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ABSTRACT 

Anthropogenic activities have increased atmospheric CO2 concentrations from pre-

industrial concentrations of 280 ppm to current values of 400 ppm. These atmospheric 

emissions of CO2 are responsible for the ongoing increase in seawater temperature and 

the reduction of pH in the ocean’ surface, phenomena known as ocean warming (OW) 

and ocean acidification (OA), respectively. Model-based projections indicate that the 

global ocean surface temperature will increase by 4°C whereas the pH will decrease from 

a current 8.10 to 7.74 by 2100. However, these two global events are not occurring in 

isolation because anthropogenic activities also threatens coastal environments at local 

levels. For instance, in coastal environments, natural concentrations of copper are low 

but are increasing due to human industrialization. In addition, the speciation and 

bioavailability of copper in seawater is highly dependent on seawater chemistry. 

Therefore, reductions in seawater pH due to OA will increase the toxic, free ionic form 

of copper in oceans by 20% by the end of the current century. These abiotic changes can 

have important impacts on marine biota and ecosystems. Fleshy (non-calcifying) 

macroalgae such as those that belong to the Order Laminariales are important 

components of coastal environments. Macroalgae, as sessile organisms, are exposed to 

constant changes in abiotic factors and the community dynamics (e.g., growth and 

reproduction) depend on their tolerance to stress. Despite their importance, few studies 

have focused on the effects of OW, OA and/or copper pollution on fleshy macroalgae 

and even less have focused on their early life stages. Early life stages have been reported 

to be the most sensitive phase of the macroalgal life cycle to stressors. Therefore, the 

main purpose of this work was to evaluate the separate and interactive effects of seawater 

temperature, pH and copper concentration on the development of microscopic stages of 

the native kelp M. pyrifera and the invasive kelp U. pinnatifida from southern New 

Zealand.  

The first result of this work was that, in M. pyrifera, sporogenesis occurred in 

basal sporophylls (specialized reproductive laminae) as well as in non-reproductive 

laminae such as pneumatocyst-bearing adult blade and young apical scimitars. The sorus 

surface area was greater on sporophylls (57%) than in adult blades and young scimitars 

(25%). Meiospore release was greater in apical scimitars, followed by adult blades and 

sporophylls. However, germination of meiospores from different laminae was not 
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significantly different, indicating that meiospores produced in all types of fertile laminae 

were equally viable. 

The first climate change-related experiment consisted of monitoring meiospore 

development of M. pyrifera and U. pinnatifida cultured under four seawater pH 

treatments (pH 7.20, extreme OA predicted for 2300; pH 7.65, OA predicted for 2100; 

pH 8.01, ambient pH; and pH 8.40, pre-industrial pH) for 15 days. Reduced seawater pH 

(7.20 and 7.65) had no effects on meiospore germination but had positive effects on 

germling growth rates and gametophyte size of both species compared to higher pH (8.01 

and 8.40). Gametophyte sex ratio was biased towards females under all pH treatments. 

Germling growth rate under OA was significantly higher in M. pyrifera compared to U. 

pinnatifida but gametophyte development was equal for both kelps under all seawater 

pH treatments, indicating that the microscopic stages of the native M. pyrifera and the 

invasive U. pinnatifida will respond similarly to OA. 

The second experiment climate change-related experiment consisted of 

monitoring meiospore development of M. pyrifera and U. pinnatifida cultured under four 

seawater pH treatments (pH 7.20, 7.65, 8.03, and 8.40) and two temperature treatments 

(12°C, ambient temperature; and 16°C, OW predicted for 2100) for 15 days. Reduced 

seawater pH and elevated temperature had no effects on meiospore development and 

positive effects on germling growth rates and gametophyte size of both species compared 

to higher pH (8.01 and 8.40) and lower temperature (12°C), whereas gametophyte sex 

ratio was not affected by the interaction between the two factors. Despite some small 

differences between species, results of this experiment suggest that microscopic stages 

of the native M. pyrifera and the invasive U. pinnatifida will respond similarly to OA 

and OW. 

The single effects of the local stressor, copper pollution, on the development of 

M. pyrifera and U. pinnatifida meiospore were examined. After settlement, meiospores 

of both kelps were exposed to five nominal copper treatments (control, 100, 200, 300 and 

400 µg L-1 Cu) for 9 days. Analyses of total dissolved copper (CuT) concentrations in the 

blanks showed that nominal copper concentrations were reduced to 54, 91, 131 and 171 

µg L-1 CuT (i.e., > 50% of the CuT was adsorbed onto the culture vessel walls). In the 

media with meiospores, the CuT also decreased: to 39, 86, 97 and 148 µg L-1 CuT in M. 

pyrifera, and to 39, 65, 97 and 146 µg L-1 CuT in U. pinnatifida (i.e., 6 – 15% of the 
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dissolved copper was adsorbed by the cells). Meiospore germination decreased with 

increasing copper concentrations but gametogenesis was arrested under all copper 

treatments. The effective copper concentration causing 50% of arrested germination 

(Cu-EC50) was higher for U. pinnatifida (231 µg L-1 CuT) than for M. pyrifera (157 µg 

L-1 CuT), suggesting ecological success for the invasive species in copper polluted 

environments; however, the subsequent inhibition of gametogenesis under all copper 

treatments indicated no difference in copper tolerance between both kelp early life stages. 

The reduction of CuT during the previous experiment occurred because copper 

might be adsorbed onto glass and/or plastic and this can be avoided using a proper trace 

metal clean procedure. Therefore, a review on the methodologies used in the literature 

on copper ecotoxicology of marine macro- and microalgae, specifically the use of trace 

metal clean procedures such as the labware used (glassware vs plasticware), methods of 

cleaning the labware (acid soaking and ultrapure water rinsing), stock solution 

preparation (copper source and acidification), and measurement and reporting of 

dissolved copper concentrations was performed. The main results of this review were 

that 50% of the articles did not specify the laboratory–ware, 25% used glassware and 

25% plasticware; only ~30% of the studies specified cleaning protocols for labware to 

remove trace metal impurities; the copper form used to prepare the stock solutions was 

specified in ~80% of studies but acidification to stabilize the dissolved copper was 

performed in only ~20%; and the dissolved copper concentration was measured in only 

~30% of studies. Based on these finding, a trace metal procedure was recommended for 

conducting copper ecotoxicological studies. 

A four-factor experiment was performed to investigate the interactive effects of 

OA, OW and copper pollution on the meiospore development of M. pyrifera and U. 

pinnatifida. Meiospores of both species were cultured under two seawater pH treatments 

(7.65 and 8.16), and two temperature treatments (12 and 16°C), and to the species-

specific Cu-EC50 for 18 days. In both species, meiospore germination and germling 

growth rates significantly decreased in the copper treatment, irrespective of pH and 

temperature whereas gametophyte development for both species was inhibited by copper 

in all pH and temperature treatments. These results suggest that a local stressor (e.g., 

copper) is more important to the development of microscopic stages of M. pyrifera and 

U. pinnatifida than global climate change factors. 
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In summary, results of this study indicate that meiospore development of M. 

pyrifera and U. pinnatifida will be able to tolerate future OA and OW. That tolerance 

might be related to: 1) macro- and microscopic stages of both kelps being able to use 

HCO3
- and CO2 to support photosynthesis, therefore, the higher CO2(aq) availability due 

to OA (pH 7.20 to 7.65) will not affect their physiology; and 2) both M. pyrifera and U. 

pinnatifida have a wide temperature tolerance (4 to 30C°) which may allow them to 

perform well in a future warmer ocean (+ 4C°). In contrast, relatively high copper 

concentrations inhibited meiospore development of both kelp species. This finding 

indicates that local drivers (e.g., copper pollution) may be more important to 

physiological processes during meiospore development than global climate change 

factors. Furthermore, the responses of meiospores to the experimental abiotic factors 

(i.e., OA, OW and Cu) were similar between the study species, indicating that the 

invasive U. pinnatifida is unlikely to have an advantage over the native M. pyrifera in 

natural coastal environments.  
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Chapter 1. GENERAL INTRODUCTION 

1.1. CLIMATE CHANGE 

1.1.1. OCEAN WARMING AND OCEAN ACIDIFICATION 

Anthropogenic emissions of greenhouse gases (GHG) such as carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O) and halocarbons (i.e., gases containing fluorine, 

chlorine or bromine) have substantially increased since the beginning of the Industrial 

Revolution, about 1750 (IPCC 2013). Of the GHGs, CO2 is the primary gas emitted from 

human activities such as fossil fuel combustion, cement production, agriculture and 

deforestation (Friedlingstein et al. 2010, Le Quéré et al. 2013, 2014). Consequently, 

atmospheric CO2 concentrations have risen from 280 µatm in the pre-industrial era to the 

current level of 400 µatm (IPCC 2013, Tans and Keeling 2015). Model-based projections 

indicate that atmospheric CO2 concentrations will increase to around 1000 µatm by the 

end of the century, if measures to mitigate emissions are not taken (RCP8.5, IPCC 2013). 

Like all GHGs, CO2 is a noncondensing gas (i.e., does not condense and precipitate at 

current temperatures) and is responsible for about 20% of the ‘greenhouse effect’ (Lacis 

et al. 2010). Therefore, an increase in atmospheric CO2 concentration is expected to play 

an important role in the regulation of Earth’s surface temperature. 

Human-caused global warming is a result of the interaction between the Earth’s 

atmosphere and incoming solar radiation, also known as the greenhouse effect (Lacis et 

al. 2010, IPCC 2013). Solar radiation passes through the atmosphere, heating the surface 

of the Earth. The thermal radiation that is emitted by the surface is absorbed within the 

atmosphere by the GHGs. Then, thermal radiation is re-emitted in both upward and 

downward directions, heating the planet’s surface and maintaining the temperature 

gradient in the atmosphere, respectively (Lacis et al. 2010, IPCC 2013). As a result of 

the increase in atmospheric CO2, the globally averaged planet surface (land and ocean) 

temperature has increased by 0.78°C between 1850 and 2012 (IPCC 2013). In this 

context, the world’s oceans have accumulated more than 93% of the solar energy 

between 1971 and 2010, warming the surface (0-75 m depth) by 0.11°C per decade over 

the same period (IPCC 2013). Model projections indicate that, under a no mitigation of 

CO2 emissions scenario, global mean temperatures, including the oceans, will rise 

between 2.6 and 4.8°C by 2100 (IPCC 2013). The increasing temperature will lead to 
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glacier and sea-ice melting which will contribute to a global sea level rise and local 

salinity decrease (IPCC 2013). 

The oceans have absorbed about one-third of the anthropogenic CO2 emitted 

since the Industrial Revolution, producing chemical changes in the surface seawater 

(Doney et al. 2009, Roleda and Hurd 2012). Once CO2 is dissolved in seawater (CO2(aq)), 

it reacts with water (H2O) to form carbonic acid (H2CO3) which can dissociate to form 

bicarbonate (HCO3
-) and/or carbonate (CO3

2-) anions by losing hydrogen cations (H+). 

At the same time the H+ can react with CO3
2- to form HCO3

- (Doney et al. 2009, Hurd et 

al. 2009). Therefore, the net effects of increasing atmospheric CO2 levels on seawater 

chemistry are increases in CO2(aq), H2CO3, HCO3
- and H+ concentrations, and a decrease 

in CO3
2- concentrations (The Royal Society 2005). The increase in H+ concentration 

results in a reduction in surface seawater pH. These changes in seawater pH and 

carbonate systems are termed ocean acidification (OA) (Caldeira and Wickett 2003). 

At current rates of CO2 emissions, the oceans’ pH is projected to substantially 

decline within the next decades (IPCC 2013). In pre-industrial conditions, the average 

oceanic pH was 8.16 and this has already dropped by 0.1 unit to the current pH 8.06 and 

it is expected to decrease by a further 0.32 units to pH 7.74 by the end of the century 

(Caldeira and Wickett 2003, IPCC 2013). In terms of hydrogen ion concentration [H+], 

pre-industrial seawater had 6.92×10-3 µmol kg-1 and this has increased by 29% to today’s 

concentration of 8.92×10-3 µmol kg-1, and projections indicate an increase to 150% or 

1.74×10-2 µmol kg-1 by 2100 (Guinotte and Fabry 2008). In addition, as pH controls the 

seawater carbonate system, changes in total dissolved inorganic carbon (DIC) 

concentrations are also expected. For example, at the current pH 8.06 the total DIC is 

composed of 1% CO2(aq), 91% bicarbonate (HCO3
-) and 8% carbonate (CO3

2-). Under 

future OA (pH 7.74), concentrations of CO2(aq) and HCO3
- will increase by 200 and 24%, 

respectively, while CO3
2- will decrease by 61% (Koch et al. 2013). 

1.1.2. METAL SPECIATION 

Under OA, concentrations of both CO3
2- and hydroxide (OH-) are expected to decrease 

by 61 and 82%, respectively, indirectly affecting the inorganic speciation of metals in 

seawater (Millero et al. 2009, Zeng et al. 2015). These two anions can form strong bonds 

with divalent (e.g., Cu2+, Fe2+ and Zn2+) and trivalent (Al3+, Cr3+and Ga3+) cations 

(Millero 2001, Millero et al. 2009). Therefore, the reduction of CO3
2- and OH- will 
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increase the concentration of metals in free (ionic) form thereby changing their speciation 

in seawater (Millero et al. 2009, Zeng et al. 2015). In this context, metals that will be 

more affected by the reduction of seawater pH include Cu2+ which will increase by 30% 

because of the projected reduction of CO3
2- concentrations by 2100 (Millero et al. 2009). 

These changes in metal inorganic speciation are relevant because the free form of metals 

such as Cu2+ are toxic for marine biota at increased concentrations (Castilla 1983, Nor 

1987, Correa et al. 1999). 

Nevertheless, metals in seawater are mainly associated with organic matter-

forming strong complexes (Byrne 2002, Millero et al. 2009). For example, > 98% of 

copper, cobalt, iron and zinc are bound to organic molecules (Rue and Bruland 1995, 

Saito et al. 2005, Buck et al. 2006, Baars and Croot 2011). The effect of seawater pH on 

the speciation of metal-organic complexes is unclear because the chemical structure of 

the organic molecules (ligands) is unknown, although two classes of ligands have been 

described: L1 (type-I) and L2 (type-II) ligands (Millero et al. 2009, Zeng et al. 2015). 

Most of the organic ligands in seawater are negatively charged due to phenolic and 

carboxylic functional groups. Therefore, the increase in cation concentrations (e.g., H+, 

Cu2+) due to the projected reduction in seawater pH will result in ligand active sites 

becoming less available to bind metal cations (Millero et al. 2009). However, more 

studies are needed to understand the effects of future OA on metal-inorganic complexes 

in oceans (Byrne 2002, Millero et al. 2009). 

1.2. EFFECTS OF CLIMATE CHANGE ON MACROALGAE 

1.2.1. MACROALGAE 

Marine macroalgae contribute around 5-10% of total marine primary production 

(Charpy-Roubaud and Sournia 1990). Macroalgae are the major components of 

temperate coastal environments that play an important ecological role as the base of 

marine food chains and as structural engineers (Steneck et al. 2002, Berke 2010). In 

marine habitats, macroalgae provide living space for other organisms and refugia from 

predation, and reduce wave action thereby influencing hydrodynamic regimes, coastal 

erosion, sediment deposition and recruitment of invertebrate larvae and algal spores 

(Steneck et al. 2002, Berke 2010, Hurd et al. 2014). In general, benthic macroalgae are 

taxonomically classified within the Phyla Chlorophyta, Ochrophyta and Rhodophyta 
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(Guiry and Guiry 2016). However, the taxonomic classification of species is constantly 

being updated due to ongoing morphological, anatomical, ultrastructural and molecular 

research (Lee 2008, Hurd et al. 2014, Guiry and Guiry 2016).  

In summary, the ocean physico-chemical changes described above, including 

warming, acidification and metal speciation, may have important consequences on 

marine macroalgae, especially on their physiological processes (e.g., photosynthesis, 

growth and reproduction). A consequence of this may be the alteration of marine 

ecosystems and resources dynamics by shifts in native macroalgal distribution and 

composition due to the interaction with biological pollution. 

1.2.2. TEMPERATURE 

Temperature is a key abiotic factor controlling the geographic distribution, abundance, 

reproduction and survivorship of macroalgal populations (Hay 1990a, Agrawal 2009, 

Johnson et al. 2011, Wernberg et al. 2012, Mabin et al. 2013). Although macroalgae are 

generally adapted to a wide range of thermal conditions (Eggert 2012), episodic and 

extreme changes in temperature, along with trends of increasing sea surface temperatures 

(e.g., ocean warming, OW), can negatively affect the physiological performance of 

macroalgae (Raven and Geider 1988). This has been manifested by shifts in 

biogeographical distribution patterns of macroalgae related to increases (i.e., 1-3°C) in 

ocean temperature (Harley et al. 2012). For example, rising seawater surface temperature 

is already causing population shifts towards the poles by temperate and tropical 

macroalgal species across various biogeographic regions (Johnson et al. 2011, Wernberg 

et al. 2011b, Duarte et al. 2013).  

Any shift in macroalgal distributions due to temperature may be explained by 

temperature controlling different aspects of macroalgal physiology. Temperature 

changes can influence the activity of enzymes involved in photosynthesis (e.g., carbonic 

anhydrase and RuBisCO), nutrient uptake and metabolism (e.g., nitrate reductase) 

(Kristiansen 1983, Raven and Geider 1988, Davison 1991, Falkowski and Raven 1997, 

Berges et al. 2002), and therefore, affect the growth and survival of macroalgal 

populations. In addition, studies have demonstrated that different macroalgal species 

have characteristic temperature optima and tolerance during reproduction and 

completion of their life cycle (Kain 1979, Lüning 1980, Gerard 1997, Bulboa and 

Macchiavello 2001, Nelson 2005).  
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1.2.3. OCEAN ACIDIFICATION AND CARBON ACQUISITION 

Most of the studies on OA have been focused on marine organisms that form calcareous 

structures (i.e., calcifying organisms) because their skeletal structures are more prone to 

dissolution under reduced seawater pH (The Royal Society 2005, Anthony et al. 2011, 

Roleda and Hurd 2012, Kroeker et al. 2013). In contrast, there is relatively little research 

on non-calcifying photosynthetic organisms despite the fact that some of these organisms 

such as fleshy macro- and microalgae might be favoured by future OA (Kroeker et al. 

2013). For example, Kroeker et al. (2013) suggested that fleshy algal growth will be 

increased by > 17% under a reduced pH ocean.  

Algal primary production might be affected by OA but this depends on the 

inorganic carbon (Ci) form that is used to support photosynthesis (Giordano et al. 2005, 

Raven and Hurd 2012, Roleda and Hurd 2012). In the oceans, the main Ci sources for 

photosynthetic organisms are HCO3
- and CO2 which are available in concentrations of 

2200 mM and 14 mM, respectively (Roleda and Hurd 2012). Photosynthesis depends on 

the fixation of CO2 by the enzyme ribulose-1,5-biphosphate carboxylase/oxygenase 

(RuBisCO) (Raven 1997, Giordano et al. 2005). RuBisCO’s active site can accept both 

CO2 and O2 as a substrate but O2 has a higher affinity for the active site and, for this 

reason, will bind at a higher rate than CO2. Therefore, at present-day CO2(aq) 

concentrations, RuBisCO is undersaturated due to its low affinity for CO2 (Raven 1997, 

Giordano et al. 2005). To compensate for this limitation, most marine macroalgae have 

developed efficient mechanisms to use DIC, called carbon concentrating mechanisms 

(CCM) (Giordano et al. 2005). These mechanisms consist of the active transport of 

HCO3
- and/or CO2 across the cell membrane. In macroalgae with a CCM, HCO3

- can be 

actively taken across the cell membrane, through a plasmalemma-located anion exchange 

protein, and subsequently converted to CO2 by the enzyme carbonic anhydrase (CA) 

within the cell. Alternatively, HCO3
- can be dehydrated to CO2 by an external CA and 

the CO2 can be actively or passively transported into the cell (Giordano et al. 2005, Raven 

and Hurd 2012, Roleda and Hurd 2012). In other words, CCMs improve photosynthetic 

rates by increasing the intracellular concentration of CO2 and therefore the fixation 

efficiency of CO2 at RuBisCO’s active site (Giordano et al. 2005, Roleda and Hurd 

2012).  
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The response of macroalgae to OA may depend on the presence of a CCM. In 

today’s ocean, the CO2(aq) concentrations are substantially lower than HCO3
- (The Royal 

Society 2005), and the growth and photosynthesis of macroalgae with a CCM are 

considered not to be limited by inorganic carbon availability. In contrast, macroalgae that 

rely exclusively on CO2 (i.e., without CCM or non-CCM) may be carbon-limited 

(Hepburn et al. 2011, Cornwall et al. 2015). The macroalgae that are exclusive CO2-users 

and lack CCMs include members of the Phyla Chlorophyta and Rhodophyta (Hepburn et 

al. 2011, Cornwall et al. 2015). Therefore, it is expected that macroalgal species with a 

CCM will show neutral or positive responses to OA (Giordano et al. 2005). Conversely, 

non-CCM species are thought to be positively affected by the increase in seawater CO2(aq) 

concentrations because their photosynthetic rate may be currently CO2-limited (Kübler 

et al. 1999).  

1.2.4. TRACE METALS - COPPER 

Nutrients present in the ocean are defined by their respective concentration in seawater 

(Bruland and Lohan 2003, Morel et al. 2003, Hurd et al. 2014). Major nutrients or 

macronutrients such as nitrogen (N) and phosphorous (P) are present in concentrations > 

10 µmol kg-1 (Bruland and Lohan 2003). These macronutrients are essential for metabolic 

processes such as photosynthesis and respiration (Hurd et al. 2014). In contrast, trace 

metals or micronutrients such as cobalt (Co), iron (Fe), cadmium (Cd), zinc (Zn) and 

copper (Cu) are present in concentrations (between 0.5 pmol kg-1 and 10 µmol kg-1) 

several orders of magnitude lower than macronutrients (Bruland and Lohan 2003, Morel 

and Price 2003). These micronutrients are very important for various metabolic processes 

and structural functions in photosynthetic organisms (Morel et al. 2003). In surface ocean 

waters, the low trace metal concentrations may be explained by their chemical reactivity 

(e.g., adsorption or desorption on organic and/or inorganic complexes), high biological 

activity (e.g., phytoplankton metal uptake) and discontinuous inputs from external metal 

sources (e.g., volcanic eruptions) (Bruland and Lohan 2003, Morel and Price 2003, Morel 

et al. 2003).  

Trace metals (e.g., Fe, Zn and Cu) are essential micronutrients for photosynthetic 

organisms, including macroalgae (Gledhill et al. 1997, Raven et al. 1999, Yruela 2009). 

Of the trace metals, copper is required in many physiological processes such as electron 

transport in photosynthesis, as an enzymatic cofactor in different enzymes (e.g., Cu/Zn-
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superoxide dismutase, cytochrome c oxidase, ascorbate oxidase, amino oxidase and 

polyphenol oxidase), in mitochondrial respiration, for cell wall metabolism, as a 

structural element (i.e., metalloproteins) and in hormone signalling (Gledhill et al. 1997, 

Raven et al. 1999, Davis et al. 2003, Krämer and Clemens 2006, Yruela 2009). However, 

copper in excessive concentrations becomes extremely toxic, adversely affecting the 

same physiological processes where it is needed (Gledhill et al. 1997, Davis et al. 2003). 

Also, the formation and accumulation of highly toxic reactive oxygen species (ROS) is 

initiated by copper excess which may cause cell death by oxidative damage of membrane 

lipids, nucleic acids and proteins (Anderson and Morel 1978, Fernandes and Henriques 

1991, Rijstenbil et al. 1994, Küpper et al. 2002, Pinto et al. 2003). 

Macroalgae have developed different mechanisms to increase their tolerance to 

high metal concentrations. These include metal biosorption, bioaccumulation and the 

production of chelating substances for cellular homeostasis. Biosorption is the passive 

(i.e., not metabolically controlled) removal of trace metals from seawater by binding 

them into the algal cell wall (in negatively charged carboxylic groups) (Davis et al. 2003, 

Chojnacka 2010). These metals are bound to the cell wall polysaccharides (e.g., alginic 

acid and fucoidan) to prevent their accumulation inside the cell (Davis et al. 2003). In 

contrast, bioaccumulation is the active transport (i.e., metabolically controlled by the 

organism) of metal ions from the cell wall to the inside of the cell and occurs after 

biosorption (Davis et al. 2003, Chojnacka 2010). Once inside the cell, metals are 

distributed and compartmentalised within different organelles where their concentrations 

are maintained within narrow physiological ranges (Yruela 2009). Under high metal 

concentrations, organic chelating substances (i.e. ligands) can be synthetized to bind 

excessive metals (intracellular or extracellular) and decrease the concentration of the free 

ionic toxic form (i.e., reducing metal speciation) (Gledhill et al. 1999, L. R. Andrade et 

al. 2010, S. Andrade et al. 2010).  

1.3. BIOLOGICAL POLLUTION 

Climate change related factors may increase the susceptibility of ecosystems to 

biological pollution (Dukes and Mooney 1999, Boudouresque and Verlaque 2002, Bax 

et al. 2003, Brodie et al. 2014). The term biological pollution refers to the impacts of a 

human-introduced biological pollutant (i.e., alien, exotic, introduced, invasive – used in 

this thesis, non-native or non-indigenous species) that are sufficient to disturb the 
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ecological quality at the following levels: 1) individual organism – parasites or pathogens 

affect physiological processes of the native individual organism; 2) population – 

producing genetic changes such as hybridisation between and invasive and native 

species; 3) habitat – modifying physico-chemical conditions of the native habitat; 4) 

ecosystem – altering energy flow and organic matter cycles; and 5) economic – all of the 

above mentioned biological and ecological changes which may affect human health and 

decrease the economic production of activities based on marine environments and 

resources (Boudouresque and Verlaque 2002, Elliott 2003, Olenin et al. 2007). Among 

the hundreds of identified biological pollutants, alien macroalgae represent a major 

component of the globally introduced biota (Schaffelke et al. 2006, Williams and Smith 

2007). The most successful biological pollutants are the green macroalgae, Caulerpa 

taxifolia (M.Vahl) C.Agardh and Codium fragile ssp. fragile (Suringar) Hariot, and the 

brown macroalgae, Sargassum muticum (Yendo) Fensholt and Undaria pinnatifida 

(Harvey) Suringar (Boudouresque and Verlaque 2002, Chavanich et al. 2006, Williams 

and Smith 2007, James et al. 2014, Matheson et al. 2014, Pereyra et al. 2014, Mcdonald 

et al. 2015). As macroalgae are ecosystem engineers, alien macroalgae are considered to 

be especially dangerous because they may alter both the ecosystem structure and its 

function by monopolizing space and changing food webs (Schaffelke et al. 2006, 

Wallentinus and Nyberg 2007, Williams and Smith 2007). 

Invasive species are thought to be more tolerant to abiotic stress than native ones 

because they have physiological traits (e.g., fast growth, high genetic variability and high 

tolerance to extreme environmental conditions) to use resources more efficiently and, 

thus, grow faster and stronger (e.g., more tolerant to stress) compared to native species 

(Thomsen and McGlathery 2007, Roleda et al. 2012b). For instance, the red macroalga 

Gracilaria vermiculophylla (Ohmi) Papenfuss has become dominant in lagoons and 

estuaries of North America and Europe due to its wide tolerance to changes in salinity, 

temperature and light (Roleda et al. 2012b, Nejrup et al. 2013). Another example is the 

highly adaptable U. pinnatifida which has successfully spread around the world (see 

Chapter 1.4 for details) because its high tolerance to broad range of temperatures (Morita 

et al. 2003a, Henkel and Hofmann 2008). This ability allows U. pinnatifida to compete 

directly with native macroalgae during warmer periods (e.g., summer) affecting local 

ecosystems (Thornber et al. 2004, Thompson and Schiel 2012). U. pinnatifida has been 

reported to displace native Macrocystis pyrifera (Linnaeus) C.Agardh populations in 
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Argentina, for example (Raffo et al. 2009). Furthermore, a broad temperature tolerance 

may permit G. vermiculophylla and U. pinnatifida to adapt and persist under future 

warmer coastal oceans (James et al. 2015). Therefore, changing climate might advantage 

macroalgal invasors that can tolerate a wide range of environments. However, 

experimental comparisons between the physiological responses of invasive and native 

macroalgae to predict the potential impacts of macroalgal invasion are needed to better 

predict how they will respond in a future ocean. 

The vectors for the anthropogenic introduction of invasive marine macroalgae are 

diverse (Bax et al. 2003, Williams and Smith 2007). The major sources of documented 

introductions are related to commercial activities such as hull fouling (i.e., species 

attached to oceanic vessels), shellfish farming (i.e., macroalgae species associated to 

cultured shellfish) and aquaculture (i.e., intentional introduction of species for 

cultivation). Ballast waters, recreational fishing (e.g., snorkelling and scuba gear) and the 

aquarium industry (i.e., accidental or intentional species release) are also important 

vectors of human-mediated introduction of alien macroalgae species into coastal 

environments (Bax et al. 2003, Williams and Smith 2007).  

Several strategies have been proposed for the management or eradication of 

invasive macroalgae (Anderson 2007). Among these strategies are: 1) physical 

containment methods such as covering and isolating infested areas with solid or flexible 

materials to decrease potential further disturbance and dispersal (i.e., quarantine sites); 

2) mechanical manipulation of the substratum, including removal, burial or killing the 

established alien macroalgae; 3) biological control by using herbivores such as molluscs, 

sea urchins and fish assemblages that may feed on the alien macroalgae; and 4) chemical 

control by exposing the alien macroalgae to herbicides that contain active compounds 

such as copper and chlorine (Anderson 2007). However, additional studies are needed to 

confirm the efficacy of these strategies on the control of invasive species (Anderson 

2007). 

1.4. STUDY SPECIES 

The shallow subtidal and intertidal rocky shores of most cold-temperate areas are 

dominated by large brown macroalgae that belong to the Phylum Ochrophyta. Brown 

macroalgal forest ecosystems are highly productive and diverse because they provide 

habitat for a wide variety of biota such as marine mammals, fishes, molluscs and other 
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algae (Mann 1973, Dayton 1985, Steneck et al. 2002). Kelps of the Order Laminariales 

are one of the most studied groups because of their ecological and economic importance 

(Steneck et al. 2002, Graham et al. 2007, Schiel and Foster 2015). They are present in 

coastal waters of cold-temperate to Polar Regions from the sub-Antarctic to Arctic, 

providing habitat and food for different marine organisms (Steneck et al. 2002). 

Macrocystis pyrifera is one of the most widely distributed kelps in the world (Hay 

1990a, Chin et al. 1991, Graham et al. 2007, Schiel and Foster 2015). In the Northern 

Hemisphere, this ‘giant kelp’ forms dense forests from Alaska to Baja California, 

Mexico. In the southern hemisphere, M. pyrifera can be found on the Pacific (i.e., 

northern Peru to southern Chile) and Atlantic (i.e., Argentina) coasts of south America, 

in isolated regions of South Africa, southern Australia, New Zealand and around most of 

the sub-Antarctic islands (Barrales and Lobban 1975, Womersley 1987, van Tussenbroek 

1989, Hay 1990a, Chin et al. 1991, Adams 1994, Brown et al. 1997, Hoffmann and 

Santelices 1997, Graham et al. 2007). In New Zealand, native M. pyrifera populations 

are present in harbours and open coasts, from the south-western South Island (i.e., 

Fiordland) to the southeast North Island (i.e., Castle Point), as well as around islands 

(Antipodes, Auckland, Bounty, Campbell and Chatham Islands) that belong to the New 

Zealand territory (Hay et al. 1985, Hay 1990a, Adams 1994, Graham et al. 2007). 

The Asian kelp, U. pinnatifida, is native to the coasts of Japan, China and Korea 

but is rapidly becoming a cosmopolitan species as a consequence of human activities 

(Yamanaka and Akiyama 1993, Russell et al. 2008). This kelp has invaded the coasts of 

England, France, Italy, Ireland, Netherlands, Portugal, Spain, Unites States, Mexico, 

Argentina, Australia and New Zealand (Fletcher and Manfredi 1995, Floc’h et al. 1996, 

Curiel et al. 1998, Nelson 1999, Furnari et al. 1999, Casas et al. 2004, Bárbara et al. 2005, 

Schaffelke et al. 2005, Sliwa et al. 2006, Uwai et al. 2006, Araújo et al. 2009, 

Gittenberger et al. 2010, Miller et al. 2011, Minchin and Nunn 2014). In New Zealand, 

populations of U. pinnatifida have successfully been established in most of the ports 

throughout the country, and in open and exposed coasts (Hay 1990b, Hay and Villouta 

1993, Brown and Lamare 1994, Parsons 1994, Russell et al. 2008).  

In New Zealand, M. pyrifera co-habits with U. pinnatifida in coastal areas in the 

South and North Islands (Pérez et al. 1981, Hay et al. 1985, Hay 1990a, 1990b, Sanderson 

1990, Minchin and Nunn 2014). Although U. pinnatifida has been reported to affect the 
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species richness and diversity of native macroalgal communities by displacing M. 

pyrifera populations, in Argentina (Casas et al. 2004, Irigoyen et al. 2011), there is no 

clear evidence of interspecific competition between M. pyrifera and U. pinnatifida, in 

New Zealand (Raffo et al. 2009, Schiel and Thompson 2012). In contrast to Argentina, 

U. pinnatifida has only a slightly negative effect on native macroalgal communities, and 

positively affected primary productivity, indicating that the consequences of U. 

pinnatifida invasion in New Zealand coasts may be overstated (Thompson and Schiel 

2012, South et al. 2016). However, experimental studies are still needed to better 

understand if there is competition between M. pyrifera and U. pinnatifida in New Zealand 

ecosystems. 

The life cycle of members of the Order Laminariales (Fig. 1.1) consists of an 

alternation of generations between microscopic haploid and macroscopic diploid phases 

(Schiel and Foster 2006, Bartsch et al. 2008). Macroscopic diploid sporophytes produce 

haploid biflagellated meiospores in unilocular sporangia aggregated in sori (Neushul 

1963, Lobban 1978, Leal et al. 2014). Depending of the species, sori can be born on 

vegetative tissue or on specialized reproductive laminae, termed sporophylls (see 

Chapter 2.2 for details). After release into the seawater column, meiospores settle and 

start to secrete a cell wall around their cell membrane (Fletcher and Callow 1992, Maggs 

and Callow 2002). Then, the germ tube emerges and the protoplasm moves out of the 

original meiospore to the tip of the germ tube, a process called germination (Fig. 1.1). 

The cell in the germ tube tip starts to divide and grow, forming a sexually undefined 

gametophyte or germling (Fig. 1.1). Male gametophytes produce small antheridia where 

sperm is contained, whilst female gametophytes produce elongated oogonia that form the 

egg (Bartsch et al. 2008). This egg secretes the sexual hormone, lamoxirene, to stimulate 

the release and attraction of the sperm to complete the egg fertilization (Maier 1993, 

Maier et al. 2001). The microscopic zygote grows and develops to become the mature 

macroscopic sporophyte (Schiel and Foster 2006, Bartsch et al. 2008).  

The replenishment and maintenance of macroalgal populations depends on the 

settlement and survival of their microscopic stages. In kelps, these processes involve 

meiospore production and release, gametophyte survival and growth, and fertilization 

success and zygote development (Dayton 1985, Fletcher and Callow 1992, Steneck et al. 

2002, Schiel and Foster 2006). Kelps can release > 106 meiospores mL-1·cm-2 (Joska and 
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Bolton 1987, Amsler and Neushul 1989, McConnico and Foster 2005) during autumn in 

annual populations, or continuously though the year in perennial populations (Joska and 

Bolton 1987, Reed et al. 1996, Buschmann et al. 2004), but the survival percentage of 

settled meiospores that reaches the gametophytic and/or zygotic stage is ~1% (Reed 

1990, McConnico and Foster 2005, Schiel and Foster 2006). These kelp microscopic 

stages are photosynthetic, free-living individuals but none of them are protected from the 

environmental conditions by the parent individuals or covering structures (Schiel and 

Foster 2006). Therefore, they are considered more vulnerable to abiotic stress than the 

adult stages (Lotze et al. 2001, Roleda et al. 2009, Nielsen et al. 2014).  

1.5. STUDY SITE 

New Zealand is an archipelago comprising two major islands and more than 700 offshore 

islands and inlets (Heath 1985, Gordon et al. 2010). The coastline of this nation is 

characterized by a large number of inlets, headlands, spits, bays, harbours, fiords, sounds 

and estuaries, and is estimated to be 15000 to 18000 km length (Gordon et al. 2010). 

New Zealand coasts interact with two major surface-waters masses (Fig. 1.2): the North 

Island is surrounded by a clockwise seawater flow (East Auckland Current), while the 

South Island is influenced by an anticlockwise seawater current (Southland Current) 

(Heath 1985, Gordon et al. 2010). These oceanic currents keep the seawater surface 

temperature around the Northern Island coasts between 22 and 19°C while around the 

Southern Island coasts between 19 and 11 °C, during summer (Heath 1985). 

The Otago Harbour (45°50’S; 170°38’E, Fig. 1.3a) is found in south-eastern New 

Zealand’s South Island. The harbour is divided by two peninsulas and two islands (Goat 

and Quarantine islands, Fig. 1.3b), and the resultant upper and lower harbour are 

connected by a channel situated between Heyward Point and Taiaroa Head (Rainer 

1981). The harbour length is ~22 km from the entrance to Dunedin City (~10 km from 

entry to Port Chalmers and ~12 km from Port Chalmers to Dunedin City) and the width 

ranges from 1 to 4.5 km (Inglis et al. 2006, Russell et al. 2008). The harbour entry is 

flanked by an artificial mole built on the Aramoana sand spit on the western side and a 

basaltic headland on the east (Inglis et al. 2006). The surface seawater temperature in the 

Otago Harbour varies between 6 and 18°C annually, with seasonal ranges of 15 to 18°C 

in summer, 10 to 16°C in autumn, 6 to 9°C in winter, and 10 to 15°C in spring (Brown et 
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al. 1997, Kregting et al. 2008, Russell et al. 2008). In Hamilton Bay (45°47′ 51″ S; 

170°38′ 39″ E), which is located in the lower harbour (3 km from Port Chalmers), as well 

as other bays within the Otago Harbour, M. pyrifera and U. pinnatifida can be found 

cohabiting in the shallow subtidal zone (Russell et al. 2008). 

1.6. OBJECTIVES 

The general objective of this thesis was to evaluate the separate and interactive effects of 

seawater temperature, pH and copper concentration on the development of the 

microscopic stages of the native kelp M. pyrifera and the invasive kelp U. pinnatifida 

from southern New Zealand.  

Chapter 2. Sporogenesis in M. pyrifera was observed not only in the basal 

specialized laminae called sporophylls, but also in in non-reproductive laminae such as 

adult laminae (i.e., with pneumatocyst) and young apical laminae (i.e., scimitars). 

Chapter 2 describes this phenomena and quantifies the release and viability of 

meiospores obtained from fertile sporophyllous and non-sporophyllous tissue. 

Chapter 3. The objective of this chapter was to evaluate the effects of four 

different seawater pH treatments on the development of the microscopic stages of M. 

pyrifera and U. pinnatifida and determine if the invasive kelp is more tolerant than the 

native kelp to those treatments. The hypotheses were that: 1) meiospore development 

(i.e., germination, germling growth, gametophyte development and sexual 

differentiation) of both kelps will be negatively affected by reduced seawater pH/high 

[H+]; and 2) meiospores of the invasive U. pinnatifida will be less sensitive to low 

pH/high H+ than those of the native M. pyrifera. pH treatments reflected the seawater 

conditions of future OA (pH 7.20 and 7.65, projected for 2300 and 2100, respectively), 

the current ambient pH (8.01) and the pre-industrial pH (8.40).  

Chapter 4. The objective of this chapter was to evaluate the separate and 

interactive effects of seawater temperature and pH on the development of the 

microscopic stages of M. pyrifera and U. pinnatifida and determine if the invasive kelp 

is more tolerant than the native kelp to seawater temperature and pH changes. The 

hypotheses were: 1) increased temperature will positively affect the meiospore 

development of both kelps; 2) reduced seawater pH will positively affect the meiospore 

development of both kelps; 3) the interaction between increased temperature and reduced 
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seawater pH will negatively affect the meiospore development of both kelps; and 4) 

meiospores of the invasive U. pinnatifida will be less sensitive to the higher temperature-

reduced seawater pH interaction than those of the native M. pyrifera. The seawater 

temperature treatments used in this experiment were 12°C, corresponding to the annual 

average seawater temperature in Otago Harbour and 16°C, corresponding to the projected 

global increase in ocean surface temperature. The seawater pH treatments were pH 7.20, 

7.65, 8.03 and 8.40. 

Chapter 5. The objective of this chapter was to evaluate the tolerance of 

microscopic phases of both M. pyrifera and U. pinnatifida to high concentrations of 

copper. The hypotheses were: 1) meiospore germination of both kelp species will not be 

inhibited by high copper concentrations and 2) the invasive U. pinnatifida will have 

higher tolerance to copper exposure than M. pyrifera. Meiospores of both kelp species 

were exposed to five nominal copper concentrations (0, 100, 200, 300 and 400 µg L-1 

Cu). However, analytical measurements of the actual copper available in blank cultures 

revealed that the nominal concentrations decreased by ~50% and, therefore, the actual 

experimental copper concentrations were 9, 54, 91, 131 and 171 g L-1 CuT. The effective 

copper concentration that inhibited 50% of the meiospore germination (EC50) was 

calculated per species. The information obtained in this chapter was used to perform the 

experiment outlined in Chapter 7. 

Chapter 6. The objective of this chapter was to perform a systematic review of 

the methodology used in copper ecotoxicological research performed on micro- and 

macroalgae. The main motivation for this review was to assess the diversity in labware 

cleaning protocols used to avoid metal contamination during experimentation and 

recommend a standard trace metal clean protocol based on the literature review and on 

the results of Chapter 5. This chapter suggests that in ecotoxicological studies, 

measurements of nominal and dissolved copper concentrations should be made, and trace 

metal clean protocols should be employed. 

Chapter 7. The objective of this chapter was to evaluate the separate and 

interactive effects of seawater temperature, pH and copper concentration on the 

development of microscopic stages of M. pyrifera and U. pinnatifida. The hypotheses 

were: 1) increased temperature will positively affect the meiospore development (i.e., 

germination, germling growth, gametophyte production and sexual differentiation) of 
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both kelps; 2) reduced seawater pH will positively affect the meiospore development of 

both kelps; 3) the interaction between increased temperature, reduced seawater pH and 

copper presence will negatively affect the meiospore development  of both kelps; and 4) 

there will be no differences in responses between the meiospores of the native M. pyrifera 

and the invasive U. pinnatifida. The seawater temperature treatments were 12°C and 

16°C; seawater pH treatments, 7.65 and 8.16; and copper treatments, corresponding to 

the species-specific EC50 obtained in Chapter 5 for M. pyrifera and U. pinnatifida (157 

and 231 µg L-1 CuT, respectively).  

Chapter 8. The objective of this chapter was to summarize the results of the 

experimental chapters (Chapter 2 to 7) and to discuss how the microscopic stages of 

native and invasive kelp species may be affected by different environmental stressors 

singly and interactively. The implications of kelp species-specific tolerance and survival 

to experimental stress factors are discussed in an ecophysiological context. Finally, 

future research is recommended to improve the understanding of how early life history 

of kelps will respond to future warmer and reduced pH ocean conditions. 

1.7. ACADEMIC PUBLICATIONS 

This PhD thesis was organized to allow the different chapters to be individual 

academic publications. Accordingly, repetition (e.g., concept definition and species 

nomenclature) may be expected in different chapters. Chapters 2, 5 and 6 were recently 

published (Table 1.1, Appendix 1, 2 and 3). Chapters 3 and 4 were recently submitted 

for publication in a scientific journal (Table 1.1). In both published and submitted works, 

I designed and performed the experiments, analysed the data, and wrote the manuscripts. 

My supervisors, Associate Professor Catriona L. Hurd, Dr. Michael Y. Roleda, Associate 

Professor Sylvia G. Sander and Dr. Evelyn Armstrong, provided direction, advice and 

comments on any draft manuscripts. Published and submitted papers have been 

reformatted into thesis style, but the content is unchanged. The three published and the 

submitted chapters are the following: 

Chapter 2 was published as: Pablo P. Leal, Catriona L. Hurd and Michael Y. 

Roleda (2014) Meiospores produced in sori of nonsporophyllous laminae of Macrocystis 

pyrifera (Laminariales, Phaeophyceae) may enhance reproductive output. Journal of 

Phycology 50: 400-405.  
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Chapter 3 was submitted as: Pablo P. Leal, Catriona L. Hurd, Pamela A. 

Fernández and Michael Y. Roleda (Under Review) Ocean acidification and kelp 

reproduction: tracking the effects of pH from meiospore release to sex determination in 

a native and invasive species. Journal of Phycology.  

Chapter 4 was submitted as: Pablo P. Leal, Catriona L. Hurd, Pamela A. 

Fernández and Michael Y. Roleda (Under Review) Meiospore development of the kelps 

Macrocystis pyrifera and Undaria pinnatifida under ocean acidification and ocean 

warming: independent effects are more important than their interaction. Marine Biology.  

Chapter 5 was published as: Pablo P. Leal, Catriona L. Hurd, Sylvia G. Sander, 

Birthe Kortner and Michael Y. Roleda (2016) Exposure to chronic and high dissolved 

copper concentrations impede meiospore development of the kelps Macrocystis pyrifera 

and Undaria pinnatifida (Ochrophyta). Phycologia 55(1): 12-20. 

Chapter 6 was published as: Pablo P. Leal, Catriona L. Hurd, Sylvia G. Sander, 

Evelyn Armstrong and Michael Y. Roleda (2016) Copper ecotoxicology of marine algae: 

a methodological appraisal. Chemistry and Ecology 32(8):786-800.  
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Figure 1.1. The life cycle of macroalgae that belong to the Order Laminariales 

exemplified with both study species, M. pyrifera and U. pinnatifida. AN, antheridia; GR, 

germling, JS, juvenile sporophyte; MS, swimming meiospore; MS’, settled meiospore; 

MS”, germinated meiospore; OG, oogonium; OG’, oogonium in formation; P, 

paraphysis; SM, sperm; SO, sorus; SP, sporophyll; and US, unilocular sporangium. 

Drawings were made based on microphotographies taken during the performance of this 

thesis and on descriptions made by Papenfuss (1942).  
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Figure 1.2. Ocean currents around New Zealand’s coasts. EAUC, East Auckland 

Current; ECC, East Cape Current; NCC, North Cape Current; SC, Southland Current; 

WE, Wairarapa Eddy; DWBC, Deep Western Boundary Current. Modified from Gordon 

et al. (2010). 
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Figure 1.3. Aerial image showing (a) New Zealand’s North and South Islands and detailing the Otago Harbour Region (yellow circle) in south-

eastern New Zealand. (b) The Otago Harbour extends ~22 km from the entrance (between Aramoana and Harington Point) to Dunedin city. 

Hamilton Bay (45°47′ 51″ S; 170°38′ 39″ E), the study site, is 3 km from Port Chalmers. Images were obtained using the software Google Earth 

7.1 (Google Inc., Mountain view, California). 
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Table 1.1. Thesis chapters and corresponding academic publications produced from this thesis. Paper authorship, candidate contribution and 

publication status are also detailed. 

 

Chapter Publication title Authors Candidate contribution Journal Status 

2 Meiospores produced in sori of 

nonsporophyllous laminae of Macrocystis 

pyrifera (Laminariales, Phaeophyceae) may 

enhance reproductive output 

P.P. Leal, C.L. Hurd, 

M.Y. Roleda 

Performed the experiment, data analyses 

and manuscript writing. Co-authors 

provided direction, advice and comments. 

Journal of 

Phycology 

Published 

3 Ocean acidification and kelp reproduction: 

tracking the effects of pH from meiospore 

release to sex determination in a native and 

invasive species 

P.P. Leal, C.L. Hurd, P.A. 

Fernández, M.Y. Roleda 

Performed the experiment, data analyses 

and manuscript writing. Co-authors 

provided direction, advice and comments. 

Journal of 

Phycology 

Under review 

4 Meiospore development of the kelps 

Macrocystis pyrifera and Undaria pinnatifida 

under ocean acidification and ocean warming: 

independent effects are more important than 

their interaction 

Pablo P. Leal, Catriona L. 

Hurd, Pamela A. 

Fernández and Michael Y. 

Roleda  

Performed the experiment, data analyses 

and manuscript writing. Co-authors 

provided direction, advice and comments. 

Marine 

Biology 

Under review 

5 Exposure to chronic and high dissolved copper 

concentrations impede meiospore 

P.P. Leal, C.L. Hurd, S.G. 

Sander, B. Kortner, M.Y. 

Roleda 

Performed the experiment, data analyses 

and manuscript writing. Co-authors 

provided direction, advice and comments. 

Phycologia Published 
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development of the kelps Macrocystis pyrifera 

and Undaria pinnatifida (Ochrophyta) 

6 Copper ecotoxicology of marine algae: a 

methodological appraisal 

P.P. Leal, C.L. Hurd, S.G. 

Sander, E. Armstrong, 

M.Y. Roleda 

Performed the experiment, data analyses 

and manuscript writing. Co-authors 

provided direction, advice and comments. 

Chemistry 

and 

Ecology 

Published 
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Chapter 2. MEIOSPORES PRODUCED IN SORI OF NON-

SPOROPHYLLOUS LAMINAE OF MACROCYSTIS PYRIFERA 

(LAMINARIALES, PHAEOPHYCEAE) MAY ENHANCE 

REPRODUCTIVE OUTPUT 

2.2. INTRODUCTION 

The order Laminariales has been divided phylogenetically in four families: Alariaceae, 

Costariaceae, Laminariaceae, and Lessoniaceae (Lane et al. 2006). The family Alariaceae 

includes the genera Alaria, Lessoniopsis, Pleurophycus, Pterygophora, and Undaria; in 

the family Costariaceae are the genera Agarum, Costaria, Dictyoneurum, and 

Thalassiophyllum; in the Laminariaceae are the genera Cymathaere, Hedophyllum, 

Kjellmaniella, Laminaria, Macrocystis, Nereocystis, Pelagophycus, Postelsia, and 

Saccharina; and in the Lessoniaceae are the genera Ecklonia, Eckloniopsis, Egregia, 

Eisenia, and Lessonia (Lane et al. 2006). The life cycle of algae in the order Laminariales 

consists of an alternation of generations between macroscopic sporophytes and 

microscopic gametophytes. Sporophytes form sori, the reproductive tissue with grouped 

unilocular sporangia where haploid biflagellated zoospores are formed (Neushul 1963, 

Graham et al. 2007, Bartsch et al. 2008, Kawai et al. 2013). 

Within families in the order Laminariales, sori occur on different parts of the 

thallus. For genera in the family Alariaceae sori are formed on the surface of the 

specialized lamina, called sporophylls, located at the base of the vegetative frond 

(Widdowson 1971, Pfister 1992, Castric-Fey et al. 1999, Kraan and Guiry 2000, Silva 

2009), except for the genus Pleurophycus that produces sori on its blade and midrib 

(Germann 1986, Dominik and Zimmerman 2006). In contrast, members of the family 

Costariaceae only produce sori on vegetative tissue (Angst 1927, Sanbosunga and 

Hasegawa 1967, Silva 1991, Boo et al. 2011, Guiry and Guiry 2016). In the family 

Laminariaceae, the genera Cymathaere, Hedophyllum, Kjellmaniella, Laminaria, 

Nereocystis, Pelagophycus, Postelsia, and Saccharina form sporogenic tissue on the 

surface of the vegetative frond (Herbst and Johnstone 1937, Widdowson 1965, Kain 

1975, Lüning 1988, tom Dieck 1991, Blanchette 1996, Lüning et al. 2000, Bartsch et al. 

2008, Mizuta and Yasui 2010, Guiry and Guiry 2016) but the monospecific genus 

Macrocystis (Coyer et al. 2001, Demes et al. 2009, Macaya and Zuccarello 2010) produce 
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basal sporophylls, like members of the family Alariaceae (Neushul 1963, Lobban 1978). 

In the family Lessoniaceae, genera Ecklonia, Eckloniopsis, and Lessonia produce sori on 

the vegetative frond (Papenfuss 1942, Womersley 1967, Venegas et al. 1992, Tsutsui and 

Ohno 1993, Aruga et al. 1997) but genera Egregia and Eisenia produce basal sporophylls 

(Blanchette et al. 2002, Henkel and Murray 2007, Guiry and Guiry 2016). The kelp 

Aureophycus aleuticus, which is not classified in a laminarean family due to its 

exceptional features (e.g., sporophyte morphology), forms sori on its semidiscoidal 

holdfast (Kawai et al. 2013). 

Whether reproductive structures in the family Alariaceae are limited to the 

sporophylls has been examined. Alaria nana H.F.Schrader produced sori on the 

vegetative blade after sporophylls were experimentally removed (Pfister 1991). In the 

field, natural populations of U. pinnatifida and Alaria crassifolia Kjellman produced sori 

on their blades, usually toward the end of their reproductive period (Stuart et al. 1999, 

Kumura et al. 2006). Sori have also been observed on the midrib of U. pinnatifida 

(Sanbosunga and Hasegawa 1967), and on stipes of a Lessoniaceae Lessonia nigrescens 

Bory (Venegas et al. 1992). In M. pyrifera, the only sporophyll- bearing species in the 

family Laminariaceae, different vegetative laminae (i.e., frond initials, surface-canopy 

blades and apical scimitars) have been reported to bear sori (Brandt 1923, Neushul 1963, 

Lobban 1978, Graham et al. 2007). However, these reports are vague, short, and 

descriptive. Here, the morphology (surface area) of sori from different laminae (i.e., 

sporophylls, pneumatocyst-bearing blades, and apical scimitars) is detailed and their 

reproductive output (numbers of meiospores released), and the post settlement viability 

(germination rate) of released meiospores are quantified. The ecological implications of 

developing reproductive structures on different parts of the sporophyte frond are 

discussed.  
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2.2. MATERIAL AND METHODS 

2.2.1. SEAWEED COLLECTION 

During low tide in November 2012 (spring), ten adult sporophytes of M. pyrifera (4.0 ± 

1.5 m; hereafter Macrocystis) were collected in the upper sublittoral of a wave-sheltered 

site in Hamilton Bay (45°47′ 51″ S; 170°38′ 39″ E; Fig. 1.3), Otago Harbour, New 

Zealand. The specimens bore sori on different parts of their fronds. Fertile laminae were 

classified according to the general classification of Lobban (1978): sporophyll, SP (Fig. 

2.1a), specialized smooth lamina without a pneumatocyst; blade, BL (Fig. 2.1b), lamina 

with a corrugated surface and pneumatocyst; and apical scimitars, SC (Fig. 2.1c), lamina 

with unilateral divisions. 

2.2.2. SORUS AREA, MEIOSPORE CULTURE AND GERMINATION 

Sporophytes were individually processed by separating and counting all sorus-bearing 

laminae according to the three categories above and photographing each lamina with a 

ruler. Sorus area (Fig. 2.1) on different sorus-bearing laminae was measured using the 

image-analysis software ImageJ (Schneider et al. 2012) and expressed as percentage of 

the total lamina area. Fertile laminae were gently cleaned of epiphytes by brushing them 

under filtered (0.2 µm) seawater. Samples were wrapped in moist tissue paper and stored 

overnight at 4°C. The next day, meiospores from different sorus-bearing laminae (n = 6, 

from different individual sporophytes) were separately released by immersing 2 cm2 

sorus, excised with a core sampler from the darkest sorus area (equivalent to Sorus Class 

2 as described by Bartsch et al. 2013), into 10 mL of 0.2 µm-filtered seawater for 15 min. 

The sorus was then removed and the number of meiospores released was counted using 

a haemocytometer (0.1 mm depth, bright-line, Marienfeld, Germany). Meiospore 

densities were adjusted to 20,000–25,000 cell·mL-1 and separately dispensed onto each 

compartment of the six-well polystyrene tissue culture vessels (Costar 3516; Corning 

Incorporated, New York, NY, USA). Meiospores were cultivated in a temperature-

controlled room at 12°C under a 12:12 h light:dark photoperiod of 50 µmol photons·m-2 

s-1 of PAR (cool-white fluorescent; Philips, Eindhoven, the Netherlands). The number of 

meiospores that germinated was counted after 3 d. At least five randomly chosen visual 

fields using a 10× objective of an inverted microscope (Olympus CK2; Olympus Optical 

Co. Ltd., Tokyo, Japan) were photographed using a video camera (5.1M CMOS camera, 
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UCMOS0510KPA). Photographs were viewed using the digital camera software 

ToupView 3.5 where 350 meiospores were classified and counted to measure 

germination rates according to Roleda et al. (2012a).  

2.2.3. STATISTICAL ANALYSIS  

Percentage data (sorus area and meiospore germination) were logit transformed (Warton 

and Hui 2011) and meiospore release data were log transformed to meet the ANOVA 

assumptions. The Kolgomorov-Smirnow test was used to test Normality and the 

Levene’s test to test homogeneity of variances. One-way ANOVA (P < 0.05) was used 

to test lamina-specific differences in sorus size, number of meiospores released and the 

percentage germination. The post hoc Tukey test was applied when significant 

differences were encountered. All statistical analyses were run in SigmaStat 2.03 (SPSS 

Inc., Chicago, IL, USA).  
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2.3. RESULTS 

2.3.1. SORUS AREA 

Sori occurred in each of the three types of lamina (Fig. 2.1). Sorus area was greatest on 

the sporophylls (Fig. 2.2a) with sporangia developing on > 57% of the total area and 

smallest on the pneumatocyst-bearing blades with 21% of the total area becoming fertile. 

This difference in sorus size was statistically significant (ANOVA: F2,108 = 12.029, P < 

0.001) and a post hoc test (Tukey, P < 0.05) revealed SP > SC = BL.  

2.3.2. MEIOSPORE RELEASE 

Meiospores released from different types of fertile laminae ranged from 5.15 × 103 to 

6.35 × 104 cells mL-1 cm-2. The number of meiospores released varied between the fertile 

laminae (ANOVA: F2,26 = 605.903, P < 0.001) with the scimitar releasing the most 

meiospores and the sporophylls the least (Tukey, P < 0.05; SP < BL < SC; Fig. 2.2b).  

2.3.3. MEIOSPORE GERMINATION 

Meiospore germination after 3 d post cultivation ranged from 39% to 66% (Fig. 2.2c) 

and there was no significant difference in the development of meiospores from the 

different laminae (ANOVA: F2,17 = 1.547, P = 0.245).  



 

 

29 

 

 

 

 

Figure 2.1. Sorus-bearing lamina in M. pyrifera. (a) Sporophyll, (b) pneumatocyst-

bearing blade, and (c) apical scimitar; scale bar = 2 cm. Corresponding line illustrations 

show the typical location where sori (S) are found in each lamina-type. 
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Figure 2.2. Macrocystis pyrifera (a) sorus area, expressed as percentage of the total 

surface area of the bearing-sorus laminae, (b) number of spores released per sorus area 

per individual sporophyte, and (c) corresponding percentage germination. Sorus-bearing 

laminae are sporophylls (SP), pneumatocyst-bearing blades (BL), and apical scimitar 

(SC). Bars represent the mean ± SD (n = 6). Different letters above the bar indicate a 

significant difference (Tukey test, P < 0.05).  
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2.4. DISCUSSION 

It seems that reproduction in non-sporophyllous tissue among species in the 

sporophyllous family Alariaceae (Sanbosunga and Hasegawa 1967, Pfister 1991, Stuart 

et al. 1999, Kumura et al. 2006) and for the sporophyllous Macrocystis (Brandt, 1923; 

Lobban, 1978; Neushul, 1963, this study) is not unusual. Results of the present study 

show that meiospores produced from sporophyllous and non-sporophyllous (blade and 

apical scimitar) lamina are equally viable, and germination rates are within the range 

previously reported (Roleda et al. 2012a).  

The question of why sporophyll-bearing Laminariales usually do not reproduce 

on vegetative parts of the frond had been asked previously. Pfister (1992) suggested three 

hypotheses: (1) confining reproduction to the sporophylls permits vegetative fronds to 

remain a fast growing, “photosynthetic organ.” If this hypothesis is correct, a decrease in 

vegetative growth prior to reproduction is predicted; in support of this idea sporogenesis 

in the Laminariales generally occurs when the growth rate decreases (Kain 1975, Bartsch 

et al. 2008), although this idea requires testing for Macrocystis. (2) Sporogenesis on non-

sporophyllous laminae is selected against because they are removed or damaged by 

waves in wave-exposed sites. This idea may explain why fertile apical scimitars were 

only encountered in wave-sheltered sites. In a demographic survey of Macrocystis in 

Southern New Zealand, all sporophytes from wave-exposed sites have a torn apical 

scimitar (P. Leal, unpublished data). (3) “Physiological constraints maintain reproduction 

on the sporophylls” (Pfister 1992) whereby internal chemical cues mediate sporogenesis. 

Growth substances have been related to sori formation in Laminaria digitata (Hudson) 

J.V.Lamouroux, for which the presence of sporangium inhibitor substances keep the 

young frond free of sori during the season of rapid growth (Buchholz and Lüning 1999, 

Lüning et al. 2000). Similarly, the application of high external concentrations of indole-

acetic acid induced vegetative growth and delayed sori formation in Saccharina japonica 

(Areschoug) C.E. Lane, C. Mayes, Druehl & G.W. Saunders [= L. japonica; = L. 

ochotensis] (Kai et al. 2006). The exposure to exogenous abscisic acid produced an 

opposite reaction, at high concentration it suppressed growth and promoted the 

sporogenesis of the same species (Nimura and Mizuta 2002). Putative growth substances 

have been detected in Macrocystis (de Nys et al. 1991) but any role in controlling the 

onset of sporogenesis is unknown (Stirk et al. 2003). 
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An alternative explanation is that the development of sorus on blades and apical 

scimitars could be a trait that enhances long distance meiospore dispersal in area of slow 

flows and such a trait might be inheritable. However, meiospores released into the water 

column may take longer time to swim and settle into the benthos and could therefore be 

exposed to high irradiance and UVR compromising their viability (i.e., germ tube, 

gametophyte, and sporophyte developments; Cie and Edwards, 2008; Edwards, 1998; 

Roleda et al., 2006). Therefore, meiospores originating from distal blades and apical 

scimitars may play an integral role in successful recruitment only if they are released and 

disperse during periods of low irradiance, e.g., at night, during cloudy or overcast days 

(Amsler and Neushul 1989, Cie and Edwards 2008) or during low tide when the whole 

Macrocystis frond lay prostrate and closer to the benthos (P. Leal, personal observation) 

away from the holdfast where sporophylls are located. Fertile scimitars and blades 

released more cells per unit area compared to the sporophylls, but the latter have more 

biomass per unit sporophyte. Therefore, sporophylls may generate more meiospores 

settling proximate to the parental sporophyte. The overall meiospore output from each 

tissue type to the population’s banks of microscopic spores (cf. “seed banks”; Schiel and 

Foster, 2006) and the next generation of sporophytes requires further study. 

The knowledge about the controls of sporogenesis in Macrocystis is surprisingly 

little compared to other members of the Laminariales and the environmental and/or 

endogenous triggers that control the development of sori on non-sporophyllous lamina 

of Macrocystis are currently unknown. Sorus production in sporophylls of Macrocystis 

can occur continually with an appropriate translocation of photosynthates from the 

surface canopy (Neushul 1963, Reed 1987, Reed et al. 1996, Dayton et al. 1999, Graham 

2002). Control of reproduction in kelps has often been attributed to physico-chemical 

factors such as photoperiod, temperature, and nutrients (tom Dieck 1991, Bartsch et al. 

2008). For example, in Saccharina latissima (Linnaeus) C.E.Lane, C.Mayes, Druehl & 

G.W.Saunders and Laminaria setchellii P.C.Silva short photoperiod induced cessation 

of blade growth followed by the formation of sori (Lüning 1988, tom Dieck 1991). 

Nutrient availability also strongly affects the reproduction of Laminariales. Nutrient-rich 

media (i.e., phosphorous and nitrogen) enhanced sorus formation in Saccharina 

angustata (Kjellman) C.E.Lane, C.Mayes, Druehl & G.W.Saunders (Mizuta et al. 1999a, 

Nimura et al. 2002), A. crassifolia and U. pinnatifida (Kumura et al. 2006). All these 

species have a higher internal content of phosphorous and nitrogen in sporogenous tissue 
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than in vegetative tissue, indicating a strong influence of nutrients on reproduction of 

Laminariales (Nimura et al. 2002, Kumura et al. 2006, Bartsch et al. 2008). Additionally 

in S. japonica, the interaction of low water temperature, long photoperiod, and low 

nutrients delayed the onset of sorus formation (Mizuta et al. 1999a). Accordingly, the 

formation of sori in natural populations of Laminariales seems to be restricted to periods 

of low or no growth in autumn to winter, coinciding with decreasing day-length and 

temperature and increasing nutrient availability (Kain 1975, Bartsch et al. 2008). 

However, for Macrocystis sori may be present throughout the year, as observed and 

reported in the southeast and northeast Pacific coast of both hemispheres (Reed et al. 

1996, Buschmann et al. 2004, 2006), and south-eastern coasts of New Zealand (P. Leal, 

unpublished data). 

One reason that we know so little about developmental regulation in Macrocystis 

is its size – unlike Laminaria listed above, it cannot be easily cultured to a mature 

reproductive state in the laboratory, thereby limiting our understanding of the factors 

causing sporogenesis. If sporogenesis can be induced on isolated discs of different 

Macrocystis laminae (i.e., sporophyll, pneumatocyst-bearing blade, and scimitar) as in 

other Laminariaceae species (e.g., Buchholz and Lüning, 1999; Gruber et al., 2011), 

some outstanding questions may be answered on the environmental (physico-chemical 

cues) and physiological (e.g., age and size class, and growth substances) factors, that 

control sporogenesis in this species.  
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Chapter 3. EFFECTS OF OCEAN ACIDIFICATION ON 

MEIOSPORE DEVELOPMENT OF THE KELPS MACROCYSTIS 

PYRIFERA AND UNDARIA PINNATIFIDA 

3.1. INTRODUCTION 

Increasing anthropogenic atmospheric carbon dioxide (CO2) is altering the chemistry of 

world’s ocean, resulting in a reduction of the average surface seawater pH — a process 

termed ocean acidification (OA) (Caldeira and Wickett 2003, The Royal Society 2005, 

IPCC 2013). To date, the average pre-industrial pH of surface waters of 8.16 has dropped 

0.1 units (to pH 8.06) and it is projected that pH will further decrease by 0.32 units (to 

pH 7.74) by 2100 (IPCC 2013). If mitigation of CO2 emissions does not occur, the 

average surface seawater pH will drop by a maximum of 0.77 units (to pH 7.29) by 2300 

(Caldeira and Wickett 2003). For photosynthetic organisms, this projected change in pH 

can also be considered in terms of [H+], because H+ are important in many physiological 

processes including cellular homeostasis (Taylor et al. 2012). In pre-industrial 

conditions, the oceanic [H+] was 6.92×10-3 µmol·Kg-1 and this has increased by 29% to 

current values of 8.92×10-3 µmol·Kg-1 and it is expected to increase to 151% (to 

1.74×10-2 µmol·Kg-1) by 2100 (Guinotte and Fabry 2008). In addition, seawater 

carbonate chemistry is controlled by pH: at pH 8.06, the total dissolved inorganic carbon 

(DIC) is composed of 1% aqueous CO2 (CO2(aq)), 91% bicarbonate (HCO3
-) and 8% 

carbonate (CO3
2-). By 2100, with a projected oceanic pH 7.74, concentrations of CO2(aq) 

and HCO3
- will increase by 200 and 24%, respectively, while carbonate will decrease by 

61% (Koch et al. 2013). This substantial change in ocean pH/[H+] and both the proportion 

and concentration of the various DIC species are threats to marine organisms and 

ecosystem functioning (The Royal Society 2005, Guinotte and Fabry 2008, Doney et al. 

2009, Harley et al. 2012, Koch et al. 2013, Kroeker et al. 2013). 

Marine fleshy (non-calcifying) macroalgae are important components of coastal 

environments due to their high productivity and ecological function as ecosystem 

engineers, a source of food to higher trophic levels and refuge providers (Dayton 1985, 

Graham et al. 2007, Hurd et al. 2014). Macroalgal cells fix CO2 using ribulose 1,-5 

bisphosphate carboxylase-oxygenase (RuBisCO) but under present-day CO2 levels, 

RuBisCO is under-saturated, in part because it has a low affinity for CO2 (Raven 1997, 
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Giordano et al. 2005). To overcome this, most macroalgae have developed carbon 

concentrating mechanisms (CCM) to actively (energetically expensive) uptake HCO3
- 

and/or CO2(aq) as carbon sources to support photosynthesis (Giordano et al. 2005, Raven 

et al. 2008). A number of macroalgae lack a CCM and depend on passive diffusion of 

CO2 which does not involve energy costs (Raven et al. 2005, Cornwall et al. 2015). 

Accordingly, the 200% increase in CO2(aq) associated with OA may have positive effects 

on fleshy macroalgae because the energy cost for photosynthesis might be reduced 

(Raven 1997, Kroeker et al. 2013). However, the decrease in seawater pH associated with 

an increase in [H+] may have negative impacts on cellular metabolism (Taylor et al. 

2012), affecting the physiology, growth and development of macroalgae (Sorokin 1962a, 

1962b, Roleda et al. 2012a). 

Aside from OA-mediated changes in seawater carbonate chemistry, macroalgal 

populations are themselves able to modify the pH and carbonate chemistry of the 

surrounding seawater (Delille et al. 2000, Hofmann et al. 2011, Cornwall et al. 2013). 

This proximate seawater pH change is attributed to macroalgal photosynthesis and 

respiration which increases and decreases the seawater pH, respectively (Hurd et al. 

2011, Cornwall et al. 2013). For instance, in situ pH measurements inside forests of the 

kelp M. pyrifera indicate that seawater pH can fluctuate between ~7.7 at night-time and 

~9.1 during the day-time (Delille et al. 2000, Hofmann et al. 2011, Cornwall et al. 2013). 

The lowest proximate seawater pH associated with the natural pH fluctuation is 

comparable to those predicted due to OA. However, exposure to persistent reduced pH 

under future OA may compromise the physiological tolerance of macroalgal 

communities (Roleda et al. 2012a). 

Another threat for macroalgal communities is the introduction of non-native 

species which have been reported to be more tolerant to stress than native species (Bax 

et al. 2003, Schaffelke and Hewitt 2007, Williams and Smith 2007). The spread of 

invasive macroalgae can be facilitated by hull fouling, shellfish farming, ballast water 

and fishing gear that may carry fragments and microscopic propagules of invasive 

species that can be introduced to new habitats (Bax et al. 2003, Schaffelke and Hewitt 

2007, Williams and Smith 2007). Climate change related environmental factors such as 

temperature, light and oceanic pH have been proposed to facilitate the establishment of 

invasive species in marine coastal environments (Wernberg et al. 2011a). Successful 
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colonization by an invasive macroalga has the potential to affect the abundance, biomass 

and productivity of native species’ ecosystems through competition (e.g., space 

monopolization), thereby affecting trophic dynamics and ecosystem biodiversity (Bax et 

al. 2003, Casas et al. 2004, Schaffelke and Hewitt 2007). Also, invasive species have 

economic and social impacts such as a decrease in economic production and activities 

based in marine environments, and resources (e.g., fisheries, aquaculture, tourism and 

marine infrastructure), which have related social impacts such as decreasing employment 

and people’s welfare (Bax et al. 2003). 

There are fewer studies addressing the response of macroalgae to climate change 

(22%) compared to other organisms such as benthic invertebrates (75%) (Wernberg et 

al. 2012). Moreover, these macroalgal studies focused on the macroscopic adult stages 

which have been reported to be less sensitive to environmental stress compared to their 

respective microscopic early life history stages. For example, comparative responses 

between different life history stages showed that early stages are more sensitive to high 

PAR and UVR (Roleda et al. 2004, 2009, 2012b, Fredersdorf et al. 2009), and low 

temperature and high trace metal concentration (e.g., copper) (Nielsen et al. 2014) than 

the later developmental stages. In this regard, the survival of early life stages is important 

because non-completion of the life cycle will have a flow on effect on the adult 

population and ecosystem dynamics and functions (Reed and Foster 1984, Dayton 1985, 

Dean et al. 1989, Buschmann et al. 2006). 

This study focuses on two ecologically important kelp species belonging to the 

order Laminariales. The giant kelp M. pyrifera is a dominant species in the Pacific Ocean 

coasts of northern and southern America and sub-Antarctic islands (Hay 1990a, Graham 

et al. 2007). In New Zealand, M. pyrifera is a native species and grows in harbours and 

open coasts from the south-west of the South Island to the south-east of the North Island, 

and in Campbell and Auckland Islands, and other island in the south (Hay et al. 1985, 

Hay 1990a). The invasive kelp U. pinnatifida is native to northeast Asia but has 

artificially spread to coastal areas of Europe, Australia, New Zealand and America, where 

its populations are now well established (Pérez et al. 1981, Hay 1990b, Sanderson 1990, 

Minchin and Nunn 2014). U. pinnatifida inhabits coasts throughout New Zealand, 

especially in areas without significant wave action (Hay 1990b, Stuart 2004, Russell et 

al. 2008). The life cycle of both M. pyrifera and U. pinnatifida consists of an alternation 
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of haploid microscopic and diploid macroscopic stages (Fig. 1.1). The macroscopic 

sporophytes bear specialized laminae (i.e., sporophylls) that contain a dense aggregation 

of unilocular sporangia (i.e., sori) where haploid meiospores are produced. After release, 

meiospores settle, germinate and develop into haploid male or female gametophytes 

which produce sperm and egg, respectively. Fertilization produces the zygote that 

develops into the diploid macroscopic sporophyte (Bartsch et al. 2008, Leal et al. 2014). 

The effects of a range of seawater pH, from extremely low pH 7.20 to pre-

industrial values of 8.40, on the ontogenic development of meiospores of M. pyrifera and 

U. pinnatifida, from south-eastern New Zealand, were studied. The hypotheses were that: 

1) meiospore development (i.e., germination, germling growth, gametophyte 

development and sexual differentiation) of both kelps will be negatively affected by low 

seawater pH/high [H+]; and 2) meiospores of the invasive U. pinnatifida will be less 

sensitive to reduced pH/high H+ than those of the native M. pyrifera.  
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3.2. MATERIAL AND METHODS 

3.2.1. SPOROPHYLL COLLECTION 

Fertile sporophylls with mature sori were collected from ten individuals of M. pyrifera 

and U. pinnatifida during low tide from the upper sub-tidal of Hamilton Bay (45°47′ 51″ 

S; 170°38′ 39″ E; Fig. 1.3), Otago Harbour, New Zealand, in April 2014. Collected 

sporophylls were separately transported species in a cool box to the laboratory within 1 

h of collection. Sporophylls were lightly brushed and cleaned of visible epibionts under 

filtered (0.2 µm, Whatman™ Polycap™ TC filter capsule, GE Healthcare Life Sciences, 

UK) seawater, blotted dry, wrapped in tissue paper and kept overnight at 4°C to induce 

dehydration before meiospore release.  

3.2.2. SEAWATER PH TREATMENTS 

The seawater used in the experiment was collected at the same time as the sporophylls. 

The seawater was filtered (0.2 µm, Whatman™ Polycap™ TC filter capsule, GE 

Healthcare Life Sciences, UK) and kept in previously sterilized 2 L-bottles at 12°C 

overnight before use. The ambient seawater pHT after filtration and nutrient addition (10 

µM NaNO3 and 1 µM NaH2PO4) was 8.01 and the salinity was 35‰. To adjust the 

seawater pH, equal volumes of 0.5 M HCl and 0.5 M NaHCO3 were used to reduce the 

ambient seawater pHT to extreme (pHT 7.20) and moderate (pHT 7.65) OA, and equal 

volumes of 0.5 M NaOH and 0.5 M NaHCO3 were added to obtain the pre-industrial 

treatment (pHT 8.40) (Riebesell et al. 2010, Roleda et al. 2012a). Acid/base modified 

seawater corresponding to the below four pHT treatments were prepared fresh every day 

to renew the culture medium.  

3.2.3. SEAWATER PH MEASUREMENTS 

The seawater pH during the experiment was measured on the total scale (pHT) at 12°C 

using a pH electrode (Orion ROSS Sure-Flow semi-micro, ORI8175BNWPW) 

connected to a pH meter (Thermo Scientific Orion 720A pH/ION Meter). The electrode 

slope was determined using temperature equilibrated pH 7 and pH 9 buffers (colour 

coded, NIST traceable). A TRIS buffer, which was standardized against a seawater buffer 

was then used to measure pH on the total scale. Seawater samples representing the four 

pHT treatments were collected and fixed with mercuric chloride for determining 
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carbonate chemistry. Total alkalinity (AT) was measured using the closed-cell titration 

method and dissolved inorganic carbon (DIC) was measured directly by acidifying the 

sample (Dickson et al. 2007). AT, DIC, pH, salinity and temperature were used to 

calculate seawater carbonate chemistry parameters (Table 3.1) using the programme 

SWCO2 (Hunter 2007). 

3.2.4. EFFECTS OF SEAWATER PH ON MEIOSPORE DEVELOPMENT 

Meiospore release and cultivation was performed according to Chapter 2.2. From each 

species, discs (2 cm2) of mature sorus were cut from the sporophylls using a cork borer. 

Pools of excised sori (total of 50 g of 2 cm2 discs each) of both kelp species were 

separately immersed in seawater with the respective pHT treatments for 15 min. After 

removing the sori, the concentration of meiospores was calculated using a 0.1 mm depth-

haemocytometer (Neubauer improved bright-line, Marienfeld, Germany) equally 

adjusted to 25,000 cell·mL-1 and separately dispensed onto each compartment of six-well 

(Costar 3516; Corning Inc., New York, USA) containing seawater with the 

corresponding pHT treatment. Each compartment of a six-well polystyrene tissue culture 

vessel was considered an independent replicate because there is a separation of 6 mm 

distance between each compartment (i.e., n = 6 independent replicates per pHT treatment; 

all replicates in the same six-well tissue culture vessels; Fig. 3.1). Meiospores were 

allowed to settle for 3 h. Then, the culture medium was renewed to eliminate unsettled 

meiospores and detritus. Throughout the experiment, culture vessels were sealed using a 

plastic film (Parafilm™ M, Pechiney Plastic Packaging, Chicago, IL, USA) after every 

renewal of the culture medium. Meiospores were cultivated for 15 days in a temperature-

controlled room (Contherm Plant Growth Chamber, Contherm Scientific Co. Ltd., New 

Zealand) at 12 ± 0.5°C, with a photoperiod of 12 h light:12 h dark and 52 ± 3 µmol 

photons·m-2 s-1 of PAR (metal halide lamps Philips HPI- T 400 W quartz) measured with 

a spherical quantum sensor (LI-193, LI-COR, Lincoln Nebraska) connected to a light 

meter (LI-250A, LI-COR, Lincoln Nebraska). Control cultures (without kelp 

meiospores) corresponding to each pHT treatment were also prepared and their pHT 

monitored (Fig. 3.1). The media of the meiospore and control cultures with the 

appropriate pHT and nutrients were renewed every 12 h to avoid nutrient depletion. pHT 

of the culture medium was measured every 12 h, within the last 2 h of light and dark 

conditions, before each medium renewal (Fig. 3.1). Daily, inside the temperature-

controlled chamber, placement of meiospores cultures were haphazardly rearranged 
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within the surface area of the experimental bench to avoid effects of micro-environmental 

conditions on the experiment results. 

3.2.5. MEIOSPORE GERMINATION AND DEVELOPMENT 

Photographs (5.1M CMOS camera, UCMOS0510KPA) from at least five haphazardly 

chosen visual fields were taken every two days, using an inverted microscope (20×, 

Olympus CK2; Olympus Optical Co. Ltd., Tokyo, Japan). Photographs were analysed 

using the digital camera software ToupView 3.5. Meiospores with visible germ tubes 

were considered germinated and the germination (%) was calculated from 350 

individuals per replicate after 5 d of culture. The size of sexually ambiguous growing 

meiospores (germlings) and sexually-differentiated male and female gametophytes was 

obtained from an average of 30 individuals per replicate after 13 and 15 d of culture, 

respectively. Germling growth rate was calculated as (Yong et al. 2013): Growth rate 

(%·day-1) = [(Wt/W0)
1/t-1]×100, where W0 is the initial size, Wt is the final size, and t is 

days of culture. At day 15, when sexual ambiguity was resolved, male and female 

gametophytes where counted and the sex ratio, expressed as frequency of males per 

progeny, was calculated as (Roleda et al. 2012a): sex ratio = number of males/(number 

of males + number of females).  

3.2.6. STATISTICAL ANALYSES 

Percentage germination and germling growth rate (%·day-1) were logit transformed 

(Warton and Hui 2011), and the gametophyte sex ratio was rank transformed (Potvin and 

Roff 1993) to satisfy Normality (Kolgomorov-Smirnow test) and homogeneity of 

variances (Levene’s test). The statistical significance of differences in meiospore 

germination, germling growth rate and gametophyte size and gametophyte sex ratio 

between species, seawater pHT treatments and their interaction were tested using the two-

way ANOVA (P < 0.05). A post hoc Tukey test (P < 0.05) was applied when significant 

differences were obtained. A simple linear regression analysis was performed to predict 

gametophyte size of both kelp species based on seawater pHT treatments. The software 

SigmaPlot version 12.0 (Systat Software, Inc., San Jose, CA) was used to run all the 

statistical analyses.  
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3.3. RESULTS 

3.3.1. MEIOSPORE GERMINATION 

After 5 days, the germination of meiospores across different seawater pHT treatments 

(7.20, 7.65, 8.01 and 8.40) was 93 ± 4, 91 ± 6, 93 ± 2 and 89 ± 2 %, respectively, for M. 

pyrifera (Fig. 3.2; no statistical differences, Table 3.2) and 93 ± 5, 91 ± 6, 85 ± 3 and 90 

± 1 %, respectively, for U. pinnatifida (Fig. 3.2; Table 3.2; Tukey: P < 0.05, pHT 7.20 = 

7.65 > 8.01 < 8.40). Although no statistical differences were observed in meiospore 

germination between species across the treatments (species pHT treatment × interaction, 

Table 3.2), germination of meiospores was greater for M. pyrifera than U. pinnatifida 

under pHT 8.01 (Fig. 3.2; Tukey: P < 0.05). 

3.3.2. GERMLING GROWTH RATE 

After 13 days, the growth rate of M. pyrifera germlings across different seawater pHT 

treatments (7.20, 7.65, 8.01 and 8.40) was 22 ± 0.8, 20 ± 1.5, 17 ± 1.3 and 18 ± 1.0 

%·day-1, respectively (Fig. 3.3; Table 3.2; Tukey: P < 0.05, pHT 7.20 > 7.65 > 8.01 = 

8.40) and for U. pinnatifida was 20 ± 0.8, 15 ± 1.7, 16 ± 0.9 and 15 ± 0.7 %·day-1, 

respectively (Fig. 3.3; Table 3.2; Tukey: P < 0.05, pHT 7.20 > 7.65 = 8.01 = 8.40). 

Germling growth rate was significantly higher for M. pyrifera than U. pinnatifida across 

all the treatments (species pHT treatment × interaction, Table 3.2) and statistical 

differences between species were observed at pHT 7.20, 7.65 and 8.40 (Fig. 3.3; Table 

3.2; Tukey: P < 0.05). 

3.3.3. GAMETOPHYTE SIZE 

Gametophyte sexual differentiation in both kelp species occurred on the 15th day of 

culture. For M. pyrifera, male gametophyte size across different seawater pHT (7.20, 

7.65, 8.01 and 8.40) was 690 ± 105, 505 ± 21, 418 ± 33 and 315 ± 38 µm2, respectively 

(Fig. 3.4a; Table 3.2; Tukey: P < 0.05, pHT 7.20 > 7.65 = 8.01 > 8.40); for U. pinnatifida, 

values were 651 ± 79, 577 ± 82, 417 ± 37 and 361 ± 38 µm2, respectively (Fig. 3.4a; 

Table 3.2; Tukey: P < 0.05, pHT 7.20 = 7.65 > 8.01 = 8.40). The two-way ANOVA 

indicated that there were no statistical differences between kelp species across the 

treatments (species pHT treatment × interaction, Table 3.2), but male gametophytes of U. 
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pinnatifida were significantly bigger than those of M. pyrifera at seawater pHT 7.65 (Fig. 

3.4a; Tukey: P < 0.05). 

Female gametophyte size of M. pyrifera across the different seawater pHT 

treatments (7.20, 7.65, 8.01 and 8.40) was 449 ± 75, 395 ± 48, 321 ± 47 and 279 ± 39 

µm2, respectively (Fig. 3.4b; Table 3.2; Tukey: P < 0.05, pHT 7.20 = 7.65 > 8.01 = 8.40), 

and for U. pinnatifida were 437 ± 42, 345 ± 37, 300 ± 40 and 253 ± 25 µm2, respectively 

(Fig. 3.4b; Table 3.2; Tukey: P < 0.05, pHT 7.20 > 7.65 = 8.01 = 8.40). Female 

gametophytes of M. pyrifera were significantly bigger than those of U. pinnatifida across 

all seawater pHT treatments, but no differences within seawater pHT treatments were 

detected (Fig 3.4b; Table 3.2). Linear regression showed that male and female 

gametophyte size of both species significantly decreased with increasing seawater pHT 

(Fig 3.5). 

3.3.4. GAMETOPHYTE SEX RATIO 

After 15 days, sex ratios across seawater pHT treatments (7.20, 7.65, 8.01 and 8.40) in 

M. pyrifera were slightly biased towards females with values lower than 0.5: 0.46 ± 0.02, 

0.49 ± 0.04, 0.47 ± 0.05 and 0.44 ± 0.02, respectively (Fig. 3.6; no statistical differences, 

Table 3.2). In U. pinnatifida, the sex ratios across seawater pHT treatments (7.20, 7.65, 

8.01 and 8.40) were also slightly biased towards females except at pHT 7.65: 0.49 ± 0.04, 

0.50 ± 0.05, 0.48 ± 0.05 and 0.43 ± 0.01, respectively (Fig. 3.6; Table 3.2; Tukey: P < 

0.05, pHT 7.20 = 7.65 = 8.01 > 8.40). No statistical differences in gametophyte sex ratio 

were observed between species (Fig. 3.6; Tukey, P > 0.05). 

3.3.5. SEAWATER PHT IN MEIOSPORE CULTURES 

During the 15 days of cultivation across seawater pHT treatments (7.20, 7.65, 8.01 and 

8.40) the pHT of the culture medium for both M. pyrifera and U. pinnatifida meiospores 

increased after each daily 12 h light period (Fig. 3.7). In the pHT 7.20 treatment, the pHT 

of the culture medium increased from 7.20 to 7.70 – 7.73; in the pHT 7.65 treatment, the 

pHT increased from 7.65 to 7.74 – 8.02; in the pHT 8.01 treatment, from 8.01 to 8.36; and 

in the pHT 8.40 treatment, from 8.40 to 8.56 – 8.58. At the end of each daily 12 h dark 

period, the pHT of the culture media was more stable over the 15-day experiment: in the 

pHT 7.20 treatment, the pHT of the culture medium decreased from 7.20 to 7.14 – 7.19; 

in the pHT 7.65 treatment, the pHT decreased from 7.65 to 7.62 – 7.64; in the pHT 8.01 
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treatment, from 8.01 to 7.95 – 8.00; and in the pHT 8.40 treatment, from 8.40 to 8.25 – 

8.39 (Fig. 3.7).  
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Figure 3.1. Diagram showing experimental design. Meiospores of both M. pyrifera and 

U. pinnatifida were separately inoculated onto each compartment of six-well polystyrene 

tissue culture vessels and exposed to four seawater pHT treatments (pHT 7.20, 7.65, 8.01 

and 8.40) for 15 days. The culture medium (with the respective seawater pHT and 

enriched with 10 µM NaNO3 and 1 µM NaH2PO4) was renewed every day, twice per 

day. Control cultures (no meiospores inoculated) with the respective seawater pHT 

treatment were also prepare. 
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Figure 3.2. Percentage meiospore germination for M. pyrifera and U. pinnatifida after 5 

d of culture in four pHT seawater treatments (pHT 7.20, 7.65, 8.01 and 8.40). Bars 

represent mean ± SD (n = 6). Asterisk indicates a significant difference between species 

within a seawater pHT treatment (Tukey test, P < 0.05). 
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Figure 3.3. Growth rate of germlings of M. pyrifera and U. pinnatifida after 13 d of 

culture in four pHT seawater treatments (pHT 7.20, 7.65, 8.01 and 8.40). Bars represent 

mean ± SD (n = 6). Asterisk indicates a significant difference between species within a 

seawater pHT treatment (Tukey test, P < 0.05). 
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Figure 3.4. Size of (a) male and (b) female gametophytes of M. pyrifera and U. 

pinnatifida at the 15th day of culture in four pHT seawater treatments (pHT 7.20, 7.65, 

8.01 and 8.40). Bars represent mean ± SD (n = 6). Asterisk indicates a significant 

difference between species within a seawater pHT treatment (Tukey test, P < 0.05). 
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Figure 3.5. Linear regression between seawater pHT treatment (pHT 7.20, 7.65, 8.01 and 

8.40) and size of male and female gametophyte of (a) M. pyrifera and (b) U. pinnatifida. 

Corresponding linear regression equations and coefficient of determination (R2) are 

shown. Points represent each replicate (n = 6) within a pHT treatment. 
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Figure 3.6. Sex ratio of male and female gametophytes of M. pyrifera and U. pinnatifida 

at the 15th day of culture in four pHT seawater treatments (pHT 7.20, 7.65, 8.01 and 8.40). 

Circles and squares represent mean ± SD (n = 6). 
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Figure 3.7. Seawater pHT in the culture medium of M. pyrifera and U. pinnatifida during 

15 d of culture under pHT seawater treatments (pHT 7.20, 7.65, 8.01 and 8.40). 

Measurements were performed every 12 h in dark (D) and light (L) conditions before 

culture medium renewal. Symbols represent mean ± SD (n = 6). Note that the y-axis 

scales are different. 
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Table 3.1. Carbonate chemistry parameters were calculated form total alkalinity (AT; n = 3) and dissolved inorganic carbon (DIC; n = 3) 

measurements of seawater corresponding to each pHT treatment: extreme OA, pHT 7.20; OA predicted for 2100, pHT 7.65; ambient pHT 8.01 and 

pre-industrial pHT 8.40. Temperature (12°C) and salinity (35‰) were stable during the experimentation period. Mean ± SD (n = 3) are reported 

for each seawater pHT treatment. 

 

  Seawater pHT treatments 

Seawater parameter 7.20 7.65 8.01 8.40 

pHT 7.20 ± 0.007 7.65 ± 0.006 8.01 ± 0.021 8.39 ± 0.004 

DIC (µmol·Kg-1) 2385.22 ± 66.6 2166.94 ± 44.50 2102.42 ± 10.87 2064.26 ± 34.25 

AT (µmol·Kg-1) 2288.86 ± 63.58 2216.23 ± 44.88 2278.25 ± 11.44 2484.37 ± 39.03 

HCO3
- (µmol·Kg-1) 2230.31 ± 62.27 2062.53 ± 42.36 1954.17 ± 10.10 1763.08 ± 29.25 

H2CO3
- (µmol·Kg-1) 131.39 ± 3.67 43.11 ± 0.89 18.25 ± 0.09 6.55 ± 0.11 

CO3
2- (µmol·Kg-1) 23.52 ± 0.66 61.29 ± 1.26 130.01 ± 0.67 294.63 ± 4.89 

pCO2 (µatm) 3207.31 ± 89.50 1052.36 ± 21.61 445.37 ± 2.31 159.97 ± 2.65 
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Table 3.2. Two-way ANOVA and significance values for effects of seawater pHT treatments on meiospore germination, germling growth 

rate, gametophyte size and gametophyte sex ratio of M. pyrifera and U. pinnatifida.  

 

Variable Source of variation Degree of freedom Sum of squares Mean square F P 

Meiospore germination Species 1 0.0688 0.0688 0.856 0.360ns 

  pHT  3 0.6870 0.2290 2.850 0.049* 

  Species × pHT  3 0.3940 0.1310 1.635 0.196ns 

  Residual 40 3.2150 0.0804     

  Total 47 4.3660 0.0929     

Germlings growth rate Species 1 0.0760 0.07600 60.151 < 0.001* 

  pHT  3 0.1210 0.04040 32.019 < 0.001* 

  Species × pHT  3 0.0227 0.00757 5.998 0.002* 

  Residual 40 0.0505 0.00126     

  Total 47 0.2710 0.00576     

Male gametophyte size  Species 1 4511.933 4511.933 1.214 0.277ns 

  pHT  3 764336.852 254778.951 68.564 < 0.001* 



 

 

54 

 

  Species × pHT  3 22125.959 7375.320 1.985 0.132ns 

  Residual 40 148637.640 3715.941     

  Total 47 939612.384 19991.753     

Female gametophyte size  Species 1 8910.597 8910.597 4.192 0.047* 

  pHT  3 211719.184 70573.061 33.205 < 0.001* 

  Species × pHT  3 2397.721 799.240 0.376 0.771ns 

  Residual 40 85014.696 2125.367   

  Total 47 308042.199 6554.089   

Gametophyte sex ratio Species 1 204.188 204.188 1.341 0.254ns 

  pHT  3 2670.375 890.125 5.847 0.002* 

  Species × pHT  3 247.688 82.563 0.542 0.656ns 

  Residual 40 6089.250 152.231     

  Total 47 9211.500 195.989     

*, indicate significance  

ns, not significance             
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3.4. DISCUSSION 

The first hypothesis that low seawater pH/high [H+] will be detrimental for the 

development of microscopic stages of M. pyrifera and U. pinnatifida, was not supported 

by the results. For both kelp species, meiospore germination was not affected by seawater 

pH, whereas low seawater pHT (7.20 and 7.65) enhanced germling growth rate and 

gametophyte size compared to the ambient treatment (pHT 8.01). Gametophyte size was 

significantly reduced in the pre-industrial seawater treatment of pHT 8.40. 

Germination of both M. pyrifera and U. pinnatifida meiospores was insensitive 

to the seawater pHT treatments, and this may be explained by an efficient mechanism of 

regulating the intracellular pH. In the field, the meiospores of both kelp species encounter 

a wide daily pH fluctuation (pH 7.7 – 9.1) found inside the kelp forest (Delille et al. 2000, 

Hofmann et al. 2011, Cornwall et al. 2013), and to even lower seawater pH (7.20 – 7.65) 

that corresponds to future acidified ocean conditions (Caldeira and Wickett 2005, IPCC 

2013). Similarly, Gail et al. (1919) observed successful embryo germination (40 – 95%) 

in Fucus sp. within a range of seawater pH from 7.40 to 8.60, but maximum germination 

occurred at pH 8.00 – 8.20. At today’s ambient seawater pH 8.06, internal excess of H+ 

can be extruded passively through an H+ channel as the internal cellular pH of ~7.50 

(Smith and Bidwell 1989) is lower than the external pH (i.e., electrochemical gradient 

close to zero). Under future OA conditions, however, the algal cells may require an 

energy-consuming mechanism to remove excess of H+ as the electrochemical gradient 

will be reversed (Taylor et al. 2012). The utilization of CO2 and/or HCO3
- to support 

photosynthesis also produces changes in the internal balance of OH-/H+ due to an efflux 

of OH- that increases the [H+] inside the algal cell (Beer 1994, Fernández et al. 2014). In 

adult blades of M. pyrifera, the main mechanism regulating the internal pH is the 

interconversion of CO2 to HCO3
- catalysed by the enzyme carbonic anhydrase (CA), 

inside the cytoplasm and/or chloroplast (Fernández et al. 2014). In addition, the results 

obtained in this chapter indicate that the potential costs of energy needed to maintain 

internal pH may compromise cellular metabolism and development of microscopic 

stages of kelp species under OA conditions that exceed the projections for 2100. For 

instance, germination and growth of Fucus sp. embryos was negatively affected by 

seawater pH < 7.40 (Gail 1919). However, the direct effects of the future increases in 

[H+] on algal physiology are not well understood (Taylor et al. 2012). 
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The successful meiospore germination in a range of seawater pHs might also be 

related to the low photosynthetic capacity of kelp meiospores. Kelp meiospores contain 

only one chloroplast which enables them to photosynthesize but with a very low net 

photosynthesis rate (e.g., 161 nL O2·mL-1·h-1·(mg C)-1 for M. pyrifera meiospores) 

(Amsler and Neushul 1991). This low photosynthetic activity may be an adaptation to 

conserve maternal internal energetic reserves for further developmental processes 

(Amsler and Neushul 1991). Thus, the metabolic activity during swimming, settlement 

and subsequent germination can be mainly supported by internal carbon reserves (i.e., 

neutral lipid triacylglycerol) that are stored inside vesicles (Brzezinski et al. 1993, Reed 

et al. 1999, Bartsch et al. 2008). It is possible, therefore, that the pre-germinated 

meiospores have very low levels of photosynthesis, and this may explain why the various 

ratios of DIC in the seawater used in this experiment had little effect on meiospore 

germination of M. pyrifera and U. pinnatifida. However, further studies on the 

underpinning physiological processes during germination and development are needed 

to understand the effects of OA on these developmental processes. 

The increased growth in both germlings and gametophytes of both M. pyrifera 

and U. pinnatifida at low seawater pHT (7.20 and 7.65) compared to the high pHT 

treatments (8.01 and 8.40) might be explained by the higher CO2(aq) availability at low 

seawater pH (131.39 and 43 µmol·Kg-1 at pHT 7.20 and 7.65, respectively). 

Gametophytes of U. pinnatifida have been reported to have a higher affinity for CO2(aq) 

than HCO3
- to support photosynthesis (Zhang et al. 2006). Therefore, as passive diffusion 

of CO2 is energetically less expensive compared to HCO3
- uptake by CCM (Raven et al. 

2008), the greater availability of CO2(aq) under the OA treatments might have favoured 

the growth of germlings and gametophytes of both M. pyrifera and U. pinnatifida. Under 

pre-industrial seawater pH, extracellular enzymatic conversion of HCO3
- to CO2 by the 

enzyme carbonic anhydrase (Zhang et al. 2006, Fernández et al. 2014), may be activated 

to compensate for the lower available CO2(aq) concentration. The energy cost of this 

enzymatic reaction may have compromised germling and gametophyte growth rates at 

seawater pHT 8.40. 

Changes in pH of the proximate seawater can also indicate the DIC source that is 

being taken up by the algal cell (Gail 1919, Roleda et al. 2012a, Fernández et al. 2015). 

In the closed culture system used in this experiment, the passive diffusion of CO2 into 
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the cells of the microscopic stages of M. pyrifera and U. pinnatifida following 12 h of 

light induced a pHT increase in the culture medium. This may be because the CO2(aq) 

concentration decreased and the OH- efflux from the cell increased, due to intracellular 

pH regulation. The magnitude of the increase of seawater pHT in the pHT 7.20 treatment 

was greatest (by 0.5 pH units) after the 7th day of culture compared to the first 5 days, for 

both kelp species. This suggests that bigger germlings and gametophytes in a high CO2(aq) 

culture medium have a higher photosynthetic capacity and an efficient intracellular pH 

regulation that allows them to compensate for higher [H+] in acidified seawater (Roleda 

et al. 2012a).  

The earliest oxygenic eukaryotic algae may have evolved 2 billion years ago (i.e., 

early Proterozoic), when atmospheric CO2 concentrations were around 100-fold higher 

than in the present-day and O2 concentrations were close to zero (Falkowski and Raven 

1997, Beardall and Raven 2004). It has been proposed that the evolution of RuBisCO 

was favoured (i.e., positive selection) by equilibration of the atmospheric CO2 

concentrations with the surface oceanic waters (Young et al. 2012). The poor affinity of 

RuBisCO for CO2 in that ancient environment, may have been alleviated by the 

saturating concentrations of CO2 and low O2 concentrations (Falkowski and Raven 1997, 

Beardall and Raven 2004). Thus, in terms of evolution, the enhanced performance of 

RuBisCO under high CO2 conditions led to a decrease in atmospheric CO2 and a rise of 

O2, which in turn limited the fixation of CO2 by RuBisCO (Falkowski and Raven 1997, 

Beardall and Raven 2004, Young et al. 2012). This photosynthetically-induced change 

in atmospheric composition may have constituted a selective factor for the evolution of 

CCM in algal cells (Beardall and Raven 2004, Giordano et al. 2005). Therefore, it is 

possible that macroalgae (including their early life stages) have genetically imprinted the 

tolerance to high CO2 oceans are expected at the end of the century, and this may explain 

the positive response of M. pyrifera and U. pinnatifida microscopic stages to OA. 

In natural populations, under favourable environmental conditions, sex ratios are 

often present in equal proportions (i.e., 0.5 = 1 male: 1 female) (Uller et al. 2007). In the 

present study, however, the formation of more female than male gametophytes (sex ratio 

< 0.5) was observed in both M. pyrifera and U. pinnatifida under all pHT treatments 

(except for U. pinnatifida gametophytes at pHT 7.65 where sex ratio was 0.5). These 

findings are opposite to those of Roleda et al. (2012a) who found for a nearby population 
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of M. pyrifera a sex ratio biased towards males (> 0.5) under OA (pH 7.61 and 7.86) and 

ambient (pH 8.19) conditions. These differences may be related to the season when 

sampling was performed: autumn (present study) and summer (Roleda et al. 2012a) 

because, although sex ratio in kelp species is mainly controlled by chromosomes, the 

interaction between genetic expression and temperature can modulate the expression of 

sex (Bartsch et al. 2008, Oppliger et al. 2011). For instance, the number of male 

gametophytes increased with low temperature and decreased with high temperature in 

populations of L. nigrescens adapted to warm seawaters (northern Chile) and cold waters 

(southern Chile), respectively (Oppliger et al. 2011). Temperature-dependence has also 

been reported in the sex ratio in S. latissima [= Laminaria saccharina (Linnaeus) 

J.V.Lamouroux] and (Lee and Brinkhuis 1988) and Lessonia variegata J.Agardh (Nelson 

2005) where the number of male gametophytes was greater with increasing temperature, 

and in Saccharina religiosa (Miyabe) C.E.Lane, C. Mayes, Druehl & G.W.Saunders [= 

L. religiosa Miyabe] with a lower proportion of males at high and low temperatures 

(Funano 1983). Conversely, no significant effect of temperature was observed on 

gametophyte sex ratio of the perennial Laminaria ochroleuca Bachelot de la Pylaie and 

the annual Saccorhiza polyschides (Lightfoot) Batters (Pereira et al. 2011). Stress 

conditions of salinity also stimulate the formation of male gametophytes in kelp species 

(Bartsch et al. 2008). This information indicates that the interaction of local 

environmental factors could have indirect species-specific effects on sex ratio of kelp 

species. 

The interaction of low pH with other environmental factors can change the 

response of macroalgae to OA. For example, experimental exposure to OA had no effect 

on growth and photosynthesis of M. pyrifera sporophytes (Brown et al. 2014, Fernández 

et al. 2015) but when the OA interacted with temperature (3°C higher) a significant 

increase in those variables was observed (Brown et al. 2014). In contrast, germination of 

M. pyrifera meiospores decreased by 10% under OA conditions (pH 7.46, 13°C) but by 

40% under OA and higher temperature (15°C) (Gaitán-Espitia et al. 2014). Those 

different responses between early and later life history stages of M. pyrifera reflect the 

complexity of the physiological response of kelps to climate change-related factors such 

as OA and temperature and the importance of studying the response of different life 

stages of macroalgae to abiotic factors. 
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The hypothesis that the microscopic stages of the invasive U. pinnatifida will be 

less sensitive to low pH/high [H+] than those of the native M. pyrifera was not supported 

by the results. Although M. pyrifera had higher germling growth rates than U. pinnatifida 

under the pHT 7.20, 7.65 and 8.40 treatments, gametophyte development and sexual 

differentiation were the same for both kelps under all pHT treatments. Undaria 

pinnatifida has been reported as an opportunistic invader rather than a strong competitor 

(Valentine and Johnson 2003, 2004). This suggests that the microscopic stages of U. 

pinnatifida develop following exposure to favourable abiotic conditions, such as the 

increase in light levels following storm-induced canopy removal (Reed and Foster 1984, 

Valentine and Johnson 2004). For instance, the deterioration of a native algal canopy by 

natural or artificial alteration or removal leads to establishment of U. pinnatifida 

sporophytes but the density of this invasive kelp declines with increasing dominance of 

native algal species (Valentine and Johnson 2003, 2004, Schiel and Thompson 2012). 

Although no differences in microscopic stage development between M. pyrifera and U. 

pinnatifida were detected in response to OA in this study, there is a clear need for future 

competition experiments, in which the meiospores of both species are grown together 

under a range of seawater pH treatments and their development (germination, growth and 

gametogenesis) is followed. 

For both M. pyrifera and U. pinnatifida, germination was insensitive to the 

seawater pHT treatments, suggesting that meiospores do not depend on external DIC 

concentrations but mainly on internal carbon reserves to support metabolism during 

germination. The positive effect of OA on germling growth rate and gametophyte (male 

and female) size for both species might indicate that the passive diffusion of CO2 into 

the cell is used to support growth and photosynthesis of these developmental stages in 

acidified sewater. In contrast, the negative effect of pre-industrial pH on gametophyte 

size of both kelp species might indicate that gametophytes are spending on e.g., 

enzymatic reactions to compensate for the lower CO2(aq) availability at seawater pHT 

8.40. Finally, here it is demonstrated that the native M. pyrifera and the invasive U. 

pinnatifida have similar responses to different seawater pH, indicating that the invasive 

kelp will not have a competitive advantage in a projected acidified ocean. However, 

further studies on carbon physiology, specifically on the presence and role of different 

isozymes of carbonic anhydrase (e.g., Rautenberger et al. 2015) on internal pH 

homeostasis, photosynthesis and growth of microscopic history stages of both M. 
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pyrifera and U. pinnatifida will help to understand the relative tolerance of kelps to OA 

in isolation. Also, the interaction of OA with other climate change factors such as 

temperature and eutrophication may have different effects on the physiology of 

macroalgal microscopic stages.  
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Chapter 4. INTERACTIVE EFFECTS OF OCEAN ACIDIFICATION 

AND TEMPERATURE ON MEIOSPORE DEVELOPMENT OF THE 

KELPS MACROCYSTIS PYRIFERA AND UNDARIA PINNATIFIDA 

4.1. INTRODUCTION 

Increasing atmospheric CO2 emissions as a result of human activities are causing 

a rise in temperature and a reduction in pH in the surface waters of the planet’s oceans 

(see Chapter 1.1). The model-based projections for global climate change indicate that 

the seawater surface temperature will increase an average of 4°C by 2100 (IPCC 2013). 

Along New Zealand’s coasts, including the Otago region, the temperature is expected to 

increase by an average of 2°C (Ministry for the Environment 2008). The global surface 

seawater pH is projected to drop from a current average value of 8.10 to 7.70 (IPCC 

2013). Despite growing research effort, the current understanding of the seawater 

chemical-physical changes (Chapter 1.1) on marine macroalgae is still limited. This is 

mainly because the responses of macroalgae to OW and/or OA are species-specific (Fu 

et al. 2008, Hepburn et al. 2011, Hurd et al. 2011, Cornwall et al. 2012, Olischläger and 

Wiencke 2013a). 

The number of studies on the impacts of climate change on marine biota have 

exponentially increased during the decade between 2000 and 2010 and have mainly 

focused on calcifying organisms (> 70%) (Wernberg et al. 2012) that are predicted to be 

vulnerable to OA as a result of lower saturation states of calcium carbonate (Kroeker et 

al. 2010, Anthony et al. 2011). In contrast, little attention has been paid to non-calcifying 

macroalgae (Harley et al. 2012, Koch et al. 2013) which are predicted to benefit due to 

the enhanced availability of CO2(aq) in seawater (Kroeker et al. 2013). In addition, 65% 

of marine climate change studies have been performed on single-factor experiments 

(temperature or reduced seawater pH) on single species (Wernberg et al. 2012). However, 

accurate understanding and predictions of the response of marine non-calcifying 

macroalgae to the projected abiotic changes will depend on the examination of the 

interactive effects of temperature and reduced pH, and not only on single species but also 

on species interactions (Crain et al. 2008, Koch et al. 2013, Kroeker et al. 2013). 
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Seawater temperature controls the biogeographic distribution of macroalgae 

mainly because temperature controls growth and metabolic rates in photosynthetic 

organisms (Raven and Geider 1988, Davison 1991). In their natural habitat, macroalgae 

are subjected to substantial natural variability in temperature as a result of diurnal and 

seasonal changes, and long-term variability associated with natural climatic cycles (e.g. 

ENSO) and/or human-influenced changes (e.g. OW) that can have detrimental effects on 

macroalgal communities worldwide (Vásquez et al. 2006, Johnson et al. 2011, Wernberg 

et al. 2011b). For example, in eastern Tasmania, an increase of ~3°C between 1950 and 

2010 has led to a dramatic decline (> 90%) in the forests of the giant kelp M. pyrifera 

(Johnson et al. 2011). In Japan, higher seawater temperature (~1°C) favoured the 

abundance of the warm-temperate Ecklonia cava Kjellman, E. stolonifera Okamura and 

Undaria peterseniana (Kjellmann) Okamura, and decreased the abundance of the cold-

temperate Laminaria japonica Areschoug, Kjellmaniella crassifolia Miyabe and 

Costaria costata (C.Agardh) De A.Saunders (Serisawa et al. 2004, Kirihara et al. 2006). 

In northern Spain, the decline in abundance of the populations of the Fucales Fucus 

serratus Linnaeus and Himanthalia elongata (Linnaeus) S.F.Gray has been linked to an 

increase of 1.5 – 2°C in the coastal seawaters (Duarte et al. 2013). In the case of the 

invasive kelp U. pinnatifida, increases in sea surface temperature are expected to extend 

its global distribution because this species inhabits coastal areas where maximum 

temperatures are between 13 and 29°C and minimum temperatures are between 0.1 and 

15°C (Gao et al. 2013, James et al. 2015). These shifts in distribution indicate that 

macroalgae are very sensitive to changes in temperature associated with global climate 

change despite being adapted to natural variation in temperature.  

Marine macroalgae are adapted to temperature fluctuations and can adjust their 

metabolism according to the external temperature conditions (Lüning 1993, Hurd et al. 

2014). At a cellular level, photosynthesis is increased by increasing seawater temperature 

such that photosynthetic rates double with every rise of 10°C (i.e. Q10 = 2) because 

temperature stimulates the activity of enzymes such as RuBisCO and carbonic anhydrase 

(CA) (Davison 1987, 1991). At reduced temperatures, photosynthetic rates can remain 

positive as macroalgal metabolism compensates for the lower enzymatic activity by, for 

example, increasing the concentration of RuBisCO and CA (Davison 1987, 1991). Such 

acclimation of photosynthetic metabolism to high and low temperatures may optimise 

their photosynthetic capacity, thereby increasing the resistance to photoinhibition 
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induced by high light and low-temperature, reduce the optimum temperature for 

photosynthesis, and reduce sensitivity to changes in temperature (Davison 1987, 1991, 

Davison and Pearson 1996). Thus, macroalgal growth may be neither dependent on short- 

or long-term changes in temperature (Davison 1991).  

The interactive effects of OW and OA have been studied in the adult phase of 

macroalgae with different results between algal groups. For example, increased 

temperature (from 22 to 25°C) and reduced seawater pH (from ~8.00 to ~7.80) did not 

influence the growth rate, but decreased the net photosynthesis, of the red macroalga 

Pyropia haitanensis (T.J.Chang & B.F.Zheng) N.Kikuchi & M.Miyata and the green 

macroalga Ulva lactuca Linnaeus (Liu and Zou 2015a, 2015b). Photosynthesis in the 

kelp E. cava was negatively affected by increased temperature (from 15 to 20°C) and 

reduced seawater pH from ~8.00 to ~7.70 (Oh et al. 2015). In contrast, a combination of 

elevated temperature and reduced pH together resulted in a higher growth rate and 

photosynthetic performance in the kelp M. pyrifera compared to ambient conditions 

(Brown et al. 2014). The tolerance of growth to the interaction between OW and OA may 

be related to the growth process being an integration of all cellular metabolic processes 

rather than a specific physiological process such as photosynthesis (Zou and Gao 2014a, 

2014b). Therefore, the responses of macroalgae to climate change factors can be species-

specific.  

The life cycle of members of the Order Laminariales is a complex alternation 

between macroscopic phases and microscopic early life stages (see Chapter 1.4 for 

details). Due to the higher susceptibility to abiotic factors, these microscopic stages are 

considered as a bottleneck for the development of macroalgal populations (Lotze et al. 

2001, Bartsch et al. 2008). Despite their importance, the study of separate or combined 

effects of OW and OA on macroalgal early life stages has rarely been performed. The 

results of Chapter 3 indicated that meiospore development (i.e., germination, growth rate 

and gametogenesis) was favoured by reduced seawater pH (7.20 and 7.65) in both M. 

pyrifera and U. pinnatifida. In contrast, Roleda et al. (2012a) found that moderate OA 

(pH 7.86) did not affect meiospore germination but increased gametophyte size, while 

pH 7.61 reduced meiospore germination but did not affect gametophyte size. A similar 

response was observed for M. pyrifera meiospore germination which dropped by 10% 

under OA conditions, but the interaction between seawater pH 7.46 and OW (13 + 5°C) 
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reduced meiospore germination by 40% compared to the lower temperature (13°C) 

treatment (Gaitán-Espitia et al. 2014). Studies on multiple stressors on the development 

of early life stages of kelps are needed to comprehensively predict the effects of climate 

change on macroalgal communities. 

Therefore, in this chapter the single and interactive effects of a range of seawater 

pH (from extremely low pH 7.20 to pre-industrial values of 8.40) and temperature 

(ambient average, 12°C and average projected by 2100, 16°C) on the ontogenic 

development of meiospores of M. pyrifera and U. pinnatifida, from south-eastern New 

Zealand, were studied. The hypotheses were: 1) increased temperature will positively 

affect meiospore development (i.e., germination, germling growth, gametophyte 

production and sexual differentiation) of both kelps; 2) reduced seawater pH will 

positively affect the meiospore development of both kelps; 3) the interaction between 

increased temperature and reduced seawater pH will negatively affect the meiospore 

development of both kelps; and 4) meiospores of the invasive U. pinnatifida will be less 

sensitive to the higher temperature-reduced seawater pH interaction than those of the 

native M. pyrifera.  



 

 

66 

 

4.2. MATERIALS AND METHODS 

4.2.1. SPOROPHYLL COLLECTION 

Sporophylls with fertile tissue (i.e., sori) were collected from ten sporophytes of M. 

pyrifera and U. pinnatifida during low tide from the upper sub-littoral of Hamilton Bay 

(45°47′ 51″ S; 170°38′ 39″ E; Fig. 1.3), in May 2014. In the laboratory, collected 

sporophylls were cleaned and stored overnight (see Chapter 3.2.1 for details) before 

meiospore release. 

4.2.2. SEAWATER PH TREATMENTS 

The seawater used in the experiment was collected at the same time as the sporophylls. 

The seawater was filtered and kept overnight before use (see Chapter 3.2.2 for details). 

After filtration and nutrient addition (10 µM NaNO3 and 1 µM NaH2PO4), the ambient 

seawater pHT was 8.03 and the salinity was 36‰. The seawater pH was acid/base 

adjusted according to Riebesell et al. (2010) and Roleda et al. (2012a) (see Chapter 3.2.2 

for details). pH-modified seawater corresponding to the four pHT treatments (Chapter 

4.2.3) was freshly prepared every day to renew the culture medium.  

4.2.3. SEAWATER PH MEASUREMENTS 

During the experiment seawater pH was measured on the total scale (pHT) at 12 and 16°C 

using the same method described in Chapter 3.2.3. AT and DIC were measured from 

seawater samples corresponding to the four pHT treatments as described in Chapter 3.2.3. 

The seawater carbonate chemistry of each seawater treatment at both temperatures was 

calculated using the measured AT, DIC, pH, salinity and temperature (Table 4.1) with 

the SWCO2 software (Hunter 2007). 

4.2.4. EFFECTS OF SEAWATER PH AND TEMPERATURE ON MEIOSPORE 

DEVELOPMENT 

Meiospore release and cultivation was performed as described in Chapter 3.2.4. 

Meiospores were cultivated for 15 days in two identical but separate temperature-

controlled rooms (see Chapter 3.2.4 for details) at 12 ± 0.5 and 16 ± 0.5°C, each with a 

photoperiod of 12 h light:12 h dark (57.7 ± 1.8 and 54.4 ± 1.11 µmol photons·m-2 s-1 of 

PAR the at 12 and 16°C, respectively). Control cultures (without kelp meiospores) 
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corresponding to each pHT treatment at both 12 and 16°C were also prepared and their 

pHT monitored (Fig. 4.1). The media of the meiospore and control cultures with the 

appropriate pHT and nutrients were renewed every 12 h to avoid nutrient depletion. pHT 

of the culture medium was measured every 12 h, within the last 2 h of light and dark 

conditions, before each medium renewal. 

4.2.5. MEIOSPORE GERMINATION AND DEVELOPMENT 

M. pyrifera and U. pinnatifida meiospore germination (%), germling growth rate (%·day-

1), gametophyte size and sex ratio, at 12 and 16°C, were obtained from photograph 

analyses as described in Chapter 3.2.4. 

4.2.6. STATISTICAL ANALYSES 

Percentage germination and germling growth rate (%·day-1) were logit transformed 

(Warton and Hui 2011) to satisfy Normality (Kolgomorov-Smirnow test) and 

homogeneity of variances (Levene’s test). The statistical significance of differences in 

meiospore germination, germling growth rate and gametophyte size and gametophyte 

sex ratio between species, temperatures and seawater pHT treatments and their interaction 

were tested using the three-way ANOVA (P < 0.05). A post hoc Tukey test (P < 0.05) 

was applied when a significant effect (single, two and/or three-way interaction) of 

independent variables was observed. All the statistical analyses were run using the 

software SigmaPlot version 12.0 (Systat Software, Inc., San Jose, CA).  
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4.3. RESULTS 

4.3.1. MEIOSPORE GERMINATION 

After 5 days, the germination of M. pyrifera meiospores at 12°C, in the different seawater 

pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 92 ± 4, 96 ± 3, 92 ± 3 and 95 ± 3 % (Fig. 

4.2), respectively; and at 16°C was 91 ± 2, 95 ± 4, 95 ± 2 and 93 ± 2 %, (Fig. 4.2), 

respectively. The germination of U. pinnatifida meiospores at 12°C, in the different 

seawater pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 98 ± 2, 98 ± 3, 95 ± 4 and 94 

± 5 % (Fig. 4.2), respectively; and at 16°C was 96 ± 4, 96 ± 2, 94 ± 4 and 94 ± 3 % (Fig. 

4.2), respectively. Meiospore germination was not significantly different between the 

main independent variables: species, temperature and pHT (Table 4.2; ANOVA, P > 

0.05). Likewise, the two-way interactions (species × temperature, species × pHT and 

temperature × pHT) and the three-way interaction (species × temperature × pHT) did not 

significantly affect meiospore germination (Table 4.2; ANOVA, P > 0.05). 

4.3.2. GERMLING GROWTH RATE 

After 11 days, the growth rate of M. pyrifera germlings at 12°C, in the different seawater 

pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 32 ± 2, 36 ± 3, 32 ± 3 and 32 ± 3 %·day-

1 (Fig. 4.3), respectively; and at 16°C was 38 ± 4, 37 ± 2, 37 ± 2 and 36 ± 3 %·day-1 (Fig. 

4.3), respectively. The growth rate of U. pinnatifida germlings at 12°C, in the different 

seawater pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 33 ± 3, 31 ± 3, 31 ± 3 and 29 

± 2 %·day-1 (Fig. 4.3), respectively; and at 16°C was 39 ± 5, 38 ± 4, 35 ± 3 and 33 ± 2 

%·day-1 (Fig. 4.3), respectively. Germling growth rate was significantly different 

between species (Table 4.2; ANOVA, P = 0.031; Tukey, P < 0.05: M. pyrifera < U. 

pinnatifida), temperature (Table 4.2; ANOVA, P < 0.01, Tukey, P < 0.05: 12°C < 16°C) 

and pHT treatments (Table 4.2; ANOVA, P = 0.007; Tukey, P < 0.05: pHT 7.20 > 7.65 = 

8.03 = 8.04). Two-way and three –way interactions between independent variables did 

not significantly affect germling growth rate (Table 4.2; ANOVA, P > 0.05). 

4.3.3. GAMETOPHYTE SIZE 

Gametophyte sexual differentiation in both kelp species occurred on the 13th day of 

culture. The size of M. pyrifera male gametophytes at 12°C, in the different seawater 

pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 696 ± 80, 916 ± 86, 572 ± 114 and 519 
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± 89 µm2 (Fig. 4.4a), respectively; and at 16°C was 848 ± 191, 905 ± 142, 950 ± 206 and 

781 ± 218 µm2 (Fig. 4.4a), respectively. The size of U. pinnatifida male gametophytes at 

12°C, in the different seawater pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 726 ± 

189, 646 ± 169, 523 ± 102 and 519 ± 89 µm2 (Fig. 4.4a), respectively; and at 16°C was 

795 ± 131, 728 ± 206, 768 ± 169 and 570 ± 57 µm2 (Fig. 4.4a), respectively. Male 

gametophyte size was significantly different between species (Table 4.2; ANOVA, P < 

0.001; Tukey, P < 0.05: M. pyrifera > U. pinnatifida), temperature (Table 4.2; ANOVA, 

P < 0.012, Tukey, P < 0.05: 12°C < 16°C) and pHT treatments (Table 4.2; ANOVA, P < 

0.001; Tukey, P < 0.05: pHT 7.20 = 7.65 > 8.03 = 8.04). There was an interactive effect 

of species × temperature (Table 4.2; ANOVA, P < 0.001; Tukey, P < 0.05, M. pyrifera 

at 12°C = U. pinnatifida at 12°C < M. pyrifera at 16°C > U. pinnatifida at 16°C), and 

species × pHT (Table 4.2; ANOVA, P = 0.009; Tukey, P < 0.05, M. pyrifera at pHT 7.20 

= U. pinnatifida at pHT 7.20 = M. pyrifera at pHT 7.65 > U. pinnatifida at pHT 7.65 = M. 

pyrifera at pHT 8.03 > U. pinnatifida at pHT 8.03 = M. pyrifera at pHT 8.40 > U. 

pinnatifida at pHT 8.40).  

The size of M. pyrifera female gametophytes at 12°C, in the different seawater 

pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 726 ± 189, 646 ± 169, 523 ± 102 and 

519 ± 89 µm2 (Fig. 4.4b), respectively; and at 16°C was 795 ± 131, 728 ± 206, 768 ± 169 

and 570 ± 57 µm2 (Fig. 4.4b), respectively. The size of U. pinnatifida female 

gametophytes at 12°C, in the different seawater pHT treatments of 7.20, 7.65, 8.03 and 

8.40 was 504 ± 74, 601 ± 69, 484 ± 58 and 481 ± 89 µm2 (Fig. 4.4b); and at 16°C was 

795 ± 131, 728 ± 206, 768 ± 169 and 570 ± 57 µm2 (Fig. 4.4b), respectively. Female 

gametophyte size was significantly different between species (Table 4.2; ANOVA, P < 

0.001; Tukey, P < 0.05: M. pyrifera < U. pinnatifida), temperature (Table 4.2; ANOVA, 

P < 0.001, Tukey, P < 0.05: 12°C < 16°C) and pHT treatments (Table 4.2; ANOVA, P < 

0.001; Tukey, P < 0.05: pHT 7.20 > 7.65 = 8.03 > 8.04). There was an interactive effect 

of species × temperature (Table 4.2; ANOVA, P < 0.001; Tukey, P < 0.05, M. pyrifera 

at 12°C < U. pinnatifida at 12°C = M. pyrifera at 16°C = U. pinnatifida at 16°C), and 

species × pHT (Table 4.2; ANOVA, P < 0.016; Tukey, P < 0.05, M. pyrifera at pHT 7.20 

< U. pinnatifida at pHT 7.20 > M. pyrifera at pHT 7.65 = U. pinnatifida at pHT 7.65 = M. 

pyrifera at pHT 8.03 = U. pinnatifida at pHT 8.03 > M. pyrifera at pHT 8.40 = U. 

pinnatifida at pHT 8.40).  
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4.3.4. GAMETOPHYTE SEX RATIO 

After 13 days, sex ratio of M. pyrifera gametophytes at 12°C, in the different seawater 

pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 0.52 ± 0.07, 0.55 ± 0.09, 0.57 ± 0.16 and 

0.49 ± 0.08 (Fig. 4.5), respectively; and at 16°C was 0.61 ± 0.09, 0.53 ± 0.13, 0.51 ± 0.05 

and 0.49 ± 0.07 (Fig. 4.5), respectively. The sex ratio of U. pinnatifida gametophytes at 

12°C, in the different seawater pHT treatments of 7.20, 7.65, 8.03 and 8.40 was 0.48 ± 

0.12, 0.45 ± 0.07, 0.50 ± 0.06 and 0.51 ± 0.16 (Fig. 4.5), respectively; and at 16°C was 

0.46 ± 0.04, 0.64 ± 0.10, 0.48 ± 0.05 and 0.54 ± 0.09 (Fig. 4.5), respectively. 

Gametophyte sex ratio was not significantly different between the main independent 

variables: species, temperature and pHT (Table 4.2; ANOVA, P > 0.05). Likewise, the 

two-way interactions (species × temperature; species × pHT and temperature × pHT) did 

not significantly affect gametophyte sex ratio (Table 4.2; ANOVA, P > 0.05). There was 

a three-way interaction effect of species × temperature × pHT (Table 4.2; ANOVA, P > 

0.05). The significantly different subgroups are detailed by different letters in Fig. 4.5. 

4.3.5. SEAWATER PHT IN MEIOSPORE CULTURES 

During the 15 days of cultivation in the different seawater pHT treatments (7.20, 7.65, 

8.03 and 8.40) at 12°C, the pHT of the culture medium for both M. pyrifera and U. 

pinnatifida meiospores increased after each daily 12 h light period (Fig. 4.6). In the pHT 

7.20 treatment, the pHT of the culture medium increased from 7.26 ± 0.04 to 7.53 ± 0.02; 

in the pHT 7.65 treatment, the pHT increased from 7.66 ± 0.04 to 7.87 ± 0.03; in the pHT 

8.03 treatment, from 8.04 ± 0.03to 8.26 ± 0.02; and in the pHT 8.40 treatment, from 8.42 

± 0.03 to 8.65 ± 0.02. Following 12 h in the dark, the pHT of the culture media was 

relatively stable over the 15-day experiment in all seawater pHT treatments (Fig. 4.6).  

During the 15 days of cultivation across seawater pHT treatments (7.20, 7.65, 8.03 

and 8.40) at 16°C, the pHT of the culture medium for both M. pyrifera and U. pinnatifida 

meiospores increased after each daily 12 h light period (Fig. 4.7). In the pHT 7.20 

treatment, the pHT of the culture medium increased from 7.23 ± 0.02 to 7.42 ± 0.01; in 

the pHT 7.65 treatment, the pHT increased from 7.76 ± 0.03 to 7.98 ± 0.01; in the pHT 

8.03 treatment, from 8.04 ± 0.02 to 8.33 ± 0.01; and in the pHT 8.40 treatment, from 8.41 

± 0.01 to 8.65 ± 0.04. Following 12 h in the dark, the pHT of the culture media was 

relatively stable over the 15-day experiment in all seawater pHT treatments (Fig. 4.7).  
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Figure 4.1. Diagram showing experimental design. Meiospores of both M. pyrifera and 

U. pinnatifida were separately inoculated into each compartment of six-well polystyrene 

tissue culture vessels and exposed to four seawater pHT treatments (pHT 7.20, 7.65, 8.01 

and 8.40) for 15 days. The experiment was performed at two temperature conditions, 12 

and 16°C. The culture medium (with the respective seawater pHT and enriched with 10 

µM NaNO3 and 1 µM NaH2PO4) was renewed twice per day. Control cultures (no 

meiospores inoculated) with the respective seawater pHT treatment were also prepare for 

both temperature treatments. 
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Figure 4.2. Percentage meiospore germination for M. pyrifera (Mp) and U. pinnatifida 

(Up) after 5 days of culture in four pHT seawater treatments (pHT 7.20, 7.65, 8.01 and 

8.40) at two temperatures (12 and 16°C). Bars represent mean ± SD (n = 6). 
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Figure 4.3. Growth rate of germlings of M. pyrifera (Mp) and U. pinnatifida (Up) after 

13 d of culture in four pHT seawater treatments (pHT 7.20, 7.65, 8.01 and 8.40) at two 

temperatures (12 and 16°C). Bars represent mean ± SD (n = 6). Different letters indicate 

a significant difference between species and temperatures within a seawater pHT 

treatment (subgrouped as a > b; Tukey, P < 0.05). 
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Figure 4.4. Size of (a) male and (b) female gametophytes of M. pyrifera (Mp) and U. 

pinnatifida (Up) at the 15th day of culture in four pHT seawater treatments (pHT 7.20, 

7.65, 8.01 and 8.40) at two temperatures (12 and 16°C). Bars represent mean ± SD (n = 

6). Different letters indicate a significant difference between temperatures within a 

seawater pHT treatment (subgrouped as a > b > c; Tukey, P < 0.05). 
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Figure 4.5. Sex ratio of male and female gametophytes of M. pyrifera (Mp) and U. 

pinnatifida (Up) at the 15th day of culture in four pHT seawater treatments (pHT 7.20, 

7.65, 8.01 and 8.40) at two temperatures (12 and 16°C). Bars represent mean ± SD (n = 

6). Different letters indicate a significant difference between temperatures within a 

seawater pHT treatment (subgrouped as a > b; Tukey, P < 0.05). 
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Figure 4.6. Seawater pHT in the culture medium of M. pyrifera and U. pinnatifida during 

15 d of culture at pHT seawater treatments of pHT 7.20, 7.65, 8.01 and 8.40 at 12°C. 

Measurements were performed every 12 h in dark (D) and light (L) conditions before 

culture medium renewal. Symbols represent mean ± SD (n = 6). Note that the y-axis 

scales are different. 
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Figure 4.7. Seawater pHT in the culture medium of M. pyrifera and U. pinnatifida during 

15 d of culture under pHT seawater treatments of pHT 7.20, 7.65, 8.01 and 8.40 at 16°C. 

Measurements were performed every 12 h in dark (D) and light (L) conditions before 

culture medium renewal. Symbols represent mean ± SD (n = 6). Note that the y-axis 

scales are different. 

7.10

7.20

7.30

7.40

7.50

7.60

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 7.20

7.50

7.60

7.70

7.80

7.90

8.00

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 7.65

7.90

8.00

8.10

8.20

8.30

8.40

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 8.03

8.20

8.30

8.40

8.50

8.60

8.70

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 8.40

Time (d)

p
H

T
in

 m
ei

o
sp

o
re

 c
u

lt
u

re
 s

ea
w

at
er

M. pyrifera U. pinnatifida

7.10

7.20

7.30

7.40

7.50

7.60

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 7.20

7.50

7.60

7.70

7.80

7.90

8.00

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 7.65

7.90

8.00

8.10

8.20

8.30

8.40

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 8.03

8.20

8.30

8.40

8.50

8.60

8.70

D L D L D L D L D L D L D L D L

1 3 5 7 9 11 13 15

pHT 8.40



 

 

78 

 

Table 4.1. Carbonate chemistry parameters were calculated from total alkalinity (AT; n = 3) and dissolved inorganic carbon (DIC; n = 3) 

measurements of seawater corresponding to each pHT treatment: extreme OA, pHT 7.20; OA predicted for 2100, pHT 7.65; ambient pHT 8.01 

and pre-industrial pHT 8.40. Temperature (12 and 16°C) and salinity (35‰) were stable during the experimentation period. Mean ± SD (n = 3) are 

reported for each seawater pHT treatment. 

 

  Seawater pHT treatments 

Temperature Seawater parameter 7.20 7.65 8.03 8.40 

12°C pHT 7.20 ± 0.005 7.65 ± 0.005 8.03 ± 0.026 8.39 ± 0.004 

  DIC (µmol·Kg-1) 2327.09 ± 7.05 2177.46 ± 8.24 2060.68 ± 4.50 2190.37 ± 16.64 

  AT (µmol·Kg-1) 2233.36 ± 6.73 2226.84 ± 8.31 2234.29 ± 4.74 2628.07 ± 18.96 

  HCO3
- (µmol·Kg-1) 2175.18 ± 6.59 2071.91 ± 7.84 1915.59 ± 4.18 1872.45 ± 14.21 

  H2CO3
- (µmol·Kg-1) 128.74 ± 0.39 43.92 ± 0.16 18.24 ± 0.04 7.11 ± 0.05 

  CO3
2- (µmol·Kg-1) 23.17 ± 0.07 61.62 ± 0.24 126.86 ± 0.28 310.81 ± 2.37 

  pCO2 (µatom) 3160.42 ± 9.59 1078.29 ± 4.04 447.70 ± 0.97 174.60 ± 1.32 

16°C pHT 7.20 ± 0.004 7.65 ± 0.004 8.03 ± 0.007 8.39 ± 0.004 

  DIC (µmol·Kg-1) 2259.27 ± 8.15 2146.41 ± 9.32 2028.64 ± 11.61 2178.82 ± 34.49 
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  AT (µmol·Kg-1) 2184.77 ± 7.84 2213.21 ± 9.46 2229.03 ± 12.35 2671.80 ± 40.01 

  HCO3
- (µmol·Kg-1) 2122.11 ± 7.66 2039.90 ± 8.86 1870.14 ± 10.70 1820.33 ± 28.80 

  H2CO3
- (µmol·Kg-1) 112.23 ± 0.40 37.41 ± 0.16 15.16 ± 0.09 5.84 ± 0.09 

  CO3
2- (µmol·Kg-1) 24.92 ± 0.09 69.09 ± 0.30 143.34 ± 0.83 352.66 ± 5.60 

  pCO2 (µatom) 2739.61 ± 9.86 913.19 ± 4.00 369.97 ± 2.10 142.47 ± 2.24 
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Table 4.2. Three-way ANOVA and significance values for effects of seawater pHT treatments, temperature and their interaction on meiospore 

germination, germling growth rate, gametophyte size and gametophyte sex ratio of M. pyrifera and U. pinnatifida. 

 

Variable Source of variation 
Degree of 

freedom 
Sum of squares 

Mean 

square 
F P 

Meiospore germination  Species 1 0.0414 0.0414 0.567 0.454ns 

  Temperature 1 0.000492 0.000492 0.00673 0.935ns 

  pHT  3 0.348 0.116 1.588 0.199ns 

  Species × Temperature 1 0.0269 0.0269 0.369 0.546ns 

  Species × pHT  3 0.273 0.0911 1.249 0.298ns 

  Temperature × pHT  3 0.354 0.118 1.617 0.192ns 

  Species × Temperature × pHT  3 0.126 0.0419 0.574 0.634ns 

  Residual 80 5.840 0.0730     

  Total 95 7.010 0.0738     

Germling growth rate Species 1 0.0171 0.0171 4.794 0.031* 
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  Temperature 1 0.203 0.203 57.106 < 0.001* 

  pHT  3 0.0466 0.0155 4.357 0.007* 

  Species × Temperature 1 0.00305 0.00305 0.857 0.357ns 

  Species × pHT  3 0.0177 0.00591 1.659 0.182ns 

  Temperature × pHT  3 0.00487 0.00162 0.455 0.714ns 

  Species × Temperature × pHT  3 0.0153 0.00511 1.435 0.239ns 

  Residual 80 0.285 0.00356     

  Total 95 0.593 0.00624     

Male gametophyte size Species 1 819486.366 819486.366 33.223 < 0.001* 

  Temperature 1 163241.613 163241.613 6.618 < 0.012* 

  pHT  3 632917.574 210972.525 8.553 < 0.001* 

  Species × Temperature 1 305913.795 305913.795 12.402 < 0.001* 

  Species × pHT  3 303098.294 101032.765 4.096 0.009* 

  Temperature × pHT  3 138530.928 46176.976 1.872 0.141ns 
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  Species × Temperature × pHT  3 138680.063 46226.688 1.874 0.141ns 

  Residual 80 1973312.056 24666.401     

  Total 95 4475180.689 47107.165     

Female gametophyte size Species 1 416914.162 416914.162 28.181 < 0.001* 

  Temperature 1 227278.190 227278.190 15.363 < 0.001* 

  pHT  3 598315.308 199438.436 13.481 < 0.001* 

  Species × Temperature 1 241449.763 241449.763 16.320 < 0.001* 

  Species × pHT  3 161054.478 53684.826 3.629 0.016* 

  Temperature × pHT  3 119652.912 39884.304 2.696 0.051ns 

  Species × Temperature × pHT  3 22961.697 7653.899 0.517 0.672ns 

  Residual 80 1183546.095 14794.326     

  Total 95 2971172.606 31275.501     

Gametophyte sex ratio Species 1 0.0177 0.0177 1.888 0.173ns 

  Temperature 1 0.0143 0.0143 1.526 0.220ns 
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  pHT  3 0.0128 0.00425 0.452 0.717ns 

  Species × Temperature 1 0.0114 0.0114 1.215 0.274ns 

  Species × pHT  3 0.0592 0.0197 2.098 0.107ns 

  Temperature × pHT  3 0.0454 0.0151 1.611 0.193ns 

  Species × Temperature × pHT  3 0.0847 0.0282 3.005 0.035* 

  Residual 80 0.752 0.0094     

  Total 95 0.998 0.0105     

*, indicate significance 

ns, not significance            
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4.4. DISCUSSION 

The results of this chapter demonstrated that distinct developmental stages of both M. 

pyrifera and U. pinnatifida respond differently to the independent and interactive effects 

of temperature and seawater pH. Meiospore germination of both kelps was not affected 

by temperature or seawater pHT treatments. In contrast, germling growth rate of both 

kelps was greater at increased temperature (16°C) irrespective of the seawater pHT 

treatments. M. pyrifera gametophytes were bigger at 16°C (i.e., pHT 8.03 and 8.40 for 

male, and 7.20 and 8.03 for female gametophytes) but the size of U. pinnatifida 

gametophytes (male and female) was not different between temperatures under all pHT 

treatments. Male and female gametophytes of M. pyrifera grew bigger under low pHT 

treatments (7.20 and 7.65) than higher pHT treatments at 12°C but no differences in size 

between ambient and low seawater pHT treatments were observed at 16°C. There was no 

interactive effect of temperature and seawater pH on any microscopic developmental 

stage of both kelps. 

The lack of response of meiospore germination for M. pyrifera and U. pinnatifida 

to seawater temperature and pH and their interaction is opposite to the study hypotheses. 

An explanation is that upon release, kelp meiospores depend on internal energetic 

reserves for swimming during a search for the settlement substratum and early 

developmental processes such as germination and growth (Brzezinski et al. 1993). In 

addition, meiospores of kelp species, including M. pyrifera, have one or two chloroplasts 

(Henry and Cole 1982, Steinhoff et al. 2011) with a low photosynthesis capacity (Amsler 

and Neushul 1991) that might not be enough to support all metabolic processes. In S. 

latissima, meiospore development was reported to be sustained by lipid reserves during 

the first ten days of development before becoming photosynthetically autonomous 

(Steinhoff et al. 2011). In this study, the increasing photosynthesis with age after 

meiospore release was reflected by changes in pHT in the culture medium of both species. 

The seawater pHT substantially increased after the 7th day of culture compared to the 

first 5 days, suggesting that the photosynthetic capacity of germlings and gametophytes 

is greater than for germinating meiospores. This response is more evident at lower pHT 

treatments where the CO2(aq) concentrations are higher and can passively diffuse into the 

cells to support photosynthesis (Zhang et al. 2006).  
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Another, not mutually exclusive, explanation for the successful meiospore 

germination of both kelps under all the seawater temperature and pHT treatments might 

be related to the production of chemical compounds with protective properties. Upon 

release, kelp meiospores lack a cell wall but may be covered by mucilage that could 

protect them from external abiotic factors such as reduced pH/high [H+] (Percival 1979, 

Fletcher and Callow 1992, Maggs and Callow 2002). This mucilage is produced inside 

the sporangia, during sporogenesis, and extruded during meiospore release (Percival 

1979, Fletcher and Callow 1992, Maggs and Callow 2002). However, this protection 

decrease with dispersal because the mucilage rapidly dissolve (Hurd et al. 2014). 

Immediately after settlement, meiospores are surrounded by an adhesive material which 

is produced inside the cell (in the Golgi apparatus), and the cell wall synthesis and 

secretion begins (Fletcher and Callow 1992, Maggs and Callow 2002). The cell wall of 

marine macroalgae contains negatively charged polysaccharides (e.g., alginate, fucoidan) 

that are involved in mechanical, osmotic and ionic regulation (Percival 1979, Ritchie and 

Larkum 1982, Mariani et al. 1985, Davis et al. 2003). Therefore, the cell wall can act as 

an ionic barrier because these polysaccharides can adsorb an excess of cations (e.g., H+, 

trace metals), and partially exclude mobile anions (Percival 1979, Ritchie and Larkum 

1982). These protective cell wall properties may play an important role in the regulation 

of the external seawater pH surrounding the meiospores and explains the successful 

germination observed in the present study. Additionally, in M. pyrifera adults, internal 

pH (i.e., OH-/H+ balance) is regulated by the interconversion of CO2 to HCO3
- catalysed 

by the enzyme carbonic anhydrase (CA) (Fernández et al. 2014). This mechanism may 

also be present in kelp meiospores and could explain the tolerance of germination to 

reduced seawater pH/high [H+] (see Chapter 3.4 for details).  

Although the seawater temperature and pHT treatments independently affected 

germling growth of both M. pyrifera and U. pinnatifida, the interaction of these factors 

did not. The greater growth rates of both kelp germlings at increased temperature 

supports the first hypothesis of this study and may be explained by the temperature 

treatments being within the range that these kelps are adapted to. For instance, south-

eastern coasts of New Zealand are directly influenced by the Southland Current which 

presents annual temperatures of between 9 – 18°C (Garner 1969, Heath 1985, Hay 

1990a), a range that is narrower than the thermal tolerance of M. pyrifera and U. 

pinnatifida sporophytes. M. pyrifera sporophytes will grow from 0 to 23°C with an 
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optimum between 12 and 18°C (Zimmerman and Kremer 1986, Brown et al. 1997, 

Buschmann et al. 2004), whereas U. pinnatifida sporophytes tolerate a range from 0 to 

29°C with an optimum between 15 and 25°C (Tsutsui and Ohno 1993, Morita et al. 

2003a, Watanabe et al. 2014). The growth of kelp germlings (usually reported as 

vegetative growth of asexual gametophytes) also occurs in a wide range of temperatures 

(Table 4.3). The optimal temperature for growth was between 12 and 17°C for germlings 

of M. pyrifera (Lüning and Neushul 1978), and between 10 and 25°C for germlings of 

U. pinnatifida (Morita et al. 2003b). The positive response of germling growth to the 

increased temperature observed in this study may be related to the high thermal tolerance 

of kelp microscopic stages (Müller et al. 2009, Roleda 2009, 2015). However, further 

studies to determine the optimum temperature for different physiological processes (e.g., 

growth, photosynthesis and carbon acquisition) during the development of kelp early life 

stages are needed to better understand the effects of OW on kelp communities.  

Macrocystis pyrifera and U. pinnatifida germling growth rates were greater at the 

higher temperature probably because of stimulated algal metabolism (Davison 1991, 

Falkowski and Raven 1997). For example, exposure to rising temperature, stimulated the 

activity of RuBisCO as well as photosynthetic pigments (i.e., chlorophyll a and c, 

fucoxanthin and β-carotene) in adults of the kelp S. latissima [= L. saccharina] (Davison 

1987). In addition, higher concentrations of proteins, including RuBisCO and CA, 

chlorophyll and lower C:N, resulting in greater photosynthetic capacity were found in 

macroalgae grown at sufficient N (Lapointe and Duke 1984, Turpin 1991, Gordillo et al. 

2003, Zou et al. 2011). U. pinnatifida gametophytes (including germlings) mainly use 

CO2(aq) to support photosynthesis (Zhang et al. 2006), which indicates that germling 

growth of both M. pyrifera and U. pinnatifida was not limited by CO2 at any of the 

seawater pHT treatments (Table 4.1). Thus, it is possible that the increased rate of passive 

uptake of CO2 due to the increased concentrations of CO2(aq) in the culture media may 

have raised the intracellular CO2 concentration around RuBisCO. These favourable 

conditions and the 4°C higher temperature may have increased the activity of RuBisCO 

and consequently the growth rate of germlings cultured at 16°C. Furthermore, the 

addition of inorganic nutrients (10 µM NaNO3 and 1 µM NaH2PO4) to the culture media 

may have increased the activity of CA which assists in the regulation of intracellular pH 

(Fernández et al. 2014). The activity of RuBisCO and other growth-involved enzymes 
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was not quantified in this study, but such experiments would be the next step in testing 

how temperature affects the carbon physiology of early life stages of kelps. 

Gametophyte development was independently affected by seawater temperature 

and pHT treatments in both M. pyrifera and U. pinnatifida. In general, male gametophytes 

were bigger at reduced seawater pHT (7.20 and 7.65) while the size of female 

gametophytes was less variable among temperature and seawater pHT treatments. Zhang 

et al. (2006) reported that gametophytes of U. pinnatifida have a higher affinity for 

CO2(aq) over HCO3
-. Thus, it is possible that the lower availability of CO2(aq) at higher 

seawater pHT (Table 4.1) had a stronger negative effect on the growth of male than 

female gametophytes of both kelps. An explanation may be the use of energy during the 

extracellular conversion of HCO3
- to CO2 mediated by the enzyme CA may compromise 

algal metabolic processes such as growth (Beardall and Raven 2004, Raven et al. 2008). 

Additionally, the slight effect of increased temperature on gametophyte size of both M. 

pyrifera and U. pinnatifida may be related to kelp gametogenesis occurring in a wide 

range of temperatures with optimal values that are close to the temperature treatments 

used in this study (Table 4.3). The results of gametogenesis observed in the present 

chapter were different to those of the Chapter 3 (gametophyte size linearly increased with 

reducing seawater pHT) indicating that other processes (e.g., seasonal tolerance to 

seawater pH variation) might have been activated to overcome the stress generated by 

the experimental treatments. However, investigation of the carbon acquisition 

mechanisms across a range of seawater temperature and pH is required to understand the 

response of gametogenesis of M. pyrifera and U. pinnatifida to the ongoing climate 

change.  

In terms of sex ratio, male to female gametophytes of both M. pyrifera and U. 

pinnatifida occurred in ratios close to 0.5 regardless of the temperature and seawater pHT 

treatments (except for M. pyrifera grown under pHT 7.20 and U. pinnatifida under pHT 

7.65 at 16°C with sex ratio > 0.5). The results found in this chapter are different to those 

of the Chapter 3 where the sex ratio was mainly biased towards female gametophytes 

(sex ratio < 0.5). In kelp species, sex ratios around 0.5 indicate that genetic factors (i.e., 

the sex chromosome) are modulating the sex determination while sex ratios different to 

0.5 are thought to be modulated by the interaction of sex chromosomes with 

environmental factors such as temperature (Oppliger et al. 2011). For example, Oppliger 
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et al. (2011) observed that L. nigrescens populations adapted to warm seawater but 

cultured in colder seawater generated a greater number of male gametophytes than those 

adapted to cold water and exposed to warmer seawater. Therefore, the greater number of 

male gametophytes in M. pyrifera and U. pinnatifida found at 16°C might suggest that 

those are ecotypes adapted to warm seawater. Nevertheless, sex determination in kelp 

gametophytes is still poorly understood compared to other developmental processes. 

Therefore, determining which other factors can interact with seawater temperature and 

modulate the genetic expression of sex in kelp gametophytes is a step that is still needed. 

The hypothesis that meiospore development of the invasive U. pinnatifida will 

be less sensitive to the interaction between enhanced temperature and reduced seawater 

pH than those of the native M. pyrifera was supported by some results. Germling growth 

rate was significantly higher in U. pinnatifida than in M. pyrifera, while gametophyte 

size was sex-related: male gametophytes were larger in M. pyrifera than U. pinnatifida 

but female gametophytes were larger in U. pinnatifida than M. pyrifera. The results 

obtained in this chapter suggest that both the native and the invasive kelps have similar 

physiological responses under the corresponding experimental treatments. Although U. 

pinnatifida has been reported to affect the species richness and diversity of native 

macroalgal communities (Casas et al. 2004, Irigoyen et al. 2011), there is no clear 

evidence of interspecific competition between M. pyrifera and U. pinnatifida (Raffo et 

al. 2009, Schiel and Thompson 2012). This may be because M. pyrifera and U. 

pinnatifida have similar development success under the different seawater temperature 

and pHT treatments, as shown in this study. However, the correct experiments (e.g., 

polyculture under different abiotic conditions) to quantify interspecific competition 

between these two kelps have not been performed yet. An experimental field polyculture 

of the kelps M. pyrifera and Pterygophora californica Ruprecht indicated that M. 

pyrifera recruitment is inhibited by the presence of P. californica meiospores at low or 

high densities (Reed 1990). Also, a laboratory polyculture of germlings of a green 

macroalga (Enteromorpha compressa (Linnaeus) Greville) and two brown macroalgae 

(Fucus evanescens C.Agard and F. serratus) indicated that presence of E. compressa in 

high density supressed photosynthesis and growth of the Fucus spp. and this effect 

increases with higher nutrient availability and temperature (Steen 2004). These types of 

competitive experiments may be a better option to determine species-specific differences 
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between M. pyrifera and U. pinnatifida under abiotic factors such as OW, OA and copper 

pollution. 

It is surprising that the optimal temperature for the development of different early 

life stages of kelps, one of the most important algal groups (see Chapter 1.4 for details), 

has not been described in full (Table 4.3). In this context, the literature summarized in 

Table 4.3 shows that there are more gaps than knowledge about thermal tolerance of 

different early life stages of kelps. For example, the study of the temperature optimum 

for swimming and photosynthesis of kelp meiospores has been rarely performed (Table 

4.3) despite swimming and photosynthetic capacities of meiospores being relevant for 

the dispersal and recruitment of new individuals into macroalgal populations (Reed et al. 

1992). Swimming time under different temperatures has been reported only for S. 

japonica (Fukuhara et al. 2002), while photosynthesis of swimming meiospores has been 

measured in only five kelp species (Fukuhara et al. 2002, Roleda 2009, 2015, Olischläger 

and Wiencke 2013b). 

The completion of meiospore germination may determine the success of the 

subsequent early developmental processes (Fletcher and Callow 1992, Bartsch et al. 

2008). Despite the importance of meiospore germination in kelps, there are only a few 

studies on this topic which report that, in general, the optimal range of temperatures for 

germination varied from 2 to 20°C (Table 4.3). The temperature optimum for meiospore 

germination has been reported for seven kelp species, including U. pinnatifida (Table 

4.3). Lee et al. (1989) and Morita et al. (2003b) reported that meiospore germination and 

gametophyte growth in U. pinnatifida occurred between 6 to 30°C with an optimal 

response at 10 and 14 – 20°C, respectively. In contrast, most of the studies listed in Table 

4.3 were focused on the response of gametogenesis to temperature which is considered 

to be the most sensitive early life stages in kelps (Vieira et al. 2015). A wide range of 

optimal temperature has been describe for the growth of kelp gametophytes between 10 

and 28°C for males and 2 and 28°C for female gametophytes (Table 4.3). In the case of 

M. pyrifera, the growth and maturity of female gametophytes have an optimum 

temperature between 12 and 17°C (Lüning and Neushul 1978) and for gametophyte 

photosynthesis, between 12 and 20°C (Fain and Murray 1982). The less studied 

parameters, in relation to temperature, were the gametophyte sex ratio and 

photosynthesis (Table 4.3). To predict how kelps will respond to the ongoing OW, new 
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knowledge on the thermal tolerance of different physiological processes in kelps is 

required. 

In summary, environmental changes in seawater temperature and pH for 2100 

and beyond are unlikely to affect meiospore development of both M. pyrifera and U. 

pinnatifida. In both kelps, meiospore germination was insensitive to seawater 

temperature and pH, while germling growth rate was positively affected by rising 

temperature. Although gametophyte development did not show a clear response to the 

seawater temperature and pH conditions, it is possible that gametogenesis will be 

positively affected by future environmental conditions. However, to predict the response 

of kelp populations to climate change further studies on OA, temperature and local 

stressors are still required (see Chapter 8).
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Table 4.3. Temperature range for the development of early life stages of members of the Order Laminariales. The experimental range temperature 

and the optimal response temperature for meiospore swimming and germination, male and female gametophyte growth, maturity and sex ratio are 

given. The temperature range for photosynthesis is also given. 

 

    Temperature (°C) range for development of each early life stage of Laminariales   

    Meiospore ♂ gametophyte ♀ gametophyte Gametophyte   

Kelp species a 

Experimental 

temperature 

range (°C) 

Swimming 

time 
Photosynthesis Germination Growth d Maturity e Growth d Maturity f 

Sex 

ratio 

(~0.5) 

Photosynthesis Reference 

Alaria esculenta 

(Linnaeus) Greville 

2 - 16 — — 2 - 16 (7) — — — — — — Fredersforf et al. (2009) 

  2 - 18 — — 2 - 12 — — — — — — Müller et al. (2008) 

  2 - 7 — — 2 - 7 — — — — — — Olischlager & Wiencke 

(2013) 

  2 - 19 — 7 - 13 b — — — — — — — Roleda (2009) 

Alaria marginata Postels 

& Ruprecht  

7 - 20 — — — — — 7 - 12 12 — — Lüning & Neushul 

(1978) 

Costaria costata 

(C.Agardh) De 

A.Saunders 

5 - 25 — — — 10 - 20 

(15) 

— — — — — Fu et al. (2010) 

Ecklonia biruncinata 

(Bory) Papenfuss  

4 - 30 — — — — — 19 - 22 12 - 23 

(23) 

— — Bolton & Anderson 

(1987) 

Ecklonia cava Kjellman  10 - 25  — — — — — 20 – 25 — — — Oh et al. (2015) 
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Ecklonia maxima 

(Osbeck) Papenfuss  

4 - 30 — — — — — 17 - 20 15 - 20 

(20) 

— — Bolton & Anderson 

(1987) 

Ecklonia radiata 

(C.Agardh) J.Agardh  

13.5 - 25.5 — — — 13 - 22 

(16 - 19 ) 

— 13 - 22 

(16 - 19) 

— — — Mabin et al. (2013) 

  12 - 28 — — — 20 - 22 — 20 - 22 — — — Mohring et al. (2014) 

  10 - 25 — — — — — 14 - 16 18 - 20 — — Novaczek (1984) 

Eckloniopsis radicosa 

(Kjellman) Okamura 

10 - 33 — — — 23 - 27 — 20 - 25 10 - 23 — — Komazawa et al. (2015) 

Egreria menziesii 

(Turner) Areschoug 

7 - 20 — — — — — 12 - 17 12 - 17 — — Lüning & Neushul 

(1978) 

Laminaria digitata 

(Hudson) 

J.V.Lamouroux 

10 - 22 — — 10 - 19 — — — — — — Bartsch et al. (2013) 

  18 - 24 — — — 18-23 — 18 - 22 — — — Bolton & Lüning (1982) 

  2 - 21 — — — — — 10 - 18 — — — Lüning (1980) 

  2 - 18 — — 2 - 18 — 18 — 2 - 12 — — Müller et al. (2008) 

  2 - 7 — — 2 - 7 — — — — — — Olischlager & Wiencke 

(2013) 

  2 - 19 — 7 - 13 b  — — — — — — — Roleda (2009) 

Laminaria farlowii 

Setchell 

7 - 20 — — — — — 12 - 17 12 — — Lüning & Neushul 

(1978) 

Laminaria hyperborea 

(Gunnerus) Foslie 

18 - 24 — — — 18 - 21 — 18 - 21 — — — Bolton & Lüning (1982) 

  5 - 20 — — — 5 - 15 — 5 - 15 — — — Kain (1964) 
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  2 - 21 — — — — — 10 - 15 — — — Lüning (1980) 

  2 - 18 — — — — 2 - 18 — 2 - 18 — — Müller et al. (2008) 

Laminaria ochroleuca 

Bachelot de la Pylaie 

10 - 25 — — 15 — — — — — — Pereira et al. (2011) 

  2 - 21 — — — — — 10 - 19  — — — Lüning (1980) 

Laminaria sinclairii 

(Harvey ex J.D.Hooker 

& Harvey) Farlow, 

Anderson & Eaton 

7 - 20 — — — — — 7 - 17 12 — — Lüning & Neushul 

(1978) 

Laminaria solidungula 

J.Agardh 

18 - 24 — — — 18 — 18 — — — Bolton & Luning (1982) 

  2 - 17 — 7 - 12 b — 12 — 12 — — — Roleda (2015) 

Lessonia nigrescens 

Bory 

5 - 18 — — 10 - 14 10 — — 10 — — Avila et al. (1985) 

  10 - 20 — — 10 - 20 10 - 20 — 10 - 20 10 - 15 10 - 20 — Oppliger et al. (2012) 

Lessonia trabeculata 

Villouta & Santelices 

5 - 15 — — — — — — 10 - 15 — — Murúa et al. (2013) 

Lessonia variegata 

J.Agardh 

10 - 15 — — — — — — 15 — — Nelson (2005) 

Macrocystis pyrifera 

(Linnaeus) C.Agardh  

10 - 30 — — — — — — — — 10 - 20 c Fain & Murray (1982) 

  7 - 20 — — — — — 12 - 17 12 - 17 — — Lüning & Neushul 

(1978) 

  8 - 18 — — — — — 15 15 — — Muñoz et al. (2004) 
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Pterygophora 

californica Ruprecht 

7 - 20 — — — — — 10 - 15 12 — — Lüning & Neushul 

(1978) 

Saccharina dentigera 

(Kjellman) C.E.Lane, 

C.Mayes, Druehl & 

G.W.Saunders 

7 - 20 — — — — — 7 - 17 12 — — Lüning & Neushul 

(1978) 

Saccharina japonica 

(Areschoug) C.E.Lane, 

C.Mayes, Druehl & 

G.W.Saunders  

5 - 15 5 - 10  15 c — — — — — — — Fukuhara et al (2002) 

Saccharina latissima 

(Linnaeus) C.E.Lane, 

C.Mayes, Druehl & 

G.W.Saunders 

5 - 25 — — 10 - 20 — — — — — — Han et al. (2011) 

 2 - 18 — — 2 - 18 — — — — — — Müller et al. (2008) 

  18 - 24 —   — 18 - 23 — 18 - 23 — — — Bolton & Luning (1982) 

  4 - 20 — — 4 - 17 — — 11 - 17 7 - 17 4 - 14 — Lee & Brinkhuis (1988) 

  2 - 19 — 13 b — — — — — — — Roleda (2009) 

Saccharina longicruris 

(Bachelot de la Pylaie) 

Kuntze  

18 - 24 — — — 18 - 23 — 18 - 23  — — — Bolton & Luning (1982) 

Saccorhiza polyschides 

(Lightfoot) Batters 

10 - 25 — — 15 — — — — — — Pereira et al. (2011) 
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Saccharina sessilis 

(C.Agardh) Kuntze 

7 - 20 — — — — — 7 - 12 7 - 12 — — Lüning & Neushul 

(1978) 

Undaria pinnatifida 

(Harvey) Suringar 

10 - 30 — — — 10 - 25 

(20) 

— 15 - 25 10 - 15  — — Morita et al. (2003b) 

  6 - 18 — — 10 — — 14 — — — Lee et al. (1989) 

Undaria undarioides 

(Yendo) Okamura 

10 - 30 — — — 10 - 28 

(20) 

— 10 - 28 21 — — Morita et al. (2003b) 

—, indicates no available data. ( ), indicates the optimal temperature value or range. a, current accepted nomenclature is used (Guiry & Guiry 2015). Photosynthesis 

measures as b optimum quantum yield (Fv/Fm) and c O2 evolution. d, vegetative growth.  

  

Maturity described as e 

antheridia and f oogonia 

production.  
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Chapter 5. EFFECTS OF CHRONIC EXPOSURE TO HIGH 

DISSOLVED COPPER CONCENTRATIONS ON MEIOSPORE 

DEVELOPMENT OF THE KELPS MACROCYSTIS PYRIFERA AND 

UNDARIA PINNATIFIDA 

5.1. INTRODUCTION 

Copper is an essential microelement for algal metabolism, required in trace amounts for 

the functioning of important biological processes such as enzymatic cofactors (amine 

oxidase and cytochrome c oxidase) and electron carriers in photosynthesis, mitochondrial 

respiration, cell wall metabolism and hormone signalling (Gledhill et al. 1997, Raven et 

al. 1999). Copper in excess, however, becomes one of the most toxic metals, adversely 

affecting cellular functions such as photosynthesis, fatty acid metabolism and enzyme 

activity. Copper can initiate the formation and accumulation of highly toxic reactive 

oxygen species (ROS) which cause oxidative damage of membrane lipids, nucleic acids 

and proteins which can lead to cell death (Rijstenbil et al. 1994).  

Copper concentrations in pristine coastal seawater vary between 0.5 and 3 µg L-1 

(Lewis 1995). The higher concentrations (> 5 µg L-1) found in some coastal waters may 

be attributed to both natural (e.g. rivers, atmosphere and hydrothermal vents) and 

anthropogenic sources (Nor 1987). Human activities including industrial and domestic 

wastes, agricultural practices, copper mine drainage, copper–based pesticide application, 

and antifouling paints have been the main contributor to a progressive increase in copper 

concentrations in aquatic environments (Nor 1987, Gledhill et al. 1997, Callow and 

Callow 2002). As sessile organisms, macroalgae are readily exposed to pollutants from 

coastal discharges (Littler and Murray 1975, Swartz et al. 1986). For example, in coastal 

areas impacted by the dumping of untreated mining tails with copper concentrations as 

high as >200 µg L-1 (Correa et al. 1999), the biological diversity declines due to the total 

loss of invertebrates and most macroalgal species (Castilla 1983). This decline in 

macroalgal abundance in copper-impacted environments might be consequence of failure 

in the recruitment or mortality of their early life stages (Bellgrove et al. 1997, Lotze et 

al. 2001, Contreras et al. 2007) which are more vulnerable to abiotic stress than the 

macroscopic phase (Roleda et al. 2007, 2009, Nielsen et al. 2014). In addition, the 
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establishment of opportunistic and stress tolerant macroalgae such as the genera Ulva 

Linnaeus has been observed after a decline of local macroalgal communities (Borowitzka 

1972, May 1985, Correa et al. 1996, 1999). 

New Zealand’s coastal ecosystems consists of a rich and diverse macroalgal flora: 

770 macroalgal species are known of which 265 are endemic and 22 invasive (Hurd et 

al. 2004). Of the native species, the giant kelp M. pyrifera is one of the most studied 

macroalgae (Graham et al. 2007). In New Zealand, this kelp species grows in open coasts 

and harbours, from the south-west of the South Island to south-east of the North Island 

and around Campbell and Auckland Islands (Hay 1990a). Undaria pinnatifida is one of 

the most successful invasive macroalgae, with a global expansion from its native habitat 

in northeast Asia (Yamanaka and Akiyama 1993, Fletcher and Manfredi 1995, Floc’h et 

al. 1996, Campbell and Burridge 1998, Silva et al. 2002, Meretta et al. 2012). In New 

Zealand, U. pinnatifida has invaded all of the major ports, a number of secondary ports 

and is well established on rocky shorelines (Russell et al. 2008). M. pyrifera and U. 

pinnatifida currently cohabit in many areas along New Zealand’s coasts (Russell et al. 

2008, Schiel and Thompson 2012).  

Macrocystis pyrifera and U. pinnatifida each have a similar reproductive 

strategy: macroscopic sporophytes bear basal sporophylls that produce sori where 

microscopic meiospores are formed. After their release and dispersal, meiospores settle 

on the substratum and germinate into microscopic male and female gametophytes that, 

after sexual fertilization, develop into the diploid sporophyte (Bartsch et al. 2008, Leal 

et al. 2014). The survival of early microscopic life history stages may determine the 

population dynamics of subsequent macroscopic algal assemblages (Lotze et al. 2001) 

and the high stress tolerance of the invasive species may promote their existence over 

native species (Borowitzka 1972, May 1985, Doblin and Clayton 1995, Castilla 1996, 

Bellgrove et al. 1997).  

In M. pyrifera and U. pinnatifida, meiospore germination and germ tube growth 

were found to be less sensitive to copper concentrations < 100 µg L-1 Cu2+ than the later 

stages of the life cycle such as gametogenesis and sporophyte production (Lee et al. 1989, 

Anderson et al. 1990). Therefore, this mechanistic study aimed to determine if the 

development of meiospores under high and chronic copper concentrations (> 100 µg L-1 

Cu2+) is different between M. pyrifera and U. pinnatifida. The hypotheses were: 1) 
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meiospore germination of both kelp species will not be inhibited by high copper 

concentrations and 2) the invasive U. pinnatifida will have higher tolerance to copper 

exposure than the native M. pyrifera. A literature review on the effects of copper on the 

development of early life stages of members of Laminariales and Fucales was also 

conducted to compare with the results of the present study.  
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5.2. MATERIAL AND METHODS 

5.2.1. PREPARATION OF TRACE METAL CLEAN LABORATORY–WARE 

To minimize metal contamination, all labware used for seawater sampling and toxicity 

tests (including polystyrene tissue culture vessels) were cleaned following the next 

modified protocol (Moody and Lindstrom 1977, Ahlers et al. 1990): 1) soaking in a 1% 

v/v Citranox® (Alconox Inc. New York, NY, USA) bath for one week and then rinsing 

five times with distilled water; 2) soaking in a 10% v/v HCl (6N AR-HCl) bath for at 

least four weeks and then rinsing five times with high-purity ultrapure water (resistivity 

≥ 18 MΩ cm); and 3) soaking in a 1% v/v HCl (8N ultra clean quartz distilled -HCl) bath 

for at least four weeks, then rinsing five times with ultrapure water and stored (in sealed 

plastic bags) until used.  

5.2.2. COLLECTION OF FERTILE M. PYRIFERA AND U. PINNATIFIDA SPOROPHYLLS, 

AND SEAWATER 

Sampling was performed during autumn 2013, in the upper sub-littoral of Hamilton Bay 

(45°47′ 51″ S; 170°38′ 39″ E, Fig. 1.3), Otago Harbour, New Zealand. During low tide, 

fertile sporophylls from 10 individuals of each species of M. pyrifera and U. pinnatifida 

were collected and transported to the laboratory in a cool box within 1 h of collection. At 

the same time, 30 L seawater was collected, proximate to the sporophyte sampling area, 

and stored in a polystyrene container. In the laboratory, the seawater was filtered (0.22 

µm, PES membrane, MILLEX®GP, Millipore Ireland Ltd., Cork, Ireland), transferred 

to another polystyrene container and stored in darkness at 4°C until use in all subsequent 

experiments. Fertile sporophylls were gently cleaned of epibiota by brushing them under 

filtered (0.22 µm) seawater, blotted dry and wrapped in moist tissue paper and stored 

overnight at 4°C before meiospore release. 

5.2.3. MEIOSPORE RELEASE AND CULTIVATION 

Meiospore release and cultivation was performed according to Chapter 2.2.2. After 

overnight desiccation of sporophylls, discs of 2 cm2 (a total of 45 g of 2 cm2 discs per 

species) were excised using a cork borer from sporophylls of 10 individual sporophytes. 

The pool of excised sori was immersed in 500 mL of filtered (0.2 µm) natural seawater 

for 15 min. Then, the sori were removed and the number of meiospores released was 
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counted using a haemocytometer (0.1 mm depth, Neubauer improved bright-line, 

Marienfeld, Germany). Meiospore densities were adjusted to 20,000 – 25,000 cell mL-1 

and separately dispensed onto each compartment of a six-well polystyrene tissue culture 

vessels (Costar 3516; Corning Inc., New York, USA) containing filtered seawater. After 

meiospore settlement (3 h), cultures were exposed to different nominal copper 

concentrations described below. Meiospores were cultivated in a temperature-controlled 

room at 12 ± 0.5°C under a 12:12 h light:dark photoperiod of 50 ± 2 µmol photons·m-

2·s-1 of PAR (cool-white fluorescent; Philips, Eindhoven, The Netherlands). 

5.2.4. COPPER STOCK SOLUTION AND NOMINAL CONCENTRATIONS 

Copper stock solutions were prepared by dissolving CuCl2 (anhydrous, powder, 99% 

trace metal basis, Sigma-Aldrich Co. LLC., St. Louis, Missouri, USA) in ultrapure water 

(2 g L-1). This stock solution was prepared in a 250 mL bottle (DURAN® laboratory 

glass bottle, DURAN Group GmbH, Mainz, Germany) every 3 days and was used within 

1 h of preparation. The copper nominal concentrations used in experiments were: Control 

(no added copper), 100, 200, 300 and 400 µg L-1 Cu. 

5.2.5. TOTAL DISSOLVED COPPER (CUT) ANALYSIS 

From each the replicates of each copper treatment and the analytical blanks, 0.15 mL of 

culture medium were diluted in 4.25 mL of ultrapure water and acidified with 0.09 mL 

of HNO3 (acidified sample, 4.5 mL 2% HNO3) and stored until analysis. Total copper 

concentrations were quantified by inductively coupled plasma mass spectrometry (ICP-

MS). 

Due to copper adsorption onto the experimental polystyrene culture vessels, the 

actual CuT concentrations that the meiospores were exposed to were determined using a 

linear regression analysis on the nominal and measured dissolved copper concentrations. 

The corresponding CuT concentrations for the nominal concentrations given above were: 

11 (control), 54, 91, 131, and 171 µg L-1 (Fig. 5.1). Copper taken up (adsorption and/or 

absorption) by the M. pyrifera and U. pinnatifida cells was computed as the difference 

between the dissolved copper concentrations measured for each experimental treatment 

and the analytical blank. 
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5.2.6. COPPER TOXICITY ASSAY 

After settlement, meiospores were exposed to five nominal concentrations (n = 6 

independent replicates per copper concentrations). The culture medium with the 

appropriate copper concentrations was renewed every three days to avoid inorganic 

carbon and nutrient depletion, and to simulate chronic copper exposure. Analytical 

blanks corresponding to each copper treatment were also prepared. Total dissolved 

copper concentrations in the treatments and blanks were measured as described above. 

Every three days, at least five haphazardly chosen visual fields using a 10× 

objective of an inverted microscope (Olympus CK2; Olympus Optical Co. Ltd., Tokyo, 

Japan) were photographed using a video camera (5.1M CMOS camera, 

UCMOS0510KPA). Photographs were viewed using the digital camera software 

ToupView 3.5. 350 meiospores were counted and classified into alive or dead according 

to Chapter 2.2.2. After 9 days, germling size and gametophyte size and sex ratio were 

obtained by measuring the area (µm2) of previously photographed individuals (n = 10 

per replicate). Meiospores with a visible germ tube that were sexually ambiguous were 

classed as germlings. Upon sexual differentiation, gametophytes were counted and 

classified as either a male or female (Fig. 5.4). Sex ratio was calculated as described by 

Roleda et al. (2012a): sex ratio = number of males / (number of males + number of 

females). 

5.2.7. EFFECTIVE CONCENTRATION (EC) VALUES CALCULATION 

Cu-EC50 values represent the concentration of the copper in each experimental treatment 

that caused the inhibition of 50% meiospore germination after 9 d of culture under copper 

treatments. Cu-EC50 values were calculated using the total dissolved copper 

concentrations. Cu-EC50 values were computed with the Dose Effect Analysis (Probit 

model, P < 0.05) in the software XLSTAT (Addinsoft 2015). 

5.2.8. STATISTICAL ANALYSIS 

Percentage data (meiospore germination and germling size) was logit transformed 

(Warton and Hui 2011). A Kolmogorov-Smirnov test was used to test Normality and the 

Levene’s test to test homogeneity of variance. A two-way ANOVA (P < 0.05) was used 

to test the effects of copper concentrations (four levels, fixed) on meiospore germination, 



 

 

103 

 

germling size and gametophyte size of both kelps (species: two levels, fixed). When a 

significant effect (single and/or two-way interaction) of independent variables was 

observed a post hoc Tukey test was applied. A Student’s t-test (P < 0.05) was used to 

compare the gametophyte size and sex ratio within each species and between species, 

respectively. The non-parametric Mann-Whitney U-test was used to test EC50 differences 

because the data did not meet the assumptions of normality and homoscedasticity 

required for a parametric test. Statistical analysis were performed using the software 

SigmaPlot 12.0 (Systat Software, Inc., San Jose, CA).  
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5.3. RESULTS 

5.3.1. TOTAL DISSOLVED COPPER (CUT) CONCENTRATIONS 

The coastal seawater used for the experiment had a background CuT concentration of 9.5 

± 3 µg L-1. After the experiment, and due to adsorption and/or absorption into the cell 

walls, the dissolved background of CuT concentration decreased to 4.5 ± 3 and 8.4 ± 9 

µg L-1 in M. pyrifera and U. pinnatifida meiospore cultures, respectively (Fig. 5.1). 

Analysis of CuT concentrations showed that in analytical blanks, the nominal 

concentrations (100, 200, 300 and 400 µg L-1 Cu) were reduced to 54 ± 10, 91 ± 2, 131 

± 3 and 171 ± 10 µg L-1 CuT, respectively. In the culture media of meiospores, the 

nominal concentrations (100, 200, 300 and 400 µg L-1 Cu) were reduced to 39 ± 7, 86 ± 

32, 97 ± 6 and 148 ± 5 µg L-1 CuT, respectively, in M. pyrifera, and to 39 ± 21, 65 ± 2, 

97 ± 2 and 146 ± 3 µg L-1 CuT, respectively, in U. pinnatifida (Fig. 5.1). 

5.3.2. EFFECTS OF COPPER ON MEIOSPORE GERMINATION AND DEVELOPMENT 

Germination under control conditions, i.e. without additional copper, was up to 95% in 

both M. pyrifera and U. pinnatifida. Under increasing CuT concentrations (54, 91, 131 

and 171 µg L-1 CuT), germination was 85 ± 5, 75 ± 3, 70 ± 9 and 43 ± 7 % of control, 

respectively, in M. pyrifera (Fig. 5.2; Tukey, P < 0.05; 54 > 91 = 131 > 171 µg L-1 

CuT), and 90 ± 4, 72 ± 8, 68 ± 4 and 66 ± 8 % of control, respectively, in U. pinnatifida 

(Fig. 5.2; Tukey, P < 0.05; 54 > 91 = 131 = 171 µg L-1 CuT). Meiospore germination 

was significantly different between species and CuT treatments. However, a significant 

two-way interaction (species × Cu treatments) was also observed (Table 5.1). Post hoc 

Tukey (P < 0.05) multiple comparison tests showed that the effect of copper on 

meiospore germination was lowest at 54 µg L-1 CuT in U. pinnatifida followed by 54 µg 

L-1 CuT in M. pyrifera, and highest at 171 µg L-1 CuT in M. pyrifera. The effect of the 

other concentrations (91 and 131 µg L-1 CuT) on both species was not significantly 

different (Fig. 5.2). 

Germling size under increasing CuT concentrations (54, 91, 131 and 171 µg L-1 

CuT) was 28 ± 4, 28 ± 9, 21 ± 4, and 24 ± 3 % of control in M. pyrifera (Fig. 5.3; Tukey, 

P < 0.05; 54 = 91 > 131 = 171 µg L-1 CuT), and 22 ± 2, 23 ± 4, 18 ± 2 and 18 ± 2 % of 

control in U. pinnatifida (Fig. 5.3; no statistical difference between copper treatments). 
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Germling size was statistically different between species (Table 5.1; Tukey, P < 0.05; M. 

pyrifera > U. pinnatifida under 54 and 171 µg L-1 CuT) and Cu treatments (Table 5.1; 

Tukey, P < 0.05; 54 = 91 > 131 = 171 µg L-1 CuT) but no interactive effect between the 

independent variables was observed (Table 5.1). 

Visual effects of dissolved copper treatments on the development of meiospores 

of M. pyrifera and U. pinnatifida are summarized in Fig. 5.4. In the controls (no added 

copper), meiospores of both M. pyrifera and U. pinnatifida grew normally and developed 

into female and male gametophytes after 9 days. Meiospore germination occurred under 

all dissolved copper concentrations but no gametophyte development was observed after 

9 days for either species (Fig 5.4). 

Gametophyte development and sexual differentiation was observed only under 

control conditions (Fig. 5.4). The size of male and female gametophytes was 506 ± 48 

and 440 ± 46 µm2 for M. pyrifera and 485 ± 66 and 436 ± 74 µm2 for U. pinnatifida (Fig. 

5.5). Regardless of species, gametophyte size was significantly different between sexes 

(Table 5.1; Tukey, P < 0.05; male > female). However, within each species, male 

gametophytes were only significantly larger than female gametophytes in M. pyrifera 

(Student’s t-test, t10 = 2.439, P = 0.035). There was no two-way interaction between 

independent variables (species × gametophyte sex, Table 5.1). Gametophyte sex ratio 

(0.46 ± 0.06, M. pyrifera; 0.47 ± 0.02, U. pinnatifida; Fig. 5.5) was not significantly 

different between species (Student’s t-test, t10 = -0.182, P = 0.859). 

5.3.3. CU-EC50 FOR MEIOSPORE GERMINATION 

Cu-EC50 values for meiospore germination were 157 and 231 µg L-1 CuT for M. pyrifera 

and U. pinnatifida, respectively (Table 5.2), and they were statistically different (Mann-

Whitney U = 4.5, n1 = n2 = 6, P = 0.026).  
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Figure 5.1. Linear regression between nominal (added) copper concentrations and total 

dissolved copper (CuT) concentrations in medium of analytical blank and cultures of M. 

pyrifera and U. pinnatifida meiospores. Corresponding linear regression equations are 

shown. Points represent mean ± SD (n = 3). 
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Figure 5.2. Meiospore germination of M. pyrifera and U. pinnatifida after 9 days of CuT 

exposure. Data are expressed as percentage of the control culture. Bars represent mean ± 

SD (n = 6). Different letters indicate significant differences between species and 

treatments (a > b > c > d; Tukey test, P < 0.05). 
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Figure 5.3. Germlings size of M. pyrifera and U. pinnatifida after 9 days of CuT 

exposure. Data are expressed as percentage of the control culture. Bars represent mean ± 

SD (n = 6). Different letters indicate significant differences between species and 

treatments (a > b; Tukey test, P < 0.05). 
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Figure 5.4. Gametophyte development after 9 days for M. pyrifera and U. pinnatifida 

exposed to a range of CuT concentrations. ♀ indicates female and ♂ indicates male 

gametophytes. Scale bar represents 20 µm. 
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Figure 5.5. Area (µm2) and sex ratio of M. pyrifera and U. gametophytes after 9 days 

cultivation under control (no added copper) conditions. Bars and circles represent mean 

± SD (n = 6). The asterisk indicates a significant difference in gametophyte size within 

M. pyrifera (Student’s t-test, P < 0.05). 
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Table 5.1. Two-way ANOVA and significance values for effects of CuT exposure on meiospore germination, germling area and gametophyte area 

of M. pyrifera and U. pinnatifida.  

 

Variable Source of variation Degree of freedom Sum of squares Mean square F P 

Meiospore germination Species 1 0.208 0.208 8.477 0.006* 

 Cu treatment 3 3.946 1.315 53.546 < 0.001* 

  Species × Cu treatment 3 0.444 0.148 6.032 0.002* 

  Residual 40 0.983 0.025     

  Total 47 5.581 0.119     

Germlings size Species 1 0.140 0.140 13.750 < 0.001* 

 Cu treatment 3 0.183 0.061 5.989 0.002* 

  Species × Cu treatment 3 0.011 0.004 0.358 0.784ns 

  Residual 72 0.407 0.010     

  Total 79 0.740 0.016     

Gametophyte size Species 1 937.806 937.806 0.266 0.612ns 
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Gametophyte sex 1 19900.829 19900.829 5.648 0.028* 

  Species × Gametophyte sex 1 421.988 421.988 0.120 0.733ns 

  Residual 36 70466.696 3523.335     

  Total 39 91727.319 3988.144     

*, indicate significance  

ns, not significance             
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5.4. DISCUSSION 

5.4.1. EFFECT OF COPPER ON MEIOSPORE GERMINATION AND DEVELOPMENT 

The first hypothesis that copper will not inhibit meiospore germination was supported 

because meiospore germination occurred under all Cu treatments. Meiospores of both M. 

pyrifera and U. pinnatifida were able to germinate under copper concentrations (54 to 

171 µg L-1 CuT) as high as those found in highly polluted coastal areas (e.g., > 5 to 250 

µg L-1 Cu, Correa et al. 1999), although germination declined with increasing CuT. These 

results may be explained by the relatively high concentrations that Dickson and Hunter 

(1981) found in Otago Harbour surface seawaters (0.15 to 3.26 µg L-1 Cu). In addition, 

the CuT concentration in the seawater obtained was around 20-fold higher than the 

previously reported concentration for the Hamilton Bay (0.48 µg L-1 Cu) and around 40-

fold higher than the average (0.84 µg L-1 Cu) for Otago Harbour (Dickson and Hunter 

1981) suggesting that the pollution in that area has increased significantly since the 

1980s. Therefore, the constant exposure of both kelp populations to increasing copper 

pollution inside Otago Harbour might allow them to overcome the toxic effects of copper 

during meiospore germination. Accordingly, copper-tolerant ecotypes have been 

reported in macroalgal populations inhabiting copper-polluted environments because of 

selective pressure (Reed and Moffat 1983). Under control conditions, meiospores of M. 

pyrifera and U. pinnatifida germinated within 3 days and developed to form healthy 

microscopic male and female gametophytes as is expected for members of the order 

Laminariales (Bartsch et al. 2008, Leal et al. 2014).  

The completion of meiospore germination (i.e., germ tube formation and cell 

growth) found for both M. pyrifera and U. pinnatifida under all CuT treatments was not 

surprising given that this process is tolerant to copper stress (Anderson et al. 1990). 

However, metals are thought to inhibit meiospore photosynthesis and thus disrupt 

germination (Anderson and Hunt 1988). Anderson et al. (1990) suggested that calcium 

ion transport across the cell membrane is essential for germ tube formation and the 

process may be inhibited by exposure to metals (Anderson et al. 1990). For example, 

copper disrupts specific developmental processes in F. serratus embryos where elevated 

copper concentrations inhibit rhizoid formation and elongation; the inhibitory effect is 

primarily due to the blockage of the secretion of fucoidan (a component of the cell wall) 

and reduction of intracellular calcium gradient signals (Nielsen et al. 2003a). Germ tube 
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formation can occur in darkness (Han et al. 2011), which suggests that cells are able to 

mobilize their endogenous nitrogen and carbohydrate reserves to initiate the germination 

process and this may explain the findings observed in this study. Little is known about 

the mechanisms involved in the responses of early life stages of Laminariales meiospores 

to copper, and more physiological work is needed to better understand the tolerance of 

meiospore germination and the sensitivity of gametogenesis to copper in M. pyrifera and 

U. pinnatifida. 

The second hypothesis that U. pinnatifida will be more tolerant to copper than M. 

pyrifera was only supported by some of the response variables measured. Meiospore 

germination was significantly higher for U. pinnatifida than M. pyrifera under 54 and 

171 µg L-1 CuT. Similarly, Cu-EC50 for meiospore germination in U. pinnatifida was 

higher than that for M. pyrifera, indicating that the invasive kelp may have an advantage 

on ecological success in copper polluted environments over the native giant kelp. 

However, germlings of M. pyrifera were bigger than those of U. pinnatifida under 54 and 

171 µg L-1 CuT. In addition, gametogenesis in both kelp species was arrested under all 

CuT treatments, indicating that there would not be difference in copper tolerance between 

microstages of M. pyrifera and U. pinnatifida in a copper polluted environment. These 

results suggest that meiospore germination is not the most sensitive response variable for 

determining copper ecotoxicology of M. pyrifera and U. pinnatifida and long-term 

experiments that also assess gametogenesis are needed for more accurate interpretations 

of responses of macroalgal microscopic stages to copper.  

Standardization of the data reported is also important to facilitate comparison 

between studies on different species. The most common form of standardization is to 

calculate, from a dose-response curve, the metal concentration at which 50% of the 

response variable is affected (i.e. EC50) (Chapman 1995). However, few studies on the 

early life history stages of seaweed have reported EC50 and in most of the studies, the 

assay results were expressed as a reduction or inhibition of the various response variables 

(Table 5.2). Including the present study, Cu-EC50 values for germination have been 

calculated in only five ecotoxicological studies for 4 macroalgal species of the Orders 

Laminariales and Fucales (Table 5.2). Comparison of Cu-EC50 for germination suggest 

that the most copper sensitive Laminarian species were S. japonica with an EC50 = 120 

µg L-1 (Han et al. 2011) and M. pyrifera with an Cu-EC50 = 157 µg L-1 (present study), 
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while the most copper tolerant were U. pinnatifida with an Cu-EC50 = 231 µg L-1 (present 

study) and Ecklonia radiata (C.Agardh) J.Agardh with an Cu-EC50 = 300 µg L-1 

(Burridge et al. 1999, Ross and Bidwell 1999). The Cu-EC50 for germination for the 

Fucalean Hormosira banksii (Turner) Decaisne was 170 and 220 µg L-1 after 48 and 72 

h of copper exposure, respectively (Myers et al. 2006), indicating that copper tolerance 

can change with exposure time. 

The response variables that have been often used in copper toxicity assays are the 

germination and growth of the germ tube (Laminariales) or rhizoid (Fucales) (Table 5.2). 

Different copper concentrations have been reported to affect different physiological 

processes, although these are mostly nominal concentrations rather than measured (Table 

5.2). In the Laminariales, copper concentrations ≥ 40 µg L-1 significantly inhibit 

meiospore germination, reduce germ tube growth and interrupt nuclear migration in M. 

pyrifera (Anderson et al. 1990, Garman et al. 1994). In U. pinnatifida meiospore 

germination significantly decreased at copper concentrations > 5 µg L-1 (Lee et al. 1989). 

100 µg L-1 of copper reduced meiospore germination and gametophyte survival in 

Laminaria hyperborea (Gunnerus) Foslie (Hopkin and Kain 1978). Copper (8 µg L-1) 

considerably reduced meiospore release and completely interrupted post settlement 

development in L. nigrescens (Contreras et al. 2007). Meiospore release by S. latissima 

[= L. saccharina] was reduced and gametogenesis delayed by 50 µg L-1 copper, but 

germination was not affected by concentrations under 500 µg L-1 (Thompson and 

Burrows 1984, Chung and Brinkhuis 1986, Ye et al. 2005). In members of the Fucales, 

copper (≥ 3 µg L-1) reduced zygote germination and rhizoid elongation in F. serratus, F. 

spiralis and F. vesiculosus Linnaeus (Andersson and Kautsky 1996, Bond et al. 1999, 

Gledhill et al. 1999, Nielsen et al. 2003a, 2003b, 2005, 2014, Brooks et al. 2008). 

These developmental processes are ecologically important because any 

interruption or delay in meiospore development (Anderson et al. 1990) can expose the 

cryptic microscopic early life history stages to sustained grazing pressure and recurrent 

abrasion and sediment burial (Devinny and Volse 1978). Such a developmental delay 

may also favour other competing algal species (Reed and Foster 1984, Dean et al. 1989, 

Reed 1990) including invasive or opportunistic species (Castilla 1996). Furthermore, a 

delay, in germ tube growth and germination may decrease the probability of gametophyte 

maturation when the optimal environmental conditions are present (Anderson et al. 1990, 
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Reed 1990, Garman et al. 1994). Comparison between studies on copper toxicological 

effects on early life history stages of macroalgae is difficult because, in most of them, 

only the nominal copper concentrations were reported (Table 5.2). The results of this 

study suggest that both the nominal and dissolved copper concentrations need to be 

detailed in toxicological studies to prove that the desired exposure concentrations did not 

change during the experiment (Table 5.2), due to adsorption into the container walls and 

macroalgal cells. 

5.4.2. ANALYTICAL PROCEDURES OF COPPER ECOTOXICOLOGY OF ALGAE 

The results showed that the dissolved copper concentrations were substantially reduced 

compared to the nominal copper concentrations that were added to the experimental 

treatments. The concentrations of copper measured in the analytical blanks were about 

50% lower than that of the nominal concentrations added to the culture media. At natural 

pH, metals (e.g., copper) in the solution may have been adsorbed by the walls of the glass 

bottle containing the stock solution and by the plastic walls of the 6-well plate culture 

vessels used in the experiment (both the analytical blanks and dose-response 

experiments) (Gledhill et al. 1999). The metal adsorption by the stock solution container 

walls can be avoided by acidification (to pH 2) of the stock solution using HCl or HNO3 

(Moody 1982, Parr 1986). This step was omitted in this study to avoid acidification of 

the culture media which could affect spore germination and cell division (Sorokin 1962b, 

Roleda et al. 2012a). 

The reduction of total dissolved copper concentration in the meiospore cultures 

of both kelps was even higher (6 – 15 %) than in the analytical blanks. This result may 

be related with two mechanisms that algae have developed for metal homeostasis: 

biosorption and bioaccumulation. Biosorption is the removal of trace metals by a passive 

binding into the algal cell wall from the seawater (Davis et al. 2003, Chojnacka 2010). 

Under laboratory conditions, metal biosorption can be performed by exposing living or 

non-living biomass to a range of metal concentrations (Davis et al. 2003, Chojnacka 

2010). In contrast, bioaccumulation is performed by living biomass and refers to an active 

transport of the metal ions from the cell wall to the inside of the cell that occurs after the 

biosorption (Davis et al. 2003, Chojnacka 2010). The inherent capacity of macroalgae to 

bioabsorb and bioaccumulate trace metals makes them an important biotechnological 
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tool to bioremediate polluted marine environments and to treat industrial waste water 

(Chojnacka 2010). 

In summary, Cu-EC50 values for meiospore germination were greater for the 

invasive U. pinnatifida than the native M. pyrifera to copper exposure. However, the 

subsequent development of gametophytes was equally arrested by copper in both kelp 

species, and therefore it is not possible to suggest that U. pinnatifida will have a 

competitive advantage over M. pyrifera in marine coastal areas with high copper 

concentrations. Moreover, ecotoxicological studies on microscopic life stages of M. 

pyrifera and U. pinnatifida have rarely been performed, which is surprising given that 

they are considered the most sensitive life history stage to environmental stress. In 

addition to this work, only two publications on M. pyrifera and only one on U. pinnatifida 

were found. Furthermore, comparison between studies is difficult because there is an 

inconsistency in reporting relevant protocol steps such as nominal and/or dissolved 

copper concentrations, and response variable effects (e.g. EC50). Such inconsistencies 

may result in misinterpretations of the effects of copper on the ecophysiology of the early 

life history stages of kelps. 

Finally, the results demonstrate the importance of technical procedure in toxicity 

experiments. The actual dissolved copper concentrations were substantially lower than 

the nominal addition to the analytical blanks and meiospore culture media. This decrease 

in dissolved copper concentrations may be attributed to adsorption to container walls or 

extra- and intracellular association of copper with the kelp germlings. Thus, in copper 

ecotoxicological studies, it is important to report both the nominal concentrations and the 

actual concentrations measured within culture vessels.  
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Table 5.2. Effect of copper concentrations on different early life stages of members of the Orders Fucales and Laminariales. Copper 

concentrations and exposure time at which a negative effect on the response variable was observed are given. Concentrations reported are 

either nominal (i.e. added) or dissolved (i.e. measured). 

 

Classification of test algae a Copper 

concentration 

range (µg·L-1) 

Reported 

concentration 

Response variable 

measured 

Effect of 

copper (µg L-1) 

Exposure 

time 

Reference 

Laminariales             

Ecklonia radiata (C.Agardh) 

J.Agardh 

0 – 1000 2 Nominal Germination EC50 = 330 48 h Burridge et al. 

(1999) 

      Growth EC50 = 480 48 h   

  0 – 340 2 Nominal Germination EC50 = 300 48 h Ross & 

Bidwell (1999) 

Laminaria hyperborea 

(Gunnerus) Foslie 

0 – 100 2 Nominal Germination Reduced by ≥ 

100 

14 d Hopkin & Kain 

(1978) 

      Gametophyte 

survival 

Reduced by ≥ 

100 

14 d   

Lessonia nigrescens Bory de 

Saint-Vincent 

0 – 100 3 Dissolved Meiospore release Reduced by ≥ 8 8 h Contreras et al. 

(2007) 



 

 

119 

 

      Meiospore 

settlement 

Reduced by ≥ 8 48 h   

      Germination Reduced by ≥ 

200 

48 h   

      Gametophyte 

production 

Reduced by ≥ 

45 

40 d   

Macrocystis pyrifera (Linnaeus) 

C.Agardh 

0 – 100 2 Nominal Germination Inhibited by 

≥100 

48 h Anderson et al. 

(1990) 

      Germ tube growth Inhibited by ≥ 

18 

48 h   

      Sporophyte 

development 

Inhibited by ≥ 

18 

20 d   

  0 – 160 2 Dissolved Germination Reduced by ≥ 

20 

24 h Garman et al. 

(1994) 

      Germ tube growth Reduced by ≥ 

40 

24 h   

      Nuclear migration Reduced by ≥ 

20 

42 h   
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  0 – 171 4 Dissolved Germination EC50 = 157 ± 9 9 d Present study 

Saccharina japonica (Areschoug) 

C.E.Lane, C.Mayes, Druehl and 

G.W.Saunders 

0 – 400 2 Nominal Germination EC50 = 120 24 h Han et al. 

(2011) 

      Germ tube growth EC50 = 81 24 h   

Saccharina latissima (Linnaeus) 

C.E.Lane, C.Mayes, Druehl and 

G.W.Saunders [= Laminaria 

saccharina (Linnaeus) 

J.V.Lamouroux] 

0 – 100 2 Nominal Meiospore release Reduced by ≥ 

50 

12 h  Chung & 

Brinkhuis 

(1986) 

      Germination No effect 12 h    

      Gametogenesis Inhibited by ≥ 

10 

7 d   

      Sporophyte 

development 

Inhibited by ≥ 

50 

20 d   

  0 – 200 4 Nominal Germling growth Inhibited by ≥ 

50 

14 d Thompson & 

Burrows 

(1984) 
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  0 – 200000 3 Dissolved Gametophyte 

survival 

Inhibited by ≥ 

50000 

14 d Ye et al. (2005) 

Undaria pinnatifida (Harvey) 

Suringar 

0 – 100 5 Nominal Germination Reduced by all 

concentrations 

21 d Lee et al. 

(1989) 

      Gametophyte 

development 

Reduced by ≥ 5 43 d   

  0 – 171 4 Dissolved Germination EC50 = 231 ± 

68 

9 d Present study 

Fucales             

Fucus serratus Linnaeus 0 – 55 3 Nominal Rhizoid elongation  Inhibited by ≥ 

13 

10 d Nielsen et al. 

(2003a) 

  0 – 1280 3 Nominal Rhizoid elongation  Reduced by ≥ 

13 

8 d Nielsen et al. 

(2003b) 

  0 – 127 5 Nominal Rhizoid elongation  Reduced by ≥ 

32  

10 d Nielsen et al. 

(2005) 

  0 – 64 5 Nominal Rhizoid elongation  Reduced by ≥ 6 6 d Nielsen et al. 

(2014) 
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Fucus spiralis Linnaeus 0 – 128 2 Dissolved Germling size Reduced by ≥ 

12 

10 d Bond et al. 

(1999) 

Fucus vesiculosus Linnaeus 0 – 20 2 Nominal Rhizoid elongation  Reduced by ≥ 

2.5 

24 h Andersson & 

Kautsky (1996) 

  0 – 320 2 Nominal Embryo length Reduced by ≥ 

20 

14 d Brooks et al. 

(2008) 

  0 – 64 4 Dissolved Germling growth Inhibited by ≥ 

32 

19 d Gledhill et al. 

(1999) 

Hormosira banksii (Turner) 

Decaisne 

0 – 500 2 Nominal Rhizoid initiation EC50 = 130 48 h Myers et al. 

(2006) 

        EC50 = 90 72 h   

      Germination EC50 = 170 48 h   

        EC50 = 220 72 h   

1 Current synonyms obtained from AlgaeBase (Guiry & Guiry 2015). Culture medium renew: 2 not specified, 3 daily, 4 every 3 days, 

5 every 2 days 
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Chapter 6. COPPER ECOTOXICOLOGY OF MARINE ALGAE: A 

METHODOLOGICAL APPRAISAL 

6.1. INTRODUCTION 

Algae (both macro- and microalgae) are important components of marine ecosystems. 

They provide 50% of global primary production, play significant ecological roles as the 

base of marine food chains, and participate in the cycling of organic and inorganic 

substances (Walsh 1988, Field et al. 1998, Arkema et al. 2009). In coastal environments, 

macroalgae additionally provide a settling substrate for sessile invertebrates, and provide 

shelter for epifauna from predation (Dayton 1985, Steneck et al. 2002, Graham et al. 

2007, Hurd et al. 2014). Algae are continually exposed to natural (e.g., temperature, UV 

radiation and grazing) and anthropogenic stressors (Hurd et al. 2014). Human activities 

produce various forms of stressors, including nutrient enrichment and discharges of toxic 

metals (Coelho et al. 2000, Bruland and Lohan 2003). Studies on different algal groups 

are needed to provide an effective environmental risk assessment because the sensitivity 

of algae to pollution is species-specific and can have different ecological consequences 

(Eklund and Kautsky 2003). For example, negative effects of a toxic compound on the 

physiology of a microalgal species have a direct effect on higher trophic levels of the 

food web (Eklund and Kautsky 2003), while negative effects on macroalgae do not only 

affect trophic dynamics but also have severe consequences on structural (e.g., 3-D 

habitat) integrity of the coastal ecosystem (Correa et al. 1999, Coelho et al. 2000). 

Studies on the effects of increased metal concentrations on biota (e.g., algae) and 

their environment is termed metal ecotoxicology (Chapman 1995), and this field has 

become increasingly important over the past few decades in order to assess the impacts 

of pollution on marine coastal ecosystems (Eklund and Kautsky 2003). Metal 

ecotoxicological studies on algae are important because: (1) adverse impacts of high 

metal concentrations on algal populations can have flow-on effects that are detrimental 

to the local coastal environment (Correa et al. 1999, Coelho et al. 2000, Eklund and 

Kautsky 2003); (2) metals can be directly accumulated by algae and incorporated into 

the food web, causing a health risk to living organisms, including humans (Chapman 

1995, Eklund and Kautsky 2003, Besada et al. 2009, Chojnacka 2010); and (3) the 

information obtained in an ecotoxicological study can serve as a tool for legislators and 
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local governments to determine critical levels of pollutants in coastal areas, allowing 

them to regulate and/or prevent detrimental ecosystem effects from metal contamination 

(Chapman 1995, Eklund and Kautsky 2003, van Dam et al. 2008). For example, 

biomonitoring programs have been developed to establish spatial and temporal variation 

in trace metal concentrations in marine environments (Rainbow 1995), some even using 

macroalgae as biomonitors (Davis et al. 2003, Chojnacka 2010). 

Copper is an essential micronutrient required for algal growth and development 

because it participates in fundamental physiological processes (e.g. photosynthetic 

electron transport, mitochondrial respiration) and is a cofactor for many enzymes (e.g. 

superoxide dismutase, cytochrome c oxidase) (Raven et al. 1999). However, copper in 

excessive concentrations becomes toxic, causing growth inhibition of algae due to 

adverse effects on the same cellular processes where it is needed, such as enzyme activity 

and photosynthetic electron transport (Overnell 1976, Pinto et al. 2003, Bertrand and 

Poirier 2005, Gouveia et al. 2013). Elevated copper concentrations in marine coastal 

ecosystems are directly related to human activities involving the production of industrial 

(e.g. pesticide use and agricultural run-off, mine tailings) and domestic (e.g. 

urbanization, automobile exhausts) wastes (Nor 1987, He et al. 2005). 

The main method used for determining the impacts of a marine pollutant (e.g. 

copper) on algae is the ecotoxicity test (Burridge and Bidwell 2002). In general, the algal 

species is exposed to different metal concentrations. After a predefined exposure time, 

biological responses such as photosynthesis, growth, spore germination and mortality, 

and metal biosorption and bioaccumulation are measured (Burridge and Bidwell 2002, 

Eklund and Kautsky 2003, van Dam et al. 2008). From the resultant dose response curve, 

an ECX (i.e., the metal concentration at which X% of the biological response is affected) 

is derived (Anderson et al. 1990, Garman et al. 1994, Nielsen et al. 2003a, 2005, Myers 

et al. 2006, Contreras et al. 2007). ECX is a response variable highly recommended to 

facilitate ecological comparisons between ecotoxicological studies (Chapman 1995).  

Very important for acquiring accurate results for ecotoxicity tests is the use of 

trace metal clean techniques for (1) cleaning and storage of laboratory–ware for sampling 

and experiments, (2) experimental and sampling handling, (3) stock solution preparation, 

and (4) sample storage. The use of rigorous trace metal clean techniques can considerably 

reduce sampling contamination, subsequent procedural contamination or the loss of the 
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analysed metal (Maienthal and Becker 1976, Moody and Lindstrom 1977, Moody 1982, 

Parr 1986). In 1976, Maienthal and Becker (1976) reported that most published studies 

on trace metal analysis, especially in the field of marine biology, have been inaccurate 

and unreliable as a result of not using trace metal clean techniques. However, these early 

recommendations have largely been ignored in subsequent trace metal studies (Benoit et 

al. 1997). 

Another potentially confounding problem in metal ecotoxicology is the choice of 

material for the laboratory–ware. For example, while some metals such as copper adsorb 

onto glass, others (e.g., iron, aluminium, lead) continuously leach from it (Richter 2003). 

The use of glassware to prepare, store and/or to incubate the experimental organism can 

decrease the actual dissolved (i.e., measured) metal concentration by up to 50% 

compared to the nominal (i.e., added) concentrations (Chapter 5). Electrochemical 

analysis of total copper concentrations in seawater with additions of 100, 200, 300 and 

400 µg Cu L-1, after 9 days incubation showed only 54, 91, 131 and 171 µg Cu L-1, 

respectively, were left in solution (Chapter 5). Therefore, rather than being dependent on 

the prepared nominal metal concentrations in stock solutions and culture media, a routine 

measurement of the actual dissolved metal concentration is needed (Gledhill et al. 1997, 

Burridge and Bidwell 2002), In addition, algae can also bioadsorb and bioaccumulate 

metals in solution causing variation of the metal concentrations (Chojnacka 2010). For 

example, the cell wall polysaccharide of brown macroalgae, alginate, has high affinity 

for metal binding that leads to their bioaccumulation (Davis et al. 2003). 

This literature review examines the rigor of trace metal clean protocols used in 

copper ecotoxicological studies performed on marine macro- and microalgae. The goals 

of this study were to assess (1) whether or not the recommendations of Maienthal and 

Becker (1976) for trace metal clean procedures have been incorporated into subsequent 

copper ecotoxicological studies; (2) the proportion of studies using glassware and 

plasticware and the proper cleaning procedures of all laboratory–ware; (3) methods of 

preparation of stock solution e.g. acidification and storage; (4) the measurement of actual 

dissolved copper concentration in the test solutions; and (5) to compile a comprehensive 

list of algal species (taxonomic classification) used in studies on copper ecotoxicology.  



 

 

127 

 

6.2. MATERIAL AND METHODS 

6.2.1. LITERATURE SEARCH 

The search for English peer-reviewed literature was conducted with the Web of 

Science™ database (ISI Web of Knowledge 2016). The primary keywords used were 

algae and copper and the initial number of articles provided by the search engine was > 

5000. An advanced search was performed using one or both of the primary keywords in 

combination with the following keywords: seaweed, microalgae, heavy metal, trace 

metal, toxicity, ecotoxicity, ecotoxicology, bioaccumulation, biomonitoring, 

bioremediation, biosorption, copper uptake and effective concentration. 

To refine the number of articles displayed by the search engine, the main criterion to 

include articles in this review was that the study performed copper dose-response 

experiments on marine macro- and/or microalgae or biosorption and/or bioaccumulation 

experiments. 

6.2.2. EXPERIMENTAL PROTOCOLS 

The materials and methods of each article were scrutinized and the following information 

was recorded and analysed: 1) type (i.e. glass or plastic) of the labware used; 2) labware 

cleaning protocol, i.e. acid washing and ultrapure water rinsing; 3) copper stock solution 

preparation, i.e. copper forms, acidification and the addition of chelating agent; 4) 

reported copper concentrations (i.e. nominal and/or dissolved); and 5) analytical 

technique for dissolved copper concentrations. 

6.2.3. TAXONOMIC CLASSIFICATION OF TEST ORGANISMS 

The marine macro- and microalgae used in published studies on copper ecotoxicity tests 

were group according to taxa into Phyla and Order. Species names were according to the 

current nomenclature on AlgaeBase (Guiry and Guiry 2016).  
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6.3. RESULTS 

6.3.1. ECOTOXICOLOGICAL STUDIES: 1977–2015  

A total of 93 articles (Appendix 4 and 5) which satisfied the criteria were examined 

thoroughly. These articles on copper toxicity of algae cover the period of 39 years, since 

Maienthal and Becker (1976) to up to March 2016. When grouped into 10-year periods, 

the number of studies has increased from 6 articles (5 on macro- and 1 on microalgae) 

during the first decade (1976–85), to 46 (36 on macro- and 11 on microalgae) in the 

decade corresponding to 2006–15 (Fig. 6.1). During the whole period (1976–2015), the 

total numbers of articles that focused on marine micro- and macroalgae were 19 and 74, 

respectively (Fig. 6.1). 

The 93 reviewed articles were grouped according to their study focus. Out of 

these, 77 studies were focused on copper ecotoxicity, whereas 16 were on copper 

bioremediation of which 10 focused on copper bioaccumulation and 6 on copper 

biosorption (Fig. 6.2). 

6.3.2. REVIEW OF TRACE METAL CLEAN TECHNIQUES 

The labware material used in toxicity tests was detailed in 50 of the 93 articles (Fig. 6.3a; 

Appendix 5). Glassware was used in 24 studies (borosilicate glass in 3 studies) and 

plasticware in 26 studies, (fiberglass in 1, polycarbonate in 11, polyethylene in 2, 

polypropylene in 1 and polystyrene in 1), while 43 studies (~50%) did not specify the 

material of the labware used (Fig. 6.3a; Appendix 4).  

The labware cleaning techniques were detailed in only ~70% of articles (Fig 

6.3b–c; Appendix 4). Acid soaking was performed in 29 studies: 14 used HNO3, 7 used 

HCl, 8 an unspecified acid and 1 a cleaning detergent (Fig. 6.3b, Appendix 4). Acid 

concentrations varied from 2% to 10% or 1 to 2N (~1M), and the washing period varied 

from 12 h to several days (Appendix 5). The labware water rinsing protocol was reported 

in 22 articles: the utilization of ultrapure water was specified in 18 studies and distilled 

water in 4 studies (Fig. 6.3c, Appendix 4) and the number of rinses varied from 1 to 6 

times. Around 70% of the articles did not specify any acid cleaning (63 articles) and/or 

use of ultrapure water (71 articles) for rinsing the copper toxicity test labware (Fig. 6.3b–

c, Appendix 4). 
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The inorganic copper form used in toxicity tests varied between studies (Fig. 

6.3d, Appendix 5). Five different inorganic copper compounds were specified: CuSO4 

(35 articles) and CuCl2 (29 articles) being the most preferred copper forms, including 

their hydrated forms (CuSO4·H2O, CuSO4·2H2O, CuSO4·5H2O, CuCl2·2H2O). In 15 

studies the chemical formula of the copper source was not detailed (Appendix 4).  

The addition of acid to reduce the pH of the copper stock solution also varied 

between studies (Fig. 6.3e, Appendix 4). The copper stock solution was noted as acidified 

in 17 studies, using HCl (6 studies), HNO3 (3 studies) and H2SO4 (2 studies) at different 

concentrations (listed in Table 6.1). Only three studies used pH < 2 for the copper stock 

solution. In 6 studies, the acid form added to the stock solution was not specified. Acid 

addition in the stock solution was not specified in 76 articles (Fig. 6.3e; Appendix 4). 

The addition of chelating agents to the stock solution varied between studies (Fig. 

6.3g; Appendix 4). The addition of ethylenediaminetetraacetic acid (EDTA) was reported 

in 6 articles whereas chelating agents were intentionally avoided in 19 articles. The 

presence of chelating agents in the copper stock solution was not detailed in 68 articles 

(Fig. 6.3f; Appendix 4). 

Reported concentrations of copper used in the toxicity tests varied between 

studies (Fig. 6.3g, Appendix 4). Nominal (i.e. added) concentrations for copper treatment 

were mentioned in 69 articles but dissolved (i.e. measured) concentrations were only 

specified in 24 articles (Fig. 6.3g, Appendix 4). 

The 24 studies that reported dissolved copper concentrations (Fig. 6.3f; Appendix 

4) used different analytical techniques to measure dissolved copper (Fig. 6.3h; Appendix 

4). Three different analytical techniques were specified: inductively coupled plasma 

methods (ICP; 11 articles); voltammetric analytical techniques (6 articles) that included 

anodic stripping voltammetry (ASV), cathodic stripping voltammetry (CSV) and 

potentiometric stripping analysis (PSA); and atomic absorption spectroscopy (AAS; 5 

articles) (Fig. 6.3h; Appendix 4). 

6.3.3. TAXONOMIC CLASSIFICATION OF ALGAL SPECIES 

From the 93 articles, 99 distinct marine algal species (46 micro-, 53 macroalgae) were 

experimentally exposed to copper (Fig. 6.4, Appendix 5). The number of species 

subjected to ecotoxicity tests, when grouped into Phyla were: Bacillariophyta = 20, 
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Chlorophyta = 14, Cryptophyta = 1, Cyanobacteria = 2, Dinophyta = 12, Haptophyta = 

7, Ochrophyta = 28 and Rhodophyta = 15 (Fig. 6.4a).  

The twenty diatom species studied were in 11 Orders of the Phylum 

Bacillariophyta with both pennate and centric species being examined (Fig. 6.4b). 

Among the green algae (Phylum Chlorophyta), species examined belonged to 6 different 

Orders: Ulvales (6 species) and Cladophorales (4 species) were the most studied (Fig. 

6.4c). The two species of the Cyanobacteria examined belonged to the Order 

Synechococcales (Appendix 5). The only species in the Cryptophyta investigated was 

the microalga, Proteomonas sulcata D.R.A.Hill & Wetherbee in the Order 

Pyrenomonadales (Appendix 5). Among the Dinophyta, species belonged to 5 Orders 

and the most studied was the Peridiniales with 4 species (Fig. 6.4d). For the Haptophyta, 

species investigated belonged to 3 Orders, with the Order Coccolithales and 

Isochrysidales being the most studied with 3 species each (Fig. 6.4e). Among the brown 

macroalgae (Phylum Ochrophyta), species belonging to 6 Orders were studied and the 

most studied taxa were the Fucales (11 species) and Laminariales (8 species) (Fig. 6.4f). 

For the red algae (Phylum Rhodophyta), the species tested belonged to 6 Orders; with 

the Orders Gracilariales and Ceramiales being the most studied with 5 species each (Fig. 

6.4g).  

From the 93 articles examined, the most studied species were the brown macroalgae F. 

serratus (8 studies) and F. vesiculosus (12 studies) (Appendix 5).  
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Figure 6.1. Number of articles (93 in total) on micro- and macroalgal copper 

ecotoxicology, grouped into 10–year periods. Details of the articles and algal 

classification are listed in Tables 6.1 and 6.2. Note: Ross and Bidwell (1999) studied 

macro- and microalgae. Leal et al. (2016) was not included in this figure. 
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Figure 6.2. Number of articles (93 in total) grouped per study focus (ecotoxicology, 

bioaccumulation and biosorption). Details of the articles are listed in Appendix 4. 
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Figure 6.3. Quantitative analysis of the trace metal clean techniques used in the 93 

copper ecotoxicology studies of micro- and macroalgae: (a) labware material, (b) type of 

acid used in acid washing procedure and (c) type of water used to rinse labware, (d) form 

of inorganic copper used for the stock solution, (e) type of acid added into the stock 

solution, (f) chelating agent added to the stock solution and/or culture medium, (g) 

reporting of nominal or dissolved copper concentrations, and (h) analytical techniques 

for measuring dissolved copper concentrations. Details of the articles and technical 

procedures are listed in Appendix 4. Note: Guo et al. (2013) used CuSO4 and CuCl2. 
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Figure 6.4. Quantitative analysis of species used for copper toxicity experiments found 

in the review of 93 articles. Species (99 in total) were grouped into (a) Phyla and (b-g) 

Orders within each Phylum: (b) Bacillariophyta, (c) Chlorophyta, (d) Dinophyta, (e) 

Haptophyta, (f) Ochrophyta and (g) Rhodophyta. The Order Synechococcales for the 

Phylum Cyanobacteria and Order Pyrenomonadales for the Phylum Cryptophyta are not 

detailed because there were too few studies. Details of the articles and algal classification 

are listed in Appendix 4 and 5. 
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6.4. DISCUSSION 

The critical evaluation of the literature on copper ecotoxicology of marine algae, since 

Maienthal and Becker (1976) highlighting the importance of using trace metal clean 

methods, reveals a number of deficiencies in both the reporting of methods and trace 

metal clean protocols. In particular, there was under-reporting of important experimental 

procedures, including labware material (~45% not reported), acid washing and water 

rinsing (~70% not reported), the chemical form of the copper source (~15% not reported), 

stock solution acidification (~80% not reported) and the addition of artificial inorganic 

chelators (~70% not reported). Furthermore, only ~25% of studies reported the dissolved 

copper concentrations in the culture medium during the toxicity test, and these 

concentrations were measured using a variety of analytical techniques. Given the 

importance of ecotoxicological research in setting ecological standards for policymakers 

to protect and conserve ecosystems (Chapman 1995), these findings indicate that more 

rigorous experimental protocols, and more extensive data reporting, would greatly 

benefit ecotoxicological research as it will allow scientists and managers to better 

compare the results of different studies. 

In addition to the biological criteria (i.e. ecologically relevant biological 

responses) and data reporting (e.g. ECX), an ecotoxicology test must consider technical 

procedures to avoid or reduce metal contamination and/or losses. Based on this review 

and Maienthal and Becker’s (1976) methodological recommendations, it is suggested 

that the following six procedural steps must be included in an ecotoxicity test (Table 6.3): 

(1) Perform the toxicity test and trace metal analysis in a trace metal clean area 

(Maienthal and Becker 1976, Moody 1982, Benoit et al. 1997, Richter 2003). 

Airborne dust is a major source of external contamination during 

experimentation. For example, dust particles are mainly composed of metals such 

as copper, magnesium and iron (Richter 2003). The best approach to control and 

avoid airborne contamination is the use of a laminar flow hood during the entire 

toxicity test, in order to filter out the airborne dust, and provide filtered air areas 

for sample handling, analysis, and storage (Maienthal and Becker 1976, Parr 

1986, Ahlers et al. 1990, Benoit et al. 1997, Richter 2003). Only one study 

(Stauber et al. 2000) described the use of a laminar flow hood during the 

experimentation. If the entire experiment cannot be performed in a clean air 



 

 

136 

 

environment, measures should be taken to minimize airborne particles 

contaminating the solutions. This could be achieved by covering the containers, 

for example. 

(2) Selection of the proper container for toxicity testing. The most recommended 

container for trace metal analysis is plastic material made of synthetic polymers 

such as Teflon, polyethylene, polycarbonate and polypropylene (Maienthal and 

Becker 1976, Richter 2003) because of their low trace element content and 

resistance to chemicals (Moody and Lindstrom 1977, Laxen and Harrison 1981). 

These features make them ideal for toxicity testing. In contrast, borosilicate glass 

is not a suitable material for trace metal analysis (Maienthal and Becker 1976) 

although it is the most common material used for laboratory containers. Besides 

adsorbing metals in solution (Karin et al. 1975, Laxen and Harrison 1981), 

borosilicate glass containers may release massive contamination that can modify 

the form of trace metals in solution (Murphy 1974, Moody and Lindstrom 1977, 

Moody 1982). Although only ~25% of studies used containers made of synthetic 

polymers some of them (Reed and Moffat 1983, Thompson and Burrows 1984, 

Chung and Brinkhuis 1986, Bidwell et al. 1998, Gledhill et al. 1999) used glass 

cover slips as a substratum for the algae, and this glass is likely to adsorb metals. 

(3) Labware cleaning before performing the toxicity test. Trace metal impurities can 

be leached from the container walls and the adoption of a strict cleaning 

procedure to reduce contamination is encouraged (Ahlers et al. 1990, Windom et 

al. 1991, Benoit 1994, Taylor and Shiller 1995). The ideal labware cleaning 

method consists of: (1) an acid (2–6 M HCl or HNO3 depending on the type of 

plastic) soaking regimen, for a week or more, to remove metal and other 

impurities from the container wall surface, and (2) repeated soaks and rinsing (3 

or more) in ultrapure distilled water to remove trace metals and acid residues 

(Maienthal and Becker 1976, Moody and Lindstrom 1977, Moody 1982). All 

cleaning and sample treatment should be done in a laminar flow chamber or a 

trace metal clean room (Maienthal and Becker 1976, Moody 1982). 

(4) Stock solution preparation. Around 80% of the studies described the chemical 

form of the copper source used to prepare the stock solution but the stock 

acidification was not specified in ~80% of studies. Metals in solution may be 

adsorbed by container walls (Karin et al. 1975, Laxen and Harrison 1981), 

decreasing their concentration the test organisms are exposed to and leading to 
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an over-reporting of the actual metal concentration and thereby the effect on the 

algal physiology. However, the acidification (pH 2 with 2M HCl or HNO3) of the 

stock solution and culture medium samples taken during the toxicity test can 

stabilize the metal concentration in solution, avoiding the loss of metal by 

container walls adsorption (Moody 1982). To avoid a pH decrease in the culture 

medium used in the ecotoxicity test by the addition of the acidified copper 

solution, the stock solution should be prepared sufficiently concentrated to use 

only small volumes (< 1 mL). The final pH of the culture medium should be 

measured following the addition of the acidified copper solution. 

(5) The use of synthetic metal-chelating agents (i.e., EDTA) in the stock solution 

and/or culture media was reported in only ~6% of studies. This is important to 

report because the toxicity of copper depends of the concentration of its ionic 

form (i.e., Cu2+) (Gledhill et al. 1997). The use of synthetic metal-chelating agents 

in the copper stock can change the form of copper in solution by reacting with 

Cu2+ to form organic complexes (e.g., CuEDTA) which changes the copper 

bioavailability in the media (Sunda 1989, Sunda et al. 2005). For instance, the 

resulting CuEDTA complexes are not directly bioavailable for algal cellular 

uptake while the non-complexed copper (e.g., Cu2+) and inorganic metal 

complexes (e.g., CuCl2) are bioavailable for algal uptake (Sunda et al. 2005). 

Because the free Cu2+ concentration is controlled by the presence or absence of 

metal-chelating agents in the medium, EDTA (or other complexing reagents) can 

be used to better dose the bioavailability of copper in studies spanning a very 

large concentration range of Cu2+. The Cu2+ concentrations can be calculated 

using speciation programs such as MINEQL and WHAM (Sunda et al. 2005). 

(6) Analytical measurement of dissolved metal concentrations. Periodic 

measurements of the actual dissolved metal concentrations during the toxicity test 

are needed in order to monitor changes due to metal adsorption by container walls 

and/or target organisms. For example, analytical measurements during an 

ecotoxicity test showed that copper concentrations decreased by 50% compared 

to the nominal concentrations due to container (glassware and plasticware) walls 

adsorption, when the stock solution was not acidified (Chapter 5). Determination 

of dissolved metal concentrations during experiments can help avoid 

misinterpretation of the ecotoxicity test results due to overestimation of the actual 

copper concentration. 
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(7) Wearing gloves and proper protective garments. In order to control contamination 

by touching or handling samples with bare hands (dried skin may contain metals 

such as copper and zinc), the analyst must wear polyvinyl chloride or 

polyethylene powder–free gloves (Moody 1982, Richter 2003). The analysts also 

should use appropriate garments such as laboratory coat and head and shoe covers 

made of nylon or polyester that are resistant to acid and will not shed fibres 

(Richter 2003). Contamination may also be induced by material leached from the 

sampling apparatus which may contain metallic components, rubber washers, 

stoppers and tubing (Robertson 1968, Maienthal and Becker 1976). In addition, 

measuring equipment (e.g., micropipettes) must be regularly checked and 

calibrated against certified reference materials (CRMs) to guarantee accuracy and 

precision. This was not considered in the present review because the description 

of the sampling apparatus such as micropipettes (with plastic and metallic 

components) and conventional pipettes (made of plastic or glass), the use of 

CRMs and wearing gloves and garment are usually omitted in the literature. 

This literature review also indicates that there is a clear increase in the number of 

studies on copper ecotoxicology of algae since the mid-1970s. In general, microalgae are 

more often used to perform ecotoxicological research because they are easier to culture 

under laboratory conditions that macroalgae (van Dam et al. 2008). For copper 

ecotoxicology, however, the results of this chapter indicate that macroalgae were the 

main photosynthetic organisms selected. Of the three Phyla that comprise macroalgal 

species, Ochrophyta was the main group selected for copper ecotoxicology probably 

because this macroalgal group includes the Orders Fucales and Laminariales which are 

considered to have a high ability to bind metal ions (Davis et al. 2003). The cell wall of 

members of Ochrophyta are mainly formed by alginic acid (as alginate) and sulphated 

polysaccharides such as fucoidan (Davis et al. 2003, He and Chen 2014). These two cell 

wall components have negatively-charged hydroxyl, sulphate and carboxyl groups that 

are strong complexing sites for metal ions (e.g., Cu2+) (Percival 1979, Crist et al. 1990). 

These characteristics have increased the interest in studying the bioremediation 

properties of members of the Phylum Ochrophyta (Davis et al. 2003, He and Chen 2014). 

Copper toxicity tests are typically short-term (< 5 days), involving the exposure 

of algae to different copper concentrations (Eklund and Kautsky 2003, van Dam et al. 
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2008). The main biological responses measured in copper ecotoxicity tests are growth, 

photosynthesis, bioadsorption and bioaccumulation. However, the necessity to 

standardize toxicity testing, especially for macroalgae, is still in discussion (Burridge and 

Bidwell 2002, Eklund and Kautsky 2003, van Dam et al. 2008). The main issues are: (1) 

definition of biological response (e.g. photosynthesis, early life stages development) 

other than growth for long-lived and slow-growing macroalgae (Haglund et al. 1996), 

(2) standardization of data reporting (e.g., EC50) for result comparison and interpretation 

(Chapman 1995, Burridge and Bidwell 2002), and (3) exposure time of algal organisms 

to metal during toxicity tests (Chapter 5). For example, comparison between meiospores 

of two kelp species showed a higher EC50 for germination of U. pinnatifida compared to 

M. pyrifera. However, the subsequent development of gametophytes of both species were 

equally inhibited by all copper concentrations (Chapter 5). Therefore, the use of different 

biological criteria and exposure times could lead to the incorrect interpretation of 

ecotoxicological results. 

Most ecotoxicological studies use concentrations higher than those found in the 

environment because such a wide range of copper concentrations may allow an 

understanding of the tolerance limit of algae to copper. For example, in Chapter 5, used 

concentrations ranging from 54 to 171 µg L-1 CuT to determine ecotoxicological effects 

of copper on kelp physiology, even though in the Otago Harbour study site copper 

concentrations were substantially lower (9.5 µg L-1 CuT). Moreover, some algal species 

have been reported to display increased tolerance to copper due to a constant exposure 

to elevated copper concentrations (Reed and Moffat 1983, Johnson et al. 2007, Sáez et 

al. 2015a). Therefore, the use of unrealistically high copper concentrations in 

ecotoxicological studies can also have physiological relevance for the toxicity threshold 

of copper-tolerant marine algal species (Chapter 5).  

The present review indicates that the knowledge of copper ecotoxicity on algae 

has increased in the last 38 years. However, the recommended use of trace metal clean 

techniques during ecotoxicity testing was not followed in ~70% of the literature 

reviewed, although information about these clean procedures has been available for more 

than 40 years. Reliable data can only be obtained if the toxicity test is performed using 

the appropriate laboratory–ware (i.e., plastic), cleaning procedure (i.e., acid and ultrapure 

water washing), and in a trace metal clean area (e.g., laminar flow hood). Failure to 
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follow these steps and report dissolved metal concentrations bring into question any 

ecotoxicity test results because the effects of copper may be randomly overestimated due 

to metal contamination or underestimated due to metal loss by adsorption.  
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Table 6.1. Suggested trace metal clean procedures to perform in a copper ecotoxicity 

test. 

 

  Trace metal clean 

procedure 

Description 

1 Trace metal clean area Performing labware cleaning and toxicity tests in a 

laminar flow hood. 

2 Plastic labware All labware used during sampling and the toxicity test 

should be made of chemically inert synthetic polymers 

such as Teflon or polyethylene. 

3 Trace metal cleaning Soak labware in 2M HCl or HNO3 (1 week minimum); 

then rinse labware with ultrapure water (3 times 

minimum). 

4 Stock solution 

acidification 

Stabilize metal in solution with acid (ultrapure HCl or 

HNO3; pH 2) to avoid adsorption into container walls. 

5 Metal-chelating agent 

addition 

The addition of metal-chelating agent (e.g., EDTA) to 

the stock solution/culture medium should be noted. 

6 Dissolved metal 

concentrations 

Measure dissolved metal concentrations during 

experimentation to monitor potential changes in metal 

concentrations due to contamination and/or adsorption. 

7 Wear gloves and 

proper laboratory 

garments 

Wear gloves (polyvinyl chloride or polyethylene, 

powder-free) and proper laboratory coat, head and shoe 

covers (nylon or polyester) during the performance of 

labware cleaning and toxicity tests. 
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Chapter 7. INTERACTIVE EFFECTS OF OCEAN ACIDIFICATION, 

TEMPERATURE AND COPPER EXPOSURE ON MEIOSPORE 

DEVELOPMENT OF THE KELPS MACROCYSTIS PYRIFERA AND 

UNDARIA PINNATIFIDA  

7.1. INTRODUCTION 

Ocean warming (OW) and ocean acidification (OA) (see Chapter 1.1, 3 and 4 for details) 

are unequivocally considered to be major threats to marine ecosystems worldwide 

(Guinotte and Fabry 2008, Harley et al. 2012). These two phenomena are not occurring 

in isolation and local coastal environments are under constant and increasing threats from 

multiple anthropogenic sources (Halpern et al. 2008). Pollution of coastal environments 

by the introduction of trace metals is also a continued and growing issue (Millero et al. 

2009, Zeng et al. 2015). Among trace metals, copper is one of the most common 

pollutants in coastal waters with concentrations increasing because of industrialization 

(see Chapter 1.2.4 and 5 for details). Although copper in natural low concentrations is an 

essential trace element for some biological functions, at elevated concentrations, copper 

can be toxic for a range of marine organisms, including macroalgae (see Chapter 5 for 

details). The speciation and bioavailability of copper in seawater is highly dependent on 

seawater chemistry. Reductions in seawater pH and CO3
2- due to OA will increase the 

toxic free ionic form in the oceans by 20% by the end of the current century (Millero et 

al. 2009). 

Marine fleshy macroalgae experience a range of regional/local abiotic stressors 

(e.g., trace metals, eutrophication and UVR) that may be directly or indirectly associated 

with ongoing global climate change (e.g. temperature rise and OA) (Russell and Connell 

2012, Ghedini et al. 2015). The physico-chemical profiles of coastal waters are highly 

variable and dynamic. Consequently, macroalgae experience daily fluctuations in abiotic 

factors such as seawater temperature and pH that are beyond the predicted changes for 

the oceans, thereby macroalgal physiology might be already adapted to the long-term 

climate change. For example, daytime coastal water temperature can vary by > 2°C 

(Clayson and Bogdanoff 2013, Large and Caron 2015) while seawater pH can vary by > 

1 units due to macroalgal metabolism (Delille et al. 2000, Hofmann et al. 2011, Cornwall 
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et al. 2013). Other local extreme abiotic disturbances (e.g., trace metal inputs) can cause 

abrupt changes in the environment that may be biologically more significant for 

macroalgal survival than long-term climate change factors because organisms have less 

probability of acclimation and/or adaptation to such abrupt changes (Russell and Connell 

2012, Byrne and Przeslawski 2013, Ghedini et al. 2015).  

When understanding the response of fleshy macroalgae to ongoing climate 

change, it is important to identify the contribution of different abiotic factors in a single 

and interactive approach (Crain et al. 2008, Breitburg et al. 2015, Boyd et al. 2016). The 

effects of abiotic factors on biological processes can be: (1) additive, single-factor effects 

are significant but the interactive effects are not more highly significant (i.e., interactive 

effects are not higher than the sum of each individual effect); (2) synergistic, interactive 

effects are greater than the sum of single-factor effects); or (3) antagonistic, the 

interactive effects are lower than the individual single-factor effects (Folt et al. 1999, 

Crain et al. 2008). There have been few studies on the effects of the interaction of climate 

change factors (e.g., seawater temperature and/or pH) with local abiotic factors on adult 

macroalgae (Wernberg et al. 2012). For instance, increased temperature (+ 4°C) or 

reduced pH (~7.80) did not affect the growth but increased photosynthesis in the red 

macroalga Pyropia haitanensis (Liu and Zou 2015a). Reduced seawater pH (between 

~7.80 and 7.60) but not increased temperature (+ 7.5°C), increased photosynthesis and 

growth of the red macroalgae Neosiphonia harveyi (Bailey) M.-S.Kim, H.-G.Choi, Guiry 

& G.W.Saunders (Olischläger and Wiencke 2013a). In contrast, increased temperature 

(+ 4°C), reduced pH (~7.80) and low nitrate concentration negatively affected 

photosynthesis in the green macroalga Ulva rigida C.Agardh (Figueroa et al. 2014). In 

M. pyrifera grown under elevated seawater temperature (+ 3°C) and reduced pH, the 

growth and photosynthesis were greater compared to ambient conditions (Brown et al. 

2014). The combination of higher temperature and reduced pH favoured the abundance 

of algal turfs over the kelp E. radiata (Connell and Russell 2010). 

Early life history stages of marine organisms are generally much more sensitive 

to abiotic stress than their adult phase (Xie et al. 2005, Nielsen et al. 2014) but studies 

on the effects of climate change on these microscopic phases are rare (Byrne and 

Przeslawski 2013, Koch et al. 2013). The toxicity of copper under OA conditions on 

early life stages of marine invertebrates has been studied. For example, synergistic and 
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additive toxic effects of copper under reduced seawater pH have been reported for the 

polychaeta Arenicola marine Linnaeus, Pomatoceros lamarckii Quatrefages, in the 

amphipod Corophium volutator Pallas, and in the copepod Tisbe battagliai Volkmann-

Rocco (Fitzer et al. 2013, Lewis et al. 2013, Roberts et al. 2013, Campbell et al. 2014). 

Macroalgal microscopic stages are highly sensitive to copper and hence have been widely 

used for ecotoxicity research (see Chapter 5 for details). However, and in contrast to 

marine invertebrates, the toxic effects of copper under increased temperature and/or OA 

conditions have not been investigated on early life stages of fleshy macroalgae. 

The chemical properties of macroalgal cell walls allow them to have a high 

capacity to bind (i.e., bioadsorb) free ionic forms of trace metals such as Cu2+. Typical 

cell walls of macroalgae are mainly formed of an amorphous embedding matrix and a 

fibrillar skeleton (Davis et al. 2003). In members of the Phylum Ochrophyta, the fibrillar 

skeleton is formed by cellulose while in the Phyla Chlorophyta and Rhodophyta, the 

fibrillar skeleton is composed of xylan and mannan. The Ochrophyta, algal embedding 

matrix is predominantly alginic acid or alginate (salt form of alginic acid) and sulphated 

polysaccharides (e.g., fucoidan), whereas in Rhodophyta it is sulphated galactans (e.g., 

agar and carrageenan) (Davis et al. 2003). The negatively-charged active groups (i.e., 

hydroxyl, sulphate and carboxyl) of polysaccharides are strong ion-exchangers, thus 

relevant binding sites for trace metal ions such as Cu2+ (Percival 1979, Crist et al. 1990). 

Because of the presence of high amount of cell wall metal-binding polysaccharides, 

macroalgae that belong to the Phyla Ochrophyta and Rhodophyta are frequently used as 

trace metal bioremediators (Davis et al. 2003, Romera et al. 2006, Chojnacka 2010). 

Another capability of photosynthetic organisms to overcome the negative effects 

of high copper concentrations is the production of organic ligands (Gledhill et al. 1997). 

Exuded ligands react and bind Cu2+ reducing its concentration and thereby its toxicity. 

Then, the non-toxic ligand-bound copper can be transported into the cell across the 

plasma membrane (Gledhill et al. 1997). This is evidence that micro- and macroalgae 

have the capacity to produce and release organic substances (i.e., ligands) in response to 

excess copper (Gledhill et al. 1997). For instance, production and release of copper 

complexing ligands have been observed in the marine microalgae Amphidinium carterae 

Hulburt, Emiliania huxleyi (Lohmann) W.W.Hay & H.P.Mohler, Hymenomonas 

carterae (Braarud & Fagerland) Braarud, Prorocentrum micans Ehrenberg, Skeletonema 
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costatum (Greville) Cleve, Thalassiosira weissflogii (Grunow) G.Fryxell & Hasle (Leal 

et al. 1999, Croot et al. 2000). Macroalgae that can release copper complexing ligands 

under copper stress include the reds Antithamnionella spirographidis (Schiffner) 

E.M.Wollaston, Gelidium lingulatum Kützing, Porphyra columbina Montagne and 

Rhodochorton purpureum (Lightfoot) Rosenvinge, the browns Dictyota kunthii 

(C.Agardh) Greville, Ectocarpus siliculosus (Dillwyn) Lyngbye, F. vesiculosus and L. 

nigrescens, and the green species Chaetomorpha firma Levring, and U. lactuca (Sueur 

et al. 1982, Gledhill et al. 1999, Vasconcelos and Leal 2001). Although the structure of 

the organic ligands is still largely unknown (Bruland et al. 2000), the concentration and 

stability constant of ligands in solution (in seawater and culture media) can be indirectly 

determined by complexometric titration with copper (Bruland et al. 2000) or using a 

kinetic approach (Witter et al. 2000). Both methods must be done under specific and 

controlled conditions and so allow investigators to infer the complexing parameters of 

natural ligand classes i.e., the ligand concentrations and stability constants towards the 

metal under investigation. In both cases, anodic or cathodic stripping voltammetry (ASV 

and CSV, respectively) are used as the detection method. The inorganic and labile 

organic complexes of copper, measured using these voltammetric techniques, are 

considered bioavailable for biota, including macroalgae (Deaver and Rodgers 1996, 

Bruland et al. 2000).  

In this chapter, therefore, the single and interactive effects of seawater pH (OA 

conditions, pH 7.65, and ambient pH 8.16), temperature (ambient, 12°C and average 

projected by 2100, 16°C) and copper pollution on the ontogenic development of 

meiospores of the native M. pyrifera and the invasive U. pinnatifida, from south-eastern 

New Zealand, were studied. The nominal copper concentrations used in this experiment 

correspond to the species-specific Cu-EC50 for meiospore germination of M. pyrifera 

(157 µg L-1 CuT) and U. pinnatifida (231 µg L-1 CuT) calculated in Chapter 5. The 

hypotheses were: 1) copper will negatively affect the meiospore development (i.e., 

germination, germling growth, gametophyte production and sexual differentiation) of 

both kelps, regardless of seawater temperature and/or pH. On the other hand, the main 

effects of 2) increased temperature will positively affect the meiospore development of 

both kelps, and 3) reduced seawater pH (increased CO2(aq) availability) will positively 

affect the meiospore development of both kelps (c.f. Chapter 3). While 4) the interaction 

between increased temperature, reduced seawater pH and copper presence will 
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negatively affect the meiospore development of both kelps; 5) the developmental 

response of meiospores of the native M. pyrifera will be more sensitive than those of the 

invasive U. pinnatifida to each experimental treatment.  
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7.2. MATERIAL AND METHODS 

7.2.1. PREPARATION OF TRACE METAL CLEAN LABORATORY–WARE 

All laboratory–ware used for stock solution preparation, seawater sampling and 

meiospore cultures was acid-cleaned and ultrapure water-rinsed, as described in Chapter 

5.2.1, to reduce trace metal contamination. Manipulation (e.g., culture media renewal 

and sampling) during the experiment was performed inside a laminar flow cabinet to 

minimize metal contamination (see Chapter 6).  

7.2.2. COPPER STOCK SOLUTION AND NOMINAL CONCENTRATIONS 

Copper stock solutions were prepared by dissolving CuCl2 in ultrapure water (2 g L-1). 

The copper concentration in solution was stabilized by adding 2M HCl to the stock 

solution. This stock solution was prepared in a 100 mL polycarbonate bottle (NalgeneTM, 

Nalge Nunc International Corporation, NY, U.S.A.) at the beginning of the experiment. 

The nominal copper concentrations used in this experiment corresponded to the species-

specific Cu-EC50 value determined in Chapter 5: Control (no added copper) and 150 and 

230 µg L-1 Cu for M. pyrifera and U. pinnatifida, respectively. 

7.2.3. TOTAL DISSOLVED COPPER (CUT) ANALYSIS 

The methodology used to quantify the total dissolved copper concentrations (CuT) in the 

culture media is detailed in Chapter 5.2.5. CuT in culture medium were measured from 

two replicates per copper treatment due to limited resources. 

7.2.4. LABILE COPPER (CU’) AND COPPER-BINDING LIGAND (L) ANALYSES 

Labile copper (Cu’) and natural Cu-binding ligands (L) were determined in freshly 

thawed samples at the ambient pH of the sample. CSV with salicylaldoxine (SA) as the 

competing ligand was used (Campos and van den Berg 1994). However, due to the 

limited volumes available, the large number of samples and the fact that most of the 

samples contained high amounts of copper (i.e., in excess of natural ligands), a kinetic 

approach was used (Witter and Luther III 1998). The method used here differed from 

that described by Witter and Luther III (1998) in that copper (not Fe) was looked, and 

used SA (not 1-nitroso-2-napthol, NN) as the added ligand. For all analyses, SA was 

added to a final concentration of 100 µmol L-1 and the equilibrium time was 2 h. 
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7.2.5. SPOROPHYLL COLLECTION 

Sporophylls with fertile tissue (i.e., sori) were collected from ten sporophytes of M. 

pyrifera and U. pinnatifida during low tide from the upper sub-littoral of Hamilton Bay 

(45°47′ 51″ S; 170°38′ 39″ E; Fig. 1.3), in November 2014. In the laboratory, collected 

sporophylls were cleaned and stored overnight (see Chapter 3.2.1 for details) before 

meiospore release. 

7.2.6. SEAWATER PH TREATMENTS 

The seawater used in the experiment was collected at the same time as the sporophylls. 

The seawater was filtered (0.2 µm) and kept overnight before use (see Chapter 3.2.2 for 

details). After filtration and nutrient addition (10 µM NaNO3 and 1 µM NaH2PO4), the 

ambient seawater pHT was 8.16 and the salinity was 36‰. To obtain the lowest seawater 

pH treatment (pH 7.65), the seawater was acid/base adjusted according to Riebesell et al. 

(2010) and Roleda et al. (2012a) (see Chapter 3.2.2 for details). pH-modified seawater 

corresponding to the two pHT treatments (pH 7.65 and 8.16) were freshly prepared every 

three days to renew the culture medium.  

7.2.7. SEAWATER PH MEASUREMENTS 

The seawater pH during the experiment was measured on the total scale (pHT) at 12 and 

16°C using the same method described in Chapter 3.2.3. AT and DIC were measured 

from seawater samples corresponding to the two pHT treatments as described in Chapter 

3.2.3. Seawater carbonate chemistry of each seawater treatment at both temperatures was 

calculated using the measured AT, DIC, pH, salinity and temperature (Table 7.1) with 

the SWCO2 software (Hunter 2007). 

7.2.8. EFFECTS OF SEAWATER TEMPERATURE, PH AND COPPER ON MEIOSPORE 

DEVELOPMENT 

Meiospore release and cultivation was performed as described in Chapter 3.2.4. After 

release, meiospores were dispensed into each culture flask (Corning® 75 cm2, 

polystyrene cell culture flask with phenolic-style cap) containing seawater with the 

corresponding pHT treatment but without copper. Following a period of settlement (3 h), 

meiospores were exposed to the respective culture medium with the corresponding pHT 

treatment and copper concentration for 9 days. Thereafter, Cu-treated samples were 
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allowed to recover using the culture medium (with nutrients) without copper, under the 

respective temperature and pHT treatments (Fig. 7.1). Meiospores were cultivated for 18 

days in separate but identical temperature-controlled rooms (see Chapter 3.2.4 for 

details) at 12 ± 0.5 and 16 ± 0.5°C. PAR was measure with a spherical quantum sensor 

connected to a light meter (see Chapter 3.2.4 for details) and adjusted to 55 ± 2 and 54 ± 

1 µmol photons·m-2 s-1 in the 12°C- and 16°C-culture room, respectively with a 

photoperiod of 12 h light:12 h dark. Analytical blanks corresponding to each copper 

treatment were also prepared (Fig. 7.1). The media of the meiospore cultures with the 

appropriate pHT, copper and nutrients (to avoid nutrient depletion) concentrations, were 

renewed every 3 days. Total dissolved copper concentrations in the treatments and blanks 

were measured as described above. 

7.2.9. MEIOSPORE GERMINATION AND DEVELOPMENT 

M. pyrifera and U. pinnatifida meiospore germination (%), germling growth rate (%·day-

1), gametophyte size (µm2) and sex ratio, under the 4-factor experiment, were obtained 

from photograph analyses as described in Chapter 3.2.4. 

7.2.10. STATISTICAL ANALYSES 

Percentage germination and germling growth rate (%·day-1) were logit transformed 

(Warton and Hui 2011) to satisfy Normality (Kolgomorov-Smirnow test) and 

homogeneity of variances (Levene’s test). The statistical significance of differences in 

meiospore germination and germling growth rate between species, temperature, seawater 

pHT and copper treatments and their interactions were tested using the four-way ANOVA 

(P < 0.05). The statistical significance of differences in male and female gametophyte 

size and sex ratio between species, temperature and seawater pHT treatments and their 

interactions were tested using the three-way ANOVA (P < 0.05). When significant 

interactive effects were observed, the significant main effects of the factors (i.e., species, 

temperature, pH, and Cu) were subordinated, and the interaction(s) becomes the 

dominant focus of the analysis. This was because, to interpret the significant effects of 

the main factors involved in significant interaction(s) based on the false assumption that 

differences in one factor exist across all levels of the other factor(s) (Sokal and Rohlf 

2012). A post hoc Tukey test (P < 0.05) was applied when a significant effect (single, 

two-, three- and/or four-way interactions) of independent variables was observed. The 

four-way ANOVA was run using the software IBM SPSS Statistics (version 22.0, IBM 
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Corp. Armonk, NY) while the three-way ANOVA was run using the software SigmaPlot 

version 12.0 (Systat Software, Inc., San Jose, CA).  
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7.3. RESULTS 

7.3.1. MEIOSPORE GERMINATION 

Meiospore germination was quantified after 6 days of culture. Germination of M. pyrifera 

meiospores cultured in seawater pHT 7.65 was: 95 ± 5.2% at 12°C and control (no added 

copper), 80 ± 7.3% at 12°C and Cu-EC50 (150 µg L-1 Cu), 97 ± 1.1% at 16°C and control, 

and 84 ± 3.7% at 16°C and Cu-EC50. In seawater pHT 8.16, meiospore germination was: 

95 ± 3.6% at 12°C and control, 94 ± 3.8% at 12°C and Cu-EC50, 95 ± 1.7% at 16°C and 

control and 78 ± 6.6% at 16°C and Cu-EC50 (Fig. 7.2). Germination of U. pinnatifida 

meiospores cultured in seawater pHT 7.65 was: 91 ± 3.5% at 12°C and control (no added 

copper), 86 ± 2.7% at 12°C and Cu-EC50 (230 µg L-1 Cu), 93 ± 3.7% at 16°C and control, 

and 85 ± 1.0% at 16°C and Cu-EC50. In seawater pHT 8.16, meiospore germination was: 

86 ± 2.8% at 12°C and control, 84 ± 2.6% at 12°C and Cu-EC50, 96 ± 3.0% at 16°C and 

control and 78 ± 6.6% at 16°C and Cu-EC50 (Fig. 7.2). Meiospore germination was 

significantly different between species and copper treatments (Table 7.2). The two-way 

(species × temperature) and three-way (species × temperature × pHT and temperature × 

pHT × copper) interactions significantly affected meiospore germination (Table 7.2). The 

significantly different subgroups, as a result of the different interactions, are detailed in 

Table 7.3. 

7.3.2. GERMLING GROWTH RATE 

Germling growth rate was calculated after 12 days of culture under control conditions 

(no added copper) because gametogenesis occurred at day 15. In contrast, under copper 

exposure, germling growth rate was calculated after 18 days of copper exposure (Cu-

EC50) because gametogenesis was inhibited by copper. 

Growth rate of M. pyrifera germlings cultured in seawater pHT 7.65 was: 30 ± 

2.0% day-1 at 12°C and control (no added copper), 14 ± 1.6% day-1 at 12°C and Cu-EC50 

(150 µg L-1 Cu), 31 ± 1.2% day-1 at 16°C and control, and 17 ± 0.2% day-1 at 16°C and 

Cu-EC50. In seawater pHT 8.16, germling growth rate was: 22 ± 1.3% day-1 at 12°C and 

control, 14 ± 1.1% day-1 at 12°C and Cu-EC50, 28 ± 1.2% day-1 at 16°C and control and 

15 ± 0.7% day-1 at 16°C and Cu-EC50 (Fig. 7.3). Growth rate of U. pinnatifida germlings 

cultured in seawater pHT 7.65 was: 31 ± 3.0% day-1 at 12°C and control (no added 
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copper), 13 ± 1.9% day-1 at 12°C and Cu-EC50 (150 µg L-1 Cu), 26 ± 1.8% day-1 at 16°C 

and control, and 11 ± 1.5% day-1 at 16°C and Cu-EC50. In seawater pHT 8.16, germling 

growth rate was: 28 ± 3.2% day-1 at 12°C and control, 13 ± 0.9% day-1 at 12°C and Cu-

EC50, 25 ± 1.7% day-1 at 16°C and control and 13 ± 1.2% day-1 at 16°C and Cu-EC50 (Fig. 

7.3). Germling growth rate was significantly different between species, pHT and copper 

(Table 7.2). There was an interactive effect of species × temperature, species × pHT, 

species × copper and pHT × copper (Table 7.2). The four-way interaction species × 

temperature × pHT × copper significantly affected meiospore germination (Table 7.2). 

The significantly different subgroups, as a result of the various interactions, are detailed 

in Table 7.3. 

7.3.3. GAMETOPHYTE SIZE 

Gametophyte development and sexual differentiation occurred only in control (no added 

copper) cultures at day 15. Size of male gametophytes at 12°C was 1790 ± 50 and 1050 

± 192 µm2 for M. pyrifera and U. pinnatifida, respectively, at pHT 7.65, and 1779 ± 140 

and 1140 ± 218 µm2 for M. pyrifera and U. pinnatifida, respectively, at pHT 8.16 (Fig. 

7.4a). Size of male gametophytes at 16°C was 2048 ± 260 and 1074 ± 178 µm2 for M. 

pyrifera and U. pinnatifida, respectively, at pHT 7.65, and 1672 ± 475 and 1146 ± 78 µm2 

for M. pyrifera and U. pinnatifida, respectively, at pHT 8.16 (Fig. 7.4a). Male 

gametophyte size was significantly different between species (Table 7.2). The two and 

three-way interactions did not significantly affect male gametophyte size (Table 7.2). 

Size of female gametophytes at 12°C was 1055 ± 96 and 1013 ± 135 µm2 for M. 

pyrifera and U. pinnatifida, respectively, at pHT 7.65, and 1267 ± 257 and 1325 ± 258 

µm2 for M. pyrifera and U. pinnatifida, respectively, at pHT 8.16 (Fig. 7.4b). Size of 

female gametophytes at 16°C was 1412 ± 257 and 867 ± 234 µm2 for M. pyrifera and U. 

pinnatifida, respectively, at pHT 7.65, and 770 ± 164 and 982 ± 205 µm2 for M. pyrifera 

and U. pinnatifida, respectively, at pHT 8.16 (Fig. 7.4b). Female gametophyte size was 

significantly different between temperatures (Table 7.2). There was an interactive effect 

of species × pHT and temperature × pHT (Table 7.2). The three-way interaction species 

× temperature × pHT significantly affected female gametophyte size (Table 7.2). The 

significantly different subgroups, as a result of the various interactions, are detailed in 

Table 7.3. 
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7.3.4. GAMETOPHYTE SEX RATIO 

After 15 days, the sex ratio of male and female gametophytes of M. pyrifera cultured in 

seawater pHT 7.65 was: 0.50 ± 0.02 and 0.47 ± 0.03 at 12 and 16°C, respectively. In 

seawater pHT 8.16, sex ratio of male and female gametophytes was: 0.53 ± 0.03 and 0.52 

± 0.07 at 12 and 16°C, respectively (Fig.7.5). Sex ratio of male and female gametophytes 

of U. pinnatifida cultured in seawater pHT 7.65 was: 0.49 ± 0.02 and 0.50 ± 0.03 at 12 

and 16°C, respectively. In seawater pHT 8.16, sex ratio of male and female gametophytes 

was: 0.51 ± 0.06 and 0.51 ± 0.05 at 12 and 16°C, respectively (Fig. 7.5). Single factors 

and two and three-way interactions did not significantly affect gametophyte sex ratio 

(Table 7.2). 

7.3.5. TOTAL DISSOLVED COPPER (CUT) CONCENTRATIONS 

Analysis of dissolved copper (CuT) concentrations showed that the nominal copper 

concentrations corresponded to 156.1 µg L-1 CuT (EC50 = 150 µg L-1 Cu) for M. pyrifera, 

and to 241.0 µg L-1 CuT (EC50 = 230 µg L-1 Cu) for U. pinnatifida. 

Total dissolved copper concentrations in culture media of M. pyrifera meiospores 

under pHT 7.65 decreased from 156.1 µg L-1 CuT to 42 – 48 µg L-1 CuT during the first 9 

days of culture at 12°C (Fig. 7.6a); and to 47 – 52 µg L-1 CuT during the first 9 days of 

culture at 16°C (Fig. 7.6a). Total dissolved copper concentrations in the culture media of 

M. pyrifera meiospores under pHT 8.16 decreased from 159.2 µg L-1 CuT to 46 – 55 µg 

L-1 CuT during the first 9 days of culture at 12°C (Fig. 7.6b); and to 47 – 53 µg L-1 CuT 

during the first 9 days of culture at 16°C (Fig. 7.6b). Total dissolved copper 

concentrations during day 12 and 15 were close to zero at both temperatures because 

copper was not added to the culture media during that time (Fig. 7.6). 

Total dissolved copper concentrations in culture media of U. pinnatifida 

meiospores under pHT 7.65 decreased from 244.1 µg L-1 CuT to 74 – 75 µg L-1 CuT during 

the first 9 days of culture at 12°C (Fig. 7.7a); and to 73 – 75 µg L-1 CuT during the first 

9 days of culture at 16°C (Fig. 7.7a). Total dissolved copper concentrations in culture 

media of U. pinnatifida meiospores under pHT 8.16 decreased from 244.1 µg L-1 CuT to 

73 – 74 µg L-1 CuT during the first 9 days of culture at 12°C (Fig. 7.7b); and to 72 – 76 

µg L-1 CuT during the first 9 days of culture at 16°C (Fig. 7.7b). Total dissolved copper 
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concentrations were around 7 µg L-1 CuT at day 12 and close to zero at day 15, at both 

temperatures (Fig. 7.7). 

7.3.6. LABILE COPPER (CU’) CONCENTRATIONS 

Labile copper (Cu’) concentration in culture media of M. pyrifera meiospores under pHT 

7.65 was 11 – 15 µg L-1 Cu’ during the first 9 days of culture at 12°C (Fig. 7.6a); and 12 

– 15 µg L-1 Cu’ during the first 9 days of culture at 16°C (Fig. 7.6a). Cu’ concentration 

in the culture media of M. pyrifera meiospores under pHT 8.16 was 12 – 15 µg L-1 Cu’ 

during the first 9 days of culture at 12°C (Fig. 7.6b); and 11 – 15 µg L-1 Cu’ during the 

first 9 days of culture at 16°C (Fig. 7.6b). Cu’ concentrations during day 12 and 15 were 

close to zero at both temperatures (Fig. 7.6). 

Cu’ concentration in culture media of U. pinnatifida meiospores under pHT 7.65 

was 17 – 21 µg L-1 Cu’ during the first 9 days of culture at 12°C (Fig. 7.7a); and 18 – 23 

µg L-1 Cu’ during the first 9 days of culture at 16°C (Fig. 7.7a). Cu’ concentration in 

culture media of U. pinnatifida meiospores under pHT 8.16 was 18 – 22 µg L-1 Cu’ during 

the first 9 days of culture at 12°C (Fig. 7.7b); and 16 – 29 µg L-1 Cu’ during the first 9 

days of culture at 16°C (Fig. 7.6b). Labile copper concentrations were around 9 µg L-1 

Cu’ at day 12 and close to zero at day 15, at both temperatures (Fig. 7.7). 

7.3.7. COPPER-BINDING LIGAND (L) CONCENTRATION 

Cu-binding ligand (L) concentrations in culture media at day 15 were present as during 

the first 9 days of culture L concentrations were low.  

At 12°C, the concentrations of L in culture media of M. pyrifera meiospores 

under control conditions were 2.4 and 5.2 nM at pHT 7.65 and 8.16, respectively, and at 

Cu-EC50 were 4.7 and 6.6 nM, respectively (Table 7.4). The concentrations of L in 

culture media of U. pinnatifida meiospores under control conditions were 3.5 and 1.5 nM 

at pHT 7.65 and 8.16, respectively, and at Cu-EC50 were 8.3 and 10.9 nM, respectively 

(Table 7.4). 

At 16°C, the concentrations of L in culture media of M. pyrifera meiospores 

under control conditions were 2.4 and 3.5 nM at pHT 7.65 and 8.16, respectively, and at 

Cu-EC50 were 6.6 and 3.3 nM, respectively (Table 7.4). The concentrations of L in 

culture media of U. pinnatifida meiospores under control conditions were 3.2 and 5.0 nM 
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at pHT 7.65 and 8.16, respectively, and at Cu-EC50 were 10.4 and 8.9 nM, respectively 

(Table 7.4). 



 

 

157 

 

 

Figure 7.1. Diagram showing the design of the four-factor experiment. Meiospores of both M. pyrifera and U. pinnatifida were separately 

inoculated into each 200 mL-culture flask and exposed to two seawater pHT treatments (pHT 7.65 and 8.16) for 18 days. The culture medium (with 

the respective seawater pHT, copper concentration (only the first 9 days of culture) and enriched with 10 µM NaNO3 and 1 µM NaH2PO4) was 

renewed every three days. Control cultures (no added copper) with the respective seawater pHT treatment and nutrients, and blanks (with 

corresponding copper concentration in ultrapure water) were also prepared. 
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Figure 7.2. Percentage meiospore germination for M. pyrifera and U. pinnatifida after 6 

days of culture under two pHT seawater treatments (pHT 7.65 and 8.16), two temperatures 

(12 and 16°C) and two copper treatments (control and Cu-EC50 = 150 and 230 µg L-1 for 

M. pyrifera and U. pinnatifida, respectively). Bars represent mean ± SD (n = 4).  
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Figure 7.3. Growth rate of germlings of M. pyrifera and U. pinnatifida after 12 days of 

culture under two pHT seawater treatments (pHT 7.65 and 8.16), two temperatures (12 

and 16°C) and two copper treatments (control and Cu-EC50 = 150 and 230 µg L-1 for M. 

pyrifera and U. pinnatifida, respectively). Bars represent mean ± SD (n = 4).  
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Figure 7.4. Size of (a) male and (b) female gametophytes of M. pyrifera (Mp) and U. 

pinnatifida (Up) at the 15th day of culture in copper control (no added copper) under two 

pHT seawater treatments (pHT 7.65 and 8.16) and two temperatures (12 and 16°C). Bars 

represent mean ± SD (n = 4).  

 

 

 

 

 

0

500

1000

1500

2000

2500

7.65 8.16

M
al

e 
g

am
et

o
p

h
y
te

 

si
ze

 (
µ

m
2
)

Seawater pHT treatment

a

0

500

1000

1500

2000

2500

7.65 8.16

F
em

al
e 

g
am

et
o

p
h

y
te

 

si
ze

 (
µ

m
2
)

Seawater pHT treatment

b

0

100

200

300

400

500

7.65 8.16 7.65 8.16

M. pyrifera U. pinnatifida

M
ei

o
sp

o
re

 g
er

m
in

at
io

n
 (

%
)

Seawater pHT treatment per species

12°C Control

12°C Cu-EC50

16°C Control

16°C Cu-EC50

Cu-EC50

Cu-EC50



 

 

161 

 

 

Figure 7.5. Sex ratio of male and female gametophytes of M. pyrifera (Mp) and U. 

pinnatifida (Up) at the 15th day culture in copper control (no added copper) under two 

pHT seawater treatments (pHT 7.65 and 8.16) and two temperatures (12 and 16°C). Bars 

represent mean ± SD (n = 4). 
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Figure 7.6. Total dissolved copper (CuT) and labile copper (Cu’) concentrations in 

culture medium of M. pyrifera under (a) pHT 7.65 and (b) 8.16 after 18 days of culture. 

Copper was added to the culture media the first 9 days of culture. CuT was measured 

from two replicates and labile copper concentration from one sample. 
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Figure 7.7. Total dissolved copper (CuT) and labile copper (Cu’) concentrations in 

culture medium of U. pinnatifida under (a) pHT 7.65 and (b) 8.16 after 18 days of culture. 

Copper was added to the culture media the first 9 days of culture. CuT was measured 

from two replicates and labile copper concentration from one sample.  
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Table 7.1. Carbonate chemistry parameters were calculated form total alkalinity (AT; n 

= 3) and dissolved inorganic carbon (DIC; n = 3) measurements of seawater 

corresponding to each pHT treatment: OA predicted for 2100, pHT 7.65 and ambient pHT 

8.16. Temperature (12 and 16°C) and salinity (35‰) were stable during the 

experimentation period. Mean ± SD (n = 3) are reported for each seawater pHT treatment. 

 

    Seawater pHT treatments  

Temperature Seawater parameter OA Ambient 

12°C pHT 7.65 ± 0.001 8.16 ± 0.010 

  DIC (µmol·Kg-1) 2180.12 ± 11.56 2063.04 ± 5.00 

  AT (µmol·Kg-1) 2230.31 ± 5.16 2236.88 ± 7.01 

  HCO3
- (µmol·Kg-1) 2074.25 ± 11.88 1917.65 ± 9.99 

  H2CO3
- (µmol·Kg-1) 43.78 ± 2.69 18.28 ± 1.10 

  CO3
2- (µmol·Kg-1) 62.09 ± 3.12 127.11 ± 6.53 

  pCO2 (µatom) 1074.71 ± 66.06 448.73 ± 27.09 

16°C pHT 7.65 ± 0.004 8.16 ± 0.007 

  DIC (µmol·Kg-1) 2147.74 ± 4.12 2053.49 ± 5.96 

  AT (µmol·Kg-1) 2221.72 ± 9.69 2222.25 ± 14.1 

  HCO3
- (µmol·Kg-1) 1869.32 ± 9.57 1910.85 ± 13.8 

  H2CO3
- (µmol·Kg-1) 35.70 ± 3.61 18.35 ± 1.76 

  CO3
2- (µmol·Kg-1) 72.81 ± 6.75 124.292 ± 10.80 

  pCO2 (µatom) 871.42 ± 88.1 447.939 ± 42.96 
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Table 7.2. ANOVA and significance values for effects of seawater temperature, pHT, copper treatments and their interactions on meiospore 

germination, germling growth rate, gametophyte size and gametophyte sex ratio of M. pyrifera and U. pinnatifida. 

 

Variable Source of variation 
Degree of 

freedom 

Sum of 

squares 
Mean square F P 

Meiospore germination  Species 1 0.402 0.402 8.001 0.007* 

  Temperature 1 0.001 0.001 0.026 0.872ns 

  pHT  1 0.012 0.012 0.243 0.624ns 

  Copper 1 2.633 2.633 52.338 0.000* 

  Species × Temperature 1 0.225 0.225 4.477 0.039* 

  Species × pHT  1 0.176 0.176 3.491 0.068ns 

  Species × Copper 1 0.073 0.073 1.422 0.236ns 

  Species × Temperature × pHT  1 0.389 0.389 7.735 0.008* 

  Species × pHT × Copper 1 0.168 0.168 3.333 0.074ns 

  Temperature × pHT 1 0.155 0.155 3.078 0.085ns 

  Temperature × pHT × Copper 2 1.011 0.505 10.045 0.000* 

  pHT × Copper 1 0.038 0.038 0.754 0.389ns 

 Species × Temperature × pHT × Copper 2 0.008 0.004 0.081 0.922ns 

  Residual 48 2.515 0.052     

  Total 64 64.371       
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Germling growth rate Species 1 0.051 0.051 23.569 0.000* 

  Temperature 1 0.000 0.000 0.214 0.646ns 

  pHT  1 0.018 0.018 8.422 0.005* 

  Copper 1 2.446 2.446 1121.457 0.000* 

  Species × Temperature 1 0.058 0.058 26.535 0.000* 

  Species × pHT  1 0.024 0.024 11.037 0.002* 

  Species × Copper 1 0.030 0.030 13.912 0.000* 

  Species × Temperature × pHT  1 0.003 0.003 1.561 0.217ns 

  Species × pHT × Copper 1 0.001 0.001 0.354 0.554ns 

  Temperature × pHT 1 0.007 0.007 3.109 0.084ns 

  Temperature × pHT × Copper 2 0.007 0.003 1.529 0.227ns 

  pHT × Copper 1 0.020 0.020 9.041 0.004* 

 Species × Temperature × pHT × Copper 2 0.013 0.007 3.331 0.004* 

  Residual 48 0.096 0.002     

  Total 64 26.519       

Male gametophyte size Species 1 4142424.998 4142424.998 75.705 < 0.001* 

  Temperature 1 16347.323 16347.323 0.299 0.590ns 

  pHT  3 25213.156 25213.156 0.461 0.504ns 

  Species × Temperature 1 7365.542 7365.542 0.135 0.717ns 

  Species × pHT  3 150705.735 150705.735 2.754 0.110ns 
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  Temperature × pHT  3 73736.188 73736.188 1.348 0.257ns 

  Species × Temperature × pHT  3 60286.854 60286.854 1.102 0.304ns 

  Residual 24 1313227.692 54717.820     

  Total 31 5789307.487 186751.854     

Female gametophyte size Species 1 50215.502 50215.502 1.148 0.295ns 

  Temperature 1 196517.247 196517.247 4.491 0.045* 

  pHT  3 3.218 3.218 0.0000735 0.993ns 

  Species × Temperature 1 61012.053 61012.053 1.394 0.249ns 

  Species × pHT  3 367533.566 367533.566 8.399 0.008* 

  Temperature × pHT  3 552369.406 552369.406 12.623 0.002* 

  Species × Temperature × pHT  3 215929.734 215929.734 4.934 0.036* 

  Residual 24 1050242.320 43760.097   

  Total 31 2493823.046 80445.905     

Gametophyte sex ratio Species 1 0.000628 0.000628 0.372 0.547ns 

  Temperature 1 0.000131 0.000131 0.0774 0.783ns 

  pHT  3 0.00595 0.00595 3.525 0.073ns 

  Species × Temperature 1 0.00289 0.00289 1.710 0.203ns 

  Species × pHT  3 0.0000263 0.0000263 0.0156 0.902ns 

  Temperature × pHT  3 0.00137 0.00137 0.812 0.376ns 

  Species × Temperature × pHT  3 0.000655 0.000655 0.388 0.539ns 
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  Residual 24 0.0405 0.00169     

  Total 31 0.0522 0.00168     

*, indicate significance              

ns, not significance             
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Table 7.3. Sensitivity of meiospore development for M. pyrifera and U. pinnatifida exposed to different seawater temperature, pHT and copper 

treatments. Significantly different subgroups were grouped according to the post hoc Tukey test (P < 0.05) after ANOVA analyses. 

 

Variable Source of variation Significant subgroups 

Meiospore germination  Species Mp > Up 

  Temperature — 

  pHT  — 

  Copper C > Cu 

  Species × Temperature Mp-12 = Mp-16 > Up-12 = Up-16 

  Species × pHT  — 

  Species × Copper — 

  Species × Temperature × pHT  Mp-12-7.65 > Mp-16-7.65 < Mp-12-8.16 < Mp-16-8.16 > Up-12-7.65 

> Up-16-7.65 < Up-12-8.16 < Up-16-8.16 

  Species × pHT × Copper — 

  Temperature × pHT — 

  Temperature × pHT × Copper 12-7.65-C > 12-7.65-Cu < 16-7.65-C > 16-7.65-Cu > 12-8.16-C > 12-

8.16-Cu < 16-8.16-C > 16-8.16-Cu 

  pHT × Copper — 

  Species × Temperature × pHT × Copper — 

Germling growth rate Species Mp > Up 
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  Temperature — 

  pHT  7.65 > 8.16 

  Copper C > Cu 

  Species × Temperature Mp-12 = Mp-16 > Up-12 < Up-16 

  Species × pHT  Mp-7.65 = Mp-8.16 > Up-7.65 = Up-8.16 

  Species × Copper Mp-C > Mp-Cu < Up-C > Up-Cu 

  Species × Temperature × pHT  — 

  Species × pHT × Copper — 

  Temperature × pHT — 

  Temperature × pHT × Copper — 

  pHT × Copper 7.65-C > 7.65-Cu < 8.16-C > 8.16-Cu 

  Species × Temperature × pHT × Copper Mp-12-7.65-C > Mp-12-7.65-Cu = Mp-16-7.65-C > Mp-16-7.65-Cu > 

Mp-12-8.16-C > Mp-12-8.16-Cu = Mp-16-8.16-C > Mp-16-8.16-Cu > 

Up-12-7.65-C > Up-12-7.65-Cu = Up-16-7.65-C > Up-16-7.65-Cu > 

Up-12-8.16-C > Up-12-8.16-Cu = Up-16-8.16-C > Up-16-8.16-Cu 

Male gametophyte size Species Mp > Up 

  Temperature — 

  pHT  — 

  Species × Temperature — 

  Species × pHT  — 
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  Temperature × pHT  — 

  Species × Temperature × pHT  — 

Female gametophyte size Species — 

  Temperature 12 > 16 

  pHT  — 

  Species × Temperature — 

  Species × pHT  Mp-7.65 > Mp-8.16 > Up-7.65 < Up-8.16 

  Temperature × pHT  12-7.65 < 12-8.16 = 16-7.65 > 16-8.16 

  Species × Temperature × pHT  Mp-12-7.65 < Mp-16-7.65 > Mp-12-8.16 < Mp-16-8.16 > Up-12-7.65 

> Up-16-7.65 < Up-12-8.16 < Up-16-8.16 

Gametophyte sex ratio Species — 

  Temperature — 

  pHT  — 

  Species × Temperature — 

  Species × pHT  — 

  Temperature × pHT  — 

  Species × Temperature × pHT  — 

Mp = M. pyrifera; Up = U. pinnatifida; C = control; Cu = Cu-EC50; 12 = 12°C; 16 = 16°C; 7.65 = pHT 7.65; 8.16 = pHT 8.16; < = significantly 

lower; > = significantly higher; = not significantly different; — no significant effects of a single or interactive factors 

 



 

 

172 

 

Table 7.4. Cu-binding ligands (L) concentrations in culture medium of M. pyrifera and 

U. pinnatifida under seawater pHT (7.65 and 8.16) and copper (control and specie-

specific Cu-EC50) treatments at 12 and 16°C (culture day 15). Data correspond to non-

replicated samples. 

 

    Cu-binding ligands (nM) 

    M. pyrifera U. pinnatifida 

Temperature 

treatment 

Seawater pHT treatment Control Cu-EC50 Control Cu-EC50 

12°C 7.65 2.4 4.7 3.5 8.3 

  8.16 5.2 6.6 1.5 10.9 

16°C 7.65 2.4 6.6 3.2 10.4 

  8.16 3.5 3.3 5.0 8.9 
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7.4. DISCUSSION 

The results of this chapter demonstrated that, similar to Chapter 3 and 4, early 

developmental stages of M. pyrifera and U. pinnatifida were not affected by elevated 

seawater temperature (+ 4°C) and/or reduced pH (-0.51 pH units). In contrast, copper 

exposure differently affected the meiospore development of both kelps: meiospore 

germination was slightly reduced under copper treatments but this process was more 

tolerant to copper than germling growth and gametogenesis (which was inhibited by 

copper regardless of seawater temperature and pH). These results supported the first 

hypothesis that local stressors may be more important to macroalgal physiology than 

global climate stressors (e.g., OW and OA). This may be because in their habitat, 

macroalgae already experience a dynamic variability in seawater temperature and pH 

beyond that projected for OW and OA (Chapter 1.1, 3 and 4). 

The tolerance of meiospore germination of both kelp species to seawater 

temperature and pH might be explained by meiospore metabolism being relatively 

independent of the external environment (see Chapter 4.4 and 5.4 for details). With 

regards to copper, the slight negative effect of copper during meiospore germination may 

be related to copper affecting cell polarization before germination. Kelp meiospore 

germination occurs by growth of a germ tube which might be directed by a gradient of 

calcium (Ca2+) concentrations at the germ tube apex (Anderson et al. 1990, Burridge et 

al. 1996). It has been proposed for kelp meiospores that copper affects the integrity of 

the cell membrane, reducing the transport of Ca2+ across the plasmalemma during 

germination (Anderson et al. 1990). For instance, germination and rhizoid elongation in 

the brown F. serratus was inhibited by copper disrupting the entry of external Ca2+ into 

the cell (Nielsen et al. 2003a). Here, M. pyrifera, meiospore germination was affected by 

copper > 100 µg L-1 Cu, while U. pinnatifida, meiospore germination was affected by 

copper between 10 and 100 µg L-1 Cu (Chapter 5, Table 5.2). When the effect of copper 

was studied along a temperature-irradiance gradient, meiospore germination of U. 

pinnatifida was affected under all experimental temperatures except at 10°C (optimum 

temperature in control cultures) (Lee et al. 1989). However, macro- and microalgae can 

over-produce cell wall polysaccharides in response to trace metal pollution. For example, 

in the brown macroalga, Padina gymnospora (Kützing) Sonder, inhabiting a trace metal 

contaminated environment, the presence of Zn and Cd stimulated the synthesis of cell 
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wall polysaccharides to avoid their absorption into the cell (L. R. Andrade et al. 2010). 

This protective mechanism might be operating during germination of kelp meiospores, 

and to assess this further, studies on the production of cell wall polysaccharides during 

copper exposure of M. pyrifera and U. pinnatifida are needed. 

The synergistic 4-way interaction between seawater temperature, pH and copper 

negatively affected the growth rate of M. pyrifera and U. pinnatifida germlings but this 

was mainly driven by the presence of copper. This result may be explained by kelp 

germlings becoming photosynthetically active only after ten days of culture (see Chapter 

4.4 for details), and copper can affect the metabolic processes of photosynthesis. Trace 

metals, including copper, can promote oxidative damage by increasing the cellular 

concentration of reactive oxygen species (ROS) such as the superoxide anion (O2
·-), 

hydrogen peroxide (H2O2) and the hydroxyl radical (·OH), and reducing the cellular 

antioxidant capacity in macroalgae (Collén et al. 2003, Pinto et al. 2003). ROS can be 

harmful to macroalgal organisms at high concentrations, oxidizing proteins, lipids and 

nucleic acids that often lead to alterations in cell structure and mutagenesis. Copper also 

can induce the production of O2
·-, H2O2 and ·OH by disrupting the photosynthetic electron 

chain (Pinto et al. 2003). The mechanisms that are involved in the protection of ROS-

induced damage include the synthesis of antioxidative enzymes. The production of the 

antioxidant enzymes superoxide dismutase (SOD), catalase (CAT) and glutathione 

peroxidase (GPX) is stimulated in macroalgae experimentally exposed to copper (Collén 

et al. 2003, Babu et al. 2014). In the experiments in this chapter, ROS concentration in 

germlings of both kelps exposed to Cu-EC50 could have been increased to a level that the 

antioxidant protective mechanisms were inhibited during the experimentation, causing a 

substantial decrease in growth rate. To determine if this is the case, it would be interesting 

to examine ROS and antioxidant enzyme activity in early developmental stages of 

Laminariales such as M. pyrifera and U. pinnatifida. 

Gametogenesis in M. pyrifera and U. pinnatifida was tolerant to seawater 

temperature and pH, but, similar to the findings in Chapter 4, it was inhibited by exposure 

to copper. A possible explanation for the negative effects of copper on the development 

of microscopic stages of kelp are explained above and might also apply to gametogenesis 

inhibition. In the case of seawater temperature and pH, male gametophytes were less 

sensitive to the seawater temperature and/or pH treatments than female gametophytes. 
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The positive gametophyte development of both M. pyrifera and U. pinnatifida in this 

experiment may be because the culture conditions were within the optimum range for 

growth (see Chapter 4.4 for details). This is similar to the results of the previous chapters 

(Chapter 3 and 4) that indicated meiospore development (i.e., meiospore germination, 

germling growth and gametogenesis) can occur at a wide range of pH levels and under 

elevated temperature and the interaction of these abiotic factors did not affect these 

developmental processes. In terms of sex ratio, the proportion of male and female 

gametophytes of both kelp species was unaffected by seawater temperature and/or pH, 

indicating that the sex ratio is mainly controlled by genetic factors and not by these two 

abiotic factors (see Chapter 3.4 and 4.4 for details). 

Copper concentrations (CuT and Cu’) substantially decreased in the culture media 

of both M. pyrifera and U. pinnatifida meiospores. This may be related to the copper-

binding ligands (L) that macroalgae produce to reduce the toxic free Cu2+ concentrations 

in the surrounding medium (Gledhill et al. 1997, 1999). However, this does not seem to 

be the case here as L production by M. pyrifera and U. pinnatifida microscopic stages 

was not detected until day 15 of the experiment, when no copper was added to the culture 

medium. These results might indicate that ligands are not the main protection mechanism 

of developing kelp meiospores to high copper concentrations. Therefore, investigating 

the efficiency of other mechanisms (e.g., antioxidant enzymes) to overcome copper 

toxicity in the microscopic stages of M. pyrifera and U. pinnatifida is a necessary step to 

understand how their physiology responds to local copper-polluted conditions. 

The hypothesis that the meiospore development of the native M. pyrifera will be 

more sensitive to enhanced temperature, reduced pH, copper pollution and their 

interaction than that of the invasive U. pinnatifida was not supported by some of the 

results. Meiospore germination, germling growth rate and male gametophyte size were 

slightly (~10%) but significantly greater in M. pyrifera than U. pinnatifida while L 

production was greater in U. pinnatifida than in M. pyrifera. Additionally, gametophyte 

development of both kelp species was equally inhibited by copper. These results are 

similar to those observed in the previous chapters (Chapter 3, 4 and 5): in general, when 

species-specific differences were observed, the native M. pyrifera showed a better 

developmental response to seawater temperature and/or pH and/or copper exposure than 

the invasive U. pinnatifida. However, both kelp meiospores were separately exposed to 
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the experimental treatments and the responses observed with this experimental design 

could be different if they were cultured together. Therefore, polycultures (see Chapter 8 

for details) of M. pyrifera and U. pinnatifida may be a better experimental design to 

determine species-specific differences under OW, OA and copper pollution. 

In the natural environment, living organisms are exposed to a wide variety of 

abiotic factors that have independent and interactive effects on their physiology and 

community functioning (Breitburg et al. 2015, Boyd et al. 2016). The interest in 

understanding how marine organisms (e.g., macroalgae) will respond to ongoing climate-

change-mediated ocean alteration has led to a change in experimental design from single-

factor to multi-factorial experiments (Cornwall and Hurd 2015, Boyd et al. 2016). The 

most common approach for multifactorial experiments is the ANOVA design (Quinn and 

Keough 2002). For example, in this chapter, a four-way ANOVA experiment was 

designed to test the effects of three abiotic factors (i.e., seawater temperature, pH and 

copper exposure) on the development of M. pyrifera and U. pinnatifida meiospores. In 

an ANOVA design, all combinations of the factors are included and every level (group) 

of each factor occurs in combination with every level of the other factors (Quinn and 

Keough 2002). This multifactorial design allows the measurement of two different types 

of factor effects: (1) the main effect of each factor is the effect of each factor independent 

of the other factors, and (2) the interaction between factors is a measure of how the effects 

of one factor depend on the level of one or more additional factors. When there is no 

interaction between factors, the combined effect of two or more factors is predictable by 

just adding their individual effects together. When an interaction exists it means that the 

effect of two or more factors are synergistic or antagonistic (Quinn and Keough 2002).  

Another new approach for testing the interactive effects of abiotic factors is the 

collapsed factorial experimental design (Boyd et al. 2016). This design relies on 

knowledge of the main factor that controls the physiology of the study organism i.e. from 

previous experiments. Then, the other non-dominant factors are collapsed and 

manipulated in relation to the dominant factor. The results obtained are analysed using a 

statistical model suited to the collapsed factorial experimental design (Boyd et al. 2016). 

The main advantage of this design is the possibility to study the effects of several abiotic 

factors on the study organisms and thereby make more accurate predictions (Boyd et al. 

2016). In contrast, traditional factorial designs (e.g. ANOVA) are used to test a limited 
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number of factors and their main objective is to determine which factor and/or 

interactions are the most important (Quinn and Keough 2002, Boyd et al. 2016). For 

example, the four-way ANOVA used in this chapter indicated that the factor that 

dominated meiospore development of both kelp species was copper. The next step could 

be to use a collapsed factorial experimental design with copper as a dominant factor and 

future ocean conditions (elevated temperature and reduced pH) as collapsed non-

dominant factors, and the development of early life stages of kelps as dependent variable. 

In summary, and similar to Chapter 3 and 4, long-term environmental changes in 

seawater temperature and pH for 2100 are unlikely to produce a negative effect on 

meiospore development of both M. pyrifera and U. pinnatifida. However, the local, short 

term copper stress had negative effects on kelp microscopic stages, reducing meiospore 

germination and germling growth, and inhibiting gametophyte development of both 

species (similar to Chapter 4). Although species-specific responses to experimental 

treatments were observed, the trend was similar between the native M. pyrifera and the 

invasive U. pinnatifida. Additionally, the experimental design is important to produce 

result that can be used to accurately predict the response of macroalgae to future ocean 

conditions.
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Chapter 8. GENERAL DISCUSSION 

8.1. THESIS KEY FINDINGS 

The present study is the first to describe and quantify sporogenesis (i.e., meiospore 

production) in vegetative and non-reproductive (non-sporophyllous) laminae of M. 

pyrifera, and investigate the single and interactive effects of the ongoing OW and OA, 

and the local, short term copper stress on the meiospore development of the native M. 

pyrifera and the invasive U. pinnatifida from south-eastern New Zealand. The most 

important findings of this thesis are: 

(1) Macrocystis pyrifera meiospores produced in non-sporophyllous tissue (blade 

and scimitar sori) are equally viable to those produced in sporophyllous sori. 

(2) Reduced seawater pH had positive effects on meiospore development of both M. 

pyrifera and U. pinnatifida, which was opposite to the hypothesis of Chapter 3. 

(3) Elevated seawater temperature alone and when combined with reduced seawater 

pH (separately or combined) had neutral effects on meiospore development of 

both kelp species, which was opposite to the hypothesis that the interactive effects 

of elevated temperature and reduced pH will have a negative impact on the 

microscopic stages of both kelps (Chapter 4). 

(4) Copper had negative effects on meiospore development of both kelps and the 

tolerance of the different developmental processes decreased with age (i.e., 

meiospore germination > germling growth rate > gametophyte development). 

Ligand production of microscopic stages of both species trended to increase in 

response to copper stress. 

(5) The responses to stress of the native M. pyrifera and the invasive U. pinnatifida 

to the three different abiotic factors (i.e., temperature, pH and copper exposure) 

were virtually the same, indicating that the invasive kelp is unlikely to have an 

ecological advantage over the native kelp in the natural environment. 

(6) Despite the substantial available literature, methods in copper ecotoxicology on 

algae are very inconsistent between studies, including trace metal procedures and 

data reporting. 
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8.2. WHAT FACTORS CONTROL M. PYRIFERA REPRODUCTION? 

Despite being one of the most studied kelp species, the influence of abiotic factors on 

different biological processes in M. pyrifera, such as sporogenesis, are still unknown. 

The response of macroalgal reproduction to the environment depends if the species is a 

seasonal “anticipator” or “responder” (Kain 1989). In anticipator species, reproduction 

is controlled by an endogenous clock and occurs as a response to a specified trigger (e.g., 

light), whereas in responder species reproduction occurs during favourable 

environmental conditions (Kain 1989). The study of factors that may control 

sporogenesis have been mainly studied in anticipator species such as Laminaria spp. 

(e.g., L. digitata, L. setchellii P.C.Silva) and Saccharina spp. (e.g., S. japonica, S. 

latissima) (Bartsch et al. 2008). Daylength (i.e., photoperiod) has been reported to be the 

main abiotic factor that controls sporogenesis in these anticipator kelps. For example, the 

exposure of S. latissima and L. setchelli blades to long photoperiods (16 h per day) 

followed by short photoperiods (8 h per day) induced growth cessation and a subsequent 

formation of sori 6 to 14 weeks later (Lüning 1988, tom Dieck 1991, Mizuta et al. 1999b, 

Jun Pang and Lüning 2004). Similarly, high nutrient (e.g., nitrogen and phosphorous) 

concentrations increased the formation of sori on Saccharina spp. (e.g., S. angustata, S. 

japonica and S. religiosa) blades and on A. crassifolia and U. pinnatifida sporophylls 

(Mizuta et al. 1999a, Nimura et al. 2002, Kumura et al. 2006). Therefore, it would be 

very interesting to know if sporogenesis in sporophylls and vegetative laminae (i.e., 

blades and scimitars) of the “seasonal responder” M. pyrifera also respond to photoperiod 

and/or nutrient availability. This could be achieved by exposing sporophylls (the whole 

lamina or an excised piece) to different photoperiods and nutrient concentrations to find 

the conditions in which sori are formed. This knowledge may help to understand if the 

future OW and OA will have an impact on M. pyrifera reproduction. 

Additionally, growth and reproduction of M. pyrifera show intraspecific 

differences. For instance, in California (North America), M. pyrifera populations are 

stable and form sori throughout the year, independent of wave-exposure (Reed et al. 

1996). In Chile (South America), growth and reproduction is dependent on the habitat’s 

wave exposure: 1) northern populations are stable and form sori during winter, 

independently of wave-exposure; 2) southern M. pyrifera populations, in wave-exposed 

coasts, are stable and continuously form sori throughout the year; and 3) M. pyrifera 

populations in wave-protected coasts only form sori in summer (Buschmann et al. 2004, 
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2006). These different patterns in growth and reproduction indicate that M. pyrifera is 

adapted to local environmental conditions. The seasonal patterns of growth and 

reproduction in different habitats have not been documented for M. pyrifera from New 

Zealand. The knowledge about this topic is important to understand how kelp populations 

will respond to changes in abiotic factors such as the ongoing OW and OA. 

8.3. KELPS IN FUTURE OCEANS 

According to the results of this thesis, meiospore development of M. pyrifera and U. 

pinnatifida will likely tolerate future ocean conditions (OW and OA; Chapter 1.1; Table 

8.1). To understand these responses, investigations on the biological processes (e.g., 

inorganic carbon metabolism and thermal tolerance) in microscopic stages of M. pyrifera 

and U. pinnatifida are required. In terms of OA, this may be related to M. pyrifera and 

U. pinnatifida sporophytes using both HCO3
- and CO2 as Ci source to support 

photosynthesis but with a higher affinity for HCO3
- (Zhang et al. 2006, Fernández et al. 

2015). Thus, the higher availability of CO2(aq) under OA will not affect physiological 

processes (e.g., photosynthesis and growth) of adult phases of M. pyrifera (Fernández et 

al. 2015) and U. pinnatifida (Zhang et al. 2006). Therefore, to elucidate how these two 

kelps will respond to OA, it is important to determine the inorganic carbon metabolism 

in their different early life stages (i.e., meiospores, germlings and gametophytes). Zhang 

et al. (2006) determined a higher affinity of U. pinnatifida gametophytes (males and 

females) for CO2 than HCO3
- using pH-drift experiments. They measured pH in the 

gametophyte culture medium in a closed environment (e.g., sealed culture vessel to avoid 

CO2 exchanging with the air). A culture medium pH ≥ 9.0 indicates that the studied 

macroalga may have an efficient HCO3
- uptake system (e.g., CCM; Chapter 1.2.3) 

whereas a pH < 9.0 indicates that the main Ci form used to support photosynthesis is 

CO2. These pH-drift experiments could be performed with swimming and settled 

meiospores, germlings and gametophytes to test if CO2 is the main Ci source taken up to 

support photosynthesis in early life stages of kelps. 

The results obtained here suggest that the projected 4°C-increase in ocean surface 

temperature (Chapter 1.1.1) will not affect meiospore development of M. pyrifera and U. 

pinnatifida (Table 8.1). This might be related to the optimal growth temperature for 

gametophytes and adult phases of M. pyrifera and U. pinnatifida being substantially 

wider than the temperature treatments (12 and 16°C) used in this study (Fig. 8.1). Both 
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of these kelp species have a worldwide distribution and this may generate temperature 

ecotypes that show intra-specific differences in growth temperature optima (Lüning 

1990). Therefore, to properly predict how kelp populations will respond to OW (and/or 

its interaction with OA), the determination of temperature optima for meiospore 

development of M. pyrifera and U. pinnatifida from different populations is a 

recommended next step. 

In contrast to OA and OW, copper was detrimental for meiospore development 

of both M. pyrifera and U. pinnatifida (Table 8.1). This result supports the idea that short-

term abiotic changes (i.e., extreme and abrupt environmental disturbances) are 

biologically more important to marine organisms than long-term climate changes (i.e., 

OW and OA) (Russell et al. 2009, Ghedini et al. 2015). Therefore, future research on 

marine fleshy macroalgae needs to focus on the interactive effects of abiotic factors on 

different physiological processes (e.g., photosynthesis, carbon metabolism and growth) 

in all phases of their life cycle (i.e., micro- and macroscopic stages). It is also necessary 

to incorporate new designs and statistical analyses for multifactorial experiments such as 

that described by Boyd et al. (2015) (see Chapter 7.4 for details). This new experimental 

design may allow us to better understand and thereby predict the impact of climate 

change in coastal ecosystem around the world. 

8.4. NATIVE VERSUS INVASIVE KELP 

Despite differences in the early life stages development of M. pyrifera and U. pinnatifida 

exposed to OA, OW and copper (Table 8.2), it is not possible to conclude that the 

invasive kelp is more tolerant than the native kelp. This may be explained by the 

experimental conditions being within the optimal range for growth and development of 

both kelp species (Fig. 8.1). A difference in response between a native and an invasive 

kelp might be observed in suboptimal abiotic conditions. For example, the optimal 

temperature for gametophyte growth of M. pyrifera (12 – 17°C) is narrower than that for 

U. pinnatifida (10 – 25°C) (Table 4.3, Fig. 8.1), and an experimental exposure of 

gametophyte to temperatures < 12°C (or > 17°C) may show that U. pinnatifida grows 

better than M. pyrifera (Fig. 8.1). Therefore, a future research priority is determining the 

optimal range of different abiotic (e.g., temperature, pH, light, nutrients) factors for 

relevant physiological processes (e.g., photosynthesis, carbon metabolism and growth) 

of fleshy macroalgae. 
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Another explanation for the unclear differences between meiospore development 

of M. pyrifera and U. pinnatifida might be due to the limitations of the experimental 

design used in this thesis. Here, both kelp meiospores were exposed to the same 

experimental conditions but in separate culture vessels (Fig. 3.1, 4.1, 7.1), which is not 

useful to determine competition between species. A more appropriate approach to 

quantify competition between M. pyrifera and U. pinnatifida may be the polyculture of 

meiospores (Fig. 8.2 and 8.3). However, the main limitation of kelp polycultures is that 

the early life stages of species of the Order Laminariales are similar in shape and size, 

and this makes identification difficult. This problem can be solved using two methods: 

1) mechanical, using culture vessels (e.g., Petri dishes) with a removable divider that 

creates different culture compartments (Fig. 8.2); and 2) chemical, using species-specific 

vital staining (Fig. 8.3). In the first method, meiospores of two different kelp species are 

inoculated in the same Petri dish but in separate compartments and, after settlement (3 

h), the divider is removed, facilitating the visual differentiation of the study species by 

physical isolation (Fig. 8.2). This allows the investigation of competition between 

meiospores of two kelps for inorganic nutrients (e.g., carbon, nitrate, phosphate) under 

different abiotic conditions (e.g., temperature, pH, copper and light). In the second 

method, after adding the vital staining, meiospores of two different kelp species are 

inoculated and mixed in the same Petri, and to assess the identification of the different 

study species, the cultures are observed under an epifluorescent microscope (Fig. 8.3). 

This non-compartmented polyculture also allows quantification of any inhibitory 

chemical that might be exuded to prevent settling of other kelp species meiospore, and 

competition of different kelp early life stages for space and light. However, prior to 

performing this type of experiment the characterization of a vital staining (e.g., toxicity, 

function and fluorescent emission range) needs to be performed.  

8.5. COPPER ECOTOXICOLOGY OF ALGAE  

There have been many inconsistencies in the literature on copper ecotoxicology on algae 

(Chapter 6). These include the omission of trace metal clean procedures, despite the 

importance of these procedures in ecotoxicology being highlighted by Maienthal and 

Becker (1976). Therefore, it is strongly recommended that the trace metal procedures in 

Table 6.3 are used to obtain reliable data in ecotoxicology research. In addition, 

standardizing the data reporting is required to compare the effects of trace metals in 

different marine algae (Chapter 4). In this context, the inclusion of dose-response curves 
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and the calculation of a response variable EC50 value during a long-term (> 5 days) 

toxicity assay are recommended. The toxicity of copper in solution depends on the 

concentration of its ionic form (e.g., Cu2+). Therefore, to correctly assess the effects of 

copper on macroalgal physiology, it is important to quantify the actual dissolved 

concentrations of Cu2+ (not only reporting nominal concentrations). Finally, this work 

showed that ligand production might not be a major mechanism to tolerate high copper 

concentrations in the early life stages of M. pyrifera and U. pinnatifida. However, to 

understand their potential detoxification mechanism, it is important to determine the 

production of ligands in micro- and macroscopic stages of macroalgal species at different 

copper concentrations in a long-term (≥ 15 days) experiment. 

8.6. FINAL CONCLUSION 

Early life stages are the most important developmental phase of macroalgal life cycles 

because the population dynamics of the macroscopic algal assemblages is determined by 

the survival of these microscopic stages. However, there is a lack of knowledge about 

physiological processes in early life stages not only in macroalgae belonging to the 

Phylum Ochrophyta but also the Phyla Chlorophyta and Rhodophyta. In M. pyrifera, this 

is the first study which took the studies of Roleda et al. (2012a) and Gaitán-Espitia et al. 

(2014) further by looking at the interactive effects of local and global climate change 

stressors and investigated more physiological processes of the microstages. For U. 

pinnatifida, this is a more comprehensive stress physiological study compared to the 

specific carbon physiology study of Zhang et al. (2006). For a better understanding of 

how all groups of macroalgae will respond to global climate change, it is strongly 

recommended to investigate the following topics in their macro- and microscopic phases: 

1) the Ci source that macroalgae take up to support photosynthesis; 2) identify the optimal 

range of abiotic factors (e.g., temperature, pH, and light) for essential metabolic 

processes (e.g., photosynthesis, growth and reproduction); 3) determine the interactive 

effects of local stressors (e.g., copper pollution, eutrophication, sedimentation) and 

climate change-related factors (e.g., elevated temperature and reduced pH) using 

appropriate experimental designs and statistical analyses (e.g., Boyd et al. 2015). The 

physiological knowledge obtained from these investigations may be incorporated into 

model simulations (e.g. IPCC 2013) that will assist in determining how macroalgal 

species and communities will respond to global climate change±.  
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Figure 8.1. Hypothetical plot of thermal tolerance of growth of M. pyrifera and U. 

pinnatifida gametophytes. The optimal thermal range (horizontal arrows between vertical 

dashed lines) for M. pyrifera and U. pinnatifida gametophyte growth is 12 – 17°C and 

10 – 25°C, respectively (Table 4.3). Temperature treatments (12 and 16°C) used in 

Chapter 4 and 7 are within the optimal thermal range for these kelp species and may 

explain the small differences in meiospore development observed in these experiments. 
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Figure 8.2. Diagram showing a compartmental polyculture of M. pyrifera (Mp) and U. 

pinnatifida (Up). (a) Meiospores of both kelp species are inoculated in the same Petri 

dish but in separate compartments formed by a removable divider (D). (b) After 

meiospore settlement (3 h), the divider is removed, leaving an empty space (D’) between 

the original compartments, facilitating the visual differentiation of the study species by 

physical isolation. These experimental units (with respective replicates) allow the 

investigation of competition of meiospores of two kelps for inorganic nutrients (e.g., 

carbon, nitrate, and phosphate) under different abiotic conditions (e.g., temperature, pH, 

copper and light). 



 

 

187 

 

 

 

Figure 8.3. Diagram showing a non-compartmental polyculture of M. pyrifera (Mp) and U. pinnatifida (Up) using a vital stain to identify 

meiospores of each species. (a) The vital stains are simultaneously added to the culture, (b) only the specific vital stain for M. pyrifera (red) is 

added to the culture, and (c) only the specific vital stain for U. pinnatifida (blue) is added to the culture. The identification of each species is 

performed using an epifluorescent microscope. In addition to investigating competition of meiospores of two kelps for inorganic nutrients (e.g., 

carbon, nitrate, and phosphate), this non-compartmental polyculture also allows any competition for space and light to be identified. 
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Table 8.1. Summary of the main effects of ocean acidification (OA), ocean warming 

(OW), copper (Cu) and their interactions on the different processes of microscopic stages 

of the kelps M. pyrifera and U. pinnatifida. 

 

  Single and combined abiotic factors  

Early developmental process OA OA + OW Cu OA + OW + Cu 

Meiospore germination ↔ ↔ ↓ ↓ 

Germling growth ↑ ↑ ↓ ↓ 

Gametophyte development ↑ ↔ ↓ ↓ 

Gametophyte sex ratio ↔ ↔ ↓ ↓ 

↔, no effect; ↑, positive effect; ↓, negative effect.         

 

 

 

 

Table 8.2. Summary of the main differences of microscopic stages of the kelps M. 

pyrifera (Mp) and U. pinnatifida (Up) cultured under ocean acidification (OA), ocean 

warming (OW), copper (Cu) and their interactions. 

 

  Single and combined abiotic factors 

Developmental process OA OA + OW Cu OA + OW + Cu 

Meiospore germination Mp > Up Mp = Up Mp < Up Mp > Up 

Germling growth Mp > Up Mp < Up Mp > Up Mp > Up 

Male gametophyte development Mp > Up Mp > Up — — 

Female gametophyte development Mp < Up Mp < Up — — 

Gametophyte sex ratio Mp = Up Mp = Up — — 

—, indicates inhibition of corresponding developmental process by copper   
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APPENDIX 4 

Details of trace metal techniques used in the toxicity test of the 93 articles on algal copper ecotoxicity reviewed. The study focus is given. Copper 

concentrations reported are either nominal (i.e. added) or measured (i.e. dissolved). Analytical techniques for measuring dissolved copper 

concentrations are detailed. Copper stock preparation (i.e. copper form and acid and chelating agent addition) labware (i.e. glass or plastic) and 

cleaning protocol (i.e. acid wash and/or water rinse) of the laboratory–ware used during the experiment are given. 

 

     Stock preparation   Cleaning protocol   

Study 

focus 

Reported 

concentration 

Analytical 

technique 

Copper form Acid additiona Chelating 

agent 

Labware 

materialb 

Acid washa Water 

rinse 

Reference 

Ecot Dissolved AAS CuCl2 n.s. n.s. Glass HNO3 Ultrapure Abalde et al. (1995) 

Ecot Nominal — Copper c n.s. EDTA Glass HCl (2N)  Ultrapure Anderson and Morel (1978) 

Ecot Nominal — Copper c n.s. not added Glass n.s. n.s. Anderson et al. (1996) 

Ecot Nominal — CuSO4 n.s. n.s. Glass n.s. n.s. Andersson and Kautsky (1996) 

Ecot Nominal — Cu2SO4·H2O n.s. n.s. Glass n.s. n.s. Andrade et al. (2004) 

Ecot Dissolved ASV CuCl2 n.s. n.s. n.s. n.s. n.s. Andrade et al. (2010) 

Ecot Nominal — CuCl2·2H2O n.s. n.s. Plastic 

(fiberglass) 

HNO3 (10%)  Ultrapure Babu et al. (2014) 
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Bioac Dissolved AAS CuCl2 n.s. n.s. Plastic 

(polycarbonate) 

n.s. n.s. Baumann et al. (2009) 

Ecot Nominal — CuSO4 n.s. n.s. Plastic 

(polyethylene) 

n.s. n.s. Bidwell et al. (1998) 

Ecot Nominal — Copper c n.s. not added Plastic 

(polycarbonate) 

n.s. n.s. Bond et al. (1999) 

Ecot Nominal — CuSO4 n.s. n.s. Plastic 

(polycarbonate) 

HCl (1N)  Distilled Brand et al. (1986) 

Ecot Nominal — CuCl2·2H2O n.s. n.s. n.s. Acid n.s. Brooks et al. (2008) 

Ecot Nominal — CuSO4 n.s. n.s. Plastic Acid n.s. Brown and Newman (2003) 

Ecot Nominal — CuSO4 n.s. n.s. Glass n.s. n.s. Burridge et al. (1999) 

Bios Dissolved AAS CuNO3 n.s. n.s. n.s. n.s. n.s. Chen et al. (2008) 

Ecot Nominal — CuSO4 n.s. n.s. Plastic Acid Distilled Chung and Brinkhuis (1986) 

Ecot Dissolved AAS CuCl2 n.s. not added Glass HNO3 Ultrapure Cid et al. (1995) 

Bioac Nominal — Cu2SO4·5H2O HNO3 (4%)  n.s. Plastic 

(polycarbonate) 

HNO3 (10%)  Ultrapure Connan and Stengel (2011a) 

Ecot Nominal — Cu2SO4·5H2O HNO3 (4%)  n.s. Plastic 

(polycarbonate) 

HNO3 (10%)  Ultrapure Connan and Stengel (2011b) 

Ecot Dissolved ASV CuCl2 n.s. n.s. Plastic HNO3 (5%) n.s. Contreras et al. (2007) 

Ecot Nominal — CuCl2 n.s. n.s. n.s. n.s. n.s. Contreras et al. (2009) 
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Ecot Nominal — CuCl2·2H2O n.s. n.s. n.s. Acid n.s. Correa et al. (1996) 

Ecot Dissolved PSA CuCl2 n.s. n.s. Glass n.s. n.s. Correa et al. (1999) 

Ecot Dissolved PSA CuCl2 n.s. not added Glass n.s. n.s. Correa et al. (2000) 

Ecot Nominal — CuCl2 n.s. not added Glass n.s. n.s. Costa et al. (2015) 

Ecot Dissolved Voltamme

try 

Copper c Acid  n.s. n.s. HNO3 (10%)  Ultrapure Debelius et al. (2010) 

Ecot Nominal — CuSO4 n.s. n.s. n.s. n.s. n.s. Ebenezer and Ki (2012) 

Ecot Nominal — Copper c n.s. EDTA n.s. n.s. n.s. Eklund (2005) 

Bioac Nominal — CuSO4 HCl  n.s. Glass HCl (2%)  Distilled Evans and Edwards (2011) 

Ecot Dissolved ICP-AES CuCl2·2H2O n.s. n.s. Plastic 

(Polystyrene) 

n.s. Distilled Garman et al. (1994) 

Ecot Dissolved CSV Copper c n.s. not added Plastic 

(polycarbonate) 

Acid  n.s. Gledhill et al. (1999) 

Ecot Nominal — CuCl2 n.s. not added n.s. n.s. n.s. Gouveia et al. (2013) 

Ecot Nominal — CuSO4 n.s. n.s. n.s. n.s. n.s. Guo et al. (2012) 

Ecot Nominal — CuSO4, CuCl2 n.s. n.s. n.s. n.s. n.s. Guo et al. (2013) 

Ecot Nominal — CuCl2 n.s. EDTA n.s. n.s. n.s. Haglund et al. (1996) 

Bioac Nominal — CuCl2 n.s. n.s. Plastic Acid n.s. Hall and Brown (2002) 

Ecot Nominal — Copper c Acid n.s. Plastic n.s. n.s. Han and Choi (2005) 

Ecot Nominal — Copper c Acid n.s. n.s. n.s. n.s. Han et al. (2011) 
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Ecot Nominal — Cu2SO4·2H2O n.s. n.s. n.s. n.s. n.s. Herzi et al. (2013) 

Ecot Nominal — Copper c n.s. n.s. n.s. n.s. n.s. Hopkin and Kain (1978) 

Bioac Nominal — Copper c HCl 0.1 M n.s. n.s. n.s. n.s. Huang et al. (2010) 

Bioac Nominal — Cu2SO4·H2O n.s. n.s. n.s. n.s. n.s. Huang et al. (2013) 

Bioac Nominal — CuCl2·2H2O n.s. n.s. n.s. n.s. n.s. Huovinen et al. (2010) 

Ecot Dissolved  ICP-AES CuSO4·5H2O HCl (pH < 2) n.s. Glass HNO3 (10%) n.s. Johnson et al. (2007) 

Bios Nominal — Cu(NO3)2  n.s. n.s. n.s. n.s. n.s. Kim et al. (1996) 

Ecot Nominal — CuSO4 Acid (pH 6.8) not added Glass n.s. n.s. Küpper et al. (2002) 

Ecot Nominal — CuSO4 n.s. n.s. n.s. n.s. n.s. Kuzminov et al. (2013) 

Ecot Dissolved ICP-MS CuCl2 n.s. n.s. Plastic HCl (10%) Ultrapure Leal et al. (2016) 

Ecot Nominal — Copper c n.s. n.s. Glass Acid  Ultrapure Lee et al. (1989) 

Ecot Dissolved ICP-MS CuSO4·5H2O HCl (0.1%) n.s. Plastic n.s. n.s. Lelong et al. (2012) 

Ecot Dissolved ICP-AES CuSO4·5H2O HCl (0.2%); 

pH < 2 

n.s. Glass 

(borosilicate) 

HNO3 (10%)  Ultrapure Levy et al. (2007) 

Ecot Dissolved ICP-AES CuSO4·5H2O HCl (0.2%); 

pH < 2 

n.s. Glass 

(borosilicate) 

HNO3 (10%)  Ultrapure Levy et al. (2008) 

Bios Nominal — CuNO3 HNO3  n.s. n.s. n.s. n.s. Li et al. (2011) 

Ecot Nominal — CuCl2 n.s. n.s. n.s. n.s. n.s. Lovazzano et al. (2013) 

Ecot Nominal — Copper c n.s. n.s. Glass HNO3 (1 N)  Ultrapure Mamboya et al. (1999) 

Ecot Nominal — CuCl2 n.s. n.s. n.s. n.s. n.s. Mamboya et al. (2009) 



 

 

236 

 

Ecot Dissolved ICP-OES CuCl2·2H2O n.s. n.s. n.s. n.s. n.s. Manimaran et al. (2012) 

Bios Nominal — CuSO4·5H2O H2SO4 n.s. Glass n.s. n.s. Mata et al. (2009) 

Ecot Dissolved ICP-AES CuSO4·5H2O n.s. n.s. n.s. n.s. n.s. Mendes et al. (2014) 

Bioac Nominal — CuSO4·5H2O n.s. n.s. Glass n.s. n.s. Munda and Hudnik (1986) 

Ecot Nominal — CuSO4 n.s. n.s. Glass Detergent  Ultrapure Myers et al. (2006) 

Ecot Nominal — CuSO4·H2O n.s. not added n.s. n.s. n.s. Nielsen and Nielsen (2005) 

Ecot Nominal — CuSO4·5H2O n.s. not added n.s. n.s. n.s. Nielsen and Nielsen (2010) 

Ecot Nominal — CuSO4·H2O n.s. not added n.s. n.s. n.s. Nielsen et al. (2003a) 

Ecot Nominal — CuSO4·H2O n.s. not added n.s. n.s. n.s. Nielsen et al. (2003b) 

Ecot Nominal — CuSO4·H2O n.s. not added n.s. n.s. n.s. Nielsen et al. (2005) 

Ecot Nominal — CuSO4  n.s. not added n.s. n.s. n.s. Nielsen et al. (2014) 

Ecot Dissolved ICP-MS CuSO4 n.s. n.s. n.s. n.s. n.s. Owen et al. (2012) 

Ecot Dissolved n.s. CuCl2·2H2O n.s. n.s Plastic n.s. n.s. Pellegrini et al. (1993) 

Bios Nominal — Copper c n.s. n.s. n.s. n.s. n.s. Rajfur and Klos (2013) 

Ecot Nominal — CuCl2 n.s. n.s. Plastic n.s. n.s. Reed and Moffat (1983) 

Ecot Nominal — CuSO4 n.s. EDTA Glass 

(borosilicate) 

n.s. n.s. Rijstenbil et al. (1994) 
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Bios Nominal — CuSO4·5H2O H2SO4 (1%)  H2SO4 

(1%) 

n.s. n.s. n.s. Rincón et al. (2005) 

Ecol Nominal — CuCl2 n.s. n.s. n.s. n.s. n.s. Ritter et al. (2008) 

Ecol Nominal — CuCl2 n.s. not added Glass HCl (1%) n.s. Ritter et al. (2010) 

Ecot Nominal — CuSO4 n.s. n.s. n.s. HNO3 (5%) Ultrapure Roberts et al. (2006) 

Ecot Nominal — CuSO4·5H2O n.s. not added Plastic 

(polycarbonate) 

HCl (0.1 M) Ultrapure Roncarati et al. (2015) 

Ecot Nominal — CuCl2·2H2O n.s. n.s. Glass HNO3 (10%)  Ultrapure Ross and Bidwell (1999) 

Ecot Nominal — CuSO4  n.s. n.s. Plastic 

(polycarbonate) 

HCl (10%)  n.s. Runcie and Riddle (2007) 

Ecot Nominal — CuSO4·5H2O n.s. not added Plastic 

(polycarbonate) 

n.s. n.s. Sáez et al. (2015a) 

Ecot Nominal — CuSO4·5H2O n.s. not added Plastic 

(polycarbonate) 

n.s. n.s. Sáez et al. (2015b) 

Ecot Nominal — CuCl2 n.s. n.s. n.s. n.s. n.s. Sordet et al. (2014) 

Ecot Dissolved ICP-AES Copper c n.s. EDTA Plastic 

(polyethylene) 

HNO3 (10%)  Ultrapure Stauber et al. (2000) 

Bioac Nominal — CuSO4·2H2O n.s. n.s. n.s. n.s. n.s. Stengel and Dring (2000) 

Ecot Nominal — CuSO4 Acid n.s. n.s. n.s. n.s. Strömgren (1979) 
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Ecot Nominal — CuSO4·5H2O Acid  n.s. n.s. n.s. n.s. Strömgren (1980) 

Ecot Dissolved n.s. CuCl2 n.s. EDTA Plastic 

(polycarbonate) 

n.s. n.s. Sunda and Huntsman (1995) 

Ecot Nominal — CuCl2 n.s. n.s. n.s. n.s. n.s. Thompson and Burrows 

(1984) 

Ecot Nominal — CuCl2 n.s. n.s. Glass n.s. n.s. Toth and Pavia (2000) 

Ecot Nominal — Copper c n.s. not added n.s. n.s. n.s. Xia et al. (2004) 

Ecot Dissolved FAAS Cu(NO3)2·2H2O n.s. n.s. n.s. n.s. n.s. Ye et al. (2005) 

Ecot Dissolved ICP-MS CuCl2·2H2O n.s. n.s. n.s. n.s. Ultrapure Ytreberg et al. (2010) 

Ecot Nominal — CuCl2 n.s. n.s. Plastic 

(polypropylene) 

n.s. n.s. Zou et al. (2015) 

Ecot, ecotoxicity; Bioac, bioaccumulation; Bios, biosorption; a, concentration in brackets when reported; b, type of glass or plastic in brackets when reported; c, 

copper form not described; n.s., not specified; AAS, atomic absorption spectroscopy; ASV, anodic stripping voltammetry; CSV, cathodic stripping 

voltammetry; ICP-AES, Inductively coupled plasma-atomic emission spectroscopy; ICP-MS, Inductively coupled plasma-mass spectroscopy; ICP-OES, 

inductively coupled plasma-optical emission spectroscopy; PSA, potentiometric stripping analysis. 
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APPENDIX 5 

Classification of algal species (Phylum, Order and scientific name) used in toxicity tests found in the 93 articles on copper ecotoxicity reviewed. 

Current synonym is given when it corresponds. Species classification was obtained from AlgaeBase (Guiry and Guiry 2016). 

 

Classification of test algae    

Species name [Current synonym] Reference 

Bacillariophyta   

Cymatosirales   

Minutocellus polymorphus (Hargraves & Guillard) Hasle, Stosch, & Syvertsen Levy et al. (2007) 

Tabellariales   

Asterionella glacialis Castracane Brand et al. (1986) 

Chaetocerotales   

Bacteriastrum delicatulum Cleve Brand et al. (1986) 

Bacteriastrum hyalinum Lauder Brand et al. (1986) 

Biddulphiales  

Biddulphia mobiliensis (J.W.Bailey) Grunow [Trieres mobiliensis (J.W.Bailey) Ashworth and Theriot] Brand et al. (1986) 

Eupodiscales   

Odontella mobiliensis (J.W.Bailey) Grunow [Trieres mobiliensis (J.W.Bailey) Ashworth and Theriot] Manimaran et al. (2012) 
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Lithodesmiales   

Ditylum brightwellii (T.West) Grunow Brand et al. (1986) 

  Guo et al. (2013) 

  Rijstenbil et al. (1994) 

Lithodesmium undulatum Ehrenberg Brand et al. (1986) 

Hemiaulales   

Hemiaulus sinensis Greville Brand et al. (1986) 

Streptotheca tamesis Shrubsole Brand et al. (1986) 

Bacillariophyta insertae sedis   

Phaeodactylum tricornutum Bohlin Cid et al. (1995) 

  Levy et al. (2007) 

  Levy et al. (2008) 

Bacillariales   

Nitzschia closterium (Ehrenberg) W.Smith [Cylindrotheca closterium (Ehrenberg) Reimann and 

J.C.Lewin] 

Levy et al. (2007) 

  Ross and Bidwell (1999) 

  Stauber et al. (2000) 

Pseudo-nitzschia multiseries (Hasle) Hasle Lelong et al. (2012) 

Pseudo-nitzschia delicatissima (Cleve) Heiden Lelong et al. (2012) 
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Rhizosoleniales   

Rhizosolenia setigera Brightwell Brand et al. (1986) 

Rhizosolenia stolterfothii H.Peragallo [Guinardia striata (Stolterfoth) Hasle] Brand et al. (1986) 

Thalassiosirales   

Skeletonema costatum (Greville) Cleve Brand et al. (1986) 

Thalassiosira oceanica Hasle Brand et al. (1986) 

  Sunda and Huntsman (1995) 

Thalassiosira pseudonana Hasle and Heimdal Brand et al. (1986) 

  Sunda and Huntsman (1995) 

Thalassiosira weissflogii (Grunow) G.Fryxell and Hasle [Conticribra weissflogii (Grunow) K.Stachura-

Suchoples and D.M.Williams] 

Sunda and Huntsman (1995) 

Chlorophyta   

Chlamydomonadales   

Dunaliella tertiolecta Butcher Abalde et al. (1995) 

  Levy et al. (2007) 

 Levy et al. (2008) 

Chlorellales   

Nannochloris sp. Naumann Debelius et al. (2010) 
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Cladophorales   

Chaetomorpha antennina (Bory de Saint-Vincent) Kützing Babu et al. (2014) 

Chaetomorpha firma Levring S. Andrade et al. (2010) 

Chaetomorpha linum (O.F.Müller) Kützing Correa et al. (2000) 

Cladophora rupestris (Linnaeus) Kützing Baumann et al. (2009) 

Chlorodendrales   

Tetraselmis sp. F.Stein Levy et al. (2007) 

  Levy et al. (2008) 

Mamiellales   

Micromonas pusilla (Butcher) I.Manton and M.Parke Levy et al. (2007) 

Ulvales   

Enteromorpha compressa (Linnaeus) Nees [Ulva compressa Linnaeus] Correa et al. (1996) 

  Reed and Moffat (1983) 

Enteromorpha flexuosa (Wulfen) J.Agardh [Ulva flexuosa Wulfen] Andrade et al. (2004) 

Ulva australis Areschoug Han and Choi (2005)  

Ulva intestinalis Linnaeus Baumann et al. (2009) 

Ulva lactuca Linnaeus S. Andrade et al. (2010) 

  Hall and Brown (2002) 

  Correa et al. (2000) 

Ulva reticulata Forsskål Babu et al. (2014) 
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  Mamboya et al. (2009) 

Cyanobacteria   

Synechococcales   

Synechococcus bacillaris Butcher [Cyanobium bacillare (Butcher) Komárek] Brand et al. (1986) 

Synechococcus sp. Brand et al. (1986) 

  Debelius et al. (2010) 

Cryptophyta   

Pyrenomonadales   

Proteomonas sulcata D.R.A.Hill & Wetherbee Levy et al. (2007) 

Dinophyta   

Gonyaulacales   

Alexandrium catenella (Whedon and Kofoid) Balech Herzi et al. (2013) 

Gonyaulax tamarensis Lebour [Alexandrium tamarense (Lebour) Balech] Anderson and Morel (1978) 

Gymnodiniales   

Cochlodinium polykrikoides Margalef Ebenezer and Ki (2012) 

Gymnodinium sp. Brand et al. (1986) 

Peridiniales   

Heterocapsa niei (Loeblich III) Morril and Loeblich III Levy et al. (2007) 

Heterocapsa triquetra (Ehrenberg) F.Stein Brand et al. (1986) 
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Thoracosphaera heimii (Lohmann) Kamptner Brand et al. (1986) 

Thoracosphaera sp. Brand et al. (1986) 

Prorocentrales   

Prorocentrum micans Ehrenberg Brand et al. (1986) 

Prorocentrum minimum (Pavillard) J.Schiller [Prorocentrum cordatum (Ostenfeld) J.D.Dodge] Guo et al. (2012) 

Prorocentrum sp. Brand et al. (1986) 

Suessiales   

Symbiodinium sp. Kuzminov et al. (2013) 

Haptophyta   

Coccolithophyceae incertae sedis   

Cyclococcolithina leptopora (Murray and Blackman) Wilcoxon Brand et al. (1986) 

Isochrysidales   

Emiliania huxleyi (Lohmann) W.W.Hay and H.P.Mohler Brand et al. (1986) 

  Levy et al. (2007) 

  Sunda and Huntsman (1995) 

Gephyrocapsa oceanica Kamptner Brand et al. (1986) 

  Levy et al. (2007) 

Isochrysis sp. M.Parke Levy et al. (2007) 
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Coccolithales   

Hymenomonas carterae (Braarud & Fagerland) Braarud [Pleurochrysis carterae (Braarud and 

Fagerland) T.Christensen] 

Brand et al. (1986) 

Umbilicosphaera hulburtiana Gaardner Brand et al. (1986) 

Umbilicosphaera sibogae (Weber-van Bosse) Gaarder Brand et al. (1986) 

Ochrophyta   

Fucales   

Ascophyllum nodosum (Linnaeus) Le Jolis Baumann et al. (2009) 

  Connan and Stengel (2011a)  

  Connan and Stengel (2011b) 

  Stengel and Dring (2000) 

  Strömgren (1979) 

  Toth and Pavia (2000) 

Cystoseira barbata (Stackhouse) C.Agardh Pellegrini et al. (1993) 

Durvillaea antarctica (Chamisso) Hariot Huovinen et al. (2010) 

Fucus serratus Linnaeus Hall and Brown (2002) 

  Nielsen and Nielsen (2005) 

  Nielsen and Nielsen (2010) 

  Nielsen et al. (2003a) 
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  Nielsen et al. (2003b) 

  Nielsen et al. (2005) 

  Nielsen et al. (2014) 

  Strömgren (1980) 

Fucus spiralis Linnaeus Bond et al. (1999) 

  Strömgren (1980) 

Fucus vesiculosus Linnaeus Andersson and Kautsky (1996) 

  Baumann et al. (2009) 

  Brooks et al. (2008) 

  Connan and Stengel (2011a) 

  Connan and Stengel (2011b) 

  Gledhill et al. (1999) 

  Hall and Brown (2002) 

  Mata et al. (2009) 

  Munda and Hudnik (1986) 

  Owen et al. (2012) 

  Rincón et al. (2005) 

  Strömgren (1980) 

Hormosira banksii (Turner) Decaisne Myers et al. (2006) 

Pelvetia canaliculata (Linnaeus) Decaisne and Thuret Strömgren (1980) 
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Sargassum fusiforme (Harvey) Setchell Zou et al. (2015) 

Sargassum linearifolium (Turner) C.Agardh Roberts et al. (2006)  

Sargassum cymosum C.Agardh Costa et al. (2015) 

Desmarestiales   

Desmarestia menziesii J.Agardh Runcie and Riddle (2007) 

Himantothallus grandifolius (A.Gepp and E.S.Gepp) Zinova Runcie and Riddle (2007) 

Dictyotales   

Dictyota kunthii (C.Agardh) Greville Sordet et al. (2014) 

Padina boergesenii Allender & Kraft Mamboya et al. (1999) 

Ectocarpales   

Ectocarpus siliculosus (Dillwyn) Lyngbye   Küpper et al. (2002) 

 Ritter et al. (2010) 

  Roncarati et al. (2015) 

 Sáez et al. (2015a) 

  Sáez et al. (2015b) 

Scytosiphon gracilis Kogame Lovazzano et al. (2013) 

Scytosiphon lomentaria (Lyngbye) Link Contreras et al. (2009) 

Laminariales   

Ecklonia radiata (C.Agardh) J.Agardh Bidwell et al. (1998) 

  Burridge et al. (1999) 
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  Ross and Bidwell (1999) 

Laminaria hyperborea (Gunnerus) Foslie Hopkin and Kain (1978) 

Laminaria saccharina (Linnaeus) J.V.Lamouroux [Saccharina latissima (Linnaeus) C.E.Lane, C.Mayes, 

Druehl and G.W.Saunders] 

Chung and Brinkhuis (1986) 

  Thompson and Burrows (1984) 

  Ye et al. (2005) 

Lessonia nigrescens Bory de Saint-Vincent Andrade et al. (2010) 

  Contreras et al. (2007) 

  Contreras et al. (2009) 

  Correa et al. (1999) 

  Huovinen et al. (2010) 

  Lovazzano et al. (2013) 

Macrocystis pyrifera (Linnaeus) C.Agardh Anderson et al. (1990) 

  Evans and Edwards (2011) 

  Garman et al. (1994) 

  Huovinen et al. (2010) 

Saccharina japonica (Areschoug) C.E.Lane, C.Mayes, Druehl and G.W.Saunders Han et al. (2011) 

Undaria pinnatifida (Harvey) Suringar Chen et al. (2008) 

  Kim et al. (1996) 

  Lee et al. (1989) 



 

 

249 

 

Sphacelariales   

Halopteris hordacea (Harvey) Sauvageau Correa et al. (1999) 

  Correa et al. (2000) 

Rhodophyta   

Ceramiales   

Acanthophora spicifera (M. Vahl) Børgesen Babu et al. (2014) 

Antithamnion plumula (J.Ellis) Thuret [Pterothamnion plumula (J.Ellis) Nägeli] Küpper et al. (2002) 

Centroceras clavulatum (C.Agarh) Montagne Correa et al. (1999) 

  Correa et al. (2000) 

Ceramium tenuicorne (Kützing) Waern Eklund (2005) 

  Ytreberg et al. (2010) 

Polysiphonia lanosa (Linnaeus) Tandy [Vertebrata lanosa (Linnaeus) T.A.Christensen] Baumann et al. (2009) 

Gigartinales   

Chondrus crispus Stackhouse   Baumann et al. (2009) 

Iridaea mawsonii A.H.S.Lucas Runcie and Riddle (2007) 

Gelidiales   

Gelidium lingulatum Kützing Andrade et al. (2010) 

  Correa et al. (1999) 

  Correa et al. (2000) 

Gracilariales   
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Gracilaria chilensis C.J.Bird, McLachlan and E.C.Oliveira Correa et al. (2000) 

Gracilaria domingensis (Kützing) Sonder ex Dickie Gouveia et al. (2013) 

  Mendes et al. (2014) 

Gracilaria lemaneiformis (Bory de Saint-Vincent) Greville [Gracilariopsis lemaneiformis (Bory de 

Saint-Vincent) E.Y.Dawson, Acleto and Foldvik] 

Huang et al. (2013) 

  Xia et al. (2004) 

Gracilaria lichenoides Greville [Hydropuntia edulis (S.G.Gmelin) Gurgel and Fredericq] Huang et al. (2013) 

Gracilaria tenuistipitata C.F.Chang and B.M.Xia Haglund et al. (1996) 

  Huang et al. (2010) 

Gracilariopsis longissima (S.G.Gmelin) M.Steentoft, L.M.Irvine and W.F.Farnham Brown and Newman (2003) 

Palmariales   

Palmaria palmata (Linnaeus) Weber and Mohr Baumann et al. (2009) 

  Li et al. (2011) 

  Rajfur and Kłos (2013) 

Bangiales   

Porphyra columbina Montagne [Pyropia columbina (Montagne) W.A.Nelson] S. Andrade et al. (2010) 
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