the quantum yield 

of PSII chemistry (Murchie & Lawson 2013).  For unstressed seaweeds the value of Fv/Fm 

varies from ~0.8-to 0.4 depending on the species and life stage (Gómez et al. 2001,  Roleda et 

al. 2007, Chaloub et al. 2010). After light or/and UV stress the photosynthetic capacity 

decreases photoinhibition (Hurd et al. 2014). This is observed as a decrease in Fv/Fm) to 

protect the reaction centres and suppress the production of reactive oxygen species. When the 

stress diminishes the Fv/Fm may recover.  

DNA damage after exposure to UVB on algae has been evaluated mainly via the quantification 

of cyclobutane pyrimidine dimers (CPDs), since these are the most common DNA photo-

lesions induced by UV radiation (Kumari et al. 2008).  However, DNA damage can also be 

quantified by flow cytometry, which is a technique based on the quantitative measurement of 

the light-scattering and fluorescent properties of fluorescently stained cells (Binet & Stauber 

2006). Analysis of the physiological status of individual cells by flow cytometry has the 

advantages that it is fast and gives multi-parametric data of a population of cells (Velhuis & 

Kraay 2000, Vives-Rego et al. 2000).  Flow cytometry has been used in phytoplankton and 

microalgae for the quantification DNA, apoptosis, and  cell viability (Franqueira et al. 2000, 

Collier 2001, Readman et al. 2004, Haberkorn et al. 2011), but has only been used rarely in 

the study or unicellular stages of macroalgae. However, flow cytometry is a useful tool to 

obtain relevant information rapidly about populations of algal spores. 

In brown seaweeds, zoospores are a motile transitional stage (Bell 1997). Zoospores of kelp 

can last 72h in this planktonic phase, and their dispersal distances can extend 1km from the 

source through water motion (Reed et al. 1988). The dispersal capacity of zoospores depends 

on their viability and environmental factors (Hoffmann & Camus 1989, Reed et al.  1992, 

Fukuhara et al. 2011). During this planktonic phase, zoospores are exposed to highly variable 

environmental conditions (Roleda et al. 2005, Roleda et al. 2010).Water motion can suspend 
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zoospores in the euphotic zone, where zoospores may be exposed more directly to solar 

radiation. UVB radiation induces zoospore mortality, photoinhibition of photosynthesis 

(Wiencke et al.  2004, Roleda et al. 2005), produces DNA damage, and changes in cell 

structure (Wiencke et al. 2004, Roleda et al. 2006, Karsten et al. 2011) in brown seaweeds. 

The impact of direct exposure of zoospores to UVB varies depending on the species, their 

tolerance to this stressor and their vertical distribution (Roleda et al. 2005, 2010; Wiencke et 

al.  2006). 

Seaweed invasions are an important threat to marine ecosystems worldwide (Valentine et al. 

2007) because they alter the natural properties of the ecosystem and may have negative 

economic effects for aquaculture (e.g. fouling on nets, ropes, boats, etc.).  Furthermore, the 

control and eradication of invasive species is costly (Dukes & Mooney 1999, Valentine & 

Johnson 2003, Valentine et al. 2007, Schaffelke et al. 2007). The establishment and spread of 

invasive species have both been associated with disturbances of the environment (Valentine & 

Johnson 2003), and the success of these species has been related principally to their high 

growth, and regenerative and dispersal capacity (Rejmanek & Richardson 1996, Nyberg & 

Wallentinus 2005). However, high physiological acclimation capacity of these species to 

habitat and seasonal variations may play an important role in invasion success (Raniello et al. 

2004, Lockwood & Somero 2011). For example, Yamashita et al.  (2000) found that the 

invasive tree Bischofia javanica has faster physiological acclimation and better use of nutrients 

after high light compared to native species and these characteristics could contribute to its 

success as an invader. Daehler (2003) compared the performance of native versus invasive 

plants and suggested that invasive species are more advantaged in areas with high resource 

availability and high physical disturbance. The success of the invasive green seaweed 

Caulerpa racemosa var. occidentalis may be due to its high physiological plasticity to 

different microhabitats and to temporal variation of abiotic factors (Raniello et al.  2004). 

While physiological acclimation and adaption might play an important role in seaweeds 

invasions, only a few studies have focused on the physiological responses of invasive 

seaweeds to environmental changes (Raniello et al. 2004, Henkel et al. & Hofmann 2008).  

The invasive brown seaweed Undaria pinnatifida, native to Asia, has a heteromorphic life 

cycle with macroscopic sporophytes that release motile zoospores and microscopic 

gametophytes that produce gametes. As noted earlier, the establishment and persistence of 

non-indigenous seaweeds depends greatly on the survival of early life stages (Vadas et al. 
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1992), thus the survival of zoospores of U. pinnatifida is crucial for the dispersal and growth 

of populations.  Adverse environmental conditions during this stage could affect the survival 

and development of individuals and therefore, could influence the whole community. The 

sporophyte of U. pinnatifida releases zoospores all year around in New Zealand; although 

release occurs mainly in Winter and early Spring when light conditions are lower (Hay 1990, 

Campbell et al. 1998). In Wellington, UVB irradiances during Winter and early Spring vary 

from ~400 to 1200 mWm
-2

, while in Summer they can reach ~1800 mWm
-2 

(see Chapter 5). 

Thus, zoospores of U. pinnatifida might be exposed to relatively high UVB irradiances under 

some conditions. However, U. pinnatifida is highly successful in colonizing new environments 

and this success might be due to their high tolerance to environmental conditions. 

Nevertheless, the tolerance and susceptibility of zoospores of U. pinnatifida to environmental 

stressors remain unstudied. Some populations of U. pinnatifida inhabit the intertidal zone 

(Schiel & Thompson 2012), thus during spores release, zoospores might be exposed to harmful  

UVB irradiances.  Because U. pinnatifida is a successful invader, I hypothesised that motile 

zoospores of this species are tolerant to UVB radiation and direct exposure to UVB will have 

little impact this life stage. The objective of this study was to examine the tolerance of 

zoospores of U. pinnatifida to UVB radiation. For this the effect of changes of UVB 

irradiances on the photosynthetic performance, germination and growth rate, and DNA content 

were examined in zoospores of U. pinnatifida.  

 

2.3 Material and Methods 

Zoospores 

Mature sporophytes of U. pinnatifida were collected by hand in the intertidal zone of Princess 

Bay, Wellington, (41° 20′ 39.94″ S, 174° 47′ 17.07″ E) during low tide. Sporophylls of 6-8 

individuals for each experiment were separated and cleaned with tap water to remove 

epiphytes. To induce zoospores release, the sporophylls were immersed in filtered seawater 

(2µm pore size filter) at ±15 °C and exposed to natural light close to a window for 45 min. 

Zoospore concentration was counted by using a Neubauer Chamber on a light microscope 

(Leica,DM LB, Germany). 
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Light treatments 

Photosynthetically active radiation (PAR, 400-700nm) was provided by white fluorescent 

tubes (36W/840, Davis, New Zealand) and UVB radiation (295-320nm) was supplied with 

UVB fluorescent tubes (TL 40W/12RS, Phillip, New Zealand) with an emission peak at 302 

nm and emitting range of 290-390 nm. The experimental design consisted of two treatments, 

1) PAR+UVB (PB), where samples were exposed to full radiation from both lamps and 2) 

PAR (P), where samples were covered with a polycarbonate sheet that cuts radiation from and 

below 390nm. UVB lamps were cover with PVC filters to cut radiation below 290nm. 

Radiation was measured with a SpectroSense2+ radiometer (Skye Instrument Ltd. United 

Kingdom); for PAR measurements a 4-Chanel Sensor SK 1850/SS2 was used and for UVB a 

UVB sensor SKU 430/SS2. Experimental irradiances are shown in Table 2.1. The UVB and 

PAR irradiances used in these experiments are similar to light irradiances in the water column 

and/or intertidal of Wellington coast during Spring and Summer (see Chapter 5).  

Chlorophyll fluorometry 

Photosynthetic efficiency was measured using a Pulse Amplitude Modulation (PAM) 

fluorometer (Water-PAM) connected to a PC with WinControl software (Heinz Walz GmbH, 

Effeltrich, Germany).  Before measurement, samples were dark adapted for 10 min and the 

maximum quantum yield was obtained. Dark acclimation permits all reaction centres of PSII 

to be open (all primary acceptors are oxidized) and heat dissipation to be minimal.   Thus, dark 

adapted samples have a minimal fluorescence yield (Fo).  After a saturating pulse of actinic 

light, all reaction centres close and samples reach maximal florescence (Fm).  The difference 

between Fo and Fm gives the variable fluorescence (Fv) that indicates the capacity of the 

sample for photochemical quenching. The maximum quantum yield of PSII was defined as 

Fv/Fm. 
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Table 2.1 Experimental irradiances in the different experiments. 

 

 

 

 

Fig. 2.1 Experimental set up.  

 

 

 Experimental irradiances     

 PAR UVB    

Experiment 1  (µmol photon m
-2

 s
-1

)  (Wm
-2

) 

PB 33±1.7  0.5±0.2 1.0±0.1 1.5±0.8 2.0±0.3 

P 31.5±1.7       

Experiment 2  
     

PB 35±1.7  0.25±0.1 0.5±0.2 0.75±0.3 - 

P 31.5±1.7      

Low light  8±1.7  - - - - 

 

Mylar

Filter (PA)

Polycarbonate

Filter  (P)

Lamps
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No
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Experiment 1: Effect of UVB on Photosynthesis  

Photosynthesis experiments were performed at four increasing irradiances of UVB (0.5, 1.0, 

1.5 and 2.0 Wm
-2

) and stable PAR (table 2.1). For each irradiance, an independent experiment 

of 8h duration was performed at different days with new algal material.   After adjustment of 

zoospore concentration to 3 x10
5
 spores  ml

-1
, 200ml of zoospores solution was poured into 

each of 8 plastic chambers (18cm x 10cm x 5.5 cm x 5.5 cm), where 4 of them were covered 

with the polycarbonate filter (P treatment) and 4 exposed directly to lamps (PB treatment) for 

2h and 4h at 15 °C  (n=4 per treatment). The plastic containers were randomly distributed 

using the software tool “research randomizer” (Urbaniak & Plous 2013). To obtain different 

UVB irradiances, the height of UVB lamps above the samples was modified with respect to 

the samples. Before exposure to light treatments, ~5ml of the zoospore solution was poured 

into a quartz cuvette, left for 10 min. in the dark and then Fv/Fm was measured at time zero 

(control) (Roleda et al. 2005).  At the end of each exposure time, 5ml of samples of each 

replicate were poured in quartz cuvettes, left in darkness for 10 min. and Fv/Fm was measured.  

At the end of each exposure, subsamples (50 ml) were left for recovery under dim light 

conditions (8 μmol photon m
-2

 s
-1

, 0 Wm
-2 

UVB). Fv/Fm was measured after 2h and 4h of 

recovery of each exposure time. 

Experiment 2: Effect of UVB on spore germination, germination tube growth and DNA content 

Germination, germination tube growth and DNA content experiments were performed at three 

UVB irradiances and stable PAR (Table 2.1). As above, the height of UVB lamps were 

changed with respect the samples to obtain different UVB irradiances. Plastic chambers (n=6) 

were filled with 200ml zoospore suspension, three of which were exposed to PAR and UVB 

radiation (PB treatment)  and the rest were covered with polycarbonate filters  (P treatment). 

The zoospore concentration was 4x10
5
 cells ml

-1
.  Aliquots (2ml) of zoospore suspension were 

taken at the beginning of the experiment, and put into small petri dishes (40 mm x12mm) after 

every two hours of exposure (0, 2, 4, 6h of exposure). Dishes with zoospores suspension were 

filled with filtered seawater (4ml) and sea water was changed twice a day to avoid desiccation 

and to maintain salinities at normal levels.  These dishes were then left under low light 

conditions without a cover (8 μmol photon m
-2

 s
-1

, 0 Wm
-2

 UVB) with a photoperiod of 12:12h 

(day:night) for 6 days to recover. Germination and growth of the germination tube were 

determined 2 and 6 days after treatment by taking photographs of the bottom of each petri dish 
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(QImaging, MicroPublisher 0.5 33 RTV, Canada) attached to a light microscope (Leica DM 

LB, Germany) at x 20 objective magnification that represented an area of 0.109 mm
-2

. Images 

were analyzed with Image Pro-Plus (USA) software. Zoospores were counted as germinated 

when a visible germination tube had developed. Germination was expressed as a percentage of 

the total of zoospores per replicate. Growth of the germination tube was determined by 

measuring the germination tube length (μm) from the edge of the zoospore to the end of the 

tube. 

For DNA content analysis, 1ml samples of zoospores suspension (n=3, pre treatment) were 

taken at 0, 2, 4 and 6h exposure from treatments and then fixed in 1% formaldehyde. To 

determine DNA content, samples were centrifuged for 5 min. to concentrate the zoospores. 

Supernatant was removed (0.5ml) and the zoospore DNA was stained with 0.8 uM 4',6 

diamidino-2-phenylindole (DAPI) for 30 min. The DNA content was determined with a flow 

cytometer (Becton Dickson, LSR II) equipped with a 100 mW 488 nm Blue laser and 20 mW 

355 UV laser. 10,000 events were recorded per sample. The data analysis was performed by 

the Flow Jo (Treestart) software package to measure the mean fluorescence intensity (MFI) in 

each sample.  

Data analysis  

Data of photosynthetic performance measured as maximum quantum yield (Fv/Fm) was 

analyzed separately for exposure and recovery time. A comparison between PAR (P) and 

PAR+UVB (PB) treatments was done with a linear mixed model (LME) in SPSS statistical 

software (corp, USA). Treatment P was used to discard any negative effect of PAR in the 

treatment PB.  Due to the variability of photosynthetic capacity of zoospores at the beginning 

of the experiments, data of zoospores exposed to PB and recovery after exposure PB were 

normalised to the control (0h). Generalized linear mixed models (GLMM) were used to 

analyze the effect of UVB on photosynthesis of zoospores and their recovery. A binomial 

distribution was used due to the normalisation step. In these analyses, samples of zoospores 

suspension for photosynthesis measurements were included as a random factor because these 

samples represent just a proportion of each replicate exposed to treatments, while time and 

UVB irradiances were fixed factors.  These analyses were conducted using the lme4 statistical 

package within R (R development Core Team 2009).  
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Differences in germination between UVB irradiances and time were assessed with a 

generalized lineal model (GLM) analysis of deviance (data were normally distributed without  

equal variance assumption). A Quasi-Binomial distribution was used when data was 

overdispersed (residual deviance > residual df). The length of the germination tube was 

analyzed with GLM analysis of deviance with gamma distribution for continuous data. A 

linear effect model (LME) was used to assess differences in DNA content at different UVB 

irradiances. Germination, length of germination tube, and DNA fluorescence were 

standardized among the experiments to enable comparison. 

 

2.4 Results 

Experiment 1: Effect of UVB on Photosynthesis  

The effect of PAR (P) and PAR+UVB (PB), on maximum quantum yield (Fv/Fm) of zoospores 

of Undaria pinnatifida is shown in Fig. 2.1. The Fv/Fm of zoospores before exposure to 

treatments (0h) was high but variable among treatments (LME, t=-3.722, p=0.002, Fig. 2.1). 

The variability at time 0 (controls) among experiments shows that differences in the 

physiological state of different batches of zoospores exist, due to experiments being performed 

at different days with different environmental conditions at the time of sporophyte collection. 

However, similar responses to light treatments was observed among experiments where there 

was a reduction in Fv/Fm after 2h exposure to P and PB but a greater reduction was observed 

for the PB treatment. This was true for all 4 UVB irradiances. After 4h exposure there was a 

rise in Fv/Fm in zoospores exposed to P in all experiments, while a further decrease was 

observed in zoospores exposed to PB at all 4 UVB irradiances.    

After exposure to light treatments (P and PB), chambers with zoospore suspension were left 

under low light conditions for zoospores to recover from the treatments. The Fv/Fm of 

zoospores exposed for 2h to P and PB recovered after 2 and 4h of recovery under low light 

conditions. Fv/Fm after recovery was higher in zoospores exposed to P alone compared to PB. 

Moreover, the extent of the recovery in Fv/Fm of zoospores exposed to PB reduced with 

increasing UVB irradiances (Fig. 2.1).  A lower recovery was observed in zoospores exposed 

for 4h to PB compared to the 2h exposure, while recovery in Fv/Fm was observed for zoospores 
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exposed to P in the second 2h of exposure with values of Fv/Fm returning to values similar to 

those at 0h.  

The data of zoospores exposed to PB in Fig 2.1 were normalized to controls (0h) so the 

response to different UVB irradiances and the later recovery could be compared among 

experiments. Relative Fv/Fm (rFv/Fm) declined dramatically after exposure for 2h to PB at all 

UVB irradiances and longer exposure time (4h) to PB produced similar decreases in rFv/Fm 

(Fig. 2.2). There was no interaction between irradiances and time on rFv/Fm (GLMM, z=-

0.730, p=0.465), neither difference among irradiances (z=0.291, p=0.771) nor time (GLMM, 

z=-1.014, p=0.311). 

The standardized recovery in rFv/Fm of zoospores exposed to PB for 2 and 4h and then left to 

recover for 4h in low light conditions (8 µmol m
-2

 s
-1

) is shown in Fig. 2.3. There was no 

interaction between exposure time in the recovery and irradiances (GLMM, z=-0.351, 

p=0.725). The recovery in rFv/Fm of zoospores exposed to PB was higher in zoospores exposed 

for 2h than for 4h, except at the highest UVB irradiance (2.0 Wm
-2

) where there was almost no 

recovery for zoospores exposed to 2 and 4h (Fig.2.3). No differences in the recovery rFv/Fm of 

zoospores exposed for 2h to different UVB irradiances was detected (GLMM, z=-1.839, 

p=0.066), although there is steady decline in the recovery capacity as UVB irradiances 

increases (Fig. 2.3). Zoospores exposed for longer time (4h) had some recovery in rFv/Fm at 

the lowest UVB irradiances (~20%, Fig. 2.3); however no differences among UVB irradiances 

were detected (GLMM, z=-0.992, p=0.321).   
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Fig. 2.2 Effect of light treatments (P and PB) on maximum quantum yield (Fv/Fm) of motile zoospores 

of U. pinnatifida.  Zoospores were irradiated for 2 and 4h and then left to recover under low light 

conditions (8±2 μmol photon m
-2

s
-1

) at 15°C. PAR was constant in all experiments during exposure 

(31±2 μmol photon m
-2

s
-1

) and different UVB irradiances were used. Arrows show the beginning of 

recovery for each exposure point. Data are means and vertical bars show standard error (SE, n=4).  
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Fig. 2.3 Effect of short term exposure to PB (a) and P (b) on relative quantum yield (rFv/Fm) of PB 

treated zoospores of U. pinnatifida exposed for 2 and 4h to different UVB irradiances. These values are 

derived from those in Fig 2.1 after normalization to T0 controls. White dots represent the mean of 

standardized Fv/Fm of zoospores exposed for 2h to PB and black triangles to zoospores exposed for 4h. 

Data are means and vertical bars show standard error (SE, n=4).  

 

 

Fig. 2.4.  Relative quantum yield (rFv/Fm) of PB (a) and P (b) treated zoospores normalised to T0 

controls after 4h of recovery in zoospores treated with PB for 2h (white dots) and 4h (black triangles). 

Recovery was under low PAR only (8±2 μmol photon m
-2

s
-1

). Data are the mean and vertical bars show 

standard errors (SE, n=4).  

 

 

Control 0.5 1 1.5 2

rF
v
/F

m

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

2h 

4h 

UVB (Wm-2) UVB (Wm
-2

)

Control 0.5 1 1.5 2

2h

4h

a)
b)

Control 0.5 1 1.5 2

R
ec

o
v
er

y
 r

F
v
/F

m
 

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 2h exp

 4h exp 

UVB (Wm-2) UVB (Wm-2)

Control 0.5 1 1.5 2

 2h exp 

4h exp  

a) b)



44 
 

 

Experiment 2: Effect of UVB on germination, growth and DNA content 

After exposure to P and PB, dishes with zoospore suspension were left with a photoperiod of 

12:12 (low light, 8μmol photons m
-2

 s
-1

) for 6 days to allow zoospores to germinate. The effect 

of exposure to light treatment (P and PB) on zoospores germination is shown in Fig. 2.4. High 

germination of zoospores exposed to P and then incubated under low light conditions was 

observed after 2 and 6 days of recovery regardless of the length of the exposure to high PAR 

irradiance (Fig. 2.4).  Germination of zoospores not exposed to light treatments (0h exposure) 

was different among experiments (Fig 2.4, a, c, and e), since the experiments were performed 

on different days (GLM, z=5,119, p=0.000).  The addition of UVB highly affected the 

germination rate in all experiments at all exposure times (Fig.2.4).  

For comparison of the effect of different UVB irradiances in germination, data of PB treatment 

was standardized due to the variability in zoospores germination among the control (0h). There 

was no interaction between UVB irradiances and exposure time on germination after 2 days of 

recovery (GLM, t=-1.600, p=0.120) nor differences in germination among UVB irradiances 

(GLM, t=0.361, p=0.721) nor time (GLM, t=0.161, p=873). However, differences among 

irradiances after 2h of exposure were detected (GLM, t=-5.479, p=0.0009; 4h, t=-5.479, 

p=0.009) where germination decreases as UVB irradiances increases.  Higher germination was 

observed in zoospores exposed for 2h at the lower UVB irradiances (~ 35%), while little 

germination was observed at the two higher irradiances. After 6 days of recovery the 

percentage of germination was higher in comparison to 2 days of recovery (Fig. 2.4), showing 

zoospores were able to germinate with longer recovery depending on the UVB dose they 

received. There was an interaction between UVB irradiances and exposure time in germination 

after 6 days of recovery (GLM, t=-5.718, p=0.000), thus the effect of different UVB 

irradiances in germination after 6 day of recovery was variable among exposure time (Fig. 

2.4).  At the lowest UVB irradiances (0.25 Wm
-2

) germination decreased as exposure time 

increased, while for the two higher UVB irradiances (0.5 and 0.75 Wm
-2

) germination dropped 

significantly after 2h of exposure and almost no germination was recorded at longer exposure 

time (Fig. 2.4).      

 



45 
 

 

 

 

Fig. 2.5 Effect of two different light treatments on germination (%) of motile zoospores of U. 

pinnatifida after 2 and 6 days of recovery in dim light conditions (8±2 μmol photon m
-2

s
-1

) after 

exposure for 2, 4 and 6 h to photosynthetically active radiation (P, 35±2 μmol photon m
-2

s
-1

) and UVB 

irradiances (PB) at 15°C. UVB irradiances were: a-b, 0.25 Wm
-2

; c-d, 0.50 Wm
-2
 and e-f, 0.75 Wm

-2
. 

Data are mean and vertical bars show standard deviation (SD, n=3).  
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Zoospores treated with P developed a long germination tube (over 10 μm) in all experiments, 

while the addition of UVB slowed the development of the germination tube in all experiments 

(Fig. 2.5).  There was no interaction between UVB irradiances and exposure time in the 

development of the germination tube (GLM, t=1.947, p=0.0604) neither among UVB 

irradiances (GLM, t=-0.079, p=0.937) nor among exposure times (GLM, t—1.841, p=0.075). 

After 2 days of recovery only zoospores exposed for 2h and 4h to the lowest UVB irradiance 

were able to grow a germination tube (Fig. 2.5) at the lowest UVB irradiance; while no 

development of a germination tube was observed in zoospores exposed to the other UVB 

irradiances (0.5 and 0.75 Wm
-2

, Fig. 2.5).  After 6 days of recovery there was an interaction 

between UVB irradiances and exposure time for the mean length of germination tube (GLM, 

t=3.654, p=0.000), thus the effect of different UVB irradiances on the length of the 

germination tube was different through exposure time.   

The germination tube after 6 days of recovery was longer than after 2 days of recovery in 

zoospores exposed to the lowest UVB irradiance (0.25 Wm
-2

). Thus at the lowest UVB 

irradiances the growth of the germination tube decreased with longer exposure time, while for 

the two highest UVB irradiances little growth was observed in zoospores exposed for 2h and 

almost no growth was observed for those exposed for 4 and 6h (Fig. 2.5). 

DNA content was measured as mean fluorescence intensity (MFI). Due to the high variability 

in DNA fluorescence experiments at time 0 (controls), data from treatment PB was 

standardized to controls to compare the effect of different UVB irradiances on DNA 

fluorescence (Fig. 2.6). The effect of different UVB irradiances on DNA fluorescence after 2h 

was compared only between the two highest irradiances because the samples treated with the 

lowest UVB irradiance (0.25 Wm
-2

) were not well preserved and analysis could not be 

performed. Differences in the reduction in DNA fluorescence were found between UVB 

irradiances (LME, t=-2.645, p=0.016), but not among exposure time. After 2h exposure, 

zoospores exposed to the medium irradiance (0.5 Wm
-2

) had a reduction of ~6% in DNA 

content, while a ~26% decrease was observed at the highest UVB irradiance (0.75 Wm
-2

) . At 

4h exposure, the highest reduction in DNA fluorescence was observed at the highest UVB 

irradiance with ~ 25% (0.75Wm
-2

), while for the medium UVB irradiance was less than 5% 

and no reduction at the lower UVB irradiance (Fig. 2.6). At 6h of exposure a higher decrease 

in DNA fluorescence was observed in zoospores irradiated with the medium and high UVB 
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irradiances (~5 and 10%, respectively) in comparison to 4h of exposure (Fig.2.6). DNA 

fluorescence after 6h of exposure decreased as UVB irradiances increased (Fig. 2.6). 

 

 

 

Fig. 2.6  Effect of two different light treatments in length of germination tube of motile zoospores of U. 

pinnatifida in day 2 and 6 of recovery in dim light conditions (8±2 μmol photon m
-2

s
-1

) after exposure 

for 2, 4 and 6 h to photosynthetically active radiation (P, 35±2 μmol photon m
-2

s
-1

) and UVB 

irradiances (PB) at 15°C. UVB irradiances were: a-b, 0.25Wm
-2

; c-d, 0.50Wm
-2

 and e-f 0.75Wm
-2

. 

Data are mean and vertical bars show standard deviation (SD, n=3).  
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Fig 2.7 Effect of different UVB irradiances in DNA content measured as mean fluorescence intensity 

(MFI) of motile zoospores of Undaria pinnatifida at 15°C. Data were standardized to controls (0h). 

Vertical bars show standard error (SE, n=3). Data from the lowest UVB irradiance (0.25 Wm
-2

) at 2h 

of exposure are missing.  
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photon m
-2

 s
-1

) suggesting that zoospores had been acclimated to lower light conditions prior 

to the beginning of the experiment. The subsequent increase in Fv/Fm under the same light 

conditions illustrates that zoospores were able to acclimate rapidly to higher light conditions. 

This reduction and then increase in Fv/Fm by zoospores exposed to P treatment was observed 

in all experiments; but there was variability in the initial Fv/Fm among experiments. Samples 

were collected on different days over Winter/Summer 2011, and this may have led to 

variability in the physiological stage among zoospores of the different experiments before 

exposure to treatments. The Fv/Fm of zoospores of three Laminariales species from Helgoland 

(German Bight) and Spitsbergen (Arctic) also reduced under similar experimental conditions, 

and reduced further at increasing doses of PAR as a function of exposure time (Roleda et al. 

2007). Thus, Laminariales species were photoinhibited after 1h exposure to 22 μmol photon 

m
-2

 s
-1

 and further depression in Fv/Fm was observed at longer exposure at the same conditions 

(Roleda et al. 2007).  The PAR irradiance used during the experiments for U. pinnatifida was 

higher than those used by Roleda et al. (2007), and this demonstrates that  zoospores of U. 

pinnatifida could acclimated to higher light conditions than other species of the same order.  

U. pinnatifida inhabits the intertidal to the subtidal zone of Wellington coastline; therefore, 

zoospores must be able to tolerate high fluxes of visible and UVB radiation, while the 

Laminariales species studied by Roleda et al. (2007) inhabit the upper sublitoral to lower 

sublitoral receiving lower irradiances of light, and were therefore adapted to lower light 

conditions than U. pinnatifida. This data suggests their rapid photoacclimation will allow U. 

pinnatifida zoospores to tolerate the light conditions that exist when they are released and also 

could allow U. pinnatifida to survive in areas with higher light irradiances.  The ability to 

acclimate to a wide range of light irradiances might increase the success of this species to 

invade.    

The addition of UVB produced a significant decrease in Fv/Fm in comparison to P alone. The 

reduction in Fv/Fm of zoospores of U. pinnatifida exposed to PB was similar among UVB 

irradiances and exposure time, but the recovery in Fv/Fm was highly dependent on both the 

UVB exposure time and the UVB irradiances. Thus, photosynthesis efficiency of zoospores 

after recovery time was higher in those exposed for 2h than 4h, except at the highest UVB 

irradiance. Furthermore, the recovery in Fv/Fm improved as UVB irradiances decreased. The 

photosynthetic performance of zoospores of U. pinnatifida after exposure to UVB had similar 

reduction in Fv/Fm (76-84%) compared to zoospores of other Laminariales species from the 
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Northern Hemisphere (85-95%) after similar UVB treatment (Roleda et al. 2005, 2006). A fast 

recovery in Fv/Fm in zoospores of U. pinnatifida exposed to low doses of UVB was observed 

after a short period of recovery (4h), while Laminariales spp. had higher recovery but after a 

longer recovery time (48h). A fast recovery in Fv/Fm of U. pinnatifida after exposure to UVB 

could increase the opportunity to survive and succeed in the invasion process.    

Zoospores of Laminaria digitata, L. saccharina, L. hyperborea had a low recovery in Fv/Fm 

after 48h demonstrating the negative effect of UVB on the photosynthetic apparatus; 

moreover, photosynthesis of zoospores was depressed in a dose-dependent manner (Roleda et 

al. 2010). This reduction in Fv/Fm is likely due to changes and/or damage to the light 

harvesting complex, PSII centres and/or the Calvin-Benson Cycle (Franklin et al. 2003). The 

main target is the D1 protein of PSII (Friso et al. 1994, Babu et al. 1999, Roleda et al. 2004, 

2005, 2006, Nishiyam et al. 2011). When D1 is degraded, and its rates of biosynthesis and 

repair are slower than its degradation, photodamage is produced, and recovery may occur with 

longer recovery time or may not occur (Melis 1999, Tyystjärvi 2008). Differences among 

UVB doses in the recovery of zoospores of U. pinnatifida might be due to degradation of 

protein D1. Thus, at lower UVB dose the biosynthesis and repair of protein D1 might be 

higher than its degradation, and therefore, faster recovery is observed. In contrast, higher UVB 

dose might produce higher degradation, so the recovery is slower.   

Germination and the length of the germination tube of zoospores of U. pinnatifida exposed to 

P were not affected by exposure to high PAR radiation.  According to Roleda et al. (2007),  

low photon flux densities (PFD) of PAR in the range of 10-20 μmol photon m-
2
 s

-1
 are 

optimum for germination of zoospores, however, high PAR may decrease germination rate 

(Wiencke et al. 2004). Morelissen et al. (2013) suggested that the optimum light requirement 

for germination of zoospores of U. pinnatifida is between 28 and 145 μmol photon m-
2
 s

-1
, and 

this observation is supported here. In my study, zoospores of U. pinnatifida were exposed to 

33 μmol photon m-
2
 s

-1
 for no more than 6h, and then left under low light conditions (8 μmol 

photon m
-2

 s
-1

) for 6 days. This illustrates that zoospores are able to germinate and develop a 

well formed germination tube at very low light conditions after exposure to higher irradiances.  

The addition of UVB reduced the germination rate and delayed the growth of germination tube 

of zoospores of U. pinnatifida and this decrease was dependant on the UVB irradiances and 

exposure time. A dose-dependent response of germination after exposure to UVB also was 
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found in zoospores of Lessonia nigrescens and Lessonia. trabeculata (Tala et al. 2007), where 

the germination rate of both species decreased as UVB dose increased. After 2 days of 

recovery the germination rate of zoospores of U. pinnatifida exposed for 2h at the lowest 

irradiance (UVB 0.25Wm
-2

) was around 40%, and the mean length of the germination tube 

was smaller than 5μm, and both parameters decreased further after longer UVB exposure 

times. Almost no germination was observed at the two higher UVB irradiances (0.5 and 

0.75Wm
-2

).  The germination rate increased with longer recovery time in all treatments, 

showing zoospores can recover from UVB stress, depending on the UVB dose they receive. 

Germination and tube growth were very sensitivity to UVB stress, although some zoospores 

were able to germinate and develop a germination tube after long recovery time. After 

settlement zoospores are exposed to less UVB compared to the water column due to light 

attenuation through the water column and via algal assemblages and irregular substrates of the 

rocky intertidal. This suggests that zoospores of U. pinnatifida might develop after UVB stress 

if they settle in areas with low exposure to direct sun light, for example, the subtidal, in low 

light areas of the rocky intertidal or under the protection of algal assemblages.    

The effect of UVB on the DNA content of zoospores was evaluated by flow cytometry. Flow 

cytometry has been used in phytoplankton and microalgae in many analyses (Franqueira et al. 

2000, Collier 2001, Readman et al. 2004, Haberkorn et al. 2011). However, to the best of my 

knowledge, this is the first time this approach has been used to determine and quantify DNA 

damage in zoospores of kelps. DNA fluorescence of zoospores of U. pinnatifida differed 

among UVB irradiances and decreased with increased exposure time and UVB irradiance. The 

decrease in DNA fluorescence has been associated to a disruption of the chromatin resulting in 

cellular death or apoptosis (Telford et al.  2002, 2004). However, the decrease of DNA 

fluorescence in these experiments might due to chromatin remodelling during DNA repair 

(Dinant et al. 2008) where chromatin must change its structure to let this process happen. 

Chromatin remodelling occurs during photorepair of cyclobutane pyrimidine dimers (CPDs). 

CPDs are the most common form of DNA damage induced by UV (Wiencke et al. 2000, 

Pakker et al. 2000, Van de Poll et al. 2001, 2002, Cadet et al. 2005, Pfeifer & Besaratinia 2011) 

that inhibit transcription and replication of DNA and, therefore, disrupt cell metabolism and 

cell division (Buma et al. 1995, 2000, 2003, Ljungman & Lane 2004). Steinhoff et al. (2008) 

suggested UVB might induce replication and modify the stereochemical conformation of 

chromatin in L. hyperborea exposed to treatments with UVB. The impact of UVB in DNA 
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fluorescence mainly at the longest exposure time (6h) and the higher UVB irradiance of 

zoospores of U. pinnatifida combined with the effect in their photosynthetic capacity might 

explain the delay in germination and growth of the germination tube in zoospores observed 

from day 2 of recovery to day 6. UVB has direct consequences on cell metabolism, cell 

division, DNA, and, therefore, on growth and development of zoospores (van de Poll et al. 

2001, Jian et al. 2007).  Moreover, the energetic cost of protection and repair means that less 

energy is directed to the development and therefore, germination and growth are delayed 

(Roleda et al.  2005). DNA analysis by flow cytometry in these experiments complements the 

results of germination and development of zoospores. Thus, this method is a very helpful tool 

to obtain relevant information rapidly about a population of zoospores.  

Zoospores of U. pinnatifida in these experiments were exposed to light treatments immediately 

after zoospore release, to simulate zoospore release in the water column during daylight. The 

impact of UVR on germination of zoospores of brown seaweeds has been investigated 

previously (Wiencke et al. 2004, Roleda et al. 2005, 2007, 2010) and their results indicate that 

zoospores are highly vulnerable to light stress and their susceptibility depends on the vertical 

distribution of the species (Wiencke et al. 2004, Roleda et al.  2005) and the stage of 

development (Veliz et al. 2006). Motile zoospores are small and have poorly-developed cell 

walls in comparison with settled zoospores (Henry & Cole 1982, Veliz et al. 2006), and as 

suggested by Altamirano et al. (2003) their structural and cellular simplicity could explain 

their high susceptibility to UVB. This is further supported by the findings of Veliz et al. 

(2006), who observed a more detrimental effect in motile zoospores than settled ones. 

Zoospores of U. pinnatifida exposed to short periods of UVB recovered their photosynthetic 

capacity at all UVB irradiances. Furthermore, the germination findings in U. pinnatifida might 

help to understand the success of this species as an invader because they show that even the 

most susceptible life stage can recover from short term exposure to UVB. Motile zoospores are 

only likely to be exposed to direct light in the water column for short periods due water 

circulation in the intertidal zone; and are likely to settle and develop despite the initial stress 

they could suffer after release.  In addition, attenuation and scattering of light within the water 

column reduces ambient irradiances and protection/shading by other algal assemblages might 

be important for the success of the survival of zoospores of U. pinnatifida. 

U. pinnatifida is one of the most invasive organisms worldwide. Studies have focussed on the 

possible ecological impact of this species after its introduction, but there has been little focus 



53 
 

 

on the physiological tolerance to environmental changes that could make this species a 

successful invader. As early life stages play an important role maintaining populations, it is 

important to understand and know their tolerances to adverse environmental factors.  

Physiological tolerance could also aid the understanding of the mechanisms of invasion that 

could be favouring invasive species. Moreover, knowing the vulnerable stages could help in 

decision-making and actions to control and/or eradicate this species.  This study shows that 

zoospores of U. pinnatifida are able to recover from the impact of short exposure of UVB 

depending on the dose they receive. The medium-high UVB irradiances used in these 

experiments are similar to those found in the intertidal zone of the Wellington coast during 

spring and summer.  Sporophytes of U. pinnatifida are fertile mainly at late winter and spring 

when UVB irradiances are low-medium and very variable due to cloud cover that attenuates 

incident UVB radiation. Synchronization of zoospores release when light conditions are low 

decreases the possibility for zoospores to be irreparably damaged by UVB radiation. 

Therefore, the recovery capacity of zoospores of U. pinnatifida combined with settlement of 

zoospores in attenuated light areas and its life cycle make this species very successful in 

maintaining viable populations despite the initial stress they might suffer, and could also 

facilitate invasion success in areas with variable medium-high UVB conditions.     
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Chapter 3 

Effect of UVB and temperature on 

early life stages of U. pinnatifida 

 

3.1 Abstract 

The effect of light treatments combined with temperature on early life stages of U. pinnatifida 

was investigated for the first time. Zoospores and gametophytes of U. pinnatifida were 

exposed to photosynthetically active radiation (P, 400-700nm), PAR+UVA radiation (PA, 

320-400nm) and PAR+UVA+UVB radiation (PAB, 285-320nm), and incubated at 

temperatures between 15 and 21 °C.  The photosynthetic capacity, zoospore settlement, 

germination success, growth of the germination tube and development to gametophyte were 

studied. Light treatments and temperature affected early life stages independently.  Fv/Fm was 

highly depressed by PAB treatment during exposure, but it recovered after incubation in the 

dark. Higher temperature resulted in a faster recovery in Fv/Fm in the short term but a full 

recovery was always observed at the end of the experiment regardless of the temperature. 

Settlement of zoospores decreased as temperature increased when exposed to PA and PAB but 

not to P treatment. Germination rate and the growth of the germination tube were both very 

low in zoospores exposed to PAB and also less gametophytes formation was observed in 

zoospores exposed to this treatment at the two highest temperatures. Early life stages were 

affected mainly by UVB, while temperature had minor effects. The capacity of U. pinnatifida 

to develop in a wide range of light and temperatures might allow this species to maintain 

viable populations where they already exist in a scenario of environmental changes but also 

might permit this invasive seaweed to spread to higher latitudes.    
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3.2 Introduction 

Global environmental changes observed in the last few decades have led to concern over the 

possible effect on ecosystems. The Fifth Assessment Report of the United Nations 

Intergovernmental Panel on Climate Change (IPCC 2013) predicts large changes in 

environmental conditions in the future. These changes are expected to disturb marine 

organisms (Fredersford et al. 2009) due to physical and chemical changes in the water (Harley 

et al.  2006). For example, an increase in water temperature is likely to impact organisms 

directly by affecting physiological processes (Galbraith  et al. 2002, Harley et al.  2006), or 

indirectly impacting ocean dynamics and species interactions (Rilov & Treves 2010) and, 

therefore, changing the structure of ecosystems (Stachowicz et al.  2002, Doney et al. 2012).   

For seaweeds, temperature regulates their geographic distribution, and controls their survival, 

reproduction (Lobban  1994) and physiological processes such as photosynthesis (Coelho et al. 

2000). For example, an increase in the temperature of coastal waters due to global warming 

might permit the spread of warm-adapted species to higher latitudes, while cold-adapted 

species could decrease in abundance or become extinct (Rahel & Olden 2008), and it could 

enable invasive species to expand their geographical distribution to areas where they could not 

previously survive or reproduce (Walther et al.  2009). Invasion success has been associated 

mainly with disturbance of the environment where ecosystems become more susceptible to an 

introduction of non-indigenous species (Williams & Smith 2007) through altered community 

structure and organism interaction (e.g. competition).    

Another environmental factor affecting coastal environments is the variation in the amount of 

UVB radiation reaching the surface of the earth due to ozone depletion. UVB negatively 

impacts organisms by damaging physiological processes (Rousseaux et al.  1999, Saito & 

Taguchi 2003, Obermuller et al.  2005, Rocarati et al.  2008). In seaweeds, the effect of UVB 

has been well studied in macroscopic stages. UVB can produce considerable damage to the 

photosynthetic apparatus by decreasing the photosynthetic rate or inhibiting it (Roleda et al.  

2004), damaging macro-molecules such as DNA and proteins (Roleda et al. 2005, 2006a, 

2006b) and inhibiting growth (Roleda et al. 2006a ). In addition, UVB delays growth in early 

(microscopic) life stages and can cause high mortality (Coelho et al.  2000, Wiencke et al.  

2000 ), produce photoinhibition of photosynthesis (Wiencke et al.  2000, 2004, Roleda et al.  

2004, 2005), damage DNA, and change cell structure (Roleda et al. 2006a, Steinhoff et al.  
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2008). The susceptibility of seaweed to UVB is species-specific and is related to their vertical 

distribution; thus deep-water species are more susceptible to UVB than those that inhabit 

upper areas more exposed to solar radiation (Pakker et al.  2000, Roleda et al.  2005,2006a). 

Also, their susceptibility depends on the development stage; in general, unicellular stages are 

more susceptible than multicellular (spores vs. gametophytes and sporophytes) and juveniles 

more than adults ( Coelho et al.  2000).  

The fluorescence of the chlorophyll is measured by using Pulse Amplitude Modulation 

fluorometer (PAM) (Wiencke et al. 2004, Roleda et al. 2005, Baker 2008). As has been 

described in the previous chapter, this method is widely used to study the physiology and 

ecophysiology of photosynthetic organisms because it is non destructive, easy to use and 

provides useful information on the state of the photosystem II (PSII) (Baker 2008, Murchie & 

Lawson 2013). One of the most used parameters is the maximum quantum yield of PSII 

(Fv/Fm) (Murchie & Lawson 2013). Fv/Fm is measured after dark acclimation, which closes 

reaction centres when photochemistry and heat dissipation are inactivated. Additionally, rapid 

light curves (RLCs) give information on the saturation characteristics of electron transport and 

the overall photosynthetic performance of the organism (Ralph & Gademann 2005).   Electron 

transport rate (ETR) is a relative measure shows the relation between the effective quantum 

yield (ɸPSII) and the incident light  (PAR) (Schreiber et al. 2012, Szabó et al. 2014). RLCs also 

give additional information such as the initial slope of the non-saturated photosynthetic rate 

(α), the maximum relative electron transport rate (rETRmax), and saturating irradiance of 

photosynthesis (Ek) (Schreiber et al. 2012).  

The effect of abiotic conditions on the physiology of seaweeds has usually been assessed 

through single factor analysis. However, environmental changes occur simultaneously, and 

they might act in combination or independently (Fredersford et al. 2009). An evaluation of the 

effect of interactive stresses is necessary to determine more accurately the impact of global 

environmental changes.  In seaweeds, the few studies on the combined effect of UV and 

temperature that have been done show an interactive effect of factors (Hoffman et al. 2003). 

For example, the harmful effect of UVB on growth of Fucus species increased at higher 

temperatures (Alatamirano et al. 2003), in contrast, an increase of temperature ameliorated 

photoinhibition induced by UVB in Ulva sp. (Rautenberger & Bischof 2006). The impact of 

combined factors on seaweeds is species and stage specific at various temperatures (Müller et 
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al.  2008); thus some species could be favoured with environmental changes; while others 

won't be affected. 

The effect of UVB and temperature as single and/or combined factors has been tested 

principally in native species, while the effect on introduced species has not been studied, even 

though environmental changes might benefit introduced species (Stacowicz et al. 2002, 

Walther et al.  2009). The introduction of new species is a major threat to coastal ecosystems 

(Thornber et al. 2004) because they often compete with native species (Thomsen & McGlathery  

2007), alter nursery habitat for other organisms and reduce light penetration into the water 

column (Thomsen & McGlathery 2007). Studies on the tolerance to environmental changes of 

invasive species are limited; however, invasive species often present high plasticity that leads 

to success in new environments. For example, the success of the invasive Caulerpa racemosa 

var. occidentalis in the Mediterranean is attributed to its high physiological plasticity to 

different habitats and environmental variations (Raniello et al.  2004), and the high stress 

tolerance of Gracilaria vermiculophylla has allowed this species to spread throughout Europe 

and North America (Thomsen & McGlathery 2007).     

Undaria pinnatifida is a brown seaweed ranked as one of the most successful invasive 

seaweeds in the world (Lyons & Scheibling 2009). The success of this species has been linked 

to its high dispersal ability and its capacity to establish in varied environments (Dean & Hurd 

2007). However, its ability to establish and maintain viable populations in new environments 

depends greatly on the ability of each life stage to acclimate to habitat and seasonal variation 

(Raniello et al. 2004). Additionally, its success relies on the survival of unicellular stages 

(Vadas et al. 1992), which in seaweeds have high mortality due to high vulnerability to 

environmental conditions (Davison et al. 1993,  Coelho et al. 2000). In New Zealand, this 

species was first found in Wellington Harbour in 1987, and since then has spread around the 

North Island from Wellington to Rangaunu Harbour, Aupouri Peninsula and in the South 

island from Golden Bay to Stewart Island mainly on the west coast (Stuart 2004, Russell et al. 

2008, James et al. 2014). U. pinnatifida has an alternation of generations (gametophytes and 

sporophytes) that is regulated principally by temperature. Thus, in its native environment U. 

pinnatifida has an annual cycle where gametophytes are produced in Autumn, and the 

sporophytes appear in Winter–Spring and die in late Summer (Yoshikawa et al.  2001).  In 

New Zealand, in contrast, sporophytes of this species can be found throughout the year (Hay & 

Villouta 1993, Morelissen 2012).  
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U. pinnatifida is as a very plastic species because it can survive and develop in a wide range of 

conditions, and this might explain its success colonizing new environments. Moreover, this 

characteristic could allow this species to become more successful under predicted global 

changes. However, there is a lack of studies on the effect of environmental changes of invasive 

species. Since environmental changes occur simultaneously, it is imperative to study the effect 

of multiple factors on organisms. As U. pinnatifida has a wide thermotolerance, I hypothesised 

that an increase of water temperature will ameliorate the effect of UVB in early life stages of 

this species as shown in other macroalgae (Rautenberger & Bischof 2006). Thus, I exposed 

motile and settled zoospores to UVB at increasing water temperature and measured its effect 

on photosynthetic efficiency, settlement, germination, growth and development to 

gametophytes. This chapter extends the findings in Chapter 2.  

 

3.3 Materials and Methods 

Zoospores  

Mature sporophytes of U. pinnatifida were collected by hand in the intertidal zone of Princess 

Bay, Wellington, (41° 20′ 39.94″ S, 174° 47′ 17.07″ E) during low tide in July 2013. Mature 

sporophylls of 6-8 algae were separated and cleaned with fresh water to eliminate epiphytes. 

To induce zoospores release, the sporophylls were dried with paper towels and then  immersed 

in filtered seawater (2μm pore size filter) at ±15 °C and exposed to natural light close to a 

window for 45 min. Zoospore concentration was counted by using a Neubauer Chamber 

(haemocytometer) on a light microscope (Leica,DM LB, Germany). 

Light treatments  

Photosynthetically active radiation (PAR) was provided by white fluorescent tubes (36W/840, 

Davis, New Zealand), ultraviolet radiation A was supplied with UVA fluorescent tubes (TL 

40W/03RS, Philips, New Zealand) with an emission peak at 375 nm and emitting range of 320 

to 410 nm and ultraviolet radiation B with UVB fluorescents tubes (TL 40W/12RS, Philips, 

New Zealand) with an emission peak at 302 nm and emitting range of 290-390 nm.  The 

experimental design consisted of three treatments, 1) PAR+UVA+UVB (PAB), where samples 

were exposed to full radiation from lamps, 2) PAR+UVA (PA), samples covered with a mylar 
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sheet that cuts radiation below 320 nm and 3) PAR (P), samples covered with a polycarbonate 

sheet that cuts radiation below 390 nm.  UVB lamps were covered with PVC filters to cut 

radiation below 290nm. Radiation was measured with a SpectroSense2 + radiometer (Skye 

Instrument Ltd. United Kingdom); for PAR measurements a 4-Chanel Sensor SK 1850/SS2 

was used, for UVA, a UVA sensor SKU 421, and for UVB a UVB sensor SKU 430/SS2 were 

used (as Fig. 2.1, Chapter2). Experimental irradiances are shown in Table 3.1.   The light 

treatments attempt to approximate natural light levels during a 10 hr day. Samples were 

collected in late Winter/early Spring when the typical day length was approximately 10 hr. and 

light irradiances were low. The UVB and PAR irradiances used in these experiments are 

similar to light irradiances in the water column and/or intertidal of Wellington coast during 

Winter (see Chapter 5). 

PAM fluorometry 

Photosynthetic efficiency was measured as the variable fluorescence of PSII using a Pulse 

Amplitude Modulation fluorometer (Water-PAM) connected to a PC with WinControl 

software (Heinz Walz GmbH, Effeltrich, Germany).  Before measurement, samples were dark 

adapted for 10 min. and the maximum quantum yield (Fv/Fm) was obtained. Dark acclimation 

permits all reaction centres of PSII to be open (all primary acceptors are oxidized) and heat 

dissipation is minimal.   Thus, dark adapted samples have a minimal fluorescence yield (Fo). 

After a saturating pulse of actinic light, all reaction centres close and samples reach the 

maximal variable florescence (Fm).  The difference between Fo and Fm gives the variable 

fluorescence (Fv) that indicates the capacity of the sample for photochemical quenching. The 

maximum quantum yield of PSII was defined as Fv/Fm. 

The relative electron transport rate (rETR) was measured from rapid light curves (RLCs) that 

measure the effective quantum yield over a range of increasing actinic light intensities ( up to 

700 μmol photon m
-2

 s
-1

) (Schreiber et al. 1994). The rETR was calculated as:  

ETR (µmol electrons m
−2

s
−1

) =  ɸPSII * E   

Where ɸPSII is the PSII effective quantum yield, determinate as (F′m-F)/F′m = ΔF/F′m, where 

F′m and F are the maximum and minimum fluorescence respectively, in presence of actinic 

light and E is the incident irradiance of PAR. The following photosynthetic parameters were 

derived from the RLCs: the maximum relative electron transport rate (rETRmax), the initial 
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slope of the non-saturated photosynthetic rate (α) and saturating irradiance of photosynthesis 

(Ek).  

Experiments: 

In this study, three different experiments were performed. The objective of the first experiment 

was to determine the effect of different PAR and UV treatments under different temperatures 

on the photosynthetic performance of the zoospores. The second set of experiments examined 

their effect on zoospore germination, settlement and length of germination tube. The third 

experiment aimed to determine the effect of PAR and UV treatments under different 

temperatures on the development of zoospores to gametophytes.    

 

 

Table. 3.1 Experimental irradiances in the experiments. 

 

 

 

 

 Experimental irradiances   

 PAR UVA UVB 

 (μmol photons m-2 s-1) (Wm-2) (Wm-2) 

Low light 35±1.7 0 0 

Experiment 1 & 2    

PAB 57±2 2.5±0.4 0.3±0.07 

PA 54.1±2 2.15±0.4 0.1±0.07 

P 54.0±2 0.025±0.4 0.02±0.07 

Experiment 3    

PAB 67±2 3.4±0.5 0.3±0.4 

PA 63.5±2 2.9±0.5 0.1±0.4 

P 63.4±2 0.02±0.5 0.02±0.4 

 



68 
 

 

Experiment 1:  Effect of temperature and light treatments on zoospore photosynthesis 

Photosynthesis experiments were performed with three different light treatments (P, PA and 

PAB) at three different temperatures (15, 18, 21 °C) with 4 replicates in each treatment.  

Temperature conditions were chosen to approximate the temperature during Summer in the 

intertidal of Wellington coast (lower temperature) and the possible increase in temperature as a 

consequence of global warming.  After adjustment of zoospores concentration to 2.7 x10
-5

 cell 

ml
-1

, the zoospore solution was divided into different plastic chambers (total=36) (18cm x 

10cm x 5.5 cm), where 12 containers were covered with polycarbonate filters, 12 with mylar 

filters and 12 were left without filters (as described earlier).  

The samples were maintained at constant temperature using 3 water baths, while the light was 

provided by a set of UVB, UVA and PAR lamps hung above the water baths.  After zoospore 

release, a small aliquot of zoospore solution was poured into 5ml quartz cuvettes and left for 

10 min. in the dark to measure Fv/Fm and rETR before experiments (0h). All cultures were 

maintained at their experimental temperature under low light conditions (35 μmol photon m
-2

 

s
-1

 PAR only) for 3h. After temperature acclimation, zoospores were exposed to their 

respective light treatment for 3h (Table 3.1), then left under the lower light condition for 4h  

(35µmol photon m
-2

 s
-1

) and finally in darkness for 14h. This light regime attempts to reflect 

changing light conditions during a 10 h day and 14h darkness. Fv/Fm and rETR were also 

measured after 3h temperature acclimation time and then after exposure for 3h to light 

treatments. Fv/Fm was also measured after 4h of recovery under low light and after 14h of 

recovery in dark conditions. The zoospores samples were returned to the corresponding petri 

dish after measurements were performed.  

Experiment 2: Effect of light treatments and temperature on settlement, germination and 

growth  

Petri dishes (n=3 per treatment, total=27) (100mm x 15mm) were filled with 6ml zoospore 

solution (4x10
5
 cells ml

-1
) and then left in water baths at 15, 18, 21 °C for 3h for temperature 

acclimation under low light (Table 3.1).  Samples were covered with the filters to provide P 

and PA irradiances and another set of samples were left without filters to obtain PAB 

treatment as in Experiment 1. After the temperature acclimation period, the zoospores were 

exposed to light treatment (P, PA, PAB) for 3h and then left under low light conditions (Table 

3.1) for 4h, followed by dark conditions for 14h. 24h after zoospores release, the zoospore 
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solutions in the petri dishes were changed with filtered sea water, thus only zoospores attached 

to the bottom of the dish remained.  Sea water from the petri dishes were changed filled two 

times per day to avoid desiccation after the first day of the experiment. The zoospores were 

exposed to low light (Table 3.1) for 2 days with a photoperiod of 10:14h (day:night). 

Zoospores settlement, germination and growth of the germination tube were measured 2 days 

after zoospore release by taking three photographs of the bottom of each petri dish with a 

QImaging (MicroPublisher 0.5 & 33 RTV, Canada) camera attached to a Leica DM LB 

(Germany) light microscope at x20 objective magnification representing an area of 0.109 mm
-

2
. Images were analyzed with Image Pro-Plus (USA) software. Zoospores were counted as 

germinated when a visible germination tube was developed. Germination was expressed as a 

percentage of the total zoospores per replicate. Growth of the germination tube was 

determined by measuring the germination tube length (μm) from the edge of the zoospore to 

the end of the tube and settlement was assessed by counting the zoospores that remain attached 

to the bottom of the petri dishes. 

Experiment 3: Effect of temperature and light treatments on gametogenesis 

Petri dishes (n=4, total=36) were filled with 6ml zoospore solution (3x10
5
 cells ml

-1
) enriched 

with F/2 medium (Morelissen et al. 2013) and then left in different water baths at 15, 18, 21 

°C for 3h at low light as above for temperature acclimation. Samples were covered with the 

corresponding filters to provide the P and PA treatments and another set without filter to 

provide PAB as in previous experiments. After the temperature acclimation period, the 

zoospores were exposed to light treatments (P, PA, PAB) for 1h and then left under low light 

conditions for 9h (Table 3.1), followed by dark conditions for 14h.The zoospores were 

incubated under a photoperiod of 10:14h (day:night) for 12 days and zoospores were exposed 

daily for 1h to the light treatments (P, PA, and PAB) after 3h of light to simulate the possible 

exposure of zoospores after settlement, hypothesizing zoospores might settle in areas protected 

from the direct sun light with short exposure period. After 24h the zoospores solutions in the 

petri dishes were changed with filtered sea water and added F2, thus only zoospores attached 

to the bottom of the dish remained.  Petri dishes were refilled with filtered sea water two times 

per day to avoid desiccation from the beginning of the experiment. Zoospores development to 

gametophytes was observed 12 days after zoospore release by taking three photos of the 

bottom of each petri dish with the light microscope at x20 objective magnification. Images 

were analyzed with the Image Pro-Plus (USA) software.  
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Data analysis  

All statistical analyses were carried out with R software (version 2.13.2, Core Team 2009). 

The effect of factors (light treatments, temperature and time) on Fv/Fm was analyzed separately 

for exposure and recovery time.  A linear mixed model (LME) (function “lme” in package 

“nlme”; Pinheiro et al. 2014) was used to detect interaction between light treatment and 

temperature on photosynthetic performance of zoospores measured as Fv/Fm and ETRmax.  

Akaike information criterion (AIC) was used to compare models, for Fv/Fm exposure and 

ETRmax  a full model was used (interaction of all factors), while a reduced model excluding 

time was used for Fv/Fm in recovery. Light treatments, temperature and/or time were fixed 

variables, while samples were taken as the random variable.  

Differences in germination between irradiances and time were assessed with a generalized 

lineal model (GLM) analysis of deviance (data were normally distributed but no equal 

variance assumption). Quasi-Binomial distribution was used when overdispersion of data 

(residual deviance > residual df) was observed. Growth of germination tube was analyzed with 

GLM analysis of deviance with gamma distribution for continuous data and settlement and 

gametophytes with poisson distribution for count data or quasipoisson when overdispersion of 

data (residual deviance > residual df) was observed. The effect of each light treatment at 

different temperatures in growth of germination tube was assessed with ANOVA one-way 

after normality (quantile–quantile plots) and homogeneity (Bartlett test) of variance were 

checked.  

 

3.4 Results 

Experiment 1: Effect of UV and temperature on photosynthesis 

The effect of P, PA and PAB treatments at different temperatures (15, 18 and 21 °C) in Fv/Fm 

of zoospores of Undaria pinnatifida is shown in Fig. 3.1  Zoospores had high Fv/Fm values 

after release and after 3 hours of temperature acclimation in low light, before exposure to the 

full light treatments. There was a reduction in Fv/Fm during this acclimation period and this 

reduction was different among temperatures (LME, t=1.78, p ˂ 0.0001), with a larger 

reduction in Fv/Fm as temperature decreased (Fig. 3.1).   There was interaction between light 
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treatments and time (LME, t=2.17, p=0.04) for Fv/Fm in exposure, but no other interactions 

were detected (Table 3.2). Differences among light treatments were detected after 3h of full 

exposure at all temperatures (LME, 15°C, t=-4.62, p=0.002; 18°C, t=-3.98, p=0.005; 21°C, t=-

4.91, p=0.001). A decrease in Fv/Fm was observed in all light treatments, with a greater 

decrease in zoospores treated with PAB (Fig. 3.1). Furthermore, the decrease in Fv/Fm in 

zoospores exposed to P and PA was different among temperatures (LME, t=4.75, p=0.0002 

and t=2.88, p=0.01, respectively), where the decrease was more pronounced at 15 °C (Fig 3.1a 

and b). The Fv/Fm of zoospores exposed to PAB decreased to a similar amount at all 

temperatures (Fig 3.1).  There was no interaction between factors in Fv/Fm recovery, neither the 

main effect light treatment nor the temperature treatment (Table 3.2). Differences in the 

recovery among temperatures of zoospores exposed to P and PA (LME, t=3.47, p= 0.01; t= 

4.36, p= 0.003; respectively) were detected after 4h of recovery in low light conditions. A 

lower recovery in Fv/Fm for zoospores treated with PA and PAB at the lowest temperature 

(15°C) was observed, while that of zoospores exposed to P was at 15 and 18°C (Fig 3.1). The 

maximum quantum yield of zoospores left for 14h in dark conditions recovered to initial 

values in all light treatments and the recovery was similar among temperatures (Fig.3.1), no 

statistical differences were detected.  

The photosynthetic parameters rETRmax, Ek and α derived from RLCs are presented in (Fig. 

2.2). After a period of temperature acclimation (3h), all parameters increased in magnitude 

compared to initial values or remain similar to initial values (Fig. 3.2). In general, rETRmax, Ek 

and α increased as temperature increased (Fig. 3.2). After exposure to light treatments (P, PA 

and PAB) the response of Ek and α was variable, while rETRmax decreased in zoospores 

exposed to all light treatments at all temperatures. There was no interaction between factors in 

rETRmax recovery (Table 3.2). The rETRmax increased after the temperature acclimation 

compared to initial treatments (Fig. 3.2a). After exposure to light treatments, a significant 

reduction (LME, P, t=-4.08, p=0.001; PA, t=-2.24, p=0.03; PAB, t=-8.14, p=0.000) in rETRmax 

compared to values at 0h was observed at all temperatures.  
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Fig. 3.1 Effect of light treatment (P, PA and PAB) at different temperatures (15, 18 and 21  C) on 

maximum quantum yield (Fv/Fm) of motile zoospores of U. pinnatifida. Cell were dark adapted for 10 

min. (dark grey background) then they were allowed to acclimate in low light (35 ±2 µmol photon m
-2

 

s
-1
) for 3h (light grey background) and then exposed to light treatments for 3h (white background). 

Recovery in low light (35 ±2 µmol photon m
-2

 s
-1

) for 4h (light grey background), and then left in dark 

conditions for 14h (dark grey background). Vertical bars show standard error (SE, n=3).  
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Fig. 3.2 Photosynthetic characteristics based on RLCs curves in zoospores of U. pinnatifida after a 

period of temperature acclimation (3h) and after exposure to P, PA and PAB for 6h at different 

temperature (15-18-21°C). a) rETRmax, maximal electron transport rate (μmol photons m
-2

 s
-1

); b) alpha 

(α), c) photosynthetic efficiency measured by the initial slope of the RLCs curve; Ek, the saturating 

irradiance for photosynthesis (µmol photon
-2

 s
-1

). Mean values of rETRmax, α and Ek ± standard error 

(SE, n=3).  

 

 

rE
T

R
m

a
x

 

(µ
m

o
l 

e-1
 m

-2
 s

-1
)

0

20

40

60

80

100

120

140

160

180

200

0 3 6 6 63 3

Exposure time (h) Exposure time (h) Exposure time (h)

P PA PAB

0.0

0.2

0.4

0.6

0.8

0

3 6 3 6 3 6

Exposure time (h) Exposure time (h) Exposure time (h)

α
(μ

m
o

l 
e
-

m
-2

s-1
) 

(m
-2

s-1
)

a)

b)

0

50

100

150

200

250

300

350

0 3 6 3 6 3 6

Exposure time (h) Exposure time (h) Exposure time (h)

E
k
(µ

m
o

l 
p

h
o

to
n

-2
s-1

) 

15°C
18°C
21°C

c)



74 
 

 

The highest drop in rETRmax for all light treatments was observed at 15°C (Fig. 3.2a) with  

~21, 30 and 60% reductions in zoospores treated with P, PA and PAB respectively, while at 18 

and 21 °C the decreases were  ~13 and 11% for P, ~5 and 9% for PA and ~51 and 56% for 

PAB, respectively. Differences among light treatments were detected at all temperatures after 

exposure (LME, 15°C t=-11.32, p˂0.0005; 18°C t=-5.45, p˂0.005; 21°C, t=-5.45, p=˂0.005), 

thus after exposure, rETRmax varied among light treatments, with the lowest rETRmax in 

zoospores exposed to PAB (Fig. 3.2a). In addition, differences among temperatures were 

detected for P and PA treatments (LME, P, t=4.34, p=0.003; PA, t=3.25, p=0.01) after 

exposure. 

 

Table 3.2 Multifactorial analysis assessed with Linear mixed effects models, for differences of light 

treatments, time and temperature on the photosynthetic parameters of zoospores of U. pinnatifida. Bold 

letters shows significance.  

 

 

 

Variable Factor DF  t value P-value 

Fv/Fm exposure Temperature (A) 23 
 

1.084 0.287 

 Light Treatment (B) 23  -1.280 0.213 
 Time (C) 23  0.403 0.690 

 A*B 23  1.216 0.235 

 A*C 23  -1.569 0.130 

 B*C 23  2.173 0.040 
 A*B*C 23  -1.803 0.084 

      

Fv/Fm recovery Temp (A) 77  1.210 0.229 
 Treat (B) 77  -0.566 0.572 

 A*B 77  0.190 0.849 

      
ETRmax Temperature (A) 46  0.389 0.699 

 Light treatment (B) 46  0.444 0.658 

 Time (C) 46  -0.315 0.753 

 A*B 46  -0.282 0.779 
 A*C 46  0.339 0.735 

 B*C 46  -0.574 0.568 

 A*B*C 46  0149 0.881 
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Experiment 2: Effect of UV and temperature on zoospore settlement, germination and growth  

The effect of light treatments and temperature on zoospores settlement is shown in Fig 3.3. A 

low density of settled zoospores was observed in the experiments (Fig 3.3). There was no 

interaction between factors for zoospores settlement, neither the main effect of light treatment 

nor temperature (Table 3.3); although there is a trend for decreasing density at increasing 

temperature. Zoospores density was different among temperatures in zoospores exposed to PA 

and PAB (PA, t=-3.876, p=0.003; PAB, t=-4.181, p=0.001), where settlement decreases as 

temperature increase (Fig. 3.3). Differences in the effect of light treatments in zoospores 

settlement was detected only at 18 °C (GLM, t=-2.966, p=0.01).  

The effect of exposure to light treatments and temperature on germination of zoospores is 

shown in Fig. 3.4. There was no interaction between factors for zoospores germination, neither 

the main effect light treatment nor temperature (Table 3.3). Germination rate was very low 2 

days after exposure to light treatments with a maximum germination of ~40% for zoospores 

treated with P (Fig 3.4). The effect of light treatments on germination of zoospores of U. 

pinnatifida was similar among temperatures. Differences among light treatments were detected 

at all temperatures (GLM, 15°C, t=-5.647,p=0.0001; 18°C, t=-4.545, p=0.0001; 21°C, t=-

4.268, p=0.0001), where the lowest germination was observed in zoospores exposed to PAB 

treatment with a maximum germination rate of 25%, while zoospores exposed to P and PA had 

a higher germination rate with over 35% (Fig. 3.4).  
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Fig. 3.3 Effect of light treatments (P, PA and PAB) on the density of settled zoospores of U. 

pinnatifida at different temperatures (15, 18, 21°C). Zoospores were left in low light conditions (35±2 

μmol photon m
-2

s
-1

) after exposure to light treatments for 3h and then in dark conditions for 14h. 

Vertical bars show standard error (SE, n=4).  

 

 

Fig. 3.4 Germination (%) of zoospores exposed to light treatments (P, PA and PAB) at different 

temperatures (15, 18, 21°C), 2 days after exposure. Zoospores were left in recovery with a photoperiod 

of 10h of low light (35±2 μmol photon m
-2

s
-1
) and 14h of dark. Vertical bars show standard error (SE, 

n=4). 
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Table 3.3 Two-factor analysis assessed with General Lineal Model (GLM) for differences of light 

treatments and temperature of zoospores of U. pinnatifida on settlement, germination and length of 

germination tube. Bold letters shows significance. Settlement and gametophytes were analysed with a 

Poisson distribution, germination with a Binomial distribution and length of germination tube with 

Gamma distribution. 

 

 

 

The mean lengths of zoospore germination tubes after 2 days exposure to light and 

temperatures are shown in Fig. 3.5.  There was no interaction between factors for growth of 

zoospores germination tube (Table 3.3). The effect of light treatments on the length of the 

germination tube differed at all temperatures (ANOVA, 15 °C, f=28.104, p˂0.0001, 18 °C, 

f=13, p˂0.005; 21°C, f=18.744, p˂0.005). The germination tube length was not affected by 

temperature at all light treatments.  The length of the germination tube was similar in 

zoospores treated with P and PA at about 10 µm, however PAB treatment highly affected the 

growth of the germination tube, which were smaller than 8µm (Fig. 3.5).  

Variable Factor  t value P-value 

Settlement Temperature (A) 
 

1.198 0.239 

 Light Treatment (B)  -0.668 0.509 

 A*B  -1.700 0.098 

     

Germination Temperature (A)  -1.236 0.216 

 Light treatments (B)  0.410 0.682 

 A*B  0.102 0.918 

     

Length  Temperature (A)  0.680 0.501 

germination Light treatment (B)  0.132 0.896 

tube A*B  -0.176 0.861 

     

Gametophytes Temperature (A)  0.510 0.613 

Female Light treatments (B)  0.438 0.664 

 A*B  -1.036 0.308 

     

Gametophytes Temperature (A)  0.410 0.685 

Male Light treatments (B)  0.613 0.544 

 A*B  -1.258 0.218 
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Experiment 3: Effect of UV and temperature on development to gametophytes  

The densities of female and male gametophytes after 12 days at different light and temperature 

treatments are shown in Fig. 3.6. There was no interaction between factors for female and 

male gametophytes (Table 3.3). The number of female gametophytes in general may have 

been slightly higher than male gametophytes for all light treatments and temperatures (Fig.3.6) 

although no statistical differences were found. The number of females was lower in zoospores 

treated with PAB at the highest temperatures (18 and 21°C, Fig. 3.6), however, statistical 

differences among light treatments were detected only at 18 °C (GLM, female, t=-8.22, 

p˂0.005). The same pattern was observed for male gametophytes and differences among light 

treatments were also detected only at 18 °C (GLM, male, t=-7.51, p˂0.005). 

 

 

Fig. 3.5 Effect of light treatments (P, PA and PAB) at different temperatures (15, 18, 21°C) on the 

mean length (µm) of the germination tube of zoospores of U. pinnatifida. The germination tube length 

was measured 2 days after exposure. Zoospores were left in recovery with a photoperiod of 10h of low 

light (35±2 μmol photon m
-2

s
-1

) and 14h of dark. Vertical bars show standard error (SE, n=4). 
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exposed to light treatments (Fig.3.6); however, no statistical differences were detected (GLM, 
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gametophytes varied among light treatments. Thus, zoospores treated with P produced fewer 

female gametophytes at 21°C, while zoospores exposed to PAB produced fewer female and 

male gametophytes at 18°C. The development of zoospores treated with PAB into 

gametophytes was most affected at the two higher temperatures (18 and 21°C).   

 

 

Fig. 3.6 Effect of light treatments (P, PA and PAB) at different temperatures (15, 18, 21°C) on the 

development of zoospores to gametophyte stage. Zoospores were treated with light treatments daily for 

1h and then left for 9h in low light conditions (35±2 μmol photon m
-2

s
-1

) followed by 14h darkness for 

12 days. Vertical bars show standard error (SE, n=4). 

 

 

3. 5 Discussion  

This study confirms that zoospores of Undaria pinnatifida can tolerate and develop well at a 

range of temperatures. Furthermore, temperature and light treatments affect microscopic life 

stages of the invasive kelp U. pinnatifida independently. The effect of light treatments, 

temperature and their interactions in the different parameters evaluated is summarized in Table 

3.4. For example, photosynthesis after exposure to light treatments, germination and growth 

are mainly affected by light treatments, while settlement was highly affected by temperature.  
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Table 3.4 Summary of the effect of light treatment, temperature and their interactions in the different 

parameters evaluated.   

 Factors 

Parameter Light treatments (LT) Temperature (T) LT * T 

Fv/Fm (exposure) + +  + + - 

Fv/Fm (recovery) - - - 

ETR (exposure) + +  + - 

Settlement + + +  - 

Germination + + + - - 

Germination tube length + +  - - 

Gametophytes + +  - - 

The effect of factor was designated as follows: strong effect when p vales were lower than 0.0005 (+++); medium 

effect p vales were lower than 0.005 (++); low effect when p vales were lower than 0.05 (+) and no effect when p 

vales were higher than 0.05 (-) when at least one treatment was significant.   

 

After exposure to light treatments, a reduction in Fv/Fm was observed. The decrease in Fv/Fm 

varied among temperatures in zoospores treated with P and PA with a higher decrease at the 

lower temperature. In contrast, Fv/Fm reduced to a very low level under PAB regardless of the 

culture temperature. The lowest rETRmax value was also observed in zoospores exposed to 

PAB regardless of temperature, suggesting that the main factor negatively affecting 

photosystem II was UVB. During the recovery phase, higher temperatures allowed faster 

recovery in Fv/Fm for zoospores exposed to PAB, and after longer recovery Fv/Fm reached 

values similar to initials regardless of temperature. A decrease in Fv/Fm and rETRmax under 

UVB has been associated with  damage to the photosystem II (PSII ), where the main target is 

the D1 protein within the reaction center; when protein D1 is degraded, its rates of 

biosynthesis and repair are slower than its degradation (Kato & Sakamoto 2009, Che et al. 
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2013). Zoospores of U. pinnatifida  reached over 80% of the initial Fv/Fm and rETRmax values 

after 18h of recovery compared to 70-80% observed in Laminaria digitata, L. saccharina, and 

L. hyperborea, after 48h of recovery (Roleda et al. 2005). The high and relatively fast recovery 

of Fv/Fm in zoospores exposed to PAB suggests that the UVB dose used in this experiment did 

not produce permanent damage in the photosynthetic apparatus. A fast zoospores settlement 

might be beneficial to survival and a fast recovery capacity in the photosynthetic capacity of 

U. pinnatifida after exposure to UVB could increase the opportunity to survive and might 

increase success in the invasion process.  

Increasing temperature ameliorated the effect of UV on photosynthesis in Ulva bulbosa and 

Ulva clathrata (Rautenberger & Bischof 2006).  For U. pinnatifida, temperature compensates 

only the effect of P and PA treatments in photosynthesis (Fv/Fm and rETRmax) during exposure.  

Gómez et al. (2001) and Cruces et al. (2012) suggested that high temperature is less damaging 

for the photochemistry than lower temperatures and the turnover of D1, synthesis of pigments 

and enzymatic processes are stimulated by increasing temperatures in repair and 

photoprotective processes. These could explain the fast recovery capacity in Fv/Fm of U. 

pinnatifida at higher temperatures.  Higher temperature might increase the opportunity of 

survival of zoospores after light stress.   

The influence of UV on zoospore settlement has not been studied previously in brown 

seaweeds and neither has the effect of UV combined with temperature to the best of my 

knowledge. A lower settlement was observed in zoospores exposed to PA and PAB, however 

differences among light treatments were only detected at 18°C. Veliz et al. (2006) observed 

motile zoospores of Lessonia nigrescens and Lessonia trabeculata were more susceptible to 

UV than settled spores and suggested that UV might affect the settlement process by 

decreasing spore viability. Tolerance to light of U. pinnatifida during settlement might 

increase the potential of this species to grow viable populations, mainly in the intertidal where 

there is high variability of the light conditions. In contrast, temperature influenced zoospores 

settlement, decreasing settlement as temperature increased in zoospores exposed to PA and 

PAB. These findings agree with Thornber et al. (2004) who found a higher number of recruits 

of U. pinnatifida in field studies when water temperature was below 15 °C, and also the 

survival rate of recruits decreased as temperature increased in laboratory experiments. The 

susceptibility of zoospores during settlement to high temperatures could be a barrier for U. 
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pinnatifida to spread to warmer areas in the intertidal where they are exposed to UV radiation, 

but no deeper in the water column.  

Germination and the length of the germination tube of zoospores were affected more by light 

treatments than temperature.  Higher germination and growth was observed in zoospores 

exposed to P and PA than in zoospores exposed to PAB. These results illustrates that 

zoospores are able to germinate and growth at very low light conditions and that zoospores 

tolerate short exposure and low doses of UVA.  The impact of UV on germination and growth 

has been previously assessed in zoospores of other Laminaria species (Wiencke et al. 2004, 

Roleda et al. 2005, 2007, 2010), and their results indicate germination is also highly sensitive 

to UV in those species. The viability of zoospores depends greatly on the effective repair 

mechanism and photoprotection of these stages and the susceptibility of zoospores to UVR 

determines their viability and germination success (Roleda et al. 2005, 2010).  For example, 

the reduction in growth rate of young sporophytes of Saccorhiza by UVB radiation was 

attributed to DNA damage and lower concentrations of UV absorbing compounds (Roleda et 

al. 2005), and efficient DNA repair and recovery of PSII damage contributed to the 

germination success of L. digitata (Roleda et al. 2007).  Hoffman et al. (2003) suggested that a 

rise of water temperature could ameliorate the effect of UV on germination. For U. pinnatifida, 

temperature showed no additional or mitigating effect on light treatments. This finding suggest 

that zoospores of U. pinnatifida might develop well in areas with low exposure to direct 

sunlight, for example the subtidal, areas of the rocky intertidal with low light or under the 

protection of algal assemblages and also, this might explain the capacity of U. pinnatifida to 

inhabit the intertidal zone where variations of water temperature exist.     

The last experiment simulated possible light conditions after settlement of zoospores, and 

therefore, zoospores were exposed to low doses of UVA and UVB assuming settlement might 

be in shadowed areas with low exposure to direct sun light. An interactive effect of light 

treatments and temperature was not detected for U. pinnatifida, in contrast to Müller et al. 

(2008) who found a species-specific interactive effect of these factors in the gametogenesis of 

Laminaria species. Gametophyte formation was different among light treatments only at 18°C, 

although there were lower gametophytes under PAB treatment especially at the two highest 

temperatures. These findings suggest that settlement of zoospores of U. pinnatifida in areas 

protected from the direct light might increase the capacity of zoospores to develop to 

gametophytes regardless of the temperature condition, so long as that is within the 
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thermotolerance of this species.  Microscopic life stages of U. pinnatifida are able to develop 

in a wide range of temperatures (Morita et al. 2003, Henkel & Hofmann 2008). Furthermore, 

for gametophyte formation, the results of this experiment suggest the optimum temperature for 

growth might depended on the light treatment, thus zoospores exposed to P grew better at 

18°C,  while zoospores exposed to PA grew best at 21°C and zoospores exposed to PAB 

favoured 15°C.  Therefore, an increase of water temperature might affect the development of 

zoospores of U. pinnatifida depending on their vertical distribution and the local UVR 

environment. For example, the development of zoospores inhabiting the subtidal exposed to 

low or no UVR exposure might be enhanced by an increase of temperature, while development 

of zoospore inhabiting areas more exposed to UVB such as intertidal might be delayed or 

inhibited  by an increase of temperature.  

The results of this experiment extend the result from the previous chapter in which the effect 

of increasing UVB irradiances was studied. In this chapter as well in Chapter 2 shows that 

UVB is an important stressor for early life stages. This chapter adds the effect of temperature 

in early life stages and shows temperature had little effects on U. pinnatifida. This chapter also 

demonstrate that UVA has minor effect on early life stages and shows that the lack of UVA in 

the experiments from Chapter 2 had minor repercussions for the results. The difference in the 

germination rate between Chapter 2 (late Winter and Spring) and this Chapter (early Winter) 

are likely due to seasonal variation. Differences in the germinations of Alaria esculenta 

between experiments also has been observed and this difference is related this variation to 

different collection times (Wiencke et al. 2004, 2007). 

The effect of global environmental change is expected to modify the diversity of coastal 

communities provoking extinction of some species and a shift in the geographical distribution 

of others (Brook et al.2008). Introduced seaweeds, mainly those with invasive characteristics, 

could be more favoured by environmental changes than native species, due to their greater 

plasticity (Schiel ., & Thompson 2012). Although controversial opinion exists where some 

authors have suggested that climate change might favour introductions (Dukes & Mooney 

1999, Vilà et al. 2007) due to an alteration in population dynamics and the structure and 

composition of communities (Walther et al. 2002, Parmesan 2006), others suggest that the 

impact of some invasive species might diminish under climate change (Hellmann et al 2008).  

My results show that light treatments and temperature affect microscopic stages of the invasive 

U. pinnatifida independently, where UVB is the strongest factor negatively influencing 
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microscopic stages. Zoospores are highly vulnerable to UVR stress and their susceptibility 

depends on the dose of UVB, the vertical distribution of the species, (Roleda et al. 2005, 

Wiencke et al. 2004) and the stage of development (Veliz et al. 2006).  

The capacity of U. pinnatifida to inhabit deeper zones and settle in protected areas from the 

direct light could be an advantage for maintaining viable populations in areas with high 

fluctuations of light conditions and UVB. In addition, synchronization of the life cycle with 

seasonal variation of PAR and UVB is also an advantageous feature of this species, where 

zoospores that are the most sensitive stages to UVB are released mainly in late Winter when 

light and UVB levels are low. Settlement of U. pinnatifida was negatively affected by an 

increase of temperature in zoospores exposed to PA and PAB.   This suggests that an increase 

of oceanic water temperature might decrease the abundance of U. pinnatifida and also might 

slow the ability of this species to invade lower latitudes in the intertidal but could increase the 

ability to invade higher latitudes in both north and south hemispheres. Therefore, the capacity 

of U. pinnatifida to develop in a wide range of temperatures, and also in a wide range of light 

conditions and the life cycle might allow this species to maintain viable populations where 

they already exist in a scenario of environmental changes but also might permit invasion of 

higher latitudes.    
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Chapter 4 

Effect of UVB and temperature on sporophytes of the  

invasive seaweed U. pinnatifida 

 

 

4.1 Abstract 

Sporophytes of the invasive U. pinnatifida were exposed to light treatments in combination 

with temperature to evaluate the interactive effect of both environmental variables on quantum 

yield (Fv/Fm), electron transport rate (ETR), non-photochemical quenching (NPQ) and 

phlorotannins content. Spectral irradiance consisted of photosynthetically active radiation (P, 

400-700nm) and PAR+UVA (PA, 320-400nm) and PAR+UVB radiation (PAB, 285-320nm) 

combined with temperature between 15 and 21 °C. At 15 °C, all photosynthetic parameters 

were highly depressed by PAB.  Moreover, phlorotannins content decreased through the 

experiments under PAB treatments. The effect of light treatments varied with temperature 

throughout the experiment in Fv/Fm and in the phlorotannins content. Fv/Fm of sporophytes of 

U. pinnatifida was sensitive to PAB treatment regardless of the temperature and phlorotannins 

content was higher at the higher temperature. The sensitivity of sporophytes of U. pinnatifida 

to UVB and the lack of photoprotective role of phlorotannins suggests this species might have 

other strategies for success in the intertidal, for example it may direct its energy to growth and 

reproduction rather than photoprotection and repair.   
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4.2 Introduction  

Organisms inhabiting the intertidal zone are exposed to potentially stressful conditions due to 

the high variability in environmental conditions (Vernery et al. 2006, 2007, Helmuth et al. 

2006, Collén et al. 2007, Schneider 2008, Coelho et al. 2009). Organisms may be exposed to 

high light and temperature, desiccation, osmotic shock and nutrient limitation during tidal 

emersion (Davison & Pearson 1996, Kummar et al. 2014). Stress occurs when there is a 

limitation or excess of resources available (Davison & Pearson 1996), and the frequency of 

stress events and their duration depends on the tidal elevation (Collén & Davison 1999).  These 

stresses may be lethal or sublethal depending on the dose (Davison et al. 1993, Somero 2002) 

and the organism’s capacity to cope with these stresses.   Moreover, climate change brings 

additional stresses to organisms for example an increase of water temperature is expected over 

the next 50 – 100 years (IPCC 2013).  

An important factor influencing the zonation pattern of intertidal seaweeds is UVB radiation 

(Bischof et al. 1998, 2007, Wiencke et al. 2000, 2007, Roleda et al. 2005, 2006a, 2010). 

Species inhabiting deeper areas may be more susceptible to UVB than those that inhabit 

shallower areas where they are more exposed to this type of radiation (Roleda et al. 2005, 

2006a, Huovinen & Gómez 2013). On the other hand, the geographical distribution of 

seaweeds is regulated mainly by temperature (Müller et al.2009), through their individual 

requirements for reproduction, growth and physiological processes (Lobban  1994, Coehlo et 

al.2000).  

UVB radiation has diverse effects on seaweeds, including damage to the photosynthetic 

apparatus (Roleda et al. 2004), degradation of pigments such as chl α and carotenoids (Roleda 

et al. 2004), damage to macro-molecules such as DNA and proteins (Roleda et al. 2005, 

2006a, 2006b) and inhibition of growth (Henry & Van Alstyne 2004, Zheng & Gao 2009). For 

intertidal seaweeds, although they cannot completely avoid exposure to direct sun light, the 

overlying algal canopy might mitigate this exposure (Henry & Van Alstyne 2004).  Therefore, 

for these species, repair and screening processes might play an important role in their 

protection against UVB. For example, seaweeds can repair DNA damaged by UVB through 

photoreactivation and nucleotide excision (Pakker et al. 2000, Buma et al. 2003). 
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Photosynthetic organisms dissipate excess energy as fluorescence and heat (Krause & Jahns 

2004, Ruban et al,  2007) or repair the D1 protein that is the main target of UVB in the 

photosynthetic apparatus (Bischof et al. 2000).   Moreover, algae produce screening 

compounds such as mycosporine-like-amino acids (Karsten et al. 2003, Ryan et al. 2002, 

Sinha et al.2007), and phenolics compounds (Pavia et al.1997) that may protect against photo-

damage.  Phlorotannins are phenolic compounds that are produced as secondary metabolites in 

brown macroalgae (Koivikko et al.2005) and might play multiple ecological roles such as 

chemical defence against herbivores, antibacterial action, and screening of UV-B (Arnold & 

Targett 1998, 2002, Lüder & Clayton 2004, Halm et al. 2011). Because they are located in 

vesicles in the cytoplasm and also in the cell wall (Halm et al. 2011), phlorotannins have been 

linked to intracellular protection against UVB, but they might also provide extracellular 

protection as exudates or during tissue erosion (Jennings & Steinberg 1994, Swanson & Druehl 

2002) creating a layer of “gelbstoff” (CDOM) that absorbs UVB (Sieburth 1969).  

Intertidal seaweeds in general have a wide thermo-tolerance; therefore the effect of variation in 

temperature on seaweeds is minor compared to other stressors. However, temperature modifies 

biochemical reactions by affecting molecular structure and activity (Lobban 1994). For 

example, temperature regulates enzymatic process that affects the metabolism of seaweeds 

(Davison 1991) and has consequences on the light independent reactions of photosynthesis, 

respiration and growth of seaweeds (Lobban1994). In the last decade increased effort has 

concentrated on the interaction of temperature with other environmental variables, especially 

the effect of light and temperature on early life stages (Altamirano et al. 2003, Müller et al. 

2009, Steinhoff et al. 2011). The response is species-specific (Müller et al. 2008) and also 

depends on the process (Fredersdorf et al. 2009).  For example, in the brown seaweed Alaria 

esculeta the photosynthetic capacity was affected by temperature and light treatments 

individually; while germination of zoospores was additionally affected by the interaction of 

both light and temperature (Fredersdorf et al. 2009).  

The fluorescence of the chlorophyll is measured by using Pulse Amplitude Modulation 

fluorometer (PAM) (Wiencke et al. 2004, Roleda et al. 2005, Baker 2008). The fluorescence 

of the chlorophyll is widely used because it is non destructive, easy to use and provides useful 

information on the state of the photosystem II (PSII) (Baker 2008, Murchie & Lawson 2013). 

Parameters widely used are the maximum quantum yield of PSII (Fv/Fm), the electron transport 

rate (ETR) obtained from rapid light curves (RLCs), as described in the previous chapters, and 
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the non-photochemical quenching (NPQ). Non-photochemical quenching (NPQ) is the thermal 

dissipation of excess of energy and it is an important photoprotective mechanism for 

photosynthetic organisms (Johnson et al. 2009).  This process involves the quenching of 

chlorophyll a (chl a) fluorescence with three components: state transitions (qT), ΔpH-

dependent quenching (qE) and photoinhibition (ql) (Johnson et al. 2009).   

The success of the invasive Undaria pinnatifida has been linked to its high dispersal ability 

and its capacity to establish in varied environments (Dean & Hurd 2007). U. pinnatifida has an 

alternation of generations (gametophytes and sporophytes) that is regulated principally by 

temperature. Thus, in its native environment, U. pinnatifida has an annual cycle where 

gametophytes are produced in Autumn, and the sporophytes appear in Winter–Spring and die 

in late Summer (Yoshikawa et al.  2001). In New Zealand, in contrast, sporophytes of this 

species can be found throughout the year (Hay & Villouta 1993, Morelissen 2012).  

The sporophyte of U. pinnatifida is the most visible stage of the life cycle and is common in 

the intertidal of the Wellington coast. The capacity of sporophytes to tolerate fluctuations in 

environmental conditions could allow this species to become more successful under predicted 

global changes. Also this species might be favoured by an increase of temperature due to 

climate change as suggested for invasive species (Dukes & Mooney 1999, Dukes et al. 2009, 

Vilà et al. 2007, Sorte et al. 2010). However, the effect of environmental stressors, both singly 

and in combination, on invasive seaweed species, and their physiological response are 

presently unknown. Thus, this study was undertaken to determine the effect of UVB in 

combination with temperature on sporophytes of U. pinnatifida. I hypothesised that sporophyte 

phlorotannins will increase after exposure to UVB as a mechanism of photoprotection. I also 

hypothesised that temperature and UVB will have an interactive effect that will reduce the 

effect of UVB on U. pinnatifida.  Thus, my goal was to evaluate the interactive effect of UVB 

and temperature on the photosynthetic performance of sporophytes of U. pinnatifida and also 

to evaluate the photoprotective capacity of soluble phlorotannins (SPs) in this species during 

exposure to light treatments.   
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4.3 Materials and Methods 

Algal material 

Mature sporophytes of U. pinnatifida were collected by hand in the intertidal zone of Princess 

Bay, Wellington, (41° 20′ 39.94″ S, 174° 47′ 17.07″ E) during low tide. Discs (1.2cm 

diameter) were cut from thalli of sporophytes of U. pinnatifida and then placed in plastic 

containers (5 x 11 x 15 cm) filled with 200ml of seawater with a continuous air supply using  a 

small aquarium bubbler (Jebo Aquarium Air Pump 9903) and left to recover for 20h before the 

experiment. Water was changed two times daily throughout the experiments. 

Light treatments 

Photosynthetically active radiation (PAR) was provided by white fluorescent tubes (36W/840, 

Davis, New Zealand), ultraviolet A (UVA) radiation was supplied with TL 40W/03RS 

fluorescent tubes (Philips, New Zealand) with an emission peak at 375 nm and emitting range 

of 320 to 410 nm, and UVB with TL 40W/12RS fluorescent tubes (Phillips, New Zealand) 

with an emission peak at 302 nm and emitting range of 290-390 nm.  The experimental design 

consisted of three treatments, 1) PAR+UVA+UVB (PAB), where samples were exposed to full 

radiation from lamps, 2) PAR+UVA (PA), where samples were covered with a mylar sheet 

that cuts radiation below 320 nm and 3) PAR (P), where samples were covered with a 

polycarbonate sheet that cuts radiation below 390 nm.  UVB lamps were covered with PVC 

filters to cut damaging radiation below 290nm (as in Fig. 2.1, Chapter2). Radiation was 

measured with a SpectroSense2 + radiometer (Skye Instrument Ltd. United Kingdom); with a 

4-Channel SK 1850/SS2 sensor for PAR;  a SKU 421 for UVA and a SKU 430/SS2 for UVB. 

Two different experiments were performed.  In Experiment 1, sporophytes were exposed to 

different light treatments at constant temperature, and in Experiment 2, sporophytes were 

exposed to the same light treatments but at increasing temperature conditions.  Experimental 

irradiances are shown in Table 4.1. 
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Table. 4.1 Experimental irradiances in the experiments. 

 

 

Chlorophyll fluorometry 

Photosynthetic efficiency was measured as the variable fluorescence of photosystem II (PSII) 

using a Pulse Amplitude Modulation fluorometer (Water-PAM) connected to a PC with 

WinControl software (Heinz Walz GmbH, Effeltrich, Germany).  Before each measurement, 

samples were dark adapted for 30 min. and the maximum quantum yield (Fv/Fm) was obtained. 

Dark acclimation permits all reaction centres of PSII to be open (all primary acceptors are 

oxidized) and heat dissipation to be minimal.   Thus, dark adapted samples have a minimal 

fluorescence yield (Fo). After a saturating pulse of actinic light, all reaction centres close and 

samples reach the maximal florescence (Fm).  The difference between Fo and Fm gives the 

variable fluorescence (Fv) that indicates the capacity of the sample for photochemical 

quenching. The maximum quantum yield of PSII was defined as Fv/Fm. 

The relative electron transport rate (rETR) was measured from rapid light curves (RLCs) that 

measures the effective quantum yield over a range of increasing actinic light intensities (up to 

700 μmol photon m
-2

 s
-1

) provided by a LED lamp (Schreiber et al. 1997). The rETR was 

calculated as:  

ETR (µmol electrons m
−2

s
−1

) =  ɸPSII * E   

 Experimental irradiances   

 PAR UVA UVB 

 (μmol photons m-2 s-1) (Wm-2) (Wm-2) 

Low light 57 ±1.7 0 0 

Experiment 1 &2    

PAB 64.6 ±1.0 5.1±0.1 1.0±0.2 

PA 61.36 ±1.0 4.3±0.1 0.3±0.2 

P 61.16 ±1.0 0.04±0.1 0.06±0.2 
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Where ɸPSII is the PSII effective quantum yield, determined as  (F′m-F)/F′m = ΔF/F′m, where 

F′m and F are the maximum and minimum fluorescence, respectively, in presence of actinic 

light and E is the incident irradiance of PAR. The photosynthetic parameters: the maximum 

relative electron transport rate (rETRmax), the initial slope of the non-saturated photosynthetic 

rate (α) and saturating light of photosynthesis (Ek) were derived from RLCs. 

Non Photochemical Quenching (NPQ) of the chlorophyll fluorescence was calculated as 

follows: 

NPQ= (Fm-F´m)/F´m  

Soluble phlorotannins content 

Four discs of U. pinnatifida were taken during the experiment and then frozen at -20°C. 

Phenolic content was determined by the colorimetric method Folin-Ciocalteu modified by 

Koivikko et al. (2005). Samples of seaweed were dried in a freeze drier and ~0.02g of each 

sample was used for the determination of soluble phlorotannins (SPs). Dried algal powder was 

left in 10ml of 70% acetone overnight at 4°C; the liquid was removed and the procedure was 

repeated. The acetone extracts were then combined to obtain maximum concentrations of SPs 

(Koivikko et al. 2005). The algal solution was centrifuged for 10min at 2,200g; 500µl of 

supernatant was mixed with 2.5ml distilled water and 1ml Folin-Ciocalteu reagent, and left to 

stand for 3 min before 2ml 20% NaCO3 was added. Samples were incubated in the dark at 

room temperature for 45min and then centrifuged for 2,200g for 5min. The absorbance of the 

supernatants was measured with a spectrophotometer (Evolution 300, Thermo Scientific) at 

730nm. 

Experiment 1: Effect of UVB on photosynthesis and SP concentration 

Sporophytes for Experiment 1 were collected during Winter. Photosynthesis experiments were 

performed with three different light treatments (P, PA and PAB) at 15 °C in a controlled 

temperature room. Discs (n=~300) from 6-8 thalli (27-50 discs per individual) were combined  

in a container filled with seawater and then divided randomly into 12 different plastic 

containers, where 4 containers provided the P treatment, 4 provided PA treatment and 4 

provided PAB treatment as described earlier (25 per container) . One disc for each replicate 

was left for 30 min. in dark conditions and then the Fv/Fm, rETR and NPQ were measured 
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before the experiment began at time 0h.  Discs were exposed to low light for 2h, then to light 

treatments for 8h. After exposure to treatments, discs were left in recovery in low light for 2h 

and then in dark conditions for 12h. This photoperiod was repeated for two days. The light 

treatments were chosen in an attempt to approximate natural light levels in cycles of 24hr 

during spring for two days. Fv/Fm , rETR and NPQ were measured after exposure to light 

treatments (and dark adaption) and after recovery during the two days of the experiment. Four 

discs from each chamber were collected before and after exposure to treatments every day and 

frozen at -20 °C for phenolic analysis.  

Experiment 2:  Effect of UVB and temperature on photosynthesis and SP concentration 

Sporophytes for Experiment 2 were collected during Summer. Photosynthesis experiments 

were performed with three different light treatments (P, PA and PAB) in water baths held at 

three different temperatures (18, 20, 22 °C). The experiment was performed two times to 

provide sufficient replicates thus two replicates of each light treatment were used in each part 

of the experiment.  Discs (n=~600) of 6-8 thalli (100-75 discs per individual)  were combined  

in a container filled with seawater and then divided into 12 different plastic containers, where 

4 chambers provided the  P treatment, 4 provided PA treatment and 4 provided PAB treatment 

as described earlier for each temperature.  Samples were left for 3h to acclimate to the new 

temperature in low light conditions.  Discs were then dark adapted for 30 min. and then Fv/Fm 

and rETR were measured before temperature acclimation (initial) and before exposure to light 

treatments at time 0h (controls). After the temperature acclimation period, the discs were 

exposed to light treatment (P, PA. PAB) for 10h and then left under dark conditions for 14h. 

This photoperiod was repeated for 2 days. Seawater was change daily for each chamber. Also, 

Fv/Fm was measured after light treatment at the end of each day after 30 min dark adaption, and 

again immediately prior to light treatment the next morning. Four disc from each chamber 

were collected after exposure to light treatments and frozen at -20 °C for phenolic analysis 

after dark conditions each day (0, 24 and 48h). 

Data analysis  

The photosynthesis and SP data from both experiments were analysed with a permutational 

multivariate analysis of variance (PERMANOVA) as the data did not meet the assumption of 

normality and equal variance. The analyses were based on similarity matrices using Bray-

Curtis coefficients. Experiment 1 light treatments and exposure/recovery time were included 
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as independent factors for photosynthetic parameters and soluble phlorotannins (SPs). For 

Experiment 2, temperature was added to the model. A pair-wise comparison in 

PERMANOVA was used when permutations were higher than 999. The tests were run using 

PRIMER-E v6 software (Plymouth Routines in Multivariate Ecological Research).  

 

4.4 Results 

Experiment 1: Effect of UVB on photosynthesis and SP concentration 

The effect of light treatments (P, PA and PAB) on the maximum quantum yield (Fv/Fm) of 

sporophytes of U. pinnatifida is shown in Fig. 4.1. An interactive effect of light treatments and 

exposures was detected for both exposure and recovery (Table 4.2), thus the effect of light 

treatments varied among exposure/recoveries.  Sporophytes had high Fv/Fm values before 

exposure (0h) (Fig. 4.1). After the first exposure to light treatments (8h), the Fv/Fm of 

sporophytes was reduced by PAB (Table 4.2). At the second (32h) exposure (56h) a further 

decrease in Fv/Fm was observed in sporophytes exposed to PAB. In contrast, in sporophytes 

exposed to P and PA, Fv/Fm remained high throughout the experiment with little variation 

(Fig.4.1). During the first recovery period (24h) in sporophytes exposed to PAB, there was a 

slight increase of Fv/Fm. This trend continued in the subsequent recovery period (Fig. 4.1). 

There was an interactive effect between light treatments and exposures for ETRmax (Table. 

4.2). In general, rETRmax was lower than initial values after 48h. rETRmax of sporophytes 

exposed to P and PA remained approximately stable throughout the experiment at ~30 μmol 

photons m
-2

 s
-1

  (Fig 4.2).  Lower rETRmax values were observed in sporophytes exposed to 

PAB after exposures and recoveries (Fig. 4.2). rETRmax in sporophytes exposed to PAB 

declined steeply after the first exposure and remained very low for 32h; however there was an 

apparent increase in rETR after the second recovery (48h).   

The NPQ of sporophytes exposed to P and PA remained approximately stable throughout the 

experiments (Fig. 4.3). The NPQ in sporophytes exposed to PAB remained stable after the first 

exposure and there was a slight decrease after the second exposure. NPQ decreased after the 

first recovery, but increased after the second after exposure to PAB. There was no interaction 
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between light treatments and exposure/recoveries for non-photochemical quenching (NPQ); 

however differences among light treatments were detected for exposures and recoveries (Fig 

4.3 and Table 4.2).  Thus, the NPQ of sporophytes exposed to PAB differed from sporophytes 

exposed to P (Pair-wise, t=2.722, p=0.0046) and PA (Pair-wise, t=2.0654, p=0.028), while no 

differences in the NPQ between sporophytes exposed to P and PA were detected. After 

recovery, the NPQ of sporophytes exposed to PAB differed from sporophytes exposed to P 

(Pair-wise, t=3.153, p=0.002) and PA (Pair-wise, t=2.44, p=0.005).     

 

 

Fig. 4.1 Effect of light treatments (P, PA and PB) on maximum quantum yield (Fv/Fm) of sporophytes 

of U. pinnatifida.  Discs were left for 2h in low light (light grey background) and then exposed to light 

treatments for 8h (white background) followed by 2h of low light (light grey background) and 14h in 

dark (dark grey background) at 15°C. This procedure was repeated three times. Discs were dark 

adapted to obtain Fv/Fm. Data are means and vertical bars show standard error (SE, n=4).  
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Fig. 4.2 Effect of light treatments (P, PA and PB) on rETRmax of sporophytes of U. pinnatifida.  Discs 

were left for 2h in low light (light grey background) and then exposed to light treatments for 8h (white 

background) followed by 2h of low light (light grey background) and 14h in the dark (dark grey 

background) at 15°C. This procedure was repeated three times. Data are means and vertical bars show 

standard error (SE, n=4). 

 

 

Fig. 4.3 Effect of light treatments (P, PA and PB) on non-photochemical quenching (NPQ) of 

sporophytes of U. pinnatifida.  Discs were left for 2h in low light (light grey background) and then 

exposed to light treatments for 8h (white background) followed by 2h of low light (light grey 

background) and 14h in dark (dark grey background) at 15°C. This procedure was repeated three times. 

Data are means and vertical bars show standard error (SE, n=4).  
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The effect of light treatments (P, PA and PAB) on the soluble SP concentration of sporophytes 

of U. pinnatifida after exposure and recovery is shown in Fig. 4.4. An interaction of light 

treatments and exposure time was detected for SP concentration (Table 4.2), where the SP of 

sporophytes exposed to light treatments varied among exposures. After the first exposure, an 

increase of SPs was observed at all light treatments (Fig. 4.4); while there was a decrease after 

the second exposure. SP remain low for the remainder of the experiment in sporophytes 

exposed to P and PA but decreased further in sporophytes exposed to PAB at the 48h reading. 

No interactive effect of light treatments and recovery time was detected for SPs, but 

differences among light treatments and time were detected (Table 4.2). The SP concentration 

decrease after the first recovery in sporophytes exposed to PAB, while increase in sporophytes 

exposed to P and PA (Fig. 4.4). After the second recovery, marginal changes in SPs were 

observed at all light treatments.  SPs of sporophytes exposed to PAB differed from 

sporophytes exposed to P (Pair-wise, t=3.064, p=0.004) and PA (Pair-wise, t=2.16, p=0.035). 

 

 

Fig. 4.4 Effect of light treatments (P, PA and PB) on the concentration of soluble SPs of sporophytes of 

U. pinnatifida.  Discs were left for 2h in low light and then exposed to light treatments for 8h followed 

by 2h of low light and 14h in dark at 15°C.  Data are means and vertical bars show standard error (SE, 

n=4).  
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Table 4.2 Permutational multivariate analysis (PERMANOVA) for the photosynthetic variables and 

phlorotannins concentration comparing the effect of light treatments (three levels) and 

exposure/recovery (three levels) of sporophytes of U. pinnatifida. The analysis was based on similarity 

matrices calculated using Bray-Curtis coefficients. Bold letters shows significance. NP: Number of 

permutations. 

 

 

 

 

 

 

 

Variable 
 Source of 

variation 
df Pseudo-F P NP 

Fv/Fm exp. Exposure Time (A) 3 3.593 0.0001 9917 

  Treatments (B) 2 7.497 0.0001 9920 

  A*B 6 2.965 0.0002 9887 

Fv/Fm rec. Recovery Time (A) 3 5.978 0.0001 9950 

  Treatments (B) 2 9.582 0.0001 9944 

  A*B 6 5.140 0.0001 9921 

ETRmax exp. Exposure Time (A) 2 11.7 0.0002 9951 

  Treatments (B) 2 7.082 0.001 9942 
  A*B 4 4.608 0.002 9949 

ETRmax rec. Recovery Time (A) 2 19.588 0.0001 9940 

  Treatments (B) 2 23.463 0.0001 9956 

  A*B 4 7.601 0.0003 9948 

NPQ exp. Exposure Time (A) 2 1.298 0.273 9940 
  Treatments (B) 2 4.355 0.008 9950 

  A*B 4 1.162 0.321 9957 

NPQ rec. Recovery Time (A) 2 1.467 0.208 9937  

  Treatments (B) 2 6.311 0.001 9941 

  A*B 4 0.929 0.484 9943 
       

SPs exp. Exposure Treatment (A) 2 4.616 0.002 9927 

  Time (B) 3 7.638 0.0001 9936 
  A*B 6 2.036 0.032 9916 

       

SPs rec. Recovery Treatment (A) 2 4.588 0.013 9951 
  Time (B) 3 17.225 0.0001 9942 

  A*B 4 2.1412 0.076 9943 
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Experiment 2: Effect of UVB and temperature on photosynthesis and SP concentration 

The effect of light treatments (P, PA and PAB) at different temperatures (18, 20, and 22 °C) on 

the maximum quantum yield (Fv/Fm) of sporophytes of U. pinnatifida is shown in Fig. 4.5. 

Sporophytes had high Fv/Fm values before and after temperature acclimation in low light (Fig 

4.5, 0-3hrs). An interaction among exposure time, light treatments and temperature was 

detected in Fv/Fm and an interaction of light treatments and recoveries (Table 4.3). The Fv/Fm 

of sporophytes exposed to P and PA remain approximately stable throughout the experiment at 

all temperatures (Fig. 4.5).  In contrast, Fv/Fm of sporophytes exposed to PAB steadily declined 

throughout the experiment at all temperatures (Fig. 4.5).  After the first exposure Fv/Fm 

declined rapidly at the highest temperature; while a similar decline was also observed at the 

other temperatures but the decline was delayed until the dark period (Fig. 4.5).  The largest 

decreases in Fv/Fm  of sporophytes exposed to PAB were at 18 and 22°C.  

The effect of light treatments (P, PA and PAB) on SP concentration in sporophytes of U. 

pinnatifida at different temperatures is shown in Fig. 4.6. There was interaction among light 

treatments, temperature and exposures in the concentration of SP (Table 4.3). Overall, the SPs 

of sporophytes steadily decreased throughout the experiment after exposure to all light 

treatments at all temperatures. Only sporophytes exposed to PA at 22°C had no change in SPs 

after the first exposure but declined rapidly after the second, while sporophytes exposed to 

PAB at 18°C had an increase in SPs after the second exposure (Fig. 4.6).   SPs were higher at 

22°C that the other temperatures after temperature acclimation and the first exposure to light 

treatments (Fig. 4.6). The initial SPs content in U. pinnatifida was higher in this experiment 

(3-4.5%) than experiment 1 (3.0%).    
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Fig. 4.5 Effect of light treatments (P, PA and PB) at different temperatures (18, 20 and 22 °C) on the 

maximum quantum yield (Fv/Fm) of sporophytes of U. pinnatifida.  Discs were left for temperature 

acclimation for 3h in low light (light grey background) and then exposed to light treatments for 10h 

followed by 14h in dark (dark grey background) at 15°C. Data are means and vertical bars show 

standard error (SE, n=4). 
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Fig. 4.6 SP concentration after exposure to light treatments (P, PA and PB) at different temperatures in 

sporophytes of U. pinnatifida.  The initial reading corresponds to the SP concentration after 

temperature acclimation. Discs were then exposed to light treatments for 10h followed by 14h in dark, 

this procedure was repeated two times.  Data are means and vertical bars show standard error (SE, 

n=4).  
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Table 4.3 Permutational multivariate analysis (PERMANOVA) for Fv/Fm and soluble phlorotannins 

comparing the effect of light treatments (three levels), temperature (three levels) and exposure/recovery 

time (three levels each) of sporophytes of U. pinnatifida. The analysis was based on similarity matrices 

calculated using Bray-Curtis coefficients. Bold letters shows significance. NP: Number of 

permutations. 

 

 

 

4.5 Discussion  

This study is the first to address the effect of light and temperature on sporophytes of the 

invasive alga U. pinnatifida. These results suggest a complex interaction among factors, where 

time is particularly important. There was a minimal effect of P and PA on all chlorophyll 

fluorescence parameters of sporophytes in all experiments. These results suggest that 

sporophytes tolerate P and PA irradiances and that UVA radiation is not damaging to this 

species. U. pinnatifida may even tolerate higher P and PA irradiances that those used in these 

 Factor df Pseudo-F P (perm) NP 

Fv/Fm exp. Light Treatment (A) 2 29.399 0.0001 9948 

 Temperature (B) 2 3.758 0.009 9950 

 Time (C) 2 10.708 0.0001 9943 
 A*B 4 3.5618 0.001 9938 

 A*C 4 11.698 0.0001 9935 

 B*C 4 1.534 0.158 9953 
 A*B*C 8 2.194 0.010 9927 

Fv/Fm rec. Light Treatment (A) 2 18.609 0.0001 9945 
 Temperature (B) 2 1.4103 0.222 9956 

 Time (C) 2 8.9518 0.0001 9946 

 A*B 4 1.173 0.3078 9931 

 A*C 4 7.426 0.0001 9928 
 B*C 4 0.843 0.588 9922 

 A*B*C 8 0.475 0.980 9922 

      
SPs rec. Light Treatment (A) 2 3.007 0.0216 9954 

 Temperature (B) 2 17.602 0.0001 9949 

 Exposure (C) 2 36.541 0.0001 9946 
 A*B 4 0.550 0.8241 9948 

 A*C 4 4.507 0.0003 9943 

 B*C 4 4.08 0.0003 9937 

 A*B*C 8 2.548 0.0022 9933 
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experiments, as some population of this species grows in the intertidal zone of Wellington 

coast (Schiel & Thompson 2012)  where there may be high irradiances especially during sunny 

days (data in Chapter 5).  In contrast, the decrease in Fv/Fm and rETRmax in sporophytes 

exposed to PAB shows a negative impact. The effect of UVB on the photosynthetic efficiency 

of seaweeds has been studied previously (Roleda et al. 2004, Hanelt et al. 2009); however, this 

is the first time the impact of UVB on the invasive U. pinnatifida has been observed. The 

likely target of UVB damage in macroalgae is the D1 protein in the photosynthetic apparatus 

(Hanlet  et al.1997, Bischof et al. 1998, Roleda et al. 2004, 2006). When the rate of 

degradation of D1 is faster than its biosynthesis and repair, damage occurs (Melis 1999, Kato 

& Sakamoto 2009) and recovery of photosynthetic capacity may be delayed or may not occur. 

The lack of recovery in Fv/Fm and rETRmax of sporophytes after exposure to UVB, in 

comparison to initial values, suggest UVB produced damage or chronic photoinhibition to the 

photosynthetic apparatus of sporophytes of U. pinnatifida. Values in NPQ for this species were 

in general high; high values in NPQ also have been observed on other species of brown 

seaweeds as Macrocystis pyrifera (Colombo-Patolla e al. 2006). Colombo-Pallotta et al. 

(2006) suggested that NPQ allows seaweeds to have a faster and higher recovery after light 

stress, as a strategy to reduce the photoinhibition and maintain higher photosynthetic rate. 

However, sporophytes of U. pinnatifida exposed to PAB did not show an efficient mechanism 

of dissipation of energy, and in fact, NPQ was lower compared to initial values during the 

experiment. The low capacity of energy dissipation by U. pinnatifida after exposure to UVB 

might be due to damage to the PsbS protein (Johnson et al. 2009).  The PsbS protein senses the 

membrane proton gradient that triggers the qE, damage in the protein would affect this 

gradient and therefore qE that is an important component for NQP (Johnson et al. 2009).  Also 

UVB might affect enzymatic processes involved the xanthophylls cycle altering the capacity to 

convert violaxanthin to zeaxanthin and, thus inhibiting NPQ (Havaux et al. 2000).   

An increase of temperature might compensate for the effect of UVB on the photosynthetic 

capacity of seaweeds because the turnover of the D1 protein, synthesis of pigments and other 

enzymatic reactions, are all stimulated by increasing temperatures in repair and 

photoprotective processes (Gómez et al. 2001, Cruces et al. 2012a). However, for sporophytes 

of U. pinnatifida exposed to P and PA, temperature had no effect on the photosynthetic 

capacity, illustrating that at least without the stress of UVB radiation, U. pinnatifida 

sporophytes may tolerate temperatures as high as 22
O
C.  Temperate kelps are the least heat 
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resistant among temperate seaweeds, normally with a maximum tolerance of 18°C, in 

comparison to over 25°C in other algae (Lobban 1994). U. pinnatifida it is an exception 

among kelps with a broad temperature tolerance from 0-27°C in the field (Skriptsova et al. 

2004). This characteristic permits U. pinnatifida to grow in a wide geographic and depth 

distribution (Henckel & Hofmann 2008). The results of experiment 2 confirm the tolerance of 

U. pinnatifida to temperatures in the range 18-22
°
C, which could lead this species to be 

successful under future global warming conditions, and this tolerance may allow it to spread to 

warmer areas. 

Although the UVB irradiances used in these experiments are similar to those measured in 

Wellington coastal waters during late winter/early spring, 8 and 10h of continuous exposure to 

this irradiance are unlikely in the field, because UVB irradiances vary with solar zenith angle, 

reaching a maximum irradiance around mid-day. Also, UVB is highly variable during this 

period of the year due to periods of cloudiness and to changes in water depth due to tidal 

action (CliFlo, NIWA).  Surprisingly the results of this study suggest that sporophytes of U. 

pinnatifida are sensitive to UVB. 

Pavia et al. (1997) suggested that the absorption spectra of phlorotannins can be in the range of 

UVB, since phlorotannins contribute to the reductions of intracellular exposures of UVB (280-

320) in the brown seaweed Ascophyllum nodosum.  Later Swanson & Druehl (2002) observed 

that phlorotannins absorbs also in the UVB range (280-320nm). In the last two decades, the 

photoprotective capacity of SPs against UVB has been documented for different species of 

brown seaweeds (Pavia et al. 1997, Halm et al. 2011, Henry & Van Alstyne 2004, Swanson & 

Druehl 2002, Halm et al. 2011,). The photoprotective role of phlorotannins in U. pinnatifida is 

uncertain since the overall trend was a decrease of the concentration throughout the 

experiments. SPs did increase after the first exposure in the first experiment, but this increase 

was similar among treatments. Fairhead et al. (2006) observed an increase of phlorotannins 

concentration after exposure to light treatments in two Antarctic species (Phaeophyceae), but 

found no differences among treatments, suggesting that PAR availability is the major driver of 

SP production. For U. pinnatifida, it is unlikely that PAR could be the driver for the 

phlorotannins production since the PAR irradiances of the experiments were much lower than 

those from the intertidal (see data in Chapter 5) and probably too low to produce stress in this 

species. Phlorotannins are secondary metabolites that respond to different environmental 

conditions such as salinity, herbivory intensity, nutrients, etc (Swanson & Druehl 2002, 
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Koivikko et al. 2005), and therefore changes in SPs in U. pinnatifida in these experiments 

might be a consequence of other factors rather exposure to UVB.  It is also possible that 

resource availability might impact the production of secondary metabolites (Koivikko et al. 

2005). Therefore, the decrease in SPs throughout both experiments might due to a limitation of 

nitrogen or carbon although in these experiments water was changed two times daily to avoid 

this possibility. 

Initial SPs content was lower in experiment 1 (2.8-3.0%) than in experiment 2 (3-4.5%). This 

difference might be due to the different physiological state of sporophytes due to seasonality. 

Phlorotannins are higher when plant maturation occurs and growth stops (Pavia et al. 1999). 

Thus, the sporophytes of experiment 2 were collected in Summer when sporophytes were 

completely mature, while those from experiment 1 were collected in Winter when they were in 

an early growing stage.  Sporophytes of U. pinnatifida incubated in higher water temperatures 

had higher concentration of SPs. This contrast with Cruces et al. (2012b) who found lower SP 

content at higher temperature conditions in Lessonia nigrescens and Durvillaea antarctica and 

suggested that elevated temperature might affect the Golgi-ER membrane complex, which is 

likely to be responsible for the biosynthesis of SPs (Cruces et al. 2012b). U. pinnatifida has a 

wider thermotolerance in comparison to other kelps. Therefore, in U. pinnatifida physiological 

processes and organelles might be less affected by an increase of temperature than other kelps. 

U. pinnatifida is a very plastic species that tolerates different environmental conditions and 

can inhabit a wide range of environments.  In this study, sporophytes of U. pinnatifida were 

negatively affected by UVB, and the role of phlorotannins could not be determined for this 

species. This suggests sporophytes of U. pinnatifida might have other strategies for success in 

the intertidal.  For example, the maximum growth of this species occurs in late Winter and 

Spring when UVB irradiances are low, decreasing the possibility to be damaged.  U. 

pinnatifida has a rapid growth rate and reaches maturity fast. The strategy of sporophytes 

might be to direct energy mainly to growth and reproduction rather than to photoprotection 

and repair.  This species can tolerate a range of temperature conditions, and this was reflected 

in the minimal effect of increasing temperatures on photosynthetic capacity (Pavia et al. 1997, 

Henry & Van Alstyne 2004, Halm et al. 2010). The capacity of this species to adapt its life 

history to the environmental conditions suggests U. pinnatifida might be little affected by 

changes such as increase of UVB and temperature. 
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Chapter 5 

Seasonal ecophysiology of U. pinnatifida 

 

 

5.1 Abstract 

The aim of this study was to evaluate the response of the effective quantum yield and 

phlorotannins content of mature sporophytes of U. pinnatifida to seasonal variation of light 

conditions in the field. The effective quantum yield (ɸPSII) and phlorotannins content 

measured as soluble phlorotannins (SPs) and cell-wall phlorotannins (CWPs) were 

investigated over a period of 19 months and correlated to PAR and UVB irradiances measured 

during the sampling days.  A clear seasonal trend in ɸPSII was observed with higher ɸPSII 

values during Winter months and that decreased as light conditions increased (Spring and 

Summer). Moreover, ɸPSII was negatively correlated to PAR and UVB irradiances measured in 

the field. The seasonal trend and negative correlation of ɸPII of sporophytes and PAR/UVB 

irradiances suggested a response of the photosynthetic apparatus to variations of light and 

shows the capacity of this species to acclimate to the light conditions. Seasonal variation of 

SPs was observed but not in CWPs during the sampling period. SPs had a low negative 

correlation with PAR but not with UVB. No correlation between CWPs and PAR/UVB was 

detected, and therefore a  photoprotective role of phlorotannins could not demonstrated. The 

variation of SPs and CWPs in U. pinnatifida are likely to be due to a combination of factors 

more than only the light conditions of the field.  
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5.2 Introduction 

Seasonal variation in the physiological performance of seaweeds is linked to variation of 

environmental conditions (Lüning 1989, Gévaert et al. 2002, Huovinen et al. 2006). Factors 

such as light intensity, nutrients availability and temperature control the physiology, 

reproduction, growth and life history of seaweeds (Lüning. 1989, 1993, Altamirano et al. 2000, 

Kim et al. 2007). For example the photosynthetic rate of seaweeds increases when light levels 

are lower and decreases as light increases (Huovinen et al. 2006, Dean & Hurd 2007), pigment 

concentration is higher when light intensities are lower (Campbell et a.1999, Gevaert et al. 

2002) and screening substances also tend to increase as light intensities increases (Connan et 

al.2004, 2007). Growth rates in members of the order Laminariales are usually higher during 

Spring or early Summer (Tala & Edding 2005, Dean & Hurd 2007) followed by a rapid 

decline during summer (Conolly  & Drew 1985, Miller et al.2011). Compared to subtidal 

species, intertidal seaweeds are more exposed to fluctuations of environmental conditions that 

are potentially stressful (Davison & Pearson 1996), including both diurnal variability in 

temperature, light and desiccation, and also seasonal variation in nutrients and light. 

Environmental conditions can induce physiological stress in these organisms (Kain 1989, 

Davison & Pearson 1996). Generally, seaweeds inhabiting the high tide zone are more tolerant 

to environmental fluctuations than those inhabiting lower areas (Sampath-Wiley et al 2008) 

due to morphological (Johnson & Koehl 1994, Fog 2001, Batala et al. 2011), physiological 

and/or biochemical differences (Lüning 1993, Gómez et al. 2004), which result in different 

mechanisms to cope with the extreme conditions (Sampath-Wiley et al. 2008). For example, 

those exposed to daily desiccation can equilibrate their water potential with the environment 

(Alpert, 2000).  Seaweeds exposed directly to  high solar irradiances and UV radiation produce 

screening substances that also act as antioxidants (Cockell & Knowland 1999, Huovinen et al. 

2004) and they may reduce or inhibit photosynthesis as a mechanism of photoprotection (van 

de Poll et all 2002, Pakker et al 2000, Roleda eta 2006).  

Brown seaweeds produce phenolic compounds called phlorotannins. These secondary 

metabolites play multiple ecological roles such as chemical defence against herbivores, 

protection against pathogens and also inhibit the development of epiphytes (Arnold & Targett 

1998, Koivikko et al.2005, Connan et al. 2004, Halm et al. 2011). A photoprotective role of 

phlorotannins against UVB in brown seaweeds also has been observed (Pavia et al. 1997, 



121 
 

 

Henry & Van Alstyne 2004, Halm et al. 2011). Both soluble (SPs) and cell-wall phlorotannins 

(CWP) are observed in brown seaweeds (Koivikko et al. 2005). SPs are stored in physodes in 

the cytoplasm and a portion of these phlorotannins are transformed to cell-wall phlorotannins 

when they fuse in the cell wall of brown seaweeds (Arnold & Targett 2003, Koivikko et al. 

2005). SPs can provide extracellular protection against UVB as exudates or during tissue 

erosion (Jennings & Steinberg  1994, Swanson et al.2002) creating a layer of “gelbstoff” 

(CDOM) that absorbs UVB (Sieburth & Jensen 1969). CWPs on the other hand are structural 

components of brown algae cell walls (Shoenwaelder & Clayton 1998) and their function is 

unknown although they might bound the cell wall during sporophyte maturation (Koivikko et 

al. 2005). The phlorotannins content depends on life stage, age and reproductive status 

(Connan et al. 2004) and present diurnal and seasonal variations (Connan et al. 2004, Abdala-

Diaz et al.2006).  The most common method to quantify phenolic compounds in brown 

seaweeds is the colorimetric method Folin-Ciocalteu. This method is useful and reliable to 

obtain the total quantification of phlorotannins (Koivikko 2005). Phloroglucinol is used as 

standard since they contain only phlorotannins (Stern et al. 1996, Koivikko 2005). This 

method is more sensitive to reduction by phenolic compounds and less prone to precipitate and 

to interference by non-phenolic compounds (Koivikko 2005).  

The brown seaweed U. pinnatifida is one of the most invasive seaweeds in the world due its 

high dispersal potential and its capacity to establish in a wide range of environments (Nyberg 

& Wallentinus 2005; Dean & Hurd 2007).  This species is endemic to Asia (Korea, China and 

Japan) but has spread to several areas worldwide (Floc’h et al 1991, Hay & Luckens 1987, 

Campbell & Burridge 1998, Cecere et al. 2000, Silva et al. 2002) included New Zealand (Hay 

& Luckens 1987).This Asian kelp is the only annual species of the order Laminariales, and its 

maximal growth occurs in Winter and early Spring when light conditions are low (Dean & 

Hurd 2007).  It has haploid microscopic gametophytes that are produced in Autumn and 

diploid macroscopic sporophytes appear in Winter–Spring and normally die off in late 

Summer (Yoshikawa et al. 2001). In New Zealand this species produces sporophytes year 

round (Hay 1990); however, its maximum abundance occurs in late winter and spring 

(Christian 2003).  

Seasonal acclimation is an important characteristic of seaweeds that allows them to tolerate 

environmental changes (Raniello et al. 2006, Cebrian & Ballesteros 2009). In temperate areas, 

light intensity is one environmental factor that has seasonal variability and intertidal seaweeds 
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are more exposed to this variation. Populations of U. pinnatifida around the Wellington coast 

are common on artificial structures inside the harbour but are also well established along the 

rocky shore of the south coast where they principally inhabit the low intertidal zone. The 

ecophysiological characteristics of U. pinnatifida have not been studied in Wellington even 

though they may play an important role in its invasive success (Dean & Hurd 2007). The 

capacity of this species to acclimate to variation in light intensities and the possible 

photoprotective capacity of phlorotannins might explain its success in the intertidal zone. 

Thus, I hypothesized that phlorotannins of sporophytes of this species will change seasonally 

as a mechanism to protect from seasonal changes in UVB doses. Because U. pinnatifida is an 

annual species I also hypothesised that this species will acclimate rapidly to variations of light. 

The aim of this study was: (1) to examine the photosynthetic performance of mature 

sporophytes of U. pinnatifida throughout a year, (2) to determine changes in the phlorotannins 

concentration throughout the year, (3) correlate both the photosynthetic performance and 

phlorotannins concentration with PAR and UVB irradiances measurements.  Populations of U. 

pinnatifida were monitored for 21 months in the intertidal zone of the South Wellington coast.  

 

5.3 Materials and methods 

Algal material 

Mature sporophytes of U. pinnatifida were collected by hand in the intertidal zone of Breaker 

Bay, Wellington, (41°32′99″ S, 174°83′23″ E) monthly during low tide at 10am between 

August 2011 to February 2013 for phlorotannins analysis. Healthy sporophytes were selected 

to eliminate the effect of abiotic factors such as grazing and epiphyte cover that could cause 

variability in the phlorotannins content.  UVB and PAR irradiances were measured after 

sampling at 11am with a SpectroSense2+ radiometer (Skye Instrument Ltd. United Kingdom); 

for PAR measurements a 4-Chanel Sensor SK 1850/SS2 was used, and for UVB a UVB sensor 

SKU 430/SS2. Irradiances from January 2012 and March 2012 were particularly low due to 

cloudy conditions during the sampling day. 
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Chlorophyll fluorometry 

Photosynthetic efficiency was measured in situ to mature sporophytes as the variable 

fluorescence of PII using a Pulse Amplitude Modulation fluorometer (Diving-PAM, Walz etc) 

and quantified as the effective quantum yield (ɸPSII). Nine mature sporophytes were sampled 

per month, with 10 measurements taken from each individual from different healthy areas of 

the blade (central are close to the midrib). The effective quantum yield is defined according to 

the expression (Fm'-F)/Fm'=Δ F/Fm', where Fm' is the maximum fluorescence of a light adapted 

algae and Ft is the basal fluorescence before a saturating pulse (Genty et al. 1989). June and 

July of 2012 were characterized by a low abundance of mature sporophytes; therefore the ɸPSII 

was measured in 2 and 7 individuals, respectively. 

 Soluble and cell-wall bound phlorotannins content 

Healthy sporophytes (n=5) were chosen that had no evidence of grazing activity and epiphyte 

cover.  For phlorotannins analysis, 4 discs from each sporophyte were taken each sampling 

day and then frozen at -20°C. Phenolic content was determined by the colorimetric Folin-

Ciocalteu method modified by Koivikko et al (2005). Samples of seaweed were dried in a 

freeze drier and ~0. 02g of the dried samples were used for the determination of soluble 

phlorotannins (SPs). Dried algal powder was left in 10ml of 70% acetone overnight at 4°C, 

this procedure was done twice to obtain >90% of phlorotannins (Koivikko et al. 2005). The 

algal solution was centrifuged for 10min at 2200g; 500µl of supernatant was mixed with 2.5 

distilled water and 1ml Floin-Ciocalteu reagent and left to stand for 3 min before adding 2ml 

of 20% NaCO3. Samples were incubated in the dark at room temperature for 45min and then 

centrifuged for 2200g for 5min. The absorbance of the supernatants was measure with a 

spectrophotometer at 730nm. 

Cell-wall phlorotannins (CWP) were determined from residues left in the extraction of soluble 

phlorotannins using a modified alkaline method (Strack et al. 1989; Koivikko et al. 2005). The 

algal material was washed using a sequence of solvents for 5 min.: methanol (95%), water, 

methanol (98%), acetone (95%) and finally diethylether (95%). Residues were oven dried for 

1h at 60°C and the insoluble residues were first suspended in 8ml of 1M sodium hydroxide 

(NaOH) solution and left for 2.5h at room temperature. Then the samples were centrifuged for 

5min. at 2200g and a 1ml aliquot was neutralized with 100µl of phosphoric acid (H3PO4). The 
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aliquot was treated with the same methodology as for soluble phlorotannins. Due to the low 

abundance of sporophytes in June, phlorotannins content was measured only in two 

specimens. The total phlorotannins (Pt) is the sum of SPs and CWPs.    

Data analysis  

A cluster analysis was performed in PRIMER-E v6 (Plymouth Routines in Multivariate 

Ecological Research) with effective quantum yield (ɸPSII), SP and CWP as variables. A 

Student’s t-test was performed to determine differences between groups of the cluster at 95% 

confidence intervals for the ɸPSII. Data were normally distributed (qqnorm) with equal 

variance. A Pearson correlation was used to examine the relationship between the 

photosynthetic performance of the seaweeds and the PAR and UVB irradiance of the field data 

assuming normality. For CWP and Pt a logarithmic transformation was used to obtain a normal 

distribution of the data; while PSs were normally distributed. A one-way ANOVA was 

performed to determine differences between groups of the cluster at 95% confidence intervals 

for the SPs and CWPs.  A Pearson correlation was used to determine the relationship between 

phlorotannins concentration of sporophytes and the PAR and UVB irradiance in the field.  

 

5.4 Results 

The UVB and PAR irradiances measured between August 2011 to February 2013 in Breaker 

Bay, Wellington followed a seasonal trend (Fig. 5.1). Maximal PAR and UVB irradiances 

occurred during Spring and Summer (more than 1200 μmol photon m
-2

 s
-1

 and 1200 mW m
-2

 

respectively), while the lowest readings were observed in Autumn and Winter (< 600 μmol 

photon m
-2

 s
-1 

and <700 mW m
-2 

respectively, Fig 5.1).  

PAR and UVB were highly variable during Spring/Summer of 2012, due to higher climatic 

instability, thus March, May and August 2012 were characterized by very low UVB and PAR 

irradiances (Fig 5.1). In contrast, sampling was able to be performed on clear sunny days 

during the second year (2013, Fig 5.1).  
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Fig. 5.1 Seasonal variation in UVB and PAR irradiances at the intertidal zone of Breaker Bay, 

Wellington.  Superficial irradiances were measured at 10am every month. Data points represent the 

mean ± SE (n=4). 

 

 

The effective quantum yield (ɸPSII) of sporophytes of U. pinnatifida followed a seasonal trend 

with higher values between March and August, and lower values between September and 

February (Fig. 5.2).  The ɸPSII was ~90% similar among months; however, two groups can be 

observed. The first group was over 97% similar and included the Autumn and Winter months 

and September 2011. The second group with over 92% similarity was represented by the 

Spring and Summer months, except for August 2011 (Fig. 5.3). Difference between these two 

groups was detected (t-test, p˂ 0.05), where the ɸPSII was lower and more variable in 

Spring/Summer months (between 0.45 and 0.7) than in Autumn/Winter (0.65 and 0.7).  
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Fig. 5.2 Seasonal variation in the effective quantum yield (Fv/Fm) of sporophytes of U. pinnatifida at 

Breaker Bay, Wellington. Data points represent the mean of each individual ± SE (n=9, except June, 

July and February with 2, 8 and 7 individuals respectively). Dark grey background represents Winter 

months, clear grey background Autumn and Spring months and background Summer months. 

 

 

Fig. 5.3 Cluster analysis of the effective quantum yield (ɸPSII) of sporophytes of U. pinnatifida between 

August 2011 and February 2013.  
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A moderate negative correlation between ɸPSII and PAR (r=-0.55, p˂0.05) and ɸPSII UVB (r=-

0.65, p˂0.05) were detected. Thus, at increasing PAR and UVB irradiances the photosynthetic 

performance of the sporophytes decreased (Fig. 5.4a and b). 

 

 

 

Fig. 5.4 Pearson correlations between PAR (a), UVB (b) and the effective quantum yield (ɸPII) of 

sporophytes of U. pinnatifida measured as effective quantum yield (ɸPSII).  Data points represent the 

mean of each individual (n=9, except those months with less individuals). 

 

 

Higher SPs and Pt concentration was observed during summer 2011-2012 than summer 2012-

2013 (Fig. 5.5). SPs were variable throughout the years of study and the content in 

sporophytes of U. pinnatifida was higher during Summer 2011 than other months (Fig. 5.5).  

SPs presented over 80% similarity among months and a cluster analysis identified three groups 

with similarities of ~92%, ~95 and ~93 (Fig. 5.6a). The first group included mainly Summer 

months (November 2011 to January 2012) with the exception of April 2012, the second group 

was more variable and included Spring, Summer and Autumn months; while the third group 

comprised mainly Winter and Spring months  (June 2012 to November 1012, Fig. 5.6a). 
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Differences among these three groups were detected (ANOVA, p˂0.0001). The CWPs were 

also variable throughout the year with a higher CWPs observed mainly during Winter/Spring 

(Fig. 5.5). CWPs were more variable than SPs with ~60% similarity among months and a 

cluster analysis identified four groups with over ~85% similarity (Fig. 5.6b).  Differences 

among these groups were detected (ANOVA, p˂0.0001); however no clear seasonal pattern 

was observed among groups (Fig. 5.6b).  

 

 

 

Fig. 5.5 Seasonal variation in soluble phlorotannins (SPs), cell wall phlorotannins (CWPs) and total 

phlorotannins (Pt) of sporophytes of U. pinnatifida at Breaker Bay, Wellington. Data points represent 

the mean ± SE (n=5, except June with 2 individuals).  
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Fig. 5.6 Cluster analysis of the phlorotannins concentration in sporophytes of U. pinnatifida between 

September 2011 and February 2013. a) represents soluble phlorotannins and b) cell-wall phlorotannins.    

 

Pt and SPs had a low negative correlation with PAR (r=-0.275, p˂0.05, r=-0.293, p˂0.05, 

respectively), but no correlation with UVB (r=-0.145, p>0.05, r=-0.0984, p>0.05). Thus, at 

increasing PAR, the SPS and Pt tended to decrease (Fig. 5.7). No correlation between CWPs 

and PAR (r=-0.105, p>0.05) and UVB was observed (r=0.004, p>0.05; Fig. 5.7). Also no 

correlation between SPs and CWPs was detected (r=0.087, p>0.05; Fig. 5.8). 
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Fig. 5.7 Pearson correlations between PAR/UVB and total phlorotannins, soluble phlorotannins (SPs) 

and  cell-wall phlorotannins (CWPs) of U. pinnatifida. Data points represent the mean of each 

individual (n=5). 
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Fig. 5.8 Pearson correlations between soluble phlorotannins (SPs) and cell-wall phlorotannins (CWPs), 

of U. pinnatifida. 

 

 

5.5 Discussion 

Seasonal variability in light conditions was observed in Breaker Bay, Wellington between 

August 2011 and February 2013 that was characterized by high irradiances of PAR and UVB 

during late Spring/Summer and decreasing towards Winter.  The low PAR and UVB 

irradiances recorded during January 2012 and March 2012 were due to cloudy conditions 

during the sampling day. It was not possible to select a sampling day that combined clear 

weather with an appropriate tide. Seasonality in the light conditions was accompanied by a 

seasonal trend in the effective quantum yield (ɸPII) and SPs concentration in sporophytes of U. 

pinnatifida.  

The variation in ɸPII throughout the sampling period indicates differences in the photosynthetic 

performance of U. pinnatifida between seasons. The ɸPII of sporophytes of U. pinnatifida was 

0.0 0.5 1.0 1.5 2.0 2.5

0

2

4

6

8

y= 0.6806x + 3.3554

r=0.087

S
P
 (

%
 D

W
)

CWP (% DW)



132 
 

 

higher when PAR and UVB were low and decreased as irradiances increased, characterized 

mainly by two groups with higher ɸPII between Autumn/Winter than Spring/Summer. The 

negative correlation of sporophytes ɸPII  with PAR/UVB irradiances suggested a response of 

the photosynthetic apparatus to increasing solar radiation and shows the capacity of this 

species to acclimate to the light conditions.  Thus, more reaction centres of the photosynthetic 

apparatus are closed when light conditions are higher (Spring/Summer) than under lower light 

conditions. Huovinen et al. (2006) observed that the perennial species Lessonia nigrescens had 

a stronger seasonal response to UVR than the annual Enteromorpha intestinalis. They also 

observed that the sensitivity of the perennial species to UVR during Winter was higher than 

the annual species (Huovinen et al. 2006). Thus, Huovinen et al. (2006) suggested that 

perennial species have physiological adaptations to seasonal variations as part of their 

development with a more gradual response to the light changes than annual species that have a 

faster acclimation to seasonal variations of UVR.  U. pinnatifida is an annual species that 

responds rapidly to seasonal variations in light conditions.   

Dynamic photoinhibition with a decrease in the photosynthetic capacity in Summer and 

increase in Autumn/Winter is well known in seaweeds (Gevart et al. 2002, Abdala-Dias et al. 

2006, Huovinen et al. 2006). Lower photosynthetic capacity is a consequence of 

photoinhibition of photosynthesis and is a mechanism of acclimation and resistance to high 

light (Abdala-Diaz et al. 2006).   The seasonality of photosynthesis has been linked to periods 

of growth and reproduction of some seaweeds (Haroun et al. 1992) including U. pinnatifida 

(Oh & Koh 1996, Campbell et al. 1999). A higher photosynthetic rate in winter for U. 

pinnatifida is associated with an increase of photosynthetic pigments content and increase in 

tissue N content to maintain a maximal growth rate (Campbell et al. 1999, Dean & Hurd 2007) 

that occurs in late Winter and early Spring when light conditions are low. This is consistent 

with the differences in the abundance of sporophytes that I observed in the field throughout the 

year (data not shown) with a lower number of mature individuals during early Winter (June-

July), and increasing abundance towards Spring. This trend suggests a rapid growth of 

sporophytes in Winter during periods of higher photosynthetic capacity. This observation is 

supported by that of Christian (2003) who found seasonal variation in the abundance of U. 

pinnatifida in the south coast of Wellington with higher density during Spring. 
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The photoprotective capacity of phlorotannins against UVB has been documented for different 

species of brown seaweeds (Pavia et al. 1997, Henry & Van Alstyne 2004, Halm et al. 2011). 

In U. pinnatifida, SPs tend to increased towards Spring and Summer where light conditions are 

increasing.  For U. pinnatifida, a photoprotective role of phlorotannins could not demonstrated 

due to the lack of correlation of the SPs and CWPs and UVB in this species. Moreover, U. 

pinnatifida presented low negative correlation of SPs and PAR and this suggests that phenolic 

compounds might be stimulated by PAR more than UV as suggested by Fairhead et al. 2006.  

Thus, the variations of phenolic compounds in U. pinnatifida throughout the year might be 

stimulated by other factors including wound healing processes as has been observed for 

Laminaria hyperborea (Halm et al. 2011) or a protection against herbivores as has been 

documented for Ecklonia radiate (Lüder & Clayton 2004) .  

The concentration of SPs in sporophytes of U. pinnatifida was greater than CWP. Koivikko et 

al. (2005) suggested the differences in concentration of both phlorotannins might be because 

they bind into the cell wall in small amounts, or that they transform to other compounds and/or 

some of soluble phlorotannins are exuded into the water. Both phlorotannins (SP and CWP) in 

U. pinnatifida varied throughout the year.  Nevertheless the trend between phlorotannins was 

different with higher SPs in Spring/Summer and higher CWPs occurred in Winter/Spring. The 

lower difference between phlorotannins in Winter in comparison to Summer may due to SPs 

bound to the cell wall in period of growth. U. pinnatifida grows faster in Winter reaching 

maturity in ~40 days (Stuart et al. 1999, Christian 2003).  The high CWPs concentration in 

Winter/Spring might allow the cell wall to thicken during growth (Arnold & Targett 2000)  as 

a mechanism of protection from grazers, and their decrease in summer might be due to 

turnover to other cell wall compounds or degradation (Koivikko et al. 2005). In contrast, 

higher SPs and lower CWP during Summer might due to high rate of production of SPs during 

this period.  Correlation of SPs and CWPs has been found in non-growing individuals of 

Fucus vesiculosus (Koivikko et al. 2005). Mature sporophytes of U. pinnatifida had a lack of 

correlation between SPs and CWPs contrasting with Koivikko et al. 2005. This may indicate 

that there is an active production of both phlorotannins in U. pinnatifida even after maturity.  

This study showed seasonal changes in the ecophysiology of mature sporophytes of U. 

pinnatifida. The seasonal development of seaweeds is related mainly to light, temperature and 

nutrients (Lüning 1980, 1989, Wiencke et al. 2007). For U. pinnatifida, maximum growth of 

sporophytes occurs in winter when light conditions are low and high nutrients concentrations 
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exist (Yoshikawa et al. 2001, Dean & Hurd 2007). This pattern of growth is unusual for 

Laminariales that often have a maximal growth when light conditions are increasing (Tala & 

Edding 2005). Campbell et al (1999) suggested that the growth of juvenile sporophytes during 

winter and physiological adaptation to low light is an effective strategy of this species to 

compete with other macroalgae. Seasonal variation of SPs was observed but no CWPs. Since 

phlorotannins are secondary metabolites linked to multiple ecological roles such as chemical 

defence against herbivores, antibacterial action and photoprotection (Arnold & Targett 1998, 

Halm et al. 2011), the variation of SPs and CWPs in U. pinnatifida could be attributed to the 

combination of these factors. Changes in the ɸPII and phlorotannins concentration throughout 

the year shows U. pinnatifida can acclimate and respond to environmental changes and this 

could explain, in part, the success of this species in temperate regions. 
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Chapter 6 

General discussion 

 

 

Environmental changes are accelerating due to anthropogenic activity (Occhipinti & Savini 

2003, Hughes et al. 2005,  Kampa & Castanas 2008, Rockström et al. 2009).  These changes 

are likely to affect organisms and consequently ecosystems. Most studies on the effect of 

environmental changes on organisms have focussed on native species leaving aside the 

possible effect on invasive species.  Climate change is likely to increase the rate of disturbance 

of the environment by altering population dynamics and the structure and composition of 

communities (Walther et.al 2002, Parmesan 2006, Hoegh-Guldberg et al. 2007, Alongi 2008), 

and this may allow organisms with high physiological plasticity, characteristic of many 

invasive species, to proliferate. Controversial opinion exist where some authors have 

suggested that climate change might favour introductions (Dukes & Mooney 1999, Vilà,  et al. 

2007), while others suggest that the impact of some invasive species might diminish under 

climate change (Hellmann et al. 2008).  However, there is a lack of knowledge of the tolerance 

of invasive species to environmental change, even though this could also in part explain their 

success in colonizing new environments.  

This is the first study to analyse the tolerance of early life stages and macroscopic stages of the 

invasive U. pinnatifida to UVB and the combination of UVB with temperature. These results 

give the first insight into the possible effects of environmental changes on this invasive 

species.  In this discussion I firstly outline the new insights of my study, secondly I describe 

some conclusions and limitations of this study and finally suggest some recommendations for 

future research.  
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6.1 Findings 

Effect of light treatments  

It is well known that UVB has various negative effects on macroalgae (Wiencke et al. 2000, 

Roleda et al. 2005, Bischof & Steinhoff 2012, Häder et al. 2007, 2015). In this research, the 

effect of UVB on an invasive brown seaweed was assessed for the first time. I expected that 

early life stages of U. pinnatifida would be tolerant to UVB as this is an invasive species. 

However, early life stages of zoospores of U. pinnatifida were sensitive to UVB (Chapters 2 

and 3), which was reflected in a reduction of the photosynthetic performance and lower 

germination rate of zoospores.   Furthermore, the effect of UVB on early life stages was dose 

dependent (Chapter 2). These findings are consistent with others studies in Laminariales 

species that also show a dose dependent effect of UVB (Tala et al. 2007, Roleda et al. 2010). 

The sensitivity of early life stages of seaweeds to UVB is associated with their cellular 

simplicity (cellular size and cell wall) that permits UVB to reach cellular macromolecules 

easier than in macroscopic stages (Altamirano et al. 2003, Veliz et al. 2006, Navarro et al. 

2010). Susceptibility to UVB of marine unicellular organism is known (Harada et al. 2009, 

Kottuparambil et al. 2012). Cellular size in marine organism is important trait to compensate 

variations of the environmental conditions, for example small diatoms are more susceptible to 

photoinactivation but presents a faster metabolic repair mechanism than larger diatoms to 

variations of light (Key et al. 2010). Thus, early life stages of U. pinnatifida might have faster 

repair mechanism in comparison to more developed stages to cope with UVB stress.  

Although UVB had a negative effect on early life stages, they can recover from the initial 

stress. In brown seaweeds, the recovery of early life stages occurs several days after exposure 

to UVB (Roleda et al. 2010).  By contrast, zoospores of U. pinnatifida recovered within hours 

of exposure to UVB when environmental conditions improved. Additionally, the decrease of 

DNA fluorescence in Chapter 2 might due to chromatin remodelling during DNA repair 

(Dinant et al. 2008) of cyclobutane pyrimidine dimers (CPDs) that are the main DNA damage 

induced by UV (Cadet et al. 2005, Pfeifer & Besaratinia 2011). Thus, the capacity for recovery 

and even repair of zoospores of U. pinnatifida under more favourable conditions is an 

important finding because the capacity of zoospores to recover quickly might allow zoospores 

to develop and maintain viable populations.  
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Moreover, motile zoospores are unlikely to be exposed to direct light for long periods of time 

because they are constantly moved by water circulation, and may sink or ascend in the water 

column. Other factors such as attenuation and scattering of light within the water column 

reduce ambient irradiances and protection/shading by other algal assemblages might reduce 

the direct exposure. Furthermore, although U. pinnatifida grows all year around in New 

Zealand (Hay & Villouta 1993) the peak growth occurs mainly in Winter and Spring and 

therefore it is likely that zoospores are released mainly in Spring. If this is the case, zoospores 

would be released in the intertidal of Wellington coast when relative low UVB irradiances 

exist. Therefore, zoospores of U. pinnatifida are very likely to settle and develop despite the 

initial stress they could suffer after release. After settlement, zoospores are likely to develop in 

areas protected from direct light such as under other algae canopies or in rock fissures 

(Morelissen 2012).  

As sporophytes of U. pinnatifida inhabit mainly the intertidal of Wellington coast I expected 

they would be highly tolerant to UVB and would have efficient mechanism of protection such 

as dissipation of energy and screening substances. However, long term exposure to medium 

doses of UVB negatively affected sporophytes and consecutive exposures exacerbated the 

effect (Chapter 4).  Also there was no evidence of a photoprotective role of phlorotannins in U. 

pinnatifida under these exposures. This is surprising because U. pinnatifida is an intertidal 

alga, and well developed mechanisms of protection against light were considered likely. 

Ample evidence suggests that intertidal seaweeds have mechanisms to cope with excess of 

light such as through the production of screening substances (Pavia et al. 1997, Cokcel & 

Knowland 1999, de la Coba et al. 2009) and dissipation of energy via non-photochemical 

quenching (NPQ) (Müller et al. 2001, Szabó et al. 2005, Lavaud & Clayton 2014). In brown 

seaweeds the screening capacity of phlorotannins against high light irradiances and UVB has 

been widely studied in several species (Pavia et al. 1997, Swanson & Druehl 2002, Abdala-

Diaz et al. 2006, Halm et al. 2011). However, for U. pinnatifida phlorotannin concentrations 

did not increase with UVB treatment and there was also a poor NPQ response. This finding 

suggests this species might have other strategies to survive in the intertidal. For example, it’s 

success in the intertidal might be due to its ability to direct energy to growth and reproduction 

rather than protection as U. pinnatifida is an annual species and has a rapid growth rate and 

reach maturity very quickly (~40 days) (Stuart et al.1999, Christian 2003, Chen 2012).  Also, 

this species has a high fecundity rate producing millions of zoospores per individual (Stuart et 
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al.1999, Christian 2003, Chen 2012). Moreover, synchronization of the life cycle to seasonal 

variation of the environmental conditions is another characteristic that may explain U. 

pinnatifida success. Thus, this species has its highest growth rate in late Winter and Spring 

where ambient UVB radiation is relatively low but increasing, decreasing the possibility of 

UVB damage.  

In the experiments of Chapters 2, 3 and 4 there was a low impact of PAR and low impact of 

UVA in Chapters 3 and 4 on different life stages of U. pinnatifida. In Chapter 2 early life 

stages were able to germinate and growth in very low PAR irradiances PAR (8 μmol photons 

m
-2

 s
-1

) and in Chapters 3 they develop to gametophytes under low PAR conditions (35 μmol 

photons m
-2

 s
-1

). Morelissen (2012) found an optimum development of gametophytes of this 

species between (~28 - 145 μmol photons m
-2

 s
-1

) and this is consistent with the finding of 

Chapter 3. The intertidal and low subtidal present much higher PAR irradiances (data from 

Chapter 5 and Morelissen et al. 2013) compared to the laboratory. This suggests that different 

life stages of U. pinnatifida have the potential to develop and grow in very low light 

conditions, and is consistent with the presence of subtidal populations of U. pinnatifida (Hay 

et al. 1987) and its wide vertical distribution (Curiel et al. 1998). Due to the low impact of 

UVA in the different life stages of U. pinnatifida observed in Chapter 3 and 4 the lack of UVA 

in Chapter 2 has little repercussion for the results. Moreover, Chapter 3 and 4 showed the 

different life stages of U. pinnatifida can tolerate moderate UVA irradiances that permit to this 

species inhabit well in the first meter of the water column where UVA irradiances are 

moderate due to attenuation of the solar radiation (Huovinen & Gomez 2011).   

Although change in UVB are not expected for the future due to the recovery of the ozone layer 

(Weatherhead & Andersen. 2006, Hofmann & Montzka 2009, IPCC 2013), still, UVB is an 

important stressor for intertidal organisms. The success of invasive species has been linked to 

a high physiological plasticity in response to environmental conditions (Yamashita et al.  

2000, Raniello et al. 2004). Thus, the capacity of early life stages of U. pinnatifida to recover 

and repair damage from short exposure to UVB, the high plasticity of different life stages to 

cope with different light conditions, and the capacity to synchronize its life history to 

environmental cues suggest this species might succeed in a variety of scenarios. These 

characteristics permit this species to grow in a wide range of habitats from the intertidal to the 

subtidal, which could be linked to its invasive success. These characteristics could also favour 

this species in areas with high variability of light and changes in UVB irradiances.  
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Effect of light treatments with temperature  

Until relatively recently, most studies of environmental factors have focused on single 

stressors. It is now acknowledged, however, that interactive effects of multiple stressors are 

not only likely to occur in nature, but may have complex outcomes (Crain et al. 2008, Schiel  

2009, Shears et al. 2010).  In seaweeds, the interaction most studied is the effect of increasing 

temperature with UVB and responses are species specific showing a specie specific response 

(Altamirano et al. 2003, Rautenberger & Bischof 2006, Steinhoff et al. 2008). For example,  in 

some Phaeophyte species, increased temperature has an additive effect to UVB (Altamirano et 

al. 2003, Steinhoff et al. 2008),  while for Ulvales species there is a compensatory effect of 

temperature on UVB (Rautenberger & Bischof 2006). The compensatory effect may be due to 

high temperature being less damaging than lower temperatures, where the turnover and repair 

of D1, synthesis of pigments and enzymatic processes may be stimulated by increasing 

temperatures (Gómez et al. 2001, Cruces et al. 2013).  

It is well known that the invasive U. pinnatifida has a wide range of thermotolerance 

(Skriptsova et al. 2004, Henkel & Hofmann 2008); but there is a lack of knowledge of the 

effect of the interaction of this factor with other stressors. Therefore, this thesis evaluated the 

possible effect of UVB and temperature together on this invasive species for first time. As 

noted earlier, early life stages of U. pinnatifida are vulnerable to UVB. Therefore, due to it’s 

the wide thermotolerance, I expected temperature would ameliorate the effect of UVB in early 

life stages of U. pinnatifida as described above for Ulva (Rauternberger et al. 2006). 

Surprisingly, there was no evidence of an interactive effect of light treatments and temperature 

on early life stages of U. pinnatifida. The photosynthetic capacity of zoospores was similar 

among temperatures at longer term recovery. Only settlement of U. pinnatifida was negatively 

affected by an increase of temperature in zoospores exposed to PA and PAB treatments 

(Chapter 3).  An increase of water temperature might affect the potential of U. pinnatifida to 

spread to warmer areas in intertidal areas where UVA and UVB irradiances exists but it could 

lead introductions to happen in the subtidal where UV component of light is attenuated 

(Huovinen & Gomez 2011).   
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I also expected that temperature would reduce the effect of UVB on sporophytes of U. 

pinnatifida.  Although, sporophytes of U. pinnatifida (Chapter 4) were affected by a complex 

interaction between light treatments, temperature and exposure, a beneficial effect of 

temperature after UVB exposure in sporophytes was not detected. This contrast with the 

results in early life stages (Chapter 3) that temperature lead similar recovery at the long term. 

This shows that the effect of environmental factors in U. pinnatifida is stage specific as it has 

been observed for other species (Fredersdorf et al. 2009).  The physiological response of 

sporophytes to light treatments varied among temperatures and during exposures. Although 

there was no a clear pattern in the response of sporophytes to higher temperature, those 

individuals exposed to P and PA were little affected, while the addition of UVB had a strongly 

negative effect on the Fv/Fm, ETR and NQP of sporophytes. It has been suggested that the 

sensitivity of seaweeds to UVB increases as temperatures deviates from the optimum growth 

temperatures (Fredersdorf et al. 2009). In Chapter 4 the sensitivity of sporophytes of U. 

pinnatifida increases gradually as temperature recedes from the optimum temperature of ~20 

°C (Morita et al. 2003) where the photosynthetic capacity was lower at the highest and lower 

temperature (18 and 22°C).  

In Chapter 4, I showed that phlorotannins content was higher for sporophytes of U. pinnatifida 

incubated at higher water temperatures. It has been suggested that elevated temperature might 

affect the Golgi-ER membrane complex, which is likely to be responsible for the biosynthesis 

of SPs (Cruces et al. 2013) and phlorotannins production might be inhibited with temperatures 

over 20°C (Cruces et al. 2012). The higher phlorotannins content at higher temperature in U. 

pinnatifida suggests that physiological processes are not affected by the temperatures used in 

this thesis and even might stimulate phlorotannins production. Perhaps, phlorotannins 

production in U. pinnatifida might be stimulated by higher temperatures or the degradation of 

phlorotannins may be slower at higher temperatures contrasting with other Laminariales 

species (Cruces et al. 2012). Higher phlorotannins content at higher temperatures could be 

advantageous for this species since phlorotannins have multi protective roles such as wound 

healing and anti-grazer function (Lüder & Clayton 2004, Halm et al. 2011).   

The effect of rapid environmental changes on invasive species is unknown.  Speculation 

regarding the possible outcomes is highly variable. Some authors suggest that invasive species 

might be favoured by climate change due to their plasticity leading to increased change in the 

structure and composition of native communities (Dukes & Mooney 1999, Vilà,  et al. 2007), 
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while others are more sceptical and suggest invasive species might diminish under climate 

change (Hellmann et al 2008).  For U. pinnatifida, an increase of water temperature due to 

climate change might have little effect due to its wide thermotolerance. This species grew well 

in temperatures ~21 °C and it physiological response were not altered, thus U. pinnatifida 

would have the potential to maintain populations were already exist and even the potential to 

spread to lower latitudes with the expected increase of water temperatures due to global 

warming. U. pinnatifida is a very plastic species that can inhabit a wide range of environments 

(Wotton et al. 2004). If UVB remains stable in the future, the wide thermotolerance of U. 

pinnatifida could lead this species to respond favourably with the expected increase of water 

temperatures.   

Physiological seasonality  

Seasonal variability in the physiological performance of seaweeds from temperate and polar 

areas is well documented (Lüning 1993, Plouguerné et al 2006, Sampath-Wiley et al. 2008, 

Buschmann et al. 2014). Seaweeds have a seasonal development controlled by environmental 

signals e.g. photoperiod and temperature cycles (Lüning 1989, Müller et al. 2009). It has also 

been suggested that annual species have highly efficient abilities to physiologically adjust to 

seasonal variations of UVB, permitting them to acclimate rapidly (Huovinen et al. 2006, 

Buschmann et al. 2014). I expected that U. pinnatifida as an annual species would acclimates 

rapidly to variations of light. Chapter 5 showed that the photosynthetic capacity and 

phlorotannins content of U. pinnatifida vary seasonally.  Photosynthetic capacity decreased as 

PAR and UVB increased in the field and this response was similar to other studies in the same 

species (Dean & Hurd 2007). The seasonal response of the photosynthetic capacity of U. 

pinnatifida shows this species can rapidly acclimate to light conditions. U. pinnatifida has 

higher photosynthetic capacity than other Laminariales species in Winter when it is at its 

growth peak (Campbell et al. 1999). Although growth rates of U. pinnatifida were not 

quantified, I observed that the major period of growth of juveniles sporophytes occurs in the 

field between July and August (Chapter 5) and this is consistent with other studies in U. 

pinnatifida (Christian 2003,Yoshikawa et al. 2001, Dean & Hurd 2007). Physiological 

adaptation of U. pinnatifida to low light and growth during winter are strategies that allow this 

species to compete effectively with other macroalgae (Campbell et al. 1999). 
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Seasonality of phlorotannin content has been observed in brown seaweeds with increasing 

phlorotannins content as light irradiances increased (Abdala-Díaz et al 2006,Steingber 1995, 

Connan et al. 2004, Plouguerné et al. 2006, Celis-Plá et al. 2014). Also daily variation of 

phlorotannins content (Abdala-Díaz et al 2006, Connan et al. 2007, Rautenberger et al. 2013) 

and a rapid biosynthesis (within hours) after exposure to a stimulators (UVB or herbivory) has 

been documented (Arnold & Targett 1998, Swanson & Druehl 2002). I expected that the 

phlorotannin content of sporophytes of U. pinnatifida would change seasonally as a 

mechanism to protect themselves from the seasonal changes in UVB doses. The concentrations 

of SPs and CWPs varied thorough the year in sporophytes of U. pinnatifida (Chapter 5) and 

SPs presented interannual variation.  The concentration of SPs increased toward Spring and 

Summer; while CWPs were higher in Winter and Spring. Although SPs show a seasonal 

response in U. pinatiffida, no correlation between phlorotannins and PAR or UVB level was 

detected (Chapter 5) contrasting with the possible photoprotective role observed in other 

brown seaweeds (Pavia et al. 1997,  Henry & Van Alstyne 2004, Swanson & Druehl 2002, 

Halm et al. 2011, Schmidt et al. 2012, Figueroa et al. 2014). These results are consistent with 

those from Chapter 4 where light treatments also did not stimulate phlorotannins production; 

although in Chapter 4 only SPs were measured. Due to the minor variation of CWPs in 

Chapter 5 I would expect little variation of this phlorotannin in laboratory experiments similar 

to those in Chapter 4. 

Variation of phlorotannins content throughout the year might be related to factors other than 

light. The lower difference between SPs and CWPs and the highest CWPs concentration was 

observed in Winter and Spring respectively when U. pinnatifida has its highest growth (Stuart 

et al.1999, Christian 2003). This differences and the higher CWPs in Spring might be due to 

SPs bind into the cell wall to thicken during growth (Arnold & Targett 2000) as mechanism of 

protection from grazers, and the decrease of CWPs in Summer might be due to turnover to 

other cell wall compounds or degradation (Koivikko et al. 2005). Thus, U. pinnatifida 

allocates phlorotannins to their thick cell walls probably as a strategy of protection against 

grazing more than for photoprotection as has been described for other brown seaweeds 

(Steingber et al. 1995, Halm et al. 2011, Schmidt et al. 2012).  
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6.2 Conclusion and predictions  

The data presented in this thesis contribute to a better understanding of the tolerance of 

different life stages of U. pinnatifida to environmental stressors.  It has given insights into the 

capacity and success of this species to grow in the intertidal where high variation of 

environmental conditions exists, for example light and temperature. Additionally, the results 

give a better understanding of the effect of two environmental factors on seaweeds and gives, 

in part, insights into the possible effect of global warming on this invasive kelp.   

There are few studies of physiological acclimation and tolerance of invasive species in general 

to environmental changes. Greater physiological acclimation and tolerance to environmental 

changes might favour invasive species during climate change.  However, as it was mentioned 

above controversial opinions exist in how invasive species would be affected by climate 

change. As far as I know this is the first attempt to determine the tolerance of UVB alone and 

combined with temperature in the invasive U. pinnatifida. In this thesis I observed sensitivity 

of U. pinnatifida to exposure to UVB, and tolerance to wide ranges of light and temperature. 

Early life stages can recover from UVB stress, while no recovery was observed in 

sporophytes.  The capacity of recovery of early life stages and the tolerance to wide range of 

environmental conditions of this species makes this species to success in the areas where it has 

been introduced. These characteristics permit U. pinnatifida to grow from the intertidal where 

light conditions are intense but also in the subtidal where light conditions are low (Hay & 

Luckens 1987, Casas & Piriz 1996). If UVB increases again due to changes in the ozone layer 

U. pinnatifida, may still be able to grow viable populations by adjusting its vertical 

distributions to the light conditions. Under warming conditions, U. pinnatifida would be little 

affected by the expected increase of water temperatures. The little effect of increasing 

temperatures on U. pinnatifida  showed in this study and its wide thermotolerance between 0-

27°C (Skriptsova et al. 2004) could lead this species to be successful under future global 

warming conditions and increase the potential of this species to invade other areas at higher 

latitudes but also to maintain populations where they already exists. The possible success of U. 

pinnatifida would agree with the supposition that climate change might favour introductions of 

invasive species (Dukes & Mooney 1999, Vilà,  et al. 2007, Schiel & Thompson 2012). 

U. pinnatifida is able to adjust its growth pattern to local environmental conditions, for 

example it is reproductive in Winter and Spring in its native environment (Campbell & 
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Burridge 1998, Yoshikawa et al. 2001), while in New Zealand, U. pinnatifida has year around 

successive generations (Hay 1990, Campbell & Burridge 1998, Schiel et al. 2012, Gao et al. 

2013).  U. pinnatifida grows faster in Winter and early Spring than Autumn and Summer 

(Christian 2003) and maturity is rapidly reached due to its fast growth rate (Christian 2003); 

this species might release zoospores mainly in late Winter and Spring where light conditions 

are medium/low, decreasing the potential of light and UVB stress and increasing their capacity 

to survive and form viable populations. Although successive generations of sporophytes are 

observed in New Zealand throughout the year, I observed more viable zoospores in 

Winter/Spring than Summer (data not shown).  Furthermore, their capacity for fast recovery 

after light stress could increase the survival of late recruits.  Additionally, the seasonal 

physiological pattern shows this species can acclimate to the environmental conditions and 

allocate resources depending on its requirement for growth. Finally, the combination of all 

these characteristics makes U. pinnatifida a highly plastic species that might persist and even 

be favoured by environmental changes.     

It is well known that U. pinnatifida is one if the world’s 100 most invasive species (Lowe et 

al. 2000), and it is now present in many temperate coastal environments worldwide (Hay &  

Luckens 1987, Floc'h et al. 1991, Piriz & Casas 1994, Curiel et al. 1998, Silva et al. 2002, 

Aguilar-Rosas et al. 2004). This species has considerable commercial value and is cultivated 

in several countries including China, Japan, and Korea (Castric-Fey et al. 1999, Peteiro & 

Freire 2012). Thus, aquaculture is likely to be an important avenue for dispersal and invasion 

(Floc’h et al. 1991).  The success of U. pinnatifida in colonizing new environments is 

associated not only with its high physiological and morphological plasticity (Dean & Hurd 

2007), but also with its fast growth, high reproductive rate, and rapid maturation (Stuart 2004, 

Casas et al. 2004). Research on this species in New Zealand has focused mainly on its natural 

spread (Forrest et al. 2000), its physiology (Dean & Hurd 2007, Richards et al. 2011) and its 

colonisation patterns (Hay & Sanderson 1999, Forrest a& Taylor 2002, Raffo et al. 2009, 

Schiel & Thompson 2012). Prior to the present study, the tolerance of U. pinnatifida to 

environmental changes has been poorly explored, even though these may lead to further 

invasive success under climate change, as seen in other invasive species (Walther et al. 2009, 

Bellard et al. 2013, Ware et al. 2014).  

There is lack of knowledge of the susceptibility of different life stages of U. pinnatifida to 

environmental stressors; moreover most of the studies have been centred on single life stages, 
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particularly the sporophyte stage. This study shows for the first time, that the susceptibility of 

U. pinnatifida to environmental changes is life-stage specific and depends also on the type of 

stressor. Microscopic life stages such zoospores and gametophytes are more sensitive to UVB, 

tolerating lower UVB irradiances than sporophytes. However, both microscopic life stages and 

sporophytes tolerate a wide range of temperature. This tolerance might lead to the spread of 

this species to warmer areas, and under climate change to lower latitudes due to an increase of 

water temperature.  Additionally, this study shows that there is not an interactive effect of both 

factors (UVB and temperature) on U. pinnatifida as observed in other Laminariales species. 

Therefore, the effect of UVB on U. pinnatifida is unlikely to be aggravated or mitigated by an 

increase of temperature due to climate change. The photoprotective role of phlorotannins has 

never been studied for U. pinnatifida; but it has been observed in several species of brown 

seaweeds. This study shows a lack of photoprotective capacity of phlorotannins in U. 

pinnatifida. Thus, U. pinnatifida might have different strategies to cope with stressors such as 

UVB. For example, early life stages might inhabit areas that are protected from direct natural 

light such as under other algae canopies, or in the subtidal and areas of the rocky intertidal; 

while sporophytes might direct their energy to growth and rapid reproduction instead to 

photoprotection. Thus, it is worth highlighting that the invasiveness of U. pinnatifida might be 

due to a suite of characteristics rather than one unique or individual characteristic. Its capacity 

to tolerate a wide range of temperature and a wide range of light conditions, its capacity to 

adjust its reproduction and physiology to the environmental conditions, and its different 

strategies to cope with stresses increases the capacity of this species to invade areas where it 

has been introduced. Under future climate change scenarios, These characteristics widen the 

range of possible areas where U. pinnatifida can develop, increasing its invasiveness capacity. 

Other critical stages of the U. pinnatifida life cycle  that have not been addressed in this study, 

such zoospore settlement and sexual reproduction, should also be investigated to gain a better 

understanding of the success of this species under future climates.   

 

6.3 Limitations 

It is important to acknowledge the inevitable limitations of research. In this study, it was not 

possible to exactly replicate natural light conditions in the laboratory. For example, there were 
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lower levels of PAR compared to those measured in the field at the water surface (Chapter 5), 

although they were similar to those found in the subtidal of Wellington coast (Morelissen et al. 

2013). Low PAR level is a common problem in laboratory experiments and has often 

addressed by other researches (Karsten et al. 2003, Wiencke et al. 2004). PAR levels in 

laboratory experiments lead to higher UVR/PAR ratios than environmental light (Roleda et al. 

2005).   Higher ratios of UVB/PAR intensify the UVB effect on plants (Caldwell et al. 1998) 

and this may magnify the UVB effect on seaweeds (Dring et al. 1996, Roleda et al. 2005, 

Roleda et al. 2007). Despite this limitation, laboratory experiments give good insights into the 

possible effect of UVB on seaweeds. Moreover, field experiments are often difficult to manage 

due to the wide range of other factors involved that might interact or obscure the effect of 

interest on the focal organism.   

Another limitation of this thesis was the lack of UVA in the experiments from Chapter 2. The 

lack of UVA in Chapter 2 might have little implication for those experiments since in Chapter 

3 UVA has a minor effect on early life stages. In general, studies shows a minimum effect of 

UVA in seaweeds (Dring et al. 1996, Wiencke et al. 2000, Figueroa et al. 2003), and UVA 

might have compensatory effect for some seaweeds when PAR condition are low (Pérez-

Rodríguez et al. 1998, Ahamad 2010, Xu & Gao 2010) or even have beneficial effects (Santas 

et al. 1998). In this thesis a minor effect of UVA on the different life stages of U. pinnatifida 

was detected and there was no evidence of a compensatory neither a negative effect of UVA 

for U. pinnatifida. 

Another limitation of this study was the physiological variability from batch to batch of 

zoospores and sporophytes. The difference in the germination rate between Chapter 2 (late 

Winter and Spring) and Chapter 3 (early Winter) and differences in the physiological response 

of sporophytes between experiments in Chapter 4 are likely due to seasonal variation.  

Wiencke et al. (2004, 2007) also found differences in the rates of germination of Alaria 

esculenta and related this variation to different collection times. The variation between batches 

throughout suggests that the tolerance of U. pinnatifida also depends on the physiological 

stages of each the life stage and it is related to seasonality. By contrast, in the seasonal chapter 

(Chapter 5), the main limitation was the high variability of the light conditions in the field, 

which can affect sensitive physiological parameters such as photosynthesis. Even though I 

coordinated the sampling days to the same hour and same tide for each month and as far as 

possible maintained similar climatic conditions (clear sky), sometimes clear sky conditions did 
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not occur for all the sampling days. This led to some variability that might mask some trends 

of this study.   

 

6.4 Future directions 

Further research is needed to understand the success of U. pinnatifida colonizing new 

environments and also to predict the possible impact of predicted environmental changes in 

this species.  In this thesis I have investigated the tolerance of zoospores and sporophytes to 

UVB and the combination of UVB with temperature. However, there are still further questions 

to answer that have arisen in these experiments.  

The tolerance of gametophytes, gamete formation and sexual reproduction under 

environmental stressors remain unstudied for U. pinnatifida. Since sensitivity to environmental 

factors is stage specific (Coelho et al. 2000), future research should consider these steps of the 

life cycle of U. pinnatifida to predict and understand more accurately the effect of 

environmental changes. Although in this thesis I tried to cover as much of the life cycle of U. 

pinnatifida as possible, some steps such as zoospores and gametes production and juvenile’s 

sporophytes were not studied. The success of any species depends on the capacity of each life 

stage to acclimate and adapt to their environment.  The failure of a single stage could have 

profound repercussions on the capacity of species to maintain viable populations.   

The response of U. pinnatifida to environmental conditions in the field environment might 

vary from laboratory experiments as has been observed in other Laminariales species 

(Wiencke et al. 2004). Moreover, natural conditions are difficult to replicate in laboratories 

(Karsten et al. 2003, Wiencke et al. 2004).  Therefore, to determine the tolerance of U. 

pinnatifida to environmental conditions more accurately, field experiments need to be 

considered.   

Environmental changes occur simultaneously; therefore, future research should continue to 

focus on the effect of combined stressors. The interaction of more than two factors can have 

antagonist or synergistic effects as has been observed for other brown seaweeds (Altamirano et 

al. 2003, Rautenberger & Bischof 2006, Steinhoff et al. 2008, Fredersdorf et al. 2009). Other 

factors are also expected to change due to climate change and anthropogenic activity such as 
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pH, nutrients and heavy metals. Therefore, the interaction of these factors should also be 

evaluated.  

The length of experiments is generally short and addresses single life stages. For organisms 

with complex life cycles such as seaweeds, environmental effects at one life stage might have 

consequences for the subsequent development of later phases. Furthermore, the effect of 

environmental factors of one generation might influence the following generations. However, 

the maternal effect to the subsequent generations or life stages have not been evaluated in 

seaweeds as far as I know, although they have in other organisms (Pahkala et al. 2001, Burdge 

et al. 2007, Dunn & Bale 2011).  Therefore, research in the effect of stressor on successive 

generations should also be studied.   
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